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Summary

We calculated the transition probability for collisional deactivation of
the ’Ag state of O,. The intersystem crossing transitionstothev=2and v =
3 vibrational levels of the electronic ground state are found to be dominant.
The calculated ratio of the relaxation rate constants of the isotopes '®*0,
and !0, is compared with the measured value (50 s /2.3 X 10* s7!) in the
liquid phase at T=77 K. The measured A, relaxation rate constants in
liquid '90,~!'80, mixtures depend non-linearly on concentration. An
explanation of the non-linear behaviour in terms of changes in the transition
probability and the collision frequency in the mixtures is discussed.

1. Introduction

There has been recent progress [1, 2] in identifying successive steps of
the relaxation routes of the 'A, state in liquid O,. First, there is an inter-
system crossing to higher vibrational levels of the electronic ground state of
O,. It is followed by rapid vibrational-vibrational (V-V) energy transfer,
populating the first vibrational level (v = 1) of the electronic ground state
3%, . This level is deactivated slowly (milliseconds) by vibrational-transla-
tional (V-T) relaxation {1, 3]. At high lAg populations additional relaxation
channels become important. It has been verified experimentally that the
energy pooling reaction 'A;+ 'A,—~ 'Z +7Z is one of these channels,
which lead to a non-exponential decay of the A, state [4].

Electronic-to-vibrational energy transfer has been shown to be
responsible for quenching of the !A, state of O, in mixtures with diatomic
molecules in the gas phase [5, 6]. This mechanism has also been suggested to
cause quenching of O,('A,) in liguid solvents. It represents the basis of cal-
culations [7, 8] and qualitative estimates [9] of the 'A, quenching rate con-
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stants. Recent experimental investigations [9 - 11] showed that the theory
of Merkel and Kearns [7] reproduces correctly the qualitative trend but can-
not provide quantitative values for the relaxation rate constants.

In this paper we present calculations of the relaxation rate constants for
the collisional deactivation of the 1Ag state of O,. They are compared with
the results of experimental investigations of the A, relaxation in liquid
160,, 80, and liquid mixtures of these molecules at a temperature of 77 K.
Using the theory of Schwartz, Slawsky and Herzfeld (SSH) [12 - 14]
modified by Shin [15] to include the effect of attractive molecular forces we
show that in pure '°0, and '80, the electronic energy of the 'A, state is
primarily transferred to vibrational levels of the electronic ground state with
quantum numbers v = 2 and v = 3. The measured and calculated ratios of
the relaxation rate constants of liquid %0, and 20, are compared. The cal-
culations are also applied to liquid '®0,-!80, mixtures to explain the ob-
served non-linear dependence of the A relaxation rate constant on the '°O,
concentration. The influence of the concentration dependence of the colli-
sion frequency on the relaxation rate constants in the liquid mixtures is
discussed.

2. Pure liquids

2.1. Experimental details

The apparatus is shown in Fig. 1. The 'A, state of the O, molecules is
excited by absorption of the light pulse of a @-switched Nd:YAG laser with a
pulse duration of about 20 ns and an energy of up to 20 mJ. The laser power
is monitored by photodiode PD. The energy density distribution over the
cross section of the laser beam is measured by the photodiode array PDA.
The Nd:YAG laser light is focused with lens L (focal length f = 100 ecm) into
the cryostat containing liquid O,. The population of the A, state is
monitored by observing fluorescence light at 635 nm due to the double-
molecule transition 2'A, > 23X~ + hy with photomultiplier PM. The photo-
multiplier signal is fed to a photon counting system and a computer. The
signals are averaged over about 1000 laser pulses. Stray light discrimination
and spectral selection are obtained by narrow bandwidth interference filters

F2
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[} e

Cryostat

Fig. 1. Schematic diagram of the apparatus for measuring the time dependence of the
double-molecule fluorescence at 635 nm from the IAgstate in liguid O3 : PD, photodiode;
PDA, photodiode array; PM, photomultiplier; L, lens; F1, F2, filters; IF, interference
filter.
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IF. The measurements were carried out at 77 K in a liquid nitrogen cryostat.
High purity grade natural O, (Linde; purity, 99.999 vol.%; 0.2% *20) and
180, (Ventron) were used.

We measured the double-molecule fluorescence at 635 nm from the lAg
state as a function of time for liquid natural O, and '%0,. A relaxation rate
constant of k; = 2.3 X 10* 57! was determined from the exponential decay of
0,(*A,). The decay constant of the A, state in liquid 20, depends on the
nurnber densn:y N* of excited 20 (’A ) molecules. For number densities
N*3> 10' cm™? a non-exponential decay of the A, state was observed [4].
By using the photon counting system we were able to measure at small ‘A,
number densities N* < 10'® em ™3, Figure 2 shows an example of a measure-
ment at low 'A, population. The logarithm of the normalized fluorescence
power PF/PO at 635 nm (curve 1) is plotted against time ¢ for a number
density =8 X 10!% em™3 of '%0,('A,) molecules. The measured curve
follows a straight line, i.e. there is an exponential decay (for N*< 106
cm™3), From the slope of the curve we determine a relaxation rate constant
k, of the 'A_state of 50 + 5 s7! for liquid !0, at 7' = 77 K. Within the exper-
imental accuracy we obtained the same result for O, samples containing
99.8% and 99.0% '30,. In ref. 4 the relaxation rate constant of %0, was
determined from non-exponential decay curves. By fitting calculated curves
to the experimental curves a value of k, = 100 + 50 s ! was obtained. Both
the new and the old values agree within the experimental accuracy.

It has been shown that the energy pooling reaction A + A, — Z_* +
3%, populates the second excited 'T.;* state of 80, [4]. We observed
fluorescence light at 765 nm from the IE; state. In Fig. 2 the logarithm of
the fluorescence power at 765 nm is plotted versus time t (curve 2). The
single-molecule fluorescence at 765 nm (curve 2) decays with the same time
constant as the double-molecule fluorescence at 635 nm (curve 1). This

ln(PFIPO)
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Fig. 2. Logarithm of the normalized fluorescence power Pg/Py us. time ¢t for liquid %0,
at 77 K (Pg is the fluorescence power of curve 2 at ¢ = 0): curve 1, double-molecule
fluorescence at 635 nm from the !A; state (number density N* = 8 X10'S em™? of
180,( A5‘))' curve 2, single-molecule fluorescence at 765 nm from the 'Z_* state (N* =
2:x10% em—3).
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result can be understood from the fact that both the energy pooling reaction
and the double-molecule fluorescence signal are proportional to the square
of the 'A, population. It should be noted that the D> ¢ fluorescence (curve 2)
and the 2!A, fluorescence (curve 1) were measured in different runs, in
which the concentration of excited %0, ('A,) was smaller for curve 2 (N* =
2 X 10'5 em™3) than for curve 1 (N* = 8 X 105 cm™3). In spite of the smaller
180, ('A,) concentration the " fluorescence signal is much larger than the
2‘Ag signal, indicating that the energy pooling reaction is a very efficient
process in liquid 20,.

2.2. Model of lAg excitation and relaxation

The excitation and relaxation of the A, state in liquid O, have been dis-
cussed in ref. 1. We summarize briefly the main results which are necessary
to understand the experimental results and the calculations of the transition
probability.

The Nd:YAG laser pulse excites the 1Ag(v =1) and ’Ag(v = 0) states.
Since the A (v = 1) state relaxes rapidly to the !A (v = 0) state, the final
result of the absorption is the population of the IAg(v = Q) state.

Relaxation of the lAg state by emission of radiation can be neglected
since the radiative rate constants are known to be small in O,. The collisional
deactivation proceeds in several steps.

(i) The first step, electronic—vibrational intersystem crossing, deter-
mines the relaxation rate constant k of the A, state. The electronic energy
of the A, state is transferred to higher vibrational levels of the *Z; elec-
tronic ground state (Fig. 3):

k
AW ' =0)+3Z (v =0)—> 3T (v) +3Z,(6 —v) + AE, 1)
The energy mismatch AE, is given by
AE,=E,—(E, + Es_,) (2)
. N
I — ¢ g .
o —— 3

I IL

Fig. 3. Transitions between energy levels of molecules I and II. The energy levels corre-
spond to the special case of 10, (molecule 1) and 30, (molecule II).
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where E , and E, are the energies of the 'A_state and the *Z_ (v) state respec-
tively. The energy AFE, is transferred to translational motion. Different
relaxation routes are distinguished by the vibrational quantum numbers v =
0 - 5. Our calculations in the next section show that the relaxation routes
involving the vibrational levels with v = 2 and v = 3 are dominant. It should
be mentioned that the transfer of the electronic energy of the 'A, state to
vibrational levels of the electronic ground state has also been observed exper-
imentally in mixtures of O, with varicus diatomic molecules in the gas phase
[5,6].

(ii) In the second step, relaxation of the vibrational levels of the elec-
tronic ground state of O,, the vibrationally excited states 3T, (v> 1)
decay to the 3Z_,(v=1) state primarily by nearresonant V-V transfer,
which is a very rapid process. The last step of the relaxation is the colli-
sional deactivation of the 3.‘Z,g'(z,r = 1) state by slow V-T transfer (7 = 2.5 ms
in natural liquid O, at T =77 K [1]). These relaxation steps have been con-
firmed experimentally in liquid natural O, by observing the 3% (v =1)
population as a function of time [1].

2.3. Calculations of the transition probability

Merkel and Kearns developed a theory of quenching of 02(‘Ag) by
solvent molecules in terms of intermolecular electronic-to-vibrational energy
transfer [7, 8]. The ’./.\g relaxation rate constant was related to the intensities
of IR overtone and combinational absorption bands of the solvent in the
wavelength regions of !A,— 3Z_ transitions, especially near 1.27 and 1.59
um. Recent experimental investigations [9 - 11] show that a quantitative
correlation between calculated and measured quenching rate constants is
lacking, although a qualitative trend is evident. For pure O, the model of
Merkel and Kearns cannot explain the observed large difference between the
1A, relaxation rate constants of '°0, and '30,, because the IR absorption at
1.27 um is about the same for both isotopes and absorption at 1.59 um is
negligible. Hurst and Schuster [9] suggested a semiquantitative model of the
0,('Ay) relaxation in solution which is based on the repulsive interaction
between O, and solvent molecules. The relaxation rate constant given in
their paper contains the same basic factors as obtained below from the SSH
theory [12 - 15].

Theoretical approaches to calculate the transition probability for the
collisional deactivation of the second excited electronic 12; state of O,
took into account short-range {16, 17] and long-range [18, 19] intermolec-
ular forces. Kear and Abrahamson [16] developed a theory of quenching of
0,(*Z;") which is based on the SSH theory of vibrational relaxation [12]
and an extension to electronic relaxation by Dickens et al. [17]. Although
the theories are successful in explaining the quenching of O,('Z,;") by other
diatomic molecules, they fail to reproduce the experimental results on pure
02-

In this paper we use the SSH theory [12 - 14], modified by Shin [15]
to include attractive forces, to calculate the transition probabilities for the
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collisional deactivation of the 'A, state. Although there are several defects of
the theory which limit the accuracy of the calculations, it accounts for the
principal features of energy transfer and illustrates the relative importance of
the various factors which influence the transfer probabilities.

The theory was developed for transitions between vibrational levels of
the same electronic state. We apply it to transitions where the electronic
state changes. The corresponding changes in the transition probability are
taken into account by multiplying the results by a constant factor P, [17].
In the first approximation we assume that the equilibrium distances of the
oxygen nuclei and the curvatures of the potential curves of the 32,;" and ‘Ag
states of O, are the same [20]. The attractive forces between the molecules
are taken into account by using the Morse potential [15]:

V(r) = € exp{—a(r —rg)} — 2¢ expg—'%oz(r — rm)i (3)

Here € is the depth of the potential and o is a measure of the range of the
intermolecular forces. The probability P{-/ that during a binary collision mol-
ecule I will change its quantum state from i to j, while simultaneously mol-
ecule II will change its state from & to I (see Fig. 3), is given by [13]

Pij =P{V*/()*{V* (1)}’ f(AE,) (4)

The factor P contains various terms, e.g. steric factors, P, etc. The vibra-
tional factor {V*%(I)}? is the square of the matrix element for the transition
between vibrational states i and j of molecule I. As discussed in the preceding
section the decay routes of the 'A, state include transitions between states
i=0 and j =v of molecule I and %2 =0 and / = 5 — v of molecule II (see eqn.
(1) and Fig. 3). In the first approximation we use the wavefunctions of a
harmonic oscillator and obtain for homonuclear diatomic molecules

2\s 2\vf 4 2\5-v
{(VOrmy{ves—r(an)? = (ho‘ ) (A‘ ) (A“ ) 1 (5)

87T2 Vo1 YVorr v!(5 —'U)!

vor and vg are the vibrational frequencies of molecules I and II respectively.
Eﬁ and ;1? are the average vibrational amplitude coefficients which are
given in ref. 21, (Owing to a misprint in ref. 21, p. 46, a factor 1/2 is missing
in the vibrational amplitude coefficients AZ.) It is interesting to note that the
different relaxation channels enter eqn. (5) only via the vibrational quantum
number v. The dependence of the transition probability on the energy mis-
match AF, is contained in the factor f of eqn. (4) which is written as

873u AE,\? 4( et \'? AE, 16
WL: 2 ‘) ¢rre eng’_ ( ] ) + + 2 )
o*h kgT 2kgT  3w’kgT

f(AE,) = ( (6)

The abbreviation { is given by
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ort 241/3

_ (_2‘_‘2£_) (7
o*h*kgT

where u is the reduced mass of the colliding pair.

For the calculation of the transition probability we need values of the
potential parameters o and € of oxygen. We use a value of e/kg = 109 K,
which is the mean value of the numerals given in ref. 22. The parameter «
depends slightly on temperature. It is given in ref. 21 for a purely repulsive
potential for various temperatures (T > 300 K). For a temperature of 77 K
no value is available. We determined « by fitting the calculated ratio of the
transition probabilities of 120, and !0, to the experimental result.

The transition probability P8 ¥_, is calculated from eqns. (4) - (7) for
pure 0, and for pure !®0,. The results are normalized to the sum of the
probabilities

of '%0,. The calculated ratio P,/P, of the transition probabilities of 20,
and %0, is compared with the measured ratio k,/k, of the relaxation rate
constants. In the comparison we assumed that the collision frequencies are
the same in liquid 80, and !%0,. The best agreement with the measured
ratio of k,/k, =50 s1/2.3 X10% s7!=2.2X 1073 (see Section 2.1) is ob-
tained for a value of o= 5.53 X 10® cm™!, This number is larger than o =
5.377 X 10® em™! at room temperature given by Lambert [21]. The differ-
ence is believed to be mainly due to the different temperatures, because « is
known to increase with decreasing temperature [21].

The results of our calculations are summarized in Table 1. It is interest-
ing to note that in !°0, and 30, the probability is largest for transitions
from the A, state to the 3T_(v = 2) and 3%Z_ (v = 3) states. This result is
expected from qualitative considerations because the energy mismatch AF,
(see Table 1) is smallest and the vibrational factor (see eqn. (5)) is largest for
these transitions. The transition probability P, of 20, is much smaller than
that of 180, because of the larger energy AE, of 80, (see Table 1) which has
to be transferred to translational energy.

3. Liquid !°0,-180, mixtures

3.1. Experimental results

The experiments in liquid '0,—'%0, mixtures were carried out in the
same way as for the pure liquids (see Section 2.1). We measured the double-
molecule fluorescence power at 635 nm from the A, state for various con-
centrations x of °Q,. It should be noted that we did not distinguish between
the fluorescence from 0, and %0, molecules, which have about the same
electronic energy of the !A, state [4]. We measured the sum of the fluores-
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TABLE 1

Normalized probability PS;‘S’_v/Pl for transitions between vibrational states O and v of
molecule I and vibrational states 0 and 5 — v of molecule II

Vibrational state ~ Vibrational state ~ AE,2®  (PYY_,/P1)X 10° < pou
— —1 ' > Pos—u/Py

vofl 5—vofHl (cm™%) =

190, 1609, 1.00

0 313 0.7

1 4 221 10.7

2 3 174 38.6

3 2 174 38.6

4 1 221 10.7

5 0 313 0.7

180, 180, 2.2x1073

0 726 0.002

1 4 644 0.025

2 3 603 0.082

3 2 603 0.082

4 1 644 0.025

5 0 726 0.002

160, 180, 7.9 x1072

0 726 0.003

1 4 556 0.105

2 3 429 1.057

3 2 347 3.237

4 1 308 2.882

5 0 313 0.573

Calculated for values of the potential parameters of €/kg=109 K and a =5.53 x108
em™!. AE, is the energy mismatch in the collision according to eqns. (1) and (2).
2 From ref. 4.

cence signals of both components of the mixture. The relaxation rate con-
stants were determined from the time decay of the fluorescence curves.

In Fig. 4 the measured relaxation rate constants k£(x) normalized to the
rate constant k(1) = k, of pure liquid %0, are plotted against the °0, con-
centration x. The open circles represent the experimental points. The full
and broken lines are calculated curves (see Sections 3.2.2 and 3.2.3). It is
important to note that there is a non-linear concentration dependence of the
relaxation rate constant, which will be discussed in detail in the following
sections.

3.2. Discussion

3.2.1. Differential equations

The time dependence of the population of the A, state of O, is
governed by the deactivation by collisions with 10, and 30, molecules and
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IAg relaxation rate constant kixl/k{1)

0 a2 04 06 08 10

1602 mole fraction x

Fig. 4. Relaxation rate constant k(x)/k(1) of the 'A  state in liquid 1°0,—'80, mixtures
vs. the 180, concentration x: O, experimental points; ——, — — —, calculated curves.

the migration of the electronic energy in the liquid mixture. The differential
equations for the number densities N* of O,('Ay) are written as

*
1

dt = —{ky1(x) + Ry2(X)}N,* — B (x)N* + B/ (x)N,* (8)
dn,* Ty b * 4 5 *__ L ! *
ar = —{k31(x) + Ry (x)}N* + kpy(X)N1* — kp, (x)N, (9)

The subscripts 1 and 2 stand for °0, and '80, respectively. The transfer of
electronic energy from !0, to %0, and vice versa occurs with rate constants
k., and k' respectively. Since the electronic energies of the !A, states of
160, and !0, are about the same [4], we assume that &, ~ &k, . Gas phase
measurements [ 23] have shown that the electronic energy transfer occurs at
least once in every ten collisions, i.e. it is a very rapid process compared with
the deactivation.

The first terms on the right-hand sides of eqns. (8) and (9) represent the
collisional deactivation of the excited molecules. The rate constant &;; de-
scribes the deactivation of excited molecule i by ground state molecule j.
According to the isolated binary collision model [24] it may be expressed by
the collision frequency Z;; and the transition probability P;; as

kij = Pi]'Zij (10)

In contrast with gases the calculation of Z;; is not a simple problem in
liquids. There are several ways of calculating the collision frequency in the
liquid phase [25 - 31]. We use here the relation given by Einwohner and
Alder [31]:

7Tk T 1/2
z,.,.=4R2(—’%—) &, (RN, (11)
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£i;(R) is the pair distribution function at the molecular distance R where the
deactivation is assumed to occur. When the molecules are represented by
hard spheres with diameter g, the pair distribution function has to be taken
at R = 0. m is the molecular mass and N; the number density of ground state
O, molecules responsible for the deactivation of O,(’A;). The number densi-
ties of 10, and '30, molecules are related to the 'O, concentration x by
N, =Nx and N, =N(1 —x) respectively. N is the total number density of
molecules. In general, the pair distribution function g;; in a mixture depends
on concentration, leading to a non-linear concentration dependence of Z;;
and k”.

For a calculation of the pair distribution functions we approximate the
molecules by hard spheres with diameter ¢. The pair distribution functions
at contact distance o are given in refs. 32 and 33. In the special case of iso-
tope mixtures the hard sphere diameters o of the excited and ground state
molecules of both components are equal in a good approximation. The pair
distribution functions g;;(¢) =g are then independent of concentration x
and the same for all combinations of i and j [32, 33]. In this case, the colli-
sion frequencies in the liquid mixtures depend linearly on the 'O, concen-
tration x because of the factor N; in eqn. (11). We introduce egns. (10) and
(11) into egns. (8) and (9). Using the abbreviation

kaT 1/2
kij = 40’2(—’1’1:—-) gNP,-,- (12)
we obtain
le*
= —lkyx + kia(1 —INy* — k(1 — )N, * + kgyN,* (13)
2*
dr - —{kaix + k(1 — X)INL* + En(1 — xIN,* — B xN,* (14)

Here k,; = k, and k,, = k, are the relaxation rate constants of pure 0,
and 80, respectively.

3.2.2. Solution of the differential equations

Equations (13) and (14) have been solved exactly. For the discussion of
the experimental results it is sufficient to give an approximate solution for
ky > Ry, R,. This condition is fulfilled in our experiments since the energy
migration is rapid compared with the deactivation processes. We assume that
we have a rapid dynamical equilibrium between excited 'O, and '*0, mol-
ecules for times ¢ long compared with the energy migration time 1/k,,. In
this case we obtain

Nl* = xN*
(15)
Ny*=(1—xN*
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i.e. the ratio of the number densities of the excited molecules is equal to that
of the ground state molecules. N* = N,;* + N,* is the total number density of
the excited molecules. In the experiments we observed the total fluorescence
signal from %0, and !'80,. We add therefore eqns. (13) and (14) and sub-
stitute eqn. (15) into the resulting equation to obtain a differential equation
for N*. The solution of this equation is given by

N™ = No* exp{—k(x)t} (16)

Ny* is the initial total number density of the molecules after excitation by
the pump laser pulse. The relaxation rate constant in the mixtures is given by

R(x)=x2{ky +ky— (k13 + k31)} +x(ky2 + kay — 2k3) + kg, (17)

It depends non-linearly on the '®O, concentration x. The rate constants k&,
and k, are known from investigations of the pure liquids (see Section 2.1).
The quantity k,, + k3, is determined by fitting the results of egn. (17) to the
measured points in Fig. 4. The best agreement between theory and exper-
iments is obtained for (k;, + k,;)/k; = 0.43 (the full line in Fig. 4). In the
following section k,, + k,,; is calculated using the SSH theory and compared
with the number obtained from the fit.

It is interesting to consider the special case where the sum of the relaxa-
tion rate constants in the pure liquids is equal to the sum of the mutual
relaxation rate constants of both components in the mixture, i.e. k) + k5 =
ki3 + k3. In this case the quadratic term in eqn. (17) vanishes and we obtain
a linear dependence of k(x) on concentration. The observed non-linear
dependence would then have to be attributed to a different physical
mechanism.

3.2.3. Calculations of the transition probabilities

In liquid mixtures of 160, and 0, combinations of the different vibra-
tional levels lead to additional relaxation channels which are not present in
the pure liquids. The energy mismatches AE, for these channels are given in
Table 1. They range from AE, = 308 cm ! to AE, = 726 cm™!. We calculated
the transition probabilities for the deactivation of '°0,('A,) by 20, using
eqns. (4) - (7). The results in Table 1 show that the following relaxation
channels with v = 3 (see Fig. 3) and v = 4 are dominant:

100, {14 (v = 0)} + 120, 32, (v' = 0)} —> 150, {°Z (1)} + B0, {3Z (5 —v)}

(18)

The relaxation routes with v = 2 and v = 5 are less important.

The relaxation rate constants of the O, isotopes are assumed to be pro-
portional to the transition probabilities (see eqn. (12)). Using the values
given in Table 1, fourth column, for 1°0,—180, we obtain
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The transition probability P;, = Z5-oP& ¢_, for deactivation of 'O, by 20,
is equal to P,, for deactivation of %0, by !%0,, i.e. k;; = k;,. We calculated
the relaxation rate constant k(x) from egn. (17) for a value of (R, + k;;)/
k; = 0.158. The result is shown as a broken line in Fig. 4. There is a differ-
ence between the calculated and fitted values of k;,, which may be due to
the following points. (i) The calculations of the transition probablhtles are
not very accurate because of the limitations of the SSH theory. (ii) The
assumption of alinear concentration dependence of the collision frequencies
in liquid isotope mixtures may not be strictly correct.

Experiments on gas mixtures of %0, and !20, are in progress to clarify
the origin of the observed difference between the calculated and the
measured concentration dependence of the ‘A, relaxation rate constants. Gas
mixtures will allow a more accurate comparison between the measured rate
constants and the calculated transition probabilities because the calculation
of the collision frequencies is straightforward in gases. In addition, the com-
parison between the results in the gas and in the liquid phase should provide
information on the validity of various models for the calculation of collision
frequencies in liquid mixtures.
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average of the transition probability with the Laplace method [34]. The numerical
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results of eqn. (6) and the numerical integration.
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