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Coulombic intermolecular interactions in crystalline hydrocarbons were studied by means of molecular
packing analysis. A C-H charge separation parameter of 0-36 e was found by analysis of nine aromatic
and nine saturated hydrocarbon crystal structures. When coulombic point charges were included in the
non-bonded potential model it was found that the geometric-mean combining law held for C---H
repulsions. The calculated coulombic energy of the hydrocarbons studied ranged from a negligible
amount for n-hexane to a maximum contribution of 29 % of the total lattice energy for crystalline ben-

zene.

Introduction

Coulombic interactions in hydrocarbon crystals have
generally been considered to be negligible in effect,
compared to the London dispersion energy and the
repulsive energy. For example, a review by Mason
(1970) gives an estimate that less than 2 % of the lattice
energy of naphthalene is contributed by quadrupole-
quadrupole interactions. Another review by Kitaigo-
rodskii (1970) estimates a range of 4% down to a
slightly negative contribution for this same effect in
naphthalene.

These conclusions were supported by calculations
based on point quadrupole-point quadrupole interac-
tion energy formulas. However, the magnitudes and
orientations of the quadrupole moments may not be
well known. Also, in the crystal the distance between
quadrupolar molecules is similar to the dimensions of
the quadrupole (i.e. the molecule). Therefore, the as-
sumption that the interquadrupole distance is large
relative to the dimensions of the quadrupole is not
necessarily a good one.

On the other hand, a recent monopole model calcu-
lation (Warshel & Lifson, 1970), henceforth referred
to as WL, for a number of saturated hydrocarbon
structures led to an electrostatic charge of 0-11 e on the
hydrogen atoms, with opposite charges located on the
carbon atoms. We verified that this monopole distribu-

tion contributes negligibly to the lattice energy of

straight-chain hydrocarbons such as n-hexane, one of
the compounds studied by WL. However, a preliminary
calculation by us showed that 0-11 e on the hydrogen
atoms of benzene led to a lattice energy contribution
of about 6 kJ/mol, or more that 10% of the exper-
imentally observed heat of sublimation.

We decided therefore to undertake a more general
investigation of the monopole model for coulombic
interactions in both saturated and aromatic hydrocar-
bon crystals. A goal of the investigation would be to
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derive the electrostatic charge distribution in hydro-
carbon crystals from experimental data by means of
molecular packing analysis.

The experimental basis data

Partial lattice sums for the (6-exp) potential type were
already available for a set of 18 well-determined hy-
drocarbon crystal structures (Williams, 1970). Half of
these structures were aromatic and half were saturated
hydrocarbons. Fig. 1 gives the molecular structures of
these 18 compounds.

Each partial lattice sum is over a particular type of
pair interaction, in this case either C---C, C---H, or
H---H. The form of the pair potential is such that the
attractive partial sums, Sg,z, and the repulsive partial
sums, S,,z, may be evaluated independently. Here the
subscripts « and f refer to C or H, 6 refers to the Lon-
don dispersion attraction, and e refers to an exponen-
tial repulsion. Thus, for a particular atom-pair type,

Se=—@) 2,r7% and S,=() > exp (—Cuyr),

where the sum is over the interactions of the reference
molecule with the atoms of all surrounding molecules
in the crystal.

The total lattice energy is a simple linear combina-
tion of the S summations:

E=AccSecc+ AcuSecu+ AunSeun
+ BeeSecc+ BeuSecn + BunSenn -

The derivatives of E with respect to a structural par-
ameter, p, may be obtained by differentiation of the S
sums either numerically or analytically (Williams,
1972b). The values of 4,5, B,;, and C,; are assumed to
be independent of the structural parameters. At equi-
librium the derivatives of E with respect to any struc-
tural parameter should be zero, with any deviation
from zero being caused by inadequacies in the potential
model or errors in the structural parameters.

The exponent coefficients C,; are difficult to derive
from hydrocarbon crystal data. We have assumed -a
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value of 3-60 A~* for C- - . C interactions and 3-74 A~!
for H. - -H interactions, using the average for C---H
interactions. The value for C- - - C interactions was ob-
tained from the crystal structure of graphite (Crowell,
1958) and the value for H---H interactions was ob-
tained from a quantum-mechanical calculation of the
repulsion between two hydrogen molecules (Mason &
Hirschfelder, 1957; Magnasco & Musso, 1966). The
calculated repulsion energy of two H, molecules can be
fitted fairly well with a dumbbell model, provided the
repulsion centers are shifted into the bond by 0-07 A
(Williams, 1965). This shift places the repulsion center
coincident with the center of spherical electron density
found by Stewart, Davidson & Simpson (1965). In this
work we use calculated hydrogen attraction and repul-
sion centers located 1:027 A from carbon for aromatic
and 1-040 A from carbon for saturated hydrocarbons.

The calculated lattice energy, E, is set equal to the
observed heat of sublimation of the crystal corrected
for zero-point vibration. For the majority of these hy-
drocarbons heats of sublimation have been obtained
from the observed vapor pressure through the Clau-
sius-Clapeyron equation or some variation of it. We
agree with other workers (Thomson & Douslin, 1971;
Radchenko, 1971) that the heats of sublimation derived
from vapor pressure data are not very reliable.

Calorimetric measurements are more reliable, but
are difficult to find in the literature. Fortunately com-
plete calorimetric data are available for benzene as a
representative aromatic, and for the normal alkanes
from which we have chosen n-hexane as representative.
Our calculation plan is to use these two accurately
known heats of sublimation to scale our potential par-
ameters, and to use the heats of sublimation derived
from vapor pressure data only for checking purposes.
It is possible that in some instances our calculated
heats of sublimation may be more accurate than those
derived from vapor pressure data.

The details of the method of obtaining the static
lattice energy from calorimetric data have been pre-
sented by WL. The experimental data required are the
heats of melting and vaporization, the heat capacities
of the solid and gas, and the normal modes of vibration
of the solid and gas. We assume that the intramolecular
vibrational modes are not changed significantly in
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Fig. 1. The structural formulas of the compounds whose
crystal structures provided the observational equations.

Table 1. The calculated first derivatives of the lattice energy with respect to the structural parameters, based on
the potential parameters of Table 2

The units are kJ/mol, A, and radians.

Compound Reference 6,
Benzene Bacon, Curry & Wilson (1964) —2
Naphthalene Cruickshank (1967) 18
Anthracene Mason (1964) 46
Phenanthrene Trotter (1963) -6
Pyrene Camerman & Trotter (1965) 25
Chrysene Burns & Iball (1960) 45
Triphenylene Ahmed & Trotter (1963) -9
Perylene Camerman & Trotter (1964) 24
Ovalene Donaldson & Robertson (1953) 22
n-Pentane Norman & Mathisen (1964)
n-Hexane Norman & Mathisen (1961a) 9
n-Octane Norman & Mathisen (1961b) 5
Cubane Fleischer (1964)

Adamantane Donohue & Goodman (1967)
Congressane Karle & Karle (1965)

Bicyclopropyl Eraker & Rgmming (1967) 33

1-Biapocamphane
1-Biadamantane

Alden, Kraut & Taylor (1968) —9
Alden, Kraut & Taylor (1968) 3

—-26

6, 6, T, T, T a b c o« B y
-5 -1 -1 0 0
-2 -6 2 6 0 -6
-19 -6 -1 -3 14
19 -4 2 2 1 7 1 35
24 0 3 10 -11 0 1 3 30
—14 72 -3 6 0 -3
—48 -8 =7 -3 11 0 1 1
6 4 —4 6 0 1 1 -3 33
5 22 0o -7 0 28
11 0 —6 2 -1
9 =2 -2 7 1 -4 2 -3
2 -3 0 11 2 -5 -1 -8
22 0 —4
-1 -2 -2
1
1 4 1
-7 -1 11 7 6
0 -8 5 6 4
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going from the gas to the solid; WL found a small
change (2-1 kJ/mol) in the intramolecular vibrational
energy for n-hexane. The zero-point vibrational ener-
gies were found to be 2-78 kJ/mol for benzene (Naka-
mura & Miyazawa, 1969) and 2-09 kJ/mol for n-hexane
(WL). The heats of sublimation at 0°K were found to
be 49-52 kJ/mol (Oliver, Eaton & Huffman, 1948) for
benzene and 50-51 kJ/mol (Douslin & Huffman, 1946)
for n-hexane.

Our potential model is not completely consistent in
that the structural derivatives must be obtained from
crystals having a considerable amount of thermal mo-
tion, while the potential model does not include any
account of the effects of thermal motion. At the ex-
pense of additional complexity, an approximate reck-
oning of the thermal effects may be included (WL;
Williams, 1972a). We have not included any thermal
effects in the present calculations; where possible, crys-
tal structures determined at low temperature were used
to minimize the thermal motion. Therefore, the aver-
aged thermal effects will be incorporated into the
derived potential parameters.

The coulombic monopole interactions may be in-
cluded as a straightforward extension to include the
sums S, in the lattice energy. These are defined as

S.=1W Z q;qur !

for atoms (in different molecules) with point charges
q; and gq,, separated by distance r. The factor W allows
one to make some initial assumption about the distri-
bution of the ¢; and later scale this estimate up or down
while maintaining the relative charge relationships.

A commonly accepted value (Barrow, 1966) for the
C-H bond moment is 0:4 Debye units. For benzene,
this leads to point charges of +0-081 ¢ on C and H, or
a charge separation in the bond of 0-162 e. If we pre-
sume a similar charge separation occurs in n-hexane,
the charge on a methylene hydrogen is +0-054 and the
charge on the carbon is —0-108. For a methyl group
the charge on the hydrogen is +0-040 and the charge
on the carbon is —0-120. These estimates are based on
foreshortened C-H bond lengths (Williams, 1965) of
1-027 and 1-040 A, which are used throughout these
calculations.

The WL model is slightly different in that the charge
on hydrogen is kept constant, Thus, in their model a
methylene carbon would carry a charge of —0-22 e,
while a methyl carbon would carry a charge of —0-33 e.
We believe that the constant-charge-separation model
is physically more realistic. In anticipation of the re-
sults reported later, our observed W value of 4-9 more
than doubles the initial charge separation, making it
look much more like the WL result in magnitude.

All lattice sums were evaluated with convergence
acceleration (Williams, 1971). The convergence con-
stant, K, was set to 0-175 for both the dispersion and
electrostatic sums. The direct lattice sum was trun-
cated at 8 A, and the reciprocal-lattice sum was ignored.
The estimated accuracy of evaluation is at least 99 %.
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All calculations assumed the geometric-mean com-
bining law holds for attractions; i.e. Acy=(AccAuw)’?

The possible structural parameters are the three ro-
tations and the three translations of the reference mole-
cule (considered to be rigid) and the six lattice con-
stants. A listing of the structural parameters is given in
Table 1.

Results and discussion

The basis structural data provide 118 observational
equations, plus the two equations in the lattice energy
for benzene and n-hexane. These equations were fitted
by least squares, minimizing the function

G=>, w(gf»)z—k > W(E,—E,),

where the first sum is over the 118 structural derivative
equations, and the second is over the two lattice-energy
equations. The weighting factors, w, were set equal to
the inverse of the square of the estimated error in the
first derivatives. This error was estimated as

9E\ _ 4H{compound) _
7 ( 3;) ~ AH(benzene) for rotations and
translations,
and
1 4H{(compound) '
“p t ts.
p  AH(benzene) for the lattice constants

Table 2. Optimum values of the nonbonded potential
parameters (kJ, A, and e) and their estimated
standard deviations

Warshel & Lifson

Parameter This work (1970)
Acc 1-88 (14) x 103 5-18x10°
Aun 1-68 (11) x 10? 0-65 x 10?
Bee 2:99 (20) x 105 -
Bun 1-20 (5) x 10* -
de 0-358 (14) 0-33-0-44 (3-4)
dc 3-925 (19) 3-616 (40)
Edc —0-296 (30) —0:773 (7)
o 3-183 (30) 3-548 (40)
E%u —0-080 (10) —0-0108 (4)

Table 3. Trial calculations showing the relationship
between the coulombic field and the geometric-mean
law for repulsion, for N observational equations

Trial Data fitted N BCH/(BCCBHH)UZ de R
I  Aromatic 72 0-72 (0-00) 4-79
1II  Aromatic 72 (1-00) (0-00) 5-53
III  Aromatic 72 (1-00) 0-388 3.35
IV~ Saturated 46 1-20 (0-000) 2-56
V  Saturated 46 (1-00) (0-000) 2:57
VI Saturated 46 (1-00) 0-414 2:33
VII  Combined 118 0-67 (0-000) 4-54
VIII  Combined 118 (1-00) (0-000) 521
IX  Combined 118 (1-00) 0-358 326

JE
ap,

V1)

w2
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The weights w’ were set large enough to force E, equal
to E, within 0-01 kJ/mol; these two equations may be
viewed as side conditions (Waser, 1963).

Table 1 gives the final calculated values obtained for
the structural derivatives, based on the potential par-
ameters given in Table 2. The parameters shown in
Table 2 correspond to Trial IX of Table 3.

We particularly wished to investigate the relation
between coulombic interactions and the geometric-
mean combining law for repulsion. Earlier studies (Wil-
liams, 1966, 1967) had indicated that, in the absence of
coulombic effects in the potential field, better agree-
ment with experimental data was obtained by omitting
the geometric-mean combining law for By .Thus, Bcy
was allowed to vary independently of Bcc and Byy;
the observed values obtained for Bgy were much less
than predicted by the geometric-mean law. For the
presently considered data (Williams, 1970), Bcy was
found to be only 68 % of the predicted geometric-mean
value.

Coulombic interactions in hydrocarbons are such
that the C-.-C and H- - - H interactions are always re-
pulsive, while C- - - H is always an attractive interaction.
It can be seen that the presence of an additional attrac-
tive C---H interaction in the potential field, if ne-
glected, would lead to an anomalously low value for
Bcy. Conversely, if the C---H coulombic interac-
tions were included, By would increase in a compen-
satory manner to retain the observed structural par-
ameters. Thus, in the case of the lengths of the unit-cell
edges, a compensatory increase in B¢y would be re-
quired to offset the additional C- - -H attraction of the
coulombic interaction. The effect of coulombic inter-
actions on molecular rotation and translation in the
crystal would be difficult to predict without making a
detailed lattice summation calculation.

The local coulombic forces are quite significant, rela-
tive to the (exp-6) force field. In previous work it had
apparently been tacitly assumed that since the coulom-
bic contribution to the total lattice energy was negli-
gible, therefore the local coulombic forces were also
negligible. In the first place, we show here that the
coulombic energy is not negligible in all hydrocarbon
crystals, reaching a value of 29% of the total lattice
energy of benzene. It is true, however, that the coulom-
bic contribution to the lattice energies of n-pentane,
n-hexane, and n-octane is less than 1%.

The potential parameters leading to the above con-
clusions show that the following forces are exerted be-
tween C and H which are 3:0 A apart: force (exp-6)=
—13-0 kJ/mole A; force (coulombic)= +4-4 kJ/mole
A. Thus the local coulombic force is quite significant
relative to the (exp-6) force. In fact, at the minimum
of the (exp-6) potential, the (exp-6) force is zero, while
the coulombic force is still +3-1 kJ/mole A.

It seemed possible that the apparent failure of the
geometric-mean combining law for repulsions could
have been caused by the neglect of coulombic inter-
actions. From the phenomenological or inductive
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point of view, the assumption of point charges on the
atoms (not necessarily physically present) could allow
the geometric-mean combining law to hold, which
would be very convenient for calculations in that the
number of independent parameters in the force field
would be reduced.

In order to test these ideas we made several least-
squares fits to the observational equations. We also
were concerned with the possibility that Acc and/or Bec
might be different for aromatic and saturated carbon
atoms. Table 3 shows the results obtained with various
assumptions about the potential field for the aromatic,
saturated, and combined data.

Trials I, IV, and VII show the results with no coul-
ombic field and no geometric-mean assumption for
Bcy. For the aromatic and combined data Bey is 0-72
and 0-67 of the geometric-mean value, while for the
saturated data By is 1-:20 of the geometric-mean value.

Trials II, V, and VIII show the effect of imposing the
geometric-mean assumption. In each case the agree-
ment becomes less good as indicated by an increase in
the discrepancy index, R. The change is smallest for the
saturated hydrocarbons. This decrease in agreement
with the experimental data had led us to conclude pre-
viously that the geometric-mean law fails for repulsions.
The small change in R for the saturated data indicates
that this data subset does not define By very well, and
that the observed Bcy/(BccBuw)'/? ratio of 1-20 for the
data subset has a large error limit.

Table 4. The observed heats of sublimation from
pressure data and the calculated lattice energies and
their coulombic contributions (kJ)

Compound AH; —E(calc.) — E(coul.) Reference
Benzene (52:3%) 52-3 15-4 a
Naphthalene 724 79-6 20-0 b
Anthracene 102-1 108-0 29-2 b
Phenanthrene 86-6 103-7 273 b
Pyrene 100-4 103-3 18-1 c
Chrysene 118-8 135-6 374 d
Triphenylene 114-6 1207 19:6 d
Perylene 129-7 134-1 20-2 c
Ovalene 211-7 188-2 13-2 c
n-Pentane 41-5% 43-5 0-1 a
n-Hexane (52:6%) 52:6 00 a
n-Octane 66-4F 68-5 —01 a
Cubane - 57-2 —01
Adamantane 62:3 178 611 e
Congressane - 102-6 14-0
Bicyclopropyl - 57-4 1-4
1-Biapocamphane - 111-7 1-0
1-Biadamantane - 135-5 13-5

References
(@) U.S. National Bureau of Standards (1947)
(b) Bradley & Cleasby (1953)
(¢) Inokuchi, Shiba, Handa & Akamatsu (1952)
(d) Hoyer & Peperle (1958)
(e) Bratton, Szilard & Cupas (1967)

* Calorimetric result, including zero-point correction, which
was fitted.
1 Calorimetric result, no zero-point correction.
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Trials III, VI, and IX show the effect of the coulom-
bic field. The R values are much improved for all three
data sets, even though B, was held to the geometric-
mean value. Allowing Bcy to vary independently, in
addition to allowing for the effect of the coulombic
field, resulted in practically no further improvement in
R. These results indicate that the (exp-6-1) potential
field is more compatible with the data than the (exp-6)
field with or without the assumption of the geometric-
mean combining law for repulsions. Further, there is
no need to relax the geometric-mean requirement for
By, if coulombic effects are included.

The values found for the charge separation param-
eter, de, are remarkably similar for the three data sets,
ranging from 0-358 to 0-414 e. WL, using a slightly
different scheme for the charge distribution, also found
a charge separation in the range 0-33-0-44 e for satur-
ated hydrocarbons. Our results indicate that this much
charge separation is also an appropriate potential
field for aromatic hydrocarbons as well.

One of the most surprising results of this work is the
unexpectedly large coulombic contribution to the lat-
tice energy of hydrocarbons. All of these molecules are
electrically neutral and are separated by relatively large
van der Waals distances, as compared to bonded dis-
tances. Yet, the coulombic contribution ranges up to
29 % of the total lattice energy. Table 4 shows the cal-
culated coulombic energy contribution to each of the
18 crystalline hydrocarbons which were studied.

Of the compounds studied, benzene has the largest
coulombic contribution to the lattice energy (29 %),
while the straight-chain aliphatic hydrocarbons, n-pen-
tane, n-hexane, and n-octane, have a negligible contri-
bution, even though they are assigned the same charge
separation parameter as benzene. There seems to be a
trend toward larger coulombic contributions in the
aromatics. However, ovalene (an aromatic) has only

Il !
20 2.5 3.0 3.5 4.0 45

Fig. 2. The pair potential energy (kJ/mol) versus interatomic
distance (A). The two curves to the left are for H- - - H inter-
actions, and the two curves to the right are for C- - - C inter-
actions. The solid curves give the results of the present work,
and the dashed lines give the results of Warshel & Lifson
(1970).

a 7% contribution, while congressane (a saturated hy-
drocarbon) has a 14% contribution. It appears that a
detailed calculation must be made for each structure of
interest to evaluate the importance of the coulombic
contribution to the lattice energy.

The comparison of the calculated lattice energy, in-
cluding the coulombic contribution, with the observed
heats of sublimation is satisfactory. As mentioned
above, heats of sublimation derived from vapor pres-
sure data have been subject to large errors, and were
not fitted in this work. In Table 4, a zero-point vibra-
tional energy correction needs to be added to 4H; in
column 2, which improves the agreement in every case
except ovalene, for which the calculated energy is
smaller than the observed 4H,. We think that the cal-
culated values in Table 4 may be more accurate than
observed values obtained from vapor pressure data.

The observed charge separation of this potential
field leads to a C-H bond moment of 0-88D, compared
to the commonly quoted value of 0-4D. We expect that
interesting results will also be obtained for the charge
distributions and bond moments in crystals containing
molecules with nitrogen and oxygen atoms, as well as
carbon and hydrogen. In particular, the method can
also serve as a probe for obtaining a better potential
field for coulombic interactions in hydrogen bonds.

Comparison with the WL force field

Of the many sets of nonbonded potential parameters
presented in the literature (Brant, 1972), we selected
the WL field as one of the best available for detailed
comparison with the present results. Fig. 2 shows the
(n-6) parts of the WL potential energy, as compared
with our results. There is a rather large difference in
the C-..C potential curves, with the WL potential
having more attraction and less repulsion than ours.
We note that our potential is reasonably compatible
with the interplanar spacing in graphite (Crowell, 1958)
while the WL potential leads to a graphite spacing
which is too small. Of course, the graphite interlayer
spacing was not included as an observational quantity
in either work, but it may be useful for checking pur-
poses. Since the heat of sublimation of graphite (the
interlayer energy) is not accurately known, little can be
said about the depth of the C- - - C potential based on
the graphite structure. We note that at short repulsive
distances the forces (slopes) are similar. This is consis-
tent with the observation of WL that the Williams
(1967) C---C potential, which is similar to the one
presently reported, satisfactorily accounted for their
geometric molecular strain data involving short C- . -C
contact distances.

Our H- - -H potential is slightly more repulsive, and
is deeper than that of WL. Again the forces at short
H...H distances are similar. We had noted in our
previous work a tendency of the C-...C potential to
deepen and the H---H potential to become shallow
(Williams, 1970). This effect was ascribed to a reduc-
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tion in the magnitude of the second derivatives of the
lattice energy which was made possible by such an
energy redistribution. Our data set includes both
aromatic and saturated structures; we believe that the
inclusion of the aromatic structures is beneficial in
contributing significant short C---C and C- - -H con-
tacts which are not usually found in the saturated
structures only. We have also included a wider variety
of saturated structures than WL.

The inclusion of spectroscopically observed vibra-
tional frequencies as data is permissible and desirable;
unfortunately our computer programs are not presently
set up to also include this data. WL found that our
earlier reported (exp-6) potential (Williams, 1967) did
lead to reasonable agreement with their vibrational
frequency data.

We have, on the other hand, used in this work aro-
matic hydrocarbon data and molecular orientation in-
formation not utilized by WL. It has been pointed out
frequently (Williams, 1966; Brant, 1972) that there are
large correlations between individual potential param-
eters and one should not ascribe too much significance
to differences between individual parameters. Table 2
shows for example that the differences between our
set of parameters and those of WL are of the order of
ten to twenty standard deviations. Yet the two sets of
parameters each describe the observed structure of
n-hexane with about the same accuracy.

The choice of nonbonded potential parameters is
dictated by a wide variety of factors. We have used
here a set of five adjustable parameters for hydrocar-
bons. No direct thermal or intramolecular effects were
included in the observational equations or in the
potential model. On the other hand, the WL potential
field for hydrocarbons is specified by 23 adjustable
parameters. Clearly, if one is interested in thermal and
intramolecular effects a larger number of parameters
are needed. If the mathematical form of the potential
field is approximately correct, a larger number of ad-
justable parameters should lead to better agreement
with the data set used. As for our five-parameter force
field, there is no difficulty in principle in extending the
treatment to include the observed lattice vibrational
frequencies; also, an approximate method of treating
thermal expansion without the introduction of addi-

CRYSTALLINE HYDROCARBONS

tional adjustable parameters is available; and sub-
group rotations may be added to our potentials by
adding only one parameter per subgroup (Williams,
1972b).

A final test of the nonbonded parameter set is the
calculation of the observed crystal structure by min-
imization of the energy (or free energy, depending on
the parameterization). Table 5 shows the results ob-
tained for n-hexane with the present parameters
(shown in Table 2) and the results reported by WL.
The Table also shows our results for a representative
aromatic hydrocarbon structure, benzene.

There seems to be little difference between our
highly simplified five-parameter potential field and the
23-parameter WL potential field, as far as the n-hexane
crystal structure is concerned. For benzene, the same
five-parameter potential also gives fairly good agree-
ment, with the worst discrepancy occurring in the b
lattice constant.

Additional columns in Table 5 show the results
when the summation limit is set at 6 A (rather than
8 A) and the convergence constants set to 0-2 (rather
than 0-175). It is interesting that the effect of chopping
off the lattice sum actually improves the agreement
with the observed crystal structure of benzene. WL
also comment on this point in a footnote in their paper.
Certainly this circumstance provides a practical argu-
ment for using the 6 A limit (with convergence accelera-
tion), since large amounts of computer time are therety
saved. As can be seen from the Table, the results for
n-hexane are changed very little in going from the 8 A
to the 6 A summation limit.
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Anisotropic Corrections of Measured Integrated Bragg Intensities for Thermal
Diffuse Scattering—General Formula
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The correction of measured integrated intensities for the first-order thermal diffuse scattering (TDS) is
considered on the basis of the existing theory of X-ray thermal diffuse scattering for an elastic wave of
long wave length. Generalized formula for the TDS correction « is found to be represented by a qua-
dratic form in the Miller indices 4, k,/and a tensor AB, as « = Af;1 4> + APak* + ABs3l? + 24B 0k + 24853k 1 +
24Bs1lh. AB is a tensor introduced in this paper which characterizes the anisotropy of the TDS correction.
The form of the tensor AP is shown to depend only on the crystallographic system. The relation between
AP and the temperature-parameter tensor is presented.

Introduction

Recently remarkable progress has been made in the
accuracy of crystal structure analysis by means of X-
ray diffraction from single-crystal specimens. Even for
organic crystals and minerals, if they are not too com-

plicated, it is becoming possible to investigate bonding
electrons between atoms and lone-pair electrons (e.g.
Iwata & Saito, 1972) by analysis of charge-density
distributions. In such analysis the reliability of the
result depends on the accuracy of the observed struc-
ture factors and a significant point in the discussion



