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ABSTRACT: We show that the screw sense of polyisocyanide helices can be determined in a simple manner from
the vibrational circular dichroism (VCD) of their CN-stretching mode. The relation between VCD and molecular
structure is obtained using the coupled-oscillator approximation. It is shown that since the C=N groups point
approximately radially outward from the helical axis, the CN-stretch region of the VCD spectrum of a polyisocyanide
helix consists of a single couplet, the sign of which is directly related to the screw sense of the helix. We use this method
to determine the screw sense of poly( R)-2-isocyanooctane and poly(.S)-2-isocyanooctane from their VCD spectrum.

Introduction

Inspired by the extraordinary functional properties of natu-
rally occurring helical polymers like DNA and the a-helix, over
the last decades an increasing number of scientists have designed
and synthesized polymeric helical structures. After the pioneering
work of Natta," who found that highly isotactic polypropylene
possesses a helical conformation in the crystalline state, chemists
have been able to address the challenge to develop stable poly-
mers with a preferred handedness to study their unique properties
and their potential in the fields of material and supramolecular
sciences. Just as in the case of naturally occurring helical poly-
mers, the chemical and physical properties of synthetic helical
polymers are strongly correlated with the conformation of their
macromolecular backbone chains. A preferred polymer handed-
ness can be achieved by the polymerization of the monomer using
either chiral monomers or a chiral catalyst. Helical 3]:volymers,2 such
as sterically restricted polymethacrylate esters,” polychlorals,*
polyguanidines,™® or polyisocyanides,”® with a high helix inver-
sion barrier are considered to be stable when their helix inversion
barrier exceeds ~85 kJ/mol.

Polyisocyanides, which were the first synthetic polymers to be
reported to possess a stable helical conformation,” are prepared
by the nickel(II) induced polymerization of isocyanide monomer
units.””!! Restricted rotation around the single C—C bonds con-
necting the main-chain carbon atoms of the polymer gives rise to
the formation of a stable helix, provided that the isocyanide-
substituents are sufficiently bulky. Millich” proposed a 4, helix
(i.e., 4 repeat units per helical turn) for the main carbon chain in
polyisocyanides. The helical conformation of polyisocyanides was
confirmed by Nolte and co-workers® who resolved poly(zert-butyl
isocyanide) into (+) and (—)-rotating fractions by using poly((S)-
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sec-butyl isocyanide) as a stationary phase during chromato-
graphic purification. The helical conformation of polyisocyanides
has been the subject of intensive debates in the last decades.'®!*~

Despite the fact that various polyisocyanides have been synthe-
sized,"""¥ 2! it is not straightforward to determine their exact
helical structures, in particular the helical }Z)itch and helical sense.

Vibrational circular dichroism (VCD),?* which has emerged as
a powerful method to investigate the conformation of chiral mole-
cules, seems an ideal probe to investigate the helical conformation
of polyisocyanides. It has been demonstrated that the screw sense
of helical polymers can often be determined from their VCD spectra.
In general this is done by theoretically predicting (using quantum-
chemical calculations) the VCD spectra of specific conformations
of a molecule and comparing them with the experimentally observed
one. This approach has been used successfully to investi7gate the
structure of both biological>* > and synthetic' ¥~ helical
polymers.

On the other hand, the more simple, semiquantitative coupled-
oscillator method, in which the molecular vibrations are treated
as localized, interacting transition dipoles, still remains attractive
because of its transparency and computational ease.?’2*3%3742
Here, we use this coupled-oscillator approach to interpret the
VCD spectrum of the CN-stretching mode of polyisocyanides.
It is shown that in the coupled-oscillator approximation, the
coupled CN-stretching modes in a polyisocyanide helix give rise
toasingle VCD couplet and that the sign of the couplet provides a
direct probe of the helical screw sense. We apply this method by
determining the screw sense of two enantiomeric polyisocyanides
from their VCD spectrum.

Materials and Methods

The synthesis and characterization of the polyisocyanides used
in this study are described in the Supporting Information. Fourier
transform infrared (FTIR) and VCD spectra (with spectral
resolutions of 2 and 4 cm ™', respectively) were recorded on a
Bruker Vertex 70 FTIR spectrometer in combination with a
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Figure 1. (Left) Schematic representation of a helical chain of transition-
dipole moments, as specified by eq 1. The angles 6 and ¢ that define the
direction of the transition dipole moments u with respect to the helical
axis and the radius, respectively, have been indicated for the unit with
j = 0. The CN bonds are at an angle 6 with the helical axis. The pro-
jection of the CN bond on a plane perpendicular to the helical axis is at
an angle ¢ with the radius (for the unit with j = 0 the radius coincides
with the x axis). (Right) Polyisocyanide backbone with ¢p = 0°, 6 = 90°.
The C=N transition dipoles are marked by white dots.

PMA 50 module. All spectra were recorded on 0.15 M solutions
of the polyisocyanides in heptane. Samples were kept in sealed
infrared sample cells consisting of 3 mm thick CaF, windows
separated by a 0.5 mm spacer.

Results and Discussion

Relation between Helical Screw Sense and VCD. Since the
polyisocyanide polymers have a high persistence length,*~*
we model them as infinitely long helices. To describe the
vibrational absorption and the vibrational circular dichro-
ism of an infinite helical array of C=N groups in the coupled-
oscillator approximation, one can use the theory for the
absorption and circular dichroism of helical aggregates of
coupled, identical chromophores.**~>* In the following, we
use the notation of ref 51. Taking the helix to be aligned
along the z-axis (see Figure 1) and numbering the units in the
polymer by an integer j (which runs from —eo to e for an
infinite polymer), the positions and directions of the transition-
dipole moments can be written as

X; ro COS jy u sin 0 cos(jy + ¢)
yi | = | rosinjy and w | = u| sinfsin(jy +9¢)
z; hj u; cos 0

(1)

respectively, with ry the radius of the helix, y the angle (relative to
the helical axis) which separates consecutive units, / their
vertical separation, 6 the angle of the transition-dipole
moment with the helical axis, and ¢ the angle that the projec-
tion of i/ ; on the xy plane makes with the radius. The above
expressions are for a right-handed helix if y > 0 and for a left-
handed helix if y < 0.

Since there is interaction between the transition dipoles,
the energy eigenstates of the coupled-oscillator system are
delocalized vibrational excitons. It can be shown from sym-
metry considerations™ that only two eigenstates are IR active:
the completely symmetric A4 state and the doubly degenerate
E state. The frequencies of these two states are determined by
the interactions between the chromophores in the helix:’’

wy = CUO"‘ZHJn (2)

wp = wy+ Zan cos(ny) (3)
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where w, is the frequency of an isolated C=N group, J, the
interaction energy between the zeroth and nth C=N group,
and the prime indicates that n = 0 is to be excluded from the
summation. The absorption spectrum is given by’

Aw) = %N;ﬂ [cos? OF (o — Ey) +sin® 0Fs(w — E¢)] (4)

where N is the total number of chromophores, u the transition-
dipole moment of the v = 0 — 1 transition of an isolated
chromophore, and F4 () the normalized line shape functions
of the 4 and E bands.

It can be shown that the circular dichroism of the helix,
defined as R(w) = Ay (w) — Ar(w), is given by’ *>1:5

2
R(w) = %{;—i sin 20 sin @[F4(w — w4) — Fg(w — wg)]

+% sin? OFf (w — a)E)Zlnn sin(ny)J,,} (5)

where F7/(w) is the first derivative of the E line shape with
respect to w, A the optical wavelength, and J, the interaction
energy between the mth and (m + n)th transition dipole
moment (which is independent of m because of the helical
symmetry). The two terms in this equation each represent a
VCD couplet but with different physical origins. The first
term is a VCD couplet due to the frequency splitting between
the 4 and E modes. This term is nonzero if ¢ is nonzero and 6
is neither 0° nor 90°. In that case, both the 4 and E modes
exhibit VCD, with equal ma%nitudes but opposite signs,
giving rise to a VCD couplet.***” The second VCD term in
eq 5 arises from the absorption of circularly polarized light
traveling along the helical axis.

Simplifications for Polyisocyanides. Polyisocyanides repre-
sent a class of helices for which the above equations simplify
significantly. In polyisocyanides, the projection of the C=N
bond on the xy plane is to a good approximation perpendicular
to the helical axis, so we have ¢ = 0° (see Figure 1). Conse-
quently, the first term in eq 5 vanishes so that the VCD spec-
trum consists purely of the helical VCD couplet, which is the
derivative of the E absorption band. To establish the relation
between the screw sense and the sign of this VCD couplet, we
use the fact that nearest-neighbor interaction dominates, so
that the summation in eq 5 reduces to 2J; sin y, where J; is the
nearest-neighbor interaction energy. We then have

2
R(w) = N'lgiﬂh sin? OF (0 — wg)J, sin y (6)
Since in polyisocyanides the nearest-neighbor C=N transition
dipoles have charges with the same sign approaching each
other, we have J; > 0 (this is confirmed by a density-functional
calculation, see Supporting Information). Hence, the VCD
spectrum of a right-handed polyisocyanide (y = +90°, so sin
y = lineq 6) is proportional to the derivative of the £ absorp-
tion band, whereas the VCD spectrum of a left-handed poly-
isocyanide (y = —90°) is proportional to the derivative of the
E absorption band multiplied by —1. We thus have a simple
and direct relation between the screw sense of a polyisocyanide
and its CN-stretch VCD spectrum: for a right-handed poly-
isocyanide the CN-stretch VCD spectrum is the derivative of
the CN-stretch band (positive signal on the lower frequency
side, and negative on the higher frequency side of the absorp-
tion band), whereas for a left-handed helix it is the negative
derivative of the absorption band (negative on the lower fre-
quency side and positive on the higher frequency side of the
absorption band).
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Figure 2. Chemical structures (left) and CD spectra (right) of the two enantiomeric polyisocyanides studied here.

An even stronger simplification occurs if the C=N bonds
are perpendicular to the helical axis (that is, they are in the xy
plane), so that & = 90°. This reduces the first term in eq 4 to
zero, so that the absorption spectrum consists of the £ band
only,

A() = S NiFy(o— o) (7)

In the case that the C=N bonds are not exactly perpendicular
to the helical axis, there will be a weak A-band present in the
absorption spectrum.

Interestingly, from the ratio of R(w) (the VCD spectrum)
and A/ (w) (the derivative of the E absorption band with
respect to @), we can obtain an independent estimate for
the nearest-neighbor interaction J;. Combining eqs 6 and 7,
we find that

R(w)  ahl,
AE/((U) - A

®)

where A/ (w) is the derivative of the E absorption band with
respect to w. This shows that the ratio of the VCD and the
derivative of the absorption spectrum is determined by the
nearest-neighbor interaction J; and a single geometrical
parameter of the helix, the vertical separation /i between
two consecutive units.

Application to Poly(2-isocyanooctane). We use the relation
between the CN-stretch VCD of polyisocyanides and their
screw sense to determine the screw sense of the enantiomeric
helical polyisocyanides poly(R)-2-isocyanooctane la and
poly(S)-2-isocyanooctane 1b, see Figure 2. We first deter-
mined the screw sense of these polymers independently using
UV circular dichroism (CD). Although optical rotation
values can be used to obtain information about the con-
formations of the polymer, in this case the rigid environment
of the polymer (RN=C),, might affect the conformation of
the R substituent and thus its contribution to the optical
rotation. In the CD spectrum, the n—s* transition of the
backbone imine functions can be monitored. The CD spec-
trum of 1in heptane in the region 4 = 250—400 nm, depicted
in Figure 2, corresponds to this transition. In the polymer,
both the chiral center in the side chain as well as the helical
structure of the main chain will induce rotational power in
the C=N group.>® The large negative band of 1a (positive
band for 1b) with a maximum Ae at 4 = 285 nm is attributed
to the influence of the chiral side chain on the n—s* transi-
tions. In theory, the helicity (screw sense) of the polymer can
be derived from the sign sequence of the exciton couplet by a
comparison with a model compound, for example, poly(zert-

butyliminomethylene), from which the screw sense was obtained
by a resolution process.”’ In Figure 2, this couplet is not
clearly visible because of the overlap with the contribution
that arises from the influence of the chiral side chain on the
n—m* transition, but the asymmetry of the curve is a first
indication. On careful inspection of the curves, a positive
band at A = 320 nm, as part of the positive couplet evident
for the helicity, can be observed.”® Such a couplet was also
observed for (M)-poly(tert-butyliminomethylene), and thus,
by looking at the similarity of the couplets, it can be
tentatively conclude that polymer la is predominantly in
the M-helical conformation. In this way, however, the screw
sense is determined by an indirect method and the assign-
ment of the exciton couplet is hampered by side chain contri-
butions to the Cotton effect originating from the backbone
n—m* transitions.

In contrast, the CN-stretch VCD spectrum provides direct
access to the polyisocyanide screw sense. The vibrational absorp-
tion spectrum of these polyisocyanides, shown in Figure 3,
contains a CN-stretch band with a shoulder on the high-
frequency side. We find that the isocyanide monomer exhibits
negligible VCD (see Supporting Information), so that the
VCD of the polymer arises from interaction between the CN-
stretch dipoles. The strong peak and the shoulder in the
spectrum can be assigned to the two optically allowed modes
using eq 4. Since the projection of the transition dipoles on
the helical axis is small (6 =~ 90°), the absorption intensity of
the 4 mode will be small compared to that of the £ modes.
We therefore assign the main peak to the £ mode and the
weaker high-frequency shoulder to the 4 mode. By least-
squares fitting two Lorentzian line shapes to the spectrum,
we obtain center frequencies for the £ and A transitions of
1635and 1643 cm ™!, respectively. Assuming that the nearest-
neighbor interaction J; between CN-groups dominates (see
above), one expects from eqs 2 and 3 a frequency difference
w4 — wgp = 2Jy. Our assignment of the bands consequently
implies a nearest-neighbor interaction J; of + 4 cm™'. This
experimental value for the coupling may be compared to a
theoretical prediction using the dipole—dipole approxima-
tion. In this approximation, which has been found to give a
fairly accurate quantitative description of several different
molecular systems,sg_63 the coug)ling between two C=N-
stretch modes a and b is given by’

1 w I 7 oeu 7T e
Jab = 1 ‘LLa ‘[;b—S (}’ ab :ua)(: ab /’tb) (9)
TLEY | Tab Tab

where i ., are the CN-stretch transition dipoles and 7 is
the distance vector between the two transition dipoles. The
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Figure 3. Infrared absorption spectrum of la, together with a least-
squares fit of two Lorentzian lineshapes. The spectrum of the S-polymer
is identical to that of the R-polymer.
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Figure 4. Vibrational circular dichroism spectra of the R- and S-polymers,
together with eq 6 for y = +90° (right-handed helix) and y = —90°
(left-handed helix).

magnitude of the CN-stretch transition-dipole moment can
be determined from the integrated absorption coefficient,**
and from the experimental FTIR spectrum (Figure 3), we
obtain x| = 0.089 D. Using the geometrical parameters of
the polyisocyanide helix (r = 2.3 A, Z(u; Ui1) = 90°,
LT iis1) = 569, we find J; = 7cm™'. This implies an
w4 — wg frequency splitting of 14 cm” !, which agrees
reasonably well (both in sign and magnitude) with the
experimental value of 8 cm ™!, thus confirming our assigment
of the strong absorption band to the £ mode and of the
shoulder to the A mode. The discrepancy between the
experimental and calculated freqeuncy splittings is probably
due to the breakdown of the dipolar approximation at short
dipole—dipole distance, leading to an overestimation of the
coupling. Further confirmation of the assignment of the
shoulder to the 4 mode was obtained from a density-functional
calculation on a 16-mer helical polyisocyanide (see the Sup-
porting Information for details). From this calculation we
obtain an w4 — wg splitting of 11.5 cm” L, which agrees even
better with the experimentally observed value.

The VCD spectra in the CN-stretching region of the two
enantiomeric polymers are shown in Figure 4. These spectra
indeed contain a couplet centered at the frequency of the
E absorption band, as predicted by the theoretical analysis.
They also contain a singlet feature at lower frequency (around
1610 cm™ "), which we cannot at present assign, since no
corresponding absorption band is present in the absorption
spectrum (Figure 3). As shown in Figure 4 (dashed—dotted
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and dotted curves), we find that in the CN-stretch region, the
VCD spectra of the R-polymer can be well described by the
negative derivative of the E absorption band, whereas the
VCD of the S-polymer corresponds to the VCD spectrum
predicted for a right-handed helix.

As a cross check for interpretation of the VCD spectrum,
we now use eq 8 to obtain an independent estimate for the
nearest neighbor interaction J;, which was estimated to be
4 cm™ ' from the splitting between the two CN-stretch peaks
observed in the absorption spectrum. Substituting the
known™® vertical separation 4 = 0.10 nm and the wavelength
of the light A = 6.1 um, we obtain from the experimental
ratio R(w)/AF (w) of ~ 0.0019 an estimate of J, ~ 6 cm ™'
(note that the value for J; obtained from eq 8 is expressed in
angular frequency units and must be divided by 2z to obtain
the value in normal frequency units). This estimate for J;
agrees reasonably well with the value of 4 cm™! obtained
from the splitting between the £ and A CN-stretch bands (see
above), which confirms the validity of our interpretation of
the CN-stretch VCD couplet in terms of a coupled-oscillator
model.

Conclusions

We have shown that a polyisocyanide has a very simple CN-
stretch VCD spectrum if it has a backbone geometry with ¢ ~ 0°,
i.e., if the CN bonds (or more generally, the projections of the CN
bonds on the plane perpendicular to the helical axis) point
approximately radially outward. In that case, the CN-stretch
VCD spectrum consists of a single couplet, which is caused purely
by helical VCD. The screw sense of a polyisocyanide helix can
then be determined directly from the sign of this couplet, without
any need for additional calculations.

There might be polyisocyanides for which a more detailed
analysis than the one presented here is required to obtain the
screw sense. In particular, bulky side groups might render ¢ very
different from zero, and aryl side groups might influence the
interaction between the CN-stretch modes in the backbone of the
helix. In general, however, the details of the polyisocyanide side
chains will not be important for the interpretation of the CN-
stretch VCD spectrum. We therefore expect the simple relation
between VCD and screw sense presented here to be usable for
many polyisocyanides.
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