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ABSTRACT: Design and control of polymer secondary conformation is a challenging problem. Facially
amphiphilic polymers based on rigid but conformationally flexible meta-phenylene ethynylene backbones
were prepared and characterized in solution. It was found that these polymers undergo different
conformational changes based on the presence or absence of an alkyl side chain when the solvent was
changed from DMSO to 90% H,O/DMSO. This report focuses on the architecture without an alkyl
substituent, which appears to adopt a helical conformation.

Introduction

Many natural molecules take on different conforma-
tions depending on their environment and sequence.
These conformations can be stabilized by noncovalent
interactions such as hydrogen bonding, the hydrophobic
effect, or van der Waals forces.! A challenging but
interesting problem is faced when trying to prepare
synthetic, nonbiological molecules that will react simi-
larly to changes in their environment. Success in this
area may provide a simpler model for complex macro-
molecules and lead to insight regarding the formation
of secondary, tertiary, and quaternary structures of
natural molecules. Although folded structures induced
by specific metal—ligand and hydrogen bonding have
been widely studied,?~5 there are only a few reports on
the use of solvophobic’™® or z—x stacking interac-
tions!®11 to control conformation. Alternately, it is
known that when traditional synthetic macromolecules,
such as polymers, are placed in poor solvents, they form
collapsed, dense globular structures lacking well-defined
order, and when placed in a good solvent the molecules
assume an expanded, random coil structure but still lack
internal order.1213

There has been recent interest in molecules that form
well-defined, ordered structures in solution.'4~16 Fleet
and co-workers synthesized oligomers of furanose with
only four repeat units that adopt secondary structures
held together by hydrogen bonding.” S-Amino acid
oligomers as short as six residues have been reported
to form stable helices.181% Zuckermann and co-workers
synthesized oligo-N-substituted glycines of various
lengths, and despite the achirality of the backbone and
the lack of internal hydrogen bonds, these molecules
form helical structures.?° In addition, aromatic amides
adopt well-defined crescent and helical structures.21-25
A common theme of this research is that the molecules
studied are discrete oligomers where the structure can
be controlled by changes in temperature or pH.

Moore and co-workers reported aromatic hydrocarbon
backbones based on meta-phenylene ethynylene (m-PE)
in which solvent was used to influence an extended
random coil or helical structure.8926 By attaching polar
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triethylene glycol side chains to the nonpolar m-PE
backbone, high dielectric constant solvents induce col-
lapsed (helical) structures which minimize solvent—
backbone interactions while maximizing solvent—side
chain contacts. Structural investigations into helix
stability have included the addition of methyl groups?’
and metal—ligands® to the helix interior, aromatic ring
electronics,® and hydrogen bonding.?2 By manipulating
the linker functionality between the ethylene glycol
chain and the PE backbone, it is possible to influence
the stability of the collapsed, helical structure in solu-
tion.82° The coil—helix folding transition of these oligo-
mers has been conveniently monitored by UV—vis and
fluorescence spectroscopy®?® and confirmed by chiral
guest-induced circular dichroism.?” Like other studies
on folding oligomers, only discrete chain length m-PEs
have been studied so that the influence of molecular
weight polydispersity is not known.

We have been interested in the study of facially
amphiphilic polymers based on meta-poly(phenylene
ethynylene)s3®® (m-PPE), and Langmuir experiments
performed on these molecules confirmed their am-
phiphilicity at the air—water interface by adopting an
extended structure.3! During this research, we observed
a clear difference in properties between facially am-
phiphilic m-PPEs with and without alkyl side chains.
The fact that molecules of m-PPE lacking an alkyl side
chain consistently provided different results from those
with an alkyl substituent prompted us to investigate
the possibility of helix formation in polymeric m-PPEs
with cationic, polar side chains. The alkyl side chain
would be located in the helix interior upon folding, and
the absence of this group would allow helix formation.

Experimental Section

The synthesis of polymers 1 and 2 followed previously
reported procedures, and polymers 3 and 4 were synthesized
using similar procedures.®® 'H and *C NMR spectra were
obtained at 300 MHz with a Bruker DPX-300 NMR spectrom-
eter. The gel permeation chromatography (GPC) experiment
was performed in THF at room temperature using a PL LC
1120 pump, a Waters R403 differential refractometer, and
three PLgel columns (105, 104 and 103 A). The system was
calibrated with polystyrene standards. Absorption spectra
were measured on a Hewlett-Packard 8453 spectrophotometer.
Emission and excitation spectra were taken on a Perkin-Elmer
LS 50B spectrometer with a xenon lamp light source.
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Table 1. m-PPE Polymers Used in This Study and Their
Molecular Weight Analysis

Polymer Structure Mn PDI n* Corr:fted
1 8,420 1.40 16 8
8,450 1.31 20 10

O n 6,760 1.48 20 10

\

10,900 1.53 31 16

O(CH,CH,0):CH;

* These values are based on GPC data calibrated to polystyrene standards.

¥ The corrected n values are based on MALDI-TOF data for polymer 2.

To determine the corrected n' values listed in Table 1, 2
was fractionated by the GPC. Refractive index detector was
used to monitor peak elution, and 0.3 mL fractions were
collected during the elution, totaling 20 samples. These
fractions were then analyzed by MALDI-ToF. The fraction that
included the top of the peak, as determined by GPC, was used
to calculate n'. These data were obtained at the University of
Massachusetts Amherst mass spec facility, which is supported
in part by the National Science Foundation.

The fluorescence and UV—vis were monitored with increas-
ing percentage of water. A stock solution of polymer was made
in DMSO as to keep the polymer concentration constant
throughout the experiment. The concentrations explored ranged
from 50 to 5000 ug/mL to test for concentration independence.
For fluorescence, the samples were prepared at a concentration
where the UV absorbance was less that 0.1 so that inner filter
effects were minimal. For UV spectra, the OD values were
around 0.75.

Circular dichroism (CD) was monitored on a JASCO J720
spectrometer at ambient temperature in 0.1 cm rectangular
qguartz cuvettes using concentrations of 0.100 mg/mL. The
concentration of polymer and the number of equivalents (100)
of the chiral acid were calculated on the basis of molecular
weight of the monomer unit.

Results and Discussion

Both helical and extended structures of meta-phen-
ylene ethynylenes have been observed, confirming the
rich conformational flexibility available from this mo-
lecular backbone. Helical structures were driven by
solvophobic collapse®® while extended conformations are
governed by patterning of polar and nonpolar side
chains®32 or the reduction of free volume in the solid
state.3334 The four polymers discussed in this paper are
shown in Table 1 along with molecular weight informa-
tion based on GPC standards and MALDI-ToF experi-
ments. Polymers 1, 2, and 3 contain polar groups with
cationic amines while 4 has triethylene glycol side
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chains. In addition, 1 and 2 have nonpolar alkyl side
chains in contrast to 3 and 4. Polymer 4 was prepared
in order to make direct comparisons to Moore’s struc-
ture, although 4 is a polydisperse sample while Moore
studied discrete oligomers.8

When studying the aggregation behavior of facially
amphiphilic m-PPEs 1 and 2, fluorescence spectroscopy
showed small wavelength shifts (~10 nm) upon the
addition of water which is consistent with intermolecu-
lar distances of ~4.9 A.35 Much larger red shifts would
be expected for a highly collapsed structure with aro-
matic distances less than 4.5 A.2935-38 For polymers 1
and 2, DMSO appears to be a good solvent in which the
polymer adopts a random coil conformation based on
NMR, absorption, and emission spectroscopy, while
water is a poor solvent resulting in precipitation of
polymers 1 and 2 at high water content.

Figure 1 shows the fluorescence spectra of polymers
1 and 3 in two different solvents, DMSO and 90%
H,O/DMSO, while keeping the polymer concentration
constant. The spectra for 1 (Figure 1a) have an intense
peak in DMSO; however, as water is added up to 90%
H,O/DMSO, the emission spectra decreases in intensity,
broadens, and red shifts slightly by 10 nm. In contrast,
when similar experiments were performed with 3, very
different spectra were obtained in 90% H,O/DMSO
compared to those of polymers 1 and 2.3° The fluores-
cence spectrum of polymer 3 has an intense peak in
DMSO with Amax of 383 nm compared to 1 at 377 nm
but broader than that observed for 1 by 40 nm at full
width half-height (fwhh). The small differences in Amax
can be explained by electron density of the two polymers
since 3 does not have the ether substituent of 1. The
increase in width at fwhh observed for 3 may indicate
that DMSO is a better solvent for 1, which might not
be surprising given the absence of the alkyl side chain
in 3.3 This is further supported by the spectrum
obtained in 95% chloroform/DMSO in which Anay is 381
nm; however, the peak is substantially narrower than
those obtained in DMSO.%° This suggests the DMSO
spectrum may be a combination of those observed in
95% CHCI3/DMSO and 90% H,O/DMSO. Upon changing
to 90% H,O/DMSO, the signal for 3 decreases intensity
and red shifts approximately 50 nm. This broad, fea-
tureless red-shifted band can be explained by close 7—x
stacking of the aromatic rings.2° Regardless, the changes
are consistent with spectra obtained by Moore and co-
workers for helical conformations;?® however, random
collapse, to provide close aromatic contacts without helix
formation, could also give rise to these observations.*°
The differences observed in the emission spectra be-
tween 1 and 3 in 90% H,O/DMSO strongly suggest
different conformational or aggregational modes are
present.

In fact, conformational changes are more likely than
aggregation on the basis of the observation that 1 pre-
cipitated from 90% H,O/DMSO solutions at 50 ug/mL
after 2 days while 3 remains soluble in this solvent at
100 times the concentration (5000 ug/mL) over months.
Polymer 2 is also observed to precipitate from 90%
H,O/DMSO solutions after 2 days at concentrations of
50 ug/mL. Polymer 1 is believed to aggregate through
an extended amphiphilic structure3! organized into
layers,3? which is likely to give macroscopic precipitation
as more molecules are added to the aggregate. Interest-
ingly, the lack of precipitation from 3 in 90% H,O/DMSO
would indicate random collapse of the polymer chains
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Figure 1. Fluorescence spectra of polymer 1 (a) and polymer 3 (b) in DMSO (solid) and 90% H,O/DMSO (dashed). The
concentrations of 1 and 3 were held constant within each experiment so direct comparison of intensity can be made.

Figure 2. Pictures of polymer 1 (left) and 3 (right) in (a) natural light and (b) long wave UV light. Notice the differences in the
solution. Polymer 1 has a turbid nature with visible aggregates while 3 remains optically clear.

is not responsible for the changes observed by fluores-
cence spectroscopy since this is expected to result in
precipitation over time.*!

Shown in Figure 2a are photographs of polymers 1
and 3 in 90% H,O/DMSO solution taken under natural
light in which 1 has precipitated out of solution while
polymer 3 is still optically clear and in solution as
observed by the slight yellow color due to the higher
concentration of polymer. Figure 2b was taken under
long wavelength UV illumination and shows that only
the particles formed by precipitation of 1 fluoresce while
3 shows homogeneous emission from the solution. The
lack of precipitate from 3 but dramatic change observed
in the emission spectra suggests this polymer adopts a
new conformation in 90% H,O/DMSO which is quite
different from 1 and would be consistent with intramo-
lecular helix formation. It is clear that 1 cannot adopt
helical conformations because three dodecyloxy side
chains are much too large for the interior cavity formed
by the helix while 3 does not have this steric prob-
lem due to the lack of alkyl side chains. It is also pos-
sible that 3 adopts some other structure by inter-
molecular self-assembly which does not lead to macro-
scopic precipitation. For example, the formation of
cylindrical micelle-like structures*243 in which the
polymer backbone extends along the cylinder length
cannot be ruled out. However, this is not consistent with
close m—x stacking suggested by the emission spec-

trum. Initial *H NMR investigations have not provided
insight into these changes, and vapor pressure osmom-
etry cannot be performed in DMSO* to measure an
increase in molecular weight due to intermolecular
aggregation.

UV—vis spectroscopy has proven extremely beneficial
for characterizing the random coil to helix folding
reaction in m-PEs by monitoring the relative popula-
tions of transoid and cisoid confirmations, respectively.?®
Moore and co-workers were able to produce sigmoidal
titration curves from discrete m-PE oligomers with
triethylene glycol ester side chains by monitoring the
ratio of peaks at 289 and 305 nm as the solvent was
changed from acetonitrile to chloroform. In their system,
strongly cooperative unfolding is seen for oligomers
longer than 12 units, while broad noncooperative tran-
sitions are seen for shorter chain lengths. Most of their
work has focused on ester m-PE derivatives, although
the influence of aromatic ring electron density was
investigated.?® For benzyl ethers, similar to 4, UV—vis
and emission spectra were consistent with helix forma-
tion, but no titration curves were provided. In this
regard, we examined UV—vis titration curves of 3 in
DMSO and water as well as the polymeric analogue of
Moore’s triethylene glycol benzyl ether, 4, in chloroform
and acetonitrile. The insets of parts a and b of Figure 3
show UV-—vis curves for 3 in DMSO and 90% H,O/
DMSO and 4 in chloroform and 90% acetonitrile/
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Figure 3. (a) Titration curve for polymer 3 when changing solvents from DMSO to 90% H,O/DMSO. The inset shows the
absorbance spectra for polymer 3 at the beginning and end points of the curve. (b) Titration curve for polymer 4 when changing
solvents from CHCI; to 90% CH3sCN/CHCIs. The inset shows the absorbance spectra for polymer 4 at the beginning and end

points of the curve.

chloroform, respectively. These end points show the
characteristic changes observed for the coil-to-helix
transitions of m-PE, which in Moore’s work have been
confirmed by circular dichroism spectroscopy (CD).?’
However, titration curves shown in parts a and b of
Figure 3 for 2 and 4, respectively, do not show coopera-
tive unfolding reactions. The lack of a distinct transition
may be due to the relatively low molecular weight of
these polymers so that large populations of short chains
are present. These short chains would contribute sig-
nificantly to a noncooperative transition as observed by
Moore for discrete oligomers of 8 and 10 repeats. The
reported molecular weights are referenced to polysty-
rene standards, which are known to overestimate the
molecular weight of rigid polymers by 1.5—2.0.45748 In
addition, MALDI-ToF spectra were obtained by frac-
tionation of the GPC peak and suggest the molecular
weights are between 0.5 and 0.6, the value obtained
from GPC. The kind of transitions observed in Figure 3

have also been attributed to multichain interactions;*°
however, it is believed that, in this case, it is intramo-
lecular folding since the results are independent of time
and concentration (50—5000 ug/mL). In addition, inter-
molecular associations, like those to form cylindrical
micelles, would not be expected to increase the popula-
tion of cisoid conformations as observed by the UV—vis
experiments. Also, Moore and co-workers report that the
oligomer of polymer 4 needs a more polar solvent (i.e.,
water) in order to undergo a strong transition in UV
and fluorescence spectroscopy;® however, 4 is not soluble
in neat acetonitrile so that addition of water cannot be
performed due to the presence of chloroform.

From UV-—vis titration curves, changes in 308/290
ratio, and emission in polar solvents, a helical confor-
mation of 3 cannot be firmly concluded. As a result, CD
experiments were performed; however, 3 does not
contain any chiral centers, and so an equal population
of right- and left-handed helical conformations would
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Figure 4. Circular dichroism spectra of 3 in DMSO (red line)
and 90% H,O/DMSO (blue line) with p-mandelic acid (100
equiv). The appearance of a signal only in 90% H,O/DMSO
suggests a helical conformation is likely.

be expected. Chiral additives have been used previously
to induce a preference of one-handedness in helical
structures.5® Therefore, we speculated that the addi-
tion of chiral carboxylic acids could result in associa-
tions with the primary amines of 3 and influence heli-
cal handedness.?°~52 When the chiral carboxylic acid,
p-mandelic acid, was added to solutions of 3 in 90%
H,O/DMSO, a CD spectrum was obtained with a nega-
tive ellipticity characteristic of the absorption spectra
for this polymer as shown in Figure 4. In addition, the
same experiment performed in DMSO resulted in no
observed change in ellipticity. The CD spectrum of
p-mandelic acid in 90% H,O/DMSO without 3 also re-
sulted in a spectrum with no change in molar ellipticity.
The appearance of a negative molar ellipticity from
solutions of 3 in 90% H,O/DMSO with p-mandelic acid
but no change in molar ellipticity from DMSO solutions
is consistent with a helical conformation of 3 in 90%
H,O/DMSO. Chiral guest experiments were also con-
ducted, but no change in ellipticity could be observed.2”

Conclusions

The solution conformations of facially amphiphilic
polymers based on m-PPE backbones were studied.
Those with alkyl substituents clearly form extended
structures even in 90% H,O/DMSO solution,31-32 while
polymers without alkyl side chains appear to adopt
alternative conformations with spectroscopic features
similar to helical structures reported in the literature.?®
CD spectroscopy in the presence of a chiral carboxylic
acid additive showed a signal consistent with a helical
structure. Although intermolecular self-assembly into
cylindrical or other structures cannot be entirely ruled
out, these other structures are not consistent with the
UV—vis spectra. The benzyl ether function may not
produce the most stable helical conformations, according
to Moore, and this might also influence the results
discussed here. However, it can be safely concluded that
m-PPEs without alkyl groups adopt different conforma-
tions and structures in solution than those with alkyl
groups. Polymers with significantly higher molecular
weights should eliminate the influence of small chains
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on the titration curves and are a future synthetic target.
This is the initial report of polydisperse phenylene
ethynylenes folding in solution toward helical structures
and demonstrates some of the difficulties that will be
encountered during these studies. The ability to control
molecular conformation by side chain decoration of the
backbone with polar and nonpolar groups leads to some
interesting opportunities.
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Supporting Information Available: Fluorescence spec-
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Note Added in Proof: During publication of this
manuscript, we contacted other research groups work-
ing on related systems. Moore and coworkers have
studied polymeric versions of their oligomers (personal
communication). Hecht and coworkers published a
paper in December describing the covalent capture of
helical folds based on ethylene glycol non-ionic m-PPE’s
(Angew. Chem. Int. Ed. 2003, 42, 6021—6024). Schanze
and coworkers are studying an anionic polyelectrolyte
system with helical conformations (submitted for pub-
lication).
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