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ABSTRACT: The structures of the helical chiral polymer poly(trityl methacrylate), PTrMA, in solid state
and in chloroform solution are compared by using vibrational circular dichroism spectroscopy. The
differences between the spectra are discussed in detail based on band assignments and density functional
theory calculations. Therefore, VA and VCD spectra of oligomers of PTrMA were calculated. Itis shown that
in solution as well as in solid state the helical structure is maintained. Furthermore, it was possible to
determine the helical screw sense of the dextrorotary enantiomer (+)-PTrMA to be left-handed.

Introduction

Nowadays, chiral polymers are discussed for several applica-
tions. There is a special interest in chiral functional polymers, for
instance polymers that can be used as switches or sensors whose
current status can be detected by chiroptical methods. Further
discussed applications also include optical data storage, catalysis,
or chiral separation.'

Methods of characterization include, among others, X-ray
analysis, atomic force microscopy (AFM), and nuclear magnetic
resonance spectroscopy (NMR). The chirality of these polymers
isin general characterized by electronic circular dichroism (ECD)
spectroscopy.” This technique allows the detection of chiral
superstructures like helical conformations and stuctural changes
with the smallest amount of sample. A closer insight into the
molecular conformation is unfortunately limited.

In the past years, vibrational circular dichroism (VCD) spec-
troscopy, the differential absorption of left- and right-circular
polarized light during a vibrational transition, has grown to a
powerful tool for the determination of absolute configuration of
chiral molecules and aggregates in solution and the examination of
the structure of biopolymers.* > A VCD study is almost always a
combination of experimental spectroscopy and density functional
theoretical calculations of vibrational spectra. Hence, among
others, the success of VCD spectroscopy is based on the increased
computational power that became available in the past 10 years.

Furthermore, VCD spectroscopy offers the possibility to
measure solid samples, e.g., solution-casted films of chiral poly-
mers. These measurements may be difficult because of artifacts
originating from linear dichroism and birefringance which occur
as orientational effects during the measurement. However, when
they are not too large, these effects can be easily eliminated.'>!

In the literature, there are only a few VCD studies concerning
chiral synthetic polymers. First experimental works by McCann
et al. dealt with menthol-substituted methacrylates and olefins.>~"7
More recently, Tang et al. reported the determination of the helical
screw sense of a polyguanidine,'®!” and Kawauchi et al. calculated
the helical structure of st-PMMA with encapsulated fullerenes in
the presence of a chiral alcohol.?® The helix sense of a polyisocya-
nide has recently been determined by Hase et al.,>! and the helical
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structure of an aromatic oligo(m-phenylurea) has been the focus of
a work by Kudo et al.

The potential to compare solid state structure of polymers and
their structure in solution motivated the present study. The focus of
this work is on poly(trityl methacrylate), which was reported to
be the first optically active vinyl polymer whose chirality arises
exclusively from its helical main chain conformation and not from
any chiral substituent.” > Poly(trityl methacrylate), short PTrMA,
maintains its helical conformation by sterical repulsion of the bulky
trityl groups which prevents the backbone from uncoiling. The
actual origin of the chirality is the initiator/co-initiator of the anio-
nic polymerization. Most commonly used is n-butyl lithium/
(—)-sparteine, in which the butyl anion is the initiator. The lithium
ion which is complexed by (—)-sparteine remains at the growing
chain end and thus keeps the chain end in a chiral environment. A
schematic illustration is given in Figure 1. Different types of
initiator complexes have been applied to obtain chiral polymers
with both positive and negative optical rotations. Also differently
substituted monomers were used for the polymerization.

Several experiments and theoretical considerations were focused
on the structure of poly(trityl methacrylate). Starting indirectly with
the finding by Mislow that the phenyl rings in triphenylmethane
have a propeller-like conformation,”® the structure of PTrMA has
been derived from the determination of its tacticity*’ and its stability
in several solvents™ as well as the conformation of the left-handed
propeller conformation.”>* The first observation of the VCD of
PTrMA has been reported in the thesis of J. McCann, but it has not
been analyzed in further detail.'”

In the present work, the vibrational absorption and circular
dichroism spectra of a solution of poly(trityl methacrylate), more
precisely the dextrorotary (4)-PTrMA, is compared with the
spectra of solid samples. Afterward, the calculated VA and VCD
spectra of (+)-PTrMA which are obtained from DFT calcula-
tions will be used to discuss the differences between the experi-
mental spectra. It will be shown that these calculations can give
further insight into the helical chiral structure of the polymer.

Materials and Methods

Materials. All chemicals were purchased from Sigma-
Aldrich, Germany, except for d;-chloroform which was obtained
from Deutero GmbH, Germany. The chemicals were used
without further purification.
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(-)-sparteine
Figure 1. Chiral growing chain end of a PTrMA helix.’

Synthesis of (+)-Poly(trityl methacrylate) The synthesis was
carried out according to the literature.”> The monomer, trityl
methacrylate, was synthesized by dissolving 5 g (17.8 mmol) of
trityl chloride and 2.45 g (1.6 equiv) of freshly distilled
methacrylic acid in 60 mL of dry THF and adding 4.2 mL (1.7
equiv) of Et3N. After stirring for 2 h the reaction mixture was
washed with NaHCOj; and NaCl and recrystallized from hexane
(72%, 4.2 g). The anionic polymerization with n-BuLi/
(—)-sparteine was carried out with a monomer/initiator ratio
of 20:1 in toluene. After 1.5 h of stirring at —40 °C the reaction
mixture was warmed to room temperature, and the polymer was
precipitated in methanol. o> = +318° (¢ = 1.0, CH,Cl,).

VCD Measurements. The vibrational absorption and vibrational
circular dichorism spectra were recorded using a Bruker Tensor
27 equipped with a PMA 50 module. VA and VCD spectra of
PTrMA in solution were recorded in a mountable cell with KBr
windows and a path length of 100 um in the region from 1800 to
950 cm™ . Baseline correction of these spectra was done by subtract-
ing the spectrum of the solvent. The spectra of solid samples were
recorded with KBr windows as substrate for solution-casted films.

Computational Details. All density functional theory calcula-
tions were performed using the 64 bit version of Gaussian 03*°
on a linux cluster with dual-core AMD Opteron processors
(2.8 GHz) and 8 GB RAM per processor.

The level of theory for all calculations has been B3PW91/
6-31G(d,p). The calculated VA and VCD spectra are presented
by assigning a Lorentzian band shape with a half-width of
4 cm™! to each fundamental vibration. The frequencies were
scaled by a factor of 0.97 for a better comparison with the
experimental data. For some calculations, the modredundant
option was used to fix several internal coordinates.

Comment about the Choice of Units for the Presentation of the
Spectra. For the measurements of (+)-PTrMA in solution, a
nearly saturated solution in d;-chloroform was used. The solid
sample was obtained by solution casting of the residual solution
onto a KBr window. The thickness of the solution-casted film was
inhomogeneous, and thus, the VA and VCD spectra have to be
compared in units of absorbance instead of molar absorptivity.

In order to compare the experimental VA and VCD spectra of
(+)-PTrMA with spectra obtained from DFT calculations, the
spectra were converted to molar absorptivity assuming a con-
centration of the saturated solution of ~10 mg/mL (equivalent
to 30 mmol monomer/L). The calculated spectra of oligomers
which will be discussed in the following sections were normal-
ized to the number of monomers.

Results and Discussion

The vibrational absorption and circular dichroism spectra of
(4)-poly(trityl methacrylate) have been recorded for a chloro-
form solution and in solid state. In Figure 2, the obtained VA and
VCD spectra are compared. The solid state VCD spectra showed
no orientational dependence. However, slightly different intensities
of the VCD signals have been observed for different solid samples
after normalization to the intensity of the carbonyl vibrational
absorption band. They are assumed to originate from different
crystallization rates or other reasons related to the preparation of
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Figure 2. Experimental VA (bottom) and VCD spectra (top) of
(+)-PTrMA in d;-chloroform solution and in solid state.

Table 1. Band Assignments for the VA and VCD Spectra of PTrMA

wavenumber [cm ™ '] assigned group vibration

1732 C=0O0 stretching vibration

1598 quadrant stretch of the phenyl ring

1493 semicircle stretch of the phenyl ring
coupled with C—H in-plane bending

1471 CHj; asymmetric deformation

1456 semicircle stretch of the phenyl ring
coupled with C—H in-plane bending

1386 CHj; symmetric deformation

1359 CH, wagging vibration

1311 CH, twisting vibration

1247 ester C—O stretching vibration coupled

with deformation vibrations of the backbone

1232 in-plane C—H bending vibration

1169 in-plane C—H bending vibration

1151 in-plane C—H bending vibration

1130 in-plane C—H bending vibration

1079 in-plane C—H bending vibration

1033 in-plane C—H bending vibration

the solid samples. Table 1 summarizes the band assignments which
have been generated from a comparison of the VA spectrum of
PTrMA with the one of PMMA®' "% and with data from the
literature.*** The assignments are completed by results of the DFT
calculations which will be discussed in the next section. It is
important to note that the vibrational modes in the region from
1200 to 1100 cm ™" which are assigned to the wide variety of
in-plane C—H bending vibrations of the phenyl rings are often
strongly coupled with deformations of the helical backbone.

In the VA spectra of the solution and the solid samples
significant differences between the intensities of several absorption
bands can be observed For instance, the absorption bands at 1471
and 1386 cm™! which are assigned to the asymmetric and sym-
metric deformation vibration of the methyl group are much weaker
for the solid state spectra. Further differences are observed in the



Article

Figure 3. Atom numbering corresponding to the structural data of a
fragment of PTrMA summarized in Table 2.

region 1200—1100 cm™'. While the intensity of the 1169 cm ™'
absorption band decreases relatively to the 1151 cm™' band, the
intensity of the 1130 cm™" band of the in-plane C—H bending
vibration increases. Additionally, there are differences between the
VCD spectra as well. The VCD pattern in the region from 1500 to
1425 cm ™" changes due to the decrease of the intensity of the
vibrational mode at 1471 cm ™. In contrast, the absorption band at
1386 cm ™' has no affected counterpart neither in the solution
spectrum nor in the spectra of the solid samples. More prominent
changes seem to occur in the lower frequency region. The VCD
couplet of the C—O vibration of the ester groups at 1247 cm ™!
becomes an almost only negative VCD band. The 1200—1100 cm ™
region appears to vary dramatically especially when comparing the
two different solid state spectra. However, in a one-to-one compar-
ison of the VCD pattern of this region between the three VCD
spectra it can be seen that the VCD signs do not change. Hence, the
observed differences can be assumed to be only intensity variations.

It can be stated that only vibrational transitions involving
movements of the helical backbone are affected by the transition
from solution phase to solid state. Those of the trityl groups
remain almost unchanged. Hence, it can be argued that the
decrease of the available space for vibrational movements of
the helical backbone is the main reason for the observed differ-
ences. Vibrational movements like the C=O stetching vibration
are not affected since the stretch movement along the double
bond is not restricted. In contrary, the deformation of the methyl
group is strongly affected since it requires additional space. The
vibrational absorption bands in region 1200—1100 cm™ " are due
to in-plane C—H bending vibrations which are coupled with
deformational movements of the helical backbone (C—C stretch-
ing as well as CH, deformations); hence, a weak influence on
these VA and VCD bands can be observed.

There is one noticeable difference between the solution and the
solid state spectra which is not easily explained by the decrease of
space and mobility of the backbone: the VCD couplet of the ester
group’s C—O stretching vibration which seems to be a solely
negative band in the solid state spectra. This vibration takes place
at the key position between the helical backbone and the bulky
trityl substituents. In order to get a closer insight into the nature
of this vibration, and certainly also to determine the helical screw
sense and the influence of the propeller conformation of the trityl
groups on the VCD spectrum, density functional theory calcula-
tions have been carried out.

Typically, the calculations of VCD spectra and the closely
related determinations of absolute configurations start with the
theoretical evaluation of the conformational space of the mole-
cule under investigation. For (+)-PTrMA, this investigation has
been carried out by Cavallo et al. based on force field calcula-
tions.*® The resulting helical structure is the initial point of the
present spectra calculations.

In Figure 3, a fragment of the PTrMA helix model is shown to
indicate the atom numbering of the torsion angles which define its
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Table 2. Structural Data of the DFT Calculations of a PTrMA
Helix Oligomer”

structure ) T2 X1 x2 B B B3

ref36  164.0 —=75.0 —76.0 176.0 —160.0 (I) 178.0 (r) —125.0 (1)

3mer 1709 —784 —102 1757 321 () 161 () 844 (I)
1717 —85.1 —20.5 168.5 319 () 255 () 822 ()

309 1624 26,6 (1) 1744 (1) 955 ()

3mer* 176.6 —78.9 —2.8 1750 1492 (r) 1674 () 948 ()
1727 =835 —49.7 1748 1512 (r) 1749 (r)  90.5 (1)

—454 —1746 1537 () 20 () 904 ()

dmer  170.8 —76.9 —804 1762 298 () 10.1 ()  89.5 ()
168.8 —842 —158 1699 298 () 237 () 862 (I)

169.8 —82.5 —33.6 1602  18.1 (I) 1620 (1) 992 (v)

575 1583 294 (1) 1725 (1)  93.1 ()

Smer 1747 —742 —103.1 1725 235 () 1719 (1) 928 ()
163.8 —83.1 —21.9 1692 303 () 259 () 843 ()

170.1 —84.5 —12.5 1724 324 (1) 251 () 820 ()

170.2 —852 —39.5 1563  12.9 (I) 1549 (r) 109.7 (r)

—56.1 1589 282 (1) 169.3 (1) 943 ()
6mer’ 1669 —84.9 —312 1567  29.7 () 169.1 (r)  92.6 (r)
1778 —863 —31.7 1628 101.8 () 24.6 () 162.7 (1)

1767 —87.4 —334 1582 977 (r) 278 () 1659 (r)

167.1 =819 —184 1720 292 () 792 () 393 (I)

1744 =772 —433 1653 201 () 742 () 465 ()

—1229 1751 10.1 () 364 (I)  85.1 ()

Tmer’ 167.3 —85.0 —534 1597 342 () 885 () 1714 ()
171.5 —86.7 —41.8 1557 7.1 (1) 149.5 () 109.0 ()

176.5 —87.8 —37.1 1589  17.5 (1) 1528 (1) 106.7 (1)

172.6 —87.6 —37.3 1632 332 (1) 170.1 ()  93.9 (r)
163.0 —82.5 -84 —179.8 375 () 160 () 856 (1)
175.6 =772 —45.1 1677 231 () 494 () 713 ()

1134 1746 874 () 15 () 342 ()

“The angles are defined as follows: 7; = (C1-C2—C3—C4), 7, =
(C2—C3—C4-C5), x; = (C4—C3—C6—0l), and y, = (C3—C6—02—
C7). The angles f are defined as O2—C7—C—C(H) into one of the rings.
(1) and (r) indicate the orientation of each phenyl ring with respect to the
propeller conformation of the trityl group. ?Please note that the
frequency analysis for the 6mer and the 7mer was not performed, and
the structures are given as obtained from the geometry optimization.

structure. There are two backbone torsion angles 7; and 7, and two
angles y; and y, determining the orientation of the ester group. The
three angles 3;—/f3; adjust the propeller conformation of the phenyl
rings. When fis in a range of 0° <5 <90°, the phenyl ring is adjusted
as in a left-handed propeller, and for 90° < < 180° it is set as in
a right-handed propeller. Using the values from the first line of
Table 2, a left-handed 7, helix can be constructed whose fiber iden-
tity period comprises seven monomer units in two helix turns and
whose trityl groups possesses a left-handed propeller structure.

Oligomers of PTrMA consisting of three to seven monomer
units and methyl groups as terminating groups have been built up
using these structural parameters. During the geometry optimiza-
tions all oligomers were allowed to fully relax without any con-
straints. Although all optimizations terminated normally, only the
spectra calculations for the 3mer, 4mer, and 5Smer completed suc-
cessfully. The spectra calculations for larger oligomers broke down
due to computer hardware limits. However, the characteristic
torsion angles of all obtained structures are given in Table 2. As
can be seen from the  angles, the initially mainly left-handed pro-
peller evolved into partly right-handed structures. This is consistent
with the earlier findings by Wang et al., who proposed that rota-
tions along the phenyl—C bond (variation of the angles 3) do not
show a high energetical barrier.”” Therefore, the calculations were
rerun for a left-handed oligomer with a length of three monomer
units and mainly right-handed propeller structures to evaluate the
influence of the propeller conformation on the resulting spectra.
This oligomer is denoted as 3mer* in Table 2.

In Figure 4, the successfully calculated VA and VCD spectra of
the four oligomers (3mer to Smer and 3mer*) are compared to the
experimental spectra of the (4-)-PTrMA solution. The calculated
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Figure 4. Comparison of the experimental VA and VCD of (+)-PTrMA
with the calculated spectra of the full 3mer, 4mer, and Smer as well as the
3mer*.

vibrational absorption spectra feature the characteristic experi-
mental absorption pattern. Regarding the carbonyl vibration
around 1730 cm™ ' and the more characteristic part in the range
from 1300 to 1100 cm ™', it can be seen that the agreement
becomes slightly better with increase of the oligomer length while
the agreement in the region from 1500 to 1400 cm ™" is quite good
for all fragments. For the theoretical VA spectra, the calculated
absorption band for the carbonyl vibrations sharpens, and it can
be observed that the frequencies of the vibrational modes form-
ing the pattern between 1300 and 1200 cm ™' move closer toge-
ther. This results in a broadening of the calculated pattern which
becomes more and more similar to the experimental absorp-
tion band.

The deviations between the experimental and theoretical VCD
spectra are more drastically. A similar evolution of the quality of
the agreement between experimental and theoretical spectra like
for the VA spectra can be deduced for the VCD spectra. For
the shorter oligomers some VCD pattern qualitatively match the
experimental ones while others seem completely different. For the
Smer, the agreement is already quite good since the significant
experimental VCD pattern are reproduced.

This might be an effect of the geometry optimization. Since
the oligomers were optimized without any constraints, especi-
ally the terminal carbonyl or ester groups had enough space to
move out of the desired orientation. It can be expected that
higher oligomers would show an even better agreement with the
experiment.

It can be concluded from the present data that (4)-PTrMA
adopts a left-handed helical structure. Furthermore, the confor-
mation of the trityl propeller does not appear to have a strong
influence on absorption bands assigned to backbone vibrations.
This is deduced from the comparison of the spectra of the 3mer
and the 3mer*. Although the propeller conformations are mostly
left-handed for the 3mer and mostly right-handed for the 3mer*,
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only minor differences between the calculated VCD spectra can
be observed.

In order to show that the main characteristics of the VCD
spectrum of (4)-PTrMA which were assigned to the helical
backbone occur independent of the trityl conformation and even
independent of the type of substituent, further calculations have
been carried out. Therefore, the initial structure model of the
helical PTrMA as given in the first line of Table 2 was reduced to
the structure of PMMA by simply substituting the trityl by
methyl groups. To prevent the so-constructed helical structure
from uncoiling during the geometry optimization due to a lack
of the conformational anchor, the torsion angles were held under
constraints. Both the geometry optimizations and the fre-
quency calculations for the PMMA oligomers proceeded much
faster which is not surprising since the runtime of calculations
generally depends on the number of atoms. Because of the
applied constraints, some of the calculations yielded negative
frequencies; i.e., the geometries have not been optimized to an
energetical minimum. Since the main focus of these calculations
has been the backbone of PTrMA, this was accepted for the
PMMA model structures.

In Figure 5, the calculated vibrational absorption and circular
dichroism spectra of the PMMA oligomers are compared to the
experimental spectra of (4)-PTrMA. It has to be noted that after
passing the length of a full helix turn the spectra of the PMMA
oligomers do not alter significantly. This has also been pro-
posed for the PTrMA helix for which the spectra of such long
oligomers could not be calculated. Furthermore, it can clearly be
seen that the characteristic VCD pattern of the ester C=0 and
C—O0 vibrations at around 1730 and 1247 cm™" are well repro-
duced by this simplified model structure. Hence, it can be
concluded that the trityl groups do not influence the backbone
vibrations.

After it has been shown that the helix sense could be deter-
mined by comparison of the calculated spectra with the experi-
mental data, the discussion should be focused on the difference
between the experimental spectra of the solution and solid
samples again. The assumption that most of the differences
between these spectra were due to the reduced free moving space
for backbone vibrations is supported by all calculations. For
instance, the calculations for PMMA underline that the spectral
region of the in-plane C—H bending vibrations of PTrMA,
mainly 1200—1100 cm ™', is superimposed by backbone vibra-
tions. Therewith the intensity deviations can be explained.

There is still no obvious explanation for the observed VCD
pattern of the C—O vibration of the ester group at 1247 cm ™' for
the solid sample. One effect could have been the more homo-
geneous arrangement of the trityl groups, i.e., that the trityl
groups adopt a predominant propeller conformation in the solid
state. Because of the unique chiral recognition ability of
PTrMA," there is no doubt that this highly ordered arrangement
takes place in solid state. Nevertheless, since it has been shown
that the conformation of the trityl group has no strong influence
on the VCD of PTrMA, this effect might be excluded as reason
for the change of the VCD pattern.

Another possible reason could be that some of the vibrational
movements associated with the absorption band at 1247 cm ™" are
weakend due to the transition from solution to solid state.
Therefore, the modes predicted for this absorption band have
been visually inspected in the GaussView program. Two different
vibrational movements can be destinguished. On the one hand,
there is a vibration for which only the ester carbon is moving and
the quaternary carbon atom on the backbone and the oxygen
atom connecting the trityl group are almost frozen and, on the
other hand, a vibration for which all three atoms are in motion. It
could be assumed that a movement of the oxygen atom might be
energetically less favored in the solid state due to the immobility



Article

calc. ¢ [107]

42

| e

molar abs. ¢ [10%]

1 4

0 — T T T T T T T T T T
1800 1700 1600 1500 1400 1300 1200 1100 1000

wavenumber [cm™]

Macromolecules, Vol. 43, No. 20, 2010 8377

7.0
165
1 6.0
155

150
145
140
1as
130
125
120
115
110
los
1 0.0
1.05
110
14s
20
125

calc. A [10%]

-0.5 — T T T T T T T T T T 1
1800 1700 1600 1500 1400 1300 1200 1100 1000

wavenumber [cm'1]

Figure 5. Comparison of the experimental VA and VCD spectra of (+)-PTrMA with the calculated spectra of oligomers of isotactic PMMA.

of the trityl groups. However, these two movements were found
for both the positive and negative part of the couplet.

It is a matter of fact that the positive part of the couplet nearly
vanished in the solid state spectra. Nevertheless, the reason for
the decrease remains somehow speculative. Whether the intensity
of the peak decreased or the VCD band of the neighboring
vibrational mode at 1232 cm ™' changed its sign and therefore
annihilated the positive part of the VCD band at 1247 cm ™!
cannot be clarified.

Conclusion

The present work presents an experimental and theoretical
investigation of the vibrational absorption and circular dichroism
spectra of the helical chiral polymer (4)-poly(trityl methacry-
late). Differences between the spectra of dissolved (+)-PTrMA
and solid samples have been observed. After a detailed analysis
of the band assignments, most of these differences could be
explained. By comparison with calculated spectra, it was shown
that the chiral propeller conformation has no significant influence
on the VCD spectrum and that there are VCD pattern of
backbone vibrations which are characteristic for the helical
structure. Furthermore, it could be deduced from the results of
the calculations that (+)-PTrMA possesses a left-handed helical
structure. The characteristic VCD pattern which has been used to
assign the handedness of the helical backbone was also obtained
for a simplified PMMA model structure. Hence, it can be
concluded that the determination of the screw sense can be
carried out using smaller models as well which are faster and
easier to calculate.

Bartus et al. compared the optical rotation of PTrMA in
solution and suspension and concluded from the obtained very
similar values that the structure of the polymer is identical in
solution and solid state.®® The present study supports these
findings by comparing the infrared vibrational optical activity
in a wide frequency range. It has also been observed that the
intensities of the VCD spectra of PTrMA are about 1 order of
magnitude higher compared to those of typical organic mole-
cules. Thisincrease can be attributed to the extended helical chiral
structure of the polymer.

In future work further helical chiral polymers will be investi-
gated. In particular, it will be of interest to evaluate whether there
are characteristic VCD patterns for each class of polymer (e.g.,
bulky methacrylates, phenylacetylenes, etc.) which might be used
to assign the predominant helix screw sense.
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