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Abstract Optically active, thermosensitive, and amphiphilic polymer brushes,
which consist of helical poly(N-propargylamide) main chains and thermosensitive
poly(N-isopropylacrylamide) (PNIPAm) side chains, were prepared via a novel
methodology combining catalytic polymerization, atom transfer radical polymeri-
zation (ATRP), and click chemistry. Helical poly(N-propargylamide) bearing
o-bromoisobutyryl pendent groups was synthesized via catalytic polymerization,
followed by substituting the —Br moieties with azido groups. Then, alkynyl termi-
nated PNIPAm formed via ATRP was successfully grafted onto the azido func-
tionalized helical polymer backbones via click chemistry, providing the expected
polymer brushes. GPC, FT-IR, and 'H-NMR measurements indicated the successful
synthesis of the novel amphiphilic polymer brushes. UV-vis and CD spectra evi-
dently demonstrated the helical structures of the polymer backbones and the con-
siderable optical activity of the final brushes. The polymer brushes self-assembled in
aqueous solution forming core/shell structured nanoparticles, which were comprised
of optically active cores (helical polyacetylenes) and thermosensitive shells
(PNIPAm).
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Introduction

Copolymers with unique topologies, for instance linear block, miktoarm star,
gradient graft, brush-shaped, hyperbranched, and dendritic architectures, have
gained increasing attention [1-3]. Among them, polymer brushes, possessing a high
density of side chains covalently attached to the linear backbone [4—6], have been
the subject of continually increasing interest because of their unique structures,
properties, and potential applications [7-9]. In the past decade, a great deal of
investigations have been devoted to the synthesis of polymer brushes majorly via
three approaches, “grafting through” [10, 11], “grafting from” [12, 13], and “grafting
onto” [14, 15], by acombination of different polymerization mechanisms such as ring-
opening polymerization [16], ring-opening metathesis polymerization [17], nitroxide-
mediated polymerization [18], atom transfer radical polymerization (ATRP) [19], and
reversible addition-fragmentation chain transfer polymerization [20]. However, few
polymer brushes derived from optically active polymers have been reported yet, even
though the latter are a category of polymers of high interest [21-24]. Our earlier study
reported on for the first time a “grafting from” approach to preparing and self-
assembly of polymer brushes comprised of helical polyacetylene backbone and
poly(N,N-dimethylamino-2-ethyl methacrylate) (PDMAEMA) side chains [25]. Such
novel polymer brushes showed remarkable thermosensitivity and in particular optical
activity. Nevertheless, the earlier strategy showed a disadvantage in the limited
number of the brushes, namely, the number of the grafted chains was small and the
length of the grafted chains was short. Accordingly, in the present study we adopted a
“grafting onto” approach instead of the earlier “grafting from” one. The newly
obtained polymer brushes possessed much higher graft density, also showed optical
activities, and underwent self-assemble to form core/shell nanoparticles, as to be
discussed in detail below.

Copper-catalyzed azide-alkyne coupling reactions, i.e., “click” chemistry, have
been widely utilized as a powerful strategy in preparation of intriguing polymer
architectures, due to the excellent functional-group tolerance, high specificity and
almost quantitative yields under mild experimental conditions [26-28]. Since Gao
and Matyjaszewski [14] reported the synthesis of molecular brushes by the “grafting
onto” method via combination of ATRP and click chemistry in 2007, a series of
novel polymer brushes have been created [17, 29-39]. However, to the best of our
knowledge, a combination of click chemistry with catalytic polymerization has not
yet been employed for the synthesis of optically active polymer brushes via
“grafting onto” approach.

In our previous study, a series of (optically active) helical polymers [40-42]
as well as optically active polymeric nanoparticles (including solid nanoparticles
[43—45], core/shell nanoparticles [25, 46, 47], solid/hollow multi-layered nanopar-
ticles [48, 49], and hybrid microspheres [50]) have been prepared. Furthermore,
optically active polymer brushes were also prepared via a “grafting through”
approach [25]. In the present study, we will prepare optically active polymer
brushes with relatively high graft density via the “grafting onto” method by the
combination of ATRP, catalytic polymerization and click chemistry. The strategy is
schematically outlined in Scheme 1.
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Scheme 1 Schematic illustration for the preparation and self-assembly of thermosensitive amphiphilic
polymer brushes based on helical polyacetylenes

The strategy for preparing the brushes in Scheme 1 consists of four major steps:
(1) Synthesis of alkynyl terminated PNIPAm (to be used as the side chains in
polymer brushes) by ATRP to provide one “click” reagent; (2) Synthesis of helical
poly(1-co-2) (acting as the helical polymer backbone) by catalytic polymerization;
(3) Synthesis of azido functionalized poly(1-co-2) by transformation of the bromide
groups to azide groups to provide the other “click” reagent; and (4) Synthesis of the
optically active polymer brushes by click reaction. The self-assembly of the
amphiphilic polymer brushes was further investigated, clearly demonstrating that
the polymer brushes could self-assemble in aqueous solution to form core/shell
structured nanoparticles simultaneously possessing optical activities and thermo-
sensitivities. Therefore, the present methodology is of high importance for further
designing advanced polymer brushes with intriguing properties and for the practical
applications of polymer brushes as chiral materials, smart materials, etc.
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Experimental part
Materials

Monomers M1 and M2 were synthesized and purified according to earlier reports
(M1, Ref. [25]; M2, Ref. [51]). Rh-catalyst [(nbd)Rh "B~ (Cg¢Hs)4] (nbd = norbor-
nadiene) was prepared as reported [52]. The reagents were purchased from Aldrich,
unless otherwise noted. N-isopropylacrylamide (NIPAm, TCI) was purified by
recrystallization from a mixture of toluene and n-hexane (40/60, v/v) for three
times. Copper(I) bromide (CuBr) was washed with glacial acetic acid for three
times, dried in vacuum at room temperature, and then stored in an amber bottle.
Sodium azide (NaN3), N,N,N',N’,N'-pentamethyldiethylenetriamine (PMDETA,
Alfa Aesar) and 1,1,4,7,10,10-hexamethyl triethylenetetramine (HMTETA) were
used as received without additional purification. The solvents were purified by
distilling under reduced pressure prior to use.

Characterizations

"H-NMR spectra were recorded on a Bruker AV600 spectrometer with CDCl; as
solvent. FT-IR spectra were recorded with a NICOLET NEXUS 670 infrared
spectrometer (KBr tablet). UV—-vis absorption and circular dichroism (CD) spectra
were recorded in chloroform on a Jasco 810 spectropolarimeter. Number-average
molecular weights (M,) and molecular weight distributions (PDI, M/M,) of the
polymers were determined by GPC (Waters 515-2410 system) calibrated by using
polystyrenes as the standards and THF as the eluent. The morphology of the self-
assembly products was observed on a Hitachi H-800 transmission electron
microscope (TEM).

Synthesis of alkynyl terminated PNIPAm via ATRP

Alkynyl terminated PNIPAm (see Scheme 1) was synthesized using M1 as ATRP
initiator with molar feed ratio [NIPAm]/[M1]/[CuBr]/[HMTETA] of 100/1/1/1.2.
ATRP reaction was performed in a 25 mL Schlenk tube equipped with a magnetic
stirrer and the typical procedure is described below. Predetermined amounts of
CuBr, NIPAm, and HMTETA were added in the tube containing 9 mL of
THF/water (1/1, v/v) mixture. The reaction mixture was degassed by three vacuum/
nitrogen cycles. Then the initiator (M1, 0.0406 g, 0.2 mmol) was added into the
mixture under a dry nitrogen atmosphere. The tube was sealed with a three-way
stopcock and the polymerization reaction was allowed to proceed under continuous
stirring at 60 °C for 5 h. The reaction was stopped by diluting with THF and the
diluted mixture was passed through a neutral aluminum oxide column to remove the
catalyst complex. After removing most THF using a rotary evaporator and
precipitating the solution in excess anhydrous diethyl ether, the product was
collected by filtration and dried under vacuum at room temperature for 24 h. The
obtained polymer was characterized by '"H-NMR (CDCl;, 600 MHz, 20 °C),
and the related data are as follows: ¢ 1.1 (g, -NH-CH—(CH;),), 1.2-2.2

@ Springer



Polym. Bull. (2012) 69:1023-1040 1027

(¢, CO—C(CH3)y; d, -CH,~CH—; e, -CH,~CH-), 2.86 (a, CH=C), 3.85 (b, CH=
C-CH>), 4.0 (f, -NH-CH—(CH3),), 6.0-6.8 ppm (h, NH).

Synthesis of poly(1-co-2) via catalytic polymerization

Predetermined amounts of M1 and M2 (M1/M2 = 1/4, mol/mol) were copolymer-
ized to provide the helical main chain of the subsequent polymer brushes. The
copolymerizations were carried out with [(nbd)Rh "B~ (Cg¢Hs)4] as catalyst in dry
CHCI; under nitrogen at 30 °C for 5 h with [monomer], = 1.0 M (total monomer
concentration) and [catalyst] = 0.01 M. After polymerization, the solution was
poured into a large amount of n-hexane to precipitate the polymer. The polymer was
filtered and washed with acetone to exclude the residual monomer and catalyst, and
then dried under reduced pressure.

Synthesis of azido functionalized poly(1-co-2)

For preparing the azido functionalized poly(1-co-2), poly(1-co-2) (0.15 g, contain-
ing M1 0.13 mmol) obtained above and NaN5 (0.085 g, 1.3 mmol) were dissolved
in 5 mL DMF in a 25 mL Schlenk tube equipped with a magnetic stirrer. The
mixture was allowed to react under stirring at room temperature for 24 h. The
reaction mixture was diluted with THF and then passed through a neutral aluminum
oxide column to remove the sodium salt and excess NaNj. After removing most
solvent using a rotary evaporator and precipitating the solution in excess n-hexane,
the product was collected by filtration and dried under vacuum at room temperature
for 24 h.

Synthesis of poly(1-co-2)-g-PNIPAm via click chemistry

The amphiphilic polymer brushes were prepared by click reaction of alkynyl
terminated PNIPAm with the azido functionalized poly(1-co-2). A mixed solution
of alkynyl terminated PNIPAm (0.432 g, 0.108 mmol), azido functionalized poly(1-
co-2) (0.12 g, containing M1 units 0.108 mmol), and CuBr (0.0311 g, 0.216 mmol)
in 5 mL of DMF was degassed by three vacuum/nitrogen cycles. PMDETA (45 pL,
0.216 mmol) was added in the system under nitrogen atmosphere. The reaction was
allowed to proceed under continuous stirring at room temperature for 24 h. Then,
the reaction mixture was diluted with THF and passed through a neutral aluminum
oxide column to remove the catalyst complex. After removing most THF using a
rotary evaporator and precipitating the solution in excess n-hexane, the product was
collected by filtration and dried under vacuum at room temperature for 24 h. The as-
prepared copolymer was characterized by "H-NMR (CDCl;, 600 MHz, 20 °C), and
the relevant data are as follows: ¢ 1.1 (g, -NH-CH—(CH3),), 1.2-2.2 (¢, CO-
C(CH3),; d, -CH,—CH—; e, -CH,—CH-), 3.85 (b, CH=C-CH,), 4.0 (f, -NH-CH-
(CH3),), 6.0-6.8 (h, NH), 8.03 ppm (a’, methine protons in 1,2,3-triazole rings).
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Self-assembly of amphiphilic polymer brushes

Self-assembly of the amphiphilic polymer brushes was performed by dissolving the
polymer (15 mg) in THF (0.2 mL), followed by a progressive addition (1 drop/10 s)
of 1 mL deionized water under vigorous stirring overnight. A complete removal of
THF was realized by spontaneous evaporation, and the self-assembly product was
then subjected to CD and TEM measurements.

Results and discussion
Synthesis of the amphiphilic polymer brushes
Synthesis of the alkynyl terminated PNIPAm

Our previous study demonstrated that M1 bearing an «-bromoisobutyryl group was
an efficient initiator for ATRP [25]. In the present study, M1 was also employed as
an initiator for ATRP of NIPAm at 60 °C in the mixture of THF and H,O for 5 h, in
the presence of CuBr/HMTETA as catalyst/ligand. This practice provided the
alkynyl terminated PNIPAm with suitable molecular weight. The reaction mixture
became dark green and viscous as polymerization proceeded. The reaction was
terminated by diluting with THF. The diluted mixture was passed through a neutral
aluminum oxide column. Then, alkynyl terminated PNIPAm was obtained by
reprecipitation from THF in diethyl ether thrice and subjected to the GPC, "H-NMR,
and FT-IR spectroscopy measurements. The corresponding results are presented in
Table 1 and Figs. la, 2A, 3c, respectively. All these measurements will be
discussed in detail later on.

When a “grafting onto” method was employed for preparing polymer brushes,
the grafting density may be limited due to the steric hindrance of the pre-formed
side chains [14, 53]. Therefore, controlling the length of the side chains is of great
importance for preparing polymer brushes. As shown in Scheme 1, PNIPAm was
used as the side chains in the designed polymer brushes. The polymerization degree
(DP) of PNIPAm was controlled by controlling the ATRP reaction time (5 h) to
prepare alkynyl terminated PNIPAm with suitable molecular weight. Herein it

Table 1 Characterizations of the relevant polymers

Polymer Yield (%) M MM g-value (1073)°
Alkynyl terminated PNIPAm* 41.5 4,000 1.35 r

Poly(1-co-2) 98.7 14,500 2.64 -3.06

Azido functionalized poly(1-co-2) 98.6 15,000 2.66 -3.04
Poly(1-co-2)-g-PNIPAm 95.7 46,600 1.32 =3.11

2 [NIPAm]/[M1]/[CuBr][/[HMTETA] = 100/1/1/1.2, in mol; polymerization temperature, 60 °C; solvent,
THF/H,0 = 4.5/4.5, in mL. ® Measured by GPC, using polystyrene as the standard and THF as eluent.
¢ g-value = Ae/e, in which Ae = [0]/3,298, according to Figs. 4 and 5. 4 Not determined

@ Springer



Polym. Bull. (2012) 69:1023-1040

1029

Fig. 1 GPC traces of

(a) alkynyl terminated PNIPAm,
(b) poly(1-co-2), (c) azido
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Fig. 2 'H-NMR spectra of
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and B poly(1-co-2)-g-PNIPAm

a: alkynyl terminated PNIPAmM: C
M,=4000, M, /M,=1.35 d

[

b: poly(1-co-2):
M,=14500, M,,/M,=2.64

c¢: azido functionalized

poly(1-co-2):
M,=15000, M,/M;=2.66 |

|
d: poly(1-co-2)-g-PNIPAm: |
M,=46600, M,/M=132 |

15 18 21 24 27 30
Elution time /min

NH ) Br w}w “WNI__‘ o

r\—'—v—'—l |

o HNSo 31 29 27
h N e ol
B t‘zt/
°il—

: ' Br
e o
b NH :N ng ctlbe
—
' 0 e h )
h Kb

8 v 6 5 4 3 2 1
&/ ppm

g f

should be pointed out that the molecular weight of the PNIPAm should be moderate.
A too high molecular weight of the as-prepared PNIPAm will result in a low
grafting density of the subsequent polymer brushes due to the steric congestion
between the side chains [14]. In contrast, a too low molecular weight of PNIPAm
cannot meet the requirement for self-assembly of the polymer brushes. Table 1
indicates that the yield of the alkynyl terminated PNIPAm was 41.5 % and the
number average molecular weight (M,) was 4000. The GPC curve of the alkynyl
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Fig. 3 FT-IR spectra of
(a) poly(1-co-2), (b) azido

functionalized poly(1-co-2),

(c) alkynyl terminated PNIPAm,

and (d) poly(1-co-2)-g-PNIPAm
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terminated PNIPAm is presented in Fig. la. It shows a single peak with narrow
polydispersity (M,/M,) around 1.35, which provided clear evidence for the good
controllability of the ATRP reaction.

The structure of the alkynyl terminated PNIPAm was further characterized by
"H-NMR and FT-IR spectroscopy measurements. The relevant results are displayed
in Figs. 2 and 3. In the "H-NMR spectra presented in Fig. 2, the signals located at
the chemical shifts in the region of 1.2-2.2 ppm (c + d + e) are attributed to the
methyl protons (c) derived from M1 and the methylene (d) and methine protons
(e) in the polymer chain. Characteristic signals of PNIPAm at 6 = 4.0 (f) and 1.1
(g) in Fig. 2A represent the methine and methyl protons on the isopropyl groups,
and the integration area ratio of peak f to peak g is approx. 1:6, which identified the
structure of PNIPAm. The signal at 6 = 2.86 ppm is attributed to the terminal
alkynyl proton (a, CH= C) in the PNIPAm chain. The peak located at chemical shift
of 3.85 ppm was associated with the methylene protons (b, CH=C-CH,) adjacent
to the C=C triple bond. Furthermore, from the FT-IR spectra shown in Fig. 3c,
alkynyl terminated PNIPAm exhibited a typical absorbance at 2,122 cm™", which is
the characteristic absorbance of the C=C triple bond. The NMR and FT-IR
analyses thus lead to such a conclusion that the alkynyl terminated PNIPAm has
been successfully synthesized. The alkynyl terminated PNIPAm rendered possibil-
ities to perform click reaction, by which polymer brushes can be expected. This will
be discussed in detail later.

Synthesis of azido functionalized poly(1-co-2)
For preparing polymer brushes with helical polymer main chain and optical
activities, M2 was employed to carry out catalytic copolymeriztion with M1,

yielding the copolymer designated as poly(1-co-2). [(nbd)Rh "B~ (Cg¢Hs)4], which
has been proved to be an efficient catalyst for preparing helical substituted
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polyacetylenes with high stereoregularity [25, 40-50], was also used as catalyst in
this copolymerization system. The relevant polymerization result is presented in
Table 1. The poly(1-co-2) could be formed with a moderate molecular weight
(M, = 14500, M,/M, = 2.64) and in a quantitatively yield (98.7 %). The
corresponding GPC curve of poly(1-co-2) is shown in Fig. 1b.

To prepare the other precursor for the subsequent click reaction, azido groups
should be attached onto the poly(1-co-2). In this study, we carried out the reaction of
poly(1-co-2) containing a-bromoisobutyryl groups with sodium azide in DMF at
room temperature for 24 h to yield the anticipated “click” reagent. The azido
functionalized poly(1-co-2) was purified by passing through a short neutral
aluminum oxide column to remove the sodium salt and excess NaNs and then
reprecipitated in excess n-hexane for three times with a quantitative yield of 98.6 %.
The GPC result indicated that M, = 15000, M,/M, = 2.66, as illustrated in
Table 1. It can be obviously observed in Fig. 1c that the GPC trace of the azido
functionalized poly(1-co-2) was monomodal without obvious change, when
compared with poly(1-co-2) before the substitution reaction. To further attest to
the reaction of poly(1-co-2) with sodium azide, poly(1-co-2) and azido function-
alized poly(1-co-2) were subjected to FT-IR spectroscopy measurement. The
corresponding spectra were displayed in Fig. 3a, b, respectively. By comparing the
two FT-IR spectra, no visible difference can be observed between the two curves
except the appearance of characteristic absorbance peak of azido group at
2,113 cm~!. On the basis of the results of GPC and FT-IR measurements, an
important conclusion can be drawn that the bromide groups of poly(1-co-2) have
successfully converted to azido groups without the degradation of the polymer
backbone.

Synthesis of poly(1-co-2)-g-PNIPAm via click chemistry

The azido functionalized poly(l-co-2) underwent reactions with the alkynyl
terminated PNIPAm by the “click” reaction via a “grafting onto” method to
provide the expected polymer brushes, poly(1-co-2)-g-PNIPAm, as depicted in
Scheme 1. We conducted the click chemistry between azido functionalized poly
(1-co-2) and alkynyl terminated PNIPAm in the presence of CuBr/PMDETA in
DMF at room temperature. After the click reaction, the catalyst was removed from
the polymer solution by passing through a neutral alumina column and the resulting
polymer brushes were obtained by precipitating in excess n-hexane in a quite high
yield (>95 %). Then, the polymer brushes were characterized by GPC, 'H-NMR,
and FT-IR. The relevant results are shown in Fig. 1d, 2B, 3d, respectively.

The molecular weight of the poly(1-co-2)-g-PNIPAm was determined by GPC
and listed in Table 1. The number-average molecular weight (M) was 46,600 and
the molecular weight distribution (M,,/M,,) was 1.32. The GPC trace of poly(1-co-
2)-g-PNIPAm together with those of its precursors, alkynyl terminated PNIPAm and
azido functionalized poly(l-co-2), is presented in Fig. 1. It can be apparently
observed that the GPC trace of poly(1-co-2)-g-PNIPAm is unimodal without any
trace of the two precursors of the “click” chemistry and clearly shifted to the higher
M,, region when compared with those of alkynyl terminated PNIPAm and azido
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functionalized poly(1-co-2). This indicates that the alkynyl terminated PNIPAm and
azido functionalized poly(1-co-2) were completely converted to the corresponding
polymer brushes, since the alkynyl terminated PNIPAm and azido functionalized
poly(1-co-2) were fed in an equimolar ratio.

To further verify the formation of polymer brushes, '"H-NMR and FT-IR spectra
of poly(1-co-2)-g-PNIPAm were measured, as presented in Figs. 2B and 3d. From
'H-NMR spectra of poly(l-co-2)-g-PNIPAm, we could discern all characteristic
signals of PNIPAm segment. More importantly, proton signal from C=C triple
bond (a, 6 = 2.86 ppm) disappearred completely, while a new resonance signal
(a’, 6 = 8.03 ppm) characteristic of the methine protons in 1,2,3-triazole rings
appeared, providing strong evidence for the occurrence of the “click” reaction.
Furthermore, when comparing the FT-IR spectra of poly(1-co-2)-g-PNIPAm with
those of alkynyl terminated PNIPAm and azido functionalized poly(1-co-2), we can
find the most noteworthy change, i.e., the complete disappearance of the absorbance
peaks characteristic of the azido and alkynyl groups at about 2,100 cm™". Based on
the above discussions, it can be concluded that the polymer brushes have been
successfully synthesized via the “click” grafting onto method.

Optical activity of the amphiphilic polymer brushes

To investigate the optical activities and helical structures of poly(1-co-2) and azido
functionalized poly(1-co-2), UV-vis and CD analyses, which have been proved
highly effective to determine the secondary structures of helical polyacetylenes
[25, 40-50], were employed in this work. Figure 4 shows the UV-vis and CD
spectra of the poly(l-co-2) and azido functionalized poly(l-co-2) measured at
varied temperatures in chloroform. As can be observed in Fig. 4a, both poly(1-co-2)
and azido functionalized poly(1l-co-2) showed a strong UV-vis absorption peak
around 350 nm. Referring to the series of investigations on helical polyacetylenes
[25, 40-50], we can conclude that both poly(1-co-2) and azido functionalized
poly(1-co-2) formed helical conformations under the examined conditions. How-
ever, the maximum wavelengths of poly(1-co-2) and azido functionalized poly
(1-co-2) are a little different. The UV-vis peak of poly(1-co-2) appeared at about
355 nm while the UV-vis peak of azido functionalized poly(1-co-2) appeared at
about 350 nm. This probably resulted from the varied effective conjugation length
of poly(l-co-2) main chains before azidozation (homopoly-1, A.x, 390 nm;
homopoly-2, Amax, 350 nm) and after azidozation (homopoly-N3, Ap.x, 350 nm;
homopoly-2, Anax, 350 nm) since the azidozation of poly(1-co-2) indeed changed
the composition of the copolymer poly(1-co-2). In our another study, we found that
when homopoly-1 was converted to homopoly-N3, the maximum UV absorption
wavelength appeared at 350 nm. (The relevant investigations are currently on-going
and we will report them in a separate article.)

In the CD spectra in Fig. 4b, both poly(1-co-2) and azido functionalized poly
(1-co-2) showed intense CD signals at the positions almost completely correspond
to the UV—vis absorption peaks (Fig. 4a), reflecting that both the copolymers were
optically active. Moreover, the intensities of the UV-vis and CD peaks of azido
functionalized poly(1-co-2) exhibited only a slight decrease when compared with
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those of the poly(1-co-2). This was also in good agreement with the GPC results.
Also can be observed in Fig. 4a, b is that when UV-vis and CD spectra were
measured at varied temperatures, the strengths of the UV-vis absorptions and CD
signals of both copolymers almost keep unchanged upon increasing temperature
from 20 up to 60 °C, indicating that both the copolymers possessed highly stable
preferential helical screw sense. Based on the above discussions, it can be
reasonably concluded that both poly(1-co-2) and azido functionalized poly(1-co-2)
formed stable helical conformations and exhibited strong optical activities, and the
azido functionalization of poly(1-co-2) did not affect the secondary structure of the
copolymer backbones.

The UV-vis and CD spectra of the polymer brushes, poly(1-co-2)-g-PNIPAm,
measured at varied temperatures in chloroform were presented in Fig. 5. As can be
seen in Fig. 5a, there was a UV-vis absorption peak at around 340 nm, which
revealed that poly(l-co-2)-g-PNIPAm maintained the helical structure of the
polymer main chain. More importantly, an obvious CD signal at 340 nm can be
clearly observed in Fig. 5b, significantly demonstrating that the polymer brushes
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Fig. 5 a UV-vis and b CD A 12
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formed helical conformations and furthermore indicating that poly(1-co-2)-g-
PNIPAm was also optically active. However, the intensities of UV—vis absorption
peaks and CD signals of the poly(1-co-2)-g-PNIPAm were somewhat lower than
those of the azido functionalized poly(l-co-2) before “click” reaction. This
phenomenon was similar with our earlier study on amphiphilic polymer brushes
based on helical polyacetylenes [25] and it should be derived from the decrease of
helical polymer content after the incorporation of PNIPAm side chains. In addition,
when compared the UV—-vis and CD spectra of the poly(1-co-2)-g-PNIPAm with
those of the azido functionalized poly(1-co-2), a blue shift was observed after the
incorporation of PNIPAm side chains. This also occurred in the earlier reported
polymer brushes [25] and substituted polyacetylene emulsions (nanoparticles)
[43-49]. This should be attributed to the more packed polymer backbone and
shorter effective conjugated length owing to the incorporation of the pendent
PNIPAm chains. More importantly, the spectra measured at different temperatures
were almost the same in terms of their profiles and intensities either in the UV-vis
spectra or in the CD spectra, demonstrating the high thermostability of the helical

@ Springer



Polym. Bull. (2012) 69:1023-1040 1035

Fig. 6 TEM images of the self-assembled core/shell nanoparticles from poly(1-co-2)-g-PNIPAm (a) at
25 °C and (c) at 50 °C with a concentration of 15 mg/mL in THF/water. b and d present the magnified
TEM images of the areas are indicated by the white squares in a and ¢, respectively. The insets present
the corresponding self-assembled systems at 25 °C (in b) and at 50 °C (in d)

structure and optical activity of the polymer brushes prepared via “click” chemistry.
Kuhn dissymmetry factors [54] (g-value, in Table 1) of the poly(1-co-2), azido
functionalized poly(1-co-2), and poly(1-co-2)-g-PNIPAm were calculated and listed
together in Table 1 for a clearly comparison. We found that all the g-values were
about =3.10 x 10~ with little difference, even after the azido functionalization
reaction and especially even after the “click” reaction, demonstrating that the
helical structures of the copolymers and the polymer brushes were stable regardless
of the incorporation of PNIPAm side chains.

Self-assembly of the amphiphilic polymer brushes

It is well known that PNIPAm is a hydrophilic and particularly thermosensitive
polymer, which undergoes phase transition at its lower critical solution temperature
(LCST, approx. 32 °C) [55]. PNIPAm is soluble in cold water while it becomes
insoluble as the solution temperature exceeds its LCST. The present polymer
brushes prepared via “grafting onto” method is comprised of hydrophobic helical
poly(N-propargylamides) main chain and hydrophilic PNIPAm side chains, so the
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poly(1-co-2)-g-PNIPAm should exhibit amphiphilicity and self-assemble in suitable
solvents. We carried out the self-assembly of the poly(1-co-2)-g-PNIPAm in THF/
water by using the method similar with our previous report [25]. To study the
structure of the self-assembly aggregates of poly(1-co-2)-g-PNIPAm polymer
brushes in aqueous solution, TEM observation was conducted at temperatures below
and above LCST of PNIPAm (25 and 50 °C, in this work).

The TEM images of the self-assembled products from poly(1-co-2)-g-PNIPAm at
25 °C (Fig. 6a) and at 50 °C (Fig. 6¢) together with the magnified TEM images at
25 °C (Fig. 6b) and at 50 °C (Fig. 6d) were presented in Fig. 6. Core/shell
structured nanoparticles are apparently observed in both cases at 25 and 50 °C, and
both the shells can be obviously distinguished from the cores. The average
diameters of the core/shell nanoparticles were estimated by counting at least 20
core/shell nanoparticles in different TEM images of a same sample. The diameter of
the core/shell nanoparticles formed at 25 °C was calculated to be about 660 nm,
with a core of about 390 nm and a shell of about 135 nm. On the other hand, the
diameter of the core/shell nanoparticles formed at 50 °C was calculated to be about
460 nm, with a core of about 370 nm and a shell of about 45 nm. Comparing the
diameter of the core/shell nanoparticles formed at 25 °C with that of the core/shell
nanoparticles formed at 50 °C, we can easily found that the diameter of the core/
shell nanoparticles decreased when the temperature increased to a high value
exceeded LCST of PNIPAm, and furthermore, the diameter of the shell decreased
dramatically while the diameter of the core changed slightly. It can be hence
concluded that the decrease of the diameter was resulted from the decrease of the
diameter in the PNIPAm shell, and the core/shell nanoparticles formed were
thermosensitive. This conclusion can be further proved to be correct by observation
of photographs of the corresponding self-assembled systems at 25 and at 50 °C (the
insets in Fig. 6b, d). It can be clearly seen that the self-assemblies of poly(1-co-2)-g-
PNIPAm at 25 °C was transparent while the self-assemblies at 50 °C became
completely opaque, indicating that the self-assembly core/shell nanoparticles were
thermoresponsive.

To further investigate the optical activity and thermosensitivity of the self-
assemblies of poly(1-co-2)-g-PNIPAm, we measured their UV—vis and CD spectra
at varied temperatures. The results were presented in Fig. 7. When the spectra were
measured at temperatures lower than the LCST of PNIPAm (20 and 30 °C), the
spectra were found to be quite similar with those measured in chloroform (Fig. 5).
UV-vis absorption peaks and CD signals at around 340 nm can be observed in
Fig. 7, and the spectra almost changed little regardless of the temperature, clearly
demonstrating that the stable helical structure remained in the core/shell nanopar-
ticles which also showed optical activities originating from the helical conformation
of the polymer main chain. However, when the temperatures increased to higher
values than the LCST of PNIPAm (40 and 50 °C), the self-assemblies turned
opaque and the UV-vis and CD spectra cannot be measured clearly. As shown in
Fig. 7, the UV-vis spectra at 40 and 50 °C were almost straight lines and the
corresponding CD spectra were ruleless, also provided evidence that the self-
assemblies of poly(1-co-2)-g-PNIPAm were thermosensitive.
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Fig. 7 a UV-vis and b CD
spectra of the micelle solution
from poly(1-co-2)-g-PNIPAm
measured at varied
temperatures. The sample was
diluted 50 times with deionized
water before measurement (c,
approx. 0.1 mM)
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Conclusions

To sum up, thermosensitive and amphiphilic polymer brushes based on helical
polyacetylenes, poly(1-co-2)-g-PNIPAm, have been synthesized by means of
ATRP, catalytic polymerization and click chemistry via a “grafting onto” method.
It can be concluded that the obtained polymer brushes showed considerable optical
activities, which derived from the helical structure of the polymer main chain,
according to the UV-vis and CD spectroscopy measurements. Furthermore, the
polymer brushes can self-assemble in aqueous solution to form core/shell structured
nanoparticles consisting of optically active poly(N-propargylamide) cores and
thermosensitive PNIPAm shells. Thus, the polymer brushes and the core/shell
nanoparticles are believed to find potential applications in chiral materials and smart
materials, and furthermore have a great potential in applications for gene/drug
delivery, controlled release, etc.
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