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Vibrational Relaxation of n2o (v 2) 

VI * Scepan S. Miljanic and C. Bradley Moore 

Department of Chemistry 
1versi Cali rnia 
Berkeley, CA 94720 

The method of laser-excited vibrational fluorescence 

has been used to measure vibrational relaxation rates for 

the bending mode of n2o in collisions with n2o, D2 , HD, H2 , 

He and Ar. The rate constants at 295 K are found to be 

(3.2 + 0.2)•10- 11 , (3.6 + 

(3.3 + 0.2)•10- 12 ' (7.1 + 

0.2)•10- 13 , 

0.9)•10- 14 

-12 (1.2 + 0.1)•10 ' 

and (3.0 : 1.2)•10- 14 

3 -1 -1 em molecule sec , respectively. Relaxation times have 

been measured for two D20-HDO-H20 mixtures and relaxation 

probabilities, PD O-HDO 
2 

not very different from 

and PD O-H 0 , were estimated to be 
2 2 

PD O-D o· The temperature dependence 
2 2 

of the relaxation was measured for pure n2o. The rates are 

(1.80 : 0.08)•10- 11 at 400, (2.1 + 0.1)•10- 11 at 350 and 

(4.0 : 0.3)•10- 11 cm3 molecu1e-l sec- 1 at 260 K. 

The corresponding probabilities are fit by 

P(T) = C exp(s/kT) with E = (778 : 34) K and C 





I. INTRODUCTION 

The rate of vibration to translation and rotation 

cv~T,R) energy transfer for the lowest fundamental of DzO Cvz) 

is expected to be fast since it is known that the v~T,R 

relaxation of H2o1 and other hydrogen bonding systems such as 

NH 3
2 and HF 3 is also very fast. The strong hydrogen bonding 

interaction and the small moments of rtia are be ieved to 

be responsible for such very rapid relaxation those 

Data for D2o should be especially valuable for developing 

models of vibrational relaxation in such systems. Recently 

IR-IR double resonance experiments have given a relaxation 

probability of 0.16 for self deactivation of D20 and much 

lower rates for V-T,R relaxation of D20 by buffer gases. 4 

ems 

A model calculation5 showed strong negative temperature depen-

dence for the relaxation of H20(v 2) in the 200-400 K range. 

Such behavior has been observed experimentally for several 

6 7 hydrogen bonding systems and may be expected for D2o. ' 
The rates reported here were measured by the method of 

laser-excited vibrational fluorescence. The experimental 

data and rate constants obtained from them are presented in 

Section III. They include measurements of the relaxation of 

D2o in collisions with different buffer gases at room temper

ature and temperature dependence data for pure D20. The 

results serve as an independent check on earlier D2o data, 

as a test of theoretical treatments, and as a calibration for 

semiempirical estimates of rates for hydrogen-bonded systems. 

2 





II. EXPERIMENTAL 

n2o was excited by the R(22) line of a TEA co 2 laser at 

9.26 ~m. The pulses at 1 Hz were about 0.05-1 J in 100 nsec 

without a tail. The beam diameter at the cell was 10-15 mm. 

The n2o absorption of R(22) is 10- 3/cm at a pressure of 1 rr. 

The laser pumped the s33 -4 22 transition of the (000)-(010) 

b The cell had Brewster angle ZnSe aser- l 1 

and output windows and NaCl fluorescence windows pe endi 

to the laser beam. The infrared emission from the excited 

sample was focused by a NaCl lens onto a liquid helium cooled 

Cu:Ge detector (T < 100 nsec). The signals were averaged for 

enough laser pulses to get a signal-to-noise ratio of about 

30, typically 150-400 shots. The experimental set up has 

been described in detail previously. 2 

Temperature dependence measurements were made in a cell 

with BaF 2 windows. 7 For high temperature measurements an oil 

bath was heated by a 750 W heating coil and stirred by a 

vibration-isolated stirrer. A Fenwol Thermoswitch with 

regulation accuracy of+ 1.5 K was used for temperature control. 

For the 260 K measurement a Lauda K-4/R recirculating iso-

propanol bath with + 0.5 K accuracy was used. Temperatures 

were measured accurately with mercury thermometers. For all 

the measurements with this cell dry N2 was flowed through a 

Cu coil immersed in the bath and over the cell windows to 

protect them from fogging. 

Two identical OCLI narrow band interference filters with 

half power points at about 7.7 and 8.3 ~m were placed between 

the NaCl lens and the detector to attenuate scattered light 
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from the laser. Their trans ss at 8 ~m was more than 

80 per cent. 

All measurements were done on mixtures of D2o with a 

b y because the absorption and the uorescenc are 

increased by pressure broadening. heat capacity is 

increased by an even greater factor than absorption and thus 

unwanted heati e cts are prevented. 

Pressures of D20 were measured a lesco pressure 

transducer. Since adso tion of water on surfaces is st 

the whole vacuum line was first saturated with n2o and lowed 

to equilibrate for two to three hours (until the pressure was 

constant for at least 15 minutes). Then a buffer gas was 

added and allowed to mix until two consecutive fluorescence 

curves appeared identical. Typical mixing times at lower 

pressures were 0.5-1 hr and more than one hr for higher 

pressures. Heavy water pressures varied from 0.3-0.6 Torr 

for room temperature and 260 K measurements and were double 

at higher temperatures. 

Buffer gas pressures, except HDO and H2o, were measured 

a mercury manometer or by anotherCclesco transducer. The 

vacuum system leak rate was less than 10- 4 Torr/h. 

The D2o used was 99.8 % from Bio-Rad Laboratories. The 

H20 was double distilled and ion-free. Argon was Linde 99.996 % 

and HD was Merck 99.0 % pure. All other gases used were 

from Matheson: D2 , 99.5 atom% of D minimum; H2 , 99.95 %; 

and He, 99.9999 %. In addition, each of the buffer gases was 

held over a dry ice bath or liquid N2 to remove H2o. 
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III. RESULTS AND ANALYSIS 

The relaxation time T of the (010) level, where there 

are several collisional partners, is given by: 

-1 ( ) 
2 

vJ p is e tot 1 pressure, rate cons ant r 

o2ocv 2) deactivation colli ons th 0 er D mole ules 

rate constants r ctivat on of D,O 
[, 

collisions with M and N and X are mo e fractions. For a 

given sample, T can be derived from the decay of fluorescence. 

Al fluorescence curves show rise times which on 

pressure, Fig. 1. The slow rotational relaxation found in 

Ref 4 is believed to be responsible for this rise. The 

fluorescence decays are good single exponentials and yield 

well-defined rate constants. 

A. Relaxation of D2o by other buffer gases and by itself 

Equation (1) can be rewritten as: 

(2) 

when there is only one buffer gas A plot of 1/pT vs mole 

fraction of D2o should be a straight line with intercept kM' 

and slope kD 0 - kM. Values of kM are also given by the slope 
. 2_1 

of the l1ne T - k0 0 Pn 0 = kMpM. 
2 2 

ssures of D20 in mixtures H7 varied from 0.406-
r.. 

0.417 Torr, and with HD from 0.379-0.410 Torr. D2 measurements 

were done with 0.494 Torr of D2o. The results of these measure

ments are displayed in Figures 2 and 3. The rates of relaxation 

5 
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decrease going from lighter to heavier isotopic forms of 

hydrogen. The value of kD = (1.0!0.4) x 104 sec- 1 Torr-l 
2 

from Ref. 4 is in agreement with our value of (1.18!0.08)•104 

··1 -1 sec Torr . 

The D20-He measurements, Figure 3, were used to obta 

is in very good agreement with the kD 0 derived 
2 

measure-

ments with 1 other buffer gases. This value is reported 

here because it has the lowest uncertainty. It is also in 
6 ·~1 -1 good agreement with the value of (1.0!0.2)•10 sec Torr 

which was found by IR-IR double resonance in Ref. 4. The 

3 -1 -1 constant kHe is (2.3!0.3)•10 sec Torr . The dependence 

of kD 0 on temperature, Fig. S,was measured using He as a 
2 

buffer gas. 

The results of D20-Ar measurements are displayed in Fig. 

3 -1 -1 4. The value of (1.0!0.4)•10 sec Torr for kAr is about 

70 times greater than the value reported in Ref. 4. Such a 

value, five orders of magnitude smaller than kD 0 , should be 
2 

almost impossible to measure. In fact great care was required 

to obtain data of the quality shown in Fig. 4 as the intercepts 

of graphs such as Fig. 3 approach zero. 

Straight lines were drawn through the data by least 

squares. Statistical uncertainties were calculated for the 

slopes and intercepts. These uncertainties were only a few 

percent. Possible systematic errors and uncertainties in 

pressure and temperature determinations increase uncertainties 

by 5-10%. 
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B. Relaxation of n2o by HDO and H2o 

Two different liquid mixtures of n2o and H2o were pre

pared, one which contained 51.9 and another 76.5 mole % of 

n2o. Partial vapor pressures and mole fractions of each 

isotopic form in gas phase were calc ated employing Raoult's 

9 10 law for ideal solutions. Two sources of data were used; ' 

th pressures in Table I are averages. Relaxation times of 

both mixtures were measured at several values o total pres-

sure and the results are summarized ln Table I. The rate 

constants for deactivation with HDO and H2o cannot be deter

mined accurately because of the uncertainty regarding V-?-V 

transfer to HDO. It is quite clear that kH O > kD o· Neither 
2 2 

nor kHDO are much different from kD 0 . The value of 
2 

0 8 0 3 -l -l d . R f 4 . . = • + • ~sec torr reporte 1n e . 1s cons1s-

tent with the results here. Since the experiments in Ref. 4 

on static samples of H2o;n2o were carried out on a timescale 

long compared to the -1 sec required for equilibration with 

HDo,
11 

some combination of kH 0 and kHDO was in fact measured. 
2 

IV. DISCUSSION 

The rate constants for D20(v 2) relaxation are summarized 

in Table II. The data for pure D2o and D2o-D 2 agree well wi 

those of Ref. 4. Data in Table I and from Ref. 4 indicate 

that kHDO and kH 0 are the same as kD 0 within a factor of two. 
2 2 

The V+T,R relaxation probability for pure D20 is very 

1 large, 0.28, but only about half that for H20, 0.47. The 

probability increases as temperature decreases. Other systems 

with strong hydrogen bonding such as ammonia 2 and hydrogen 

7 





- l"d 3,12,13 1 h f 1 . . d ha 1 es · a so ave very ast re axat1on t1mes an 

negative temperature dependences near room temperature. The 

i rtance of hydrogen bonding in n2o is further demonstrated 

by the large decrease in probabilities from n2o-n 2o to D20-He 

The rat is out 600, le the analo rat o 

for CH 4 , a system without hydrogen bonding, 1s 1.2. 14 

at n2o relaxes about a factor of two less rapidly than 

H2o inspite of its lower frequency indicates the importance of 

rotational velocities for vibrational relaxation. The ave 

thermal velocity ratios are the inverse square roots of the 

moment of inertia ratios. The latter are 1.8, 2.0 and 1.9 

for IA, IB and Ic respectively. Relaxation probability ratios 

for other hydride/deuteride combinations are PHF/PDF = 2.5, 6 

- 15 - 2, 7 - 16 
PHCl/PDCl- 4, PNH /PND - 7, and PCH /PCD - 2. For 

3 3 4 4 
DCl deactivated by HCl the probability is 2.3 times greater 

than for DCl deactivated by DC1. 17 For n2o, relaxation by HDO 

or H20 does not seem to be so much faster. The much stronger 

drogen bonding (compared to HCl) of the D of the vibrational y 

excited molecule to the 0 of the collision partner may leave 
! 

the H (or D) of the collision partner out of the region of 

strongest intermolecular forces. 

The decreasing probabilities for n2o relaxed by H2 , HD, 

and D2 reflects the decreasing velocities of both translation 

and rotation. The 4.7-fold decrease in probability comparing 

D2 to He indicates the n2 rotation, and presumably HD or H2 

rotation, significantly enhances n2o relaxation. The two rare 

gases He and Ar exhibit probabilities of the same order of 
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magnitude. Comparable values are found for P0 = 3.6·10- 4 and 
2 

.4·10- 4 in Ref 4. 
2 

itative theoretical treatments of vibrational relaxa-

t r drogen bonding po atomics with energy transfer 

s sections roaching tic are not likely to be 

lable soon. e information comes from detailed treatment 
8 

1 
5 lo d- 1r1ca mo 

1 " 19-21 
~at1ons. These wo p de some qualitat 

understanding of the collis dynamics e presence of 

strong attractive forces wh result in ne ive temperature 

ces. For D20 the data of Table III exhibit a negative 

temperature dependence, Fig. 5, which fits the empirical 

. 19-21 equation 

P(T) = C exp(s/kT) 

-2 where s = (778~34) K and C = 1.1•10 , Fig. 6. This value of 

s fits well with those correlated by Gordon. 19 

A following paper will present relaxation probabilities 

H2Se along with a more complete consideration of 

the role of hydrogen bonding in vibrational relaxation. 
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Tab I I I. rature Dependence of D20(v 2 Deact i it s. 

T s 1 r- 1) k molecule- sec p 

260 5 + 0.1 •10 6 -11 4.0•10 .L .22 
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Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 
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