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Abstract

A large scale computer simulation of the rod like molecule methyl hexa-tri-yne has been carried out in the
compi'dscd gas and liquid states of matter. The intermolccular pair potential was constructed from a sitc
model with 121 Lennard-Jones type intcractions for cach molccule pair, made up of a product of cleven
ators per molecule. The molecular dynamics for each number density were quantificd in ti:rmsrol' various
time auto and cross correlation functions, cach element of which was computed by running time averaging
over 6000 time steps of 5.0 fs each. This procedure allows the detailed inircstigntion of translational, rota-

tioual #nd mixed dynamics for comparison with available analytical theorics, such as those of Doi and

Edwards and of Frenkel and Maguire. A large scale simulndon such as this one, carried out with atom atom .
terms in the pair potential, reveals in detail the limitations of “herd rod™ semi-empirical theorics ol‘ clongnlcd :
symmetric tops, such as methyl hexa-tri-yne. The “hard rod” theorics arc unlikely to be very accurate for
liquid crystals or polymer liquid crystals on the evidence of this simulation, but are uscful as npproxiinhﬁohs.r '
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. R lntrodﬁctidli

Thcrc has been lmcrcst'-“ in the last dccnde in analytical methods designed to mimick the diffusion of
clongntcd molecules in liquids, liquid crystals and polymcr liquid crystals. Several elegnnl theorics are avail-

ablc in the literature and recently two of these, the Doi/Edwards'? and Fn:nkcl[Mnaulrl: thcories 34 have

bccn compared with simulation® of an cnsemble of hard rods. In this paper the ICAP1 supercompuler at
I.B.M. l(mgston is used to carry out & full scale simulnuon on 108 mecthyl hcxa—m-ync molecules over 6000

. time steps of 5.0 fs each. This is an clongated symmetric top (Fig. (1)) with cleven atoms in a rigid rod-like

7 'configurnhon. ,ll is weakly dipolar and to a good upproximation the inter~-molecular pair potcnl.ml can be

approximated with an 11x11 sitc site product of atom atom Lennard-Jones terms. ‘Using standard constant

volume simulation the rotational, translational, and mixed dynamics can be investigated in detail with time

correlation functions developed in recent work?-13.
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Figure 1 Schematic of the principal moment of inertia frame of methyl hexa-tri-yne.

Using these methods the simulztion results cun be compared with the mmlytichl theory, usually based on the
concept of hard rod diffusion, or Enskog theory applicd 10 hard rods.

"This is carried out in this paper using the availnble time correlation functions given in the theory. but the
“real molecule™ simulation also provides functions which are not available theoreticlly but which neverthe-
'lcss'prdvidc ‘considerable insighi to the molccular dynamics. This is possible using two frames of reference.
the laboratory frame (x.y.z) and the ‘moving frame (1.2.3) of the principnl molecular moments of inertin.

defined in Fig. (1). For example, the results of this simulation reveal the time dependence of the lab frame
cross correlation functions '

Cf(t) < v(r).p(r) >

1)
(<vw :»”1-(;(}2 )lﬂ) : .

and ©

i - < v(0).p(0) >

2)
(<v P12 o p} >II2) _ :

'rwhxch thc nvmlnblc thconcs do not consider. Hcrc s the molcculnr dlpolc moment, ‘p its- time derivative,

: _known as the rotational vclocnly. and v is the center of mass lincar vclocuy of 1hc sume molcculc Funhcr-
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more this simulation reveals the presence in the moving frame (1,2.3) of intznse Vcro:s"con’elﬁlidr'x_fu'ﬂctiom'
such as : :

d(r) - < w(e) x m(r).v(O) >

n

<Vl )"2 : i

<(vx m)?
und

d 0 - < r{f) x o().r(0) > - . 7 @
> :

<(rxm)} ”2<|_-,

where v x @ is the molecular Coriolis acceleration in (rnme (1,2.3), and r is the center of mass bésitidn

defined in this frame. Neither the lab frame nor the moving frame cross correlation functions are available

theoretically, but contribute fundamentally 10 spectral bandshapes generated by dul‘l'unng “rod like™ mole-

cules. It is reasonable to suggest that these cross correlations underpln the dynnmics of Ilquld crystals and -
polymer liquid crystals, currently of interest in this field!¢18,

Computer Simulation Methods

The Doi/Edwards theory is primarily applicable to dilute ensembles of rod-like molecules, and for this reason
a simulation was prepared at 296 K, molar volume = 150 cm)/mole. It Ms observed that the total éncrﬁy ol
the ensemble was positive, indicating that the positive translntional and rotational kinetic cnergics oﬁthighcd
" the ncgative total potentinl ¢nergy summed over the 11xi1 alte-site interactions for the molecule pmrs_ This
corresponds therefore to a compressed gas condition, whose mean prmurc was compulcd to be 200 + 350
bar. This wasg calculnted over 6,000 time steps of 5.0 f3 cach. In this condition no particulur ahgnmcnt of the
molecules was observed, i.c. the sample was orientationally isotropic in frame (x,y,z).

Time corrclation functions werc computed in this state by running time averages using a program which clim-
inared data transfer from big disk t» core. Corrclution l'unclions out to 8.0 ps from the time origin could be
computed in a few minutes of clapsed ICAPI] time, using 3.000 confligurations of 108 molecules ench. This
procedure was rcpculcd fdf a range of auto and cross corrclation functions, including those of the molecular
lincar velocity; angular momentum; angular velocity; oricatation; rotational vi:locity: and cross correlation
functions in frames (x,y,z) and (1,2.3). ' '

Additionally, the special autocorrelation function

< v(1).e;(0)v(0)e,(0) >
) = —
o < (v(0).¢4(0)) >

was computed for direct comparison with its equivalent from the Frenkel/Maguire theory of hard rod dif- )
fusion. Here €, (0) is the initinl orientation vector of each molecule in axis 1 of the dipolc'momcn't the C,, -
symmetry axis and lhcrcfon: that of the “rod” (Fig. (1)). An analytical rcsu!l for this a c f. has been given by

Frenkel and Maguire and this was compared in this work with the simulation results on the “real™ molcculc: )
mclhyl hcxa-tn-ync. :

A sccond state point wos chonen at 50 K and with a molar. volumc ol' 130 chImoIc This providcd a com- -
_puted mean pressure over 6,000 time slcpu of npproximnu:ly I bar. In,lhls condlhon. the’ t(r)lnlr cnecrgy. was '

\-
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B ncgnu\rc s0 t.hnt the cnsemblc had condensed into a ||qtud Some nl:gnmcnl of the molecular cnscmblc was
observed in this state l.hrough lhc smple avcmgc

< e > - 0.1 4+ 0.02 (3

In more clongalcd molcculea and with much bigger molecular dynarmcs enscmbles this may be indicative of

the ordering chnmclcnlhcnlly observed in liquid crystals'?, With a small sumple however it is not mecaningful
_tn make the extrapolation because the swnml

in a liquid crystal arc thought to consist of upwards of onc
hundred thousand or a million molecules.

Time corrclation functions were 6btnjncd in" the liquid state of methyl hexa-tri-yne and compared with
Doi/Edwards and FrenkclfMaguire theory on a qualitative level only. No quantitative comparison was

aucmpu:d because the compuu:r simulation resulis are clearly much more intricate in naturc than the above
s:mple thconcs.

R=sults and Discussion
In Fig. (1) arc shown comparisons of the time correlution function

cfin

from thc simulation at 296 K with the equivalent from Frcukcl,’Mngmrc lhcory for dilferent choices of their
pnmmctcr x in the theoretical expression

Cs(1) = (cosh(x)) " ' (6)

: No further refinemcnt was attempted because of the (expected) failure of the hard rod theory to produce the
negative tail and superimposed oscillations of the simulation. This does not avgur well for the hard rod
theory in liquids and/or liquid crystals, despite its manifcst mathematienl elegance. The root cuuse of this
failure is, l'urlhefmorc. wcllrknown to protagonists of the memory functivn approach. A hierarchy of memory
" functions is required in general to mimick a computer simulation result or experimentnl data because of the

“inherently non-Mnrkovmn non- lincar, and non-Gaussian nature of the condensed molecular state of
matter?s-22_ -

The Doi/Edwards ihcdfy 5 basicaliy a “clussical™ rotational diffusion thcdry, based on the seminal Debye

thcory?? of rotational diffusion modified for the special cuse of rod-like parlicics. It therefore has all the

shoricomings of Debye’s theory, which are by now well known and fully documented. The Doi/Edwards
- cannot therefore be used to dcscriﬁcr the results of Fig. (2) or of Fig. (3). where are illustrated the linear
" center of mass vclocity a.c.f’s from the simulation in the lab frame {Fig. (32)) and the moving frame (Fig:
(350 The result in the fixed frame is deccptively simple, nearly exponential, but the more complcx underlying

difTusional dymlmics arc revealed clearly in the moving framc (1.2,3) of Fig. (3b). Snmllnrly the angular
chloc:ty a.c.f, (Fig. (4)) For a hard rod theory of diffusion there can be no componcnt of the angutar
',"_vclomty about the 1 mus. because lhc rod is assumcd not to have inertin nboul this axis. Thus thc Doi

Edwnrds thcory will not be able to account for the llm:c components ol Fig. (4b). Componcnts such as these
oocnr for most rcnl molcculcs at all smlc points. :
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The anisotropy ol both the linear and angular molecular motion is therefore revealed in the moving [rame
(1,2,3).

A further, subtle, =nd often overlooked [eature of anisotropic difTusion is the difTerent time dependence of the
angular velocity and angular momentum a.c.F.’s, and this is shown for clarily by comparison of Figs. (4a) and

(5). This stems from the anisotropy of the molecular moment of inertia tensor in an clongated symmetric top
such as methy] hexa-tri-yne.

. The orientational a.c.f. of Fig. (6) is that of a vector in the dipole axis 1 of the molecule. 1t has a slight
nepative overshoot which is characieristic ol the compressed gas state, and therefore ol a low concentration
of elongated rod like molecules for which the Doi/Edwards theory is appropriate. It may be possible to lorce
fit the theory to the results of Fig. (6), taken in isolution of all the other correlation functions of the simu-
lation, but this would be a meaningless procedure for rezsons outlined already. Similarly for the rotational
velocity a.c.l. of Fig. (7), i.c. the a.c.l. of the dipole moment dedvative, roughly speaking the Fourier trans-
form of the far infra-red power absorption coeflicient. For a rotational dilfusion theory the rotationat
velocity a.c.f. is, morecover, ill defined, and in clussical Debye theory does not exist, and has no Fourier
transform. A memory function hierarchy is required for the proper definition ol a result such as that of Fig.

.

The most severe and apalytically intraciable limitations of a translational (Frenkel/Maguire) or rotational
(Doi/Edwards) theory is brought out, however, by time cross correlation lunctions.

| 1 | | . | | 1 H | 1 | | 1
0.5 1.5 2.5 3.5 4.5 55 6.5 7.5
t (psec)

Figure 5 Molecular angular momentum a.c.f. in the lab. frame.Compressed gas.
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S con_centratlous

e :
. Cross Correlation Functions from the Computer Simulation
ln thc laboratory framc of rcl‘crcncc the vclocuy of an atom in the moleculc is gwen by

\ _-v+112w><p

whcrc v is lhc velocity of the center of mass,w » the molecular anguldr vclocny and p the axis vector from the

L atem to the center of mass.‘From lhxs well known rcsuh the followmg reldnon _appears direct m the lub.
: 'frame (x.y.z) '

< va(t) va(O) >=< v(l) vi) > + 12 < v(r) u(O) >+ l,f4 < e(t) % p(f).ew(0) x p(O) > (7)7

It follows in turn that 1he cross correlation function

< v{1).1(0) > (8)

is symmetry allowcd in frame (x,y,z) and snmulmncously measures both the rotational and translational dif-
i l'usmn of the molecule, Neither of the analytical hard rod theories cover this aspect of molecular diffusion,
 which is slowly being explorcd in the literature?-15. 24

The cros’s: ¢orréiaﬁon function
< v(£).u(0) > . )]

' between the molccular center of mass velocnty and molecular rot.zuonal velocity also exists m the lab. frame,
and no thcory of far infra red Absorpuon can be complelc which cannot follow n.s time depcndencc in the
Tab. f'ramc Both types of cross correlation function (c.c.f.) have been smtu]dtcd in this work and are illus-
trated in Flgs. (8) and (9). These i'gurcs reveal that their intensity is subsiantial, even at compresscu gas
The only other results available for comparison of these flunctions at present were also
- obtained in this luboratory, lor liquid water?s over a 250 kbar range of pressure and a thousand degree range
; of 1éinpc;qturg. In normalized peak intensity the c.c.f.’s for methyl hexa-tri-yne in the compressed gas are
'com_pa'rablc'wi'th those for water in the liquid. In the lab. [rame the three elements of these c.c.f.’s are
' -isotrop'ic within the noise. »

: T_]ié' 'aha'ly'ti'ciﬂ intéfprctalion of ihcéé.c.c.f.'s requires a rudic;"ally new approach, and one such theory, based
. .on Iir_lkcd‘fdl_ahgevih equations, has been suggested clsewhere in the literature?s, It is rensonable to expect the
,;;__i;x'igthée__of éiig:l-ll,.é.c'.l‘s_ in- liciti'i:d crystais, whose molecules are tybicully: highly. clongated and also. fuirly
o "sl'rdhgly dipolar. “The theory of liquid crystal dynamics would therefore involve such c.c.l.’s from the outset.

,-_AN.nurally the same is true of polymer liquid crystals. Neither the Do:/Edw.uds nor Frenkel/Maguire theories
are appropnatc for t}us purpose ’ ;

: [n lhe movmg frame. of rel‘ercnce defined by the frame of the three principal moleculur moments of inertia,
._..) recent computcr simulations hdve revealed the existence of cross correlation funcnons which are sym-
e melry allowcd in thxs f'r.imc but d:sappcar in the lab. frame. The ﬁrsl. and simplest tu be dlsuovered w.zs"-U 26

<vu’O> . : a0
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bj Ryckaert. Bcilcmans and Ciccottizé. Subsequently, many others have been 'bio.'ughl fo light by a combinn-
_tion of computer simuintion and analytical (including group) theory. The sct of non vanishing c.c.l.’s in frame

{(1.2,3) and also in_ frame (x.y.z) is of general interest for condensed molecular and possibly ionic matter,

mcludmg useful semiconductors and cpitaxials. In this context “condensed molecular™ includes compressed

gascs, liquids, hqmd cryatals, polymer liquid crystals, polymers, rotator phascs, supercooled liquids and

giass-:s. It may be extended to include elcctrblyic solutions, single crystals and p'olymorﬁhs. nlloys, and so
forth. In other words the time c.c.l.’s are i‘undamcntnl propertics of matter, und are therefore uselul for and

‘appear In situations of interest 1o the individual researcher. '

A typical example is
i (n

in which is illustrated in frame (1,2,3) in Fig. (10a). Note the anisotropy of the time dependence in this fiame,
cnused by the anisotropy of the molecule itsell. It is reasonable 1o expect diffusion theories to attempt to
envelope such a result, scll consistently with those nlreudy described. This c.c.f. is deseribed formally as that
between the molccular Coriolis acceleration and its own center of mass lincar velocity. v. It vanishes by
fundamental symmetry in frame (x,y.z). The symmetry arguments are developed elsewhere.11-15. 4 A pew

_ application of group theory, due to WhifTen, provides detailed rules with which to definc the cxistence of
c.c.[’s such as that in Fig. (10(a)). '

A similar looking c.c.I. Is that of Fig. (10(b)), viz. :

(1)}

where r i3 the center of mass position vector rotuted into frame (1.2.3) as dchined clsewhere. This is also
allowed by group theory and is also highly anisotropic in its individual elements beenuse of the molecular
geometry and dilfusional characteristics in the compressed gas.

- The powerful and fundumental symmelry rules ol chemicul physics allow relatively lew cross correlution func- -
tions to exist directly in frame (x.y.z). The components of the c.c.f.have to puss tests of parity. time reversal
and reflection recently developed in terms of group theory by Whiffen. The two Inb. frame c.c. f s nlrendy

" described obviously survive the symmetry tests, and another example is shown in Fig. (10c)

ey = < v(1) x w()FO©) x w0)” >
< (v(0) x w(0))] >'" < (F(0) x @(0))} >

(an

'whcrrc F is the nct force on the molecule at time t. Exisling lab. frame c.c.[C’s of this type huve recenily been
catalogued systematically by Evans using a rotating frume theory of diffusion?13.

A complclc unalyucnl lhcory of rod like dnﬂ‘u.ﬂon must account for all c.c.l’s sell consnsu:mly This reveals
. starkly the hmunuons of the available lhconcs such as the two considered in this pnper. Such theorics are
-'clchml and uscl’ul in some circumstances, bul in comparison with compulcr simulation are severely limited i tn

what they can do. This iz true of nearly all conlcmporury theories of difTusion, including those based on
-'Vhicrurclu.s of memory l'uncuons. probably the most mphlslicmcd “stute of the art™ theories of molecular

e dynarmcs
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Finally for the compressed gas the simple c.c.f.

< v(t)mT(O) >
()=

exists in two of its off diagonal elements in frame (1,2,3). These are illustrated in Fig. (10d). and are the (3.2)
und (2.3) clements. They arc allowed by Whiffen's group theoretical rulcs and do not involve motion abont
axis 1. Fig. (10d) shows that they are small in intensity, barely rising above the noise, indicating that there is
little direct cross correlation in frume (2,2,3) between v and . By symmetry there is no direct Cross corre-

lation in frame (x.y.z) of this type. This illustratcs the care needed in establishing in rod-like molecules the

precise nature Gl rotation 7 wranfiaiton couping. The uitter reveiils itséN orily fhrough the aght types of c.cT...
and the fact that one c.c.[.may be small is no indication of the absence of correlution.

Time Correlation Functions in the Liguid State.

Some orentational order was observed in the simulation of the liquid state at 50 K. 130 cm? / mole. The
total encrgy was couserved Lo one part in 100,000, and pressure fluctuntions were typically those of the liquid
state, i.c. much jn:mcr than in the compressed gas for the some molecule. The lhi:lr'modynamic'cbndilio_n
could thus be described as that of an isotropic liquid. with no sign of mcsophase behavior lyhiﬁcd by'long'
range order nbout a dircctor axix in the lab frame. For direct comparison with the comprcsscd gas results the
same sct ol' time correlation functions were compulted in both frames of reference and are described here.

In Fig. (11) it is shown that the correlation functior: of C¥(r) from the simulation of the liquid mcthyl hexu-
" tri-yne is radically different in timc dependence from the simple result of the Frenkel/Maguire Vlhctrarry.' There

is an initiol rapid decay, followed by a change of slopc nt nbout 0.25 ps, with supcrimposed irrcguluf oscil-
lations. This is fur more complex’ than anything envisaged in the Frenkel/Maguire theory. The simulated
behavior is likely 10 be even more involved in the highly elongated and structumlly more complcx molecules
muking up Ilquul crystal and polymcr liquid crystal mesophases.

In Fig. (12a) the time dependence of the center of mass veiocity ach in the b framc is ;imilnf in or\'.'cm“: :
-terms, i.e. there is a relatively mpid fall-off, followed by a slope change at about 0.3 ps inte a mui:h slower |

tail. In the moving frume, (1.2,3), the three conponents of the a.c.f. are nnisotropic but Icss so than m lhc '
compn:scd gas.

" The angular velocity a.c.f. in the lab frume and moving frames is Mustruted in Fig. (13). ind the angulor
monicntum a.c.f. in the lab. frame in Fig. (14). From a comparison of Figs. (13a) nnd (14) it i3 cleur. that lhé,'
change of slopc is much more pronounced in the nngulur momentum a.c.l., and ngmn occurs ut uboul 0-257
ps. It is impossible to follow the variety of n:sults in Figs. (13) and (14) with cither the Doi[Edwnrds or

Frenkel/Maguire theory, ¢ven in qualitative terms. across the phase trunsition from compressed gas Lo liquld.

The oncmzmonnl a.c.f. componcnls ol F'g. (15). npnrl from the physlcnlly correct 2ero slopc ul |hc time
ongin look Iikc a combination of exponentials, indicating that the diclectric loss may have more ‘than one -
componcnl as observed in- nmsolroplc liquid crystat mcsophases. This is a.small stcp towards lhc gonl ol'
simulating a liquid cryslnl mcsophasc in terms of molecular dynnmics with silcls:lc polcnlml lcnns -
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Figure 12 As for fig (3), liquid.

The rotational vclocil'y' components of Fig. (16) ngnin show the change of slope ut about 0.25 ps, followed by
a long, slow til. Unusually for such an a.c.f., this remains positive for all t.. This muj be interpreted
lhrough a rapid initial lou of correlation duc to libration of the dipole axis at high frr:qucncn:s. followed by n
much slowcr rclaxation process, the diffusion of the long axis. A hlcmrchy of memory functions is ccrlnmly
needed to follow such a non Markovian process. 7

The character of the functions ClF -, (Fig-(16)), andC¥ . (Fig.(17)), is markedly diffcrent in the liquid from
their equivalents i in the comprcsscd gas. The change of slope at 0.25 ps in the a.c{’s is cchoed in the c.c. f. Cl-’
by a sharp ncgative peak at the snme point followed by u long diffusive tail. This indicutes that cross corre-
lation of this type in the lab frame is a long lived process. In a liquid crystal made up of long molecules it is
likely therefore that cross—correlation between the molecular center of mass linear velodity and the same
molccule’s orientation vector, s, or rofationnl velocity, g will be persistent and characteristic of a mmophlnc
In other word: the oncnmuonnl diffusion is “locked in™ to the lmnsladon of the molcculc of = mcsophuse .
This promo tcs long range order along the director axis. Oncnmllonnl freedom is rcstrlctcd nnd it requires
little additional encrgy (c. g- a weak clcctric field). to align the director axis in onc dm:c::on. thus mnking the
'Vﬂlmpll: bircfringent. The role of crosscorrclation functions in this process is l'undnrncmnl and illumimning.

Thc corrclation between molecu]nr Conolu acceleration and its own ccntcr ol mass vclocuy isa Ihslcr ovcmll
proccss and in this case Figs. (18(a))and(18(b)) show that tilc moving l'rnmc correlations of this type have
lost lnlcnslly compnrcd o lhl:ll‘ counterparts in the compressed gas. Thc (1.1 componem l'or cmmplc ‘has lost -
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Figure 14 As for fig (6), liquid.
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intensity duc to the decreased eﬂ'u:t of Coriolis nccclcmllon on the mulcculc s own Imcnr velocity. Thc Iab s
frame c.c.[. of Fig. (10c) is again charncterlzcd by a peak at ‘short times followed by a rclnuvcly Iong lnil but
the intensity of the peak is this time greater in lhc Iab. frame for the liquid than for the compressed gus. Thns
is the opposite to the effect of the phase change on the moving frame c.c.f.’s of Figs. (10a) and (10b). In Fig
(10d) it is observed that the effect on the simple c.cf. of the moving frume iz to increasc the peak inlcnshy of
the (2.3) and (3.2) clements from almost nothing in the compressed gns 1o about 0.1 in the quuid. The ele-
ments arc mirror imuges by C,, symmetry. o '

Conclusions

The simulation shows that the diffusion in the compressed gas nnd liquid of a long. rigid. molecule such as
methyl hexa-tri-yne is an intricate process involving severn] types of fundumental time cross correlation.
linked incluctably. The power of the IBM Kingston ICAPI supercomputer allows details to be resolved which 7
are unaccounted for in contemporary theories of hard rod diffusion.
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