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21 With rapidly developing technological advances and increasing

22 commercialization, optical frequency combs are beginning to see use in

;i chemical laboratories around the world. These light sources allow

25 chemists to collect high-resolution, multiplexed direct absorption spectra

26 in a fraction of the laboratory time required by more conventional

27 methods. Broadband coupling of combs into high-finesse optical cavities

28 continues to break new ground in the sensitivity of both frequency- and

29 time-resolved spectroscopies. Analytical sensing applications are also

30 undergoing a burst of activity as comb systems become miniaturized,

31 turn-key, and more robust in rugged environments. In this Chapter, we

32 introduce frequency comb spectroscopy and survey its recent

33 applications to molecular spectroscopy and dynamics, chemical reaction

34 kinetics, and sensing.

35

36

37
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40

41 1 Introduction

42

43 Optical frequency combs, laser light sources whose frequency-domain spectra

44 consist of a series of narrow evenly spaced lines, have become a robust tool in the arsenal
45 of techniques available to modern physical and analytical chemists. Frequency combs
46 were initially developed through a fruitful marriage of the fields of ultrafast science and
47 precision measurement!- 2 and enabled direct referencing between radiofrequency (RF)
jg and optical standards. They subsequently revolutionized atomic physics and metrology.
50 The use of frequency combs as an attractive light source for chemistry has been realized
51

52

53
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more recently, and their applications to major problems in molecular spectroscopy,
chemical kinetics, and sensing are beginning to be borne out. In this Chapter, we
highlight emerging techniques using frequency combs that have already enabled new
chemical science or that show significant promise in the near future. We give brief
context here for some technical aspects of working with comb sources, and also refer the
reader to previous comprehensive reviews of the development and evolution of frequency
comb technology,’¢ its particular uses for direct spectroscopy and sensing,” and
comparisons between frequency comb systems and other technologies.® 10

The optical frequency comb is a simultaneously broadband and precise light source.
It can be thought of as a single laser oscillator emitting thousands of narrow-linewidth
continuous-wave (cw) laser lines in parallel, each with well-defined frequency and phase
relationships to its neighbors. This unusual light source is the foundation for frequency
comb spectroscopy (FCS), a nearly ideal method for kinetics and sensing which (a) is
broadband, allowing multiplexed detection of various species and spectral features
simultaneously; (b) has excellent frequency resolution, allowing full analysis and
identification of the states and species detected; (c) allows high signal-to-noise
measurements, to detect trace species or weak features; and (d) has the potential for fast
readout, for flexibility of use and to follow chemistry in real time. FCS can meet all of
these challenging criteria, often in one experiment. Ongoing technical developments are
pushing the capabilities of comb systems to meet these demands, and optimizing their
size, simplicity, and ruggedness when deployed in the field.

Most frequency combs, though not all, are generated via stabilization of an ultrafast
mode-locked laser. In the time domain, a mode-locked laser emits a train of pulses spaced
with time period 1 or, equivalently, repetition rate f;,, (Figure 1). A Fourier transform of
this time domain picture to the frequency domain yields a spectrum of discrete optical
features, so-called “comb teeth,” evenly spaced by the laser repetition rate. The comb
teeth have frequencies v,, given by

Ve =iy + fo (1)
where m is an integer and f; is a fixed offset frequency common to all teeth. These v,,
correspond to the frequencies of longitudinal modes of the laser oscillator cavity, whose
relative phases are constrained by mode-locking to enforce the formation of ultrafast
pulses. The f; offset, often called the carrier-envelope offset frequency, derives from
dispersion within the laser oscillator cavity which causes a pulse-to-pulse phase slip Apcg
of the oscillating carrier wave with respect to the pulse envelope.

Provided that f;,, and f; are measured and stabilized, these two radiofrequencies
constrain the position of every comb tooth and yield a well-determined optical spectrum.
It is this feature that allows frequency combs to link RF and optical standards and to
serve as a powerful tool for metrology and precision spectroscopy. Determining f.., and fy
is therefore critical to the practical use of frequency combs. Because the intensity of the
electric field emitted by a mode locked laser is modulated by f.,, f;., can be accessed
simply by measuring the laser output on a photodetector and beating this signal against an
RF reference. The measurement of f; is more subtle, as the oscillations of the carrier
wave are too fast to detect directly. f; frequencies are typically measured by self-
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referenced f-2f interferometry, wherein a comb is split into two arms, frequency doubled
in one arm and broadened in nonlinear fiber in the other to span more than an octave.
Beating the 2v, comb lines against the nearest v,, line yields an RF signal at f,. The
implementation of this interferometry scheme was a historical challenge hindering comb
stabilization, until technological breakthroughs in nonlinear fiber development permitted
the generation of octave-spanning combs.!!- 2 £ can also be passively cancelled, as is
possible for combs derived from difference frequency generation, whose spectra
therefore consist solely of integer multiples of f.,.!*
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Figure 1. The time domain representation of a mode-locked ultrafast laser pulse train
and the corresponding frequency domain representation demonstrating the formation of
comb teeth. Reproduced with permission from reference 8. Copyright 2019 Elsevier.

In this Chapter, we emphasize the applications of both stabilized and free-running
combs for direct spectroscopy. In direct FCS, comb light is sent through a molecular
sample and its spectrum is subsequently recorded, often with resolution of the attenuation
of individual comb teeth due to sample absorption. Several laser platforms permit the
generation of optical frequency combs relevant to molecular spectroscopy and sensing
(Figure 2a), spanning wavelengths from the terahertz (THz) to the extreme ultraviolet
(XUV). Direct FCS has now been applied in a variety of sample configurations, including
flow cells, high-finesse optical cavities, and open paths in the field (Figure 2b). Various
platforms for spectral readout with comb-mode resolution are compatible with these
measurements, each with its tradeoffs in acquisition speed, bandwidth, and apparatus
complexity (Figure 2c). We now briefly review these relevant experimental components.

While the initial demonstrations of frequency combs based on mode-locked lasers
were carried out with solid state Ti:Sapphire systems, fiber-based systems are now the
most commonly adopted comb technology. The gain medium of a fiber comb oscillator is
a glass fiber doped with rare earth metal cations lasing in the near-infrared (IR), most
commonly erbium, ytterbium, or thulium. Fiber lasers have been widely adopted due to a
combination of convenient properties: they are robust, relatively inexpensive, and feature
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high achievable powers and broad gain bandwidth.'* Various methods of frequency
conversion have been used to extend the native near-IR frequencies of fiber combs to
more useful spectral windows. Fiber comb light can be broadened in highly nonlinear
fiber to generate a near-IR supercontinuum.'® Difference frequency generation and
optical parametric oscillation in nonlinear crystals have enabled broadband, tunable comb
sources spanning visible and mid-IR wavelengths.'®23 Production of coherent combs in
the XUV has been achieved through high harmonic generation carried out in a resonant
optical cavity.?*

(a) sources (b) sample (c) readout
mode-locked laser single pass cell FT interferometer
fiber laser Ti:Sapph o\®, :.

mid-IRvia XUV via

DFG, OPO HH
< dual comb

_ M.

—>hv
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SHG continuum

microresonator
.~ comb optical cavity VIPA and grating
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electro-optic comb
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e - acoustic
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Figure 2. An overview of common (a) frequency comb sources, (b) sample geometries,
and (c) spectral readout methods harnessed for molecular spectroscopy, kinetics, and
sensing. Abbreviations: DFG, difference frequency generation;, OPO, optical parametric
oscillator; XUV, extreme ultraviolet; HHG, high harmonic generation; SHG, second
harmonic generation;, HNLF, highly nonlinear fiber, FT, Fourier transform; VIPA,
virtually imaged phased array; EOS, electro-optical sampling.

\

In recent years, much work has been done to enable novel comb sources that are
more compact and frequency agile than mode-locked lasers.> ¢ Microresonator combs, or
microcombs, can be synthesized by coupling a cw laser into a high-quality factor
whispering gallery mode resonator or ring resonator where light is confined by total
internal reflection. The strong nonlinearities in the resonator material result in four-wave-
mixing processes that generate cascaded sidebands on the cw carrier and can form mode-
locked soliton pulses.?> 26 Complete self-referencing?’ and dual comb spectroscopy
(DCS)? have recently been demonstrated with microcombs, and there are exciting
possibilities for their chip-scale applications. A related development are electro-optic
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(EO) combs, wherein cascaded sidebands are placed on a cw carrier using EO
modulation.? In principle, EO combs can be extremely frequency agile, making use of a
tunable cw pump laser and a digitally programmable repetition rate. A fully referenced,
octave-spanning EO comb has now been demonstrated, though the implementation is
technically challenging.’ The development of quantum cascade laser and interband
cascade laser frequency combs is also notable, as these semiconductor lasers are the only
currently available comb sources that emit directly in the mid-IR and offer electrical
rather than optical pumping.3!:32 While these systems do not produce ultrafast pulses and
have not yet been self-referenced, they show significant promise for free-running mid-IR
DCS.33, 34

Combs have been applied to molecular samples in a variety of configurations, some
of which are summarized in Figure 2b. Beyond simple single-pass transmission
measurements, multipass cells and optical cavities offer significantly improved
measurement sensitivity through pathlength enhancement. In particular, the longitudinal
mode structure of an optical cavity is a beautiful match for the regularly spaced teeth of a
frequency comb, allowing the comb light to be resonantly coupled to the cavity over a
broad spectral window.”-3% 3 Open path trajectories are also commonly used for
increased sensitivity in comb-based sensing. These configurations will be discussed in the
case studies detailed later in this Chapter.

Several methods are widely used to resolve comb spectra following transmission
through a sample. Comb-mode resolution is commonly achieved via interferometric
readout methods. Fourier transform (FT) interferometry, as used in commercial
broadband FT spectrometers, is perhaps the most general method, wherein a scanning
delay stage is used to self-interfere comb light to generate an interferogram.’’-* The
major shortcomings of this technique are the need for mechanical moving parts and
correspondingly long acquisition times. DCS is an alternative interferometric method
wherein the scanning arm is replaced by a second comb of slightly different repetition
rate, f.o, T Afrp, beat against the first comb on a photodetector to yield an interferogram
with repetition rate Af,,,.** DCS allows for rapid, broadband, comb-mode resolved
measurements but generally requires two separate combs that are mutually coherent. DCS
methods are coming to the fore as comb sources become cheaper and more compact. The
use of two EO combs originating from a single cw laser can dramatically reduce DCS
apparatus complexity due to high mutual coherence.*!-4? Recent work has also pushed to
produce dual combs from single laser oscillators,*-46 and to enable computational
coherent averaging techniques to compensate for the spectral instabilities of free running
combs. 47!

A distinct approach to comb-mode resolution involves spatially dispersing comb
light onto a detector array, best demonstrated with virtually imaged phased array (VIPA)
etalons3> 32 or immersion gratings®® which display very high angular dispersion. A second
orthogonal dispersive optical element separates overlapping VIPA mode orders to create
a two-dimensional image. The resulting spectrum can be read out with comb-mode
resolution®* %> and better than 10 us time resolution, making VIPA-based comb
spectrometers a powerful tool for chemical kinetics and the detection of transient
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molecular species.’® 53-8 While the interferometric and dispersive detection methods
already mentioned have facilitated the bulk of comb spectroscopies relevant for
chemistry, a plethora of other methods have been demonstrated and are worth brief
mention here, including electro-optic sampling of THz and mid-IR comb pulses,>* ¢
Vernier spectroscopy,’! 2 broadband photoacoustic spectroscopy,®-% cavity-enhanced
ultrafast transient absorption,® Ramsey comb spectroscopy,®” and comb-based quantum
logic spectroscopy.% % Some of these developments will be discussed in further detail
later on in this Chapter.

Regardless of detection scheme, if individual comb lines are resolved, the recorded
spectrum will be precisely sampled at the native comb tooth spacing f.,. f, is typically a
radiofrequency in the vicinity of a few 100 MHz for mode locked lasers, but can reach
10-100 GHz for combs based on microresonator or semiconductor laser architectures.
Combs with high repetition rates are useful for DCS, enabling fast acquisition times, and
can also be fully mode-resolved with VIPA spectrometers. On the other hand, the more
densely sampled spectrum of a lower repetition rate comb is often more appropriate for
high-resolution spectroscopy, and comb-mode resolution remains possible with an FT
interferometer or DCS. Comb light can also be filtered by locking to an optical cavity
with a free spectral range incommensurate with £, to effectively increase the repetition
rate of the transmitted light.”” When sampling at £, is too sparse to capture narrow
molecular features, comb spectra acquired with discretely stepped f,., or fo can be
interleaved. The frequency resolution of a spectrum constructed in this fashion is
ultimately limited by the comb tooth linewidth.

In the following sections we discuss applications of combs to important problems in
molecular spectroscopy, chemical kinetics, and sensing, with a focus on recent case
studies of particular interest. We conclude with our outlook on the future of comb
methods as the technology matures and becomes more widely adopted.

2 Applications

2.1 Molecular Spectroscopy and Dynamics

The benefits afforded by the use of frequency combs as light sources for
spectroscopy have enabled enormous breakthroughs in measurements of fundamental
molecular structure and dynamics. Combs have now been integrated into a variety of
cutting-edge spectroscopic infrastructures yielding drastic improvements in precision,
bandwidth, sensitivity, and readout times. Here we place emphasis on work harnessing
combs as light sources for direct spectroscopy, though it is important to note that combs
have widespread and critical applications in frequency referencing and stabilization of cw
experiments. We discuss four frontier case studies in molecular frequency comb
spectroscopy, emphasizing state-resolved spectroscopy of large molecules, gas-phase
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ultrafast transient absorption, precision studies of molecular ions, and broadband sub-
Doppler spectroscopy.

2.1.1 Cavity-enhanced direct comb spectroscopy of large molecules

High-resolution spectroscopy is a powerful tool to reveal the rich internal structure
of small molecules in their electronic, vibrational, rotational, and spin degrees of
freedom. Achieving a similarly detailed, state-resolved picture of increasingly large
molecules is an important frontier, but is subject to stringent experimental requirements.
Large molecules have correspondingly large densities of vibrational states, making
internal cooling essential to avoid spectral congestion from hot bands. Intramolecular
vibrational relaxation (IVR) can cause intrinsic spectral congestion even at relatively low
internal energies. A large moment of inertia also leads to very dense rotational structure
and demands high spectral resolution.

Mid-IR cavity-enhanced frequency comb spectroscopy (CE-FCS) applied to
cryogenically-cooled molecular samples is a promising combination of methods by which
to pursue rovibrational spectroscopy of increasingly large species (Figure 3a).”"- 72 CE-
FCS7:3¢ is a method of direct FCS wherein the broadband spectrum of comb teeth is
resonantly coupled into a series of longitudinal modes of a high-finesse optical cavity
surrounding the absorber of interest. Cavity enhancement dramatically improves the
sensitivity of absorption measurements via pathlength enhancement while retaining the
other advantages of direct FCS.7> Making these absorption measurements in the mid-IR is
also critical for studies of large species. In the mid-IR, vibrational fundamental transitions
and low-frequency modes are accessible, Doppler broadening is reduced, and low
internal energies help avoid congestion from IVR. Cooling the molecules of interest
through collisions with an inert buffer gas inside a cryogenic buffer gas cell (CBGC) is a
nearly universal means to build significant population in the vibrational ground state and
enables the measurement of meaningful structure without obfuscation from hot
populations.”! 72

A new record in rovibrational quantum state resolution of large molecules was
reported by Changala et al. in a CE-FCS study of the Cg fullerene.” Cg is an attractive
spectroscopic target due to its rare icosahedral symmetry and importance in
astrochemistry. The authors cooled an ensemble of C4 molecules in an intracavity
CBGC, quenching vibrational hot bands and thermalizing the sample to a rotational
temperature of 150 K. The sample was interrogated with a mid-IR DFG comb near 8.5
um which was spectrally resolved with a scanning arm FT interferometer. A 50 cm™!
bandwidth of comb light was simultaneously cavity-coupled and the comb teeth
stabilized to 50 kHz linewidths. f,., was stepped to sample the spectrum with a spacing
of 3 MHz. Data was acquired for ~20 hours, ultimately reaching a noise floor of 0.2 ppm
fractional absorption per pass through the cavity, in line with earlier reported sensitivity
for this apparatus.’?
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Figure 3. (a) Schematic of a cavity-enhanced frequency comb spectrometer coupled to a
cryogenic buffer gas cell containing the absorber of interest. The evenly spaced comb
teeth are resonantly coupled into the longitudinal modes of a high-finesse optical cavity.
(b) The experimental rovibrational spectrum of cold Cg (blue) is plotted against a
spherical top simulation fit to the experimental data (black). The cold spectrum exhibits
P, O, and R branches; the R branch in particular (inset) features sharp, well-resolved
rovibrational transitions. Figure 3 adapted with permission from reference 74. Copyright
2019 The American Association for the Advancement of Science.

The resulting CE-FCS spectrum reveals a rotationally-resolved vibrational band of
Cso (Figure 3b). Over 300 R branch transitions were observed and assigned according to
their total angular momentum quantum number J. These spectral lines are spaced by
~240 MHz and demonstrate 15-30 MHz linewidths governed by a convolution of
Doppler and pressure broadening. CE-FCS proved particularly well-suited to resolve the
spectrally dense and narrow structure of these features. The R branch transition
frequencies were modeled and interpreted with a rovibrational spherical top simulation
allowing extraction of extremely precise rovibrational spectroscopic constants of Cg for
the first time. The combination of CE-FCS and buffer gas cooling is clearly an apt tool
for pushing the boundaries of the size and complexity of molecular systems that can be
interrogated with complete quantum state resolution, with potential to probe more exotic
fullerenes, radicals, and clusters in future work.

2.1.2 Cavity-enhanced ultrafast transient absorption

Broadband cavity-enhancement of frequency combs is powerful for time-resolved
spectroscopy in addition to high frequency resolution measurements. Ultrafast
spectroscopy gives access to important dynamical information in the time domain,
particularly in complex systems where the frequency-domain picture is unresolved or too
congested to be interpretable. Ultrafast transient absorption (TA) signals are routinely
measured in condensed-phase samples,” but extending this characterization method to
dilute gas-phase samples has been an ongoing challenge due to the demanding sensitivity
required. While gas-phase ultrafast dynamics are accessible with time-resolved
photoelectron-based action spectroscopies, these measurements probe final states and
observables that are very different from those of the corresponding solution-phase
measurements. Broadband, all-optical TA of dilute gas-phase molecules would provide
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direct comparison between ultrafast condensed- and gas-phase measurements made with
the same observables.

In 2016, Reber ef al. reported a novel scheme for pump-probe spectroscopy in a low-
density molecular beam using cavity-enhanced frequency combs.%® The authors harnessed
the fact that mode-locked fiber combs supply femtosecond pulses suitable for ultrafast
spectroscopy while maintaining discrete teeth that can be resonantly coupled to optical
cavities. Reber et al. locked pump and probe combs centered at 529 nm to two bow-tie
cavities which were spatially overlapped at the molecular beam sample. The resulting
enhancement in TA signal is proportional to the product of the pump and probe cavity
finesses. The authors observed vibrational beating on the excited state surface of I, with a
demonstrated AOD of 1x107° Hz 2, three orders of magnitude more sensitive than any
previous demonstration.”® However, this demonstration was made at a single probe
frequency of 529 nm with no resolution of the comb spectrum. Expanding this technique
to acquire a broadband gas-phase optical spectrum required the development of
considerable additional infrastructure, including dispersion-managed broadband optical
cavities’” and an optical parametric oscillator (OPO) to generate a broadly tunable visible
comb.?

Silfies et al.’® have now incorporated these developments and reported a fully
broadband implementation of cavity-enhanced ultrafast TA, using a 355 nm pump pulse
to initiate photochemistry and an OPO probe pulse tunable over the entire visible range
from 450-700 nm. The probe comb was coupled into a bow-tie enhancement cavity
whose mirrors were designed for minimal group delay dispersion over a wide spectral
range. Probe comb pulses with center frequencies spanning the entire visible range can
therefore be resonantly coupled with relatively high finesse. The probe cavity maintains
the time resolution of comb pulses so that ultrafast TA measurements can be made with a
time resolution of ~200 fs. As the simultaneous intracavity bandwidth was limited to ~10
THz, the probe comb’s central frequency was scanned in order to construct a broadband
spectrum. The authors reported TA of two jet-cooled molecules, 1'-hydroxy-2'-
acetonaphthone and salicylideneaniline, prototypical systems for excited state
intramolecular proton transfer. In both systems, Silfies ef a/. measured time constants in
line with prior solution-phase measurements but in significant contrast with those
measured with time-resolved photoelectron spectroscopies. These results highlight the
importance of ultrasensitive, all-optical ultrafast measurements for bridging gas-phase,
solution-phase and theoretical work. Additionally, while multidimensional comb
spectroscopy has been reported for atomic systems,” 80 it has not yet been demonstrated
with molecules or in combination with cavity enhancement. The work of Silfies, Reber,
and coworkers could enable the extension of nonlinear methods like two-dimensional IR
spectroscopy to dilute gas-phase samples,®' which currently have no action spectroscopy
analogs.
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2.1.3 Frequency combs for precision spectroscopy of small molecules and ions

Molecular ions are a rich class of species for which precision spectroscopic
interrogation has long been a tantalizing target and an experimental challenge. Rotational
and vibrational spectroscopy of ions is critical to their identification in astrochemical
environments, where rapid, barrierless ion-molecule reactions are believed to drive
molecular complexity.®># In atomic, molecular, and optical physics, precision
spectroscopy of molecular ions enables their utility for studies of ultracold chemistry,®*
tests of fundamental physics beyond the standard model,? and platforms for quantum
information and computing.3® Due to their daunting syntheses, extreme reactivity, and
low achievable number densities, molecular ions are difficult to prepare and probe in the
laboratory.

Action spectroscopies and velocity modulation spectroscopy (VMS) have come to
the fore for sensitive state-resolved spectroscopy of molecular ions. The integration of
optical frequency combs for referencing and readout have dramatically enhanced the
precision of these measurements. In most ion action spectroscopies, ions are excited with
scanned cw laser radiation and the effects of resonant absorption are monitored via
resulting changes to the mass spectrum. Absolute referencing of the cw laser frequency to
a comb has enabled measurements with sub-MHz resolution,?” including studies of
benchmark astrochemical systems like the H3* cation,®® and extremely challenging targets
like the fluxional CHs* cation.?? VMS is a complementary technique wherein the electric
field of the ion discharge source is modulated, causing an oscillating Doppler shift of ion
absorption features that can be detected with a lock-in amplifier. VMS techniques are
almost always used with absolute frequency comb referencing of the cw laser light to
achieve spectral uncertainties on the few-MHz level.”® Cavity-enhanced VMS has also
been successfully implemented with a broadband comb as the direct light source.’!- 22

A recent development in comb-based ion spectroscopy is the work of Chou et al. to
interrogate the THz rotational transitions of a single molecular ion using frequency comb
Raman spectroscopy and quantum logic techniques.® A single °CaH" ion was co-trapped
in an ion trap with a laser cooled °Ca* ion. The quantum state of “°CaH* was first
prepared using quantum logic spectroscopy.’ The authors then coherently drove
stimulated THz Raman rotational transitions in “°CaH* using two arms of a stabilized
Ti:Sapph frequency comb. The probability that the Raman transition occurred was
measured using quantum logic spectroscopy as the comb tooth frequencies were scanned.
Rotational transition frequencies were reported with uncertainties at the kHz level,
limited by the coherence of the stabilized comb, which could be improved to the Hz level
or better in future work. This technique can also be adapted to Raman measurements of
IR, rather than THz, transitions by using increasingly broadband combs. Since the Raman
comb laser is detuned from resonance, it is not specific to this molecular system and can
in principle be harnessed for studies of more complex polyatomic ions of chemical
interest.
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2.1.4 Broadband sub-Doppler spectroscopy with frequency combs

Frequency combs are continually being integrated in novel experimental
configurations for broadband precision spectroscopy. Doppler broadening due to the
thermal distribution of velocities in an ensemble of absorbers is often the limiting factor
in the spectral linewidths of gas-phase species, presenting an intrinsic constraint for high-
resolution measurements. Sub-Doppler spectroscopies make use of intense illumination
with a spectrally narrow pump laser to transfer a significant fraction of a specific velocity
class of molecules from one state to another. The resulting spectral signatures are
governed by homogeneous broadening processes rather than Doppler broadening.
Observation of these sub-Doppler signatures can be critical not only for precision
measurements, but for disentangling congested spectra where state splittings fall within
the Doppler linewidth. However, sub-Doppler measurements remain typically limited by
the accuracies and tuning ranges of the lasers involved. Foltynowicz et al. recently
reported a sub-Doppler double resonance spectroscopy (DRS) scheme using a frequency
comb as a broadband probe.?* °* The authors applied this apparatus to study the
vibrational overtones of the v; mode of methane (CH,). Spectral data on highly
vibrationally-excited states of CH, are important for benchmarking theoretical
predictions of high-temperature spectra, with intriguing applications for spectroscopy of
exoplanet atmospheres.”> While comb-referenced DRS methods have been used
previously to great effect,’-%% and sub-Doppler comb spectroscopy has been reported for
atomic systems,? this work represents the first sub-Doppler work using direct FCS on
any molecular system.

DRS is a common implementation of sub-Doppler spectroscopy. A narrow linewidth
pump laser saturates a specific rovibrational transition, and a probe laser measures
depletion features in transitions that share a common lower state with the pumped
transition (V type transitions) or the appearance of new excited state absorption features
(ladder transitions), as shown in Figure 4a and 4b for both cw and comb probes.
Foltynowicz et al. used a Lamb dip lock to stabilize a cw pump laser to a series of nine
distinct rovibrational lines of CH4 near 3.3 um. The comb probe near 1.67 um allowed for
simultaneous detection of more than 10,000 spectral elements over a 200 cm™!
bandwidth, detected via scanning arm FT interferometer with comb mode resolution and
a noise equivalent absorption coefficient of 7.2x107¢ cm™! after 3.2 hours of averaging.
The probe comb f,,, was scanned to sample the spectrum with 2 MHz steps.

The combination of wide spectral coverage and high frequency accuracy of
Foltynowicz and coworkers’ probe comb enabled the detection of 18 sub-Doppler V-type
rovibrational transitions between the vibrational ground state and the 2v; band (Figure 4¢)
and 36 novel 3v;« v; ladder-type transitions. The authors reported orders-of-magnitude
better frequency precision than prior spectroscopic studies of the 3v; manifold of CH,.!%°
The ultimate frequency accuracy of these measurements remains limited to ~1 MHz by
the stabilization of the cw pump laser. Stabilizing the cw pump laser via frequency comb
referencing could ultimately improve the resolution to the kHz level.””- %8 The addition of
an enhancement cavity for the broadband comb probe could improve sensitivity and
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enable the extension of these measurements to more challenging spectroscopic targets
that cannot be prepared in high concentration.

(a) (b) (c)
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Figure 4. V-type and ladder-type double resonance transitions studied in the v; overtone
transitions of methane with a (a) cw or (b) frequency comb probe. (c) Comb probe
spectrum of methane near 6000 cm™! acquired with the pump laser on resonance with the
v; fundamental R(0) transition, showing a subsequent V-type probe transition in the 2v;
overtone R(0) transition. Figure 4 adapted with permission from reference 93. Copyright
Foltynowicz et al., some rights reserved; exclusive licensee American Physical Society.
Distributed under a Creative Commons Attribution License 4.0 (CC BY)
https.//creativecommons.org/licenses/by/4.0/

2.2 Chemical Reaction Kinetics

A natural application of FCS is the measurement of spectra of reacting mixtures as a
function of time, akin to in situ operando spectroscopy used in the field of catalysis.!%!
Understanding reaction kinetics is fundamental to all areas of chemistry, ranging from
fuel combustion to protein folding dynamics.!?? The quantitative determination of
reaction rate coefficients and product branching ratios yields insight into reaction
mechanisms, which can, in turn, enable prediction and control of chemical
transformations.

One strong advantage of FCS is the naturally multiplexed information that can be
gathered in a kinetics experiment. The identifying features of reactants, intermediates,
and products can potentially be monitored within a single spectral window spanning
upwards of 100 cm™' depending on the methodology employed. Reaction rate coefficients
can subsequently be extracted from the temporal evolution of these spectra. The
measurement of coupled kinetic information — for instance the rate of decay of a reactant
being equal to the rate of appearance of an intermediate — may elucidate a complex
reaction potential energy surface. In addition, if all product pathways from a reaction are
spectroscopically identified and their rate coefficients for production are measured, the
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product branching ratios can be determined. A second advantage of FCS methods is the
ability to measure several spectral features of a single species at once. More precise
reaction rate coefficients can be derived by monitoring multiple transitions or even an
entire spectrum associated with the same molecule as a function of time.

The sheer volume of data and information contained in a single FCS kinetics
experiment can appear daunting, but ultimately presents spectacular possibilities to
elucidate complex chemical reaction mechanisms. Unless all molecules involved in the
reaction have well-characterized spectra, then what is nominally a kinetics experiment
will always require potentially high-level spectral analysis alongside kinetic data
analysis. In addition, peaks may be observed that are not assigned to molecules taking
part in the reaction. This abundance of spectral and kinetic data presents an exciting
opportunity to fully understand chemical reactions. For example, the reaction of OD +
CO — D + CO, is fundamental to both atmospheric and combustion chemistry, and was
one of the first chemical reaction Kinetics studies reported using FCS.5 Bjork et al. used
CE-FCS to explicitly capture the role of the DOCO reaction intermediate for the first
time. The authors measured vibrational spectra of the cis- and trans-DOCO isomers and
determined their independent reaction rate coefficients for growth and decay.!%3-19° After
simulating and accounting for the IR signatures of the reactants, intermediates, and
products of the OD + CO — D + CO, reaction, additional spectral features were observed
in the broadband comb spectra that did not directly involve these molecules. These peaks
were ultimately accounted for by water and its isotopes, all of which have known IR
spectra. The presence of a trace amount of water in both the reaction cell and the
spectrum did not significantly impact the kinetic analysis.

Chemical kinetics can, of course, also be studied using more conventional direct
absorption methods, including step-scan Fourier transform IR (FTIR) spectrometers,
scanning narrowband lasers, or incoherent broadband light sources in combination with
dispersive spectrometers. These methods have drawbacks, including limitations in
achievable spectral resolution or lengthy laboratory data collection times, which can
expose the study to long-timescale fluctuations. Step-scan FTIR can also achieve spectral
multiplexing, but can take an order of magnitude more laboratory time to achieve the
same time and spectral resolution as FCS methods.!% 197 Additionally, unlike a comb, the
incoherent FTIR light source cannot be efficiently coupled into an optical enhancement
cavity, potentially limiting the sensitivity of the measurement.

Given the multiplexing and sensitivity advantages of FCS, along with spectral
readout on the microsecond timescale, combs are being integrated into a wide variety of
chemical kinetics studies. We now discuss recent case studies in the application of combs
to reaction kinetics, targeting examples in both gas-phase and solution-phase
environments.

4122735 _File000002_79914305.docx Printed 7/22/2021 13



oNOYTULT D WN =

Submitted to ACS Books

2.2.1 Gas-phase Criegee intermediate reaction kinetics

Several research groups are actively applying FCS to gas-phase chemical reaction
kinetics, harnessing both dual-comb and spatially dispersive methods to study reacting
systems in room temperature flow cells,’¢ 3% 108-113 and high temperature flames,
discharges, and shock tubes.!'4122 The application of these methods to problems in
atmospheric chemistry is particularly compelling. One recent room temperature FCS flow
cell study by Luo et al. concerns the formation and subsequent reaction of the simplest
Criegee intermediate, CH,00.!1% 1! Criegee intermediates are a class of zwitterions
formed from the ozonolysis of alkenes, and their subsequent reactions have impacts on
processes ranging from aerosol formation to the oxidative chemistry of the
troposphere.'?3 Criegee chemistry has been an active area of research in atmospheric
physical chemistry since 2012 when the laboratory synthetic route to forming CH,00
was established.'?* Since then, IR and ultraviolet (UV) absorption spectroscopies and
time-of-flight mass spectrometry have been used to study the reactions of Criegee
intermediates with other atmospherically relevant molecules.'?
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Figure 5. (a) Time-resolved DCS of Criegee chemistry near 1286 cm™!. The spectra were
recorded after the 248 nm irradiation of a flowing mixture of CH,I,/O, over 8000
excimer laser shots. The spectral sampling spacing was 279 MHz (9.3x1073 em™), and
the temporal resolution was 10 us. (b) Temporal profiles of a CH,O line at 1286.062
cm™! and a CH,0O0 absorption peak at 1285.727 cm™'. [CH,00], was estimated to be
5.6x10" molecule cm™ by kinetic model fitting of the time traces. Adapted with
permission from reference 111. Copyright 2020 The Optical Society.

The laboratory synthetic route for the formation of CH,OO proceeds via the UV
photolysis of diiodomethane (CH,l,) in the presence of O,. The resulting CH,I radical
readily reacts with an excess of O, to form CH,0O0. The subsequent reaction of CH,O0
with other atmospherically relevant molecules is typically carried out under pseudo first-
order conditions. The decay of [CH,OO] is measured as a function of time relative to the
initiating photolysis laser pulse, taken to occur at t = 0. Luo et al. monitored the self-
reaction of CH,OO to form formaldehyde (CH,O) via vibrational signatures using EO
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DCS in the long-wave mid-IR near 1285 cm™!, shown as a function of time in Figure
5a.110- 111 At short time delays following photolysis, the observed spectral peaks
corresponded to the v, fundamental vibrational band of CH,0O. At longer times, part of
the CH,0 v¢ fundamental vibrational band grew in. Whilst a fit to the whole spectrum
could be used to measure the decay of [CH,OO] and growth of [CH,O] shown in Figure
Sb, a single peak was chosen for each species. The coupled decay and growth traces of
[CH,00] and [CH,0] were consistent with previous kinetic models of the CH,0O self-
reaction. 2

It is informative to compare the capabilities of the EO DCS system of Luo ef al.
against a chirped-pulse QCL system previously used to measure the v, absorption
spectrum of CH,00.!?” Using the QCL method, a similar spectral window of 1.5 cm™!
was gathered with a time resolution of 240 ps. The QCL experiments demonstrated a
baseline absorbance noise level of 2.5x107* over 90 laser shots. In the DCS experiments
described above, the baseline absorbance noise level was 7.1x107% when averaging a 6 ps
integration time for 16,000 laser shots. Although the noise floor is somewhat higher for
the DCS experiment, the time resolution is considerably better for measuring fast
kinetics. In addition, the time resolution and spectral bandwidth in a DCS experiment are
inherently coupled by the Nyquist criterion for a given data point spacing.'?° The DCS
experiment is therefore limited to a narrow wavelength range simply for the purposes of
achieving the best time resolution (6 ps). The spectral range can be broadened with a
corresponding compromise in time resolution. The central wavelength of the
measurement can also be tuned over the wider 1215-1287 cm™! range available to the
laser system. The DCS apparatus is therefore time and frequency agile, depending on the
needs of a given experiment. A more traditional step-scan FTIR instrument can also be
used for CH,00 spectroscopy and kinetics, as demonstrated by Su et al.'?® and later by
Huang et al.'? In these studies, a broader spectral bandwidth (e.g. 750-1500 cm™') was
achieved using an incoherent light source while maintaining nanosecond to microsecond
time resolution. However, the instrument resolution was limited to 0.25—-1 cm™!. Not
enough information is given on noise levels to compare these experiments to EO DCS.

Long-wave mid-IR FCS experiments like the study detailed above currently rely on
DCS rather than spatially dispersive methods. High-resolution dispersive optical elements
and cameras operating in the long-wave mid-IR require custom fabrication and can be
prohibitively expensive, although long-wave mid-IR FCS using dispersive detection was
recently showcased using an immersion grating.> In the short-wave mid-IR near 3000
cm™!, however, dispersive comb techniques can be harnessed to study Criegee chemistry
via C—H stretching signatures of the reactants, intermediates, and products.

The Lehman Research Group at the University of Leeds recently used the photolysis
of CH,I, and resulting laser-induced signals to commission a new dispersive frequency
comb spectrometer. CH,I, is a useful target when constructing a new instrument because
of its large photolysis cross section (>1x107'® cm? molecule™) in an easily accessible
region of the UV (248-355 nm). CH,I and CH, are subsequently formed in single photon
and multiphoton processes, respectively. This study used a 250 MHz repetition rate mid-
IR comb spanning 2700-3300 cm ™' and a spatially dispersive FCS spectrometer with ~35
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cm™! simultaneous coverage.’® An IR spectrum was acquired at a 400 ps time delay
following photolysis (Figure 6). A spectral signature can be seen in the difference
spectrum (red) of the photolysis laser on (blue) and laser off (grey) datasets. The
observed peaks in the difference spectrum were almost entirely accounted for by ~7x1013
molecule cm™ ethylene (C,H,), which was modeled using its known IR absorption
spectrum from the HITRAN database (black)!3? convolved with the expected Doppler
broadening and instrument lineshape function.

The observation of C,H, was unexpected, although its presence yields insight into
the experimental conditions and highlights the benefit of collecting broadband, high-
resolution kinetics spectra potentially containing unknown spectral signatures. Under
room temperature flow cell conditions, it is relatively easy to produce unintended
reaction products if the gas refresh rate is slow compared to the photolysis laser repetition
rate, as was the case here. Ethylene was likely formed from sequential photolysis laser
pulses interacting with the gas sample, creating both CH, and CH,I which then react to
form C,H,. By using a broadband, high-resolution detection method with sufficient
sensitivity, in addition to finding new reaction products or intermediates, any unintended
reaction products or contaminant species can be identified and the experimental
conditions altered.
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Figure 6. IR absorption spectra following the photolysis of CH,I, (5%10' molecule cm™3,
20 mbar total pressure) at 266 nm. Spectra are shown for photolysis laser on (blue) and
laser off (grey). The laser off absorption trace is dominated by CH.I, features. The
difference spectrum (red, photolysis laser on — laser off) is well-modeled by the C;H, IR
spectrum (HITRAN, black, inverted). Data were taken at 10 Hz (photolysis laser
repetition rate) with 50 us integration time at At(camera — photolysis laser) = 400 us,
averaging for 2000 images.
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2.2.2 Liquid-phase monolayer desorption kinetics

Although the full advantages of simultaneously broadband and high-resolution
frequency comb light sources are perhaps most ideally matched to gas-phase studies,
where linewidths are typically limited by Doppler broadening, there have been a number
of successful liquid-phase studies employing DCS methods.!%6 107, 131-138 Since the
achievable spectral resolution in condensed phase spectroscopy is usually governed by
inhomogeneous solvent interactions rather than instrument limitations, larger comb
repetition rates are sufficient. Major applications of DCS to liquid-phase kinetics range
from simple organic reactions!33 to irreversible protein reactions.!%7. 134

DCS has been employed in attenuated total reflectance (ATR) spectrometers, used
for studying liquid-phase reactions and monolayer deposition processes.!%: 133 Lins et al.
recently studied the spectroelectrochemistry of the desorption of a monolayer of a
pyridine derivative.'% A commercial QCL-based DCS instrument was coupled into an
ATR-surface-enhanced IR absorption spectroscopy (SEIRAS) accessory, which was
adapted for a laser light source instead of the usual broadband incoherent light source.
The authors prepared a gold nanoparticle film on top of an indium tin oxide layered
silicon internal reflection element, and adsorbed a monolayer of 4-
dimethylaminopyridine (DMAP). Whilst this pyridine derivative was chosen as a proof-
of-concept target, its use in organic films and molecular devices is well documented.'3%
140 DMAP was desorbed from the gold surface by applying a potential jump, and the
1610-1670 cm™! IR spectrum was collected as a function of time (Figure 7). The transient
IR signal observed near 1628 cm™' was assigned to several ring vibrational modes of
DMAP. The decrease in absorbance signal showed evidence for the desorption process,
allowing for the measurement of time constants for the desorption of DMAP from gold
and its subsequent diffusion.
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Figure 7. Time-resolved evolution of the ATR-SEIRAS absorbance change upon DMAP
desorption from a gold surface, following a potential jump from +0.30 to —0.90 V,
acquired using a mid-IR dual-comb spectrometer. Spectral processing conditions were
128 coadditions with 20 us time binning. Spectral resolution was 3.3 cm™!. Reproduced
with permission from reference 106. Copyright 2020 American Chemical Society.

The study by Lins et al. demonstrates the potential for ATR DCS to replace step-
scan FTIR ATR-SEIRAS. The detection limit of the DCS experiment was approximately
0.08 mAbs, or 0.7% of the monolayer, using a time resolution of 800 pus and spectral
resolution of 3.3 cm™!. A step-scan FTIR spectrometer can achieve similar sensitivity and
time resolution with a lower 8 cm™! spectral resolution. The most striking point of
comparison, however, is the laboratory time necessary to achieve these levels of
sensitivity with comparable temporal resolution. Conventional step-scan FTIR requires
the equivalent of 2 days of laboratory time, while the DCS experiment takes 32 minutes.
The implementation of DCS by Lins et al. used a QCL operating over a much smaller
spectral window compared to the broadband incoherent light source used in conventional
methods. However, DCS clearly has an enormous advantage in laboratory time if the
target wavelength for a given experiment falls within the QCL operating wavelength
range.

2.3 Molecular Sensing

We finally turn our attention to implementations of FCS for analytical sensing. Here
we define sensing as the identification and quantification of steady-state concentrations
of molecules present in a mixture using known spectral signatures. Molecular sensing is a
robust application of FCS with huge potential across many different fields!'®- 141-153 due to
the unique attributes of comb instrumentation already emphasized throughout this
Chapter. The analytical chemistry applications of FCS include characterizing emissions
in storage facilities,'** accurately measuring temperatures and quality factors of
combustion environments,!'% 152 and human breath analysis for medical diagnostics.?> 1%
155 The success and widespread adoption of combs for sensing are highly dependent on
rapidly developing technological advances, as discussed by Ycas et al.'*® and references
therein. Sensing applications also show significant promise in introducing combs to a
broader scientific audience and the general public.

A distinct advantage of FCS — and laser absorption spectroscopy techniques more
generally — for sensing is the highly directional nature of their detection and the potential
for long distance propagation.!>® This enables long-path measurements, including
atmospheric monitoring of pollutants and tracking natural gas leaks across a large open
field.!#8: 149, 153 FCS is also calibration-free and allows for simultaneous monitoring of
numerous molecules. As we have discussed throughout this Chapter, FCS can be used to
probe various environments under a wide range of experimental conditions.

4122735 _File000002_79914305.docx Printed 7/22/2021 18

Page 18 of 30



Page 19 of 30

oNOYTULT D WN =

Submitted to ACS Books

FCS, particularly DCS methodology, has made significant strides in becoming
compact, user-friendly, and field-deployable with low power consumption.'*® These are
attractive qualities to position DCS as a viable alternative to other passive sensing
techniques. In addition, technological advances in comb and fiber technology enable
researchers to access the chemically important mid-IR in field-deployable
instrumentation while still covering a broadband spectral range. These instruments are
therefore no longer limited to probing weak vibrational overtones in the near-IR nor are
they limited to laboratory environments. To give a specific example, Ycas et al. measured
concentrations of volatile organic compounds (VOCs) including ethane and propane in
open-path field experiments using a DCS instrument spanning 2750-3150 cm™' with
0.0067 cm™! resolution. After signal processing, this new instrument achieved a
sensitivity dependent on the path length and integration time of 120 ppb - m - \/minutes
143 Continuous measurements of up to 30 hours of data were taken for a 120 m open
path, highlighting the stability of this instrumentation.

Depending on the molecular targets, it might seem challenging to outpace cost-
effective and user-friendly techniques such as chemometric and eNose sensors, or the
highly sensitive established techniques of chromatography and mass spectrometry.'s” The
UK Department for Environment Food & Rural Affairs (Defra) serves as a useful
benchmark. Defra uses Perkin Elmer Ozone Precursor gas chromatography-flame
ionization detector systems stationed at multiple locations as part of their automated
hydrocarbon monitoring network. Hourly measurements of concentrations of close to 30
different VOCs are taken by sampling the air at the instrumentation site.!>® This
chromatography instrument has limits of detection in the low parts-per-billion (<0.1 ppb)
for various VOC pollutants, but needs to be calibrated using a gas mixture standard. The
mid-IR field-deployable DCS instrument of Ycas et al. can reach the ppb sensitivity
necessary to monitor atmospheric VOCs, similar to the more conventional
chromatography methods but without the need for calibration. Moreover, the DCS
instrumentation can take continuous, open-path measurements in a directional manner,
yielding VOC concentration and identification profiles as a function of location and time.
This capability may prove of extreme utility in industrial settings as well as for
environmental monitoring and atmospheric modeling of tropospheric chemistry. !> 160

3 Conclusions and Outlook

In this Chapter, we have surveyed the current state of frequency comb spectroscopy
and its myriad applications in observing and understanding chemical phenomena. It is
now demonstrated that combs can replace incoherent and narrowband light sources in
most direct absorption spectroscopy experiments, improving the precision and sensitivity
of these measurements as well as the laboratory timescales for data collection.

Frequency combs have enabled great strides forward in fundamental laboratory
spectroscopy and dynamics. We reviewed several recent high-impact studies where the
capabilities of FCS infrastructure have elucidated the structure of challenging
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spectroscopic targets that proved inaccessible with other techniques. Combs are of
particular utility for precision spectroscopy, with frequency resolution unconstrained by
instrument lineshapes. In combination with cryogenic buffer gas cooling techniques, FCS
has enabled state-resolved measurements of unprecedentedly large fullerene molecules.
The size limit for quantum state resolution has certainly not yet been reached; moving to
lower internal temperatures with improved cooling and longer mid-IR wavelengths
should permit the study of even larger systems. The applications of direct comb methods
for ion spectroscopy and sub-Doppler measurements are similarly not far past the proof-
of-concept stage, and can be extended to considerably more complex molecular species
of broad chemical interest. The realization of frequency combs as femtosecond light
sources that can be resonantly coupled to optical cavities has ushered in a new era of all-
optical ultrasensitive, ultrafast measurements in dilute gas-phase samples.

Combs are also now widely applied to probe chemical reaction kinetics on the
microsecond to millisecond timescale in both gas- and liquid-phase environments. We
highlighted particular applications in atmospheric chemistry and monolayer desorption
experiments to showcase their utility across various fields of chemistry. Kinetics
measurements under extreme conditions can inform our understanding of chemistry in
environments ranging from combustion engines to regions of the interstellar medium.
Low temperature kinetics studies can provide detailed information on reaction potential
energy surfaces, such as the presence of submerged or low-lying barriers to reaction. Low
temperature experiments are currently under construction in at least two different
research groups at the University of Leeds and the Université de Rennes, combining a
cold molecular flow produced using a Laval expansion with FCS detection.!®! The future
of comb-based chemical reaction kinetics could see expansion of chemical applications
or the use of alternative spectroscopic probes including THz radiation.'!?

Outside of the physical chemistry laboratory, molecular sensing will likely become a
highly successful application of FCS, particularly with the development of lower cost,
miniaturized systems. In this Chapter, we emphasized the recent use of FCS for open-
path environmental monitoring measurements. Novel sensing applications may include
the integration of FCS as a passive in-line spectroscopic probe of industrial scale flow
chemistry'6? or as a hospital bedside breath gas analyzer aimed at identifying
biosignatures for disease diagnosis.!®3 Further development of FCS technologies
surrounding sensing applications are likely to result in broader scientific and general
public involvement, creating a feedback loop of investment and technological expansion.

Optical frequency combs have proved to be powerful spectroscopic tools due to their
precision, bandwidth, potential for high sensitivity measurements, and rapid experimental
readout times. The ability to collect multiplexed information in a single experiment is a
significant advantage in many of the applications discussed herein. At present, save for a
few high-impact spectroscopic and kinetics studies, most of the recent chemical
applications of FCS are proof-of-concept or benchmarking experiments. As comb
technology matures and reaches more laboratories, we expect that an accompanying
expansion of chemical applications will become evident. We anticipate that the coming
years will yield new comb-based demonstrations of precision spectroscopy for tests of
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fundamental physics, resolved sub-Doppler structure in unprecedentedly complex
molecular systems, sensitive probes of cold chemistry and kinetics, new limits on the
detection of ultrafast reaction dynamics, and integration with microscopy for applications
in biology and nanoscience.
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