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The dynamic rotational isomeric statBRIS) formalism has been utilized to predict the local
dynamics of amorphousis- and trans-polybutadiene at bulk density from short-time molecular
dynamics(MD) simulations at 425 K. The rates for transitions between rotational isomeric states
have been calculated from the initial slopes of time-delayed transftionditiona) probability
curves extracted from the MD simulation. Firstndependent second<pairwise dependeptand

third- (triplewise dependepbrder conformational transitions have been incorporated into the DRIS
formalism. Conformational and orientational correlation functions have been evaluated. The
comparison of DRIS results with MD simulations indicates that this approach may be
advantageously used to predict the time evolution of bond isomeric states and the contribution of
transitions between these states to conformational correlation functions. The first-order
conformational kinetics is the major factor controlling the relaxation in the latter. Cross-correlation
functions are not reproduced as well, because they are dominated by torsional librations within
rotational isomeric states, and such librations are not incorporated in the DRIS analysis. The
prediction of anisotropic character of the segmental motions is also satisfactory to an important
extent, but it still awaits some more consideration in the choice of the size of the kinetic segment,
along with the accurate input of cooperative motions arising from both intra- and intermolecular
interactions in a MD simulation. Information which would otherwise be extracted from the
statistical analysis of very long trajectories of MD simulations may become readily obtainable from
DRIS. © 1996 American Institute of Physids50021-960806)50212-7

I. INTRODUCTION In the present work, the dynamic rotational isomeric
state (DRIS) model is utilized to predict the long-time be-
There are basically two broad regimes at which the dy-havior of local chain dynamics of bulk amorphous polybuta-
namics of macromolecules may be analyzed, depending ogliene(cis- andtrans-PBDS, using the information obtained
the time and length scale of the observatidd) The from short-time(ns) MD simulation?® First- (independent
Rouse—Zimm? regime, where the large scale motions aresecond-(pairwise dependejptand third- (triplewise depen-
considered, an@) the local dynamics regime. The motions denp order interdependenteén the conformational transi-
in the latter regime can be classified into three grodps. tions are considered in the calculations. The DRIS model
High frequency motions such as bond stretching, bond-angleenders the problem analytically tractable, but less precise.
bending and small amplitude oscillations within a single ro-For example, it focuses attention exclusively on the transi-
tational potential energy welkii) side chain motions; and tions between discrete rotational isomeric states, and ignores
(iii ) rotational transitions from one rotational isomeric statethe effect of librational motion within a rotational isomeric
to another. The use of detailed molecular level structural andtate. Also, intermolecular interactions are incorporated only
conformational features is essential in studying motions bein an indirect fashion, via their influence on the transitions
longing to this regime. Molecular dynami¢$/D) is the rate employed in the DRIS analysis. Nevertheless, the DRIS
most powerful computational technique in studying localmodel provides an understanding of the mechanism and ba-
chain dynamics for fully atomistic models of a polymer sys-sic factors controlling the local relaxation in a specific poly-
tem. It is accurate to the extent the force field gives a realistiener without the necessity for extensive simulations. The tor-
representation of interatomic interactions. However, the atsional autocorrelation functions have been reproduced
tainment of the time scale of relevant experiments for amorreasonably well. The DRIS analysis is less successful for the
phous polymers at bulk density by MD technique is oftenorientational autocorrelation functions. The shortcoming of
impossible, due to the large number of degrees of freedorthe technique will be discussed along with the presentation
which need to be integrated with a very small time step. of the results.
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The paper is organized as follows. The two differentprobability for the indicated transition. Equatiof) may be
implementations of the DRIS method that are applied hereewritten in matrix notation for all of the possibk&* tran-
will be explained. The pertinent results from the recent MDsitions of the segment of bonds as?,.=C _P,, whereP_and
simulation study of bulk amorphous PBD will be summa- C, represent the joint probability and conditional probability
rized very briefly. The formulation of the DRIS model from matrices of order”, andPy is the vector of the equilibrium
the data provided by MD trajectories will be presented alongprobabilities of ther* states. For a chain af bonds with
with its prediction of different correlation functions. x-wise interdependent transitions, use of E@$-(4) in Eq.

(1) yields

1. DYNAMIC ROTATIONAL ISOMERIC STATE (DRIS)
APPROACH (f(y=2 % CAQJQp)P(QpF(Q,, Q5. (5

h'lh? dr)]/na(;mcs r_otatlonal .'Somfe”ﬁ state apr;rp‘é‘c’ﬁ, . The formal solution of the Master equation which gov-
which is the dynamic extension of the rotational isomeric, < the stochastics of transitions gives

state modet4 considers the discrete conformational space
0={Q,.Qp,...Q,n_»} of a chain ofn bonds having states P.(Q)=exp{AT}Py(Q)=B exp{—A7}B 1Py(Q), (6)

aﬁ?iss'*ﬂ',ez to ga}Ch bond. The stochastic process %hereA is the transition rate matrix for the kinetics of the
"Xy transitions between those conformations is the

. : transitions. The diagonalization #¢=BAB™! leads to the
object of the_methoq. The [.)RIS model is based on the Mar'respective matrices of eigenvectors and the eigenvaBies,
kov assumption which implies that the state of the system aénd A. From the physical meaning of E6), the time-

a given timery+ 7 is prescribed entirely by its state at time elayed conditional probability matrig equals: the term

79. Mean dynamic properties associated with conformationa?j T

transitions are evaluated by assigning a stochastic weight C,=B exp{—A7}B™ 1. 7

O[{€2,:241] to each transition occurring at timeas Knowledge ofC, together with the equilibrium prob-

abilities, Py(€2), gives a complete description of the stochas-
<f(7)>:§a: EB Q110041120 0Qp), @) tics of conformational transitions. Any correlation function
, ) . f(7) which depends on conformational transitions may be
where f({,;(p) is the value of the investigated property eyajuated by using the elements®f and Py(() in Eq. (5).
when the tran3|t|9n ta}kes place from conformatj@rio a, In the present study, two alternative approaches have
and the summation is performed over all conformationalyeen undertaken to compute, in general, any transient prop-
space. Here(,[{(1,;Q4}] can be evaluated as erty, (F(7), as expressed in E¢5).
N-1 (@) The rate matriXA for a polymer chain of bonds can
Q[{Q,; Q4= H vi(abc...;a’'b’c’...), (2 be formed? by suitable combination of transition rate matri-
=X ces ascribed t®-wise interdependent bond&). This matrix
wherev;(abc,...;a’b’c’...) denotes the stochastic weight governs the conformational kinetics ofx-wise interdepen-
corresponding to the transitiombc...—a’b’c’... at timer  dent bonds. Similarity transformation 8 and substitution
by the groups of the bonds— (x—1),...i—1,i, with the of the results in Eq(7) leads to the conditional probabilities
order of the interdependence restricted xoconsecutive and thus joint probabilities of occurrence of conformations
bonds. v;(abc...;a’b’c’...) may be determined* from  Q, andQ, with a time delay ofr. Details can be found in the
time-dependent probabilities according to Ref. 4-12. Using Eq(7), Eq. (5) can be written as
vi(abc...;a’b’'c’...) <f(T)>:E K, exeih, 7 ®
=p;(abc...d,_ie;a’b’c’...d;_,ep)/ 4
T where \, is the yth eigenvalue ofA. k., is the amplitude
Pi-s(abc...dyy;a’bic’. .dy_y), © factor Wyhich is a static quantity expreésed as a function of
where p;(abc...d,_1e,;a’b’c’...d,_,e;) indicates the the specified investigated property and given by
time-delayed probability of the joint occurrence of isomeric

;tate;{abc...dx_l'ex}. and {a’b’c’...d;,l.e:\)’(} within the kyzz > Bay B 11,5Po(Qp) f(Q,;Qp). 9
time interval 7. This time-delayed probability can be evalu- a B
ated from From Egs.(5), (8), and (9), any transient property may be
pi(abc...dy_q1e.;a’b’c’...d;_,€y) evaluated. Some examples will be presented in the calcula-
tions part.
=ci(a’'b’c’...dy_,elabce...dy1€,) (b) Alternatively, it is possible to evaluaté(s) without
xxp?(abc...dx_lex), @) going through the Eq¥8) and(9), thereby avoiding matrix

manipulations which might sometimes be very cumbersome.
wherep?(abc...d,_;e,) is the equilibrium probability of the  (f(7)) may be directly computed by using Ed4) and (2).
state @bc...d,_,e,) for bondsi,i—1,.i—(x—1), and The summations in Eq1) are performed over all the initial
ci(a'b’c’...d;_,erlabc...d,_;€,), which is the conditional and final states of the rotatable bonds in the chain. This
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method incorporates an enormous number of transitions for model. The accurate estimation of those rates is very impor-
given 7. The most probable conformational transition sub-tant to obtain a quantitative relation between theory and
space can be separated from the complete conformationaimulation.

transition space simply by using the Monte CatMC)

simulation method. This method provides a convenient way - .

of calculating any property of interest from the ensemble of8- Time-delayed conditional probabilities

generated chains for a given time, as based on the time- The time-delayed conditional probabilities of conforma-
delayed conditional probability values predicted by the DRIStjonal transitions of first, second, and third order have been

model. calculated for each type of bond in batts- andtrans-PBDs
from the trajectories. The first objective is to reproduce those

IIl. MD SIMULATION OF BULK AMORPHOUS curves using the DRIS model. The rate ma#ikoperates as

POLYBUTADIENE the core of the DRIS calculations. The conditional probabil-

. . . ity matrix C, for a given 7 is calculated from Eq(7), by
In a recent MD simulation of bulk amorphouss- and  gjnjlarity transformation ofA*. Calculations are performed
transPBDs, the local dynamics above the glass transitionyo, first-, second-, and third-order interdependent conforma-

ten;perature were studied for the simulation time of 0.8—1igna) transitions. The resulting transition probability curves
ns> The local motions are found to be different in the two yjj| pe used later in the evaluation of intermolecular coop-

polymers as a result of the structural differences imposed by 4tivity effects on different correlation functions. The
the different conformational states at the double bond. Dif+ v es comparing DRIS calculations and MD simulation for
ferent time correlation functions have been evaluated tQ few isomeric pairs of interest are depicted in Figs. 1-3.
study the mechanism and intramolecular cooperative mo-  Figyre 1 presents first-order transition probabilities with
tions controlling the local relaxation. respect to time for all possible transitions between three iso-
In the present study, the above simulation trajectorie$neric statesc, s*. ands™, of the CH-CH bond intrans-
have been utilized to acquire the time-delayed conditionabgp at 425 K. The curves in that figure are organized to

probabilities, based on first-, second-, and third-order confory esent the history of each specific state towards its equilib-
mational transition statistics, between possible conformagi,m. At infinite time. all three curves in each panel must

tional states of Ch-CH, and CH-CH bonds in both PBDs.  555r0ach a common value, which is the equilibrium prob-
The CH=CH bond is ignored in this analysis because it only gpjjity for the final state. This condition is obtained in rea-
experiences librational motion within a single rotational iso-g5napie approximation for all three panels in Fig. 1. The
meric state, and the present implementation of the DRIy mmetry of the torsion potential energy functions requires
model does not incorporate such librational motions. that identical limits be obtained in the second and third pan-
els. This requirement is also met in reasonable approxima-
IV. CALCULATIONS tion. Conceivably the accuracy of the DRIS analysis might
be improved somewhat by combining symmetry-related sets
(such ass™|s* ands™|s™) in the evaluation of the slopes.
Depending on the order of the interdependence of conThe DRIS model captures the time dependence quite well
formational transitions, the elementsA¥, which represents when the transitions involve only the anticlinical states. It is
the rate of transition from one rotational isomeric state toless successful when the transitions involve tigestate, as
another, may be estimated from the kinetics of one or morean be seen by inspection of the open circles in all three
bonds. Three isomeric states are accessible to both CH—Chpanels in Fig. 1. The origin of this problem may lie in the
and CH—CH, bonds in PBDs. They areans (t), gauché very low probability for thecis state, as shown by the limit-
("), andgauché (g~) for CH,—CH,; t, anticlinical” (s¥),  ing value ofC . in the top panel. The small probability for the
anticlinical™ (s™) for CH—CH, in cis-PBD, andt,g",g~, for  cis state means that the rates had to be evaluated from a
CH,—CH,; cis (c), s*,s™ for CH-CH, in transPBD. The relatively small number of observations. Of course, the low
three rotational isomeric states at each rotatable bond lead pyobability of thecis state also suggests that the correlation
an A* matrix of dimensions 83 in first-orderx=1; 9x9in  functions calculated later in this article may not be very sen-
second orderx=2; and 2% 27, x=3, in third order transi- sitive to errors in the estimation of the time dependence of
tions. The transition rate matriX operating in a chain off the occupancy and escape from tig state.
bonds can be fourtdfrom the convolution of the rate matri- Figure 2 depicts first-order transition probabilities for
cesAX. three isomeric pairs of CH—CHbond incis-PBD at 425 K.
The initial slopes of time-delayed transition probability The curves involving only anticlinical states must have a
C, curves, which have directly been calculated from MD common limit, which is nearly achieved in 400 ps. Second-
simulation trajectories, give the transition rates to be imple-order transition probabilities for the CH—-GHbond pair at
mented inA*. The rates from the simulation reflect molecu- the two ends of the double boundtimns-PBD at 425 K are
lar level structural and conformational information, including depicted in Fig. 3 for three out of>® isomeric pairs.
the perturbation that results from intra- and intermolecular The DRIS calculations provide a reasonably successful
interactions, independent of whether these interactions apeproduction of transition probabilities for PBDs at 425 K.
pear formally in the subsequent analysis using the DRISHowever, at lower temperatures, 353 K and 300 K, which

A. The transition rate matrices
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FIG. 1. First-order time-delayed transition probabilities for the CH»CH
bond intransPBD at 425 K;(a) C,(c|x), (b) C.(s*|x). (c) C(s™|x), x=c,
s*, ands™~, evaluated by the DRIS approa¢$olid curve$ and MD simu-
lation [points plotted agO), (@), (X) for ¢, s* ands™, respectively.

have also been studied, the DRIS formalism yields a poor
estimation of the transition rates from the simulation. As the
temperature and the mobility of the segments decreases, it
becomes very difficult to make a correct estimation of the
initial decays of the curves from which the rate is calculated,
or even to observe in some cases any initial decay in the
curves, using data from a MD trajectory of length 1 ns.

C. Correlation functions

Local dynamics of polymer chains are probed by many
spectroscopic techniquési®time-resolved fluorescence an-
isotropy, nuclear magnetic resonance, electron spin reso-
nance, etc. For the interpretation of experimental results for
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polymers with different local structures. often simple func- FIG. 3. Second-order transition probabilities for the CH-Qidnd pair at

. . . . _the two ends of the double bond fransPBD at 425 K. The curves depict
tional forms for the correlation functions are used. Thus, iNye pRs results, and the points depict MD simulation res@#s, (O), and

theoretical and simulation studies, it is of great interest taA) for s*s*, sc, ands™c, respectively.
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model ignores librational oscillation with a rotational iso-
meric state. It should be noted here that the first-order kinet-
ics is a major factor controlling the conformational relax-
ation, and perturbation due to effects of short range bond
interdependence is inconsequential. Thus, it is implied that
long range interdependence would be also unimportant. Fur-
thermore, TACFs ascribed to the bonds of the same type
situated in different places along the chain basically give the
same relaxation.

0 ) : \ ! \ ! | Figure 4b) displays TACF curves for CH-CHand
0 50 100 150 200 250 300 350 400 CH,—CH, bonds ofcis-PBD at 425 K, calculated from both
(a t (ps) approachesa) and (b) for first-order bond interdependence.

G;() is 0.59 for the CH-CH, bond, and 0.22 for the
CH-CH, bond. The DRIS model gives a somewhat faster
relaxation for the CH—Cklbond, and slower relaxation for
the CH—CH, bond, than does the MD simulation.

-
D

08 (ii) The torsional cross-correlation functighCCPF be-
0.6 tween a pair of bonds is described as
U 04 o _
'L i Ge(j,7)=(si ¢i(7) — ¢i(0)Isin ¢, j(7) — ¢i1j(0)]),
02 F cH.cH (11)

0 1 I I 1 | 1 I
0 50 100 150 200 250 300 350 400

(b) t (ps)

wherej represents thgth-neighbor bonds. This definition of
the correlation function provides direct information on rela-
tive torsional directions for a pair of bond. TCCFs calculated

FIG. 4. (a) First-order torsional autocorrelation function&,(t), for both by §|muI§tlon§ and DRIfboth approaches) and (b)]
CH-CH, and CH—CH, bonds oftransPBD at 425 K. The thin solid curves are depicted in Figs. (8)-5(b) for CH-CH, bonds using
depict the DRIS results obtained using approémtwith first-, second-, and  j=0,2,—2. The fragment is Cl+CH=CH-CH, when =2,
thilrd—?rtdedr ]Eirmn(:—delaryedcqi)agsitlizon p(;c;b?%ilizi;s.bTheCtihicnkft_jrafh?g crutrrver‘]s argnd CH-CH-CH,—CH whenj=—2. For j=0, the agree-
gftligz: i/lD gimjggo?maresulti a?es.der')ictéd bgl c?rsc‘laesoan(; ?rigngllaes fa(‘)r thement is quite good for bothis- andtransPBDs.G(j,*) is
regpective correlation functions of CH_Q}dnd Cl-&_(:H2 bonds(points 0.34 fOI’ the fOI’meI’ and 0.39 for the Iatter. The Cross corre-
are from Fig. 2, Ref. B (b) First-order torsional autocorrelation functions, lations,j =2, are weak in the DRIS analysis, as is also the
(el dashed ounves and thin said cLrves depict DRIS resits of approache@ese M the MD_simulation. However, definite cross-
(a) and(b), respectively, for first order transitiopns. MD simulation restflts are Correla_t'ons are qbserved In th(_a MD simulation-#80—-100
depicted by circles and triangles for the respective correlation functions opS for j=—2 for cis-PBD and atj =2 for trans-PBD.
CH-CH, and CH—CH, bonds(points are from Fig. 2, Ref.)3 The absence of the cross correlations in the DRIS analy-
sis sheds light on their origin in the MD simulation. In the
DRIS analysis, three discrete valu@e for each rotational
Here, the angle bracket represents averaging over all timisomeric statgare used fokp at each CH-CKbond. Libra-
origins and over all the bonds of the same type along théions about one of these discreteare ignored in the DRIS
chain. analysis. Instead the DRIS analysis focuses only on the
Figure 4a) shows first-order TACFs,G,(t), for larger changes i that arise from the transition from one
CH,—CH, and CH-CH bonds intransPBD, calculated by rotational isomeric state to the another. If the cross correla-
both approache&) and(b) of DRIS. First-order interdepen- tions observed in the MD simulation arise from counter ro-
dence in the former, and first- to third-order interdependencéations, or corotations, within the potential energy wells that
in the latter, of conformational transitions have been considdefine the rotational isomeric states, they will not appear in
ered. The curves calculated by approdbh display some the cross-correlation functions obtained by DRIS analysis,
noise, due to the MC sampling, but the curves by approachlthough they will appear in the direct analysis of the MD
(a) are smooth because a purely analytical expression is usesimulation, where the range fap is continuous. We con-
The equilibrium values of TACFsG4(«), calculated from clude that the cross correlations observed in the MD simula-
Eq.(8), are 0.58 and 0.22 for CHCH, and CH-CH bonds, tion are dominated by correlations in librational motions
respectively. In both cases, kinetic units of different sizeswithin the potential well. The influence of librational motion
(different chain lengthsyield the same results. The TACFs within a rotational isomeric state is also evident fer0 at
of the two approaches of DRIS and MD simulation resultsvery short timegsee Fig. 6 of Ref. B but on the time scale
are in satisfactory agreement, although they do not capturef 20+ ps emphasized here in Fig. 5, the influence of the
the very fast(~0.1 p9 delay of G;(7) to 0.98 or 0.94, for transitions between rotational isomeric states makes the
CH,—CH, and CH-CH, respectively, because the DRIS dominant contribution td@5.(0,7).
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FIG. 5. Torsional cross-correlation functior@,(j,t), for CH—CH, bonds FIG. 6. First-order orientation autocorrelation functio@g(t) for out-of-
using j=0,+2 at 425 K by both approache®) (solid curve, and (b) planeb and chord vectors defined alCy, at 425 K. MD simulation results
(dashed curye MD simulation results are depicted on the figure by the are depicted by symbolgO) for the former, and(A) for the latter. The
symbols,(O), (X), (A) for the respective functions ¢=0, 2, and—2. (a) curves are obtained by applying the DRIS approach to a kinetic segment of
cis-PBD, with MD simulation results from Fig. 6 of Ref. &) transPBD, four rotating bonds subject to third order conformational interdependence.
with MD simulation results from Fig. 7 of Ref. 3. (a) cis-PBD, with MD simulation results from Fig. 11 of Ref. &) trans-

PBD, with MD simulation results from Fig. 12 of Ref. 3.

2. Orientational correlation functions erative response to external perturbations may or may not be

To examine the reorientation anisotropy at a position orincorporated by only considering transition rates up to third
the chain backbone, an out-of-plane vector and a chord ve®rder. Motions causing large amplitude swings of the chain
tor have been defined as segments surrounding a rotating bond in the DRIS model
may not provide an accurate representation of the MD simu-

bi:ﬂ, (120 lation. However, the torsional rotations are certainly local-
14 ized along the chain by the random fluctuations of the envi-
li+14 4 ronment. _The kinetic segment considered here cons?sts of

cizm. (13 four rotating bonds subject to third-order conformational

transitions. The anisotropy in the calculation with the DRIS
Herel; is the vector affixed to thigh bond. Vectord; andc; model results essentially from intramolecular effedbe-

are defined a€; andCs,, atoms. These represent the local cause the DRIS model uses only a single chabut the
motions perpendicular and parallel to the chain axis, respegerturbation caused by intermolecular effects is incorporated
tively. Figures 6a) and Gb) depict the first-order orienta- indirectly into the DRIS model via the transition rates which
tional correlation functionsG,(t), of b andc, respectively, were deduced from the MD simulation, where intermolecular
for transPBD predicted by DRIgapproach(b)] and the interactions are present.

simulation results previously reported in Ref. 3. The agree- The Brownian dynamics studies of Weber and Helfdnd
ment between the simulation and the DRIS results is qualiand DRIS studies of Bahagt al.” for polyethylenelike iso-
tatively satisfactory, being least acceptabledat C,,. The  lated chains show the anisotropy of local motions arising
very important point to note here is that, the DRIS resultsfrom intramolecular effects. On the other hand, as shown by
very much depend on the size of the kinetic unit consideredthe recent MD simulations of Rd& the anisotropy in bulk

In contrast with the conformational correlations, the effect ofsystems results from intermolecular effects, considering that
the specific intermolecular and intramolecular interactions ora polymer chain is to be confined to within a pipe. From
the orientational correlations is important. The entire coopthose arguments, it is implied that the perturbations arising
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from intermolecular interactions appear in the intramoleculations, but it is dependent on the selection of the kinetic seg-
cooperative motions of the bonds which are extracted fronment to implement into the DRIS formalism. Incorporation
an atomistic simulation trajectory. The higher the order of theof information from a computationally intensive MD simu-
interdependence, the more accurate are the transition rat&gion into the much more efficient DRIS model provides an
employed in transition rate matrix, and hence the better is thattractive means for extending the time scale for the theoreti-
agreement between the theory and the simulation. Howevecal analysis of the dynamics for amorphous chains at bulk
with the MD simulations that have been utilized here, it hasdensity.

not been statistically possible to go higher than third order
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