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V-V and V-T/R rates of ~1, g , ~3, “6, ~8, and vg of CHz Dz were measured and are reported_ The deactivation efti- 
ciencies of rare gas coiIisian partners were measured and calculated by SSH theory, the results are reported ar.d discussed_ 
Possible V-V pathways are presented and discussed. 

1. Introduction 

In recent years, a wealth of information has been 
uncovered about viiration to vibration (V-V) and 
vibration to translation/rotation (V-T/R) energy 
transfer processes in polyatomic molecules, much of it 
by the technique of laser induced fluorescence [ 1,2] . 

The substituted methanes have been the subject of 
extensive research in this area. With respect to energy 
transfer pathways, some of the better understood 
molecules are: tie symmetric top, monosubstituted 
methyl halides [2] and the spherical top, methane 
[3,4]. In the symmetric top methyl halides, all vibra- 
tionaI transitions are al!owed by dipole selection rules. 
In CHzD2 the Cz, symmetry results in some dipole 
non-allowed transitions e.g., the sma.lI energy gap, 
~7 - vg transition*. Hence it was felt that an under- 
standing of the vibrational energy transfer processes 
in CHzDz could make a valuable contribution to exist- 
ing knowledge and yieId information with respect to the 
potential role of symmetry on the rates of V-V pro- 
CesseS. 

A preliminary report of this work has been pre- 
vkmsly presented [5 J . 

* CHH, has dipo!e non-allowed transitions nameIy Al *Al and 
-41 +N E. Therefore any diople non-allowed V-V step would 
involve or, e.g. y1 ++ v-, 1 but since ~1 to ground is also infra- 
red non&owed, its behavior has not been dire&y investigated. 

2. Experimental 

The basic experiment consists of monitoring the 
time dependence of fluorescence originating from all 
of the infrared active fundamentaIs of CXi2D2 except 

for the initially pumped fundamental, the v7 mode 
(see fig. I). The details of the experimental method 
and apparatus have been reported previously 161, there- 
fore only a brief description is included here. 

Strong fluorescence from CH,D, can be observed 
following irradiation of the gas with the output of a 
CO2 laser operating on the R(22) line of the 9.6 p 
band. Weaker fluorescence is observed when the laser 
is operated on a vtiety of other lines, including the 
R(40), R(8), P(20), P(30) and P(34) lines of the 
9.6 p band. The Iaser is Q-switched at 100 H?x and 
produces a pulse of approximately 3 mJ, as measured 
by a calibrated therrnopiie. The detectors used vary as 
a function of the fluorescence wavelength to be observed. 
For 3-5 fi flUOreSCeIICe, vl, v6,25 and v8, an In : sb 
detector was used. The response of the detector and 
entire electronic chain was 0.9 JLS 163. For 6.8 p 
fluorescence, ~3, a Au : Ge detector was used, most 
measurements were done wi’J1 a 5 kSt load resistor, 
which produced a 1.2 cls response time for the detec- 
tor and following electronic chain. For fluorescence in 
the S-10 lu region, zJg and v4, a Cu : Ge, liquid He 
cooled detector was used with a 5 ka resistive load 
yielding a response time of approximately 1 y. 
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Fig. 1. Vibrational energy levels of CHlDa are arranged ac- 
cording to their symmetrks. Tne fit four columns show the 
fundamentals; some overtones and combination bands are 
shown in the second four columns. The solid arrow indicates 
the hser pumped state and the wavy arrows indicate the ob- 
served sfates. 

CK,Dz of 98 at. % minimum nominal purity was 
obtained from Merclc and Co. A mass spectrometric 
analysis showed a CK2D2 content of >99% with the 
major impurities being other deuterated methanes. 
The gas was thus used without further purification. 

3. Results 

All experiments reported on in this paper were done 
using the R(22), 9.6 p CO, laser line at 1080 cm-l 
which overlaps the v7 band of CH,D2. Fluorescence 
was observed from the levels shown in fig_ 1 _ Imetier- 
ence filters were used to isolate fluorescence from a 
single level (or set of closely coupled levels) and to 
verify that the levels were in the appropriate wave- 
length region. 

FhIOreSCenCefrOmvl~dv6 wasnOt separated, 
due to their proximity and extensive rotational over- 
lap_ For the same reason they are assumed to be fully 
equilibrated on the timescale of V-V processes in the 

molecule and therefore will be treated as a single state, 

bri”61- 
ZJ~ and v8 fluorescence was monitored through three 

different filters or filter combinations: 4.7 p band pass, 
4.8 CI long pass and sapphire, and 4.5 p long pass and 
sapphire. The 4.7 or b-p. and 4.8 LE 1-p. filters are ex- 
pected to isolate primarily the v2 state from v8 while 
the 45 lu 1 _p_ and sapphire would be expected to 
transmit emission from both states. All V-T and 
V-V measurements with these filter sets were identical 
and for the purposes of this paper the states are con- 
sidered to behave identically_ However, efforts are 
being made to completely isolate each state using nar- 
row band pass i5lter-s [7] _ 

The v3 state is easily isolated in the 6.8 p region and 
the vg &ate was also isolated as was the P branch of 
the v4 state. However laser scatter precluded accurate 
measurements being performed on the v4 state and 
greatly complicated attempts at the measurement of 
vg risetimes at low pressures. 

The v5 transition at 1300 cm-l was not observed. 
It is an infrared non-allowed transition by strict dipole 
selection rules though it has been observed as a weak 
band in the absorption spectrum and its presence is at- 
triiuted to Coriolk coupling [S] _ 

The V-T/R relaxation rates of all reported states 
were measured at pressures ranging between 0-i and 
25 torr. All relaxation signals were single exponendal 
and a plot of relaxation rate versus pressure was linear 
from approximately 0.5 to 25 ton-. Below 0.5 torr, 
diffusion to the cell walls and subsequent deactivation 
of the molecules became important [9] _ 

All measured V-T/R rates were the same within 
experimental error (see table 1) indicating that, as ex- 
pected, the vibrarional manifold is fully equilibrated 
on the V-T/R timescale. V-T/R rates were also mea- 
sured in rare gas mixtures by monitoring fluorescence 
from v3 and v9 _ The measured rates from the two dif- 
ferent states were the same within experimental error. 
A linear dependence of 11~ versus rare gas pressure was 
observed in all cases, with excellent correlation of the 
intercepts with the deactivation rate of the CK2D2 
component of the mixture. Rare gas deactivation rates 
of CK2D2 and other relevant rare gas parameters are 
reported in table 2. Relative deactivation rates of 
CK2D2-rare gas collisions were calculated via Stretton’s 
modification of SSH theory [lo,1 I] _ These are present- 
ed in table 2. Normalized probabilities are plotted in 
fig. 2. 

415 



Volume 59, number 3 CHEMICAL PHYSICS LJzTlzRs L-December 1978 

Table 1 
Experimentally determined V-V and V-T/R rates in CHzD2 

Stat&) Symmetry Energy @I-~) v-v rate 
(ms-’ to&) 

V-T/R rate 
@Is- tow’) 

1033 c) c) 
1090 pumped state 
1234 263 * 12 O-96 f 05 
1300 IR inactive mode 
1450 212 + 21 1.03 * 0.05 

2139b) 2234 1 291+ 29 1.02 f 0.05 

VI 
“6 

Al 
% 

2976 
3013 I 130 f 13 1.03 * 0.05 

a) State assignment as of W&nshurst and Bernstein 1213. 
b) 2139 cm-’ accepted instead of 2202 of ref. [ 211 according to the recommendation of HilIer and StraIey [ 22 ] _ 
c) Observed but not measured due to interference from laser scatter. 

Table 2 
Deactivation of CHl& by rare gas collision partners 

CoIJision Ua) 
partner (au) 

Experimental 

r/r 
(ms-t torr-‘) 

214 c) 
(col!isions) 

Theoretical 

P,_& 

(collision) -1 

He 3.27 10.22 236 0.935 Go00 1 1 
Ne 9.52 35.7 2.789 0.147 61000 25 x 10-l 6.05 x 1O-3 
iz 14.8 12.37 190 124 3.61 3.418 0.067 0.102 135@!YIo 92000 l-1 1.7 x 10-l I.41 x 10-a 

x 10-I 5.44 x 104 
Xe 15.8 329 4.055 0.053 185000 8.2 x lo-* 2.01 x 10-4 

CHtD2 9.01 225c) 3.82 1.01 13300 1.15 4.75 x 10-S 

a) Reduced mass of collisiori pair* CH+D2--izwe gas. 
b) Lewd-Jones parameter from ref. [23]. 
c) Gbtained from ref. 1241. 

d) Hard sphere diameters obtained from ref. 123 J , for CH2D2 that of CH4 is used, 
e) Number of coUisions required for deactivation: 210 = 253O[(ca + q,)/2] *@)-lR r,foroinA,rinau,and?-inmstorr. 
f) Probability of deactivation per collision relative to He :P1_o = (~~~)He/(~l_o)X_ 
kd Relative probability of deactivation per collision calculated by SSH theory [ lo,1 11 and normalized to He. 

Rates of rise of popu!ation in the fundamentals of 
CH2D2 are reported in table 1 as best fits to a single 
ex?onentiaI rise. All I/r versus pressure pIots were 
linear over the region reported on and all intercepts 
were zero within experimental error. 

4- DiscUssion 

studies is detailed irXomation about pathways of 
energy flow. Based on considerations of the magnitude 
of the energy gap md information gained via studies 
of methyl halides, the likely pathways for Elling the 
[q , Y6j states in CHz~* can be narrowed to two: 

2CH2Dz(v3) * CH2D2(0) +- CH,D, (2~~) (la) 

and subsequently 

An ultimate aim of viirational energy transfer 

416 



Vokmne 59. number 3 - CHJZMICAL PHYSICS LETTERS 1 December 1978 

10-a 
I I 1 

0 I 2 3 4 b 

(Reduced Moss)& 

Fig. 2. Semilogarithmic plot of relative deactivation probability 
per collision, Pl_oversus (reduced mass of collision partners)’ n. 
For the SSH calculations a breatllg sphere parameter of 1 
was used_ The probabilities were nomzalized by talking Pt_o = 
1 for CHaD2 - He_ The experimental rates were converted 
to PI+ as indicated in the footnote to table 2, and normalized 
to He. 

CH2D2(2@ + CH2D2(0) 

=+ CH2D2([vl, 351) + CH.$Z(O), (lb) 

where v3 could be filled by any of the processes dis- 
cussed below, or [VI, v6 ] may be filled by an “up the 
ladder- process invoking an overtone of one of the 
states in the 1000 cm-l region (2Vi) colliding with 
another excited molecule in the same region to yield 
a triply excited state (2~5 + vi) near 3000 cm-l, e.g. 
3~4 _ A collision of the triply excited state with a 
ground state molecule would yield a [vl, p6 ] molecule. 
This can be represented as follows: 

2CH2D2(vi) * CH2D2(2vi) f CH2D2(0), 

followed by 

(24 

CHzDz(2Vi) + CHIDE 

=+ CH2D2(2vf f 9~ f CEQDz(O) (2b) 

and 

CH2D2(2Vi + vi) + CHzD2(0) 

=+ CH2D2 [zq, v6’61 + CH2D2(0). UC) 

As a result of preliminary studies involving the rare 
gas dependence of the rate of rise of the [vl, u6] 
states, which will be reported on in detail in a future 
publication [12], process (I) seems most likely as 
leading to the equilibration of the [ul , v6] modes with 
the initially pumped mode, though we cannot yet 
totally nde out process (2). 

FiEng of the v3 state can also be Jimited to a few 
plausible pathways: v3 can fiu from below via a pro- 
cess of the type 

CH2D2(0) + CH,D,(z$ 

=+ CH$J(V~) + CH&(O) , 

or 

(W 

CH,D,(O) + CH2D2(ui) 

=+ CH2D2(e) + CH2D2(0) 

and 

(3b) 

C%D&) + CH2D2(0) 

=+ CH2D2(Q f CH2D2(~3), (3c) 

or it can fii from above via a process of the type 

CHzD,(vi) + CH,Dz(pj) 

* CHzD2(Vi f ~j) + CH2D2(0) 

and 

(4a) 

CH2&(Vi + vi> + CHzDz(O) 

=+ CH,D,(y,) + CH2DAO) , (4b) 

where i, i = 4,7,9. A variety of intermediate steps are 
possible in (4b). For exampie, v3 may be filled through 
v2 which is filled via a vi combination band. 

if cv t, vg] fills via a process like *&at in (2) then 
v3 could fill from above via the process 

CH2D2 [VI, v6] + CH2D2(0) * 2CH2D2(v3) - (5) 

Again, due to prelhnimuy results of the dependence of 
the rise rate of the v3 state on rare gas pressureia pro- 
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cess of the type illustrated in eq. (4) seems most likely 

fI2] - 
The filling of vg represents an interesting point re- 

garding symmetry effects on (V-V transfer) rates. The 
traaition v7(Bl) + vg(B2) is forbidden according to 
dipole selection rules in the C2v group *. For small 
energy gaps, it has been shown that dipole-dipole 
terms, when present, normally dominate higher multi- 
polar terms in their contribution to the energy transfer 
process [I3,14]. One can then consider whether “9 
would be expected to fill via the dipole non-allowed 
process 

CH,D,(V7) + CWM9 

= CH2D2(“91 f CH2D2@), 

or via an intermediate state 

CH2D2(~7) -i- C&D,(O) 

(6) 

g CH,D,(v,) -r- CH,D,(O) 
kz 

(7a) 

and 

=$D~(Q) + CHzD2 (01 

k3_ CH2D2(+) + CHZDZ(0), 
-G 

(7b) 

where all steps are allowed by dipole seiection rules. 
For the pressure range observed to date (O-4 to 3 torr) 
and within the limits of our signal to noise level we see 
only a single exponential rise for the v9 population fol- 
lowing laser excitation of IJ~ _ While an induction time 
reflecting a consecutive kinetic process would be ex- 
pected if kl is comparable to k3, it has been found by 
mathematical simulation of the signal, that the induc- 
tion time would not be observable under our experi- 
mental conditions if C=, 2 3k3. This is not an unrea- 
sonable expectation considering the small energy gap 
between v7 md ve and the overlap of their rotation 
levels. Further studies are underway in an effort to 
improve signal to noise level via TE laser pumping of 

v7 and an effort is being made to pump v4 and to ob- 
serve the resulting rise of population of y7 and vg which 

* The restrktion may be relaxed if mixing due tc Coriolis 
forces is suffkient to change the symmetry types of the 
fundamentals involved. 
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will allow direct determination of the rate constants in 
eqs. (7a) and (7b) [12]. This will then allow for the 
evaluation of the role of symmetry in these processes. 

It is again evident, as in many previous studies, that 
SSH theory is insufficient to describe the variation of 
the deactivation rate of methane or a substituted 
methane as a function of rare gas collision partner 123 . 
For the methyl halides consideration of the combined 
deactivation effects of translational degrees of free- 
dom as descriied by SSH theory [lo,1 l] and rota- 
tional degrees of freedom as described by V + R theory 
result [I 5,161 in a qualitative reproduction of the 
features present in the experimental data [2,17]. The 
most striking feature being a leveling off of the deacti- 
vation probability as a function of increasing reduced 
mass of the collision pair. This behavior has also re- 
cently been reproduced for a number of the methyl 
halides by use of a unified V + T/R theory [ 181. 

In CH2D2 this leveling behavior is not observed. 
The deactivation rate continues to decrease significant- 
Iy as a faction of reduced mass_ The behavior ob- 
served in CH2D2 has also been observed in CH4 [19] 
and in CHD, [2OJ _ As indicated in fig. 2 this behavior 
is not predicted by SSH theory. Nor would it be repro- 
duced by simple V + R theory which would predict no 
variation or a very slight variation of rate as a function 
of reduced mass of the collision partner. It is also doubt- 
ful whether a simple synthesis of predictions of V + T 
and V * R theories could produce this behavior assum- 
ing reasonable scaling factors for V + T and V + R con- 
tributions [17]_ This behavior should present an inter- 
esting challenge for a unified V + T/R theory. 

5. COnclusions 

Following excitation of CH2Dz wi*h the R(22) 
line of the 9.6 CL CO2 laser transition, fluorescence is 
observed from 7 of the 8 infrared active fundamentals of 
CH2D2 _ All states exhibit a V-T/R rate of I ms-1 
torr-l . V-V rates zre measured for 6 of the funda- 
mentals with the 3 fl [VI, v6 J modes likely fihing via 
a resonant process involving two quanta in the v3 mode. 
T&e v3 mode most likely fills from the modes in the 
2000 cm-1 region while these modes are most likely 
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filled via a resonant process involving two quanta in the 
modes at 1000 cm-l _ The possible role of symmetry 
effects in filling the vg state is discussed. The rates of 
deactivation of CH2D2 by rare gases were measured 
and the dependence of the deactivation of CHzD2 on 

rare gas reduced mass cannot be reproduced by simple 
SSH V-T or V-R theories or a simple superimposition 
of the two as was found applicable for the methyl 
halides. 

In a future publication we intend to present a much 
more detaiIed discussion of the V-V pathways in this 

system 171. 
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