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ABSTRACT: Poly{3-[(S)-2-methylbutoxy]phenyl isocyanate} was shown to be locally helical, but a rather flexible
wormlike chain of persistence length 3 nm. Its optical activity changed remarkably on temperature-solvent and
molecular weight, vanishing at a specific temperatureTc irrespective of molecular weight, exhibiting a cooperative
transition of helical conformations. Such optical activity data were well explained by a theory of Lifson et al. on
the helix reversal model, taking the conformations of the terminal residues explicitly. This polymer is locally
helical and rodlike because of its conjugating main-chain amide bonds, which are conjugating also with side-
chain phenyl rings. However, the latter conjugation weakens the main-chain stiffness, with almost no contribution
to the global stiffness from helix reversal points.

1. Introduction

Polyisocyanates are known to be typical semiflexible
polymers,1-4 and those with chiral pendent groups exhibit large
optical activity, e.g., molar ellipticity [θ].5 This is because the
amide groups of partial double-bond character constituting the
main chain tend to be trans-planar, resulting in a rodlike
conformation, but it is difficult to become so because of
interactions of side groups with the main chain.6 To avoid this
difficulty, the main chain makes an internal rotation slightly
off the trans-planar position, resulting in a helical conformation.

When there is some chiral perturbation, particularly with a
chiral side chain, one of the left-handed and right-handed helices
is favored over the other, and the polymer shows net optical
activity, which is largely enhanced on the polymer chain. Green
and collaborators found this is indeed the case with stereospe-
cifically deutrated poly(hexyl isocyanate)s.5,7,8 The optical
activity changed with polymer molecular weight and temper-
ature, and this change was analyzed by Lifson et al.8 on the
helix reversal model. The conformational transitions of these
polymers9,10 were studied in detail and analyzed successfully
by Lifson’s theory. Later similar transitions were found with
achiral polyisocyanates with chiral initiators,11,12 copolyisocy-
anantes,13 and chiral polysilylenes.14-17 The good agreement
between experiment and theory8-10,13,15,16,18,19is expected to
clarify the molecular mechanism behind this transition that in
a polymer chain left-handed and right-handed helical sections
coexist, which are connected alternatively via helix reversal
points, and the net helicity is determined by the free energy
balance between the two helical conformations and the transition
probability across the helix reversal.

In most cases [θ] changes with temperature but does not
change its sign. However, there are some exceptions,16,20-23

where it changes the sign at a critical temperatureTc. The
transition of one of such polysilylenes, poly{[(R)-3,7-dimethyl-
octyl]-[(S)-3- methylpentyl]silylene} (PRS),16 was studied in
detail to find that Tc is independent of molecular weight.
Theoretically, theN-independentTc results from the lack of a
conformational restriction on the terminal residues such that they
can be involved in either left-handed or right-handed helical
conformation. Recently Maeda et al.20-22 synthesized polyiso-
cyanates bearing an optically active phenyl ring, and some of
them exhibited thermal transition of helix sense reversal. The
purpose of the present study is to confirm whether this is a
phenomenon specific to this system or a general predicted by
the general theory proposed previously choosing one of
such polymers, poly{3-[(S)-2-methylbutoxy]phenyl isocyanate}
(P3(S)2MBuOPI).22,24The stiffness of this polymer is of another
interest because it is suggested that a polyisocyanate with a
phenyl group attached directly to the amide group might be
flexible.

2. Experimental Section

Polymer Samples and Solutions.Original poly{3-[(S)-2-meth-
ylbutoxy]phenyl isocyanate} samples of different molecular weights
were obtained by polymerizing 3-[(S)-2-methylbutoxy]phenyl iso-
cyanate with lithium amide as an initiator.24 About 1 g of them
was separated into many fractions of different molecular weights
by gel permeation chromatography (GPC) with two Shodex 2006M
columns connected in series on toluene solutions at 40°C. The
fractionated samples were freeze-dried from benzene solutions to
obtain six samples designated as KP-1, KP-2, ..., KP-6. Every
solution used in the following measurements was prepared by
dissolving a weighed amount of each sample in distilled terahy-
drofuran (THF) or dichloromethane (DCM). The polymer mass
concentrationc of each solution was determined gravimetrically
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using the necessary densitiesF at temperatureT of DCM and
THF: 1/F ) 0.001025(T/°C) + 0.7340 and 1/F ) 0.001194×
(T/°C) + 1.1064, respectively.

Light Scattering and Sedimentation Measurements.Light
scattering measurements were made on a Wyatt Technology DAWN
DSP multiangle light scattering photometer for samples KP-1,
KP-2, KP-3, and KP-5, and sedimentation equilibrium measure-
ments were made a Beckman OPTIMA-XL-I ultracentrifuge with
Rayleigh interference optics for KP-4 and KP-6 with THF as the
solvent. Densities of THF solutions were determined by using an
Anton Paar DMA 5000 densitometer, and the partial specific
volumeV of P3(S)2MBuOPI at 25°C was found to be 0.876 cm3

g-1. The specific refractive index increment∂n/∂c at the wavelength
633 nm was determined by using a Wyatt Technology POTILAB
DSP to be 0.138 cm3 g-1. The polydispersity indexMz/Mw was
determined from either sedimentation equilibrium or GPC measure-
ments with TSKgel G5000HHR and G2500HHR columns connected
in series using a calibration curve constructed from the retention
times andMw values measured.

Viscosity and Spectroscopic Measurements.Viscosities of THF
solutions of the six samples were measured at 25°C with an
Ubbelohde capillary viscometer to determine their intrinsic viscosi-
ties [η] and Huggins’ constantsk′. Circular dichroism (CD) and
absorption (UV) spectra of THF and DCM solutions were measured
on a JASCO J-720 spectropolarimeter at temperatures between-65
and 30°C. The temperature of the solution was controlled by a
cryostat, whose temperature was calibrated by a thermocouple put
in the solution cell.

3. Results

Molecular Characteristics and Viscosity Behavior.Light
scattering and sedimentation equilibrium data were analyzed
following the established procedures,25 yielding the results
summarized in Table 1. The six samples range inMw between
24 300 and 300 000 and are reasonably narrow in molecular-
weight distribution as judged from theMz/Mw values determined.
It also contains values of intrinsic viscosity [η] and Huggins
coefficientk′. As seen from the second virial coefficient values
A2 andk′, THF is a rather good solvent for this polymer. The
z-average radius of gyration〈S2〉z

1/2 has been determined only
for the two largest molecular weight samples because it was
too small with the other samples. It is noted that [η] is much
small for this polymer and depends considerably less on
molecular weight compared with those for poly(alkyl isocya-
nate)s.1-4 This point will be discussed below in more detail in
terms of persistence lengthq. The weight-average degree of
polymerizationNw was calculated byNw ) Mw/205.3.

UV and CD Spectra. Figure 1 shows UV and CD spectra
of KP-1 and KP-6 (highest and lowest molecular weight
samples) at 10°C and of KP-1 at-53 °C in THF, whereε and
[θ] are the monomer unit molar extinction coefficient and
ellipticity, respectively, andλ is the wavelength. It is seen that
the UV spectrum is essentially the same for the two samples
and also so at the two temperatures. On the other hand, the
height and sign of the CD spectrum are seen to change with
sample and temperature, respectively, but each looks very

similar in shape with a big peak around 270 nm. To be more
precise, this peak consists of two peaks: the main one around
270 nm and the other at higher wavelengths as a shoulder.
However, it is shown that all the spectra are reduced to a single
composite one when adjusted at a fixed main peak height.
Therefore, the height of the main peak, [θ]270, at 270 nm can
be taken as a measure for the net optical activity.

CD spectra of samples with differentNw are shown in Figure
2, where each curve is shifted upward byA in parentheses for
clarity. Here again each curve has the same shape, but the
magnitude of [θ] is bigger for largerNw. The Nw dependence
of [θ]270 is more explicitly illustrated in the inset. It is seen that
[θ]270 increases rapidly withNw at lowerNw but tends to level
off aboveNw of 1000. This is indeed a typical trend in linear
cooperative systems, which undergoes a thermal transition, as
also found with chiral polyisocyanates7-10 and polysilylenes.14-17

Figure 3 shows the temperature dependence of [θ]270 for
samples with differentNw. For each sample the value of [θ]270

changes from negative to positive as the temperatureT is raised,
exhibiting a thermal transition. The transition is more conspicu-
ous for largerNw, but all the curves cross zero aroundTc of
-32 °C.

Similar [θ]270 data for P3(S)2MBuOPI in DCM are given in
Figure 4. Here again [θ]270 changes with temperature and

Table 1. Molecular Characterization of P3(S)2MBuOPI Samples in
THF at 25 °C

code Mw/1000 Mz/Mw

104A2/cm3

mol g-2 〈S2〉z
1/2/nm [η]/cm3 g-1 k′

KP-1 300b 1.10
c 3.1b 20b 71.8 0.38

KP-2 175b 1.12
c 3.3b 14b 49.6 0.38

KP-3 100b 1.09
c 4.3b 30.5 0.39

KP-4 66.2a 1.10
a,c 5.6a 20.5 0.48

KP-5 42.4b 1.10
c 5.5b 16.9 0.44

KP-6 24.3a 1.13
a,c 5.3a 12.2 0.49

a Sedimentation equilibrium.b Light scattering.c GPC.

Figure 1. CD [θ] and UV ε spectra of KP-1 at 10°C (unfilled circles
and solid curve, respectively) and-53°C (filled circles and dot-dashed
curve) and of KP-6 at 10°C (unfilled triangles and solid curve) in
THF. The spectra are shifted vertically by the values in the parenthe-
ses: A for ε andB for [θ].

Figure 2. CD spectra of five P3(S)2MBuOPI samples at 25°C in
THF. The spectra are shifted vertically by the values in the parentheses.
The inset is theNw dependence of the molar ellipticity [θ]270 at the
maximum wavelength of 270 nm at 25°C.
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molecular weight, which is common to linear cooperative
transitions. However, noTc is found in this temperature range
similarly to the transition in stereospecifically deuterated poly-
(hexyl isocyanate)s.9,10 Figure 5 shows the CD spectra of the
P3(S)2MBuOPI samples in the mixed solvents of THF and
DCM in order to investigate theTc variance; the inset represents
the temperature dependence of the [θ]270 labeled by mole ratio
of their solvent compositions. The spectra showed the same
feature of the system of the single solvent; i.e., the peak of each
spectrum is located at 270 nm, and the peak strength depends
extremely on the temperature, which passes through the [θ]270

) 0 at the reversal pointTc. The increase in DCM content makes
the strength at 270 nm smaller andTc shifted to higher
temperatures, although both spectra of CD and UV remain the
same shapes over all the compositions and temperatures.

The thermally induced helix sense reversal is the behavior
found previously in poly{[(R)-3,7- dimethyloctyl]-[(S)-3-
methylpentyl]silylene} (PRS),16 and thus the existence of critical
temperatureTc is the general feature common to some group
of linear cooperative systems on specific solvent conditions.
The optical activity due to chiral side chain is largely amplified
on this polymer chain. It is clear that this large optical activity
originates from the unbalance in helical conformations, which

undergoes a transition from the left-handed to right-handed
helices, and vice versa. Tang et al.23 also reported similar
solvent-temperature behavior for copolyisocyanates, whereTc

can be controlled by the copolymer composition.
Lifson et al.6 showed by an effective force field calculation

that the negative CD band around 270 nm may be attributed to
a left-handed helix for the main chain of polyiocyanate.
Therefore, the temperature dependence of [θ]270 indicates that
the dominant helix sense changes from left-handed to right-
handed asT is raised from-65 to 30°C; Tc can be located at
-32 °C. The reversal of helix sense of this type has been found
recently in other polymers, namely polysilylenes17 and copoly-
isocyanates.23

4. Discussion

Theoretical Analysis of CD Data. The main chain of
P3(S)2MBuOPI tends to be coplanar, but because of the
interaction between side chains, it is distorted to form helical
conformations. However, the same helical conformation does
not persist over the whole length, but right-handed and left-
handed helices coexist on the same chain. This is the helix
reversal model of Lifson et al.8 It is formulated in a more general
way taking the state of terminal residues as follows.18,19 The
partition functionZN of such a chain is represented by

with M being the statistical weight matrix defined by

whereuM is the statistical weight of the M residue,uP is that
for the P residue, andV is the transition probability from M to
P or P to M. The ratiouM/uP is related to their free energies as
uM/uP ) exp(-2∆Gh/RT), where 2∆Gh ) GM - GP is the free
energy difference between the two residues andV is related to
the helix reversal energy∆Gr by V ) exp(-∆Gr/RT). The
vectorsA and B are defined to specify the situations of the
terminal residues by

such that they take any conformation whena ) b ) 1, and

Figure 3. Temperature dependence of [θ]270 of P3(S)2MBuOPI
samples in THF. Symbols: unfilled circles, KP-6; filled circles, KP-5;
unfilled triangles, KP-4; filled triangles, KP-2; unfilled squares, KP-1;
solid curves, guides for the eye.

Figure 4. Temperature dependence of [θ]270 of P3(S)2MBuOPI
samples in dichloromethane. The data points are shifted vertically by
the values in the parentheses; the same symbols are used as those in
Figure 3. Solid curves are guides for the eye.

Figure 5. CD spectra of KP-2 in mixed solvents of THF and
dichloromethane (DCM) at 20°C. The compositions of the solvents
are represented by the weight ratio of THF to DCM. The inset is the
temperature dependence of [θ]270 in mixed solvents. The same symbols
are used in the main figure and inset.

ZN ) AM N-1B (1)

M ) (uM VuP

VuM uP
) (2)

A ) (auM uP) B ) (b 1 ) (3)
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they cannot take M conformation when they are zero. The
fraction of M-helix,fM, can be derived fromZN by the standard
statistical procedure.

The helix-coil transition in polypeptide and order-disorder
transition in aqueous schizophyllan correspond to the latter case,
whereas the former is the case with polyisocyanates and
polysilylenes. Therefore, if the experimental dependence of
[θ]270 at a fixed solvent condition follows the theoretical values
with appropriate parameter values foruM/uP andV, the theoretical
consideration is justified, and the parameter values are obtained
as functions of solvent condition. This allows one to discuss
the optical activity concerned on a molecular level.

To test this theoretical prediction, it is necessary to convert
[θ]270 to fM. In conformity with Lifson’s calculation,6 we let M
be left-handed and P right-handed and take the value of [θ]270

for a perfect left-handed helix [θ]M to be -43 000 deg cm2

dmol-1 34 with uM/uP and V or 2∆Gh and ∆Gr as adjustable
parameters;fM ) (1/2)([θ]270/[θ]M - 1). Figure 6a shows plots
of 2fM - 1 againstNw in THF at fixed temperatures. At each
temperature the data points are fitted precisely by the solid curve,
which represents the theoretical values calculated with appropri-
ate values for 2∆Gh and∆Gr anda ) b ) 1. Figure 6b illustrates
the result from a similar analysis of the DCM solution data with
a ) b ) 1. The fitting is reasonably good for all the samples at
all temperatures studied.

Figure 7 compares the values of 2∆Gh/RT and ∆Gr/RT
obtained for our systems with those for other systems, where

unfilled circles represent those for P3(S)2MBuOPI in THF and
filled circles those for PRS in isooctane;16 both exhibit helix
sense reversal. Indeed, in the two systems 2∆Gh/RT changes
with T similarly and becomes zero atTc. However, the change
is larger for PRS than for the present polymer. On the other
hand,∆Gr/RT for this polymer stays essentially constant in the
temperature range examined, whereas that for PRS increases
significantly with 1/T. These differences may be ascribed to
the large side-chain groups on PRS, which induce larger
structural asymmetry between left-handed and right-handed
helical conformations of PRS. The magnitude of 2∆Gh/RT is
much larger for P3(S)2MBuOPI than for chirally deuterated
PHIC (filled diamonds).9,10This is obviously due to the smaller
chiral group, deuterium D, on the latter. However, the opposite
is the case with∆Gr/RT, which dictates the probability of
crossing the reversal point, which is small for polyisocyanates
because it requires a cis-trans conformational transition of high
energy in the amide bond.6 These parameter values tell one that
the main chain of P3(S)2MBuOPI consists of an alternating
sequence of left-handed and right-handed helical chains of
relatively short persistence in THF. To be precise, the persistence
at low temperatures appears longer in DCM than in THF.
However, they (three points) may be outside the uncertainty in
persistence in DCM.

The free energy difference 2∆Gh is related to the internal
rotation energyE(φ̃) of the main-chain bond rotation angleφ̃.
In the vicinity of the stable left-handed (M) or right-handed (P)
helical states specified byφ̃ ) φ̃M andφ̃P, E(φ̃) is approximately
written asE(φ̃) ) EX + aX(φ̃ - φ̃X)2 (X ) M or P), whereEX

and aX are respectively the minimum energy and the force
constant in the M or P state. Using the relation between 2∆Gh

andE(φ̃), we have

with the enthalpy component∆Hh ) EM - EP and entropy
component∆Sh ) (R/2) ln(aP/aM). If E(φ̃) is independent ofT,
∆Hh and ∆Sh are temperature independent, and 2∆Gh/RT is
linearly dependent onT-1. This is the case for PRS as shown
in Figure 7. On the other hand, 2∆Gh/RT for P3(S)2MBuOPI
in THF exhibits a sigmoidal temperature dependence. This may

Figure 6. Nw dependence of 2fM - 1 in (a) THF and (b) dichlo-
romethane solutions at different temperatures. Curves: theoretical values
of the fractionfM of the M-helix with the assumed value of [θ]M )
-4.3× 104 for the left-handed perfect helix and with the optimal values
of ∆Gh and∆Gr; a ) b ) 1.

Figure 7. Temperature dependence of the free energy differences
between the left- and right-handed helix 2∆Gh and the helix reversal
free energy∆Gr for P3(S)2MBuOPI in THF (unifilled circles) and DCM
(unfilled triangles), PRS in isooctane (filled circles),16 and a stereospe-
cifically duterated poly(n-hexyl isocyanate) in dichloromethane (filled
diamonds).9 The reversal temperature is-32 °C for P3(S)2MBuOPI
in THF and 3°C for PRS in isooctane. The solid curves are guides for
the eye.

2∆Gh ) ∆Hh - T∆Sh (4)
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be due to a temperature dependence ofE(φ̃) itself for this helical
polymer.

It has been shown that the theoretical framework for linear
cooperative transitions considering the state of the end residues
expressed by the two parameters,a and b, is of general
applicability.19 So far, we have proved this applicability on the
systems of helix-coil in polypeptides (a ) b ) 0),31,32order-
disorder transition in aqueous schizophyllan (a ) b ) 0),19 helix
reversal in polyisocyanates and polysilylenes (a ) b ) 1), and
achiral polyisocyanates polymerized with chiral initiator (a )
1, b ) 0),18,20-22 in addition to P3(S)2MBuOPI (a ) b ) 1).

Stiffness of P3(S)2MBuOPI in THF. In Figure 8, the [η]
vs Nw dependence of P3(S)2MBuOPI in THF at 25°C (circles)
is compared with those of poly(n-hexyl isocyanate) (PHIC) in
two solvents (triangles), where the [η] data are reduced by
multiplying the monomer molecular weightM0. PHIC is known
to be a typical semiflexible polymer;q is 37 and 21 nm
respectively in toluene and DCM.4 It is obvious that the present
polymer is much less stiff than PHIC from its lower [η] values
less dependent onNw.

It is usual to estimate the stiffness of a polymer chain in terms
of the wormlike touched-bead model,26 where the stiffness is
expressed by the persistence lengthq, which is a measure how
close the chain conformation to a rigid rod. This model is
characterized by the mass per unit lengthML, the bead diameter
dB, andq;26 the molecular weightM is related to the contour
lengthL by L ) M/ML. For a flexible polymer the excluded-
volume effect must be considered to describe the chain
conformation precisely, introducing the excluded-volume pa-
rameterB.26,27

An analysis of [η] vs Nw relation tests this theory to derive
the values for the involved model parameters. However, the
present viscosity data for this polymer are not detailed enough
to allow such an analysis. It has been found thatML and dB

may be evaluated in good approximation from the chemical
structure and partial specific volume.3 Therefore, we used

appropriate values for these parameters (ML ) 1194 nm-1, dB

) 2.1 nm) and keptq andB as adjustable parameters. Fitting
the data to the theory on this condition gave values ofq andB,
which are correlated one another such that the largerq smaller
B, although it was impossible to have a reasonable fit withB )
0. Thus, we conclude that their optimal values areq ) 3 nm
andB ) 2 nm within 1 nm. The theoretical solid curve with
these values (the thick solid curve in Figure 8) follows the data
points precisely; the dashed curve in the figure represents the
unperturbed values of [η], and the excluded-volume effect is
small but discernible. As seen in the insert,〈S2〉z

1/2 data of
P3(S)2MBuOPI in THF at 25°C are also consistently described
by the Benoit-Doty theory33 for the wormlike chain model with
almost the same parameter set ofML, q, andB. Thus, we see
this polymer is rather flexible compared with most semiflexible
polymers, but evidently stiffer than polystyrene, which is a
typical flexible polymer ofq around 1 nm.3

Figure 9 shows the temperature dependence of [η] for a
P3(S)2MBuOPI sample in THF over the range of temperature
encompassingTc where [θ]270 changes its sign. It is noted
that [η] increases gradually withT even in the inversion re-
gion of [θ]270; thus, [η] undergoes no transition atTc. A similar
T insensitivity of [η] in the transition region has been found
for poly{[(R)-3,7-dimethyloctyl]-[(S)-3-methylpentyl]silylene}
(PRS).16 The present polymer is the first example showing both
thermally and solvent induced helix sense inversions, indicating
that both structure of the polymer and interactions with solvent
are important for the transition.

As mentioned previously,29,30 helical polymer chains with
helix reversals are more suitably modeled by the broken
wormlike chain28 of which effective persistence lengthq is
written as

whereq0,X (X ) M or P) is the persistence length of each helical
segment,θ̂V is the angle at the kink, and〈l〉 is the arithmetic
mean length of M and P helices. The intrinsic persistence length
q0,X is related toE(φ̃), the internal rotation energy of the main-
chain amide bond rotationφ̃.

From the results of∆Gr and ∆Gh determined above, it
turns out that〈l〉 in eq 5 is much larger than the totalq for
P3(S)2MBuOPI, and the smallq must come from smallq0,i.
Thus, the flexibility of this polymer mostly arises from large
fluctuation in the internal rotation of the main chain, or shallow
minima of E(φ̃), maybe because the pendent phenyl rings
directly attached to the main chain amide groups weaken
conjugation within the main chain.

Figure 8. Nw dependence of [η] multiplied by the molar massM0 of
the monomer unit for P3(S)2MBuOPI in 25°C THF (unfilled circles),
PHIC in 25 °C toluene (unfilled triangles), and PHIC in 20°C
dichloromethane (filled triangles). Thick and thin solid curves indicate
theoretical values calculated by the theory for perturbed wormlike
touched-bead model with the model parameters (ML, dB, q, B) equal to
(1194 nm-1, 2.1 nm, 3 nm, 2 nm) for P3(S)2MBuOPI in THF, (740
nm-1, 1.9 nm, 37 nm, 0) for PHIC in toluene, and (740 nm-1, 1.9 nm,
21 nm, 0) for PHIC in dichloromethane. The inset compares the radius
gyrations of P3(S)2MBuOPI fractions of KP-1 and KP-2 in THF with
the Benoit-Doty theory for the wormlike chain model withML ) 1082
nm-1, q ) 3.3 nm, andB ) 1.7 nm. Dashed curves in both figures are
the unperturbed chain calculated withB ) 0.

Figure 9. Temperature dependence of [η] and [θ]270 for a
P3(S)2MBuOPI sample with the weight-average molecular weightMw

) 13.2× 104 in THF over the range of temperature encompassingTc.
Solid curves are guides for the eye.

1
q

)
fM

q0,M
+

1 - fM
q0,P

+
1 - cosθ̂V

〈l〉
(5)
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If E(φ̃) is independent of temperature, fluctuation in the
internal rotation of the main chain should increase, so thatq
must decrease, with increasing temperature. Usuallyq for helical
polymers exhibits this normal temperature dependence,29,30but
Figure 9 shows a positive temperature dependence of [η] for
P3(S)2MBuOPI in THF. Since THF is a good solvent for this
polymer where the excluded-volume effect is insensitive to
temperature, this dependence of [η] should mainly reflect the
positive temperature dependence ofq. This may be due to a
temperature dependence ofE(φ̃) for this helical polymer as
already mentioned in the relation with the sigmoidal temperature
dependence of 2∆Gh/RT. If the fluctuation of the bulky side
chain conformation increases with temperature, the available
internal rotation angle of the main chain may be more restricted,
so that the minima ofE(φ̃) may become steeper with increasing
temperature, which can increaseq0,X or q.
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