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Abundant evidence demonstrates that poly(alkyl iso-
cyanate)s adopt a chain conformation with long blocks
of left- and right-handed helices separated by kinked
and mobile helical reversals.1,2 The low population of
these reversals in poly(n-hexyl isocyanate) leads to such
an extreme sensitivity of these polymers to chiral
information that even minute chiral forces give rise to
large excesses of one helical sense and therefore to large
optical activities.1 This cooperative phenomenon has
been described by the one-dimensional Ising model
which, together with fitting to the experimental obser-
vations, allowed determination of the thermodynamic
helical reversal energy in poly(n-hexyl isocyanate). This
is nearly 4 kcal/mol in hydrocarbon solvents, which
translates to about one reversal every thousand chain
units at nearly ambient temperatures.3,4 The coopera-
tive characteristics of the chain are the result of many
units necessarily taking the same helical sense.

A key unanswered question, though, is the speed of
the interconversion of the helical senses, which depends
on the barrier energy for movement of the reversal along
the chain backbone. NMR offers an interesting approach
because movement of the reversal will interconvert a
left- and right-handed helical segment, causing all
constitutionally identical groups in the side chain to
exchange their diastereotopic positions.5 If such dia-
stereotopic groups have distinguishable chemical shift
properties in the NMR, the barrier could be determined
by the temperature at which the differing signals
collapsed because at this point the frequency of the
motion interconverting the signals can be related to the
frequency difference of the signals in the spectrum.6
Although the difference we searched for in the diaste-
reotopic hydrogen pairs on each methylene group in
poly(n-hexyl isocyanate) could not be observed,7 we have
found this effect in poly(2-butylhexyl isocyanate) (PB-
HIC) in both the proton and carbon NMR spectra so that

the temperature dependence of these spectra then
revealed the barrier to movement of the helical reversal

along the chain backbone. This energy, about 19 kcal/
mol, could be compared to a lower limit for the thermo-
dynamic excess energy of the helical reversal over the
helical state in this polymer, 5 kcal/mol, determined by
the correlation of the optical activity properties of a
copolymer of 2-butylhexyl isocyanate and (R)-2,6-di-
methylheptyl isocyanate with a random-field Ising
model.8 Knowledge of both energies is necessary to
correlate the chiral amplification characteristics and the
dynamic response of the polymer with respect to side
chain structure.9

Although the moderate sensitivity of NMR is not
usually adequate for studying the properties of a small
population of conformational defects along a polymer
chain, there is a special stereochemical situation here
in which the reversal movement interconverts large
numbers of left- and right-handed units along the chain
which amplifies the presence of the defect.10

Figure 1 shows the constitutionally identical butyl
carbon resonances in the 13C NMR spectrum of PBHIC11

measured in toluene-d8 at 30 °C. The resonances due
to each CH3 and all of the CH2 groups of the two butyl
groups in each side chain appear as doublets. The source
of this splitting reasonably arises from a chiral influence
on these groups, which here must reside in the backbone
(see further discussion below). In this way, Figure 1 is
the first NMR observation of the helical structure of the
polyisocyanates and demonstrates that the intercon-
version of the left- and right-handed helices is slow on
the NMR time scale of this experiment at ambient
temperature. The line widths of the ú-CH3, ε-CH2,
δ-CH2, and γ-CH2 resonances increased in this order,
indicating also the increasingly restricted segmental
mobility in the vicinity of the backbone (Figure 1).7 The
â-CH, N-(R-)CH2 and CdO resonances, not shown,
were observed as broad singlets at 38.09, 53.61, and
157.50 ppm, respectively.

In the 500 MHz 1H NMR spectrum of PBHIC in
o-xylene-d10 at 30 °C, the two N-(R-)CH2 protons, which
are also diastereotopic, give two broad and beautifully
separated peaks with an equal intensity at 3.70 and 4.02
ppm (Figure 2a). When the spectrum was measured at
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Figure 1. Butyl carbon resonances in the 125 MHz 13C NMR
spectrum of poly(2-butylhexyl isocyanate) in toluene-d8 at 30
°C. The strong multiplet at 21 ppm is due to the CD3 group of
toluene-d8.
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a higher temperature, the doublets became broader
(parts b and c of Figure 2) and almost coalesced at 140
°C, which is slightly below the boiling point of the
solvent (Figure 2d). Cooling the sample solution to 30
°C again reproduced the spectrum in Figure 2a. These
changes show that the rate of the process interconvert-
ing these signals becomes too fast at 140 °C for the time
scale of 500 MHz NMR to distinguish between the two
diastereotopic hydrogens. From the temperature depen-
dence of the resonance, ∆Gq was determined to be 19.6
kcal/mol (at 140 °C).6 Because the coalescence temper-
ature necessary here is dangerously close to the decom-
position point of the polymer,12 we studied the NMR
properties of the ú-CH3 proton diastereotopic resonances
(Figure 3a), which because of a reduced chemical shift
difference coalesced at only ca. 100 °C (Figure 3e). Here
again, fitting the data yielded6 a ∆Gq of 19.0 kcal/mol
for the barrier for the process which interconverts these
methyl hydrogen signals. The fine splittings in the
methyl resonance are attributable to the J coupling from
the adjacent methylene protons.

The interconversion of the two diastereotopic butyl
groups in a repeating unit of PBHIC was evidenced
further by 13C two-dimensional exchange spectroscopy
(2D EXSY)13 experiments in toluene-d8 at 30 °C. As
shown in Figure 4, positive correlation peaks were
observed between the 13C NMR signals at 30.9 and 31.6
ppm due to the γ-CH2 group. Each of the doubled 13C
NMR signals due to the δ-CH2 and ε-CH2 groups also
showed positive correlation peaks arising from the
interconversion.

In principle, the doubled NMR signals observed in
Figures 1-3 could arise from some restriction in con-
formational properties of the side chain independent of
the helical sense characteristics of the backbone. Al-
though the equal intensities of the split signals argues
against this interpretation, firm evidence that this is
not the case and that supports the hypothesis of the
helical backbone casting the constitutionally identical
groups into magnetic nonequivalence is the result of the
experiment shown in Figure 5. Here we have measured

the temperature dependence of a copolymer of (R)-2,6-
dimethylheptyl isocyanate and 2-butylhexyl isocyanate
where the proportions of the chiral and achiral comono-
mers, 2/98, are such as to cast the backbone entirely

Figure 2. N-CH2 resonances in the 500 MHz 1H NMR
spectra of poly(2-butylhexyl isocyanate) in o-xylene-d10 at (a)
30, (b) 110, (c) 130, and (d) 140 °C. Figure 3. CH3 and CH2 resonances in the 500 MHz 1H NMR

spectra of poly(2-butylhexyl isocyanate) in o-xylene-d10 at (a)
30, (b) 70, (c) 80, (d) 90, and (e) 100 °C.

Figure 4. 13C 2D EXSY of poly(2-butylhexyl isocyanate) in
toluene-d8 at 30 °C. The spectra were recorded with a mixing
(exchange) time of 100 ms. The original 8192 × 256 matrix
covering a spectral width of 16 598 Hz in both dimensions was
zero-filled to 8192 × 4096.
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into a single helical sense.14 The strong preference for
one helical sense in this copolymer evidenced by the
chiral optical properties14 precludes the interconversion
of the left- and right-handed helices, and as seen in
Figure 5, heating through the temperature-causing
coalescence of the identical signal in Figure 5d causes
no coalescence of the methyl doublet in Figure 5b. The
broadened signals for the optically active polymer are
associated with both the higher molecular weight of this
material and the presence of the randomly dispersed
chiral comonomer units.

The absence of split signals for the diastereotopic
hydrogen atoms on the methylene groups of poly(n-hexyl
isocyanate) is negative evidence from which we cannot
conclude that the helical reversal movement is faster
than that for PBHIC, which is subject to a barrier
determined above as ca. 19 kcal/mol. Nevertheless, it
is reasonable that the barrier in PBHIC should be
substantially higher based on the steric bulk of the side
group which causes an increase in the thermodynamic
excess energy of the reversal over that in poly(n-hexyl
isocyanate).8b How the energy barrier for movement of
the reversal is related to the thermodynamic excess
energy of the helical reversal is an open question.15 This
kind of question is of concern in other helical polymers
studied by NMR such as isotactic chloral oligomers
where the barrier has been determined at 19.6 kcal/mol
for the hexamer,10 threodiisotactic poly(triphenylmethyl
crotonate) with a barrier of 28.4 kcal/mol,16 and isotactic
poly(diphenyl-2-pyridylmethyl methacrylate) with a
barrier of 23 kcal/mol.17 Recent work on poly-
(guanidines)18 shows that certain side chains in this
polymer class allow laboratory time scale interconver-
sion of the helical sense such as is known for the
threodiisotactic poly(triphenylmethyl crotonate) and the
isotactic poly(diphenyl-2-pyridylmethyl methacrylate)
noted above. The barrier reported for the polyisocyanate
studied here by NMR19 suggests that such atropisomeric
characteristics may be encountered here, as well at
appropriate temperatures in dilute solution. On the
basis of other studies, the characteristics of the reversal
are strongly altered when these polymers are encoun-

tered in gels,20 liquid crystals,21 and the solid glassy
state,22 allowing the reversal to act as a probe of these
states.

Acknowledgment. We are grateful to the Materials
and Chemistry Divisions of the National Science Foun-
dation and to the Office of Naval Research for financial
support of this work.

References and Notes

(1) Green, M. M.; Peterson, N. C.; Sato, T.; Teramoto, A.; Cook,
R.; Lifson, S. Science 1995, 268, 1860.

(2) Lifson, S.; Felder, C. E.; Green, M. M. Macromolecules 1992,
25, 4142. For a recent demonstration of this structure, see:
Maeda, K.; Okamoto, Y. Macromolecules 1998, 31, 5164.

(3) (a) Lifson, S.; Andreola, C.; Peterson, N. C.; Green, M. M.
J. Am. Chem. Soc. 1989, 111, 8850. (b) Selinger, J. V.;
Selinger, R. L. B. Phys. Rev. Lett. 1996, 76, 58. (c) Selinger,
J. V.; Selinger, R. L. B. Phys. Rev. E 1997, 55, 1728. (d) Gu,
H.; Sato, T.; Teramoto, A.; Varichon, L.; Green, M. M. Polym.
J. 1997, 29, 77.

(4) Gu, H.; Nakamura, Y.; Sato, T.; Teramoto, A.; Green, M.
M.; Andreola, C.; Peterson, N. C.; Lifson, S. Macromolecules
1995, 28, 1016. Okamoto, N.; Mukaida, F.; Gu, H.; Naka-
mura, Y.; Sato, T.; Teramoto, A.; Green, M. M.; Andreola,
C.; Peterson, N. C.; Lifson, S. Macromolecules 1996, 29,
2878.

(5) Mislow, K.; Raban, M. Top. Stereochem. 1967, 1, 1.
(6) Pople, J. A.; Schneider, W. G.; Bernstein, H. J. High-

Resolution Nuclear Magnetic Resonance; McGraw-Hill: New
York, 1959; Chapter 10.

(7) Line width measurements on poly(n-hexyl isocyanate) have
been used to study the effect of local segmental motions on
global dimensional properties. See: Cook, R.; Johnson, R.
D.; Wade, C. G.; O’Leary, D. J.; Munoz, B.; Green, M. M.
Macromolecules 1990, 23, 3454.

(8) (a) See ref 3c. (b) Jha, S. K.; Cheon, K. S.; Green, M. M.;
Selinger, J. V. J. Am. Chem. Soc., in press.

(9) This information may have technological benefits in the use
of these polymers for the amplification of the small enan-
tiomeric excesses produced by photoresolution. See: Dagani,
R. Chem. Eng. News 1996, September 23, 17. For leading
references, please see: Schuster, G. B.; Zhang, M. J. Am.
Chem. Soc. 1994, 116, 4852. Suarez, M.; Schuster, G. B. J.
Am. Chem. Soc. 1995, 117, 6732. Huck, N. P. M.; Jager, W.
F.; de Lange, B.; Feringa, B. L. Science 1996, 273, 1686.

(10) For an example in which NMR has been used to study the
interconversion of helical sense in an oligomer, see: Ute,
K.; Hirose, K.; Kashimoto, H.; Hatada, K.; Vogl, O. J. Am.
Chem. Soc. 1991, 113, 6305. Ute, K.; Hirose, K.; Kashimoto,
H.; Nakayama, H.; Hatada, K.; Vogl, O. Polym. J. 1993, 25,
1175.

(11) For synthetic detail of the preparation of 2-butylhexyl
isocyanate and the derived polymer, see: Munoz, B.; Jha,
S. K. Doctoral Theses, Polytechnic University, Brooklyn,
New York, 1993 and 1998 respectively and ref 8b. The
polymerization method followed: Shashoua, V. E.; Sweeny,
W.; Tietz, R. F. J. Am. Chem. Soc. 1960, 82, 866. For the
data in Figures 1-4, a polydisperse PBIC sample of Mv
about 116 000 (2.75 dL/g) was fractionated by precipitating
a hexane solution with a large amount of THF and recover-
ing the THF-soluble material. Precipitation of this material
from chloroform into methanol yielded a PBIC sample of
GPC Mn ) 9 300 (polystyrene standard) and MW/Mn ) 2.73.

(12) For discussion of the thermal decomposition of the polyiso-
cyanates and leading references, see: Ute, K.; Asai, T.;
Fukunishi, Y.; Hatada, K. Polym. J. 1995, 27, 445.

(13) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R. R. J. Chem.
Phys. 1979, 71, 4546.

(14) See ref 8b and Jha, S. K. in ref 11. The 2-butylhexyl side
chain units far exceed the amplification characteristics of
the n-hexyl groups first reported in these sergeants and
soldiers copolymers; see: Green, M. M.; Reidy, M. P.;
Johnson, R. D.; Darling, G.; O’Leary, D. J.; Willson, G. J.
Am. Chem. Soc. 1989, 111, 6452.

(15) Force field work in progress with R. Cook of Lawrence
Livermore National Laboratories. A quantum mechanical
approach with Monte Carlo simulations is underway with
C. Aleman, Universitat Politecnica de Catalunya, Spain.

(16) Ute, K.; Asada, T.; Nabeshima, Y.; Hatada, K. Acta Polym.
1995, 46, 458.

Figure 5. CH3 signals in the 750 MHz 1H NMR spectra for
the 2/98 copolymer of (R)-2,6-dimethylheptyl isocyanate and
2-butylhexyl isocyanate in p-xylene-d10 at (a) 70 and (b) 110
°C. The 750 MHz 1H NMR spectra for poly(2-butylhexyl
isocyanate) in p-xylene-d10 at (c) 70 and (d) 110 °C are also
shown.

1306 Communications to the Editor Macromolecules, Vol. 32, No. 4, 1999



(17) Okamoto, Y.; Mohri, H.; Nakano, T.; Hatada, K. J. Am.
Chem. Soc. 1989, 111, 5952. Mohri, H. Doctoral Disserta-
tion, Osaka University, Osaka, Japan, 1989.

(18) Schlitzer, D. S.; Novak, Β. Μ. J. Am. Chem. Soc. 1998, 120,
2196. The barrier energy reported in this work of only 6.4
kcal/mol seems too small for the laboratory time scale
observation.

(19) 1H and 13C NMR spectra of PBHIC were recorded on a JEOL
JNM-GX500 or a Varian Unity-Inova 750 spectrometer in
toluene-d8, o-xylene-d10, or p-xylene-d10. The chemical shift
was referred to hexamethyldisiloxane [δ(1H) ) 0.055 ppm,
δ(13C) ) 2.00 ppm] as an internal standard and converted
to the TMS scale.

(20) Guenet, J. M.; Jeon, H. S. J.; Khatri, C.; Jha, S. K.; Balsara,
N. P.; Green, M. M.; Brulet, A.; Thierry, A. Macromolecules
1997, 30, 4590.

(21) Green, M. M.; Zanella, S.; Gu, H.; Sato, T.; Gottarelli, G.;
Jha, S. K.; Spada, G. P.; Schoevaars, A. M.; Feringa, B.;
Teramoto, A. J. Am. Chem. Soc. 1998, 120, 9810.

(22) Park, J. W.; Green, M. M. Polym. Prepr. (Am. Chem. Soc.,
Div. Polym. Chem.) 1998, 39 (2), 707. See also: Muellers,
B. T.; Green, M. M.; Brookhart, M. Polym. Prepr. (Am.
Chem. Soc., Div. Polym. Chem.) 1998, 39 (2), 709.

MA981427H

Macromolecules, Vol. 32, No. 4, 1999 Communications to the Editor 1307


