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Abstract

A rotational isomeric state model has been developed for the poly(silylenemethylenes) with repeating sequence ½SiðCH3ÞR–CH2�x;

R ¼ –OðCH2ÞNOC6H4C6H5: The model incorporates all first- and second-order interactions, as well as higher order interactions that are

mandatory in some of the conformations. Chains with all possible stereochemical sequences prefer a local conformation that is a run of trans

states at the C–Si bonds in the backbone. This preference arises from an attractive second-order interaction of the first methylene group in the

side-chain bonded to chain atom i with the silicon atoms indexed i ^ 2: Unperturbed chains have larger dimensions than the simpler chain in

which R is merely a methyl group. The temperature coefficients of the unperturbed dimensions are large and negative. The preference of

unperturbed atactic, isotactic, and syndiotactic chains for the same local conformation may contribute to the facile formation of smectic

phases by the presumably atactic chain, as reported by Park et al. [Macromolecules 35 (2002) 2776].

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymers with the repeating sequence XRR0 –CH2

usually have physical properties that depend on the

stereochemical sequence [1–3]. Polypropylene (X ¼ C,

R ¼ CH3, R0 ¼ H) and polystyrene (X ¼ C, R ¼ C6H5,

R0 ¼ H) are common examples. At sufficiently low

temperature, a chain with a repeating sequence of dyads

crystallizes as a helix with two [4,5] or more [1–3] units per

turn. In contrast, the atactic chain resists the adoption of a

regular helical structure at low temperature, and instead

becomes an amorphous glass upon cooling.

This expectation for the atactic chain can sometimes be

overcome when R contains a bulky group. The bulky side-

chains may pack in specific helical conformations, with 2–7

monomer units per turn, even when the conditions of the

synthesis are expected to lead to an atactic polymer. Examples

are provided by poly(methacrylates) with dendritic side

groups [6] and poly(silylenemethylenes) with side-chains

that terminate in biphenyl units [7]. These interesting

observations raise several questions. Does the periodic

arrangement of the bulky side-chains require an ordered

conformation of the atactic backbone? If so, how do the short-

range intramolecular interactions permit the formation of a

regular periodic structure by the atactic main chain? Would

modification of the stereochemical sequence alter the stability

of the ordered structure, or perhaps lead to the formation of a

different ordered structure?

One approach to these questions is to inquire when short-

range intramolecular interactions might induce a preference

for a regular periodic structure in an atactic chain. Here we use

a rotational isomeric state (RIS) analysis to identify one such

short-range interaction in the substituted poly(silylenemethy-

lenes). Specifically, we consider ½SiðCH3ÞR–CH2�x; where

R is a flexible spacer terminated with a biphenyl unit,

–OðCH2ÞNOC6H4C6H5 [7]. The model incorporates all first-

and second-order interactions, as well as the higher order

interactions that are mandatory in some of the conformations.

Illustrative calculations are presented at 373 K, which is
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slightly above the temperature (356–367 K) of the smectic !

isotropic transition of the substituted poly(silylenemethy-

lene)s with N ¼ 3; 6, 8, and 11 [7].

Simulation of the facile formation of smectic phases by the

poly(silylenemethylenes) below 356–367 K should employ

atomistically detailed multi-chain models of the polymers at

bulk density. In practice, however, the time required for

equilibration of the dense multi-chain models, with bulky

aromatic side-chains appended to alternate atoms in the main

chain, requires computational resources that are not currently

available. Equilibrated models require an alternative

approach, which provides a second motivation for the

development of an RIS model for these polymers.

A coarse-grained model of a dense polymer system

can be equilibrated more easily than the atomistically

detailed representation of the same system [8]. Con-

straints can be imposed on a coarse-grained model that

permit ‘reverse-mapping’ to an atomistically detailed

model [9]. These constrained coarse-grained models can

accurately reproduce subtle aspects of the real systems

they represent, as illustrated by applications to poly-

propylene melts [10]. Simulations with constrained coarse-

grained chains reproduce the experimental observations for

melts that atactic and isotactic polypropylene are miscible [11,

12], but syndiotactic polypropylene demixes from either

atactic or isotactic polypropylene [12–14]. The simulation

identifies the molecular mechanism responsible for this

behavior [10,15,16].

Two distinctly different constraints are imposed on the

coarse-grained chains in these simulations. A short-range

intramolecular constraint, imposed via the mapping of a RIS

model [17], insures the proper distribution for the end-to-

end vector for the entire chain, as well as the end-to-end

vector for all of its subchains [18,19]. Intermolecular

interactions, and long-range intramolecular interactions,

are handled by a discretized version of a continuous

potential energy function [20]. The constraints in the

simulation of the coarse-grained models of melts of

polypropylene were constructed from a RIS model for this

polymer and the Lennard–Jones potential energy function

that describes the interaction of pairs of molecules of

propane [10]. The phenyl group of polystyrene is the largest

side-chain present in previous applications of this type of

simulation [21]. So far there has been no attempt to use this

method for the simulation of side-chain liquid crystalline

polymers. The second motivation for the development of the

RIS model for the substituted poly(silylenemethylenes) is in

anticipation of application of this type of simulation to the

formation of smectic phases by these polymers [7].

2. Polymers with repeating sequences SiH2–CH2 or

Si(CH3)2–CH2

Although our primary interest here is in the poly(silyle-

nemethylenes) for which highly ordered smectic phases

have been reported by Interrante, Farmer, and co-workers, it

is useful to begin the study with a consideration of the

relevant properties of the RIS models for two simpler

polymers with the repeating sequences –SiH2–CH2– and –

Si(CH3)2–CH2–. Stereochemical composition is not an

issue in these two simpler chains.

The general form of the statistical weight matrix for bond

i in a chain with pair-wise interdependent bonds subject to a

symmetric three-fold torsion potential is given by Eq. (1)

[17].

Ui ¼

t s s

1 sc sv

1 sv sc

2
664

3
775

i

ð1Þ

Rows (or columns) are indexed by the state at bond i 2 1 (or

i) in the order trans ðtÞ; gauche þ ðgþÞ; gauche 2 ðg2Þ:

The first-order statistical weight of either g state relative to t

is denoted by s: The second-order statistical weights are

assigned using tg ð¼ gtÞ as a reference, with t being the

statistical weight for the tt sequence, while c (or v) are

statistical weights for two consecutive g states of the same

(or opposite) sign. The conformational partition function, Z;

for a chain with n bonds is obtained as the serial product of n

statistical weight matrices.

Z ¼ U1U2…Un ð2Þ

The terminal matrices are the special cases U1 ¼

½ 1 0 0 � and Un ¼ ½ 1 1 1 �T [17].

Estimates of the energies of the first- and second-order

interactions for poly(silaethylene), ðSiH2 –CH2Þx; were

derived from conformational energy calculations (using

the Universal 1.02 force field and Cerius2 version 4.0 from

Accelrys, Inc.) for SiH3–CH2–SiH2–CH3, CH3–SiH2–

CH2–SiH2–CH3, and SiH3–CH2–SiH2–CH2–SiH3. When

compared with the corresponding n-alkanes, the short-range

interactions are weakened by replacement of the shorter

(1.54 Å) C–C bonds by longer (1.89 Å) C–Si bonds.

Analysis of these conformational energy surfaces leads to

estimates of first- and second-order interactions energies

that are collected in the first two rows of Table 1. Abe et al.

deduced stronger interactions, Es ¼ 2 kJ=mol and Ev ¼ 8

kJ=mol; for polyethylene (PE) [22]. Recent ab initio

calculations for SiH3–CH2–SiH2–CH3 and SiH3–CH2–

SiH2–CH2–SiH3 suggest Es ¼ 0:9 kJ=mol; as well as Et ¼

0; Ec ¼ 20:6; and Ev ¼ 4:2 kJ=mol for the Si–C bond [23].

Table 1

First- and second-order interaction energies (kJ/mol) in poly(SiR2–CH2),

R ¼ H or CH3. The results for the latter polymer are from Mark and Ko [24]

R Bond i Es Et Ec Ev

H C–Si 0.7 0.1 0.3 3.0

H Si–C 0.7 0.5 20.4 4.6

CH3 C–Si 0 0 0 0.8

CH3 Si–C 0 0 0 1
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These ab initio results are within a few tenths of a kJ/mol of

the energies cited in Table 1. In the hands of these authors,

the most stable conformation for the C–Si bond shifted

from t to g when the ab initio calculations were replaced by

a semi-empirical method (Spartan, Version 4). The present

calculations using Universal 1.02 force field and Cerius2

version 4.0 are in better agreement with the ab initio results

of Park et al. than are their semi-empirical results, because

Es . 0 implies that the t state is preferred at the C–Si bond.

Table 2 will track the changes in the mean square

unperturbed dimensions and the occupancy of the t state as

the RIS model is changed step by step from PE to ðSiCH3

R–CH2Þx; R ¼ OðCH2ÞNOC6H4C6H5: The data are tabu-

lated at 373 K, which is slightly above the temperature

(356–367 K) of the smectic ! isotropic transition of the

substituted poly(silylenemethylenes) with N ¼ 3; 6, 8, and

11 [7].

The fraction of the bonds in the three states, ph; is

extracted from Z with the customary partial derivative of Z

[17].

pgþ ¼ pg2 ¼
1 2 pt

2
¼

1

2ðn 2 2Þ

› ln Z

› lns

� �
ð3Þ

At 373 K, the interaction energies in the first two rows of

Table 1 specify pt ¼ 0:47; which is smaller than the value of

0.60 obtained from the RIS model for unperturbed PE at the

same temperature. The silicon-containing polymer prefers

the t state, but that preference is not as strong as it was in PE.

Poly(silaethylene) crystallizes in a planar zigzag confor-

mation [25], which is consistent with the t state being

preferred in the unperturbed chain. The melting temperature

of about 220 8C is much lower than TM for PE, which is

consistent with a smaller preference for t states in

poly(silaethylene) than in PE.

The characteristic ratio, C ¼ kr2l0=nl2; of the mean

square unperturbed end-to-end distance, kr2l0; is calculated

from Z; the bond length, l; the bond angle, u; and the torsion

angles, f [17]. At 373 K, C1 ¼ 4:2 and d lnkr2l0=dT ¼

21:1 £ 1023 K21: This C1 is only 2/3 of the value from the

RIS model for unperturbed PE, as expected from the smaller

value of pt: The temperature coefficient, however, is similar

to the value found in PE [22].

A simpler set of statistical weights, listed in the last two

lines of Table 1, was adopted by Mark and Ko for

poly(dimethylsilylenemethylene) with a repeating sequence

of ½SiðCH3Þ2 –CH2�x [24]. An even simpler model, with

Ev ¼ 0 in the statistical weight matrix for the C–Si bond,

was used by Sundararajan [26]. The simplification upon

changing the repeating unit from SiH2–CH2 to Si(CH3)2–

CH2 arises from the equivalence of the first-order

interactions in all of the states in the latter polymer, in the

approximation that methylene and methyl groups partici-

pate in similar interactions, as shown in Fig. 1. The second-

order interaction of two bulky Si(CH3)2 groups in the g þ

g2 and g 2 gþ states is so severe that it can be taken to be

infinite. These conformations produce mandatory third-

order interactions of one Si atom with a carbon atom bonded

to the other Si atom, with the interaction distance being the

same as the Si–C bond length. Carbon atoms bonded to

these two silicon atoms overlap prohibitively, as shown in

Fig. 2. The RIS model of Mark and Ko specifies pt ¼ 0:44 at

373 K. The polymer comes closer to having equivalent

populations in all three states than does poly(silaethylene)

because the first-order interaction is vanishingly small, s ¼

1: The slight excess of t states arises from the penalty

applied to pairs of successive g states of opposite sign, v ,

1: Since pt is closer to the prediction for equal population of

all three states, the characteristic ratio becomes slightly

smaller, C1 ¼ 3:7 at 373 K, and its temperature coefficient

is closer to zero, d ln kr2l0=dT ¼ 20:19 £ 1023 K21: This

simple model provides reasonable agreement with the

experimental temperature coefficient, which is very close

to zero, ð0:21 ^ 0:15Þ £ 1023 K21; but the agreement with

the experimental characteristic ratio, C ¼ 5:32 ^ 0:01; is

less satisfactory [27]. Part of the discrepancy in the

calculated and experimental values of C has been attributed

to the likelihood that the Si–C–Si bond angle is larger than

tetrahedral in this polymer [24].

Lengthening of the side-chains may alter the preferred

Table 2

Occupancy of the t state and mean square dimensions for several RIS

models at 373 K, using tetrahedral bond angles and torsion angles of 1808

and ^608

Repeat unit pt ptt C1

CH2–CH2
a 0.60 0.33 6.38

SiH2–CH2 0.47 0.19 4.15

Si(CH3)2–CH2
b 0.44 0.17 3.67

Si(CH3)R–CH2, R ¼ O, pm ¼ 0c 0.55 0.29 4.66

Si(CH3)R–CH2, R ¼ O, pm ¼ 1c 0.52 0.22 4.48

Si(CH3)R–CH2, R ¼ O(CH2)3OC6H4–C6H5, pm ¼ 0 0.76 0.60 9.96

Si(CH3)R–CH2, R ¼ O(CH2)3OC6H4–C6H5, pm ¼ 1 0.69 0.47 7.09

a Using Es ¼ 2 kJ=mol and Ev ¼ 8 kJ=mol [22].
b Using the model of Mark and Ko [24].
c Hypothetical polymer in which R is truncated to a single oxygen atom.

Fig. 1. Newman projection along the internal Si–C bond (with these two

atoms represented by spheres) in Si(CH3)3–CH2–Si.
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conformation of the backbone of ðSiR2 –CH2Þx; as shown by

comparison of the polymers with methyl and n-propyl side-

chains. Fibers drawn from the isotropic melt of poly(di-n-

propylsilylenemethylene) at 80 8C are crystalline at room

temperature [23]. The c-axis of 4.86 Å has been interpreted

as arising from a 41 helix in which the C–Si bonds in the

backbone adopt g placements of the same sign. This helix is

drastically different from the preferred conformation of the

polymer with methyl side-chains, where the C–Si bonds in

the backbone have a slight preference for the t state. The

calculated repeat distance along the axis of this helix is

4.90 Å if l ¼ 1:89 �A; u ¼ 1168; and f ¼ 688 [23].

Of course, a different structure might be preferred if only

one of the two side-chains at each silicon atom is longer than

a methyl group. The result might be affected by the use of an

oxygen atom, rather than a carbon atom, in the attachment

of a side-chain to the silicon atom in the backbone, because

the van der Waals radius of an oxygen atom is about 0.6 Å

smaller than the van der Waals radius of a methylene group.

These issues are addressed in the next section, where the

larger side-chain is –OðCH2ÞNOC6H4C6H5:

3. The backbone of poly[Si(CH3)OR–CH2]

We begin by consideration of the bonds in the backbone, in

the approximation that the OðCH2ÞNOC6H4C6H5 side-chain

is truncated to a single oxygen atom. This severe approxi-

mation sets aside temporarily the consideration of the different

conformations that are accessible to the flexible spacer in the

side-chain. After the analysis of the backbone bonds in this

approximation, the modifications required by the introduction

of the flexible side-chain will be introduced. The stereo-

chemistry of the attachment of the oxygen atom to a silicon

atom will be described using the pseudo d; l notation [28]. A

local Cartesian coordinate system is defined for each silicon

atom. The x-axis lies along the previous CH2–Si bond,

pointing from C to Si. The y-axis is in the plane of CH2–Si–

CH2, and oriented such that the second CH2 atom has a

positive y coordinate. The z-axis completes a right-handed

Cartesian coordinate system. If the oxygen atom bonded to the

silicon atom has a positive (or negative) z coordinate, its

attachment to Si is defined as d (or l).

In each conformation of a backbone bond, a methylene

group in the backbone participates in first-order interactions

with two other groups, chosen from the CH2, CH3, and O

bonded to a silicon atom. The lengths of the Si–C and Si–O

bonds, and the differences in the size of O and CH2 (or

CH3), lead to nearly equivalent energies for the three

possible pairs of first-order interactions energies. Therefore

the net first-order interactions are equivalent for all

stereochemistries of the chains.

For the Si–CH2–Si–CH2–Si fragment, g states of

opposite sign at the bonds to the central silicon atom reduce

the separation of the pendant Si to 3.08 Å. This conformation

also produces mandatory third order interactions between one

of these silicon atoms and the CH2, CH3, or O bonded to the

other Si atom, which is apparent from Fig. 2, with one of the

CH3 bonded to Si in that figure replaced by an oxygen atom.

The separations of the interacting pairs are in the range 1.89–

1.99 Å, depending on the choice of CH2, CH3, or O. In all

cases, the interaction is prohibitively repulsive. The second-

order interactions are weak in all of the other states at this pair

of bonds. The statistical weight matrix for the Si–CH2 bond is

therefore independent of the stereochemistry of the chain, and

identical with the statistical weight matrix used for this bond

by Mark and Ko in their treatment of poly(dimethylsilylene-

methylene) [24].

USi–C ¼

1 1 1

1 1 0

1 0 1

2
664

3
775 ð4Þ

A different situation is obtained for the pair of Si–C bonds

to the methylene group between two silicon atoms. In every

possible state for this pair of bonds, there are two ‘pentane-

effect’ second order interactions involving two atoms bonded

to one silicon atom interacting with two atoms bonded to the

other Si. Four distinct pairs of second-order interactions are

possible, as depicted in the four panels of Fig. 3. There are

significant differences in the energies of these mandatory pairs

of second-order interactions. Conformational energy calcu-

lations with the COMPASS force field and Cerius2 version 4.0

from Accelrys, Inc., find the relative energies to be 0, 1.3, 3.7,

and 8.4 kJ/mol, in the same order as the panels of Fig. 3. Let the

statistical weights be denoted by 1, va;vb; and vc;

respectively. The pattern of the appearance of these statistical

weights in the statistical weight matrix for the C–Si bond

depends on the stereochemistry of the attachment of the

oxygen atom to the two silicon atoms on either side of the

central methylene group.

UC–Si;dd ¼ QUC–Si;llQ ¼

va 1 vb

vb vb vc

1 va vb

2
664

3
775 ð5Þ

Fig. 2. Mandatory and prohibitively repulsive higher-order interactions

when there are g states of opposite sign at the two bonds to the central

silicon atom in (CH3)3Si–CH2–Si(CH3)2–CH2–Si(CH3)3.

C.A. Helfer et al. / Polymer 45 (2004) 1297–13061300



UC–Si;dl ¼ QUC–Si;ldQ ¼

1 vb va

vb vc vb

va vb 1

2
664

3
775 ð6Þ

Q ¼

1 0 0

0 0 1

0 1 0

2
664

3
775 ð7Þ

In this approximation, the hypothetical isotactic and

syndiotactic chains have characteristic ratios of 4.5 and 4.7,

respectively. These two values of C are slightly larger than the

value of 3.7 calculated for poly(dimethylsilylenemethylene) at

the same temperature. The populations of the t state are 0.52

and 0.55 for the isotactic and syndiotactic chain, respectively.

They are higher than the value of 0.44 for poly(dimethylsi-

lylenemethylene). More insight into the preferred chain

conformations is obtained by examination of the probabilities

for the conformations at pairs of bonds, which is denoted by

pjh;i when the second bond is bond i [17]. In matrix form, the

pjh;SiC and pjh;CSi for the meso ðddÞ chain are

0:21 0:08 0:23

0:23 0:08 0

0:08 0 0:08

2
664

3
775

0:24 0:20 0:09

0:09 0:05 0:02

0:20 0:07 0:05

2
664

3
775 ð8Þ

For the dl dyad from the syndiotactic chain, the pjh;SiC and

pjh;CSi are

0:25 0:08 0:23

0:23 0:07 0

0:08 0 0:07

2
664

3
775

0:33 0:09 0:13

0:09 0:02 0:05

0:13 0:05 0:12

2
664

3
775 ð9Þ

For each matrix in Eqs. (9) and (10), the stereochemistry is

inverted by pre- and postmultiplication by Q. When averaged

over the entire chain, the combined pjh for tt and the two most

stable tg helices account for 2/3 of the total probability. The

syndiotactic chain has a slightly stronger preference for tt (pjh

is 0.29 for tt; vs. 0.36 for the sum of the two most probable tg

helices) than does the isotactic chain (pjh is 0.23 for tt; vs. 0.43

for the sum of the two most probable tg helices). This

approximate equivalence of the preference for the extended

conformation and the tg helices in the isotactic and

syndiotactic chains suggests that a small perturbation of

each monomer unit might be sufficient to tip the balance in one

direction or the other.

When compared with PE, all of the silicon-containing

polymers considered so far have smaller pt and C; as shown

in Table 2. We turn now to the manner in which the

introduction of the complete –OðCH2ÞNOC6H4C6H5 side-

chain affects the RIS model for the polymer, in the

approximation that first-, second-, and mandatory third-

order interactions (but no interactions of higher order) are

considered.

4. The flexible side-chain

The shortest side-chain of interest is –OðCH2ÞNOC6H4

C6H5 with N ¼ 3 [7]. For reasons that will become apparent

Fig. 3. The pairs of second-order interactions in various conformations of

the two bonds to the bridging methylene unit in –OSi(CH3)2–CH2–

Si(CH3)2O–. The four panels are depicted in the order of increasing

conformational energy, with the pairs of interacting atoms being (a) C· · ·O

and C· · ·O, (b) C· · ·C and O· · ·O, (c) C· · ·C and C· · ·O, and (d) C· · ·C and

C· · ·C. The atoms participating in the second-order interactions are drawn

as spheres. Sticks represent the C–H bonds to the sphere representing the

carbon atom of the methyl group.

C.A. Helfer et al. / Polymer 45 (2004) 1297–1306 1301



momentarily, it is convenient to temporarily set aside the

statistical weight matrix for the Si–O bond, and consider

first the remaining rotatable bonds in the side-chain.

The short-range interaction energies in the statistical

weight matrices for these bonds are presented in Table 3.

The form of the result for the first bond listed, the O–C bond

nearest the backbone, is especially important. A t ! g

transition at this bond decreases the Si…CH2 distance from

3.90 to 2.91 Å, and simultaneously produces a mandatory

second-order interaction between the methylene group and

one of the carbon atoms (in CH2 or CH3) bonded to the

silicon atom. The distance of the first-order interaction is 4%

larger than the comparable distance in poly(trimethylene

oxide), where the interaction energy for the first-order

interaction is 3.8 kJ/mol [29]. Since the silicon atom is

larger than a carbon atom, we expect this repulsive

interaction in the silicon containing polymer to be at least

as strong as the comparable first-order interaction in

poly(trimethylene oxide). The mandatory second-order

interaction between the pair of carbon atoms has a distance

that is only 1% larger than the comparable distance in PE

[22], suggesting that the energies of these two interactions

are similar. The sum of the first-order and mandatory

second-order interactions is thereby estimated at 12 kJ/mol.

There are no other interactions of consequence. When the

mandatory second-order interaction is folded into the first-

order interaction, the statistical weight matrix consists of

three identical rows, signifying that the conformation of that

portion of the side-chain extending from the first methylene

through the biphenyl is independent of the conformation of

the backbone, in the approximation where only first- and

second-order interactions are used. This result will be

exploited below, when the statistical weight matrices for the

flexible side-chains are combined with the statistical weight

matrices for the backbone.

Most of the interactions energies in the remaining rows

of Table 3 are equated to the analogous interactions in

poly(trimethylene oxide) [29]. The only exception occurs in

the second-order interactions listed in the second row of the

table. These interactions involve a methylene group and the

silicon atom to which the side-chain is attached. The value

of v can be approximated as zero because the relevant

conformation has mandatory and highly repulsive third

order interactions between the methylene and the carbon

atoms bonded to the silicon atom. Conformational energy

calculations suggest there is also a slight repulsion when the

O–CH2–CH2 bonds both occupy g states of the same sign.

This weak repulsion is assigned an energy of 0.4 kJ/mol.

The serial product of all of the statistical weight matrices

specified in Table 3, and the terminal column in which all

elements are 1, is a column with three identical elements. If

we are concerned with the mean square unperturbed

dimensions of the backbone, the actual value assigned to

these identical elements is not important.

We now turn to the consideration of the Si–O bond,

which was temporarily deferred at the beginning of this

section. Rotation about the Si–O bond defines the position

of the first methylene group in the side-chain. In the

approximation that the methylene and methyl groups

bonded to this silicon atom are equivalent, the first-order

interactions are identical in all three states of this bond. The

second-order interactions involve the first methylene in the

side-chain with the silicon atoms on either side of the Si to

which the side-chain is bonded. The mandatory third-order

interactions in the closest approach of the methylene with

one of these silicon atoms requires complete suppression of

these conformations. However, the next closest approach of

these atoms yields a significant attraction, estimated at

24.7 kJ/mol upon calculation of the conformational energy

surface with the COMPASS force field from Accelrys, Inc.

A more strongly negative value is obtained with the

Universal 1.02 force field. The less negative value is used

in the calculation described, and the consequences of the

uncertainty in this attractive energy will be assessed. Let c

denote the statistical weight for this attractive second-order

interaction between the side-chain and the backbone.

Proper incorporation of these second-order interactions

into the matrix expression for Z requires a method that takes

account of the interaction of the first methylene in the side-

chain bonded to silicon atom i with Si atoms bearing indices

i ^ 2: The methodology was established originally for vinyl

polymers with articulated side-chains [30,31]. The method

adopted here uses a 3 £ 9 matrix with rows indexed by the

state at the CH2–Si bond between chain atoms i 2 1 and i:The

order of indexing is t; gþ; g2; with the state defined by chain

atoms i 2 2 through i þ 1: The columns are indexed by the

states at two other bonds to the silicon atom that bears index i:

One bond is the Si–CH2 bond to chain atom i þ 1; with the

columns indexed in the order t; t; t; gþ; gþ; gþ; g2; g2; g 2 :

The matrix will include the first- and second-order interactions

for this bond, as well as the Si–O bond. The other bond is, of

course, the Si–O bond, with the state defined by chain atoms

i 2 1 and i; along with the OCH2 in the side-chain. For this

bond, the columns are indexed in the order t; gþ; g2; t; gþ;

g2; t; gþ; g 2 : If the attachment of the side-chain to Si atom i

defines a d placement, the matrix is

Ub;d ¼

0 c2 0 1 c 0 c 0 0

0 0 c 1 0 c 0 0 0

0 c 1 0 0 0 c 0 1

2
6664

3
7775 ð10Þ

Table 3

First- and second-order interaction energies (kJ/mol) for the statistical

weight matrices for bonds O–C through C–O in the O(CH2)3OC6H4C6H5

side-chain, using the general form in Eq. (1)

Bond Es Et Ec Ev

O–CH2 12 0 0 0

First CH2–CH2 21.7 0 0.4 1

Second CH2–CH2 21.7 0 0 1.7

CH2–O 3.8 0 0 1
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The null elements at the last three positions in the second row,

and positions 4–6 in the third row, arise from the prohibitively

repulsive interaction of silicon atoms i ^ 2 when there are g

placements of opposite sign at the two C–Si bonds to silicon

atom i:The null elements in columns 1 and 8 arise from similar

interactions of the CH2 group in the side-chain with silicon

atom i þ 2 and its substituents. The remaining null elements

are from similar repulsive interactions between the CH2 group

in the side-chain and silicon atom i 2 2: The c-type

interactions occur between the CH2 in the side-chain and the

silicon atom at i þ 2 in columns 2 and 7, and between the same

CH2 group and the Si atom at position i 2 2 in elements 1; 2 þ

k and elements 2; 3 þ k for k ¼ 0; 3; 6:The conformation with

a t state at both C–Si bonds and a gþ state at the Si–O bond is

unique because it is the only combination of states at these

three bonds that produces two of the attractive c-type

interactions. This unique conformation has important con-

sequences for the conformation of the chain. It is depicted in

Fig. 4.

If the attachment of the side-chain produces the l

configuration, the matrix changes to

Ub;l ¼ QUb;dðQ^QÞ

¼

0 0 c2 c 0 0 1 0 c

0 1 c c 1 0 0 0 0

0 c 0 0 0 0 1 c 0

2
6664

3
7775 ð11Þ

The unique conformation with two attractive c-type

interactions still has t states at the two C–Si bond, but

there is now a g2 state at the Si–O bond.

In the construction of an expression for Z for the

backbone of the polymer, the contribution of a dyad

constructed from two pseudoasymmetric centers with

configuration mm0; where m and m0 are chosen from d and

l; is incorporated into the expression for Z as the 3 £ 3

matrix defined as

Ub;mðUC–Si;mm0^UsÞ ð12Þ

Ub;m is from Eq. (10) or Eq. (11), and UC2Si;mm0 is from

Eq. (5) or Eq. (6), and Us ¼ ½ 1 1 1 �T [31].

At 373 K, the population of the t state is 0.69 for the

isotactic chain and 0.76 for the syndiotactic chain. These

values are larger than the estimates for any of the other

chains listed in Table 2. Incorporation of the articulated

side-chain increases the population of the t state at the C–Si

bonds in the backbone. The consequences for the unper-

turbed dimension are depicted in Fig. 5 for chains with

several repeating stereochemical sequences, as a function of

the probability of a meso dyad, pm: All of the characteristic

ratios in Fig. 5 are much larger than the value of 3.7

calculated at the same temperature ½SiðCH3Þ2 –CH2�x:

Replacement of one of the methyl groups with the –O

ðCH2ÞNOC6H4C6H5 side-chain in each monomer unit

increases the mean square unperturbed dimensions by

approximately a factor of 2–3, depending on the stereo-

chemical sequence. There is a simple monotonic relation-

ship between C1 and pm: The largest dimensions are

obtained with the syndiotactic chain.

In contrast with poly(dimethylsilylenemethylene), the

polymers with the –OðCH2ÞxOC6H4C6H5 side-chain have

large, negative temperature coefficients for the unperturbed

dimensions, which are about 23 £ 1023 K21 for the

isotactic chain and 26 £ 1023 K21 for the syndiotactic

chain.

The explanation for the effect of the side-chain on the

unperturbed dimensions can be developed by starting with

the probabilities for conformations at neighboring pairs of

CH2–Si bonds in the main chain, using the same format

as was adopted in Eqs. (8) and (9). The pjh; in the order

Si–CH2 bond, CH2–Si bond, are

0:50 0:05 0:14

0:14 0:06 0

0:05 0 0:06

2
664

3
775

0:44 0:16 0:09

0:09 0:02 0:01

0:16 0:02 0:02

2
664

3
775 ð13Þ

for the dd dyad in an isotactic chain and

0:61 0:05 0:11

0:11 0:04 0

0:05 0 0:04

2
664

3
775

0:60 0:07 0:10

0:07 0:01 0:02

0:10 0:02 0:03

2
664

3
775 ð14Þ

Fig. 4. The conformation of (CH3)3Si–CH2–Si(OCH3)(CH3)–CH2–

Si(CH3)3 that produces two attractive c-type interactions. The atoms

involved in these interactions are represented as spheres.

  

Fig. 5. Characteristic ratios at 373 K for the polymer of –SiðCH3Þ½O

ðCH2ÞN OC6H4C6H5�–CH2 – as a function of the probability of a meso

dyad. The calculation incorporates all first- and second-order interaction, as

well as the higher order interactions that are mandatory in some of the local

conformations. The results were obtained for polymers with repeating

stereochemical sequences of r; mrr; mr; mmr; and m; where m and r denote

meso and racemo dyads, respectively.
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for the dl dyad in a syndiotactic chain, all calculated at

373 K. The averages of the values of the 1,1 elements in

each pair of matrices are the value of ptt for each chain. They

are reported in Table 2. The influence of the articulated side-

chain is succinctly summarized by comparison of the values

for ptt in the last four entries in the Table 2. Inclusion of the

entire side-chain doubles the probability that two consecu-

tive C–Si bonds in the backbone will both be in t states, and

this doubling takes place without regard to the stereo-

chemistry of the dyad. This value of ptt is enhanced by the

simultaneous attractive second-order interaction of the first

methylene group in the side-chain and the silicon atoms on

either side of the Si to which the side-chain is bonded, as

depicted in Fig. 4. These two attractive second order

interactions can occur in either meso or racemo dyads,

provided there are t states at both Si–C bonds to the silicon

atom that bears the side-chain.

The similar occurrence of this attractive second-order

interaction in both types of dyads causes chains of all

stereochemical compositions, including atactic chains of

any conceivable stereochemical composition and stereo-

chemical sequence, to have a preferred conformation that

consists of runs of t states. This preference becomes slightly

stronger as the population of racemo dyads increases,

because that situation existed in the hypothetical polymer in

which the side-chain was truncated at the first oxygen atom.

As expected from these considerations, the results obtained

from the RIS analysis of the substituted poly(silylene-

methylenes) are more sensitive to variation in the value

assigned to c than in the values of any of the v0s; as shown

in Table 4. The most critical of the v0s is va for the isotactic

chain, and vb for the syndiotactic chain.

This preferred conformation approximates one of the two

candidates for the smectic E phase described by Park et al.

[7], although it is not the g helix that was their preferred

candidate. They find the g helix is favored by interactions

between the long side-chains on neighboring silicon atoms

that are of longer range than the interactions usually

considered in a RIS model. A simulation of a dense system

of suitably constrained coarse-grained chains will be

required to assess the influence of the intra- and inter-

molecular interactions of the biphenyl groups on the

structure of the system. The intermolecular interactions

might alter the preferred conformation of the backbone in

the liquid crystalline state [7]. The RIS model described

here will constitute one of the constraints on the

conformations of the coarse-grained chains in these

simulations.

The significance of the c interaction for the adoption of a

regular periodic structure by an atactic chain can be stated

more generally. A regular structure for an atactic chain can

be anticipated if the same conformation is preferred by both

types of meso dyads (dd and ll; in the notation using

pseudoasymmetric centers) as well as by both types of

racemo dyads (dl and ld). If the bonds in the chain are

subject to a three-fold torsion potential with t; gþ; and g2

states, this condition is most easily satisfied if all of the

dyads have short-range interactions that induce a preference

for the t state at the bonds in the backbone. The c interaction

described here for the poly(silylenemethylenes) is an

example of how this circumstance might be achieved in a

real polymer. Of course, Nature might provide other types

of short-range interactions that could achieve the same

objective in other polymers.

A preference for the t state does not necessarily imply

that the preferred structure must be a fully extended chain.

The adoption of t states at every bond does indeed produce a

fully extended chain if all bond angles are equal, as they are

in PE. But if the bond angles are unequal and alternate in

size, ui ¼ uiþ2 ¼ … – uiþ1 ¼ uiþ3 ¼ …; the all-t chain can

describe a circle. A well-known example is provided by

poly(dimethylsiloxane) [32–34]. Small, and correlated,

adjustments of the torsion angle for the t state, from f ¼

1808 to f ¼ 1808þ Df; will convert the planar circular

conformation of the all-t chain to a helix. By this route, an

atactic chain with t states at every bond could form a helix

with a pitch just large enough so that successive turns of the

helix would not interact with one another in a repulsive

manner, as they obviously would do if every torsion angle

was precisely 1808.

5. Conclusion

A RIS analysis incorporating first- and second-order

interactions, as well as those third-order interactions that are

mandatory in several of the conformations, shows that

poly(silylenemethylenes) with –OðCH2ÞNOC6H4C6H5

side-chains have the same preferred conformation of the

backbone, independent of the stereochemical sequence.

This preferred conformation is a sequence of t states at the

C–Si bonds. It is favored by an attractive second-order

interaction between the first methylene group in the –O

ðCH2ÞNOC6H4C6H5 side-chain at position j and the two

silicon atoms with indices j ^ 2: This interaction is

independent of the stereochemistry of the attachment of

the side-chain to silicon atom j: Therefore atactic chains

Table 4

Sensitivity of C1 and the population of the t state to variation in the

statistical weights at 373 K

Tacticity x › ln C1=› ln x › ln pt=› ln x › ln ptt=› ln x

Isotactic c 0.51 0.22 0.50

va 0.46 0.20 0.45

vb 20.19 20.12 20.23

vc 20.05 20.01 20.01

Syndiotactic c 0.84 0.25 0.44

va 20.23 20.07 20.17

vb 20.45 20.11 20.20

vc 20.01 20.01 20.01
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have the same preferred conformation of the backbone as do

isotactic and syndiotactic chains, which may facilitate the

formation of liquid crystalline structures by chains with an

atactic backbone.

The first- and second-order interactions at the first O–C

bond in the side-chain impose a strong preference for the t

state at this bond, which tends to extend the side-chain away

from the backbone. These interactions also cause the

conformation of the flexible spacer in the side-chain to be

independent of the conformation of the backbone, in the

approximation where only first- and second-order inter-

actions are considered. Interactions of much higher order

between the side-chains may also affect the conformations

of the chains. The potential influence of these higher order

interactions is more easily assessed by another method, such

as Monte Carlo simulation.
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