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J. SIMONS
Chemistry Department, University of Utah, Salt Lake City, Utah 84112, USA

Received 28 March 1972

We have developed a theory to describe the diffusion of molecules whose internal-state populations are being
perturbed by the application of intense pumping radiation, We show how to extract ground- and excited-state diffusion
coefficients from experimental measurements carried out at several pumping intensities. Order-of-magnitude
estimates of excited-state diffusion coefficients are presented, and the relation to the potential energy of interaction
of excited species is discussed briefly.

1. Introduction optically pumpedﬁ. The pumped molecules are
¥ allowed to diffuse down a tube containing a chemical-

Transport property measurements have been used ly inert buffer gas which does not interact with the
extensively to gain information about intermolecular pumping radiation. By assuming that the internal-
forces [1]. Theoretical expressions containing the state relaxation time is extremely small compared to
unknown intermolecular potential V are fitted to the time scale of the diffusion experiment, we obtain
experimentally measured transport coefficients to compact expressions for the concentrations of excited-
evaluate parameters (e.g., € and o for a Lennard-Jones and ground-state species as functions of time. These
[1, p. 22] 6—12 potential) appearing in V. expressions contain an effecrive diffusion coefficient

In experiments which are carried out near or below which depends on the radiation density of the pumping
room temperature, the population of excited electronic  field and the diffusion coefficients of the ground- and
and vibrational levels is usually very low. Therefore, excited-states. The extraction of these latter diffusion
the measured transport properties are dominated by coefficients from experimental data is discussed, and
contributions involving the interaction of ground-state some order-of-magnitude estimates of the effects
molecules. It is unlikely that much information about which are of interest here are presented.

potential energy surfaces for excited-state species can
be obtained from low temperature thermal experi-

ments. However, if a specific excited electronic or 2. Motivation
vibrational level of the molecule were populated by,
for example, optical pumping methods, then the Let us consider the gas-phase diffusion (in the
transport properties would be influenced by both the absence of pumping) of molecules of type A through
ground- and excited-state potential energy surfaces? . non-reactive buffer molecules of type B. A sketch of

In this paper, we treat the diffusion of molecules in one possible experimental arrangement is shown in fig. 1.

which a specific electronic or vibrational state is being
7T Not all molecules will permit the population of excited
states by optical pumping. That is, frequently the excited-
state lifetime is so short that currently-accessible pumping

1 For simplicity, we will treat only the lowest excited state, intensities are insufficient. Also, for some molecules, the
The extension to situations in which other states lie between non-radiative lifetime is sufficiently short to make signifi-
the ground- and pumped states is reserved for a future cant the degradation of excitation energy into heat, We
publication, will neglect this complication here.
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Fig. 1. Schematic of experimental setup for pumped diffusion measurements.

Initially, gas A is constrained to lie in a small segment
0 < X < A of the diffusion tube, while gas B occupies
the remainder of the tube. At r = 0 the restraining wall
is removed and the concentration of species A is
monitored™ as a function of time, at a distance r
(chosen for experimental convenience) from the origin.
By using a tube whose length L is of the order of three
to four times as long as the monitoring distance r, one
can eliminate the problem of reflection at the
boundaryﬁ X =L, Under these conditions, the
monitored concentration of species A will vary in time
as*

-r A+r
J+ erf[—]}, 0
2Dy 1) 2(Dp1)"

where Cg is the initial concentration of A in the region
0<X<A4,and D, is the diffusion coefficient of
species A. The error function is defined by

Calr,t)= 48 [erf

F4
erf[z] =2n—% f exp(—y2)dy. )
0
For times satisfying

L2[4D, >t >rA|2D, (€))

and distances r > A, the solution given in eq. (1)
reduces to

Calr,t) = COA(nD 1) Yexp(—r? /4Dy 1). @)

T We have in mind spectroscopic monitoring methods.

1 Typical values which are experimentally reasonable are
r=10cm, L =50 cm, A =~ 0.5 cm, diffusion coefficient
=~ 0.1 to 1 cm2sec~! for pressures of 0.1 to 1 atm.

# A useful reference for the mathematics of diffusion is
ref, [2].

Thus, by plotting the logarithm of Cj t** (monitored
at point r) versus £~1, one can determine the diffusion
coefficient D,. Of course, D, is a function of the
temperature of the two gases T and the pressure p
(taken to be uniform throughout the tube):

D, =2.6280 X 10-3 [T3 (M, +Mg)/2M \Mg] %,
X [poAB‘Q“ 1) (T:\B)]‘lcmzsec", (5)

where the notation is described cn page 539 of ref.

[1]. The effects of the forces between pairs- of A

and B moleculgs are contained in 05 g and the collision
integral Q“ b* (T;B]. and it is through these quantities
that expenmentally determined diffusion coefficients
are correlated with parameterized intermolecular
potentials. :

In the event that molecules of type A possess mter
nal degrees of freedom, e.g., vibrational or electronic
levels, it is natural to inquire as to the physical
meaning of a diffusion coefficient measured by the
above method. Each internal state of molecule A
should interact differently ## with molecules of type
B, thereby giving rise to different diffusion coefficients
for the various internal levels. An important question
is: how is the experimentally measured diffusion co-
efficient related to the individual diffusion coefficients
of the internal states? Intuitively, one expects that the

¥ The energy of interaction is assumed to be pairwise
additive,

f We will be conderned with electronic and vibrational levels
here because it is in these cases that the room-temperature
population of excited states is very low,

## By excited-state potential surface we mean the potential
energy of interaction of an excited molecule of type A
with a ground state molecule of type B.
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measured D, will be essentially equal to the diffusion
coefficient of the lowest internal state, if the higher
states are negligibly populaledT at the temperature of
the experiment.

In this paper we consider the diffusion of molecules
whose internal-state population is b&ing perturbed by
means of externally applied electromagnetic radiation
of high intensity. We show how one can gain informa-
tion about the interaction of excited species by
measuring effective diffusion coefficients in an experi-
ment in which an excited electronic or vibrational
level is being pumped.

3. Pumped diffusion

We consider a diffusion experiment in which
pumping radiation is applied to the complete diffusion
tube (see fig. 1) both prior to and after the removal
of the restraining wall at t=0. Experimentally, it is
probably most reasonable to pass a beam of intense
radiation down the axis of the diffusion tube. Of
course, one must be careful to place the entire cross-
sectional area of the tube in the beam so that diffusion
into and out of the radiation field need not be con-
sidered. One should also check the attenuation of the
beam to see whether absorption corrections need to
be applied. In this paper we assume that attenuation
is negligible and that the beam covers the total cross
section of the tube.

Let us denote the local concentration of molecules
of type A in the ground and pumped states by #,(r,)
and ny(r, 1), respectively. The phenomenological
equations governing these populations are taken to be

dn,(r, 1)/t — D1V 20y (r,1)= ~Uny + Wh, (6)
and
dny(r, 1)/ dt — DoV2ny(r,1) = — Wny + Uny, (7)

where Dy and D, are the diffusion coefficients of the
ground and excited states respective]yﬁ. The transition

t Which is the case for electronic or vibrational states of
most molecules at room temperature,
1 The bounda:y conditions are: ;(r,0) = nJ for 0 <7 < 4,
ny(r,0) = u2 for 0 €r< A, ny(r,0)= nalr, 0) =0 forr > A,
See eqs. (13) and (14) for definitions of "1 and ng.
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rate constants W and U are given in terms of the
Einstein transition probabilities [3] 1 4 and B, the radia-
tion density p(€) at the resonance energy € = £ — E,
and the radiationless excitation (k, ) and de-excitation
(k_) rate constants

U=k, + Bp(e), @®)
W=k_+Bp(e)+A. ©)
Before r=0, the concentrations /1, and n, are

spatially uniform within 0 <r < A and are equal to
the steady-state values:

(10)
(11)

n = N(k_+A+Bp)(2Bp+A+k_+k,)~1,
n3 = N(k,+Bp)(2Bp+A+k_+k,)~1,

where N is the total inirial concentration” of species
A in 0 <r<A.Use of the equilibrium ratio n/nj
which attains in the absence of radiation

@ = 1/kT):

nezfn'i = exp(—f€) = k,/(k_+A), (12)

allows egs. (10) and (11) to be rewritten as follows:

“N [Bp + k,exp(Be)] [2Bp + k, + k,exp(8e)] ~!
(13)
n = N(Bp+k,)[2Bp + k, + k,exp(Be)] 1. (14)
To solve the pair of coupled diffusion equations
[egs. (6) and (7)], we Fourier transform the spatial
dependence of n,(r,r) and ny(r, 1), and we then use
standard matrix techniques [5] to solve the resulting
pair of first-order differential equations. By inverting
the Fourier transforms of the solutions obtained in

% For a straightforward discussion of kinetics of radiative
processes, see ref. [4].
+1 These phenomenological rate constants contain the effects
of molecule—molecule and molecule—wall collisions as
well as effects of internal non-radiative processes, The im-
portant assumption regarding k., and k_ is that they do
not depend on the radiation density.
# The total number of A molecules divided by the volume
of the plug of length A,
## |t is assumed that e has been measured.
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this manner, one calculates the desired local con-
centrations as functions of time. Neglecting transient
contributions’ which decay to zero in a time of the
order of [2Bp(e) + k., + k. exp(Be)] ~! sec, the results
are as follows:

o NwA [1 2Ud Q]( Di)-¥e ( r )
» = o m 5 X{———— 1.
: Uu+rw (U+W)2 "
(15)
NUA 2wd r?
ns(r,t)= [1 + Q] (err)‘Vaexp(ﬂ—).
(U+w)2 4Dt
with (16)
d=}(D,-D), (17)
Q=3/2Dt - r2/4D%¢2, (18)
and
0

D =%(D,+D,) - 1(D,-D )U_ X "'lD +—D
712112U+}V"§1N2'
(19)
In eqgs. (15) and (16), the terms involving @ can be
shown to be insignificant for times greater than
[2Bp(e) + k., + k, exp(eB)] ~! sec, and so the above
expressions simplify considerably to give:

NAW 32 o,

£) = ——(aDt)~" p(—-—) (20)
CLelig et L Bl
NAU r2

ny(r.1)= Dry" (——-) 21

D= Wl el = G

Notice that the ground and excited states appear at
the monitoring location at the same rate even though
D| #D,, and that the effective dE‘ﬁ'usiou coefficient
D depends on the radiation density p (€). Also, note
that the ratio n/n remains constant in space and time
and is equal to the initial steady-state ratio ngfn?.

1 The validity of this step rests on the assumption that the
time scale of internal-state transitions is much shorter
than the time scale of the diffusion. Typically
(2Bp + k, + k, exp(Be)] ™' < 1073 sec.

T1 Because the internal-state transition rate is so much faster
than the diffusion rate, the initial steady-state populations
n? and ng are maintained throughout the diffusion tube.
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From egs. (20) and (21) we see that by monitoring¥
either the total concentration n(r,t)+ ny(r,t) or one
of the individual concentrations as a function of time,
one can extract the effective diffusion coefficient D
for any value of p(¢). For example, if the concentra-
tion of excited-state species is monitored spectro-
scopically (e.g., by looking at transitions from the
pumped excited state to higher states), the effective
diffusion coefficient can be obtained from the slope
of a plot of In[t20D(r, £)] versus t=1:

|
Pty p) 2
slope i (see eq. (21)). (2_)

OD(r, 1) is the optical density (log /y/I) of the
2 = higher state transition monitored at time ¢ at a
distance r from the tube origin.

Assuming that the effective diffusion coefficient
has been obtained in the manner discussed above, let
us now direct our attention toward the calculation of
D, and D,. From egs. (8), (9),(12), and (19), we
have

k. [l — exp(—Be)]
2Bpexp(—Be) + k,[1 + exp(—Be)]
(23)
The effective diffusion coefficient in the absence of
pumping radiation can be measured and is exPressed‘%i
as

D(p)=L(D\+Dy)+d

1 — exp(—3¢)
1 +exp(—fe) J

Rearranging eqs. (23) and (24), one can derive the
following important equation:

[ 1 — exp(—fe)
1 + exp(—fe)

D(0) = L(D,+D,) + d[ (24)

]ID(U) - D(p)] !

k"’
ﬁ[l + exp(Be)] p~ 1. (25)

A plot of the left side of eq. (25) versus the inverse of

=d—1+

1 The monitoring technique will depend upon the properties
of molecules A. One could monitor the absorption from
the level pumped to a higher excited level. This can usually
be done without @ppreciably altering the population of the
pumped level,

1% If the pumped state is an excited electronic state, the
factor exp(—@e) can probably be ignored.
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the radiation density, yields the quantity d from the
intercept . Knowing both d and D(0), eqs. (17) and
(19) give D, and D as

D, =D(0)+2d[1 + exp(—ﬁe)]”‘éxp(—ﬁe) (26)
and
D, = D(0) — 2d[1 + exp(—pPe)]~ 1. (27)

With these equations, our task is now complete.

4. Summary and order-of-magnitude estimates

We have demonstrated how to obtain the effective
diffusion coefficient by monitoring the appearance of
either gound- or excited-state species. We have also
shown how to calculate Dy and D, from measurements
of D(p) at several different radiation densities. A
knowledge of D, at various temperatures can then be
used to evaluate parameters which appear in an inter-
molecular potential ¥ | by assuming a functional form
for Dy such as that given in eq. (5).

The usefulness of the experimental method described
herein rests on the implicit assumption that the
diffusion coefficient of the pumped state differs
significantly from that of the ground state. Intuitively.
one expects that the diffusion coefficient should
depend on the “size” of the molecule; i.e., large
molecules diffuse more slowly than small molecules.

In table | we list the equilibrium internuclear separa-
tions of some ground- and excited-state diatomic mole-
cules. From this table we see that differences in the
“sizes” of ground and excited species of 10 to 20
percent are not uncommon.

To progress beyond simple intuition we have
calculated approximate Lennard-Jones potential con-
stants (o) for the excited electronic states of some of
the molecules listed in table 1. Scaling the ground-state
potential constant o by the ratio of sizes r}/r, (taken
from table 1), we arrive at the results shown in table 2.

1 The slope of such a plot might be used to study the non-
radiative excitation rate constant k,, in the event that the
induced absorption probability B is known.

Tt The technique for extracting Lennard-Jones constants e
and o from diffusion coefficient measurements is described
on pages 580 and 562 of ref, [1].
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Table 1
Sizes (in A) of ground- and excited-state molecules
rexcitod
Molecule Caontd and red) £
excited states rground
e
Ba'®0 X'z 1.940
AT 2.134 J:10
9,16 1
Be'"0 X'z 1.331
A'n 1.463 kg
35¢], X'sg 1.988 134
ATTg, 2.47
12c160g xlgt 1.128
Al 1.235 a2
H, i 4 0.7416
B's 1.293 LI
127 1.+
I, )(3 Iy 2.666 1.13
B gy 3.016
14wt -
Na XI Ty 1.094 T
a'ln £ 1.213

a) Ref, [6]. The excited-state “‘sizes” given here are probably
underestimated with respect to the interaction of excited
molecules. For further discussion, see ref. [7].

Table 2
Approximate potential constants (in A) for excited states

Molecule o(ground state)d) o*(excited state)b)
H, 2.93 5.10
15 4.98 563
N, 3.71 4.12
CO 3.76 4.10
Cl; 440 5.46

a) Taken from pages 1110-1111 of ref. [1].
b) Calculated from o* = o(rg/re).

These potential constants are appropriate for the
description of the energy of interaction of two
identical excited molecules. To predict the mutual
diffusion coefficients, we must know the Lennard-
Jones parameters (074, €],) for the interaction of an
excited molecule of type 1 with a ground-state mole-
cule of type 2. By rearranging the usual combining
rules [1] 0,4 = 3(0;+0,), o}y = $(07+03), we-arrive
at the expression which was used to calculate 0y,:
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Table 3
Approximate diffusion coefficients (in cm2?sec™!) for excited
statesat T=273.2°K

Gas paird) a120) a12© Di; D1, d
Hj; in O, 3.20 4.28 0.697 0.390
H; inCO 3.28 4.36 0.651 0.368
H; inCO, 3.48 4.56 0.550 0.320
COin O, 3.51 3.68 0.185 0.168
Ny in H; 3:32 3.52 0.674 0.600
N; in 0, 3.56 3.76 0,181 0.162
N, inCO 3.64 3.84 0.192 0.172
N; in CO, 3.84 4.04 0.144 0.130

a) [n each case the first molecule is the species being pumped.
b) Taken from page 579 of ref. [1].
©) Calculated from combining rule (e.g., page 567 of ref. [1])
0% = 32012+ 0] - o1].
* 2 p_
d)Dn = D|2{012a"012) .P=1atm.

013 = 3(20,*0]—0)). (28)

To obtain the Lennard-Jones parameters 6], shown
in table 3, we have taken values of 0, and 0, from
ref. [1] and values of o] from table 2, e.g.,
OH,.0,= $[2(3.20) + 5.10 — 2.93] =4.28.

Finally, the excited-state diffusion coefficients
D7, were calculated from [see eq. (5)] the equation
D}, =D 5(0,5/015)?, which contains the assumption
that the collision integrals .Q%”(T‘I'z) are approxim-

ately the same for ground- and excited-state molecules.

This last assumption is of questionable validity, and
future research efforts should be directed toward
improving the equation used to predict D;z. In the
absence of even approximate values for excited-state
collision integrals, we can only hope that the values of
D}, displayed in table 3 give some indication of the
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magnitude of the relative change (DIz—Dlg)fDlz in
the diffusion coefficient. Keeping the above limitations
in mind, we see from table 3 that excited-state diffusion
coefficients which differ from the ground-state co-
efficients by 10% are probably not uncommon?, There-
fore, we conclude that there does exist the possibility
of making practical use of the experimental technique
discussed in this paper to probe the potential energy

of interaction of electronically excited molecules. The
case of vibrationally excited molecules is not as clear
and is deserving of more study. Hopefully, the kind of
experiment proposed here can be carried out in the
near future, in this or another laboratory.,

T A change of 10% means that the proposed measurements
should be within the range of experimental accuracy. For
excited vibrational levels, the magnitude of the change in
diffusion coefficient is probably somewhat smaller than 10%.
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