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ABSTRACT: We demonstrate time-resolved frequency comb spectroscopy (TRFCS), a
new broadband absorption spectroscopy technique for the study of trace free radicals on
the microsecond timescale. We apply TRFCS to study the time-resolved, mid-infrared
absorption of the deuterated hydroxyformyl radical trans-DOCO, an important short-lived
intermediate along the OD + CO reaction path. Directly after photolysis of the chemical
precursor acrylic acid-d1, we measure absolute trans-DOCO product concentrations with a
sensitivity of 5 × 1010 cm−3 and observe its subsequent loss with a time resolution of 25 μs.
The multiplexed nature of TRFCS allows us to detect simultaneously the time-dependent
concentration of several other photoproducts and thus unravel primary and secondary
chemical reaction pathways.

SECTION: Spectroscopy, Photochemistry, and Excited States

Norrish and Porter’s seminal work on flash photolysis
heralded the beginning of quantitative studies in gas-

phase free-radical chemistry.1 There have been remarkable
experimental advances since then in the time-resolved detection
of transient free radicals to directly measure product spectra,
concentrations, branching ratios, or reaction rate coefficients.
However, acquiring truly multiplexed spectral data regarding
several species in a fast chemical reaction with high-frequency
resolution and fast time resolution over a broad spectral
bandwidth remains a technical challenge. Ultrasensitive single-
species detection limits can be achieved using continuous-wave
(cw) laser absorption techniques with narrow single wavelength
detection, but this approach requires relatively slow scans to
cover wide spectral ranges. Traditional multiplexed techniques
such as time-resolved mid-infrared (mid-IR) spectroscopy use a
step-scan Fourier transform approach, and newer cavity-
enhanced methods using light-emitting diodes provide the
desired microsecond (or better) time resolution and broad
bandwidth but normally with an incoherent light source and
thus long total acquisition times to achieve high sensitivity.2,3

Techniques that improve upon these state-of-the-art methods
would have wide-ranging applications such as direct measure-
ments of carbonyl oxides formed during the ozonolysis of
alkenes,4−7 understanding unexplained OH radical concen-
trations in the atmosphere,8,9 and verification of nuclear-spin
selection rules in reactions of polyatomics.10

Mid-IR frequency combs generated using coherent, high-
powered femtosecond fiber lasers have recently been developed
that unify these three desired traits: high detection sensitivity,
large spectral bandwidth, and fast time resolution.11 The advent
of the phase-stabilized femtosecond optical frequency comb
merged the seemingly divergent fields of ultrafast spectroscopy
performed with temporally short laser pulses and the
ultraprecise measurement of optical frequencies using stable
cw lasers.12 The optical frequency comb has proven to be an
invaluable tool for the transfer of precise microwave frequency
standards into the optical domain, allowing for the direct
interrogation of atomic eigenstates with unprecedented
precision while also probing time-dependent quantum
coherence effects.13 Because of their broad spectral bandwidth
but inherently high resolution, frequency combs have found
applications as sources for trace-gas detection and broadband
survey spectroscopy.11,14−17 Here we make use of these
remarkable advances in optical physics and laser stabilization
to address current problems in free-radical trace detection and
chemical kinetics. Our technique, named time-resolved
frequency comb spectroscopy (TRFCS), enables transient
molecular absorption spectroscopy on the microsecond time
scale with rovibrational state resolution (0.03 cm−1) simulta-
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neously over a 65 cm−1 spectral bandwidth. TRFCS,
demonstrated here in the important mid-IR spectral region,
allows for the reactivity of several species to be observed in a
single spectrum with noise-equivalent absorption (NEA)
sensitivity of 1 × 10−9 cm−1 Hz−1/2 per spectral element. The
ability to measure multiple species simultaneously can then
rapidly provide precise rate coefficients and branching ratios for
multiple reactions.
For this initial demonstration of TRFCS, we studied the

time-resolved absorption of a deuterated analogue of the
HOCO radical, an important short-lived intermediate in the
OH + CO → H + CO2 reaction. Throughout Earth’s lower
atmosphere, this reaction recycles hydroxyl (OH) radical to
hydroperoxy (HO2) radical and is important in radical reaction
cycles that determine ozone concentrations.18 This reaction
also serves as the primary oxidation pathway for carbon
monoxide (CO) to form carbon dioxide (CO2), therefore
regulating the global concentrations of both species.19 In
addition, OH + CO→ H + CO2 is critical in the combustion of
fossil fuels, where it is also the primary route for converting CO
to CO2 and accounts for a major fraction of the heat released.20

The kinetics of OH + CO is complicated by an anomalous
temperature dependence; near room temperature, the reaction
rate coefficient deviates significantly from a simple Arrhenius
expression due to formation of the HOCO intermediate. Two
structures have been identified, the cis and trans conformers of
HOCO,21,22 with the trans-HOCO conformer more stable by
∼7 kJ mol−1.23,24 Although this reaction has been studied
extensively, quantitative yields of HOCO would provide a
direct test of statistical rate models and tunneling effects.25

As a first step toward this goal, we demonstrate the
applicability of TRFCS for detecting trace transient HOCO
intermediates by measuring the absolute concentration and
subsequent reaction rate of deuterated trans-HOCO (trans-
DOCO) following laser photolysis of acrylic acid-d1
(H2CCHCOOD, AA-d1, 90% isotopic purity) via detection of
the trans-DOCO OD fundamental stretch.26 The photo-

dissociation of AA/AA-d1, an α-unsaturated acid, is a well-
known source of HOCO/DOCO. The broadband capability of
TRFCS allows us not only to detect the prompt trans-DOCO
products but also to observe the depletion of parent AA-d1 and
to observe other primary and secondary photochemical
products.
An illustration of the experimental apparatus is shown in

Figure 1A. A mid-IR frequency comb with its output spectrum
centered at 2680 cm−1 (3.73 μm) was coupled to a high-finesse
enhancement cavity (finesse of 1250) that also functioned as a
reaction flow cell for photolysis experiments.27,28 In the
frequency domain, the frequency comb teeth correspond to
unique frequencies fm = mf rep + fceo, where m is the comb tooth
index (on the order of 105), f rep is the repetition rate of the
mode-locked laser, and fceo corresponds to the carrier-envelope
offset within the individual ultrashort laser pulses.12 By
dithering the femtosecond pump laser cavity length, we dither
f rep at a rate of 50 kHz, causing the individual frequency comb
teeth to be swept through their respective enhancement cavity
modes (separated by the free spectral range (FSR) of the
external cavity). This results in a large peak in cavity
transmission because many frequency comb modes are
simultaneously resonant with the cavity. A small portion of
the total power contained in these large cavity transmission
peaks was used to generate a feedback signal for fast fceo
stabilization (via the OPO cavity length) and slow enhance-
ment cavity length stabilization (via a PZT mounted on the
second enhancement cavity mirror), thus ensuring maximum
cavity-comb coupling at the center of each dither half-period.15

The majority of the broadband frequency comb light
transmitted through the cavity (∼150 cm−1 bandwidth) was
spatially dispersed using a cross-dispersed virtually imaged
phased array (VIPA) spectrometer with 1 GHz (0.03 cm−1)
resolution,29 which set the resolution of the spectra measured
here. This spectrometer mapped individual optical frequencies
to points on an image plane, allowing for the simultaneous
multiplexed detection of differential cavity transmission on time

Figure 1. (A) Illustration of time-resolved frequency comb spectroscopy (TRFCS) performed with a high-finesse optical cavity coupled to a reaction
flow cell. The time delay between photolysis and spectral acquisition provides microsecond time resolution over a broad spectral bandwidth of 65
cm−1 in the mid-infrared (mid-IR). (B) Block diagram of the data acquisition scheme, where time zero (tD = 0 μs) is defined by the photolysis pulse
(blue).
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scales limited ultimately by molecular decoherence.13 The size
of the detector array limited our instantaneous spectral
bandwidth to 65 cm−1, which was resolved into 1930 elements
(7072 comb teeth). A mixture of AA-d1, CO2, and N2 (1.60 kPa
total pressure and 21 °C) flowed continuously through the
central 12 cm of the cavity, refreshing gas in the photolysis
region on a <1 s time scale. High flows of purge gas were
introduced to keep the mirrors clean. Typical final concen-
trations of AA-d1 in the cell were on the order of 4 × 1014 cm−3.
A 10 ns, 193 nm laser pulse from an ArF excimer laser (∼5 mJ
per pulse within a 3 cm × 1 cm photolysis region) was used to
initiate photolysis30 and defined time zero (tD = 0 μs) for
subsequent DOCO kinetics. Images from the VIPA spec-
trometer were recorded before and after the excimer pulse with
integration times of either 25 or 50 μs. The excimer laser
repetition rate was 0.2 Hz, allowing for the high-finesse flow cell
to be replenished with fresh AA-d1 sample before each
subsequent photolysis experiment.
In a typical experimental cycle, a sequence of 200 transient

absorption spectra was recorded, each delayed by a total time
relative to the single 193 nm photolysis pulse of
tD = (n − 1)tcam + τ, where n is the signal image number (1
to 200), tcam is the constant delay between successive camera
images (4 ms) limited by the camera frame rate, and τ is a
variable μs time delay. (See Figure 1B.) Several sections of the
1-D absorption spectra constructed from these images31 are
shown in Figure 2. Each spectrum is the average over 950 cycles
with an integration time of 50 μs for individual camera images.
Slow baseline fluctuations, periodic oscillations, and the AA-d1
photodepletion spectrum have been subtracted from the
experimental traces. Figure 2A shows the experimental

spectrum recorded at a time delay of tD = 0 μs, that is, within
the first 50 μs after photolysis. Simulations of the individual
molecular contributions to the spectral fit are shown, inverted
and offset for clarity.
At tD = 0 μs, rovibrational features of trans-DOCO could be

unambiguously assigned using previously determined spectro-
scopic parameters and calculated intensities.26,32,33 By fitting
the observed spectral features to the simulated spectrum, we
measured the absolute molecular concentration of trans-DOCO
within this 50 μs integration window to be 3.1 × 1012 cm−3 ±
0.5 × 1012 cm−3 (1σ total experimental uncertainty; see
Supporting Information). The statistical uncertainty in the
spectral fit of trans-DOCO molecules was 5 × 1010 cm−3, a
direct result of the multiline fitting routines possible when
performing broadband spectroscopy.27 We also observed a
prompt (within 50 μs) formation of HOD within this spectral
window. At tD = 4 ms (Figure 2B), the absolute concentration
of trans-DOCO had dropped below our detection limit, leaving
only strong absorption features from HOD, along with new,
weaker features from D2O arising from isotopic exchange
reactions with AA-d1. At a longer time delay of tD = 80 ms
(Figure 2C), the HOD had mostly decayed, and strong
absorptions from D2O dominated the spectral window,
indicating that the flow system has been fully passivated with
deuterium and that there is little or no contamination by H2O.
To investigate the submillisecond decay of trans-DOCO, we

obtained a set of interleaved time-series spectra by stepping the
time delay τ in 20 μs increments. These spectra were recorded
with a camera-limited integration time of 25 μs, beginning 40
μs before the photolysis pulse (tD = −40 μs). In total, we use 13
different values of τ over the range −40 μs ≤ τ ≤ 200 μs,

Figure 2. Transient absorption following the photolysis of acrylic acid-d1 (AA-d1). (A) Experimental spectrum recorded immediately following
photolysis (tD = 0 μs) is shown in black, along with fitted simulations of trans-DOCO (red) and HOD (dark blue) spectra, which are inverted and
offset (by 0.5 × 10−7 cm−1) for clarity. The four transitions marked with an asterisk (*) are known to be perturbed by a Coriolis or Fermi
interaction26 and therefore were not included in any fits of trans-DOCO concentration. (B) Experimental trace at tD = 4 ms, where the concentration
of trans-DOCO has decayed below our detection limits. Spectral fits at tD = 4 ms (HOD in dark blue, D2O in light blue) are again inverted and offset.
(C) Experimental trace at tD = 80 ms with inverted and offset spectral fits (HOD in dark blue, D2O in light blue).
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acquiring 200 spectra at the camera frame rate at each unique
value of τ. These interleaved time-series spectra were averaged
50 times and are shown for tD ≤ 200 μs in Figure 3 as a 3-D
surface. The strongest trans-DOCO Q-branch transitions,
∼2684 cm−1, are outlined in black; they decayed much faster
than the overall rise in surrounding HOD absorption. From
spectral fits to the data shown in Figures 2 and 3 as well as that
shown in the Supporting Information,33 we obtained time-
dependent absolute concentrations of trans-DOCO, HOD, and
D2O (Figure 4). In addition to these three species, we also
detected (in a different spectral region) the immediate
formation of C2HD following photolysis;33 its time-dependent
concentration is plotted in Figure 4. Within the time
integration window immediately after excimer photolysis,
HOD, C2HD, and trans-DOCO were all formed instanta-
neously after the first photolysis laser shot and after all
subsequent duty cycles (Figure 4B,C).
Immediately after photolysis, within the first 25 μs for trans-

DOCO and HOD and the first 50 μs for C2HD, we measure
concentrations of 6.0 × 1012 cm−3 ± 0.5 × 1012 cm−3, 1.20 ×
1013 cm−3 ± 0.07 × 1013 cm−3, and 7 × 1011 cm−3 ± 3 × 1011

cm−3, respectively. Of these products, only trans-DOCO has
been reported previously.30 At our low partial pressures of AA-
d1 (∼1 Pa), no secondary reactions were possible within the
first 50 μs, diffusion to/from walls is too slow, and we therefore
deduce that these products were not formed by subsequent
radical chemistry.
Over the subsequent 200 μs after photolysis, we observed a

rapid decay in trans-DOCO and a slight rise in the
concentration of HOD on time scales consistent with
bimolecular reactions. The effective first-order rate coefficient,
k′tDOCO, eff = 9.6 × 103 s−1 ± 0.9 × 103 s−1, is similar to HOCO
loss rates observed by Petty, Harrison, and Moore under similar
conditions, which they attribute to fast bimolecular reactions
with radical intermediates,34 for example, the vinyl radical or
DOCO. At longer times (>200 μs), D2O grows in as HOD
decays, likely due to isotope exchange reactions HOD + HOD
and HOD + AA-d1. While OH products have been observed by
laser-induced fluorescence, the yield has not been meas-
ured.35,36 Our detection limit for OD absorption within our
probe wavelength range is ∼5 × 1012 cm−3, and we find no

evidence of OD production above this minimum detectable
level.33 This observation is consistent with those of Osborne,
Li, and Smith, who have reported that CO (and implicitly OH)
is formed in nearly equal concentrations with HOCO following
AA photolysis under similar experimental conditions.37

Our observation of prompt HOD and C2HD products is
unexpected, and we speculate that these may be formed from
the unimolecular decomposition of AA-d1, which possess 620 kJ
mol−1 of internal energy. These could be coproducts from the
previously observed decarboxylation or decarbonylation
channels,37 resulting from hydrogen migration or abstraction
pathways38 similar to mechanisms seen in the 193 nm
photolysis of propene.39 In molecular beam experiments,
Kitchen et al. find that 193 nm photodissociation leads to
only two prompt channels, C−C bond fission (HOCO +
C2H3) and C−O bond fission (OH + C2H3CO) under
collisionless conditions,30 although in the bulk gas, other
products could be formed by collisional dissociation of
vibrationally hot intermediates or relaxation to long-lived,
electronically excited AA* with alternate unimolecular path-
ways. However, acrylic acid forms strong hydrogen bonds and
is known to be “sticky”, and our current experiments do not
allow us to definitively eliminate alternative explanations
(artifacts such as wall contamination or photochemistry, H2O
impurities, photolysis of AA-dimers or AA-water clusters).
Further experiments are needed to test the validity of the above
hypothesis.33

Our results on acrylic acid photodissociation highlight how
the high molecular sensitivity (1010 cm−3) and broad spectral
coverage (65 cm−1) of mid-IR time-resolved frequency comb
spectroscopy enable the identification and characterization of
multiple transient species simultaneously (including, under
more carefully controlled experimental conditions, their
respective photolysis yields and branching ratios), while the
high time resolution can give precise information about the
subsequent reaction rates. The coherent nature of TRFCS
provides its high sensitivity, as laser phase stabilization results in
the concentration of optical power into narrow, discrete
frequencies (that is, comb teeth). In this initial implementation,
we demonstrate sensitive detection of trans-DOCO in the mid-
IR toward the study of DOCO produced in the OD + CO

Figure 3. trans-DOCO absorption and decay measured in the first 200 μs following photolysis of AA-d1. The strong trans-DOCO Q-branch lines are
outlined in black. Increasing absorption from HOD product is also visible.
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reaction. Time-resolved spectroscopy of this and many other

fast radical reactions would benefit from the unique character-

istics of highly coherent ultrafast lasers, which now provide

frequency combs from the mid-IR to the extreme ultraviolet.40
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