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The vibrational relaxation of laser excited O,(001) by H,0O and D,O has been studied over the temperature
range 295-473 °K. The CO, laser-induced chemiluminescent reaction of NO + Q,(001) was utilized to monitor
the decay rate of vibrationally excited ozone. The relaxation probability for both water isotopes has a strong
inverse temperature dependence, with D,0 being four times more efficient than H,0. The results are
discussed in terms of a metastable complex model for energy transfer.

I. INTRODUCTION

The water molecule is a particularly interesting sub-
ject for energy transfer studies because of its unusual
physical and chemical properties. Its ability to form
strong hydrogen bonded complexes makes it an efficient
quenching partner. Its small moment of inertia gives
it an unusually fast rotational velocity. The large ro-
tational constants facilitate resonant energy transfer by
converting much of the energy defect into rotational en-
ergy. Finally, the very different vibrational frequen-
cies and moments of inertia of H,O and D,O can produce
large isotope effects.

In this paper we report the vibrational relaxation of
0,(001) by H,O and D,O over the temperature range
295-473°K. I is interesting to speculate in advance
as to the nature of the possible isotope effect. On the
one hand, the near-resonant transitions

0,(001) + D,O(000) -~ 04(000) + D,0(010) — 137 cm™!, (1a)
0,(100) + D,0(000) ~ 04(000) + D,0(010) - 76 cm™  (1b)

favor V-V relaxation by D,O. On the other hand, high
rotational velocity favors V-R, T relaxation by H,O.
Still a third argument! is that complex formation domi-
nates the relaxation process and, since the attractive
potential is the same for both H,O and D,O, no isotope
effect is expected. Since all three arguments have some
merit, it is very helpful to examine the temperature
dependence of the relaxation probabilities in order to
pindown the correct mechanism. Both the resonance?
and complex3 mechanisms predict an inverse tempera-
ture dependence. However, the probability of resonant
energy transfer also depends on the Boltzmann popula-
tions of rotational states capable of transitions with
small energy defects, and these populations are likely
to hate different temperature dependences for H,O and
D,0. In contrast, for the complex mechanism a simi-
lar temperature dependence is expected for HyO and
D,0. 36 Finally, if the rotational velocity plays a major
role, then a positive temperature dependence is ex-
pected with a reduced Landau—Teller coefficient. "8
Thus, each mechanism has a unique *signature” which
contributes to the overall relaxation probability.

il. METHODS

The vibrational relaxation of ozone by the isotopes
of water was observed in a temperature controlled fast
flow aparatus. A mixture of NO, O;, H,O (or D,0),
and Ar was irradiated with a CO, TEA laser [180 mJ/
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pulse, 1 Hz, 1053.9 cm™, P (12) line], which selectively
excites O; to the v;=1 level. The decay rate of O; was
monitored by measuring the time dependence of visible
NO, emission from the laser enhanced reaction NO +O;
- NOf +0,. The flow apparatus and the computerized
data acquisition system have been described else-
where,? Water and heavy water vapor were collected
over the liquid after purification by four freeze—-thaw
cycles. The vapor was diluted with Ar ina 7:1

{(Ar : H,0/D,0) mixture and stored in a 50 liter Pyrex
bulb. Ozone was similarly stored in a 5:1 (Ar : Oy)
dilution, The partial pressures of gases in the flow
system were determined by measuring the individual
flow rates and the total pressure in the reaction cham-
ber. NO and water flow rates were measured using
calibrated mass flowmeters. The ozone flow rate was
calculated from the timed pressure drop in the storage
bulb. The total pressure in the reaction cell was mea-
sured with a capacitance manometer. The resulting
partial pressures were 2.00-2.10 Torr of NO, 0.3-
0.4 Torr of the O,-Ar mixture, and 0.0-1.0 Torr of
the H,0 (D,0)-Ar mixture, giving total flow rates of
0.19-0. 40 mMole/sec.

{Il. RESULTS

The laser ~-induced chemiluminescent signal was fit-
ted to the functional form

1(8) = C[exp{~ 2 8) - exp(=1,0)]. 2)

As has been shown previously, 9 Ay is the sum of the
rates of all processes consuming O;, while 1, is the
quenching rate of NOy . A Stern~Volmer plot of X
vs the concentration of quenching gas M (H,0 or D,0)
has a slope equal to the observed relaxation rate con-
stant k,. A typical Stern-Volmer plot is shown in
Fig. 1.

The interpretation of ky is complicated somewhat by
coupling between the stretching and bending modes of
ozone. As discussed previously®! there are two limit-
ing cases. Let k§ and &f refer to the rate constants
for relaxation of the stretching modes and the bending
mode of O;, respectively.'' In the limit of very rapid
coupling we obtain

B =kl + (kS —RE)O , (3)
where
5 =2 exp(~ Ae/ET)/[1 +2 exp(- Ae/RT]. (4)

In Eq. (4), Ae is the difference between the average
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FIG. 1. Stern—Volmer plot of the relaxation of O} by H,O and
D,0 at room temperature.

energy of 05(001) and O4(100) and the energy of O;(010).
Previous experience!®!? suggests that reality lies about
midway between these extremes.

The experimentally observed rate constants are listed
in Table I. Also listed in the table and plotted in Fig. 2
are the thermally averaged transition probabilities

Py(T) =P (T)/ I (T), (5)
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FIG. 2. Probability of relaxation of O} by H,O and D,0 as a
function of temperature.
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TABLE I. Observed rate constants and relaxation
probabilities.
k:‘m. x 10-12
T (°K) (cm®mole™ sec™) Pyx 107
H,O 295 2.00 1,26
360 1.30 0.74
380 0.97 0.54
395 1.08 0.59
410 1.05 0.56
D,O 300 9.55 6.0
303 12.7 7.9
333 6.90 4.1
377 5.51 3.2
473 4.69 2.4

where ki is the hard sphere rate constant. As shown
in Fig. 2, Py,0 and Ppyo both have a strong negative
temperature dependence, with D,O being approximately
four times more efficient than H,O as a quenching part-
ner. It is convenient to fit the data to different func-
tional forms to facilitate comparison with other sys-
tems. For an Arrhenius-like function

Py (T)=A, exple,/kT), (6)

we obtain Ay, =5.8%10", €y,0=1.8+0.2 kcal/mole,
Ap,o=3.4%10"%, and €5, =1.8+0.3 keal/mole. For
a power law behavior

P(T)=B,T " , (n

we obtain By, =3.8X10% ny4,,=2.6%0.3, Bp,,=3.8
x10%, and np,0=2.3+0.4,

1V. DISCUSSION

The most striking aspect of our data is the strong
negative temperature dependence of the relaxation
probabilities for H,;O and D,0. The mechanisms most
likely to cause such behavior are resonant V-V, R en-
ergy transfer and the formation of metastable com -
plexes. While both mechanisms probably contribute
to the relaxation, the identical temperature behavior
of H,0 and D,O suggests that resonances play a lesser
role. Closer examination confirms this. For a reso-
nant transition from initial state ¢ to final state j, the
thermally averaged transition probability can be writ-
ten as

P, (T)=P5(T) X,(T), (8)

where P, ,(T) is the state-to-state transition probability,
and X,(T) is the mole fraction of reactants in state i.
The total transition probability is a sum over i and j
for all resonant transitions. For nearly resonant
transitions, P}3(T) is only weakly dependent on the
specific states involved, and to a fair approximation we
may replace 3,, P, ,(T) by P (T)3X,(T). Sharma and
Brau’ showed that for long-range electrostatic interac-
tions P**(T) varies as T-!. Consequently, if their
theory is applicable here, most of the temperature de-
pendence must be borne by the population factor. For
D,0, the possible resonant transitions are of the type
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FIG. 3. Mole fractions of H,O and D,O molecules in rotational

states that can participate in near-resonance V-V, R transitions

with energy defects less than 50 cm™'. The solid curves are
for quadrupole allowed transitions with 04(001) and O4(100);

the dashed curve is for dipole allowed transitions.

05(001) + D,0(001; JK,K,)
~ 0,(000) + D,0(010; J' K. K ,) + AE, (9)

where J=0, +1 and K,, K,=0, 1, +2, etc., for dipole
allowed transitions, and J=0, 1, 2 and K,, K,=0, +2,
+4, etc., for quadrupole allowed transitions.!*~1® For
H,O only quadrupole transitions are near resonant.
The total populations (summed over all transitions,
using proper spin statistics) with |AE [<50 cm™! for
both 04(001) and O4(100) are plotted in Fig. 3. It is
apparent from this figure that the resonant populations
of H,O and D,0O are very different from each other and
that neither has the proper temperature dependence to
fit the data. Moreover, the magnitude of P7*(T) can
be approximated with the Sharma-Brau theory. Rea-
sonable estimates!® of the transition moments of H,O and
and D,0 show that the first order resonant contribution
to the observed Py(7) is <1% for H,0 and <23% for
D,0. The amount of actual resonant energy transfer
is substantially reduced if there is significant inter-
mode relaxation to the v,=1 state of ozone. Such an
effect has been observed in the resonant relaxation of
04(001) by ortho-H,.!® We infer that the major con-
tribution to the relaxation probability is from complex
formation, which masks the role of resonant energy
transfer.

The metastable complex model of vibrational relaxa-
tion is discussed in detail in the previous paper.*
Briefly, the microscopic rate constant for vibrational
relaxation is given by

®(E) =vo, (E)T(E), (10)

where E is the collision energy, v the velocity, o, the

capture cross section, and I" the branching ratio for in-
elastic vs elastic decay of the complex. The inverse en-
ergy dependence of k(E) stems from the fact that both

0. and the complex lifetime vary inversely with E. The
longer the complex lives, the greater the opportunity

for O; to transfer its energy to other degrees of free-
dom. The common temperature dependence for relaxa-
tion by H,O and D,O is attributed to the fact that neither
0. nor I' are very sensitive to isotopic composition. As
in the previous discussion, it appears that resonant

V=V transfer within the complex plays a minor role.
Assuming a Boltzmann distribution of rotational states
in the complex, the population factors in Fig. 3 are again
incompatible with the observed temperature dependence
of PM(T). We note that in self-relaxation of water,

V-R, T relaxation is more efficient than V-V transfer.!’

A second unusual aspect of our data is the inverse
isotope effect, with PDzo/Pﬂzc,: 4 over the entire tem-
perature range. For nonresonant direct collisions one
would expect H,O to be the more efficient scattering
partner because of its greater rotational velocity. On
the other hand, for energy transfer within a complex,
statistical factors are expected to be more important
than dynamical ones. From information theory the
prior microscopic rate constant is simply proportional
to the density of product states. ! A direct count of
energy levels gives for the ratio of density of states in
the ground vibrational level

W0/ Wayo = 4. 528E® %5 (11)

which is in fair agreement with the data. The mecha-
nism we propose is vibrational predissociation of the
ozone-water complex, with part of the energy defect
absorbed by rotation of the water molecule. %

It is interesting to compare the present results with
the H,0/D,0 isotope effects observed for other mole-
cules. Various systems found in the literature are
listed in Table II. Most of these systems have positive
(Pyj0> Ppyo) isotope effects. For NO (Ref. 21) and CO
(Ref. 22) the large positive effects are in agreement with
the Sharma—Brau® theory. The case of HF (v) is unclear.
For HF (v =1), Hancock and Green observed Py,, = Pp,0-
They attribute the absence of an isotope effect to com-
plex formation, but do not discuss the possible effect of
the larger density of states of D,O. For v>1, Poole and
Smith® observed a large isotope effect which they attrib-
ute to V-V, R resonant energy transfer. Their inter-
pretation is supported by the positive isotope effect ob-
served by Blauer ef al. % for v =1 at high temperatures.
However, note that the large anharmonicity of HF pro-
duces an energy defect of 206 cem™! for v =1, which
would reduce the resonant contribution at room temper-
ature. In the cases of Br(®P,,,) (Ref. 25) and I(*P, ;)
(Refs. 26 and 27) the positive isotope effect may be at-
tributed to a single quantum transfer for H,O vs a double
transfer for D,0. For CO,(001) (Ref. 28) the small in-
verse effect may be attributed to nearly 100% of the D,O
population being resonant, as compared with 60% for
H,0; however, the analysis is complicated by the dif-
ferent vibrational states involved for the two species.
The normal isotope effect for CO,(010) (Ref. 29) does
not appear to be a resonant effect. Only V-—R transitions
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TABLE II. Relaxation of various molecules by H,O and D,O.
Temperature Resonant product
Molecule range (°K) M Py states References
NO (v =1) 298 H,0 0.22 H,O (010) 21
D,0 2.42x10°° 21
COw=1) 297 H,0 7.8x10™ H,0 (010) 22
D,0 5.5%107° 22
HF (v =1) 294 H,0 0.72 H,0 (001) 1
D,0 0.74 D,0(110) 1
HF (v =1) 1500-2500 H,0 0.14° H,0(001) and (100) 24
D,0 0.04? D,0 (110} 24
HF (2sv=7) 298 H,0 4.4° H,0(001) and (100) 23
H,0 0.44° D,0(110) 23
Br(*Py,;) 295 H,O 0.16 H,0 (100) 25
D,0 0,049 D,0 (110) 25
1P,y 298 H,0 1.57x 107 H,0 (101), (200) 26
293 H,0 5.9x 107 and (002) 27
298 D,0 2.8x 107 D,0(201) 26
293 D,0 1.4x107 27
C0, (001} 298-580 H,O 3.9x 107 CO, (010) + H,0 (010) 28
D,0 7.8x 107 CO, (000) + D,0(020) 28
CO, (010) 377-1211 H,0 2,2x107%¢ 29
D,0 6.4x 1074 29
C,(001) 295-453 H,0 0.013 D,0(010) Present
study
.D,0 0.060 D,0(010) Present
study

3Evaluated at room temperature unless otherwise indicated.
*Evaluated at 1500 °K.

®Evaluated at v =4

Py,o evaluated at 466 °K; Pp,, at 477°K.

are possible, and a second order calculation® yields a
temperature dependence that is inconsistent with experi-
ment. Finally, not unexpectedly, the dissociative
quenching of Ar(*Pg,,) and Kr(®P,,,) shows no isotope
effect. !

In nearly every case considered (including O;) the
sign of the isotope effect can be predicted by examining
the possible resonant transitions. In the present case
we argue that this is due to the coincidence that the den-
sities of both resonant and nonresonant states are four
times larger for D,0. The contribution of rotational
velocity appears to be masked by other effects. In the
case of CO,{010), where resonances and complexes are
not prominent, rotation may be responsible for the weak
observed isotope effect. The faster self-relaxation of
H,0 as compared to D,O has also been attributed to rota-
tional velocity.3? For many of these systems tempera-
ture dependent measurements would be helpful in clari-
fying the relaxation mechanism.
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