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Foreword 

 
The 43rd Annual Gas Phase Chemical Physics (GPCP) Principal Investigators’ Meeting 
sponsored by the U. S. Department of Energy (DOE), Office of Basic Energy Sciences (BES) 
provides a forum for DOE laboratory and university principal investigators (PIs) within the 
BES GPCP Program to share recent research findings supported by the program. This meeting 
will facilitate scientific interchange among PIs and afford opportunities for research 
collaboration.   
 
The GPCP program explores chemical reactivity, kinetics, and dynamics at the level of 
electrons, atoms, molecules, and nanoparticles in support of the BES mission to understand, 
predict, and ultimately control matter and energy. The program continues to evolve by 
identifying new growth areas, including plasma chemistry, chemistry for high value products, 
and emergent molecular complexity. This is driven by the need to address compelling 
knowledge gaps in GPCP and accomplished via the development of novel modeling, 
experimental, and theoretical approaches. 
 
This collection of abstracts presents innovative state-of-the-art research aligned with several 
themes: chemical dynamics and reaction kinetics, spectroscopy and molecular characterization, 
gas-surface reactions and heterogeneous catalysis, combustion chemistry, atmospheric 
chemistry, and computational chemistry and modeling. These investigations advance gas phase 
chemical physics and align with the research objectives of the Department of Energy's Office of 
Basic Energy Sciences (BES). We thank all the researchers whose dedication and innovation 
have advanced DOE BES research. We look forward to our assembly in 2025 for our 44th 
annual meeting. 

 
Wade Sisk 
Tom Settersten 
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Nanoparticle Surface Kinetics and Dynamics by Single Nanoparticle Mass Spectrometry 
Scott L. Anderson, Chemistry Department, University of Utah 

315 S. 1400 E. Salt Lake City, UT  84112 anderson@chem.utah.edu 
Program Scope 

This project is focused on reaction kinetics and emission spectroscopy for individual 
nanoparticles (NPs) at high temperatures (TNP), using a single NP mass spectrometry (NPMS) technique. 
The method allows measurement of absolute kinetics for reactions that change the NP mass, and 
observation of how kinetics vary from NP-to-NP, or over time as an NP is transformed by reaction, with 
resolution corresponding to a few percent of a monolayer’s work of change.  However, NPMS does not 
directly reveal what reactions are occurring.  Past experiments have examined carbon and silicon 
chemistry, where it was clear from surface science results at lower temperatures, what kinds of 
elementary reactions occur, and what might remain on the surface under different conditions. 

 During the current grant period, work has focused on the high TNP sublimation and oxidation 
chemistry of hafnium-based high temperature materials, including HfC (mp = 4170 K) HfO2 (mp = 3030 
K) and Hf (mp = 2506 K).  These systems were chosen to test how well the NPMS method is able to work
out what chemistry is occurring, for materials where the literature has little information about the
elementary chemistry.
Methodology

Details of the methodology for measuring kinetics are in papers 3, 5, and 6, below, and the 
approach to measuring NP temperature (TNP) has been discussed previously.1, 2  Briefly, a single NP of the 
material of interest is injected into an electrodynamic trap and held at reduced pressure (to slow reaction 
kinetics).  The NP is laser heated with TNP determined by fitting its blackbody-like emission spectrum, 
and the NP mass is determined with 0.1% precision from the frequency of NP motion in the trap.  By 
monitoring the NP mass vs. time when the NP is held at elevated TNP in either inert or reactive 
atmosphere, the kinetics for mass-changing processes, such as sublimation, pyrolysis, oxidation, or 
growth, can be determined with high sensitivity.  In addition to being used to determine TNP, the emission 
spectra and laser heating power provide information about changes in the emissivity and absorptivity of 
the NP caused by the chemical process being studied.   

The single NP approach avoids ensemble averaging, thus providing unique insights into 
heterogeneity and structure-reactivity relationships, but it is a slow method.  Therefore, the experiments 
are highly automated, allowing operation with just occasional operator input, which can be done 
remotely.  Current improvements in methodology are aimed at reaching higher temperatures to allow 
studies of refractory NPs of interest for high temperature materials applications. 
Recent Progress 
Highlights of this research include: 
 Measurement of the effects of NP-to-NP variations on reactivity, and on the evolution of reactivity 
under reaction conditions, for many different NP types and several reactions, including sublimation, 
oxidation by O2 and N2O, and growth by C2H2 addition. 

 Use of O2 etching kinetics to monitor changes in the numbers of reactive surface sites for NPs under 
active etching, allowing correlations with other chemistry, e.g. formation of passivation layers, 
annealing to low-defect surface structures, etc. 

 Characterization of the effects of NP feedstock structure on initial reactivity toward growth, etching, 
and sublimation reactions. 

 Measurement of the kinetics for transformation to a partially passivated state under different 
temperature/pressure conditions for HfC, HfO2, and Hf NPs, building on previous studies of structural 
effect on reactivity for carbon and silicon-based NPs 

 Measurements of absolute etching and sublimation kinetics for HfC, HfO2, and Hf NPs for TNP ranging 
from 1200 to 2500 K. 
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Observation that Hf-based NPs passivate under low O2 pressure/high temperature conditions but that 
both initial reaction rates and passivation time scale and completeness depend strongly the NP 
composition and pre-treatment.  
Comparison of etching and passivation kinetics for 
Hf NPs with and without melting, with the 
analogous kinetics for surface-reduced HfO2 NPs 
(Hf-rich surface/HfO2 core), confirming the 
importance of core oxygen in passivation. 
Development of T-pulse methods to study chemistry 
at ultra-high TNP, above the range where steady state 
kinetics measurement methods can be used, due to 
fast NP sublimation/decomposition.   
Observation of correlations between evolution of 
sublimation or etching rates and thermal emission 
spectral properties for Hf-based NPs.  

Recent (not yet published) examples: 
Etching and sublimation of Hf NPs.   
 A typical experiment measuring 1600 K O2

etching of an Hf NP is shown the figure.  The NP was 
trapped, then first heated to 2000 K in argon 
atmosphere (white background) to remove surface 
oxides and other contaminants, resulting in loss of ~20 
MDa of mass, then TNP was set to 1600K resulting in 
stable NP mass in a ~15 minute measuring period.  
Then, 5 x 10-7 Torr of O2 was added to the atmosphere 
(cyan background) resulting in substantial additional mass loss due to etching.  It is known that HfO2

essentially non-volatile in this temperature range, but HfO2 can decompose at high T to liberate HfO(g)

and excess oxygen (O/O2).3  Therefore, the net etching reaction for Hf corresponds to 2Hf + O2  2 
HfO(g).  The interesting aspect of the etching is that it is unsteady, gradually slowing by roughly an order 
of magnitude, but with substantial fluctuations in the etching kinetics, as shown in the lower frame of the 
figure which plots the etching efficiency (EEO2 = Da of mass loss/O2 collision).  Over the etching period, 
this NP lost ~half its mass, corresponding to a decrease from ~28 nm to ~22 nm diameter if the NP were 
spherical, i.e., the interesting kinetics occurred as the NP lost ~3 nm from its surface.  The gradual 
slowing is attributed to increasing coverage by HfO2 (more thermally stable than HfO), and the 
fluctuations indicate that formation of this passivating layer is unsteady, with passivated areas growing 
and shrinking due to competition between HfO desorption and nucleation and growth of HfO2 islands.  

Etching and sublimation of surface-reduced HfO2. 
 Hf NPs eventually passivate at low etching temperatures due to formation of a stable HfO2

surface layer capping the Hf-rich core.  Another starting point to probe the etching and passivation 
kinetics is NPs with an HfO2 core capped by an Hf-rich surface layer.  Such surface-reduced HfO2 NPs 
can be prepared simply by briefly heating HfO2 NPs in vacuum, taking advantage of the fact that HfO2

decomposes at high T to liberate excess oxygen, in addition to HfO.3  The figure shows an example 
experiment in which a ~23nm dia. HfO2 NP was trapped, briefly heated by a CO2 laser, then subjected to 
sequential TNP ramps to study the sublimation kinetics (top frame), and finally studied by constant 
temperature (1500K) O2 etching at PO2 = 4 x 10-5 Torr (~two orders of magnitude higher than in fig. 1).     

Fig. 1.Etching of an Hf NP at 1600 K. 
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  Roughly 5.7 MDa of mass was lost to 
sublimation during that phase of the experiment, 
corresponding to only ~0.65 nm from the NP surface.  
Then, during the etching phase the NP lost ~40% of the 
mass at the start of the etching phase, but then abruptly 
passivated, having lost roughly ~1.9 nm worth of 
material from its surface.  Passivation of surface-reduced 
HfO2 is more rapid than that for Hf and HfC NPs, and 
similar behavior was observed surface-resulted SiO2 and 
Si NPs (publications 3 and 5). The rapid passivation is 
attributed to the presence of oxygen in the core of the 
surface-reduced oxide NPs, which inhibits O diffusion 
from the surface to the core, blocking a minor-but-
important mechanism for O loss from the surface layer 
that slows the formation of surface SiO2 or HfO2. 
Etching and sublimation of HfC 
  The material of greatest interest for high 
temperature applications is HfC, which has the second 
highest known melting point.  Fig. 3 shows an example 
experiment, looking at O2 etching and passivation of a 
~37 nm HfC NP.  The NP was first heated to 2000 K to 
desorb oxides or other contaminants, and then exposed to 
O2 at 1500 K for ~20 hours.  The initial etching rate was 
fast, reflecting the net reaction:  HfC + O2  HfO(g) + 
CO(g), but after losing ~5nm from the NP surface, the 
etching rate slowed abruptly, signaling formation of a 
passivating HfO2 layer.  Closer examination of the mass 
vs. time for the “passivated” particle (upper right plot) 
shows that in fact, 
the NP continued to 
react, albeit slowly 
and in an unsteady 
fashion.  The EEO2

plot at the lower 
right shows that the 
etching kinetics 
slowed by three 
orders of magnitude, 
but there continued 
to be periodic waves 
of additional 
etching.  In etching 
of bulk HfC at high 
temperatures, the 
oxide layer that 
forms is quite 
porous, allowing 
formation of 
oxidized layers 
hundreds of microns 
thick, and the 

Fig. 2.  Sublimation (top) and etching (bottom) 
of a partially reduced HfO2 NP. 
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unsteady etching observed here is attributed to a nano-scale version of porosity, i.e., to cracks opening in 
the growing HfO2 layer, allowing additional etching and thickening the oxide layer.  
Plans for the coming year:   

The grant period expires at the end of February, and during the remaining time, I anticipate 
finishing the study of HfC, HfO2, and Hf NPs.  In addition to more NP experiments, we have grown some 
HfC and HfO2 thick film samples and plan to carry out surface science studies that will show the surface 
composition and the identity of molecules desorbing from the surface under etching conditions.  This 
should allow us to put together a mechanism and to extract absolute rates for the elementary processes 
responsible for the initial stages of HfC etching and passivation.  
Publications 2022-2024 acknowledging support from the DOE GPCP program  
Published or in press:  

1.  “High Temperature Reaction of Individual Graphite Nanoparticles with N2O: Etching, Passivation, 
Sublimation, and Comparison to O2”, Chris Y. Lau, Abigail M. Friese, and Scott L. Anderson, J. 
Phys. Chem. C 127, 15157-15168 (2023).  https://doi.org/10.1021/acs.jpcc.3c02806, and Chemrxiv 
10.26434/chemrxiv-2023-6894f)  

2. “Growth and Passivation of Individual Carbon Nanoparticles by C2H2 addition at High Temperatures: 
Dependence of Growth Rate and Evolution on Material and Size”, Chris Y. Lau, Daniel J. Rodriguez, 
Abigail M. Friese, and Scott L. Anderson, J. Chem. Phys. 158, 194706 (2023) 
https://doi.org/10.1063/5.0143948, and ChemRxiv DOI:10.26434/chemrxiv-2023-g9sm2 

3. “High Temperature Transformation, O2 Etching, and Passivation of Single SiOx Nanoparticles: 
Kinetics and Optical Properties as Structure Probes”, Daniel J. Rodriguez, Chris Y. Lau, Abigail M. 
Friese, and Scott L. Anderson, Mol. Phys. (2023) p. e2184652 DOI: 
10.1080/00268976.2023.2184652, and ChemRxiv DOI: 10.26434/chemrxiv-2023-cs6vh.  

4. “Methods for Non-Destructive, High Precision Mass/Charge Determination for Single, Trapped, 
GigaDalton Nanoparticles”, David M. Bell, Collin R. Howder, Bryan A, Long, Scott L. Anderson, 
ChemRxiv (December 2022) DOI: 10.26434/chemrxiv-2022-1n56p  Note: this is a “how-to” article 
which we decided to make available online to help others get started with NP mass measurements. 

5. “O2 Oxidation and Sublimation Kinetics of Single Silicon Nanoparticles at 1200 to 2050 K: Variation 
of Reaction Rates, Evolution of Structural and Optical Properties, and the Active-to-Passive 
Transition”, Daniel J. Rodriguez, Chris Y. Lau, Abigail M. Friese, Bryan A. Long, and Scott L. 
Anderson, J. Phys. Chem. C (2023)126, 18716–18733, DOI: 10.1021/acs.jpcc.2c05985.  Also 
ChemRxiv DOI: 10.26434/chemrxiv-2022-2ll5c 

6. “High Temperature Oxidation of Single Carbon Nanoparticles: Dependence on Surface Structure, and 
Probing Real-Time Structural Evolution via Kinetics”, Daniel J. Rodriguez, Chris Y. Lau, Abigail M. 
Friese, Alexandre Magasinski, Gleb Yushin, and Scott L. Anderson*, J. Am. Chem. Soc. (2022), 144, 
4897–4912, DOI: 10.1021/jacs.1c12698.  Also ChemRxiv: 10.26434/chemrxiv-2022-3b3h8 

 
References 
(1) Long, B. A.; Rodriguez, D. J.; Lau, C. Y.; Anderson, S. L. Thermal emission spectroscopy for single 
nanoparticle temperature measurement: optical system design and calibration. Appl. Opt. 2019, 58 (3), 
642-649. DOI: 10.1364/AO.58.000642. 
(2) Long, B. A.; Rodriguez, D. J.; Lau, C. Y.; Schultz, M.; Anderson, S. L. Thermal Emission 
Spectroscopy of Single, Isolated Carbon Nanoparticles: Effects of Particle Size, Material, Charge, 
Excitation Wavelength, and Thermal History. J. Phys. Chem. C 2020, 124, 1704-1716. DOI: 
10.1021/acs.jpcc.9b10509. 
(3) Panish, M. B.; Reif, L. Thermodynamics of the Vaporization of Hf and HfO2: Dissociation Energy of 
HfO. The Journal of Chemical Physics 1963, 38 (1), 253-256. DOI: 10.1063/1.1733473 (acccessed 
9/18/2024). 
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Chemical Dynamics in the Gas Phase 

Thermochemistry Subtask 

Branko Ruscic, David H. Bross, and Stephen J. Klippenstein 
Chemical Sciences and Engineering Division, Argonne National Laboratory,  

9700 South Cass Avenue, Lemont, IL 60439 
ruscic@anl.gov, dbross@anl.gov, sjk@anl.gov 

 
Program Scope 

The spiritus movens of the Thermochemistry Subtask of the Chemical Dynamics in the Gas Phase 
Program at Argonne is the need to provide the scientific community with accurate and reliable 
thermochemical information on chemical species that are relevant in energy-generating chemical 
processes or play prominent roles in subsequent environmental chemistry. Detailed knowledge of 
thermodynamic parameters for a broad array of stable and ephemeral chemical species is central to 
chemistry and essential in many industries. In particular, the availability of accurate, reliable, and 
internally consistent thermochemical values is a conditio sine qua non in quantitative areas of physical 
chemistry, such as kinetics, reaction dynamics, formulation of plausible reaction mechanisms, and 
construction of predictive models of complex chemical environments. Furthermore, the availability of 
accurate thermochemical values has historically been the prime driver for steady improvements in fidelity 
of increasingly sophisticated electronic structure theories. 

The focus of the Thermochemistry Subtask is on bringing substantial innovations to the thermochemical 
field through development of novel methodologies and approaches, and utilizing them to the fullest in 
order to systematically improve both the quality and quantity of available thermochemical data relevant to 
the DOE mission. In order to achieve this, this program has developed, inter alia, a novel approach that is 
centered on analyzing and optimally utilizing the information content of all available thermochemically 
relevant determinations, both from theory and experiments. The aim is not only to dynamically produce 
the best currently possible thermochemical parameters for the targeted chemical species, but also to allow 
efficient updates as new knowledge becomes available, properly propagating its consequences through all 
affected chemical species, as well as providing critical tests of new experimental or theoretical data and, 
when possible, generating pointers to new determinations that are most likely to efficiently improve the 
overall thermochemical knowledge base. In order to provide a broad perspective of this area of science, 
the effort of the Thermochemistry Subtask is synergistically coordinated with related experimental and 
theoretical efforts within other Subtasks of the Chemical Dynamics in the Gas Phase Group at Argonne. 

Recent Progress 
Over the past year we have continued the development of various aspects of Active Thermochemical 
Tables (ATcT). The ATcT approach is the long-term centerpiece development of the Thermochemistry 
Subtask. ATcT has recently gained both additional nationwide and international prominence, as well as 
new responsibilities, thanks to a successful completion of a detailed scrutiny examining whether it fully 
satisfies a set of stringent requirements,1 and its subsequent promotion (in 2023) to the status of a DOE 
Office of Science Public Reusable Research (DOE SC PuRe) Data Resource.2-4 In order to ascend to this 
category, the candidate resource has to satisfy a number of criteria, such as being generally recognized by 
the scientific community as an authoritative provider of data, being publicly available and easily 
discoverable, maintaining detailed documentation on the provenance of data and providing adequate 
metadata, preserving strict versioning that maintains journal-like archival quality of published data, 
observing high standards for data management, curation, long-term preservation, etc. Pleasingly, the vast 
majority of these requirements were automatically satisfied by virtue of the original conceptual design of 
ATcT, allowing its ascension to SC PuRe status. 
ATcT is currently capable of producing accurate, reliable, and internally consistent thermochemistry for 
both stable and ephemeral chemical species in a variety of aggregate states, including gas phase, 
condensed phases (both solids and liquids), aqueous solutions, and - as of recently - also species that are 
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adsorbed on various substrates, such as catalysts. In general, thermochemically-relevant determinations 
(such as reaction enthalpies, equilibrium constants, bond dissociation energies, etc.) by definition involve 
several chemical species, and thus help define (within the limitations of the associated error bars) the 
enthalpy of formation of the target chemical species only relative to other reactants and products in the 
underlying chemical reaction. Consequently, enthalpies of formation generally do not correspond, as 
such, to directly measured quantities; rather, they are indirectly defined via complex manifolds of 
thermochemical dependencies. The extraction of enthalpies of formation from intertwined (and frequently 
mutually inconsistent) dependencies among multiple species was historically an intractable proposition, 
resulting in a simplified sequential approach of inferring the relevant quantities one at a time (A begets B, 
B begets C, etc.), producing static sets of values that contain hidden progenitor-progeny relationships and 
cannot be updated with new knowledge without introducing new inconsistencies. In contrast, the ATcT 
approach relies on a unique paradigm that is rooted in assembling all relevant thermochemical 
determinations into complex Thermochemical Networks (TN). The TN effectively represent a set of 
qualified constraints that must be simultaneously satisfied to the maximum degree possible by the 
resulting thermochemistry. Categorizing the TN as a set of conditional constraints allows its detailed 
analysis using mathematical and statistical manipulations (enabling, for example, the isolation and 
remediation of internal inconsistencies). Once self-consistency is achieved across the TN, ATcT solves it 
simultaneously for the optimal enthalpies of formation of all included chemical species.  

The most significant vehicle for disseminating the ATcT results is the ATcT website, ATcT.anl.gov, 
particularly after its ascension to the DOE SC PuRe status. The website continues to enjoy high 
popularity in the chemical community (netting a million pageviews each month) and continues to be 
hyped in peer-reviewed scientific literature as the most reliable source of accurate enthalpies of formation 
for species relevant in combustion, atmospheric chemistry, astrochemistry, as well as other areas.  

In the past, the publicly released versions of ATcT results tended to suffer from a significant time-lag of a 
year or even more compared to the publication of scientific papers that were citing the results of a 
particular version. In order to correct that, we have made a concerted effort to catch up. Thus, in 
September 2023, we have published, as usual, two versions, 1.128 and 1.130. The last previous version 
(1.124) contained 2791 species, while ver. 1.130 describes 3003 chemical species, for a growth of more 
than 200 new species. However, in order to catch-up, we have very recently published six additional new 
versions (1.140, 1.148, 1.156, 1.172, 1.176, and 1.202). Compared to ver. 1.130, the latest published 
version as of September 2024, ver. 1.202, exhibits an additional growth of about 380 species and contains 
a total of 3384 chemical species, interconnected in the TN by >35,000 determinations.  

Each of the above public versions is related to one or more peer reviewed papers that were intimately 
involved in driving the expansion for at least a portion of the new ATcT species. Thus, for example, vers. 
1.128 and 1.130 were involved in producing the thermochemistry related to the ring opening mechanism 
of cyclopropyl radical and cation.5 Of the most recent set of published versions of ATcT results, ver. 
1.140 includes the most accurate (to within ± 10-15 cm-1) state-of-the-art theoretical treatments in 
existence for several small molecules,6 ver. 1.148 includes species relevant to the examination of the role 
of methanediol as a source of atmospheric formic acid,7 ver. 1.156 is related both to a recent study of the 
oxidation of ethylene,8 and to a new synchrotron-based experimental photoionization mass spectrometric 
measurements that led to refining the thermochemistry of both CF and SiF and their cations,9 ver. 1.172 
was generated to include species relevant to a study of photodissociation of formamide,10 ver. 1.176 was 
expanded to include several species related to Criegee intermediates that are involved in an ongoing study 
conducted collaboratively within the ATcT Task Force One, and the most recent ver. 1.202 was 
instrumental in determining the correct thermochemistry of glycine.11 

The latter is our most recent published study, the aim of which was to demonstrate the ATcT capabilities 
of efficiently arbitrating between significantly inconsistent (experimental) determinations of the enthalpy 
of formation of crystal -glycine. The inconsistencies in the solid thermochemistry propagate to the 
thermochemistry for gas-phase glycine and are further amplified by inconsistencies in the available 
determinations of the sublimation enthalpy. Solid-phase and aqueous thermochemistry of glycine is 
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highly relevant in biochemistry, while gas-phase glycine is not only a suspected prebiotic molecule 
potentially formed in interstellar space, but is also a key thermochemical value for the determination of 
the thermochemistry of the remaining proteinogenic -amino acids. Because of its three hindered rotors, 
gas-phase glycine has a rather complex potential energy surface with 8 different rotamers and 12 minima, 
(since 4 rotamers are enantiomeric). The ATcT analysis produces the best available enthalpies of 
formation: fH 298(glycine (g)) = -394.70 ± 0.55 kJ mol-1, fH 298( -glycine (cr)) = -528.37 ± 0.20 kJ mol-1, 

fH 298( -glycine (cr)) = -528.05 ± 0.22 kJ mol-1, fH 298( -glycine (cr)) = -528.05 ± 0.22 kJ mol-1, 
fH 298(glycine (aq, undissoc)) = -514.22 ± 0.20 kJ mol-1, and fH 298(glycine (aq)) = -470.09 ± 0.20 kJ mol-

1. This work was presented to the ML community at the Faraday Discussion on Data-Driven Discovery in 
the Chemical Sciences; most of the participants were not previously aware of ATcT nor of its capabilities. 

One of the studies mentioned above involves the experimental determination of the adiabatic ionization 
energies of CF and SiF, where the extraction of the experimental onset is rendered somewhat complex by 
spin-orbit effects, but the new value obtained for SiF improves the resulting ATcT SiF thermochemistry. 

Another study mentioned above involves a broad multi-institutional collaboration (led by T. L. Nguyen 
and J. Stanton, U. Florida, and involving A. Perera from the same institution, J. Peters from U. Leuven, 
J.-F. Müller from Royal Belgian Institute for Space Aeronomy, and D. H. Bross and B. Ruscic, ANL), 
that carefully examined existing claims that the conversion of formaldehyde into methanediol within 
clouds could be a significant source of atmospheric formic acid. Based on accurate theoretical estimates 
of the related kinetic rate constants and aided by ATcT thermochemistry, we have conclusively shown 
that this mechanism contributes at most a rather small amount to the overall atmospheric formic acid. 

In order to enhance the discoverability of ATcT results, we have recently expanded the description of 
each species by adding relevant metadata, such as synonymous names, InChI, InChIKey, etc. 

Besides publishing updated versions of results on the ATcT website and steadfastly expanding the 
developmental ATcT TN, we have also continued a broad range of collaborations that involves 
researchers formally organized as the ATcT Task Force One (J. Stanton and T. L. Nguyen and their 
groups at UF, B. Ellison, UColorado, B. Changala, Harvard-Smithsonian, J. Baraban and his group at 
Ben-Gurion, M. J. L. Martin at Weizmann, and D. H. Bross, ANL). This Task Force continues to be very 
active, maintaining weekly teleconference meetings, and has a number of currently ongoing projects.  

In collaboration with the ECC project (led by J. Zador, Sandia CRF), we have continued exploring and 
further developing various approaches that would allow a sensible and accurate description of partition 
function-based thermophysical properties of adsorbates, extending the studies to a polyatomic adsorbate, 
CH3/Ni(111), and focusing in particular on the modes responsible for diffusion on the surface and 
libration of the adsorbate, resulting in a recent paper in Phys. Chem. Chem. Phys. 

With respect to other activities within the Thermochemistry Subtask, our collaborative work with Curran 
was expanded to include thermochemical predictions for a large set of peroxy hydroperoxy-alkyl 
(OOQOOH) radicals. The set of molecules is comprised of 149 C2 C8 OOQOOH radicals, selected to 
encompass a wide variety of branching and substitution patterns, with the goal of exploring a wide range 
of interactions for use in group theory and/or machine learning based models. The thermochemistry for 
these radicals has a significant influence on the reactivity of fuels and on the formation of highly 
oxygenated molecules (HOMs) in the atmosphere. Theoretical characterization of these radicals is 
arduous due to their molecular size and complex fundamental interactions, such as hydrogen-bonding and 
torsional anharmonicity, and is difficult to validate in the absence of any direct experimental 
thermochemical data for such highly transient species. 

The challenge of obtaining high accuracy predictions for the 0 K heat of formation for such large species 
was again met by coupling the connectivity based hierarchical (CBH) scheme of Raghavachari with the 
ANL scheme for calculating energies of a core set of reference species. Meanwhile, we systematically 
explored the thermodynamic properties for this set of radicals with five increasingly affordable 
approaches. In doing so, we presented a novel conformer selection approach suited to predict properties at 
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combustion temperatures. We also highlighted the shortcomings in the standard choice of the ground 
conformer as the reference. Comparisons amongst the approaches helped quantify the errors arising from 
various simplifying assumptions. For the largest of these radicals, and with the most affordable approach, 
final predictions of Gibbs energies were assigned a 2  uncertainty of 4 kcal mol 1 in the negative 
temperature coefficient region.  

Future Plans 

Future plans of this program pivot around further development and expansion of the Active 
Thermochemical Tables approach, continuing to provide accurate thermochemistry to the scientific 
community and driving targeted thermochemically-relevant theoretical and experimental investigations of 
radicals and transient species that are intimately related to chemical processes of relevance to the DOE 
mission. A significant part of the effort will be focused on continued ‘finalization’ and dissemination of 
the resulting ATcT thermochemistry, typically involving groups of related chemical species. One 
important component of this process, focused on their enthalpies of formation, consists of testing and 
analyzing the TN dependencies, using tools such as the variance/covariance decomposition approach and 
analyses of the influence of relevant determinations via the hat-matrix, followed by improving the 
connectivity within the TN and adding new high-quality results (either virtual, i.e., computational, or 
actual, i.e., experimental) to coerce the resulting thermochemistry toward stable, ‘release quality’ values. 
This iterative process unavoidably results in additional expansion of the TN with new related chemical 
species, which is an added benefit. Another equally important component focuses on enhancing the 
accuracy of the thermophysical properties derived from the partition functions, typically by upgrading 
RRHO partition functions to NRRAO partition functions, which is also a currently ongoing effort.  

The ascension of ATcT to the DOE SC PuRe Resource status provides a strong additional impetus for 
steadfast curation, aggressive expansion, and unfaltering long-term stewardship and maintenance. It also 
entails a careful evaluation of various suggestions proposed by users at large, as well as serious 
consideration of any and all requests for inclusion of particular additional species in ATcT. Thus, for 
example, we plan to gradually expand ATcT coverage to other relevant areas of chemistry (catalysis, 
energy storage, etc.), which, inter alia, involves the introduction of additional chemical elements to 
ATcT. 
We are also in the process of developing additional CBH-ANL based theoretical thermochemistry 
databases (with systematic explorations of the thermodynamics) for a set of NxHy species (of relevance to 
ammonia synthesis), for a set of CxFy species (or relevance to PFAS kinetics), and for a set of alcohols 
and their related radical oxidation species. This theoretical thermochemistry work continues to make 
heavy use of the AutoMech software package. Appropriate extensions to AutoMech will be made for 
these and other new reaction classes as appropriate, including further developments of our treatments of 
low frequency modes such as torsions, ring puckering, and umbrella modes. 

This work is supported by the U.S. Department of Energy, Office of Basic Energy Sciences, Division of 
Chemical Sciences, Geosciences, and Biosciences, under Contract No. DE–AC02–06CH11357.  
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Program Scope  
This project explores fundamental aspects of collisional energy transfer and chemical kinetics with the goal 
of developing accurate models for gas-phase chemistry spanning a range of pressures up to the high 
pressures of practical devices. We design and implement novel experiments, theory, and modeling to probe 
pressure-dependent kinetics from elementary reactions to comprehensive chemical mechanisms. We focus 
on sensitive time-resolved experimental probes of reaction intermediates, which enable direct studies of 
chemical systems of interest to DOE energy missions. We apply novel master equation and stochastic 
simulation methods to accurately predict the kinetics of key processes. The theoretical predictions and 
experimental observations are employed in high fidelity non-empirical chemical models, and, importantly, 
identify departures from standard chemical kinetics assumptions. Recently, we have been pursuing detailed 
understandings of non-equilibrium effects and of radical oxidation chemistry. We are currently integrating 
modeling, experiment, and theory (MET) through feedback loops at all levels of chemical complexity for 
small alkanes, alcohols, and ethers (including cyclic variants) as key prototype fuels. The consortium 
expands and enhances collaborations between Argonne’s Chemical Dynamics Group and the Gas-Phase 
Chemical Physics Group in Sandia’s Combustion Research Facility. 

Recent Progress  

High pressure oxidation: We continued our collaboration with Ju on high pressure oxidation (up to 100 
atm) as observed in his novel JSR apparatus. Thus far, we have contributed to his efforts to model the 
oxidation data he has obtained for methanol, dimethyl ether, hydrogen, and most recently for a mixture of 
ammonia and methanol. Accurate modeling of the latter requires some consideration of the interaction of 
CH3OH and CH2O with NH2 radical chemistry and of NH3 with CH2OH/CH3O radical chemistry. Predicted 
third body collision efficiencies for H2O2 and HO2 (+M) were used to minimize bath gas effects as a possible 
source of error at high pressures. New high level ab initio transition state theory (TST) based master 
equation rates were provided for the reaction of NH2 with CH3OH and CH2O. For the first reaction, we 
predict a major difference in the branching between CH3O and CH2OH relative to that predicted by earlier 
lower-level efforts. For the second reaction, we predict order of magnitude larger rate constants than those 
in the literature. While the final model predictions show some improvement over other existing models, 
there are also a number of unresolved issues, which will require further model improvements. Notably, the 
reaction of H2NO with various radicals appear to be generally important in NH3 cofuel oxidation, and we 
are now pursuing high level treatments of these reactions. 

Stereochemistry and butane oxidation: Stereochemistry significantly influences chemical processes yet is 
only rarely included in chemical models for oxidation and combustion. There are various challenges in 
doing so, mostly related to the additional degree of complexity it introduces. We developed a code for direct 
expansion of full mechanisms to incorporate all forms of stereochemical effects, and then applied this code 
in a large scale study of the butane oxidation system. Remarkably, the substitution of the resulting first 
principles stereochemically correct submechanism for the first and second stages of the radical oxidation 
yielded modeled predictions that were in equivalent or slightly better agreement with the experimental 
observations than those of a highly tuned butane oxidation mechanism of Curran. This modeling result 
indicates that our stereochemical implementation can accurately capture important aspects of the physics.  
We continued this work with a SCGSR funded collaboration with the Rotavera group (who is a leader in 
the experimental observation of stereospecific aspects of radical oxidation) on a study of stereochemical 
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effects in the oxidation of 2,3-dimethyloxirane. One notable finding was that prompt dissociation of the 
ring opened radicals dramatically affects the product distribution. We also demonstrated that the 
stereochemistry of the initial ring radicals is rapidly equilibrated through ring inversion processes.
Preliminary simulation results suggest the need for additional rate calculations, which are now in progress. 
These projects provided a clear demonstration of the joint utility of our automated rate generation, 
automated prompt analysis, and automated stereo expansion methodologies. 

Master equation code: We made a number of improvements to our MESS master equation system solver
to increase its effectiveness. It is now possible to obtain more stable answers through the use of arbitrary 
precision solutions or alternatively to use a new algorithm that is particularly effective at low temperatures. 
Furthermore, the code has been ported to GPU based machines, with significant speedups observed. We 
expect to write this work up shortly. In the meantime, the code improvements are already available.

Nonstatistical kinetics in H + HO2: Quasiclassical trajectories (QCT) and global potential energy surfaces 
constructed using newly developed strategies were used to compute thermal and nonthermal rate constants 
for the H + HO2 reaction. A significant fraction of trajectories that reached the H2O2 well promptly 
dissociated back to reactants instead of via the heavily statistically favored 2OH channel. This nonstatistical 
consequence of inefficient IVR was shown to increase with the initial vibrational energy of HO2*, and a 
negative energy dependence in the nonthermal H + HO2 rate constant was observed.

Pyrolysis of cycloalkanes: The pyrolysis of 
cyclohexane and its primary dissociation product 1-
hexene were studied at reaction pressure up to 10 bar. 
The experiments were performed in the HRRST and 
analyzed by VUV-PIMS at the ALS. 1-hexene 
primarily dissociates to allyl and propyl radicals 
although other channels such as CH3 elimination and 
the retro-ene reaction are not negligible. Thus, H and 
CH3 are rapidly formed. These both attack the parent 
molecule and combine with radical products 
resulting in complex chemistry. A recent literature 
model for 1-hexene did not reproduce the 
experimental observations and insights into the 
reasons for this were gained. However, a recent 
model for methylcyclohexane pyrolysis which 
incorporates cyclohexane and 1-hexene did 
satisfactorily reproduce the experimental observations after several key rate coefficients were updated. The 
improved model also produced satisfactory agreement with the cyclohexane results. Some key observations 
include the importance of the cyclohexyl radical which rapidly dominates cyclohexane pyrolysis and the 
observation of a sequence of intermediate species in the dehydrogenation of cyclohexane to benzene. A 
more robust description of the chemistry of cyclohexane and 1-hexene at high pressures and temperatures 
was obtained.

i2PEPICO studies of PAH formation: In collaboration with Comandini and Chaumeix (CNRS-Orleans), 
we have continued investigations of PAHs (polyaromatic hydrocarbons) by HRRST/i2PEPICO experiments 
at the SOLEIL synchrotron. Prior studies focused on the pyrolysis of individual species allowing differences 
in the PAH formed and the dominant paths to be elucidated; analyses of these data are still ongoing. We 
have recently performed additional studies where an aromatic molecule was pyrolyzed in the presence of 
propene. These studies allow synergistic effects on PAH production like those encountered in practical 
systems to be examined. The experiments spanned 1300-1800 K and pressures of 8-9 atm with 0.1% toluene 
and 0.2% propene dilute in argon. Additional experiments with pure m-xylene and benzene examined the 
effect of methyl substitution relative to toluene. Finally, experiments were performed with pure propene to 
obtain a reference dataset for the toluene/propene work. These detailed studies should ultimately result in 

Figure 1: Time dependent effective concentration of
allyl radical (squares) produced in the dissociation of
cyclohexane (~9bar). There is a small contribution
from the 13C isotopologues of allene/propyne (blue).
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the development of generic mechanisms for PAH formation. 

Role of HCO prompt dissociation in scramjet engine relevant flames: Combustion in high-speed ram-
based propulsion engines occurs under thermodynamic conditions of high reactant temperatures (greater 
than 1000 K) and relatively low pressures (less than 5 atm). There is a lack of fundamental flame 
measurements at such conditions that result in adiabatic flame temperatures (Tad) exceeding 2500 K. In a 
collaborative work with experiments led by Jayachandran (Worcester Polytechnic Institute-WPI), laminar 
flame speeds were measured for CH4/oxidizer mixtures at high Tad using oxygen enriched mixtures (25-
75% O2 in oxidizer) to probe the flame chemistry relevant to ram-based combustors. Simulations with 
recent literature kinetic models (FFCM-1) revealed increasing differences between data and model 
predictions with increasing Tad, reaching up to 25%. Kinetic analyses reveal that at the thermodynamic 
conditions in these O2-enriched flames, i.e., lower pressures and higher Tad, the effects of HCO prompt 
dissociation are accentuated. Reaction path analysis for these flames revealed that approximately half of 
the reaction flux for HCO formation undergoes prompt dissociation to H + CO. Since prompt HCO 
dissociation is an inherent feature of our in-house Theory-informed kinetics (ThInK) model, simulations 
using this model was in closer agreement with these higher Tad flame speed measurements. On the other 
hand, the simultaneous inclusion of fall-off in HCO dissociation coupled with prompt HCO dissociation 
was required in FFCM-1 to improve its predictive capability for these more exotic flames. 

Theory informed kinetics model (ThInK): Theoretical chemical kinetics has become an indispensable tool 
in modeling the chemical interactions relevant in combustion such that one would be hard-pressed today to 
find a modern combustion kinetics model that does not include a single theoretical prediction for any of the 
elementary reactions and/or thermochemical/transport parameters. Over the course of several years now we 
have been actively involved in the development of a theory informed kinetics model (ThInK) that includes 
a priori high-level theoretical predictions for the elementary reactions as well as thermochemistry and 
transport parameters for species involved in small molecule combustion chemistry (H2 and C0 – C3 species). 
In contrast to the adage “Models are to be used, not believed”, combustion kinetics models have been 
intended to be predictive in nature, at least over regimes where experimental data exist. The prodigious use 
of high-level theory in the present kinetics model is expected to facilitate predictive simulations of chemical 
reactivity, even in regimes of practical relevance that are poorly characterized by elementary kinetics and/or 
combustion experiments. Simulations using the ThInK model are in good agreement with measured laminar 
flame speeds and auto-ignition delays for the core species (H2 – C3). 

A high-pressure FAGE instrument. We reported a new Fluorescence Assay by Gas Expansion (FAGE) 
apparatus for time-resolved detection of OH and HO2 in pump-probe experiments at elevated pressures and 
temperatures. Our miniaturized instrument uses a novel sampling configuration with dilution flow to solve 
a long-standing challenge in FAGE applications, in which transport effects in the sampling nozzle degraded 
the experimental time resolution. We demonstrated quantitative detection of OH and HO2 (with 10 s 
resolution) from a pulsed laser photolysis reactor at pressures up to 50 bar, using benchmark chemical 
reactions OH + CH4, OH + OH, OH + HO2, and HO2 + HO2. 

Reactions of oxygenated radicals, produced from methyl formate. We completed an MET study of the 
•CH2OCHO and CH3OC•O radicals, formed by the reaction of Cl• with methyl formate (MF, CH3OCHO)
following pulsed laser photolysis of Cl2/MF/He mixtures at T = 400 – 750 K. Quantitative time-resolved
measurements of MF, Cl2, HCl, CO2, •CH3, CH3Cl, CH2O, and ClCH2OCHO were used to constrain a
chemical model, anchored by theoretical calculations of the initial H abstraction rate coefficients,
•CH2OCHO and CH3OC•O decomposition, and secondary reactions of •CH2OCHO with Cl• and Cl2. We
found that CH3OC•O dissociated with a >99% yield to CH3 + CO2 on s timescales, faster than our time
resolution, at all T. In contrast, •CH2OCHO decomposed to CH2O + •CHO on 1 – 10 ms timescales, which
were resolved by our experiments. Our optimized rate parameters had significant impacts on modelling of
the combustion of methyl esters, which are critical components or surrogates of biodiesel.
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Quantification of intermediates in tetrahydrofuran oxidation. We extended our earlier study of THF 
oxidation to P = 10 bar and T = 450 – 675 K. The new measurements enabled the first quantification of the 
time-resolved concentrations of key intermediates in THF autoignition: RO2, O2QOOH, butanedial, and 
hydroperoxides. Comparisons with chemical models revealed that the prevailing mechanisms of THF 
combustion drastically over-estimated the O2QOOH  ketohydroperoxide + OH  oxy-radical + 2 OH 
yields and the overall reactivity, echoing similar observations we made in related ethers and cycloalkanes.  

Insights into mechanism optimization strategies. We further extended our chemical model optimization 
methodology via genetic algorithm fitting using literature cyclohexane combustion data from jet-stirred 
reactors. We confirmed our earlier finding of the critical role of RO2  QOOH as a rate-limiting step in 
the low-T oxidation of cycloalkanes, and also revealed the limitations of time-averaged speciation data in 
constraining complex reaction mechanisms. 

Future Work 

HRRST: We will continue to explore the pyrolysis of cyclic species at high pressures. Experiments have 
been conducted with cyclopentane and cycloheptane and their conjugate 1-alkenes and with cyclooctane. 
These are similar to the C6 studies and allow the effect of ring size and length of the 1-alkene to be explored. 
The data are being analyzed and should yield information guiding the development of rate/mechanism rules. 
We will also expand the range of heterocyclic species studied to include heteroatoms other than O.  
Key areas for development of the PAH studies include improving the simulation of photoelectron spectra 
to more accurately identify isomeric compositions and uncertainties in assignments of isomers. Additional 
attention will be given to elucidating reaction paths leading to each isomer with a goal of generating generic 
rules for PAH growth. 

Theory: We are in the process of a developing a first principles theory-based model for tetrahydrofuran 
(THF), which is a focus of ongoing experimental efforts by Sheps. This effort is proceeding beyond related 
efforts through the direct incorporation of prompt dissociation effects for the ketohydroperoxide and alkoxy 
radical channels, the explicit consideration of stereochemistry (including in the various fleeting transition 
states), the inclusion of up to third O2 reactions, and explicit incorporation of all ring puckered states in the 
conformational analyses. The latter aspect has been the focus of a significant ongoing extension to the 
AutoMech code.  As part of this effort, we will use the benchmarking and bootstrapping method pioneered 
in our collaboration with Lester for QOOH radical decomposition to obtain highly accurate energetics.  
In collaboration with Rotavera, we are continuing to improve and expand upon our treatment of butane 
oxidation with related treatments of various submechanisms that arise later in the oxidation process. The 
ultimate goal is to have a fully first principles mechanism that includes a number of key additional physical 
phenomenon that are generally neglected. We are also planning work on roaming channels in neopentanol 
dissociation in collaboration with Tranter and Cavallotti. 

Nonstatistical kinetics: To further explore the negative-energy-dependent kinetics observed for H + HO2*, 
we performed additional QCT studies of CH2 + CH3* and O + OH*. All three systems feature a deep 
intermediate well, a barrierless entrance channel, and a low-lying exit channel with no reverse barrier. 
Together, the three systems allow us to study the importance of IVR as a function of system size. In 
preliminary work, we found that while inefficient IVR is observed for all three systems, negative energy 
dependence is observed only for H + HO2. Compared to H + HO2, inefficient IVR is relatively less important 
for the larger CH2 + CH3 system, as expected; while inefficient IVR is relatively more important for the 
smaller O + OH system, its effect is not significant enough to overcome the much stronger positive energy 
dependence in the statistical rate constant. 

Collisional energy transfer in van der Waals systems: Quantifying collisional energy transfer in transient 
van der Waals (vdW) systems is relevant to our understanding of oligomerization reactions in the 
atmosphere as well as the radical-complex (chaperone) mechanism. An initial planned study involves 
developing accurate two- and three-body interaction potential energy surfaces for the CH2OO…H2O2

 

(+H2O) system, which will be used in trajectory calculations characterizing the vdW complex lifetime and 
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collisional energy transfer with water. Initial calculations suggest that longer-lived vdW complexes show 
significantly less energy transfer than shorter lived complexes due to the differences in their partitioning of 
energy among intermolecular and intramolecular modes of the dimer. 

Role of nonthermal reactions of HO2* + CO/H2 in syngas ignition: We propose to computationally 
explore the role of reactive collisions of HO2* with stable species like CO (and H2, H2O). While the thermal 
reaction CO + HO2 has a significant barrier ~18 kcal/mol and therefore slow rates, this reaction is known 
to substantially influence autoignition in syngas mixtures, where the initial reactants include large mole 
fractions of CO. In such a situation, we anticipate that CO + HO2* should have much faster rates than CO 
+ HO2. We propose to characterize this initially using the effective temperature model (developed based on
prior dynamics studies on CH4*/H2O* + X) coupled with master equation calculations. These results can
then be used to drive combustion modeling studies on syngas auto-ignition. In a similar fashion, reactions
of HO2* with H2 and H2O may also be facile, and we propose to characterize these additional nonthermal
reactions of hot radical complexes with stable species.

Non-Boltzmann effects in autoignition reactions. Building on our recent success in characterizing and 
quantifying transient reaction intermediates, we will focus on direct probing of non-Boltzmann reactions in 
THF oxidation as the experimental platform. This system includes two dominant O2QOOH dissociation 
channels, leading to hydroperoxides cy-C4H5O-OOH + HO2 and cy-C4H5O2-OOH + OH. These pathways 
have exothermicities of ~ 40 and ~105 kcal/mol, respectively, and should thus exhibit very different non-
Boltzmann contributions from chemically activated intermediates. In addition to RO2, O2QOOH, and 
butanedial, we previously quantified the sum of hydroperoxides in THF oxidation. Although we could not 
quantify independently the yields of cy-C4H5O-OOH and cy-C4H5O2-OOH via photoionization mass 
spectrometry, we should be able to do so now using our new high-pressure FAGE diagnostic. Furthermore, 
we quantified the yields of fumaraldehyde and acrolein. We hypothesize that the source of these compounds 
is decomposition of cy-C4H5O-OOH and cy-C4H5O2-OOH, providing potential markers for channel-
specific probing of hydroperoxide decomposition. We are thus well-positioned to directly probe the kinetics 
of the entire THF oxidation sequence, including prompt non-Boltzmann processes. 
We expect non-Boltzmann reactions to manifest as prompt formation of reaction intermediates on 
microsecond timescales. The yields of these prompt channels should be highly sensitive to temperature and 
pressure (i.e., collisional energy transfer rate), and we plan to explore these effects over pressures up to tens 
of bar and temperatures spanning the autoignition regime. The experimental results will enable detailed 
comparisons with theoretical predictions that were outlined above. 

Automated optimization of theory-based reaction mechanisms. In collaboration with Zador (via the SNL 
Core GPCP program) we plan to create an automated workflow for efficient optimization of theory-based 
chemical mechanisms. The expected outcome is an open-source code that will perturb calculated molecular 
properties and collisional energy transfer parameters in user-supplied master equation (ME) inputs to 
optimize chemical model predictions against detailed experimental speciation data. This effort builds on 
our earlier applications of this idea to cyclopentane and cyclohexane oxidation, with several notable 
advances: i) enabling model benchmarking using diverse experimental results, including our own time-
resolved speciation, jet-stirred reactor, and shock tube data; ii) exploring flexible optimization strategies, 
such as genetic algorithms, simplex algorithms, and related methods, and iii) allowing simultaneous 
optimization of coupled MEs. 

Publications acknowledging support from this program, 2022 – present: 
1. Bayesian model calibration for vacuum-ultraviolet photoionisation mass spectrometry, J. Oreluk, L. Sheps, H. Najm,

Comb. Theo. Mod. 26, 513 (2022).
2. Methanol oxidation up to 100 atm in a supercritical pressure jet-stirred reactor, Z. Wang, H. Zhao, C. Yan, Y. Lin, A.

D. Lele, W. Xu, B. Rotavera, A. W. Jasper, S. J. Klippenstein, Y. Ju, Proc. Combust. Inst. 39, 445 (2022).
3. The role of collisional energy transfer in the thermal and prompt dissociation of 1-methylallyl, J. Cho, Y. Tao, Y.

Georgievskii, S. J. Klippenstein, A. W. Jasper, R. Sivaramakrishnan, Proc. Combust. Inst. 39, 601 (2022).
4. Formation of organic acids and carbonyl compounds in n-butane oxidation via -ketohydroperoxide decomposition.

D. M. Popolan-Vaida, A. J. Eskola, B. Rotavera, J. F. Lockyear, Z. Wang, S. M. Sarathy, R. L. Caravan, J. Zádor, L. Sheps,
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Deciphering Complex Chemical Reaction Dynamics Induced by Non-
Equilibrium Microplasma Discharges at High Pressures 

Sayan Biswas 
Mechanical Engineering Department, University of Minnesota Twin Cities, biswas@umn.edu  

Project Background and Scope: Microplasma, confined to dimensions on the scale of millimeters or 
smaller, demonstrates remarkable stability even under high pressures, facilitating self-sustained and 
continuous operation [1-3]. This stability is attributed to the efficient energy transfer within the confined 
space, leading to heightened ionization and excitation processes [4]. With their cost-effectiveness, ease of 
operation, simplified hardware design, and portability, microplasmas find applications across diverse fields 
including materials processing, sensing, energy generation, environmental remediation, and chemical 
synthesis [5-10]. The behavior of ions, electrons, metastable species, excited atomic and molecular species 
dynamics in the transient streamers and early afterglow regimes of microplasma under atmospheric and 
above-atmospheric pressures is crucial for understanding its potential in complex reaction dynamics [11-
13]. 

However, our current understanding of microplasma discharges at higher pressures is significantly 
constrained due to the scarcity of well-established experimental data on high-pressure microplasma 
kinetics. At elevated pressures, where the electron mean free path approaches the gap between electrodes, 
quenching processes become dominant. However, the onset of field emission in small gaps and the trapping 
of electrons in oscillatory motion between electrodes in microplasma discharges introduce deviations from 
classical plasma theory. The resulting plasma dynamics become stochastic and turbulent, leading to the 
predominance of short-lived plasma filaments at higher pressures. Free electrons, accelerated by the electric 
field, generate secondary electrons through gas particle ionization, leading to an electron avalanche and the 
creation of a self-induced electric field. The competing and counteracting processes in microplasma – 
quenching and secondary electron production under self-induced electric fields at high pressures produce 
an intricate nonadiabatic system that requires further investigation. In these filaments, channels are filled 
with metastable atoms and excited species, causing electron bombardment, electron-ion, and ion-neutral 
reactions that are not well understood [14, 15]. Excited Rydberg states [16] are key in plasma because they 
significantly influence the energy transfer, reaction pathways, and chemical dynamics within the plasma 
environment, leading to unique and often enhanced plasma chemistry. Much confusion exists currently in 
the literature about the branching ratio between metastable atoms and Rydberg molecules as products of 
dissociative recombination processes [17, 18]. In fact, no experimental branching ratio exists for many of 
these processes. The study will focus on understanding the electron-impact ionization and fragmentation of 
molecules such as methane and ammonia and the impact of Rydberg molecules on plasma chemistry and 
chemical reactions. 

The presence of Rydberg states in microplasma significantly influences plasma chemistry pathways 
by providing alternative reaction channels. We hypothesize that the excitation of atoms or molecules to 
Rydberg states alters their reactivity, leading to the formation of unique chemical species and pathways not 
observed in non-Rydberg-excited plasmas. This hypothesis is based on the premise that Rydberg states 
possess distinct electronic structures and energy distributions, thereby governing the kinetics and 
thermodynamics of chemical reactions within the microplasma environment. Our experimental campaign 
will initially focus on investigating microplasma discharge in helium, a well-established plasma gas, before 
transitioning to methane or ammonia. The approach involves first identifying the Rydberg states for each 
gas, followed by a study of the chemical reactions involving these Rydberg states using spectroscopic and 
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laser diagnostics, such as Resonance-Enhanced Multiphoton Ionization (REMPI), Photoelectron 
Spectroscopy (PES), Fourier Transform Spectroscopy (FTS). This sequential approach is necessary due to 
the intricate nature of the processes involved. Quantitative laser diagnostics measurements will enable the 
assessment of methane and ammonia Rydberg molecule production rates during the discharge’s active 
phase and early afterglow. We will delve into the fundamental processes governing the production of these 
species, including metastable and radiative pathways. Furthermore, we aim to elucidate the production 
channels of methane and ammonia metastable atoms, clarifying the branching ratio between metastable 
atoms and Rydberg molecules, a topic currently lacking experimental data in the literature. Our approach 
will involve developing a systematic methodology to enumerate all branching ratios. 

The proposed research aims to unlock new chemical pathways in a gas-phase system by utilizing 
electrons, ions, and Rydberg molecules in a high-pressure non-equilibrium microplasma. Over a five-year 
span, the research trajectory will commence with focused studies on well-established gases like helium 
and/or argon during the initial two years. Subsequently, the scope will expand to encompass investigations 
into air, methane, and ammonia systems, particularly in the context of energy applications, in the latter three 
years. Through this progressive approach, the research aims to deepen our understanding of microplasma 
chemistry and its potential for transformative applications in various domains. 

 
Future Work: Our first objective would be to perform a well-laid-out experimentation campaign to 
investigate the high-pressure microplasma behavior to explore kinetics and the scaling parameters. The 
objective is to use experiments and optical diagnostics to investigate high-pressure microplasma dynamics 
and characteristics. An optically accessible constant volume calorimeter with a high-pressure capacity 
(designed for up to 1000 bar) to delve into microplasma dynamics, illustrated in Figure 1. However, our 
investigation will narrow its focus to pressures ranging between 1 and 10 bar absolute. Presently, various 
electrode designs and geometries are undergoing 
scrutiny for tailored applications in energy and 
combustion projects. For this project, we will 
employ canonical electrode configurations like pin-
to-pin or pin-to-plate, with meticulous attention 
directed toward refining electrode surface 
characteristics. This includes precise control over 
parameters such as tip radius for pin-to-pin 
discharges, surface roughness for pin-to-plate 
setups, and the ceramic surface for dielectric barrier 
discharges.  

Once microplasma generation is achieved, our primary objective is to delineate the discharge 
transition boundary, scaling parameters, and elucidate its underlying physics. Pulsed discharges, such as 
nanosecond DC discharges, occurring at atmospheric or slightly above atmospheric pressure, exhibit 
intricate structures with non-uniformities at scales of tens of micrometers near the electrode surface. For 
instance, in dielectric barrier discharges, the initiation of streamers induces a substantial alteration in 
electron density (for negative polarity discharges) or positive ion concentration (for positive polarity 
discharges) on the surface, leading to a sharp decline in the electric field perpendicular to the surface. 
Concurrently, the electron density profile undergoes significant changes in proximity to the dielectric. 
During the first budget period, our objective is to thoroughly characterize various microplasma behaviors 
and utilize emission spectroscopy to gain insights into the overall plasma dynamics. 

 

 

Figure 1. Experimental setup for the proposed study. 
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Program Scope 
The reliability of predictive simulations for advanced energy conversion devices depends on the availability 
of accurate data for thermochemistry, chemical kinetics, and transport.  In that regard, accurate data are 
critically important for both their direct use in predictive simulations and for benchmarking improved 
theoretical methodologies that can similarly produce accurate data for predictive simulations.  The use of 
informatics-based strategies for the determination of accurate thermochemical data with well-defined 
uncertainties, i.e. the Active Thermochemical Tables (ATcT),1 has revolutionized the field of 
thermochemistry – ATcT provides thermochemical data of unprecedented accuracy for direct use in 
predictive simulation and has served as a key enabler of ab initio electronic structure methodologies of 
equally impressive accuracy.  In this program, we are developing an analogous active database for chemical 
kinetics to establish high-accuracy kinetic data for predictive simulation and to evaluate emerging ab initio-
based theoretical kinetics methods, using novel multiscale informatics strategies we are developing.  
Particular emphasis is placed on reaction systems for which non-thermal kinetic sequences arise and for 
which combining theoretical and experimental data is necessary to unravel complex reaction data into 
chemical information, where this program advances the state of the art in computational methodologies for 
those purposes.   
Recent Progress 
There are several significant challenges in deriving high-accuracy kinetic data of relevance to the complex 
reactions encountered in combustion, planetary atmospheres, and interstellar environments.  First, even the 
most “direct” experimental rate constant determinations are often influenced by uncertainties in secondary 
reactions – leading to a complex web of interdependences among kinetic parameters for many reactions 
(and an opportunity to gain more information than has been attained previously, since uncertainties are 
seldom at the noise floor of the measurements).  Second, there is rarely enough experimental data to 
constrain the full temperature, pressure, and composition (T/P/X) dependence of many rate constants – 
rendering usual rate-parameter-based uncertainty quantification approaches ineffective.  Third, many 
reactions of interest to various application domains and gas-phase theoretical chemistry involve non-
thermal kinetic sequences2-3,iii – posing an additional problem for rate-parameter-based approaches. 
During the past several years, we have been developing a multi-scale uncertainty quantification approach, 
MultiScale Informatics (MSI),4,i,ii,iv,viii to address the challenges involved in 1) unraveling the complex web 
of interdependences among reactions in complex systems data (by reinterpreting the raw data from multi-
reaction systems used to determine rate constants experimentally), 2) sufficiently constraining the T/P/X 
dependence of rate constants (by incorporating theoretical calculations to extrapolate constraints imposed 
by limited data), and 3) analyzing data from reaction systems involving non-thermal kinetic sequences (by 
leveraging the physics-based framework to account for such processes).  In this program, we are applying 
and expanding MSI to develop a high-accuracy kinetics database through carefully chosen reaction systems 
that serve to both anchor the database and grow it in ways leveraging its anchored foundations – while 
addressing outstanding scientific questions and identifying new ones. 
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H + O2 = O + OH, OH + H2 = H2O + H, O + H2 = OH + O, H + HO2 = products, TBHP fragment kinetics, 
CH2O kinetics, and other reaction systems. We have continued our massive simultaneous analysis of several 
hundred (raw) experimental and theoretical datasets spanning many dozens of reactions to unravel their 
dauntingly complex web of interdependences.  This endeavor is intended to both anchor the active network 
and determine refined values for their rate constants and uncertainties (including for the first three reactions 
listed above, whose rate constants are generally well known but still hindered by secondary reaction 
uncertainties).  For example, our analysis of data used to determine rate constants for OH + H2 indicate 
strong influences from several reactions involving the decomposition fragments from the common OH-
precursor tert-butylhydroperoxide (TBHP) including OH + CH3COCH3, CH3 + CH3, and CH3 + OH.ix 
The overall analysis has already yielded insights into rate constants, and discrepancies among data, for 
many reactions (only some of which are presented here as examples).  These include both revisions to some 
of the best characterized reactions and resolution of controversies for highly debated reactions. 
With regard to the former, we recently found that the raw data from the most precise rate constant 
determinations5 for H + O2 = OH + O can be reproduced using an MSI model with a ~10% lower rate 
constant than originally derived from the data (Fig. 1).  This difference is mainly attributable to differences 
in the rate constants for secondary reactions, for which 
the MSI model better reproduces the associated 
theoretical and experimental data.  Given that H + O2 = 
OH + O is the most sensitive reaction in many 
combustion environments and in many rate constant 
determinations, even a small revision to its rate constant 
is very significant.  For example, we have also found 
that the same MSI model reproduces the raw data from 
the rate constant determination for H + O2 (+M) = 
HO2 (+M) from Davidson et al.6 with a much lower rate 
constant that (unlike the original interpretations6) is also 
consistent with recent a priori 2D-ME calculations.7,8 
With regard to the latter, our analysis has also identified 
consistent explanations of seemingly inconsistent data 
for HCO + O2 = CO + HO2.  For example, our analysis revealed an alternative interpretation of experimental 
data used for rate constant determinations at high temperatures consistent with theoretical calculations.10  
While the original interpretations of the high-temperature experiments show high values and a sharp 
temperature dependence, the MSI model reproduces the raw data from those studies with a factor of three 
lower rate constant and mild temperature dependence consistent with theory.10 
All told, the analysis contains hundreds of theoretical and experimental datasets for dozens of highly 
coupled reaction systems, whose interconnections can only be unraveled through active rather than static 
approaches, as demonstrated above.  We are now writing up the results from these many inextricably 
coupled systems in a series of journal papers that we plan to submit in the coming months. 
Representation of complex T/P/X dependence in MSI (and kinetic modeling codes). As part of both our 
ongoing MSI methodological developments, we have been conducting a major overhaul of how MSI and 
Cantera, which MSI uses for phenomenological kinetics/continuum-level simulations, treat the complex 
T/P/X dependence of complex-forming reactions.  Previously, continuum-level chemical codes could not 
properly represent composition (X) dependence for the most common types of complex-forming reactions, 
including many non-equilibrium kinetic sequences and other “pressure-dependent” reactions. 
We have been rewriting portions of the Cantera source code to address this.  In collaboration with Ray 
Speth (MIT), we recently implementedxii our group’s new reduced-pressure mixture rule12-13 (validated 
against ME equations for broad classes of reactions), which enables an accurate treatment of T/P/X 
dependence, in Cantera.11  We recently described this implementation in a journal paperxii and we plan for 

  
Fig. 1. Rate constants for H + O2 = O + OH relative to 
the MSI model. Symbols show the original
experimental interpretations5 of raw data that the MSI 
model reproduces equally well. 
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it to be included in the next release of Cantera,11 a software suite 
widely used for combustion, catalysis, chemical vapor deposition, 
atmospheric chemistry, plasmas, and a host of other applications. 
Using this new version of Cantera, we were then able to incorporate 
data from the a priori 2D-ME calculations of Jasper8  for the first time 
(since previous codes could not treat the complex T/P/X dependence).  
As demonstrated in Fig. 2, the kinetic model using these new a priori 
2D-ME calculations reproduces the experimental data remarkably 
well (and certainly within experimental uncertainties)—providing an 
important test of a priori 2D-ME accuracy for polyatomics (like CO2 
and H2O) which are often only studied in mixtures experimentally.xii  
Our other resultsxii (not shown) reveal similar reproduction of raw 
experimental data used to determine H2O2 (+M) for M = CO2 and H + 
O2 (+M) for M = NH3, and indicate that inclusion of the 2D-ME data 
appears to resolve previous modeling difficulties for H2 and NH3 
(carbon-free fuels of recent interest). 
Sub-models for fluorinated precursors and related insights into 
destruction of PFAS. We have been continually expanding our kinetic 
sub-models for precursors that we use to reinterpret experimental data 
from precursor-initiated kinetics.  Our expansions of these precursor 
sub-models into fluorine kinetics (relevant to experiments for H + 
HO2, for example) led to the realization that low-temperature 
fluorocarbon oxidation pathways (known to the atmospheric 
chemistry community) influence fluorocarbon combustion within 
incinerators for PFAS (polyfluoroalkyl substances) destruction. 
For context, essentially all combustion kinetic mechanisms for 
fluorocarbons to date find their basis in those developed for 
fluorocarbons as flame suppressants and likewise are primarily 
composed of high-temperature kinetic pathways.  Yet, these same 
models have often been used to assess PFAS destruction in 
incinerators, which emphasize lower temperatures (~700–1400 K). 
We recently showed that low-temperature oxidation pathways 
(mediated by peroxy radicals, RO2) — not considered previously in 
PFAS incineration modeling — impact predictions of common 
surrogates for PFAS destruction (e.g. C2F6, Fig. 3), toxic products of 
incomplete combustion (e.g. CF2O), and overall PFAS destruction 

efficiencies.xi 
CH2O (+M) and CH2O + O2.  Building on our master equation 
calculationsvi,vii of the CH2O + M/O2 system reported previously, 
we have been conducting MSI analysis of data from pyrolysis, 
oxidation, and photochemical experiments, for which there is no 
shortage of discrepancies (and non-Boltzmann sequences).  Of 
note, our current MSI model reproduces the raw data from 
pyrolysis/oxidation experiments15,16 whose original 
interpretations were inconsistent with each other.  We have also 
been analyzing data from photochemical experiments17 that show 
evidence of a rovibrationally excited CH2O* + O2 reaction, where 
we have also identified the role of a photoisomerization-assisted 

Fig. 3.  Predicted CF3-CF3 mole fractions
from isothermal plug flow reactor
simulations for models with (“modified”)
and without (“nominal”) CF3O2 kinetics.xi 

  
Fig. 2. Ignition delay times used to 
determine rate constants for H + O2
(+M) = HO2 (+M) for various bath 
gases.xii  (a) 3% H2/1.5% O2/Ar, (b) 
3% H2/1.5% O2/N2, (c) 3% H2/1.5% 
O2/9% H2O/Ar, and (d) 3% H2/1.5%
O2/20% CO2/Ar. Symbols denote 
experimental data.9 Lines denotes 
predictions using the reduced-pressure 
mixture rule (LMR-R) and, for 
comparison, using pure Ar or pure
H2O as the third body, based on
a priori 2D-ME data.7,8 
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HCOH + O2 reactionvi and secondary reactions stemming from CH2O + HO2 that we plan to investigate. 
Future Plans 
We plan to venture next into the CH2O + HO2 reactions (to form HCO + H2O2 or HOCH2O2) important to 
some determinations for H + O2 = OH + O and CO + OH = CO2 + H and photochemical experiments17 of 
CH2O* + O2.  These reactions and subsequent reactions of HOCH2O2, which we will study in tandem, are 
also broadly important to combustion and atmospheric chemistry (e.g. oxidation of hydroxymethyl 
hydroperoxide, HMHP, formed from reaction of the simplest Criegee intermediate with water).  We also 
plan to explore phenomenological representations of the reactivity of molecular entities that react too 
quickly to be considered chemical species, building on our previous studies on HCOH,vii and 
representations of T/P/X dependence of non-Boltzmann kinetic sequences, building on our work discussed 
above.xii  These efforts will also enable deeper integration of our AutoNonBoltzmann codeiii,v into MSI. 
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I. Program Scope 

 
This research program has focused on experimental studies of fundamental chemical reactions that 

provide benchmarks for advancing our theoretical understanding of chemistry, in particular the potential 
energy surfaces (PESs) that govern the reactions, and computational predictions of the reaction dynamics. 
Some of the highlights of our efforts over the years have included important insights into the dynamics of 
the HOCO free radical1 and the F + H2O hydrogen exchange reaction.2 The third generation of this 
experimental approach employs a photoelectron-photofragment coincidence (PPC) spectrometer equipped 
with a cryogenic octopole accumulator trap (COAT) for the preparation of anions thermalized below 20K. 
These cold anions are used to load an electrostatic ion beam trap (EIBT),3 allowing the PPC measurement to 
be carried out on 7 keV ions, with the fast beam enabling detection in coincidence of photoelectrons, stable 
photoneutrals, and multiple photofragments. The PPC experiment is unique in that it yields a kinematically 
complete measurement of energy partitioning in reactions induced by photodetachment of precursor anions. 
During this project period, limited scientific progress was made, however, important technical advances in 
the implementation of a new generation of three-dimensional imaging detectors are now culminating as 
detailed below. In addition, we have refined our analysis of earlier experiments on the 1-photon dissociative 
photodetachment of the oxyallyl anion in work that will soon be submitted for publication, focusing on the 
roles of the low-lying triplet and singlet states induced by 1-photon absorption at 388 nm. The next generation 
of experiments are then discussed, including studies of fluoride complexes, carbon oxides and IR excitation 
experiments examining the excitation and isomerization of HOCO  as a new tool for manipulating the 
dynamics of the HOCO free radical and the H + CO2   

II. Recent Progress 

A. A New Photoelectron-Mulitiple-Photofragment Coincidence Detection System 

This project was renewed following a year’s hiatus in May of 2023 and we worked to bring this complex 
apparatus back on-line. A number of technical challenges have been faced, including the reliability of the 
laser system and the age of the photoelectron and multiple photofragment detector systems. We have worked 
with the laser vendor, Clark-MXR, to bring the kHz Ti:Sa regenerative amplifier laser system back to a state 
of reliable operation. To jump-start the scientific aspects of the project we were in the process of finalizing 
calibration experiments on O , O2  and O3  when the legacy data acquisition computer system for the 
apparatus failed. The quadrant crossed-delay line and wedge-and-strip-anode detectors used in this data 
acquisition system were interfaced through the CAMAC system, technology dating to the early 1970’s, and 
regrettably it proved to not be feasible to bring the system back online despite considerable efforts. This 
called the question about moving forward with an important element of the grant proposal – the replacement 
of this 30-year old system with a state-of-the-art kHz CMOS camera-based system This detection scheme is 
based on an extensive body of work by Wen Li and co-workers at Wayne State University,4 and we 
acknowledge his help with respect to adapting his data acquisition codes to our application.  At this point, 
we have replaced both the electron and multiparticle photofragment detectors with multihit time- and 
position-sensitive detectors based on phosphor images recorded by kHz CMOS cameras coupled with timing 
information recorded with high bandwidth transient digitizers. Figure 1 shows a schematic diagram of the 
implementation of the detector system on the apparatus.  
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The entry mirror, buncher, image charge detector and exit mirror compose the Electrostatic Ion Beam 
Trap (EIBT).  This trap is filled with ions from a discharge ion source that have been accelerated to 7 keV 
and mass selected based on their time-of-arrival from the ion source.  The ions can be cooled while stored in 
the EIBT as it is mounted on a cryogenic head. In the middle of the trap is an interaction region of the ps 
Ti:Sa laser beam with the stored ions.  The ejected electrons are measured for both ejection direction and 
energy in photoelectron spectrometer which operates in a quasi-VMI mode which maintains the ejection 
angle in 3 space as well as measures usual 2d position.   The neutral(s) produced by an electron ejection event 
then fly thru the exit mirror and their position and time of arrival is measured by the neutral fragment detector.  
Both the electron and all the neutral fragments are measured in 2d position using 1 kHz CMOS cameras 
imaging separate MCP-based phosphor detectors.  Two high speed transient digitizers capture the electronic 
signal from the MCP to measure the time-of-arrival (3rd dimension) for each of the electron and neutral 
fragments.  The images and digitizer information are captured and combined at 1kHz, same rate as the laser, 
in a LabView program yielding the 3D velocity vector for each of the neutral fragments as well as the electron 
which is then recorded for later analysis. This new detection system will open the way for an exciting new 
era for this experimental program studying the dissociative photodetachment (DPD) of transient species in 
the second half of the current grant period. 

B. Revisiting the One-Photon DPD of the Oxyallyl Anion

While engaged in replacement of the imaging detector system, we have re-examined the data previously 
obtained on the one-photon DPD of the oxyallyl anion, C3H4O (388 nm). At 
this photon energy there are three electronic states of the oxyallyl diradical that are accessed – the two low-
lying and nearly degenerate 1A1 and 3B2 electronic states and a higher-lying 3B1 excited state, as previously 
shown by anion photoelectron spectroscopy5 and other experimental and theoretical techniques.6 The 1A1 

state is predicted to be the lowest energy in the Franck-Condon region, and earlier theoretical work showed 
no evidence for a true minimum singlet C2v structure indicating that photodetachment to the 1A1 state 
essentially produces a transition state in the cyclization to the much more stable singlet cyclopropenone. This 
work builds on our previous study of the stable photodetachment channel at this photon energy that resulted 

Figure 1. Schematic of the new multiparticle detectors as implemented on the PPC spectrometer used in these 
studies of dissociative photodetachment processes related to reactive intermediates and collision complexes. 
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in the reassignment of the photoelectron spectrum reported to be ethylenedione (OCCO) to the oxyallyl 
diradical (C3H4O).7 Our previous studies of the oxyallyl anion also included discovery of a resonance-
mediated two-photon DPD at a photon energy of 1.6 eV (775 nm).8 The latter study was remarkable as it 
showed not only non-Franck-Condon two-photon DPD but also revealed a strong delayed photoemission 
channel, both mediated by an excited anionic state, likely a dipole-bound state built on the zwitterionic 1A1 

core.
In the present work, we have examined

the minor (< 20 %) dissociative channel 
observed at 388 nm, confirming that at this 
photon energy the resulting neutral products 
are predominantly stable cyclopropanone 
with a minor dissociation pathway yielding 
equal mass fragments, consistent with the 
production of CO + C2H4. Using the PPC 
spectrometer, both stable and dissociative 
photoelectron spectra were measured at 388 
nm. Relying on higher-resolution spectra 
measured by Lineberger and co-workers, 
we showed that at this wavelength two 
features were observed, one consisting of 
contributions from the low-lying 1A1 and 
3B2 states of oxyallyl, with a smaller feature 
to the 3B1 excited state. The real power of 
PPC spectroscopy is to resolve the 
dissociation dynamics of the system as a 
function of energy as determined by the 
eKE of the departing electron. This 
information is contained in the coincidence 
spectrum shown in Figure 2. 

This coincidence spectrum shows that 
all three of the low-lying states exhibit 
differing dissociation dynamics in the 
minor dissociation channel. The 1A1 state 
exhibits the highest kinetic energy release 
(KER), up to 1.2 eV. This is consistent 
perhaps with the determination that there is 
no bound 1A1 state, and instead 
photodetachment to that state leads to 
facile ring closure to cyclopropanone, with 
some of the molecules surmounting the 
barrier and dissociating to the very stable 
closed-shell CO + C2H4 products. The 3B2

state, however, exhibits a much lower 
KER, consistent with the fact that 
photodetachment to 3B2 yields more 
significant vibrational excitation owing to
a larger structural change from the anion, 
and relatively slow internal conversion to 
the singlet state could account for the 
channeling of more of the available energy 
to internal degrees of freedom. Finally, the 

Figure 2. Coincidence plot for the dissociative data at 3.20 eV. 
Three channels can be seen: 1A1 dissociation with a high KER, 
3B2 dissociation with a low KER weakly correlated with the eKE, 
and the 3B1 excited state with a KER feature that aligns 
reasonably well with the diagonal line (*), corresponding to the 
maximum energy available for the formation of CO + triplet 
C2H4.

Figure 3. Energetics for the oxyallyl system plotted with the 
photoelectron spectra measured for each of the three electronic 
states of oxyallyl. The different photoelectron spectra, 3B2 in red, 
1A1 in blue and 3B1 in green, were resolved through KER gating in 
the PPC spectrum shown in Figure 2. The energetics of the CO + 
triplet C2H4 channel is noted by the asterisk.

mammmmmmmmmmmmmmmmm ximum energy available for the formation of CO + triplet 
CCCCCCCCCCCCCCCCCCCC2H4.
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feature assigned to the excited 3B1 state has a distribution that implies an inverse correlation between eKE 
and KER as is seen in direct DPD processes. A tantalizing possibility in this case is that dissociation of 3B1 
occurs on the triplet surface, producing CO + triplet C2H4. In studies of ethylene sulfide, Suits and co-workers 
have seen evidence for this triplet state 2.86 eV above ground state ethylene.9 The diagonal line marked by 
an * is placed at that energy. The energetics governing this mechanism are summarized in the energetics 
diagram in Figure 3, which also shows the singlet and triplet state-resolved photoelectron spectra along the 
right vertical axis. 

In summary, PPC spectroscopy allows determination of the contributions of the three low-lying 
electronic states of the oxyallyl diradical system to the minor dissociation channel as a result of the distinct 
energy partitioning they exhibit. Dissociation of each neutral state results in the formation of molecular 
products CO + C2H4, along with the production (80%) of singlet cyclopropanone. Photodetachment to the 
1A1 state leads to facile ring closure, with some CO + C2H4 products observed at high KER. Dissociation of 
the 3B2 state must occur by relatively slow internal conversion, and leads to much higher apparent internal 
energies (low KER) in the CO + C2H4 products. Finally, it is interesting to note the possibility that the excited 
3B1 state dissociates on the neutral surface yielding CO + triplet C2H4. These results show considerable 
complexity in the chemistry of the oxyallyl diradical, and can perhaps motivate new theoretical studies of 
this prototypical molecule. 

II. Future Plans 
With the new imaging detectors now coming online we are prepared to carry out a new generation of 

PPC measurements on reactive species. In addition to further studies of the oxyallyl anion using higher 
photon energies to reveal new excited state phenomena, we will move on to our proposed studies of the effect 
of solvation by examining the F (H2O)2 system, other halide complexes, and oxidized carbon species, 
including CO3 , CO4  and HCO3 . The ultimate goal for this grant period, however, is to return to our goal of 
examining the effects of IR excitation in the anionic precursor on the DPD dynamics. The first experiments 
using IR excitation will examine promotion of the cis-HOCO /trans-HOCO  and HCO2 /HOCO  

isomerizations and we will then pursue examination of mode-specific effects on the dissociation dynamics 
of HOCO by the DPD of vibrationally excited HOCO  anions as the culmination of this research program. 
We hope to provide thereby further state-of-the-art benchmark experimental results to guide the future 
development of quantum chemistry and dynamics theory on increasingly complex systems supporting further 
advancements in the fundamental understanding of chemical phenomena.  

III. DOE-supported publications by this project 2022-2024 
 

No new publications to report since 2022. 
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Ultrafast time-resolved bimolecular reactions of neutral and ionic species
DOE Grant No. DE-SC0025576

Marcos Dantus, 
Department of Chemistry and Department of Physics and Astronomy, Michigan State University, 

East Lansing MI 48824. dantus@msu.edu

Project Scope 

The rate of bimolecular reactions is determined by the 
time between molecular collisions, constrained by 
diffusion, and the likelihood that the encounter will result 
in product formation. Successful reactions depend on the 
relative orientation of the molecules and the energy they 
bring to bear into the collision, which also depends on the 
impact parameter. Given that collisions occur at random 
times, energies, and orientations, the study of bimolecular 
reactions by femtosecond time-resolved methods has been
impeded. As a result, there is a knowledge gap in our 
understanding of the fundamental bond-forming, bond-
breaking, and rearrangements occurring during gas-phase 
neutral and ionic bimolecular reactions. We plan to 
address this knowledge gap by performing time-resolved measurements on bimolecular reactions 
starting from weakly bound pairs of molecules. These pairs of molecules eliminate much of the 
initial orientation randomness, making it possible for an ultrafast laser pulse to initiate the reaction 
by ejecting a radical or a radical cation towards the adjacent molecule with specific kinetic energy 
dictated by the excitation laser pulse. The reaction is then monitored by a second laser that gently 
ionizes the collision complex or the products of the reactions as a function of the delay between 
the initial excitation pulse and the probe pulse. The time-dependent yield of the products reveals 
details about the fundamental bond-forming and bond-breaking processes that occur as the reaction 
proceeds from reagents to products. Theory in the form of high-level quantum mechanical 
simulations and molecular dynamic simulations will provide important insight into the 
experimental results. Findings from this work will provide valuable information regarding 
bimolecular reactions between neutral and ionic species. This information is important for 
improving our understanding and modeling of atmospheric chemistry and astrochemistry. In 
addition, this information is valuable for benchmarking computer programs designed to predict the 
outcome of bimolecular collisions.

Bimolecular reactions depend on the 
orientation, kinetic energy, and impact 
parameters.
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Recent Progress  
This is a new project; the grant has just reached our university. 
 
Future Plans  
 
We are planning upgrades to our molecular beam, and gas handling to create the weekly bound 
dimers. We have a replacement laser arriving in early October that will be used for these 
experiments. We expect to carry the first measurements by the end of the year.  
 
Peer-Reviewed Publications Resulting from this Project (2024)  
 
None yet. 
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Reaction Dynamics of Organic Radicals and Carbenes 
H. Floyd Davis 

Dept. of Chem. & Chem. Biology, Cornell University, Ithaca, NY 14853-1301 

hfd1@cornell.edu 

I. Program Scope:  

We are carrying out experimental studies of polyatomic free radicals and carbenes. In some studies, 
a crossed molecular beams apparatus employing “universal” vacuum ultraviolet (VUV) 
photoionization and electron impact detection of neutral species is used to measure product angular 
and velocity distributions.  During the past year, we have carried out pump-probe time-resolved 
studies of photolytic carbene formation from various precursors using a single-beam apparatus. 
The reactions of radicals and carbenes typically involve multiple reaction intermediates and 
transition states, leading to competing product channels relevant to atmospheric chemistry, 
catalysis, combustion, and synthetic chemistry. Our experiments aim to provide key experimental 
benchmarks against which theoretical models, including the thermochemistry and potential energy 
barriers for key species and reactions, may be tested.  

II. Recent Progress:   

Alkyl-substituted carbenes have been remarkably elusive to experimental characterization.  Lying 
~ 300 kJ/mol (~ 3 eV) above their stable ground state alkene isomers, singlet alkylcarbenes, once 
produced, undergo rapid isomerization to alkenes via a 1,2-hydrogen atom shift.1 Most previous 
attempts at formation of alkylcarbenes involved UV photodissociation of diazoalkanes (RN2), or 
their cyclic alkyldiazirine isomers. The singlet alkylcarbenes photogenerated from these 
nitrogenous precursors are produced with high internal energies, leading to extremely short 
lifetimes, precluding their observation. To gain insight into carbene production from diazirine 
photolysis in the absence of carbene isomerization, we studied the photodissociation dynamics of 
the simplest diazirine, cyclo-CH2N2, which produces CH2 + N2.2 The angular and velocity 
distributions of the CH2 products were measured using both photoionization and electron impact. 
Dissociation occurs on subpicosecond timescales with a mean product internal energy of  2 eV.  

We have shown that near-UV excitation of alkyl-substituted ketenes (R1R2C=C=O) facilitates 
production of alkylcarbenes at relatively low levels of internal energy. Excitation of methylketene 
near 350 nm (or its isomer propenal, followed by a 1,3-H atom shift forming methylketene) leads 
to production of triplet ground electronic state methylcarbene, CH3CH, also called ethylidene.1 
Owing to a high potential energy barrier for a 1,2-H atom shift, triplet methylcarbene with internal 
energies lying below the electronically excited singlet is stable in the absence of collisions (Fig. 
1).  Following our initial study, we have been systematically exploring related systems of greater 
complexity. For example, dimethylketene produces dimethylcarbene (CH3CCH3)3 and ethylketene 
produces ethylcarbene (C2H5CH).4 For both systems, studies at a range of excitation wavelengths 
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allowed us to assess the energy-
dependent competition between carbene 
formation and direct production of 
propene. For the latter channel, we found 
that a significant fraction of the 3 eV 
exoergicity for propene formation is 
channeled into product translational 
energy. This clearly indicates that 
propene is formed prior to, or 
concurrently with, CO elimination, 
rather than from isomerization of the 
initially-formed carbene. Direct alkene 
formation from photolysis of carbene 
precursors has been termed “rearrangement in the excited state” (RIES) by the physical organic 
chemistry community. Although this process has been observed frequently, it remains poorly 
understood.5   

Time-resolved pump-probe studies of 
methylketene and propenal decomposition. 

During the past year, we have carried out an extensive 
series of time-resolved pump-probe studies of 
ethylidene formation from methylketene and 
propenal as a function of excitation energy.6 A near-
UV pump laser ( 7 ns pulse duration) prepares 
electronically excited methylketene S1 which 
subsequently undergoes dissociation on S0 or T1 
producing ethylidene + carbon monoxide. Since the 
ionization energy of ground state methylketene is 8.9 
eV, no ionization of cold ground state methylketene is 
observed at 8.8 eV.  However, methylketene excited 
by the UV laser is readily ionized at 8.8 eV, so we can 
monitor the population of dissociating hot 
methylketene parent molecules directly in real time. 
As illustrated in Fig. 2, we observe single-exponential 
decay with rate constants (k) strongly dependent upon 
excitation energy. Stephen Klippenstein is carrying 
out calculations on the C3H4O PES and is applying 
RRKM theory to calculate rate constants for 

Fig. 1. Methylketene photodissociation produces ethylidene +
carbon monoxide.  

Fig. 2. Time-resolved pump-probe measurements 
of methylketene decomposition following 
electronic excitation at indicated wavelengths.  
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ethylidene + CO formation for 
comparison to our experimental 
measurements. A joint 
experimental/theoretical paper 
is currently in preparation.6 

Time-resolved studies of the 
unimolecular dissociation of 
gaseous molecules on 
microsecond timescales 
presents several experimental 
challenges. Most notably, 
“flyout” of dissociating 
molecules from the laser probe 
volume is a significant issue. Also, experimental probing of the time-dependent decay of hot parent 
molecules, rather than appearance of products, is a novel and relatively untested approach. To 
characterize and validate the method, we have carried out studies on several representative systems 
other than methylketene, including ketene, propenal, benzaldehyde, acetone, and pyruvic acid.7 A 
paper describing these experiments is in preparation. Following UV excitation of ketene, 8.8 eV 

photoionization facilitates direct observation of 
dissociating ketene (CH2CO) in real time. We 
have compared the rate constants for ketene decay 
to that for CO appearance under identical 
conditions in pump-probe studies. As illustrated 
in Fig. 3, these measurements are in mutual 
agreement and yield rate constants similar to those 
measured by C.B. Moore’s group who monitored 
the timescale for CO production using VUV laser 
induced fluorescence.8  

In the case of propenal, a 1,3- H atom shift 
produces hot methylketene, which subsequently 
dissociates. In time resolved experiments 
analogous to those described above for 
methylketene, we can monitor the sequential 
dynamics for propenal  methylketene  
CH3CH + CO, characterized by rate constants k1 
and k2, respectively. In this case, the photon 
energy of the ionization laser (8.8 eV) lies well 
below the 10.1 eV ionization energy of propenal.  
Following excitation of propenal at time zero, we 

Fig. 3. Time-resolved pump probe measurements of ketene
decomposition following electronic excitation at 351.02 nm. Rise of CO
(v=0, J = 10) product shown in blue; decay of hot ketene (m = 42) in red.

Fig. 4. Time-resolved pump-probe measurements
of hot methylketene populations following
excitation of methylketene and propenal at the
same wavelength. In lower figure, the initial rise
is due to isomerization of propenal to
methylketene. In both cases decay of methylketene
forms ethylidene + CO. 
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monitor the formation of hot methylketene (rate constant k1), and its decay to ethylidene + CO 
(rate constant k2).  For a given photon energy, the rate constants k2 derived from experiments 
involving propenal are comparable to the dissociation rate constants k observed in the 
methylketene experiments (Fig. 4).  Upon careful analysis, for a given excitation wavelength we 
observe slightly larger rate constants (k) in experiments involving methylketene than in 
experiments on propenal (k2). We believe this is due to the slightly greater enthalpy of formation 
of methylketene and slightly greater initial thermal excitation in the parent methylketene molecular 
beam. A comparison of our experimental rate constants to calculations by Stephen Klippenstein 
reveal interesting aspects of the dynamics of the sequential reactions.6   

We have studied and characterized “flyout” in microsecond pump-probe studies. An advantage of 
probing the decay of parent molecules, rather than formation of dissociation products with finite 
recoil energies, is that flyout can be minimized using heavy carrier gases. We have characterized 
a novel geometry with the excitation laser coaxial and counterpropagating to the molecular beam 
with the VUV laser at 90 degrees. For benzaldehyde in argon, which does not dissociate at 370 
nm, we can monitor excited populations on timescales longer than 60 s.7    

III. Future Plans:   

We plan to carry out analogous pump-probe studies on two related but somewhat more complex 
systems, dimethylketene and ethylketene. We will also study the photodissociation dynamics of 
several atmospherically-relevant molecules. The first is pyruvic acid, which dissociates to 
CH3COH (hydroxymethylcarbene) + CO2 and to CH3CO + HOCO. For pyruvic acid,  
photofragment translational spectroscopy and time resolved pump-probe methods will be used. 
We will also continue our experiments using both experimental techniques on the atmospherically-
relevant “enal” methacrolein, which isomerizes to dimethylketene following electronic excitation. 
This system will be compared to the analogous dynamics for crotonaldehyde, which isomerizes to 
ethylketene. Finally, we have recently demonstrated production of molecular beams containing 
cold triplet ethylidene by photolysis of methylketene or propenal. We hope to use this source to 
study bimolecular reactions of this simple carbene in crossed molecular beams.   

IV. References (* denotes published articles acknowledging DOE support since 2022):  
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 Photodissociation”, J. Phys. Chem. A. 2021, 125, 6940-6948. 

*4. S. Datta and H.F. Davis, “Ethylcarbene vs. Direct Propene Formation in the Near-UV Photodissociation of 
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Methods for the Construction of Multiple Coupled Potential Energy Surfaces with 
Applications to Nonadiabatic Molecular Dynamics 

Richard Dawes, dawesr@mst.edu 
Missouri University of Science and Technology 

400 W. 11th street, Rolla, MO 65409 

I. Program Scope:

The DOE Office of Science’s priority interest in Quantum Information Science (QIS) is
complemented by efforts to control and better understand the preparation and evolution of highly 
non-thermal quantum states in molecular systems. In particular, new methods to treat light-matter 
 interactions will permit simulation of short, intense, shaped laser pulses as applied to molecules, 
that are now being realized experimentally. The use of multiple, ultrashort, shaped pulses, provides 
great flexibility in the set of reachable superposition states that can be prepared. The evolution of 
these states on multiple coupled potential energy surfaces (PESs), especially in the region of 
conical intersections, can vary widely in their dynamics, loss of coherence, and energy flow 
leading to bonding rearrangements. In addition to exploiting coherences and interference effects—
to drastically affect, for example, reactivity—strong field control can significantly displace energy 
levels, PES-couplings, and indeed the entire energy landscape governing dynamics. Many of these 
phenomena lend themselves to spectroscopic observation, and these signatures are part of the set 
of predictions. 

This project will develop electronic structure and artificial intelligence/machine learning (AI 
/ML)-based methods for fitting interaction energies, suitable to construct multiple coupled PESs 
for gas phase molecules (including radicals). To treat light-matter interactions, non-scalar property 
surfaces such as transition dipoles are also required. Special tools are needed and will be developed 
to conduct the overall workflow which combines generating robustly converged high-level 
electronic structure data, transforming to a suitable well-behaved diabatic representation, and 
accurately fitting into energy, property, and coupling-surface representations. Finally, these 
representations must be rendered into a form that is convenient for use in quantum dynamics 
simulations. The complete Hamiltonian that will be simulated via the quantum dynamics method 
of Multi Configurational Time-Dependent Hartree (MCTDH) includes not only the coupled 
potential energy operators just described but in some cases unusual kinetic energy operators—
which include couplings such as those encountered in Renner–Teller molecules, and also a high-
fidelity representation of the laser pulses (field operators). 

The developed methods will be validated through comparisons with experiments. A series of 
 chemical systems of increasing complexity and dimensionality will be tackled. This will push the 
 limits of the new methods, and also provide insight into how aspects of the quantum dynamics 
such as coherence are impacted by rapidly increasing configuration space, state densities, and 
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degrees of freedom. Tools to aid experimental collaborators, such as those for spectral simulation, 
will also be developed. This project includes additional broader impacts surrounding the education 
and training of young scientists in these frontier areas. 
 
Recent Progress: This Recent Progress: The award notice for this project was received on 
09/18/2024 with an official start date of 08/15/2024, so since the project is just beginning, only the 
abstract is provided with this submission.  
 
Grant Number and Title: Grant No. DE-SC0025420 Methods for the Construction of Multiple 
Coupled Potential Energy Surfaces with Applications to Nonadiabatic Molecular Dynamics. 
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A Captivating New Spin on Energy Storage

Dr. Leah G. Dodson, Assistant Professor
Department of Chemistry and Biochemistry

University of Maryland
College Park, MD 20742

ldodson@umd.edu

I. Program Scope

This research program broadly investigates the fundamental chemical physics of 
gas/surface interactions under cryogenic conditions, with a narrow focus on how porous materials 
adsorb small gaseous molecules. These interactions could affect the adsorbate’s nuclear-spin 
properties resulting in more efficient nuclear-spin-isomer enrichment at low temperature. The 
ultimate goal for this work is to utilize porous materials such as metal-organic frameworks (MOFs)
to generate enriched fuels—in initial stages H2 while later efforts will focus on CH4—in their 
lowest-energy nuclear-spin states for cryogenic storage and transportation solutions for alternative 
fuels. Access to enriched samples of nuclear-spin isomers enables fundamental chemical physics 
studies of nuclear-spin isomers—for example testing parity laws—and will inform industry 
partners developing optimum storage devices for alternative fuels.

Our ongoing efforts combine advancements made in two orthogonal fields: 1) The 
materials science community has made impressive strides in creating carefully functionalized 
MOFs and has wielded infrared spectroscopy as an effective tool for distinguishing the nuclear-
spin state of molecules adsorbed in their pores;1–3 while 2) The chemical physics community has 
crafted elegant tests of the effect of confinement and the 
resulting intermolecular potentials on nuclear-spin enrichment 
in systems such as surfaces or rare-gas and other inert 
cryogenic matrices.4–12 We use these advances to optimize 
state-specific preparation of H2 and CH4. 

II. Recent Progress

Temperature-dependent shifts in vibrational spectra of 
porous materials

In the first year of this Early Career award, we built 
and commissioned the primary instrumentation (Figure 1) 
necessary to observe and quantify the chemical physics of 
small-molecule adsorption to porous materials at cryogenic 
temperatures. At its core is a closed-cycle helium cryostat with 
a custom sample mount (Figure 2) capable of controlling the 
temperature of powdered samples between 25–450 K. The 
sample is probed (via transmission spectroscopy) from 600–
4000 cm 1 by a commercial Fourier-transform infrared 
spectrometer (FTIR) revealing the vibrational modes of the 
sample and any adsorbed species. Important to the 
development of these techniques is the establishment of 

Fig. 1: Photo of the new
instrumentation for cryogenic 
spectroscopy of porous materials. The
entire instrument is mounted on a
custom scaffold that can be rolled into
a purged FTIR compartment for
analysis.
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sample-preparation protocols to enable direct measurement of the 
transmission spectra of desired crystalline materials without complications 
from optical scattering or modifications to the material itself. Also 
important is to investigate the spectroscopy of the materials as a function 
of temperature in the absence of adsorbates, so that any temperature-
dependent structural transformations of the material itself can be separated 
from those caused by/to any adsorbed small molecules. The design of the 
instrument is such that any powdered sample can be loaded into the sample 
mount, creating a broadly useable system. 

Using our new instrument we carried out our first collaborative 
study with a synthetic chemistry group—also at the University of 
Maryland—to investigate the temperature dependence of prototypical 
porous materials while establishing robust sample-preparation methods.13

Using samples of covalent organic framework materials synthesized by our 
collaborators in the Taylor lab, we prepared pressed samples of the 

materials doped into KBr pellets (Figure 3) and tested for shifts in the peak positions of key 
vibrational modes as a function of temperature. We observed that many—but not all—vibrational 
modes in the three covalent organic frameworks in question shift, and we were able to link the 
identity of the shifting modes with a proposed structural deformation that is known to occur in 
flexible porous materials. Specifically for COF-300, several vibrational peaks associated with the 
main subunits that link the framework together are seen to blue shift as the temperature of the 
sample is lowered to 30 K. Figure 4 shows a portion of the 
infrared spectrum observed for COF-300 as it evolves as a 
function of temperature, with key peaks labeled. Using 
quantum chemistry calculations, we assigned the main 
structural deformation as the material cools to an 
established “pedal motion” (visualized in Figure 4(a)) as 
the N-benzylideneaniline (Figure 4(b)) linker distorts with 
pore collapse. This motion is reversible, with the material 
recovering its original configuration when warmed back to 
room temperature. Comparing these findings with similar 
materials (like COF-300-amine, also shown in Figure 3) 
informed us on the role that different functionalization and 
structural motifs have on the behavior of these materials at 
low temperature. 

In addition to the scientific knowledge that we contributed to the fundamental 
understanding of the structural dynamics in covalent organic framework materials, we also learned 
three important things for our overall research program: 1) The infrared spectrum of some 
materials do change as a function of temperature, necessitating control experiments when moving 
forward to observing temperature-dependent adsorption of small gaseous molecules; 2) Some 
porous materials have to be prepared in KBr glasses to reduce optical scattering losses, and we 
need to investigate the effect that the glass has on gas uptake; and 3) Theoretical methods can 
potentially be used to predict porous materials that will have ideal properties to adsorb the gases 
of interest. 

Fig. 3: Photo of the 
custom sample mount 
that can be cooled down
to 25 K when enclosed in 
the shroud shown in 
Figure 1.

Fig. 2: Two of the covalent-organic
frameworks investigated in this study,
showing their structures and sample
preparation. Top: COF-300; Bottom: COF-
300-amine. (Taken from Ref. 13.)
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Observation of ortho/para hydrogen conversion in mixed ices

In tandem with our studies investigating the spectroscopy and gas uptake of porous 
materials at cryogenic temperatures, we are carrying out complementary studies to develop our 
techniques for probing nuclear-spin isomers spectroscopically in confined environments. 
Molecular hydrogen is infrared-inactive but induced absorption features can be observed using 
FTIR spectroscopy in a polarizing environment. For example, H2 has be observed in a carbon 
dioxide film, with peaks that enable distinction 
between ortho and para isomers in the infrared (~4150 
cm 1) using conventional FTIR.14 To ensure 
quantitative detection of infrared-inactive molecules 
such as H2 and CH4 using our spectroscopy setup, we 
are carrying out a systematic study of these molecules 
under various matrix-isolated conditions using a 
separate instrument in our laboratory. We first 
reproduced the observations made by Yamakawa et al. 
to observe ortho-/para-H2 in solid carbon dioxide 
(Figure 5) and are measuring the nuclear-spin
conversion rate, with preliminary findings that the 
conversion rate significantly depends on the geometry 
of the pore. We have also collected preliminary data on 
the impact that the matrix-ice identity (argon, nitrogen 
monoxide, etc) has on both the spectroscopy and 
kinetics. This work is ongoing, and has provided 
valuable information in optimizing our spectroscopic 
methodology. 

III. Future Plans

Now that we have established the protocols for cooling samples of porous materials,
monitoring them spectroscopically as a function of temperature, and distinguishing adsorbed 
species by their nuclear-spin states, we have turned our attention to gas uptake in these porous 
materials. Adsorption isotherms are commonly reported for porous materials as they are a key 

Fig. 4: (Left) Temperature-dependent infrared spectra of the covalent-organic framework
COF-300. (Right) (a) Graphic of the pedal motion assigned to the observed structural change. 
(b) Small-molecule representation of the framework linker undergoing the transformation.
(Taken from Ref. 13.)

Fig. 5: Spectra collected in our laboratory
showing induced-absorption peaks of H2
trapped in solid carbon dioxide at 10 K. The
peaks corresponding to the ortho (fit with the
Gaussian shown in blue) and para (fit with the 
Gaussian shown in red) nuclear-spin isomers 
can be investigated quantitatively as a function 
of time and ice composition. 
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component of investigating these materials for a key design goal—maximizing gas separation and 
storage—and commercial technology is available to measure gas uptake (via monitoring the 
pressure of in the headspace above a material) at temperatures accessible with liquid nitrogen. Our 
goal is to design instrumentation that directly spectroscopically probes adsorbed species at low 
temperature. We have begun preliminary investigations adding a gas manifold to the chamber 
enclosing our sample mount (the gas line can be seen in the top right of Figure 1) and are testing 
pressure/temperature combinations to ensure stable conditions throughout prolonged experiments. 
We are also using computational methods to predict the best materials that combine several design 
elements: 1) Good gas uptake; 2) Ability to catalyze nuclear-spin conversion; and 3) Absence of 
absorption features in spectral windows needed to observe the adsorbed species.  

In the longer term, we are developing a gas-phase detection system that enables us to 
monitor nuclear-spin enrichment of the small molecules of interest in the gas phase after the 
enriched gas samples have been removed from the porous materials. 

DOE-Supported Products 2023-2024 
o Frimpong, S.O., McLane, N., Dietrich, M., Bauer, G., Baptist, M, Dodson, L.G., Taylor, 

M.K., Temperature-Dependent Reversible Structural Dynamics in Covalent Organic 
Framework Revealed by Cryogenic Infrared Spectroscopy, Phys. Chem. Chem. Phys. 
2024, 26, 22252–22260. 

o McLane, N., Frimpong, S., Taylor, M.K., Dodson, L.G., Cryogenic Characterization of 
Materials Using a Novel IR Spectroscopy System, Oral presentation at the 77th Annual 
International Symposium on Molecular Spectroscopy, June 18, 2024. 
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Program Scope 

New theoretical and experimental methods in chemical physics being developed by the PIs 
provide great opportunities for the study of molecular species and chemical reactions of 
fundamental importance in combustion processes. In this research, high level quantum mechanical 
formalisms are a significant source of critical predictions concerning molecular systems that may 
be challenging for experiments. Moreover, our helium droplet experiments have opened whole 
new vistas for the spectroscopic study of molecular species relevant to combustion environments. 
Theoretical developments proposed herein include a focus on obtaining highly accurate energetics 
for species pertinent to combustion reactions. Experimental developments focus on strategies to 
characterize transient combustion intermediates associated with low-temperature hydrocarbon 
oxidation processes, which have been difficult to probe with other methodologies. The 
combination of theory and experiment to solve problems inaccessible to either alone is a hallmark 
of this research. 

Nearly all of the proposed non methodological experimental research will benefit from 
state of the art molecular electronic structure theory. In some cases, the experimental group needs 
theoretical predictions prior to beginning a new set of experiments. In other cases, experimental 
findings are puzzling and need theory for interpretation. We have an abundance of experiences 
with both sets of problems, and the PIs have already collaborated in several such situations. Some 
situations where theory experiment interaction will be particularly important include: (i) the CnHm 
+ O(3P) reactions, where predictions of structures, energetics, and spectroscopic properties of 
complexes and adducts on both singlet and triplet potential energy surfaces will be required; (ii) 
the spectroscopic studies of (NH2)2, NH (NH2), and other pre reactive radical radical complexes, 
where an interpretation will require computations of structures, energetics, and intersystem 
crossing rates; (iii) the near IR and mid IR studies of HOO alkene complexes and related QOOH 
species, where computations of the excited state potential energy surface in the vicinity of the exit
channel complex will be essential; and (iv) the mid IR studies of CnH2n+1 radicals, where the 
spectra are complicated by anharmonic and Coriolis resonances to an extent that the interpretation 
of these spectra will only be achievable through comparisons to effective Hamiltonian 
computations that employ highly accurate quartic force fields and Coriolis parameters. 
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Recent Projects  

 
I. T. Beck, M. E. Lahm, G. E. Douberly, and H. F. Schaefer, “Convergent ab initio Analysis of the 
Multi-Channel HOBr+H Reaction,” J. Chem. Phys. 160, 124304 (2024). 
 
High-level potential energy surfaces for three reactions of hypobromous acid with atomic 
hydrogen were computed at the CCSDTQ/CBS//CCSDT(Q)/complete basis set level of theory. 
Focal point analysis was utilized to extrapolate energies and gradients for energetics and 
optimizations, respectively. The H attack at Br and subsequent Br–O cleavage were found to 
proceed barrierlessly. The slightly submerged transition state lies 0.2 kcal mol 1 lower in energy 
than the reactants and produces OH and HBr. The two other studied reaction paths are the radical 
substitution to produce H2O and Br with a 4.0 kcal mol 1 barrier and the abstraction at hydrogen 
to produce BrO and H2 with an 11.2 kcal mol 1 barrier. The final product energies lie 37.2, 67.9, 
and 7.3 kcal mol 1 lower in energy than reactants, HOBr + H, for the sets of products OH + HBr, 
H2O + Br, and H2 + BrO, respectively. Additive corrections computed for the final energetics, 
particularly the zero-point vibrational energies and spin–orbit corrections, significantly impacted 
the final stationary point energies, with corrections up to 6.2 kcal mol 1. 
 

M.E. Lahm, M.A. Bartlett, T. Liang, L. Pu, W.D. Allen and, H.F. Schaefer, “The Multichannel i-
Propyl + O2 Reaction System: A Model of Secondary Alkyl Radical Oxidation,” J. Chem. Phys. 
159, 024305 (2023). 

The i-propyl + O2 reaction mechanism has been investigated by definitive quantum chemical 
methods to establish this system as a benchmark for the combustion of secondary alkyl radicals. 
Focal point analyses extrapolating to the ab initio limit were performed based on explicit 
computations with electron correlation treatments through coupled cluster single, double, triple, 
and quadruple excitations and basis sets up to cc-pV5Z. The rigorous coupled cluster single, 
double, and triple excitations/cc-pVTZ level of theory was used to fully optimize all reaction 
species and transition states, thus, removing some substantial flaws in reference geometries 
existing in the literature. The vital i-propylperoxy radical (MIN1) and its concerted elimination 
transition state (TS1) were found 34.8 and 4.4 kcal mol 1 below the reactants, respectively. Two 

-hydrogen transfer transition states (TS2, TS2 ) lie above the reactants by (1.4, 2.5) kcal mol 1 
and display large Born–Oppenheimer diagonal corrections indicative of nearby surface crossings. 
An -hydrogen transfer transition state (TS5) is discovered 5.7 kcal mol 1 above the reactants that 
bifurcates into equivalent -peroxy radical hanging wells (MIN3) prior to a highly exothermic 
dissociation into acetone + OH. The reverse TS5  MIN1 intrinsic reaction path also displays 
fascinating features, including another bifurcation and a conical intersection of potential energy 
surfaces. An exhaustive conformational search of two hydroperoxypropyl (QOOH) intermediates 
(MIN2 and MIN3) of the i-propyl + O2 system located nine rotamers within 0.9 kcal mol 1 of the 
corresponding lowest-energy minima. 
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S.M. Goodlett, J.M. Turney, H.F. Schaefer, “Comparison of Multifidelity Machine Learning 
Models for Potential Energy Surfaces,” Special Topic Issue for “Software for Atomistic Machine 
Learning,” J. Chem. Phys. 159, 044111. (2023). 

Multifidelity modeling is a technique for fusing the information from two or more datasets into 
one model. It is particularly advantageous when one dataset contains few accurate results and the 
other contains many less accurate results. Within the context of modeling potential energy 
surfaces, the low-fidelity dataset can be made up of a large number of inexpensive energy 
computations that provide adequate coverage of the N-dimensional space spanned by the 
molecular internal coordinates. The high-fidelity dataset can provide fewer but more accurate 
electronic energies for the molecule in question. Here, we compare the performance of several 
neural network-based approaches to multifidelity modeling. We show that the four methods 
(dual, -learning, weight transfer, and Meng–Karniadakis neural networks) outperform a 
traditional implementation of a neural network, given the same amount of training data. We also 
show that the -learning approach is the most practical and tends to provide the most accurate 
model. 

C. J. Tang, A. G. Heide, A. D. Heide, G. E. Douberly, J. M. Turney, and H. F. Schaefer, 
“Exploring the Tl2H2 Potential Energy Surface: A Comparative Analysis with Other Group 13 
Systems and Experiment,” J. Comput. Chem. 45, 985-994 (2024). 

Thallium chemistry is experiencing unprecedented importance. Therefore, it is valuable to 
characterize some of the simplest thallium compounds. Stationary points along the singlet and 
triplet Tl2H2 potential energy surface have been characterized. Stationary point geometries were 
optimized with the CCSD(T)/aug-cc-pwCVQZ-PP method. Harmonic vibrational frequencies 
were computed at the same level of theory while anharmonic vibrational frequencies were 
computed at the CCSD(T)/aug-cc-pwCVTZ-PP level of theory. Final energetics were obtained 
with the CCSDT(Q) method. Basis sets up to augmented quintuple-zeta cardinality (aug-cc-
pwCV5Z-PP) were employed to obtain energetics in order to extrapolate to the complete basis set 
limits using the focal point approach. Zero-point vibrational energy corrections were appended to 
the extrapolated energies in order to determine relative energies at 0 K. It was found that the planar 
dibridged isomer lies lowest in energy while the linear structure lies highest in energy. The results 
were compared to other group 13 M2H2 (M = B, Al, Ga, In, and Tl) theoretical studies and some 
interesting variations are found. With respect to experiment, incompatibilities exist. 
  

          61



 

Ongoing Experimental Work and Future Plans 

Sequential Capture of O(3P) and Alkenes by Helium Nanodroplets: Infrared Spectroscopy and 
Ab Initio Computations of the Triplet Biradical Intermediates  
 
According to Smith et al. [Smith, I. W. M.; Sage, A. M.; Donahue, N. M.; Herbst, E.; Quan, D. 
Faraday Discuss. 2006, 133, 137.], for molecule + radical reactions, the energetic difference 
between the molecule’s ionization energy (IE) and the radical’s electron affinity (EA) can 
provide insight into the nature of the reaction barrier, either above or below the reactant 
asymptote.  They propose that a difference (IE  EA) greater than 8.75 eV indicates a real barrier 
above the asymptotic limit, whereas a value below 8.75 eV indicates a submerged barrier. 
Indeed, this difference for the O(3P) + HCN system is 12.2 eV.  Accordingly, the barrier to 
oxygen insertion into the CN  system is ~10 kcal/mol above the reactant asymptote, and a van 
der Waals complex is observed when these species are brought together in a 0.4 K helium 
nanodroplet.  However, O(3P) reactions with alkenes are predicted to cross the postulated 
8.75 eV threshold as the alkene substitution pattern evolves from ethene (no substitution) to 
propene (methyl group substitution) to butene (dimethyl substitution, of which there are four 
different isomers), and this trend was tested by Sabbah et al. 
[Sabbah, H.; Biennier, L.; Sims, I.R.; Georgievskii, Y.; Klippenstein, S.J.; Smith, I. 
W. Science 2007, 317, 102.]. Their findings corroborated the behavior predicted by Smith et al. 
The HCN + O(3P) results presented recently by us demonstrate the feasibility for analogous 
alkene + O(3P) spectroscopic studies, in which O(3P) and alkenes of varying substitution are 
combined in helium droplets via the sequential capture scheme.  As the real reaction barrier (i.e. 
for the ethene and propene reactions) evolves to being submerged below the asymptotic limit 
(i.e. for the butene reactions), one might expect that strongly bound reaction intermediates, such 
as triplet biradicals, will be observed in helium droplets, rather than van der Waals complexes.  
Given the fact that a 10,000 atom helium droplet can dissipate 140 kcal/mol, it should be 
possible to quench the internal energy of these reaction intermediates and probe them for the first 
time spectroscopically. 
  
Joseph T. Brice, Peter R. Franke, Gary E. Douberly “Sequential Capture of O(3P) and HCN by 
Helium Nanodroplets: Infrared Spectroscopy and Ab Initio Computations of the 3  O-HCN 
Complex” Journal of Physical Chemistry A, 121, 9466-9473 (2017). Published: November 2017. 
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Program Scope 
 
 Actinide metal and metal oxide cation-molecular complexes are studied in the gas phase 
to investigate their bonding, ligand coordination and solvation.  Cation-molecular complexes of 
the form Mn+(L)y, where M = U or Th, n = 1 or 2, and L = small molecules such as H2O, CO, N2, 
CO2, CH3CN, or benzene are produced in a supersonic molecular beam by pulsed laser 
vaporization of solid metal targets.  Similar methods produce metal oxide ions.  Complexes 
containing a metal or oxide core ion with a specific number of ligand or solvent molecules are 
size-selected in a time-of-flight mass spectrometer and studied with different forms of laser 
photodissociation measurements.  Tunable infrared laser spectroscopy reveal the shifts that occur 
for ligand/solvent vibrations upon binding to these metals and how these vary with the charge 
state, the number of ligands or solvent molecules present, the geometric and electronic structures 
of complexes, and the possible occurrence of ligand reactions mediated by the metal center.  
Additional experiments employ tunable laser UV-visible photodissociation spectroscopy to 
probe excited states and photodissociation thresholds.  Photofragment kinetic energy analysis in 
a specially-designed ion imaging instrument also investigates cation-molecular bond energies.  
The experiments are complemented by computational chemistry, with careful attention to 
relativistic and spin-orbit effects.  The goal of these studies is an increased understanding of the 
fundamental interactions involved in actinide bonding, coordination and solvation. 
 
Recent Progress 

 Progress in the last year has been limited because we had to move our lab from the old 
Chemistry Building to the new STEM Building.  Beginning in November 2023, we had to dis-
assemble three molecular beam machines and their associated plumbing, wiring, electronic, and 
lasers.  Packing, moving and re-assembling everything took about seven months.  Most of the 
instruments are now working as they were before.  The exception is our infrared laser system, 
which has required YAG laser repair.  We have no new infrared data as a result of this. 
 
 In the new work since last year we have focused on photodissociation studies in the 
UV-visible region.  For metals like uranium, analogous to transition metals like iron, we have 
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Figure 1.  a) UV-visible photodissociation threshold for the U+(benzene) complex.  b) Near-IR laser 
photodissociation threshold for the UO+(CO2) complex.

found that the density of excited electronic states is so great that M+-L ion-molecule complexes 
have essentially continuous absorption spectra.  If this is the case, and the excited states are 
strongly coupled, then dissociation will occur whenever the photon energy exceeds the bond 
energy.  Measurement of the threshold for the appearance of dissociation is therefore 
equivalent to measuring the bond energy for the complex.  We have now measured 
photodissociation spectra for U+(benzene) (Figure 1a), UO+(benzene), and UO2

+(benzene) 
using a broadly tunable OPO laser system (Continuum Horizon II).  In each of these cases 
photodissociation occurred by the elimination of the benzene ligand.  We found no 
photodissociation at low energy, a threshold at which photodissociation could be observed, and 
then continuous photodissociation with no spectral structure at all energies above the threshold.  
Because of these characteristics, we assigned the photodissociation threshold energies to 
correspond to the bond energies for these complexes.  The experimental values obtained for the 
benzene complexes [U+ (benzene): 42.5  0.3 kcal/mol; UO+ (benzene): 41.0  0.3 kcal/mol; 
UO2

+ (benzene): 39.7 0.3 kcal/mol] represent the first data for actinide cation-  
thermochemistry.  Computational studies were conducted at the DFT/B3LYP level using the 
Stuttgart/Köln fully relativistic 60 electron core potential (ECP60MDF) and the cc-pVTZ-PP 
basis set for uranium and the aug-cc-pVTZ level for C, H. and O for each of these complexes. 
Table 1 shows a comparison of the experimental and computed values for the dissociation 
energies.

Similar photodissociation threshold experiments were conducted on the UCO3
+ ion made 

by ablation of uranium in a CO2 expansion.  This ion has two possible structures: UO+(CO2) and 
UO2

+(CO); the latter is computed to be more stable by 43.7 kcal/mol.  The dissociation energy 
for the oxide-CO2 ion was predicted to be 16.6 kcal/mol, whereas that for the dioxide-carbonyl 
was predicted at 35.5 kcal/mol.  A threshold for the elimination of the CO2 ligand was measured 
at 1448 nm (19.7 kcal/mol) (Figure 1b), showing that most of the ions have the oxide-CO2

structure, even though it is less stable.  Apparently there is a barrier to the insertion reaction with 
CO2.  Experiments are in progress to make the ion with the same mass from a CO expansion,  
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Table 1.  Computed vs experimental benzene binding energies for the ions in this study.  
DFT/B3LYP computations employed the ECP60MDF core potential and cc-pVTZ-PP basis set 
for uranium and the aug-cc-pVTZ basis set for C, H and O. 
 
Ion    D0( Benzene) Theory  TPD Experiment. 
    (kcal/mol)   (kcal/mol) 
U+(benzene)   47.25    42.5  0.3  
UO+(benzene)   41.01    41.0  0.3  
UO2

+(benzene)  29.71    39.7  0.3  
 
which should favor the other isomer.  This experiment shows that photodissociation thresholds 
can be used to distinguish isomers.  It also shows that electronic spectroscopy on actinide cations 
may be limited by the high density and congestion of excited electronic states. 
 
Future Plans 
 
 We will continue the infrared spectroscopy experiments by examining uranium-acetylene 
and uranium-benzene complexes as well as small uranium carbonyls.  Uranium cations have 
been suggested previously to catalyze the cyclo-trimerization reaction to form benzene, but there 
is no spectroscopic evidence to confirm this.  The structures produced by theory for the U+, UO+ 
and UO2

+ complexes with benzene show distortion of the planarity of benzene and bending of 
the UO and OUO moieties.  IR measurements can test these predictions.  Additional threshold 
photodissociation experiments in the UV-visible region will be conducted on a variety of U+-L, 
UO+-L, and UO2

+-L complexes to determine their bond energies. 
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I. Program Scope 
Many important systems are complex non-equilibrium mixtures of molecules where multiple 

reactions are occurring simultaneously in more than one phase; examples include conversion of waste 
plastic, smog chemistry, combustion of fuel sprays, and reactive capture of CO2. In all of these systems 
reactions are occurring in both a gas/vapor phase and a liquid phase (and sometimes in a solid phase also). 
Most of the gas phase reactions will also occur in the liquid phase, but with different rates and equilibria 
due to solvent effects. (There are also often additional ionic reactions that are only significant in the liquid 
phase.) The movement of molecules between the phases affects the overall course of the reactions. At 
present, many of the models used to understand or improve these systems are oversimplified. This project 
is advancing the nascent capability to predict the gas-phase reactions, by computing solvent effects on the 
liquid-phase reactions, and by combining gas-phase and liquid-phase models into a unified simulation. 

The goal of this project is to use Artificial Intelligence / Machine Learning methods based on 
quantum and statistical mechanics to make it possible to quickly construct high-fidelity computer models 
for two-phase reactive systems. These simulations would facilitate scientific understanding and speed 
design of new systems for tackling today’s environmental and energy challenges. This project directly 
addresses DOE BES’s priorities in Artificial Intelligence and Machine Learning and Fundamental 
Science to Enable Clean Energy. The project is part of the GPCP’s research thrust on Chemical 
Reactivity.  

II. Recent Results 
A. Overview 

This project involves several different lines of research: 
1) Improve modeling methodology to allow us to tackle these complicated systems. 
2) Develop improved methods for calculating/estimating k(T,P) & Keq(T) for gas phase reactions 
3) Develop improved methods for calculating/estimating solvent effects on k(T) and Keq(T). 
4) Develop models for gas, liquid, and two-phase systems & compare with experiments 

 
Most of our estimation methods use machine-learning (ML) methods trained using data obtained from 
quantum chemistry and COSMO-RS calculations, supplemented by experimental data as possible. For a 
concise overview of our approach, showing both its successes and some challenges, see [12]. 

 
B. Improved Modeling Methodology and Software 

We have developed a new general solver [11] for reactive multi-phase systems, including transport 
between the phases as well as complex kinetics within each phase, and demonstrated its utility.[29-30] 
We have made several improvements to the Reaction Mechanism Generator software package that make 
it easier to install, use, and modify, and several algorithmic improvements that make it easier to build 
useful kinetic models.[6,7,11,22,33] We also made many enhancements to the package’s database and 
popular online tools at rmg.mit.edu [3]. We also demonstrated the practicality and value of automatic 
spawning of quantum chemistry calculations of species thermo as the model is being 
constructed.[26,29,30] Cumulatively these improvements have led to greatly increased use and 
development of the open-source package, so RMG is no longer primarily an MIT project but a real 
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community effort. We added the capability to include macromolecules in the simulations, and are now 
using it to model chemical recycling of waste plastic (pyrolysis of molten polyethylene). 
 

C. Improved methods for gas-phase reactions 
We used quantum chemistry to construct large datasets of computed transition state geometries and 
energies for training estimators that can be used to predict other reactions.[1,2,12] The process is iterative, 
using the current best estimator to estimate the barrier height of a proposed reaction to decide if the 
reaction is fast enough to be worth calculating, and to provide initial-guess geometries for the TS’s of new 
reactions. This has been effective at bootstrapping the procedure from a very limited data set on small 
molecules to several data sets with O(104) reactions, suitable for training accurate ML models. Along the 
way we discovered weaknesses in existing data sets and ML methods, and developed improved ML 
methods.[18-23] We also computed improved atom-energy and bond-additivity enthalpy corrections for 
several popular quantum chemistry methods, and developed an improved method for estimating 
thermochemistry of radicals.[9,10] We also developed improved methods for estimating the pressure-
dependence of reaction rates, particularly for chemically-activated reactions on PES’s with many wells, 
and addressed some technical issues in master equation methods.[5-8] 
 

D. Solvent Effects on k(T) and Keq(T) 
Around the time this project started, we developed a good estimator for predicting T-dependent 

solvation energies of neutral closed shell organics in pure solvents, and so solvent effects on Keq(T), by 
combining COSMO-RS calculations, experimental data, and asymptotic relations for thermochemistry 
near solvent critical points.[13,14] In those early models we assumed the solvated molecule has a single 
conformation, i.e. the same conformation as the gas-phase molecule, but that is not correct, so we 
developed a method for predicting the conformer energies in different solvents.[31] During the last 3 
years we have extended that work to also predict solvation of transition states (and so solvent effects on 
kinetics); due to cancellation of errors between TS and reactants this turns out to be more accurate than 
predicting the absolute solvation energies [4,15,16,32]. We also developed methods to predict solvation 
energies of radicals. Recently we have also developed methods for predicting solvation energies in binary 
solvent mixtures, even for non-ideal solutions, using experimental vapor-liquid equilibrium data to fine-
tune models originally trained by COSMO-RS calculations.  

In liquid phase, ion energies are very different than they are in gas phase, drastically shifting 
reaction equilibria and introducing solvent-specific reaction barriers. We compiled a data set on the 
solvation energies of ions in water, and tested methods for computing those thermochemical values.[17] 
Our recent work has focused on developing fast, accurate predictors for thermochemical properties of 
ions in multiple solvents. We developed a machine learning model that predicts the solvation energies of 
ions in 9 different solvents with mean absolute errors of about 2 kcal/mol (more accurate than the widely-
used COSMO-RS solvation models). We also developed a model for predicting pKa in those solvents that 
was accurate to within ~1 pKa unit for nearly all solvents tested. Finally, we developed a model to predict 
gas-phase acidities, which when combined with thermochemical data on the neutrals gives ion energies 
within 3 kcal/mol of the best numbers in the literature. The pKa’s can be combined into thermochemical 
cycles to predict the energies of the ions in the solvents, and so Keq’s involving the solvated ions. We 
plan to integrate these predictors into RMG for simulation of reacting systems with charged species. We 
are also developing methods for predicting solvent effects on rates of ionic reactions using quantum-
chemical calculations. Our work has shown that relative solvent effects for SN2 reactions can be predicted 
within 1 order of magnitude using low-cost methods. However, more work is needed to extend to other 
types of ionic reactions, and to make this approach more general and reliable. 
 

E. Constructing kinetic models and comparing with experiment 
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To test and demonstrate our new computer methods, and to better understand the issues involved, 
we have constructed kinetic models for several different systems.[24-30] In most cases, we can compare 
the model predictions with experiment, to test our method. In a few cases where data is lacking, our 
published model predictions are a signpost for future experimental efforts. 

III. Future Plans 
Upgrading Automated Kinetic Model Construction including Solvation.. We are currently 

working to extend the work we have published on closed shell molecules and reactions to solvated free 
radicals and ions and their reactions, and incorporating them into RMG. 

Upgrading Uncertainty Estimates. We are also examining the many types of errors in today’s 
Machine Learning models, to provide more reliable estimates of the uncertainties in the model predictions 
(today most published error estimates on ML models are much smaller than the actual errors you are 
likely to encounter if you use the models). Next step is to integrate all this into RMG to make it possible 
to rapidly and automatically improve the kinetic models as they are being constructed, to more accurately 
represent all the effects of solvation, and to attach reliable uncertainty estimates to RMG’s predictions.  

Open-Source Software and Databases. We plan to release a new version of the Reaction 
Mechanism Generator software package by the end of 2024, and a new of the Chemprop (Machine-
Learning for Chemistry) package by the end of October. We have generated several very large databases 
of transition state geometries, barrier heights, and molecular and radical thermochemistry, and are 
preparing them for publication. 
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PROGRAM SCOPE 

This project involves the development and application of theoretical methods for treating 
electronically nonadiabatic processes both with fitted diabatic potential energy matrices (DPEMs) 
and by direct dynamics in the adiabatic representation. The project includes both electronic 
structure theory and dynamics, and the dynamics involves both fully quantal and semiclassical 
theoretical method development and calculations. 
 
PROGRESS SINCE 2022 
Hua Guo 

We collaborated with Jingsong Zhang and Richard Dawes to elucidate the nonadiabatic 
photodissociation dynamics of HCO in its A band.1 Quantum wave packet calculations on an 
accurate set of potential energy surfaces (PESs) revealed that the predissociation rate and product 
distribution are sensitive to the parent rotational quantum numbers. This is due to the fact that the 
predissociation is facilitated by the Renner-Teller coupling, which is controlled by the projection 
of the total rotational angular momentum on to the molecular axis. This model satisfactorily 
explained experimental observations.  

In collaboration with David Osborn and Xixi Hu, we investigated the photodissociation of 
SO2 in the C-band near 193 nm.2 We have mapped out the ground and excited state adiabatic PESs 
with a high-level ab initio method and confirmed the newly discovered S + O2 channel. Our 
trajectory simulations on the ground state PES of this system revealed that the S + O2 products are 
formed after nonadiabatic transitions from the C state via a conical intersection. The presence of 
this previously unknown channel might impact our understanding of the mass-independent 
fractionation of sulfur found in the geological record related to the great oxygenation event.  

In collaboration with Yarkony, the internal conversion and intersystem crossing in NH3 
photodissociation are investigated using a newly constructed DPEM.3 This DPEM not only 
includes coupling between states with the same spin-multiplicity, but also coupling between 
different spin manifolds. Since a diabatic representation is used, the derivative coupling and spin-
orbit coupling can all be represented with smooth functions, paving the way for studying internal 
conversion (IC) and intersystem crossing (ISC). These DPEMs also enforce the permutation 
symmetry, which is important for systems with identical atoms. In this study both the molecular 
(NH + H2) and radical (NH2 + H) channels were investigated. A DPEM for the singlet manifold 
of H2CS has also been developed,4 which represents the first step towards a first principles 
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understanding of the competition between IC and ISC channels in this system. Future work will 
add triplets into the DPEM. Compared with H2CO, the presence of sulfur in H2CS is expected to 
enhance the ISC process. Quasi-classical trajectory calculations have been performed on the 
ground state H2CS PES and significant roaming was found. 

We are also involved in collaborative efforts with Truhlar on a recent work of constructing 
a DPEM for the O3(3A’) system,5 which is important for the photodissociation of O3 in the Huggins 
band. In addition, the OH(A) quenching dynamics by H2 was studied using a semi-classical method 
on different DPEMs,6 which helps to elucidate the competition between the non-reactive and 
reactive quenching channels. Our collaboration has also lead to construction of the N + C2 PES 
with the recently proposed compressed-state multistate pair-density functional theory method 
which allows the investigation of the corresponding reaction dynamics.7 

An international collaborative effort to take advantage of the multi-configuration time-
dependent Hartree (MCTDH) approach for characterizing high-dimensional nonadiabatic 
photodissociation dynamics was made involving Fabien Gatti, Dieter Meyer, and Yarkony.8 
Several important advances were introduced to handle the symmetry properties of the DPEM 
within the MCTDH framework. 

  In collaboration with Daiqian Xie, we have constructed a two-state global DPEM for the 
HO2 system based on high-level ab initio data,9 suitable for studying the dynamics of the H + O2 

 OH + O reaction. This is an important reaction in both combustion and atmosphere and has 
been the subject of extensive experimental and theoretical investigations. The diabatization was 
achieved by using both angular momentum and CI mixing coefficients. It is more accurate than 
the existing DPEMs. More recently, we carried out the first quantum scattering calculations using 
this DPEM, and found a significant effect of the geometric phase in both ICS and DCS.10 

  With our collaborators, we have been continuing our investigations of dynamics of 
bimolecular scattering and reactions. These studies include a full-dimensional quantum scattering 
calculation for the inelastic scattering between Ar and H2O,11 which is a prototype for understand 
rovibrational energy transfer. In addition, we have studied the dynamics of the O + HO2 reaction, 
which has two different pathways leading to the same products.12 Furthermore, we have 
reinvestigated the nonadiabatic quenching of OH(A) by H2 using semi-classical methods, in 
collaboration with both Truhlar and Yarkony.6, 13 In the reactive quenching channel, the H2O 
product was found to possess extensive vibrational excitation, in qualitative agreement with 
experimental observations. The origin of the vibrational excitation is identified using an extended 
Sudden Vector Projection model. However, we were unable to find significant insertion 
trajectories which called for further improvement of the DPEM. 

Finally, we published a review with Yarkony and Daiqian Xie on quantum dynamics of 
photodissociation,14 a review with Kopin Liu on the mode specificity in state-to-state reactivity,15  
and another review with Hongwei Song is about dynamics of reactions with submerged barriers.16 
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Donald G. Truhlar  
Our recent work involves a generalization of the semiclassical Ehrenfest method and 

coherent switching with decay of mixing to use only information about adiabatic surfaces and their 
gradients without requiring nonadiabatic coupling matrices, overlap calculations, or any other 
information about adiabatic wave functions.17 We have also developed a version of trajectory 
surface hopping with this feature.18 These methods are called curvature-driven methods, CSDM 
and TSH. We validated these new methods for a diverse group of problems, including (but not 
limited to) photodissociation of ammonia19 and 1,3-cyclohexadiene20 and photo-induced ring 
opening of -butyrolactone.21 The CSDM and TSH methods have been made available to the 
whole community in the ANT 202322 and SHARC-MN23 computer programs. 

With Guo, we used machine learning to construct full-dimensional global 1 2A  and 1 2A  
potential energy surfaces for the C2N system by fitting the results of compressed multistate pair-
density functional theory multireference method, and we used these surfaces for a quasiclassical-
trajectory study of the reaction of N atom with the rovibrational ground state of C2.7 The 
trajectories predict that the reaction produces vibrationally excited CN. 

We also improved our method for fitting coupled potential energy surfaces to analytic 
functions by adding parametrically managed activation functions5 to the direct-diabatization-by-
neural-networks method,24 and we developed a new approach to such fitting based on Frobenius 
companion matrices.25 

Other publications in the period 2022-2024 supported by this grant are 

 a new gradient correction scheme for electronically nonadiabatic dynamics involving 
multiple spin states,26  

 the kinetics of the unimolecular reactions of anti-glycolaldehyde oxide and its reactions 
with one and two water molecules27 and the sulfur trioxide reaction with water vapor,28 

 a Python library for analytic representations of potential energy surfaces and diabatic 
potential energy matrices,29  

 a program for combined quantum mechanical and molecular mechanical modeling and 
simulations,30  

 a study of density functional accuracy for multi-step organic reactions,31 
 a method for improved conservation of local-mode zero-point energy in quasiclassical 

trajectories,32 
 a theoretical and experimental study of bound clusters in resonantly stabilized radical 

reactions relevant to carbonaceous particle growth,33 
 kinetics of the HO2 reactions with aldehydes34, 35 and singlet oxygen reactions with 

dimethyl ether.36  
 a perspective article on diabatic states,37 
 a master equation study of the reaction of OH with HCHO,38 
 a semiclassical trajectory studies of reactive and nonreactive scattering of OH(A 2 +) with 

H2,6 
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 kinetics of the reactions of Criegee intermediates with s-cis-syn-acrolein, acetone, and 
formyl fluoride,39-41 

 a new method for analyzing intramolecular vibrational redistribution (IVR),42 
 an examination of the best orbitals for Green’s function calculations of quasiparticle 

energies for ionization, electron attachment, and band gaps,43 
 degradation of biofuel ketohydroperoxides by reaction with OH,44 
 an improvement of the multistructural method with torsional anharmonicity by using 

delocalized torsions,45 
 a perspective article on electronic decoherence and its role in electronically nonadiabatic 

dynamics,46 
 a combined theoretical and experimental study of the determination of organic 

hydroperoxides in gas-phase autoxidation,47 
 electronic excitation of ortho-fluorothiophenol.48 
 

David R. Yarkony 
Since the A-X transitions in OH are used to detect this radical, the reactions of OH(A2S+) 

with H2 are of practical as well as fundamental importance. The dynamics of this collisional process 
involves at least 3 channels:  

OH(A2 +) + H2  H2O + H  R1 reactive nonadiabatic quenching 
  OH(X2 ) + H2 R2 nonreactive nonadiabatic quenching 
  OH(A2 +) + H2 R3 nonreactive adiabatic scattering 

This prototypical nonadiabatic process was investigated by our DOE funded team using 
semiclassical surface hopping nuclear dynamics.13, 14  These studies are enabled by DPEMs from 
nonadiabatic electronic structure data at a high level multireference configuration interaction with 
single and double excitations. In order to test the above suggestion a new four-state DPEM is 
needed which focuses on (getting to) the Jahn-Teller like Rydberg region. To that end we are 
developing a new fitting method which extends a procedure of Eisfeld and uses permutation 
invariant polynomials and neural networks.49  

We have complete sets of ES data for formaldehyde 1,2 1A, 13A, which include singlet and 
triplet DPEMs, spin-orbit coupling and dipole matrix elements. For thiophenol, we have performed 
electronic structure calculations for 1,2 1A (at MRCIS).4 We are also redoing the diabatization of 
the 1,2 1A states of formaldehyde. 

We have collaborated with Guo on a number of other projects related to nonadiabatic 
processes.8, 14 

 
FUTURE PLANS 
Hua Guo 
  We plan to use a quantum mechanical method to investigate the internal conversion and 
intersystem crossing in H2CO using the recent DPEM from Yarkony. This is an interesting system 
because of the two possible nonadiabatic routes, via internal conversion to the S0 state and 

          79



  

intersystem crossing to the T1 state. The calculated energies and lifetimes can be compared with a 
large set of experimental data. These nonadiabatic processes are also at the center of the roaming 
dynamics in the S0 state. 

  We will continue to investigate the nonadiabatic dynamics of SO2 photodissociation, in 
collaboration with David Osborn and David Chandler. Our focus will be on the non-adiabatic 
transitions leading to the newly discovered S + O2 channel and the product state distribution. We 
plan to construct a new DPEM for this system and explore the possible dissociation pathways 
leading to this minor channel.  

  We plan to collaborate with Truhlar on the collision-induced excitation in O + O2, using a 
recently developed DPEM that include the facile exchange. The dynamics will be carried out by 
the semiclassical curvature-driven coherent switching with decay of mixing method. 

  Finally, we plan use the new DPEM for the HO2 system to understand the nonadiabatic 
dynamics of the H + O2  OH + O reaction and cold H + O2 collisions. This reaction is strongly 
affected by conical intersections. The availability of the DPEM will enable accurate quantum 
mechanical studies of the nonadiabatic dynamics, particularly in cold collisions. 

Donald G. Truhlar 
We are currently working on new methods for discovering and fitting diabatic potential 

energy matrices. In particular, we have developed a dual-level parametrically managed direct 
diabatization by neural network scheme for fitting diabatic potential energy matrices of complex 
molecules, and we are applying it to o-fluorothiophenol. 

We are also working on a new method for conserving zero-point energy in semiclassical 
simulations of photochemical processes. 

We are also working on making the companion matrix method for diabatization more stable, 
minimizing the input information for direct diabatization by neural network, and improving the 
final-state analysis in the open-source ANT code for nonadiabatic dynamics. 

Finally, we are working on a theorem delimiting the permitted and unpermitted 
permutational invariance properties of diabatic potential energy surfaces. 

David R. Yarkony 
Light-induced conical intersections were introduced by Cederbaum and coworkers.  It was 

appreciated that this could move conical intersections and modify the outcome nonadiabatic 
dynamics. We will investigate using lasers to change the outcome of chemical reactions. 
Cederbaum showed how the interaction of an electric field with a molecular dipole can accomplish 
this.  The incorporation of molecular dipole moments into the full set of electronic structure  data 
will facilitate study of this process. Using light-induced shifted potential energy surfaces, Yarkony 
will investigate the intensity and polarization and pulse sequences needed to successfully modify 
reaction products using lasers.  The students will involve nonadiabatic nuclear dynamics in 
collaboration with the Guo group. We will use the modified PDEMs to be constructed by 
Yarkony’s group. These DPEMs are well suited for the repeated use required in this project. This 
project will also use DPEMs obtained by methods introduced by the Truhlar group. 
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For applications we will start with systems that exhibit weak spin-orbit coupling due to a 
large singlet/triplet separation. We will then shift the abundant singlets to reduce the singlet/triplet 
separation and increase| the production of spin-forbidden products. 
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1 Program Scope
Recent advances achieved with the ultrafast coherent X-ray-Free Electron Laser at the Linac Coherent 
Light Source (LCLS) have enabled to probe non-equilibrium processes at atomistic scales with 
femtosecond (fs) temporal resolution. However, despite unprecedented LCLS capabilities, the enormous 
complexity, data volume, and experimental access constitute major challenges for scientific discovery. 
The proposed research will directly tackle this urgent issue by developing novel techniques to enable 
ultrafast X-ray Photon Correlation Spectroscopy (XPCS) measurements that are closely supported 
through atomistic-scale simulations to discover non-equilibrium processes and chemical reactions of 
fluids at supercritical conditions. In the following, we outline major research progress and scientific 
progress towards improving the fundamental understanding of ultrafast physico-chemical process in 
supercritical fluids, pertaining to non-polar interaction of mixtures, collective motion, transport 
processes, and ionization in water, CO2, Ethanol, and mixtures.

2 Research Progress
2.1 Examination of strong-field Ionization of water by ultrafast X-ray pump/X-ray probe 
The radiolysis of liquid water is fundamental to several biological and engineering applications. While 
the ultrafast processes underlying valence ionization and excitation by laser and optical pulses has been 
studied in the past [Lin, 2021], the ultrafast structural response and decay subject to intense, high-energy 
X-ray radiation remains largely unknown. This is of relevance in nuclear power plant cooling and design 
in addition to long-duration space travel.

As part of an experimental campaign conducted at the SPring-8 Angstrom Compact free 
electron LAser (SACLA) in Japan, we conducted X-ray pump X-ray probe experiments on a sample of 
pure liquid water maintained at elevated (50, 150, and 225 bar) pressure and ambient temperature (30 
C). The X-ray energy delivered to the sample was measured at 10 keV. By varying the time delay 
between the pump and probe pulses, the time evolution of the signal was recorded and analyzed. After 
background subtraction, the dynamics are isolated and plotted in Figure 2.1.A.

Figure 2.1: Two-dimensional contour plots showing the response of liquid water as a function of Q and time delay. Contours 
are coloured by the difference in the normalized intensity from the equilibrium structure, I; different panels show the response 
at different pressure conditions.
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From Figure 2.1, we note the appearance of a previously unseen structure in the low-Q domain 
between Q = 0.1 and 0.5 Å-1. This relatively large nanoscale structure first becomes dominant at 600 fs. 
The signal shifts to lower Q values as the time delay increases, signifying an expansion in the system. 
On average, the collective motion of the ions is expanding at a rate of 400 m/s. At the same time, on the 
time scale of a few picoseconds, recombination and neutralization events in liquid water take place. This 
contributes to the diminishing of the signal and its decay after 6 ps.  

In the high-Q domain surrounding the water peak, we note the presence of a negative of positive 
signature in the dynamics. This signifies the shift of the water peak to larger Q values, i.e., smaller O-O 
bond distances. The shift is in line with previous studies, and we quantify the temperature jump in the 
sample to be 20 K [Zarkadoula, 2022]. Together with the low-Q observations, we identify a new 
mechanism by which the water molecules relax. Moreover, we identify a region where the ionization is 
localized, and the remainder of the water molecules maintain their H-bond network albeit at a slightly 
elevated temperature.   

2.2 X-ray Photon Correlation Spectroscopy of supercritical CO2 
Supercritical fluids (SCFs), near the liquid-gas critical point, exhibit unique behavior in thermodynamic 
and transport properties, which makes them attractive for several engineering applications including 
carbon sequestration, polymer synthesis, chemical processing and biomass gasification. The variation 
in thermodynamic and transport properties in SCFs have been attributed to their structural heterogeneity 
which manifests as molecular clusters. 

While the static structure of the clusters and their connection to thermodynamic properties have 
been studied rigorously using high energy X-ray and neutron scattering experiments, experimental 
studies on cluster dynamics and their influence on transport processes in SCFs are still missing. At the 
characteristic cluster length scales of about 1 nm, dynamics occur at picosecond timescales. Capturing 
such ultrafast motion has been the major challenge towards the study of cluster dynamics in SCFs. 

We overcome this challenge by using the split pulse XPCS (sp-XPCS) technique [Li, 2021]. 
Combining this method with the high intensity 10 fs X-ray pulses at LCLS, we can achieve nanometer-
picosecond spatiotemporal resolution. The measurements were carried out at the XPP instrument at 
LCLS. Using the sp-XPCS technique, we studied the cluster dynamics in supercritical CO2. The 
experimental setup is shown in Figure 2.2 A (a) wherein the XFEL pulse is split into two using the split 
delay optics and then passed through the sample which is maintained at 308.2 K and 7.5 bar using our 
pressure cell [Muhunthan, 2024]. The scattered signal is recorded using a set of four ePix100 detectors 
covering a Q range of 0.01 Å-1 – 0.1 Å-1. We measured the sample dynamics at 4, 8 and 13 ps. The 
results obtained here are the first direct observation of ultrafast cluster dynamics in SCFs. 

The intermediate scattering function (ISF) is the primary quantity measured from XPCS. This 
is a density autocorrelation function and its decay with time delay gives information about the timescale 
and nature of the dynamics. We also obtained the ISF by performing large scale molecular dynamics 
(MD) simulations and the results from XPCS and MD are shown in Figure 2.2 A (b). The ISF shows a
non-exponential behavior which indicates the measured dynamics is not simple diffusion [Kawaski,
1970].
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Figure 2.2 A: (a) Schematic of sp-XPCS experiment. scCO2 was kept at 308.2 K and 7.5 MPa in the pressure cell and the 
scattered photons from the sample were recorded with an assembly of four ePix100 detectors. (b) Comparison of 
intermediate scattering function f (Q, ) obtained from sp-XPCS measurements with MD trajectories for different Q values. 
(c) Mean square displacement r2( )  vs. Time delay  from sp-XPCS measurements and MD simulations. The contour plot 
shows the probability of transition to liquid phase for 500,000 molecular trajectories that are initially in the gas phase. The
horizontal black dash-dotted line corresponds to the square of the gas molecule displacement before interacting with a
cluster as obtained from kinetic theory. The inset in the top left corner shows a schematic of the interaction between an
unbound molecule with a cluster between time t = 0 and t1. The molecular trajectory is shown by the black dashed line. The
red dotted line shows the ballistic trajectory of the molecule if it does not interact with the cluster.

To further understand the origin of the observed dynamics, we analyze the MD trajectories and 
obtain the clusters in the system using Hill’s energy criterion [Hill, 1955]. To characterize the dynamics, 
we also calculate the mean square displacement (MSD) from both MD and XPCS and the results are 
shown in Figure 2.2 A (c). Based on the MSD, we conclude that the observed dynamics lies at the 
crossover region from ballistic motion to diffusion. This explains the observed non-exponential 
behavior. We also conclude, by obtaining the MSD for molecules inside and outside clusters, that the 
unbound molecules move faster than molecules bounded inside cluster. Upon obtaining the probability 
of transition of molecules from unbound state to cluster, we observe that the ballistic to diffusion 
crossover occurs when the probability of transition maximizes. Based on these results, we confirm that 
the ballistic to diffusion crossover occurs when unbound molecules interact with clusters and undergo a 
slowdown, as depicted by the schematic in Figure 2.2 A (c) inset. Our results showcase the influence 
of cluster dynamics on transport processes in SCFs and provide improved fundamental understanding 
about molecular motion in the presence of clusters.  
2.3 Hard X-ray Transient Grating 

The fundamental origin of the challenge studying dynamical processes in amorphous systems 
including gas and liquids lies in the lack of long-range periodicity, which prevents the efficient 
utilization of laser techniques to study dynamics of a specific length scales. If one can create an artificial 
periodicity in the sample on the length scale of interests, one could use coherence diffraction to study 
the sample dynamics. 

We are particularly interested in the microscopic dynamics on the sub-10nm length scales and 
picosecond time scale. Therefore, we would like to create periodic perturbation of the sample on the 
sub-10nm length scales which is only enabled by the hard X-ray free electron lasers (FELs). The 
technique in which we implement this idea is summarized in Figure 2.3 A, which is called hard X-ray 
transient grating (TG) [Rouxel, 2024]. In the TG measurement, we overlap two coherent hard X-ray 
pulses on the sample in both space and time. Therefore, they generate an interference pattern. This 
interference pattern perturbs the sample periodically. When the third pulse, the probe pulse arrives at 
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the sample, the periodically perturbed sample will diffract the probe pulse as if a grating, which comes 
the name of transient grating. 

In our demonstration experiment at XPP at LCLS, a crystalline sample SrTiO3 is used for the 
simplicity of the data interpretation and the great potential of using SrTiO3 as catalysis in chemical 
reactions. As shown in Figure 2.3.A (d), with significant enhancement of the scattering intensity at the 
pixel corresponding to the TG periodicity on the detector indicates the generation of the long-range 
periodic perturbation of the SrTiO3. For the first time, we obtain the capability to establish an artificial 
long range order in a bulk sample in a non-intrusive way.

By comparing the rocking curve of the Bragg peak of the crystal and the TG peak generated by 
the TG pump pulses, we can prove that the artificial long-range order from the interference pattern has 
a higher perfection and the crystalline order of SrTiO3 since the angular divergence of the TG peak as 
shown in Figure 2.3.A (d) is dominated by the crystalline defects of the SrTiO3 sample. 
   While currently, the technique is demonstrated in the crystalline sample, the optic principle and 
technique apply equally to amorphous systems including both gas phase and liquid phase conditions. 
Therefore, by applying this technique to gas phase and liquid phase samples, we expect to be able to 
measure the sub-10nm thermal [Hofmann, 2019] and chemical dynamics [Brown, 1999] which is 
beyond the reach of other techniques. 

2.4 Inelastic X-ray Scattering of CO2
A recent experimental study on supercritical water using Inelastic X-ray Scattering (IXS) showed that 
the SCFs near the Widom line simultaneously exhibit liquid-like and gas-like features by obtaining two 
acoustic modes in their measurement [Sun, 2020]. The low frequency mode corresponds to the gas-like 
component while the high-frequency mode corresponds to the liquid-like component. Their results also 
demonstrated that the high-frequency component becomes more dominant as one moves from gas-like 
thermodynamic conditions to liquid-like conditions across the Widom line.

While the two components exist in water and have been tied to the existence of hydrogen bond, 
not all SCFs have hydrogen bonds. However, molecular simulations show the presence of the two 
component dynamics in other SCFs as well [Sun, 2021]. Thus, the microscopic origin behind the 
existence of two component acoustic modes in SCFs is still unclear.

Figure 2.3.A: (a) Schematics of the experiment downstream the focusing lens. The incident X-ray pulse propagates along 
the z axis and is shown with the dark blue line. Red lines indicate the pump pulse while the green line indicates the probe 
pulse. The two pump pulses generate an interference pattern on the sample after M2 and M3. The interference pattern 
perturbs the sample periodically which acts as if a grating which is the transient grating (TG). This TG diffracts the probe 
pulse which is recorded by the 2D detector. (b) Illustration of the phase matching condition of the TG signal. (c) Detailed 
schematics of the X-ray optics downstream of the split-delay crystals. (d) Measured TG signal on the 2D detector in 4 
different scenarios. The (+) and (-) sign indicates the relative angular position of the sample crystal rotating around n as 
shown in Figure 2 (b). The number with unit indicates the corresponding TG period.
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Our hypothesis behind the existence of two component dynamics is the presence of clusters in SCFs. 
These clusters create liquid-like and gas-like regions in the microstructure of SCFs, leading to the 
observation of two acoustic modes. 

To verify this hypothesis, we performed IXS measurements of supercritical CO2. The 
experiments were carried out the ID28 beamline of the ESRF at Grenoble, France. The X-rays from the 
synchrotron were monochromatized using Si (11,11,11) backscattering monochromator and then passed 
through the sample which was stored in a pressure cell [Bencivenga, 2007]. The scattered signal is made 
to reflect from the Si (11,11,11) analyzer which provides an energy resolution of 1.5 meV. The sample 
was kept at 88.3 bars pressure and temperature varied from 283 K to 342 K. At each thermodynamic 
conditions, the intensity was measured from –25 meV to +25 meV energy range at Q range of 0.7 Å-1 – 
2.0 Å-1. We also performed MD simulations to gain insight into the molecular motion in clusters. The 
results from IXS and MD are shown in Figure 2.4 A. The intensity obtained by the two methods show 
good agreement as observed in Figure 2.4 A (a). With increase in temperature, the intensity changes 
from a Lorentzian to a Gaussian shape, indicating a crossover from liquid-like to a gas-like behavior. 
The current correlation function, which is a correlation of momentum, is shown in Figure 2.4 A (b) for 
MD simulations for increasing temperature from blue to red curve. The blue curve shows a shoulder 
around 10 meV which gradually vanishes with rise in temperature. This feature corresponds to the high 
frequency liquid-like component while the low frequency peak, near 2.5 meV, corresponds to to the gas-
like component. We perform non-negative matrix factorization (NMF) of the data and report the two 
components in Figure 2.4 A (c). The peak in current correlation function corresponds to acoustic mode 
and as such, the results from NMF analysis indicate the existence of two acoustic modes in the system. 
By performing cluster analysis on the MD trajectories, we obtain the liquid fraction xL, which is defined 
as the fraction of molecules inside clusters of size 4 and above. Upon comparing the fraction of high-
frequency component, denoted by f, with xL in Figure 2.4 A (d) we observe a linear correlation between 
the two for both IXS and MD. This indicates that the existence of two-component dynamics is strongly 
coupled with the presence of clusters in the system. 

Figure 2.4 A: (a) Intensity from IXS (symbols) and MD simulations (solid lines). Left panel shows the temperature trend 
at 88.3 bar pressure and Q = 1.016 Å-1. The black dotted line shows the resolution function (RF). Right panel shows the 
variation of intensity with Q at P = 88.3 bars and T = 302 K. (b) Current correlation function from MD simulations at Q 
= 1.016 Å-1 and P = 88.3 bar with increasing temperature from blue (293 K) to red (342 K). (c) Low frequency (LF) and 
high frequency (HF) component of the current correlation functions in (b) obtained via non-negative matrix factorization. 
(d) Fraction of HF component f for different temperatures compared against the liquid fraction xL, which is the fraction of

molecules inside clusters of size 4 and above. Both MD and IXS show a linear correlation between f and xL. 

2.5 WAXS and MD simulation of supercritical ethanol-CO2 mixture 
While significant progress has been made on studying properties of pure fluids at supercritical 
conditions, fundamental questions concerning the microstructure and dynamic response in mixtures of 
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supercritical fluids remain. Among these systems, the binary mixture of ethanol and carbon dioxide has 
attracted considerable attention due to its relevance in a wide range of industrial processes, including 
supercritical extraction of thermal labile compounds, dehydration of alcohols using supercritical, and 
extraction of natural products using near critical solvents [Skarmoutsos, 2007]. The unique interactions 
between ethanol, a polar hydrogen-bonding molecule, and CO2, a nonpolar molecule, give rise to 
complex molecular arrangements that are sensitive to temperature, pressure, and composition [Mareev, 
2021].  

Figure 2.5 (a) Schematic of the WAXS experiment. (b) Experimental conditions (dots) mapped onto the P-T-x phase diagram. 
(c) Structure factor of the mixture at different composition and thermodynamic conditions. Lines represent measurements from 
WAXS, and dots represent results from MD simulations. (d) Isosurfaces of the spatial distribution function (SDF) for the
mixture (x = 0.5, P = 147 bar, T = 354 K). (e) The effect of temperature and compostion on the mean number of hydrogen
bonds per ethanol molecule and mean number of ethanol molecules per hydrogen-bonded chain.

We have performed Wide Angle X-ray Scattering (WAXS) investigations in the range of 0.1Å-

1<Q<2.0Å-1 to probe the microscopic structure of ethanol-CO2 mixture under supercritical conditions 
across multiple mixing fractions, as illustrated in Figure 2.5(a-b). The experiments were conducted at 
SSRL Beamline 4-2 at SLAC National Accelerator Laboratory. The structure factors, S(Q), derived from 
the WAXS measurements are illustrated in Figure 2.5(c). The emergence of a distinct inner peak in 
S(Q) at Q  0.75 Å-1, attributed to correlations between hydrogen-bonded ethanol molecules [Tomši , 
2007], signifies that ethanol forms a non-ideal mixture with CO2. This behavior is primarily driven by 
strong ethanol-ethanol interactions and the presence of hydrogen bonds. 

To complement the experimental findings, molecular dynamics (MD) simulations were 
performed, and the binary interaction parameters of the force field were calibrated using the 
experimental S(Q) values. The close agreement between the experimental and simulated S(Q) confirms 
the accuracy of the model, allowing us to compute the spatial distribution functions (SDFs) for the 
mixtures, which provides information of the orientation and positioning of the local structure. Figure 
2.5(d) presents a typical SDF, revealing the chain-like hydrogen bonding structures formed by ethanol 
molecules. To further explore the impact of CO2 concentration on the structural arrangement of the 
mixture, we analyzed the hydrogen-bonding topology. The results, illustrated in Figure 2.5(e), show a 
reduction in the number of hydrogen bonds per ethanol molecule and a decrease in the average size of 
hydrogen-bonded chains as the CO2 fraction increases. Additionally, analysis of the partial SDFs 
suggests that the local arrangement of CO2 around ethanol reduces the possibility of an ethanol molecule 
forming a hydrogen bond as an acceptor, thus disrupting the hydrogen-bonding network. 
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2.6 Small-Angle X-ray Scattering of CO2 
Supercritical CO2 (sCO2) shows strong sensitivities to changes in thermodynamic properties and exhibits 
both liquid-like and gas-like behaviors. This anomalous behavior mainly arises from an increase in 
thermal density fluctuations [Nishikawa, 2004], which result from the molecular transfer between 
clusters in the fluid. With liquid-like density and gas-like viscosity, sCO2 can be used as a green solvent 
in many chemical processes including polymer synthesis and hazardous waste destruction. We 
performed Small Angle X-ray Scattering (SAXS) measurements of sCO2 (critical point 7.38 MPa, 304.2 
K) at the SSRL Beamline 4-2 at SLAC National Accelerator Laboratory. SAXS enables the study of
materials at microscopic dimensions (10-9 to 10-6 m). We use SAXS to characterize the structural
heterogeneities (clusters) in supercritical CO2 near the critical point and crossing the Widom line.

During the SAXS measurements, the sCO2 was contained in a high-pressure cell. The 
pressurized fluid (CO2, 99.999%) was supplied by a syringe pump (Teledyne ISCO 100DM) and 
confined between two 100 m-thick diamond windows in the cell [Muhunthan, 2024]. Deviations in the 
temperature and pressure during one measurement were within T = ±0.1 K and P = ±0.01 MPa, 
respectively. The X-ray energy during the experiments was 15 keV, and the sample to detector distance 
was 2.5 m. For one P, T condition, the total measurement time was approximately 6 minutes. The 1-D 
SAXS curves were averaged over 50 data frames after background subtraction of scattering from the 
empty pressure cell. 

The scattering intensity obtained between momentum transfer (Q) of 0.03-0.15 Å 1 for sCO2 at 
308 K is plotted in Figure 2.6(a). An increase in density fluctuations in sCO2 near the critical point and 
near the Widom line leads to a non-monotonic increase in the SAXS scattering intensity with pressure. 
We used the Unified Fit [Beaucage, 1995] theory to analyze the size and shape of clusters formed in 
sCO2. The size of the clusters was quantified by the radius of gyration, Rg, defined as the root-mean-
squared distance from the cluster's center of gravity. Figure 2.6(b) plots the average cluster size Rg as a 
function of pressure and temperature. At each isotherm, lower pressures correspond to the low-density 
region of sCO2. The Rg is small at these conditions, and the average cluster size is approximately 10 Å 
in this region (Fig. 2.6(b)). The Rg increases with increasing pressure, reflecting the formation of larger 
clusters close to the Widom line. The Rg decreases with further increases in pressure to the high-density 
region of sCO2. Based on molecular dynamics (MD) simulations (Simeski 2023), this behavior may be 
due to the formation of large, percolating clusters in the fluid. Since SAXS is sensitive to electron density 
variations, the large percolating clusters essentially form a homogeneous medium in the fluid, and it is 
the smaller clusters not contained in the percolating clusters that lead to a decrease in Rg at high pressure.  

The average shape of the clusters can also be determined from Unified Fit theory. Figure 2.6(c) 
plots the primary cluster shape at each condition. At 308 K and 310.5 K, the primary cluster shape is 
sphere-like for all pressures. However, at 313 K and 316 K, the primary cluster shape changes to disk-
like for certain pressures above and below the Widom line. The Rg is small at these conditions, and the 
average cluster contains only a few CO2 molecules. In this case, a disk-like shape may be the preferred 
configuration, since there are not enough molecules to form a higher-dimension shape such as a sphere. 
For conditions around the Widom line, the Rg is large, indicating the presence of larger clusters with 
more CO2 molecules. In this case, a sphere-like cluster shape may be preferred, since this configuration 
minimizes the surface energy of the cluster and makes it more stable.  
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Figure 2.6.A (a) SAXS intensity curves for sCO2 at 308 K. (b) Average cluster size (Rg) as a function of pressure 
and temperature. (c) Phase diagram and primary cluster shape of sCO2. The symbol color indicates the primary 
shape of the cluster at that condition: sphere-like (black), disk-like (red).  The white circle is the critical point of 
CO2, the solid white line is the liquid-vapor coexistence line, and the dashed line is the Widom line, defined with 
respect to the maximum isobaric heat capacity. Density data and critical properties were retrieved from the NIST 
database. 
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Low Temperature Oxidation Kinetics of Ammonia with Oxygenates under Extreme Pressure 
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Proposal scope  
Ammonia and carbon neutral oxygenated e-fuels and biofuels provide a great opportunity to lower carbon 
emissions. However, the kinetics of low temperature ammonia oxidation with oxygenated fuels at high 
pressure are not well known. The impact of HO2 chemistry from oxygenated fuel oxidation on ammonia 
oxidation and NOx chemistry has rarely been studied. The elementary reaction rates involving HO2 and 
ammonia radicals have large uncertainties. Furthermore, the effects of strong intermolecular force of 
ammonia due to its hydrogen bonding and the resulting non-equilibrium kinetic effect at extreme pressure 
from multi-body collisions, reactive multi-molecular reactions, and severe deviation from Boltzmann 
distribution on reaction kinetics are not well understood.  The objectives of this study are to examine the 
non-equilibrium kinetics of low temperature oxidation of ammonia with small oxygenated fuels such as 
alcohols, esters, and ethers at extreme pressure (up to 200 atm) by using a newly developed supercritical 
jet-stirred reactor (SP-JSR), to experimentally measure the rate and branching ratios of a key elementary 
reaction of HO2 + NH2 for considering HO2, NOx, and NH3 chemistry interaction by using a new photolysis 
reactor with microsecond time-resolved mid-IR Faraday rotation spectroscopy, and to develop 
experimentally validated kinetic models and a new ab-initio trained machine-learning and molecular 
dynamics (aML-MD) method for high pressure non-equilibrium kinetics modeling. The proposed research 
will advance the fundamental understanding of non-equilibrium chemical kinetics of low temperature 
oxidation of ammonia with hydrogen and small oxygenated fuels at extreme pressure. It will provide an 
experimentally measured reaction rate and the branching ratios of a critical multi-channeled ammonia 
radical reactions with HO2. Furthermore, it will develop a new ab-initio trained machine-learning molecular 
dynamics (aML-MD) method to examine the non-equilibrium kinetic effects at extreme pressure and enable 
direct comparison between experiments with modeling at extreme pressure.  
 
Recent Progress 
1.1. Development of ab-initio trained machine learning model (aML-MD) with multi-fidelity data 

for elementary rate determination 
Machine learning (ML) provides a great opportunity for the construction of models with improved accuracy 
for classical molecular dynamics (MD). However, 
the accuracy of a machine learning trained model 
is limited by the quality and quantity of the 
training data. Generating large sets of accurate ab-
initio training data can require significant 
computational resources. Furthermore, 
inconsistent or incompatible data with different 
accuracies obtained using different methods may 
lead to biased or unreliable ML models that do not 
accurately represent the underlying physics. In 
this work, ab-initio trained ML-based MD (aML-
MD) models are developed through transfer 
learning using DFT data from multiple sources 
with varying accuracy within the Deep Potential 
MD framework. The accuracy of the force field is 
demonstrated by calculating rate constants for the 
H + HO2  H2 + O2 reaction using quasi-classical 
trajectories. We show that the aML-MD model 
with transfer learning can accurately predict the 

 
Fig. 1 Rate constants at different temperatures 
calculated by DiNT, aML-MD models with and 
without transfer learning. 
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rate constants while reducing the computational cost by more than 5 times compared to the use of more 
expensive quantum chemistry training datasets (Fig. 1) [1]. Hence, the aML-MD model with transfer 
learning shows great potential in using multi-fidelity data to reduce the computational cost involved in 
generating the training set for these potentials. 

 
1.2. Impacts of the Ammonia Economy on the Nitrogen Cycle and Climate 
Ammonia (NH3) is an attractive low-carbon fuel and hydrogen carrier. However, losses and inefficiencies 
across the value chain could result in reactive nitrogen emissions (NH3, NOx, and N2O), negatively 
impacting air quality, the environment, human health, and climate. A relatively robust ammonia economy 
(30 EJ/yr) could perturb the global nitrogen cycle by up to 65 Mt/yr, equivalent to 50% of the current global 
perturbation caused by fertilizers. Additionally, the emission rate of nitrous oxide (N2O) at low combustion 
temperatures, a potent greenhouse gas and ozone-depleting molecule, determines whether ammonia 
combustion has a greenhouse footprint comparable to renewable energy sources or higher than coal (100-
1400 gCO2e/kWh). The success of the ammonia economy hence hinges on adopting optimal practices and 
technologies that minimize reactive nitrogen emissions. We discuss how this constraint should be included 
in the ongoing broad engineering research to reduce environmental concerns and prevent the lock-in of 
high-leakage practices. This study investigates the potential environmental risks associated with ammonia 
use in the energy sector. Our findings demonstrate that reactive nitrogen compounds released throughout 
the ammonia value chain can harm air quality, human health, ecosystems, climate, and stratospheric ozone 
depletion. However, we also show that optimal engineering practices and management strategies can 
effectively mitigate these concerns. Our research contributes to informed decision-making and the 
development of environmentally responsible ammonia energy systems [2]. 

 
1.3. High pressure ammonia oxidation with alkanes and oxygenated fuels. 
Oxidation of NH3/n-heptane mixtures at pressures up to 100 atm and temperatures of 400-900 K was 
characterized experimentally in a laminar flow reactor and a jet-stirred reactor [3-4]. A detailed chemical 
kinetic model was developed, updating the hydrogen and amine subsets and introducing a subset for the 
chemical coupling with emphasis on the NH2+n-heptane reaction. The kinetic model provided a good 
prediction of the ignition delay times measured in a rapid compression machine as well as the high pressure 
experimental data obtained in the present work. The results show that it is important to include updated rate 
constants for NH2 + HO2 and NH2 + n-C7H16 to obtain reliable predictions for ignition and oxidation of 
NH3/n-heptane mixtures at high pressure. The sensitivity analysis confirmed the effectiveness of 
implementing analogy rules for determining the rate constant of the key reaction NH2 + n-C7H16. High 
pressure ammonia/methanol oxidation and NOx formation were also investigated using a recently 
developed supercritical pressure jet-stirred reactor (SP-JSR) at 20 and 100 atm with temperatures between 
550 and 950 K and equivalence ratios of 0.138 and 1.15 [5] (Fig. 2). The experimental results show that the 
NH3 oxidation at high pressure is largely accelerated by the active OH radicals produced from CH3OH 
oxidation. Furthermore, the kinetic interactions between NH3 and CH3OH are governed mainly by reactions 
CH3OH + NH2 = CH2OH + NH3, CH3OH + NH2 = CH3O + NH3, and CH2O + NH2 = HCO + NH3. A HP-
Mech model for high-pressure NH3/CH3OH oxidation was developed in this study. It consists of the most 
recently NH3 and CH3OH models as well as NH3-CH3OH interactions including some new reactions and 
updated rate constants from the literature. Our model with these updates improves the prediction for the 
experimental data at both 20 and 100 atm and reproduces well the ignition delay times in the literature and 
the measured N2O/NOx temperature dependence. In addition, the reaction pathway and sensitivity analysis 
show that N2O/NOx/HONO interaction with HO2 are very important especially for a fuel-lean mixture at 
100 atm. The HONO mole fraction for fuel-lean mixture at 100 atm was then measured by off-axis 
integrated cavity output spectroscopy (ICOS) at 6638.26 cm 1. The experimental data show that HONO 
formation was very high at intermediate temperature and significantly underpredicted by numerical 
simulation at 100 atm. Therefore, the HONO related reactions such as NO + OH (+M) = HONO (+M), 
H2NO + NO2 = HONO + HNO, HNO + NO2 = HONO + NO need deeper exploration in the future. 
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Fig. 2 Temperature evolutions of NH3 and CH3OH mole fractions for (a) fuel-rich and (b) fuel-lean mixtures
[5]

1.4. High pressure spray cool flame ignition and instability
Experimental and numerical studies are performed on the non-premixed n-dodecane spray cool flames in a 
counterflow burner. A novel phenomenon of repetitive autoignition-extinction instability of near-limit non-
premixed spray cool flames is observed and examined [6]. The spray cool flame is established by a 
polydisperse n-dodecane fuel spray generated from a twin-fluid atomizer, ranging from sub-micron sizes 
up to 400 m with Sauter mean diameter of 109 m. Digital Inline Holography is used to measure spray 
size distribution and quantify the fuel fraction in spray and gas phases at experimental conditions. The 
chemiluminescence of the excited formaldehyde molecule in spray cool flame is recorded by an Intensified-
CCD (ICCD) camera to examine the repetitive cycles of autoignition and extinction, and to measure the 
spray cool flame stabilization time in each cycle. The repetitive autoignition and extinction cycles are found 
to be mostly caused by the competition between chemical heat release from low-temperature fuel oxidation, 
and heat loss in fuel spray vaporization in a counterflow, where the dynamics of large droplets in 
polydisperse spray play an important role. It is also found that with the increase of the oxygen mole fraction 
or the oxidizer temperature, the spray cool flame stabilization time increases and the cycles of autoignition 
and extinction become less frequent.  

1.5. Non-equilibrium depolymerization of plastics via dynamic spatiotemporal heating
Depolymerization is a promising strategy for recycling waste plastics into their constituent monomers for 
subsequent polymerization in another lifecycle. However, many commodity plastics cannot be 
depolymerized with high selectivity using conventional thermochemical approaches as it is difficult to 
control the reaction progress and pathway, thereby often leading to a broad spectrum of products. Catalysts 
can be used to improve the selectivity, but they are susceptible to performance degradation. Herein, we 
developed a catalyst-free, far-from-equilibrium depolymerization method via electrified spatiotemporal 
heating that enables us to generate monomers from commodity plastics with high yields. The selective 
depolymerization is realized by two critical features to drive non-equilibrium kinetics: (1) a spatial 
temperature gradient and (2) a temporal heating profile. Using this approach, we depolymerized 
polypropylene and polyethylene terephthalate to their monomers with yields of ~36% and ~43%, 
respectively, which are among the highest compared to conventional thermochemical methods, even those 
that use catalysts [7]. 

Collaborations    The work on aML-MD is conducted in collaboration with Drs. Stephen Klippenstein and 
Ahren Jasper at ANL. The high pressure ammonia oxidation with oxygenated fuels is collaborated with Drs. 
Stephen Klippenstein at ANL and Peter Glarborg at DTU.

Future Work We will study high pressure NH3 oxidation with dimethyl ether, CH2O, and methyl 
formate, develop aML-MD for key elementary reactions in involving pressure dependent reactions, and 
conduct elementary rate measurement of NH2 with HO2.
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1. Program Scope 
 
 

The major goals of this project have been to explore in molecular beam experiments the fundamental re-
action dynamics and underlying potential energy surfaces (PESs) of hydrocarbon molecules and their 
resonantly stabilized and/or aromatic radical precursors, which are relevant to the gas phase formation 
and molecular mass growth processes of mononuclear and polycyclic aromatic hydrocarbons (PAHs). 
First, reactions were initiated in crossed molecular beam experiments under single collision conditions by 
intersecting two supersonic reactant beams containing the open shell (radicals, atoms) and closed shell 
species under a well-defined collision energy and crossing angle (UH Manoa). By recording angular-
resolved time-of-flight (TOF) spectra, we obtained unprecedented information on the reaction products, 
inferred intermediates involved, and extracted branching ratios of competing reaction channels, reaction 
energetics, and novel reaction mechanisms to (aromatic) hydrocarbon molecules along with their acyclic 
isomers. Second, reactions were conducted in a chemical microreactor at well characterized pressure and 
temperature distributions with reaction products interrogated isomer-selectively by tunable vacuum ultra-
violet light (VUV) via photoionization (PI) coupled with a reflectron time-of-flight mass spectrometer 
(Re-TOFMS). These studies were conducted in collaboration with Dr. Musahid Ahmed (Advanced Light 
Source, Lawrence Berkeley National Laboratory) as well as Dr. Patrick Hemberger (Swiss Light Source, 
Paul Scherrer Institute) and merged with electronic structure calculations (Prof. Alexander M. Mebel, 
Florida International University). These studies have been of crucial importance to comprehend the fun-
damental gas phase formation mechanisms of two key classes of molecules involved in molecular mass-
growth processes leading ultimately to carbonaceous nanostructures from the bottom up: resonantly stabi-
lized free radicals (RSFRs) and polycyclic aromatic hydrocarbons (PAHs).  
 
 

2.    Recent Progress 
2.1. Mechanistical Studies on the Gas Phase Formation of Aromatic Hydrocarbons 
Exploiting molecular beams, four novel low- and high-temperature reaction mechanisms have been expo-
sed leading to the formation of aromatic hydrocarbons carrying up to six rings: Radical-Radical Reacti-
ons (RRR) (P4, P8, P9, P17, P18, P19, P26), Propargyl Addition–BenzAnnulation (PABA) (P22, P36), 
Fulvenallenyl Addition-Cyclization Aromatization (FACA) (P27), and Phenylethynyl Addition–
Cyclization-Aromatization (PACA) (P31, P33). This mechanistical framework significantly expands 
synthetic routes to PAHs driven by Hydrogen Abstraction – C2H2 (acetylene) Addition (HACA), 
Hydrogen Abstraction – Vinylacetylene Addition (HAVA), Phenyl Addition – DehydroCyclization 
(PAC), and Methylidyne Addition – Cyclization - Aromatization (MACA) as elucidated in the 7/18-6/21 
funding period.  
 

2.2. Multi-Step Reaction Pathways to Aromatics  
The elucidation of individual reaction pathways to PAHs (2.1) affords a unique opportunity of combining 
multiple mechanisms in complex, multi-step syntheses of aromatics [P21, P24, P29]. Coronene (C24H12) - 
a fundamental molecular building block of two-dimensional PAHs and graphene nanosheets – was 
prepared in a microchemical reactor via a combination of HACA, HAVA, and PAC [P24]. Finally, multi-
step low temperature HAVA molecular mass growth processes lead to benzo-corannulene (C24H12) – a 
bowl-shaped PAH carrying seven rings. In silico studies provided compelling evidence that the benz-
annulation mechanism can be expanded to pentabenzocorannulene (C40H20) followed by successive 
cyclodehydrogenation to the C40 nanobowl (C40H10) – a fundamental building block of buckyballs such 
as buckminsterfullerene (C60) [P21]. These findings revealed that microreactor studies in conjunction with 
electronic structure calculations have advanced to such a level that complex, multi-step reaction pathways 
to aromatics carrying up seven rings can be elucidated.    
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2.3. Mechanistical Studies of the Incorporation of Methyl Groups in Aromatics   
 

Exploiting crossed molecular beams experiments, the energetics and dynamics of the elementary reac-
tions of the 1-propynyl radical (CH3CC; C3H3) with isoprene (H2CCHC(CH3)CH2; C5H8) revealed that 
two methyl groups can be incorporated barrierlessly into an aromatic system, i.e. m- and p-xylenes, under 
single collision conditions. The reaction dynamics are driven by a barrierless addition of the radical to the 
 electronic system (diene moiety) of isoprene (2-methyl-1,3-butadiene) followed by isomerization via 

hydrogen atom shifts and cyclization prior to unimolecular decomposition accompanied by aromatization 
via atomic hydrogen loss. This overall exoergic reaction affords a preparation of xylenes not only in high 
temperature environments such as in combustion flames and around circumstellar envelopes of carbon-
rich Asymptotic Giant Branch (AGB) stars, but also in low-temperature cold molecular clouds (10 K) and 
in hydrocarbon-rich atmospheres of planets and their moons such as Triton and Titan with both methyl 
groups acting as spectators in the 1-propynyl radical and isoprene reactants. This study established a 
previously unknown gas phase route to xylenes and potentially more complex, disubstituted benzenes via 
a single collision event highlighting the significance of an alkyl-substituted ethynyl-mediated preparation 
of aromatic molecules [P28]. 
\ 
 

3. Future Plans 
 
 

Our plan is to study elementary gas phase reactions forming phenyl (C6H5), benzene (C6H6), fulvenallenyl 
(C7H5), and fulveneallene (C7H6) as fundamental molecular building blocks of two- and three-
dimensional carbonaceous nanostructures carrying six- and five-membered ring(s), respectively. Crossed 
molecular beam experiments are conducted under single-collision conditions and investigate the 
underlying energetics, dynamics, and potential energy surfaces (PESs) of reactions of key resonantly 
stabilized free radicals (RSFR, cyclopentadienyl, C5H5) and aromatic radicals (AR, phenyl, C6H5) as 
simplest representatives of five- and six-membered, cyclic hydrocarbon radicals, prototype ‘aliphatic’ 
radicals (methylidyne; CH), ‘acetylenic’ radicals (ethynyl, C2H; butadiynyl, C4H), and ‘carbonaceous’ 
transients (C, C2, C3) with unsaturated C2 to C5 hydrocarbons at the most fundamental, microscopic level.  
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Background and Significance 

Our effort on molecular 
reactivity in complex 
systems targets multistep 
and multiphase chemical 
transformations built from 
isolated elementary 
bimolecular reactions to 
gas-surface reaction 
dynamics to coupled 
networks of elementary 

unimolecular and bimolecular pathways embedded at a gas/solid or liquid interface. In each of these 
areas, the gas phase is central for controlling the multiphase chemistry with additional kinetic 
processes, such as evaporation, condensation, and diffusion, playing a key role in governing the overall 
reactive outcome. (Fig. 1) Activities in this Subtask drive new theory and simulation, to enrich the 
molecular level interpretation of experiments with extensive use of DOE national user facilities such 
as the Advanced Light Source and NERSC. 
 
Progress Report: 
Photoionization Dynamics, Hydrogen Bonding and Reactivity in Molecular Beams: Van der 
Waals and hydrogen bonded clusters provide a template to probe ionization and solvation processes of 
paramount interest in thermal science, environmental and astrochemistry. Ahmed and co-workers 
tracked the appearance of a new magic number at 14, in addition to the traditional 21 in protonated 
water clusters.4 Head-Gordon and coworkers performed meta-dynamics conformer searches coupled 
with state-of-the-art density functional calculations to identify the global minimum energy structures 
of protonated water clusters between n = 2 and 21, as well as the manifold of low-lying metastable 
minima. This methodology of combining mass spectrometry with electronic structure calculations was 
extended to a series of diol water clusters to understand how hydrogen bond networks evolve as one 
changes the positioning of methyl and hydroxyl groups over a similar backbone.8 We discussed and 
suggested that the reactivity and photoionization of diols (ethylene glycol, 1,2 and 1,3 propylene 
glycols) in the presence of water is dependent on the size of the diol, the location of the hydroxyl group, 
and the number of water molecules clustered around the diol. In the case of formic acid water clusters, 
enhanced intensities are observed in the mass spectra for a number of clusters holding the following 
composition, FA1W5H+, FA2W4H+, FA3W3H+, FA4W2H+, FA5W1H+ and FA6W2H+ compared to their 
neighbors with one less or one more water component.5 Our calculations shed light on these potentially 
stable structures, highlighting cyclic arrangements with molecules enclosed within the ring as the most 
stable structures, and demonstrate a decrease in the stability upon the addition of a water molecule. We 
close out this section reporting two recent studies of photoionization dynamics in methane-water 
clusters resulting in the formation of methanol and using PAH’s as ionizer tags to decipher the 
electronic states of CO2 clusters. Previous studies on methane-water clusters have primarily focused 
on the formation and structural information related to methane clathrates. We demonstrate that slight 
changes in our experimental conditions such as backing pressure and mixing ratios can generate water 

 
Fig. 1. Composite showing the themes that constitute this subtask from left to 
right. Photoionization of Clusters,1-8 Gases in Confinement,9-11 Dynamics in 
Liquid Jets12-14 and Aerosol Chemistry.15-18 

          119



rich or methane rich mixed clusters providing a fertile arena for probing these clusters at the molecular 
level. We experimentally demonstrated the formation of methanol within the methane-water cluster, 
following dissociative photo-ionization of a water moiety and subsequent extensive rearrangement.6 
We investigated the vacuum UV excitation of the naphthalene–CO2 complex and observed excited 
states of CO2 through a newly identified molecular electronic energy transfer ionization mechanism. 
We evaluated the spectral development upon cluster growth with time-dependent density functional 
theory and show that the photoionization spectrum of naphthalene–CO2 closely resembles the photon-
stimulated desorption spectrum of CO2 ice.7 
 
In collaboration with Ralf Kaiser (Hawaii), Ahmed seeks to understand the reactivity of long chain 
hydrocarbon fuel molecules on nanoparticle surfaces under high temperature and pressure conditions. 
This is a new direction for the radical-radical hot nozzle project.19-24 A study to understand the 
fundamental bond breaking processes, reaction mechanisms, and kinetics involved in the oxidation of 
Jet Propellant-10 (JP10) jet fuel on aluminum oxide nanoparticles was completed.25 We reveal an 
active low temperature heterogeneous catalytic surface chemistry commencing at 650 K involving the 
alumina (Al2O3) shell.26 We also showed in a separate study that stress-altered aluminum nanoparticles 
exhibited distinctly different temperature-dependent reactivities towards catalytic decomposition of 
JP10.27  
  
Evaporation and Molecular Beam Scattering from and on Liquid Jets: Molecular beam 
experiments in which gas molecules are scattered from liquids provide detailed, microscopic 
perspectives on the gas–liquid interface. Extending these methods to volatile liquids while maintaining 
the ability to measure product energy and angular distributions presents a significant challenge. The 
incorporation of flat liquid jets into molecular beam scattering experiments in the Neumark laboratory 
has allowed us to demonstrate their utility in uncovering dynamics in this complex chemical 
environment. Recent work on the evaporation and scattering of Ne, CD4, ND3, and D2O from a 
dodecane flat liquid jet and first results on the evaporation and scattering of Ar from a cold salty water 
jet are described in a review article.14 In the evaporation experiments, Maxwell–Boltzmann flux 
distributions with a cos( ) angular distribution are observed. Scattering experiments reveal both 
impulsive scattering (IS) and trapping followed by thermal desorption (TD). Super-specular scattering 
is observed for all four species scattered from dodecane and is attributed to anisotropic momentum 
transfer to the liquid surface. In the IS channel, rotational excitation of the polyatomic scatterers is a 
significant energy sink, and these species accommodate more readily on the dodecane surface 
compared to Ne. Our preliminary results on cold salty water jets suggest that Ar atoms undergo some 
vapor-phase collisions when evaporating from the liquid surface. Initial scattering experiments 
characterize the mechanisms of Ar interacting with an aqueous jet, allowing for comparison to 
dodecane systems. 
 
Aerosol and Multiphase Chemistry: Wilson and co-workers report efforts to understand the 
multiphase chemistry occurring at simple hydrocarbon aerosols. Criegee intermediates (CI) are central 
to the ozonolysis of unsaturated organic compounds, controlling the formation of small fragmentation 
reaction products and higher molecular weight oligomeric compounds through competing 
unimolecular and bimolecular pathways.  We completed a series of aerosol flow tube studies of the 
ozonolysis of submicron organic aerosol containing mixtures of an internal n-alkene (Z-9-tricosene, 
Tri) and a saturated acid (2-hexyldecanoic acid, HDA).18 The decay of the reactants and formation of 
reaction products are monitored using a custom-built aerosol interface to an Atmospheric Pressure 
Chemical Ionization mass spectrometer (APCI-MS). A sixfold- eff) of 
ozone is observed with increasing acid concentration. Stochastic kinetic simulations are conducted 
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with different values of the CI + RCOOH rate constant to validate this result and show that the diffusion 
limited rate is indeed much too rapid to reproduce the experimental results.  
 
Future: 

Beyond Single Photon Ionization, Towards Excited States, Photo-Induced Energy and Electron 
Transfer: We propose to introduce laser spectroscopy to investigate the lower lying electronic 
properties of non-covalent complexes as well as to elucidate on their gas-phase structure as the ALS 
heads towards a shutdown. We propose to investigate structural rearrangements, internal conversion of 
energy and reactivity in clusters using our recently completed laser-based (Coherent Monaco pump 
laser coupled to Opera Optical Parametric Amplifier) mass spectrometer, which at its heart has a widely 
tunable femtosecond laser operating at up to 750 kHz. The probe pulse can be the second (517 nm), 
third (345 nm) or ninth (115 nm) harmonic of the fundamental. The ninth harmonic is generated in a 
Xe gas cell leading to VUV photon energy of 10.8 eV allowing access to ionization for a multitude of 
systems. One of our first undertakings will be to study the excited state dynamics of the anthracene 
dimer in collaboration with Eric Neuscamman (see Subtask 3) since its structure has been reported in 
the  literature, while its excited state dynamics are a holy grail in the area of organic electronics because 
of possible singlet fission. Beyond that, clusters of interest are relevant to understanding and mitigating 
climate change (such as water-CO2) or astrochemistry (methane-water, PAHs). The molecular 
configuration has a large effect on the electronic properties of molecules. Thus, we propose to use IR 
vibrational spectroscopy for structural elucidation. For pure water clusters, and mixed water clusters, 
this has been the method of choice, since the frequency of the infrared transitions, or position of the 
vibrational energy levels, are a direct result of the shape of the potential energy surface and hence their 
structure. One particular system of interest within our astrochemistry research line is CO2-H2O clusters, 
two of the most abundant ices in the interstellar medium. There is intense interest in carbon dioxide 
reduction, both as a fundamental science problem, as well as in light of the pressing challenges of rising 
CO2 concentrations in the atmosphere which invites use of CO2 as a feedstock. CO2 reduction is 
thought to typically begin with formation of the radical anion CO2

-, but the anion itself is a transient 
intermediate in reactive cascades and so is never experimentally characterized in catalytic cycles. We 
propose to perform cluster experiments and complementary quantum chemical calculations (MHG) on 
model clusters where the CO2 anion can be generated either by spontaneous electron transfer, or by 
photoinduced charge transfer based upon suitable molecular ionizers (PAH’s) and/or soft ionization 
methods. We propose to use the spectroscopic probes described earlier, particularly IR spectroscopy 
that would be very sensitive to the change in oxidation state of CO2, as well as the strong change in 
geometry associated with charge transfer.  

Leaky Nozzle Spectroscopy & Gases in Confinement: To probe gas phase molecules in confinement, 
Ahmed and co-workers are designing and implementing new devices that can be accommodated within 
mass spectrometers and laser based spectroscopic instruments. This is adapted from a previous design 
of a System for Analysis of Liquid Interfaces (SALVI) where liquids flow continuously in a reservoir 
and gases emanate through a 1 – 3 m aperture to the vacuum chamber. These molecules evaporating 
through the aperture are interrogated by VUV photons and then detected by mass spectrometry. One 
such multimodal approach to probe both the gas phase and the gases within confinement is to 
interrogate the dynamics of the gas phase molecules (H2O, CO2, N2) inside a metal organic framework 
(MOF) cavity using Raman spectroscopy (50-4000 cm-1) allowing access to the lattice dynamics of the 
MOF cage in the THz regime, and the gas-organic linker functional group information in the IR region. 
A particularly exciting direction is that Qian and co-workers (Subtask 3) are developing methods to 
calculate X-ray, THz, IR and Raman spectra that will guide interpretation of the experimental results. 
Such an effort was also used to develop a computational model based on plane-wave KS-DFT to 
explain molecular details in Piedong Yang’s (LBNL) Ag nanoparticle/ordered ligand interlayer (Ag-

          121



NOLI) system to convert CO2 in confinement. we could leverage an increasingly negative potential to 
induce the opening of a catalytically activated pocket. This pocket is formed by cleaving the O-Ag 
bonds between the tetradecylphosphonic (TDPA) ligand and the Ag nanoparticle one by one, from bi-
dentate to mono-dentate and eventually resulting in a water intercalated non-dentate configuration.28   
 
Evaporation and scattering from liquid jets: The Neumark group, in collaboration with the Wilson 
group, is transitioning from dodecane to water and has recently performed the first evaporation and 
scattering experiments with aqueous flat jets. Global concentrations of many key atmospheric species 
are governed by multiphase chemistry at aqueous interfaces. The complexity of these processes and 
their sensitivity to changing environmental conditions make laboratory studies essential for 
parametrizing kinetic models and evaluating field measurements. While aerosol experiments in the 
Wilson group focus on how multiphase chemistry affects droplet composition, molecular beam 
scattering probes the gas phase products produced at the liquid interface. Thus, for example, the 
Cl2/aerosol uptake studies are highly complementary to Cl2 scattering experiments from flat liquid jets. 
Within this context, the reactive uptake of N2O5 on aqueous surfaces is of particular interest. Neumark 
will carry out experiments scattering N2O5 from cold salty water flat jets, monitoring both the scattering 
and depletion of the initial molecular beam species as well as reaction products that are formed at the 
interface and ejected into the gas phase. Branching ratios for these reactions will be determined by 
assigning product formation channels to TD and IS mechanisms. Another reaction of interest is the 
hydration of SO3 to form H2SO4, a major contributor to atmospheric acid rain formation and aerosol 
nucleation. By scattering SO3 from a flat water jet, one can determine if it is immediately incorporated 
into the liquid or if the limited access to water molecules at the interface is sufficient to catalyze the 
formation of H2SO4 on the surface. Additionally, the cold salty water jet enables study of industrially 
relevant processes, such as the heterogeneous capture of CO2. CO2 capture is carried out by flowing 
flue gas through aqueous solutions containing nontoxic compounds such as monoethanolamine (MEA) 
via the following reaction: 2MEA + CO2  MEACOO  + MEAH+. It has been shown that neutral 
MEA preferentially exists at the surface of aqueous solutions while the products are mainly found in 
the bulk; unfortunately, a detailed understanding of the interfacial behavior of this system has not been 
developed. Thus, through the scattering of CO2 from neat and amine-enriched water jets, the 
translational energy and angular distributions of CO2 will be directly measured, giving insight into the 
underlying interfacial mechanisms. 
 
Multiphase Aerosol Chemistry and non-covalent interactions: A new direction undertaken by 
Wilson is to use molecular simulations in collaboration with David Limmer (CPIMS program LBNL), 
to further explore the mechanism underlying the enhanced reactivity of Cl2 with squalene in the 
presence of oxygenated molecules. The overall goal of this collaboration is to uncover the key 
molecular features at the air-liquid interface that could enhance/control the uptake and reaction of Cl2. 
These are the first steps for ultimately developing a molecularly realistic kinetic model of the reaction, 
as described below. We propose to continue our simulation work on the Cl2 + squalene reaction. Our 
overall goal is to build a realistic kinetic model that explains the enhanced reactivity of Cl2 in the 
presence of oxygenated spectator molecules. To do this we will use the coarse grain stochastic reaction-
diffusion kinetic framework that has been used extensively by the Wilson group to model multiphase 
reactions. The kinetic parameters in the model will be constrained by MD simulations. Once we have 
developed a realistic kinetic model that can accurately predict the experimentally observed uptake 
coefficient vs. temperature, we will incorporate oxygenated additives to the simulations. By combining 
kinetic and molecular simulations we hope to uncover the general principles that govern trace gas 
uptake and reaction at organic-air interfaces. For example, we hope to elucidate and predict where the 
multiphase reaction occurs (e.g. surface vs. bulk vs. subsurface). 
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Organic molecules in the environment oxidatively degrade by a variety of free radical, microbial and 
biogeochemical pathways. A significant pathway is autoxidation, in which degradation occurs via a 
network of carbon and oxygen centered free radicals. Recently, we found evidence for a new 
autoxidation mechanism that is initiated by hydroxyl (OH) radical addition to a carbon-carbon double 
bond and apparently propagated through pathways involving Criegee Intermediates (CI) produced 
from -hydroxy peroxy radicals ( -OH-RO2 ). It remains unclear, however, exactly how CI are formed 
from -OH-RO2 , which could occur by a unimolecular or bimolecular pathway. We propose to test 
three mechanistic scenarios using kinetic models and multiphase OH oxidation measurements of 
squalene. Scenario 1 will assume that CI are formed by the unimolecular bond scission of -OH-RO2 , 
whereas Scenarios 2 and 3 test bimolecular pathways of -OH-RO2  to yield CI. In parallel the Head-
Gordon group will examine potentially new mechanisms using Quantum Chemistry. One such 
mechanism that looks potentially promising involves the formation for a primary ozonide via OH 
radical attack of -OH-RO2 . We will test the predictions of these scenarios against an extensive 
kinetics data set, which includes effective uptake coefficients vs. [OH] as well as the formation kinetics 
of the major products, which are aldehydes and secondary ozonides.  

Ahmed and Wilson propose to explore the role of the gas-liquid interface in controlling the formation 
kinetics of zymonic acid (ZA). ZA is formed from a condensation reaction of two pyruvic acid (PA) 
molecules and only proceeds very slowly in bulk solutions (occurring over days to weeks). Preliminary 
mass spectrometry measurements of submicron aqueous droplets (radius ~ 100-300 nm) of PA show 
evidence that ZA is formed in minutes. We hypothesize that rapid ZA formation arises either from 
interfacial enrichment of reagents and/or a much larger rate coefficient for the surface reaction. To 
examine this hypothesis requires that the rate coefficient for ZA formation by condensation be 
quantified within a realistic kinetic description of the bulk-surface partitioning of PA and ZA. 
Furthermore, since PA is relatively volatile (vapor pressure = 175 Pa), there arises a natural competition 
of evaporation with the condensation reaction at the interface making this particular reaction a complex 
multiphase one. We will measure ZA formation kinetics in nano-sized droplets. Kinetics will be 
measured as a function of size and [PA]. We will build a realistic kinetic model of these kinetic 
measurements in an effort to constrain the mechanism, explain why this reaction appears to be 
accelerated in droplets and determine a surface rate coefficient. 
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Scope of the Project: Decades of research into reaction rates, branching fractions, dissociation 
dynamics, and energetics have vastly improved our fundamental understanding of chemical 
processes. Measurements of radical spectroscopy and excited state dynamics comprise key future 
goals of this effort, especially the development of new ways to probe excited state dynamics 
developed by Neumark and Leone. For example, over past program cycles, the Neumark program 
pioneered high-resolution cold anion photoelectron spectroscopy and radical beam photodissociation 
product coincidence spectroscopy, and the Leone group exploited synchrotron photoionization for 
complex chemistry and intermediate detection, as well as extreme ultraviolet probing of 
photodissociation dynamics and intermediate state processes. Now the Leone and Neumark groups 
are pioneering femtosecond and attosecond time-resolved table-top X-ray spectroscopic probing of 
photochemical processes at sufficiently high photon energies to access carbon K-edge spectroscopy 
with unprecedented time resolution. In this subtask, ring opening has been investigated by X-ray and 
by electron diffraction at the SLAC UED facility, and Jahn-Teller distortion was observed in real time 
in the X-ray. This subtask describes progress and planned experiments by the Leone and Neumark 
groups to extend X-ray dynamic probing into new realms, including diradical species, coherent 
dynamics, and resonance stabilization of radicals Together with theorists Neuscamman and Head-
Gordon, this program advances on multiple fronts the dynamics and energetics of reactive species.  
 
Recent Progress: 
Experiments during the last three years have focused on soft X-ray transient absorption spectroscopy 
(XTAS) measurements at photon energies ranging from 150-300 eV. The soft X-ray light is produced 
by tabletop laser systems capable of generating femtosecond or attosecond pulses. This range of 
photon energies enables one to access core-to-valence transitions in sulfur, chlorine, and carbon. 
Several of the experiments described below are pump-probe experiments in which an ultrafast 800 
nm pulse serves as the pump pulse that initiates dynamics in the target molecule by impulsive 
stimulated Raman scattering (ISRS) or strong field ionization (SFI). ISRS initiates coherent 
vibrational motion on the electronic ground state of the target that appears as oscillatory motion in 
the X-ray transient absorption spectrum, while SFI initiates dynamics (Jahn-Teller distortion, 
dissociation) in the corresponding molecular cation. In both cases, the monitored core-to-valence 
transitions allow one to follow the dynamics with elemental specificity. Alternatively, many of the 
experiments utilize single photon initiation of photodynamics with 266 nm ultraviolet (UV) pulses 
created by nonlinear frequency mixing. This has the advantage of preparing a well-defined initial state 
based on the long history of well-known photochemistry. Some experiments are carried out with 
resonant - UV two-photon ionization and transient absorption detection. Finally, some experiments 
are performed with ultrafast electron diffraction.  
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Coherent Vibrations in Neutral SF6. The 
potential energy surfaces (PESs) of a molecule 
dictate its coupled electron-nuclear dynamics 
following electronic excitation. In particular, 
PESs of core-excited states are of considerable 
interest due to core-level excitation being able to 
induce ultrafast nuclear motion on a timescale 
shorter than the few-femtosecond core-hole 
lifetime. Using attosecond X-ray probing of core 
level potentials, Barreau et al. mapped the inner 
shell PESs of SF6 along the symmetric S-F 
stretch for several core sulfur L-edge excitations 
in the range of 170-200 eV. In this work, ISRS
with a 6 fs 800 nm pulse excited coherent 
vibrational motion on the SF6 ground state, 
yielding oscillations in the X-ray transient 
absorption spectrum at the frequency of the a1g

symmetric stretch 1 = 775 cm 1, T1 = 43 fs). The 
top panel of Fig. 1 shows how vibrational 
wavepacket motion is imprinted on the X-ray 
transient absorption (XTA) spectrum; as the 
molecule vibrates, one observes oscillatory 
energy shifts in the XTA spectrum. Although 
other non-totally symmetric vibrational modes of 
SF6 are Raman active, no signal from these 
modes is seen, which appears to be a general 
feature of ISRS/XTAS experiments due to 
symmetry considerations of the X-ray energy 
shift. Fig. 1 (bottom) shows that the magnitudes 
of 1 oscillations in the XTA spectrum differ for 
the various core-to-valence transitions. From the 
magnitudes of the observed energy shifts in the 
X-ray transient absorption as a function of pump 
intensity, the relative slopes of the excited state 
PESs for various inner shell states are extracted
as shown at the right of Fig. 1.
Signatures of the Bromine Atom and Open-

of Bromobenzene Cation. Exploiting the excellent sensitivity of tabletop soft X-ray spectroscopy, 
Epshtein et al. investigated the bromobenzene cation (BrBz+) soft X-ray absorption around the carbon 
K-edge to explore the influence of halogenation on the X-ray absorption spectrum of the molecular 
cation as well as on the open-shell spin-coupling observed earlier in the benzene radical cation (Bz+).7, 8

The BrBz+ cation was prepared in its electronic ground state by two-photon UV ionization of neutral 
bromobenzene (BrBz) with 267 nm pump pulses. A soft X-pulse generated via High Harmonic 
Generation (HHG) and temporally delayed by ~1 ps was used to record the absorption spectra. The 
dominating features of the spectrum of BrBz+ are two peaks that arise due to core-to-SOMO [C1s *

and C*1s *
(C*-Br)] transitions (C* is the specific carbon atom bonded to the Br). The identification of 

peaks as C*1s *
(C*-Br) transitions indicates a change in C*-Br bond length due to excitation of the C*-

Br-stretch vibrational mode. Interestingly it was found that the influence of the bromine atom on the 
residual carbon atoms and in particular the C1s * transition is small.
Femtosecond Symmetry Breaking and Coherent Relaxation of Methane Cations via X-ray 
Spectroscopy (Jahn-Teller Distortion). The experimental study that showcases the capabilities of our 
soft X-ray beamline perhaps the best is that by Ridente et al. on the direct time-domain observation of 
Jahn-Teller distortion in the methane cation published in Science in 2023 (Fig. 2). In conjunction with 

Fig. 1. (top) Principle of ISRS/XTAS experiment.
(bottom) Potential energy surface slope mapping via 
the 1 vibrational mode in SF6.
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important theoretical support from the 
Martin Head-Gordon group, the 
authors were able to directly and 
unambiguously reconstruct the 
dynamics following the removal of an 
electron from neutral CH4 as it
converts from its tetrahedral (Td) 
shape to a lower-symmetry C2v

geometry. CH4
+ is generated by 

strong field ionization at a very low 
power density with 800 nm optical 
pulses. The key to tracking the change 
is to observe the large shift in the
transition energy of the C1s to SOMO 
X-ray feature observed in the time-
resolved X-ray spectrum. This shift 
tracks the smallest angle of the H-C-H bond scissoring angle as the system distorts from 109.5º in the 
neutral tetrahedral to 55º in the Jahn-Teller distorted C2v cation. During this angle change the bond 
orbital changes from a orbital on the CH group to a p-like orbital on the carbon, which is much higher 
in energy. The initial Jahn-Teller relaxation is essentially complete within (10 ± 2) fs and the motion 
activates coherent vibrational oscillations in the asymmetric scissoring mode of the CH4 cation. These 
oscillations are damped within (58 ± 13) fs by redistribution of the released energy over other internal 
degrees of freedom. The frequency and damping of the oscillations are reproduced by theory, which also 
explains how the evolution of molecular orbitals in the cation leads to the observed Jahn-Teller 
distortion. Upon deuteration, the Jahn-Teller distortion is slowed by the predicted factor of 1.4 to 14 fs. 
This experiment represents a landmark in the study of molecular dynamics via femtosecond soft X-ray 
spectroscopy as it directly demonstrates the outstanding sensitivity of the technique to the ultrafast few-
femtosecond dynamics in chemically relevant species.
Jahn-Teller Distortion and Dissociation of CCl4+ by Transient X-ray Spectroscopy 
Simultaneously at the Carbon K- and Chlorine L-edge.
In work by Ross et al, carbon tetrachloride cations 
(CCl4

+) were prepared by strong-field ionization 
with an 800 nm pump pulse and probed at the 
carbon K-edge and chlorine L-edges with a soft X-
ray pulse generated via high harmonic generation 
(HHG). The experiment tracked the evolution of the 
cation and revealed that its dynamics occur on three 
distinct timescales (Fig. 3): the cation undergoes 
Jahn-Teller distortion away from its highly 
symmetrical tetrahedral (Td) shape within (6 ± 2) fs 
towards C2v symmetry. Following this rapid 
geometrical transformation, the molecule 
transforms from a symmetry-broken covalently 
bonded species to a non-covalently bonded 
complex within (90 ± 10) fs. In the case of this 
halogen-substituted analog of methane, the complex 
dissociates by expelling a chlorine atom at long

fs. Both the symmetry-broken CCl4
+

cation and the non-covalently bonded complex are short-lived intermediates that have not been observed 
in previous experiments. The noncovalently bonded Cl–CCl3

+ complex is held together largely by the 
polarization of the neutral species, forming an ion-induced dipole complex with a lifetime significantly 
exceeding that of the covalent bond cleavage time. The observed long lifetime of the noncovalently 
bonded species is a potential explanation for otherwise unstable parent ions appearing in mass-spectra of 
ultra-short strong-field ionization.

Fig. 3. Jahn-Teller distortion and dissociation of 
CCl4

+ upon strong field ionization. Dynamics in 
CCl4

+ upon strong-field ionization unfold on three 
different time scales: within (6 ± 2) fs the initially 
tetrahedral molecule Jahn-Teller distorts, followed 
by a transformation to a non-covalently bonded 
complex within (90 ± 10) fs. Ultimately the 
molecule dissociates for fs.

Fig. 2. Jahn-Teller distortion of the methane cation probed directly 
in the time domain via soft X-ray pump probe spectroscopy. Jahn-
Teller distortion of the CH4 cation occurs rapidly within (10 ± 2) 
fs upon ionization, activating coherent vibrations that decay within 
(58 ± 13) fs. Upon deuteration, the time shifts longer by 1.4.
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Coherent Vibrations in CCl4 through the Eyes of Carbon and Chlorine. CCl4 was studied as 
another candidate for mapping the core-excited state potential energy surfaces in an ultrafast soft X-ray 
transient absorption spectroscopy experiment via its vibrational properties. All of the modes are Raman 
active and have been studied in great detail. The experiment is able to clearly resolve the 1 mode in the 
soft X-ray transients at the chlorine L-edges as well as the carbon K-edge (albeit with lower signal-to-
noise ratio) as seen in their Fourier transforms. Due to the CCl4 sample not being isotopically pure in 
chlorine, it is expected that the experimental signal is a superposition of slightly detuned 1 vibrations 
with a recurrence time of ~10 ps. This recurrence is, in fact, observed in scans recorded at different 
times far from time zero. Importantly, the slopes of the core-excited potential energy surfaces could be 
determined (Cl 2p-1 7a1

*: arbitrarily set to -1, Cl 2p-1 t2
*: (-0.81 ± 0.08), C 1s-1 t2

*: (-0.47 ± 0.05)) in 
excellent agreement with theory results of the Martin Head-Gordon group (yielding -1, 0.79 and 0.47, 
respectively). The results show that the projection of the relative forces of the potential energy surfaces, 
from the relative viewpoint of the Cl atom and the C atom, for the same stretching vibration, are 
markedly different, and accurately compare with Kohn-Sham calculations. 
Capturing Ring Opening in Photoexcited Enolic Acetylacetone Upon Hydrogen Bond 
Dissociation by Ultrafast Electron Diffraction 
Acetylacetone (AcAc) serves as a prototypical system within photochemistry as it displays a complex 
chemical relaxation pathway involving several conical intersections (CI) and a singlet-to-triplet 
intersystem crossing (ISC). AcAc also represents a classic example of keto-enol tautomerization 
where a significant number of rotational isomers play a key role in describing the equilibrium 
geometry following photoexcitation. These relaxation pathways are often the basis for photoinduced 
biological and chemical reactions within organic chromophores, such as AcAc. Ultrafast electron 
diffraction (UED) at the SLAC MeV-UED setup was employed as a structural probe of these 
relaxation pathways. In the gas phase, AcAc is predominantly found in a planar ring-like enolic form, 
which is stabilized by an extremely strong intramolecular hydrogen bond.13-15 Upon excitation into 
its S2 ) state via 266 nm light, acetylacetone undergoes rapid internal conversion followed by 
intersystem crossing, pathways that are associated with structural changes such as ring opening, 
deplanarization and bond elongation. Trajectory surface hopping calculations aided the analysis and 
interpretation of the UED data, providing a new perspective on the early time events occurring in the 
photoinduced nuclear dynamics of acetylacetone. The acetylacetone molecule is observed to undergo 
ring opening, deplanarization and bond elongation within the first 700 fs after excitation. These 
dynamics are associated mainly with the nuclear motion on the molecule’s S1 potential energy surface, 
occurring after rapid transfer from S2 to S1, allowing AcAc to reach the conical intersection between 
S1 and T1 for intersystem crossing.  

Future Plans: 
Some of the experiments described above involved non-linear pump schemes such as ISRS or SFI 
driven by an 800 nm or 266 nm pulse. Previous work by Leone with a longer pulse laser also involved 
single photon UV excitation to probe ring opening, singlet-to-triplet transfer, and bond breaking. New 
experiments focus more on the use of shorter UV pulses that access electronically excited states of 
target molecules via one-photon excitation. This capability enables “attosecond photochemistry” 
experiments in which the nature of the pump-induced excitation is well-defined. Using an attosecond 
soft X-ray probe pulse as before, one can then monitor element-specific electronic and vibrational 
dynamics as the photoexcited molecule undergoes non-adiabatic transitions via conical intersections, 
photodissociates, or isomerizes. Our current capabilities in this arena include the ability to generate 
sub-20 fs pulses with center wavelengths variable between 255 and 290 nm. We plan two 
experimental advances: the generation of sub-10 fs pulses out to 200 nm using resonant dispersive 
wave (RDW) emission, and the extension of the soft X-ray range to the nitrogen K-edge at 400 eV 
by means of two-color high harmonic generation schemes.  
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Scope of the Project: To expand knowledge of transient species such as radicals relevant to combustion 
chemistry, atmospheric photochemistry, and other areas including catalysis, new theoretical methods 
are needed for reliable computer-based prediction of their properties. In electronic structure theory, 
focus centers on the development of new density functional theory methods and new wave function 
theories. Newly developed theoretical methods, as well as existing approaches, are employed to study 
prototype radical reactions, often in collaboration with experimental efforts in the related subtasks (see 
separate LBNL abstracts).  These studies help to deepen understanding of the role of reactive 
intermediates in diverse areas of chemistry. They also sometimes reveal frontiers where new theoretical 
developments are needed in order to permit better calculations in the future. 
 
Recent Progress 
Due to length limitations, only a selection of projects can be summarized here. 

High Accuracy Excited States and Monte Carlo Optimization.  Neuscamman and co-workers 
have developed new methodology for diradical core states (Garner 2024) and excited-state-specific 
variational Monte Carlo (VMC) (Otis 2023a, Otis 2023b).  The core state work leverages excited-state-
specific complete active space self-consistent field theory and selected configuration interaction to 
tackle double excitations involving a core excitation to show how a geometry-dependent spin selection 
rule allows for richer interpretation time-resolved XAS spectra for diradical species.  Work on VMC 
has improved excited-state-specific wave function optimization by showing that adaptive step size 
control stabilizes difficult cases and has demonstrated that excited state VMC maintains its high 
accuracy across singly excited, doubly excited, and charge transfer states.  In contrast, other high level 
methods such as EOM-CCSD and CASPT2 perform well in some of these categories while struggling 
in others. 
 Assessing the predictive power of time-dependent DFT for electronic excited states. A large-
scale benchmark assessment of more than 40 popular or recently developed density functionals for the 
calculation of 463 vertical excitation energies against the large and accurate QuestDB benchmark set 
was completed by the Head-Gordon group (Liang et al, J. Chem. Theory Comput. 2022). The functionals 

B97X-D and BMK are found to offer the best performance overall with a root-mean square error 
(RMSE) of around 0.27 eV, better than the computationally more demanding wavefunction-based 
methods. The Tamm-Dancoff approximation is recommended. These results provide useful updated 
guidelines for practical TDDFT calculations. 

Analytical hessian evaluation for Van der Waals density functionals. What we believe to be the 
first analytical theory and implementation of the hessian for VV10-containing density functionals has 
been completed by the Head-Gordon group, and used to assess the quality of vibrational frequency 
predictions using modern VV10-containing functionals.  VV10 contributes dispersion energy (the “-V” 
part) to today’s leading density functionals, such as the most accurate hybrid meta-GGA ( B97M-V). 
The additional compute cost of the VV10 contributions to analytical frequencies is shown to be small 
in all but the smallest basis sets for recommended grid sizes. Numerical assessments show that the 
contribution of VV10 to B97M-V harmonic frequencies is important for systems where weak 
interactions are significant. 

Efficient real-space KS-DFT development: Key distinctions persist among the dominant 
practitioners of Kohn Sham-DFT (KS-DFT). On the one hand, quantum chemists favor orbital-like basis 
sets (usually gaussian type orbitals) and tend to focus their efforts on isolated molecular systems. In 
contrast, solid-state physicists leverage plane-wave basis sets (usually coupled with periodic boundary 
conditions) and tend to focus on descriptions of (quasi-) continuous solids and interfacial systems. 
Moving down the periodic table and building on our previous success for the 2nd row elements, Qian 
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and Head-Gordon (LBNL) collaborated on developing and benchmarking the real-space 
pseudopotential based XPS prediction capabilities for 3rd row elements (Liu et al., 2024). In this paper, 
we further discussed the implications of periodic boundary conditions (PBC) and carefully laid out an 
error cancellation strategy that accurately predicts XPS binding energies for large, periodic systems.  

Ab initio regularization via size-consistent second order Brillouin-Wigner (BW2) perturbation 
theory. Beginning from a recent proposal to make second order Brillouin-Wigner perturbation theory 
extensive, the Head-Gordon has designed a new theory that is also size-consistent (Carter-Fenk et al, 
2023a, 2023b), and ab initio in the sense that it depends only upon a novel repartitioning  of the 
Hamiltonian to directly obtain size-consistent second order energies that are also stable (i.e. regular) in 
the zero gap limit. The repartitioning can be chosen such that the theory also captures an element of 
strong correlation by being exact for the problem of 2 electrons in 2 orbitals at dissociation. Alternatively 
the single parameter controlling the strength of the ab initio regularizing operator can be chosen to 
optimize performance for chemical problems. The results of these assessments are very encouraging, 
considering that the cost scales the same way as standard MP2 theory with molecular size. 

Fantastical excited state structures from the Born-Oppenheimer separation. An excited state 
PES technically only exists within the realm of the Born-Oppenheimer separation of nuclear and 
electronic degrees of freedom. The Head-Gordon group (Talbot et al, 2023) has demonstrated through 
ab initio calculations and simple nonadiabatic dynamics that some excited state minimum structures are 
fantastical: they appear to exist as stable configurations only as a consequence of the PES construct, 
rather than being physically observable. Each fantastical structure exhibits an unphysically high 
predicted harmonic frequency and associated force constant, which is a result of being very close to the 
upper side of a conical intersection... That is a useful diagnostic of such non-observable structures! 

Chemical Applications:  Neuscamman’s work on diradicals’ core states (Garner 2024) has 
clarified a new spectroscopic handle in XAS and provides testable predictions for the furanone ring 
opening. In collaboration with Tod Pascal (UCSD) and Richard Saykally (UCB, LBNL), Qian applied 
the recently developed real-space KS-DFT XPS module (Xu et al., 2022) to study the gas-liquid 
interactions using the sodium carbonate nanoparticles as a surrogate model (Devlin et al, 2023). 
Leveraging plane-wave and real-space KS-DFT, Qian also studied the gas-solid interactions that guides 
the design of carbon capture solid sorber (Glenna et al, 2023) in collaboration with Haiyan Zhao (INL), 
Seth Snyder (INL) and Yingchao Yang (University of Maine). Head-Gordon’s group has also completed 
a rich variety of chemical applications, including a collaboration with Musa Ahmed (LBNL) on 
hydronium-water clusters (Mackie et al, 2023), and analysis of the importance of Pauli repulsion in 
gold-I complexes (Wong et al, 2022), and a range of other recent applications (see publication list).   
 
Future Plans:  

Robust Excited State Guesses and Fast PES Exploration:  Many excited-state-specific 
electronic structure methods amount to nonlinear optimization and, as such, depend strongly on the 
quality of the initial guess.  In ground states, RHF and DFT usually provide excellent guesses, but their 
most widely used excited-state extensions (CIS and TDDFT) are much less reliable in this regard due 
primarily to a lack of excited state orbital relaxations.  Work on a low-cost excited state initial guess 
generator that leverages advances in selected CI will fill this gap and enhance the impact of excited-
state-specific electronic structure.  In parallel with this effort, methods will be developed to accelerate 
ground and excited state explorations of potential energy surfaces by exploiting synergies that exist 
between atomic displacement energetics and local correlation methods. 

Efficient real-space KS-DFT development:  Qian will continue the development of real-space 
KS-DFT spectroscopic modules. The developmental effort is supported by a separate and synergistic 
ECRP award. The potential applications for this development involve core excitation predictions for 
finite systems from small (a few atoms) to large (>10,000 atoms), thermodynamics and kinetics 
predictions for gas in confined space (Subtask 2 with Musa Ahmed, LBNL). As we demonstrate the 
increased computational capabilities in simulating large systems, we will also develop efficient 
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algorithms navigating the complex energy landscape to prepare initial cluster structures as a prior step 
for these real-space KS-DFT calculations.   

“Digital Twin” for XPS, Infrared, and Raman Spectroscopy: A “Digital Twin” is more than a 
“virtual mimic of the experiments”. Indeed, the bidirectional feedback from the theory and experiment 
is central to “Digital Twin” and enables the dynamical growth of Qian’s Digital Twin for Chemical 
Science (DTCS v.01) software platform. DTCS v.02 will be specially designed for gas phase 
experiments, where the input of “Digital Twin” will best mimic the real experimental settings, and 
output of “Digital Twin” will allow direct comparison between theory and experiment in the exact same 
format, such as XPS, Infrared, or Raman spectra. We envision that this development will facilitate 
planning of resource-heavy future experiments, interpret the observations on-the-fly, and intelligently 
guide the execution of subsequent experiments. 

A Gold Standard Database for the development of a near-gold-standard functional?  The Head-
Gordon group has almost completed the development of new database of over 8000 highly accurate 
values spanning essentially all types of chemically relevant energy differences, both for main group 
elements and transition metals. Using this database we are attempting to improve hybrid density 
functionals, with the objective of surpassing the performance of the most accurate existing hybrid meta-
GGA ( B97M-V). Whether or not that is possible is an open question, but the result will be very 
interesting either way. There is some evidence that the limitations of earlier databases (e.g. no transition 
metals, and no direct assessments of density quality) could have adversely limited the accuracy of 

B97M-V for such problems. If the result is negative, then we will move on to consider functional 
design opportunities that differ more substantially from existing forms (e.g. see following paragraph). 

Generalized size-consistent second order Brillouin-Wigner perturbation theory: Head-
Gordon’s recent development of BW-s2 can be dramatically generalized to include a rich variety of 
additional building blocks in the regularizing operator that is employed to repartition the Hamiltonian 
between unperturbed and perturbed parts. And this is without changing the size-scaling of the method: 
it still can scale the same as MP2 theory! We are fascinated by the resulting possibility of substantial 
additional improvements in the chemical performance of an optimally designed regularizer, and will 
pursue that problem. Viewed from a DFT standpoint, this also offers the chance to design rung 5 density 
functionals with a far richer set of descriptors for electron correlation than has hitherto been possible. 
That should synergize with the Head-Gordon group’s DFT development plans mentioned above. There 
are also opportunities to extend the BW-s2 framework to excited states that we hope to pursue.  

Collaborative chemical applications: Collaborative applications to understand XAS in glycerol 
solutions are approaching completion (Head-Gordon, with Musa Ahmed, LBNL). Ahmed and Head-
Gordon are also planning a new collaboration on excited states of CO2 in clusters and their connections 
to photo-driven chemistry. Head-Gordon’s project on modelling oxidative chemistry of unsaturated 
hydrocarbons in aerosols (to connect with Wilson’s experiments in the LBNL program) is now being 
written up for publication. The study of XAS for diradicals (Leone and Neuscamman) provides testable 
predictions for the furanone ring opening as well as a spin exchange model for thinking about which 
systems should exhibit observable geometry-dependent spin selection rules in diradicals’ core spectra. 
Qian and Ahmed will continue their studies of CO2 in metal–organic frameworks to understand the gas-
confinement interactions. Collaborative research between Qian, Wilson, and Ahmed is ongoing to 
investigate the physical and chemical nature of ammonia sulfate aerosols.   
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I. Program Scope 

Our research aims to characterize important, yet often elusive, reaction intermediates in hydrocarbon 
oxidation using novel spectroscopic and dynamical methods.  A recent thrust is focused on characterizing 
hydroperoxyalkyl radical intermediates (•QOOH) containing a carbon radical center (•Q), which are 
important intermediates in low temperature combustion of hydrocarbon fuels and atmospheric oxidation 
of volatile organic compounds.  In addition, we continue to collaborate on experiments carried out at the 
Advanced Light Source that focus on carbonyl oxides (Criegee intermediates, R1R2C=O+O ), which are 
important intermediates in tropospheric hydrocarbon oxidation. 

II. Recent Progress 

A. Infrared spectroscopy and unimolecular dissociation dynamics of •QOOH 

The atmospheric oxidation of volatile organic compounds (VOCs) and low-temperature ( 1000 K) 
combustion of hydrocarbon fuels proceed via a well-established sequence of radical reactions.  These 
radical chain reactions are known to drive the formation and growth of secondary organic aerosols in the 
atmosphere and provide the key chain-branching pathways in low-temperature combustion and 
autoignition.  Although most aspects of the reaction mechanism are understood, a critical class of carbon-
centered hydroperoxyalkyl radical intermediates, commonly called •QOOH, have generally eluded direct 
experimental observation of their structure, stability, and dissociation dynamics.  Our initial studies 
focused on the infrared (IR) fingerprint of •QOOH radicals transiently formed in isobutane oxidation, 
along with direct time-domain measurement of the •QOOH unimolecular dissociation rates over a wide 
range of energies.1,2  Recently, my group obtained the IR spectroscopic signatures of carbon-centered 
•QOOH radicals transiently formed in the oxidation of cyclohexane and cyclopentane, along with their 
energy-resolved and time-dependent evolution to hydroxyl (OH) radical products.3-5  In each case, the 
experimental results are complemented by state-of-the-art electronic structure calculations, statistical 
unimolecular rate calculations, and master equation modeling in collaboration with Stephen Klippenstein 
(Argonne). 

Hydroperoxy-cyclohexyl radicals (•QOOH) transiently formed in cyclohexane oxidation have been 
stabilized, jet-cooled, and characterized through their IR action spectrum and unimolecular decay 
dynamics to OH products that are detected by UV laser-induced fluorescence.3,4  The cyclohexane 
oxidation pathway leads to three nearly degenerate carbon-centered hydroperoxy-cyclohexyl isomers, -, 
-, and -QOOH, which are prepared in the laboratory using photolytically generated Cl atoms to abstract 

an H-atom from corresponding ring sites of the cyclohexyl hydroperoxide precursor.  The three isomers 
are predicted to have similar fundamental and overtone OH stretch transitions and combination bands, 
which differ from one another by only a few cm-1 in each spectral region based on anharmonic 
frequencies computed by second-order vibrational perturbation theory.  This precludes definitive 
identification of the •QOOH isomer by IR spectroscopy alone.  However, -QOOH has a significantly 
lower transition state (TS) barrier to OH radical products compared to those for - or -QOOH, which has 
enabled isomer-specific characterization of -QOOH at energies ranging from 10 to 20 kcal mol-1 (Figure 
1). 
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Figure 1.  Schematic reaction pathway illustrating key minima and transitions states on the C6H11O2

potential energy surface.  The barriers leading to OH products differ considerably for - (black), - (blue), 
and - (brown) QOOH, enabling isomer-selective detection of -QOOH.

The energy-resolved unimolecular decay rates for -QOOH, measured as the time-dependent 
appearance of OH products on a nanosecond timescale, increased 40-fold (5 106 s-1 to 3 108 s-1) over 
the energy range explored (3500 to 7000 cm-1; 10 to 20 kcal mol-1), providing a stringent test of the 
corresponding TS barrier.  Moreover, -QOOH has near unity branching to OH products, while - and -
QOOH are predicted to favor branching to ROO• and/or undergo much slower unimolecular decay to OH 
products than experimentally observed rates.  

A benchmarking approach has been utilized to evaluate stationary point energies – most importantly 
the TS barriers leading to OH products – by comparison with the structurally similar, yet smaller, -
QOOH of •CH2CH2OOH, in which higher accuracy energies can be computed.  The benchmark electronic 
structure calculations for -QOOH in the C6H11O2 system yielded a TS barrier of 9.49 kcal mol-1 and 
optimized TS barrier of 9.76 kcal mol-1, which were utilized for statistical RRKM calculations.  The 
computed microcanonical rates k(E) were in excellent accord with the experimental rates measured for 
appearance of OH products.  Heavy atom tunneling, involving O-O extension and C-C-O angle 
contraction for cyclization, was found to enhance the microcanonical unimolecular decay rates by ca. 
20% or more.  Master equation modeling was also utilized to compute thermal decay rates for -QOOH
over a wide range of temperatures and pressures.  At 298 K, the thermal rate in the high pressure limit 
k(T,P) 2 105 s-1, corresponding to a lifetime of 5 s with 2-fold enhancement due to heavy atom 
tunneling, illustrates the transient nature of the •QOOH intermediates.

An analogous carbon-centered hydroperoxyalkyl intermediate (•QOOH) in the oxidation of 
cyclopentane has been identified by IR action spectroscopy with time-resolved unimolecular decay to 
hydroxyl (OH) radical products that are detected by UV laser-induced fluorescence.5  Two nearly-
degenerate •QOOH isomers, - and -QOOH, are generated by H-atom abstraction of the cyclopentyl 
hydroperoxide precursor.  Fundamental and first overtone OH stretch transitions and combination bands 
of •QOOH are observed and compared with anharmonic frequencies computed by second-order 
vibrational perturbation theory.  An OH stretch transition is also observed for a conformer arising from 
torsion about a low-energy CCOO barrier.  Definitive identification of the -QOOH isomer relies on its 
significantly lower TS barrier to OH products, which results in rapid unimolecular decay and near unity 
branching to OH products.  By contrast, -QOOH is predicted to decay to ROO• with high yield.  A 
benchmarking approach is utilized to compute high-accuracy stationary point energies, most importantly 
TS barriers, for cyclopentane oxidation (C5H9O2), again building on higher level reference calculations 
for ethane oxidation (C2H5O2).  The experimental OH product appearance rates are compared with 
computed statistical microcanonical rates, including heavy atom tunneling, thereby validating the 
computed TS barrier (9.76 kcal mol-1;727i cm-1) for -QOOH.  The results are extended to thermal 
unimolecular decay rate constants at temperatures and pressures relevant to cyclopentane combustion via 
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master-equation modeling.  At 298 K, the thermal rate in the high pressure limit, k(T,P)  2.2  105 s-1, 
corresponds to a -QOOH lifetime of 4.5 s, which is enhanced 2-fold by heavy atom tunneling.  The 
various torsional and ring puckering states of the wells and transition states are explicitly considered in 
these calculations. 

B. Photoionization mass spectrometry studies 

In the past year, we continued our collaboration with Caravan (Argonne), Taatjes (Sandia), and 
Klippenstein on the bimolecular chemistry of Criegee intermediates utilizing the Sandia Multiplexed 
Photoionization Mass Spectrometer (MPIMS) at the Advanced Light Source.  We are examining the 
impact of water complexation on the reactions of CH2OO and syn/anti conformers of CH3CHOO with 
organic hydroperoxides.  In the absence of water, these reactions proceed by 1,2 insertion mechanisms.  
We are using experiment and theory to address how water complexation influences the kinetics and 
product branching of these reactions.  Further details and motivation are provided in Caravan’s abstract. 

III. Ongoing and Future Work 

Current and future experiments are expanding our studies of •QOOH radicals to systems with 
additional functionality, e.g. OH substituents,6 such as occur in isobutanol oxidation.7  Preliminary 
calculations of IR transitions and unimolecular decay rates are in progress, which are used to guide IR 
spectral searches and dynamical measurements using an analogous IR pump-UV probe scheme.  The 
experimental results will then be compared with computed anharmonic frequencies and unimolecular 
decay rates predicted by statistical RRKM theory.   

We are also continuing our collaboration with Caravan and Taatjes to examine the rates and products 
of bimolecular reactions of Criegee intermediates – with and without extended conjugation – involving 
key atmospheric species (water vapor, SO2, formic acid, NO2).  These bimolecular reactions involve 
remarkably different types of mechanisms, 1,2 addition, 1,4 addition, and secondary ozonide (SOZ) 
formation, which form more highly oxygenated products with greater mass. 
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Program Scope 

Measurements and quantum chemistry modeling are carried out to improve the fundamental 
understanding of the reactivity and thermochemistry of nitrogen-containing species. Reaction barriers and 
bond strengths control the behavior of short-lived radical intermediates, and this basic chemistry helps 
reveal general principles which influence the magnitude of rate constants and ratios of alternative 
pathways to different products. A goal is to improve our understanding of the physical chemistry of 
ammonia oxidation alone and in conjunction with hydrocarbons, and the behavior of oxidized nitrogen 
species. 

An application of this work is to help analyze the use of ammonia as a carbon-free energy transfer 
fuel, when it is synthesized from green sources of energy such as wind, solar or hydroelectric. A near-
term application may be for carbon-free cargo shipping. With a boiling point and vapor pressure similar 
to propane, ammonia is relatively easily transported (by comparison to liquid hydrogen) and can then 
catalytically decomposed to release hydrogen for use in fuel cells, or directly burned for energy release. It 
can serve as a substitute for diesel fuel. There are indications that ammonia’s ignition and engine 
properties are improved by mixing with conventional fuel, which makes interactions between the 
chemical cycles of nitrogen and carbon species of interest. The aim is to develop a reliable chemical 
mechanism, so that engines can be modified or designed intelligently. One issue about the use of 
ammonia is the potential formation of nitrous oxide, a potent greenhouse gas. If it is not destroyed within 
the flame, N2O emissions will cancel the environmental benefit of zero CO2 formation, so N2O chemistry 
will be examined. 
 
Recent progress 
 Pulsed laser-photolysis to generate radicals followed by time-resolved laser-induced fluorescence 
to monitor their consumption has been applied to measure NH2 radical kinetics under conditions (low 
concentration and short time) where single elementary reactions dominate the measured species profiles.
 We applied this technique to study the reaction 
  NH2 + H2O2  NH3 + HO2       (1) 
at a single temperature and obtained the temperature dependence (see Fig. 1) via Multistructural 
Improved Canonical Variational Transition State Theory with Small Curvature Tunneling, with 
geometries and scaled frequencies obtained with M06-2X/6-311+G(2df,2p) theory, and single-point 
energies from CCSD(T)-F12b/cc-pVTZ-F12 theory, plus a term to correct approximately for electron 
correlation through CCSDT(Q). There was good agreement with the measurement at ~429 K and, via the 
reverse reaction (relevant to HO2 chemistry connected to ignition delay), with the 1000 K value obtained 
by Cavalotti et al. with EStokTP. 
 A similar approach was taken with 
  NH2 + N2H4  products       (2) 
where the rate constant k1 was in good accord with the empirical estimate of Dean and Bozzelli, but much 
larger than the only other quantum chemistry work, by Li and Zhang, and much smaller than that 
measured by Gehring et al. In the latter case, modeling of their reaction conditions indicates low 
sensitivity to reaction 2.  
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Our measurements up to 640 K, plotted in Fig. 2, for 
  NH2 + CH2O  products       (3) 
indicate an activation energy Ea of ca. 19 kJ mol-1, by contrast to computational predictions by Barone 
and coworkers of a barrierless path to H + HCONH2. Our own computational work, based on B2PLYP-
D3 density functional theory for geometries and anharmonic frequencies, combined with CCSD(T) results 
extrapolated to the complete basis set limit and with corrections for relativistic terms, core-valence 
correlation and further correlation through CCSDT(Q), leads to the potential energy diagram below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variational Transition State Theory with internal torsions treated as uncoupled 1-D rotors, and tunneling 
assessed from the curvature at the top of the vibrationally adiabatic barrier and the Eckart model, yielded 
the theoretical rate constant plotted in Fig. 3. This revealed the dominant pathway is abstraction to form 
NH3 + HCO (97%), despite the higher barrier, because of greater tunneling enhancement of reactivity 
here than for the addition/dissociation channel (3%).  
 Further chemistry of NH2 has been explored computationally, again based on M06-2X density 
functional and the 6-311++G(2df,2p) basis set for geometries and, after scaling, for zero-point vibrational 
energy and for fundamental frequencies used in partition functions. Relative enthalpies are obtained via 
direct extrapolation of coupled cluster CCSD(T) energies to the complete basis set limit via the CBS-
APNO compound approximation. Mechanistic interpretation of experiments at Technical University of 
Braunschweig on ammonia/methanol mixtures was assisted by evaluation of k5a and k5b for 
  NH2 + CH3OH   NH3 + CH2OH      (4a) 
     NH3 + CH3O       (4b) 
based on Canonical Variational Transition State Theory with internal torsions treated as uncoupled 1-D 
rotors. Tunneling was assessed from the curvature at the top of the vibrationally adiabatic barrier and the 
Eckart model. It is planned to return to these processes using MS-CVT at a later date. Modeling indicated 

Figure 1. LP-LIF measurement and calculation (red curve) for NH2 + H2O2. 

Figure 2. Arrhenius plot of PLP-LIF measurements for NH2 + CH2O (left) and the PE diagram (right). 
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that addition of methanol to ammonia fuel speeds ignition through increased [HO2] and [OH] while 
recycling NH2 back to NH3 via reaction (4). 

A recent theory/modeling study focused on the sometimes-included reaction NH2 + NH3  N2H3 
+ H2 with the conclusion that there is no moderate barrier, direct pathway or one via an N2H5 
intermediate, and that for several scenarios multireaction modeling can match literature observations 
without assuming this process. 
 Reactions (3), (4) implement coupling between C and N chemistry. There is also the possibility of 
forming C-N species in an ammonia/hydrocarbon flame, such as CH3NH2 from methyl + amidogen 
recombination. A product of attack on CH3NH2 is the imine CH2=NH. This molecule is hard to handle 
and there are no experimental determinations of its reactivity with flame radicals such as H and OH. We 
have made measurements of hydroxyl kinetics with a more inert, fluorinated imine: 
  OH + (CF3)2C=NH  products       (5) 
We monitored consumption of the imine and a reference compound, 1,1-difluoroethane, via FT-IR 
spectroscopy, in the presence of OH generated by UV photolysis of an ozone/hydrogen mixture. From the 
relative rates we derive the overall k5  4.4 × 10-14 cm3 molecule-1 s-1 at 298 K (incidentally, this leads to a 
100-year Global Warming Potential of 90). This k5 allows us to test computational evaluation of the rate 
constants for abstraction of H or addition at the C or N atoms. Initial results indicate addition to the C 
atom is favored. For H-atom reactions with this imine, theory yields predicted barriers for abstraction, C 
addition and N addition of 45, 29 and 17 kJ mol-1, respectively. These H-atom values await experimental 
confirmation. 

There has been some question about the high-pressure limit for  
 NH3 + M NH2 + H + M       (6) 

with shock-tube experiments interpreted to yield k-6,  values for NH2 + H recombination of between 2 × 
1012 to 2 × 1014 cm3 mol-1 s-1. Searches with multireference CASSCF-MP2 theory revealed no tight 
transition state for reaction (6) and classical capture theory based on long-range dispersion interactions 
yielded k-6,   6.5 × 1014 cm3 mol-1 s-1 at 298 K and proportional to T1/6. This result supports the idea that 
most experiments are at the low-pressure limit for reaction 6 and a mechanism for ammonia pyrolysis that 
incorporates a recommended k-6,  = (4 ± 2) × 1014 cm3 mol-1 s-1 has been published. 
 The high pressures and high NH3 concentrations that arise with use of NH3 as a fuel, rather than 
as a model for a fuel-nitrogen source of NOx, mean that dinitrogen species may be formed. We have 
explored the PE surface for 

N2H3 + O2  products        (7) 
with the initial expectation of similarity to ethyl + oxygen which proceeds via the ethylperoxy 
intermediate and well-known ROO, QOOH chemistry. However, the isoelectronic NH2N(H)OO radical is 
computed to be thermodynamically unstable with respect to the reactants in reaction (7). The lowest 
barrier pathways appear to be abstractions leading to N2H2 + HO2, with ROCCSD(T)/CBS barriers of ca. 
60, 80 and 120 kJ mol-1 for attack at the three N-H bonds. This implies that the hydrazyl radical could be 
relatively long-lived, at least with respect to direct oxidation.  

In the context of possible pathways for N2O destruction, we note that Burke and coworkers 
recently discussed a significant role for NH2 reaction with N2O over 800-1100 K: 

NH2 + N2O  N2H2 + NO       (8) 
We have conducted experiments which yield an upper limit for overall NH2 consumption of ca 1 × 10-15 
cm3 molecule-1 s-1 at 510 K, which is consistent with the empirically estimated k8 ~ 10-18 cm3 molecule-1 
s-1. Investigation of the PE surface with modified CBS-APNO theory is summarized below in Fig. 3. The 
lowest barrier path leads to H2NN rather than HNNH, following NH2 attack at the terminal N of N2O.  

A second N2O consumption route is  
O + N2O  N2 + O2 and/or 2 NO      (9) 

and we recently published an evaluation of prior work in this area, attempting to resolve disagreements 
concerning product branching ratios.  
 Details of the current quantitative mechanism for oxidation and pyrolysis of NH3, N2H4 and 
related compounds developed to date are contained in publications 2, 5 and 6 below.   
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Future Plans 
 Experiments with resonance fluorescence detection of H atoms will be applied to the kinetics of 
H + CH3NH2. Theory will help assess H-abstraction from C-H vs N-H, and possible pathways to CH4 + 
NH2 and CH3 + NH3. Proposed extensions of NH2 chemistry include its kinetics with unsaturated species, 
starting with ethylene and acetylene where addition to the pi bond is likely important, and with biofuels 
and diesel surrogates. Product studies of H and O-atom reactions with N2O, a greenhouse gas potentially 
formed during ammonia oxidation, are aimed at improving understanding of these processes that destroy 
N2O in flames. These product studies will include ca. 1 atm pressure discharge-flow experiments.  
 Our apparatus with FT-IR detection will be modified for high-temperature photochemistry, to 
investigate the reactivity and product formation for NH3 and CH3NH2 reactions, initially with O atoms. 
Computationally, the unimolecular reactions of methylamine and ethylamine will be examined because 
the reverse of C-N bond breaking couples regular hydrocarbon chemistry and ammonia chemistry. 
Mechanism development in collaboration with Glarborg will continue, and species for further evaluation 
include NH2O. 
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with the Amidogen Radical" I.M. Alecu, Y. Gao and P. Marshall, J. Chem. Phys., 157, 014304 
(2022). 

4. “Reactions of Hydrazine with the Amidogen Radical and Atomic Hydrogen” Y. Gao, I.M. Alecu, 
H. Hashemi, P. Glarborg and P. Marshall, Proc. Combust. Inst., 39, 571 (2023). 

5. “Re-Evaluation of Rate Constants for the Reaction N2H4 (+ M)  NH2 + NH2 (+ M)” C.J. Cobos, 
P. Glarborg, P. Marshall and J. Troe, Combust. Flame, 257, 112374 (2023). 

6. “Probing high-temperature amine chemistry: Is the reaction NH3 + NH2 = N2H3 + H2 important?” 
P. Marshall and P. Glarborg, J. Phys. Chem. A, 127, 2601-2607 (2023). 

7. “Re-Examination of the N2O + O Reaction” P. Glarborg, J.S. Allingham, A.B. Skov, H. Hashemi 
and P. Marshall, J. Phys. Chem. A, 127, 6521 (2023). 

Figure 3. PE diagram for NH2 + N2O. Attack is possible at the O atom (red), 
central N atom (blue) and terminal N atom (black) 
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Electronic Structure, Spectroscopy, and Bond Dissociation Energies of Small Actinide Molecules 

PI: Michael D. Morse (morse@chem.utah.edu) 
Department of Chemistry, University of Utah 
315 S. 1400 East, Salt Lake City, UT 84112 

Program Scope 
In this experimental program, we seek to obtain detailed, precise information concerning the 

electronic structure, spectroscopy, and bond dissociation energies of small thorium and uranium 
molecules and ions that can be used to assess computational approaches for these systems.  The work is 
focused on advancing our understanding of the role of the 6d and 5f electrons in the electronic structure of 
these species.  Computational chemistry finds these molecules to be quite challenging, due to the high 
electronic state density and the highly correlated electronic motions in the partially filled 6d and 5f 
subshells.  In addition, relativistic effects, including spin-orbit interactions, are of great importance in the 
actinides.  Accurate benchmark data is critically needed to assess method developments in this field. 

The major focus is the precise measurement of bond dissociation energies (BDEs) by the 
observation of a sharp predissociation threshold in a resonant two-photon ionization (R2PI) spectrum.  
The Morse group has successfully applied this technique to about 30 transition metal dimers and trimers 
and to more than 130 diatomics formed from d- and f-block metals bonded to p-block elements, with error 
limits generally below 0.01 eV.  In this work our focus is to measure the BDEs of Th and U-containing 
species. This method can reduce the error limits on the currently accepted BDE values by factors of 10 to 
100, thereby building up a compendium of precise values for testing computational models of the 5f and 
6d electrons.  Measurements of the BDEs of the actinide cations will also be conducted in a cryo-cooled 
ion photodissociation spectrometer.  BDEs of the more strongly bound Th+-O, Th+-N, U+-O, OU+-O, etc. 
molecules will be measured by the observation of a sharp predissociation threshold at the two-photon 
level, using a resonant two-photon dissociation (R2PD) method.  Combining the BDEs of the neutral and 
cationic molecules with precisely known ionization energies (IEs) from PFI-ZEKE work or from 
photoionization threshold measurements and the atomic IEs closes a thermochemical cycle, allowing tests 
for self-consistency.  When the BDE of the neutral cannot be measured due to its high BDE and low IE 
(ThF, ThO, UF, and UO, for example), the thermochemical cycle will be used to determine the neutral 
BDE from the three other values.  The resulting wealth of highly precise data will enable in-depth probes 
of computational methods and basis sets, allowing effective computational methods to be identified.   

R2PI spectroscopy of actinide neutrals and R2PD spectroscopy of actinide cations will be used to 
learn about the electronic structure of these species and to provide experimental feedback for 
computational chemists.  Rotationally resolved spectroscopy will be used to improve our understanding 
of species such as the ThB, ThC, UB, UC, and US molecules. The spectrum of UO2 will be investigated 
in the near-IR, where the density of electronic states is expected to be low enough that meaningful spectra 
may be obtained.  Likewise, spectroscopic work on ThO2 will be pursued to investigate the extent to 
which this molecule resembles its TiO2 and ZrO2 congeners, for which spectra are known. Among the 
cations, rotationally resolved spectra of ThX+ and UX+ species will be measured using a resonant two-
photon dissociation method. The UB and UN species are relevant to high-melting reactor substrates 
(uranium nitrides and borides), and the uranium halide species are relevant to molten salt reactors. 

Recent Progress 
Measurements of Bond Dissociation Energies: US2, OUS, and USe 
In a recently published study,1 we have measured the bond dissociation energies of SU-S, OU-S, 

and U-Se as 4.910(3) eV, 5.035(4) eV, and 4.609(9) eV, respectively. For the triatomics, a delayed two-
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color R2PI method was required to allow sufficient time for the molecules to dissociate prior to the 
ionization laser pulse. By introducing this delay, highly precise bond energies were obtained. This work 
has prompted Kirk Peterson’s group to perform high-level calculations on these species, with results that 
are in excellent agreement with our measured BDE values.

Measurements of Bond Dissociation Energies: URh
After pursuing laser ablation studies of uranium compounds for a few months, my group turned to 

NSF-supported work to measure the ionization energy of RhC. In a serendipitous discovery, it was found 
that uranium that had been deposited within the laser ablation fixture was being vaporized and it reacted 
with the ablated rhodium to form diatomic URh. My students scanned over the bond dissociation 
threshold and quickly measured D0(URh) = 5.472(3) eV, in good agreement with the 1978 Knudsen 
effusion measurement of 5.34(18) eV.2 David Dixon has now calculated the molecule, and finds that URh 
has a 2 4 4 2 1 1 1, 4I4.5 ground state

orbitals are localized on Rh and are nonbonding. The 5f 
orbitals also remain localized on U and are nonbonding. The computed BDE of 5.37 eV (large core 
CCSD(T) method) is in excellent agreement with our measurement. A joint publication is in preparation.

Measurements of Bond Dissociation Energies: ThCl, ThBr, and ThI
My graduate students, Thomas Kawagoe and Dakota Merriles have measured the BDEs of the 

diatomic thorium halides, ThCl, ThBr, and ThI, obtaining values of 5.077(6) eV, 4.391(4) eV, and 
3.537(8) eV, respectively. The value for ThCl is very close to a computational result by the Peterson and 
Heaven groups, who obtained 5.131 eV.3 Similarly, it is in good agreement with a Knudsen effusion value 
of 5.03(6) eV.4 The result for ThBr, however, differs substantially from Knudsen effusion values of
Hildenbrand and Lau, who obtained 3.73(6) eV, revised to 3.87(6) eV in a subsequent review.5, 6 The 
BDE of ThI has not previously been measured.

Measurements of Bond Dissociation Energies: UCl, UBr, and UI
Thomas Kawagoe has likewise measured the BDEs of UCl, UBr, and UI, obtaining values of 

4.989(3) eV, 4.299(13) eV, and 3.449(8) eV, respectively. These compare to Knudsen effusion values of 
4.64(9) eV, subsequently revised to 4.51(6) eV for UCl;6, 7 and 3.87(8) eV, revised to 3.87(6) eV for 
UBr.6, 8 No previous measurement exists for UI. From these two studies, we see that the Knudsen effusion 
BDE values for ThBr, UCl, and UBr significantly underestimate the strength of the AnX bond. A 
manuscript on these BDE measurements of ThCl, ThBr, ThI, UCl, UBr, and UI is in preparation. 

Fig. 1. Predissociation threshold measurement of the 
BDE of URh.

Fig. 2. Predissociation threshold measurement of the 
BDE of UCl.
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Measurements of the Ionization Energies of ThCl and ThBr by R2PI 
To measure the ionization energies (IEs) of the AnX molecules, we employed a resonant two-

photon ionization scheme. In the first step, the first laser was scanned in the visible or near infrared while 
the second laser was set to a wavelength that could ionize any states that were excited by the first laser. 
This allowed excited vibronic states to be located. In a second step, the first laser was fixed on a 
wavelength to populate a given excited state, and the second laser was scanned to locate the ionization 
threshold of this particular excited state. The sum of the two photon energies, at the ionization threshold, 
provided the ionization energy of the molecule. For verification, the process was repeated using two other 
intermediate states. The process was tested on ThCl, which gave IE(ThCl) = 6.364(10) eV, in excellent 
agreement with Michael Heaven’s value of IE(ThCl) = 6.3658(6) eV, measured by PFI-ZEKE 
spectroscopy.3 We then applied it to ThBr, obtaining a value of IE(ThBr) = 6.336(11) eV. 

Construction and Testing of the Cryo-Cooled Ion Photodissociation Spectrometer (CCIPS) 
My graduate student, Joshua Ewigleben, is making good progress in bringing our CCIPS 

instrument online. We discovered that our initial ion source design, which employed laser ablation in a 
fairly high-pressure chamber (30 mTorr), transmission through an ion funnel, pre-trapping in a hexapole 
ion trap, and then travel through an octopole ion guide to a quadrupole mass filter simply doesn’t work. 
Josh has now completely modified the design, moving the laser ablation source into higher vacuum (~10-5 
Torr) and injecting the ions directly into the octopole ion guide. The new design works very well, yielding 
mass-selected atomic ion currents of roughly 0.5 nA, or 3 × 108 ions/pulse. He has turned the ions into the 
cryo-cooled ion trap and brought them to the conversion dynode detector, where at least 105 ions/pulse 
have been detected. Further design modifications are needed on the detection end of the instrument, but 
we anticipate our first thermochemical or spectroscopic measurements by the end of the year.  

Future Plans 
Measurements on UC: BDE, IE, and Rotationally Resolved Spectroscopy 
Thomas Kawagoe’s current work in the laboratory is focused on diatomic UC. We have already 

measured D0(UC) = 4.304(3) eV, in excellent agreement with the value of 4.26 eV obtained by the FPD 
composite method by the Peterson and Dixon groups.9 We are in the process of setting up experiments to 
measure IE(UC) using the methods described above for ThCl and ThBr. Subsequently, we will begin 
attempts to measure rotationally resolved spectra of UC, to verify (or disprove) the computed ground state 
of e = 1.854 Å.9 This work is currently on hold due to some laboratory maintenance issues. 

Fig. 3. Current design 
of the cryo-cooled ion 
photodissociation 
spectrometer. 
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Measurements of other neutral molecule properties: 
Among the other neutral molecule experiments we plan to attempt are (1) measurements of the 

BDEs of US, ThCN, UCN, possibly other actinide-transition metal diatomics, and possibly oxo species 
such as OUCl and OThCl. (2) measurements of the IEs of the remaining Th and U halides, and (3) 
rotationally resolved spectroscopy of other species, such as UCl and US. 

Measurements of Cationic BDEs 
Among the first tasks we plan for the cryo-cooled ion photodissociation spectrometer (CCIPS) 

are experiments to precisely measure the BDEs of thorium and uranium diatomic cations, such as MC+, 
MN+, MO+, and MF+ (M = Th, U). We anticipate that the carbides can be measured in a one-photon 
photodissociation experiment, while the remaining species will require a resonant two-photon dissociation 
experiment. We also plan to measure the remaining thorium and uranium halide cations, which if we are 
successful in measuring the neutral molecule IEs will flesh out the thermochemical cycle, providing a 
self-consistency check. An advantage of the CCIPS instrument is that we envision being able to make 
measurements of larger species, such as the series of UFn

+, ThFn
+, etc. cations. Unlike the neutral 

experiments, where we are limited by the possibility of larger molecular species fragmenting and falling 
into the mass channel of the species of interest, this will not be an issue in the cationic studies, because 
the cation will be mass selected prior to spectroscopic interrogation as well as mass analyzed following 
irradiation. Once in operation, we also plan to use resonant two-photon dissociation experiments to 
measure rotationally resolved spectra. Initial targets will the UF+, UO+, UN+, and UO2

+. 

DOE Supported Publications 2021-2024 
1. Tomchak, K. H.; Sorensen, J. J.; Tieu, E.; Morse, M. D. Predissociation-based measurements of

bond dissociation energies: US2, OUS, and USe. J Chem Phys 2024, 161 (4). DOI:
10.1063/5.0220813.
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Spectroscopy, Kinetics, and Dynamics of Highly Reactive Species
JILA/NIST/Department of Chemistry/Department of Physics

University of Colorado, Boulder 80309 
David. J. Nesbitt (djn@jila.colorado.edu) 

Our DOE research program involves experimental and theoretical study of transient 
chemical species relevant to fundamental chemical processes. The work focuses on spectroscopy 
and unimolecular/bimolecular dynamics of complex (and often highly reactive) intermediates, 
combining i) high-resolution direct IR laser absorption methods with quantum shot noise limited 
detection, ii) high densities (1012-1014 #/cm3) of jet-cooled hydrocarbon radicals and molecular 
ions in slit supersonic discharge expansions, accompanied by iii) high-level ab initio potential 
surface and multidimensional quantum mechanics calculations. Over the past two years, our 
group has utilized and further developed ultrasensitive high resolution spectroscopy methods to 
achieve detailed characterization of atmospherically/astronomically important species, with a 
few selected highlights described below. 

A. Spectroscopy and dynamics of metastable cis-HCOOH species
High-resolution direct absorption infrared spectra of metastable cis-formic acid (HCOOH)
trapped in a cis-well resonance behind a
15 kcal/mol barrier are reported for the
first time, with the energetically unstable
conformer produced in a supersonic slit
plasma expansion of trans-formic acid/H2

mixtures.1 We present a detailed high-
resolution rovibrational analysis for cis-
formic acid species in the OH stretch ( 1)
fundamental, providing first precision
vibrational band origin, rotational
constants, and term values, which in
conjunction with ab initio calculations at
the CCSD(T)/ANOn (n=0,1,2) level
support the experimental assignments
and establish critical points on the
potential energy surface for internal rotor trans-to-cis isomerization. Relative intensities for a- 
and b-type transitions observed in the spectra permit the transition dipole moment components to
be determined in the body fixed frame and prove to be in good agreement with ab initio
CCSD(T) theoretical estimates but rather poor agreement with simple bond-dipole predictions.
The observed signal dependence on H2 in the discharge suggests the presence of a novel H atom
radical chemical mechanism for strongly endothermic “up-hill” internal rotor isomerization
between trans- and cis-formic acid conformers.2

B. High-resolution infrared spectroscopy of gas- -CH
stretch region: Structural and dynamical insights
Gas-phase cyclobutyl radical (c-C4H7) is generated at a rotational temperature of 25.6 ± 1.4 K in
a slit-jet discharge mixture of 70% Ne/30% He and 0.5-0.6% cyclobromobutane (c-C4H7Br). The
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fully rovibrationally resolved absorption spectrum of the -CH stretch fundamental band 
between 3062.9 cm-1 to 3075.7 cm-1 is obtained and analyzed, yielding the first precision 
structural information for this radical species.3 The -CH stretch fundamental band origin is 
determined to be 3068.7887(4) cm , which from previous infrared spectroscopic studies of 
cyclobutyl radicals in droplets implies a 0.8 cm  blue shift due to the presence of liquid helium. 
This value is also in good agreement with high-level ab initio calculations, which predicts an 
anharmonic frequency of 3076.4 cm  from second-order vibrational perturbation theory (VPT2). 
The 1D potential energy surface along the ring puckering coordinate computed at CCSD(T) level 
of theory with an ANO2 basis set shows double minima in Cs puckered geometry and a C2v 
transition state, with a barrier height < 1 cm-1. Eigenvalues and eigenfunctions for this 1D double 
minimum potential are solved using Numerov-Cooley methods. With calculated zero-point 
energy of the ground state above the interconversion barrier, a vibrationally averaged C2v 
structure is predicted. Intensity alternation in the experimental spectrum due to nuclear spin 
statistics upon exchanging 3 pairs of identical fermionic hydrogen atoms (IH = ½) matches the 
predicted Ka + Kc = even : odd = 36:28 for a C2v structure, providing the first experimental 
confirmation of the planar cyclobutyl radical ground state. The persistence of fully resolved high 
resolution infrared spectroscopy for such large cyclic polyatomic radicals at high vibrational 
state densities suggests a “deceleration” of IVR for a cycloalkane ring topology, much as low 
frequency torsion/methyl rotation degrees of freedom have demonstrated a corresponding 
“acceleration” of IVR processes in linear hydrocarbons. The results continue to suggest 
successful application of high-resolution infrared spectroscopy for even larger terpenyl, purinyl, 
pyradinyl, and polyaromatic ring radical systems.  

C. Ergodicity breaking in rapidly rotating C60 fullerenes
Large buckminsterfullerene molecules with 60 identical 12C atoms offer completely novel
opportunities for long lived quantum control in many body spin systems, establishing a gas-
phase molecular platform in principle capable of representing a 60-qubit entangled state with
potential applications in quantum computation. As a necessary first step in this direction,
quantum state-resolved spectroscopy has been demonstrated in a Nesbitt/Ye group collaboration
for gas phase C60 molecules when cooled by buffer gas collisions and probed with a mid-infrared
frequency comb. Spectroscopically achieving rovibrational quantum state resolution for the
largest molecule on record is facilitated due the
remarkable high (Ih) symmetry and rigidity of
C60, which also present fundamentally new
opportunities and challenges with which to
explore energy transfer between quantum states
in this unique many-atom system. By way of
first demonstration of these capabilities, we
have combined state-specific optical pumping,
buffer gas collisions, and ultrasensitive
intracavity nonlinear laser spectroscopy to
initiate and probe the rotation- vibration energy
transfer and relaxation. This approach provides
the first detailed characterization of C60

collisional energy transfer for a variety of
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collision partners and determines rotational/vibrational inelastic and elastic collision cross 
sections.4 These results establish a novel route towards quantum state control for creating 
quantum entanglement in a new class of unprecedentedly large gas phase molecules. Ergodicity, 
the central tenet of statistical mechanics, predicts that an isolated system will explore all of 
energetically available phase space. Mechanisms for violating ergodicity are of great interest for 
probing non-equilibrium states of matter and protecting quantum coherence in complex systems. 
For decades, polyatomic molecules have served as an intriguing and challenging platform for 
probing ergodicity breaking in vibrational energy transport, particularly in the context of 
controlling chemical reactions. Here, we report5 the observation of rotational ergodicity breaking 
in an unprecedentedly large, symmetric molecule, 12C60. This is facilitated by the first 
observation of icosahedral rovibrational fine structure in any physical system, which was 
theoretically first predicted for 12C60 almost 4 decades ago but remained experimentally 
unobserved. The ergodicity breaking exhibits several surprising features: 1) there are multiple 
transitions between ergodic and non-ergodic regimes as the total angular momentum is 
increased, and 2) they occur well below the traditional vibrational ergodicity threshold (2). These 
peculiar dynamics result from the interplay of the molecules’ unique combination of symmetry, 
size, and rigidity, highlighting the potential of fullerenes to discover emergent phenomena in 
mesoscopic quantum systems.

D. Novel laser ablation and buffer gas cooling methods in C60: Spectroscopic observation of full
contrast icosahedral Bose-Einstein statistics
We have recently developed a novel laser desorption vapor source with liquid N2 buffer gas cooling 
to produce a cold sample of gas phase C60. This allows us to measure the R branch rotational
progression of 12C60 from J = 0- 250 and beyond using cavity- enhanced high-resolution
spectroscopy on the 8.4 m rovibrational band, unambiguously demonstrating for the first time the
remarkable intensity alternations (e.g. complete absence of J = 1, 2, 3, 4 5 states) predicted by 12C
(I=1/2) nuclear spin statistics for such a high symmetry species (Ih).6 We characterize the rotational
temperature of laser desorbed C60 and find that it reaches below 100 K using both Ar and He
buffer gas cooling. Rotational and Doppler thermometry indicate that rotational and translational
degrees of freedom are fully thermalized. We also observe large signal from cold C60 with He,
indicating that in spite of the enormous mismatch in masses, small He-C60 rotational quenching
cross section, and highly non thermal optical excitation by 532 nm photons, He buffer gas is able to
efficiently cool all vibrational, rotational, and translational degrees of freedom in laser desorbed C60.
Our laser desorption and buffer gas cooling approach offers several unique features to enable high
sensitivity molecular spectroscopy: 1) three
orders of magnitude reduction in heat load on the
cryogenic buffer gas cell compared to traditional
oven sources; 2) stable pulse-to-pulse
desorption yields, varying by less than 10%, due
to the uniformity of the deposited C60 film
thickness; 3) long duration (200 ms), low power
(2 W) vs. > 106 W peak powers required with 
traditional ns pulsed lasers; 4) efficient collisional
cooling by He; and 5) controllable, transient (3 0
ms response time) C60 yield, enabling rapid
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subtraction of probe light intensity fluctuations from absorption signal. This technique paves the way 
to cooling C60 and other large gas phase fullerene molecules (e.g. C70, 13C60) to even lower cryogenic (< 
20K) temperatures, promising further advances in spectral resolution and sensitivity. 
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An Ultracold Playground for Controlled Atom-Molecule Chemistry

Kang-Kuen Ni

Department of Chemistry and Chemical Biology, Harvard University

12 Oxford St., Cambridge, MA 02138

ni@chemistry.harvard.edu

Research Scope:

Combining the exquisite control over the state of certain molecules at ultralow temperatures (T <
1 μK) via atomic, molecular, optical (AMO) physics tools and state-specific detection via phys-

ical chemistry tools recently have facilitated exploration of bimolecular reaction with unprece-

dented details. The specific model system under study has been the molecule-molecule reaction of

KRb+KRb, where full product state distribution have been mapped and reaction intermediate lives

for sufficiently long times (360 ns) have been probed. The state-to-state dynamics follows closely a

statistical description due to the presence of the long-lived complex, but the detailed experimental

scrutiny also reveals deviations that would require new calculations to explain, which are beyond

the current state-of-the-art.

These studies have proven foundational to our understanding of chemistry in this temperature

regime and allow us, on the one hand, begin to ask qualitatively new questions concerning the

roles of phase, coherence, and entanglement despite the existence of a long-lived complex. On the

other hand, we seek to explore the seemly more theoretically tractable atom-molecule Rb + KRb

reaction, which is endothermic. Surprisingly, we observed an exceedingly long-lived KRb∗2 colli-

sional complexes, with our experimentally measured complex lifetime (∼ 400 μs) deviating from

conventional theoretical calculations by five orders of magnitude. This discrepancy has motivated

many explorations of possible underlying causes, though no model yet captures this phenomenon

completely.

The focus of this work will be to understand and control Rb+KRb atom-molecule reactions and

interactions. An aim is to dig into the origin of the long-lived KRb∗2 complex lifetime and develop

means to control the outcome of the reaction complex. On this front, we will systematically vary

the initial reactant states of both Rb and KRb as well as vary the external magnetic and electric

fields to study the corresponding complex lifetimes. This work is on-going and we hope to report

the fuller picture next year. A second aim is to explore qualitatively new features that did not exist

in the (1Σ)molecule-(1Σ)molecule reaction, namely the role of nuclear spin and its coupling to

other degrees of freedom in collisions and a conical intersection that is accessible at the collisional

energy. Because the atom in the Rb+KRb system has an electronic spin, it can couple to the

nuclear spins of the system effectively and lead to different consequences, such as hyperfine-to-

rotation energy transfer, which we report here. Considering the role of hyperfine spin coupling in

the complex may be an important clue to solving the long-lived KRb2* puzzle. A third aim is to

explore the KRb+Rb* system where Rb atoms are excited to a Rydberg state. This system can give

rise to rich phenomena including resonant energy transfer, (which is interesting on its own but can
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also be leveraged for molecular qubit detection), ultra long-range Rydberg molecule formation,

and ion-neutral reactions.

Recent Progress:

At sub-microkelvin temperatures, the chemical reaction between Rb and KRb is energetically for-

bidden (Fig. 1a), though the loss-rate of molecules is increased dramatically when atoms are in-

troduced. In our previous work (Ref. [2]), we investigated the origin of this loss of the KRb

(v = 0,N = 0) + Rb |Fa,MFa〉= |1,1〉 system by directly observing the collisional complex KRb2*

and found the complex lifetime to be ∼ 400 μs, which is 5 orders of magnitude too long compared

to theoretical RRKM estimates treating spins as “spectators”.

Because sufficiently strong spin-dependent interactions can couple electron and nuclear spins to

molecular rotations at short range, spins can dramatically increase the density of states of ultracold

collision complexes and hence their RRKM lifetimes, potentially explaining the large discrepancy.

We therefore designed an experiment to probe such spin-dependent hyperfine interactions and

made state-to-state measurements of collisional processes specifically mediated by spin-dependent

interactions. On the theory side, enormous rotational and spin basis sets have prevented rigor-

ous atom-molecule quantum scattering calculations. In order to understanding these experimental

results, theoretical collaborators continue to push the frontier of calculations. Our combined ex-

perimental and theoretical result is written up in Ref. [5].

Specifically, we directly probed the spin-dependent interactions in Rb + KRb collisions by ac-

tivating the spin degree of freedom with the Rb atom prepared in an excited hyperfine state

|Fa,MFa〉 = |2,2〉 (Fig. 1b). Our collaborators calculated the underlying potential energy surfaces

(Michal Tomza, University of Warsaw) and developed the formalism for rigorous quantum scat-

tering calculations to model these collisions (Timur Tscherbul, University of Nevada, Reno). As
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Figure 1: (a)Illustration of the KRb + Rb collision dynamics. The incident energy of one free

electronic ground state Rb atom and one free KRb molecule in its rovibronic ground state is defined

as the zero of energy. (b) Observations from the reaction of KRb + Rb in the |2,2〉 state. (left)

Energy level diagram for the reaction as well as that for the lower-lying |1,1〉 state outlining the

opening of rotationally-excited KRb (N = 0-2) channels. (right) Commensurate with this is the

observation of rotationally excited KRb and de-excited Rb atoms. Measured branching ratio of

rotationally-excited KRb.
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the KRb + Rb → K + Rb2 reaction is endothermic, only inelastic collision outcomes are allowed

at ultracold temperatures. We directly measured the final states of the atoms and the molecules

via REMPI detection, finding the excitation of molecules to all energetically allowed rotational

levels (N = 0,1,2) commensurate with a relaxation of the atoms to their ground hyperfine states.

This observation confirms the coupling between spin and mechanical rotation in the KRb2 com-

plex. To our knowledge, this is the first example of hyperfine-to-rotation energy transfer from one

collisional partner to the next.

Furthermore, we quantified the branching ratio of the outcomes of the inelastic collisions with

careful calibrations and found the product KRb rotational states N = 2,1 and 0 to be 0.53(9) :

0.33(8) : 0.13(3). At a first glance, this looks statistical because of the number of mN sub-levels

are 5 : 3 : 1. However, this is only the case if all degrees of freedom are mixed, in particular, the

nuclear spin is coupled strongly to the mechanical angular momentum of the system such that the

mechanical angular momentum alone is no longer conserved. If such mixing does not take place,

then the expected statistical outcome should have been 1 : 1 : 1 among the rotation states. From

the ab initio calculated strengths of the short-range physical interactions by Tomza, we found that

the interactions are a few orders of magnitude too weak to explain the breaking of the mechanical

angular momentum conservation.

Putting the statistical picture aside, our collaborator Tscherbul made a heroic effort to develop

new codes and approaches to the atom-molecule coupled-channel scattering calculations taking

into account of spins and rotations. In order to converge the calculation, he included only the

ground electronic potential and made the assumption of molecules as rigid rotors. Under these as-

sumptions, his calculation again showed a major departure of the experimental observed branching

ratio.

In electronic structure calculations by Tomza, we identified a conical intersection, which is en-

ergetically accessible and could play an important role in the collision dynamics. We note that

fully converged scattering calculations including vibrational modes and CIs is beyond the current

state-of-the-art. This joint experimental and theoretical efforts manifest the complexity of atom-

molecule dynamics. We will continue to collaborate to provide necessary experimental bench-

marks for more advanced theoretical and computational tools to study quantum scattering.

Returning to the puzzle of the previously measured exceptionally long lifetime of ground-state

Rb-KRb complex (Ref. [2]), we now know one key ingredient, hyperfine spin coupling, that we

have to take into account. This again will require a close experimental and theory collaboration.

Future Plans:

On the experimental side, we have also explored the impact on the complex lifetime of the mF level

within the F = 1 manifold. Here, the rotationally-excited exit channels are closed and we observed

long-lived complexes. The mF levels are split by 0.7 MHz/G, allowing us to explore the role of

both the atomic state and energy by preparing atoms in various mF levels and at different magnetic

fields. Under constant magnetic field, we find that the complex lifetime drops by a factor of two

when the Rb atoms are promoted from their ground |1,1〉 state, but is otherwise independent of

the mF level or the nuclear hyperfine level of KRb, see Figure 2(a). Importantly, however, we find
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that when the magnetic field is varied, the complex lifetime can be continuously varied by a factor

of five, with the lifetime saturating at higher fields, Figure 2(b). There also seems to be a critical

electric field that contribute to the magnetic field dependence, Figure 2(c). A theoretical frame

work that properly counting the increased density of states for the complex due to hyperfine spin

coupling as well as the number of accessible open channels for the RRKM estimates, while also

matching all the experimental data will be needed. We hope we can crack this puzzle soon, which

is a goal for the next funding period.

Separately, we have implemented the necessary technical upgrades to excite Rb atoms to Rydberg

states and to explore resonant energy transfer between Rydberg atoms and molecules. We hope to

report on this soon.
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Figure 2: KRb∗2 Complex lifetime measurements (preliminary). (a) Measured complex lifetime

as a function of Rb state, |F,mF〉, and molecular nuclear hyperfine state, |mK
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Rb
I 〉. Inset: KRb

hyperfine level spacing. (b) Complex lifetime as a function of magnetic field for various Rb |F,mF〉
+ KRb |−4,1/2〉 state-pair combinations. (c) Complex lifetime as a function of an applied electric

field.
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Structure-Specific Radical Reactions at Model Catalytic Surfaces 
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Program Scope 
The ability to efficiently convert natural gas to higher hydrocarbons is an urgently needed 

advance for the global environment and economy. The increasing and permanent scarcity of liquid 
petrochemical sources is leading to an inevitable reliance on natural gas sources for energy and 
as a feedstock for the industrial production of valuable chemicals. The primary component of 
natural gas, methane (CH4), is the most abundant hydrocarbon in the earth’s crust. Because 
methane is remarkably stable, advanced catalytic methods are required to activate methane’s C
H bond in order to oxidize the molecule and convert it to higher hydrocarbons containing C C 
bonds. This project aims to build a fundamental, microscopic understanding of the mechanism for 
key processes related to heterogeneous catalysis (i.e. chemistry that is catalyzed at gas-surface 
interfaces) for the conversion of single-carbon molecules to more valuable products.  

One such class of reactions would provide revolutionary routes to efficient direct 
conversion of CH4 to liquid fuels via oxidative coupling processes, thereby bypassing steam 
reforming, and saving tremendous amounts of energy. The resulting energetic bounty will 
necessarily have profound transformative global geopolitical and environmental consequences, 
for the betterment of humanity. It is increasingly clear that in order to make oxidative coupling of 
CH4 (OCM) industrially viable, fundamental quantitative knowledge of elementary surface-site-
specific reaction kinetics and dynamics is needed for designing better catalysts able to efficiently 
activate the C-H bond on one hand, while suppressing formation of undesired CO and CO2 

products on the other.  
Another potential route to bypass steam reforming is the partial oxidation of methane to 

methanol, which can be followed by partial oxidation reactions that produce valuable and 
convenient products such as formaldehyde. A detailed understanding of such reactions will serve 
as a second target of the proposed research.  

The ability of catalytic surfaces to achieve these transformations results from their 
remarkable ability to break bonds and stabilize the formation of reactive radical species. A major 
goal of the proposed work is to build a detailed understanding of how reactive radicals interact 
with surfaces and undergo reactions at high temperatures relevant to industrial processes. This 
approach has the potential to provide the first quantitatively accurate rate data for the formation 
and consumption of surface radical species under industrially relevant high-temperature 
conditions. The proposed research will systematically address challenges in heterogeneous 
catalysis with quantitative surface-site-specific approaches, offering universality and 
transferability. The results will provide first-principles understanding that can guide catalyst design 
beyond the trial-and-error “cook and look” based approaches employed today, and will serve as 
valuable benchmarks for theoretical treatment of surface reactions, a sorely needed component 
for 21st century advances. The ability to guide both further theoretical and practical progress in 
catalysis will have a wide global impact.  

Recent Progress 
This is a newly funded project. It is based on recent progress in the area of Velocity-

Resolved Kinetics,1 a technique for studying the kinetics and dynamics of surface reactions that 
was developed during the PI’s post-doc. The approach combines surface science with gas-phase 
molecular beam techniques and ion-imaging based detection. The PI recently used this technique 
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for a detailed study on the kinetic energy, angular, and internal state distribution of the products 
of N2O decomposition on Pd(110).2 The results indicated two reaction channels, one giving rise 
to “thermal” N2 product channel consistent with thermal desorption of N2 from the surface and a 
second “hyperthermal” N2 product channel that involved the direct release of N2 from its transition 
state into the gas phase. (See Figure 1.) The hyperthermal channel featured a highly oriented 
angular distribution and a large amount of rotational excitation, but no vibrational excitation. 
Comparison of the results with ab initio calculations performed in collaboration with Hua Guo’s 
group led to a detailed understanding of the reaction’s transition state and post-transition state 
dynamics. 
 

 
Figure 1. The decomposition of N2O on a Pd(110) surface at Tsurf = 550 K gives rise to a bimodal 
N2 product distribution. (a) Slice ion image of the N2 products in the selected quantum state J = 
10 (v = 0). The laser position is indicated by a purple dashed line. The velocity vectors of incident 
N2O and CO beams used in the study are labeled by gray arrows. The velocity vectors of N2 
products are shown in green arrows. The “thermal” channel appears close to the laser with a 
broad angular distribution. A “hyperthermal” channel appears at two locations far from the laser 
and centered at angles of approximately ±40° from the surface normal in the plane containing the 
[001] axis. (b) The experimentally derived kinetic energy and angular distribution of N2 product 
derived from the ion image. (c) Kinetic energy and angular distributions obtained from theoretical 
trajectory simulations on a newly constructed potential energy surface. This figure is reproduced 
with permission from Ref. 2. More details are available in the reference.  
 
Future Plans 

The proposed work addresses two broad questions related to the special role of radicals 
in heterogeneously catalyzed chemistry. In most cases, radicals are believed to be formed and 
consumed on the surface in Langmuir-Hinshelwood processes. The chemical mechanisms for 
such processes have been studied in detail using traditional UHV surface science methodology 
based on temperature programmed reaction. Such studies require very low surface temperatures, 
typically far below the temperature at which industrial processes are performed. Reaction kinetics 
can be extracted from temperature programmed measurements, but the absolute determination 
of rate constants is crude at best. Studies performed at higher temperatures and under operando 
conditions are often capable of obtaining mechanistic insights through surface-sensitive 
spectroscopies, but are almost never capable of quantitative measurements of the rates of 
formation and depletion of reactive surface intermediates. The first objective is to apply newly 
developed techniques to measure highly accurate kinetics of reactions involving surface-bound 
radical intermediates at industrially-relevant temperatures. We will apply the Velocity-Resolved 
Kinetics (VRK) method. This technique will be coupled with Laser-Induced Desorption (LID) to 
probe the time-dependent kinetic traces of surface-bound radical intermediates. A primary focus 
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will be the partial oxidation of methanol to formaldehyde on model Ag and Cu catalyst surfaces. 
This is an industrial process that is performed on a large scale with Ag- and Cu-based catalysts, 
and whose importance is increasing due to rising global demand for C1 chemistries that produce 
formaldehyde. 
 A second broad question deals with the potential role of surfaces in generating reactive 
gas-phase radical species. Under the high temperature conditions employed in many industrial 
reactors, it is possible for a catalytic surface to activate a reactant species, generating a reactive 
radical that is subsequently released into the gas phase, initiating homogeneous chemistry above 
the surface. Such a mechanism is known to play a central role in the oxidative coupling of methane 
above metal oxide catalysts and is likely important in the direct conversion of methane to methanol. 
Novel techniques that analyze the composition of the gas phase directly above the surface have 
detected gas-phase radicals that desorb during the partial oxidation of methanol to 
formaldehyde,3 a process for which gas-phase radical reactions had never before been observed 
or considered, raising questions about how prevalent gas-phase radical reactions might be during 
high-temperature heterogeneous catalysis. Almost no detailed UHV surface science studies have 
investigated the mechanisms for desorption of reactive polyatomic radicals from catalytic surfaces. 
The second objective of this proposal is to investigate the interaction potentials of radicals with 
surfaces and how these influence the mechanism for the desorption of radicals from surfaces. 
Detailed experiments will investigate the scattering of methane radicals from OCM catalysts to 
probe the interaction potentials that governs the release of these radicals into the gas phase. 
Sticking coefficients of methyl radicals to these catalysts will be measured for a range of surface 
morphologies and oxidation states. Such experiments will provide information about the 
desorption mechanisms by means of microscopic reversibility and detailed balance arguments. 
Finally, desorption of surface-bound radicals will be probed over catalysts for partial oxidation of 
methanol to formaldehyde under high-temperature UHV conditions. These experiments will 
indicate whether high temperatures alone are sufficient to give rise to radical desorption or 
whether “pressure gap” effects play a deciding role. If radical desorption is observed in our 
experiments, it will provide a way forward for UHV surface science experiments to investigate 
cooperativity between surface and gas-phase radical chemistry in heterogeneously catalyzed 
processes. 
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Program Scope  

The reaction networks that describe the complex chemical processes involved in atmospheric and 
combustion systems are typically dominated by reactive intermediates that usually occur in small 
concentrations. Identification and quantification of these reactive species within complex reactive 
mixtures are key for the development of a fundamental, chemically accurate description of 
complex atmospheric and combustion systems. The objective of this program is to generate new 
mechanistic understanding of the reaction network of Criegee intermediates (CIs), which are 
important species formed during the ozonolysis of unsaturated organic compounds. CIs have the 
unique capability to add both carbon and oxygen mass to the co-reactant through either 1,3-dipolar 
cycloaddition or insertion mechanisms that can lead to the production of high-molecular-weight, 
low-volatility products, which have been linked to the formation of secondary organic aerosols 
(SOA), in just a few reaction steps. Therefore, this research also focuses on understanding the 
pathways by which CIs can drive the formation of high-molecular-weight, low-volatility SOA 
precursors, and eventually detect and identify the size and composition of SOA. To assess the 
competition between collisional stabilization and unimolecular reaction of the energy-rich CIs, the 
ozone-assisted oxidation reaction of selected acyclic and endocyclic unsaturated organic 
compounds is investigated as a function of unsaturated organic compound structure, functionality, 
carbon number, and reactive environment. The key questions this research program aims to answer 
are: (1) How does the mechanism of ozone-assisted oxidation change as a function of unsaturated 
organic compound carbon-number, functionality, and structure? (2) Is there a specific carbon-
number that corresponds to a crossover between the radical production and secondary ozonide 
(SOZ) stabilization in the case of endocyclic compounds? (3) What is the role of CIs in gas-particle 
interconversion? and (4) Does high carbon-number facilitate the formation of organic particles. 

 

Recent Progress 

The reaction networks of Criegee intermediates formed in the ozonolysis on 1-butene, trans-2-
pentene, cyclopentene, trans-2-hexene, and cyclohexene were investigated in an atmospheric 
pressure jet stirred reactor (JSR) to understand the effect of CIs carbon number and reactive 
environment on the products distribution and the formation of high-molecular-weight, low-
volatility compounds. Molecular beam high-resolution mass spectrometry and tunable synchrotron 
single-photon ionization in conjunction with ab initio threshold energy calculation performed in 

          163



the group of Dr. Ahren Jasper were employed for the detection and identification of gas-phase 
reactive intermediates and final products. Temperature-dependent analysis employing DART 
ionization-Orbitrap mass spectrometry was used to facilitate the detection of high-molecular-
weight, low-volatility reaction products. 

Reaction networks of formaldehyde oxide and propanal oxide CIs formed in the ozone-assisted 
oxidation reaction of 1-butene: The reaction networks of two CIs intermediates of different carbon 
number, i.e., formaldehyde oxide (CH2OO) and propanal oxide (CH3CH2CHOO), formed in the 
ozone-assisted oxidation of 1-butene were investigated in a range of conditions, such as 
temperature (300 K – 800 K), residence time (1 s - 3 s), equivalence ratios (0.5 - 1.2), and 1-butene 
concentration (0.5% - 3%) at a fixed ozone concentration of 1000 ppm. The mass spectra recorded 
at temperatures below 500 K were characterized by the presence of products characteristic to both 
1-butene ozonolysis reactions and low-temperature oxidation reactions. Both CIs were observed 
to undergo rich chemistry with the co-products formed in the ozone-assisted reaction of 1-butene. 
For instance, products corresponding to the reactions of both CH2OO and CH3CH2CHOO with 
species such as water, ketene, ethene, propene, 1-butene, formaldehyde, acetaldehyde, methanol, 
ethanol, acetone, and formic acid were detected and identified based on the measured ionization 
thresholds and calculated adiabatic ionization energies. 

Measurements performed using DART-Orbitrap mass spectrometry at different DART 
temperatures revealed the formation of high-molecular-weight, low-volatility compounds. 
Interestingly, the signature of two different molecular growth channels have been identified 
corresponding to (i) CIs oligomerization products, marked by an increase in both oxygen and 
carbon numbers and (ii) highly oxygenated organic compounds (HOM), marked by an increase 
only in the oxygen number. The CIs oligomerization products observed in our experiments were 
exclusively due to sequential addition of CH2OO CIs, and no clear evidence of products 
corresponding to CH3CH2CHOO oligomerization were observed. Sequential addition of CH2OO 
was observed to species like ethene, 1-butene, formaldehyde, acetaldehyde, and formic acid. The 
sequential addition of up to six CH2OO CIs have been observed for the reaction with ethene. In 
addition, products indicative of CH2OO self-reactions that involve up to six CIs (C6H12O12) were 
detected. Experiments are currently in progress to get more insights into the chemical identity of 
the high-molecular-weight, low volatility compounds using collision-induced dissociation mass 
spectrometry. HOMs such as C4H6On and C4H8On (n = 5-8) were also detected in our experiments. 
These products might originate from the autoxidation pathways via peroxy radical channels. 
Detection of species like methanol, ethanol, ketene, and hydroperoxide like methyl hydroperoxide 
and ethyl hydroperoxide confirms the existence of multiple oxidation channels. This work provides 
additional evidence that CIs are key intermediates in the formation of oligomeric species via the 
formation of hydroperoxides.  

Reaction networks of CIs formed in the ozone-assisted oxidation reaction of C5 and C6 acyclic 
and endocyclic alkenes: To understand the effect of alkene structure and carbon number, as well 
as the role of the reactive environment on the CIs reaction networks, the ozone-assisted oxidation 
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reaction of C5 and C6 acyclic and endocyclic alkenes, i.e., trans-2-pentene, trans-2-hexene, 
cyclopentene, and cyclohexene, were investigated under various conditions. The ozonolysis of 
both trans-2-pentene and trans-2-hexene, leads to the formation of primary ozonides that 
subsequently undergo unimolecular decomposition to form a C2 (CH3CHOO, aldehyde oxide) CI 
and a longer chain CI, such as C3 (CH3CH2CHOO, propanal oxide) and C4 (CH3CH2CH2CHOO, 
butanal oxide), respectively. These investigations focused on understanding the chemical behavior 
of CH3CHOO when produced in different reactive environments that include the presence of 
another longer chain Criegee intermediate. Products corresponding to both unimolecular and 
bimolecular reactions of all CIs have been observed under our experimental conditions. 
Bimolecular reactions with co-products like aldehydes, alkenes, and carboxylic acids were 
observed that lead to the formation of a variety of hydroperoxides.  

Because the carbonyl and CI are bound together in a ring, the primary ozonides formed in 
the ozone-assisted oxidation of trans-2-pentene and trans-2-hexene cannot decompose into two 
distinct molecules and instead undergoes ring-opening to form long-chain CIs, i.e., glutaraldehyde 
oxide (CHOCH2CH2CH2CHOO) and adipaldehyde oxide (CHOCH2CH2CH2CH2CHOO), 
respectively. This eliminates the significant complication of energy distribution between the 
bimolecular fragments inherent to acyclic alkenes, and it keeps the carbonyl group close to the CI. 
No products corresponding to CHOCH2CH2CH2CHOO and CHOCH2CH2CH2CH2CHOO 
bimolecular reactions have been observed under our experimental conditions. Instead, the long 
chain CIs undergo unimolecular isomerization to vinyl hydroperoxides that rapidly dissociate into 
OH and acyl radicals. The formed acyl radicals can either add O2 or decompose via CO splitting. 
Auto-oxidation of the acyl radical was observed to lead to the formation of HOMs with up to seven 
oxygen atoms, while the decomposition channel via CO splitting was observed to lead to the 
formation of smaller oxygenates and hydroperoxide species. Investigations are currently in 
progress to understand the chemical behavior of long chain CIs formed in the ozone-assisted 
oxidation of cyclohexene.  
 
Future Plans 

Structural differences between acyclic and endocyclic unsaturated organic compounds, as well as 
differences in carbon number and functionality, are expected to produce different high-energy 
intermediates and consequently different reaction kinetics. In addition, subtle changes around the 
C=C double bond of unsaturated compounds can have dramatic effect on OH formation yields. We 
hypothesize that, at a certain critical size (carbon number), the ozonolysis of acyclic and endocyclic 
alkenes is expected to switch from a pathway directed toward the preferential formation of OH 
radicals, to a secondary ozonide-directed pathway, presumably devoid of production of OH 
radicals, but potentially effective in SOA formation. To verify this hypothesis, future investigations 
will focus on understanding the impact of collisional stabilization of CIs induced by a progressive 
increase of the alkenes carbon number, on the CI reaction networks. A series of acyclic alkenes, 
such as trans-3-hexene, and trans-3-heptene as well as endocyclic alkenes, like 3,5-
dymethylcyclopentene, 4,5-dimethylcyclohexene, cycloheptene, and 4,5-dymethylcycloheptene, 
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that have a common characteristic, i.e. only one C=C double bond, but different structures and 
carbon numbers will be investigated at different alkene concentrations. As the compound 
concentration is increased in the reaction mixture, radical-radical reactions will be enhanced. In 
particular, the reactions of the resonance-stabilized species will increase, which will be evident 
due to the formation of carbon-rich products. The ozone-assisted oxidation of unsaturated 
functionalize hydrocarbons, like acrolein, allyl alcohol, and crotyl alcohol, that lead to the 
formation of functionalized CIs will be also investigated to understand the changes that my occur 
in the reaction mechanism when CIs with different functionalities are present. Finally, by following 
the changes in the gas- and particle-phase mass spectra as a function of reagents concentration, we 
plan to correlate the formation of high-molecular-weight compounds with the onset of the organic 
particles.  
 

Publications supported by this DOE project (2022-present) 
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 Arden M. Floyd, Alec C. DeCecco, Yitong Zhai, Ahren W. Jasper, Nils Hansen, Denisia M. 
Popolan-Vaida, “Reaction networks of Criegee intermediates formed in the ozone-assisted 
oxidation of C5 acyclic and endocyclic alkenes”, submitted 2024. 
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Project Scope 

We aim to complete an ultrafast cavity-enhanced transient absorption spectrometer and 
incorporate two sources of radicals in molecular beams and study the excited state dynamics of 
vinyl radical and allyl radical. The spectrometer consists of a home-built Ytterbium fiber laser 
frequency comb and Ytterbium fiber chirped-pulse amplification system that will generate 
ultrafast (about 100 fs pulse duration) pulses across much of the visible region. This light will be 
split into pump and probe beams and coupled into enhancement cavities housed in a vacuum 
chamber. Lock-in detection and noise subtraction techniques will be used during signal 
detection. With the increase in signal-to-noise with these techniques, it will be possible to 
perform ultrafast transient absorption spectroscopy in the visible and near-IR spectral regions of 
radical intermediates in molecular beams. 

The overarching goal of this project is to study the excited state dynamics of vinyl, C2H3, 
and allyl, C3H5, radicals. The first excited state of allyl radical exhibits a broad absorption and is 
thought to connect to the ground state through several conical intersections. The upper state 
lifetime is less than 5 ps and excitation of this state results in the release of a hydrogen atom. 
Direct, time-resolved absorption spectroscopy could elucidate this mechanism. Similarly, the 
first excited state of vinyl radical has picosecond lifetimes, with a decrease in lifetimes with 
higher vibrational excitation. The frequency-resolved spectroscopy has the signature of ultrafast 
predissociation from the ground state. We hope to gain insight into these processes in vinyl 
radical with ultrafast transient absorption spectroscopy. This work will advance our knowledge 
of excited state processes in combustion intermediates and reactive species. 

The first step of this project is to demonstrate the ability to take ultrafast transient 
absorption spectroscopy of the electronically excited states of radical intermediates. Specifically, 
there are three components of this goal. (i) The first part is to finish testing the new cavity-
enhanced transient absorption spectrometer. (ii) The second part is to complete and test the 
differential pumping and vacuum system. (iii) The third part entails a proof-of-principle that we 
can study radicals with this spectrometer, which includes generating radicals with the Excimer 
laser in our new differential pumping setup.  

 
Recent Progress 

The new ultrafast, cavity-enhanced transient absorption spectrometer and molecular beam 
vacuum system was completed. In short, the spectrometer consists of a homebuilt Yb:fiber 
oscillator, which we recently published about[1], and a home-built chirped-pulse Yb;doped 
photonic crystal fiber amplifier. The light is split into pump and probe arms and frequency 
doubled to about 530 nm. The pump arm also has a third-harmonic generation capability to make 
about 355 nm. The probe is coupled into an enhancement cavity and locked using Pound-Drever-
Hall locking techniques. Currently the pump is not in an enhancement cavity, although one is 
available to use in the future; it is modulated by a chopper for lock-in amplification. The cavity is 
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under vacuum pumped by a turbomolecular pump and enters a molecular beam region through 
slits. Molecular beam region is pumped by a Roots blower. The differential pumping system 
achieved almost three orders-of-magnitude pressure differential between the cavity region and 
molecular beam region with typical test molecular beam flows. The pump, probe, and excimer 
beams all cross at the molecular beam in this Roots blower region. The signal exits the probe 
enhancement cavity through the back of a cavity mirror and then goes to an auto-balanced 
detector along with a time-delayed reference beam for common-mode noise subtraction. Lockin 
amplification, and optionally, boxcar integration, are used to process the signal before recording 
it through a DAQ board on the computer.  

 

  

To test our newly-built cavity-enhanced transient absorption spectrometer, we started by 
looking at NO2 as a stable test system that did not require the excimer to produce. After a day of 
taking data on NO2 in November 2023, we had to pack everything into moving crates and put it 
into storage. It took about a month to pack everything into moving crates and load into storage.  

In March 2024 we were able to start rebuilding and moving into the part of the lab that 
houses the laser tables. We are still unable to unpack about 1/3 of our equipment while we wait 
for our prep lab space to have casework, tables, and air conditioning. Nevertheless, we have been 
able to partially set back up the vacuum system as well as the Yb:fiber oscillator and some of the 
electronics. The vacuum system layout is very different and the laser lab is smaller, so there was 
a significant amount of redesign needed to set back up the vacuum system and excimer laser, 
including purchasing new components. Testing of the rebuilt vacuum system is underway. 

Before the move we also investigated the feasibility of carrying out sum frequency 
generation between the ultrafast frequency comb laser and a continuous wave narrow-linewidth 
laser to create tunable, ultrafast frequency comb light at a range of frequencies [2]. With the 
influx of high- and moderate-power, narrow-linewidth, stable cw lasers at a variety of 
frequencies now commercially available for a moderate price, we wanted to investigate the 

Figure 1: Minimalist schematic of the new ultrafast cavity-enhanced transient absorption spectrometer.   
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feasibility of using sum frequency generation (SFG) or difference frequency generation instead 
of an OPO/OPA system. Specifically, we used a Coherent Mephisto Nd:YAG laser as the 
narrow-linewidth cw laser and our amplified ultrafast comb laser and combined them in a BBO 
crystal in an autocorrelation geometry. The resulting SFG beam is an ultrafast frequency comb. 
Figure 2 shows the optical spectrum of the resulting SFG beam as well as the second harmonic 
(SHG) spectra of the cw YAG and ultrafast Yb:fiber laser. The RF spectrum of the SFG is also 
shown to illustrate that the beam is pulsed. It is also a frequency comb, just like the Yb:fiber 
laser. We were able to simulate the results using SNLO using the 2D-mix-SP program by 
approximating the cw laser as a long pulse. We then designed a mid-IR conversion system using 
SNLO and commercially available stable, narrow-linewidth solid-state lasers as an alternative to 
an OPO for ultrafast frequency comb generation and predict we could generate over 300 mW at 
3.3 m.

Future Plans
We are working to rebuild the vacuum chamber and pumping system. We also have to 

rebuild the chirped-pulse amplifier system and transient absorption spectrometer. We are still 
waiting to have full lab functionality, which will occur when UGA finishes the renovation of the 
other half of our lab space; there is currently no timeline for this that I am aware of. Once we 
have a working prep lab (electronics, test, machining, and building space), it will speed up our 
ability to rebuild the electronics and vacuum system. Also, the new pump room is adjacent to the 
laser lab and has no added sound dampening, instead of across a hall and surrounded by sound 
dampening as in our previous space, so we still need to test if there is enough sound and 
vibration damping to be able to run the roots blowers and our enhancement cavities.

Once the spectrometer and vacuum system is set back up, we will again be ready to study 
systems in molecular beams with the transient absorption spectrometer. We will go back to 
testing the spectrometer with a stable molecule, NO2, with visible pump - visible probe and then 
azulene with UV pump - visible probe transient absorption spectroscopy as the final test of the 
spectrometer before making radicals.

Figure 2: Optical spectra of mixed SFG and ultrafast SHG (experimental measurements), CW SHG 
(drawn) on a linear scale for clarity; b) RF spectra of mixed SFG and Yb:fiber SHG. The repetition rate of 
mixed SFG and Yb:fiber SHG is 85 MHz. 170 MHz, 255 MHz, and 340 MHz are harmonics of the 
repetition rate. The signal at 90.5 MHz is the local campus radio station. Widths are limited by the 
instrument bandwidth.
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The radicals will initially be generated through photolysis with an excimer laser, with a 
pyrolysis nozzle added eventually. Photolysis will be carried out with an Excimer laser, already 
set back up, that will be sent through the differential pumping slit and through the molecular 
beam. To incorporate photolysis into the ultrafast transient absorption spectrometer, a gated 
integration data acquisition program is being implemented and has been partially tested with 
simulated signals. The optics for coupling the excimer into the vacuum chamber and molecular 
beam have been designed and acquired and will be installed once the vacuum system is set back 
up. We will then start with studying the time-resolved excited state spectroscopy of vinyl and 
allyl radical. Experiments with a wide range of combustion radicals are planned for the future as 
well as increasing the spectral range of the spectrometer to include the infrared and mid-infrared 
region. 
  

Publications 

[2] Jie Zhan, Nicholas D. Cooper, and Melanie A. R. Reber, “Joint Experimental and 
Computational Characterization of Sum-frequency Generation between a Continuous Wave 
Laser and an Ultrafast Frequency Comb Laser for Tunable Laser Development”, Submitted 2024 

[1] Nicholas D. Cooper, Uyen M. Ta, and Melanie A. R. Reber, "Spectral shaping of an ultrafast 
ytterbium fiber laser via a passive intracavity optical filter: a simple and reliable route to sub-

-2199 (2023) 
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Program Scope
The primary goal of this research program is to 
produce new fundamental knowledge on connections 
between molecular structure of hydroperoxy-
substituted carbon-centered radicals (QOOH) and 
selectivity towards specific unimolecular reaction 
pathways (Figure 1). This knowledge is derived in 
part from combustion experiments using a jet-stirred 
reactor that is employed to measure isomer-resolved 
species concentration profiles of multi-functional 
intermediates derived from QOOH formed via 
oxidation of the species in Figure 2. As a primary 
outcome, this research program expands gas-phase 
chemical kinetics knowledge on the effects of 
functional groups on chemical reactivity that is 
necessary to refine computational combustion 
models that support ongoing efforts to incorporate 
biofuels in current and future combustion systems. 
Additionally, owing to the complex combustion 
behavior of functionalized molecules, this program 
focuses on identifying new reaction pathways that 
are studied in greater detail using theoretical 
chemical kinetics computations, including potential 
energy surfaces and rate calculations. In addition, a primary focus of the program is to utilize 
experiments and chemical kinetics modeling to understand the effect of oxygen concentration on 
competing reactions of QOOH radicals formed from the species in Figure 2. In particular, 
experiments are conducted to examine product formation from unimolecular reactions versus from 
the second-O2-addition step. The red-highlighted text in Figure 1 indicates the classes of species 
produced via the former reaction type, which involves constitutional isomers as well as stereoisomers 
and are important due to the connection to specific QOOH radicals that govern reactivity. 

Figure 2. Molecular structure of C4 species studied in this program (left to right): n-butane, 1-butanol, 
butanone, tetrahydrofuran, and cyclopentane.

QOOH

autoignition

cyclic ethers + OH

conjugate alkene + HOO

-scission products + OH

ROO
+ O2

Figure 1. Reaction mechanisms of QOOH
radicals are central to understanding and 
developing modeling capabilities for hydrocarbon 
and biofuel oxidation.  Accurately quantifying 
product formation from QOOH reflects the
balance of chain-branching reactions
(downward-pointing arrow) to chain-propagation
and chain-inhibiting reactions (arrows pointing 
towards the right), each of which can produce an 
abundance of isomers. 

Direct measurements of such isomers, e.g. cyclic 
ethers, provide stringent benchmarks of QOOH
chemistry and are therefore central to the 
development of robust chemical kinetics 
mechanisms. This program bridges knowledge 
gaps between molecular structure and QOOH
reactivity for C4 and C5 molecules, namely the 
balance of unimolecular decomposition vs. 
bimolecular reaction with O2. 
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Recent Progress
Speciation experiments in a jet-stirred reactor: The jet-stirred reactor (JSR) at the University of 
Georgia is capable of experiments at pressures up to 50 atm and operates with a well-characterized 
temperature profile. Particular attention is paid to quantifying uncertainty in spatial temperature as 
well as in species concentration in the sampling region. Complete temperature characterization was 
accomplished using a systematic series of experiments conducted at residence times up to 4000 ms 
over a range of temperatures controlled independently in two distinct heating regions of the JSR, the 
reactor region and the pre-heating region. In all cases, owing to a custom-built, woven Inconel and 
ceramic insulation heating system, 1 deviations in temperature are <1% of the nominal temperature
(up to 1000 K) over a 3-cm sampling distance. Species quantification is accomplished with an 
uncertainty of ~10% in all cases and is achieved via tandem gas chromatography measurements via 
two independent detection methods (Figure 3). The first uses electron-impact (EI) mass spectrometry
(Figure 3a). The second uses vacuum ultraviolet absorption spectroscopy (Figure 3b). The unique 
aspect of the tandem approach is that for each retention time, two molecular signatures are produced, 
an EI mass spectrum and an absorption spectrum measured from 5.167 – 9.920 eV, which enables 
resolution of both constitutional isomers and stereoisomers. An example of the latter is shown in 
Figure 3 and is important due to stereochemical-dependent reaction chemistry [1-3]. 

Figure 3. EI mass spectra (a) and VUV absorption spectra (b) of 2,3-dimethyloxirane isomers.

To examine the influence of temperature and oxygen concentration on intermediates from
cyclopentane, similar to publications on n-butane [4], tetrahydrofuran [5], and tetrahydropyran [6],
isomer-resolved speciation measurements were conducted at 835 Torr in a jet-stirred reactor (JSR) 
from 500 – 1000 K in Hill et al. [7]. Figure 4 shows representative experimental results for the type 
of competing chemical pathways probed. The main objective of these experiments is to provide 
specific, quantitative targets for modeling QOOH-mediated chemistry over a range of oxygen 
concentration to interrogate the chemistry depicted in Figure 1, particularly species that are 
connected to the competition between ring-opening of cyclopentyl and reaction with O2 (forming 
cyclopentyl peroxy). Similar experiments were conducted for diethyl ether and butanone.

Detailed sub-mechanisms of consumption reactions for 1,2-epoxycyclopentane (and for 
cyclopentane) were created using Reaction Mechanism Generator (RMG) and then integrated into 
the cyclopentane mechanism of Lokachari et al. [8]. The sub-mechanisms included all possible 
carbon-centered radicals for the first time. The purpose of the integration was to model the effect on 
reducing mechanism truncation error by including an expanded set of elementary reactions for 
subsets of intermediates connected to reactions of + O2 and of QOOH. The degree to which model 
predictions of [O2]-dependent species profiles were affected (Figure 4b) was significant and 
underscored the deficiencies in modeling several reaction types including the competition between 
cyclopentyl  products, cyclopentyl + O2  products, formally direct pathways, and site-specific 
rate coefficients for H-initiated H-abstraction from the two intermediates.
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Figure 4. Species profile measurements of QOOH-derived species, 1,2-epoxycyclopentane, produced from 
oxidation of cyclopentane at 835 Torr. (a) temperature dependence; (b) oxygen dependence at 825 K. 
Experimental measurements compared with predictions using Lokachari et al. [8] and an expanded version 
produced in Hill et al. [7] that prescribes additional, radical-specific consumption reactions neglected in [8]. 

Reactions mechanisms and rates of cyclic ether radical stereoisomers: Reaction rates of cis- and 
trans- isomers of 2,3-dimethyloxirane, cyclic ethers produced from unimolecular decomposition of 

-QOOH during n-butane oxidation (cf. Figure 3), were studied computationally. Isomer-resolved 
oxidation experiments in Doner et al. [1] detected species produced from peroxy radical-mediated 
reactions, including methyl vinyl ketone, diacetyl, and vinyl acetate. However, the formation 
pathways remain unclear as to whether the species form from O2-addition to intact 2,3-
dimethyloxiranyl radicals or to radicals produced from ring-opening. The calculations examined 
reaction rates for the competing pathways to provide clarity and fundamental insight on the reaction 
mechanisms of cis- and trans-2,3-dimethyloxirane. Stereochemical-dependent potential energy 
surfaces for 2,3-dimethyloxiranyl radicals were calculated using AutoMech and rate coefficients 
were computed using MESS for master equation modeling from 0.01 – 100 atm and 300 – 1000 K. 
The rate calculations focused on the competition between reactions of - and - isomers of 2,3-
dimethyloxiranyl ( ), namely ring-opening to , including via prompt reactions, and O2-addition to 
form RO . The results showed that, across a broad range of pressures, ring-opening rates exceed O2-
addition unless [O2] > 1019 cm–3. However, prompt effects are significant for H-abstraction from cis- 
and trans-2,3-dimethyloxirane above ~500 K. The implication of the latter result is that 
thermalization of  at combustion conditions is minimal, indicating that O2 preferentially adds to 
carbon-centered radicals formed via ring-opening, even at high O2 concentrations. From Dewey and 
Rotavera [9], inclusion of such pathways in chemical kinetics mechanisms of n-butane impacts H 
populations, species profiles, and chain-branching reactions relevant to other alkyl radicals. 

Future Work 
Gas-phase chemical kinetics experiments: Speciation measurements of hydrocarbons and biofuels 
are continuing with acyclic species n-pentane and butanone, cyclic species cyclopentanol and 
cyclopentanone, and additional experiments on other C4 oxygenated species, 1,1-dimethoxyethane 
and 1,2-dimethoxyethane in collaboration with RWTH Aachen University, Ghent University, and 
Physikalisch-Technische Bundesanstalt (PTB). In addition, JSR experiments are being conducted at 
the University of Georgia on several intermediates including cis- and trans- isomers of 2,3-
dimethyloxirane, 3,4-epoxytetrahydrofuran, cyclopentene, 1,2-epoxycyclopentane. The aim of the 
latter experiments is to provide quantitative modeling targets for the development of new, expanded 
sub-mechanisms.  
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Refining chemical kinetics mechanisms: The efforts above combine to achieve one of the primary 
goals of the program, which is increasing the quantitative prediction capabilities of chemical kinetics 
mechanisms by (i) providing new, benchmark experimental data, (ii) identifying new reaction 
pathways that may hold relevance to increasing the accuracy of modeling combustion, and (iii) 
computing theoretical rates. Future work on this topic will involve using existing mechanisms from 
the literature on the five species in Figure 1 and refining via a combination of the efforts above. 
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PROGRAM SCOPE 
This program focuses on unraveling the mechanisms and timescales of dynamical processes in molecular 
systems via multiplexed experimental and theoretical techniques.  These studies employ high-level 
electronic structure and dynamics theory alongside time-resolved spectroscopic tools to investigate 
rotational, vibrational, electronic, and reaction dynamics in molecular systems.  The work reported here 
relates closely to studies performed in the Ultrafast Physics, Ultrafast Chemistry, Multiphase Interactions, 
and Electron-Driven Chemistry tasks, all of which encompass studies of energy flow within molecules, 
correlations between nuclear and electronic motion, and development of advanced optical techniques.  

Highlights from our program include velocity-map imaging molecular beam studies of the 
photodissociation of SO2, broadband microwave spectroscopy of tunneling dynamics, site-specific 
photochemistry mapped by IR spectra in the excited state, production of quantum-state and velocity selected 
molecular beams, and studies of electronic energy transfer between remote, near-degenerate chromophores.  
 
RECENT PROGRESS 
Direct observation of the carbene HCOH from methanol photodissociation1  
In collaboration with the group of Leah Dodson (University of Maryland) we have explored the 
photodissociation of CH3OH (methanol) at 193 nm using both the MPIMS approach.2 We observed an 
unexpected minor photodissociation channel that produces a m/z 30.11 amu molecule with an ionization 
threshold of about 8.9 eV, well below the known ionization threshold of formaldehyde (CH2O).  The only 
other plausible isomer with this empirical formula is the carbene HCOH (hydroxymethylene).  The 
photoionization spectrum we obtained from this work matches nearly quantitatively in onset and shape with 
our calculated photoionization spectrum at the CCSD(T)-F12/cc-pVQZ-F12//CCSD(T)-F12/cc-pVTZ-F12 
level of theory.  We also photodissociated the CH3OD isotopomer, which produced the HCOD carbene, but 
not HCOH, indicating that the O-H bond in methanol stays intact in the product channel producing 
hydroxymethylene.  HCOH is known to have a singlet ground electronic state with the lowest triplet lying 
1.07 eV higher in energy.  In the presence of excess O2, the HCOH carbene is consumed, but only slowly.  
Although we were not able to obtain a rigorous rate coefficient for the HCOH + O2 reaction, our results 
indicate it is on the order of 10-13 cm3 molecule-1 s-1, a value that lies between that of 1CH2 + O2 and 1HCF 
+ O2.  These observations suggest a correlation between the electron withdrawing capacity of the H, OH, F 
substituent in these three carbenes and the rate of their reactions with O2.  This work is the first experimental 
observation of HCOH in the gas phase and paves the way for further studies of the reaction chemistry of 
this simplest hydroxycarbene. 

Velocity map imaging of SO2 photodissociation  
The photodissociation of SO2 in the near ultraviolet region has received renewed attention after S atoms 
were detected with a flow reactor coupled to a PEPICO apparatus and assigned to a primary 
photodissociation process yielding S + O2 at wavelengths around 193 nm.3 Although this work concluded 
that only 2-4% of photoexcited SO2 produced S + O2, this yield implies that O2 could have been produced 
from SO2 and radiation that would have been abundant in Earth’s early atmosphere.  In our recent progress, 
we use resonance-enhanced multiphoton ionization (REMPI) to image of O and S atoms (taken at identical 
REMPI laser fluence) produced by exciting jet-cooled SO2 to a C state resonance using 202.19 nm laser 
light (see figure below). 
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The inner rings of the O-atom image correspond to the primary one-photon dissociation SO2  O + SO 
(channel 1).  Similarly, the innermost ring of the S-atom image corresponds to the primary one-photon 
dissociation SO2  S + O2 (channel 3).  However, the outermost rings in the O- and S-atom images 
correspond to a secondary one-photon dissociation of the dominant SO reaction product: SO  S + O 
(channel 2).  After Abel-inversion and angular integration, the resulting velocity distributions provide 
unbiased information on the relative intensity of each of the channels.  The appearance of channel 2 in both 
images enables an elegant estimate of the target branching ratio between channels 1 and 3 without the need 
for precise O- and S-atom REMPI cross-sections.  For example, at the experimental photofragmentation 
wavelength reported here, our preliminary analysis is that the primary S + O2 channel is a small fraction 
(perhaps 1%) of the secondary dissociation channel.  Similarly, the secondary dissociation channel is 
approximately 1% of the primary O + SO channel.  Thus, one can visually estimate that approximately only 
1-in-10,000 jet-cooled SO2 molecules follow the newly discovered S + O2 channel when excited at 202.19 
nm.  Precise branching ratios can be obtained by modeling the sequential dissociation image using the 
experimentally measured O-atom velocity distribution and the well-defined thermodynamic atomization 
energy of SO2. 

Simultaneous Velocity Selection and Vibrational Population of a Molecular Beam 
Molecular beams have provided a wealth of chemical information about dynamic unimolecular 
(photochemical) and bimolecular (reactive and non-reactive scattering) processes.  This is due to the 
supersonic cooling of the expansion which generates molecules with internal temperatures between 
approximately 2 K and 15 K. The resulting velocity spread is approximately 10% of the velocity of the 
supersonic beam, which translates to about 150 m/s for a He seeded beam.  The typical molecular beam 
temperatures do not generally populate a single quantum state for dynamics to proceed from and their 
velocity spread causes averaging in the collision energy such that it is impossible to resolve closely spaced 
quantum states via their recoil. Eliminating both the thermal averaging of the velocity and internal state 
distribution are key for using molecular beams to study quantum-controlled chemical dynamics of more 
complex molecular systems.  

These shortcomings have 
motivated improvements such 
as the Stark decelerator, which 
can select a smaller velocity 
group of specific quantum 
states for molecules with low-
field-seeking, large Stark 
shifts. While such techniques 
are effective, they are very 
time, money, and expertise 
intensive; in addition, they are 
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limited to the appropriate specific quantum states. We demonstrate a new technique that produces a 
molecular beam with a population of molecules comprising a single quantum state with a velocity selection 
dictated by the Doppler shift associated with the laser beam that excites the molecules. Specifically, we 
have used a Quantum Cascade (QC) laser, counterpropagating to a molecular beam, to prepare a single 
hyperfine state in the first vibrational level of NO (v=1 J=3/2) seeded in a molecular beam of either He or 
Ar. In both cases the velocity spread measured for the vibrationally excited molecules (~15m/s) is in good 
agreement with the expected time-averaged 3 MHz bandwidth of the QC laser. This average velocity 
spread represents a temperature of approximately 800 millikelvin -- significantly cooler than the typical 
molecular beam temperature defined by the rotational distribution of the molecules in the molecular beam. 
An average RMS velocity spread for a single shot is obtained by averaging many single-laser-shot images. 
Each single-shot measurement averages over approximately 50 milliseconds of IR laser excitation and gives 
a velocity spread of 9m/s or ~300 millikelvin temperature. The QC laser instability over time broadens the 
averaged velocity distribution.  Below are velocity mapped ion images of the NO(v=0, J=1/2) molecular 
beam and the velocity mapped beam spot of a single hyperfine state of the NO(v=1 J=3/2) laser-excited 
species in the molecular beam. The size of the spot for the vibrationally excited species is limited by the 
actual size of a single ion strike on the detector and this must be deconvolved to obtain the true spot 
size.  Improvements in the power supply that runs the QC laser and frequency locking of the laser will 
provide even more precise velocity selection, as well as long-term stability for molecular scattering 
experiments. 

We believe this new technique will have significant impact for truly quantum-state resolved photochemistry 
as well as molecule-molecule scattering where the improved quantum state preparation and velocity 
resolution will allow one to study correlated product channels for scattering originating from a single, 
selectable quantum state. 

Multi-dimensional Tunneling in 2,6-dimethyl phenol
Tunneling is a quintessential quantum mechanical process with important implications for such wide-
ranging areas as quantum control and reaction kinetics. We use chirped-pulse Fourier Transform microwave 
(CP-FTMW) methods to probe molecules that are capable of tunneling, using the tunneling splittings to 
interrogate the tunneling dynamics. When more than one tunneling pathway is open to the molecule, 
interesting questions arise regarding the timescales on which these competing tunneling pathways occur 
and the extent to which the tunneling dynamics in one coordinate could be controlled by that in another 
coordinate. Over the past year, we have been puzzling over the effects of multi-dimensional tunneling on
the spectroscopy of 2,6-dimethyl phenol (DMPhOH), which 
possesses one OH group and two symmetrically positioned 
CH3 groups, all of which are capable of tunneling through an 
internal rotor barrier. The OH group tunnels in a two-fold 
potential with a calculated 1D barrier of V2=1157 cm-1. When 
the OH group is held in its in-plane minimum energy 
geometry, the two methyl rotors are inequivalent, with a V3

barrier of 660 cm-1 for the methyl group toward which the OH 
is facing, while the ‘backside’ methyl has a barrier almost half 
that (V3=376 cm-1). We have recorded the broadband 
microwave spectrum of DMPhOH in the 7.5-17.5 GHz region 
and have a partial fit that provides a qualitative understanding 
of tunneling on this three-dimensional internal rotor surface. 
The spectrum is replete with rotational transitions split into 
triplets separated from one another by 48.5 MHz, seemingly 
violating selection rules that require a-type rotational 
transitions to be split by OH tunneling, but b-type transitions 
to be unsplit; that is, that individual rotational transitions will 

The OH tunneling coordinate in 2,6-dimethyl 
phenol and the calculated 3D surface for 
tunneling of the OH and two CH3 groups.
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either be split or unsplit. Importantly, the observed triplets arise because OH tunneling is possible in some 
of the methyl rotor states but is quenched in others. In particular, when one of the methyl groups is in the 
lowest methyl rotor tunneling state (with a symmetry in its local C3v group) and the other in the next lowest 
methyl rotor state (with e symmetry in C3v), OH tunneling is quenched, as OH tunneling would need to 
occur with a change in methyl rotor states of both methyl groups. Thus, 2,6-dimethyl phenol exhibits a 
state-dependent quenching of OH tunneling. We have mapped out the full 3D tunneling surface for 
DMPhOH and fit it to a properly symmetrized potential that retains the over-all symmetry of the two methyl 
groups on the full 3D surface with coupling terms that make the methyl rotor potentials asymmetric along 
1D cuts through the surface. We are finalizing our analysis of the spectrum with a planned submission in 
Fall 2024.

Site- and Conformer-specific Photochemistry and Electronic Energy Transfer along a Protonated 
Peptide Scaffold4

Photoexcitation is a powerful means for initiating chemistry, yet the outcome of 
such excited state processes becomes harder to predict as the size and chemical 
complexity of the reactants grows.  We are presently using a multi-stage mass 
spectrometer outfitted with a cryo-cooled octopole ion trap to explore the 
photochemistry of large, conformationally complex ions with multiple 
competing product channels. We use a well-studied protonated pentapeptide 
scaffold with an assigned starting structure to initiate the photochemistry by UV 
excitation through one or more aromatic chromophores. We have recently 
completed studies of protonated Leu-enkephalin (Tyr-Gly-Gly-Phe-Leucine, 
YGGFL) and chromophore-swapped analog FGGYL,4 combining experimental 
studies of the excited state spectra and relative photochemical product yields 
with calculations that map out electronic state-specific structural changes via 
density functional theory (DFT) and time-dependent DFT (TDDFT).

Over the past year, we have used similar methods to study the photophysics and photochemistry of 
YGGYL, with its two Tyr chromophores in unique local environments, separated from one another by 11 
Å. We contrast these results with those from two selectively deuterated isotopologues (dY)GGYL and 
YGG(dY)L where ‘dY’ is a tyrosine chromophore perdeuterated on its aromatic ring. Whereas the 
undeuterated Tyr chromophores on the peptide scaffold have S0-S1 origins that are separated by 325 cm-1

from one another, upon deuteration at Y(1) or Y(4) increase or decrease this difference by 137 cm-1. We 
track the relative product intensities following UV excitation and following IR enhancement in the excited 
state(s). We are collaborating with Lyudmila Slipchenko (Purdue) to model electronic energy transfer, 
vibronic coupling, intersystem crossing to the triplet manifold, and the product channels that follow. 

FUTURE WORK

Super Rotor Dynamics
In order to develop our program’s study of non-equilibrium systems, experiments involving highly 
rotationally excited molecules will be performed.  While the effects of highly excited translational and 
vibrational states on chemical reactions are well-characterized, the effects of highly rotationally excited 
molecules are not as well understood.  During the past year, the laser-based molecular optical centrifuge 
has been finished and demonstrated under the Ultrafast Physics section of our program. This year we plan 
to begin work on the photodissociation dynamics of N2O super-rotors. We will expand N2O in a supersonic 
jet to cool the rotational distribution to only the lowest few J states. This distribution will be accelerated to 
super-rotor states. We will dissociate N2O at ~203 nm and observe the O(1D) and the N2 fragments via 
resonance-enhanced multi-photon ionization coupled with VMI imaging. Beyond this direction 
observation of photodissociation dynamics starting from the unexplored initial condition of very high 
rotational excitation, these experiments will allow a direct test of whether rotation-to-vibration coherence 
transfer, as recently observed for CO2 super-rotors, is a ubiquitous phenomenon. Furthermore, to better 
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understand the reactions of super-rotors and atoms, we will react rotationally excited N2O and O(1D) to 
form NO, monitoring via VMI.   

Tunneling dynamics  
Using the extraordinary capabilities of modern microwave electronics, we seek to develop novel pulse 
sequences that can interrogate and even control quantum tunneling pathways in molecules capable of multi-
dimensional tunneling. To do so, we need to expand both the experimental and theoretical modeling of 
multi-dimensional tunneling dynamics. In collaboration with L.V. Nguyen at Univ. Paris-Est Creteil, we 
will obtain FTMW spectra of 2,6-dimethyl phenol at higher resolution where methyl rotor splittings due to 
both methyl rotors will be resolved, thereby providing a direct spectroscopic link to the full 3D tunneling 
surface. In collaboration with Ned Sibert (UW-Madison), we will develop a model of the rotational-
tunneling energy level structure on the 3D tunneling surface for comparison with experiment. From this 
foundational understanding of the energy level structure in the frequency domain, we will model and then 
experimentally verify tailor-made pulse sequences that interrogate tunneling in the time-domain. 

Photodissociation of norbornadiene:  a Molecular Solar Thermal storage candidate 
A long-standing DOE mission goal is the efficient conversion of solar energy to stored chemical energy.  
One attractive approach to meeting this goal is Molecular Solar Thermal storage (MOST), in which a 
molecule absorbs sunlight that drives isomerization to a stable, higher enthalpy isomer.  That isomer can 
then be stored and converted back to the more stable isomer, harvesting the exothermicity to do work, at a 
time of our choosing.  Norbornadiene (bicyclo[2.2.1]hepta-2,5-diene) is a leading candidate for MOST 
systems, via photoconversion to its less-stable isomer quadricyclane.  Surprisingly, there seems to be no 
published research on the photodissociation of norbornadiene in the gas phase.  We propose to study 
photodissociation of the two C7H8 isomers norbornadiene and quadricyclane using our PEPICO apparatus.  
We hypothesize that, in contrast to photodissociation of acyclic and mono-cyclic closed-shell hydrocarbons, 
these multicyclic compounds may have a higher likelihood of forming closed-shell products instead of 
radical + radical products.  In competition with bimolecular product formation, we expect some photo-
induced isomerization.  In the case of norbornadiene we expect to see quadricyclane, but we hypothesize 
that more stable isomers could also be formed.  Starting from quadricyclane, given its more positive heat 
of formation compared to norbornadiene, it seems even more likely that photoisomerization to more stable 
isomers will occur, and we hope to discover what determines the branching between reversion to 
norbornadiene vs. isomerization to the global minimum (toluene) or other isomers. 

Photodissociation of methanol at 193 nm  
Despite its canonical nature as the smallest alcohol, the photodissociation of methanol is not well 
documented.  A number of literature studies using end product analysis conclude that in the first absorption 
band, S1  S0 from 165 – 200 nm, the dominant products are CH3O + H from simple O-H bond fission.  
Not surprisingly, for 193 nm excitation, where the photon contains 6.42 eV of energy, many other product 
channels are thermodynamically allowed.  In an early paper, Wittig et al. report that these other product 
channels comprise 14  10% of the total products.   The Wittig experiments clearly detect H atoms and 
measure their kinetic energy via Rydberg H-atom time-of-flight spectroscopy.  They attribute most of the 
H atoms to the CH3O + H product channel, but could not rule out secondary photodissociation of CH3O, 
CH2O, and CH3 species producing H atoms.  We plan to use the PEPICO and MPIMS apparatuses to 
provide a more universal probe of the many possible product channels in this photodissociation.  New 
calculations from Joel Bowman’s group on an analytical CH3OH potential energy surface will provide 
theoretical guidance on this system.  Our observation of HCOH in this system (see Progress Report) is clear 
evidence that other product channels are active.  We also plan to study the O(1D) + CH4 reaction as an 
alternative way to create highly vibrationally excited CH3OH on the ground electronic state, with less 
available energy than is possible from 193 nm excitation of methanol.   
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Program Scope 
We employ experiment and theory to elucidate mechanisms of elementary chemical reactions, which 
impacts the research theme of Reaction Pathways in Diverse Environments. This task extends the high-
resolution view of Sandia’s “Chemical Dynamics” task to encompass complex interactions in collisional 
environments, and it provides a basis for the interface studies in Sandia’s “Multiphase Interactions” subtask. 
Analytical tools that use tunable vacuum ultraviolet light from the Advanced Light Source synchrotron at 
Lawrence Berkeley National Laboratory and chirped pulse microwave spectroscopy enable sensitive and 
isomer-specific detection of reactant and product molecules sampled from chemical reactions. These 
individual reaction studies are linked to controlled measurements of more complex reaction systems as 
found in well-defined laboratory scale zero- and one-dimensional reactors. We use automated ab initio 
master equation workflows to study elementary kinetics, a particle-based approach for non-thermal effects 
at the mesoscale, and Bayesian statistics for optimal experimental design.  
 
Recent progress 
Oxidation reactions of imidazole explored using automated 
kinetics Imidazoles are present in Earth's atmosphere in both 
the gas-phase and in aerosol particles and have been 
implicated in the formation of climate-forcing of brown 
carbon aerosols. Yet, its atmospheric gas-phase sinks are 
unknown. We employed KinBot to investigate the reaction 
mechanism and kinetics of imidazole's OH-initiated gas-phase 
oxidation in the presence of O2 and NOx. The explored 
mechanism included reactions available to first-generation 
RO2 radicals, as well as alkoxyl radicals produced from RO2 + 
NO reactions. Product distributions were obtained by 
assembling and solving a master equation, under conditions relevant to the Earth's atmosphere. Our 
calculations show a complex, branched reaction mechanism, which nevertheless converges to yield two 
major closed-shell products: 4H-imidazol-4-ol and N,N -diformylformamidine. This work also revealed 
fast O2-migration pathways between the -N-imino peroxyl radical isomers, a new prototype pathway that 
should be considered during the atmospheric oxidation of unsaturated organic nitrogen compounds in 
general.1 

Mechanism and kinetics of carbene reactions The short lifetimes of carbenes largely prevent their direct 
investigation despite their fundamental importance in many gas-phase environments. Here we carried out 
an unprecedented direct gas-phase study of a model carbene reaction, CH3COH + CD3CDO, using our 
previously established strategy to produce singlet-methylhydroxycarbene (CH3COH). Carbenes are often 
assumed to react via insertion. However, previous work from Peter Schreiner’s group concluded that 
CH3COH + CD3CDO occurs via a H-bonded complex followed by a simultaneous H-transfer and C-C 
addition step. By resolving the isomeric nature of the product, and kinetically linking the product to the 
reactant via its time history, we have confirmed that the reactivity is completely dominated by the proposed 
pathway, with no evidence for insertion. To determine the relevant barrierless rate coefficient, we modified 
the variable-reaction coordinate transition state theory (VRC-TST) code of Goldsmith (Brown U) and 
coupled it to KinBot. Our calculations confirm that this reaction is fast (near gas-kinetic) at very low 
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temperatures, where long-range attraction dominates. The submerged barrier separating the pre-reactive 
complex from the acetoin product become the rate-limiting step at higher temperatures. This work shows 
that singlet carbenes, when hydrogen bonding is possible, may not react via insertion pathways. Manuscript 
is in preparation.   

Automated theoretical characterization of sulfur atom reactions with dienes In collaboration with Arthur 
Suits (U. Missouri), we investigated the fundamental chemistry and kinetics of S(3P) + 1,3-butadiene and 
S(3P) + isoprene reactions using automated high-level ab initio methods. Channels were found to be closed 
on the upper triplet PES. Instead, they proceed on the lower singlet PES upon ISC near the geometry of the 
initial adduct. Remarkably, our calculations show that cyclization forming (methyl)thiophene dominates 
under single collision conditions, in striking contrast with the analogous O(3P) reaction, but in agreement 
with the crossed-beam experiments. Our detailed modeling proposed further significant products, such as 
thioketene and thioformaldehyde, which were detected using the chirped-pulse mmW spectroscopy in 
uniform flows (CPUF) technique in the Suits laboratory.4,10 Our work provides fundamental mechanistic 
insight into triplet and singlet sulfur chemistry and nonadiabatic reactions in general. 

Fundamental studies of the reactivity of Criegee intermediates We have continued our collaboration 
spearheaded by Caravan (ANL) on the reactivity of carbonyl oxide Criegee intermediates. In the last year 
we investigated reactions of butanone oxide (methyl-ethyl Criegee intermediate, MECI) with Klippenstein 
(ANL), Lester (U. Penn), and collaborators from the Jet Propulsion Laboratory, identifying mechanistic 
pathways facilitated by the unusual electronic configurations of carbonyl oxides. By measuring 
isomerization products with synchrotron photoionization mass spectrometry, we were able to identify 
hydroxybutanone formation that arises from novel roaming pathways in MECI unimolecular reactions.21  
Comparison of the reactivity of MECI with SO2 to the reaction of methyl vinyl ketone oxide (MVKO), a 
resonance-stabilized Criegee intermediate product of isoprene ozonolysis, showed that resonance 
stabilization substantially reduces the bimolecular reactivity of the carbonyl oxides.20 

Non-thermal chemistry/termolecular reactions Molecular simulations of H2-air detonations under 
chemical equilibrium but vibrational non-equilibrium were performed using DSMC to verify that a 
stochastic particle-based method works well in the continuum regime for processes that include complex 
chemical interactions and strong thermal non-equilibrium. To include vibrational and rotational non-
equilibrium, an effective temperature model was employed. We validated this model for key H2-air 
reactions in a 0-D thermal bath, and it was then used to simulate 1-D hydrogen-air detonations.6 Two-
dimensional high fidelity macro-scale simulations were performed for H2/O2 mixtures at 950 K and 5 atm 
to assess the significance of non-thermal reactivity induced by radical-molecule association and radical-
radical recombination reactions on the initiation, propagation, and structure of planar detonation waves 
(PDWs). Non-thermal effects were found to increase the cell irregularity and marginally increase the 
detonation cell width and length from birth to death.8 In the overdriven keystone region, where the most 
extreme conditions appear, termolecular reactions arising due to rovibrationally excited HO2* were found 
to be the most active and contribute the most to heat release rate at the reaction front, while termolecular 
reactions arising due to rovibrationally excited H2O* are most active far into the reaction zone. The increase 
in peak heat release rate in the keystone region is on the order of 60%, which is quantitatively correlated to 
the contribution of termolecular reactions. Both effects promote consumption of radicals and production of 
fuel.  

Bayesian Optimal Experimental Design We achieved operational mode for our Bayesian optimal 
experimental design (BOED) for the HP-PIMS apparatus: starting from available HP-PIMS data, we are 
using BOED to propose new experimental conditions in the pursuit of increased expected information gain 
on targeted rate coefficients, proceeding to take measurements at these conditions, and iterating on this 
loop. Based on preliminary data from this activity, we enhanced the modeling framework with an embedded 
model error construction, aside from the already implemented additive model error setup. This combination 
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of embedded and additive model error constructions, along with improved capture of the correlation 
structure of the data, have both been useful in reducing bias in the instrument model, and in better informing 
uncertainty on inferred rate coefficients. A manuscript is in preparation. 

Future Work 
The role of singlet and triplet PESs in bimolecular reactions Interactions of two doublet radicals can lead 
to dynamics on singlet or on triplet surfaces, with the possibility of crossing at various points past the 
entrance channel. The ubiquitous reactions of peroxy radicals (ROO) with OH, HO2, RO, or other ROO fall 
into this category. We propose to conduct experimental and computational studies to elucidate the 
mechanisms of ROO self-reactions and the details of the of ISC process in determining the branching among 
the possible product channels. We will focus on small model systems with alkyl and oxygenated R. We 
will quantify RO, ROOH, and ROOR using PIMS by measuring the observed product yields as a function 
of [O2]. We hypothesize that systematic variation of [O2] will allow us to constrain the yields of ROO, RO, 
ROOH, and ROOR from the overall C atom balance. We will also probe the ROO self-reactions at elevated 
temperatures where ROOH and ROOR become thermally unstable, providing additional constraints on 
speciation measurements and on the mechanism. The proposed experiments will be closely coupled to 
calculations for kinetics and branching on 3RO-OR and 1RO-OR PESs as well as ROO + HO2 and ROO + 
R kinetics. We will first establish the methods by which these complicated reactions can be systematically 
and effectively studied and implement these developments in our automated kinetics workflow code, 
KinBot, to allow us to then extend the calculations more easily to larger, more complex systems, and 
understand how for instance the structure of R influences the kinetics.  

Detection and Characterization of Reactive Intermediates The reactivity of many chemical intermediates 
often depends strongly on their structure, and accurate knowledge of their isomer and conformer 
distributions is therefore critical to unraveling the mechanisms of complex reaction networks. Microwave 
(MW) spectroscopy readily distinguishes among conformers and powerfully complements photoionization 
detection, which is sensitive but may lack structural selectivity. However, MW spectroscopy suffers from 
the small population differences among adjacent rotational levels at typical reaction temperatures. A 
common way of shifting the rotational Boltzmann peak into the MW region is cooling via supersonic 
expansions, but this drastically lowers the sample density. As an alternative, we are commissioning a cryo-
cooled buffer gas cell (BGC) designed for (i) continuous sampling out of high T chemical reactors, (ii) 
trapping the reactive intermediates for 100 times longer than in a supersonic expansion, and (iii) 
interrogation of the sampled molecules at Trot < 20 K. In addition, a low-noise amplifier on the cold head 
lowers the noise floor by almost a factor of 8 relative to room temperature. Finally, continuous operation 
combined with broadband MW excitation enables detection at 50 kHz, 250 times faster than in our pulsed 
supersonic expansion. Together, these advances will achieve the sensitivity needed to detect short-lived 
reaction intermediates. Next year, we plan to couple MW detection in the BGC to a high-pressure, high-
temperature reactor developed by Sheps at al. (J. Phys. Chem. A 2021, 125 (20), 4467-4479) with the goal 
of characterizing the key intermediates in hydrocarbon oxidation. We will benchmark our approach by 
detecting a hydroperoxide compound HPMF (HO2CH2OCHO), which was previously identified by 
photoionization as a key intermediate in high-P dimethyl ether oxidation and which has only one structural 
isomer. Subsequently, we will extend our method to larger hydrocarbons cyclopentane, diethyl ether, and 
tetrahydrofuran, aiming to determine the isomeric distribution of peroxy radical and hydroperoxide 
intermediates that is key to unraveling the multi-channel oxidation reactions of these compounds. 

Oxidation of norbornadiene: a Molecular Solar Thermal (MOST) storage candidate A long-standing 
DOE mission goal is the efficient conversion of solar energy to stored chemical energy. One attractive 
approach to meeting this goal is MOST storage, in which a molecule absorbs sunlight that drives 
isomerization to a stable, higher enthalpy isomer. That isomer can then be stored and converted back to the 
more stable isomer, harvesting the exothermicity to do work, at a time of our choosing. Norbornadiene 
(bicyclo[2.2.1]hepta-2,5-diene) is a leading candidate for MOST systems, via photoconversion to its less-
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stable isomer quadricyclane. However, little is known about the oxidation chemistry of norbornadiene and 
quadricyclane, which will be important to understand when considering their use in a MOST system. We 
propose to use our PEPICO apparatus to study the time-resolved reactions of OH and O(3P) with 
norbornadiene and quadricyclane. Both molecules are bicyclic with ring strain, but norbornadiene is a non-
conjugated diene, whereas quadricyclane is a high-strained alkane. It is therefore likely that their oxidation 
chemistries will be quite distinct. From a fundamental point of view, we are interested in the chemical 
reactions of multi-cyclic molecules as a function of increasing ring-strain, which will be a generally relevant 
topic for chemical energy storage systems. We anticipate that automated potential energy surface 
exploration via KinBot will play an important role in this research. 

Stereoisomer-specific kinetics for barrierless reactions Our goal is to experimentally determine the 
nascent branching fractions of diastereomeric peroxy radicals formed from a series of cyclic organic 
precursors. We will use both TOFMS detection via PIMS analysis and CP-FTMW spectroscopy in the cryo-
cooled buffer gas cell as complementary detection schemes. The broadband microwave spectra will be used 
for structure identification and to quantify the abundances of products using computed dipole moments that 
determine the intensities of rotational transitions. The aim of the experiments is to determine the branching 
and to serve as a benchmark and advance calculations. Our first targets are going to be substituted 
cyclopentyl or cyclohexyl radicals. At room temperature, O2 addition produces a menagerie of distinct 
peroxy radicals in competition with one another. Furthermore, addition in syn or anti position can lead to 
diastereomeric products, with distinguishable rotational spectra. 

Further developments for automated kinetics. We successfully coupled KinBot to rotdPy, the VRC-TST 
code of Goldsmith (Brown U), but several open questions remain. VRC-TST is an accurate theoretical 
framework, which, when applied correctly, can yield errors in the 10-20% range for total rate coefficients. 
However, for larger systems, theory needs to make compromises in things like basis set and number of 
sampled points. Moreover, the branching fractions can be sensitive to the location of the dividing surfaces 
and to dynamic effects. To this end, we will continue our work on automating barrierless calculations in 
collaboration with Goldsmith and use the stereoisomer-specific experimental results to benchmark our 
results. We are developing automatic approaches to place pivot points that go beyond just the local 
geometry of the radical center and will test approaches to select the multireference method automatically 
as well as implement multidimensional correction potentials. 

Criegee chemistry We will continue to explore the chemistry of carbonyl oxide CIs, focusing on the 
powerful capability of synchrotron PIMS to characterize product channels, including continued 
collaboration on work led by Rebecca Caravan (ANL), Klippenstein (ANL) and Lester (Penn). We will 
continue investigations begun this past year on the role of water as a chaperone (or catalyst) for bimolecular 
reactions of CIs with other species.  

Non-thermal processes in heterogeneous environments A neural-network-based machine learning method 
for non-equilibrium reaction modeling in DSMC based on the quasi-classical trajectory (QCT) calculations 
was developed and tested on the chain branching reaction H + O2 = OH + O. Further such calculations will 
enable DSMC to treat fully non-equilibrium reacting flow systems. Three-body recombination reaction 
models will also be developed and validated in DSMC. New strategies will be devised to include pressure 
dependence of the recombination reaction rate modelling in DSMC for reactions such as H + O2  HO2. our 
goal is to simulate reacting non-equilibrium systems including 2-D Kelvin–Helmholtz instabilities and 3-D 
turbulent multi-scale reacting flows using fully integrated non-equilibrium chemistry models. 

While chemical non-equilibrium arising due to rovibrationally excited HO2* and H2O* was implemented 
through a phenomenological chemical-kinetics model in macro-scale simulations,14 the effect of other 
complexes like H2O2* is still unknown. We will use DSMC to assist our macroscale simulations in 
determining the magnitude of thermal non-equilibrium, and whether to include additional termolecular 
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reactions. The effect of non-thermal termolecular reactions on the multi-zonal structure of edge-induced 
oblique detonation wave (ODW) for a stoichiometric H2-air mixture at scramjet-relevant conditions will be 
studied with macroscale simulations. Preliminary results show a significant effect of non-thermal reactivity 
on the location of the transition between different zones in the ODW. The structure of the ODW (i.e., angle 
of the wave, initiation length, structure of the cellular structure, etc.) is related to the stability of it, which 
is important for the correct operation of relevant propulsion systems. The underlying mechanism and its 
effects on cellular structure and hydrodynamics in the flow will be characterized by statistical analysis. 
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PROGRAM SCOPE 
The chemical reactivity of gases with solid surfaces is ubiquitous in natural and industrial energy 
transformation.  Cooperative effects that couple gas phase chemistry with surface chemistry are critical for 
foundational understanding but challenging to probe experimentally and theoretically. Heterogeneous 
catalysis is an ideal field to expose and isolate the fundamental chemical physics of these cooperative 
effects.  Our program seeks to characterize gas-surface coupling through chemically specific, temporally, 
and spatially resolved probes of both reacting surfaces and the near-surface gas phase.  The program 
combines optical spectroscopy with mass spectrometry and photoelectron spectroscopy of both gas phase 
and surface species.  The long-term goal is to elucidate the fundamental mechanisms of cooperative gas-
surface chemistry, influencing DOE mission research in catalysis, synthesis, and energy transformation.    
 
Our research explores two key physical mechanisms of gas-surface coupling – transport and reaction – and 
employs a range of chemical complexity and control over the model catalyst surface. First, we probe how 
molecular transport in the gas phase mediates coupling between different domains on a surface without gas-
phase chemical reactions.  This work employs well-controlled reactions on atomically cleaned crystalline 
and polycrystalline surfaces prepared under ultra-high vacuum (UHV) conditions, with reactivity studied 
under pressures of 10-6 to 760 Torr. Second, we add the complexity of reactive coupling, with bond breaking 
and formation among intermediates occurring in the gas phase as well as on the surface. This work utilizes 
both polycrystalline films and more complex surfaces (e.g., doped metal oxides, and bifunctional supported 
catalysts), with reactivity studied at elevated temperatures (400 - 1250 K) and pressures of 1 - 760 Torr. 

 
RECENT PROGRESS 
Development of a Sensitive Scheme for Near-surface Imaging of H2O: Rydberg Resonant Femtosecond 
Laser Induced Photofragmentation Fluorescence One of the simplest, and oldest known gas-surface 
catalytic reactions is H2 + O2 over Pt and Rh.  Over Pt(111), recent velocity-resolved kinetics work 
demonstrated that, within currently accepted microkinetic models, we either do not yet consider the 
appropriate reaction site for H (s) + O (s)  OH (s), or there must be an as-of-yet unconsidered reactive 
intermediate pathway to the formation of H2O (s).  In recent work, we have developed a new scheme for 
the sensitive detection and imaging of water vapor produced by this reaction.  This important capability 
now allows us to explore the effect of step and defect density on local catalytic activity, which will 
unambiguously point to whether or not steps are involved in the discrepancy between current models and 
observed reaction rates for this reaction network.  Even though there is much interest in measuring and 
imaging water distributions, this species does not have a strong laser induced fluorescence transition. The 
accessible excited states of water are short lived and undergo non-radiative relaxation pathways. The most 
studied of these weak fluorescent pathways is the C  Ã transition.  Studies at atmospheric pressure and 
in flames show that the detection limit is 0.2%–0.4% of atmospheric pressure ( 5 × 1016 molecules/cm3 
) per single shot.  This sensitivity was not sufficient for our planned studied over multi-domain and curved 
Pt and Rh crystals.  Single photon absorption studies have shown excitations to highly excited Rydberg 
resonances at 19, 25, 28, and 31 eV. These high-energy transitions can lead to neutral dissociation into 
excited states of the photofragments (H and OH).  Specifically, the 19 eV Rydberg state has been seen to 
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produce H atoms in excited states up to n = 9. These fragments can then be sensitively detected with their 
fluorescence. The most detectable set of emission lines are the 
Balmer series, which correspond to radiative relaxation from n 
> 2 to the n = 2 level of hydrogen. The lowest energy Balmer 
series line is at 656.279 nm and the higher lines asymptotically 
approach 364.5 nm, with frequencies predicted by the Rydberg 
formula. 

We recently showed that by using femtosecond UV pulses of 
light, H2O can be detected using 2 + 2 femtosecond laser 
induced photofragmentation fluorescence (fs-LIPF). Two 
different channels, OH(Ã) and H atom Balmer series emission 
can be excited at the same time from the same color of light, as 
shown in Figure 1. This resonant intermediate state allows for 
efficient coupling into the highly excited Rydberg state that 
leads to the Balmer fluorescence. This emission (from both 
channels) can be used to image water down to 1012 cm 3 
densities. During the present year, we are using this new 
approach to quantify catalytic turnover for hydrogen oxidation 
as a function of step density to clarify mechanistic deficiencies.   

Metal surface restructuring and phase change driven by the chemical potential of high pressure oxygen 
In high pressure environments (near atmospheric pressure 
or higher) new surface-bound phases and metal structures 
are formed at metal surfaces.  This is one of the most glaring 
pieces of evidence of the so called “pressure gap”, in that 
measurements under UHV conditions could never replicate 
such surface phases.  One such system is the interaction of 
molecular oxygen with the surface of Pt.  While this system 
has been studied for decades, consensus has not yet been 
reached on the structure of the Pt surface under high 
pressure exposure to O2 during reaction conditions.  We 
have recently performed AP-XPS experiments using our in-
house instrument to study the evolution of the Pt(111) 
surface during high pressure gas exposure to O2.  This 
understanding will serve as the starting point to tackle the 
reactive H2+O2 system.  In collaboration with Dr. Judit 
Zador (Sandia) and Dr. Jin Qian (LBNL), we have 
undertaken to interpret the O(1s) XPS spectrum under 
oxygen exposure from UHV to atmospheric pressure.  DFT 
simulations using the Pynta automated reaction network 
code as well as simulation of the expected O(1s) spectra are 
being carried out.  By comparison to low energy electron 
diffraction (LEED) data in our system, we can assign the 
529.8 eV binding energy peak from O(1s) to the surface 2x2 
adsorption overlayer of atomic O.   Under higher pressure 
exposure, a new peak (or peaks) grow in at 531.2 eV and 
this peak has been tracked in time as the high-pressure 
environment causes a phase-change to the metal surface.  
We assign this peak to the formation of sub-surface O.  Such 
formations clearly modify the surface free energy and 
reactivity of the Pt surface and will be ubiquitous during 
reactions at catalysis relevant pressures.  Upon evacuating 

 
Figure 1. Emission spectrum of H2O 
photofragmentation.  Top: OH(A) 
emission spectrum.  Bottom: Balmer 
series hydrogen emission. 

 

Figure 2. (top) AP-XPS spectra of Pt(111) 
exposed to 5*10-6 Torr O2 both before and 
after the chamber was evacuated.  (bottom) 
Time-resolved exposure of Pt(111) to 1 Torr 
of O2 
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the chamber, the high energy XPS peak remains, while the 2x2 overlayer disappears.  Dr. Jin Qian (LBNL) 
is simulating these XPS spectra from DFT calculations based upon structures for sub-surface oxide 
formation and surface buckling calculated with Pynta.  This is the first definitive assignment of the O(1s) 
peaks over Pt that differentiates the formation of the new surface phase.  As we move forward, these spectra 
will also provide the basis for assignment of adsorbed (OH) during catalytic hydrogen oxidation and the 
reverse reaction, water splitting.  

Diagnostic for Near-Surface Imaging of Methyl Last year, we reported preliminary 2-dimensional maps 
of gas-phase methyl (CH3) radicals that had desorbed from an active catalyst surface.  Because CH3 radicals 
do not fluoresce after electronic excitation due to strong predissociation, we used the technique of 
photofragmentation laser-induced fluorescence (PF-LIF) to visualize their spatial distribution via the 
photodissociation channel CH3 + 216 nm  CH + H2.  The CH radicals are then probed by laser-induced 
fluorescence.  We now report the first operando imaging of methyl radical mole fraction in the near-surface 
gas phase over Ag/SiO  catalysts during partial oxidation of methanol. Methyl is mapped within 2 mm of 
the surface at single digit ppm concentrations. The temperature dependence of the methyl mole fraction in 
the gas phase follows the methyl surface coverage predicted by a computational study from the Norskov 
group, whereas gas-phase formaldehyde (measured by planar LIF) shows a negative correlation with its 
predicted surface coverage.  We propose that this positive or negative correlation with coverage is due to 
the different binding energies of the adsorbates (stronger binding for CH3, weaker binding for CH2O). These 
results suggest that measurements of the near-surface gas phase can serve as a reporter of surface species 
and provide understanding of the impact of gas-phase radicals in catalyzed chemical processes. For the 
studied catalytic system, we gain insight into the fate of methyl produced on the catalyst surface and 
speculate on the role of methyl radicals for the formation of C -species. Methyl PF-LIF imaging could be 
used in a wide variety of gas conditions and chemistries, including oxidative coupling of methane where 
methyl radicals play a central role.  A manuscript describing this work is currently in peer review. 

Quantitative Measurements of Electronic Collisional Quenching of CH(A) Extracting quantitative mole 
fractions of CH3 radicals in collisional gas-phase environments via PF-LIF requires measurement of 
electronic quenching cross sections with relevant collision partners.  We have measured the collisional 
quenching rates of CH(A) by methanol, methane, oxygen, nitrogen, and acetone at temperatures between 
300 and 600 K. The CH(A) quenching rate by methanol, which is highly relevant in catalysis, has not 
previously been studied. The quenching rates for acetone, which is used as a precursor to photolytically 
produce methyl, and methane have been studied but not at elevated temperatures. We find that methanol 
and acetone both have high quenching rate coefficients with only a small temperature dependence. By 
contrast, the quenching rate of CH(A) by methane has a significant temperature dependence between 300 - 
600 K.  The quenching rates determined in this work will be valuable for laser-induced fluorescence studies 
of catalysis, plasmas, and combustion.  A manuscript describing this work is currently in peer review. 
 

Cooperative Mechanisms in Nanoscale Smoothing of metals:  adatom diffusion and step nucleation1 
Many heterogenous chemical processes induce and are affected by metastable surface morphology.  At 
moderate temperatures, the morphology of crystalline solids often does not reach the lowest energy, 
equilibrium surface structure because the kinetics to do so are too slow.  At the same time, it is often step 
edges, corners, and dislocations on crystalline surfaces that are the most active catalytic sites.  In this work 
we studied the factors that control the metastability of a common feature of rough surfaces: random 
arrangements of “hillocks” or “mesas” consisting of three-dimensional stacks of two-dimensional islands.    
We used low energy electron microscopy (LEEM) to follow the evolution of the individual atomic steps in 
hillocks on Pd(111).  The changing reflectivity of electrons from the surface as a function of time revealed 
a process in which adatoms move downhill from a hillock, eventually exposing a new, larger diameter 
terrace in the layer below. We find that the uppermost island in the stack often adopts a static, metastable 
configuration until the critical vicinal angle of the hillock sides reaches a maximum, at which point the 
topmost step is released. Modeling this result shows that the degree of the metastability depends on the 
configuration of steps dozens of atomic layers below the surface, highlighting how mesoscale morphology 
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evolves into metastable structures. Our model allows us to link surface metastability to the atomic processes 
of surface evolution. 

Fingerprinting methoxymethanol, a reactive oxygenate in complex mixtures3 Methoxymethanol 
(CH3OCH2OH) is a reactive two-carbon ether-alcohol formed in both heterogenous and homogeneous 
chemical systems.  The presence of this species can be an important indicator of the chemical pathways 
forming C2 and larger oxygenates.  Although a closed-shell species, it is typically challenging to detect due 
to its short lifetime in combustion and catalytic reactors.  When detected via the sensitive technique of mass 
spectrometry, the few reports in the literature conclude that methoxymethanol in not observed at its parent 
m/z 62, but primarily after loss of a neutral H atom, at m/z 61.  However, photoionization spectra were not 
previously available.  To better characterize detection methods for this important molecule, we produced 
methoxymethanol from partial oxidation of methanol over a Pd/MgO catalyst.  Our photoionization (PI) 
spectra show no production of the parent ion at m/z 62, but a clean PI spectrum at m/z 61.029, consistent 
with [C2H5O2]+, with an appearance energy of 10.24 ± 0.05 eV.  To provide additional insight to the 
unimolecular fragmentation of this cation, we performed automated electronic structure calculations to 
identify key stationary points on the cation potential energy surface and computed conformer-specific 
microcanonical rate coefficients for the important unimolecular processes. The lowest energy calculated H-
atom dissociation pathway arises from loss of an H atom from the CH2 group, forming a [C2H5O2]+ 
fragment ion with a predicted appearance of 10.21 eV, in excellent agreement with experimental results.  
Together, the experiments and computation provide a well-defined fingerprint for identification of 
methoxymethanol by photoionization or PEPICO spectroscopy in future chemical reactivity studies. 
 
FUTURE PLANS 
Hydrogen oxidation over Pt and Rh– a simple gas-surface reaction with rich dynamics and many open 
questions In our ongoing work, we have employed imaging AP-XPS and have found evidence of both OH 
(s) and H2O (s) in the O(1s) XPS spectral range.  In our initial work, we compared two single crystals 
mounted together- Pt(111) and Pt(557) - to elucidate the effect of step-density.  Our hypothesis is that if 
defects, or steps, provide a near-barrierless route to H (s) and O (s) combination, then surfaces with higher 
step density should yield more observed OH (s) or H2O (s).  We propose to expand this work in several 
directions.  We will first incorporate a curved Pt crystal that continuously increases the density of steps.  
This will allow our imaging approaches to sample a range of step densities under identical conditions 
simultaneously.  We will incorporate H, OH, and O atom femtosecond LIF in the near-surface gas phase to 
monitor for these related intermediates.  Heterodyne SFG-VS will be used to monitor the OH stretching 
region for surface adsorbed species/moieties.  We have discovered a new PF-LIF approach for measuring 
near-surface H2O with high sensitivity.  Our gas-phase and surface diagnostics will reveal the role of steps 
and defects on H2O formation rate as well as monitor the surface and near-surface gas phase for unexpected 
intermediates.   

On Rh foil polycrystals the kinetic picture becomes significantly more complex.  H2 oxidation of Rh 
polycrystals has been shown to follow time-varying kinetics and kinetic oscillations that clearly depend on 
the local crystallographic termination and grain boundaries.  The reaction rate follows oscillatory behavior 
between active and inactive states, and it is thought that the feedback mechanism is related to the formation 
and depletion of subsurface oxygen.  The mechanism of communication and diffusion between domains 
remains unclear, and certainly a correlated measurement of localized product desorption and surface 
oxidation state remains elusive.  We will attack this problem with our suite of correlated near-surface gas 
phase and surface-specific imaging probes to elucidate the mechanism of kinetic oscillation, unambiguously 
identify the more active state, and begin to understand communication between catalytic domains.   

Correlated Measurements of Surface Oxidation State and Gas-Phase Structure using AP-XPS and 
Optical Spectroscopy To date, more than two dozen catalytic reactions have been reported to demonstrate 
nonlinear oscillatory and spatially inhomogeneous kinetics from UHV to atmospheric pressure conditions, 
and more reports are made nearly every year.  Although many plausible kinetic models can create time-
varying oscillations in agreement with macroscopic experiments, incisive experimental tests of these 
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theories require coupling local measurements of the surface and gas-phase over different domains of a 
catalyst. Our powerful combination of new and developed optical approaches will simultaneously probe 
the local gas-phase composition, surface intermediates, and surface oxidation state. We will first probe CO 
oxidation catalyzed by Pd and Ru catalysts. The catalytic oxidation of CO has been studied extensively 
over transition-metal catalysts due to the industrial relevance of catalytic treatments of automobile exhaust 
streams as well as the rich dynamics induced by this reaction over many surfaces  and scientific debate over 
the origins of kinetic nonlinearities and oscillations. For instance, while catalytic oscillations have been 
observed for CO oxidation over Pd(110), the exact mechanisms are still debated, and it is not certain 
whether metallic Pd or PdO is the phase of higher reactivity for CO oxidation. In part, this depends on 
which mechanism is invoked to explain the time-dependent kinetics.  Kinetic oscillations may result from 
subsurface oxygen, switching between stable solutions of the Langmuir-Hinshelwood equations, or a Mars-
van Krevelen mechanism in which the reaction proceeds through two cycles. This sort of literature 
disagreement highlights the need for our novel experimental approach. By combining spatially resolved 
imaging of gas-phase products and reactants, in this case CO, O2, and CO2 with correlated AP-XPS imaging 
measurements of the surface oxidation state, we can close the kinetic loop with clear evidence for which 
oxidation states are present and correspond to a given catalytic activity. The key to this breakthrough in 
mechanistic understanding is the combination of surface and gas-phase imaging diagnostics.  

Probing Chemical Mechanisms Through Photolysis Perturbation One approach to deciphering the 
chemical mechanisms and complex interactions of catalytic and gas-phase reactions is to introduce 
perturbations to the chemistry in a well-controlled manner and monitor the response. We propose to develop 
an apparatus for in situ measurements of the temporal response of an operando catalytic reactor to a 
transient perturbation of the gas composition using laser photolysis of a precursor molecule to generate a 
pulse of reactive species at a prescribed distance from the catalytic surface. 

In preliminary work, we demonstrated the transient addition of CH3 radicals by laser photodissociation of 
acetone vapor diluted in N2 in the near-surface region above a vanadium pentoxide (V2O5) catalyst using 
the stagnation flow reactor operated at 10 Torr (Fig. 3). Catalytic reactions of CH3 with V2O5 are known to 
produce methanol and formaldehyde. We combine methyl PF-LIF and formaldehyde LIF imaging to 
monitor the transient response of both reactants and products in this catalytic system (Fig. 3). To 
differentiate between gas-phase and surface-mediated reactions that impact the consumption of the laser-
generated methyl and the production of formaldehyde, we compare the response of these species using the 
V2O5 catalyst and a significantly more inert surface:  fused silica. In both experiments, the two materials 
are at the same temperature. At 300K, the rate of CH3 consumption and CH2O production are very similar 
with the two different materials (Fig. 3). However, when the surfaces are heated to 500K, a clear difference 
is observed between the two materials with the rates of CH3 consumption and CH2O production 
significantly enhanced by the presence of the heated V2O5 catalyst. Although the complete chemistry of 
this system is unclear at 
present, this enhanced 
chemical activity provides a 
measure of the impact of 
surface-mediated reactions 
with V2O5. 

We propose using this 
experimental approach of 
laser-induced perturbations 
to the near-surface 
composition in combination 
with time-dependent 
simulations by Olaf 
Deutschmann’s group to 
provide mechanistic insights into the transient response of gas-surface interactions in catalytic systems. 

 
Figure 3.  Experimental configuration for studying transient response of 
catalytic systems to laser perturbation of the near-surface composition. 
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We will also consider other transient perturbations beyond methyl. For example, we can generate additional 
OH radicals by photodissociation of a precursor (e.g., added H2O2) at a time (10 ns precision) and place 
(10s of m precision) of our choosing. A probe laser will then monitor the chemical response by laser-
induced fluorescence measurements at different time delays relative to the photolysis pulse. Separate 
MBMS experiments in the same chamber will quantify CH4 conversion and C2 selectivity. Finally, our 
approach enables new, incisive methods to perturb mechanisms. Monitoring of transient, spatial 
response to a pulse of OH radicals via PLIF and MBMS will provide new critical tests of mechanisms. 

Probing the Near-Surface Gas Phase using PhotoElectron PhotoIon Coincidence Spectroscopy In the 
coming year we will leverage the unique capabilities of our PEPICO spectrometer that was developed under 
our core Gas Phase Chemical Physics Field Work Proposal for studies of heterogeneous catalysis systems.  
This work is in collaboration with Drs. Patrick Hemberger and Andras Bodi of the Paul Scherrer Institute, 
Switzerland.  We will couple existing sources of co-axial flows over a catalyst bed, followed by supersonic 
expansion of the gas with our PEPICO spectrometer.  Initial studies will focus on the fundamental chemistry 
of plastic valorization and the precursors to coke formation (carbonaceous deposits).  The systems will be 
initial tested at Sandia National Laboratories using a discharge lamp for production of vacuum ultraviolet 
photons, followed by experiments at the Advanced Light Source Synchrotron using tunable VUV photons. 

Oxidative Coupling of Methane with Soft Oxidants Oxidative coupling of methane (OCM) is a potentially 
transformative catalytic process for production of valuable C2 species, such as ethane and ethylene. 
However, the selectivity of OCM towards C2 products is limited by over-oxidation as the desired C2 
products react with O2 to form CO and CO2. One approach to improving the selectivity is to replace O2 with 
“softer” oxidants, such as N2O that moderate the degree of oxidation. Previous work has shown that 
compared to O2, N2O results in larger conversion rates and improved selectivity. However, the use of such 
alternative oxidants in OCM is much less studied than the use of O2, and significant gaps remain in the 
mechanistic understanding of the improved selectivity afforded by other oxidants. For example, the role of 
the gas phase after surface activation of N2O is not clear. We propose fundamental studies of OCM with 
N2O using complementary MBMS and laser imaging diagnostics.  These results build on those from the 
Kronawitter lab that focus on co-upgrading CO2 and alkanes, including through CO2-OCM. 

The use of N2O in OCM impacts the formation or oxidation of methyl. We propose to investigate the 
different pathways of methyl consumption using laser imaging diagnostics to probe the near-surface gas 
phase above OCM catalysts with N2O or O2 as the oxidizer. We will measure the methyl distributions using 
photofragmentation LIF and detect distributions of products OH, CH2O, CH3O using LIF imaging. Using 
these measurements in a series of studies with different catalysts and operating conditions combined with 
chemical kinetic simulations, we will provide mechanistic insights into the enhanced selectivity of OCM 
with N2O as an oxidant.  Quantitative N2O-OCM reactor experiments will be performed in the Kronawitter 
lab at UC Davis to complement data from the near-surface. 
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PROGRAM SCOPE 
This research program encompasses experimental and computational investigations of a wide range of 
multiphase phenomena, investigating the formation of particulates in gas-phase reaction systems, 
measuring and modeling the gas-phase processes at reactive interfaces and probing the physical and 
chemical interactions between phases. Understanding reactions that lead to particle formation and 
calculating surface reactions draw on work in the Sandia “Chemical Kinetics for Complex Systems” task, 
and experiments employ innovations from the “Ultrafast Physics: Nonlinear Optical Spectroscopy and 
Diagnostics” task. Recent emphasis is on chemically controlled gas-to-particle conversion; proposed new 
directions will extend work into understanding the interactions of gas-phase molecules with liquid and solid 
surfaces. These initiatives complement the catalytic surface investigations in Sandia’s “Imaging the Near-
Surface Gas Phase” program. 

RECENT PROGRESS 
Molecular weight growth and particle formation  

1. Hydrocarbons1,5 We continued to investigate the scope of hydrocarbon molecular-weight growth 
through radical-radical chain reactions, focusing on the role of the propargyl (C3H3) radical at ambient to 
high temperatures. In our work, we used controlled pyrolysis in a SiC microreactor in combination with 
molecular-beam mass spectrometry and mass-selected threshold photoelectron spectroscopy PEPICO 
(photoelectron photoion coincidence). Following work reported in last year’s abstract, in which we 
described the investigation of the well-skipping and dissociation channels in the cyclopentadienyl + phenyl 
reaction, we now studied the recombination reaction of propargyl radicals with fulvenallenyl (C7H5) and o-
benzyne (C6H4) by dilute pyrolysis at low pressure near 30 Torr and intermediate temperatures of 800-1600 
K. In combination with Kaiser (University of Hawaii), we reported on the very first gas phase preparation 
of azulene by probing the gas-phase reaction between two resonantly stabilized radicals, fulvenallenyl 
(C7H5) and propargyl (C3H3). Augmented by electronic structure calculations by Mebel (Florida 
International University), the novel reaction mechanism affords a versatile concept for introducing the 
azulene moiety into polycyclic aromatic systems thus facilitating an understanding of barrierless molecular 
mass growth processes of saddle-shaped aromatics and eventually carbonaceous nanoparticles.  

In collaboration with colleagues from the DLR Stuttgart (Germany) and the Swiss Light Source at the PSI 
(Switzerland), we reported the identification of the indenyl (C9H7) radical – the simplest aromatic 
hydrocarbon radical carrying an adjacent five- and six-membered ring, as the major product of the o-
benzyne (o-C6H4) reaction with propargyl (C3H3). We studied this reaction in a resistively heated 
microtubular SiC reactor at controlled conditions of 1150 K and a pressure near 10-20 Torr. We identified 
the reactants and the indenyl radical isomer-selectively utilizing photoion mass-selected threshold 
photoelectron spectroscopy (ms-TPES). The experimentally observed predominant formation of indenyl 
radicals finally confirms the theoretical predictions of Matsugi and Miyoshi [Phys. Chem. Chem. Phys. 14 
(2012), 9722-9728] and highlights a versatile route for the formation of five-membered rings and curved 
PAHs via reactions of o-benzyne that favor the formation of multi-ring species over aliphatically substituted 
aromatic species. 
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2. Criegee intermediates3 In a broad collaboration led by Rebecca Caravan (ANL) and Carl Percival 
(Jet Propulsion Laboratory) we characterized the chemistry of Criegee intermediate oligomerization 
reactions that could build highly oxygenated species and contribute to secondary organic aerosol (SOA) 
formation precursors in Earth’s atmosphere (see also ANL kinetics abstract). These SOA change Earth’s 
radiation balance but their formation processes remain uncertain. Sequential Criegee intermediate additions 
to small oxygenated species like acids or alcohols have been demonstrated in laboratory experiments, and 
masses that would correspond to similar sequences have been observed in Amazon field experiments led 
by some of the collaborators in this work. In order to assess the extent to which the field observations could 
reflect Criegee intermediate oligomerization, we focused on the sequential addition of CH2OO 
(formaldehyde oxide) to formic acid (HCOOH), which we observed in jet-stirred reactor measurements of 
ethene ozonolysis. The initial reaction of CH2OO with HCOOH forms hydroperoxymethyl formate, as 
established by earlier work in our group and others, and subsequent reactions with CH2OO retain an -OOH 
moiety that is susceptible to further reaction with CH2OO. Most of the reactions in the sequence are not 
amenable to direct kinetics measurements, so we measured analogous reactions of CH2OO with 
hydroperoxides and compared with state-of-the-art theoretical kinetics from Stephen Klippenstein (ANL). 
In addition to determining rate coefficients, our measurements confirmed the insertion mechanism by 
observing the hydroperoxide products in both direct kinetics and sampling from jet-stirred reactor 
ozonolysis experiments. Having established the accuracy of the theory for hydroperoxide reactions that 
could be measured, theoretical rate coefficients from the Argonne group were employed to model the effect 
of the oligomerization under field conditions. Although the oligomerization reactions are more prominent 
than previous models had assumed, the best estimates of their contribution in the Amazon still fall several 
orders of magnitude short of explaining the observed concentrations in the field measurements. This 
indicates either that Criegee intermediate rate coefficients (and Criegee intermediate concentrations) are 
substantially higher than current estimates, or that some other oxidation processes are dominant in forming 
the aerosol precursors that have been observed. 

Ion imaging above reactive surface8 Last year we reported on a new microscope based on a combination 
of velocity mapped ion imaging and spatial imaging that allowed us to measure the position of a surface 
that an ionized product was formed with approximately 50-micron resolution. This microscope uses a laser 
to state-selectively ionize molecules above a reactive surface, velocity map images the ions at a plane 
containing a pinhole (allowing only those moving perpendicular to the surface to pass), and then expands 
the ion cloud onto an imaging detector providing an image of the laser focus where the intensity is mapped 
to production of the ionized molecules on the surface. We have designed and are building a next generation 
microscope that will also provide velocity information on the arrival time of the products from the surface 
to the laser ionization position.  This is possible if one uses a short energizing pulse to initiate the surface 
reactivity. This can be accomplished for example by photons from a laser pulse or a voltage pulse depending 
on the catalyst. By measurement of the time delay between the energizing pulse and the arrival time of the 
products at the laser focus one obtains velocity information to add to the spatial information we have 
previously demonstrated. As a demonstration we have studied 266-nm photodissociation of MnBr(CO)5 
spin coated onto the surface of the repeller plate of a velocity mapped ion-imaging apparatus. After 266 nm 
excitation the pentacarbonyl will contain enough energy to dissociate and produce 5 CO molecules that are 
detected by 2 +1 REMPI through the CO B 1S+ state at 230 nm. The velocity distribution of CO 
photofragments shows the fastest CO is about 9000 m/s corresponding to an arrival time of about 15 s. 
CO is observed to continue to arrive for up to 600 s, implying trapping and subsequent desorption of 
thermalized CO from the surface. This new instrument is the subject of a patent application, and the 
apparatus will be employed to study photocatalytic processes once it is fully functional.   

Non-adiabatic dynamics of photosensitizing reactions at environmental air-water interfaces In our aim 
to unravel the non-adiabatic photochemical mechanisms and timescales of photosensitizing reactions of 
fatty acids and solvated ions at environmental air-water interfaces, we have begun experimental and 
theoretical study of size-selected clusters of model photosensitizers and water.  Photosensitizers are 
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molecules that absorb light and undergo electronic excitation; internal conversion and intersystem crossing 
processes may occur before energy transfer from the photosensitizer to a nearby acceptor molecule.  
Photosensitizing processes involve UV-Vis excitation of a photosensitizing molecule such as 4-
benzoylbenzoic acid (4-BBA) and subsequent internal conversion before excited energy transfer to a nearby 
fatty acid or halide, causing proton or electron transfer.  The details of these photosensitizing processes at 
air-water interfaces are largely unknown, including the electronic states involved, competition between 
internal conversion and intersystem crossing, and timescales of photosensitizing.  We have teamed with 
Prof. Joseph Fournier (Wash U.) and Ahren Jasper (Argonne) to measure and characterize the IR and UV 
spectra of size-selected clusters of 4-BBA-/nH2O and 4-BBA+/nH2O (n=0-2), employing cryogenic ion 
action spectroscopies and density functional theory to predict and analyze the experimental spectra.  
Theoretically we are comparing the IR and UV signatures of 4-BBA-/nH2O/Cl (n=1-2) to identify signatures 
of the photosensitization process.  We aim to perform non-adiabatic mixed quantum-classical dynamics 
calculations (NA-MQC) of these and other clusters to identify the electronic states and timescales involved 
in photosensitization reactions at air-water interfaces.   

 
Vibrational Signatures of Polyaromatic Hydrocarbon Interactions with Water In collaboration with Prof. 
Mathias Weber (CU Boulder, JILA) and Prof. Joel Eaves (CU Boulder), we are predicting the IR spectra 
of anionic clusters of polyaromatic hydrocarbons (PAHs) and water molecules.  Comparisons of 
experimental IR spectra and computational harmonic spectra show evidence of many anharmonic and 
nuclear quantum effects.  The vibrational spectra of anionic pyrene + H2O were computed from molecular 
dynamics (MD) employing classical molecular potentials and significantly overestimate the intensity of the 
H2O antisymmetric stretch, which does not appear in the experimental spectrum.  One remedy for this is to 
employ molecular potentials from quantum chemistry calculations (e.g. density functional theory (DFT)) 
due to their higher accuracy and ability to incorporate effects of charge fluctuation in the PAH.  However, 
performing DFT calculations on-the-fly in MD is computationally prohibitive, as many nanoseconds of 
dynamics are needed to obtain converged spectra.  We are working to solve this issue by fitting a machine 
learning (ML) model to DFT energies and gradients of the system, with training sets gathered from classical 
MD calculations and via sampling along 1- and 2-normal mode displacements.  Once trained, we will 
employ these ML models to compute the MD and extract the vibrational density of states via the 
autocorrelation function of the velocities.  We compute the dominant molecular motion (i.e. a generalized 
normal coordinate) underlying the vibrational features of interest and compute the IR intensities by taking 
the derivative of the DFT dipole along these generalized normal coordinates and scale the computational 
spectral features accordingly.  We are also currently working to develop reduced dimensional models for 
computing the role of nuclear quantum effects in these spectra via multi-configuration time-dependent 
Hartree methods (MCTDH). 

 
Enhanced Conformer Trapping During Cryogenic Matrix Formation4  In collaboration with Prof. Leah 
Dodson’s group (U. Maryland), we have revealed how the dynamics of cryogenic matrix formation 
consisting of bath gases N2, Ar, or Xe, can change conformer abundances of CH3ONO from their gas-phase 
levels.  We find that when CH3ONO is deposited onto a cold substrate, the cis conformer is enhanced 
relative to the expected gas-phase levels. To unravel the competition between differing binding energies 
vs. conformer size effects driving this enhancement, we performed calculations of the 1:1 complexes 
employing coupled cluster theory with single, double, and perturbative triple excitations (CCSD(T)).  
Through these we did not identify significant differences in stabilizing interactions between the bath gases 
and conformers of CH3ONO.  We therefore concluded that the enhancements are likely structural and due 
to the smaller van der Waals radius of cis-CH3ONO compared to the trans conformer. 

Kinetic Monte Carlo for stiff surface kinetics2 We have completed a study targeting development and 
analysis of adaptive time integration in the context of stochastic Kinetic Monte Carlo (KMC) simulations 
for stiff gas-surface kinetics. We targeted development of adaptive time stepping versions of the “tau-leap” 
method, which is an approximate stochastic simulation algorithm that models the cumulative effect of fast 
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processes over slow time scales, originally developed for gas phase chemistry. Tau-leap has been used in 
the context of KMC for surface kinetics, albeit with a fixed time step size. We developed two algorithms 
for proposing the time step size adaptively, one based on an extension of similar methods in well-mixed 
gas phase systems, and another based on estimated dynamics of the average-state probability field19. We 
examined the performance of the methods relative to fixed time step constructions, both in terms of 
accuracy and computational speed, for a model problem involving catalytic decomposition of ammonia. 
Results highlight the utility of adapting the time step while retaining accuracy once the residual 
computational costs of either of the time-step selection algorithms can be suitably addressed.   

Periodic Trends in Ions Bound inside Molecular Cages Cryptands are three-
dimensional molecular cages that selectively bind cations in their interiors, 
discriminating between atomic cations based on their size and charge state.  We have 
carried out a study of the spectroscopy and structures of [2.2.2]-benzocryptand 
(BzCrypt) with Mn+ = Na+, K+, Rb+, Sr2+, and Ba2+ under cryo-cooled conditions in the 
gas phase, in order to discern periodic trends in the absence of thermal, solvent or 
packing effects.  We incorporate the aromatic ring in the cryptand cage to provide a UV 
chromophore for IR-UV double resonance. In each case, a single dominant 
conformation of the cage is formed. In the infrared, the imbedded ion produces significant shifts and 
splittings in the alkyl CH stretch infrared spectrum (2800-3000 cm-1) that are also unique to the imbedded 
ion.  In collaboration with Ned Sibert (UW-Madison), we employ an anharmonic local mode model of the 
manifold of CH stretch transitions to assign the experimentally observed structures. All five ions are bound 
inside the cage primarily by the six O-atoms in the three alkyl ether bridges, with secondary binding to the 
two tertiary amines. There is a strong correlation between phenyl ring orientation and the end-to-end N-N 
distance, with smaller cations (Na+, Sr2+) twisting the phenyl ring to nearly perpendicular to the N-N axis, 
thereby shortening the N-N distance from 6.08-6.12 Å in K+-BzCrypt and Ba2+-BzCrypt to 5.31 Å in Na+-
BzCrypt and 5.45 Å in Sr2+-BzCrypt. Finally, Rb+-BzCrypt takes up the same structure as in K+-BzCrypt, 
with both UV and IR spectra that are closely similar to those in the latter complex.

FUTURE WORK

Molecular weight growth and particle inception The cyclopentadienyl radical is known to have a 
multifaceted chemistry. For example, the recombination of two C5H5 radicals and its potential to form 
naphthalene has been the focus of much previous work. This route would in fact make it possible to bypass 
the formation of single-ring aromatic species by directly forming naphthalene, the simplest PAH. The 
reaction C5H5 + C3H3 has been proposed to be a source of styrene through a ring-enlargement reaction that 
converts the five-membered into a six-membered ring. However, experimental datasets for this reaction are 
still scarce. In collaboration with colleagues from the DLR Stuttgart (Germany) and the Swiss Light Source 
(PSI, Switzerland), we studied this reaction at high temperatures using i2PEPICO spectroscopy. The isomer-
resolving capabilities of the i2PEPICO end-station are necessary to differentiate between the different 
isomers by measuring mass-selected photoelectron spectra as a function of temperature. We are currently 
in the process of analyzing the experimental data and of comparing them with results of the potential energy 
surface exploration and kinetics study performed by Zádor et al.

We will continue to study the formation of five-membered ring species via ortho-benzyne (o-C6H4) as an 
essential molecular building block in molecular-weight growth reactions. We will study the reaction of o-
C6H4 with benzyl (C7H7) radicals in a well-controlled flash pyrolysis experiment. Using molecular-beam 
time-of-flight mass spectrometry, we will trace the product formation and compare our experimental results 
with earlier theoretical calculations by Matsugi and Miyoshi [PCCP, 2012, 14, 9722-9728], who predicted 
the formation of fluorene (C13H10) + H to be the dominant reaction channel.

Oligomerization reactions of larger Criegee intermediates may be more likely than the CH2OO 
oligomerization already studied to lead to aerosol precursor formation in real tropospheric conditions. We 
will continue our collaboration with Caravan (ANL), Klippenstein (ANL), Lester (Penn), and Percival 
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(JPL) with studies of kinetics and product formation in sequential reactions of methyl vinyl ketone oxide 
with atmospheric species, comparing measurements in our photoionization mass spectrometric experiments 
with theory, modeling, and field observations. 

Machine Learning and Uncertainty Quantification in Computational Chemistry Machine learning 
developments, and their applications in computational chemistry, have continued to advance at a 
remarkable rate. At the same time, there are clear and well-recognized indications of the need for vigilance 
in the assessment of quality of predictions from ML constructions, particularly in out-of-distribution 
extrapolative scenarios. With necessary approximations, uncertainty quantification methods have indeed 
been used to provide a measure of confidence in ML predictions. However, despite the extent of work in 
this area, there has been relatively little attention paid to the uncertainty in the data itself, and the consequent 
uncertainty in predictions from the trained neural network (NN). This issue is of particular relevance in the 
context of computationally generated training data relying on approximate models. In the computational 
chemistry context, DFT is often the main source of data for NN training. Given the large requisite training 
data sizes, it is typically necessary to use DFT computations at low levels of theory, with associated 
resulting uncertainties in the computed data used for NN training. These uncertainties are particularly large 
for gas-surface kinetics, as opposed to gas phase systems. We propose to address the challenge of estimating 
uncertainty in DFT predictions of surface kinetics, making use of Bayesian inference and Gaussian process 
models in the context of fitting of the BEEF functional. With this done, we will use BEEF-DFT to generate 
NN training data with associated uncertainties and will estimate the corresponding predictive uncertainties 
in trained NN predictions on model surface-kinetics systems. 

Nano-Confinement: The Spectroscopy of Ions in Molecular Cages.  Unlike the alkali metal and alkaline 
earth cations, which are bound to the cryptand cage almost entirely by electrostatics, the protonated 
cryptand cage has the proton chemically bound by a covalent bond to the cage at one of the capping nitrogen 
atoms. We have recorded preliminary UV and IR-UV spectra of both [H+BzCrypt]+ and [2H+BzCrypt]2+ 
and are presently collaborating with Daniel Tabor (Texas A&M) on the conformational analysis and 
anharmonic local mode calculations to assign the spectra. Not surprisingly, the singly protonated BzCrypt 
cage is most challenging, since it has one proton binding site filled and one empty, resulting in several low-
energy conformers. Experimentally, we have observed two conformers of [H+BzCrypt]+ and a single 
conformer of the doubly protonated counterpart. In the coming year, we will be completing our analysis 
and writing up a manuscript describing this work. 

When we use barium acetate as the salt for making up solutions of the Ba2+-BzCrypt complex, we see 
Ba2+(OAc)-1-Bzcrypt in the mass spectrum. Without the presence of the BzCrypt cage, Ba2+(OAc)-1 would 
constitute a contact ion pair. However, in the presence of the benzocryptand cage, the Ba2+ cation is 
imbedded in the cage, with the acetate anion bound to it. We have recorded both UV photofragment spectra 
and IR-UV double resonance spectra of this ion pair complex in order to understand the structural 
consequences and binding energy changes that are induced by the cryptand cage. We are collaborating with 
Daniel Tabor on the conformational and spectroscopic analysis of our data.  
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cjkliew@sandia.gov, kramase@sandia.gov, lmmcas@sandia.gov  
 
Program Scope  
This program applies ultrafast techniques and theoretical calculations to investigate fundamental gas-phase 
chemical dynamics. Our research uses diverse experimental probing techniques to follow coupled electronic 
and nuclear motion on femtosecond to picosecond timescales in gas-phase molecules, as well as advanced 
quantum chemical calculations to investigate these dynamics and predict experimental observables. The 
coupling of electronic and nuclear degrees of freedom, representing a breakdown of the Born-Oppenheimer 
approximation, gives rise to complex pathways for non-radiative energy dissipation in electronically excited 
molecules, often involving participation of multiple electronic states. Identifying the motions that couple 
electronic states, the timescales and dynamics of excited state population relaxation, and the role of coupled 
vibrational modes of a molecule in guiding energy flow is crucial to our understanding of non-equilibrium 
dynamics, and it forms the mainstay of this program. This is a core thread that runs through all of the 
complex photochemical systems that are studied and detailed below. Ultrafast Chemistry is one of the 
synergistic research themes of CSGB and this work addresses two key aspects of the Grand Challenges for 
Basic Energy Sciences: (1) investigating the nature of electronic excited states, and (2) exploring the 
breakdown of the Born-Oppenheimer approximation.  

The interaction of intense pulsed laser fields with atoms, molecules, and surfaces induces a coherent 
response in the material.  At especially high intensities, the material response becomes nonlinear and gives 
rise to a wealth of approaches to both control and to probe molecular processes in gas-phase and interfacial 
chemical physics, even processes very far from chemical equilibrium.  As part of this program, our goal is 
to develop ultrafast optical methods to both measure and control matter at the molecular level and on 
molecular timescales.  On the measurement side, ultrafast nonlinear approaches are advanced for the 
detection of transient reactive molecular species.  In addition, broadband approaches enable the sampling 
of many spectroscopic transitions at once, allowing for the assessment of instantaneous molecular energy 
partitioning and energy transfer.  A critical aspect of our research includes the study of fundamental 
spectroscopy, energy transfer, molecular dynamics, and photochemical processes. This aspect of the 
research is essential to the development of accurate models and quantitative application of techniques to 
complex environments.  We are uniquely positioned to study molecular systems driven far from 
equilibrium, as well as relaxation rates and pathways.  Time-resolved collisional dephasing measurements 
provide insight into the local chemical environment as well as inform spectroscopic models for quantitative 
interpretation.   

Recent Progress 
Femtosecond core-level spectroscopy reveals involvement of triplet states in the dissociation of gas-phase 
Fe(CO)5 The photochemistry of Fe(CO)5 has garnered intense interest as an excellent model for studying 
metal-ligand binding and reactivity in organometallic molecules, serving as a valuable starting point for 
understanding more complex systems relevant to photocatalysis. Previous work had shown that this 
molecule experiences sequential loss of two CO ligands in the gas phase when excited at 266 nm, but 
spectroscopic detection of the electronic and structural dynamics governing this dissociation had long 
eluded experimental observation, hindering a complete understanding of the photochemistry of this system. 
Researchers had thus explicitly disregarded the role of triplet states in the ultrafast photochemistry of 
Fe(CO)5 in the gas phase. Our work unveiled the coupled electronic and structural dynamics of Fe(CO)5 
photodissociation at 266 nm using cutting-edge experiment and theory. Our experiments used ultrafast 
extreme ultraviolet (XUV) transient absorption spectroscopy near the Fe M2,3 edge, which, via Fe 3p-to-
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valence transitions, provided element-specific information on 
the femtosecond valence excited state dynamics during Fe(CO)5 
photodissociation. Our theory employed electronic structure to 
predict the key core-level spectroscopic signatures of the species 
involved in the dynamics and identify them in the experiment. 
Our work, for the first time, revealed spectroscopic signatures of 
transient singlet metal-centered excited states during the ultrafast 
first CO loss from Fe(CO)5 along with spectroscopic signatures 
of vibrationally hot photoproducts, Fe(CO)4 and Fe(CO)3, 
formed on their first singlet excited states. Crucially, our work 
provided key spectroscopic evidence for the involvement of 
triplet states in the ultrafast photodissociation of gas-phase 
Fe(CO)5, challenging decades-old presumptions that 
dissociation of this molecule proceeds exclusively on the singlet 
manifold. 
This was a collaboration with Martin Head-Gordon’s group 
(UC-Berkeley). 
 
Ultrafast production of NiCO and Ni following 197 nm 
dissociation of Ni(CO)4 We studied the excited state 
photodissociation dynamics of gas-phase nickel tetracarbonyl – 
a unique model system to explore ligand binding and transition 
metal electronic structure – following deep-ultraviolet excitation 
at 197 nm. The existing literature on the ultrafast photodynamics 
of transition metal carbonyls at these high excitation energies is 
sparse due to challenges associated with a high density of electronic states and multiple competing pathways 
for dissociation. Using ultrafast transient infrared absorption spectroscopy to probe the bound C O 
stretching vibrations alongside equation-of-motion coupled cluster calculations of potential energy cuts, 
our work suggests picosecond production of Ni(CO)2 and NiCO and the production of bare Ni on a 50-ps 
time scale, revealing more complex ultrafast photodynamics than previously thought.  
 
Competing pathways in the ultrafast photodissociation of dimethyl disulfide Dimethyl disulfide (DMDS) 
is the simplest model system for the disulfide (S–S) bond, an important moiety in tertiary protein structure. 
Despite its central role in maintaining the structural integrity of proteins, the disulfide bond is photolabile 
with several electronic excited states proposed to be dissociative along the S–S and C–S bonds; we are 
investigating the competing pathways in the deep UV-induced dissociation of this molecule. We performed 
ultrafast electron diffraction (UED) at the SLAC MeV-UED facility to probe the competing pathways in 
the ultrafast photodissociation of DMDS following 200 nm excitation. Our theoretical work revealed that 
200 nm populates S5, which is characterized by transitions from nS to primarily Rydberg orbitals, with 
minor contribution from transitions to *C-S. Following this excitation, experimental results show prompt 
appearance of negative signal at 2 Å and 3 Å interatomic distances, corresponding to the loss of C–S/S–S 
distances and the second-nearest neighbor C---S distances, respectively. This prompt response is followed 
by subtle evolution on a 1.5 ps timescale at interatomic distances between 2 and 3 Å. To complement our 
UED experiments, Vasilios Stavros’ group (U. Birmingham) performed ultrafast photofragment velocity-
mapped ion imaging of the CH3 fragment; these results also show evidence for C–S and S–S bond 
dissociations, with possible existence of a second, slower C-S dissociation channel. These slower 
picosecond dynamics may be indicative of intersystem crossing or slow fragment velocities due to 
formation of electronically excited co-fragments. 

To help interpret experimental results, we performed computational studies of the photodissociation of 
DMDS with electronic structure and non-adiabatic dynamics calculations. To this end, we compared the 

Figure 1: (Top) Experimental XUV 
spectra near the Fe M2,3-edge of Fe(CO)x 
after 266 nm excitation of Fe(CO)5. 
(Bottom) Theory predicted XUV 
absorption spectra of Fe(CO)x in the 
indicated geometries and on singlet and 
triplet electronic states. 
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performance of equation of motion coupled cluster theory with single and double excitations (EOM-CCSD) 
and extended multi-state complete active space second-order perturbation theory methods (XMS-CASPT2) 
with the two active spaces – (8e,8o) and (10e,10o). Specifically, we investigated these methods’ ability to 
predict UV-Vis spectra, capture Rydberg character of excited states in the Franck-Condon region, and 
predict dissociation energies along the S-S and C-S coordinates. We also predicted the excitation and 
dissociation potential energy curves with a new equation-of-motion coupled cluster method that includes 
triples corrections, EOM-CCSD(T)(a)*. We find that EOM-CCSD is the superior method for predicting the 
UV-Vis spectra, including excited state energies and oscillator strengths at the Franck-Condon geometry, 
and it captures the Rydberg and mixed Rydberg-valence character of states S3-S6. We find that XMS-
CASPT2(8e,8o) and (10e,10o) are reasonable at predicting these energies and Rydberg character but exhibit 
greater deviations from the experimental UV-Vis spectra than EOM-CCSD. Along the S-S and C-S 
dissociation coordinates, we find numerous dissociation pathways due to the large number of excited states 
and energetically available pathways. XMS-CASPT2 better predicts the asymptotic dissociation energies 
compared to EOM-CCSD and EOM-CCSD(T)(a)*. Further, we find spin-orbit coupling to be larger than 
50 cm-1 at the Franck-Condon geometry and numerous singlet and triplet states that exhibit quasi-
degeneracy, indicating a high likelihood of intersystem crossing during photodissociation. Our non-
adiabatic dynamics simulations from the S5 state (100 trajectories for 300 fs) at the XMS-
CASPT2(8e,8o)/aug-cc-pVDZ level of theory show 63% S-S bond dissociation, 16% C-S bond 
dissociation, 18% three-body dissociation into S + SCH3 + CH3, and the final 5% of trajectories dissociating 
along other multi-body dissociation pathways. Given these trajectories, analysis of the experimental data is 
underway. 

Dynamics of molecular alignment and spin-
rotation coupling of super-rotors coupled to a 
magnetic field We have recently developed an 
optical molecular centrifuge for the study of 
molecular dynamics and reactivity in extreme 
angular momentum states.  In our first 
demonstration11, we optically trapped molecular CO2 
in the centrifuge pulse and angularly excited to J = 
364, corresponding to a rotational energy of 6.14 eV.  
As these high angular momentum states relaxed, we 
directly observed rotational-to-vibrational energy 
exchange, with as much as 6 quanta detected in the 
bending mode of CO2.  The high angular momentum 
states are prepared by combining two oppositely 
chirped left- and right- circularly polarized beams on 
the sample, generating a linear polarization that 
rotates and ever-increasing angular velocity.  This 
corkscrew shaped pulse traps molecules that possess 
polarizability anisotropy, and accelerates such 
molecules to very high angular momentum through 
successive J=2 transitions.  To probe the 
distribution of states excited by the centrifuge, we 
scatter from the generated rotational coherence with 
either a picosecond or seeded nanosecond laser 
pulse.  The picosecond pulse provides frequency 
resolution of ~0.2 cm-1, while the nanosecond pulse 
is used for the resolution of finely spaced transitions.  
In CO2, this enabled the monitoring of vibrational 
population through the slight shift in rotational 

Figure 2: N-dependence of the resolved spin-
multiplet (J = N-1 leftmost peak, J=N middle 
peak, J=N+1 rightmost peak) for oxygen 
(paramagnetic) unidirectionally spinning super-
rotors with applied magnetic field of (a) 0.3 
Tesla along the centrifuge laser pulse 
propagation axis and (b) 1T perpendicular to the 
propagation axis.
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constant for each additional vibrational level populated.  Molecular oxygen provides a model system with 
nonzero electronic spin in the ground state that couples to the nuclear motion through spin-spin and spin-
rotation coupling.  The optical centrifuge induces spin polarization, which in turn may generate a net 
magnetic field depending on the dynamics of the distribution of the spin states.  Each rotational level in 
paramagnetic oxygen is split by the nondegenerate spin multiplicity into a total angular momentum of J = 
N, N+/-1, where N is the rotational angular momentum.  Exciting molecular oxygen in molecular centrifuge 
in the presence of an external magnetic field allows for the investigation of magnetic coupling to spin 
polarization and molecular alignment.  We conducted experiments with both cylindrically hollow magnets 
and disc magnet pairs to generate a magnetic field, B, either along the angular momentum axis of the 
unidirectionally spinning super-rotors or perpendicular to it.  Magnetic fields between 0 and 4 Tesla were 
explored.  Figure 2 shows a rich dynamics of molecular realignment of super-rotors and spin-flipping 
transitions in the presence of a magnetic field that were tracked as a function of angular momentum, and 
we are presently developing the model to correctly predict the observed dynamics.   
 
Future Work 
Photoisomerization and ring-opening in 1,3,5-triazine Knowledge of the photochemistry of aromatic 
heterocycles is crucial to a bottom-up understanding of the photostability of these fundamental building 
blocks of life. In particular, the role of conical intersections in the non-adiabatic dynamics of these 
heterocyclic rings has been the subject of intense study for several decades. While the photochemistry of 
pyridine and pyrimidine is well studied, the related system 1,3,5-triazine (c-C3H3N3, sym-triazine, ST) has 
received less attention. ST is both an important model biochromophore and is a prototypical example of 
three-body dissociation. Photodissociation of ST only occurs following internal conversion (IC) to the 
ground electronic state, with conflicting evidence for synchronous vs. asynchronous concerted three-body 
dissociation mechanisms. Also, there is no information on the ST structural changes that accompany IC. 
To understand the excited state structural dynamics and the role of photoisomerization versus ring-open 
intermediates in ST, we recently performed UED following 266 nm excitation of sT at SLAC MeV-UED. 
Analysis is underway by comparing data to predicted differential scattering intensities and pair distribution 
functions for the ring-closed and ring-open intermediates and the three-body dissociation products. 
 
Deep-UV induced dynamics in propargyl bromide Propargyl bromide is a photolytic precursor to the 
propargyl radical, which is an important precursor to the formation of aromatic molecules in flames. Being 
a multi-chromophore system—excitation at 200 nm can prepare states of mixed *, * and n * 
character—propargyl bromide has also attracted considerable interest for understanding excited state 
dynamics arising from UV excitation. Previous work near this excitation wavelength using velocity map 
imaging showed a bimodal translational energy distribution of the Br and Br* generated from C-Br bond 
dissociation. A few explanations have been put forth to explain the production of slow and fast Br atoms, 
including the involvement of triplet states in the dissociation and the formation of electronically excited 
C3H3 co-fragment. With the aim of shedding light on this issue, we recently performed ultrafast XUV 
spectroscopy near the Br M2,3-edge, which reveals instantaneous formation of Br and Br* within 200 fs, 
with no further evolution of transient signal out to our longest time delay of 1.2 ns. We will perform ultrafast 
soft X-ray spectroscopy near the C K-edge to probe the fate of the propargyl radical, with particular 
attention to whether it is formed on an electronic excited state. Anna Krylov’s group (USC) is performing 
theory and core-level spectral predictions. 
 
Ultrafast soft X-ray transient absorption spectroscopy of excited state dynamics in the dissociation of 
dimethyl disulfide Our current work on DMDS suggests complex valence excited state dynamics, 
particularly on picosecond timescales when intersystem crossing and dynamics on triplet states may play a 
role. We will experimentally study the valence excited state dynamics using ultrafast soft X-ray transient 
absorption spectroscopy simultaneously near the S L-edge and C K-edge following 200 nm excitation of 
DMDS. Immediately following excitation, we expect new, strong pre-edge features arising from transitions 
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out of the S 2s and 2p orbitals to the now-partially-occupied localized non-bonding orbital of sulfur, as well 
as reduction in intensity of the S and C core level transitions to the newly populated *CS and Rydberg 
orbitals. As the molecule relaxes through singlet and triplet excited states characterized by transitions out 
of the two non-bonding sulfur orbitals to *SS, *CS and Rydberg states, the time-dependent evolution of 
corresponding transitions from the S 2s and 2p core orbitals to nS1, nS2, *SS, *CS, Rydberg orbitals and 
the C 1s core orbital to *CS and Rydberg orbitals will report on the relaxation dynamics prior to 
dissociation. Finally, C–S and S–S bond dissociations will result in a red-shift to the core level transitions 
due to the increase in electron density on the S and C atoms and the corresponding decrease in core binding 
energies. Given the sensitivity of X-ray absorption spectroscopy to the nature of valence excited states, 
these experiments promise to shed light on the electronic dynamics. In parallel, core-level absorption 
spectra of the sulfur 2s-to-valence, 2p-to-valence and carbon 1s-to-valence transitions will be calculated for 
valence excited state configurations predicted by our dynamics trajectories. 
 
Optical centrifuge of N2O for photodissociation dynamics studies In the coming year, planned work at 
Sandia involves the study of the photodissociation of N2O super-rotors.  This work is described in the 
“Chemical Dynamics” abstract of the Sandia Gas-Phase Chemical Physics program.  To enable these 
studies, we need to tailor our optical centrifuge for efficient centrifuging of the N2O molecule.  In order to 
efficiently trap target molecules, the optical centrifuge must be tailored to the molecular system such that 
8 /E2 < /I, where  is the rate of optical acceleration, E2 is the laser intensity,  is the molecular 
polarizability anisotropy, and I is the molecular moment of inertia.  Thus, for each new molecule studied, 
the pulse shaper must be once again optimized.  An important aspect of the design is the effective turn-on 
time for the optical centrifuge pulse.  Prior to interaction with the laser pulse, the gas-phase ensemble of 
molecules will be isotropically oriented about the laboratory coordinate.  As the optical centrifuge turns on, 
it will begin exerting an aligning force on these molecules.  If the turn-on time is too fast, the molecule will 
not have time to respond and become adiabatically trapped within the potential well created by the laser.  
In angular coordinates, the laser must cover  radians during the turn-on period to effectively trap all 
orientations.  If the turn-on is too slow, the angular frequency will be too fast by the time the pulse is at full 
intensity and will not be able to retain the molecules, i.e. the kinetic energy of the molecules gained during 
centrifuge turn-on must be always less than the current potential well depth induced by the laser pulse.  
Spanner and Ivanov have proposed a method to derive these upper and lower limits, and have found that 
(2 / )^.5 < ton < (U0/[I 2]) allows for molecules to be effectively coupled into the centrifuge.  Here, again, 
 is the angular acceleration rate of the trap, ton is the pulse turn-on time, U0 is the potential well depth felt 

by the molecule from the laser, and I is the molecular moment of inertia.  This year we will demonstrate 
efficient driving of N2O to J > 150.   
 
Study of coherence and rotation-to-vibration transfer of N2O Our recent work has demonstrated the unique 
finding that molecules can undergo rotation-to-vibration collisional energy transfer without disrupting the 
phase of the rotations of the molecule that gains vibrational energy.  This behavior was unexpected, as 
traditionally collisional energy transfer has been assumed to disrupt the phase or an ensemble of prepared 
rotors, and therefore those molecules are removed from the coherence and contribute to collisional 
coherence dephasing.  However, this finding opens the possibility for detailed studies of energy relaxation 
across the entire populated manifold in other nonequilibrium systems using the same approach.  We will 
study the centrifugation and relaxation pathways first for N2O.   It has been previously found during 
measurements of centrifuged N2O that one quanta of bending vibration is likely excited during relaxation 
of the high angular momentum excitation.  But this measurement was made over a limited range of 
populated rotational levels, and the multiplex approach demonstrated in our lab will provide more complete 
relaxation information. This information will first serve to validate whether coherence transfer during 
rotation-to-vibration energy exchange is a ubiquitous finding or unique to the particular case of CO2.  Laura 
McCaslin will further perform quantum chemical calculations to study how rotational phase disruption 
follows from rotation-to-vibration energy transfer for comparison to our results for both CO2 and N2O.  
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These results will be compared to semi-classical trajectory calculations from collaborator Ahren Jasper 
(Argonne National Laboratories).  Further, the understanding of energy transfer pathways and timescales 
for N2O will be critical foundational understanding leading into the superrotor photodissociation and 
bimolecular collision experiments proposed in the Chemical Dynamics subtask.   

Selective rotational ladder climbing in polyatomics Up until now, we have only attempted to trap and 
accelerate linear molecules in the optical centrifuge.  When a polyatomic molecule is placed in an aligning 
field, the most polarizable axis of the molecule will align with the laser polarization direction, provided the 
molecule possesses polarizability anisotropy.  Thus, when incorporated into the molecular trap, the 
molecule will be accelerated such that the angular momentum vector is perpendicular to this, most 
polarizable, axis.  However, in a polyatomic molecule, a powerful approach that may open the door to a 
more selective chemistry is to drive the polyatomic molecule along a different principal rotational axis.  For 
instance, in chemical dynamics studies it will be interesting to weaken a particular bond through centrifugal 
distortion and follow how this modifies reaction probabilities.  It has been recently theoretically proposed, 
yet never demonstrated, that pulse shaping the centrifuge excitation pulse could achieve this goal.  Consider 
an asymmetric top molecule.  Given that each rotation axis is likely to have a differing rotational constant, 

, and therefore a different rotational period, one or both arms of the trap can be tailored to match a 
particular molecular axis.  If the excitation pulse is shaped such that intensity maxima are present at pulse 
times where the  frequency between the two arms of the centrifuge pulse matches the next sequential 
Raman transition frequency along the desired excitation axis of the molecule, the sequential Raman 
transitions will be preferentially excited along.  Between those time positions, the pulse is minimized.  As 
an initial demonstration, we will attempt to accelerate H2S along the “a” and “c” principal rotational axes 
selectively.  
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Scope of Research

My research group works in the area of theoretical chemical physics, especially on the
thermodynamics, spectroscopy and chemistry of organic radicals and other reactive inter-
mediates. This research follows a number of paths, including first-principles calculation of
bond energies and other thermochemical information (as well as development of methodology
needed for such calculations), methods for the simulation and analysis of molecular spectra
(especially those relevant to experiments that can be used to glean thermochemical infor-
mation), the development of ab initio quantum chemical methods needed for the accurate
treatment of fundamental aspects of electronic structure and potential energy surfaces, and
computational kinetics including semiclassical transition state theory and master equation
modeling of chemical reactions.

Summary of Selected Recent Accomplishments and Future Plans

•While a number of researchers around the world have worked in the area of nonadiabatic
effects in spectroscopy (albeit far less than those that have focused on areas such as “quantum
chemistry”), there is a class of problems that have rarely been studied. Specifically, when the
coupled states have the same electronic symmetry, the so-called coupling modes are totally
symmetric. In most examples – including classic problems such as the coupling in NO2 (

2B2

and 2A1) and between the 2A′
2,

2E ′′ and 2E ′ states of NO3 – the coupled vibrational modes
(which belong to symmetry species contained in the direct product of the two irreducible
representations of the coupled electronic states) are separate from the Franck-Condon active
(totally symmetric modes). In a case where the electronic states have the same symmetry,
this clean separation is spoiled, and every feature in their spectra exhibit a mixture of simple
Franck-Condon phenomena as well as vibronic coupling. This results in a qualitatively
different and considerably more difficult problem for those that wish to model the spectra.

Motivation for research in this direction comes from the Active Thermochemical Tables
(ATcT) project, in which our group plays a role as a member of a vital task force. Specifically,
a current area of focus for the task group involves carbonic acid (H2CO3), and molecules
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such as the (notoriously difficult) CO3 singlet group state and the neutral and anionic states
of HCO3. The latter two can be viewed as the neutral and anionic forms of the hydroxy-
formyloxy radical – an OH-substituted version of the notorious HCO2 radical that has been
extensively studied by members of the GPCP program (D.M. Neumark and R.E. Continetti,
along with our group). While the parent species is now quite well understood in terms of a
powerful coupling between its 2B2 and

2A1 electronic states (the adiabatic gap
1 between the

two is 318 cm−1), the hydroxy group in the parent species breaks the C2v nuclear framework
symmetry to Cs, and the two states so strongly and profoundly coupled in HCO2 are both
now 2A′ states. As a result, it is extremely difficult – impossible, really – to construct the
vibronic Hamiltonian in the way that my group and I have done for the last two decades.
However, behind the initiative of postdoctoral scholar Dr. Greg Jones (PhD, Caltech, with
Okumura), a new approach2 has been developed for constructing vibronic Hamiltonians
based on the equation-of-motion coupled-cluster (EOM-CC) method that performs so well
for vibronically coupled systems3. This work – which is still in progress – will help us to con-
fidently assign the origin band in a previously recorded negative-ion photodetachment study
of the HCO3 anion4, which will ultimately lead to improved thermochemical knowledge of
this biologically important series of molecules.

• A controversy in the spectroscopy community has been raging for about fifteen years.
It centers on the assignment of the degenerate stretching (ν3) vibration of the NO3 radical.
In short, a number of theorists and experimentalists have favored the original – and high –
value of 1492 cm−1 recorded long ago by Hirota in the infrared, while many theoreticians
and a few experimentalists have favored a lower value near 1050 cm−1. Despite a very
low signal-to-noise recording of an IR-allowed – but very weak – band in this region by
Kawaguchi5 experimental work by the Neumark group at Berkeley together with a decade
of calculations by my group as well as Bowman and Emory and Eisfeld in Germany, the
problem remains visible in the annual International Symposium for Molecular Spectroscopy
(now held in Urbana, IL). However in the last year, we have collaborated with the Newmark
group yet again on this problem. And this time with spectacular success. In short, the
Neumark group has developed a variation of anion photoelectron spectroscopy in which
vibrational preexcitation of the anion is achieved prior to photodetachment. By these means
and a truly fortuitous near coincidence of the ν3 fundamental and sublevels of its first two
overtones for NO−

3 , extremely rich information about the vibrational structure of the neutral
molecule has been recorded. Although it is virtually useless to think about the spectra from
the perspective of the Franck-Condon principle (vibronic bands completely dominate the
spectra of ν3 = 1, 2 and 3 levels of the anion) simulations of the spectrum based on a model
Hamiltonian developed in our group a decade earlier absoutely confirm the latter (low)
assignment of ν3, which convincingly settles the longstanding debate in the community.
This work will soon be submitted for publication.

1E. Garand, K. Klein, J.F. Stanton, J. Zhao, T. Yacovitch and D.E. Neumark J. Phys. Chem. A 114,
1374 (2010).

2Dr. Jones’ approach is closely related to the work done by Cave roughly a decade ago [R.J. Cave and
J.F. Stanton J. Chem. Phys. 140, 214112 (2012).]

3See A.I. Krylov Ann. Rev. Phys. Chem. 59, 433 (2003).
4X.-B. Wang and S. Xantheas J. Phys. Chem. Lett. 2, 1204 (2011).
5K. Kawaguchi, J. Tang and N. Akakusa Chem. Phys. Lett. 765, 138315 (2021).
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• In a very recent piece of work, we have studied the surprisingly fascinating anion of
the BH3 molecule. The electron photodetachment spectrum of the corresponding molecular
anion was recorded about twenty years ago by Ellison and coworkers, who found an electron
affinity of 0.038±0.015 eV, which is one of the smallest electron affinities ever recorded for
a molecule. As a postdoctoral, your narrator ran calculations on this system and ultimately
gave up, informing the authors of that work that they much have made a mistake. However,
my excellent postdoc Peter Franke dug deeply into this problem, going down paths that his
mentor had never tried and reside outside his sphere of knowledge. It turns out that BH3 is
a – perhaps uniquely in the following sense – interesting molecular ion. It is electronically
unbound (i.e. the lowest electronic state of BH−

3 is the BH3 molecule here and an additional
electron at infinite separation), but bound by zero-point energy. To compute the electron
affinity of such a species, it is necessary to look at the potential energy surface of the
electronic resonance state that becomes bound – again by zero-point vibrational energy –
only in regions that are above the minimum of the resonance state (see below). Using the
RAC (resonance analytic continuation) approach suggested to us by T. Sommerfeld (U.
Southeastern Louisiana), an expert in this area, Dr. Franke has carried out an extensive
set of calculations and find an electron affinity of 43 meV, nicely inside the error bounds of
the Ellison experiment. This is a beeautiful piece of work, and we plan to submit it to a
high-profile journal.

The qualitative nature of the poten-
tial energy surfaces of the ground state
of BH3 and the BH−

3 resonance state.
The latter becomes bound when zero-
point effects are included, due to a
(small) lengthening of the BH bond dis-
tance upon electron attachment which
lowers the zero-point energy of the an-
ion enough that the total energy (elec-
tronic + zero-point effects) falls below
that of the neutral at the anion equilib-
rium geometry.

All additional DOE-supported research can be found in the publications listed in the
final section of this document.
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(2024) (Early Access).
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quartet electronic state” Mol. Phys. 122 (2024).
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Lett. 15, 6222 (2024).

N.P. Sahoo, P.R. Franke and J.F. Stanton J. Comp. Chem. ”On the performance of
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P.R. Franke and J.F. Stanton Influence of fourth-order vibrational corrections on semi-
experimental (reSE) structures of linear molecules
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formic acid” Proc. Nat’l. Acad. Sci. 120, e2304650120 (2024).
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McMahon ”Precise Equilibrium Structure of Benzene” J. Amer. Chem. Soc. 145, 21785
(2024).
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Probes of -Delocalization in Prototypical Resonance-Stabilized Radicals: Hyperfine-
Resolved Microwave Spectroscopy of Isotopic Propargyl and Cyanomethyl” J. Amer.
Chem. Soc. 146, 1512 (2024).

N.B. Jaffey, J.F. Stanton and M.C. Heaven ”Photoelectron Velocity Map Imaging Spec-
troscopy of the Beryllium Trimer and Tetramer” J. Chem. Phys. Lett. 14, 8339 (2023).
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Program Scope – This research program employs a combined experimental and theoretical 
approach to quantify interactions between water molecules and aromatic hydrocarbons (PAHs). 
We study the interaction of water molecules with charged PAHs in mass selected cluster ions of 
the form PAH-·(H2O)n, employing infrared (IR) photodissociation spectroscopy, and comparing 
the experimental results with theoretical predictions. 

PAHs are important in many areas of chemistry, such as soot formation, astrochemistry, and 
materials chemistry, where they are valuable model systems for both neutral and doped graphene 
as well as their chemical derivatives. In addition to collective effects from the polarization of the 
liquid, the wetting properties of surfaces are also influenced by molecular effects, such as the 
formation of H-bonds to the surface and H-bonded networks among the water molecules.  

Experimentally probing the molecular level details of the interaction of single-layer graphene 
with water is challenging, and the debate over the hydrophobicity of graphene is not settled. Using 
hydrated PAH cluster ions circumvents many of the problems associated with condensed phase 
environments. From a theoretical and computational point of view, current water-carbon model 
potentials are not robust. Changes in the minimum energy of the van der Waals potential between 
water and graphitic carbon atoms that are on the 0.5 kBT at room temperature can mean the 
difference in hydrophobicity between superhydrophobic and complete wetting. We aim to obtain 
a detailed theoretical description of water-PAH interaction, which will be the basis of a cost-
effective computational model that can represent water-carbon interactions even for extended, 
condensed phase systems. 

Recent Progress  
Overview – We published three papers on pyrene anion and its interactions with water [1-3]. In 

our experiments we are using a home build photodissociation spectrometer [2] schematically 
shown in Figure 1. Target ions of the form PAH–·(H2O)n·Arm or PAH–·(H2O)n were injected into 
a tandem time-of-flight mass spectrometer (TOF-MS). After mass-selection in the first space focus 
of the TOF-MS, target ions were irradiated with the output of a tunable, pulsed IR light source. 
With target ions containing Ar adducts, we monitored the photoinduced loss of Ar according to 

          PAH–·(H2O)n·Arm + h   PAH–·(H2O)n + m Ar,   (1) 
as a function of IR frequency, to measure their photodissociation spectra. For species without Ar 
tagging, we used instead the loss of  water molecules in the process 

   PAH–·(H2O)n + h   PAH–·(H2O)n-1 + H2O.   (2) 
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Figure 1. Schematic of the experimental setup used (left) with detail of the supersonic entrainment ion source (right).

Fragment ions were separated from the undissociated parent ions using a reflectron, and the 
fragment ion intensity was monitored on a dual multichannel plate as the light source was tuned.

The spectra obtained in this way were interpreted using density functional theory and molecular 
dynamics calculations. The former were performed using commercial quantum chemistry 
software. For the latter, we (1) developed a flexible water-PAH potential and implemented two 
methodological improvements that (2) take the simulation of small clusters into the 
thermodynamic limit and (3) allow the system to equilibrate in the presence of kinetic traps. The 
potential is simple, pairwise, and designed to be transferrable to other systems, including other 
PAH systems. To model these phenomena, we compute the IR spectrum directly from classical 
molecular dynamics in the PAH-water potential using a time-correlation function theory. The IR 
spectrum is proportional to a Fourier transform [4],( ) · ( ) , (3)

where ( ) is the time derivative of the dipole moment of the entire system at time . Eq. 3 
relies on a number of approximations, and one of them is a high temperature one. As a result, the 
theory will work better for a narrow spectral width relative to [2]. 

The potential that we developed is a flexible intramolecular potential for the water molecule 
and an intermolecular potential based on the DREIDING force field for the water-pyrene 
interactions [5]. The intermolecular water-water potential and geometry is the canonical 
TIP4P/2005 model [6]. The intramolecular potential is adapted from the Reimers and Watts [7]
local mode potential parameterized to fit gas phase vibrational data in water that has been used to 
describe linear and nonlinear IR spectroscopy of HOD in D2O.

Results on Pyrene-Water Clusters – We have engaged in a comprehensive campaign to 
investigate pyrene anion (Py–) and its water clusters. Comparing spectra based on Ar loss from Py–

·(H2O)n·Arm with those based on water loss from Py–·(H2O)n yields insight into the temperature 
dependence of the behavior of these clusters, even though the temperature control is rather coarse. 
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Figure 2 shows a comparison of the photodissociation spectra for Py–·(H2O)n·Ar2 (n = 1 – 4), 
together with the lowest energy structures for each cluster size, calculated using DFT [1, 2]. The 
OH stretching region is rich in infrared bands that encode the interaction of the water molecules 

with each other and with the -system of 
the PAH anion. Water molecules 
condense into water networks on the PAH 
surface. At each cluster size, multiple 
conformers are populated, although for n
= 3 and 4, the spectra mostly resemble 
those predicted for n-membered water 
ring structures. The relative energies of 
the lowest lying structures are very close 
for n = 1 and 2 (below 20 meV), while the 
minimum energy structures are well 
separated from higher energy geometries 
for n = 3 and 4, indicating that the higher 
lying conformers are populated during 
cluster growth and kinetically trapped. 
All OH groups are engaged in H-bonds 
with other water molecules or with the 
system. Three- and four-membered rings 
form robust structural subunits for n = 3 

and 4. The frequency order of the 
vibrational modes in Py–·(H2O)n clusters 
strongly suggests that the water-water H-
bonds in the system are stronger than the 
water- H-bonds, despite the fact that the 

system accommodates the majority of the excess negative charge. This observation is consistent 
with earlier results on Np–·(H2O)n and is testament to the strength of water networks.

The monohydrate of pyrene anion, Py–·H2O, provides an interesting case study for water-PAH 
interactions and dynamics [2]. DFT calculations suggest that the potential energy surface for the 
motion of a single water molecule on the surface of a pyrene anion is very flat, resulting in the 
water adduct exploring a large conformational space. MD calculations show the importance of 
anharmonic and finite temperature effects in aqueous hydrocarbon cluster spectroscopy and offer 
important lessons for calculations of cluster spectra in other systems. Even Py–·H2O, which is a 
relatively simple system with few degrees of freedom, can be nonergodic and exhibit kinetic 
trapping on computationally-accessible timescales. Our parallel tempering strategy minimizes the 
intrinsic problems with kinetic trapping and yields free energy surfaces consistent with the 

Figure 2. Photodissociation spectra of Py–·(H2O)n·Ar2

(black traces, from [1]) and of Py–·(H2O)n (red traces, to be 
published) for n = 1 – 4. The structures shown on the right 
are the minimum energy structures obtained from DFT 
calculations. 
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symmetry of the system (Figure 3). 
Interestingly, while the DFT calculations 
show that there is no local minimum for the 
water molecule above the two central rings of 
Py- in the potential energy surface, the MD 
simulation shows such a local minimum in 
the free energy surface, indicating that 
entropy contributions are significant, and that 
the static DFT calculations do not offer a 
complete picture of the relevant water-  
interactions. 

The challenges in the computational 
treatment of even a seemingly simple system 
as Py–·H2O are significant, and the present 
description from neither DFT nor from MD 
simulations yield a fully satisfactory picture. 

The simulated IR spectrum from the MD simulation of Py–·H2O captures the width and shape of 
the symmetric stretching signature reasonably well, but the relative intensities of the symmetric 
and antisymmetric OH stretching modes suggest that the water-Py– potential energy surface from 
the current classical parametrization is incomplete. The MD simulated spectra for Py–·(H2O)n 
clusters are in good agreement with n = 3 and 4, where the water-water interactions are more 
important than for n = 1 and 2 (Figure 4). The DFT description of the Py–·H2O binary complex 
has yielded an ambiguous result regarding the minimum energy structure of the complex, since 
results with different functionals ( B97XD and B3LYP) show significant differences. Neither of 
the methods used so far have been able to fully describe the IR spectrum of this complex. In 
particular, a prominent low-energy shoulder on the signature of the symmetric OH stretching mode 
remains unexplained [2], with quantum nuclear effects or different conformers being possible 
origins of this feature.  

Results on Perylene-Water Clusters – We have acquired IR photodissociation spectra of perylene 
anion (Per–) and its hydrated clusters, Per–·(H2O)1-4 and Per–·(H2O)1-2·Ar2 (Figure 4). While the 
computational analysis of the structures is not complete, the overall band pattern suggests similar 
behavior, i.e., the formation of water subclusters on the surface of the Per– frame. Interestingly, 
the line width of the symmetric stretching mode of the Ar-tagged monohydrate, Per–·H2O·Ar2, is 
significantly narrower than that of the analogous pyrene monohydrate [2], and similar to that of 
naphthalene monohydrate [8]. This suggests that dynamic effects are less pronounced, in hydrated 
Per–, possibly restricting the water adducts to one of the naphthalene subunits of the Per frame. 
MD simulations to explore this possibility are planned. 

 Results on CH Stretching Vibrations in PAH Anions – The CH stretching region is interesting 
in its own right, particularly in the context of the possible existence of PAH anions in astrochemical 
objects. The theoretical description of this region is challenging, since the CH stretching modes 

Figure 3. MD simulation at 50 K of a single water 
molecule starting above the red ring of the Py– ion. The 
free energy surface and its depiction as a contour diagram 
is superimposed on a wireframe of the pyrene molecule. 
Taken from [2]. 
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are very close in energy to overtones and 
combination bands of CH bending modes, 
resulting in the formation of Fermi 
resonances. This necessitates the use of 
anharmonic calculations for an accurate 
assignment of vibrational transitions. We 
engaged in an (unfunded) collaboration with 
Dr. Anne B. McCoy (University of 
Washington, Seattle) and obtained a detailed 
description of the spectrum of Py– [3], using 
IR photodissociation of Py–·Arm clusters and 
vibrational perturbation theory (VPT2). We 
were also able to measure the IR spectra of 
Ar-tagged perylene and anthracene anions in 
the CH stretching region. We are currently 
working on measurements involving 
fluoranthene anions and are finalizing the 
VPT2 calculations of all three spectra. 

Theory Development – As mentioned above, 
recent results on water-anionic pyrene 
clusters indicate that, when using 
conventional parameterized force fields, the 
vibrational spectrum in the OH region is 
accurate for the tri- and tetra-hydrate, where 
the water-water potential dominates. The 

results for mono- and di-hydrate clusters are not quantitative compared to experiments. Because 
Born-Oppenheimer molecular dynamics (BOMD) are infeasible due to the size of the system, we 
are developing scalable machine-learned (ML) potentials trained on configurations where one can 
compute the electronic structure to high accuracy. Dynamics using the ML models are orders of 
magnitude faster than BOMD and can be much more accurate. For the charged water-PAH 
interactions based on equivariant atomic cluster expansions coupled with graph neural networks 
and Behler-Parrinello feed-forward neural networks. Hydrated PAH clusters offer essential 
insights into training efficiency and convergence criteria for ML methods. These efforts are 
performed in collaboration with Dr. Laura McCaslin (Sandia National Laboratories). 

Future Plans – We plan to finalize current experiments on fluoranthene anion and its hydrated 
clusters, and to publish our earlier results on untagged hydrated tretracene clusters, Tet–·(H2O)1-4, 
as well as the results on the CH stretching regions of anthracene and perylene. In addition, we 
expect to publish our work on Per–·(H2O)1-4 and Per–·(H2O)1-2·Ar2. We also plan to publish results 
from ML based MD simulations on Pyr–·(H2O)1-4 together with those involving our earlier model 

Figure 4. Photodissociation spectra of Per–·(H2O)n·Ar2

(blue traces) and of Per–·(H2O)n (black traces) for n = 1 – 
4. The structure of Per is shown in the upper panel.
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potential and the experimental spectra of the untagged clusters to describe the temperature 
dependence of the spectra and dynamics on these systems. We expect overall at least four 
additional publications from past work. 

With the start of the new funding period a few weeks ago, we plan to perform experiments on 
Pyr–·HDO·Arm to gain insight into quantum nuclear effects. We will begin with the 
implementation of a cryogenic ion trap to achieve temperature control over the cluster ions under 
study. In addition, we will use a quantum cascade laser to be purchased with funds from this 
proposal to perform hole burning spectroscopy, and we will use H/D isotope labeling to investigate 
quantum nuclear effects spectroscopically. In the theoretical part of the program, we will expand 
our ML efforts to PAH systems beyond Py and begin work on the description of quantum nuclear 
effects through path integral molecules dynamics and by solving the vibrational problem directly 
using a vibrational exciton model, a mixed quantum-classical method. 

Publications Sponsored by This Award 
1. N. LeMessurier, H. Salzmann, R. Leversee, J. M. Weber, J. D. Eaves, “Water-Hydrocarbon 
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2. H. Salzmann, A. P. Rasmussen, J. D. Eaves, J. M Weber, “Competition Between Water-Water 

Hydrogen bonds and Water-  Bonds in Pyrene-Water Cluster Anions”, J. Phys. Chem A 128 
(2024) 2772 – 2781. 

3. H. Salzmann, A. B. McCoy, J. M. Weber, “The Infrared Spectrum of Pyrene Anion in the CH 
Stretching Region”, J. Phys. Chem. A, 21 (2024) 4225–4232. 

 
References 
1. H. Salzmann, A.P. Rasmussen, J.D. Eaves, and J.M. Weber, Competition Between Water-

Water Hydrogen bonds and Water-  Bonds in Pyrene-Water Cluster Anions. J. Chem. 
Phys. A  128 (2024) 2772-2781. 

2. N. LeMessurier, H. Salzmann, R. Leversee, J.M. Weber, and J.D. Eaves, Water-
Hydrocarbon Interactions in Anionic Pyrene Monohydrate. J. Phys. Chem. B  128 (2024) 
3200 – 3210. 

3. H. Salzmann, A.B. McCoy, and J.M. Weber, The Infrared Spectrum of Pyrene Anion in 
the CH Stretching Region. J. Phys. Chem. A  (2024). 

4. R. Iftimie and M.E. Tuckerman, Decomposing total IR spectra of aqueous systems into 
solute and solvent contributions: A computational approach using maximally localized 
Wannier orbitals. J. Chem. Phys. 122 (2005) 214508. 

5. S.L. Mayo, B.D. Olafson, and W.A. Goddard, DREIDING: a generic force field for 
molecular simulations. J. Phys. Chem. 94 (1990) 8897-8909. 

6. J.L.F. Abascal and C. Vega, A general purpose model for the condensed phases of water: 
TIP4P/2005. J. Chem. Phys. 123 (2005) 234505. 

7. J.R. Reimers and R.O. Watts, A local mode potential function for the water molecule. Mol. 
Phys. 52 (1984) 357-381. 

8. B.J. Knurr, C.L. Adams, and J.M. Weber, Infrared Spectroscopy of Hydrated Naphthalene 
Cluster Anions. J. Chem. Phys. 137 (2012) 104303. 

 

          234



UM/EMU/Argonne Collaborative DOE-BES 

Fundamental chemical kinetics of siloxane and silicon compounds 
DOE BES Grant #18SC503179 

Margaret S. Wooldridge (PI) 
University of Michigan, Department of Mechanical Engineering, 2350 Hayward St., Ann Arbor, 

MI, 48109-2125, mswool@umich.edu 
Andrew B. Mansfield 

Eastern Michigan University, College of Engineering and Technology, Ypsilanti, MI, 
48197, amansfi3@emich.edu, 

Robert S. Tranter 
Chemical Sciences and Engineering Division, Argonne National Laboratory, Argonne, IL, 

60439, tranter@anl.gov 

Program Scope 
Siloxanes and other silicon compounds play significant roles as impurities in land-fill gas and as primary 
feedstock materials for high-value and large-volume products, yet the fundamental reaction chemistry of 
gas-phase silicon compounds remains largely unexplored. This research program integrates complementary 
experimental efforts to significantly advance the science of gas-phase silicon reaction chemistry. The 
primary research focus is on the elementary reactions of siloxanes and their decomposition products with a 
progression in the chemical structure of the compounds studied to elucidate the effects of bond structure. 
An additional area of interest is the interaction of gas-phase species with silica nanoparticles that are formed 
naturally as products of the thermal reactions of siloxanes and during oxidation. 

Recent Progress 
Experimental Approach 
The experimental approach leverages the strengths of the University of Michigan (UM) rapid compression 
facility (RCF) and atmospheric burners and the diaphragmless shock tube (DFST) and the high-repetition 
rate shock tube (HRRST) at Argonne National Laboratory for advancing understanding of siloxane 
chemistry. The combination of experimental approaches allows an extensive and complementary range of 
state conditions to be studied with temperatures in the range of 700-2000 K and pressures of 0.1-50 bar. 
The studies focus on broad categories of chemical kinetics, including oxidation and pyrolysis reactions.  

This past year, we further expanded the conditions and mixtures of the RCF experiments. We measured 
time-histories of OH radicals using continuous-wave, narrow-line laser absorption during ignition of H2 
and CO with and without the addition of different amounts of trimethyl silanol ((CH3)3SiOH, TMSO) and 
hexamethyldisiloxane ((CH3)3SiOSi(CH3)3, HMDSO). OH is the radical chain carrier in these ignition 
systems, and the impact of TMSO and HMDSO on the syngas system is significant. The OH measurements 
provide new insight into the reaction kinetics affected by the silicon-compounds.  

We also completed analysis of the second set of experiments conducted last year at Argonne using the 
Advanced Photon Source (APS) facilities to study the mixing and temperature fields via krypton x-ray 
fluorescence of a Hencken, multi-element diffusion (MEDB) burner equipped with a central fuel tube for 
introducing nanoparticle precursors such as siloxanes. Analysis of the APS data led to a hypothesis on the 
potentially critical role of diffusive H-atom transport in the flames systems. We evaluated this hypothesis 
via collaboration with Kulatilaka at Texas A&M University and femtosecond two photon laser induced 
fluorescence (fsTPLIF) measurements of H-atom concentrations in the MEDB flames with and without 
HMDSO. Brief summaries of these efforts are provided here. Additional details can be found in the 
associated references.  

RCF OH absorption studies 
Last year, we had recently completed time-resolved OH measurements during ignition studies of mixtures 
of H2 and CO (syngas) with the addition of TMSO to the reference syngas mixture. Our progress this past 
year includes expanding the OH data to ignition studies with higher concentrations of TMSO and mixtures 
with HMDSO. Comparison of the effects on the autoignition delay times, on pressure time-histories and 
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OH time-histories during ignition are presented in 
Figures 1-3, respectively, for a nominal temperature of 
1020 K and pressure of 5 atm.  

The TMSO and HMDSO have significant impact on 
the ignition delay times of the mixtures, with both 
TMSO and HMDSO accelerating reaction (Figure 1), 
increasing heat release rates (Figure 2) and increasing 
post-ignition pressures (Figure 2). The ignition delay 
time is a good global metric quantifying the overall 
reactivity of the mixtures. The data presented in Figure 
1 show, as seen in prior RCF studies, even small 
quantities of siloxane addition accelerate reaction. 

The pressure time histories (Figure 2) show 
siloxane addition systematically increases both the 
pressure rise rate and the final pressure of the reactant 
mixture. The final pressure of ignition experiments is 
generally defined by thermal equilibrium (e.g., 
enthalpies of formation and assumptions of complete 
combustion), and not reaction kinetics; whereas, the rate 
of pressure rise (and heat release rate) is determined by 
the reaction chemistry. Regarding thermal equilibrium, 
the siloxane can increase pressure by producing more 
product species (increasing the number of moles) or by 
increasing the energy content in the mixture (due to the 
additional heating value of TMSO or HMDSO and the 
energy released by the formation of combustion 
products). Importantly, the siloxanes produce 
condensed-phase silica (SiO2), and the condensation 
process is highly exothermic. Adiabatic equilibrium 
calculations assuming condensed-phase SiO2 is formed
indicate over a factor of two increase in pressure from
the initial 5 atm of the experiments to post-ignition 
pressure (13-18 atm post ignition). However, much 
lower final pressures are observed, which is attributed
to, in part, heat losses that occur in the experiments. The 
equilibrium calculations also indicate increase in the 
post-ignition pressure with increasing amount of 
TMSO, which is observed in the RCF pressure data. 
Specifically, the experimental results indicate ~20% 
increase in post-ignition pressure with 1000 ppm TMSO
compared with the post-ignition pressure for syngas 
with no siloxanes, which consistent the ~14% increase
predicted by the equilibrium calculations. The 
experimental observations indicate particle 
condensation occurs very rapidly in these siloxane 
systems and is likely the source of the higher post-
ignition pressures.  

While the peak OH values appear to systematically 
increase with increasing TMSO in Figure 3, the 
maximum OH values are within the uncertainty of the 

Figure 1. Comparison of ignition delay time
measurements of H2 and CO mixtures (1.2% H2, 2.8%

with and without TMSO or HMDSO.

Figure 2. Pressure time-histories during ignition of
syngas mixtures (1.2% H2

TMSO or HMDSO, for an average temperature of
1020 K.

Figure 3. OH time-histories corresponding to the
pressure data presented in Figure 2.
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measurements for the syngas baseline mixture for the mixtures with 200 ppm and lower amounts of TMSO. 
Only 1000 ppm of TMSO addition led to maximum OH values outside the uncertainty limits of the 
measurements. The change in OH profiles indicates a shift in the OH chemistry with the larger amounts of 
TMSO.  

In Figure 4, the OH mole-fraction time histories for the TMSO syngas mixtures are shifted in time to 
directly compare the rate of OH formation near the time of ignition. For clearer visual comparison of the 
relative shapes, the peak OH levels shifted to zero. At 1020 K, the addition of TMSO in syngas mixtures 
promotes the rate of OH formation, even though the rate at which OH is consumed post-ignition remains 
consistent for the different TMSO concentrations. At this temperature, it is probable that the hydroxyl group 
in TMSO directly contributes to the formation of OH radicals or plays a significant role in the reactions 
which are producing OH radicals. At 1050 K, lower concentrations of TMSO do not significantly influence 
the rate of OH formation. However, for 1000 ppm TMSO, the formation and consumption of OH radicals 
occur more rapidly compared with the lower concentration cases. This indicates additional OH production 
reactions are promoted at the higher temperature and higher TMSO concentrations of the experiments.

Figure 4: Comparison of trends in OH characteristic features for (a) Tavg avg

compare the relative shape of profiles. Specifically, the peak OH values of each profile were set to zero and y-axis 
represents the absolute magnitude of the OH mole fraction. 

Reaction kinetics modeling  
Detailed modeling of the reaction kinetics describing the RCF OH absorption studies is presently underway.
The initial modeling approach combines detailed models of syngas combustion kinetics with those 
developed for tetramethylsilane (Si(CH3)4, TMS) decomposition in flames. While freezing the syngas 
kinetics, the TMSO kinetics within the TMS mechanism were systematically modified using a genetic 
algorithm, with experimental observations of ignition delay time and maximum OH mole fraction as the 
optimization targets. Initial results reveal good overall agreement (within the experimental uncertainty) 
between the new model predictions and experimental results for the 1000 ppm TMSO mixtures. Rate of 
production analysis using the updated kinetic model suggests TMSO can act as a catalyst to enhance the 
rate of H2 to H conversion, enhancing overall reactivity with strong involvement of the OH radical pool. 
The pronounced effect of TMSO may be explained by its regeneration, as illustrated by the reaction path 
diagram suggested by the new reaction model and presented in Figure 5. As shown, TMSO regenerates 
and remains chemically active until a methyl group is lost, at which time the compound proceeds on a 
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pathway to form Si polymers. These initial results will be expanded upon and interrogated as part of our 
current and future work. The genetic algorithm optimization approach and the specific results are an 
excellent basis to evaluate and integrate other siloxane reaction chemistry as more fundamental 
understanding is advanced.  

Figure 5: Hypothetical reaction path diagram for TMSO developed using genetic algorithm optimization of the 
siloxane reaction chemistry based on an initial detailed chemical kinetic model for TMS. The diagram is based on 
rate-of-production analysis at 50% H2 consumed for syngas (1.2% H2 with 1000ppm TMSO
at 1010 K, 4.9 atm. 

X-ray fluorescence imaging of flames for
nanoparticle formation
As described last year, we employed an x-
ray fluorescence (XRF) technique with
krypton as the fluorescence agent at the
APS to measure temperature and gas
mixing in the MEDB flame system with
and without the addition of siloxanes. The
XRF diagnostic has exceptional spatial
fidelity (measurement volume of 6 x 4 x
325 m) and our work demonstrated the
XRF measurements were not impeded by
the silica nanoparticles rapidly formed in
the flame systems. The XRF results for the
siloxane flame systems were analyzed in
detail and the results are presented in Meng
et al. Briefly, while HMDSO and TMSO 
yielded similar temperatures near the 
surface of the burner (height above the 
burner, HAB < 4 mm), the TMSO 
produced higher temperatures compared with HMDSO at HAB > 4 mm). The centerline temperature was 
also affected by the equivalence ratio of the main flame. Figure 5 shows this variation with HMDSO in the 
jet and strong difference of the temperature profiles compared to the undoped jet. The small changes in 

Figure 6. Temperature profiles along the MEDB jet centerline
measured using Kr XRF with and without HMDSO in the jet. The
primary flames were methane and air with 
Green points represent the undoped case.
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main flame temperatures at different 
conditions indicated that heat transfer was 
not a major factor contributing to the changes 
in centerline temperature. In addition to the 
temperature measurements, by doping the 
central flow with Kr, mixing between the 
central flow and the main flow was 
visualized and quantified. The results 
showed that mixing was similar between the 
different HMDSO and TMSO flames. When 
the temperature and mixing results are 
considered together, the findings suggested
the changes in centerline temperature are due 
to the reaction chemistry of HMDSO and 
TMSO, and that reaction with these 
compounds is initiated close to the central jet 
exit where the gas temperature is too low for 
pyrolysis to occur. We hypothesized reaction 
is possibly initiated by H and OH radicals 
from the methane main flame penetrating 
into the central flow.  

This past year, to test our hypothesis, we 
collaborated with Kulatilaka at Texas A&M 
University to make fsTPLIF H-atom 
measurements of the siloxane flames. An 
image of one of the HMDSO-doped MEDB 
flame systems is shown in Figure 7, and 
typical H-atom concentration results are 
provided Figure 8. The data provide clear 
evidence supporting the transport of H-atoms into the central jet region. This evidence substantiates the 
hypothesis that the pyrolysis of HMDSO within the central jet is initiated at low temperatures by hydrogen 
atoms diffusing from the surrounding flame. The significant concentrations of H-atoms observed in the 
nitrogen jets at various heights above the burner, coupled with the dependency on methane flame 
stoichiometry, underline the importance of radial diffusion in the flame system. Moreover, the transition 
from over-ventilated to under-ventilated diffusion flames for lean and rich methane cases, respectively, as 
well as the significant H-atom production within the jet during lean flame conditions, enrich our 
understanding of the underlying reaction mechanisms important in these systems. It is likely that other 
species such as O and OH also penetrate the central jet, although to a lesser degree than H-atoms. 

Future Plans
Our planned work includes additional RCF, shock tube and flame studies. We plan to expand our RCF 
studies to mixtures of H2/CO and CH4 (to lower ignition sensitivity to temperature and thus change reaction 
kinetics), expand to include gas-sampling from RCF ignition and MEDB studies (providing new 
measurements of stable intermediates), conduct complementary laminar flare speed studies (to further 
consider transport effects on the siloxane chemistry), and we hope to add TMS to the test matrix (time-
permitting). HMDSO and TMS have chemical structures that when compared with TMSO can provide 

Figure 7. Image of nanoparticles being produced in the diffusion
flame created when HMDSO precursor is introduced via an inert
gas jet in the center of the MEDB. The primary flame is a lean (

and air flame. 

Figure 8. Relative H-atom concentration (arbitrary units) in the
HMDSO diffusion and methane flames for lean (
and air conditions. 
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hierarchal understanding of this class of compounds. Additionally, HMDSO and TMS have direct relevance 
to semiconductor and other materials manufacturing and biogas systems. We will also continue to probe 
the source of reaction in the MEDB jets, further leveraging our collaboration with Kulatilaka at Texas A&M 
to obtain absolute rather than relative H-atom concentrations within the jet and flame. We will also expand 
the study to include OH concentrations and possibly O-atom measurements.   

Progress is being made in developing reaction mechanisms for the pyrolysis of HMDSO and TMSO 
based on experimental data taken previously. In the last year, we have identified traces of key species in 
mass spectra taken with the miniature shock tube at the Advanced Light Source. These traces indicate 
decomposition is proceeding through highly reactive intermediates that rapidly lead to SiOx species. This 
is consistent with the observation that at high temperatures and pressures no organosilicon species larger 
than the reagent HMDSO are formed. Interpretation of the experimental data is somewhat impeded by 
dissociative ionization due to small amounts of photons at high harmonics of the selected ionization energy 
at the T2 endstation. Consequently, we intend to repeat some experiments at T4 which should minimize 
dissociative ionization. In collaboration with Sivaramakrishnan we will perform theoretical and 
experimental studies on TMS and hexamethyldisilane (HMDS) to gain a better understanding of the 
reaction mechanisms of trimethylsilyl groups which are key structural features of HMDSO and TMSO. 
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