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Abstract

Cholestryl Methyl and Propyl Carbonate(CH,O0COOC,H,, C,H,0CO0C,H,) are
monoclinic, space group P2, with a=17.014(1), b=7. 682(1), c=10.612(1)A, 8=103.05(1)",
Z=2, V=1351.16A%, D,=1.09 g/cm® Dm=1.09 g/cm’ for methyl carbonate, and with
a=13.683(1), b=11.864(2), c=18.904(2)A, g= 106.30(1) °, Z=4, V=2945.4]0X3, D.=1.06
g/cm®, Dm=1.06 g/cm’ for propyl carbonate. The intensity data were collected on an
Enraf-Nonius CAD-4 diffractometer with a graphite monochromated Cu-Ka radiation, The
structure was solved by direct methods and refined by full matrix least-squares methods.
The final R factor was 0.051 for 2323 observed reflections for methyl carbonate and 0. 074
for 3323 observed reflections for propyl carbonate.

Compared with other cholesteryl derivatives, the cholesteryl ring and tail region of the
molecules are normal. The molecules are stacked in clearly separated layers. At center of
the layer, there are cholesteryl-C(17) side chain interactions, The interface region between
layers is occupied by the loosely packed methyl carbonate chains.

The structures of cholesteryl propyl carbonates have two molecules(A, B) that are not
related by crystal symmetry and have their tetracyclic system almost parallel to each
other, Cholesteryl-cholesteryl interactions between symmetry related A-molecules, and
cholesteryl-C(17) side chain interactions between symmetry related B-molecules occur at
the center of the layers and these molecules stack along 2, screw axes. There are also C
(17)chain-carbonate chain and C(17)chain-C(17)chain interactions in the interface region
between layers. There is efficient packing between cholesteryl ring systems in propyl
carbonates.,

Temperature ranges of cholesteric mesophases of cholesteryl alkyl carbonates are narrow
for methyl, pentyl and hexyl carbonates, and rather broader for ethyl and propyl
carbonates. Cholesteryl-isotropic transitions change very little with chain length,

of the structure allows one to relate struc-

1. INTRODUCTION

X-ray crystallography is concerned with
the structure of matter, in particular with
how atoms and molecules are arranged in
an orderly fashion in a crystalline solid’.
X-ray diffraction studies of the individual
chemical species in the crystalline state
provide the most detailed knowledge con-
cerning physical structure. Knowledgef
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ture to fuction, that is, understand physi-
cal, chemical, or biological properties and
activities. It also provides the chemist with
useful syntheses, modi-
fications, and reaction mechanisms, and can
also be wused to identify very
quantities of scarce material,

information for
small
Previous structural studies on cholesterol

derivatives were focused on the fatty acid

esters?”,  In this series, homologous

A 78 135, 199.
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cholesteryl fatty acid esters with different
chain lengths or different degree of
unsaturation were investigated in terms of
the molecular packing arrangements.

We have undertaken a series of crystal
structure determinations of n-fatty acid
carbonates of cholesterol. These are the
structures of cholesteryl methyl carbonate,
cholesteryl ethyl carbonate®, cholesteryl
propyl carbonate, cholesteryl pentyl carbon-
ate’ and cholesteryl hexyl carbonate®,
From the observed crystal data [see Table
1], the modes of packing in some
cholesteryl alkyl carbonates are different
from those in the corresponding cholesteryl
alkyl esters. Now we report the crystal
structures of che’ .steryl methyl carbonate
and cholesteryl propyl carbonate in order
to investigate the structual characteristics,
packing mode and intermolecular
ctions which are relevant to the liquid
crystalline phases of the compound, and to
make detailed comparisons with the other
cholesteryl n-alkyl carbonates in the crystal
line state,

intera-
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The liquid crystalline behavior of
cholesteryl methyl carbonate has been stud-
ied by Nuclear Magnetic Resonance Spec-
troscopy', Differential Thermal Analysis"
and Low Angle X-ray Scattering Method!.
The phase transformations of cholesteryl
methyl carbonate are as follows:

109°C 112°C
Solid -------- » Cholesteric -——-- > Isotropic

The phase transformations of cholesteryl
propyl carbonate are in the broader range
of temperature of 91 - 97°C.

2. EXPERIMENTAL

Cholesteryl methyl carbonate was obtain-
ed from Sigma Chemical Co., U. S. A, No
further recrystallization was carried out.
Preliminary crystal data from oscillation and
the Weissenberg photographs agreed with
those of Rajalakshmi, Shivaprakash and
Prasad® Cholesteryl propyl carbonate from
Sigma Chemical Company, was recrystall-

Table 1. Crystal Data for Cholesteryl n-Alkyl Carbonates
H(CH,),0CO0C,H,;
Compound Space Unit cell Parameter Density
Group (calc.)
Cholesteryl Methyl Carbonate P2, a = 17.014(1), b=7.682(1), 1.09g /cm®
CH,0CO0CH, Z=2 c=10.612(1)A, #=103.05(1)°
Cholesteryl Ethyl Carbonate P2, a=13.552(2), b=11.754(2), 1.06g /cm?®
2 CH,CH,0CO0C,H,, Z=4 c=18.660(1)A, #=105.4"
Cholesteryl Propyl Carbonate P2, a=13.683(1), b=11.864(2), 1.06g /cm®
2 CH,(CH,),0CO0C,H,; Z=4 c=18.904(2)A, #=106.29(1)°
Cholesteryl Pentyl Carbonate P2, a=12.484(3), b=19.043(3), 1.06g /cm’
CH,(CH,) ,0CO0C,H,; Z=2 c=14.053(3)A, £=94.12(2)
Cholesteryl Hexyl Carbonate P2, a=12.728(2), b=9.184(1), 1.05g /et
CH,(CH,);0CO0C,H,; Z=2 c=13.991(2)A, £=92.93(1)°
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llized from an acetone solution.

Xray data collection was carried out
using an Enraf-Nonius CAD-4 diffractometer
with graphite-monochromated Cu-Ka radi-
ation(A =1.5418 A).

The structure was solved by direct
method of SHELXS-86 program! for
cholesteryl methyl carbonate. The atomic
coordinates of cholesteryl propyl carbonate
were taken from those of cholesteryl ethyl
carbonate, because of two structures were
1sostructure with each other, The most of
hydrogen atoms could be identified in the
difference Fourier map. The remaining hy-
drogen atoms were geometrically fixed. In
the final refinement all non-hydrogen atoms
were refined anisotropically, the hydrogen
atoms kept fixed with isotropic tempera-
ture factors, The refinement was carried

Table 2. Summary of Crystal Data, Data Col-
lection and Refinement

Crystal Data

CH,0CO0C,H, CH,CH,CH,0C00C,H,s
Mw = 444.7 Mw = 472.7
Monoclinic Monoclinic
P2, P2,
a=17.014 (DA 13.683(1) A
b=7.682 (DA 11.864(2)A
c=10.612 (1)A 18.904(2) A
£=103.05 (1)° 106.30(1)°
Z=2 4

V =1351.2(3) A® 2945.4(5) A°
1(Cu-Ka) = 5.34cm’* 5.07cm’

Dc =1.093 g /cm’® 1.06 g /cm’

Dx = 1.09(floatation method in KI aq. soln.)
Cu-Ke (graphite monochromater), A ==1.5418A
Cell parameters from 25 reflections

25 (20 74 28" (29 70’
Parallelepiped Parallelepiped
0.4 x 0.3 x 0.3mm 0.4 x 0.5 x 0.5bmm
Colourless Colourless

A
Data Collection
CH,0CO0C,H ;5 CH,CH,CH,0C00C,Hy
Enraf-Nonius CAD-4 diffractometer
w /26 scans
20max = 130°

Absorption correction : none
2458 independent measured 4859
reflections

2323 observed reflections 3323

[ {Fo| e |Fo]]

h=-19—19 h= 0-16
k=0-8 k=0-13
1=0-12 1=-22—-22

3 standard reflections monitored every 3600 seconds
Intensity decay : insignificant

Refinement
CH.CH,CH,0CO0C,H,;
Refinement on F

CH,0CO0C,H 5

using SHELX-76 SHELXL-93

R=10.051 R=10.074

Rw =0.059 Rw=10.209
S=1.043

2323 reflections 3323 reflections

247 parameters 613

B0, = 0.15e A’ Ay = 0.31eA°

Ao, = 0.26e A As,, = 0.26eA°

Extinction correction : none

out by the full matrix least squares method
using the program SHELX-76%
SHELXL-93%,

All of the crystal data, data collection
and listed in
Table 2. All the atomic scattering factors
are from the International Tables of X-Ray
Crystallography'.

The final positional coordinates for the
non-hydrogen atoms are given in Table 3.

and

refinement procedures are

A 74 13, 199.
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Table 3. Fractional Atomic Coordinates(x10%) atom X y z Ueq.
and  Equivalent Isotropic  Thermal C(6A) 1900( 4)  640(5) 5006(3)  .076
Parameters for Non-hydrogen Atoms. C(7A) 1827(4) 588(5) 5763(3)  .079
The e. s. d.’s are in parentheses. C(8A) 822(3)  76(4) 5820(3) 069
Uo. =1/3 XX Uij ai*aj*ayj (A7) C(9A)  527(3)  932(5) 528(3) 067

Cholesteryl Methyl Carbonate. C(10A) 393(3) -622(4) 4496( 3) .068
atom < v . Ueq C(11A) -390( 4) -1583(5) 5426(3)  .080
: C124) 2820 4) -1868(5) 6240(3) 078

C(1)  2909(2) 7319(4) 7873(3) .075 G ol s e o

C(2)  3685(2) 7279(4) 8955(3) .074 S m D mH e oy o

C(3)  3783(1) 5472(4) 9512(2) .02 C(5A) 1218(4)  588(5) 7216(3) 086

C(4)  3875(1) 4157(4) 8500(2) 061 G asls w7 1D o

C(5)  3141(1) 4218(3) 7371(1)  .052 C7A)  312(4) 1037(5)  7579(3) 079

Cl6)  2755(2) 2763(3) 6947(2) 057 S w4 56 e d) 0w

C(7)  2028(2) 2668(3) 5812(2) 055 Clom oo 0 e 46D 0w

C(8)  1894(1) 4327(4) 5023(2)  .049 C0A) -466(5) -1326(6) 79%(4) 101

C(9)  2028(1) 5931(3) 5906(2) .048 C21A) -1118(8) -2342(9) 7685(5) .14

C(10) ~ 2904(1) 6000 ~ 6774(2) .053 C2a)  4(8) -1479(10) 8797(4) 144

C(11)  1778(2) 7620(4) 5155(3) .063 C(BA) 701(9) -1453(16) 9%0(5) 192

C(12) ~ 926(2) 7559(4) 4260(3) .062 C4A)  362(8) A71(21)  9997(6) .23

C(13)  824(1) 5994(3) 3342(2) .049 C(25A) -1024(12) -1287(20) 10476( 6) 212

C(14)  1024(1) 4378(3) 4195(2) .046 C(%6A) -689(16) -2104(19) 11111(11)  .264

C(l5)  727(2) 2833(4) 3310(3) .063 C27A) 1079(18) 1320200 10735(13) .27

C16)  -34(2) 3557(4) 2387(2)  .065 0GM 123 650 2302 oo

C(17)  -66(1) 5552(3) 2638(2) .053 C(28A) 2287(6) -380(7) 2401(4) 102

C(18)  1352(1) 6149(4) 2349(2)  .066 oo el 4 w7 mes(D 14

C(19)  3520(2) 6519(5) 5972(3) .078 o) 7024 2 H) 163D 1

C(20)  -474(1) 6547(3) 1408(2) .058 C20A) 29%810)  16(13) 1383(6) .19

C(21)  -455(2) 8541(4) 1610(3) .075 C(0A) 268011 39017 54506 .22

C(22)  -1351(1) 5907(4) ~ 963(2)  .066 C(31A) 3180(16) 319(z2)  172(6) .27

C(23) -1798(1) 6517(5) -349(2) .073

C(24) 0673(1) 5911(5) -706(2)  .070 Cholesteryl Propyl Carbonate(B molecule)

C(25) -3156(2) 6523(5) -2004(3) .077 atom X y z Ueq

C(26) -4056(2) 6209(7) -2114(4) .099 CIB) 4950( 5) 2607(10)  1408( 4) 125

C(27) -2896(2) 5545(9) -3094(3) .115 C9B) 526( 7) 2738(11)  704( 4) 137

C(28)  4444(2) 5803(4) 11709(2) .071 C(3B) 6178(10) 2026( 9)  749( 4) 143

C(29) 5235(2)  6128(9) 13807(3) 112 C(4B) 7062( 6) 2370( 8)  1414( 4) 118

O~ 517L(1) 5638(4) 12503(2)  .085 C(5B) 6764(5) 2306(6) 2116(4) .09
0(28) 3853(1) 6268(5) 12027(2) .099 C(6B) 7348( 6) 1796( 6) 2707( 4) 106
O3) 4523(1) 5351(3) 10545(1) .072 C7TB) TIS4(5) 1760(6) 3434(3) 004
Cholesteryl Propyl Carbonate(A molecule) C(8B) 6321( 4) 2601(5) 3500(3)  .077

atom X y z Ueq C(9B) 5433( 4) 2595(6) 2799( 3) .086

C(lA) 397( 4) _1705( 5) 4048( 3) .075 C(].OB) 5772( 5) 2956( 6) 2105( 3) .094

C(24) 476( 4) -1514( 5) 3260( 3)  .080 C(11B) 4511( 4) 3272( 8)  2887( 3) .104

C(3A)  1426( 4) -844(5) 3283(3)  .082 C(12B) 4194( 4) 3000( 7)  3562( 3) .097

C(4A) 14100 4) 285  3667(3) 081 C13B) 5100(4) 3141(5) 4280(3)  .079

C(5A)  1280(3) 125(4) 4431(3) .068 C(4B) 5047( 4) 2335(5) 4161(3)  .078

pEER LR - 12 -
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atom X y z Ueq.
C(15B) 6713( 4) 2309( 6)  4920( 3) .088
C(16B) 6063( 4) 2375( 6) 5454( 3) 088
C(17B) 4956( 4) 2668( 5)  4987( 3) 077
C(18B) 5468( 4) 4365( 5) 4378( 3) 002
C(19B) 5989( 5) 4233( 6) 2090( 4) 105
C(20B) 4404( 4) 3377( 5)  5446( 3) 082
C(21B) 3345(4) 3772( 7)  5013( 4) 106
C(22B) 4335( 4) 2741( 6)  6133( 3) 095
C(23B) 3979( 6) 3420( 8)  6682( 4) 116
C(24B) 4000{ 6) 2707(10)  7363( 4) 133
C(25B) 3657( 7) 3371(15)  7963( 5) 176
C(26B) 3905(17) 2859(33)  8600( 6) 528
C(27B) 2630(12) 3710(19)  7713( 9) 225
O(3B) 6545( 6) 2204( 6)  101( 3) 166
C(28B) 6453( 8) 1378(11)  -350( 5) 134
0(28B) 6028( 8)  531( 9)  -34( 5) 1%
O(1B) 6807(5) 1703( 7) -912( 3) 149
C(29B) 6733( 9)  956(15) -1474( 6) 191
C(30B) 7061(13) 1398(26) -2199(12) 261
C(31B) 7948(20) 1757(20) -1892(10) 342

3. RESULT AND DISCUSSION

The molecular conformation of cholester-
yl methyl and propyl carbonate, which is
drawn by the ORTEP programV, is depict-
ed in Figure 1. The bond distances and
angles of the molecules are given in Table 4
and Table 5. Within experimental error, bond
distances and angles are in agreement with
those of other cholesterol compounds®. The
estimated standard deviations in bond
distances and angles are in the range 0.002
to 0.033 A and 0.1 to 1.7, respectively.

Selected torsion angles
Table 6.

Ring A and C assume chair confor-
mation, Ring B assumes a half chair con-
formation and five membered ring D
assumes the expected 138, lda-half chair
conformation,

The C(17) side chains have all trans

are given In

conformations, The carbonate chain has also
almost fully extended conformation except
B molecule of cholesteryl propyl carbonate,

Table 4. Bond Lengths(A) for Cholesteryl Car-
bonates. The e.s.d.’s are in parentheses,

Methyl Carbonate

Propyl Carbonate

A B

C(D-C(2) 1542050 1.539(8)  1.504(11)
C(1)-C(10) 1.544(3) 15400 8)  1.529(10)
C(2)-C(3) 1.504( 4)  1514(8)  1.512(16)
C(3)-C(4) 1.508( 40 1528(6)  1.536(13)
C(3)-0(3) 14730 2)  1.438(7)  1.463(11)
C(4)C(5) 1.524(2)  1515(8)  1.49(10)
C(5)=C(6) 1.322(°3)  1.326(7)  1.323(10)
C(5)-C(10) 1.524(2)  1.537(6)  1.556( 9)
C(6)-C(7) L5210 4)  1464(8)  1.484(9)
C(7)-LC(8) 15130 4)  1540(7)  1.525(9)
C(8)-C(9) 1.533( 4)  1540(8)  1.527( 8)
C(8)-C(14) 1.541(2) 15118 1511 8)
C(9)-C(10) 1.566( 2)  1.520( 8)  1.568( 8)
C(9)-c(11) 1.532(4)  1.549(7)  1.543(9)
C(10)-C(19) 15450 4)  1.544(7)  1.546(10)
C(11)-C(12) 1.544(5)  1.543(8)  1.494( 8)
C(12)-C(13) 1.532(4)  1515(8)  1.570( 8)
C(13)-C(14) 1.528(3)  1.523(7)  1.567( 8)
C(13)-C(17) L5670 2)  1.564(8)  1512(8)
C(13)-C(18) 1.537(3)  1570(8)  1.531( 8)
C(14)-C(15) 1.527(4) 151508  1.522(8)
C(15)-C(16) 15400 4)  1.546(8)  1.523(8)
C(16)-C(17) 1.559( 4)  1.544(10)  1.564( 8)
C(17)-C(20) 1.536( 3)  1.530(9)  1.547( 8)
C(20)-C(21) 1545( 4)  1.516(13)  1.525( 8)
C(20)-C(22) 15400 3)  1.491(100  1.529( 8)
C(22)-C(23) 1.503( 3)  1.548(14)  1.498(10)
C(23)-C(24) L5240 3)  1.307(14)  1.534(12)
C(24)-C(25) 15110 4)  1.452(18)  1.557(15)
C(25)-C(26) 1.529( 5)  1.512(27)  1.321(23)
C(25)-C(27) 1.526( 5)  1.464(33)  1.410(19)
C( 28)-0 1.337( 4)  1.324( 9  1.282(13)
C(28)=0(28)  1.18(4) 1.192(9)  1.162(16)
C(28)-0(3) 1319(3) 133209  1.343(11)
C(29)-0 14140 4)  1.425(14)  1.364(16)
C(29)-C(30) 1.522(15)  1.644(23)

C(30)-C(31) 1.280(23)  1.263(32)

A 78 13, 199.



Fig.

1 Molecular Conformation with Atomic  Fig.
Numbering in Cholesteryl Methyl Carbon-
ate
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1 Molecular Conformation in Cholesteryl
Propyl Carbonate left : A molecule, right
: B molecule



Propyl Carbonate

Methyl Carbonate

Table 5. Bond Angles(") for Cholesteryl Carbon-

ate. The e. s. d.’s are in parentheses.
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Methyl Carbonate  Propyl Carbonate

A B
C(11)-C(12) 53.4(2)  535(5  55.5(5)
C(12)-C(13) 56.1(2)  -55.2(5)  -57.4(5)
C(13)-C(14) 61.5(2)  59.2(5)  60.6(5)
C(8)-C(14) 59.2(2)  -56.4(5)  -57.1(5)
Ring D
C(13)-C(14) 46.2(2)  -46.1(4) -46.9(5)
C(14)-C(15) 34.5(2)  34.7(5)  35.1(5)
C(15)-C(16) 87(2)  9.3(5) -10.7(4)
C(16)-C(17) 19.1(2)  -18.4(5) -18.8(5)
C(13)-c(17) -38.9(2)  38.6(5)  39.5(4)
(2) Chain
C(1)-C(2)-C(3)-0(3) 179.4(3)  -176.6(6) -175.1(11)
C(2)-C(3)-0(3)-C(28) 86.4(3) -160.2(7) -111.5(11)
0(28)=C(28)-0(3)-C(3) 1.2(3)  23(7)  75(12)
0-C{28)-0(3)-C(3) 179.0(3)  179.7(8) 178.7(12)
C(4)-C(3)-0(3)-C(28) -153.0(3)  80.7(6) 128.5(11)
0(3)-C(28)-0-C(29) 177.5(4) -177.8(10) 177.0(13)
0(28)=C(28)-0-C(29) 2.6(3) 0409 -54(12)
0(3)-C(3)-C(4)-C(5) -178.8(2)  172.3(6) 176.0(10)
C(28)-0-C(29)-C(30) 174.8(14) 171.1(17)
0-C(29)-C(30)-C(31) 175.7(20)  54.2(18)
(3) Tail
C(13)-Can-C0-Cla)  54.8(2)  55.1(7)  55.3(6)
C(13)-Ca7)-C20-C(2)  177.5(2) -179.7(8)  179.7(7)
C(16)-C17)-C(20)-C(21)  -175.6(3)  177.2(8) 175.8(7)
C(16)-C17)-C200-C(2)  6L.7(2)  -57.6(7)  -59.9(5)
C(17)-C(20)-C(22)-C(23)  -170.0(3) 164.5(11) 169.9(7)
C2D-CQ0-C22)C(23)  66.1(2) -68.8(10) -63.2(6)
C20)-C(22)C(23)-C24)  -177.3(3) -167.6(17) -176.8(9)
C(22)-C(23)-C4)C(5)  178.6(3) 176.8(24) 178.9(10)
C(23)-C(24)-C(25)-C(26)  -166.6(4) 132.1(23) -164.6(18)
C(23)-C4)-C5)-Clar)  73.2(3) -103.1(22)  64.3(12)

The crystal structures of cholesteryl alkyl
carbonates with chain length C,-C; except
for C, are compared in Figure 2. The crys-
tal structures of cholesteryl ethyl and pro-
pyl carbonate are isostructural with each
other, as well as those of pentyl and hexyl
carbonates,

#5298

As shown in Figure 2, the molecules of
the cholesteryl methyl carbonate are
stacked in clearly separated layers. The ad-
Jacent molecules in a layer are related by
the 2, screw axis and are therefore oriented
antiparallel to each other. At center of the
layers there are cholesteryl-C(17)side chain
interactions, The interface region between
layers is occupied by the loosely packed
methyl carbonate chains. Each layer is
made up of rows of molecules with all mol-
ecular long axes parallel to the [1 0 1] di-
rection. This packing type is similar to
those of cholesteryl bromide?, chloride® and
methyl ether®,

The structures of cholesteryl ethyl and
propyl carbonates have two molecules(A,
B) that are not related by crystal sym-
metry and have their tetracyclic system
almost parallel to each other. Cholester-
yl-cholesteryl interactions between symmet-
ry related A- molecules, and cholesteryl-C
(17)side chain interactions between sym-
metry related B-molecules occur at the
center of the layers and these molecules
stack along 2, screw axes. There are also
C(17)chain-carbonate chain and C(17)chain-
C(17)chain interactions in the interface re-
gion between layers, In the structures of
cholesteryl pentyl and hexyl carbonates,
there is efficient packing between the
cholesteryl ring systems within stacks of
molecules at the center of the monolayers,
This type of packing has been designated
as monolayers type II by B. M. Craven.®

Crystal structures of cholesteryl n-alkyl
carbonates with chain lengthC,-Cy; except
for C4, which has not been determined yet,



Fig. 2 Molecular Packing of n-Alkyl Carbonate
top : Cholesteryl Methyl Carbonate
middle : Cholesteryl Propyl Carbonate
bottom : Cholesteryl Pentyl Carbonate
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three types of
At the center of monolayer
three kinds of molecular interactions occur;
cholesteryl-chain interactions in the methyl
carbonate, cholesteryl-cholesteryl and chole-
steryl-chain interactions in the ethyl and
propyl carbonates, and cholesteryl chol-
esteryl interactions in pentyl and hexyl
carbonates. As the carbonate chain length
increases, cholesteryl-cholesteryl interaction
becomes predominant,

Temperature

can be classified as

monolayer,

ranges of  cholesteric
mesophases of cholesteryl n-alkyl carbo-
nates are listed in Table 7. The tempera-
tures were measured by differential scan-
ning calorimeter, DSC 700 of the
STANTON REDCROFT. The cholester-
ic-isotropic tranmsition temperature is rela-
tively constant. The temperature ranges
are narrow for methyl, pentyl and hexyl
carbonates, and are rather broader for
ethyl and propyl carbonates. Cholesteryl
-isotropic transitions change very little with
chain length.

In the crystal, the cholesteryl methyl
and propyl carbonates are stabilized by
nonbonded van der Waal’s forces.
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