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Ahslract 

This paper describes the studie~ on the conformations and conformational properties of hisphenol A 
polycarbonate (SPAPC) and <,tructurally modified polycarbonates using Molecular Mechanic, and RIS 
Metropolis Monte Carlo method (R1'v1:v1C). Conformational analysis about the Crt atom of various 
polycarlxlnates indicated that the freedom of rotation of the backbone phenyl rings j, re~.tricted h) 
structural modification. Conformational properties like root mean square end to end dIstance. root 
mean square radius of gyration. persistence length and characteristic ratio were derived using R\1:\.1C 
method. The low values of the computed characteristic ratio, (2.7-3.0) indi..:ate compact average 
conformations for the substituted polycarlxlnate chains. R.\1MC simulations for BPAPC were carried 
out in the temperature range of 300-500 K and the temperature coefficient of the mean square end to 
end distance was found to be - 0..+ 15 x 10' deg ,I which agrees with the experimental \alue, 

Conformational analysis. Rotational ~tetropolis :v1onte Carlo method. Polycarlxlnates. Substituted 
polycarbonates, Conformational properties. 

Introduction 

Polycarhonatcs are an extremely useful and industriall: 
impl1rt:l!lt ..:Iass of engineering thermopbsri..:s be..:ause of 
man\ desirahle properties like high T g. heat resistan..:e. 
,Iilll':!l,innal slahility. toughness and tran~par('ncy, Th.: 
I!1I('rpb: hetween the physical pwp('rti('~ and the 
Ilwil.'l'lIlar struclure for these polYll1er~ has been th(' 
,uhll'c'l llf ,l'\eral theoretical and l'\perim.:nral studi.:s 
I Hurtlli-. ("lUI. ll)l) 1), 

Th.: dwin dimensions as gl\l'n 11.: [(lot mean squar.: 
end III l'l1d distance <lnd radius of g:rali')l1 repr.:s.:nt rile 
IlhH important conformation<ll prop.:nil's of a polynwf 
c'ham. ExperimenlUlly. the ..:hain dllll':lhlll!1S are 
,kllTllllIWd hy dilute solution mcaslll.:menh Ill\ol\ i!l~ 
11;'!!1l 'c';l![ering and \'iscometry, filC\)l'l'llc'all: R1S th":\\I·: 
,H\,!'\, 1')69) has h..:cn applied \\i\kh t\) stud: the slIlgk 
,'Il,lIil c'<1nforl1lational statistics III th,' 1Illpenurb.:d sUI':, 
RIS .lppI<)ach in\ol\es the deri\atilln \,t ,t,llis!I":,11 \\<"i1:'h!, 

for discrete rotational states fur diffl'renr hond, In th,' 
polym.:r ..:hain. RMMC method (H,'ne:":lIlt. 199X) L'I1.lhk·, 
thl' calculation of unperturbed l'hain dimen~ioll' \)1 

!)(II;'ll1er chains in the mel! or in theta ,tat.:, [t cakul~II\:' 

the conformational properties llf pl11:l11er chains tnllll 

atomistic simulations. 
Moic..:ular modeling studt.:, \\11 th.: ..:onfornulI, '11 (I; 

suhstitut.:d poly..:arbonates have r':l'':I\ed little a[[':IlI;,'I' 
\\hell ..:ol1lpared to that nf BPAPC (Sundararajan. I '!,'\'J I 

This work is part of our dT(lrt~ r(l l'Ill<.:idat.: th.: efkl'! ,'I 
stru..:tural 1ll11diticatioll 011 th.: l'onforlll<ltl.lIUI 
charaderistics of BPAPC The slIh,tilll':!lr eftl''':! 011 the' 
«(Informational tlcxihility of th.: baL'khune ph':l1yl rill!:!' III 
slIb,tiruted polycarhonates \\<1, ,wdlL'd hy \\"b,il,11 
"kcilanics and <.:onfnrrnati,mal pr,)pl'nie, "I 111, 

p(ll:carbonale ,ingle ..:hams weI'': dl'rlh'd U,IIl!:! R\\\l\ 

11l.:lhod, 
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1)( II )\IIR\\:\I) ('( 1\11'1.1.\ III 11)\ 

\ Il'lllOdol()g~ 

lkl'ic'h 11lL' r,'p.:al 
'1IlIdlll,' or r.j'l'h.:nob u,,'d 1\'1 Ih,' I'll"l'I1i ,[lHh 

t \'1111,rlll;IIHlnal anah',j, b\ IIl'It! l'IWI1:!\ 

1I1I1J11l1l/Ulion l<Xhlliqllc \'\'a, carricd \lui I(\! Ih,' \ariOlh 
\,drbollalc "'':I11<:nh 

HOi?\i HO dn~BPA:l~ BPC OH';O TMC OH 

Figure I. 'tI) RepC(lllIlIil u/HPAPC II}} BPA 
(illd IlliJSlillll('d hi.ll'//('/lo/.I 

PCFF paramcters \vere u~ed to calculate the potential 
encrgy surface, Potential energy was calculated as the sum 
of bonded and non~bonded interactions. It included a 
quadratic pol:momial for bond stretching and angle 
bending and a three term Fourier expansion series for 
torsional motion" Coulombic terms and a 9~6 VOW 
potential was used to describe the non-bonded 
interactions, 

The potential energy surface was scanned from ~ lHO 
{O IRO" in 5" increments, The dihedrals 0>1 and <\}2 were 
constrained at discrete values by applying a force constant 
of 1000 kcal/mol rad2 and the rest of the molecule was 
allowed to relax till the gradient of en erg: was less than 
OJ)O I kcal/mol :\' For BPAPe, con former search was 
abo done about 0. and qk The energy barriers were then 
compared with the results of ab iniTiu computations 
reported on model compounds of BPAPe, 

ROIllliollal Metropolis Moille Carlo Method 

In an RMMC calculation, the first step involves the 
geometry optimization of the single chain allowing the 
variation of bond lengths, bond angle~ and torsional 
angles, The second step involves the Monte Carlo 
simulation of the minimized chains, where onlv the 
torsional angles are allowed to vary, Bond length~ and 
hond angles are held constant. Torsional angles are varied 
continuously, To determine the interaction range of the 
potential either a bond-based cutotf or a distance~based 
cutoff is used, The Monte Carlo simulation is performed 
In two substage\, First. the starting conformation is 
e4uilibrated and then the production stage IS carried out 
with a large number of Monte Carlo ,teps The polymer 
chain properties arc averaged during the prot./ul'lIon stage 
speCIfying a fixed Interval. A description of the method in 
detail call be found elsewhere (Honeycutt. 19YH) 

\1(1111\.' C;lrll' 'lIl11ila{IUI1S \\,'le dOll<.' Ip! 

'lIl~k dl;lIlh (ll HP.\PC and 'Uhstlillil'd pIll\,'arbllll.!ICS 
\\i{il :'1 !,'peal uilits ;11 .'(I(l\\.. A h"lld-b:ISL'd ,:UIIlf! \\;h 

us,'d Il' dell.'rlllillL' IhL' IIlI'CLICliO!l rall~1.' nf 111.: P(l{':!1lial. 
Th,' \;l!ll,'S ;!"I~Il.:d fOl Ihe [11L'.,,'11I simulall\lllS \\\.'I'l" 

;lI1d 6 respccti\,'ly for 11"", alld tli'\.:\ ,mel 1 lilr the cllcledri,' 
,'I'Il,I;mL rile numb.:r ut equilibratlotl and ,il11l1lallllll 
sleps \\ ,h )Oll.llOO and 2.0()(l.()OO stqb_ respe,'ti\eh, Dar;1 
cIllh:L'lillll dllrtll1:! ,111111laliPIl wa, carried Ollt ati.:!' ,'\('1'\ 

2U() skps, i'llI' BPAPe, ,'akulatllll]S were alsll ,'an'ied 1)1I-1 

al -HJO and )(lOK tl) determine the temperature L'()l'fticil.'nt 
of the llle<ln'ljllarl.' I.'nd [0 I.'nd dis{allcl.', There \\as l1P 

1.'\ idencL' (1f all) long-term drift (11 ener!!\ tiU! Ill!! [he 
'1Illlllatil)ll. \\hieh indicall:J {hal (ill.' chain~ \\,'rl." rul" 
eljllilibrmed. -

The ,'aicul;ltiulb \\we perforllled ll~jng Ihe In,jghtll 
PulYl11er -UlU lllolecular llllxkling package 'fHlll1 \15" and 
a SlIk'un Graphics 02 \\'Orkstalion, 

Results and Discussion 

CO/(tlll'lllill iOlla/ Stlld ies 

ho-energ) contour!> about <lh \S $2 and <p~ \'~ 0., for 
BPAPC are given in Fig, 2. The iso~energy contours are 
drawn at intervals of 1 kcal/mol from the global minima, 
In all the i"o-energy contour maps, the conformations 
h,1\ ing energy ~ 10 kcal/mol were ignored, It is assumed 
that all such conformations are not statisticall\ feasible 
under equilibrium conditions, ­

·120 -60 	 0 60 120 

¢ls 

Figure 2, Iso-energy curllounIor various bond 
pairs III HPAPC nle minima are marked as \ '. 

8 equl\alent minimum energy conformations are 
possible due to rotation about <PI and (J}, for BPAPe where 
the phenyl rings are twisted out of the plane by 50". The 
4 local minima 0,:1:90 and ±90,O (Morino conformation) 
are at a saddle point between equivalent glohal minima 
and the energy barrier for the transformation is 1,7 
kcallmol. The interconversion is also possible l'ia the 
intermediate ±90, ±90 tButtertly conformation) states and 
the energy barrier is 3,5 kcal/mol. As shown in Table I, 
the energy harriers match well with the reslIlh of quantum 
chemical calculations rcpurted on model compounds of 
RPAPC (Sun ewl. 19Y5: Laskowski e/at. 19H1h 

< 
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Molecular ;\1oueling Studic~ on lhl' Conl(lrmational Properties or P()lyl'arh()natc~ 	 '-11 

Tlli)il' i. ('ompo riso/1 of Con{ormur i (l1l{/ { 

/-,'Ilergin (in Kca/lmll/). 

--------------_._---' .._--­
HF-6-llfY STO-:~(j peH· 

((1);, <D:,) 

Optimized (50. 50) Of) (1) 00 

Morino (O,90) 2. I 7 1.9 1.7 


Butterfly (YO, 90) 3. <).1 ,l.5 


mOl 17.21 	 19.:-1 

10-1.0,) 

lrum. lrallS ((). 0) 00 O.iJ 

1I"(JIIS. CIS (0.1 XO) 1.6X 1.61 

---_._--_.._--_. 

bo-energy contours evaluated ahOlI! (j)" and 0< tor 
BPAPC clearly indicates the preference for the lral1.l. 

fmll.l conformation of the carbonate group ((J.() I over the 
{ram. cis (0.1 xO) conformation by 1.6 I hcal/mol of 

.__ 	 energy. This agrees well with the value 1.68 kcal/mol 
obtained from a/) initio computations on DPC (La~kowski 
etal. 1988). Thus it can be concluded thaI minimum 
enen!\ conformations and torsional eller~\ barrier~ 

obtained from PCFF are in agreecment with th'e ljuantul11 
chemical calculations and hence thi" force field is \\ell 
suited for the simulation for pol)carhonate,. 

SUhSfilwed Polycarbonate.l 

Figure J shows the iso-energy contours ah,lut <DI and 
<Dc for BPCPC and TMCPC. The glohal minima 
,'orrespl){1d to the conformations in which the rhenyl ring, 
are twisted out of the plane by 55-70 degree" The 
bUllertl: (±90.±90) and the two of the !11llrinll (±90.0) 
confnrl1latinn~ represent the local minima which arl' at 1.7 

and 0.8 kcalimol aboye the glohal minima The O,::t90 
conf(1rI11er~ wue of higher energy ahout ..\.6 kcal/mol 
abll\e the glohal minima. Thl> difference In ener)1: ,)1' the' 

,.......othcrwi'e equl\alent 'morino' conformaliPI1' \\;1' ,w,lled 
and it \\,1:' found that the isu-energy contum, lkpended ,on 
the dl'rll,itilln llf til..: cyduhe.\yl )1roup in Ih,',Wrtlllg 
lllndel Cllll1pUund. 

Th:: cycll)hc\)1 group can han' t\\O cllIltiguratiol1' ,I, 
.;/1,1\\11 in fig. 3l'. \\l1ich art: ::qui\';dcnt in \'I1,'rg: ( 
minimum I. But ftlr BPCL O.±9() an: pre'ferreLi "\,'r -'-\)11.0 
,\ll1fllrrnatt,on and fur BPC2 th..: rc\cr,;c huld, truc'. III 
,'at'll ,',he. Ih,' prd'ercnce for (lllC C(lllfllrl11<ltl(lll p\c'r thc' 
llther ",I> t,lund 10 bl' du..: to th,' VD\\' illleradi,lll e'ncr::\ 
In the ll1,ldel c'lll11pllUnd ,llIdl,'d till' ,':c'llll1e\: I )1rollp \\ ,I' 
in BPC' c'l'ntiguration. 

flll' T\\CPC. rotation ab,lul ~), ,Illd 0, k;td, I" ..\ 

J1111l!IlU ,It .'o.·()o: -70.12(): 11Il.-(lO and II(I.I~(I. 1.",',11 
III I 11 I 111.1 ,Ire ,\l ::l)(l. (I alld =')1\, ±'1() ,'(lni"lIluil"lh. "hiell 
aI',' 1.1) -Inc! ~.I k,';tI/IlHlI rc"pc','ti'c'h ahl'\c' Ihc' I 
millinu 

hlI h,llh BP( 'p( ;tlltl T\lCP(·. thl' 1'I'c'llc';,,\ 
c"'l1t,llIl' ,b"I\, th,1l <I ,erie, ,,( ,'\llltllll1<)U, j,)\\,'r ,'lll'I", 

c()nf{)rmatlons arc acee~"lhlc prm Ilkd OIlC or the phl'll~ I 

rings IS constrained at a dihedral angle of l)(j" But 111 hol11 
ca~e, the mohility of the backhone phenyl rill:,', :, 
restricted hy suhstitution ()f the c\cl()hexvl gruup at the (. 
al<lIn. 

,120 ·60 0 60 120 

(j>. 
[a) 

o 
N 

120 ·60 0 60 I~IJ 

Q2 
(1) ) 

Figure 3. i.lD-CI1Cr'{\ colllour, lor 'Ii) 1)/)( P( 

(I/l{! fIJ) T/\I!CPCfin'lhe ho//(! {hlir 0; £llId (fr I. , 

THO ditfel'elll cont/gumfiom II,. Ihl' II ,/"hn,' 

" roup. 

RJfMC S'illlulariolls 

The prohahility distribution (\( the' ..:nd HI cnd ;c'll,' 
obtained from thc single chain '1llIuiatlon ui \ ,III' l!l\ 
polycarhon<ltes was found to (lhe~ the gall~~jall ,'I1;Ull 
statistic" typical of polymer ,ILlin, 111 the H '[;1Il' 
Distrihutions of the variolls dihedral,; ;1' \lhtaIJh'd it,lIiI 

R\lMC simulations of single ch,tin j1(\I~C'lrh'lll'IL" .11,' 

gi\cll in Fi)1..\. For BPAPC. thc dl,tribtllJ"11 "I 0 ,'Illi 
,i1llWS two ,;tates at -55 and 1,,\'\ degrec, ("I Cd,·I1. !:L'I\\' 

,In)1k's 0, and 0, arc strongly c\lup1ed, \\1/1,'11 kild, '" II:, 
p(lso;ihk' c(lnforl1lations ;h -:':'.-~'i _.~~.I.l," I"\.~. ""11I,! 

1-+".1..\'\. Distrihution ahllut t1 ,11,1\"..\ lnilllll1,\ .Ii I'll 
~o. 50 alld 130 degree,;. \\here a' l), ,h(l\h -;111,.:1,' ':;li . 

c,lITe,,;pol1lling tll the Ir({I' I. lrd"" ,',l!lI','r'll:l!i"I' 'i 1[' 
,'arhonat,' group 111 the j1,l\le;::·i),ll1.i!l' ,'h.1111 II;,"" 
dihedral di,tribution, ,II',' c('n'l,tc'1l1 \\ nil lil,' ',")' 
,)htall1ed from ,'I'nfonnatinl1al ,IILtl\" "Ii !)J' \1'1 

"')1l11el11. 
Fur BPCPC al1,l TV1CPC. ~~, ,11:,1 (1, iiI",' 'i 

-70 :ll1d I I() de~n..:-l"~. the dJlledr,d, ,', 'ii Illl'd ' I 'I:,,! 

II1\' fW.\P(' Th,' \ ariou, c','11 1',11' ilL'.: I, \Jh ;1( '-"'11">1\.- I: 
.. 

"7{/: 71L I 10: I IO,-7() and I III. i III J he' l" ,: 

dl,lllhuti,lll al>,'lIt (I sl1"\,,..\ 11111111"-1 ,,: 

130. DI,triiltlllLlIl :lhOlll 0, 1'llll'-rrlll, '", 

1)1','lerred c',llll(,rlllatillil ab"lIt the' ,,::'j,. ,I, 

'lIhlitlltl'd IlLlhcarhollat,' ~II;C: ell", .i'· 

lliicTJc'lillll ""I\\,'c'l1 lhl' ~lil),t:llILTi' ",. 



-j 
" , 	 IJOLY;\ILRS ,\'\I\) C()lI,lPLL\ r-:LLlDS 

Ih' ,:lrh"!:,I!,' ~1,'1I1' ;, c'\I'c'L'lL'd 10 he Ilq,di~ihlc dlll' \(1 the 

,1i,t,II1,',' "i 'l'I>;lr,lIlnl1 h('t\n~(,11 th,'I11, tknl'e the 

,'(111IUII11,III<'11 :Ih, 'll 1 1'11-0 h"lld and the carb( )Ilat,' group 

11'111.1111' Ih,',;tl1ll' .I' III BI',\P(" 

(I» 

Figure.J, Pro/m/Jilitr distributions of !III:' 
l'lIriolls dihedrals 111 (u}BPAPC, (b)BPCPC {llld 

(c)7MCPC f/"om RMMC simu/aliolls, 

The \ari()u~ con format ional properties calculated for 
polYL:arbonates are gi\ell in Table 2, For BPAPe, 
reasonahle agreement is found for the calculated and the 
experimental values (Brandrup, 1975; Anwer eta/, 1991), 
C was calculated from the mean square end to end 
di~tance of the single chains (Flory, 1969), For the 
substituted polycarbonate~. no experimental values are 
available for comparison. To the best of our knowledge 
these properties an: reported for the first time from our 
studies on substituted polycarbonates. 

The simulations done for BPAPC alone at 400 and 
500K gave interesting insights into the effect of 
temperature on conformation. It was observed that the 
unperturbed dimensiom decreased with increase in 
temperature. No significant changes in the distribution of 

the dihedrals <PI, d>:: and <p, were noted at 400 and 500K. 

But, the distribution about <P4 showed that the population 
of the frans, cis conformations increases with 
temperature. This can be explained on the basis that at 
lower temperatures. chains prefer the more expanded 
IrallS,lrans conformations of the carbonate group. 
Increasing the temperature facilitates the polymer to have 
conformations of higher energy namely the contracted 
Ircm.l.cis stales. This results in dimensional contraction of 
the chains in response to the increased temperature, and 
hence the reduction in the unperturbed dimensions with 
increase in temperature. A slightly negative temperature 
codficient was ohtained for the mean square end to end 
distance, the value being -OA 15 x ](r' deg l

. 

Experimentally, Ihis was found to be between zero and 
0.6 x 10' deg 1 (Reddy etal. 1988). Thus. the predicted 

lallic ,'l)l11eS \\1.'11 within the exr\.'riJll\.'lltall~ reported 
\;!lu\.' 

TaMe.? GII/formatiol/al Pro/lUIit's or 

P"IYtwhOlWlestmllI RMMC ,';ill/lI/lI/ioIlS 1II 300K. 


Polymcr «rc>/M) Ilc «s=>/M)' Cn A 
(-'\":Jll~Mg)il (A"cmol/g ) (A") 

'") ~BPAPe 0.983 ().39~ _.1 1~.7 
dUn-I.28) tOAS) (2.4) III.J) 

BPCPC 0,925 ().J 71 2.9 1~.9 

T!\lCPC 0.884 0.353 3.0 LU 

Conclusions 

Conformational analysis about the C", atom for 
\arious polycarbonates were carried out and it was 
obsened that substitution by the cyclohexyl group reduces 
the conformational flexibility of the backbone phenyl 
rings. The single chains were simulated using RMMC 
method to derive various conformational properties. The 
unperturbed dimensions are not drastically effected by 
substitution. The computed values of characteristic ratios 
are in the range of 2.7-3.0. The low values of the 
unperturbed dimensions and characteristic ratios could be 
an indication of compact average conformations of the 
substituted polycarbonate chains. 
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