Van der Waals Constants for Hydrogen and Light Alkane

Pair Interactions

Recently, Tien et al. (19768) have reported total cross
sections for the scattering of molecular beams of hydrogen
molecules by methane, ethane, propane, and n-butane
and used the results to obtain van der Waals constants
Cs, the coefficients of the inverse sixth power term
[—Cs/R%] in the intermolecular separation R which
describes the long range attractive force between the
nonpolar molecules involved in the scattering experiments.
As pointed out by these authors, their Cj values are
very different from those inferred by them from the
Lennard-Jones (12-6) or modified Buckingham (Exp-6)
potentials, obtained by Chu et al. (1975) from analyses
of experimental transport and second virial data, or from
the Slater-Kirkwood approximation (Hirschfelder et al,,
1954) for Cg.

The purpose of this note is to present resulls for the
van der Waals coefficients, with an estimated error of
less than 10%, for all pair interactions arising between
hydrogen, methane, ethane, propane, and n-butane mole-
cules. The results for the interaction of hydrogen with
methane, ethane, propane, and n-butane, which are in
substantial disagreement with those obtained from either
the scattering experiments or from the transport or virial
data, are used to help discuss some of the reasons for
the lack of agreement between Cg values determined
using various techniques.

The lead term in the orientation averaged R™! expan-
sion of the long range interaction energy between two
nonpolar molecules A and B is the London dipole-dipole
dispersion energy, —Cg(A, B)R™8, where, in erg cm®,

Cs(A, B) = (9.5736 x 10-6!)
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Here, fi(A) and E;(A) are the dipole oscillator strength
and excitation energy, in atomic units, associated with the
transition from the ground state to the i*® excited state of
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molecule A (Dalgarno et al.,, 1967). The sums in (1)
represent sums and integrals, respectively, over the dis-
crete and continuum dipole allowed transitions of mole-
cules A and B. The energy —Cg(A, B)R™¢ is an accurate
representation of the orientation averaged interaction en-
ergy only for intermolecular distances sufficiently large
that electron exchange and charge overlap effects between
the two interacting molecules are negligible (Longuet-
Higgins, 1956; Dalgarno, 1963; Dalgarno and Davison,
1966; Kreek et al., 1970, and references therein). It is
the coefficient defined by (1) that yields the dipole-dipole
dispersion energy, and it is this coefficient that is repre-
sented by the Slater-Kirkwood approximation.

At the present time, accurate values of the dipole-dipole
dispersion energy, for molecules of the size of interest
here, can only be obtained from (1) if the dipole oscillator
strength distributions (DOSDs) for the interacting mole-
cules are known over a wide range of excitation energies
(Dalgarno et al., 1967; Zeiss and Meath, 1977; Thomas
and Meath, 1977). The construction of reliable DOSDs
for this purpose is a difficult task and depends on the
availability of a great deal of theoretical and experimental
data. On the other hand, Dalgarno and co-workers (1967)
have given a simple procedure for determining effective
DOSDs for atoms and molecules from which C; values
can be reliably estimated. The method involves minimiza-
tion of the function

M
F (g, oy, g2, w2) = 2 {[n(wi) - 1]
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with respect to the parameters gy, wi, g, and wy, where
the n(w;), i = 1, 2, ..., M, are M refractive index data
points measured at photon energies o; for a gas made up
of the relevant molecules. This procedure yields effective

oscillator strength-excitation energy pairs, namely, (g, o)
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and (g, ;2), which give the following approximation
(Dalgarno et al., 1967) for Cg:

Cs(A, B) = (9.5736 x 10-61)

3 gi(A)g;(B)
2 = ~ ~ - ~
W=l wi(A)wy(B) (0i(A) + w;(B))
The effective oscillator strengths obtained by fitting (2)
underestimate the Thomas-Reiche-Kuhn (Hirschfelder
et al, 1954) sum rule 2 filfA) = N,, where N4 is

(3)

i
the number of electrons in A, which leads to results for

ES(A, B) which are lower than those obtained by more
refined techniques (when available). The recommended

values of Cg(A, B) are obtained by scaling C¢(A, B)
upward by about 5% and should be accurate to within
5 to 109 if the refractive index data on which they are
based are reliable (Dalgarno et al., 1967).

Using results for g, go, 21, and ;2 obtained from the
analyses of refractivity data for hydrogen, methane, ethane,
and propane by Landolt-Bérmnstein (1962), we have evalu-

ated Cq(A, B) for these molecules using (3). Recom-
mended values for Cy3(A, B) are obtained from these
results by a maximum upward scaling of about 5% based
on accurate results for the dipole-dipole dispersion en-
ergy constants for the hydrogen-hydrogen, hydrogen-
methane, and methane-methane interactions (Thomas
and Meath, 1877; Margoliash and Meath, 1978) and
depending upon the degree to which the Thomas-Reiche-
Kuhn sum rule is fulfilled. For the evaluation of results
involving n-butane we have minimized (2) using the
refractivity data of Watson and Ramaswamy (1936);
the optimized parameters for n-butane are g; = 7.1538,

oy = 0.4454, g, = 24.7535, w; = 1.3548. The resulting

values for Cy4( A, n-butane) are then scaled upward by
up to 13% to obtain the recommended values. The
scaling was Dased on au comparison of the Cg4(A, B)
values obtained for methane, ethane, and propane based
on Watson and Ramaswamy (1926) refractivity data
with those obtained wusing Landolt-Bornstein data. A
larger upwurd scaling is requived when Watson and
Ramaswamy data are used, since they are available only
for a relatively narrow wavelength region.

The recommended results for the dipole-dipole disper-
sion energy coefficients are summarized in Table 1 which

TasLE 1. RECOMMENDED VALUES FOR THE DIPOLE-DIPOLE
DispersioN ENercy CoerriciENTs Cg( A, B), IN UNiTs OF
10—69 grc cm8, FOR ALL PAIR INTERACTIONS TAKEN FROM
GrouNnD STATE HYDROGEN, METHANE, ETHANE, PROPANE,
AND n-BUTANE. THE ProBABLE ERRORSs IN THESE RESULTS
SHOULD NoT Exceep 10%, AND THE RESULTS FOR
Cs{ HyprogeN, Hyprocen ), Cs( HYDROGEN, METHANE ), AND
Cgs({ METHANE, METHANE ) ARE IN AGREEMENT WITH KNOWN
Accuratk Resurts By ConsTRUCTION. THE Cg VALUES
REeCENTLY OBTAINED BY TIEN ET AL. (1976), INDICATED BY
A 1IN THE TABLE, ARE INCLUDED FOR COMPARATIVE PURPOSES

Cs(A, B) Hs CHy4 CgHg C3Hsg nCsHio
H, 11.6 379 67.0 98.3 117
CH4 47.5% 124 220 322 380
CzHg 116t 389 572 674
C3Hg 187+ 846 993
nC4H10 242+ 1171
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also contains the results for Cg¢(H,, B) obtained by
Tien et al. (1976). The recommended results are all
much smaller than those obtained in the scattering work,
with the disagreement increasing markedly as B in-
creases in size; the disagreement is 25, 70, 90, and 100%
for B = methane, ethane, propane, and n-butane, respec-
tively, Further, the values obtained by using the Slater-
Kirkwood approximation for Cg, which were used in Tien
et al. (1976) for comparison purposes, are higher® by
from 9 to 17% than our recommended values. The Cg
values obtained from the analyses of transport and virial
data (Chu et al., 1975; see the table in Tien et al., 1976),
which depend on the approximate potential energy func-
tion used to interpret the data, are generally considerably
higher than those obtained from the scattering data.

The reasons for the lack of agreement between Cq values
obtained from the total scattering cross-section measure-
ments and those derived from fitting transport and virial
data have been adequately discussed by Tien et al. (1978).
The point to be emphasized here is that analogous argu-
ments (Dalgarno, 1963; Dalgarno and Davison, 1968)
apply with respect to disagreements between the Cs values
obtained from scattering, transport, or virial data and
those obtained from the defining Equation (1) by using
either DOSD or refractivity data or from the Slater-Kirk-
wood approximation. Detailed studies have shown that
the latter yields results that are usually high by up to about
20% when compared to reliable Cg values (Kramer and
Herschbach, 1970; Zeiss and Meath, 1977). In particular,
results obtained from scattering experiments can be con-
siderably greater than the recommended Cg values unless
the beam experiments are such that only the very long
range part of the potential energy curve for the interacting
molecules is being examined. If this is not the case, then
the Cg values obtained by analyzing the total cross sec-
tions by using a potential energy represented by —CgR™8
are not the dipole-dipole dispersion energy coefficients.
Rather, —Cg¢R ¢ effectively represents the total attractive
part of the potential, and the parameter Cg contains con-
tributions from higher-order dispersion and induction en-
ergies [including Keesom alignment energies (Hirschfelder
et al., 1954) for the interaction of molecules having perma-
nent moments] and their charge overlap and electron-
exchange correction terms,

As suggested by Tien et al. (1976), the reason for the
discrepancies between the scattering results for C¢{H,, B)
and our recommended results (and the Slater-Kirkwood
approximations to them) may well be largely due to the
high velocity of the hydrogen molecules used in the ex-
periments. This is further supported by the fact that
Cs(Ar, B) values we have obtained using Cg(Ar, Ar) =
64.33 X 1079 erg cm® (Tang et al., 1976), our recom-
mended values for Cg(B, B), values for the relevant dipole
polarizabilities (Maryott and Buckley, 1953), and the
Moelwyn-Hughes (1964) combination rule, namely
Cs(Ar, B) = 88.8, 168, 233, and 272 for B = methane,
ethane, propane, and n-butane are in reasonable agreement
with results obtained from the Slater-Kirkwood approxi-
mation and from total scattering cross sections for the
scattering of argon beams by methane, ethane, propane,
and n-butane by Nenner, Tien, and Fenn (1975). The
relative velocity of the argon atoms is about a factor of 5
smaller than for the hydrogen molecules in the two beam
experiments with the result that relatively small intermo-
lecular separations are sampled in the experiments involv-

#* In the Slater-Kirkwood formula even the usual choice of N, as the
number of valence electrons, usually leads to overestimates of Ca since,
like transitions involving inner shell electrons, not all excitations in-
volving valence electrons contribute significantly to the oscillator strength
sums occurring in (1).
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ing hydrogen (Tien et al., 1976; Nenner et al, 1975).
Studies of the validity of the Moelwyn-Hughes combina-
tion rule indicate it yields results for Cg(A, B) that are
reliable to within 29 if the input data are accurate
(Kramer and Herschbach, 1970; Zeiss and Meath, 1977;
Margoliash and Meath, 1978). Other discussions of prob-
lems associated with obtaining long range interaction co-
efficients from beam scattering experiments can be found
in the articles by Bernstein (1966), Bernstein and Mucker-
man (1967), and Bernstein and La Budde (1973). Also
implicit in this discussion is the usual assumption that the
scattering is dominated by the orientation average of the
intermolecular potential (isotropic part of the potential).
The importance of anisotropic intermolecular forces in
beam scattering experiments, and their proper incorpora-
tion into the theoretical analysis of the problem, is of con-
siderable interest and importance (see, for example, Bickes
et al., 1975, and references therein). The effects of aniso-
tropic forces need not be negligible even for interactions
involving essentially nonpolar molecules if the relative
velocity of the collision partners is high and if one (or
both) of the molecules is elongated.

Finally, it should be stressed, relative to suggestions
made by Tien et al. (1976), that, as in the case of the
rigorously defined dipole-dipole dispersion energy (1), the
validity of the Slater-Kirkwood approximation does not
depend on the conditions under which a particular experi-
ment, which is used to determine Cg, is carried out. Rather,
the quality of the results obtained for Cg, as a representa-
tion of the true dipole-dipole dispersion energy coefficient,
depends on the nature of the potential form used to fit the
experimental data and on what part of the potential is re-
sponsible for the experimental observable. If reasonably ac-
curate Cg values are known, it is often useful to use these
results to help specify the long range part of the potential
energy curve and to use adjustable parameters to fit other
less well-known portions of the potential (Smith et al.,
1977; Barker et al., 1970, 1974, and references therein).
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NOTATION

Cs(A, B) = London dipole-dipole dispersion energy con-
stant for the interaction between molecules A and
B.

R = intermolecular separation

—Cg{A, B)R™% = London dipole-dipole dispersion energy

[fi(A), Ei(A)] = dipole oscillator strength—excitation
energy pair for molecule A corresponding to the
transition from the ground state to the it® excited
state

n(w;) = refractive index of a gas for photon energy o;

[gi(A), Zi(A)] = effective dipole oscillator strength—ex-
citation energy pair

ES(A, B) = approximation to Cs(A, B)
N, = number of electrons in molecule A
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