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a b s t r a c t

                 Time-resolved direct frequency comb spectroscopy was used to study the kinetics of the OD + CO D?

+ CO 2           reaction, which is important for atmospheric and combustion chemistry. Complementing our

              recent work on quantifying the formation rate of the -DOCO radical, we report measurements oftrans

          the kinetics of the chemically activated product channel, D + CO 2     , at room temperature. Simultaneous

       measurements of the time-dependence of OD and CO2      concentrations directly yield the products’ forma-

               tion rate and its dependence on pressure and bath gas. Together with the -DOCO formation rate,trans

               these new measurements provide absolute yields of branching channels for both products of OD + CO

   in the low-pressure limit.

   Published by Elsevier B.V.

 1. Introduction

 The reaction,

   OH COþ !
k1

  H COþ 2  ; ð Þ1

          has served as a benchmark system for kinetics and dynamics stud-

         ies of complex-forming, bimolecular reactions for the past four dec-

        ades because of its importance in atmospheric and combustion

           chemistry . On Earth, CO is a byproduct of fossil fuel burning[1]

           and hydrocarbon oxidation and acts as a global sink for OH radicals

           in the free troposphere. In fossil fuel combustion, reaction is the(1)

       main oxidation step to convert CO to CO2      . Based on a recent pro-

               posal by Boxe et al. , the OH + CO reaction may also play a signif-[2]

     icant role in explaining the CO 2     budget on Mars: reactions involving

         the long-lived HOCO radical intermediate may be a key catalytic

  source of CO2 production.

           The OH + CO reaction is given by the following elementary reac-

 tion steps:

   OH COþ 

kf

kr

HOCO ð Þ2

HOCO


!
k2

½ M
 HOCO 3ð Þ

HOCO !
k3

  H COþ 2 ð Þ4

          The OH + CO proceeds to first form the (vibrationally) energized

HOCO
⁄

            , which can (i) dissociate back to OH + CO, (ii) relax to

           ground state HOCO by third-body collisions with bath gas M, at a

  rate coefficient k 1a        , and/or (iii) decompose to produce the activated

   products, H + CO 2      , at a rate coefficient k 1b     . The formation of the

        HOCO radical complex leads to the observed non-Arrhenius tem-

        perature and strong pressure dependence of the rate coefficient

         [3–7]. Based on this scheme, HOCO and H + CO 2  formation domi-

         nate in the high- and low-pressure limits, respectively. The overall

  reaction rate, k 1        , is simply described by an effective bimolecular

  rate constant k1([M],T) = k 1a([M],T) + k 1b([M], ).T

          The temperature and pressure dependence of the OH + CO rate

        coefficients has been studied extensively . Purely[3–15] ab initio

       methods involving master equations can provide estimates for

     thermal rate coefficients of complex-forming, pressure-

       dependent reactions; however, such endeavors are often hindered

        by incomplete accounting of collision and energy transfer dynam-

       ics for activation and stabilization of intermediate complexes

       [16,17]. Moreover, the rate coefficients are particularly sensitive

         to the collisional and energy transfer parameters in the low-

       pressure limit and fall-off regions (intermediate pressure range

          between the low- and high-pressure limits). In the case of the

           OH + CO reaction, these problems have persisted for over four dec-

        ades. The underlying dynamics involving the HOCO radical inter-

        mediate have previously been understood only in terms of

       empirical fit models and master equation calculations[4,6,9,10,18]

           [1,19,20] used to fit the measured decay rate coefficients of OH in

    the presence of CO, k1    [17]. Experimentally, quantitative kinetic

     measurements of pressure-dependent branching, i.e. stabilization

         to HOCO (Eq. ) and activation to H + CO(3) 2    (Eq. ), are necessary(4)
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        prerequisites. Yet, the HOCO intermediate has eluded detection in

      thermal environments until recent experimental demonstration by

           Bjork et al. on the first direct measurements of the formation[21]

 rate (k 1a           ) of the deuterated analogue, -DOCO, in the OD + COtrans

          reaction. This study complements the Bjork et al. work in providing

       the direct measurements of the formation rate (k 1b    ) of the acti-

    vated products, D + CO2      , at thermal conditions using frequency

          comb spectroscopy. Together, the goal of these studies is to provide

          quantitative, mechanistic details of the OD + CO reaction in the

          low-pressure limit, a good test case for studying effects of colli-

        sional energy transfer on rate coefficients for this important

 complex-forming reaction.

 2. Experimental

      Time-resolved frequency comb spectroscopy (TRFCS) has been

        developed for applications to spectroscopy and dynamics of tran-

        sient radicals . Relevant details for this experiment are[22,23]

         found in our previous publication . A high repetition rate[21]

(f rep        = 136 MHz) mode-locked femtosecond fiber laser syn-

        chronously pumps an optical parametric oscillator (OPO) to pro-

         duce the mid-IR comb light spanning from 3 to 5 l   m . The[24]

          mid-IR comb light is injected into a high-finesse cavity, the free

            spectral range (FSR) of which is matched and locked to 2  f rep .

        The transmitted light is spatially dispersed by a virtually-imaged

         phased array (VIPA) etalon and a grating combination, which is

          then imaged onto an InSb camera and recorded with an integration

 time 10 l           s . Absorption spectra as a function of time are con-[25]

          structed from the camera images and fitted to known line intensi-

       ties of reference molecular spectra to obtain absolute

        concentrations. In general, this technique provides a unique com-

       bination of broad bandwidth spectroscopy, high sensitivity, high

       spectral resolution and microseconds time resolution for simulta-

           neous detection of a number of key species in the reaction. The

          main modification to the previous TRFCS instrument is the use of

     high finesse mirrors centered at 3.92 l    m. Mid-IR mirror finesse

        measurements were conducted in the same manner described by

          Cole et al. These mirrors provide both a high finesse[26]

             (F 5600) and a large bandwidth (>400 nm), as shown in . Fig. 1

        The large bandwidth provides access to many molecular species

         relevant to the OD + CO reaction including -DOCO, COtrans 2 , DO2 ,

D2             O, and OD(v = 0–4). All of these have been measured in this

      experiment except for OD(v = 3, 4).

            The OD + CO reaction was studied in a flow cell under reaction

           conditions kept nearly the same as those described by Bjork et al.

        Major sources of systematic error have been characterized under

       these conditions, including rate constant dependence on camera

       integration time, vibrationally excited OD contributions, and O 3

 and D 2          gas concentrations. Here, we will provide only a brief sum-

     mary of the experimental procedures. O( 1     D) atoms are first gener-

    ated from photolysis of O 3       at 266 nm (35 mJ/pulse) from a

      frequency-quadrupled Nd:YAG laser. Each photolysis pulse dissoci-

        ates about 15% of the ozone to form O(1   D) and O 2    . In the presence

 of D 2, O( 1   D) + D2        produces energized OD(v = 0–4) with an inverted

          population peaking at v = 2 and v = 3 [27]. D 2O 2    could serve as an

           alternative source for OD, but its strong absorption in the OD and

       trans-DOCO spectral regions would reduce sensitivity and increase

       spectral congestion. High CO concentrations (>3.5 10 17 -

 molecules cm 3        ) were maintained for the purpose of ensuring

             the low densities and short lifetimes of OD(v > 0). The OD(v = 1)

          + CO quenching rate constant was previously measured to be 3.3

  (2) 10 13 cm3 molecules 1 s 1      [21]. Using this value, the maxi-

           mum lifetime (1/e) of OD(v = 1) at our conditions is 8.7 l  s. Main-

         taining a concentration of high CO ensures that the contribution

        from vibrationally excited OD on the uncertainties of k 1b  is less

          than 10% based on both the lifetime and abundance detection sen-

    sitivity of OD(v > 0).

   Molecular densities of D 2    , CO and N 2    were controlled and mon-

         itored with mass flow regulators and meters. For all experiments,

 the O 3       concentration was fixed at 2 10 15  molecules cm 3 and

          monitored by UV absorption spectroscopy at 270 nm. Thein situ

D 2         concentration was also kept constant at 7.4 10 16

 molecules cm 3         . By controlling the partial pressures of He, CO,

 and N 2        gases, the experimental total pressures were varied from

   40 to 120 torr.

   3. Results and discussion

    Absorption spectra covering 60 cm 1   of bandwidth (limited

           by the size of the camera detector area) centered at 2420 cm 1

( 4.13 l          m) were recorded with a varying time delay from the

           t = 0 photolysis pulse. Each spectrum was normalized to a refer-

       ence spectrum acquired immediately before the photolysis pulse

       and fitted to determine the time-dependent concentrations. For

         all experiments, the camera integration time was fixed at 100 ls.

        Fig. 2a show representative snapshots of measured and simulated

       spectra at time delays of 25 and 1000 l     s after the photolysis pulse.

    The R(76) transition of CO 2   near 2390.522 cm 1  (line intensity

    S = 4.140 10 22  cm molecule 1     ) and OD transition near

 2433.6 cm 1     (S = 1.64 10 21  cm molecule1    ) are the strongest

        absorption features. The time-dependent curves in wereFig. 2b

         obtained from fitting integrated areas for both molecules. The OD

       line intensities are determined from transition dipole moments

        calculated using the empirical potential energy and dipole moment

        surfaces reported by Nesbitt and coworkers . The CO[28,29] 2 line

        intensities were taken from the HITRAN 2012 database .[30]

       The rate coefficients for the D + CO2  channel, k 1b  ([M], ), wereT

     determined from simultaneous measurements of time-dependent

[CO 2    ]( ) and [OD]( ).t t k 1b      may be bimolecular (independent of pres-

         sure) or termolecular, depending on whether the conditions are at

        the low, intermediate, or high-pressure limits . We evalu-[4,6,18]

         ated these scenarios by measuring the dependence of the effective

        bimolecular rate constant on the concentrations of CO, N 2   , and He.

  The time-dependent CO 2       formation rate is given by the rate

equation

d CO½ 2 

dt
 ¼ k 1b  ½ ½ ð Þ ð ÞCO OD t ; 5

           Fig. 1. Measured finesse curve for high reflectivity mirrors centered at 3.92 l  m. The

            large bandwidth ( >400 nm) provides access to most molecular species relevant to

       the OD + CO reaction, including -DOCO, COtrans 2 , DO 2 , D 2     O, and OD(v = 0–4).
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         where [OD]( ) refers to time-dependent concentration of OD in thet

         vibrational ground state. Contrary to DOCO, which reacts with O 3,

CO2             does not have a large loss channel on the time scale (<1 ms)

         of our rate constant determination. Solving Eq. for [CO(5) 2  ]( ) givest

½CO 2ðt Þ ¼ k1b ½ CO
t

0

 ½ ð Þ ð ÞOD u du: 6

         Since [CO] is in large excess and remains constant throughout

   the reaction, quantifying k1b     requires only the time dependence

 of [CO2            ] and [OD]. For [OD]( ), we fit the data using derived analyt-t

          ical functions comprised of the sum of exponential rise and fall

       functions. These exponential functions are convolved with a

100 l         s time-window to simulate the behavior of the boxcar-

        averaging originating from the temporal response of the camera.

        Eq. gives the functional form for fitting [CO(6) 2   ]( ), where [OD]t

          ( ) is from the fitted time window of 0 to 1000t l   s. Finally, k 1b

       may depend on bath gas and pressure, i.e.,

k1b  ¼ kð ÞCO
1b ½CO þ k ð ÞN2

1b ½N 2  þ k ð ÞHe
1b  ½  ð ÞHe : 7

      Representative plots of fits to both [CO2    ]( ) and [OD]( ) aret t

        shown in . The boxcar-convolved fits for [COFig. 2b 2   ]( ) and [OD]t

        ( ) reveal the presence of multiple competing time-dependent pro-t

        cesses, which are expected due to the secondary regeneration

            channels of OD. At our conditions, OD decay is observed to be bi-

       exponential, with the initial decay (lifetime 100–300 l  s) coming

        from reactions with CO. The second exponential decay (life-

  time 1000 l     s) occurs approximately after 300 l   s and [OD]

         reaches a near steady-state at longer times (t > 1000 l   s). OD regen-

    eration reactions D + O3    ? OD + O2    and DOCO + O 3  ? OD

+ C O2 + O 2       dominate at longer times, consistent with previous

       observations . Therefore, only the earliest time behavior[4,21]

(<300 l         s) captures the initial OD + CO ? D + C O 2  branching reac-

        tion and is used for the analysis of k 1b.

         The bath gas and pressure dependence of the bimolecular rate

 constant k1b     were measured for CO, N 2      and He gas. For CO, the

        range of densities was limited from 3.5 10 17    to 1.0 10 18 -

 molecules cm3         . Low CO densities were avoided due to complica-

         tions from vibrationally excited OD since CO is an efficient

         quencher of OD vibration. High CO densities limit the signal-to-

      noise of OD detection because of O(1      D) + CO quenching. The effects

         of vibrationally excited OD in this system have been systematically

    analyzed previously . For N[21] 2       and He gas, the upper limit densi-

    ties of 3.5 10  18  molecules cm 3     were dictated by technical lim-

       itations: high molecular densities result in large mechanical

         vibrations which affect cavity locking stability. The results of the

k1b        measurements are shown in . Within 1Fig. 3 r  statistical uncer-

 tainties, k1b         was observed to be constant with respect to pressure

       for all three bath gases. The averaged k 1b    values are 5.6(7) 

1014    , 6.6(8) 10 14     , and 6.1(7) 10 14 cm3 molecules 1 s 1 for

 CO, N2       , and He, respectively. We experimentally investigated

       another possible source of systematic error for k 1b  arising from

    the reaction DOCO + O 3  ? CO2 + O D + O 2    , which would contribute

    an additional source of CO2      . To provide a quantitative estimate

     from this channel, we measured k 1b     as a function of O3 density

  (2–4.5 10 15  molecules cm3      ), and observed no dependence (fit

         of a flat line to the data yielded a reduced v2      0.3) within the sta-

        tistical uncertainty. This observation is consistent with the fact

           that the concentration of DOCO is much smaller by more than an

       order of magnitude compared to that of CO2   . Therefore, DOCO

+ O 3          can contribute at most 10% error to our measured k 1b  , which

       has been accounted for in our uncertainty budget.

  The observed k1b      results may be rationalized from unimolecular

        rate theory and the associated Lindemann mechanism common to

      pressure-dependent reaction kinetics . Starting from pro-[4,6,18]

        Fig. 2a. Measured spectra (black) at 25 and 1000 l     s delay from the photolysis

            pulse. These spectra are fitted to reference OD(v = 0) (magenta) and CO2 (blue)

                spectra to acquire the temporal profile. The decay of OD(v = 0) and the rise of CO 2

     are apparent between 25 and 1000 l        s delay. (For interpretation of the references to

               colour in this figure legend, the reader is referred to the web version of this article.)

            Fig. 2b. (Bottom) An analytical functional form for [OD]( ) is obtained from fittingt

             the data (black circles) to a sum of box-car averaged exponential rise and fall

        functions (red line). (Top) The rise rate of CO 2      is obtained from fitting the data

            (black squares) to Eq. (red line). The error bars correspond to 1(6) r uncertainties,

          which include contributions from uncertainties from the spectral fits and concen-

         tration measurements. The camera integration time was fixed at 100 l  s. (For

             interpretation of the references to colour in this figure legend, the reader is referred

      to the web version of this article.)
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        cesses described in Eqs. and applying the steady-state(2)–(4)

 approximation (d[DOCO⁄     ]/dt = 0), the CO 2   formation rate is

d½CO 2 

dt
¼

k f k 2

kr  þ k 2  þ k3 ½ M
 ½ ½  ð ÞOD CO : 8

             Recasting the first factor in Eq. and applying the limits of [M](8) ?

            0 and [M] yield the low- and high-pressure limit rate con-? 1

       stants given by Eqs. , respectively:(9) and (10)

k 1b 0;½ !M 
k f k 2

kr  þ k 2

 ; ð Þ9

k 1b;½ !1M 
k f k 2

k 3 ½ M
 : ð Þ10

 Here, k 1b         is independent of [M] as pressure approaches zero and

        inversely proportional to [M] at infinite pressure. The experimen-

     tally observed pressure-independent behavior of k 1b  is consistent

        with predictions by this Lindemann-type mechanism in the low-

         pressure limit Eqs. . Similar observations were reported(8) and (9)

     previously from empirical fits to k 1   from literature measurements

            in the low-pressure limit, as discussed in detail by Fulle et al. [4]

           and Golden et al. Any apparent curvature in the pressure depen-[6]

        dence would suggest deviations from the Lindemann mechanism or

         departure from the low-pressure limit and transition into the fall-

          off region, which we cannot completely rule out given our measure-

   ment uncertainties of k1b    shown in .Fig. 3

  Based on k1a      from Bjork et al. and k1b     from this work, we can

       directly compare our measured values to literature measurements

 of k1           . According to calculations by Weston et al. and the[19]

   empirically-derived forms of k 1a  and k 1b      from Fulle et al., most of

   the pressure-dependence of k1   comes from k 1a   in the low-

       pressure limit. These previous observations are qualitatively con-

      sistent with our own measurements of k1a  and k 1b   . Since k1b  is con-

         stant within the pressure range studied, it represents a constant

     offset to the amplitude of k 1       . Two measurements of the rate con-

 stant k1      for OD + CO in N 2       bath gas have been reported by Paraske-

            vopoulos et al. and Golden et al. at room temperature. The[9] [6]

          comparisons are shown in . By calculating the quantityFig. 4 k 1  = k1a
(-

N2) [N 2] + k1b         , the black solid line is obtained. Here, k 1a
(N2)   is the ter-

       molecular rate coefficient for -DOCO formation in Ntrans 2 bath

            gas measured by Bjork et al. The shaded teal region is the 1r error

   for the calculated k 1   . Because k1a       was only measured up to 75 torr,

         the vertical gray line is the demarcation of measured versus

   extrapolated regions of k 1      . The good agreement with Paraskevo-

         poulos et al. and Golden et al. provides quantitative validation

             for treating OD + CO in the low-pressure limit as a simple sum of

   the collision-induced association (k 1a    ) and chemically activated

 reaction (k1b           ). As discussed by Fulle et al., one would expect that

         this treatment breaks down at much higher pressures upon the

        transition into the fall-off region, where more sophisticated model-

          ing, e.g. Troe corrections, RRKM theory, etc., would be[31] [32]

       required. Master-equation calculations by Weston et al. predict

  curvature in k1              (Fig. 9 in their text) for OD + CO in He gas for our

        experimental pressure range, which we do not observe within

        our measurement uncertainties. We also note that our measured

  value of k 1           in He at the zero pressure limit is 6.1(7) 10 14 cm 3

molecules 1 s1        , slightly higher than the reported values of

  3.87 10 14 cm3 molecules1 s 1      by Weston et al. Finally, the

       cis k-DOCO isomer may also have a non-negligible 1a contribution

     that has been unquantified to date.

  Using the k1a          reported by Bjork et al., we can also determine the

       branching yield for DOCO and D + CO2   channels in N2   and CO gas

          for the OD + CO reaction. Previous DOCO yield calculations [21]

      were made under the assumption that k 1b  = k1   at zero pressure

    by using an averaged k1      value from Paraskevopoulos et al., Golden

             et al., and Westerberg et al. We can now check the validity of[33]

      this assumption by using the measured k 1b    in this work. The

       branching yield of DOCO is given by k 1a/(k 1a  + k 1b    ). At the highest

        pressure of 75 torr, the DOCO yield in N 2       gas is 27 ± 11%. and the

   corresponding D + CO 2         yield is 73 ± 16%. This measured DOCO yield

 in N 2    is equivalent within 1r        to those calculated by Bjork et al., and

         it is now supported with direct experimental validation. For CO

        bath gas, the same measurement procedure gives yields of

            47 ± 10% and 53 ± 7% for DOCO and D + CO 2  , respectively.

 4. Conclusion

            In this work, the OD + CO product branching to D + CO 2 has

        been quantified within the low-pressure limit. In conjunction with

     Fig. 3. The formation rate (k 1b        ) of the activated products, D + CO2     , as a function of

    bath gases (M = N2         (red diamond), CO (black squares), He (blue circles)) and

 pressure. k1b            is calculated according to Eq. . The error bars correspond to 1(6) r

          uncertainties, which include contributions from uncertainties from the fits to Eq.

          (6) and concentration measurements. (For interpretation of the references to colour

              in this figure legend, the reader is referred to the web version of this article.)

       Fig. 4. Comparison of the bimolecular rates, k 1 ([M],T) = k 1a([M],T) + k 1b  ([M], ), forT

    OD + CO in N2            bath gas at room temperature. The solid black line is the calculated

  sum of k1a      from Bjork et al. and k1b      from this work with its 1r   uncertainty in shaded

 teal. k1      for OD + CO in N2        has been reported by Paraskevopoulos & Irvin (green

             circles) and Golden et al. (red diamonds). The gray vertical line marks the divide

         between the experimental (left) and extrapolated (right) pressure regions. (For

             interpretation of the references to colour in this figure legend, the reader is referred

      to the web version of this article.)

           94 T.Q. Bui et al. / Chemical Physics Letters 683 (2017) 91–95



  our previous k 1a      work, these results provide experimental evidence

           for the mass balance of OD + CO product branching, whose sum

      yields the observed literature measurement of k1   . This work

        demonstrates another realization of the potential of optical fre-

        quency combs for studying complex chemistry problems: For sys-

         tems like OD + CO that involve multiple intermediates and

       products, the inherent flexibility of time-resolved direct frequency

       comb spectroscopy allows for a comprehensive, quantitative, and

      deterministic exploration of detailed reaction mechanisms. The

        applications of frequency combs for studying many other classes

         of chemical reactions will only continue to grow with improved

        comb sources at higher powers and longer wavelength beyond

           the mid-IR , as well as progress in high finesse mirror tech-[34,35]

         nology. Another powerful future direction for this technique is to

          access a wide range of temperatures provided by buffer gas cooling

        [36,37], accessing a thermalized and cold (<10 K) reaction

environment.
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