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CHAPTER ¥

7Y FEMATIC-ISOZROPIC PHASE PRANSIZION IN A SYSTEM OF
SPHZROCYLINDERS: APPLICATION OF TIE ANDREN

The importance of both the attractive and the
repulsive contridutions to the intermolecular potential
in deternining the propertics of nematic phase has been
discussed in the previous chopter. A8 we have mentioned
in the previous chapter, there are several cogputer
asirulation atudies on a flald of spherooylimdricnl hard
molecules in the lsotrgpic phase. In table X wo give
the results of computer similation studies on the egquation
of state made by Vieillard-Baren (1574), Monsan and ALZdy
(1978), and Cormahan and Starling (1960) for x = 3, 2 and
1 respactively and compare them with the results of S5P2.
Though the camparison is qﬂte good at the lowent denaitien,
3PZ overestimates the pressure as the density is inoreaced
and the discrepancy also incresases with inorease of density.
This trend fmplles that IP? caleculationg would be guite
inaccurate in the nematic phaee.

It would of course be interesting to extrapolate
the essentially 'exact’ resulits cof the cogputeor ntudies



TABLE I

1G 6

146

Bquation of state in the lsotropic phuce

(1) Pv/A? for x=3
a Computex . Ma; Present
simiaticn®  Cotter®  calculation
0.54 12.6 4 0.2 15.56 12.69 '
0.50 9.0 3 0.2 ' 10.56 9,04
0.40 3.84 & 0.04 4.17 3.89
(11) Pv/ék? for x =2

0.3351 5.55 ¢ 0.14 5.55
0-3379 7057 . 0136 T.88 7¢$3
0.4460 10.74 £ 0.26 1153 10,75

continued..
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Zadble I continued
(111) Pv,/ax? for x = 1
texr Spd Present

z S ter 8 caloulation
0.10 1.36 1.36 1.36
0.23 1.89 1.89 1.89
0.30 2.64 2.7 2.68
0.40 3.90 o 3.97 ' 390
0.50 5.83 6.4 5.84
0.55 .23 755 7.24
0.60 9.06 9.57 9.10
0.625 10.18 10.82 10025
0.65 11.48 12.28 11.60
0.67 12.66 13.62 12.83
0.68 13.32 14.36 13.52
0.69 14,01 15.15 14.26
0.70 14.75 15.99 15.05

8 gomputer tiwulation values fram Vieillard Baran (1574)
for x = 3, Hanson and Rigby (1978) for x = 2, and
Carsahan and Starling (1968) for x = 1.

° from M.A.Cotter (1977a).
® 3 = 6a/(x/2)

4 SP? results vwhich are the same as Percus-Tevick
resulis are from Andrews (1975).
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on the isofrapic phase to the region of nematic~izotraopic
phase transition. We found that the model proposed by
sndrews {(1975) for caleulating the eqpation of state of
an assembly of hard spheres {x = 1) can be extended o
the case of spherocylinders. PRFarther the extemded model
provides a sultable scheme for muking caloulations in the
ordered (nematic) phase also.

5.2 The Andrews Method

Andrews developed a scheme for derliving the eguation
of state for a mystem of hard ephares by using an intultive
physical interpretatian of the ‘wotlvity' of a classical
fluid. The results obtained for the compressibility factor
agreed botter than those of SPY with the ifonte Carlo calou—~
lations. The scheme oan be easily extonded to a syatem of
spherocylinders, s8¢ we shall see below.

Tet the ensemble cunsist of N molecules which can
take n discrete orientations such that X 1 molecules have
orientation 1, 2{2 molesules have orientation 2, etc. Then
chooning the configuration {&1 oo r:n} 8o as to naximise
t he partition function, the maximun term of thae ensewble
partition funotion is given by
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‘meg se e Kn,?,T)'a (&’I ane Knl ~1 quog d’r“ e darh
d:’.n_‘ P d’ﬁ— N W{“%(ﬁ:i sne rxt .fL1 sem —n-K)M} (1)
n
where V is the volume, 2 the temperature, B = %E.’ Ky and Uy

ia the energy of the K particle ayatem. The chenmical
potential of the molecule which it in the directicn Ny is

glvon by
oln ¢y -
pifk'.'f--‘--é-ﬂz-“ﬁln( P)-mﬂi(f’.ﬁ) (2)

where €= N,/V is U aubor dessity, 3, = ﬁiﬂi. the fraction
of the %otal muuber of moiecules of Lﬁ‘ type in the nedium.
Hence £ 3, = 1. e reciprocal activity of the 1™
npeoiasx;; given by (aindrews, 1975) |

u : N
-1 1. 3 3
ﬂi - z}g (.Qt Z":I; a 2‘ (d rn*a IQD‘[ Il’ d_n_“*
exp {- igi = st TR X WSOl 5

exp {"’" U’K(r“ e rag_n_z aee —n-u)M} (3)

vhere

(oee 31 a%ry (ees TT an

% Xp {*UB{J?‘ YT rﬁ'_n.‘ ane JLE)M}

where m;,, 18 the position of the (H+1)™ malecuwle in
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the ith direction introduced into & asystem of K moleculesn
“ﬁd"n" reprecants its angular coordinates, and

;151 U 4-1.:;“3’0%‘ I N .J\-“) its energy. Assuning

that the equilibzrium struocture is unaffeoted by the intro—-

duction of the now particle, we cun write

4#?;';1 - (a'-"rx“ uzp{- é Z;_: ultﬂ',a(rt{m’ By Ly _n.,u)} .

.o (4)
his means that in the fixed, most probable configuration
of the § particle saystem, the added molecoule is allowed to
wander throughout the aystem subject to the waighting
function given by eq. (4). For hard spherocylinders,
nnﬂ.“ is @ if the two particlen come into contack and
zero 1 they do not. In that came, the reciprocal asotivity
is merely the probability of ilmserting a sphercoylindex
without overlspping with any other spherocylinders. Adapting
Andrews methad (1975) to the present case, we can wxite 1t
a8 a product of two terms. The first is the prodbabllity
that an arbitrarily ohosen point Xy 0t does not lie within
the care of any of the H molecules, This ig given by

(1 =v,P) = ¥ - (4/5 & + wr<1)P (5)

vhere Y is the wolune of a spharocylinder of mdius y and
oylindrieal length 1. Finding such a point ensurer that
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there la no sphercoylinder whose centre lies within a
volume v, around this point. The secmd paxrt in calou-
lating a;' cnalsts of finding the probability, comditionmal
on the first, that e hole around tha given polint cun
actually accumsodate the fiatraduced particle. This meana
that the centre of any other spherooylinder say of kK0
type should not 1ie within tha excluded volume of the

introduced particle, 1.¢., witiin the additiomal volure

'ﬁ;d e %‘3 ar’ + 41'12\31:: Gﬂ:\ - (4,3 711'5 * ax-al)

.ee (6)
where 8x i3 the angle between the long axed of the intro~-
duced molacule and the solvent molecule of t he kth type.
Pollowing Androws, the probubiliiy B, that all !‘fk molecules
1ie outside vﬁd is the &izh powar of the probability that
one of them lles outside Vis,. Assuning that the available
free volume 13 independent of the species, we my write for
large values of Kk

I .
- vada M ida
?k- (1 - 5 ) > axp(~- my } (1)
Ve 2 KW Ve 2. 3w
yui £ Jom1 '

‘ n
vhere (V - 51 cho) i3 the "free' volume availabie %o the

molecules. (O can be expectad to be of the cxder of the
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average volume occupled by a molecule when they are
close-paciked. Pollowing Axirews, we awsume that O iu
actually depondent om the demsity, increasing b Ssewhat
as the denzity is lowered.

fhe probability that an introduced molecule cun be
accomaodated in the H nolecule systes in now given by
n n '
u ‘k (3

3 b -
r--:soo) oxp 1 =P )

n
T7 ?k = WI’("“
Jom ']
Hence we oan write n
: K
-1 P25 S Vadd
a, = (1~v°9)mp(- ~T T ) . (8)

Using the rclations (2) and (8), the Glbbs free energy
of the hard cpherocgylinder system canb be written as

: n
G/M? = (pg /%2 ) - E,'gi“im

1n[4/(1-4)] + = S. 1n A (9)
- . e o ; '
reriie S S -(ov, e
where n n
L - o 2, é > l in 9 l iy
14 + 21 (x~1) + 6{x=1) u£§1 k?ﬁ 951 55,
Aw ' .
{3x - 1)

48 in the previous chapter, we expand |ain &,, | in terma
of Iegexire polynomials. Retalming ternms up to ?w{crm gik)
only and ignoxrding correlations betwoen the i and k molecules



in the mean field theory, we can write
|atn 9, [ F 'ﬁ - %% P,(coa 9,)P,(coa 8.)

- (16) 94(04:« ﬂi)?“(m Gk)

- ?33.)3 2 (cos 9,)Ps(cos 8,)

- %f%‘ix Pg(con &,)2g (00 8 ) '

- iz.:.}i).g Pyol0os 8;) Pyoleos 8.) (19)
The pressure is given by

P (3

-t
s, 1= —~9
axT ' "*]

i-t

nuaﬁln(‘l-d)fo--f-—%—-’g i{ n‘&%ﬁ; (11)

The Helmholta free ensrgy

A &
wr = g% - gmt = e e - {58 i - 0)
+ = 8, 1ns w-‘[ 2 12
Z, AR TEAN (12)
L ]

() caa be expected to depend an the density (m Andravs,

1975) and is assued % be of the form = a%ﬁw o
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Yor the close packed solid,

Cpgria = T =32 volx-t + [2BNIaGx - DI (13)

Wegaltd is the high denmity limit. Po caleulate the low
density limit of WO, the pressure relation in the lisotropic

phase, viz.,

i : a
P A A ydy
| =2 ] =-4ana) o 2 - 50 [ XX~ e

where A, = (6x° » 9x = 1)/(3x = 1) is expanded in powors
of Pe  Andrews used terms up to the third virial coefficlent
in his caloulations on aspheres, 1.6., he asgumed that
W= wo + co‘P . Howevar, by using this rectricted
expansion, the compresaidility factors 2 VAT of the
isotrapic phase of spherccylinders are not in good agrot—
ment with $the casputer caloulations for x = 3 (Vielllard-
Baron, 1974)2‘“3 w 2 (Mommon and Righy, 1978). Honce va
took the higher ondexr toxms in the expansiomn of 0 and
found that 7 terms of the < expansion are sufficient to
give reassonable agresment with the computar salouwlations.
%o caloulate the cosfficlents (D, N = 0, 1,... 6, we
proceed as follows:

w

6
v - 7 W Qn (15)
solid o B0
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vhars (Og.14a and P, are given by the relatiam (13).
The pressure relatim (14) ia expanded in powars of P

and the first elght virial coefficlents (i.e., By, By,

33. 34 coe B!S) are obtained in terms of W, ¢

81-1

B,

VB
P,

(1 +4,)/2
(3:2 + 6x - 1)/(3x - 1) which 15 an exact wvaluse

('o * 21.“0.)0)/5

(v§ + 34,00, + sioooﬁ)f&

(V2 + 44,05+ BA WO 00 + 44,002)/5

": * 5A,W4 ¢ 1AW W0, + 15"‘0‘*):3 gl

+ 54!0 (Of + 54, w:)/‘e

("3 v 6A 00, + 128,00, W5 + 124,00,

+ 188,002 wp + 184,00, 005 + 284 00) oy + 6, wﬁ)/?v
(¥ o Ta o5 ¢ 144, ©0g 05 + 14, Wy 0oy + 214,020y
+ 1A, w“:: + 424, L, Wy Wy + 1&0 w? + 284, @zwz

2 2 L 4 R
+ 424,00, 0% *+ 354, 00q00¢ + Tay04)/8

The last 6 equations along with eg.(15) are sulved for

Wn

n=0, T,... 6 a8 functions of x and the virial
2.

coofficients. Indeed, utilizing the above expressions



156

leads to a much better agreement with the equation of
state of the hard spherae fluid than that gilven by the
osiginal calculations of Andrews (1975). HNagbeda (1576)
has proposed the following (essentially empiricid)
annlytical axpmsim for caloulsting the wvirial coeffi-
clents of a fluld of hard spherooylinders.
o (40° - 13a + 13)c + (=20° + 110 = 14)c°

+ (Ga =2 - 1) (17)

By
vhera ¢ = x(x + 1)/(3x -~ 1). The first 6 viriul
coefficients given by ths above cquatiun are in very goud
agreeuent wut!f ?samn Carle caiculatione wmade by Houson
and Rigby (1678) for x < 3. HAuwrthermore, the expression
can be utilised to calculate the virial coefficients for
any arbitrary value of x,

It is obvious that the indrews method i not a
fully self-containgd theory of the ligquid phase, since
it does not give an 1&&&5&@1&!@ method for the calemlation
of the virial coeffiocients. However, it does provide m
convenient scheme for caleulsting the propertles near the
nematio-isotropic phase tranaltion point, utillising the
available computer calenlaum in the izotropic phase.
The equation of state in the isotraplo phase of hamd sphero-
cylinders with X = 2 and 3 have beon glven in toblie I. 4s
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is to be expected, the rvesults are in very good agree—
ment with computer caloylationm.

As wo have already discuassed in the previous
chapter » & hard spherocylinder fluid wmld have 71 = G.
We will now introduce an attractive potential to the
indrews model exactly as has beon done in the case of SPT.

&s in the previous chapter, we dariva all the
thermodynanic functionsof the system by introducing a
mean field attractive potentiul of the form

g, = =Up = o <) 2ylcos &) (19)

where 00 am \92 are the strengths of the fsotraplic and
anisotropic interactions respectively. %Taking the limit
of cantinuous orientations with the corresponding distrd-
bution function denoted by F{coa 8), the configurational
Cibb's free cnergy takes t!m tm

G = J4a U |
mr - ﬁ%!”?ﬁﬁ';;%; 22, (20)
The intexnal energy of the aystem 1s given by
. 94 40
' % - "%%'%'{?<?2>2. . (21)

2 2
Pv v, U, U8
= - e -rsEr -z () (22)



58

Substituting Lfor G: and P® from the relations(¥) and (11),
we can obtain the configuratimal Gibba free enorgy and
the pressure relations. The Helmholis free enerygy is given

by
;;;a - Nr?:-ri * 9‘%-"——“ +Qn P(cos ©))
+4 ! % Mg 2‘% %( . (23)
a ] R e ™

m v“*

The normalised distridution function P{cos &) which
nm.uaim this Helmholts free energy is p;,iven by

up{m- (Py)P,(cos )+ %X@!w Q) g h % :ﬁf s }
(com 8) = T o ” 1 ::’ . 'x:“-
. ¥
iﬁf'(?p (ma)*% X{econ 0)( 3 ﬁ}d(cose
{= 2
9
where  eef(24)

*‘é)"@@ Pglcos “’ ‘?’7 (2g) Bglcom )

* %:—g-; (PygY Ew(m 8) ,

and the salf-consistency relation reads as follows:
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1
( Pan} - ( E;m(coa 8)#(cos 9)d{cos 9) . {25)
]
Pox the suke aof completenesa, we give the following

relationa for the second derivatives. (The detalled expre-
asions are given in appendix 1V);

p o= [oe2Ey 3 | (26)
a = -;[@’ég]m : (21
g o (/)

= S, (@8
¢ 2

o ;EY " .g.% . (29)

5.3 Results and Discuesion
a. Hard rod fluid
Foxr a syatem of hard aspherecylindere, 1?0 - 172 = 0.
A8 in the previous chapter, we have atudied the transition
properties as functions of x YWy approxiuating the expansion

of |sin @4 to different orders.

Restrioting the expansion of |ain o, J\ (ag. 13) to
the first two terms only, calculations are mude for x
ranging from 1.5 to 3.0. The transition properties like
<P2>! 4 e’ A‘}’F [Cm (gmn + mo)‘/‘?}' entropy change
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AS, 4T/4r, the second derivatives of the cheumloal
potentiacl like Op’ G', a and § are given in table Il.
It 4¢ seen that most of the present resultss are indeed
comparable to experimental data {given in table IV)
for x = 3, whereas in IPT such a couparison can ba

nade for x = 2.5,

Including terms up to I’wan eii) in the expansion
of |sin GL.,] s, we £ind that (see tadle IZII) as in the cuse
of 8P2, (Pa)» Af/e and ASFk increase nubstantially
whereas 47/4P increasesn and Pva/k? decreases 2lightly. The
second derivatives have not been calculuated since the
calculations becoms tedius after including higher oxrder
terms in the expamsion of |ein 913\ « Mozt of the results
are now comparadle to experimantal data on PAA, for x = 3,
whereas in the ¢ase of S5P7 x=2.5 wouid give 8 reacummble
mreamnt. with the data. Hence the Anxxirews model gives a
somevhat improved lengih to breadth ratio ¢ven in the case
of haxd spherooylindexrs.

b. Syatenm superposed with an attractive potential

Palking into account the attractive part of the
potential, calculations have been nmade for different walues
of W by retaining terms up Do P,{cos Bu) and Pyq{cos 913)
in the expangion of |sin 851 (Bee eq.1C). A8 in EPT, we
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PABLE II
Results at Zuy foxr hard spherooylinders
| 84n aijl & éa 8y Poy (008 0,4)

% 3.0 2.5 2.0 1.5
Ty K 429 409 409 409
{Py 0.4718 0.4605 ' 0.4464 0. 4291
- 0.6126 0.6753 0.748% 047991
5o 0.683 0.6726 0. TATS 0.79590
\7dry 0.0071 3.0039 0.0014 0. 0001

A 8/ix 0.2740 0.2665 0.2123 0. 3251
(a2/aP)*x, xvar T0.28 584 57 14.C8 1.664
Pv /2 23.71 44.84 118.42 1001.5
{ap/mc )nem 9. 400 11.076 144308 16,464
("p/m‘)m 6.869 8.696 12.350 16. 007
pem X 10%°% 5.855 4.127 2.175 Ge 1410
@y, x 10%/% 4.249 3.227 1.875 1.1371
Brog X 1012 gi;;% 43,581 15.520 3.011 0.0133
Byge X 1972 %i‘é‘ 29.455 12.137 2.595 0. 0010
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TABLE 111

Results at 1 for laxrd spherocylinders

3
|sin ;.| = n%_'o 8y Pon{c08 9 4)

x 3.0 25 2.0
Tix x 409 409 409
{2y 0.6128 0.5945 0.5730
(B> 0.2857 0.2679 0.2479
(Pg» 0. 11214 0. 1014 0.0899
{®Pgy 0.0393 0.0343  0.0291
Py  0.0127 0. 0107 0.0087

e 0.6096 0.6721 0.7457

4o 0.6017 0.6674 0.7439

A9/s C.0129 0.0071 0. 0025
AS/Rk | 0.4835 Q. 4423 0. 5767
(a2/4P) *Z/ibaxr  73.704 35.886 14.683

mofu 22.613 41.786 113.514
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again fix L, = 409" and L - (at Tm) = (.62,

Various trancition properties like <1’2n). AF . AS/Bk,
Au/Bxe, d1/4p, Gp, Qv, &, P, etc. are calculated as
functions i X.

Results obtained by inocluding terms only up to
ﬁz(a«m 613) in ths |s&in -913\ expansion are listed in
table IV. 3% is sbvious from tabls IV that the caleou~
lations based on the extended Andrews medel can be carried
put up tax = 2.9, wiile similar galceulations based on
8r7 eould only bo nads up %o X w 245 The trewis of
diffesent physical juanais tles as functione of ¥ are il
1ar to those siven hy SP9P.  Por cxasple, AUNKT again
decreases slowly as 2 inoreases. DBust in the case of the
Andrews model, 7y = 4 Pus x = 2.075, which is a reasamable
improvenment over x = 1.75 of SI2. Further, it is obvious
from table IV that tlhe Xew theoretical values of the second
derivatives, ViZe, u‘,. Gp, a and § are ocousliderable
improvemenis over thawe of 3P2. In fact they come guite
clody S¢ the crperinensal dota glven by lnlar und Suupe
(1960), amold {1Y64), Zupustin and Bykova (1966). However,
the velune change at the transition, &,/F and AU, still
renain somewhat larger than the experimental valuea. The
latter resulv is a eoncequence of usirg the mean field

approximati on {se¢ Chandrasekhar and MNedhusudana, 1971,



TABLE IV: Results for asystemincluding an attractive potential: lain eijpo P2 (003919
n w

n=0"

X = §§ + 1 2.90
/0, 589,46
Cb/tok 92.09
Typ K 409
(Pé} 0.4915
dnem 0.62
diso 0.61329
ae/s 0.01088
Ynem 1070 260
Yiso 102.617
AU/NKT 0.4621
AS/Nk 0.4621
(dT/aP) °K /kbar 64.380
(cp/N )nem 16.984
(¢ /Nk)iso 10.468
(Cv/'Nk)2 0.0052
@ onk10 /“l 9.793
a, x10t/°x 6.288
iso 12 cm2
Brem* 10 e 61.102

Bygox102 cm? 41.977
Iyne

2.50
62.72
833.23
409
0.4713
0.62
0.61483
0. 0084
9.933
9.617
0.4703
0.4703
48,000
20.487
9.636
0.476
10.018

5.997
55.146
41.377

2.075
30.79
1610.60

- 409

0.4549
0.62
0.61617
0.0062
4.022
3.939:
0.4846
0.4846
34.956
21,475
8.762
1.982
9.381

2.734

49.634
41.524

2.05
29.86
1655.12
409
0.4541
0.62
0.61624
0.0061
3.850
3.773
0.4855
0.4855
34.329
21.461
8.711
2.105
9.322

5.720
49.366
41.546

2.00
28,15
1743.53
409
0.4524
0.62
0.61639

0.0058 -

3.533
3.467
0.4874
0.4874
32.513
21.414
8.608
2.363
9.200
54690

48.845
41.592

1. 50
18.02
2552.15
409
0.4397
0.62
0.61767
0.003%8
1.632
1. 621
0.4947
0.4947
20.982
20,074
7.578
5.56%
7.633
5.335

44.145
41.446

aXperimental valus3

1.00

15.99

2998.85

409 409

0.4332 0.36

0.62 0.62

0.61875

0.0021 0.0035

1. 000 4.0

1.000

0.5000 0.17

0.5000

11.837 48

17.882 729 (at T=Ty ~1)
6.319

8.086

5.338 12.65 (at T=Ty,~1)
4.259

31.985 82.3(at P=lyp = 1)
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Cotter, 1977). Short-range order effects in the medium have
%o e taken into account to correct for the discrepancies.

Including terns up to P,,(cos 913} in the oxpansion
of |ain 94 » the results obtained for wardous transition
propertiss are given In table V. As was noticed for the
purely hard rod model, the incluaion of higher order terms
to increase the accuracy of the walue of |sin @4 alvo
increases the value of (P,), AC/F, ADMXD, A5k md
42/dP. For x = 1, the inclusion of higher oxder terms
doss not affect any of the transition properties, since
there is no shape anisotropy. For x = 2,9, the value of
(1’27 ingareases by ~ 304 AC/G inoreases by ~ B4 M
4%/dP increnses slightly by ~ &4A. Ais in 5P7T, AU/Hi? now
increaczes with x, - a trend gpposite to that obtained with the
two ternt expancion. Again secand dexrivatives of the
chemical potentlsil are not calculated in the present case.
X ~2.35 8till gives a reaspnable agreement with the oxperi-

mental data.
in t}‘xe previous chapter
In conclusion, our tmloulaucmz,{have shown that Sp2
leads % very reasomable resulte whioh can be compared with
experinental data on Pad for x = 1.,75. e can inprove upon
x az well ae other resultws, particularly the second deriva-

tives, by using an extension of the Andrews method along
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with the computer remlts on hard spherccylinders in
the isotropic phase. However, as in the oxiginal Haler—
Smpa model in which only the attractive part of the
potential was taken into account, the order paraneter
at Iy, a8 well as the heat of trancition remain conni-
deradbly higher than the experimental walues. For
oylindrically syemetric rode that we have concidered
here, inclusion of shart-range effects in the develop~
ment of the theory can be expected to improve the predic-
tions just ae inolusion of such effects improves the
Maler-Saupe tisary (see Y.V.Madhusudana et al, 1977).

However, cmiﬂwmg & nematogenic molecule a8
a cylindrically symmetric rod is at best an approximation.
Moot real nematogens have a lower symmetry, and, of late,
there have been some attempits to take into account devia~
tions from oylindrical eymmetry in the nean field approxi-
mation. Alben (1972, 1973) showed that such deviations
oan account far the lowering of order paraceter at ?81'
T™his rezult has been confimmed by mare roecent caleulations
due to 3traley {(1974) and Luckhurat et al {(1975) who used
a suitable extension of the Haler-3aupe nodel. Very
'Wﬁy. Gelbart and Barboy {1972) have discussed a theory
in which the shape-factor has been taken into account in
a model with a few fixed orilentations. They have again



showed that the yecults based on cylindrically symwiric
rods can be improved. Developing a model in which auch

molecules are allowed to take all possible orientations

and with tle appropriate attractive potential superposed
on them is obviously of great interest.
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