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Abstract: Light scattering, sedimentation equilibrium, viscosity, circular dichroism (CD), and UV absorption
(UV) measurements were made on dilute solutions of poly{[(R)-3,7-dimethyloctyl]-[(S)-3-methylpentyl]silylene}
(PRS) as functions of molecular weight. From light scattering and viscosity data, PRS is found to be a very
stiff polymer of persistence lengthq as large as 103 nm at 25°C, essentially a 73 helix found in the solid state;
q increases only gradually with lowering temperature between-15 and 25°C. The CD data show that PRS
undergoes a conformational transition around 3°C in isooctane (transition temperatureTc). The CD signal is
largely positive at low temperatures, passes through zero atTc, and becomes largely negative at higher
temperatures;Tc is independent of sample’s chain lengthN. This is a highly cooperative helix (M)-to-helix (P)
transition depending remarkably onN, as PRS is substantially rodlike. The CD data are converted to the
fraction fP of P helix as a function ofN and analyzed successfully by a statistical mechanical theory based on
a helix reversal model, where a polymer chain consists of M and P helices intervened by helix reversals, with
the result that the free energy difference∆Gh between P and M shows a temperature dependence similar to
that of 2fP - 1, whereas the helix reversal energy is substantially constant at 1.2× 104 J mol-1; the latter
value means that the helix reversal occurs only once in 100 Si units or less. This∆Gh change and solvent
dependence ofTc are explained by a double-well potential for the rotation about Si-Si bonds, which incorporates
into ∆Gh the solvent interactions with the helical grooves of side chains surrounding the main chain. Detailed
features of UV absorption spectra at different temperature and molecular weights are also presented.

Introduction

There are a number of linear polymers capable of forming
helical conformations and undergoing a thermal and/or solvent-
induced transition from one conformation to another, always
containing one helical conformation, for example, helix to
random coil. Indeed, the helix is one of the most important
conformations common to biopolymers and synthetic poly-
mers.1,2 Examples of such polymers are polypeptides,3-5

polyisocyanates,6-8 polysilylenes,9-12 polyacetylenes,13 and so

forth. This transition is unique for its molecular-weight depen-
dence, and theoretically, all these polymers are regarded as linear
cooperative systems whose molecular-weight dependent con-
formations are formulated on the basis of a linear Ising model.1,2

On the other hand, different polymers and solvents show
different transition curves, and chemistry plays a crucial role.
In other words, here is an interesting interplay between
chemistry and physics; explicitly stated, the local or microscopic
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chain structure of a polymer, which is responsible for chemical
properties such as UV absorption, circular dichroism, and so
forth, controls its global chain conformation or stiffness.
Currently, we are particularly interested in conjugating polymers
such as polyisocyanates1,6 and polysilylenes,12 whose conforma-
tions in dilute solution are helical and undergo transitions
between left-handed and right-handed helices.

Green, Teramoto, and collaborators1,2,6 studied the optical
activity of chiral and achiral polyisocyanates in great detail and
showed that they are analyzed quantitatively by a statistical
theory proposed by Lifson et al.6a based on the helix reversal
model, where a polymer chain consists of an alternating
sequence of left-handed (M) and right-handed (P) helices
intervened by helix reversal units. This theory contains two basic
parameters, the free energy difference 2∆Gh ) GM - GP

between the M and P units and the energy∆Gr for the helix
reversal unit measured from the average ofGM andGP, where
GM andGP are the free energies in the M and P helices. It should
be noted that the theory implicitly assumes that both terminal
units can take the M and P conformations with equal probability.
We have recently presented CD (circular dichroism) data for
poly{n-hexyl-[(S)-3-methylpentyl]silylene} (PH3MPS, Chart 1),
which change remarkably with temperature and molecular
weight, and successfully analyzed them by fitting to the theory
in a similar way.12c There is another interesting aspect of
conjugating polymers: CD changes sign during the transition
with temperature and/or solvent, which is interpreted to be due
to a helix-helix transition. However, there is no experimental
report as to the molecular-weight dependence of transition
temperatureTc, which is a key factor for elucidating detailed
molecular mechanisms, as the above theory predicts the
dependence ofTc on molecular weight. In this connection, some
chiral polysilylenes11h,11i,11mand other polymers4,8 are shown
to exhibit such CD sign changes in thermal transitions, but the
molecular-weight independence ofTc has not been reported.
Therefore, we have studied poly{[(R)-3,7-dimethyloctyl]-[(S)-
3-methylpentyl]silylene} (PRS, Chart 1) in dilute solution by
light scattering, sedimentation equilibrium, viscosity, and cir-
cular dichroism and analyzed the CD data to find that this is
the first polymer to exhibit the predicted sign reversal. From

the analysis of the molecular-weight dependence of CD, PRS
is shown to undergoa helix-to-helix transitionwith helix
reversals accompanying notransition of global conformation
or stiffness; that is, it is not a transition of the helix-to-coil type
as often proposed for thermochromism.9 This paper reports
experimental results and theoretical analysis in detail. The
thermal transition of PRS depending remarkably on solvent is
well described on the basis of a double-well potential for the
internal rotation about Si-Si bonds of the main chain, which
reflects the chemical structures of both the side chains and
solvent. This transition arises from a fine chemical structure
interplay of the main chain, chiral side chains, and solvent. The
estimated values of the theoretical parameters∆Gh and ∆Gr

are discussed in connection with the chemical structures
concerned, or alternatively, the chemical structures may be used
for predicting the local and global conformations and functions
of the polymer. The strategy used in the present study is not
limited to our particular polysilylenes but is applicable to other
polymers undergoing conformational transitions and will provide
a novel means of predicting and designing polymers of desired
conformational characteristics.

Experimental Section

A PRS sample synthesized by the procedure reported elsewhere11m

was separated into many fractions by gel permeation chromatography
(GPC) to obtain seven samples of different molecular weights RS-2 to
RS-8. Sedimentation equilibrium experiments were made on four lower
molecular weight fractions on a Beckman Optima XL-1 ultracentrifuge
to determine the equilibrium concentration profiles in isooctane at 25
°C in the cell. Light scattering intensities were measured for three
samples R-2 to R-4 in isooctane at 25°C on a DAWN DSP light-
scattering photometer. Zero-shear intrinsic viscosities [η] in isooctane
at 25°C and the Huggins coefficientk′ were determined using a four-
bulb viscometer or a conventional viscometer of Ubbelohde type. UV
absorption and CD measurements for seven samples RS-2 to RS-8 in
isooctane at temperatures between-75 °C and 80°C were made on a
JASCO J700 circular dichroism spectrophotometer. It was confirmed
that there was no photodegradation of the samples during these
measurements. For the experimental details and data processing, consult
ref 12b,c and the Supporting Information.

Experimental Results

Molecular Weight and Dimensional and Hydrodynamic
Properties. Sedimentation equilibrium measurements yielded
the equilibrium concentration profiles in the centrifuge cell, from
which two apparent molecular weightsMapp and Q were
determined as functions of the average concentration (cj). Mapp

-1

andQ plotted against (cj) formed straight lines, whose ordinate
intercept and slopes allowed us to determine the weight-average
molecular weightMW, the second virial coefficientA2, and the
z-average molecular weightMz.12b,c On the other hand, light
scattering measurements yielded the Rayleigh ratioRθ as a
function of the mass concentrationc and the scattering angle
θ. MW, A2, andz-average mean-square radius of gyration〈S2〉z
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were determined by analyzing the light scattering data by the
established procedure.12b,c Table 1 summarizes the values of
these molecular parameters along with those for [η] andk′; Nw

is the weight-average number of Si atoms per molecule defined
by Nw ) Mw/M0, with M0 being the molecular weight of a Si
unit and calculated to be 254.5 for PRS. All theA2 values in
this table are larger than 3× 10-4 mol g-2 cm3, andk′ is around
0.4, indicating that this polysilylene ismolecularly dispersed
in a good solVent, isooctane. This table also contains the values
of Mz/Mw for the four samples determined by sedimentation
equilibrium, indicating all the samples are reasonably narrow
in molecular weight distribution. The higher molecular weight
samples were also found to be narrow by GPC.

Figure 1a shows a double-logarithmic plot of [η]M0 versus
Nw for PRS in isooctane at 25°C along with our previous data
for PH2MBS at 20°C and PH3MPS at 25°C.12a,bThe data for
PRS samples are near to those for PH2MBS and follow a
straight line with a slope of 1.3. Figure 1c shows the〈S2〉z

1/2

values for these polysilylenes in the same solvent conditions;
the slope of the plot for PRS is about 0.7. Thus, these data are
consistent with the viscosity data and suggest that the backbone
conformation of PRS is slightly stiffer and much stiffer than
those of PH2MBS and PH3MPS, respectively. As shown in
Figure 1b, the temperature dependence of [η] for RS-3 in
isooctane is gradual even around 3°C, where the helical sense
is reversed. Thus, PRS is a nearly rodlike polymer and shows
no transition in global properties in the temperature range
studied.

UV and CD Spectra and Optical Activity. Figure 2 shows
the CD and UV spectra of RS-4 in isooctane at the indicated
temperatures (panel a) and those of indicated PRS samples at
-30 °C (panel b). It is seen that this sample has a sharp
absorption peak centered at 320 nm. On the other hand, the
UV absorption spectra for the lower molecular-weight samples
become smaller and broader with decreasingMw. To quantify
these features of the spectra, we determined the wavelength
(λmax) of the peak, the full width at half-maximum (fwhm), and
the peak height (εmax) from the UV spectra evaluated over a
wide temperature range. There was no thermal history observed
in these spectra. TheNw dependence of these values in isooctane
at -70 °C, 5 °C, and 85°C is illustrated in Figure 3. It is seen
that each plot tends to level off at highNw, approaching some
asymptotic value. The same trend is seen at all temperatures
studied. These asymptotic valuesλmax,∞, fwhm∞, andεmax,∞ are
plotted against temperature in Figure 4 along with the data for
PH3MPS studied previously.12c All the plots are linear, although
the change inλmax,∞ is much smaller than in the others. The
shape of the UV spectrum for PRS becomes broader with rising
temperature, but the slopes of the plots for bothfwhm∞ andεmax,∞
are much smaller than those for PH3MPS. Therefore, this
suggests that the fluctuation of helical conformation is smaller
for PRS than for PH3MPS at the same temperature, and this

difference between these two polysilylenes becomes more
remarkable with rising temperature.

It has been shown in our previous paper12c that CD and UV
spectra of PH3MPS for a given sample at the same temperature
are similar in shape, and the Kuhn dissymmetry ratiogabsdefined
asgabs≡ ∆ε/ε could be determined accurately from the ratio of
their peak areas. This is also the case with PRS, as seen in Figure
2. Figure 5 shows the temperature dependence ofgabsdetermined
in this way for PRS samples. The values ofgabs for higher
molecular weight samples RS-2 to RS-5 are almost the same,
indicating no molecular weight dependence. For these samples,
gabs increases with lowering temperature below-30 °C and
approaches an asymptotic value of 2.0× 10-4 at lower
temperatures. However, it sharply decreases with rising tem-
perature between-30 °C and 25°C, passing zero at about 3
°C, and increases at higher temperatures after a minimum. For
the low molecular-weight samples, the temperature dependence
becomes gentler as the molecular weight is decreased. It is
emphasized, however, that the transition temperature,Tc, where
gabs becomes zero, is located at about 3°C independent of
samples within experimental errors. This trend resembles closely

Table 1. Numerical Results from Light Scattering, Sedimentation
Equilibrium, and Viscometry on PRS Samples in Isooctane at 25°C

sample 10-4 Mw Nw
c A2

d 〈S2〉z
1/2e Mz/Mw [η] f k′

RS-2 135a 5300 3.4a 180 48.0 0.38
RS-3 91.4a 3590 3.1a 143 28.0 0.41
RS-4 26.0a 1020 3.0 a 60 6.38 0.42
RS-5 9.05b 356 4.3b 1.18 1.54 0.42
RS-6 3.90b 153 4.5b 1.11 0.465 0.45
RS-7 1.81b 71.1 7.0b 1.03

RS-8 0.892b 35.0 20b 1.10

a From light scattering.b From sedimentation equilibrium.c Calcu-
lated by the equationNw ) Mw/254.5.d In units of 10-4cm3 mol g-2.
e In units of nm.f In units of 10-2cm3 g-1.

Figure 1. Global properties in isooctane: (a)Nw dependence of
[η]M0, (b) temperature dependence of [η] for RS-3, and (c)Nw

dependence of〈S2〉z
1/2. PRS at 25°C, circles and curve 1; PH2MBS at

20 °C, triangles and curve 2; PH3MPS at 25°C, squares and curve 3.
Curves corresond to theoretical values for PRS (q ) 103 nm,d ) 3.0
nm, andML ) 1270 nm-1), PH2MBS (q ) 85 nm,d ) 2.0 nm, and
ML ) 934 nm-1),12a and PH3MPS (q ) 6.1 nm,d ) 1.7 nm,B ) 1.7
nm, andML ) 1010 nm-1).12b B corresponds to the excluded-volume
parameter.14,18
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the prediction based on the helix reversal model as will be shown
in Figure 7b.

The molecular-weight dependence ofgabsat fixed temperature
is illustrated in Figure 6. The values ofgabs are almost
independent of molecular weight in the rangeNw > 103, but
their absolute values for lower molecular-weight samples
decrease significantly with decreasingNw. This molecular-
weight dependence is a key characteristic in order to discuss
∆Gh and∆Gr for the helical conformations of PRS in isooctane.
It should be noted that solutions of PH3MPS12c and polyiso-
cyanates6c,6e exhibit similar behavior but have no sign change
in optical activity.

Discussion

1. Rodlike Nature of Poly(silylene)s: Stiffness and Elec-
tronic Properties. As shown in Figure 1a, [η] of PRS changes
with a high power ofNw, indicating this to be a stiff-chain
polymer; theM0[η]-N relation is rather insensitive tod and
determined essentially byq. It is well-established that such a
molecular-weight dependence of [η] is analyzed by the

Yamakawa-Fujii-Yoshizaki theory based on the wormlike-
cylinder model,14,15which is characterized by the contour length
L, the chain diameterd, and the persistence lengthq of the
cylinder;L is related to the molecular weightM by L ) M/ML,

Figure 2. CD and UV absorption spectra in isooctane for (a) sample RS-4 at the indicated temperatures and (b) the indicated PRS samples at
-30 °C.

Figure 3. Nw dependence of UV spectra for PRS in isooctane at-70
°C (circles), at 5°C (triangles), and at 85°C (squares). Ordinate
values: (a)λmax, (b) fwhm, and (c)εmax.

Figure 4. Temperature dependence of UV spectra for PRS (circles)
with infinitely large molecular weight. Triangles correspond to
reproduced data for PH3MPS.12c

Figure 5. Temperature dependence ofgabs for PRS samples in
isooctane: unfilled circles, RS-2; filled circles, RS-3; unfilled triangles,
RS-4; filled triangles, RS-5; unfilled squares, RS-6; filled squares, RS-
7; pentagons, RS-8.

12306 J. Am. Chem. Soc., Vol. 123, No. 49, 2001 Teramoto et al.



with ML being the mass per unit contour length. This theory
for the intrinsic viscosity [η] of an unperturbed wormlike
cylinder can be expressed in a good approximation as

with I andS being known functions ofq, ML, andd.16,17 This
equation is correct in the rangeL/2q ) 0.4-300 for typical
stiff chains, and a plot of (Mw2/[η])1/3 versusMw

1/2 should give
a straight line with the ordinate interceptI and the slopeSwhich
containq, ML, andd.

It is shown that the plot of (Mw2/[η])1/3 versus Mw
1/2

constructed from the data for PRS in Table 1 is a straight line
as predicted, with the data for the lowestMw deviating slightly

downward. Thus, we have three relations,I, S, and this deviation,
for the three wormlike chain parameters to be determined
separately, as shown also for PH3MPS.12b The best fit values
for ML, q, andd areML ) 1270( 50 nm-1, q ) 103( 10 nm,
and d ) 3.0 ( 1.0 nm. It is noted that excluded-volume
effects14,18 on [η] and 〈S2〉z are shown to be negligible because
the value ofMw/2qML is 5.2, even for the sample RS-2, having
the highest molecular weight in this study. Curve 1 of Figure
1a represents the theoretical values of [η] calculated with these
parameters and fits the data point accurately. This model is also
applied precisely to PH2MBS (curve 2,q ) 85 nm)12a and
PH3MPS (curve 3,q ) 6.1 nm).12b

Solid curve 1 in Figure 1c represents the theoretical values
of 〈S2〉1/2 calculated by19

for the wormlike chain withq ) 103 nm andML ) 1270 nm-1.
The data points (circles in Figure 1c) are seen to deviate slightly
upward from the curve, but the deviation is in the range
estimated from the polydispersity of these samples. The helix
pitch per Si unit is calculated from the estimatedML value to
be 0.200 nm. This value is consistent with the value of a 73

helix, that is, 0.197 nm, for poly(di-n-pentyl silylene) and poly-
(di-n-butyl silylene) in the crystal state.9,20 On the other hand,
q ) 103 nm for PRS is the highest among all the polysilylenes
to our knowledge, that is, PH2MBS (q ) 85 nm),12a PH3MPS
(q ) 6.1 nm),12b and poly(di-n-hexylsilylene) (q ) 3 nm)21

around room temperature.
As far as their global conformations are concerned, the

polysilylenes investigated so far can be regarded as continuous
wormlike cylinders characterized by the persistence lengthq.
In principle, q is determined by the fluctuations in local
conformations, which are related to their electronic properties,
such asλmax, εmax, andfwhm. Elucidation of such correlations
may be a theoretical challenge.

2. Cooperative Transition. A. Theoretical framework. It
has been shown in our previous paper12c that a chiro-optical
property of PH3MPS depends remarkably on temperature and
molecular weight. This behavior is very similar to those of chiral
polyisocyanates studied by Teramoto, Green, and collaborators.6

For the polyisocyanates, the backbone chain conformation
consists of the M and P helices, but the helix sense depends on
the side chain, solvent, and temperature; M or P may be either
left-handed or right-handed. Lifson et al.6adeveloped a statistical
mechanical theory using a helix reversal model, where a given
chain consists of an alternating sequence of the two helices
intervened by helix reversals. Assuming that the two helices
are nearly symmetric, the optical activity detected by CD or
OR (optical rotation) of the polymer solution arises from the
excess presence of one helix. The theory is characterized by
the three statistical parametersuM, uP, andur, or associated free
energies,GM, GP, and Gr, where the subscripts M, P, and R
represent the quantities associated with the M and P helical units
and helix reversal units, respectively. Without loss of generality,
they are reduced to two energy functions∆Gr ≡ Gr -
(1/2)(GM + GP) and 2∆Gh ≡ GM - GP and related to statistical
weightsuM, uP, andur by

(14) Yamakawa, H.Helical Wormlike Chains in Polymer Solutions;
Springer: Berlin, 1997.

(15) a. Yamakawa, H.; Fujii, M.Macromolecules1974, 7, 128-135. b.
Yamakawa, H.; Yoshizaki, T.Macromolecules1980, 13, 633-643.

(16) Bushin, S. V.; Tsvetkov, V. N.; Lysenko, E. B.; Emelyanov, V. N.
Vyskomol. Soedin., Ser. A1981, A23, 2494.

(17) Bohdanecky´, M. Macromolecules1983, 16, 1483-1492.

(18) a. Norisuye, T.Prog. Polym. Sci.1993, 18, 543-584. b. Norisuye,
T.; Tsuboi, A.; Teramoto, A.Polym. J.1996, 28, 357-361.

(19) Benoit, H.; Doty, P.J. Phys. Chem.1953, 57, 958.
(20) Miller, R. D.; Farmer, B. L.; Fleming, W.; Sooriyakumaran, R.;

Rabolt, J.J. Am. Chem. Soc.1987, 109, 2509-2510.
(21) Cotts, P. M.Macromolecules1994, 27, 2899-2903.

Figure 6. Plots ofgabsversusNw for PRS in isooctane at the indicated
temperatures. Solid lines correspond to theoretical values calculated
from eq 9 with the parameters presented in Figure 8. For clarity, the
ordinate values ofgabs are shifted by A in the parentheses.

Figure 7. Plots of 2fP - 1 versus absolute temperature. Curves are
calculated values from the statistical mechanical theory with∆Gr ) 2
× 104 J mol-1 and∆Gh ) -20 (1 - T/Tc) J mol-1; (a) Tc ) 500 K,
and (b)Tc ) 300 K.

(M2/[η])1/3 ) I + SM1/2 (1)

〈S2〉 ) qM
3ML

- q2 +
2q2ML

M [1 -
qML

M
(1 - e-(M/qML))] (2)

Conformational Transition in Chiral Polysilylenes J. Am. Chem. Soc., Vol. 123, No. 49, 200112307



This theory is shown to describe the molecular weight
dependence of OR quantitatively not only for homopolyisocy-
anates but also for copolymers of chiral and achiral isocyanates.6

They belong to typical linear cooperative systems, or Ising
systems, also includingR-polypeptides. Selinger et al.22 treated
copolyisocyanates from a different approach, showing that a
minute excess in chirality brings about remarkable optical
activity. Recently, a general theoretical framework1 has been
given to treat such typical linear cooperative systems, pointing
out the importance of the conformations of terminal units,
whether they are restricted in specific ones or not. This
restriction is described by the components of the terminal
vectors,a andb, and the partition function of this polymer chain
is given by1

whereM is the statistical weight matrix defined by

and

There is no restriction fora ) b ) 1.
The average conformation of a polymer chain is described

by the fractionfP of monomer units in the P helical conformation
and optical activity 2fP - 1 is obtained fromZN by the standard
procedure in statistical mechanics as

and the number of helix reversals per chainnr is given by

Lifson et al.6a have derived 2fP - 1 andnr from a different
approach, which agree with eqs 7 and 8, respectively, but are
inaccurate at smaller values ofN.

Figure 7 illustrates some theoretical calculations for the helix
reversal model for the casea ) b ) 1, that is, no restriction on
the end units. Panel a shows 2fP - 1 plotted against temperature
at fixed∆Gr and slightly temperature dependent∆Gh ) -20(1
- T/Tc) J mol-1; Tc ) 500 K. It is seen that 2fP - 1 decreases
monotonically with temperature for eachN and tends to vanish
at higher temperature, and at a fixed temperature, 2fP - 1
increases withN, approaching an asymptotic limit at infinite
N. This is the behavior observed for chiral polyisocyanates.6e,f,g

Panel b illustrates the thermal transition curves with no terminal
restriction, butTc is located at 300 K. It is seen that for large
N, 2fP - 1 now drops very sharply around 300 K, changes its
sign atTc, and passes through a shallow minimum to higher
temperature. At any temperature, 2fP - 1 is predicted to change
with N. This behavior is essentially the same as the experimental

results shown in Figures 5 and 6. It can be shown that the
transition becomes very sharp asV tends to vanish, but a first-
order transition is not expected unlessV/N ) 0. Thus, Schweiz-
er’s claim23 that a conjugating polymer would undergo afirst-
order helix-coil transition is not rationalized. Toriumi24

discussed a left-handed to-right-handed helix transition with a
special reference to polyaspartate derivatives; this is a special
case with random coil units for helix reversal units.

B. Analysis of Experimental Data.Next, we try to analyze
these results using the described theory without terminal
restriction. First, the observedgabs data are converted tofP in
the following way. Assuming that the M and P helices have
the same absolute value ofgabs per monomer unit,gm, the
theoreticalfP can be related togabs by

It is noted that UV and CD spectra are similar in shape, although
their strengths change largely with molecular weight and
temperature. This strongly supports the validity of the above
assumption.11b The theory can be tested by fitting the experi-
mental data forfP as a function ofN at a fixed temperature. If
the fitting is successful, the theory is validated, and the fitting
parameters,V(T) and∆Gh(T), are determined at that temperature
with no assumption on theirT dependence.

Assuming a value of 2× 10-4 for gm, which is the asymptotic
value of gabs for PRS in isooctane, trial-and-error procedures
were repeated to have the best fit. The solid curves in Figure 6
represent the theoretical values calculated for the best-fit
parameters, which follow the data points closely, justifying our
starting assumption. Figure 8 shows how these parameters
change withT. It is seen that∆Gr(T) stays at 1.2× 10-4 J
mol-1, whereas∆Gh(T) changes sigmoidally withT, passing
through zero at 3°C. This change in∆Gh(T) explains the steep
change in 2fP - 1 aroundTc, whose molecular-weight inde-
pendence is the consequence froma ) b ) 1. The change in
∆Gh(T) with T is expressed by eq 10 (the solid curve in Figure
8):

It can be shown that thegabs for all the samples in the entire
temperature range studied are fitted precisely by the theoretical

(22) a. Selinger, J. V.; Selinger, R. L. B.Phys. ReV. E 1997, 55, 1728-
1731. b. Selinger, J. V.; Selinger, R. L. B.Phys. ReV. Lett.1996, 76, 58-
61.

(23) a. Schweizer, K. S.J. Chem. Phys.1986, 85, 1156-1175. b.
Schweizer, K. S.J. Chem. Phys.1986, 85, 1176-1183.

(24) Toriumi, H.Macromolecules1984, 17, 1599-1605.

uM ) exp(-∆Gh/RT) uP ) exp(+∆Gh/RT)

ur ) V ) exp(-∆Gr/RT) (3)

ZN ) AM N-1B (4)

M ) (uM VuP

VuM uP
) (5)

A ) (auM uP) B ) (b1) (6)

fP ) (1/N)
∂(lnZN)

∂(lnuP)
(7)

nr )
∂(lnZN)

∂(lnV)
(8)

Figure 8. Temperature dependences of 2∆Gh and∆Gr in isooctane.
Solid curve,∆Gh calculated by eq 10; dashed curve,∆Gh calculated
by eq 15 with∆φMP ) 1.17 and∆EMP ) 360 J mol-1.

nP - nM

nP + nM
) 2fP - 1 )

gabs

gm
(9)

∆Gh ) -3 + 43sin [-0.019(T/K - 280)] (J mol-1) (10)
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curves with eq 10,gm ) 2 × 10-4, and∆Gr(T) ) 1.2 × 104 J
mol-1.

To be more precise,gm may change with temperature because
λmax,∞ changes with temperature (see Figure 4). Previously,11m

we estimatedgm from gabs,∞ values for poly{[(S)-3,7-dimethy-
loctyl]-[2-methylpropyl]}silylene (rigid polysilylene) as

Thegabs,∞ value calculated by this equation changes from 2.55
× 10-4 at -85 °C to 2.0× 10-4 at 85°C. However, the free
energy parameters estimated using this equation are equal
to those for a constant value of 2.0× 10-4, except those at
-30 °C.

C. Double-Well Potential and Solvent Effect.We have
proposed a double-well potential in order to account for the
temperature change of 2fP - 1 or∆Gh(T).11m We try to correlate
this proposal to the present theoretical analysis. Suppose a
double-well potential for the rotationφ about the main-chain
Si-Si bond, where the two energy minima for the M and P
helices are located atφΜ ) π + φ0 and φP ) π - φ0,
respectively, and the energy minimum for the P helix is deeper
and steeper than that for the M helix, as schematically shown
in Figure 9. The statistical weightsuM anduP are given by

If each energy minimum is approximated by a square well
of the depthEM (or EP) and width∆φΜ (or ∆φP), these equations
are simplified to give

and the ratiouM/uP is

with

This equation predicts that 2fP - 1 approaches unity asT goes

to zero, but remains between 0 and-1 asT goes to infinity, if
both∆EMP and ln(∆φMP) are positive. The dashed line in Figure
8 represents the theoretical values calculated by eq 14 with∆φMP

) 1.17 and∆EMP ) 360 J mol-1. The theoretical line follows
the data points almost quantitatively. Thus, we see that the
dissymmetry between the M and P helical conformations is
significant both in the energetic and entropic aspects because
of the large chiral side chains. This is contrasted with PH3MPS,
which is characterized by small∆Gh only monotonically
changing with temperature. This polymer has only one chiral
side chain, (S)-3-methylpentyl, and hence, its helical conforma-
tions are much more symmetric than those of PRS; at higher
temperature,∆ΕMP is about 50 J mol-1, ∆φMP ) 1.017, andTc

may be located far above room temperature. Although some
calculations of the potential are available,11m they are not
accurate enough to predict the values of∆EMP and ∆φMP

estimated previously for PRS and PH3MPS.
It is assumed in the above analysis that the three parameters,

∆EMP, ∆φMP, and∆Gr, are independent of temperature. This
may be a reasonable approximation, unlessT is much removed
from Tc. Thus, the working hypothesis of the three regions
proposed previously11m may be justified for largeN but is not
necessarily needed.

It is shown in our previous publication11m that Tc depends
remarkably on solvent. Next, we will incorporate this solvent
effect into eq 14. We assume that in a given solvent the energy
and entropy terms in eq 14 increase by small fractionsêEVe

and êSVe respectively, whereVe is a volume variable andêE

andês are the corresponding interaction parameters. This implies
that the corresponding terms in eq 14 should be rewritten

and the transition temperature without and with solvent interac-
tion, Tc° andTc are related by

This equation predicts that the energy increase raisesTc,
whereas the entropy increase lowersTc, andTc increases linearly
with Ve if êE, ês, andêE - ês are positive. Physically, this dictates
the situation that smaller solvent molecules penetrate freely into
the helical cavity formed by the side chains, whereas the larger
ones do not, and the cavity is in turn compressed and loses
freedom. Thus, the largerVe brings about the largerTc change.
Figure 10 shows some theoretical calculations ofTc as a function

Figure 9. Schematic representation of a double-well potential.

gabs,∞ ) 2.28× 10-4 - 3.2× 10-7(T/K - 273.15) (11)

uM ) ∫M
exp[-E(φ)/RT] dφ uP ) ∫P

exp[-E(φ)/RT] dφ

(12)

uM(T) ) ∆φM exp[-EM/RT] uP(T) ) ∆φP exp[-EP/RT]
(13)

uM(T)

uP(T)
) (∆φM

∆φP
) exp[ - (EM - EP)

RT ] )

∆φMP exp[ - ∆EMP

RT ] ) exp[ - 2∆Gh(T)

RT ] (14)

∆EMP ) EM - EP ∆φMP ) ∆φM/∆φP

2∆Gh(T) ) ∆EMP - RT ln(∆φMP) (15)

Figure 10. Plots of Tc/Tc
0 againstVe: b, present data;O, previous

data;11m solid line calculated by eq 17 withêE - êS ) 0.033.

∆EMP(T) f (1 + êEVe)∆EMP(T)

ln(∆φMP) f (1 + êSVe)ln(∆φMP) (16)

Tc

Tc°
)

1 + êEVe

1 + êSVe
= 1 + (êE - êS)Ve (17)
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of Ve for this model;Ve is taken to be the number of branches
based on C5 chains.11m It is seen thatTc increases nearly linearly
with Ve more remarkably with stronger interaction. This trend
is in harmony with the solvent dependence ofTc found by Fujiki
et al.,11m and eq 17 withêE - ês ) 0.033 (solid line) reproduces
the present and theirTc data correctly. It is interesting to apply
this idea to other conjugating polymers undergoing similar
conformational transitions. In this paper, we have not mentioned
an interesting correlation between conformational characteristics
and global properties. This will be discussed in a forthcoming
paper.25
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