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ABSTRACT: New supramolecular polypeptides have been pre-
pared through simple ring-opening polymerization and “click”
reactions. Postfunctionalization with diaminopyridine (DAP)
moieties, capable of multiple hydrogen bonding, was an efficient
approach toward forming a-helical-dominant polypeptides. The
physically cross-linked networks produced upon self-organization of
the DAP units increased the glass transition temperature ( Tg) of the
polymers and sustained the secondary structures of the polypeptides.

Additional thermal responsivity resulted from dynamic noncovalent

bonding on the polymer side chains. Molecular recognition through

heterocomplementary DAP---thymine (T) base pairs was revealed spectroscopically and then used to construct poly(y-propargyl-
L-glutamate )-g-N-(6-acetamidopyridin-2-yl)-11-undecanamide/thyminylpyrene (PPLG-DAP/Py-T) supramolecular complexes.
Transmission electron microscopy images revealed that this complex was an efficient dispersant of carbon nanotubes (CNTs).
Indeed, it could disperse CNTs in both polar and nonpolar media, the direct result of combining two modes of secondary
noncovalent bonding: multiple hydrogen bonding and 77—z interactions. Furthermore, CNT composites fabricated with
biocompatible polymers and high value of T, should enable the development of bio-inspired carbon nanostructures and lead the

way toward their biomedical applications.

B INTRODUCTION

Self-assembly phenomena occur ubiquitously in nature and in
our daily lives." In addition, self-assembly has been incorpo-
rated in the design a variety of new functional materials,
extending the range of interesting structures beyond the
molecular level.” Although the self-assembly of molecules into
one-dimensional multicomponent structures has been known
for decades, only recently have supramolecular polymers
attracted steadily increasing interest due to their unprecedented
and highly useful properties.” Among these supramolecular
polymers, polypeptides are particularly fascinating materials
because of their potential application in nanochemistry and
biomimetics (e.g., bioelectronics,* drug carriers,” tissue
engineering®). The protein-like structures of polypeptides,
which provide a link between chemistry and biology, can be
prepared under mild conditions with relatively simple
functionalization processes.” In addition, synthetic polypeptides
can form unique hierarchically ordered structures: for example,
rigid-rod-like a-helices dominated by intramolecular hydrogen-
bonding interactions or p-sheet conformations stabilized
through intermolecular hydrogen bonding. New properties
can also result when helical polypeptides are conjugated with
other functional units.® As a result, the continued design of
novel supramolecular architectures can lead to several
prospective applications.
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As a result of their extended 7-electron systems and unique
one-dimensional structures, carbon nanotubes (CNTs) have
excellent optoelectronic, mechanical, and thermal properties.”
In addition, their behavior can be highly responsive to their
chemical or physical environment.'” These phenomena can be
used to fabricate nanoscale sensors that take advantage of
photoluminescence (PL) quenching effects arising from
molecular adsorption events on CNT surfaces.'' Attempts to
make practical use of these properties have been hampered,
however, by the surfaces of CNTs being highly polarizable with
large attractive intertubular van der Waals forces, leading to the
formation of extremely hydrophobic and insoluble aggregates
that greatly hinder their assemble into useful structures.'”
Substantial efforts have been exerted to develop strategies to
debundle or disperse CNTs. For example, covalent attachment
of polar groups or simple oxidation of CNTs can lead to slight
improvements in their dispersibility in organic solvents.
Covalent surface modification with polypeptides using the
“graft-from” approach' and the application of CNT initiators
for polymer synthesis'* have also been proposed. Nevertheless,
the resulting changes in the sp>-to-sp” ratio can negatively affect
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the inherent properties of CN'Ts."> Recently, attention has been
focused on strategies that preserve the entire 7-network of the
CNTs. Indeed, dispersant-assisted dispersion has been used
widely to achieve nondestructive dispersion,'® with small
molecule-based surfactants, conjugated polymers, and other
biomaterials often chosen as the dispersants.'” Polypeptides
that form a-helical secondary structures are newly arising
materials for use as dispersants. These bio-inspired folded
springlike architectures with side chain units extending outside
the helix can function as surfactants that minimize the surface
energy of the entire system. Selective binding or adsorption of
polypeptides to various materials (metals, metal oxides,
semiconductors) has been exploited.'”'® The ability to inspect
the structures formed from CNT/polypeptide composites and
to facilitate the dispersion of CNTs with designed peptides
should benefit further biomedical and biophysical applications
of these materials.

Synthetic polymers receive much attention because their
useful properties can be exploited for technological advance-
ment. Nevertheless, these materials are composed mainly of
irreversible covalent bonds, which limit the range of structures
and functions that can be accessed by the polymer matrix. In
contrast, supramolecular polymers enable the direct association
of discrete building blocks into versatile coiled chains or highly
ordered frameworks.'” The constituents of these materials are
bridged through dynamic noncovalent linkages (e.g., electro-
static interactions, hydrogen bonding) that simultaneously
provide additional recyclability, applications in stimuli
detection,” and inherently defect-free architectures.”’ Highly
directional interactions—for example, multiple hydrogen
bonding—can be powerful tools because of their strength
and versatility, when preparing monocomponent assemblies.””
Although hydrogen-bonded assemblies can have many
attractive features, fewer reports have appeared describing the
applications of multicomponent supramolecular complexes. In
a previous study, we developed a supramolecular complex
system for the dispersion of a crystalline dye.”® As reported,
supramolecular polymers may have the ability to wrap around
the graphitic side walls of CNTs.”' To the best of our
knowledge, however, very few papers have appeared describing
hydrogen-bonded supramolecular polymers as dispersing
agents, especially for use as biomaterials. Herein, we discuss
the preparation and application of a supramolecular functioned
polypeptide prepared through ring-opening polymerization
(ROP) of a glutamate N-carboxyanhydride (NCA) using an
alkylamine as the initiator and postfunctionalization with
diaminopyridine (DAP)—a donor—acceptor—donor (DAD)
multiple hydrogen-bonding unit—through copper(I)-catalyzed
alkyne/azide cycloaddition (CuAAC). The polymeric products
were characterized using nuclear magnetic resonance (NMR)
spectroscopy, Fourier transform infrared (FTIR) spectroscopy,
and matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry. A study of the conforma-
tions of these polypeptides was then performed, with
spectroscopic discussion, to investigate the interplay between
the multiple hydrogen-bonding moieties and the polymer
backbone. The complementary DNA nucleobase thymine (T)
was then introduced to interact with the pyrene units to form
another type of supramolecular guest structure capable of
interacting with CNT surfaces. The specific strong hydrogen
bonding of this base pair (DAP---T) led to the formation of
supramolecular complexes containing dynamic noncovalent
linkages. Exploiting these systems, CNT dispersion was
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examined in both polar and nonpolar media. A peptide/CNT
composite prepared through solvent removal in vacuo displayed
a high glass transition temperature (Tg), providing evidence for
molecular recognition of its component species.

B EXPERIMENTAL SECTION

Materials. THF was refluxed with sodium prior to use. All solvents
were purchased from TEDIA (USA) and distilled over CaH, before
use. Copper(I) bromide (CuBr) was purified with glacial acetic acid
and washed with absolute ethyl ether. Other commercially available
reagents were obtained from Sigma-Aldrich, Acros, and Alfa Aesar
were used as received. Az-acid, Az-DAP, and Ac-DAP were synthesized
as mentioned in the Supporting Information and characterized as
shown in Figures S1 and S2. y-Propargyl-;-glutamate N-carboxy-
anhydride, propargylthymine (PT), and Py-N; were prepared follow
our previous report.”* SWCNTSs (main range of diameter: <2 nm;
length: S—15 pm) and MWCNTs (main range of diameter: 40—60
nm; length: S—1S5 um) were purchased from Centron Biochemistry
Technology, Taiwan. SWCNTs and MWCNTs were purified with
following method: CNTs were washed with toluene by sonication (4
h), ultrafiltrated, and then dried under vacuum to obtain the purified
CNTs.

Characterization. 'H and C NMR spectra (and variable-
temperature NMR spectra) were recorded from samples in CDCl,,
DMSO-ds, or DMF-d, using an Agilent VMRS-600 NMR
spectrometer operated at 600 and 150 MHz, respectively. The
polydispersity index (PDI) and molecular weight information were
calculated using a Waters 510 gel permeation chromatography (GPC)
system (with three Ultrastyragel columns: 100, 500, and 1000 A
connected in series); dimethylformamide (DMF) was used as the
eluent at 50 °C (flow rate: 0.8 mL min™"). The calibration curve of the
system was constructed with Agilent EasiCal polystyrene (PS)
standards. Measurement was performed using a refractive index
detector. MALDI-TOF mass spectra were measured using a
BrukerDaltonicsAutoflex IIT spectrometer operated with the following
parameters: ion source 1, 19.06 kV; ion source 2, 16.61 kV; lens, 8.78
kV; reflector 1, 21.08 kV; reflector 2, 9.73 kV. FTIR spectra were
obtained using a Bruker Tensor 27 FTIR spectrometer. Samples were
prepared with the KBr disk method and measured 32 scans with
resolution of 1 cm™" at room temperature. The thermal stabilities were
measured using a TA Q-50 thermogravimetric analyzer under a
nitrogen atmosphere; the sample was first loaded in a Pt cell and then
heated from 30 to 800 °C (rate: 20 °C min™') under a 60 mL min™"
nitrogen flow. A Q-20 apparatus (TA) was chosen for differential
scanning calorimetry (DSC) measurement under the atmosphere of
dry N,. Samples (3—S5 mg) were scanned from —80 to 150 °C (rate:
10 °C min™") in a sealed aluminum pan. PL emission spectra were
obtained in solution at 25 °C using a Hitachi F-4500 fluorescence
spectrometer equipped with a monochromatized Xe light source. A
JEOL-2100 TEM operated at an accelerating voltage of 200 kV was
used to record transmission electron microscopy (TEM) images for
further characterization.

Preparation of Supramolecular Complexes. Mixtures of
PPLG-DAP and Py-T were prepared through solution blending. A
DMF or 1,1,2,2-tetrachloroethane (TCE) solution containing S wt %
of the polymer mixture was stirred for 12 h; the solution was then
tested for CNT dispersion, or the solvent was evaporated slowly at
room temperature for further characterization.

CNT Dispersion in the Presence of Supramolecular
Complexes. Purified CNTs were dispersed with sonication in DMF
or TCE for 2 h. A solution of the PPLG-DAP/Py-T supramolecular
complex (prepared as described above) was then added dropwise into
the CNT dispersion, followed by stirring at room temperature for 24
h. The precipitate was removed through three centrifugation/washing
cycles, and then the supernatant of the CNT supramolecular
dispersion was subjected to ultrafiltration through PALL membrane
disc filters (FP-450 PVDF filter for DMF dispersion; ULTIPOR N66
nylon filter for TCE dispersion) to recover the supramolecular
peptide/CNT composites. The composites (black powders) could be
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Scheme 1. Synthesis of (a) PPLG-DAP and (b) Py-T; (c) Supramolecular Complex Formation
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redispersed within 1 min after adding an organic solvent and
sonicating in an ultrasonication bath.

B RESULTS AND DISCUSSION

Synthesis of DAP-Functionalized Polypeptides. The
supramolecular peptide PPLG-DAP was prepared through a
sequence of polymerization and “click” reactions (Scheme 1).
First, a “click™-active propargyl group was introduced onto L-
glutamic acid to form p-propargyl-L-glutamate. A facile
cyclization reaction with triphosgene yielded y-propargyl-L-
glutamate N-carboxyanhydride (PLG-NCA).”> Amine-medi-
ated ROP was then performed to provide the side-chain-
graftable polypeptides PPLG. High-molecular-weight [PPLG;;
degree of polymerization (DP): 30] and low-molecular-weight
(PPLG,o; DP, 10) polypeptides were synthesized for
comparison. Characteristic peaks in the terminal alkyne
(—C=C stretching, 2129 cm™") and peptide amide regions
appeared in the FTIR spectra (Figure 1c). After polymerization
from PLG-NCA, a new absorbance at 3298 cm™ (N-H
stretching) was observed. In addition, 1655 cm™, 1627 cm™!
(amide 1), and 1546 cm™" (amide II) appeared for PPLG and
were attributed to amide bending vibration in peptide
backbone. Ester C=O stretching occurs at 1742 cm™' for
both PPLG;, and PPLG;,DAP, therefore suggesting the alkyne
functionality has been successfully introduced into side chain of
polypeptides. The multiple hydrogen-bonding DAP function-
ality was then introduced through CuAAC with Az-DAP. 'H
NMR and FTIR spectra were used to monitor the reaction
progress. The signals for terminal alkyne stretching (2129
cm™") of PPLG and azide stretching (2092 cm™") of Az-DAP
were both absent in the FTIR spectra of to the PPLG-DAP
products (Figure 1). A change in chemical environment was
also evidenced in the 'H NMR spectra (Figure 2). The signal of
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Figure 1. FTIR spectra of (a) Az-DAP, (b) PPLG;,DAP, and (c)
PPLGy.

the CH,Nj; unit of Az-DAP appeared at 3.24 ppm; the signals
of the alkyne proton and the propargylic CH, group appeared
at 4.79 and 3.39 ppm, respectively, in the spectrum of PPLG.
After the click reaction had formed PPLG-DAP, the signals for
the azide and alkyne disappeared, while signals appeared at 5.20
and 4.39 ppm for the two types of CH, groups neighboring the
newly formed triazole ring (7.72 ppm). Similar phenomena
were evident in the corresponding *C NMR spectra (Figure
S3). The intensities of the characteristic peaks for the azide and
propargyl groups finally disappeared completely at the
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Figure 2. "H NMR spectra of (a) PPLGs, (b) PPLG3DAP in DMF-d,, and (c) Az-DAP in CDCI; (asterisk represents residual DMF).

completion of the reaction in the corresponding FTIR spectra
(Figure 1). The combined spectral data indicated that the high
selectivity and specificity of the copper(I)-mediated click
reaction were an efficient protocol for postfunctionalization of
the polypeptide.

The molecular weights of the PPLG polymers with different
DPs (PPLG,, PPLGy,) and their postfunctionalized products
(PPLG(DAP, PPLG;,DAP) were calculated using various
means. The DPs of the PPLGs, determined from 'H NMR
spectra, are listed in Table 1. GPC with DMF as eluent was

Table 1. Characterization Data for the Polypeptides Used in
This Study

polypeptides M,* PDI* M
PPLG,, 3473 118 1759
PPLG;, 12055 1.25 5133
PPLG,,DAP 7130 1.24 4561
PPLG3,DAP 30491 123 16044

“Calculated by GPC (DMF). “Calculated by 'H NMR.

applied to investigate the change in molecular weight before
and after postfunctionalization with DAP moieties. The
retention times decreased after the “click” reactions of
PPLG,, forming PPLG;,DAP (Figure 3a) and of PPLG;,
forming PPLG;DAP (Figure 3b), suggesting an increase in
molecular weight as a result of side-chain grafting of each repeat
unit. A similar trend was evident in the MALDI-TOF mass
spectra (Figures 3c and 3d). The MALDI-TOF mass spectra of
the polypeptides in Figure 3c feature distributions of m/z
values that are typical of polydisperse polymeric samples.”®
Each adjacent signal of PPLG,, was separated by 167 Da, the
molecular weight of a PLG repeat unit. After postfunctionaliza-
tion, the interval between adjacent signals of PPLG;,DAP was
527 Da, with the peak maxima of the spectra having shifted to
higher molecular weight as a result of the change in the repeat
unit’s structure. The molecular weights calculated from the

5377

MALDI-TOF mass spectra were accord with those from the 'H
NMR spectra, but lower than those measured using GPC
because of different hydrodynamic radii in the DMF used as the
eluent and the systematic deviation in the structures of the
polypeptides and the standard PS used to obtain the GPC
calibration curve.”**’

Synthesis of a Complementary Small Supramolecular
Chromophore Py-T. To probe the behavior of the multiple
hydrogen bonding base pairs, a T-functionalized pyrene
derivative Py-T was synthesized through a click reaction of
Py-Nj, obtained from commercially available 1-pyrenemethanol
according to our previously reported procedure,”* with PT,
forming the complementary supramolecular chromophore as a
yellowish powder in 85% yield. The signal for azide stretching
at 2100 cm™" in the FTIR spectrum of Py-Nj disappeared
completely after triazole ring formation (Figure S4). The
signals of the protons of the CH, unit neighboring the azide
group in Py-N; (at 5.21 ppm) and the CH, unit neighboring
the terminal alkyne group in PT (at 4.56 ppm) both shifted
downfield once the triazole had formed. After the click reaction,
three characteristic signals appeared in the "H NMR spectrum
(Figure S5): for the triazole proton (at 8.04 ppm) and for the
two CH, groups adjacent to the triazole moiety (at 6.35 and
4.84 ppm, respectively). Signals appeared in the *C NMR
spectrum at 142.7, 122.7, 50.8, and 42.1 ppm for the carbon
atoms surrounding of the newly formed triazole ring (Figure
S6). The combined NMR and FTIR spectral data confirmed
the successful modification of the pyrene derivative.

Conformations of PPLG and PPLG-DAP Polymers.
Polypeptides are fascinating materials because of their unique
secondary structures. It has been reported that polypeptides
with different numbers of repeat units can exist in different
conformations.”® To understand this effect more deeply, we
designed a series of PPLGs having DPs of 10, 30, and 60,
respectively. The signals in the GPC traces of these three
polypeptides were clearly separated, with small PDIs resulting
from the controlled ROP (Figures 4a—c). MALDI-TOF mass
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Figure 3. GPC traces of (a) PPLG (red line) and PPLG(DAP (black line) and (b) PPLG;, (red line) and PPLG3,DAP (black line). MALDI-TOF
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Figure 4. (a—c) GPC traces and (d—f) MALDI-TOF mass spectra of
(a, d) PPLGyy, (b, e) PPLG;, and (c, f) PPLGyg,.

spectra of these polypeptides all featured signals with expected
statistical distributions and a signal interval of m/z 167,
consistent with the structure of each repeat unit (Figures 4d—
f). Similar trends were evident in both the GPC traces and
MALDI-TOF mass spectra: that is, PPLG;, PPLG;, and
PPLGq, all provided similar peak shapes but had different
molecular weights. It is practical to ensure that the polymeric
samples used for comparison have similar low PDIs to
minimize any structural interference from oligomers.

FTIR spectroscopy is a useful technique for probing the
structures of materials in the solid state. The FTIR spectra in
Figure Sa were first deconvoluted using the second-derivative
technique,” and the fraction for each secondary structure was
calculated and collected in Table 2. For PPLG, strong
intramolecular hydrogen bonding in the polymer backbone
may lead to an a-helical secondary structure, whereas
intermolecular hydrogen bonding may lead to a f-sheet
structure. In addition, random coil structures are sometimes
observed for various peptide systems.’’ A series of Gaussian
distributed curves were fitted to the amide I region (Figure Sa).
The amide I region of PPLG,;, was dominated by the fS-sheet
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PPLG,, PPLG,,DAP, PPLGy,, PPLG,DAP, and PPLG, (the fitting
curve at 1682 cm™" was contributed by the signal of the amide group
from the DAP moieties).

Table 2. Fractions of Each Secondary Structures of
Polypeptides Used in This Study

sample PPLG,, PPLG,DAP PPLG;, PPLGy,DAP PPLGg,
fraction of a- 32.0 69.0 62.9 72.6 76.8
helix® [%]
fraction of f- 47.6 22.8 12.8
sheet” [%]
fraction of 20.4 31.0 14.3 274 10.4

random coil”
[%]

“Calculated from deconvoluted FT-IR data in the region of 1550—
1800 cm™".

conformation (1627 cm™, lime-colored area); the fraction of a-
helical structures (1655 cm™, cyan-colored area) increased
upon increasing the DP. For PPLG;, and PPLGg, the amide I
region revealed mainly the a-helical signal, with only low
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fractions of the other structures, including the random coil
conformation (1694 cm™, yellow-colored area). Preference for
an a-helical conformation is usually observed in high-DP
polypeptides, while both structures can be observed for low-DP
polypeptides (DP < 18).>" Figure 5b presents an overlay of the
spectra of these polypeptides before and after the click
reactions. An interesting phenomenon is evident for
PPLG,,DAP in comparison with PPLGy: the conformation
changed from p-sheet- to a-helical-dominant. The a-helical-
dominant peak became more obvious for PPLG;,DAP, with
complete disappearance of the f-sheet conformation in the
fitting results. This phenomenon may have been caused by
structural interference from the long side chains provided by
Az-DAP; that is, the long alkyl spacer and strongly multiple
hydrogen-bonding DAP moiety suppressed the interchain
hydrogen-bonding interaction (between C=O groups and
the amide linkages) in the polypeptide backbone, thereby
leading to the preferred intrachain a-helical conformation.”
Thus, we had successfully formed polyglutamates with a-
helical-dominant structures even when the DP was less than 18.

Because most biomaterials found in nature have poor
solubility in organic solvents and low crystallinity, their
conformational studies are often performed in the solid state,
making it difficult to compare their structures with those of
other materials. Nevertheless, *C solid state CP/MAS NMR
spectroscopy is a powerful protocol for characterizing these
amorphous materials. For PPLGs, the signals of the C, and
amide C=O carbon nuclei are affected by the local
conformations of each amino acid residue, reflecting the
competition between inter- and intramolecular hydrogen
bonding. As displayed in Figure 6, the signal of the terminal

(@)
PPLG,,DAP

PPLG10 J\v\ “ ,\
200 150 100

Chemical shift (ppm)

Figure 6. >°C CP/MAS solid state NMR spectra of (a) PPLG,,DAP
and (b) PPLG;, [asterisk represents spinning sidebands (SSBs)].

alkyne carbon atom at 77 ppm disappeared while a series of
new peaks appeared arising from Az-DAP and the newly
formed 1,2,3-triazole ring, consistent with the results from the
solution state NMR spectra and FT-IR results, confirming the
synthesis of PPLG-DAP. It has been reported that the a-helical
conformation provides signals with chemical shifts of 57.5 ppm
(Cq) and 176 ppm (C=O0), whereas the signals are shifted
upfield by approximately 4—5 ppm in the fS-sheet structure.”'
The "*C CP/MAS spectrum of PPLG,, featured a group of
signals at 52 and 171.8 ppm for f-sheet structures as well as
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another group of signals for a-helical structures at 57.5 and 176
ppm. Higher fractions of the former group of signals were
evident for the f-sheet-dominant conformation of PPLG,,. In
contrast, the fraction of a-helical structures increased after
postfunctionalization. The signal for the C, nuclei at 57.5 ppm
became more obvious and distinct from the other signals. A
partial overlap occurred, however, for the f-sheet and Az-DAP
signals in the C=O region. With an a-helical-dominant
structure of PPLG,,DAP identified from the different positions
of the C=0 and C, resonances of its two secondary structures,
we used wide-angle X-ray scattering (WAXS) to identify and
confirm the different secondary structure of the PPLG and
PPLG-DAP polymers.

An extended side chain may affect the secondary structure of
a PPLG polymer. In Figure 7, the WAXS spectrum of PPLG,

(a) P-sheet B-sheet

(©

(b) a-helix

05 20 05

q@A")

Figure 7. WAXS profiles (collected at 373 K) of (a) PPLG,,, (b)
PPLG,, (c) PPLG,oDAP, and (d) PPLG;DAP.

20

displays strong signals for the B-sheet secondary structure. The
first sharp peak appears at a value of q of 0.47, corresponding to
the distance (d = 1.33 nm) between the backbones in the
antiparallel B-pleated sheet conformation. Another Bragg peak
centered at a value of q of 1.34 (d = 0.470 nm) represented the
distance between neighboring peptide chains in one lamella.*
In the WAXS spectrum of PPLG,, (Figure 7b), the primary
peak (q*) shifted to higher angle compared with that of
PPLGy,. The g* signal and the other two signals formed a

1:3"%2 permutation, a typical indication of an a-helical
structure. Generally, these three peaks represent the (10),
(11), and (20) reflections of a two-dimensional (2D) hexagonal
cylindrical packing with a cylinder distance of 1.18 nm, due to
the formation of nematic-like paracrystals with a periodic
packing of 18/5 a-helices.”’ Compared with PPLG,, the
postfunctionalized PPLG(DAP exhibited a totally distinct
WAXS profile (Figures 7c and 7d). The sharp peak of the
original f-sheet conformation was replaced by one for a newly
formed a-helical structure. In addition, a broad amorphous
region appeared at a value of g of 1.39 due to the long
amorphous side chains introduced into the polypeptide.”* The
signal was more clear in the profile for PPLG3,DAP, which also
displayed the 1:3"/%2 permutation of the positions. After the
click reactions, the PPLG-DAP polymers featured mainly a-
helical secondary structures with the primary peaks appearing at
a value of g of 0.27, related to 2D hexagonal cylindrical packing
with a distance of 2.01 nm.
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In brief, from FT-IR spectra and WAXS data, PPLG,,
PPLG;, PPLGq4, show a trend that with the increase of
molecular weight the amount of a-helix increased (especially
compared between PPLGs with DP < 18 and DP > 18) while
the amount of f-sheet and random coil decreased. In addition,
the postfunctionalized supramolecular polypeptides PPLG-
DAPs also exhibited higher fraction of a-helix compared with
PPLGs as a result for *C CP/MAS spectra and WAXS
analyses. The combined results from the FTIR spectra, *C
CP/MAS spectra, and WAXS experiments suggested that a
preference for a-helical conformations was induced upon
incorporation of DAP moieties on the side chains of the PPLG
polymers. According to the analyses mentioned above, we
found that the preference of different polypeptide secondary
structures can be adjusted by changes in both molecular weight
and the strength of inter/intramolecular hydrogen-bonding
interactions.

Thermal Properties of Polypeptides and Recognition
of DAP-T Base Pairs. In our previous publication we
reported that the introduction of strong multiple hydrogen-
bonding motifs can lead to large improvements in a polymer’s
thermal properties.”® To verify this phenomenon, we used DSC
to measure the thermal properties of our new PPLG and
PPLG-DAP polymers (Figure 8). No obvious melting or
crystallization behavior appeared in the DSC thermogram of
PPLG, evidence for its low crystallinity. The original glass
transition temperatures (T,) of PPLG,, and PPLG;, were 26.5
and 26.8 °C, as reported previously.36 After the click reactions,
the supramolecular functionalized PPLG;(DAP and
PPLG;)DAP polymers displayed values of T, of §9.2 and
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Figure 8. DSC thermograms of (a) PPLGy, (b) PPLG,, (c)
PPLG,,DAP, and (d) PPLG;,DAP.
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60.6 °C, respectively. These large increases in the values of T,
arose mainly from the strong hydrogen-bonding interactions of
the DAP moieties. These hydrogen bonds are highly self-
complementary, leading to the formation of physically cross-
linked networks and therefore restricted molecular chain
motion.”” The incorporation of DAP units can also enhance
the thermal responsivity of a material. The dynamic interactions
of these supramolecular materials can induce properties of
responsivity and reversibility that are rarely found in covalently
bonded materials. We used variable-temperature 'H NMR
spectroscopy to examine these properties (Figure S7). The
signal of the NH unit of PPLG,;,DAP appeared at 10.16 ppm at
25 °C, indicative of strong association through self-comple-
mentary DAP---DAP hydrogen bonding. Upon heating, the NH
signal gradually shifted upfield and broadened, reaching a final
position at 9.53 ppm at 100 °C, suggesting that dissociation had
occurred to achieve an equilibrium state at this high
temperature.”® Upon subsequent cooling, the signal of the
NH unit shifted back to its original position (10.16 ppm). The
reversibility of the position of the NH chemical shift is evidence
for dissociation and reassociation processes being available in
this current system. The thermal stabilities of our polypeptides
were studied using variable-temperature FTIR spectroscopy.
Figures 9a and 9b summarize the variable-temperature FTIR
spectral data for PPLG;, and PPLG;,DAP in the amide I and
amide II regions. PPLG;, exhibited an inherent a-helical
structure with low fractions of f-sheet and random coil
conformations at room temperature, as mentioned earlier. As
the temperature increased, the signal of the a-helical
conformation (1655 cm™") decreased and broadened, reflecting
the dissociation of C=O---NH units in the peptide backbone.
In addition, the intensity of the signal for the f-sheet structures
at 1627 cm™' increased, finally reaching equal abundance with
that for the a-helical conformations at 160 °C. In the amide II
region, the signal at 1546 cm™', corresponding to the a-helical
structures, disappeared gradually, a similar trend to that
observed in the amide I region. In contrast, PPLG;,DAP,
which adopted only the a-helical conformation at room
temperature, was insensitive to the temperature. This
unexpected behavior of PPLG;,DAP suggests that the strong
self-assembled network induced by the multiple hydrogen-
bonding DAP motifs could stabilize the secondary structure of
the polypeptide significantly, even at a low DP. Thus, the
attachment of functionalities capable of multiple hydrogen-
bonding interactions improved the thermal properties of the
polypeptides and provided additional stability against variations
in temperature.

The strong multiple hydrogen bonding of DAP---T base pairs
can lead to properties that are rarely found in covalently
bonded materials. Supramolecular complexes were produced
from this molecular recognition behavior, as evidenced in the
variable-temperature 'H NMR spectra in Figure 9c. The signal
for the amide proton of Py-T appeared at 8.15 ppm in TCE, a
nonpolar medium; it shifted to 9.05 ppm upon molecular
recognition of the T moiety of Py-T with the DAP moieties of
PPLG;,DAP, revealing that this heterocomplementary base pair
could efliciently lead to the formation of a supramolecular
complex. In addition, the thermoresponsivity of the supra-
molecular complex was evident in variable-temperature spectra.
As the temperature increased, the hydrogen bonds in the
complex dissociated, with a gradual shifting trend observed in
the overlaid spectra.”® The supramolecular complex revealed
reversibility in its hydrogen-bonding behavior upon cooling to
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Figure 10. (a) Overlay of PL emission spectra for different pyrene-containing species in DMF (107 M). (b) Photographs of pristine SWCNT and
PPLG;,DAP/Py-T/SWCNT dispersions in DMF. (c—g) TEM images of (c, d) pure SWCNTs after sonication in DMF and (e, f) PPLG;,DAP/Py-

T/SWCNT dispersions on (e) large and (f) small scales.

room temperature. The signals of the DAP and T protons
appeared in same position as they had originally, evidence for
the reversibility of the molecular recognition process through
heat treatment, thereby ensuring the stability of the
PPLG;,DAP/Py-T supramolecular complex.

Using Supramolecular Complexes for CNT Dispersion
and CNT Composite Fabrication. CNTs are among the
most difficult materials to disperse because the strong 7-
stacking between the tubes can readily form aggregates that
precipitate. Supramolecular complexes can be effective
dispersing agents for CNTs because of the specificity of their
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noncovalent interactions.””” Use simple methodology, we can
provide extra possibility for more applications on polypeptide
matrix. Since polypeptide itself have no (or weak) interaction
with CNT, the introduction of molecules with 7—7 stacking
ability (e.g,, pyrene unit) may be a strategy to increase the
dispersity. In addition, to increase the miscibility between
PPLG and pyrene molecule (which were two immiscible
components under normal condition), we choose strong
recognized base pair DAP-T to perform the blending material.
Here, we examined the applicability of our PPLG-DAP/Py-T
supramolecular complex for CNT dispersion. Figure 10 displays
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Figure 11. Photographs of (a) pristine MWCNT and (b) PPLG;,DAP/Py-T/MWCNT dispersions in TCE. TEM images of (c, d) pure MWCNT
after sonication in TCE and (e, f) the PPLG;DAP/Py-T/MWCNT dispersion.

the results for SWCNT dispersion. First, PL emission spectra
were recorded to determine whether Py-T played an important
role in the ternary blending system or not. Under excitation at
343 nm, Py-T exhibited both strong monomeric fluorescence
(374 nm) and eximeric fluorescence (493 nm), while
PPLG;,DAP/Py-T exhibited mainly eximeric emission (Figure
10a) because of the presence of the side chain pyrene unit. In
contrast, the PPLG3(DAP/Py-T/SWCNT dispersion displayed
nearly no emission in the visible light region, suggesting that
energy transfer occurred effectively between the light-emitted
pyrene unit and the SWCNTs.”**" The quenching effect
presumably occurred because most of the pyrene units were
interacting with the CNTs through #-stacking. Further
evidence for this behavior is evident in Figure 10b, which
displays photographs of the pristine SWCNT dispersion and
PPLG;,DAP/Py-T/SWCNT supramolecular dispersion in
DMF after sonication and standing at room temperature for
24 h. It has been reported that only solvents that are Lewis
bases or amides [e.g, DMF, N-methylpyrrolidone (NMP)]
have the ability to readily disperse pure SWCNTs.*' Never-
theless, because of the strong interactions between the
SWCNTs, these dispersions still form aggregates on the time
scale of several days.*” Similar behavior was evident in our
control experiment, with the pristine SWCNTSs precipitating 24
h after dispersion in DMF (Figure 10b). In contrast, the
supramolecular dispersion of SWCNTs did not form any
obvious precipitate. The stability of this dispersion arose mainly
from the hydrogen bonding of the DAP---T base pairs and the
7—r interactions between the pyrene units and the walls of the
CNTs. A clear picture of these stabilizing interactions is
revealed in the TEM images of these samples. As displayed in
Figures 10c—f, the pristine SWCNTs in DMF underwent
serious aggregation on the scale of several micrometers, while
the supramolecular dispersion led to effective separation of the
aggregated SWCNT's through the combination of noncovalent
interactions. More importantly, the dispersion was stable for
several months, potentially providing additional convenience to
further manufacturing processes.

The main feature of the PPLG;(DAP/Py-T supramolecular
complex is its ability to interact with z-conjugated units. Thus,
we tested the use of this complex to also fabricate MWCNT-
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based nanocomposites. The dispersion method used was
similar to that for the dispersion of the SWCNTs, but to
examine whether the supramolecular complex could increase
the solubility in organic solvents, we changed the dispersing
medium to TCE. In TCE, hydrogen-bonding species can
interact with complementary units without interference from
the solvent molecules. In contrast to the situation for the
SWCNTs in DMF, the pristine MWCNTs in TCE formed a
serious precipitate within 1 h because of the lack of polarity and
amine electron donation (Figure 11a); again, the supra-
molecular dispersion remained stable after 6 months (Figure
11b). TEM images revealed the structures formed within the
dispersions. As observed for the SWCNT/DMEF system, the
MWCNTSs without functionalization or surfactant molecules
present readily formed large-scale aggregates and precipitates
with new equilibrium state of low energy (Figures 1lc and
11d).” In contrast, the supramolecular complex present in the
system played the role of a surfactant, using steric hindrance or
static charge repulsion to effectively stabilize the CNTs,*
forming shell-like structures around the walls of the MWCNTSs
and preventing their reaggregation driven by van der Waals
attraction (Figures 11le and 11f). The resulting dispersion was
dried under vacuum to remove all of the solvent and isolate the
supramolecular/CNT composite; TGA was then used to
examine the composite’s properties (Figure S8). Assuming
that the weight loss behavior was similar to that of the
individual supramolecular complex and MWCNT, the content
of MWCNT, calculated from the char yields measured through
TGA, was 54.87%. Figure 12 presents DSC thermograms of the
polypeptides, the supramolecular complex, and the MWCNT
composite; Table 3 lists the related properties. After
functionalizing with the DAP moieties, the value of T,
increased from 26.8 to 60.8 °C because of the dominant
behavior of the self-complementary physical cross-linked
network, as discussed earlier. Once the supramolecular complex
had formed between PPLG;DAP and Py-T, the value of T,
again increased, to 77.2 °C, presumably because the
heterocomplementary hydrogen bonding of the DAP---T base
pair and the s-stacking of the pyrene units limited the
molecular motion of the polymer backbone. These shifts in the
values of T, suggested that strong molecular recognition was
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Table 3. Thermal Properties of the Materials Used in This
Study

PPLG,,DAP/
Py-T/ PPLG,,DAP/
samples MWCNT  MWCNT Py-T PPLG;,DAP

char yield at 97.28 67.38 31.02 14.24

600 °C”

(wt %)
MWCNT 100 54.87 0 0

content”

(wt %)
T.” (°C) 96.5 772 60.6

“Measured by TGA. "Calculated by DSC.

occurring. The shift in the value of T, became even more
significant for the PPLG;DAP/Py-T/MWCNT composite
because of enhanced steric hindrance resulting from the rigid
and bulky CNT structure and the surface adsorption of the
pyrene units restricting the segmental motion of the polymer
backbone. Thus, the thermal properties of these composites
may have an additional level of fine-tuning, either through
varying the amount of the supramolecular complex or through
simple adjustment of the CNT loading content. A variety of
polymeric materials could be applied using this strategy,
potentially greatly improving the processability of nonfunction-
alized CNTs.

B CONCLUSION

A new series of polypeptides presenting multiple hydrogen-
bonding moieties have been synthesized using a simple
sequence of reactions. The progress of the postfunctionalization
step was examined using NMR, FTIR, and MALDI-TOF mass
spectra. A conformational study was performed to determine
the effect of the side-chain functionality on the polypeptide’s
secondary structure. FTIR spectral deconvolution and solid
state *C NMR and WAXS spectra revealed that after Az-DAP
had been grafted onto either the f-sheet or a-helical
polypeptides, the a-helical secondary structure became
dominant due to the long alkyl spacers and the strong
interactions between DAP base pairs. The presence of the DAP
units also affected the thermal properties of the polymers, with
the resulting physical cross-linked network enhancing the value
of T, by approximately 34 °C relative to that of the pristine
PPLG. The thermal stability of the PPLG-DAP polymers was
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also greater than that of the PPLGs, allowing them to sustain
their unique architectures. In addition, supramolecular
complexes were prepared through molecular recognition to
exploit secondary noncovalent bonding interactions. Thus,
pyrene units were presented peripherally to facilitate the
dispersion of CNTs through z—7 interactions. The combina-
tion of hydrogen bonding and z-stacking generated stable
dispersions of CNTs in both polar and nonpolar media,
expanding the possibilities of dispersing strategies. Alterna-
tively, polypeptide/CNT composites with high glass transition
temperatures may find wider practicality, exploiting their useful
optoelectronic properties, in biomedical applications.
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