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A lprgc scale computer simulation of the rod like molecule mclhyl hexa-tri-yac has ken car&d oua in the 

compruscd gas and liquid stata of matter. The intemtoIccular pair potential 6s constructai f’rom a site 

model wilh 121 Lcnnard-Jones typu interactions for each molmlc pair. made up of a product or cl&n 

atoms per molccult. The molecular dynarnia for each number density wcrc qnantifkd in terms OC various 

time auto and cross con-elation functions, each cIcment of which was computed by running time averaging 

over HKKt time steps OC 5.0 Fs each. This proccdurc allows the detailed investigation ol translational. rota- 

tional and mixed .dynamia for comparison with available nnalyticnl Umxia. such a~ those or Doi and 

Edwards and of Prmkcl and Maguirc. A large scale slmulntlon such as this one, carried out with atom atom 

terms in the pair potential. reveals in detail the limitations of “hnrd rod” scmi~mpirical thcorics 0r clongatcd 

symmetric topa. such as methyl -hcxa-tri-ync. The “haid rod” theories arc unlikely to be k-y accurki for. 

liquid aystab or potymcr liquid crystals on the evidence or this simdation_ but m-c useful as approximations. 
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I. Introduction 

There has b&n intcrcst~~ in the last dccndc in analytica methods designed 10 mimick the diffusion of 

elongated mokcul& in liquids+ liquid crystals and polymer liquid crystalr Scvtral elegant theories are avail- 

able in the literature and rcc&tly two of these. the Doi/EdwuddJ nnd Frcnkcl/Maguirc thcorics.3-4 have 

been compared with simu&ion~ of an cnsemblc of hard rods. In this paper the ICAPI supercomputer XIX 

I.B.M. I&tgstoo is used to carry out a kll s&c sf&lation on 108 methyl hcxa-tri-ync molcculu over 15000 

time steps or 5.0 fs each. This is an clongatcd symmetric top (Fig. (1)) wit3 clcvcn atoms in a rigid rod-like 

configuration. IL is wzakly dipolar nnd to a. good upproximotion the inter-moleculnr pir poLcnLia1 can be 

approximated with an Illtl I site site producr of atom atom Lcnnard-Jones lermr. Using rrnndard constant 

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

correlation junctions developed in &cnt work’-1s. 

Figure 1 Schcmntic of the principal moment of ine.+ia fmme of mothyl hexa-tri-yne. 

Using that methods the eimulntion results cun bc compared with the onnlytiad theory, usually based on the 

concept Of hard rod diffusion. or Enskog theory applied to hard rods. 

‘This is carried OUL in this pnpcr using the avuilnblc time correlation functions given in thr theory. but the 

“real molcculc” simulation also provides functious which nrc not availnbte theoretically but which nevcrthe- 

ICSC provide considerable insight to the molecular dynnmiu. This is possible using two frumcs of rcfcrcnn. 

the Iabomtory Iinme (x.y.2) and the moving rmmc (I.Z.3) or the principnl molcculnr momcnls of inertia. 

defined in Fig_ (1). For clcnmplc. the ruults of this rimulntion rcvcal the time dcpcndcnrr of the lab fmmc 

cross corrclatioo functions 

and 

I 

which the 

: known as 

e!(r) = -c r&(t) > 
2 IP VI 

(cvr z- ID <crf> 1 

available theories do not consider. Here ~1 is the molecular dipole moment, i its time dchvntive. 

the rotational G&city. and v is the center of mnss Iinenr velocity of the sume molecule. Furthcr- 



more this slmulatioo rcvcab the prcscncc in the moving frame (Ia) of inlznsc cross correlation .functions 

such as 

and 

(4) 

where v x (I) is the moIccular Coriolis accclcration in frame (13.3). and r is the ccntcr of mass position 

delined in this frame. Neither the lab frame nor the moving fiamc cross corrch~tion functions arc avrilnblc 

thcorctically, but contribute fnndamcntally 10 spcclml bandshapco generated by diffusing “rod like” mole- 

culca_ IL is reasonable to suggest that thuc crosu cormlatious undcrpln the dynamics of liquid crystals and 

polymer liquid crystals. currently of lntcrut in this licldt~rs. 

Computer Simulation Methods 

The Doi/Edwardo theory is primarily applicable to dilute ensembles of rod-like molecules. and for this r&on 

a QmuWion warn prepared at 296 K. molar vohunc - Is0 cm~/molc. It was ob served that the toW cncrgy of 

the ensemble was positive. indicating that the positive tmnsIntio~l and rotational kinctlc cncrgics otitwelghcd 

the q egatlvc total potential energy summed over the I 1x1 I L!c-sitc interactions for the molcculc pairs_ This 

corrcspondo therefore to a comprused gas condition. whom man pressure was computed to be 200 + 350 

bar. This wag calculated over 6.000 time steps of 5.0 fs each. In this condition no particular alignment of the 

molecules was obscmzd. i.e. the sample was orientationally isotropic in fmmc (n.y;t). 

Ttmc corrclttti~r~ functions WCIX computed in this stoic by running time averages using a program which clim- 

fr~tcd data transfer from big disk to core. Correlution functions out to 8.0 ps from the time o&n could be 

computed in a few minuta of elapsed l&PI time. using 3.000 conliguratiotu of 108 molccula &ch Thir 

procedure was mpcattd for a range of auto and cross comla~ion functions. including those of the molecular 

linear velocity; angular momcucum; angular vclaity; orientation; mtational velocity: nnd crvn correlation 

functions in frames (x_y.z) and (I.=). 

Additionally. the special nutocorrclation functton 

was computed for direct comparison with its cquiv+nt from the Frcnkel/Mnguirc theory of hnrd rod dif- 

fusion. Here et (0) is the initial oricntution vector of each molecule in axis I of the dipole moment. the C_b 

symmetry axis and therefore that of the “rod” (Fig. (I)). An analytical MUIL for this a.&f. has been given by 

Frenkcl and Meg&c and this was compared in this work with the simuletion Ssults on the “real” molecule 

methyl hua-tri-yne. 

A second state point was chosen at SO K and with a molar volume of 130 &l/mole.. This provided a. corn- 

putcd mean pressure over 6.000 time steps of approximntcly I bar. In this condition thc.totd et&y war 

.: 
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nc&i”C, M that the ensemble had condcnscd into a liquid. Some a&mcnt of the molecular ensemble WZIS 

obsa+cd in this state through the simple avcrap: 

-z Cl2 > -0.1 *oo.oz (5) 

In more elongated mo1ccula1 and with much bigger molecular dynamics cnscmblca this may bc indicative of 

the ordering charactcdstic& obsc&d in liquid crystals 19. With a small sample however it is not mcaningfuul 

to make the crIrapolntion bccausa the “swarma n in a Uquid crystal arc thought to conslrt of upwards of one 

hundred thousand or a million molccula. 

Time corrcIatioa functions v&c obtaimd in- the liquid state of methyl hcxa-tri-yne and compared with 

Doi/Edwarda and Fmnkcl/Maguirc theory on a qualitative level only. No quantitative comparison was 

attempti because the computer simulation result0 arc clearly much more intricate in na~urc than the above 

simple theories. 

Results and DiscusSion 

In Fig. (2) arc shown com$risons of tha time corrclntion function 

ftum the simulation at 296 K with the equivalent from Frc~~kcl/Maguire theory for different choices of their 

parameter x in tbc thtorefcal expression 

C,(r) - ( corh(xr))-’ (6) 

No further rcfmcmcnr was attempted because of the (expected) failure of the hard rod theory IO produce the 

negative tail and superimposed oscillations of the simulation. Thir does not augur well for the hard rod 

theory in liquids and/or Iiquld crystxds. despite its manifest mathcmnti~l clcyncc. The root cause of this 

failure is. furthermore. well known to protagonists of the memory functLi approach. A hicmrchy of memory 

iunctIons is required in geuctil to mimick a computer simulution result or experimental data because of the 

inherently non-Markovian. non- linear. and non-Gaussian nature of the condensed molecular state of 

ma ttcrax_ 

Th& Doi/Edwards throry is basically a “classical” rotationnl diGsion theory. based on the seminal Dcbyc 

theory= of r&tiooal diffusion modilicd for the spccinl case of rod-like particles. It therefore hti all the 

shor&nings of Debye’s theory. which arc by now well known and fully documented. The Doi/Edwnrds 

catinot therefore he used to describe the rtrmlts of Fig. (2) or of Fig. (j)_ where arc iltustmtcd the linear 

center of mass vc1oEity a.c.L’s fro& the simulation In the lnb f&me (Fig. (3a)) and the moving fmmc (Fig. 

.(3b)). Th& result in. the fucd frame is dc&ptivcly simple. nearly exponential, but the more complex underlying 

diffusional dynamics arc revealed clearly in the moving fmmc (1.2.3) of Fig. (3b). Similarly Ihe angular 

&city a.cX. (Fig- {4))_ For a hard rod theory of diffusion them can be no component of the angutar 

.vclocity about the I axis. bccausc the rod is nssumcd not to have inertia aboul this axis. Thus the Doi 

Edwards theory will not ti able to ao&nt for the three components of Fig. (4b). Components such as the 

occur r0r most real molcculcs at all state points. 
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The ani&opy or both the linear and angular molcculer motion is ~here~orc revealed in the moving rramc 

(I J.3). 

A rurlh-r, subtle , End oftcu overlooked lcaturc or anisotropic dimusion is the difkrent time dcpendcncc of Ihe 

angular velocity and angular momentum a.c.r:s. and this is shown Tar clarity by comparison of Figs. (4a) and 

(5). This stems rrom the anisotropy or ~hc molecular momem of inertia tensor in an elongated symmetric top 

such as methyl hcxa-u-i-yac. 

The orientational ax.:. or Fig. (6) is bat or a vcclor in the dipole axis 1 or the ao!cculc. 11 has a slight 

negative overshoot which is charactcrislic or the compressed gas stau. and thcrerorc or a low conccnlmlion 

of elongated rod like molecules Tar which Ihc Doi/Edwards theory is appropriate. It may be possib!t to rorce 

fit lhc ihcory IO the results oT Fig. (6), taken in isolution or ull tic other correlation runclions or Ihe simu- 

lation. but this would be a meaningless procedure for IX.JC~S: outlined already. Similarly Tar the rotalional 

velocily a.c.T. or Fig. (7), i.e. the a.c.T. or the dipole moment derivative, roughly speaking the Fourier trdns- 

rorm or the Tar inrra-red power absorption coeficient. For a rotational dimusion theory rlx relational 

velocity 3.c.r. is, moreover. ill defined. and in clussicol Dcbyc theory does not exist. and has no Fourier 

trrrnsronn. A memory runction hierarchy is required Tar the proper dclinition or a rcsuh such as that of Fig. 

(71. 

The most severe and analytically inrractable limitalions or a translational (Frcnkcl/Maguirc) or rotational 

(Doi/Edwards) theory is brought out, however, by time cross correlation runctions. 
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‘Crosk Correlation. Functions from the Computef Simdation 

In the~laboraiory frame of reference the velocity of an atom in the molecule is given by 

Vu =v+ 1/2wxp 

where v is the velocity of the center of mass,w the molecular angular velocity and p the axis vector from the 

a:nm to the center or mass.. From this well known result the rollowing relation appears hircct in the lab. 

frame (x.j~.z) 

c v,(r).v,(O) > = < v(t).v(U) > f l/2 c v&(O) > + l/4 < W(l) X jI(r).w(O) X p(0) > (7) 

It follows in turn that the cross correlation function 

-z v(r).#@) =- (8) 

is symmetry allowed in frame (x.y,z) and simultaneously measures both the rotational and translational dif- 

fusion of the molecule. Neither of the analytical hard rod theories cover this aspect of’ moIccular dilTusion. 

which is slowly beink explored iri the literature7-‘5.24 

The cross correlation function 

< v(r).jl(O) > (9) 

b&vi& the molecular center of mass velocity and molecular rotational velocity also exists in the lab. frame. 

and no theory of far infra red absorption can bc complete which cannot follow its time dependence in the 

.lab. frame. Both types of cioss correlation function (c.c.f.) have been simulated in this work and are illus- 

trated in Figs. ‘(8) and (9). These figures reveal that their intensity is substantial. e&n at compressed gas 

: concentrations. The onIy other results available for comparison oI’ these functions at present were also 

obt:lincd in this laboratory. I’or liquid water 25 over a 250 kbar rtingc of pressure and a thousand degree range 
. . -- 

01’ temperature. In noimalized peak intensity the c.C.f.‘s ror methyl hexa-rri-yne in the compressed gas are 

compa&ble with thosi for water in the liquid. In the lab. frame the three elements of these c.c.f.‘s are 

isotropic within the noise. 

The analytical intkpretation of these c.c.f.3 requires a radically new approach. and one such theory, based 

on linked Langevin equat!or& has been suggested elsewhere in Ihe fiterature25. It is reasonubte to expect Ihe 

. ..existcnce of &I& c.c.Ts in liquid crystals, whose molcculcs are typically highly elongated and .also. fairly 

strongly,dipolar. The theory of liquid crystal dynamics would thcreforc involve such c.c.r.‘s from the outset. 

Naturally the same is true of polymer liquid crystals. Neilhcr the DoijEdwards nor Frenkel!Maguirr theories 

are appropriate for this purpose. 

In the moving frame of reference defined bi the frame of the three principal molccuhtr moments of ineda. 

f1.2.3). recent computer simulatiotis Iiave revealed the existcncc of cross correletioli functions which are sym- 

metry allowed in this frame but disirppezk in the lab. frame. The iirst and simplest to be discovered was’-CX 

< v(r)wf(o) > (10) ‘. 
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by Ryckacrt_ Bellemans ond CiccottP_ gubscqucntly. many others bavc been brought to light by a cnmbina- 

tion of computer simulation and analytical (including group) theory. The set of non vanishiuy c.c.f.3 in frame 

(1.2,3) and a&o in frame (x.yi) is of general intcrut for condensed molsuhtr and possibly iotuc mnttcr. 

including useful semiconductors and cpitaxialn In this context “condensed molecular” includes comprcsscd 

gases. lit$tids, liquid crystaIr. polymer liquid crystals. polymers. rotator phases. supcrcoolcd liquids end 

glassa. It may bc extended to include elcctrolytc solutions. single crystals and polymorphs. alloys. nnd so 

forth In other words the time cc.f.‘s arc fundatncntal properties of matter. und arc therefore useful for and 

appear In sftuadons of interest to the individual researcher. 

A typical example is 

(1 I) 

in which is illustrated in frame (1.2.3) in Fig. (IOa). Note the anisotropy of the time dcpcndcncc in this frame. 

caused by the anisotropy of tbc molcculc itself. It is rcasonablc to cxpcct diffusion thcorics to attempt to 

cnvclopc such o mult. wlf consistently with those alrutdy dcscribcd. This c.c.f. is dcscribrd formally as tl~t 

between the molecular Coiolia uccclcra~ion and its own ccntcr of mass linear velocity. v. It vunishco by 

fundumcntal symmetry in fmmc (n,y.z)_ The symmetry orgumcntx arc developed clscwhcrc.t*-ts- Y A new 
._ 

upplicatron of group tbcory. due LO Whiffcn. provides dctoilcd ntlcs with which to dcfmc the cristcncc of 

c.c.f’s such as that in Fig. (IO(a)). 

A sirrrilar looking c.c.f Is thnt of Fig. (IO(b)). viz. : 

whsrc r is the center of mass position vector rotutcd iuto fmmc (1.23) as dcfmcd clscwhcrc. This is also 

nllowcd by group theory and is also highly anisotropic in itx individual clcmcntr bccausc of the nrolcculnr 

geometry and diffuslonal chamctcristia in the compressed gas. 

The powerful and fundumcntnl symmclry rules ofchcmicnl physicr nllow rclativcly few cross correlation func- 

tions to exist directly in fmme (x.y.z). The components of the c.c.f.havc to pass tcs~s of prtrity. time rcvcrsal 

and rcllcction recently developed in tci-rns of group theory by Whiffcn. The Lwo Inb. fmmc c.c.f.3 ah-cady 

described obviously survive the xyrnrnetry tests. and another cxnmplc is shown in Fig. (IOc) 

4!0) - 
< V(I) x o(r)@-(O) x o(0))T > 

< (v(0) x co(O)); >lp < (F(0) x or(O)),2 >” 
(11) 

where F is the net force on the molecule ot time 1. Existing hrb. frame c.c.f.‘s of this type huvc mxn:ly been 

catalogucd rystcmntiwlly by Evans using a rotating fmmc theory of diffurion7-15. 

A complctc nnalyticnl theory of rod like diffusion must account for all c.c.f‘s self consistently. Thir rcvcalr 

starkly the limitations of the nvuilnblc thcorics such LI; the two considcrcd in this paper. Such thcoricr urc 

elegant and useful In some circumstances, but in compGson with compute; simulutidn urc scvcrely limited in 

what they can do. This is trui of nearly nil contcrttpmry thcorics of diffusion. including thaw based on 

hicrarchics of memory functions. probably the most sophisticated 3tutc of the art” thcorics of molecular 

dynamia. 
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Finally for the compressed gas the simple ccX 

exists in two of its OW diagonal elements in f-amc (1.2,3). These arc illustrated in Fig. (IOd). nnd arc the (3.2) 

und (2.3) elements. They arc allowed by Whifkn’s group thcorctiul rula nnd do not &olvc motion ubout 

axis 1. Fig. (l&l) shows that they arc small in intensity. barely rising obovc the noisc. indirrnting thut thcrc is 

little direct cross correlation in frame (t.2.3) between v nnd cu. By oyrrmxtry there is no direct cross corrc- 

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

pti#sc nci~urc cii rtirdi~on j %anfi&on cot+ng.~hc’IntlCr rcvcdlr’lrsifi orily ihmujh ihc irjl~t ty_pcs crT c.c_T.. 

and the fact lhnt one c.c.f.may be small is no indication of ~hc nbscncc or con-&lion. 

Time Correlation Functions in the Liquid Sfak 

Some orientational order was observed in the simulntion of the liquid s~atc at _W K. 130 cm3 / mole. The 

totul energy WZE couservcd to one part in 100.000. and pressure iIuctnations were typically those of the liquid 

s~ntc. i.e. much grouter thnn in the compressed gas for the same molecule. The th&modynamic conditiqn 

could thus tnz described as fhat of nn isotropic liquid. with no sign of mcsophasc behavior typified by long 

range order about a director axis in the lnb frumc. For direct comparison with the compress4 gnns results ihc 

same se1 or time correlation functions were coniputcd in both fmmn or rc~ircncc and AI-C described here. 

In Fig. (I 1) it Is shown that the correlation runctioc or C#r) rrom the simulution of the liquid methyl hcxu- 

tri-ync is radically dimerent in time dependence from the simple rcsul~ of the FrcnkcljMnguirc theory. There 

is an initinl rapid decay. followed by a change of slope nt about 0.25 ps. with suprrimposcd irregulur oscil- 

lotions. This is fur more complex. than anything envisaged .in the Frcnkcl/Maguirc theory. The simuluted 

behavior is likely to be even more involved in the highly clangated and structuiulty more complex molcculcs 

muking up liquid crystal and polymer liquid crystal mcsophascs. 

In Fig. (1211) the time dcpcndcna of the center of mass velocity n.cX in the Inb rrumc is similar in O&I-AI 

terms. i.e. there is a relatively rapid WI-off. followed by n slope change at abut 0.3 ps into a much slower 

tnil. In rhc moving Cume. (1.2.3). Lhc thm coc,poncnts of the n.c.f. m-c nnimtropic but Ins so thnn in rhc 

compressed gas. 

The nngulur velocity a.c.f. in the lab fmme nnd moving frames is illustrutcd in Fig. (13). nnd the angukr 

momentum a.c.f. in the Inb. rramc in Fig. (14). From a compnrison of Figx. (13x1) nnd (1-I) it is clear. thar the 

change of slope is much more pronounced in the a&ulur momentum u.cX. end o~nin occurs ut nboul 0.25 

ps. It is impossible to follOw the variety .of results in Fip. (13) und (14) with either the Doi/Edwq& or 

Frenkcl/Mayuirc theory. even in qualitative terms. across the phuse tmnsition from compressed gas io liquid. 
: 

The oricntntionnl a.c.f. components of Fig. (IS). a,&t from the physically cdrtixt zero slope it the rime 

origin. look like n combination of cxponcntiols. indicating that the diclcctric loss mny have &ore thnn ‘one 

comtion&t. as~obscrvcd in &is&ropic~liquid cryr~rrl mcsophascs. This is a small step towxds the goal dr 
: 

simulating II liquid crystal muopbasc in terms of n~olcculr~r dynnmia with dtc/sirc potcntinl terms. 
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The rotatio&l velocity components of Fig. (16) again show the change of slope at nbout 0.35 & rollowcd by 

a long, slow tail. Unusually Tar such an a.c.C_. this remains positive Tar all t. This ,may &z intcrprctcd 

through a rapid initial loss orcorrclation due to libration of the dipole axis nt high frcqucncia. Collowcd by II 

much slower relaxation process. the diffusion of the long axis. A hierarchy oT memory functions is certainly 

needed to lbllow such a non Markovian prcxcss. 

The character or tic funztions CfJ , (Fig. (16)). nndm . (Fig. (17)). is markedly difhcot in tic liquid from 

their cquivnlcnts in the compressed gas. The change or slope at 0.25 ps in thc~a.c.r_*s is echoed in the c.c.T. Q’ 

by a sharp negative peak at the mrnc point rollowcd by II long JiKusivc tail. This indiculcs ~hui cross corrc- 

lation of this type in the lab hme is a long lived pr&ss. IO a liquid crystal mndc up of long molc~ula it ii 

likely therefore that cross-correlation hctwccn the molecular center or moss linear vcloci~y ond th& &me 

molecule% oricnlation vcct0r.p. or rotational velocity. ; will be persistent nnd~characlcrislic of a &sOpbtKe. 

In other words the oriintational dillImion is ‘locked in” to the translation or the molcculc or a mcs~pbasc.~’ 

This promota long range oi-dcr along the director axis.. Oxi&tational rrccdom ti..&strkztcd and ii Guirc? 

little additional energy (c. g. I weak clcctric field). to align tha din&or &is in’&& direction: thus maki~~g the 

satiplc bircMogcnt. The role of cross-correlation functions in this process ii runclnmcntal and illuminating. 

The correlation b&&n molecular Coriolis ace&ration and its own center or mass vclodcy is II lhsicr ov&ll 

process. and In this case Fi~~(18(a))and(l8(b)) h s ow that tin: moving rramc corrclntions 0r this type have 
lost intensity compared LO their counterparts in the comprcsscd gas. The (1.1) &mponcnt for cx&nplc hns lort 

: 
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intensity due to tic decreased eKrcl or Coriolis nccelcralion on the molecule’s own linear velocity. The lab 

rrame c_c.f. of Fig. (1Oc) is again chamcteri%d by 5 punk nt short timti follo&d by a rclntivcly lbng u~ll, bit 

Lhc intensity OC the peak is this time grcatcr in the lab. frame for lhc liquid lhnn Tar the compnxscd gas_ This 

is the opposite to the clTcct orthc phnsc change on the moving frame c.cX’s of Figs. (IOa) and (lob). in fiip. 

(IOd) it is obscrvcd that the crrcdt on the simple c.c.L 0r the moving rmmc is to incrcasc rhc mk intensity or 

the (2.3) and (3.2) clcme& from almost nothing in the comprcsscd gnr to nbout 0.1 in rhc liquid. The clc- 

mcnts arc mirror imugu by C,, symmetry. 

Conclusions 

The simulation shows that the dilTusion in the comprused gnu nnd liquid or a tong. ripid. molcculc such us 

methyl hcrn-u-l-ync is nn intricate process involving scvcral types or hndumcntnl lime cross correlation. 

linked incluctnbly. The power of the IBM Kingston 1CAPl rupcrcompulcr nllows dclnilr to lx t-csolvcd which 

nrr ur&xountcd for in contcmpomry (heorics of tu~rd rod diffusion. 
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