HTML AESTRACT * LINKEES

JOURNAL OF CHEMICAL PHYSICS VOLUME 120, NUMBER 16 22 APRIL 2004

State-to-state rotational relaxation rate constants for CO +Ne from IR-IR
double-resonance experiments: Comparing theory to experiment

David A. Hostutler,? Tony C. Smith, and Gordon D. Hager
Air Force Research Laboratory/Directed Energy Directorate, Kirtland Air Force Base,
New Mexico 87117-5776

George C. McBane
Department of Chemistry, Grand Valley State University, Allendale, Michigan 49401

Michael C. Heaven
Department of Chemistry, Emory University, Atlanta, Georgia 30322

(Received 17 November 2003; accepted 27 January)2004

IR—IR double-resonance experiments were used to study the state-to-state rotational relaxation of
CO with Ne as a collision partner. Rotational levels in the radge2-9 were excited and
collisional energy transfer of population to the levéls- 2—8 was monitored. The resulting data set

was analyzed by fitting to numerical solutions of the master equation. State-to-state rate constant
matrices were generated using fitting law functions. Fitting laws based on the modified exponential
gap (MEG) and statistical power exponential gédpPEQ models were used; the MEG model
performed better than the SPEG model. A rate constant matrix was also generated from scattering
calculations that employed tlad initio potential energy surface of McBane and Cybu[gkiChem.

Phys. 110, 11734(1999]. This theoretical rate constant matrix yielded kinetic simulations that
agreed with the data nearly as well as the fited MEG model and was unique in its ability to
reproduce both the rotational energy transfer and pressure broadening data for Ne—CO. The
theoretical rate coefficients varied more slowly with the energy gap than coefficients from either of
the fitting laws. © 2004 American Institute of Physic§DOI: 10.1063/1.1687314

I. INTRODUCTION a smaller basis set than McBane and Cybulski and the MP4
level of theory. This group did not report an analytical fit and
The CO-Ne complex has received considerable atterdid not comment on the agreement with experimental results.
tion in the last several years. Winnewisstral* and Walker Our group is currently measuring state-to-state rotational
et al? have reported pure rotational spectra of the van derelaxation rate constants for CO with various collision part-
Waals complex. The IR spectrum of this species has beeners using IR-IR double-resonance experiments. This is the
observed by McKellar and co-worketéIn addition to spec- third project in a series; results for GACO (Ref. 17 and
troscopic studies, C&Ne has been the subject of several CO+He (Ref. 18 have already been presented. This paper
collisional dynamic studies. Pressure broadenitgirial,”®  describes our C® Ne double-resonance data and modeling.
transport ' and state-to-state cross section datd are  After the data were collected, the full rotational relaxation
available in the literature. rate constant matrix was approximated by computer simula-
Several CO—Ne potential energy surfacP&£S$ have  tions of our data using the master equation and two common
also been presentédi-!® The CO-Ne complex is a good fitting laws: the modified exponential ggMEG) and the
candidate forab initio studies. The three heavy atoms arestatistical power exponential gd8PEQ models. Addition-
small enough that very-high-level electronic calculations usally, purely theoretical rate constants determined from the
ing large basis sets are not prohibitively time consuming. I'CCSOT) potential energy surface of McBane and
1997, Moszynskiet al** presented a PES of CO—Ne using Cybulski™® were compared to both our kinetics data and to
symmetry-adapted perturbation thedf$APT). The group CO+ Ne pressure broadening data.
concluded that the complex was near T shaped with a mini-
mum near—54 cm . Two more surfaces derived using the
supermolecule method were published in 1999. The first, by EXPERIMENT
McBane and Cybulski? used a large basis set at the  pggcqse it is sensitive to individual rate constants, the
CCSOT) level of theory. It did not describe the g_round'Statepump—probe double-resonance techn’rau'fs useful for
structure of Ne—~CO as well as the SAPT potential, but cOMyyonitoring rotational energy transféRET). Our experiment
parisons to the scattepng da_ta indicated that it described thg,5 carried out in a 296-K gas cell containing 0.25 torr of
repulsive part of the interaction better than SAPT. The secr (Air Products, UHP and 0.50 torr of NéSpectra Gases,
ond surface, reported that year by Subramaeiaal.,'® used UHP). During the experiment, a pump laser pulse, which
was resonant with a selected transition of the first overtone
dAuthor to whom correspondence should be addressed. band(2-0), prepared a population of molecules in a single
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TABLE I. Coefficients for Eq.(1), which represents the time-dependent population profiles.
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40.7087 0.003157 0.008915 0.001454
33.6912 0.003180 0.006295 0.001599
41.6091 0.002370 0.007003 0.001568
14.8988 0.004422 0.002035 0.002401
39.0913 0.001661 0.005145 0.001362
11.9187 0.003473 0.001189 0.002443
24.0438 0.003633 0.007645 0.001669
35.1349 0.003197 0.007151 0.001724
42.3232 0.002716 0.007693 0.001687
35.3386 0.002443 0.006249 0.001847
20.4064 0.002772 0.002972 0.001991
11.6978 0.003717 0.001196 0.002606
24.0690 0.003272 0.007803 0.001701
33.9443 0.003113 0.008081 0.001634
45.4953 0.002903 0.008267 0.001661
34.8549 0.002880 0.005981 0.001800
40.5052 0.001957 0.006537 0.001655
12.6836 0.004011 0.001476 0.002537
16.5485 0.003222 0.005627 0.001981
30.1540 0.002625 0.007466 0.001744
34.7144 0.002831 0.007562 0.001850
36.9941 0.002923 0.007334 0.002044
31.6740 0.002841 0.006345 0.002212 26.7508 0.002409 0.005157 0.002225
24.7787 0.002651 0.004796 0.002293 12.9511 0.006608 0.002622 0.004506
9 8 11.0695 0.009529 0.001029 0.002704

7.9313 0.004321 0.001974 0.002349
25.7596 0.002253 0.005853 0.001667
19.1714 0.004083 0.004599 0.002542
10.9019 0.009707 0.000776 0.001797
11.6403 0.008241 0.000966 0.002291
10.0222 0.008170 0.000874 0.003496
7.4221 0.005823 0.002442 0.003382
8.6747 0.004714 0.001062 0.002047
9.0656 0.007182 0.000715 0.002180
10.1692 0.008640 0.000646 0.001927
10.5340 0.009746 0.000765 0.002499
11.0607 0.009091 0.001176 0.003099
6.4718 0.004599 0.001551 0.003091
14.6834 0.002628 0.003403 0.002166
16.8941 0.002728 0.003238 0.002195
9.0525 0.007559 0.000364 0.001930
12.4743 0.006527 0.002310 0.004223
11.1232 0.009401 0.001020 0.002845
5.5131 0.004922 0.001090 0.003905
7.9630 0.003594 0.001021 0.002592
9.1640 0.004259 0.001087 0.003175
11.5296 0.003863 0.001384 0.002691
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3parameter has units of number dengitolecules cm?®). Sufficient digits are quoted to reproduce data to full
accuracy.
bParameters have units of s

rovibrational level of CO {=2). Since the vibrational fre- __ C
quency of carbon monoxide is large, the initial thermal popu-P(J; ,J¢,t)=a| 1—exp(—bt) — m( 1

lation in v=2 is negligible so that clean population of a

single vibration—rotation level could be achieved. A bexd —(c+d)t]—exp(—bt)(c+d)
continuous-wavécw) probe laser was tuned to various tran- + c+d—b

sitions of the(3—2) absorption band. As RET processes re- h b dd d bl h | f
distributed the population within the CQv€2) rotational erea, b, G andd are adjustable parameters. The va ues for
the fitted parameters for each of the profiles are given in

manifold, the time-dependent transmittance of the probe la: ble |
ser was recorded as our double-resonance signal. Details pole 1.
the IR-IR pump—probe apparatus and procedure have been

described elsewhere!®and will not be repeated here. B. Simulation of rotational relaxation kinetics
with empirical RET models

(@

Rotational relaxation inn=2 was simulated using a sys-

Il RESULTS tem of coupled differential equatioiithe master equatigrof
A. Data reduction the form
The raw pump—probe data are influenced by more than dN; co-c co-c
just the rotational relaxation. The two other factors that con- gt JE (ks yr Ny — LS Ny[col
tribute to the observed transient absorption signals are vibra-
tional relaxation and velocity relaxation. Our earlier CO-N CO-N
papers”!® describe the approach we use to remove those +? (k33 N = k5 2y Ny [Nel, 2

effects from the transient absorption signals, converting each ) o Cco-co

trace into a “population profile’P(J; ,J¢,t) that is propor- ngrﬁeNJ is the population in theJ level andk;”;~ and

tional to the time-varying population in levé} that would K;_; ~ are the CG-CO and COr-Ne rotational relaxation

be observed after excitation of leval if no vibrational re- ~ rate constants, respectively. Values for theCO rate con-

laxation was taking place. The population profiles are norstants kJCSfC) were taken from the previous work of Phipps

malized so that the long-time asymptote of each correspondst al’

to the population inJ; at 296 K rotational equilibrium. The master equation properly incorporates all rotational
Data were collected for 49 differeidt,J; pairs, with 2 levels. However, only those rotational levels that contain sig-

=<J;=<9 and 2<J;=<8. To make the data more manageablenificant thermal populations need to be included to provide

each population profile was fit to the expression an accurate description of rotational relaxation. Sin@&¥%
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TABLE Il. Experimentally determined parameters for the MEG and SPEG
fitting laws and the variance between computer simulations and our experi-
mental data.

Fitting result$ )
Theoretical results

Parameters MEG SPEG CCsOT)

a (107 cm® molecule *s™1)  4.51(48) 18.1(3.0)
B 1.7319) 0.7715)
5 1.0816) 0.50240) .
sSSP 0.152 0.267 0.172

*Experimental values from this work. Values in parentheses are estimated
errors, which were obtained by varying the parameter until a 10% increase
in the SSD was obtained while holding all other parameters constant.
bSum of squared deviations between experimental and computer simulated
population profiles.

of the rotational population resides in rotational levels below
J<<20 at 297 K, we restricted the model to consider29. A
matrix of 900 rate constants was then needed to specify the
system of equations. Applying detailed balance and setting
the diagonal elastic rates to zero reduces the problem to that
of finding 435 independent rate constants, but this is still too
many parameters to be determined from the data collected in
these experiments. Therefore, we have applied the usual
method of representing the GNe rotational—translation . . L . .
relaxation rate constant matrix with fitting law functions. 0 1 2 0 1 2

The full CO+ Ne rotational relaxation rate constant ma- TIME (us)
trix was extracted using two common fitting laws: the FiG. 1. Time- -dependent rotational populations Jee=2—7 following exci-
modified exponential géﬁ_ and statistical power exponen- tation ofJ;=8. The smooth lines through the data are from computer simu-
tial gap?l‘ze’models. Our previous COCO RET paper gives lations that used rate constants represented by the MEG fitting law model.
a detailed description of our technique and procedure for

using these fitting laws’ For upward transitionsj¢i), the mined P(J; ,J; ,t) data better than the SPEG model, with a
MEG law had the form 43% decrease in the SSD between the computer simulations

2E; \ ? and the reduced experimental data. Figure 1 shows simula-
— BAE;; 1+ VKT tions using the MEG modébkolid line) for a series of popu-
Kji=a eXD( ) >E. (3) Ilation profiles withJ;=8 and 2<J;=<7. The asymptotic val-
1+ — ues of the data and the fitted curves in Fig. 1 are equal to the
kT equilibrium populations. The information in the comparison
and the SPEG law was expressed as is therefore in the initial slope of the fitted profile and the
C BAE.\ | AE. | ~7 shape of its approach to equilibrium. The simulations using
Ki_i=aex L ( J') ’ (4) the MEG model reproduce our CENe kinetics data very
! KT B,—2 well with most of the simulation traces within the experi-

wherea, 8, andy are the adjustable parameters in each casénental noise.
The rate coefficients for downward transitions<(i) were
obtained by detailed balance. C. Ab initio rate coefficients
The master equation was solved numerically using the  \yg giso calculated the matrix of RET rate coefficients
fourth-order Runge—Kutta method, and the MEG and SPEGjiectly from anab initio model of the Ne—CO potential
fitting law expressions were fitted to tiR(J; ,J;,t) curves.  energy surface. Since the experiment was carried out with
A computer program was written that independently variedCcO in »=2, it would be best to use a potential surface av-
the adjustable fitting parameters for each of the fitting lawseraged over ther=2 vibrational motion of CO. However,
to minimize the sum of the squared deviatid®SD. The  none of the existing Ne—CO potential surface models in-
program terminated when the SSD between the master equgludes the CO vibrational coordinate. In comparison to the
tion solutions and theP(J;,J;,t) curves, sampled at 100 results from scattering studiés®the CCSIT) surface of
points between 0 and 4s, reached a minimum. McBane and Cybulski appeared to give a better description
The resulting values for the best-fit parameters fromof the repulsive wall, so we selected it for simulation of the
computer simulations of our CONe data set, using the double-resonance data.
MEG and SPEG models, are given in Table Il. The MEG  Time-independent coupled-channel scattering calcula-
computer simulations reproduced the experimentally deterions were carried out with theoLSCAT program of Hutson
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and Greerf* The “S2” potential surface of McBane and
Cybulski was used to describe the intermolecular potential.
That surface treats CO as a rigid rotor with a C—0O internu-
clear distance equal to the diatomic potential minimum. The
asymptotic rotational energy levels used in the calculation
were those of free CO in=2. Thev=2 rotational constants
were obtained from the work of Maki, Wells, and Jennifiys.
The two-dimensional potential was expanded using 16
Legendre polynomial terms with radially dependent expan-
sion coefficients.

The close-coupled equations were solved using the hy-
brid log-derivative Airy propagator of Alexander and
Manolopolous’® Close-coupledCC) calculations were per-
formed for all total energies below thle= 21 threshold 870
cm™ 1) and, in a few instances, for energies up to 1500 tm
The rotational basis sets included all open channels and at
least two closed channels. Most calculations at energies
above 870 cm! used the coupled-staté8S) approximation
of McGuire and Kour?’ and the basis sets then included at
least one closed channel. All propagations were carried out
to a center-of-mass separation of at least 28 A, though many
calculations were extended to larger distances to ensure that
the asymptotic boundary conditions were imposed beyond
the centrifugal barrier. The partial-wave sum was terminated
when the elastic cross sections had converged to at least 1 A , : . ! ; .

and the inelastic cross sections to 0.01 At the highest 0 1 2 0 1 2
energies in our calculatior(8182 cm'?), the maximum total TIME (us)

angular momentum included in the partial-wave sum was ) . ) . )
179 FIG. 2. Time-dependent rotational populations Jg+= 3-8 following exci-

. . . . tation of J;=2. The figure also includes computer simulations of the CO
The grid of energies used in the calculations was S€s Ne data using rate constants derived from the COSPotential energy
lected to capture most of the variations in cross sections jusiurface(Ref. 15 (solid lineg and rate constants represented by the MEG

above the energy thresholds for channel openings for th#ting law model(solid points.
purpose of thermal averaging. Just above each threshold, be-
ginning withJ=1, a series of total energies was used whose
spacings began at 1 ¢rhand increased to larger values as ~ The CCSIT) ab initio rate constants were inserted into
the cross sections became smoother. Each series was terrifie master equation, which was then solved to simulate the
nated when the next threshold was reached. population evolutions. Figure 2 shows a comparison of the
Calculations were only performed for the domindiNe  experimental curves and computer simulations using the rate
isotope. Test calculations at a few energies indicated thanatrices generated from the CC8ID) potential energy sur-
inclusion of the mino?Ne isotope would modify the calcu- face and the MEG model. In the figure the CG$Dpre-
lated rate coefficients by less than 1%. dicted populations are represented by the smooth curves
through theP(J;,J;,t) data while the MEG simulations are
represented by solid points. The agreement between the
CCSOT) theoretical rate constant matrix model and the ex-
Thermally averaged cross sections were evaluated agerimental data was very favorable, with a SSD of 0.172, as
cording to the expression listed in Table II.

D. Thermal averaging

Uif(T)z(kT)72JO eroif(e) exXp— e /kT)dey, ) IV. DISCUSSION
whereeg, is the precollision center-of-mass translational en-  Graphical representations of the €®le rate constant
ergy. The integration was carried out using the trapezoidamatrices from the MEG, SPEG, and CCSI) models are
rule, and the cross section was assumed to be zero for ahown in Figs. &), 3(b), and 3c). The CCSOT) and MEG
translational energies above the highest in our computed setite constant displays are very similar in shape. Computer
The truncation of the integral introduces negligible error forsimulations using these rate constant matrices were found to
rate coefficients involving onlj<21. For higher rotational reproduce the experimental data much more accurately than
levels, truncation causes a systematic underestimation of ththke SPEG model. The most distinctive feature of the
rate coefficients. The thermalized cross sections were multi€CSO(T) and MEG rate matrices is that the rate constants
plied by the average collision speéd)=(8kT/7u)¥2to  near the diagonal have a weak dependence on the energy
convert them to state-to-state rate coefficients. gap. The rate constant matrix generated from the SPEG fit-
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FIG. 4. Simulations of the C®Ne pressure broadening data using the
predictions for the CCSO) potential energy surface, and the MEG and
FIG. 3. Bar graph representations of rate constant matrices generated froBPEG fitting law models. Positive values MfindicateR-branch lines with

the MEG, SPEG, and CCSD) models are displayed in plots b, andc, ~ J=M—1. The experimental CO—Ne pressure broadening data were taken
respectively. Rate constants predicted from the CO-He SAPT potential erfrom Ref. 32 and are illustrated by the solid black circles. The predictions
ergy surfacgRef. 33 are displayed in plod. from the CCSIT) PES are represented by gray solid circles, and the MEG
and SPEG fitting laws are represented by open circles and triangles, respec-
tively.
ting law function is much more dependent on the energy gap
and overestimates the lowrate coefficients while underes-
t|ma;g?nhgguk:e;\:eci/?szflscizgi. on COHe RET, we find that Fig. 4._ The CCSDI) ab initio rate_ constant matri>(soli_d
the time-resolved kinetic data do not define a unique matri®' &Y circles reproduced the expenmgntal datslack solid
of state-to-state transfer rate constants. Consequently, reles much bett_erthan the rate matncgs generated from the
have used the three different rate constant sets to simulate t EG or SPEG. fitting laws. The eXpe“me“t‘?" dgta and the
pressure broadening coefficients for €Qe. This provides CSOT) predicted pressure broadening linewidths bqth
an independent test of each model. Following the work O1have. qnly a weak dependence. The pressure broadgnmg
previous investigators, we calculated the pressure broadenirf efficients generated from the MEG rate maltrix are slightly
coefficients using the assumptions that the major contributo oreJ_ dependent than those produced from the COSD
to pressure broadening for CO was rotationally inelastic Colpotennal energy s_urface a_nql the values are too small. The
lisions|the diagonal rate constantsS®;"9 were set to zerb pressure broademng coefficients generated from the SPEG
and that the RET rate constants were vibrationallyﬂttIng 'aV.V rate matrix compare poorly to.the experimental
independert®?® The pressure broadening coefficients aredata. This model ovgrestlmates the cogﬁluents .for low val-
then given b§? ues ofJ and underestlma.tes them in the mtermedlh.tange..
The CCSDOT) rate matrix compares most favorably with
both the kinetics and pressure broadening data.
The complete CCSQO) rate constant matrix for values
of J=20 is listed in Table Ill. Note that the rate constants for
where J’ and J” are the upper and lowel values for a removal of population from a given level are about 2.5
specific rovibrational line. x 10" cm®s L. This value is similar to the rate constant
The insensitivity of CO line broadening coefficients to for hard-sphere collisions, indicating that RET occurs on al-
the vibrational transition is well establish&iTo check that most every collision. This observation provides more support
the elastic contributions to the line broadening are negligiblefor the approximation of neglecting the elastic €Qe col-
we carried out a limited set of additional scattering calculadisions in calculating the pressure broadening coefficients.
tions on the CCSDI) potential surface and used them to Figure 4 shows that the total rate constants for transfer
calculate pressure broadening coefficients with both(Bg. out of the initial levelsJ;=2-9 for the MEG model are
and the accurate Shafer—Gordon thébas implemented in  smaller than the corresponding rate constants derived from
MOLSCAT. Calculations were performed for the pure rota-the CCSDT) calculations. Given that the two models pro-
tional 5—4 and 18- 19 transitions in the ground vibrational vide comparable simulations of the kinetic data, this was
state of CO, using coupled-states calculations and a 50-cm somewhat surprising. The rate at which the population pro-
translational energy grid. Pressure broadening coefficientfles rise at short pump—probe delay times should provide a
calculated by the two methods from this single set of scatdirect reflection of the rate of transfer out of the initially
tering calculations differed by less than 2%. populated level. Hence it would be expected that the rise
Pressure broadening coefficients calculated with(Bg. times of the curves using the MEG and CQ$P models
from the CCSDT), MEG, and SPEG rate constant matriceswould be perceptibly different. This is true of the simula-
are compared with the experimental data of Boualligh  tions, but the noise on the steep rising edges of the experi-

1
Y(3',3M == X Ky g+ 2 Ky |, (6)
477 3! f 7" f
f f
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TABLE Il

Theoretical CO-Ne inelastic rotational relaxation rate constants calculated from the (CCHES. Rate constants in units of

10~ cm® molecule * 571,

Hostutler et al.

JiNJ¢ 0 1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17 18 19 20
0 0.00 198 133 068 034 046 017 028 0.13 0.16 0.11 0.10 0.09 0.06 0.06 0.05 0.04 0.03 0.03 0.02 0.02
1 583 0.00 3.26 226 166 073 111 045 065 0.37 037 029 023 022 016 0.15 0.12 0.10 0.09 0.07 0.06
2 6.27 524 0.00 379 263 229 099 147 068 085 055 050 042 032 031 023 021 017 0.14 0.12 0.10
3 429 482 5.03 0.00 4.06 280 262 119 164 085 095 067 057 051 037 036 0.27 024 020 0.16 0.14
4 253 423 416 486 000 420 288 277 133 169 097 099 0.75 060 056 041 038 030 025 022 0.18
5 3.83 2.07 4.04 373 468 0.00 429 288 281 142 169 1.03 099 0.79 0.61 057 043 038 031 0.26 0.22
6 151 333 185 3.70 340 454 000 440 282 281 146 166 1.07 097 081 061 056 043 037 031 0.26
7 253 136 279 171 332 3.09 447 0.00 454 274 278 147 159 108 092 080 059 054 043 036 0.31
8 117 195 125 229 156 296 280 444 000 470 265 273 147 151 1.09 087 0.78 058 052 042 0.35
9 134 104 150 113 188 141 265 254 445 0.00 485 256 266 146 142 108 082 0.75 057 049 041
10 085 097 0.89 116 099 155 126 237 231 447 0.00 5.00 248 257 147 133 107 079 0.71 0.55 047
11 065 069 072 074 091 085 128 1.12 213 211 448 000 514 242 247 147 124 104 0.76 0.67 0.53
12 051 047 054 054 060 0.71 0.72 106 1.00 191 194 449 0.00 527 238 236 148 117 1.00 0.74 0.64
13 032 038 034 041 041 048 056 061 088 090 171 180 449 0.00 539 236 225 148 1.12 096 0.72
14 026 023 028 025 031 031 039 043 052 072 081 152 168 448 0.00 550 237 214 147 108 0.92
15 0.15 0.18 0.16 020 0.19 023 024 031 034 045 060 074 136 159 446 0.00 558 240 204 145 1.05
16 011 0.1 0.12 0.12 0.14 014 017 018 024 0.27 038 049 067 120 153 443 000 564 244 196 142
17 0.07 0.07 0.08 0.08 0.09 010 0.10 0.13 0.14 0.19 0.22 0.32 042 062 107 148 438 000 565 248 1.89
18 0.05 0.05 0.05 0.05 0.05 0.06 0.07 0.08 0.09 011 0.15 0.18 0.27 035 056 096 144 430 0.00 565 251
19 0.03 0.03 0.03 0.03 0.03 0.04 0.04 005 0.06 0.07 0.09 0.12 0.15 023 031 051 086 141 4.20 0.00 5.59
20 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 003 004 005 007 0.09 012 0.19 0.27 046 0.78 1.36 4.08 0.00

mental data precluded an accurate definition of the initiaktemperature C® Ne rotational relaxation rate constants are
slopes. Improved data could not be obtained by simplyslightly slower than those of COHe.

changing the gas composition. If the pressure of Ne was The rate coefficients for transitions with small to moder-
reduced, the kinetics were dominated by €00 collisions.  ate values ofAJ| generated from the CONe CCSOT) ab
Conversely, attempts to mitigate this problem by reducingnitio potential show a small preference for transitions with
the CO pressure degraded the signal-to-noise ratio. Hengsid values ofAJ. This trend is illustrated in Fig. 5 where the
the error range for the total removal rate constants derivegate constants for transfer frodp=5 and 10 are plotted as a
from the kinetic data alone was on the order of 20%. function of J;. The propensity for odd\J transitions sur-
~In our recent study of C®&He rotational relaxatiof  vives the thermal averaging because it holds for a broad

using pump—probe double resonance, we generated the G@nge of collision energies. A propensity for odd transi-

+He rate constant matrix from the symmetry-adapted pertions was also observed in the G®le rate constant matrix,
turbation theory(SAPT) potential energy surface of Heijmen

et al*3 The SAPT rate constant matrix reproduced both the
CO+He kinetics and pressure broadening data very well. ¢
The CO+ He room-temperature pressure broadening data is
almostJ independent, revealing only a weak dependence or-
the energy gap® As indicated by the rate constants along the ™
diagonal of each matrix, the CC$D rate constant matrix
for CO+Ne [shown in Fig. 8c)] is slightly more dependent
on the energy gaps than the @®Ble SAPT rate matrixFig.
3(d)]. It appears that a weak dependence of the energy trans
fer rate constants on the energy gaps is a characteristic
impulsive collisions where the dominant interaction between
the collision pair occurs at short range on the repulsive wall
of the intermolecular potential. The slightly greater depen-
dence of the C@ Ne rate constants on the energy gaps, as
compared to CO He, is consistent with the fact that the °
slower COt Ne collisions are not as impulsive and the long- J
range attraction between the collision pair is greater. The
inelastic cross sections for NeCO collisions are larger than FIG. 5. Rate constants derived from the CG$Dpotential energy surface.
the corresponding He cross sections; for example, the83 The solid_ points and open circles ‘cor_res‘pondliteS and 10, respectively.
e b s s s o L, O P S o 10

) e wnward transfer. The rate constants show a weak preference fakbdd-
by the higher He—CO collision rate, so that the room-transitions.

®J=5

-
T

(@]

Rate Constants (10'll cm’ molecules

»

Downloaded 07 May 2004 to 148.61.145.23. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 120, No. 16, 22 April 2004 Rotational relaxation rate for CO+Ne 7489

generated from the SAPT potential energy surface, but therr postdoctoral fellowships. M.C.H. thanks AFOSR for sup-
the degree of modulation was more pronounced. Converselport through Grant No. AFOSR F49620-02-1-0357.
the data for CQ- CO RET collisions exhibit a preference for
evenAlJ transitions. These symmetry propensities reflect the'G. Winnewisser, B. S. Dumesh, I. Pak, L. Surin, F. Lewen, D. A. Roth,
symmetry properties of the intermolecular potentials over the,2"d F- S. Rusin, J. Mol. Spectrost92 243 (1998. .

. . . K. A. Walker, T. Ogata, W. Jger, M. C. L. Gerry, and |. Ozier, J. Chem.
range of intermolecular separations that are most |mportantphys106 7519(1997.
for the energy-transfer processes. Hence the éukprefer- 3R w. Randall, A. J. Cliffe, B. J. Howard, and A. R. W. McKellar, Mol.
ence of CG-CO reflects the symmetry of the interaction 4Phys.79, 1113(1993.

; ; A. R. W. McKellar and M. C. Chan, Mol. Phy93, 253(1998.
oyer both the repUISI\./e an(.j attractive parts of thQ SurfaceBR. B. Nerf, Jr. and M. A. Sonnenberg, J. Mol. Spectrds®.474(1975.
since they both contribute |mportantly to the rota_t|onal eN-6A  Henry, D. Hurtmans, M. Margottin-Maclou, and A. J. Valentin, J.
ergy transfer. C@ He and CG- Ne rotational relaxations are  Quant. Spectrosc. Radiat. Trans6, 647 (1996.
both dominated by dynamics on the repulsive wall, and the'R. Mgszyndski,g P;orona, T. ? A.Cﬂe:j?rgen, Pé(E. g.SWormer, A. van der
i ; Avoird, and B. Schramm, Pol. J. Chef2, 1479(1998.

shape of that wall prOduceS odslJ propensities In_ both BK. Vatter, H. J. Schmidt, E. Elias, and B. Schramm, Ber. Bunsenges. Phys.
cases. Unfo.rtuna.tely we have not been able to obtain experi-chem. 100 73 (1996.
mental confirmation of these trends from the RET data for°J. Kestin, S. T. Ros, and W. A. Wakeham, Ber. Bunsenges. Phys. Chem.

He and Ne collisions. In our experiments the aild transi- 86, 753 (1982. _
10R. D. Trengrove, H. L. Robjohns, and P. J. Dunlop, Ber. Bunsenges. Phys.

tions for CO+He or Ne are masked by the evad propen- Chem.88, 450 (1984,
sity of the concurrent C® CO collisions. 1N jmaishi and J. Kestin, J. Phys. 26, 98 (1984).

1235, Antonova, A. Lin, A. P. Tsakotellis, and G. C. McBane, J. Chem. Phys.
V. SUMMARY 110, 11 742(1999.

13K, T. Lorenz, D. W. Chandler, and G. C. McBane, J. Phys. Cherh0@
Time-resolved pump—probe measurements were used t01144(2002.

examine CQG-Ne rotational energy transfer within the CO 14R. Moszynski, T. Korona, P. E. S. Wormer, and A. van der Avoird, J. Phys.
Chem. A101, 4690(1997).

v=2 rotational r_namfold. Rotational levels in the rande 155 ¢ MmeBane and S. M. Cybulski, J. Chem. PhysQ, 11 734(1999.
=2-9 were excited and transfer of population to the levelséy, subramanian, K. Chitra, D. Sivanesan, R. Amutha, and S. Sankar,
Jy=2-8 was monitored. The resulting data set was analyzed Chem. Phys. Lett307, 493(1999.
by fitting to numerical solutions of the master equation. \?\)%PFE‘L%%SI* ; ffh”;ﬂfh Zig%%%ri(l\;bgz Heaven, J. K. Mclver, and
State-to-state rate constant matrices were generated using fidly "¢ gmith pD'_ A Hostimery G. D. Hager, M. C. Heaven, and G. C.
ting law functions andab initio theoretical calculations that  McBane, J. Chem. Phy420, 2285(2004.
employed a CCSO) potential energy surface.The MEG 19(63 J. %- ng?sgggy (Sb-)L- Coy,lJ- B Steigfeld,camd B. Al;el, Jf- %hema F(’:hhyS-
g ; ; _ 101, 10533(1994; (b) J. J. Klaassen, S. L. Coy, J. |. Steinfeld, an .
flttlng .laW ar.]d the theoretlca}l rate constants ylelded accept Roche,ibid. 100, 5519(1994); (c) C. C. Flannery, J. |. Steinfield, and R.
able simulations of the kinetic data. However, only the latter g Gamacheibid. 99, 6495(1993.
were able to reproduce both the kinetic data and pressuf@m. L. Koszykowski, L. A. Rahn, R. E. Palmer, and M. E. Coltrin, J. Phys.
broadening coefficients for CONe. In this respect the con- zlghsmL'gl’ 41 %98})-R L A Rahn WS, H 43 W Ha
. . . P. Looney, G. J. Rosasco, L. A. Rahn, W. S. Hurst, an . W. Hann,
clu§|0ns of the present work are closely allgned to_ those Chem. Phys. Let161 232 (1989.
derived from our recent work on COHe. Again we find 223 | steinfeld, P. Ruttenberg, G. Millot, G. Fanjoux, and B. Lavorel, J.
that correlations in fitting rate constant matrices to RET ki- Phys. Chem95, 9638(1991), and references therein.
. . 23

netics or pressure broadening data alone can be greatly rgl?-,a- aa?cmary'dcsheg‘- Phys. Le‘f’Q’t 378053379- on 14, distib

. - . . . . Autson an . Green, computer Ci SCAT, version , adIstrip-
duced when a simultaneous fit to both data sets is requ"_’ecj'uted by Collaborative Computational Project No. 6 of the Engineering and
For both COFNe and CG-He the best rate constant matri-  physical Sciences Research Council, UK, 1994.
ces were obtained from high-level theoretical calculations®A. G. Maki, J. S. Wells, and D. A. Jennings, J. Mol. Spectrdstt, 224
rather than empirical fitting procedures. The present study, (1999

P - 9p . P YGM. H. Alexander and D. E. Manolopoulos, J. Chem. Ph§6, 2044
shows that currenab initio computational methods are ca- (1987).

pable of predicting the thermally averaged dynamics of COG"p. McGuire and D. J. Kouri, J. Chem. Phg, 2488(1974).

+ Ne with near quantitative accuracy. 283, J. BelBruno, J. Gelfand, and H. Rabitz, J. Chem. Phgs3990(1983.
293, 1. Steinfeld and R. R. Gamache, Spectrochim. Acta, PaB4A65
(1998.
ACKNOWLEDGMENTS 303, Green, J. Chem. Phy20, 4686(1979.

. . S IR, Shafer and R. G. Gordon, J. Chem. P15&.5422(1973.
We are grateful to the Air Force Office of Scientific Re- ,, 3P, Bouanich, J. Quant. Spectrosc. Ra dirgfw alr$§160§(1972.

search (AFOSQ for support of ’[hiS_ research. T.C.S. an(_j 337, G. A. Heijmen, R. Moszynski, P. E. S. Wormer, and A. van der Avoird,
D.A.H. would like to thank the National Research Council J. Chem. Phys107, 9921(1997.

Downloaded 07 May 2004 to 148.61.145.23. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



