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ABSTRACT: Poly 3-[(S-2-methylbutoxy]phenyl isocyandtevas shown to be locally helical, but a rather flexible
wormlike chain of persistence length 3 nm. Its optical activity changed remarkably on tempesativent and
molecular weight, vanishing at a specific temperafiygrespective 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 In most casesé]] changes with temperature but does not
Polyisocyanates are known to be typical semiflexible change its sign. However, there are some exceptio#fs?s
polymerst— and those with chiral pendent groups exhibit large Where it changes the sign at a critical temperafige The
optical activity, e.g., molar ellipticity].5 This is because the  transition of one of such polysilylenes, p{)[%?)-&?-dlmgthy!-
amide groups of partial double-bond character constituting the CCtyl-[(S-3- methylpentyl]silyleng (PRS):® was studied in
main chain tend to be trans-planar, resulting in a rodlike détail to find thatT. is independent of molecular weight.
conformation, but it is difficult to become so because of Theoretically, theN-independent. results from the lack of a
interactions of side groups with the main chéifio avoid this conformational restriction on the terminal residues such that they
difficulty, the main chain makes an internal rotation slightly ©an be involved in either Ieft-hanzdeglz or right-handed helical
off the trans-planar position, resulting in a helical conformation. conformation. Recently Maeda et’di? synthesized polyiso-
When there is some chiral perturbation, particularly with a Cyanates bearing an optically active phenyl ring, and some of
chiral side chain, one of the left-handed and right-handed helicesthem exhibited thermal transition of helix sense reversal. The
is favored over the other, and the polymer shows net optical PUrPose of the present study is to confirm whether this is a
activity, which is largely enhanced on the polymer chain. Green Phenomenon specific to this system or a general predicted by
and collaborators found this is indeed the case with stereospeth® general theory proposed previously choosing one of
cifically deutrated poly(hexyl isocyanaté)é® The optical ~ Such polymers, pofB-[(S)-2-methylbutoxy]phenyl isocyangte
activity changed with polymer molecular weight and temper- (P3©&2MBUOPI)?224The stiffness of this polymer is of another
ature, and this change was analyzed by Lifson étai. the interest because it is suggested that a polyisocyanate with a
helix reversal model. The conformational transitions of these Phenyl group attached directly to the amide group might be
polymer819 were studied in detail and analyzed successfully flexible.
by Lifson’s theory. Later similar transitions were found with
achiral polyisocyanates with chiral initiatos!2 copolyisocy-
anantes$? and chiral polysilylene$*-17 The good agreement
between experiment and thedry?13.1516.18.19s expected to
clarify the molecular mechanism behind this transition that in cyanate with lithium amide as an initiatdf About 1 g of them

a polymer chain left-handed and right-handed helical sections a5 separated into many fractions of different molecular weights
coexist, which are connected alternatively via helix reversal py gel permeation chromatography (GPC) with two Shodex 2006M
points, and the net helicity is determined by the free energy columns connected in series on toluene solutions at@OThe
balance between the two helical conformations and the transitionfractionated samples were freeze-dried from benzene solutions to
probability across the helix reversal. obtain six samples designated as KP-1, KP-2, ..., KP-6. Every
solution used in the following measurements was prepared by
t Present address: Department of Biological and Chemical Engineering, dissolving a weighed amount of each sample in distilled terahy-

Faculty of Engineering, Gumma University, 1-5-1, Tenjin-cho, Kiryu, drofuran (THF) or dichloromethane (DCM)._The poly_mer mass
Gumma 355-8515, Japan. concentratiorc of each solution was determined gravimetrically

2. Experimental Section

Polymer Samples and SolutionsOriginal poly{ 3-[(S)-2-meth-
ylbutoxy]phenyl isocyanajesamples of different molecular weights
were obtained by polymerizing 3gf-2-methylbutoxy]phenyl iso-
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Table 1. Molecular Characterization of P3§)2MBuOPI Samples in 2.0 8.0
THF at 25 °C
:|.04A2/CTT'I3 - E
code M,/1000 MJ/M,, molg?2 [FF?2nm [g)lcm3gl K g x
— (=3
KP-1 300 1.1 3.0 20 71.8 0.38 5 10 - 140 -
KP-2 179 1.15¢ 3.3 14 49.6 0.38 E w
KP-3 100 1.0° 4.3 30.5 0.39 = ! ~
KP-4  66.2 1.1p2° 5.6 20.5 0.48 < 2
KP-5 424 1.1 5.5 16.9 0.44 = | e
KP6 243 112° 53 122 0.49 L 00 T = 0.0 3
o
a Sedimentation equilibriun® Light scattering® GPC. : | §
| —
| i
using the necessary densitipsat temperaturel of DCM and ‘
R K e X]

THF: 1/o = 0.0010257/°C) + 0.7340 and ¥/ = 0.001194x ’ 250 300 350
(T/°C) + 1.1064, respectively.

Light Scattering and Sedimentation Measurements Light A/ 'nm

; Figure 1. CD [0] and UV € spectra of KP-1 at 16C (unfilled circles
scattering measurements were made on a Wyatt Technology DAWN and solid curve, respectively) aneb3 °C (filled circles and dotdashed

DSP multiangle light scattering photometer for samples KP-1, curve) and of KP-6 at 10C (unfilled triangles and solid curve) in

KP-2, KP-3, and KP-5, and sedimentation equilibrium measure- Ty The spectra are shifted vertically by the values in the parenthe-
ments were made a Beckman OPTIMA-XL-I ultracentrifuge with  ses: A for ¢ andB for [6].

Rayleigh interference optics for KP-4 and KP-6 with THF as the

solvent. Densities of THF solutions were determined by using an T ! ' ML
Anton Paar DMA 5000 densitometer, and the partial specific ! i ]
volume v of P3(§2MBUOPI at 25°C was found to be 0.876 ¢m _ [ A 1 .
gL The specific refractive index incremeit/dc at the wavelength 5 80 | oL 17
633 nm was determined by using a Wyatt Technology POTILAB 5 b ‘ =0 11
DSP to be 0.138 cfng~L. The polydispersity inde,/M,, was “g Y ! ]
determined from either sedimentation equilibrium or GPC measure- 2 6.0 L wff\o o, @ |
ments with TSKgel G50004% and G2500Hk columns connected = N £ YN, (A) 4
in series using a calibration curve constructed from the retention < 40 -
times andM,, values measured. + Ty
Viscosity and Spectroscopic Measurement¥/iscosities of THF S
solutions of the six samples were measured at°@5with an Z
Ubbelohde capillary viscometer to determine their intrinsic viscosi- )
ties [y] and Huggins’ constantk’. Circular dichroism (CD) and - 2L010)
absorption (UV) spectra of THF and DCM solutions were measured 120 (0)
on a JASCO J-720 spectropolarimeter at temperatures beta@en ’ R 1
and 30°C. The temperature of the solution was controlled by a 250 300 350
cryostat, whose temperature was calibrated by a thermocouple put A/ nm
in the solution cell. Figure 2. CD spectra of five P&2MBuUOPI samples at 25C in
THF. The spectra are shifted vertically by the values in the parentheses.
3. Results The inset is theN,, dependence of the molar ellipticity]b7o at the

Molecular Characteristics and Viscosity Behavior.Light maximum wavelength of 270 nm at 2.

scattering and sedimentation equilibrium data were analyzed
following the established procedur®syielding the results
summarized in Table 1. The six samples rang®inbetween

24 300 and 300 000 and are reasonably narrow in molecular-
weight distribution as judged from ti\,/M,, values determined.

It also contains values of intrinsic viscosity][and Huggins
coefficientk’. As seen from the second virial coefficient values
A; andk', THF is a rather good solvent for this polymer. The

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] 4o, at 270 nm can

be taken as a measure for the net optical activity.

z-average radius of gyratiof?G2 has been determined only CD spectra of samples v_vith different, are shown in Figure
for the two largest molecular weight samples because it was 2, Where each curve is shifted upward Ayn parentheses for
too small with the other samples. It is noted thelk i much clarity. Here again each curve has the same shape, but the

small for this polymer and depends considerably less on Magnitude of §] is bigger for largemN,. TheN,, dependence

molecular weight compared with those for poly(alkyl isocya- Of [f]270is more explicitly illustrated in the inset. It is seen that

nate)st— This point will be discussed below in more detail in  [f]270 increases rapidly witiN,, at lowerN,, but tends to level

terms of persistence length The weight-average degree of Off aboveN, of 1000. This is indeed a typical trend in linear

polymerizationN,, was calculated by = M,,/205.3. cooperative systems, which undergoes a thermal transition, as
UV and CD Spectra. Figure 1 shows UV and CD spectra  &lso found with chiral polyisocyanafe$® and polysilylened* "

of KP-1 and KP-6 (highest and lowest molecular weight  Figure 3 shows the temperature dependencedbid for

samples) at 10C and of KP-1 at-53°C in THF, wherees and samples with differeni,,. For each sample the value @f]f7o

[6] are the monomer unit molar extinction coefficient and changes from negative to positive as the temperdtiseaised,

ellipticity, respectively, and is the wavelength. It is seen that ~ exhibiting a thermal transition. The transition is more conspicu-

the UV spectrum is essentially the same for the two samples ous for largerN,, but all the curves cross zero aroufig of

and also so at the two temperatures. On the other hand, the—32 °C.

height and sign of the CD spectrum are seen to change with  Similar [],70 data for P3§2MBuUOPI in DCM are given in

sample and temperature, respectively, but each looks veryFigure 4. Here againf].70 changes with temperature a%v
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Figure 3. Temperature dependence of]f,o of P3(S2MBuUOPI
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.
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Figure 4. Temperature dependence of]i, of P3(2MBuUOPI

Conformational Transitions of a Chiral Poly(isocyanat@437
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Figure 5. CD spectra of KP-2 in mixed solvents of THF and
dichloromethane (DCM) at 20C. The compositions of the solvents
are represented by the weight ratio of THF to DCM. The inset is the
temperature dependence 6f4,0in mixed solvents. The same symbols
are used in the main figure and inset.

undergoes a transition from the left-handed to right-handed
helices, and vice versa. Tang etZalalso reported similar
solvent-temperature behavior for copolyisocyanates, wiigre
can be controlled by the copolymer composition.

Lifson et al® 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 dependenceddpf-f indicates that
the dominant helix sense changes from left-handed to right-
handed ag is raised from—65 to 30°C; T can be located at
—32°C. The reversal of helix sense of this type has been found
recently in other polymers, namely polysilyleheand copoly-
isocyanated?

4. Discussion

Theoretical Analysis of CD Data. The main chain of
P3(©2MBuUOPI tends to be coplanar, but because of the

samples in dichloromethane. The data points are shifted vertically by interaction between side chains, it is distorted to form helical
the values in the parentheses; the same symbols are used as those igonformations. However, the same helical conformation does

Figure 3. Solid curves are guides for the eye.

molecular weight, which is common to linear cooperative
transitions. However, nd. is found in this temperature range

similarly to the transition in stereospecifically deuterated poly-
(hexyl isocyanate)%1° Figure 5 shows the CD spectra of the

P3(©2MBuUOPI samples in the mixed solvents of THF and
DCM in order to investigate th&; variance; the inset represents
the temperature dependence of th{o 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 throughthe[
= 0 at the reversal poin. The increase in DCM content makes
the strength at 270 nm smaller anid 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 polf[(R)-3,7- dimethyloctyl]-[©)-3-
methylpentyl]silyleng (PRS)¢ and thus the existence of critical

temperaturel, 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 such that they take any conformation wher= b = 1, and

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 dllt is formulated in a more general
way taking the state of terminal residues as foll6#%. The
partition functionZy of such a chain is represented by

z,=AM"'B 1)
with M being the statistical weight matrix defined by
_fuy v
M= (uuM Up ) )

whereuy is the statistical weight of the M residuey, is that
for the P residue, andis the transition probability from M to
P or P to M. The ratia/up is related to their free energies as
um/up = exp(2AGH/RT), where 2AG, = Gy — Gpis the free
energy difference between the two residues aislrelated to
the helix reversal energAG, by v = exp(—AG/RT). The
vectorsA and B are defined to specify the situations of the
terminal residues by

A= (auy Up)

B=(b 1) 3)

Ccbv
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) free energyAG; for P3(52MBUOPI in THF (unifilled circles) and DCM
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’ diamonds}. The reversal temperature 132 °C for P36)2MBuUOPI
< F 20(25) 1 in THF and 3°C for PRS in isooctane. The solid curves are guides for
= 30 /k ] the eye.
T ' -10(2.0)
2 /C/&_W' 0(15) | unfilled circles represent those for FEggMBUOPI in THF and
< 20 f . filled circles those for PRS in isooctafd&poth exhibit helix
F 10(1.0) | sense reversal. Indeed, in the two systemM&HRT changes
o /%Hp | with T similarly and becomes zero &. However, the change
I N e S is larger for PRS than for the present polymer. On the other
I ] hand,AG/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

Figure 6. N, dependence offd — 1 in (a) THF and (b) dichlo-
romethane solutions at different temperatures. Curves: theoretical value

of the fractionfy of the M-helix with the assumed value o]y = helical conformations of PRS. The magnitude &KG/RT is
—4.3 x 10* for the left-handed perfect helix and with the optimal values much larger for P3)2MBuUOPI than for chirally deuterated
of AGy andAG; a=b = 1. PHIC (filled diamonds$:1° This is obviously due to the smaller

chiral group, deuterium D, on the latter. However, the opposite

they cannot take M conformation when they are zero. The js the case withAG/RT, which dictates the probability of
fraction of M-helix,fu, can be derived frordy by the standard  crossing the reversal point, which is small for polyisocyanates
statistical procedure. because it requires a eitrans conformational transition of high

The helix—coil transition in polypeptide and ordedisorder energy in the amide borfdThese parameter values tell one that
transition in aqueous schizophyllan correspond to the latter casethe main chain of PE)2MBUOPI consists of an alternating
whereas the former is the case with polyisocyanates andsequence of left-handed and right-handed helical chains of
polysilylenes. Therefore, if the experimental dependence of relatively short persistence in THF. To be precise, the persistence
[0]270at a fixed solvent condition follows the theoretical values at low temperatures appears longer in DCM than in THF.
with appropriate parameter values tfup andv, the theoretical ~ However, they (three points) may be outside the uncertainty in
consideration is justified, and the parameter values are obtainedpersistence in DCM.
as functions of solvent condition. This allows one to discuss The free energy differenceA%, is related to the internal

the optical activity concerned on a molecular level. rotation energyE(¢) of the main-chain bond rotation angfe

To test this theoretical prediction, it is necessary to convert In the vicinity of the stable left-handed (M) or right-handed (P)
[6]270t0 fm. In conformity with Lifson’s calculatioff,we let M helical states specified iy= ¢v andée, E(¢) is approximately
be left-handed and P right-handed and take the valué€]efq written asE(¢) = Ex + ax(¢ — #x)? (X = M or P), whereEx
for a perfect left-handed helixd[u to be —43 000 deg crh and ax are respectively the minimum energy and the force

dmol~134 with uw/up and v or 2AG, and AG;, as adjustable  constant in the M or P state. Using the relation betweG?

parametersfy = (1/2)([0]27d[0]m — 1). Figure 6a shows plots  andE(¢), we have

of 2fy — 1 againstN,, in THF at fixed temperatures. At each

temperature the data points are fitted precisely by the solid curve, 2AG, = AH, — TAS, 4)

which represents the theoretical values calculated with appropri-

ate values for 2G, andAG, anda = b= 1. Figure 6b illustrates  with the enthalpy componemiH, = Ey — Ep and entropy

the result from a similar analysis of the DCM solution data with  componentAS, = (R/2) In(ap/a). If E(¢) is independent of,

a= b= 1. The fitting is reasonably good for all the samples at AH, and AS, are temperature independent, antiG}/RT is

all temperatures studied. linearly dependent ofi—L. This is the case for PRS as shown
Figure 7 compares the values oA@yRT and AG/RT in Figure 7. On the other handAB/RT for P3(2MBuUOPI

obtained for our systems with those for other systems, wherein THF exhibits a sigmoidal temperature dependence. This&B‘Yl
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theoretical values calculated by the theory for perturbed wormlike
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(1194 nnt, 2.1 nm, 3 nm, 2 nm) for P3(S)2MBUOPI in THF, (740
nm, 1.9 nm, 37 nm, 0) for PHIC in toluene, and (740 Til.9 nm,
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Figure 9. Temperature dependence ofj][and [0].70 for a
P3(S)2MBuUOPI sample with the weight-average molecular wegght
= 13.2x 10*in THF over the range of temperature encompas3ing
Solid curves are guides for the eye.

appropriate values for these parametéfs & 1194 nn1?, ds

= 2.1 nm) and keptj andB as adjustable parameters. Fitting
the data to the theory on this condition gave valueg afidB,
which are correlated one another such that the laggenaller

B, although it was impossible to have a reasonable fit Bith

0. Thus, we conclude that their optimal values gre 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

21 nm, 0) for PHIC in dichloromethane. The inset compares the radius points precise|y; the dashed curve in the ﬁgure represents the

gyrations of P3(S)2MBuUOPI fractions of KP-1 and KP-2 in THF with
the Benoit-Doty theory for the wormlike chain model witf, = 1082
nm~t, g = 3.3 nm, andB = 1.7 nm. Dashed curves in both figures are
the unperturbed chain calculated wB= 0.

be due to a temperature dependendg(@j itself for this helical
polymer.

It has been shown that the theoretical framework for linear

unperturbed values ofy], and the excluded-volume effect is
small but discernible. As seen in the insd7*? data of
P3©2MBuUOPI in THF at 25°C are also consistently described
by the Benoit-Doty theory? for the wormlike chain model with
almost the same parameter set\f, g, andB. Thus, we see
this polymer is rather flexible compared with most semiflexible
polymers, but evidently stiffer than polystyrene, which is a

cooperative transitions considering the state of the end residuedypical flexible polymer ofq around 1 nnf.

expressed by the two parametess,and b, is of general
applicability® So far, we have proved this applicability on the
systems of helixcoil in polypeptides# = b = 0) 21-32order-
disorder transition in aqueous schizophyllan<(b = 0),1° helix
reversal in polyisocyanates and polysilylenas{(b = 1), and
achiral polyisocyanates polymerized with chiral initiater=

1, b = 0),1820-22in addition to P3§2MBUOPI @ = b = 1).

Stiffness of P36)2MBUOPI in THF. In Figure 8, the {]
vs N, dependence of PS)2MBUOPI in THF at 25°C (circles)
is compared with those of polyhexyl isocyanate) (PHIC) in
two solvents (triangles), where thg][data are reduced by
multiplying the monomer molecular weighty. PHIC is known
to be a typical semiflexible polymery is 37 and 21 nm
respectively in toluene and DCRLt is obvious that the present
polymer is much less stiff than PHIC from its lowey] values
less dependent ON,,.

Itis usual to estimate the stiffness of a polymer chain in terms
of the wormlike touched-bead modé&lwhere the stiffness is
expressed by the persistence lengtlvhich is a measure how
close the chain conformation to a rigid rod. This model is
characterized by the mass per unit lenigth the bead diameter
ds, andg;?® the molecular weighM is related to the contour
lengthL by L = M/M_. For a flexible polymer the excluded-

Figure 9 shows the temperature dependencenbfidr a
P3(@©)2MBuUOPI sample in THF over the range of temperature
encompassind’c where P]lz70 changes its sign. It is noted
that [y] increases gradually witil even in the inversion re-
gion of [0] 276 thus, |j] undergoes no transition a@t. A similar
T insensitivity of fy] in the transition region has been found
for poly{ [(R)-3,7-dimethyloctyl]-[§)-3-methylpentyl]silyleng
(PRS)! 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 previousl£3° helical polymer chains with
helix reversals are more suitably modeled by the broken
wormlike chai® of which effective persistence lengthis
written as

1—1,
Qop

1 - cosé,
1IN

+

ol

1:M
P ®)
QoM
wheregox (X = M or P) is the persistence length of each helical
segmentfy is the angle at the kink, andOis the arithmetic

mean length of M and P helices. The intrinsic persistence length
Qox is related taE(¢), the internal rotation energy of the main-

volume effect must be considered to describe the chain chain amide bond rotatiog.

conformation precisely, introducing the excluded-volume pa-
rameterB.26:27

An analysis of fj] vs Ny, relation tests this theory to derive

From the results ofAG, and AG,, determined above, it
turns out thatddin eq 5 is much larger than the totglfor
P3(©)2MBuUOPI, and the smalgg must come from smaltj;.

the values for the involved model parameters. However, the Thus, the flexibility of this polymer mostly arises from large
present viscosity data for this polymer are not detailed enough fluctuation in the internal rotation of the main chain, or shallow
to allow such an analysis. It has been found thatand dg minima of E(¢), maybe because the pendent phenyl rings
may be evaluated in good approximation from the chemical directly attached to the main chain amide groups weaken
structure and partial specific volumeTherefore, we used  conjugation within the main chain. CDV
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If E(¢) is independent of temperature, fluctuation in the
internal rotation of the main chain should increase, so that
must decrease, with increasing temperature. Usgdtly helical
polymers exhibits this normal temperature dependéhetyut
Figure 9 shows a positive temperature dependence]dof
P3©2MBUOPI in THF. Since THF is a good solvent for this
polymer where the excluded-volume effect is insensitive to
temperature, this dependence gf Ehould mainly reflect the
positive temperature dependenceqfThis may be due to a
temperature dependence Bf¢) for this helical polymer as

already mentioned in the relation with the sigmoidal temperature (15)

dependence of £G/RT. If the fluctuation of the bulky side

chain conformation increases with temperature, the available
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