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ABSTRACT: The influence of the quenched randomness in the stereochemical sequences of atactic chains on
the mean-square unperturbed end-to-end distdriig, is assessed. The method uses a rotational isomeric state
(RIS) model based on virtual bonds between the centers of mass of theg€in polystyrene. This virtual bond

model is derived from a conventional RIS model expressed in terms of #@ libnds in the main chain. The
zeroth-approximation virtual bond model, which retains only the most probable conformations of each tetrad,
correctly finds[i?ld ~ nin the limit asn — o if the probability for amesodiad, pm, is 0 < pyn < 1, although the

same zeroth-approximation model yield¥d ~ n? if py, is either 0 or 1. The values 6?4 at intermediatepn,

are surprisingly close to the ones deduced from a fultQCbond based RIS model. This achievement of the
zeroth-approximation model demonstrates the important role of the quenched randomness of the stereochemical
sequences in determining the unperturbed dimensions of atactic chains. Excellent agreementx¢ighftbe

the full RIS model based on-6C bonds over the entire range of stereochemical compositianp@ < 1, can

be achieved in a first-approximation virtual bond model, which includes the next most probable conformations
at each tetrad and refines slightly some of the conformations by minor adjustments in soft degrees of freedom.

Introduction sequence might by itself be sufficient to account qualitatively

or the dependence @f2[g on py, at intermediate values @

th:ien\j:izeld ralmrior?ness n themstlerec\)Aj:i?r:ari?lltcarl:nsz?l{[encte r?}-(ere we evaluate this speculation, using polystyrene (PS) as
atactic vinyl polymers causes samples ermediate ster- .o specific system for investigation.

eochemical composition (& pn < 1, wherepny, denotes the ) ) .
probability of amesodiad) to be fundamentally different from The method employed for the analysis provides an’ertwe
samples at the extremes of stereochemical composition, whereéh€ development of more robust simulations of dense systems
pm is either 0 or 1. At the extremes, a single conformational Of Polymers with bulky side chains. It is well-known that the
partition function,Z, describes all of the chains in a stere- fime scales involved in the equilibration of dense melts of
ochemically monodisperse sample. However, for mixtures of Polymers of high degree of polymerization are not easily reached
intermediate stereochemical composition, an enormous numbeVith simulations in which chains are represented with full
of different Z's apply, even when all of the chains have the atomistic detail. This fact is responsible for the widespread use
same number of bonds, If n is large, it is unlikely that any of coarse-grained chains in the simulation of polymer nfelts.
two chains in an atactic sample have the s@nfeor this reason, Coarse-grained chains are ideally suited to the investigation of
Flory noted that vinyl polymers with intermediate stereochemical Universal properties, where atomistic detail is not important.
composition are properly considered as copolyrmevghile However, if the objective is information about a specific
models of the randomness of stereochemistry in atactic chainsPolymer, it becomes important to construct the coarse-grained
are new, the general study of quenched randomness usingnodel in a manner that permits an unambiguous connection
statistical mechanics approaches has been of long-standingvith the real chain of interest. This objective can be achieved
interest, not only in characterizing random copolyri®us also by the imposition of constraints on the coarse-grained cHains.
in the treatment of the random physical cross-links in rubber-  The rotational isomeric state (RIS) model has played an
elasticity theoryand of the random-ordered ground state in spin important role in the construction of constraints that facilitate
glasses. the recovery of full atomistic detail from equilibrated coarse-
One manifestation of this fundamental difference between grained model8 RIS models are frequently expressed in terms
the stereochemically pure and atactic vinyl polymers is the of the covalent bonds in the main chain of the polymer, although
minimum requirement for the anticipated asymptotic behavior sometimes the covalent bonds are replaced by virtual borids.

of the mean-square unperturbed end-to-end distai#g, If For most simple polymers, RIS models utilize values for the
segments of a stereochemically pure chain repeat the samedond lengthl, bond angleg, torsion anglesp, and short-range
conformation, the long chain describes a helix for whittig hindrances to the torsion potentials that can be deduced from

~ n? in the limit asn — . This expectation might be the properties of small molecules. For example, the relevant
qualitatively different if the stereochemically pure chain is structural and energetic information for an RIS model for
replaced by an atactic polymer. If the most probable conforma- polyethylene can be derived fromdbutane anadh-pentané® The

tion is assigned to each diad in an atactic polymer, the conventional RIS model, expressed in terms of the covalent
asymptotic limit will be?[g ~ n if the quenched randomness bonds in the backbone, can be mapped onto another RIS model
in the stereochemical sequence is sufficient to prevent thethat describes coarse-grained beads situated at the sites of
propagation of the same conformation everywhere along the alternate backbone atorfisThe parent RIS model then controls
contour of the chain. This qualitative argument leads to the the distribution function for the end-to-end vector for the coarse-
speculation that the quenched randomness in the stereochemicajrained chain and all of its subchains. This approach, with one
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coarse-grained bead per monomer unit, has been successfullyorsion anglest( g*, g~) separated by 120 Eachl; is 0.154

used for a few vinyl polymers including polypropylédend nm, each6; is 109.5, the three¢; are 180 and +£60°, the

pPSis internalU; are of dimensions X 3, and the internaF; are of
Since the RIS model is a single chain model, the intermo- dimensions 15« 15.

lecular interactions of the coarse-grained chains in a melt must Describing the stereochemical sequences wdlipgeudoasym-

be treated separately, such as via a Lennard-Jones (LJ) potentiainetric centers, as defined on p 175 of ref 5, and denoting by

that operates between pairs of coarse-grained béatlse C® the main chain atom directly bonded to the side chain, the

locations of the sites of the LJ centers for polymers with bulky U; for the G*—C bonds in PS afé

side chains would be improved if they were to reside in the

side chains, especially if most of the mass of the polymer resides nlrz

in the side chains. The method developed here to analyze the Ug=1I7 1 t0 4)
consequences of the quenched randomness of atactic vinyl nowrt

polymers also provides a method for improving the location of

the coarse-grained beads that represent monomer units with U, =QUQ (5)

bulky side chains. The method therefore provides an’ eritre

efficient simulation of coarse-grained models for highly deco- 100
rated atactic PSaPS) of the types prepared and studied by Q=|001 (6)
Perced? Schliter,'® and Frechet” 010
This article presents the general strategy, followed sequen-
tially by implementation and assessment of that strategy for , . a
syndiotactic PS¥S, pm = 0), isotactic PSiPS,pyn = 1), and and thel; and for C-C* bonds are
aPS (0 < pm < 1). The consequences of the quenched o, T, 1
randomness are presented in the discussicaP&. Ug= |7 w, o @)
General Strategy NWx TODyy Dy
Tetrads permit the mapping of a conventional RIS model, U, =QU,Q (8)
expressed in terms of -@C bonds in the main chain, onto
another model expressed in terms of virtual bonds that connect o. TW
the centers of successive side chains. We first present the 77 X
relevant features of the conventional RIS model and then Ug=[1%x 1 7o 5 ©)
describe how this information is incorporated into the new N0 @ Ty
description of PS, based on virtual bonds connecting the centers
of mass of successives@ings. Ug = QUyQ (10)
The 2[4 is written in the RIS model as the ratio of two serial . .
products ofn matricest® The columns are indexed by the states at bigride rows are
indexed by the states at bonids 1, and the order of indexing
ng =7 'F,..F, 1) ist, g, g~. As described by Flory et al? 7 is the statistical
weight for a simultaneous first-order interaction of a backbone
Z=U,.U, 2) atom with the side chain and another backbone atpis,the
statistical weight for a single first-order interaction of a backbone
HereZ is the serial product af statistical weight matricesJ;, atom and the side chain, and thés are statistical weights for

with one statistical weight matrix for each bond in the chain. Second-order interactions (backbetiackbone fory, backbone-
Each generator matrixs, incorporates all of the energetic ~ Side chain fory, and side chainside chain forwyy).
information in U;, along with the bond vectot;, the angle Now consider points Iymg along th_e dlrectl_on deflr_1ed by t_he
between bondsandi + 1, 6, and the torsion angle at bond C*—Ca bond, where & is the atom in the side chain that is

&, for all rotational isomers. This operation is achieved at each diréctly bonded to € The center of mass of the;@ng is one
internal F; by expansion ol through multiplying of each of of these points, as shown in Figure 1. In the approximation that

its elements by a 5 5 matrix, G;, where®@; and#; appear in all bond lengths and bond angles are fixed, this point is rigidly

the transformation matrixT;.18 attached to the packbone, at a distance of 029 nm erme
the stereochemical sequence of the chain is specified, the
1 27T, 12 conformation defined by the C—C bonds in the backbone
G =lo T-I : If 3) unambiguously defines the conformation of th& points
! 0 0' '1 representing the centers of mass of tf&rings. Virtual bonds

are now drawn between the points at the center of mass of the
rings, as shown in Figure 2. The length of the virtual bond
The special forms for the end vectofs, and F,,, are easily depends on the stereochemical sequence of the diad and on the

obtained from the more generil for internal bondg?® torsions at the two intradiad-€C backbone bonds. The angle
RIS models for PS began to appear in the literature in the between two successive virtual bonds depends on the stereo-
1960s!920 These models and more recent cde¥ differ in chemical sequence of the triad and on the torsions at four

notation (use oft, g*, g~ states when the stereochemical consecutive €C backbone bonds. The torsion angle about a
sequence is expressed using pseudoasymmetric centeig or  virtual bond depends on the stereochemical sequence of a tetrad
g states when the stereochemical sequence is expressed usingnd on the conformations at six backbone € bonds.
mesoandracemodiads) and in the values assignedita, and All of this geometric information for the virtual bond model
the statistical weights. For present purposes, we adopt a simplecan be obtained from the conformations of a small molecule,
model with tetrahedral bond angles in the backbone and three2,4,6,8-tetraphenylnonane (TPN), Figure 2, of the approp&%@
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(a)

Figure 1. A small fragment of PS. The solid line is drawn along the
C*—C? bond. The filled circle on this line denotes the center of mass
of the G ring (image rendered using Visual Molecular Dynanfits,
version 1.8.3).

stereochemical sequence. The statistical weight for each set of
geometric information is obtained from the statistical weight

of each conformation of the TPN, as determined using the
matrices in eqs410. This information defines the elements in

a new set of statistical weight matrices for the virtual bonds.
While the usual RIS treatment based orC bond includes (b)
only first- and second-order interactions, the present treatment

. . - . . Figure 2. The most probable conformation eTPN, representing a
Incorporates interaction up to sixth order because the torsion o, y'of sps along with the three virtual bonds that connect successive

angle at the virtual bond depends on the torsions at SiX centers of the Erings. Part (a) depicts all carbon atoms, along with
consecutive €C bonds. the virtual bonds. Part (b) depicts the LJ spheres cited at the center of

If all of this weighting information is retained, the new mass ofeach C(Zring,viev_ved from a direction parallel with the bisector
statistical weight matrices will be huge (729729 if three states ~ ©f the C~C~C* angle (images rendered using Visual Molecular

. : Dynamics?® version 1.8.3).

are assigned to each internat-C bond). Fortunately, most of ’
this information is of little consequence because it concerns
conformations of TPN that have very small statistical weights 23 - v - —
and low probability of occurrence in PS. Therefore, the new gfoigo K dr_‘atmetl)’”ﬂ_jl\ll'5%l§“ ; wxz—_Oflﬁlz, ?ng.w.xa _I
RIS model, expressed in terms of the virtual bonds between ™ » Syndiotaclic _SI ) lasz = 4. Individua
the centers of mass of the side chains, can be accurately writterFOmormat'o.mS havc_a stat|st|cgl weights that vary by a fgctor of
using surprisingly simple expressions for the statistical weight 1°. Our objective is to retain only enough conformations so

matrices. The new RIS model can be developed in a systematicthat the new model, based a2 virtual bonds, yields values

approach that is illustrated below for PS but should be directly of (r?lg for a IonggPS chain that are an adequate approximation
applicable to many other vinyl polymers also. This systematic t© the values oft“[g from the full RIS model based anC—C
approach provides insights into the role played by the quenchedPonds. We start with the conformation 6TPN of highest
randomness of the stereochemical sequences in determining th&ttistical weight and include additional conformations of
conformation-dependent propertiesasfS. Before considering successively lower statistical weight until a suitable approxima-

statistical weights that are appropriate for PS at a temperature

aPS, we deal first with the simplePS andiPS. tion is reached. This process is facilitated by understanding how,
and why, each newly incorporated conformation affeidtg)
Results and Discussion for a long chain.
Syndiotactic Polystyrene A specific stereochemical se- The tttttt conformation (defined in terms of the rotational

quence of TPN has®3= 729 conformations if three rotational ~ isomeric states at the internal-C bonds) is the single
isomeric states are retained for each of the six internaCC ~ conformation ofsTPN with the highest statistical weighy®.
bonds in the backbone. Only two states will be retained here Its statistical weight accounts for 37.5%zfIn this conforma-

because, as described by Yoon efathe gauche state with tion, the virtual bond model has bond vectors with a length 0.54
in its statistical weight has an energy so high that it can safely nm, a bond angle of 55 and a torsion angle of 180lt is
be ignored. Rejection of this gauche state leaves=264 worthwhile to compare the length of the virtual bond with the

conformations for each stereochemical sequence of TPN in the“size”, o, that might be assigned to the LJ center for each
parent (C-C bond based) RIS model. Using values of the monomer unit. CDV
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E., = 4e[(olr)? — (olr)] (11)
A value of ¢ = 0.5932 nm was deduced from viscosity
measurements for tolueneghzCH3.26 Using this result as a
rough guide to the likely size af for the styryl repeat unit,
CsHsCHCH,, the distance between successive LJ centers in the
tttttt conformation of thesPS is~90% of 0. Furthermore, LJ
centersi andi + 2 are separated by a distance that is about
84% ofo. In terms of LJ centers, the new coarse-grained model
of the tttttt conformation ofsPS is a string of LJ spheres in

Quenched Randomness in Atactic Vinyl Polymef2383

Table 1. Conformations for the Virtual Bond Models of sPS, Based
on the Interior Virtual Bond in Idld-TPN?2

statistical optimizedg;,
state weight forU® I, nm 0, deg ¢, deg deg
& n? 0.54 55 180 180.0
bt n? 0.54 78 134 136.5
ct 1 0.73 78 25 225
d+ n? 0.54 55 134 136.5
et n? 0.54 78 87 c

ag for b~, ¢, d7, and € have the same absolute value, but opposite
sign, asg; for b™, ¢, d*, e". The second-approximation five-state model

which bonded spheres slightly overlap, as do next-nearest-uses & and e, but the first-approximation four-state model does Adthe

neighbor spheres, as shown in Figure 2. The arrangement o
LJ centers in Figure 2 captures the fact that the side chains
switch from one side of the main chain to the other as one
proceeds along the chain. This alternating pattern would not be
seen if the LJ center for each monomer unit was placed*at C
Then all LJ centers would lie on a straight line, with a spacing
of 0.25 nm.

Thetttttt conformation alone provides a woefully inadequate
approximation to the parent-€C bond based RIS model. The
planar zigzag chain yields2(§ ~ n? asn — o, but the parent
RIS model based on-©C bonds produces?d ~ nin the same
limit. An acceptable virtual bond model must include higher
energy (lower statistical weight) conformations that interrupt
the propagation of the planar zigzagitt conformation.

Inclusion of the conformations with the next higher statistical
weight, *, provides for disruption of théttttt sequence by
isolated diads in theyg conformation. There are three such
conformations insTPN because thgg conformation can be
placed at any of the thremcemodiads. These gauche states
areg*g" if they are placed within al diad andg—g~ if placed
within anld diad. Adding these conformations sfPN to the
tttttt conformation accounts for 82.6% d@f The virtual bond
model based on these conformationsBPN correctly predicts
(A4 is proportional ton asn — . Furthermore, the values of
[f2[4 at highn are quite close (lower by only 7%) to the values
for the same chain, using the fulHZ bond based RIS model.
The statistical weight matrix for a virtual bond fromdato an
| pseudoasymmetric center &S is

2 2

oo

Udl,syndio = (12)

I O O3
N

=
O o O
OQNoO

The order of indexing for the columns i &, ¢-, d-, and the
order of indexing for the rows ifab*, ¢, d*. The signs denote
the sign of the torsion angle, as shown in TabléJ},syndgio IS
obtained fromUgsyngio By exchangingt+ and — signs on all
torsion angles and in the indexing of the rows and columns.
Wherea< for the longsPS chain in the €C bond RIS model
depends on the serial product of four matridég,)qU,Uy4, the
equivalent information is now contained in the serial product
of two matrices Ua syndidJid,syndio

Although this virtual bond model is in quite good agreement
with the parent RIS model based on—C bonds, it is
worthwhile to inquire whether the agreement is significantly
improved upon including the next most probable conformation
of STPN in the analysis. If we include this single conformation,
with statistical weight;2, thegg conformations need no longer
be isolated as ttttggtttt.., but can instead alternate with ttte
conformations, as ttggttggtt... Inclusion of this fifth conforma-
tion of STPN, namely, theggttgg conformation, yields a five-

fstatistical weights listed are those that appear in successive columns of

Uaisyndioin €9 12. They are distinct from the statistical weights for individual
conformations ofdld-TPN, which are individual elements in the first row
of Uig,syndidJdl,syndidJid,syndio ¢ NOt used in the optimized four-state model.

conformation model that accounts for 88.6%0T he statistical
weight matrix becomes

N
o O

N

Ut syndio = (13)

o3 oo
o3 oo
N
~ O or O
o o=
00,00

The order of indexing for the columns i§ &, ¢, d", e, and
the order of indexing for the rows id,a0", ¢, d*, et.

At high n, the values of1i2[§ obtained using virtual bonds
and the statistical weight matrix in eq 13 are 5% larger than
the values for the same chain using the parent RIS model based
on C—C bonds. Since the simpler model, eq 12, provided values
of 2[4 that were nearly as accurate (7% too small), it is not
immediately obvious that inclusion of the extra conformation
was worth the effort.

Further improvement in the quantitative agreement between
the virtual bond model and the parent RIS model expressed in
terms of C-C bonds could be sought by including even more
conformations. If all 64 conformations sTPN were included
in the virtual bond RIS model, the agreement should become
exact. Of course, the virtual bond RIS model would then require
huge U. An equally accurate, but more tractable, model is
obtained if full optimization is achieved by simply making minor
changes in the soft degrees of freedom for the conformations
in eq 12 that are responsible for disruption of the planar zigzag
conformation. The four-state virtual bond model yields values
of 2§ at highn that are indistinguishable from those of the
parent C-C bond based RIS model if the signed torsion angles
are changed by 2°5as shown in the last column of Table 1.
We view this small alteration in the torsion angles as acceptable
especially in view of the fact that previous work has used RIS
models based on-€C bonds with values op that differ by as
much as 101°72427.28The optimized four-state virtual bond
model described by eq 12 and Table 1 is an acceptable model
for constraining the coarse-grained beads®$, when each
monomer unit is represented by a single bead placed at the center
of mass of the side chain.

The validity of the models at higher temperatures can be
assessed by analysis of the temperature coefficient, defined here
as o In [2goT, for the syndiotactic chain. The zeroth-
approximation model will have a temperature coefficient of
exactly zero because all allowed conformations are equally
weighted, regardless of temperature. Therefore, a change in
temperature does not affect the average conformation in the
zeroth-approximation model. The first-approximation model \@BV
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have a temperature coefficient that is negative. The new Table 2. Allowed Disruption and Reformation of tg Helices in the

conformations introduced in the first-approximation model Virtual Bond Mgde'sdfor iPS, C"_”Sgered as a String ofl
produce disruptions in the regular conformation of the zeroth- seudoasymmetric Centers
approximation model. These disruptions become more likely _ in 4-31?9 m%deL in 14-Stoate mgdely
as the temperature increases. In terms of the statistical weights, €xchange via 79.2% ofZ: 93.3% ofZ:
n decreases aBincreases. The first-approximation model and ~ g't—tg~ interdiaditt yes yes

; ; ; tg- —g't intradiadtt no yes
the full RIS model both provide disruptions of the regular gt—gt it no yes
structure. The temperature coefficient should be negative in both g~ — tg- ttt no ves

cases, as it is for syndiotactic PS. The first-approximation model ‘ S _
incorporates only the most likely disruption of the regular Table 3. Flrst-ApprOX|mat|0n_V|rtua| Bond Models of Isotoacnc (g)
structure. The full RIS model incorporates this disruption and > YSing Conformations ofiTPN That Account for 93.3% of Z

also other less likely disruptions. The only statistical weight in statistical optimized®,
the first-approximation model ig, and so only its temperature ~_State  weightforl; I, nm 6, deg ¢ deg deg
dependence determines the value of the temperature coefficient. & i 0.64 70 —58 70
Four statistical weightsn( w, wx, wx) appear in the full RIS b+ n 8'22‘ 198 _9988 10700
model. AsT increasesy decreases and the other three statistical g+ Z 0.64 70 58 70
weights increase. Therefore, the exact values of the temperature e* n 0.64 101 83 84
coefficients may differ when calculated using the first-ap- ' 72w 8-32 %gg *380 1‘}354
proximation and full RIS models. Based on our first-approxima- -+ Z o 064 100 123 100
tion model, the temperature coefficienti9.0025 K at 300 i~ n 0.64 70 —83 70
K. Based on the full RIS model, using the same geometry Ji(i n 8-22 12(1) ‘ESS 1?1‘5‘
(tetrahedral bond angles, torsions at 1&Mnhd +60°), it is 0 Zzwxx 0.25 140 0 145
—0.0021 K at 300 K. This illustrative calculation suggests mt N2wxx 0.25 101 38 84

t,hat the difference can be expe.ct.ed in t_he, second significant aSigns of all torsion angles are exchanged for isotad)dPS. The
figure for the temperature coefficient. Similar results can be  statistical weights listed are those that appear in successive colurdagef
expected for the case of isotactic PS, while for atactic PS the in eq 14. They are distinct from the statistical weights for individual
temperature effect may be diminished since the disruptions in conformations ofdddd TPN.
conformation that are caused by increased temperature already
exist due to the randomness of the stereochemical sequence.has an intradiadt sequence, which causes the appearance of
Before proceeding with applications to PS chains of different @xxin the statistical weight. Tht conformation of anesadiad
stereochemical sequences, it is worthwhile to summarize thePlaces the two side chains uncomfortably close to one another,
strategy used in the treatments§S. First, the conformations ~ causing the statistical weight to be an order of magnitude smaller
of an appropriate oligomer, TPN, are enumerated. Then anthan the statistical weight of the most probable conformations.
initial, zeroth-approximation model is constructed using only ~ The first-approximation RIS model based on the virtual bonds
the conformation(s) of the oligomer that have the largest defined by these 14 conformations 1&¥g ~ n asn — «. At
statistical weight. If the zeroth-approximation model is inad- 'argen, (%4 is 40% larger than th&”(g specified by the RIS
equate, as will likely be the case, the conformation(s) with the Mmodel based on €C bonds. This result is obtained using the
next highest statistical weight are included in a more elaborate information in Table 3 and the statistical weight matrix in eq
first-approximation model. Then final optimization is achieved 14. The rows and columns are both indexed in the order a

by minor adjustment of soft degrees of freedom in the first- 07> €7 d", €, 7, ¢ h*,i7,j=, k=, 1% m*. The matrixUy jsois
approximation model. obtained fromUqq;so by exchanging the- and — signs of the

torsion angles and the indexes for the rows and columns. In eq
14 and Table 3, we have taken advantage of the fact that two
of the new conformations aflddd TPN become indistinguish-
able when expressed using the virtual bond model, which allows
writing U with 13, rather than 14, rows and columns.

Isotactic Polystyrene The isotactic TPNIiTPN) hasZ =
19.9. Individual conformations have statistical weights that vary
by a factor of 10. The largest statistical weigh}?, is shared
by four conformations. They account for 79.2%%foriTPN
with theddddstereochemical sequence, these four conformations
are g'tgttgtt, gTtgtttgT, gtttgTtg™, andtgTtgtg~. The first _
and last conformations are thg helices expected for the ddjiso —

isotactic chain. The first helix can be converted into the second,
via the gfttg~ sequence, where th# is interdiad. Local 770000 0 00070 0
conformations of higher energy are required to convert the 007000 0 00700 0
second helix into the first one. A zeroth-approximation model 000#n7n0 0 00000 0
based only on the conformations PN of the highest 0007no0 0 00000 O
statistical weight must yiel@2[d ~ n2 asn — . When thetg~ 00000 nza)xx "o, 00000 0
conformation is achieved in thdddd chain, it propagates 007000 0 00000 0
indefinitely. An acceptable model must incorporate additional 000000 0 71000 0
conformations that interrupt the propagation of the helix in 007000 0 00700 0
theddddchain or, equivalently, the propagation of tige helix
in the llllchain. 770000 0 000n0 0
The next highest statistical weightiwy, of iTPN is shared 00000 7w, 7w, 0000 02 02
by 10 conformations. When these 10 conformations are added [0 0 0 0 0 0 0 0000 7w, w,
to the four conformations considered in the previous paragraph, 00xn000 0 00000O0 0
together they account for 93.3% & These conformations 000000 0 nn 000 0

provide many more opportunities for transitions between the :
tg helices, as shown in Table 2. Each of the new conformations (14) D
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10 T T T T

P

Quantitative agreement with the-C bond based RIS model
is improved slightly by incorporating the next most probable sl
conformations in a second-approximation model. These four T
conformations, each with statistical weigfitv, allow exchanges
between theg helices via interdiadjtg~ conformations. This
model, which now accounts for 97.0% @ffor iTPN, yields
(124 that are 33% larger than the ones obtained with theCC
bond based RIS model at larger

Rather than seek quantitative agreement between the virtual 0
bond based RIS model and the parert@bond based RIS
model via including additional conformations, it is preferable _. )

s : . Figure 3. Demonstration thaff’ld ~ n> asn — « for the zeroth-
to seek agreement w!thln the framework of the flrst approxima- aooroximation for PS withpm = 0 (+) andpm = 1 (x). The straight
tion model described in Table 3 and eq 13, by minor adjustments jines have a slope of 2.
in the conformations that interrupt thig helices. Insight into

o

x_"*,

In<r?>g
X

In(n)

the soft degrees of freedom that are candidates for distortion is 8 T T P
provided by the values df in Table 3. Fout; have a value of /,/'

0.25 nm, which is much smaller than the valuerdbr toluene, r T 1
which has been reported as 0.5932 #rfihese shorl; appear ° /,—f/ <

in tt conformations of anesadiad, thereby positioning two side L o6 - - E
chains in close proximity when the-<€€C—C angle is tetrahedral £ *

and the torsion angles at the-C bonds are 180 RIS models 5 = .
based on €C bonds often alleviate this repulsion somewhat

by opening up the €C—C bond angles slightly (24°) and 4 1 1

by shifting the torsion angle slightly {510°).2324Nevertheless, 5 6 7 8

a repulsive second-order interaction of these side chains cannot In(n)

be avoided in thét state. This repulsion is responsible for the Figure 4. Demonstration thaffi2lg ~ n asn — o for the zeroth-
appearance aby in the statistical weight of these conforma-  approximation for PS withpn = 0.1 (+), pn = 0.5 (x), andpm = 0.9
tions, as in seen the 1,1 element in the statistical weight matrix (*)- The straight lines have a slope of 1.

in eq 7 and in columns 6, 7, 12, and 13 Uf4isc in €q 14.
None of the other elements Wyqso cONtain any of thev’s in
their statistical weight. We postulate that the chain geometry

Table 4. Number of Conformations from the Stereoisomers of TPN,
and Their Fraction of Z, Used in the Construction of the Zeroth-
and First-Approximation Virtual Bond RIS Models for aPS

associated with the conformations of virtual bonds that have ) no. of conformations fraction &
. . - . stereochemical

wxc In their statistical weights are a reasonable place to make ~ sequence Zeroth first Zeroth first

thbe _chagge_sh r(;qufl_red for optimization of tlht()e vgluesdﬁéltaw dddd (mmm) 4 12 0.792 0,033

obtained with the first-approximation virtual bond model. We 444/ (mmr) 3 4 0.595 0.725

adjust the angles between successive virtual bonds for isotactic  ddid (mrr) 2 5 0.709 0.922

triads in the t)(tg™), (tt)(gtt), (gTt)(tt), and €g~)(tt) conforma- ddll (mrm) 4 5 0.791 0.870

tions. The unadjusted angles were either’l@114C. Changing dild (rmr) 2 4 0.614  0.856
didl (rrr) 1 4 0.375 0.826

these angles to 84and 1453 producesi?g that are indistin-

guishable at larga for the virtual bond based and parentC Atactic Polystyrene Construction of the virtual bond RIS

bond based RIS models. Of course, this particular set of del foraPS beai ith th i fall 64 f
optimized values, which is presented in the last column of Table mode! fora €gins wi € enumeration ot a conforma-
tions for each of the six unique stereochemical sequences of

-3' IS not unique. Other bond angles could have been aO|JUStEdTPN. As noted above, the highest statistical weight is obtained
in the optimization. . S "
] ) with only one conformation irsTPN, but it is shared by four

Although this procedure leads to a virtual bond RIS model conformations iniTPN. For the remaining stereochemical
for iPS that accurately reproduces the value&#j from the sequences, this number is 2, 2, 3, and 4 conformations
parent C-C bond based RIS model, it is less satisfying than respectively foulld-TPN, ddid-TPN, ddd-TPN, andddll-TPN.
the equivalent treatment 6PS. TheiPS requires the use of  These conformations account for 61.4, 70.9, 59.5, and 79.1%
more conformations from TPN and a larger statistical weight of 7 respectively, for these four molecules, as shown in Table
matrix. There are two reasons for this difference in the results 4. The zeroth-approximation virtual bond RIS model combines
for iPS andsPS. First,sTPN has a single dominant conforma-  these conformations with the single conformation that was of
tion, with statistical weight®, but the largest statistical weight  highest statistical weight f&TPN, and the four conformations
for iTPN, 7?3, is shared by four conformations. More importantly, that shared the highest statistical weight if6PN.
the next highest statistical weightg*(andn*w respectively) The zeroth approximation fails badly in the limits whexg
are found in only three conformations stPN, but they are — 0 or pm — 1 because it producdg?d ~ n?, as shown in
found in 10 conformations offPN. It would be arbitrary to  Figure 3. Nevertheless, a significant result follows from the
include some of the conformations ofPN with statistical examination of how the zeroth approximation behaves at
weight 7wx but ignore other conformations with the same intermediate values dfm, assuming Bernoullian statistics for
statistical weight. Since at least some of these conformationsthe stereochemical sequences. There is a qualitative change in
are required for disruption of the dominagthelices, all such the behavior off?[d whenpy, is neither 0 nor 1, but instead has
conformations are combined with the dominant four conforma- an intermediate value. In the limit @s— oo, [12[d ~ n when 0
tions, leading to the large (but fortunately sparse) statistical < py, < 1, as shown in Figure 4, where&g8ld ~ n? when pp,
weight matrix in eq 14. This single matrix plays the same role is 0 or 1, as in Figure 3. The quenched randomness imposed
that UqUqq would play in an RIS model based onr-C bonds. on the stereochemical sequences of the chains whempf < CDV
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14 . T r T independent of their values @f,. The smallest value dt, is

N i still obtained atp, larger than'/,, and the smallest value &,
is now about 20% higher in curve c than in curve a. However,
on the negative side&;, now passes through a maximum near
pm of 0.1-0.2, which is contrary to the behavior of the parent
RIS model based on-€C bonds, curve a.

The zeroth-approximation model becomes a first-approxima-
tion model when the conformations used from each stereoisomer
of TPN are those with the first- and second-highest statistical
weights for that molecule. The numbers of conformations, and
their fraction of Z, are presented in Table 4. The first-
approximation model uses either four or five conformations for
Figure 5. Characteristic ratios for chains of 1006-C bonds (500 each TPN excepddddTPN, where the number of conforma-
virtual bonds) and Bernoullian stereochemical sequences. (a) Full RIS tions is much larger, for the reasons presented above in the
model based on €C bonds. (b) Zeroth-approximation virtual bond  giscyssion ofPS. The fractions aZ range from 0.725 to 0.933.

model, using only the conformation(s) of highest statistical weight for e ; - -
each stereoisomer of TPN. (c) Improvement of the zeroth-approximation | IS first-approximation virtual bond RIS model produces curve

virtual bond model by use of the optimized models $9S andiPS. d in Figure 3. When compared with curve c, there has been a
(d) First-approximation model using all conformations with the highest, decrease irC, at all intermediate values @f,. The undesirable
alnd SeQ?hng-ftlii%?ze;tibﬁt?()tissgigﬂnﬁ%i%ht(se )irbe?r%'?z?t?éﬁofovgﬁgﬁgf TPN,local maximum, observed nep, = 0.1—0.2 in curve ¢, is no
along wi . , s i H H H
for torsion angles unique toddr, dald. ddli-, anddld-TPN. longer present. The minimum value@i s still obtained when

pm is slightly larger thart/z, and this minimum value o, is
now only 13% larger than the minimum value obtained using
the full RIS model based on-€C bonds, curve a.

Agreement can be improved by minor adjustments in the
ttorsion angles that are unique to the virtual bond models for
ddd}, ddid-, ddll-, anddlld-TPN. No additional adjustments are
made in the geometry for tloeldd anddIdl-TPN because these
geometries were already optimized fePS andiPS in the
previous two sections. If these new adjustments are mefely 2
curve d is converted to curve e in Figure 5. The minimum value
of C, in curve e is only 1% larger than the minimu@y in
curve a.

The calculations for curve e in Figure 5 used 32 statistical
weight matricesUapcde Where each letter atbcdemay be either
d or I. The rows are indexed by the conformations &cd

12e"

10

Characteristic Ratio

1 is sufficient to induce an important qualitative change in the
asymptotic behavior of the mean-square dimensions, even
though no diad is allowed to occupy any conformation other
than those that have the highest statistical weight in the relevan
TPN. This restriction on the number of conformations produces
(024 ~ n? for the stereochemically pure chains. However, any
mixing of stereochemical sequences, which happens when 0
pm < 1, is sufficient to produce a different limiting behavior,
(%[ ~ n. The quenched randomness of the stereochemical
sequences produces this qualitative change in the limiting
behavior of the unperturbed dimensions in the zeroth-ap-
proximation model.

More detailed information on the influence of the quenched
randomness is revealed by exazmination of the characteristicand the columns are indexed by the conformationsbicae
ratios. At eacfpm, the values off“lg were calculated for 200\ hare only the conformations of highest, and second highest,
independently generated stereochemical sequences for chaingaigtica weight are retained for each stereoisomer of TPN.
of 1000 C-C bonds (500 virtual bonds), assuming Bernoullian 1ne matrices have either 4 or 5 rows and columns unless the
statistics, and then the simple average was obtained from thes&.rrent or previous conformations are for an isotactic sequence,
200 values. These averages are converted to dimensionlesg, \yhich case the statistical weight matrix must be larger, in
characteristic ratio%;n, through division by the number of-€C view of the dimensions of the matrix in eq 14. The statistical
bonds and the square of the length of one such bond.Cihe  \eight matrices are sparse, with 76% of the elements being
are compared with similar calculations performed for the parent i ”A few matrices contain a null row or column. This situation
RIS model based on-©C bonds in Figure 5. As expected, the  arises when an allowed (first-approximation) conformation of
comparison between the zeroth-approximation and the parenthe |ast four torsion angles in TPN with stereochemical sequence
RIS model is awful at the extremes of stereochemical composi- ahcdis not also an allowed conformation (first-approximation)
tion. However, the zeroth approximation works surprisingly well  of the first four torsion angles in TPN with stereochemical
at intermediate values gin. It yields C, that are only about  sequencebcde This effect has been incorporated in the
40% too high at the values qf, which produce the most  calculations presented here.
compact chains. Furthermore, the zeroth approximation correctly  The parameters in the virtual bond model for PS may change
captures the fact that the minimum valueGfis not obtained  slightly if they are derived from another RIS model that uses
at pm = Y, but is instead displaced toward larges. The slightly different geometric parameters for this polymer. The
quenched randomness of the stereochemical sequences enablagterations in the lengths of the virtual bonds, angles about
the zeroth-approximation model to work surprisingly well at virtual bonds, and absolute values of the torsions about the
intermediatepy,, especially when contrasted with the dismal virtual bonds in the unoptimized first-approximation model were
failure of the zeroth-approximation model when is either determined when the bond angles in the underlying RIS model
0 or 1. change from tetrahedral to 112t CC*C and 114 at the C-

The behavior ofC, at the extremes, whem, is either 0 or CC%, and also the torsions about the-C bond are displaced
1, can be fixed by replacement of the zeroth approximation for slightly from +-60° and 180, usingA¢ = 10°. Table 5 shows
sPS andPS by the optimized first-approximation virtual bond that the standard deviation of the changes is much larger than
treatments that were developed in the previous two sections.the average, signifying that the changes occur in both directions.
The results are depicted as curve c in Figure 5. This new virtual The most important average change is the increase in the angle
bond model now produces values ©f for sPS andiPS that between virtual bonds, which will tend to increase the mean-
agree with those deduced from the parent RIS model based onsquare unperturbed dimensions. This tendency will be reinforced
C—C bonds. It also reduces the valuesaffor all of the chains, slightly by the average increase in the length of a virtual b%‘Bv
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