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Collisional deactivation of N ,0(00°1) studied by time-resolved
infrared fluorescence

Kathleen L. Poel, Zeyad T. Alwahabi, and Keith D. King
Department of Chemical Engineering, University of Adelaide, Australia 5005

(Received 12 March 1996; accepted 25 March 1996

The time-resolved infrared fluorescend®F) technique has been used to study the vibrational
deactivation of excited hO by large polyatomic colliders at ambient temperat(285+2 K).
N,O(00°1) molecules were prepared by direct pumping with B{&8) line of a pulsed CQlaser at
9.536 um. The bimolecular rate constant for self-deactivation was determined to be
(0.763+0.006x10° Torr * s72, in very good agreement with previous work. The rate constants for
deactivation by Ar and K were found to be0.103+0.003 and (4.89+0.52x10° Torr *s 1,
respectively. The deactivation rate constants for the large polyatomic moleculgld; -6 CgH15,

CeHg. CsDg, C/Hg, C;Dg, CgHsF, p-CgHaF,, CsHFs and GFg, were found to be(176=10),
(153+22), (115+4), (201*2), (127+11), (407+=52), (144*+14), (173*+13), (129+8), and
(48+9)x10° Torr 1 s7%, respectively. Experimental deactivation probabilities and average energies
removed per collision are calculated and compared. There is little difference in deactivation
probabilities between the acyclic ring compounds and their aromatic analogues and the
partially-fluorinated benzenes but the perfluorinated compougfe, i€ much less efficient than the
other species. The perdeuterated specigBs@nd GDg, especially the latter, show enhanced
deactivation relative to the other species, probably as a result of near-resonant intermdledular
energy transfer. The results are compared with our recent work on the deactivation(66tDby

the same group of large polyatomic collid¢ks L. Poel, Z. T. Alwahabi, and K. D. King, Chem.
Phys.201, 263(1995]. © 1996 American Institute of Physids$s0021-960606)00825-7

I. INTRODUCTION over the temperature range 300706 &nd collisions with
HBr over the temperature range 300—900 Klehl et al®

Carbon dioxide and nitrous oxide are important proto- repared NO(OC’1) by the same method and studied the
type systems for understanding gas-phase energy transf@g, aiional relaxation of the N0(00°1) by a series of deuter-

processes. They make an important comparative pair becauaged methanes. Hancock and co-workéPs prepared
they are isoelectronic, have the same mass, and have similﬁr

7 . . X 0(00°1) by collisional pumping from CQu=1) excited
2
vibrational frequencies. Moreover while the change in avery i a frequency-doubled CQaser and measured the vibra-

age energy transfer over the range from low-lying vibrationaL[ional deactivation by bD, CO, and Ar over the temperature
levels to high vibrational energigguasicontinuum awaits range 144—405 K ' '

full characterization, small molecules at low excitation ener- While direct pumping of C@with a CO; laser is obvi-

gies provide a useful guide to understanding and predictin%us and has long been used, it has been shown anly recently

the energy transfer behavior of large molecules., ®@s . 11

. that N,O can be pumped directly by a G@aser. It turns
I h
ong been used as an important prototype system but t §ut that theP(18) line of the CQ laser at 9.53wxm matches

studies of NO began much more recently and are far less ) ) o
oxtensive N g y the (00°1, j =7—02°0, j =8) transition in NO. An advantage

Excited NO [in the (0C°1) vibrational level of the asym- ©f the CQ, laser over the BD laser as a pumping source is
metric stretch modeys] may be prepared either by direct that the former is more powerful. psmg this method, Mc-
laser excitation or by indirect collisional pumping from an- Nesby and Baté$ studied the deactivation of J®(00°1) by
other laser-excited species, and then monitored by timeunexcited NO over the temperature range 232-365 K. More
resolved infrared fluorescenG&F) near 4.5um. Early stud- rec_ently, Siddlest al.™ used the HBr laser for direct exci-
ies of N,O(OCPL) have relied on preparation by excitation tation of NO to NO(00’1) and then the temperature-
with the N,O laser or by collisional activation by excited dependent collision rate constants withQy O,, N, and
CO. Bateset al! used the NO laser to prepare j0(00°1)  CH, were measured. To the best of our knowledge, the
and they reported the deactivation by ground-sta@® hol- ~ above are the only published laser-baédicect and indireqt
ecules at 298 K. Yardléyalso used the D laser to prepare deactivation studies of JD(00°1). The results for near room
N,O(00°1) in studies of vibrational relaxation at 298 K by temperaturg295—300 K are summarized in Table I. Note
various collision partners including He, Ne, Ar, Kr,HD,, that the two published results for deactivation by &re
and NO (self-deactivation Doyennetteet al. used the NO ~ markedly different. The reason is that as with the analogous
laser to prepare J0(001) for studies of self-relaxation and CO,—N, system'* two relaxation rates are expectéce., a
gas-surface collision? collisions with 1*N, and 1°N, over  double exponential decay of the IRBne corresponding to a
the temperature range 150-1200° Kpllisions with HCl  fast single quantunv—V transfer
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TABLE I. Summary of previous laser-based studies of the collisional deacfluorobenzene (CzHsF), p-difluorobenzene (p-CgH,F,),

tivation of N,O(0C’1) near room temperature. pentafluorobenzen@eHF5), and hexafluorobenzer€qgFs).
Deactivation rate constant,
Collider, M Excitation method 102 ky,o_y (Torr™*s™)* Reference  Il. EXPERIMENT
N,O N,O laser 0.6730.009 1 The apparatus and experimental procedures have been
N,O laser 0.756:0.015 2 described in detail previousl. Briefly, infrared radiation
ng :22:: 8;28 2 from a pulsed CQlaser was directed into a cylindrical cell
N,O laser 0.740 8 (400 mm length, 25 mm diajriitted with NaCl end win-
CO, laser 0.723:0.002 11,12 dows. The production of )D(00°1) was achieved by tuning
HBr laser 0.753:0.003 13 the CQ laser to theP(18) line at 9.536um which is coin-
NoO laser _ 0.7450.037 4 cident with the(00°1, j =7—02°0, j =8) transition in NO to
22:::::222: i 8';?‘;’0'015 51)0 within 0.002 cm 11! The IRF from excited MO near 4.5um
He NO laser PAMPING 0.2640.016 2 was observed through a sapphire side window and an appro-
Ne N,O laser 0.09Z0.009 2 priate bandpass filter by a InSh infrared photovoltaic detector
Ar N,O laser 0.103:0.008 2 equipped with a matched preamplifier. The output of the
CO::?S?O”a: pumping 8-3520-025 51’0 detector/preamplifier was further amplified, captured by a
collisional pumping . P .
Kr N,O laser 0.0540.006 5 digital storage oscHIpscope and transferred to a laboratory
H, N,O laser 5.580.45 2 computer for analysis.
D, N,O laser 1.09:0.09 2 In measurements of the deactivation gfd00’1) by the
N N,O laser 4.8 5 large collider gases, the,® pressure was 1@23 mTorr and
- :B(; ';z*: 2-26&0-007 153 collider gas pressures were in the range 10—100 mTorr while
o, 2 str laser 0.31-0.02 13 for the deactivation of MD(00°1) by unexcited NO the pres-
co collisional pumping 0.537,225.0 10 sure range was 1-30 Torr. The® pressures were chosen
HCI N,O laser 15 6 (by experimentto minimize self-absorption and heteroge-
HBr N.O laser 36 7 neous deactivation in the fluorescence cell of specified ge-
CH, N,O laser 5414 8 ometry and dimensions used in our experiments. The higher
CHD :i; ';Z‘: j‘éfo'% 183 N;O pressure range could not be used in the experiments
CH,D,  N,O laser 865 8 with added collider gas because the required collider gas
CHD, N,O laser 1455 8 pressures then yielded decay rates too fast to measure. All
CD, N,O laser 19¢12 8 measurements were made at ambient temperd296+2

K).
&The values shown for Ref. 2 have been converted from the reported values . .
for P7 given in us atm units where is the vibrational relaxation time, and N2O (Aldrich, 99%, Ar (BOC Gases, ultrahigh purity

the values shown for Ref. 13 have been converted from the reported deagénd H, (J. T. Baker, ultrapupewere used directly as sup-
btivation rate constants given in units of €molecule* s, plied. ¢-GH,, (Koch-Light, =99.99%, c-GH;, (Merck,
c&'zggggg:gzo‘(;_\(/eg;:hé:nggeé 99.79%, CsHg (BDH, =99.7%), CoD, (Aldrich, 99.5 atoms%
z ' D), C;Hg (Ajax Unilab, 98%, C,Dg (Aldrich, 99+ atoms%
D), CeHsF (Merck, 99%, p-CgH4F, (Aldrich, 99+%),
N,O(00°1) +N,(v = 0)— N,O(00°0) +N,(v = 1) CgHF5 (Aldrich, 99% and GFg (Aldrich, 99.9% were de-

) gassed using several freeze—pump—thaw cycles prior to use.
and the other corresponding to a slowerT transfer

N,O(00°1) +N,(v = 0) — N,0(11°0) +N,(v =0). lll. RESULTS
The results of Doyennettt al?® are for the former and those Figure 1 shows a typical set of IRF decay curves for
of Siddleset al!® are for the latter. N,O with various pressures qi-CzH,F, collider gas. The

We have carried out a series of experiments on the colffuorescence decays are fitted well by a single exponential
lisional deactivation of C@00°1) and NO(00’1) at ambient  for all collider gases. The observed relaxation times are very
temperature(295+2 K). Most of the colliders were large much faster than the radiative lifetime of 4.1 ms for
polyatomic molecules. In these experiments the excited CON,0(00°1)? therefore the loss of excitation via spontaneous
and NO were prepared by direct pumping with a Cl@ser IR emission is negligible under the experimental conditions.
and monitored by time-resolved IREhe (00°1)—(00°0)  The Marquardt algorith® for nonlinear least-squares fitting
spontaneous emission near 46 for CO, and 4.5um for  was used to fit each decay curve with a single exponential
N,O]. Results on the deactivation of vibrationally excited function of the form
CO, have been reported previouSlyand here we report on

o oo . [=1g expl —kqpd) + B, 1)
results for the deactivation of vibrationally excited@ Col-
lisional deactivation rates have been measured for Ar, H wherel is the fluorescence intensitl,, is the pseudo-first-
N,O and the large polyatomic colliders, cyclohexeneorder decay rate constafimverse of the relaxation timgand
(c-GgHjp), cyclohexane (c-CgH;,), benzene (CgHg), B is the nominal baseline. The first-order decay rate con-
benzene-g (C4Dg), toluene (C;Hg), toluene-g (C;,Dg),  stants exhibit a linear increase with collider gas pressure.
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FIG. 3. Plot ofk, for the deactivation of BD(00’1) vs pressure of ¢Hg

and GDg collider gases. The point shown by the symidolis the value for

102 mTorr of pure NO under the experimental conditions. The error bars
correspond to two standard deviations. The lines are the weighted linear-
least-squares fittings.

FIG. 1. Infrared fluorescence decay curves fgOkC"1) in the presence of
the indicated pressures pfCgH,F, collider gasPy,0 = 102 mTorr.

Figures 2 and 3 show typical plots kf,.vs collider gas
pressure for gHg, CgDg, C/Hg, C;Dg, and GFg. Also
shown are the weighted linear least-squares fittings. Th
slope of thek,,s vs pressure plot yields the bimolecular de-
activation rate constanszo_M where M represents the col-
lider gas. Note that the intercepts are within experimenta

error of the measured first-order decay rate for 102 mTorr o ; ; -~
. try (the diameter is the key parameter for long cylindrical
pure NO (2045+394 s%) in the fluorescence cell under the Cel)lls)(.4,17,18 Our measured dyef:)ay rate of 204519503/ 102

experimental conditions. This is in accord with expectation . of N,O in a cylindrical cell of 25 mm diam is consis-
and is analogous to our experiments on the deactivation OtrEnt with the measurements of 29521505, and 1410°<,

respectively obtained by Doyenneteal®* for 100 mTorr

of N,O in cylindrical cells of diameter 16.5, 27.7, and 30

20000 mm, respectively(We have also carried out extensive stud-

ies of heterogeneous deactivation of L,0, and other
species® details will be reported in future manuscripts.
When the collider gases are added to the 102 mTorri,N
heterogeneous deactivation is no longer important, as is evi-
dent from the linearity of the plots shown in Figs. 2 and 3.
The bimolecular deactivation rate constants for all colliders
are summarized in Table II. The errors quoted correspond to
20 statistical errors from the weighted linear least-squares
analysis plus estimated uncertainties in pressure.

The bimolecular deactivation rate constant of
(0.763+0.006x10°> Torr 's! obtained for NO self-
relaxation is in very good agreement with all previous stud-
ies except the value reported by Battsal® which is low

8302(0001).15 The decay rate for 102 mTorr of ® in our
experiments contains a contribution from heterogeneous de-
activation. Diffusion with heterogeneous deactivation leads
o upward curvature in decay rate vs pressure plots at low
ressure and the decay rate is also a function of cell geom-

15000

"

s 10000

k
ol

5000

0 —— : ‘ —— comparison(see Table)l The averaged literature value, ex-
0 20 40 60 80 100 cluding the measurement of Bates al, is 0.737%10°
P cticer (mTOIT) Torr ts™. The rate constants obtained for deactivation by

Ar and H, agree within experimental uncertainties with the

FIG. 2. Plot ofkqy for the deactivation of BD(00°1) vs pressure of s, results of Yardley and Hancocket al®1? for Ar, and the
CsDg, and GFg collider gases. The point shown by the symblis the results of Yardle§/ for H,

value for 102 mTorr of pure O under the experimental conditions. The . e - .
error bars correspond to two standard deviations. The lines are the weighted In comparing the mtrmsu; ap”'ty of the colliders to de-
linear-least-squares fittings. activate r\§0(oo°1), the deactivation rate constants must be
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TABLE II. Bimolecular rate constants, deactivation probabilities and average energy transfer for the vibrational
deactivation of NO(00’1) at ambient temperatur@95+2 K).

Deactivation rate Deactivation probability(x 106°)

constant, 10° ky,o_y —(AE)?
Collider, M (Torrts™? Hard-spherePys Lennard-Jones?, (cm™)
N,O 0.763:0.006
Ar 0.103+0.003 0.0138 0.0109
H, 4.89+0.52 0.293 0.248
¢-CiHyo 176+10 16.7 102 23
¢-CHys 153+22 142 8.71 19
CeHe 115+4 11.7 7.06 16
CHg 127+11 116 7.08 16
CeDg 201+2 20.7 12.5 28
C,Dg 407+52 37.6 23.0 51
CeHsF 144+14 14.5 8.86 20
p-CoH,F, 173+13 17.1 10.4 23
CeHFs 129+8 12.9 7.89 18
CoFs 48+9 478 2.93 7

4Based on 1, and deactivation to p0O(00°0).

scaled to account for the different masses, sizes, and veloadf CO,(00°1) or N,O(0("1) by the same collision partner and
ties of the colliders. The deactivation rate constants havéhey were found to increase linearly with the number of deu-
been scaled to both the Lennard-Jones collision rate constanérium atoms per substituted methane. The Mathil8 val-
k., and the hard-sphere collision rate const&p;. These ues of P.g for N,O0C1) are 20<10° 3 14x1073
scalings yield deactivation probabilitieB, ; and Ps. The  8.2x1073 and 3.%10°2 for CD,, CD;H, CD,H,, and
values obtained are shown in Table I. The values used for theDH,, respectively. The average of these values on a per
Lennard-Jones collision rate constakf, were calculated C—D stretch basis is 4410 3. Our measured value s
using the method and data sources described previdusly. for C,Dg is 37.6x10°2 so the effective value per C-D
stretch is 4.%¥10°% (without differentiating between the
IV. DISCUSSION C-D stretch modes on the benzene ring and those on the

The measured deactivation rate constants for the IargrenethyI group. Likewise the effective value per C—D stretch

polyatomic colliders are very large. They are up to several” the case of %)36 IS 35X10 . The average of thesg two
orders of magnitude larger than the values for monatomics\{alues is 4.X10°", which is in excellent agsreement with the
diatomics and the small polyatomic, methafendeuter- 2Verage value from the results of Medtlal.” _

ated. The same relativities are exhibited by the deactivation 1 he deactivation probabilities for the remaining colliders

probabilities. The lowest measured deactivation probabilif@!l In between the value for & and the values for the
in the group of polyatomic colliders is the value of Perdeuterated species. The value®pf for c-CGeHip, CoHe,

P_,=2.93x10 "3 for C4F, (the only large molecule studied C7Hs: CeHFs, and GHsF are essennglly the same within
without C—H or C—D stretch modgsThe value is only 0.42 €xperimental error(average 7.9210 ) while those for
times that for the hydrocarbon analogugHg (the reduction ~ ¢-CsHio and GH,F, are the essentially same within experi-
is essentially the same fd?,,5 and szo—M as well asP ). mental error(average 10.810 3). The relatively small dif-

For the deactivation of C00°1) by the same two species ference in deactivation probability between these two groups

the reduction is less pronounced with the value faFC Of molecules may not be significant.
being 0.77 times that for &l Siddleset al.® have compared the rate constants for de-

In contrast to GF, CsDg has aP,, which is 4.3 times  activation of CQ(0(1) and NO(0C1) by self-relaxation,
that for GFs. The value ofP, for C,Dg is even greater than N2, Oz, and CH. The rate constant ratios at 300 K are 2.3,
that for GDg (a factor of 1.8 times largerand very much 2.6, 2.3, and 1.1, respectively. Siddiesal!® state that the
greater than the values for the remaining colliders. These twhigher rate constants for J®(00°1) relative to CQ(00°1)
values are the highest observed in the group. The enhancds a general feature of the behavior of,®(00°1) and has
ment of the deactivation probability by perdeuteration of thebeen seen for a wide range of relaxants.” However a survey
collider is also shown by a comparison of the values forof the literature shows that this is true only for self-relaxation
CeHs vs GDg, and for GHg vs C,Dg. The effect of deutera- and deactivation by monatomics and some diatomics. Stud-
tion is only a factor 1.8 for the benzenes but increases draes of both excited species in the same laboratory by Doyen-
matically to a factor of 3.2 for the toluenes. Meét al®  neteet al®’ yield rate constant ratios of 0.33 and 0.27 for
reported hard-sphere deactivation probabilities for bothdeactivation by HCI and HBr, respectively and the compara-
CO,(00°1) and NO(0C1) with a series of deuterated meth- tive studies of Mehlet al® yield rate constant ratios near
anes. The values were found to be identical for deactivatiomnity for deactivation by a series of deuterated methanes.

J. Chem. Phys., Vol. 105, No. 4, 22 July 1996
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quency close to 2224 cml will be collisionally excited to
that frequency. Such a process is very efficient since it in-
volves minimum vibrational quantum number change. Col-
liders that do not have a vibrational frequency close to 2224
cm ! are still able to accept the available energy if the sum-
mation of two (or more of its vibrational frequencies is
close to 2224 cm'. The two important factors that control
intermolecula’v—V energy transfer are the value of the en-
ergy gap or mismatchAE (in this study the difference be-
tween 2224 cm! for N,O(0’1) and the value of the colli-
sionally excited mode in the collidgrand the quantum
number chang& The most favored/—V channels are those
associated with the smalleE and the fewest quantum
number changes. Simple theoretical considerations indicate
that the efficiency of collisional deactivation is reduced by
about a factor of 10 for each quantum number change and
reduced by about a factor of 10 for each 200 ¢rof AE.2°

In the large polyatomic coIIide(;Os there are many vibra-

. . tional modes and energy from,8(00°1) may be transferred

Eﬁa:geMpi?;;;dnfii "Cf)h;j‘;[;f‘e deactivation of B(OC'L) and CQOTY ) any one of them. The valu@g* for the C-D stretching
frequencies in gDg and GDg places them in near resonance
(AE<100 cm}) with the (00°1) vibrational level in NO.

The rate constants obtained by us for the deactivation oIhUS for GD collider the following four single quantum

_ i —1)20
COZ(OOOl) and NZO(OO(’l) by the same set of large poly- near-resonant channdlsithin the range 2224100 cm )

atomic colliders also are similar in magnitude except for theresultlng in direct deactivation of JD(00"1) to the vibra-

colliders GFg and GDg. This is reflected in the deactivation tional ground state are available:
probabili_ties_ which are_<_:ompz_ired in Fig. 4. The rate constanNzo(Oool) +CeDg—N,0(00P0)+CeDg( v* ) + AE
or deactivation probability ratios are 0.5 fogkg and 1.7 for
C,Dg. A rationale for the different behavior by these two =—-69 cm'?, (6)
collision partners is given below.

The homogeneous deactivation processes through whidR,0(00°1)+CgDg—N,0O(00°0)+CeDg( vE ) + AE
N,O(00°1) may lose its energy are inter- and intramolecular _ 4
V-V energy transfer and/—T/R energy transfer. In the =—68 cm, @)
present work, the measured deactivation rate constant con- "
tains all these possible pathways for energy loss from the) 20(00°1) +CeDe—N,0(00°0)+CeDe( 11 +AE
excited molecule following collisions with the collider gas. =—-63 cm'?, (8
However because the measured rates are large, and because
the processes involving—T/R transfer are normally sloW,  N,O(00P1) + CgDg—N,0(00°0) + CeDg( vis) +AE
the measured deactivation rate constant and deactivation .,
probability for the large polyatomic colliders mostly reflects — —41 cm 7, ©)
V-V energy transfer. The followiny—V deactivation pro-
cesses are possible:

25

3
P, (x 10°)

where the asterisk represents the vibrationally excited mode
in the collider andvy, vs, v;,, andv,5 are the C-D stretch

N,O(00°1) +M—N,O(00°0)+ M(v), (2 modes. For ¢Dg collider the near-resonant chanrfélare
N,0(00°1) +M—NzO(11°0) +M(v"), 3 N,0(00°1)+C;Dg—N,0(00°0)+ C;Dy( 5 ) + AE
N,0(00°1) +M—N,0(10°0) +M(v"), 4) — 62 cml, (10)
N,O(00°1) +M —N,0(0110)+M(v"), 5
2000 20010 +M™) © N,O(0C°1) + C,Dg—N,0(00°0) + C;Dg( v ) + AE
where M@), M(v'), M@v"), M(v"), M(v") is the polyatomic
collision partner with excitation in sufficient vibrations to ~ =—36 cm %, (11)

account for the energy loss from,®(00°1). The relative

contributions of processé&)—(5) to the overall deactivation N20(00P1)+C7Dg—N,0(00°0)+C;Dg( v50) + AE

of N,O(00"1) depends on the nature of the collision partner, —_38 cmit (12)
M. Equation(2) is intermolec(:)(l),llar\/—v energy transfer in- ’
volving deactivation of NO(00°1) directly to the vibrational r%

ground state and hence allows 2224 ¢rio be available to NZ0(00°1)+C7Dg—N,0(00°0) + C;Dg( ") + AE

the collision partner. Colliders that have a vibrational fre- =+8 cm !, (13

J. Chem. Phys., Vol. 105, No. 4, 22 July 1996
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N,O(00°1) +C,Dg—N,0(00°0) + C;Dg( v2* ) + AE loss from the molecule to the number of collisions required
. for this deactivation. Assuming that the data represent direct
=+1 cm -, (14  transfer between )D(00°1) and the vibrational ground state,

where the asterisk represents the vibrationally excited moden —(AE) values may be obtained by dividing 2224 chn

in the collider andv,, v;, andw,, are C—D stretch modes on by the number of collisions or Bf;. The values of-(AE)

the benzene ring and, and v/, are the methyl group C-D SO calculated are listed in Table Il. These values represent

stretch modes. The major factor contributing to the enhancet’® maximum possible-(AE). The —(AE) values found

deactivation by GDg is most likely due to the near perfect for the GDg and GDg colliders are 1.8 and 3.2 times the

match between the, stretch mode in bD at 2224 cmtand ~ respective values for thegHg and GHs colliders.

the C-D antisymmetric stretch of the methyl group Dg
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