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Lattice dynamics of the ethylene crystal with interaction 
potentials from ab initio calculations

T. Wasiutynski,a) A. van der Avoird, and R. M. Berns

Institute o f  Theoretical Chemistry, University o f  Nijmegen, Toernooiveld, Nijmegen, The Netherlands 
(Received 18 May 1978)

The long range (electrostatic, dispersion, induction) and short range (exchange and penetration) 
interaction energy between ethylene molecules has been calculated by ab initio methods as a function of 
the molecular orientations and distances. The results, when fitted with an exp-6- 1 atom-atom potential 
and used in a harmonic lattice dynamics calculation on the ethylene crystal, yield fair agreement with the 
experimental structure data, ir and Raman phonon frequencies. Although the fit with the atom-atom 
potential is reasonably good, some specific deviations from the ab initio results indicate the importance of 
the effects of chemical bonding on the intermolecular potential (leading to noncentral and nonpairwise 
additive atom-atom forces). The usual empirical atom-atom potentials are grossly corroborated, their 
main defect being the neglect or underestimate of electrostatic (quadrupole-quadrupole) interactions.

I. INTRODUCTION
Practically all calculations to date on the lattice s ta 

bility and dynamics of molecular crystals have used 
simple empirical expressions for the interaction poten
tial between the molecules. Very popular, for instance, 
is the use of so called atom-atom potentials1 of the Len- 
nard-Jones (12-6) or Buckingham (exp-6) type. The pa
ram eters  occurring in these potentials are derived 
from experimentally known crystal data, such as the 
structure, the cohesion energy, the elastic constants,2-4 
or sometimes they are obtained by fitting the calculated 
lattice frequencies to measured ir and Raman spectra3 
or to phonon dispersion curves from inelastic neutron 
scattering. 6

It is not certain that these empirical potentials c o r r e 
spond with the '‘r e a r ’ interaction potential between the 
molecules, first of all, because the atom-atom potential 
model still lacks a sound physical basis and has never 
been thoroughly tested7 and, secondly, because the c ry s 
tal properties may not be equally sensitive to all aspects 
of the interaction potential. Some interactions, the e lec
trostatic forces for example, may to some extent a v e r 
age out in the crysta l8 and it is typical that in many of 
the empirical potentials1,2 these forces are left out 
completely, while the potentials still yield a reasonable 
description of several crystal properties.

For small, mostly diatomic molecules more detailed 
information about the interaction potential is becoming 
available, from beam scattering experim ents ,9,10 r e 
laxation m easurem ents11 and spectroscopic studies. 12,13 
Only for the simplest case of the H2 molecule, however, 
one has now rather good knowledge of the shape and the 
anisotropy of the interaction potential mainly as a r e 
sult of ab initio calculations on the H2- H 214-20 and 
H2-He 19-25 interactions. Some of this information has 
already been used in lattice dynamics calculations on 
solid H2. 26,27

It is important to obtain similar information about the 
intermolecular interaction in the hydrocarbon crystals, 
in view of the various physically interesting effects d is 
played by these crystals. They have been subject of

^ P r e s e n t  address :  Institute of N uclear  Physics,  Krakow, 
Poland.

extensive semiempirical studies, 1-3, 28-37 especially by 
Williams2, 3, 28-30 who has been using atom-atom poten
tials with carefully optimized empirical parameters. 
Although Williams’ calculated results show a nice quan
titative agreement with the experimental properties con
sidered (which have been used, for the main part, in the 
parameter fit), the remaining discrepancies30 indicate 
already that the empirical atom-atom potentials must 
still be deficient in some respects.

Therefore, we thought it useful to perform an ab initio 
study of the interaction between ethylene molecules and 
to apply the results to a calculation of the structure and 
the dynamics of the ethylene crystal. This study is a 
continuation of earl ie r  ab initio work on the ethylene 
d im er8, 38-40 and the crystal. 8 Thus, we can find out in 
how far the atom-atom potential model can be theoreti
cally justified, how the empirical param eters  compare 
with the theoretical results and which are the deficien
cies of the model that must be corrected. On the other 
hand, since several experimental properties have been 
measured on solid ethylene, the crystal results  provide 
a check on the accuracy of our ab initio calculations.

A similar study, concerning the static crystal prop
erties, has recently been carried  out for some hydro
gen bonded sy s tem s .41,42

II. AB INITIO  CALCULATIONS OF THE ETH YLEN E-  
ETH YLEN E INTERACTION
A. Procedure and results

Although our f irs t  calculation of the ethylene-ethylene 
interaction potential38 was actually the most elegant one, 
since it yielded all short range (exchange and penetra
tion) and long range (electrostatic, induction and d ispe r
sion) interactions in the single consistent formalism of 
the Multistructure Valence Bond method, further ab 
initio calculations39,40 and some preliminary lattice dy
namics studies have shown that the basis set employed 
originally was too small. As a result we had underesti
mated both the (first order) exchange repulsion and the 
(second order) induction and dispersion attractive in te r 
actions. Therefore, we have extended the basis and 
we have performed the calculation of the f irs t  order and 
second order interaction energy separately, for several 
intermolecular distances R and for several orientations, 
SlA and of the ethylene molecules in the dimer.
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The first  order energy, defined as:

¿E{i>(R,nA,ciB) = (aii4>i$\HAB\a44>tfs)
(l)

was calculated “exactly, ”43 which means that all occur- 
ring one- and two-electron integrals were accurately 
evaluated and that the result is valid at all distances.
The ethylene monomer wave functions, ipft and 4’q , were 
taken as ground state H artree-Fock  MO-LCAO wave- 
functions (Slater determinants), the operators HAB, HA 
and Hb are the dimer and monomer Hamiltonians, r e 
spectively, and a is the antisymmetrizer over the dimer 
(including normalization). For the expansion of the 
MO?s a double-zeta basis of Gaussian type atomic orbit
als (basis B of Ref. 39) was used and sometimes, 44 for 
comparison, also a still more extended basis containing 
3d orbitals on C and 2p on H (basis C of Ref. 39).

This f irs t  order energy comprises an electrostatic 
component, A Z s^ , which is obtained from expression 
(1) by substituting the identity operator for G, and a 
short-range exchange contribution, A£(eJ ^ A £ ll)
-AEeJeo arising from the antisymmetrization. For 
large distance the electrostatic energy can be approxi
mated by the multipole expansion:

¿ ¿ l i t  = c 5(ü a, n B)R-> + c T(nA, n B)R-‘ +-5 -7 • • (2 )

and the deviation, is due to the
penetration between the charge clouds A and B , at short 
distance. The two leading term s in the multipole in te r 
action energy, have been calculated in Refs. 8 
and 39 for the same basis sets. All the f irs t  order r e 
sults have been collected in Tables I and II.

The second order energy was calculated in the multi- 
pole expansion, truncated after the two principal terms:

-6 -8 (3)

and the second order Rayleigh-Schrodinger perturba
tion expressions for the orientation dependent coeffi
cients C6 and C8 were also evaluated by ab initio calcu
lations. To this end, Mulder et al. 39,45 have used anoth
er basis set (D of Ref. 39), which is also an extension 
of basis B with 3d orbitals on C and 2pys on H with the 
purpose of providing a nearly complete set of virtual 
states in the second order expression .39 As a check on 
this basis several completeness tests have been p e r 
formed and the calculated molecular dipole polarizabil- 
ity of ethylene = 26. 5 a. u . , oiyy= 41. 1 a. u . , a zz 
= 23. 2 a. u. ) agrees ra ther well with experiment46,47 
(axx = 26. 1 a. u . , a yy= 3 6 .4  a.u. , a ez = 23. 0 a. u. ). Also 
the orientationally averaged C6 plus C8 contribution40 
is in good agreement with the experimental result from 
viscosity d a ta .48 The calculation of the separate contri
butions to A£(2), i. e . , the induction and the dispersion 
energy, for several conformations of the ethylene dimer 
is described in Refs. 8 and 39 and some results  are 
listed in Table III.

B. Conclusions

Although we cannot be certain about the accuracy of 
the ab initio interaction energies listed in Tables I, II 
and III, we have tried to make some estimates of this 
accuracy.

The calculated molecular quadrupole moment, Q2to, 
agrees fairly well with the experimental value49 and 
hardly changes when the AO basis set in the calculations 
is further extended. Also the different firs t  order ener- 
gy contributions A£(eJ>h, A.E‘1’*., A S ^ , ,  A £ ^  are prac- 
tically insensitive to basis set extension and so we ex
pect both the long range interaction, A ^ t ,  which is 
nearly equal to A ^ j ^  for large R , and the “overlap” 
contributions A£(ê h and AEP(̂  to be rather accura te . The 
main e r ro r  in these f irs t  order results is caused by the ne
glect of the intramolecular electron correlation and, on 
the basis of experience with smaller molecules, we e s 
timate this e r ro r  to be not larger than 10% of the in te r
action energy in the whole region of interest.

The same agreement with the scarce experimental 
quantities available is found for the second order prop
erties: the dipole polarizability39 and the isotropic .C6 
value.40 Also it was checked that the second order r e 
sults are practically “saturated” with respect to basis 
set extension. In contrast with the first  order energy, 
however, which was evaluated exactly, the second order 
energy was calculated in the multipole expansion only. 
This implies the neglect of charge overlap effects so 
that, formally, the results  are just valid for large d is 
tances. Moreover, the multipole expansion was trun
cated after the first two term s, while we found39 that 
this expansion converges rather slowly for short d is 
tances. The resulting e r ro rs  must cancel to some ex
tent, though, and we estimate on the basis of previous 
studies8,39,40 that the maximum e r ro r  in the second en
ergy, which occurs for the nearest neighbor contacts 
in the ethylene crystal, is still not larger than about 
20%.

As we have indicated in Table III, the induction energy 
is only a very small fraction of the total second order 
interaction, so that it can be neglected with respect to 
the dispersion energy.

. A N A LYTIC  FIT BY ATOM-ATOM POTENTIALS

A. Fitting procedure and results

Since the atom-atom potential model has been exten
sively applied (with empirical parameters) and since it 
is ra ther convenient for lattice dynamics calculations, 
we have chosen this model to fit our ab initio calculated 
interaction potential between two ethylene molecules. 
The interaction energy between two molecules, A and
B, is written as:

A E AB * ViJ (4)

with

Vu(ru ) = q lq jr i) - A u r ^  + B u  e x p ( -Cu r u ) ,-G (5)

where the f irs t  term  in Vu should account for the e lec
trostatic energy between two atoms with net charges q{ 
and qj at a distance r iJy the second term for the long 
range attractive interactions and the last term  for the 
short range repulsions. At first, we have tried to fit 
the total f irs t  plus second order interaction energy by 
adapting all param eters  at once, but as there is a high 
degree of correlation between the fit param eters  we 
have used the following procedure.
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TABLE I. E lec tros ta t ic  energy.

Dimer geometry* 

QA, t t B R( bohr) (kcal/mole) (kcal/mole)
A-Ef i ' 0 C

(kcal/mole)
A£fit o d’e
(kcal/mole)

7 0.5226 0.4959 0.9799 0.8990
8 0.5008 0.3953 0.5534 0.5221

1 1 0 0.20S5 0.1S82 « 0.2049 0.2009
1 2 • • # 0.0857 0.0884 0.0888
15 • • • 0.0312 0.0308 0.0316
2 0 • • • 0.0080 0.0077 0.0080

% 7 0.2434 0.4729 0.5119 0.4791
8 0.2963 0.2932 0.3224 0.3060

II f 1 0 0.1439 0.1324 0.1394 0.1358
1 2 • • • 0.0657 0.0665 0.0661
15 # # • 0.0259 0.0254 0.0258
2 0 • • • 0.0072 0.0068 0.0071

7 - 3 .1 9 5 8 - 0 .  1552 - 0 .3 0 6 7 - 0 .4 4 0 2
8 - 0 .6 1 7 0 - 0 .  1639 -  0.2074 -  0.2934
9 — 0.1851(—0.1907) - 0 .1 2 3 0 - 0 .1 3 6 4 - 0 .1 9 2 0

HI 1 0 — 0.0964(— 0. 0997) -  0.0861 -  0.0902 - 0 .1 2 6 8
1 2 •  • • - 0 .0 4 1 7 - 0 .0 4 1 7 - 0 .0 5 8 5
15 •  • # - 0 .0 1 5 6 -  0.0152 - 0 .0 2 1 4
2 0 • • • -  0.0040 - 0 .0 0 3 9 - 0 .0 0 5 5

7 - 3 .7 0 2 9 -  0.2056 -  0.3865 - 0 .4 8 8 7
8 - 0 .6 9 8 6 - 0 .1 8 2 9 -  0.2335 - 0 .2 9 1 8

IV 1 0 - 0 .1 0 3 3 - 0 .0 8 9 8 -  0.0938 - 0 . 1182
1 2 •  •  • -  0.0426 - 0 .  0422 - 0 .0 5 3 8
15 •  •  • - 0 .0 1 5 7 - 0 .0 1 5 2 - 0 .0 1 9 6
2 0 •  •  • - 0 .0 0 4 1 -  0.0039 -  0.0051

7 - 3 .4 6 1 4 0.5866 1 . 0 2 1 1 1.3843
8 - 0 .2 0 5 0 0.3056 0.4241 0.5392

V 1 0 0.1176 0.1019 0.1119 0.1266
1 2 •  •  • 0.0414 0.0413 0.0437
15 •  •  • 0.0137 0.0130 0.0131
2 0 •  •  • 0.0033 0.0030 0.0030

7 - 3 .2 8 4 7 - 0 .6 6 1 5 - 0 .6 1 2 3 - 0 . 8981
8 - 0 .6 3 5 9 - 0 .2 3 4 7 -  0.2266 - 0 .3 6 5 3

VI 1 0 - 0 .0 4 6 1 -  0.0366 -  0.0367 - 0 .0 7 1 1
1 2 •  •  • - 0 .0 0 5 9 -  0.0062 - 0 .0 1 6 6
15 •  •  • 0.0004 0.0003 - 0 . 0 0 2 1
2 0 #  •  • 0.0006 0.0005 0 . 0 0 0 1

7 •  #  • 0.7039 1.3373 2.6724
8 - 2 .7 7 2 4 0.3535 0.5116 0.9006

VII 9 - 0 .1 6 8 8 0.1933 0.2370 0.3842
1 2 t  t  • 0.0447 0.0452 0.0668
15 •  •  • 0.0145 0.0140 0.0204
2 0 •  •  • 0.0034 0.0032 0.0047

7 •  •  • -  0.0231 - 0 .3 0 6 0 - 0 .0 5 5 3
8 •  •  • - 0 .  1067 - 0 .1 8 9 8 -  0.0520

XII 1 0 •  •  • - 0 .0 7 1 5 -  0.0789 - 0 .0 3 1 8
1 2 •  •  • -  0.0367 -  0.0363 - 0 .0 1 7 5
15 •  •  • - 0 .0 1 4 2 - 0 .0 1 3 3 - 0 .0 0 7 3
2 0 •  •  • - 0 .0 0 3 8 -  0.0035 -  0 . 0 0 2 1

crg •  •  •

O
•

o

0 .036 0.23

^ h e  orientations of the molecules numbered by the Roman figures a re  indicated
schem atica lly  in Fig. 2.

bF rom  ab initio calculations; definitions, see the text. The GTO basis  used is: C (9 ,5 /4 ,2 ) ,  
H(4/2) (Ref. 39, basis  B), for the re su l ts  in paren theses :  C(9, 5, 1/4, 2,1), H (4 ,1 /2 ,1 )
(Ref. 39, basis  C).

cAtom—atom fit with the point charges  shifted from the nuclei, see Fig. 1. This fit was made 
for  the d is tances R = 12, 13, 14, 15, 16, 18, 20, 22 bohr.

dA to m -a to m  fit with the point charges  on the nuclei.  The sam e dis tances w ere  used in the fit 
as in c).

eThe em pir ica l  a tom —atom potential (D from  Ref. 29 yields an e lec tro s ta t ic  energy  which dif
fe rs  from this fit by exactly a factor of 0. 37. This leads to a root mean square  deviation
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TABLE I (Continued)

cr= 0 . 62 with re sp ec t  to
f F or  this orientation R is the d istance between the two m olecular planes 
^The root mean square  re la t ive  deviation is defined as:

a =
^ n A,nB mult

1/2

where the sum m ations run over all the orientations (ft^, i2B) in this table and the dis tances 
R = 12 — 22 bohr (A ^= 8 ). The summation over the orientations was c a r r ie d  out before taking 
the ra t io s ,  since for some orientations the e lec t ro s ta t ic  energy is very close to zero.

TABLE II. Short range energy.

Dimer geom etry 1  

£lA,£lB Ä(bohr)
A £ (1) b 
(k c a l /mole)

0

A p (1 ) C
•*-' short range

(kcal/mole)
A £ f n o d
(k ca l /mole)

A-Efuo0
(k ca l /mole)

A ^empiricalO 
(kcal/mole)

A -^empiricalQ
(kcal/mole)

7 2.4498 1.4699 1.4198 0.7830 0.4604 0.4435
I 8 0. 8685 0.3151 0.2742 0.1495 0.0709 0.0685

1 0 0.2182 0.0133 0 . 0 1 0 1 0.0054 0.0017 0.0016

7 1.4151 0.9032 0.9704 0.5552 0.3185 0.3148
IIh 8 0.5199 0.1975 0.1919 0.1078 0.0501 0.0496

1 0 0.1498 0.0104 0.0074 0.0040 0 . 0 0 1 2 0 . 0 0 1 2

7 7.1000 7.4066 6.6205 5.6981 4.4580 5.2510

III
8
9

1.2387
0.1098 (0.1021)

1.4461
0.2462

1.2806
0.2454

1.0863
0.2026

0.7173 
0.1126

0.8543
0.1349

1 0 -  0 . 0 5 5 5 ( - 0.0588) 0.0347 0.0468 0.0373 0.0174 0.0209

7 7.6388 8.0251 6.7170 6.6206 5.2915 6.5263
IV 8 1.2821 1.5155 1.2934 1.2059 0.8153 1.0032

1 0 -  0.0605 0.0333 0.0470 0.0394 0.0188 0.0230

7 17.3186 16.2972 15.4433 18.1144 21.9214 25.7024
V 8 2.9360 2.5118 2.5771 3.0438 3.2852 3.8871

1 0 0.1705 0.0586 0.0745 0.0858 0.0719 0.0861

7 7.1250 7.7372 8.2481 10.0932 9.2440 11.6088
VI 8 0.6744 1.2963 1.6617 2.0217 1.7096 2.1391

1 0 - 0 .0 1 4 2 0.0225 ' 0.0604 0.0699 0.0487 v 0.0605

8 12.4209 11.9094 10.8979 12.2708 13.6009 16.0984

VII 9 1.9890 1.7521 1.8549 2.0806 2.0207 2.4152
10.5 0.1902 0.0956 0.1340 0.1452 0.1145 0.1381
11.5 0.0734 0.0164 0.0236 0.0247 0.0168 0.0203

8 7.8373 8.1044 8.0638 9.4368 8.8979 11.0085

VIII 9 1.1378 1.2354 1.5248 1.7505 1.4834 1.8337
10.5 0.0321 0.0548 0.1208 0.1320 0.0937 0.1155
11.5 -  0.0053 0.0028 0 . 0 2 2 1 0.0231 0.0144 0.0177

(71 •  •  # 0 . 0 0.13 0.33 0.45 o! 53

aThe orientations (ilA, of the molecules a re  indicated schem atica lly  in Fig. 3. 
bF rom  ab initio calculations, basis  B; re su l ts  in paren theses  with basis C (see Table I).
'Defined as: A £^>r t ^  = A £ (l) -  A £^>ntchiree, where A £ ^ [ ntchaxge is the e lec tro s ta t ic  energy from the best long- 
range fit to the ab initio  re su l ts  in Table I, fit Q .

dA to m -a to m  fit to ^ E ^ )ortnnee (for the sh o r te s t  two d is tances ,  R) as descr ibed  in the text, but without averaging 
constra in ts  for the C—H p a ra m e te r s .

eSame a s d with averaging constra in ts  for the C—H p a ra m e te rs .  
fF ro m  Williams (Ref. 28). 
gF rom  Williams (Ref. 29).
hF or  this orientation R is the distance between the two m olecular planes.
^ h e  root mean square  re la tive deviation:

a-
(l)

f i t  ^ s h o r t  range^

(A£<1> , )2short range

1/2

for the sm a l le s t  two d is tances  {N= 16).

J. Chem. Phys., Vol. 69, No. 12, 15 December 1978
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TABLE III. D ispersion energy.

Dimer geometry3-

Z?(bohr)
A E a)b  
(kcal/ mole)

A£fitO°
(kcal/mole)

A ̂ empirical ©
(kcal/mole)

A -^empirical O
(kcal/mole)

1 2 0.0782 0.0804 0.0626 0.0600
I 15 0.0203 0.0219 0.0172 0.0166

19 0.0049 0.0055 0.-0043 0.0041

1 2 0.1487 0.1457 0.1207 0.1226
IX 15 0.0348 0.0323 0.0264 0.0264

19 0.0077 0.0070 0.0056 0.0056

- 1 2 0.1163 0.1160 0.0936 0.0926
III 15 0.0280 0.0280 0.0225 0 . 0 2 2 2

19 0.0063 0.0064 0.0051 0.0050

1 2 0.1646 0.1686 0.1460 0.1542
X 15 0.0378 0.0346 0.0289 0.0296

19 0.0083 0.0072 0.0059 0.0059

1 2 0.1323 0.1332 0.1124 0.1162
•

V 15 0.0314 0.0304 0.0252 0.0254
19 0.0070 0.0067 0.0055 0.0055

1 2 0.0826 0.0845 0.0669 0.0650
XI 15 0.0213 0.0227 0.0179 0.0175

19 0.0051 0.0056 0.0045 0.0043

1 2 0 . 1S06 0.1857 0.1586 0.1656
■VII 15 0.0415 0.0375 0.0311 0.0317

19 0.0091 0.0076 0.0062 0.0062

1 2 0 . 0 S8 8 0.0S95 0.0720 0.0711
XII 15 0.0225 0.0235 0.0188 0.0185

19 0.0053 0.0057 0.0046 0.0045

crf 0 . 0 0.071 0 . 2 0 0 . 2 1

aThe orientations f2A, of the molecules a re  indicated schem atically  in Fig. 4. 
bFrom  ab initio calculations in the multipole expansion (see text) using the nonem pirical  mean 
energy approximation with basis  set D (see Ref. 39, formulas 4 and 5). The induction energy 
is not tabulated since it is always sm a l le r  than the d ispers ion  energy by a fac to r  of 35 or m ore .  

cAtom—atom fit for R= 12, 13, • • • , 19 bohr as descr ibed  in the text. 
dF rom  Williams (Ref. 28). 
eF rom  Williams (Ref. 29).
fThe root mean square  re lative deviation u is defined as in Table II, for R= 12, 13, • • • , 19 
bohr (N= 64).

(i) The first  order electrostatic energy as calculated 
in the multipole expansion, for several confor
mations for R = 12. 0 to 22. 0 a. u. (see Table I) is fitted 
by the term:

v a = ch (i ir u » (5a>
which contains the following fit parameters for every 
atom i : the charge q{, and the coordinates (xi9y {) that 
fix the position of the charge i , which is displaced in 
the molecular plane with respect to the corresponding 
nucleus. (See Fig. 1. )

Altogether, because of symmetry and charge neutrality, 
this yields four independent fit param eters for the ethyl
ene molecule.

A model with the charges centered on the nuclei con
tains only one independent parameter, which could be 
fitted to the main component Q2,o the molecular 
quadrupole moment, for instance. Such a model could 
not correctly represent the electrostatic interaction as 
a function of the molecular orientations, however.8 The 
fit to the electrostatic interaction is much improved by 
the present 4 -param eter model with the shifted charges

(Table I, Fig. 2). A model with the charge centers d is 
placed from the nuclei is also physically reasonable, 
since it reflects the effects of the chemical bonding.

We have chosen to fit only the long range part of the 
electrostatic energy, Ai?^*, which is nearly equal to 
A-Eeilc f°r  large R, because for shorter distance the ex
actly calculated behavior of could not be c o r re c t
ly represented by the point charge model. This is due 
to the penetration between the charge clouds: the devia-
tion of AjBji’tat ctareo from ^ e i ’ec begins to occur at the 
same distance as the deviation between Ai?*}^ and AZsj^n. 
This penetration interaction is a short range effect, it 
has about the same distance dependence as A£cê h, and 
so we have added the difference ( A i ? ^  -  AE„l\nt charge) 
to the short range exchange repulsion, A£(e3[J.h. 50 The 
sum of these two overlap contributions has been fitted 
with an exponential function (ii).

(ii) The short range interactions arising from pene- 
tration, A£‘J’ec -  AEl "lni charge, and from exchange,
A£(8Jlch) have been fitted by:

exp(- Cu r u ) . (5b)

J. Chem. Phys., Vol. 69, No. 12, 15 December 1978
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FIG. 1. Point charges  (in unit charges) and coordinates (in 
Â) in the ethylene molecule. The charges  q' with positions 
@  and (ÎP), which a re  shifted with re sp ec t  to the nuclei (T) and 
(h) a re  obtained from the best fit of the long range e le c t ro -
s ta t ic  in teraction in the d im e r  (see Table I, Fig. 2). The 
charges  q on the nuclei fix the main component of the molecu
la r  quadrupole moment, Q2fo-

The present results and, even more so, our previous 
ab initio results for sm aller system s24,51’52 which have 
been calculated for a wider range of distances, show 
that the short range interactions indeed display a nearly 
exponential distance dependence.

In fitting the orientational dependence of the short 
range interactions we have met the following problem, 
however. If all the param eters  Bcc, Ccc, Bcu, CCh> 
5 HH) CHh in ^ e  atom-atom potential of type (5b) were 
freely varied to obtain the best fit to the ab initio short 
range repulsion calculated for eight different orienta

tions and two or three distances of the molecules in the 
ethylene dimer, we obtained several results with small 
numerical deviations but with quite unphysical in terac
tion parameters. An example is shown by the fit (3) in 
Fig. 3 which has a much smaller mean square deviation 
(see Table II) from the ab initio results than the final 
fit described below. The carbon-hydrogen repulsion is 
absent in this fit (£CH = 0), however, and its application 
to the lattice structure optimization and the phonon ca l
culations yielded quite unrealistic results. We have 
tried, without success, to avoid this problem by taking 
a different form of the atom-atom repulsion, e. g . , r"n, 
or by shifting the atomic force centers away from the 
nuclei to the charge centers from fit (i).

We explain this problem as follows. The true in te r 
action potential between the molecules does not have the 
atom-atom model potential form; it will include non
central forces between the atoms as well as nonadditive 
three-atom and higher interactions. This is illustrated 
by the results  in Table II where we see, for instance, 
that the carbon-carbon repulsions, which are the ones 
with the longest range, actually have a smaller exponen
tial decay for the geometries I and II than for other 
geometries. The exponent Ccc, if it were only fitted to 
the results  of geometries I and II, would have a valueO. j
2. 95 A" . This particular effect is caused, we think, 
by the relatively diffuse carbon n -electron clouds. As 
a result of such effects there is probably a sizable de
viation between any atom-atom model potential and the 
true potential. Fitting the potential param eters for a 
limited set of dimer geometries it may be possible to 
obtain sm aller deviations but this will not give a better 
atom-atom potential (for arb itrary  other geometries). 
Therefore, in using a restric ted  set of ab initio results, 
as we have done, one must be very careful in fitting.

We have u sed  the following p ro c e d u re :  the h y d r o g e n -  
hydrogen  re p u ls io n  p a r a m e t e r s ,  # HH and C HH, w e re  ob-

FIG. 2. Orientation depen
dence of the e lec tro s ta t ic  in-

%

te rac t ion  in the ethylene d im er  
(see also Table I); ab initio: 
calculated in the multipole 
expansion, fit Q :
point charges  shifted from  the 
nuclei (see Fig. 1); fit (2): 
point charges on the nuclei; 
em pir ica l  (2): point charges  
from Williams (Ref. 29). The 
m olecular  orientations are  
indicated by giving two views 
of the d im er .  For  orientation 
II R is the distance between 
the m olecular  planes.

E l e c t r o s t a t i c  i n t e r a c t i o n ,  R = 1 2  b o h r
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tained from the difference in interaction energy between 
geometries V and VI and from the difference between 
VII and VIII, which are both caused mainly by the hydro
gen contacts. The agreement between these two results 
is good. Then we have fitted the carbon-carbon repul
sion parameters (Bcc and Ccc) to the ab initio results  
for all orientations while the carbon-hydrogen param 
eters  were constrained to be averages:

^ c h  = C®cc * ^ h h ) 1 /2

^ c h  — ( C c c  +  C HH) / 2

and the hydrogen-hydrogen param eters  were kept fixed. 
For this fit we have used the results at the shortest two 
distances where the ab initio results for the exchange 
and penetration interactions are expected to have the 
highest relative accuracy. Although the mean square 
deviation is considerably larger than the value for the 
best unrestricted parameter fit, we think that the p re s 
ent fit gives a better representation of the real in te rac
tion potential and that the resulting e r ro rs  are mainly 
inherent to the atom-atom potential model. Trying to 
improve on this model would augment the number of pa
ram eters  considerably and would require a much larger 
set of ab initio results to make a reliable fit of these 
parameters.

(iii) The second order dispersion attraction was fitted 
by an atom-atom potential:

K 3t =  - A a r f j  ■ (5c)

It has appeared already in Ref. (8) that the f irs t  two 
multipole term s - C 6iT 6 - C 8iT 8 in the dispersion energy 
between two ethylene molecules could be ra ther well 
represented, for several molecular orientations, by an 
atom -atom  potential of the r “6 type. This is confirmed 
by the present results  shown in Table III and Fig. 4.
If we choose the three param eters  A cc, A CH and A HH in 
dependently they show a ra ther high correlation, i. e . , 
almost equally good fits can be obtained for quite dif
ferent combinations of the param eters. Therefore, we

FIG. 3. Orientation depen
dence of the sh o r t  range repu l
sion in the ethylene d im er .
(see also Table II); ab in i t io : 
calculated “exactly, ” A £ (,)
-  (see text), fit ©:
a to m -a to m  potential with 
averaging constra in ts  for the 
C -H  p a ra m e te r s ,  fit O : 
a to m -a to m  potential without 
averaging constra in ts ,  e m p i r i 
cal © : a to m -a to m  potential 
from Williams (Ref. 28), e m 
pir ica l  (2): a to m -a to m  poten
tial from Williams (Ref. 29). 
The m olecular  orientations a re  
indicated as in Fig. 2.

have applied the constraint A CH = (Ac c - 4̂HH)1/2 which 
can be justified by theoretical arguments and which has 
also been used in deriving most of the empirical param 
eter sets. This constraint hardly affects the quality of 
the fit and it gave much better defined values of the two 
independent parameters.

From the results  in Table III it is evident that the fit 
between the atom-atom potential and the ab initio d is 
persion energy becomes worse for very large distances: 
the atom-atom interaction energy between the mole
cules is not sufficiently anisotropic for large R . This 
defect of the r"e atom-atom potential is easily explained 
by making an expansion of the r"6 atom-atom in te rac
tion energy around the molecular centers of mass. The 
leading term in this expansion is an isotropic R ~6 in te r
action between the molecules, while the exact coeffi
cient C6 for the interacting molecules depends on the 
molecular orientations.

The second order induction interactions have been ne
glected in the fit for reasons explained in Sec. IV.

The set of param eters  in the atom-atom poten tia l®  
which have been obtained from the fits (i), (ii) and (iii) 
a re  collected in Table IV. For comparison we have also 
listed two of the most frequently used empirical p a ram 
eter sets for hydrocarbons, one without electrostatic 
interactions and one including these, which were both 
proposed by Williams. 28' 29 The overall quality of the 
fit appears from Tables I, II and III, whereas the abil
ity of the fitted and empirical atom-atom potentials to 
represent the orientational dependence of the interaction 
energy is illustrated by Figs. 2, 3 and 4.

B. Conclusions
We conclude that the long range electrostatic and d is 

persion interactions (i) and (iii), are very accurately 
fitted by the atom -atom  potentials. The quality of fit 
(i) is definitely lower for some orientations if the point 
charges were constrained to be at the nuclear positions.
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FIG. 4. Orientation depen
dence of the long range d is 
persion  in teractions in the 
ethylene d im er  (see also  Table 
III); ab in i t io : calculated in 
the multipole expansion,
^S iu it .  > ^  O : atom—atom 
potential (with averaging con
s t ra in t  for the C—H param ete r)  
E m pir ica l  ©. a tom—atom po
tential from Williams (Ref.
28), em pir ica l  ©: a to m -a to m  
potential from Williams (Ref.
29). The m olecular  o r ien ta 
tions a re  indicated as in Fig.
2 .

The fit (iii) becomes slightly worse for very large R due 
to the incorrect asymptotic behavior of the r"8 a tom - 
atom potential. The fit of the short range overlap r e 
pulsion (ii) shows a significantly larger mean square de
viation than the long range fits. This must probably be 
assigned to the deviations of the exact intermolecular 
potential from a central atom-atom potential due to the 
effects of chemical bonding. Considering the large 
overlap between chemically bonding atoms the importance 
of such effects on the intermolecular overlap repulsion 
is not su rp r is in g .53

For some orientations (with relatively small repul
sion) the atom-atom potential deviates by a factor of two 
from the ab initio result. If we consider the very p ro 
nounced anisotropic character of the short range repul
sions, however, (a factor of 50 difference in AEAB for 
different orientations at the same R), as well as their 
strong distance dependence (a large deviation in AEAB 
corresponds with a small shift in R), we may still say 
that the atom-atom potential gives a reasonable descrip 
tion of the short range repulsion.

About the empirical atom -atom  potentials we can 
make the following observations. Although the individ
ual param eters A cc and 4̂Hh are  d ifferent,54 the total 
atom -atom  interaction for the dispersion energy is in 
remarkably good agreement with the ab initio result, 
yielding a nearly constant fraction of 80% of this result 
for different orientations. The remaining difference of 
20% can have several reasons, but it may be due also to 
the inaccuracy of the ab initio result for the dispersion 
energy, which has been computed in the multipole ex
pansion only (see Sec. II). For the short range repul
sions the most striking difference is the longer range
(smaller exponent) of the C -C  interactions in the ab° 1
initio calculations (Ccc = 3. 16 A"1). The empirical ex
ponent of 3. 60 A“1 was found from the layer spacing and 
compressibility of graphite55 and was fixed while the 
other param eters, A  and B , were empirically opti
mized. 2 In relation to this ab initio result, it is in te r 

esting that Williams has observed2 that the substitution 
of optimized A and B param eters  into the graphite ca l
culation55 would have yielded an exponent of 3. 20 A-1 
or 2. 94 A '1. He ascribes this to the “softness” of the 
tt-electron clouds, which is confirmed by our ab initio 
calculations (the fit of Ccc on the tt-stacked geometries
I and II yields a value of 2. 95 A '1). The exponent for 
the H-H repulsion is in very good agreement. Although 
the deviation between the theoretical and the empirical 
atom-atom repulsions is definitely la rger than for the 
dispersion attraction, the strong anisotropy in the short 
range repulsion is still ra ther well represented by the 
empirical potential. The electrostatic interactions are 
not well represented by the empirical atom-atom po
tentials. In most empirical parametrizations, e. g . , 
in the f irs t  Williams’ potential in Table IV, they are 
simply omitted. In some other parametrizations (the 
second Williams’ potential in our Table IV) they are in
cluded, and it has recently been argued20 that this con-

TABLE IV. Potential p a ra m e te r s .

P a ra m e te r s
ab initio 
fit © em pir ica l  © em pir ica l  ©

C -C 27116 83630 71461
B C -H 6378 8770 14316
(kcal/mole) H -H 1500 2650 2868

C -C 3.16 3.60 3.60
C C -H 3.43 3.67 3.67
(Â'1) H -H 3.70 3.74 3.74

C -C 876 568 449.3
A C -H 132 125 134.3
(kcal/m ole  Â6) H—H 2 0 27.3 40.15

q C — 0 . 5274a • • • - 0 . 2 4
(unit charges) H + 0 . 2637a • • • + 0 . 1 2

aWith the charges  shifted from  the nuclei (see Fig. 1); from 
the fit (2) with the charges  on the nuclei we find qc = -  0. 3950, 
qH = + 0.1975.
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FIG. 5. S tructure  of the ethylene c ry s ta l ,  sym m etry  P 2 x/ ji 
(Z = 2).

siderably improves the calculated results for the lattice 
structure and the phonon frequencies. Still, the charges 
in the empirical models are much smaller than the values 
from our theoretical atom-atom potential and this will 
lead to an underestimate of the electrostatic (mainly 
quadrupole-quadrupole) interaction. Probably, this 
lack of electrostatic interactions between the molecules 
is implicitly corrected for by the adjustment of the other 
empirical parameters.

IV. LATTICE DYNAMICS CALCULATIONS ON THE 
ETH YLEN E CRYSTA L  
A. Procedure and results

Before using the intermolecular potential derived from 
dimer calculations in the crystal we must consider the 
problem of additivity of the interactions between mole
cules (which may still hold even if the additivity assum p
tion does not hold for the atom-atom potentials). The 
electrostatic interactions are exactly pairwise additive. 
For the exchange interactions between molecules the 
many-body components are expected to be small56 b e 
cause the intermolecular overlap is quite small. For 
the dispersion forces the most important many-body 
component is the Axilrod-Teller or triple-dipole energy 
which is also small compared with the pair energy .57 
The only component in the f irs t  and second order in te r
action energy for which pairwise additivity does not even 
hold approximately is the induction energy. This energy 
is already very small in the ethylene dimer, however, 
relative to the other term s and we can expect it to be 
even smaller in the crystal, because there each mole
cule is surrounded by a more symmetric environment. 
Therefore, we can safely neglect the induction energy in 
our calculations for the ethylene crystal and assume 
pairwise additivity for all other interactions.

The precise structure of the ethylene crystal is 
known only recently from x -ray 58 and neutron59 diffrac
tion. Both for normal ethylene and for the completely 
deuterated substance the symmetry group is the mono
clinic space group P 2 j n  (C\h), with two centrosymmet- 
ric molecules in the unit cell (Fig. 5). For a long time,

there has been some uncertainty regarding the positions 
of the hydrogen atoms, i. e . , about the rotation of the 
molecular plane around the C-C axis. From the older 
x-ray  data60 and simple packing considerations two c ry s 
tal structures appeared possible, which are both in 
agreement with the measured ir  spectra61 and which dif
fer only in that the two molecules in the unit cell are 
tilted in the same or in opposite sense around their C-C 
axes, thus leading to a screw axis in the a  or b d irec 
tion, respectively. Actually, several lattice dynamics 
calculations33-36 with empirical atom-atom potentials 
were performed in an attempt to settle this problem.

In our lattice dynamics calculations we have assumed 
the b -structure, which proved to be the correct one.08,59 
As a first step, which is theoretically required62 but 
which is often not made in practice, we have optimized 
the seven structural param eters  (the unit cell dimen
sions a , b, c and the angle /3 and the angles £, ?7, £ de
scribing the molecular orientation) for the given poten
tial. This optimization was carried out by minimizing 
the lattice energy with respect to all seven param eters 
simultaneously, using the procedures contained in the 
MINUIT program package63 (with repeated checks that the 
minimum obtained was really the absolute one). The 
lattice sum was taken over 42 neighboring m olecules,64 
after checking that the inclusion of further shells did not 
influence the results anymore (except, slightly, the 
total cohesion energy). The structural data are listed in 
Table V. Then, the force constants were evaluated and 
the dynamical problem was solved in the harmonic ap
proximation:

è  ¿ [■ D S B (q ) -^ 2( q , ; ) ^ a66aa']c?'(qj) =  o . 
“ l 0 = 1

(6)

The tensor M contains the molecular mass (Mae = M6a0 
for a ,  ¡3 = 1, 2, 3) and the moments of inertia (Ma0 
= Ax-3,8-3 f° r 01> 0 = 4, 5, 6). The dynamical matrix is 
given by:

D% (q) = E  *
1'

e x p [ - / q .  (R° -  R'*)]

and the force constants:

$ aS du 1(1) dU% (Z')
0

have been evaluated at the equilibrium positions of the 
molecules found from the energy minimization. The in 
dices a, a' label different sublattices, Z, V label different 
unit cells, oi,(3= 1, 2, 3 denote translational coordinates 
[x,y, z) ,  a ,  0 = 4, 5, 6 denote rotational coordinates (6X, 
0y, de). The quantities cj(q, j) are  the phonon frequencies 
for the given wave vector q and branch j. All calcula
tions were carried out in an orthogonal fixed frame a ,
b, c*. For details of the formalism we refer to the r e 
view paper by Venkataraman.62

We expect that the effect of anharmonic corrections 
is not very large for ethylene since the temperature ef
fect on the ir  spectra66 is small (for 10 °K< T< 65 °K). 
Actually, we have studied this effect in a self-consistent 
phonon calculation,67 using an empirical potential. Also
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TABLE V. Lattice dynamics of the C2H4 c ry s ta l .

Potential: Experim ent Ab initio  fit (I)3- E m pir ica l  O b Em pir ica l  O  Fit O  with q = 0 d Fit O ’

a{ A) 4.626 4 .730 4 . 856 4.726 4. 844 4.763
Unit cellf b(Â) 6.620 6 .205 6 .342 6.435 6 . 516 5. 990

c(Â) 4.067 4 . 005 3 . 832 4. 135 3. 8 8 6 4.138
/3(degrees) 94.4 8 8 .5 96 . 8 94.0 99. 0 8 8 . 1

Molecular 1 |  (degrees) - 2 7 . 0 - 3 1 .7 - 3 6 . 2 —27.0 -34 . 4 —26.3
orientation 7] (degrees) - 1 4 . 6 - 9 . 3 - 5 . 0 —11.7 - 7 . 4 - 8 .4

^(degrees) - 3 4 . 3 - 3 1 .3 - 2 7 . 8 —31.8 -28 . 7 — 31. 8

Cohesion
energy*
(kcal/mole)

shor t  range 
d ispers ion  
e lec tro s ta t ic  
total

•• • •
• • •
• • •

4 .7

- 4
8
1
5

.84

.89

.41

.46

- 3
7
0
4

.42

.46

. 0

.04

-3 .0 8
6.58
0.42
3.92

-

- 3 .
8 .
0 .
4.

8 8
16
0
28

-4 .9 3  
8.87 
1.69 
5. 63

» • • 5 7 < 1.07) rj g(1.07) 50( .07) 60(1*07> 61(1-07 63( .07) 59( .07) 52( .07) 55( .07) 7 g (1. 07) Au
i r 11 w(cm-1) 7 3 d. 05) 7 3 (1. 07) 94(1.07) 60( .07) 0 7  ( 1. 07) 7 5 (1 .07 75( .07) 96( .07) 6 6 ( .07) 75( .07) 105(1*07) Au

n o (1-06) 9 4 (1 .07) 126(1,07) 90( .07) 115(1.07) 108(1' 07 113( .07) 132( .07) 1 1 1 ( .07) 93( .07) 132(1*07) Bu

•

7 3 (1 . 22) 51(1.22) 50c1,21) 51( . 21) 5 5 (1 . 2°) 5 9 (1 .22 38( . 22) 46( . 21) 56( . 20) 26( .24) # • •1 mag Bg
90(1*20) 84(1.22) 80(1*19) 74( .18) 8 7 (1. 17) 89(1- 1 9 79( . 21) 23( .24) 76( .18) • 72( . 22) 85(i.!K) Ag

Raman 1 a; (cm" 4)
gY <1.24) 8 7 (1 .17) 105(1*20) 83( . 21) 100" - 2I> 9 4 (1 .20 90( .18) 89( . 20) 82( . 21) 8 8 c .18) 9 3  d. 20) Ag

114(1.20) 131(l*18) 157(1- 1 ?) 1 0 2 ( .17) 114(1.18) 128(U 18 131( .18) 99( .33) 103( . 18) 128( .21) 168(1*19) Bg
167(1-3G) 181°-41) 196(1*4l) 156( .40) 183(1.41) 1 . 7 5 (1 .40 163( .40) 139( .35) 140( .41) 178( .40) 164(1.13) Ag
1 7 7 (1 . 31) 2h (1.40) 249(1-41) 139( .41) 1 9 3 0 . 4D 1 . 71(1.4° 170( .41) 144( .25) 142( .41) 2 0 0 ( .36) 2 2 0 (1*39) Bg

aB est  a tom —atom fit to the ab initio potential. 
bF ro m  Williams (Ref. 28). 
cF ro m  Williams (Ref. 29).
dPotential f rom  ab initio  fit Q  with the e lec tro s ta t ic  (point charge) te rm  omitted. 
eAtom—atom fit with the point charges  on the nuclei.
E x p e r im e n ta l  re su l ts  from  Ref. 5 8 a tT = 8 5 ° K .  The angles £, t j ,  £ descr ib ing  the m olecular  orientation a re  defined as follows: S tar t  with the molecule lying in the 
ac* plane, the C—C axis along the a axis, and rotate  by £, 77, £ about the a, b, and c* axes, respect ive ly .

E x p e r im e n ta l  re su l t  f rom  Ref. 69, co r rec ted  for the zero  point vibrational energy (0.5 kca l /m o le ,  from Ref. 67).
E x p e r im e n ta l  frequencies  from  Ref. 6 6  at T=20°K .
E x p e r im e n ta l  frequencies  from  Ref. 35 at T’=30°K. The num ber in paren theses  denotes the isotope ra t io  c^c2h / wc 2d ,■ The calculated frequencies in the f i r s t  
column have been obtained from  the dynamical m atr ix  at the experim enta l  geometry , those in the second column at the equilibrium geometry for the given poten
tial (Except for the fit Q  with q = 0, where the f i r s t  column was calculated at the equilibrium geom etry  for the full fit O  potential).
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FIG. 6 . Phonon d ispers ion  
curves  in C2D4 for q along the 
A' (=a*), Y (=b* = b) and Z 
(= c * ) d irec tions  in the ethylene 
c rys ta l ;  a. Calculated with 
the ab initio  a tom —atom poten
tial, f i t © ,  and b. Calculated 
with the a tom —atom potential, 
em p ir ica l  Q  from Williams 
(Ref. 29). For  each potential 
the c ry s ta l  s t ru c tu re  is r e 
laxed to equilibrium (within 
the given sym m etry)  before 
calculating the dynamical 
m atr ix .  The c ro s s e s  at the 
r -p o in t  (q = 0) indicate the 
experim ental re su l ts  from i r  
(u) and Raman (g) spectroscopy.

r
0 0.1

[0.0.5] Z
0.2 0.3 0.4 0.5

0

the other approximation which is inherent in the present 
formalism, the rigid molecule approximation, is ex
pected to hold rather well for ethylene since the lowest 
internal vibration mode lies at a frequency of 810 cm-1,35 
far above the lattice modes.

We have performed the calculation of the ir  and R a
man frequencies o;(q=0) both for normal C2H4 and for 
C2D4 in order to look at the isotopic shifts in the Raman 
spectrum; the phonon dispersion curves have been ca l
culated for C2D4 (Fig. 6) since inelastic neutron sca t
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tering experiments can be expected in the near future. 68 
For comparison with other lattice dynamics calculations 
on ethylene which have not optimized the structure pa
ram eters  for the atom-atom potential used, we have 
also performed some calculations of the phonon frequen
cies in the experimental58 structure.

The results for the theoretical atom-atom potential 
are listed in Table V, together with the results for the 
two empirical Williams potentials from Table IV. Since 
these empirical potentials neglect or undervalue the ef
fect of the electrostatic forces, we have studied the ef
fect of these forces by performing a calculation with the 
theoretical atom-atom potential without the electrostatic 
(point charge) interactions (with or without reoptimizing 
the crystal structure). Also we have carried out phonon 
calculations using the theoretical potential with the 
atomic charges centered on the nuclei.

B. Conclusions

The structure of the ethylene crystal calculated with 
the interaction potential from ab initio calculations is 
in rather good agreement with the experimental s t ru c 
ture. 58 The lattice cohesion energy is just slightly too 
high.69 The frequencies of the lattice modes agree r e a 
sonably well with the ir  and Raman d a ta .6G,3;) P a r t icu la r
ly we find, in accordance with the experimentally ob
served isotope shifts in the Raman frequencies that the 
two highest frequency modes correspond with librations 
of the molecules around their C-C axes.

The theoretical model potential with the atomic 
charges centered on the nuclei, besides making a less 
good fit to the ab initio electrostatic interaction, also 
behaves considerably worse in the lattice calculations.

When comparing with the results  for the empirical 
potentials we observe that the latter are still giving bet
ter crystal properties, especially the second Williams 
potential which comprises an electrostatic term. We 
must keep in mind, however, that part of these p roper
ties (the structure and the cohesion energy for a ser ies  
of related hydrocarbons), have actually been used for 
parametrizing these potentials, whereas the other prop
erties, the phonon frequencies, are strongly related with 
the criterion used for optimizing the empirical param 
e te rs30 (the minimization of the forces on the molecules 
for the experimental crystal structure). The latter r e 
lation is confirmed by Williams’ recent conclusion30 that 
the inclusion of the phonon frequencies in the param etri-  
zation of the empirical atom-atom potentials hardly 
changes the potential obtained from the static crystal 
properties. The ab initio potential has not been adapted 
to any empirical data and, therefore, we can consider 
the agreement with the experimental crystal properties 
as very satisfactory.

The omission of the electrostatic (point charge) in te r 
actions from the ab initio potential has a distinct (lower
ing) effect on the phonon frequencies, in particular for 
the higher librational modes. This is quite understand
able in view of the strong orientational dependence of 
these interactions. It is typical that the empirical po
tentials which underestimate or even neglect these 
(mainly molecular quadrupole-quadrupole) interactions 
still yield the correct magnitude for the phonon frequen

cies. This could be caused by a slight adaptation of the 
empirical parameters in the short range repulsions.
If such potentials are used for the calculation of (mac
roscopic) properties which are dependent on the long 
range anisotropy of the interactions between the mole
cules this could lead to serious e rro rs .

While we have found that the empirical potentials are 
in reasonable agreement with the ab initio calculations, 
except for the electrostatic contribution, we can also 
conclude that further parameter optimization of the 
(empirical) atom-atom potentials for the hydrocarbons, 
taking into account even more experimental solid state 
data, is probably not meaningful. We think on the basis 
of our ab initio results that remaining discrepancies be
tween calculated and experimental crystal properties 
are due to the deficiencies of the atom-atom model. 
Possibly the use of other data, from beam scattering, 
relaxation measurements or Van der Waals molecules, 
could support our conclusions about the importance of 
electrostatic interactions.
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