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Rapid relaxation of vibrationally excited carbon monoxide molecules 4y &d GH; has been studied by
time-resolved Fourier transform infrared emission spectroscopy. The)@(ecules were prepared by the
laser-induced chemical reaction of CHByith O,. The temporal vibrational populations of CQ@re deduced
from the time-resolved spectra. Fop®| eight relaxation rate constants of GG 1—8) are determined to
be 1.7+ 0.1, 3.4+ 0.3, 6.2+ 0.6, 8.0+ 1.0, 9.0+ 2.0, 12+ 3, 16+ 6, and 18+ 10 (x10 % cn?®
molecule! s1), respectively. For gH,, three rate constants of CO& 1—3) are deduced to be 2:8 0.1,
6.0+ 0.5, and 9.4+ 2.0 (x10 %2 cm?® molecule* s71), respectively. The excited C&)(molecules possibly
transfer their vibrational energy to theg vibational modes of KD or GH,. The rapid relaxation of CQf
may be caused by many vibrational impacts in a transient hydrogen-bonded complex. Ab initio calulations
are carried out for the COH,0 and CG-C;H, complexes. Theoretical calculations are also performed for
the quenching rate constants based on both SSH theory and-theRvmodel.

I. Introduction The rapid relaxation can be explained in two ways, forming
The vibrationatvibrational (V—V) relaxation of gas mol- transient hydrogen-bonded compiand efficient \-R energy

ecules has been widely studied in the past few decades. Thecompensatiod®*! The excited molecule can be coupled with

quenching of vibrationally excited small molecules has been the hydrides and forms a collision complex undergoing hindered
noticed considerably because of their importance in chemical Motions in the neighborhood of its equilibrium geometry. The
lasers and in combustion chemist¥. Theoretically, V-V relative translational motion of the collision partners becomes
energy transfer has been treated as the transition of the dipoleconverted to large-amplitude vibrational motion in the complex.
moments during colliding by the well-known Schwattz Vibrational relaxation of the excited molecule thus occurs with
Slawsky-Herzfeld (SSH) theorywhich deals with the colliding ~ the energy dissipating into various motions in the complex,
collinearly. An exponential repulsive potential between two €specially into the low-frequency hydrogen bonding vibration.

harmonic oscillators is adapted. Flynn etaind Dai et aP This mechanism has been successfully used to explain the
suggest that V-V energy transfer collisions are long-range collision pairs of HCt-H20,!? H,0—H.0,? and CO-HF B etc.
interactions that occur through transition dipetiipole cou- The vibrationat-rotational (V=R) energy transfer is also

pling, while the short-range interaction occurring on the proposed to play an important role in the relaxation for the
repulsive part of the interaction potential is more important for H-containing collisional partnefd.The hydride molecules have
V—T,R energy transfer. This approach has successfully ex- large rotational constant, which allows a substantial amount of
plained the collisional deactivation of several highly excited vibrational energy to be transferred with minimum change in
triatomic molecules. the rotational quantum number. In a number of studies,
When the quencher is a hydrogen-containing molecule, the SimpsoA* and Barker et al®> have shown the ¥R transfer
relaxation becomes very fasThe corresponding rate constant  effect.
is about -2 orders of magnitude higher than that by other | this paper, we report our experimental and theoretical
ordinary quenchers. For example, the effect gOHon the  studies on the energy transfer from highly vibrationally excited
vibrational relaxation of g@v = 1) is some 10times more CO molecules to two hydride partners,® and GH,. It is
efficient than Q collision with another @ molecule. Another  known that carbon monoxide can form C-attached or O-attached
example is that at room temperature, abou# ddllisions are hydrogen bonding complexes with,® and GH. in both an
needed to deexcite GM10) in the CQ—H0 collisionto the ispolated matri%® and gaseous phas€s2® The geometries of
ground state, but the deexcitation requires more thah 10 these weakly bonded van der Waals complexes have been well
gogisjgns when the collision partner,8 is replaced by another  defined through the microwave or far-IR spectroscopy measure-
» mentst’—20
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the laser-induced fluorescence (LIF) technique. Only one
relaxation rate constant for COE 1 — 0) was obtained. In
the present work, eight relaxation rate constants of:GO{—8)

by H,O and three relaxation rate constants of €&(1—3) by
C,H, were obtained. The experiment was performed with time-
resolved Fourier transform infrared spectroscopy (TR FTIR).
An ab initio molecular orbital calculation was carried out to
understand the geometries and energetics for the I8 and
CO—C;H, complexes. Finally, the SSH theory and the V,R
modef223 have been used to calculate the quenching rate
constant of COf) and compared with the experimental data.

Il. Experimental Section

The experimental apparatus has been described in detall
elsewheré* The apparatus consists of an ArF laser (100mJ,
Lambda Physik-305i), a reaction chamber, and a time-resolved
FTIR spectrometer (Nicolet 800). The 193 nm laser was used
to initiate the photochemical reaction of CHEmnd Q, which ®
has been proven to be an efficient method to generate the highly %
vibrationally excited CQf) molecules. The @©gas carried the ~
vapor of liquid CHBg (Baker reagent, not further purified) into
the vacuum chamber. The flow rate of the reactant gases wagFigure 1. Time-resolved infrared emission spectra of @&f v — 1)
controlled by flowmeters. The partial pressure of CklB@as quenched by kD. A gas mixture of 5 Pa CHB15 Pa /50 Pa HO
estimated to be 5 Pa in the chamber. The partial pressure of O was used.
was maintained at 15 Pa. 50 PaHvapor or 65 Pa &, gas
were introduced to the chamber for the C@ZHor CO/GH>
system, respectively. A pair of large gold-coated White cell
mirrors (nearly confocal) were used to collect the IR fluores-
cence. The IR emission was collimated to the FTIR spectrom-
eter, which was operated in a rapid scan mode. The spectral
resolution was set at 16 crh To improve the signal-to-noise
ratio, the interferogram data were coadded for 20 times and then
Fourier transformed to the IR spectrum.

The sequential time-resolved infrared emission spectra with
a time uncertainty of s were recorded. Contributions to IR
intensities due to instrumental spectral response, background
radiation, and absorptions of water vapor and carbon dioxide
were corrected for.
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lll. Results and Discussion Figure 2. A typical experimental (circles) and the simulated (solid

. line) spectrum of the CQ(— v — 1) emission for the CO/KD system
1. Preparation of CO(v) Molecules.The_ COe) mplecules at a delay time of 26@s. The contributions of some transitions to the
were prepared by the laser-induced chemical reaction of @HBr simulated spectra are shown by dashed lines.

and Q in the gas phase. The detailed mechanism is not clear.

But it is believed that the focused UV laser beam initiates a IR emission Spectra with intervals of 5@ each were recorded
two-photon photodissociation of the precursor molecule GHBr - and shown in Figure 1.

generating CH radical. The later species react with the oxygen gqr each spectrum, a simulation is made to determine the
fiercely. The reaction is exothermic, producing vibrationally hot ansient vibrational population of C@)( The detailed simula-
CO( = 14) molecules? tion process is described in a previous p&pém.the simulation,

It is estimated that about 1% CHBIn the photolysis zone  the rotational temperature of C@)(is assumed to be 300 K.
(10 x 5 x 5 cnP) was dissociated, and the density of the As an example, a typical simulated spectrum at the delay time
vibrationally hot CO{) was about 18 molecules/cry which of 260 us is shown in Figure 2. The spectral envelope of the
was sufficient to be detected by the FTIR spectrometer. Less emission is composed by P and R branches of individual
than 1% of the CQ(— v — 1) emission was self-absorbed by rovibrational bands. For clarity, only the contributions from three
the rest of the CQ() moelcules in the reaction zone. vibrational transitions are drawn in the figure with dashed lines.

It took about 10Q«s to complete the C@J producing reaction From the best-fit simulations, a set of transient vibrational
in the present gas pressure. To investigate the relaxation kineticppopulation of CO{) is found. A standard deviation of 5%
of CO, we recorded the IR spectra starting from 180after 10% is estimated for the population, leading to a 1080%
the laser firing. deviation of the quenching rate constants.

2. Relaxation of CO@) by H20. The vibrational relaxation At a gaseous pressure of 70 Pa, the average freelpatia
of the excited CQf) molecules quenched by water vapor was CO molecule is about 9@m at 300 K. Within 1 ms, the
experimentally investigated. The relaxation process was tracedmolecule will collide for abouZ = 7000 times and the diffusion
by the evolution of CO{ — v — 1) emission spectra. Starting distanceD = Z¥2_ is only 0.8 cm. That means the IR
at the delay time of 16@s after the laser firing, 15 sequential luminescent zone will expand 0.8 cm in each direction from its
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Figure 3. Vibrational population of CQ() at different delay times for the CO#® system. The dots represent experimental data obtained by the
spectral simulation. The solid lines are evaluated from the relaxation equations. The insert shows the populatios8of

photolysis area of 5« 5 x 10 cn®. But it still much less than
the light collection zone of 1& 10 x 20 cn®. Therefore, the
diffusion effect was ignored in our evaluation. The rate constant
may be overestimated at most by 10%.

The transient populations at the 15 different delay times are
shown in Figure 3. It can be seen in the figure that the population
of high vibrational levels { > 3) decays monotonically with
time. However, for the levels = 1 andv = 2, the population
increases before 60 and 25Qs, respectively, then decreases.

With the obtained time-dependent vibrational populations, the
quenching rate constants of G(are calculated by solving
the master equations:

dn,/dt = (zku+1,i[M il AN, —
(TkMI+AN, v=12..N (1)

wheren, is the population of theth vibrational levelk,; is

the relaxation rate constant of the levelquenched by M
species, [M is the number density of the collisional partner
M, A, is the Einstein spontaneous emission coefficient of the
level v, and N represents the highest vibrational level to be
considered.

The rate equations 1 are numerically solved by the differential
method we have suggested. Eight quenching rate condtants
(v = 1-8) of CO() by H,O were obtained and listed in Table
1. The best-fit curves were also shown in Figure 3.

The first quenching rate constakit= (1.7 = 0.1) x 10713
cm® molecule stis close to Stephenson’s restii.0 x 10713
cm® molecule! s71. The k, increases with the vibrational
guantum numbes. Figure 4 shows a linear relationship between
log k, and logyv. Comparing to the empirical formula

K =

v Unkl (2)
the slopen is 1.0.

As illustrated in Figure 5, among the three vibrational modes
(v1=3651.7 cm?, v, = 1595.0 cn!, andvz = 3755.8 cnl)

of water molecule, the, mode of HO has a minimum energy

TABLE 1: Vibrational Quenching Rate Constants (in 10713
cm? molecule ! s71) of CO(») by H,O and by C;H»

quencher HO quencher gH,
CO(v) SSH V-V,R SSH V-V,R
v expt calc calc expt calc calc
1 1.7+ 0.1 1.8 2.0 2.0:0.1 0.32 21
2 3.4+0.3 3.6 4.0 6.0t 0.5 0.64 4.2
3 6.2+ 0.6 54 6.0 9.4:2.0 0.96 6.3
4 8.0+ 1.0 7.2 8.0
5 9.0+ 2.0 9.0 10.0
6 12+ 3 10.8 12.0
7 16+ 6 12.6 14.0
8 18+ 10 14.4 16.0
20
+
+
& 104
2 5] ®
o 7
3 9
o9 5
<]
g 47
3]
IS
: O Experimental values
S o 1% A Experimental value in ref 21
Z + SSH calculation
~” X V-V,R calculation
1Ly . . . N
1 2 3 4 5 6 7 8 9

Vibrational quantum number
Figure 4. Plot of logk, vs log v for the quencher kD system. The

slope of the solid line is 1.0. The SSH and-V,R theoretical results
are also shown in the plot.

defectAE with that of carbon monoxide and becomes the most
feasible channel. The higher the vibrational level of &0the
smaller the energy defeddE with H,O(010), and thus the
greater the relaxation rate. Unfortunately, the emission,Gi-H
(010—000) transition could not be observed in our experiment
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Figure 5. Vibrational energy diagram of CO(— v — 1) and HO

and GH; molecules. The solid arrows show the preferential energy
transfer channels. The dashed arrows indicate the possible multiquant.
channels.
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Figure 7. Vibrational population of CQ() at different delay times
or the CO/GH; system. The dots represent experimental data obtained
y the spectral simulation. The solid lines are calculated from the
relaxation equations.
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Figure 6. The experimental (circles) and the simulated (solid line) Vibrational quantum number

spectrum of the CO(— v — 1) emission for CO/gH, system at a
delay time of 16Qus. The contributions of some transitions to the
simulated spectra are shown by the dashed lines.

Figure 8. Power law plot of logk, vs log v for the quencher gH,.
The slope of the solid line is 1.5. The calculation results with the SSH
and V-V,R theories are also shown for comparison.

because the wavelength is out of the detection range of the InSbThe frequencies of CO transitions{t 0, 2— 1, 3— 2) are
detector used. 2143.1, 2116.6, and 2090.2 ci respectively, while that of

3. Relaxation of CO@) by C,H, The quenching of the  thewv, mode of GH; is 1973.8 cm?. The energy discrepancy
excited COf) molecules by acetylene was also studied. Starting is only 120-170 cnt?. Therefore, near resonant"¥ energy
at 160us after the laser pulse, 14 sequential spectra with the transfer may take place efficiently between the two molecules.
time intervals of 50us were recorded. Each time-resolved The v, mode is IR forbidden throughout, but this restriction
spectrum has been simulated to obtain the transient vibrationalmay be broken in the ££,—CO complex by strong perturba-
population of COg). The rotational temperature is assumed as tions. Some other channels with minor contributions to the
300 K in the simulation. A typical simulated spectrum is shown energy transfer may also occur. In Figure 5, four dashed arrows
in Figure 6 in comparison with the experimental data. show that the vibrational energy may transfer to the 06003

Figure 7 shows time evolution of the vibrational population 00021%, 0100%, or 000£1! modes of the acetylene molecule.
of CO(yv = 1—3). The quenching of the higher vibrational levels These transitions are multiquanta processes so that the prob-
(v > 3) was too fast in the present experimental condition so abilities are much lower than the single quantum process of
that we could not obtain their relative population. The population thev, mode. It is noted that the 01001 states in acetylene could

of v = 2 andv = 3 decayed monotonically, while that of= be excited through single-quantumexcitation of the thermally
1 accumulated gradually before 3@@& and then decreased populated 00001 state.
slowly. 4. SSH Calculations.The SSH theor¥is used to calculate

The relaxation rate equations (eq 1) are also solved by thethe quenching rate constants of GPHy H,O and GH,. Only
differential method. Three quenching rate constants of.GO( the single-quantum ¥V process is considered in our SSH
1-3) by GH, are obtained and listed in Table 1. The best-fit calculation. The parameters used in the calculation are listed in
curves are shown in Figure K, increases with the vibrational — Table 2. The calculated rate constants for all the vibrational
level v. The logk, also shows a linear relationship to log levels are collected in Table 1. The results are also shown in
(Figure 8), but the slopa is 1.5. the logk,—log v plots (Figure 4 and Figure 8). The SSH theory

Carbon monoxide is analogous to acetylene, being linear andis a crude model with some simplified approximations. The
having a triple bond. Their reduced masses are close. Thereforecalculated results strongly depend on the parameters used,
the “heavy atom” stretching vibrational frequencies are similar. especially the Lennard-Jones potential we)l &nd radii ¢).
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TABLE 3: Selected Properities of the CO-H,O Complexe$
’\ 1.1498 1.1520 complex OC-HOH CO-HOH
O geometry Rew: 2.43 (2.41) Rer: 2.63
170.2 C 116.6 4 Ocho: 13.4 (115) Ooro. 72.4
5 i o (cm™) 52.3,66.4,97.2, 28.7,86.7,92.4, 140.1,
\ H 197.2316.4, 2120.6, 141.7°2105.4, 1620.5,
\ 24306 ; 2.6265 1623.9, 3852.4,3998.0 3856.8, 4002.7
\ , Aw (cm™1)e 12.3,4.3-11.0,—12.2 —-1.9,0.9,-6.6,—7.5
107.6 /2 Adexpf! 10.6,5.4-8.8,—9.5
166.6 | H H k(mdyn/A¥  0.0274 (0.0274) 0.0155
I (g/mol A3f  1.0,184.3,185.2 (184.0) 8.8, 114.5,123.3
0.9649 ™ 1055 0.9640 AEQ (kd/molp  —3.07 -1.76
' .105.4
O 2The values in parentheses are the experimental results from refs
0.9631 H 17 and 18° Hydrogen bonding stretching frequenéytrequency shifts
0.9637 H for two monomers vibrational fundamentalReference 29 Force

constant for the hydrogen bondOverall moments of inertie. AEQ°
= Ecomplex — (Eco + En20) With zero-point energy correction.

11505 26812 L0647 12214 1.0637 TABLE 4: Selected Properities of the CO-C,H, Complexe$

O_ C _______________ _H_C C_H complex OC-HCCH CO-HCCH

geometry Rem: 5.014 (5.018, 5.011) Ren: 4.688

HCHcZ 0.0 (00) BoHcZ 0.0
o (cm™1) 38.9, 38.9, 69.9,96.3, 17.6,17.6, 64.7,83.7,
1.1517 2.4825 1.0635 1.2210 1.0638 96.3, 420.4, 770.6, 1981.9,83.7, 443.6, 768.1, 1985.0,
C__O ................ _ C_ C__H 2114.2,3480.1, 3568.3  2104.9, 3489.5, 3576.4
Aw (cm™1)e 6.9, 23.9,31.1;-2.9, —2.4,47.1,28.6,0.2,
Figure 9. RMP2/6-31+G(d,p) optimized structures of the C®I,0 A —7.5,-6.5 19,16
and CO-C,H, complex. Bond lengths are in angstroms, and bond Ks(mdyn/. 2)d 0.0253 (0.0171) 0.0217
angles are in degrees I (g/mokA2)e  362.4 (362.0) 315.1
. AE® (kJ/molf —2.52 (-3.58) —-2.00
TABLE 2: Parameters Used in the SSH Theoretical aThe values in parentheses are the experimental results from refs
Calculation 19 and 20° Hydrogen bonding stretching frequenéyrequency shifts

for two monomers vibrational fundamentaldzorce constant for the

Lennard-Jones parameter hydrogen bond¢ Overall moments of inertid. AEo® = Ecompiex— (Eco

w weX A?  steric € o +E with zero-point energy correction.
molecule (cmgl) (cm‘?) (amu™) factor (K) A) czn) P 9y
co 2169.6 13.3 0.017 1/3 105 370 etries are also performed at the RCCSD(T) level with a larger
HO0  1595.0 0.9527  2/3 506 271 basis set 6-3t+G(2d,2p). Two types of the complexes,
CH, 1973.8 0.063 1/3 186 4.92

referring to the hydrogen atom attached to the C atom of CO

2 Reference 272 Reference 28. and H attached to the O atom of CO, are optimized and shown

in Figure 9. Some related properties are listed in Tables 3 and

Unfortunately, the calculatedando values in the publications 4 for CO/HO and CO/GHp, respectively. The calculated results
are diverse, resulting in large discrepancy between the SSHare in good agreement with the available experimental’dada,
calculated and the experimental rate constants. In some casewhich are also listed in the tables. Both our calculations and
the discrepancy is as large as one or 2 orders of magnitude.the previously calculated results indicate that the complexes of
Our SSH calculations on the CO/8 system are in good the C—H hydrogen bond are more stable than that of theHD
agreement with the experimental values. However, for the CO- hydrogen bond. The binding energies for the -@&0O and
(v)ICzH; system, the calculated rate constants are about 1 orderOC—C,H, complexes are estimated to both be about 3.0 kJ/
of magnitude lower than the experimental data. mol.

The dissatisfication with the uncertainty of the SSH computa- 6. The Calculation of the V—V,R Model. Because the
tion results invokes a more precise theoretical calculation. The hydride monomers have large rotational constants, the vibational
V—V,R modef? is applied to calculate the energy transfer in energy defect can be efficiently compensated by the change of

the hydrogen-bonded complexes. the rotational quanta of the hydrides. Therefore;R/energy
5. CO—H,0 and CO—C;H, Complexes.Carbon monoxide  transfer between C®@) and HO or GH, can make a consider-
molecule can form hydrogen bonded complex witotbr GH> able contribution.

molecules. The monomer in the complex vibrates and repeats Sentmaf suggested a ¥V,R model to deal with this kind
many impacts to the neighboring molecule before the complex of energy transfer process. For the-10 transition of COg),

dissociates. the thermal average transition probability is given as
To gain an insight into the geometries and the energetics of
the complexes, and to provide necessary data for the later P,,0= C,F(ow,Bu,0,T) + CiFr(w,Bu,0,T) 3

calculation with the *V,R model, ab initio computation has

been performed to investigate the €8,0 and CO-C;H, The first and the second terms represent theWand V—R
complexes using the Gaussian 94 progfar8tructures of the contributions to the overall deactivation of G)(respectively.
complexes are optimized via the supermolecular Melllesset F, andFr are the functions of the vibrational frequeneythe
perturbation theory to the second order within the close-shell rotational constanB, the reduced mags, the Lennard-Jones
frozen-core approximation (RMRZFC) with the basis set potential radiio, and the temperaturé. C, and Cr are the
6-31++G(d,p). The harmonic frequencies are calculated at the coefficients defined a€, = yno?upxwnx and Cr = ydluco
same level. Single-point calculations based on the MP2 geom-wco, whereyy = mu/myx andyc = me/meo. The quenching
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TABLE 5: Parameters Used in the V—V,R Calculation (5) The geometry and energy of the complexes oGO0
complex vem ! wiem  bond RJA  olA and CC-C;H; were investigated by ab initio calculation. The
O—C--H—OH 1972 21431 _oc 1128 370 C-attached complexes are more stable than the O-attached

15950 H-O 0956 271  complexes. _
O—C++-H—C,H 70.0 19738 HC 1058 422 (6) The V—V,R model was adapted to calculate the quenching
rate constants. The calculated rate constants are in good
agreement with the measured data.

rate constants can be obtained by
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