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ABSTRACT: A simple route to size-tunable nanoparticles from
the self-assembly of degradable and electrically conductive
coil—rod—coil triblock copolymers based on an aliphatic
polyester and conducting species is presented. A series of
coil—rod—coil triblock copolymers consisting of a middle
aniline pentamer (AP) segment and two polycaprolactone
(PCL) segments were easily synthesized by a combination of
a ring-opening polymerization of CL initiated by an aniline
dimer (AD) giving AD-PCL and an oxidative coupling reaction
between the AD-PCL and p-phenylenediamine. This strategy
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avoids the multistep reaction used in previous work. The electroactivity of these copolymers was investigated by UV and cyclic
voltammetry. The conductivity of the copolymers was dependent on the AP content and the conductivity mechanism of the triblock
copolymers is discussed. Interestingly, these triblock copolymers can undergo self-assembly in selective solvent such as CHCI; as
indicated by NMR and transmission electron microscope (TEM) observations. Dynamic light scattering (DLS) showed that the size
of the nanoparticles was dependent on the molecular weight of the copolymers and on the oxidation state of the AP. The
morphology of the nanoparticles was studied by TEM and SEM. These triblock copolymers and their size-tunable nanoparticles
with degradability and electroactivity offer new possibilities in biomedical applications, such as controlled drug delivery, biosensors,

and cardiovascular and neural tissue engineering.
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B INTRODUCTION

Well-defined and functional supramolecular architectures
from the self-assembly of block copolymers have a great poten-
tial in materials science, nanotechnology, and biomimetic
chemistry." ~® Block copolymers, because of the physical incom-
patibility between the different covalently connected blocks
undergo self-assembly in selective solvents into micelles with
different morphologies, such as spherical, tubular, cylindrical,
lamellae, vesicles, etc.*® The self-assembly behavior and aggregates
from diblock or triblock copolymers with flexible chains have been
a hot topic during the past decade.”® Recently, the self-assembly
of rod—coil or coil—rod—coil block copolymers has attracted
increasing interest’ > because or the functionality of the rigid-rod
block and the assembly behavior different from that of the classical
coil—coil amphiphilic diblock or triblock copolymers.

Biomaterials have been designed to induce a specific re-
sponse at the molecular level.'* Stimulus-responsive polymers
controlled or tuned by external stimulation are being devel-
oped to meet the requirements of clinical treatment.> "’
Electrically conducting polymers such as polyaniline and
polypyrrole have been proven to tune the proliferation and
differentiation of many different kinds of cells.'® > Aniline
oligomers with well-defined structures, good solubility in most
organic solvents, and excellent electroactivity similar to that of
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polyaniline have been widely used to prepare functional
materials by our group and others.*' "2 Aniline oligomers
with a rigid conformation are also good candidates for rod—
coil and coil—rod—coil block copolymers that can assemble
into functional nanomaterials.”” >* For example, coil —rod—
coil poly(ethylene glycol)-aniline pentamer-poly(ethylene
glycol) (PEG) triblock*® or rod—coil PEG-aniline tetramer
diblock® copolymers were prepared by condensation polym-
erization between an aniline oligomer and PEG. These copo-
lymers can assemble into micelles, and the particle size of the
copolymers is dependent on the potential. The oligostyrene-
oligoaniline-oligostyrene (St) triblock copolymer was synthesized,”
and this copolymer self-assembled in tetrahydrofuran into ag-
gregates with various morphologies such as spherical micelles
and thin-layer vesicles. However, these copolymers were synthe-
sized by a multistep reaction, and these micelles from copolymers
with St or ether bonds in the main chain are not degradable.*
The objective of the present work is to design a simple strategy
for the preparation of degradable electroactive and size-tunable
nanoparticles by the self-assembly of coil—rod—coil triblock
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Scheme 1. Synthesis Routes of the Degradable and Conductive Triblock Copolymers

Step 1: Ring opening polymerization of CL initiated by AD
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copolymers based on polyesters (such as polylactide, caprolac-
tone, 1, S-dioxepan-2-one, etc.) and aniline oligomers. We
hypothesize (i) that we will obtain a degradable and electrically
conductive coil—rod—coil triblock copolymer with a rigid aniline
pentamer as middle block and two polyester flexible chains as
side blocks through a simple synthesis by combining ring-
opening polymerization and an oxidative coupling reaction,
and thus avoid the multistep reaction used in previous work;
(ii) that these coil—rod—coil triblock copolymers will assemble
into core—shell micelles in a selective solvent such as chloroform
(selective for PCL segment) due to their amphiphilic nature, and
that we would obtain degradable electroactive nanoparticles by
using an aliphatic polyester with a hydrolyzable ester bond in the
main chain of the triblock copolymer, because aliphatic polyesters
are biodegradable and the degradation rate is controllable;*' >
and (iii) that we could easily tune the size of particles of these
copolymers to meet a specific application by adjusting the
molecular weight of the triblock copolymers and the oxidation
state of the aniline oligomer. We here give an example of how to
tune the size of the nanoparticles formed in the self-assembly of
coil—rod—coil triblock copolymers composed of aniline pentamer
(AP) and polycaprolactone (PCL). These size-tunable electro-
active and degradable nanoparticles can be used in controlled drug
delivery, biosensing, biodetection, and so on.

B EXPERIMENTAL SECTION

Materials. Monomer &-caprolactone (CL) from Aldrich was dried
over CaH, for 48 h, and was then distilled under reduced pressure
immediately before use. Stannous octoate, Sn(Oct), (Aldrich) was
dried over molecular sieves and stored in a glovebox (Mbraun MB
150B-G-I) purged with nitrogen. N-phenyl-1, 4-phenylenediamine
(aniline dimer, AD), p-phenylenediamine, ammonium persulfate
((NH,),S,05), phenylhydrazine, ammonium hydroxide (NH,OH),
hydrochloric acid (HCI), dimethyl sulphoxide (DMSO), chloroform
(CHCly), acetone, dimethyl formamide (DMF ), hexane, and methanol
were all purchased from Aldrich and used without further purification.

The leucoemeraldine state of aniline pentamer (LMAP) was synthe-
sized as described in our previous work.>>** 'H NMR (400 MHz,
DMSO-dg): 8 12.09 (s, 2H, —COOH), 9.70 (s, 2H, —NHCO—), 7.63
(d, 2H, —NH-), 7.52 (s, 2H, —NH-), 7.38 (d, 4H, Ar—H),
6.85—6.94 (m, 16H, Ar—H).

Synthesis of AD-PCL. AD-PCL polymers with AD contents of 7.5,
10, 15, and 20% by weight in the polymers were synthesized as described
in our previous paper*” as shown in Scheme 1, the polymers being coded
as AD7.5-PCL, AD10-PCL, AD15-PCL, and AD20-PCL, respectively.
The yields of the AD-PCL polymers were between 90% and 94%. The
"H NMR spectrum of AD15-PCL is shown in Figure 2A. AD15-PCL: 'H
NMR (400 MHz, DMSO-dg): 0 9.70 (s, 1H, —CO—NH-), 8.00 (s,
1H, —NH-), 7.46 (d, 2H, Ar—H), 7.18 (t, 2H, Ar—H), 6.99 (m, 4H,
Ar—H), 6.74 (m, 1H, Ar—H), 4.35 (t,2H, —CO—CH,—), 3.98 (m, 2H,
—0—CH,—),2.27 (m, 2H, —CH,—), 1.52 (m, 2H, —CH,—), 1.28 (m,
2H, —CH,—). AD15-PCL: *C NMR (100 MHz, DMSO-dy): 0 172.76
(—CO0-), 170.44 (—NHCO—), 144.17 (Ar—C), 138.50 (Ar—C),
132.36 (Ar—C), 129.08 (Ar—C), 120.30 (Ar—C), 118.82 (Ar—C),
11787 (Ar—C), 11471 (Ar—C), 6361 (—CH,O—), 60.64
(CO—CH,—),0=33.37 (—CH,—),27.83 (—CH,—), 24.87 (—CH,—),
24.11 (—CH,—).

Synthesis of Triblock PCL-AP-PCL Copolymers. The PCL-
AP-PCL triblock copolymers were obtained by an oxidative coupling
reaction between p-phenylenediamine and AD-PCL as shown in
Scheme 1. The different feed ratios of the PCL-AP-PCL copolymer
were listed in Table 1. Briefly, S00 mg ADI15-PCL and 22 mg
p-phenylenediamine were dissolved in a mixture of 6 mL DMF and
12 mL acetone, and 8 mL 1 mol/L HCI was then added. Four millilters
(NH,),S,05 (92.9 mg) solution was added to the solution slowly in
20 min, and the mixture turned green. The mixture was allowed to react
for 2 h at room temperature, and 100 mL of distilled water was then
added. The mixture was filtered to collect the polymer, and the polymer
was then washed with 200 mL of distilled water. The product was
dedoped by 0.1 mol/L ammonium hydroxide for 10 min, and was then
filtered to obtain the emeraldine state (EM) of the triblock copolymer
PCL-EMAP15-PCL, which was reduced with phenylhydrazine to the
leucoemeraldine state PCL-LMAP15-PCL. PCL-LMAP-PCL triblock
copolymer was dissolved in CHCl; and precipitated in hexane/methanol
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(V:V =95:5). This dissolution/precipitation process was repeated three
times. The copolymers were finally dried in a vacuum oven for 72 h. The
yields of the PCL-LMAP-PCL copolymers were 66—74%. The "H NMR
spectra of PCL-LMAP15-PCL in DMSO-ds and CDClI; are shown in
Figures 2B and 8a, respectively. PCL-LMAP15-PCL: 'H NMR (400
MHz, DMSO-dg): 6 9.61 (s, 2H, —CO—NH—), 7.63 (s, 2H, —NH—),
7.53 (s, 2H, —NH-), 7.37 (m, 4H, Ar—H), 6.99—6.84 (m, 16H,
Ar—H), 435 (t, 2H, —CO—CH,—), 3.98 (m, 2H, —O—CH,),
227 (m,2H, —CH,—), 1.53 (m, 2H, —CH,—), 1.28 (m, 2H, —CH,—).
PCL-LMAP15-PCL: 'H NMR (400 MHz, CDCL,): 4.05 (m, 2H,
—CH,—), 3.64 (m, 2H, —CH,OH), 2.30 (m, 2H, —CH,—), 1.64
(m, 2H, —CH,—), 1.38 (m, 2H, —CH,—).

Characterization. FT-IR spectra of the copolymers were recorded
using a “Perkin Elmer Spectrum 2000"-spectrometer (Perkin-Elmer
Instrument, Inc.) in the range of 4000—600 em . Bach spectrum was
taken as the average of 16 scans at a resolution of 2 cm™ .

"H NMR and "*C NMR spectra were obtained using a Bruker Avance
400 MHz NMR instrument, operating at 400.13 and 100.61 MHz,
respectively. For the '"H NMR and **C NMR measurements, 5— 100 mg
of the sample was dissolved in 1 mL DMSO-ds or CDCl3. DMSO-ds and
CDClI; were used as internal standards. The molecular weights of the
AD-PCL and PCL-LMAP-PCL triblock copolymers shown in Table 2
were calculated by comparing the integral of the methylene —CH,—
group (0 4.05 ppm) with that of the methylene protons next to the
terminal hydroxyl group —CH,OH (0 3.64 ppm) as shown in Figure 8a.

Size exclusion chromatography (SEC) was used to determine the
molecular weights (M,,) and molecular weight distributions (MWD) of
the polymers. SEC was performed on a TDA Model 301 equipped with
one or two GMHyg-M columns with TSK-gel (Tosoh Biosep), a VE
5200 GPC Autosampler, a VE 1121 GPC solvent pump and a VE 5710
GPC degasser, which were from Viscotek Corp. Tetrahydrofuran was
used as the mobile phase (flow rate 1.0 mL/min) at 35 °C. A
conventional calibration was carried out using narrow linear polystyrene
standards.

The UV—vis spectra of AD-PCL, PCL-LMAP-PCL, and PCL-
EMAP-PCL copolymer solutions were recorded on a UV—vis spectro-
photometer (UV-2401).

Table 1. Feed Ratio of the Degradable and Conductive Tri-
block Copolymers

p-

sample phenylenediamine ADx-PCL (NH,),S,05
code (mg) (mg) (mg)
PCL-AP7.5-PCL 11.0 500.0 (x = 7.5) 464
PCL-AP10-PCL 14.7 500.0 (x = 10) 62.1
PCL-AP15-PCL 22.0 500.0 (x = 15) 92.9
PCL-AP20-PCL 293 500.0 (x = 20) 1237

Cyclic voltammetry (CV) of the PCL-LMAP-PCL polymers and
LMAP was performed on a Potentiostat with a scan rate of 40 mV/s for
all the samples. A platinum disk was used as working electrode (surface
area 0.14 cm”), a platinum-wire as auxiliary electrode, and an Ag/AgCl as
reference electrode. Fifteen mg triblock copolymer PCL-LMAP-PCL or
LMAP was dissolved in 6 mL DMSO, and was then doped with 0.2 mL
1 mol/L HCI. The mixture was purged with nitrogen for 10 min to
remove oxygen prior to the CV measurements.

The conductivity of the PCL-EMAP-PCL with different EMAP
contents was determined by a four-probe technique. Pellets of the
triblock copolymers with a diameter of 2.0 cm and a thickness of about
0.05 cm were made in a compression mold at 40 °C.

Thermogravimetric Analysis (TGA) was performed on a Mettler
Toledo TGA/SDTA851 TGA module and evaluated using STARe
software. The test was performed at 10 °C min ™' with a nitrogen flow
of 50 mL min~ " in the range from 50 to 800 °C.

Differential Scanning Calorimetry (DSC) measurements were car-
ried out using a Mettler Toledo DSC820. The heating rate was 10 °C/
min with a nitrogen flow of 50 mL/min. The samples were first heated to
100 °C and then cooled to —70 °C. The second scan was from —70 to
100 °C to obtain the heat of fusion. The crystallinity (X.) was calculated
from the second heating scan as: X. = AHy/ AH?, where AHg is the
enthalpy of fusion of the sample, and AHY is the enthalpy of fusion of a
100% crystalline PCL. The AH of the PCL used in the calculations was
139.5J/g.%¢

The morphology of the nanoparticles of the triblock copolymers
was examined using a field emission scanning electron microscope
(FE-SEM, S$-4300, Hitachi, Japan). The samples were prepared by
casting one drop of 0.5 wt % copolymer solution in CHClI; on a glass
slide and allowing the CHCI,; to evaporate for 2 h. Sample surfaces were
then coated with a S nm thick gold layer before analysis.

Transmission electron microscopy (TEM) measurements were made
on a Philips TECNAI 10 transmission electron microscope under an
accelerating voltage of 80 KV. One drop of 0.5 wt % triblock copolymer
solution in CHCI; was cast on a carbon-coated copper grid and the
CHCI; was then evaporated for 2 h in air before the tests.

The particles size and size distribution (SD) of the aggregates from
the triblock copolymers in CHCI; were determined by a Malvern
Zetasizer Nano ZS with a He—Ne laser (633 nm) at 25 + 0.1 °C.
Scattered light was collected at a fixed angle of 90°. The 0.5 wt % triblock
copolymer CHCIj; solution was filtered through Millipore 0.45 um filter
prior to the test.

B RESULTS AND DISCUSSION

Self-assembled 77-conjugated nanostructures are of increasing
interest due to their huge potential for functional nano-
materials.”” One of the particularly interesting molecular archi-
tectures is that of oligoaniline, because it can easily be combined

Table 2. Properties of AD-PCL and PCL-LMAP-PCL Copolymers

sample code M," (g/mol) M," (g/mol) MwD"
AD7.5-PCL 2500 2550 1.9
AD10-PCL 1900 2000 1.8
AD15-PCL 1400 1450 1.7
AD20-PCL 950 1150 1.7
PCL-LMAP7.5-PCL 5700 5100 1.7
PCL-LMAP10-PCL 3900 3800 1.6
PCL-LMAPI1S-PCL 2750 3200 1.6
PCL-LMAP20-PCL 2100 2000 1.5

M, theory (g/mol) T. (°C) T (°C) X,

2450° 294 542 478
1850° 29.1 482 431
1250° 20.8 419 387

950° 8.0 37.8 33.0
51007 34.7 54.6 44.7
39007 315 49.9 2.5
29007 213 45.4 26.0
20007 17.3 420 23.8

“Determined by "H NMR * Number average molecular weight and distribution determined by SEC © Theoretical number average molecular weight,
M,=[M]/[I], X Mcy, X Conversion * Theoretical number average molecular weight, M, = 2M,, of AD-PCL + M,, of p-phenylenediamine
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Figure 1. FT-IR Spectra of (a) PCL-LMAP1S-PCL and (b) PCL-
EMAP1S-PCL.

by various chemical reactions to generate new nanostructured
materials with special optical and electronic properties.””*%*’
The chemical composition, the pH, the chain topology, and the
molecular packing geometries have a great effect on the self-
assembly of the 77-conjugated block copolymers. The particle size
of the aggregates is crucial for many applications, and tuning the
particle size is a very challenging task. In this paper, we have easily
synthesized the coil—rod—coil triblock copolymer PCL-AP-
PCL in a two step reaction and, by changing the composition
(molecular weights) of the copolymers and the oxidation state of
the AP in the copolymer, we could tune the size of the particles
from the self-assembly of the triblock copolymers in a simple and
effective way.

Synthesis of Degradable and Conductive Triblock Copo-
lymers. We developed a simple strategy for the synthesis of a
degradable and electrically conductive coil—rod—coil triblock
copolymer composed of a middle aniline pentamer block and
two PCL side blocks in a two step reaction by combining ring-
opening polymerization and an oxidative coupling reaction
between one mole p-phenylenediamine and two moles AD-
PCL polymers as shown in Scheme 1. This synthesis strategy is
easy and precise, and the triblock copolymers obtained by this
strategy have a well-defined structure and controlled molecular
weight and properties. These coil—rod—coil triblock copolymers
with an AP segment also have a higher conductivity than the
diblock copolymers based on aniline tetramer described in our
previous work.*>> By using AP as the center rod block, we
overcome the nondegradability of polyaniline when polyaniline
is used in a biomedical context where degradation is desired or
even necessary, since the AP segment from the degradation of the
triblock copolymer can be consumed by macrophages during the
wound-healing response, and subsequently underzgo renal clear-
ance, avoiding the long-term adverse response.***!

The FT-IR spectra of the PCL-LMAP1S-PCL and PCL-
EMAPI1S-PCL triblock copolymers are shown in Figure 1 as
curves a and b, respectively. The absorption peaks at 1723 and
1159 cm ™' correspond to ester (—COO-—) and ether
(—=C—0—C—) groups in the PCL segments. The peak at
1656 cm ' is assigned to the absorption of the amide
(—=NHCO-) group which was formed during the ring-opening
polymerization of caprolactone initiated by AD, indicating that
ROP of CL did occur. The peaks at 1581 and 1506 cm ™' of PCL-
EMAP15-PCL in curve b are ascribed to the characteristic
absorption of the quinoid ring and benzene ring, respectively.

The peak at 1581 cm™ ' was absent in the PCL-LMAP15-PCL
(curve a) indicating that the EMAP was successfully reduced into
the LMAP segment.***

The well-defined structure of the triblock copolymers was
further verified by the NMR spectrum shown in Figure 2. The
peak of the amide group (—CONH—) in AD15-PCL appeared
at 9.70 ppm indicating that the ring-opening polymerization of
caprolactone initiated by AD had taken place. The peaks at 8.00
ppm and 6.74 ppm are assigned respectively to the secondary
amine group (—NH—) of AD and the hydrogen in the benzene
ring, as shown in Figure 2 (A). These two peaks are however
absent in the spectrum of PCL-LMAP15-PCL copolymer, as
shown in Figure 2B, but, two new peaks at about 7.63 and 7.53
ppm correspond to the —NH— groups in the LMAP segment,
which confirmed that the oxidative coupling reaction between
p-phenylenediamine and AD-PCL had occurred, and that the
LMAP segment had been formed.

The molecular weights of the AD-PCL and PCL-LMAP-PCL
copolymers were determined by SEC as shown in Figure 3. The
SEC curves show only one symmetrical peak, and the PCL-
LMAP-PCL triblock copolymers have less retention volume than
the corresponding AD-PCL polymers. The retention volume of
the PCL-LMAP-PCL copolymers increases with increasing AP
content. The data for the molecular weights of the polymers are
shown in Table 2. The molecular weight of the triblock copoly-
mer is almost twice as high as that of the corresponding AD-PCL,
indicating that the coupling reaction between p-phenylenedia-
mine and AD-PCL occurred. The molecular weight distribution
of the triblock copolymer was narrower than that of the
corresponding AD-PCL copolymer. The molecular weights of
the triblock copolymers obtained by SEC are consistent with
those obtained by NMR, and are very close to the theoretical
ones. This means that the oxidative coupling reaction between
AD-PCL and p-phenylenediamine had a high reactivity and that
the PCL segments were not degraded during the oxidative
coupling reaction in acid solution. All these data confirmed that
the PCL-LMAP-PCL triblock copolymers were successfully
synthesized. These triblock copolymers with different molecular
weights (different compositions of AP and PCL) can be used to
tune the size of the self-assembled particles.

Electrochemical Properties of the Triblock Copolymers.
Aniline pentamer has good electroactivity,”*** and the electro-
activity is very important for the applications of conducting
polymers in the biomedical filed."®'>** The electrochemical
properties of these triblock copolymers were characterized by
UV absorption and cyclic voltammetry (CV). The UV absorp-
tion spectra in DMSO solution of AD20-PCL, PCL-LMAP20-
PCL, PCL-EMAP20-PCL, and HCl-doped PCL-EMAP20-PCL
are shown in Figure 4. The spectrum of AD20-PCL shows one
peak at 304 nm corresponding to the absorption by the benzene
ring. However, the PCL-EMAP20-PCL copolymer showed two
absorption peaks at 316 and 605 nm, corresponding to the 7—*
transition of the benzene ring and the excitonic transition from
the benzene to the quinoid ring, respectively. This indicates that
the AP was formed after the coupling reaction between p-phe-
nylenediamine and AD20-PCL. The benzene ring absorption
peak shifted to 316 nm in the PCL-EMAP-PCL copolymer since
the EMAP segment has a much longer conjugated length than
AD. The absorption of PCL-LMAP20-PCL showed only one
peak at 322 nm corresponding to the 77—s* transition of benzene
ring, indicating that the reduction of PCL-EMAP-PCL by
phenylhydrazine was complete. This result is consistent with
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Figure 2. 'H NMR spectra of (A) AD15-PCL and (B) PCL-LMAP15-PCL in DMSO-dg.
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Figure 3. SEC curves of AD-PCL and their corresponding PCL-LMAP-
PCL triblock copolymers.

the FT-IR spectrum shown in Figure 1. The benzene absorption
of the HCl-doped PCL-EMAP20-PCL shifted to a lower
wavelength at 305 nm, and the spectrum shows a new peak at
439 nm corresponding to the polaron absorption peak.* All
these data confirm that the PCL-AP-PCL triblock copolymers
were obtained.

Figure 5 shows that the benzene ring absorption peaks of PCL-
LMAP7.5-PCL, PCL-LMAP10-PCL, PCL-LMAP15-PCL and
PCL-LMAP20-PCL appeared at 306 nm, 310 nm, 314 nm, and
322 nm, respectively. The absorption of the copolymer solution
shifted to alower wavelength with increasing molecular weight of
the copolymer. This phenomenon is similar to previous work of
us and others.>>** The benzene absorption region shows the
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Figure 4. UV spectra of AD20-PCL, PCL-LMAP20-PCL, PCL-
EMAP20-PCL, and HCl-doped PCL-EMAP20-PCL in DMSO
solution.

effective conjugation length of the system. The longer flexible
PCL chains disturb more strongly the planar conformation of the
LMAP segments, and this leads to a blue shift of the UV
absorption. The absorption intensity of benzene ring of PCL-
LMAP20-PCL, PCL-LMAP15-PCL, PCL-LMAP10-PCL, and
PCL-LMAP7.5-PCL decreased in order, because the content
of LMAP decreased accordingly in the copolymers.

Compared to the absorption peak in DMSO solution, the
absorption peak of the PCL-LMAP20-PCL copolymers exhib-
ited a blue shift in THF and CHCI; (Figure S). This is ascribed to
the polarity of the solvents. The lower polarity of THF and
CHCI; results in a blue shift of the absorbance peak of the
benzene ring.** The solubility of LMAP segment is relatively

dx.doi.org/10.1021/cm201782v |Chem. Mater. 2011, 23, 4045-4055
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poor in THF and CHClIj; although the solubility of the triblock
copolymers in CHCIj is greatly improved due to the two long
PCL segments. The PCL-LMAP-PCL triblock copolymers may
self-assemble into micelles with LMAP as core, and PCL as shell
in a selective solvent such as CHCl. This was verified by the "H
NMR spectrum of the PCL-LMAP10-PCL triblock copolymer in
CDCl;, in which there is no peak corresponding to the LMAP
segments, as shown in Figure 8a.

1.5 ——PCL-LMAP7.5-PCL in DMSO
—— PCL-LMAP10-PCL in DMSO
—— PCL-LMAP15-PCL in DMSO
—— PCL-LMAP20-PCL in DMSO
—— PCL-LMAP20-PCL in CHCI,
® —— PCL-LMAP20-PCL in THF
o 1.0
c
©
-]
S
o
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Figure 5. UV spectra of PCL-LMAP-PCL copolymers.
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Figure 6. Oxidation of PCL-LMAP20-PCL in DMSO with a trace
amount of (NH,),S,0s.

The chemical oxidation of the PCL-LMAP20-PCL in DMSO
was studied by adding a trace amount of (NH,),S,0g, and the
UV spectra are shown in Figure 6. With increasing time, a new
peak appeared at 605 nm corresponding to absorption by the
quinoid ring together with a peak at 330 nm ascribed to a blue
shift of the benzene ring in PCL-LMAP20-PCL. The intensity of
the peak at 605 nm increased with time, and this peak then
underwent a blue shift to 527 nm after reaching its maximum
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Figure 7. Cyclic voltammograms of (a) PCL-LMAP20-PCL and
(b) LMAP in DMSO/HCI solution.

Scheme 2. Molecular Structure of Aniline Pentamer Segment in the Copolymer at Various Oxidation States
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Table 3. Conductivity of the Triblock Copolymers

sample code conductivity (S/cm) AP content % (theoretical)

PCL-EMAP7.5-PCL 5.58 x 1077 9 (9.4)

PCL-EMAP10-PCL 1.69 x 10°¢ 12 (12.4)
PCL-EMAP15-PCL 3.74x10°° 17 (182)
PCL-EMAP20-PCL 1.43x107° 23 (242)

intensity. This process can be explained by the three-step
oxidation of the PCL-LMAP20-PCL copolymer shown in
Scheme 2. At first, the PCL-LMAP20-PCL copolymer was in
the leucoemeraldine state. It was then oxidized into the emer-
aldine I state with each AP unit having one quinoid ring, and then
from the emeraldine I state to the emeraldine II state with each
AP unit having two quinoid rings (Scheme 2). This leads to the
appearance of a new absorption peak at 605 nm and the intensity
of this peak increases with time. The copolymer was finally
oxidized from the emeraldine II state to the pernigraniline state,
and this caused the blue shift of the absorption peak from 605 to
527 nm. This oxidation of the PCL-LMAP20-PCL copolymer
was confirmed by CV, as shown in Figure 7a. The CV of PCL-
LMAP20-PCL copolymer exhibits three pair well-defined redox
peaks. These peaks at 0.32 V, 0.45 V, and 0.68 V correspond
respectively to the transition of the AP segment from the
leucoemeraldine state to the emeraldine I state, from the
emeraldine I state to the emeraldine II state, and finally from
the emeraldine II state to the pernigraniline state (Scheme 2).
The CV of the PCL-LMAP20-PCL is similar to that of the pure
LMAP, as shown in Figure 7b. All these data indicate that the
PCL-LMAP20-PCL was successfully synthesized, and that these
triblock copolymers have good electroactivity.

Electrical Conductivity of PCL-EMAP-PCL Copolymers.
Electrical conductivity of polyaniline can be achieved through
interchain and intrachain transitions, and the conductivity
can be 0.1-100 S/cm depending on the dopant and solvent
employed.*** The aniline oligomers such as AP have a much
shorter chain length than polyaniline. The conductivity of the
PCL-EMAP-PCL triblock copolymers is therefore much lower
than that of polyaniline. The PCL-EMAP-PCL copolymers in
CHCl; were doped with 1 mol/L HCl and the doped copolymers
were then dried in a vacuum oven. The polymer was then
compressed into pellets and the conductivity of their compressed
pellets was tested by the four—probe technique. The data are
listed in Table 3. The conductivity of the triblock copolymers is
in the range from 1.43 X 1075 to 5.58 x 107 S/cm with an
EMAP content from 23% to 9% in the copolymers. This value of
1.43 x 10 ° S/cm is higher than that of tetramer-polycaprolac-
tone (AT-PCL) reported in our previous work,” even though
the AP content is much lower than that of AT in the AT-PCL
copolymers. Although the conductivity value is much lower than
that of AP films (10 > S/cm), this conductivity value dependent
on the EMAP content in the copolymer is sufficient for biome-
dical applications in the tuning of neural and cardiovascular cells,
since the microcurrent in vivo is quite low.*”** The lower
conductivity values of the triblock copolymers may be due to
the incorporation of two long flexible nonconjugated PCL
segments in the triblock copolymers. On the other hand, CHCl;
is a good solvent for PCL segments and a poor solvent for EMAP
segments, because of the different natures of PCL and EMAP.
The PCL-EMAP-PCL triblock copolymer will therefore undergo
self-assembly and form core—shell micelles in the CHCl;

Scheme 3. Proposed Self-Assembly of PCL-EMAP-PCL in
CHCl,

had CONH_Q_ HN_O_ NHDNH_Q— NH_O_ e

PCL—EMAP—PCL
Simplify

For PCL—EMAP20—PCL

CHCly
—_—

Self—assemble into micelles

For PCL—EMAP7.5—PCL

CHCl;
e

Self —assemble into micelles

solution. The EMAP segments with a poor solubility in CHClI;
aggregate together because of the strong interaction between the
AP segments, and form a core of the particles. The PCL segments
can easily dissolve in CHCI;, and the PCL segments in an
extended state thus form a shell of the particles, as shown in
Scheme 3. With EMAP as core of the nanoparticles, the
nonconductive PCL segments formed a continuous matrix in
the compressed pellet. The electrons can easily transfer between
different AP segments in the core where EMAP aggregates.
However, a tunnel effect has to take place to achieve electrical
conductivity between two neighboring EMAP cores. Conse-
quently, the apparent conductivity of the PCL-EMAP-PCL
triblock copolymer is quite low. We also found that the con-
ductivity of the copolymers increases with increasing EMAP
content. The molecular weight of the PCL segment in the
triblock copolymers decreases with increasing EMAP content.
The thickness of the shell of the nanoparticles thus decreases
with increasing EMAP content in the copolymers, as shown in
Scheme 3. The tunnel effect takes place more easily with a shorter
distance between the two neighboring EMAP cores. Therefore,
the higher EMAP content favors electron transfer and increases
the electrical conductivity of the material.

Self-Assembly of the Triblock Copolymers. Because of the
amphiphilic nature of these triblock copolymers, PCL-LMAP-
PCL and PCL-EMAP-PCL copolymers are expected to self-
assemble into core—shell aggregates in a solvent selective for
PCL (e.g,, CHCl;) with the two PCL segments stretching out as
the shell and AP segment as core. This was demonstrated by the
"H NMR spectrum of PCL-LMAP-PCL and PCL-EMAP-PCL
copolymers in CDCl;. Both the LMAP and EMAP signals in the
'"H NMR spectra disappeared, and the signals of the PCL
segments were still present, as shown in Figure 8, indicating that
these triblock copolymers formed aggregates with PCL as shell
and AP segments as core where the external PCL shell shielded
the signal of the internal AP core.*”*® The DLS analysis of the
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Figure 8. '"H NMR spectra of (a) PCL-LMAP-PCL and (b) PCL-EMAP-PCL in CDCls.
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Figure 9. Size (D) and size distribution (SD) of the nanoparticles of the triblock copolymers determined by DLS.

0.5 wt % solution of the triblock copolymers in CHCI; also indi-
cated that these triblock copolymers self-assembled into nano-
particles with a narrow distribution, as shown in Figure 9.
The morphology of the nanoparticles was investigated by
TEM, and the TEM image of the nanoparticles from copolymer
PCL-EMAP10-PCL is shown as an example in Figure 10a. The
particle of PCL-EMAP10-PCL showed a spherical morphology

4052

with a diameter of about 160 nm, which is consistent with the
DLS results. These results for the PCL-EMAP10-PCL copoly-
mers were confirmed by SEM as shown in Figure 10b, where the
particles exhibit a spherical morphology and a diameter of about
180 nm.

As shown in Figure 9, the hydrodynamic diameters of these
nanoparticles ranges from 393 to S0 nm increased with
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Figure 10. (a) TEM and (b) SEM images of the nanoparticles from
PCL-EMAP10-PCL.
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Figure 11. Thermal stability of AD-PCL and PCL-EMAP-PCL
copolymers.

increasing molecular weight or decreasing AP content in these
PCL-LMAP-PCL and PCL-EMAP-PCL triblock copolymers.
This may be because the higher molecular weight of the
copolymer is associated with a longer PCL chains, and the
thickness of the shell of their aggregates would increase
(Scheme 3). The aggregates thus have a larger diameter in
CHCI; with increasing molecular weight of the triblock copoly-
mers. Figure 9 also shows that the nanoparticles obtained from
PCL-LMAP-PCL copolymer are larger than those of the corre-
sponding PCL-EMAP-PCL copolymers. This is probably be-
cause, when PCL-LMAP-PCL is oxidized to PCL-EMAP-PCL
state, the greater rigidity of the EMAP segment hinders chain
rotation, and the free space in the core which is occupied by
EMAP decreases, resulting in a decrease in conformation entropy
of the EMAP copolymer compared to that of the LMAP
copolymer. Consequently, the EMAP copolymers have a rela-
tively higher interface curvature,” and the nanoparticles of PCL-
EMAP-PCL are smaller than those of the corresponding PCL-
LMAP-PCL copolymer. This result is consistent with previous
report.>” The size of the nanoparticles from these triblock
copolymers was thus tuned by the molecular weight of the
triblock copolymers and the oxidation state of the AP segments,
and this offers a potential application in controlled drug delivery,
biosensors, etc.

Thermal Properties of the Copolymers. The thermal prop-
erties of these polymers are also very important for their
application, and they were studied by TGA and DSC. The
TGA thermograms of the triblock copolymers are shown in
Figure 11. The thermal degradation behavior of PCL-EMAP-
PCL copolymers is similar to that of the AD-PCL polymers. In
the case of the PCL-EMAP-PCL copolymers, the first obvious
weight loss took place in the temperature range between 310 °C
and 440—460 °C, attributed to the decomposition of the less

from -70 to 100 °C
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Figure 12. DSC curves of PCL-LMAP-PCL triblock copolymers.

thermally stable PCL segments. When the temperature was
increased from 440—460 °C to 620 °C, there was a second
evident weight loss of about 25—10 wt % copolymer, which
corresponds to the degradation of the EMAP segment. In the
case of the AD-PCL polymers, the thermal degradation occurs at
a lower temperature, indicating that the PCL-EMAP-PCL copo-
lymers have a greater thermal stability, presumably because the
PCL-EMAP-PCL copolymer has a longer conjugated system
and a higher EMAP content in the PCL-EMAP-PCL copolymer
than that of AD in the AD-PCL polymers. The EMAP contents
were calculated from the second degradation stage of the PCL-
EMAP-PCL copolymers where the PCL segments were com-
pletely degraded. The data are shown in Table 3, and EMAP
contents in the copolymers determined by TGA are very
close to the theoretical values, which further confirmed that
the PCL-EMAP-PCL copolymers were obtained. The PCL-
LMAP-PCL copolymers exhibited a thermal degradation beha-
vior similar to that of the PCL-EMAP-PCL copolymers. These
data show that these triblock copolymers have a good thermal
stability.

The crystallization temperature (T.), melting temperature
(Tw), and crystallinity (X.) of the PCL-LMAP-PCL triblock
copolymers were studied by DSC, and the DSC curves are shown
in Figure 12. The T, of the PCL-LMAP-PCL triblock copolymers
decreases with increasing LMAP content, as shown in Table 2.
This is because the rigid LMAP hinders the PCL segment from
movement into the lattice. The triblock copolymers have a higher
T. than that of the corresponding AD-PCL polymers. This is
different from our previous work, > where the aniline tetramer-
polycaprolactone (AT-PCL) diblock copolymers had a lower T,
than the AD-PCL polymers. This may be because the PCL-
LMAP-PCL copolymers have an AP content lower than that of
AT in AT-PCL copolymers. The lower LMAP content in the
triblock copolymer would disturb the crystallization of the
copolymers less. Due to their higher crystallization ability, the
triblock copolymers have a more perfect crystal, and thus a higher
Ty, than that of AD-PCL polymers (Table 2). On the other hand,
the entanglements between the macromolecules of the PCL-
LMAP-PCL triblock copolymer are much stronger than those of
the corresponding AD-PCL polymers because of their higher
molecular weight. This impedes the crystallization of the PCL-
LMAP-PCL copolymer, and decreases their crystallinity. This
results in a lower crystallinity of the PCL-LMAP-PCL triblock
copolymer than that of the corresponding AD-PCL polymer
(Table 2). Furthermore, the LMAP content increases with
decreasing molecular weight of the PCL-LMAP-PCL copolymer
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and the rigid LMAP segments disturb the crystallization of the
triblock copolymer. Thus, the crystallinity of the triblock copo-
lymer decreases with increasing LMAP content.

By using degradable and electroactive coil—rod—coil triblock
copolymers based on PCL and aniline pentamer as an example,
we have shown how to tune the nanoparticles from the self-
assembly of these copolymers in an easy and effective way.
Because of the facile synthesis of the triblock copolymers and
the special properties of these nanoparticles, this strategy will
generate a library of size-tunable, degradable and electroactive
nanoparticles with different degradation properties, thermal
properties, and hydrophilicities based on an aniline pentamer
and polyesters such as polylactide, polycaprolactone, poly
(1, S-dioxepan-2-one), poly(trimethylene carbonate), etc.

Bl CONCLUSIONS

Size-tunable nanoparticles with hydrolyzable ester bonds and
electroactivity from the self-assembly of electrically conductive
coil—rod—coil triblock copolymers based on polycaprolactone
and aniline pentamer (AP) have been successfully prepared by a
simple strategy. A library of triblock copolymers with degrad-
ability and electroactivity has been easily synthesized by the
combination of ring-opening polymerization and the oxidative
coupling reaction, as demonstrated by FT-IR, NMR, and SEC.
These triblock copolymers exhibit good electroactivity as indi-
cated by CV and UV. The electrical conductivity of the triblock
copolymers was between 5.58 x 10~ and 1.43 x 10> S/cm,
and this was achieved by the combination of the electron transfer
inside the EMAP core and a tunnel effect between the neighbor-
ing EMAP cores. These triblock copolymers underwent self-
assembly in CHCI; and formed core—shell spherical nanoparti-
cles with aniline pentamer as core and PCL as shell, as indicated
by NMR. The particle size between 393 and 50 nm increased
with increasing molecular weight of the triblock copolymers, and
the particle size of the triblock copolymers with the leucoemer-
aldine state of AP was greater than that of the corresponding
copolymer with the emeraldine state of AP. These degradable
and electroactive nanoparticles, size-tunable by the molecular
weight and oxidation state of AP in the copolymers have a great
potential in the biomedical field.
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