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Abstract

Bipyridine-centered poly(N-isopropylacrylamide) polymers with controlled molecular weight and low polydispersity were synthesized by
RAFT polymerization using a novel bipyridine-functionalized dithioester as a RAFT agent, and were further complexed with ruthenium ion to
produce ruthenium-centered thermosensitive polymers with well-defined structure. Results from UV-vis, fluorescence and DSC characterizations
of the thermosensitive polymeric ruthenium complexes indicated that tris(2,2’-bipyridine)ruthenium(II) ion was successfully grafted onto the

center of polymer chains.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Stimuli-responsive polymers are polymers that show
dramatic property changes in response to an environmental
stimulus [1]. Poly(N-isopropylacrylamide) (PNIPAM) is one of
the most studied stimuli-responsive polymers, exhibiting a
lower critical solution temperature (LCST) in water at 32 °C
[2]. At temperatures below the LCST, PNIPAM chains are
hydrated and adopt flexible and expanded random-coil
conformations in water. Above the LCST, PNIPAM chains
become dehydrated and collapse into tightly packed globular
conformation. Recently, PNIPAM has been extensively altered
through the introduction of functional groups for multiresponse
to external stimuli such as temperature, pH, solvent compo-
sition, salt concentration, light, mechanical stress, and
magnetic field [3]. Many potential applications such as
biotechnological devices, tissue engineering, immobilization
of enzymes, and drug-delivery systems stem from the
properties of PNIPAM described above [3].

Ruthenium complexes offer a number of desirable features in
electrochemistry and light emitting materials [4,5]. Moreover,
ruthenium complexes in a polymer matrix offer several
advantages over discrete complexes such as better processa-
bility and control over morphology [6,7]. Interestingly, the
introduction of metal complexes into polymers can lead to
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the response of the materials to photo-stimuli [4,5]. Recently,
tris(2,2/-bipyridine)ruthenium(II) [Ru(bpy)%+, bpy =bipyri-
dine] complexes have been incorporated into a variety of
(co)polymers such as polystyrene [8], poly(methyl methacry-
late) [9], poly(e-caprolactone) [10], poly(ethylene glycol) [11]
as well as conjugated polymers [12]. Also, Ru(bpy)%+ moiety
was introduced into PNIPAM chains via radical random
copolymerization with a ruthenium(Il)-containing comonomer
[13,14]. However, the metal complex set on PNIPAM chains,
molecular weight and architecture of PNIPAM, which have a
large effect on the properties of the final metallopolymers,
cannot be well-controlled by conventional radical polymer-
ization. Recently, we reported the synthesis of a novel
terpyridine-functionalized RAFT agent and its use in RAFT
polymerization of NIPAM for preparation of terpyridine-
endfunctionalized polymers [15]. However, in addition to
terpyridine-endfunctionalized polymers, bipyridine-centered
polymers are also useful precursors for preparation of
metallopolymers. For this purpose, we first explored the
preparation of Ru(bpy)3"-centered poly(N-isopropylacryla-
mide) metallopolymers with well-defined structure via revers-
ible addition-fragmentation chain transfer (RAFT) living
polymerization.

2. Experimental
2.1. Materials

2,2/-Azobis(isobutyronitrile) (AIBN, 97%, Aldrich)
was purified by recrystallization from methanol.
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N-Isopropylacrylamide (NIPAM, 97%, Aldrich) was purified
by recrystallization from a mixture (60/40, v/v %) of toluene
and hexane. Dichlorobis(2,2-bipyridine)ruthenium(II)
hydrate [Ru(bpy),Cl,-xH,0, 99%] and silver hexafluoropho-
sphate (AgPFq, 99.99%) were purchased from Aldrich and
used as received. All other reagents and solvents were used
as received unless indicated otherwise. The chain transfer
agent 1 was synthesized starting from 35,5'-dimethyl-2,2'-
bipyridine [16].

2.2. Measurements

'"H NMR spectra were recorded on a Bruker ARX400
spectrometer at 400 MHz. UV-vis spectra were recorded
using a Beckman DU640 spectrophotometer. Fluorescence
spectra were recorded on a Photon Technology International
(PTD) spectrofluorimeter. SEC was carried out on a Viscotek
SEC assembly consisting of a model P1000 pump, a model
T60 viscometer-light scattering dual detector, a model LR40
laser refractometer as refractive index detector and three
mixed bed columns (bead size: 10 um, the molecular weight
range for those columns is 1000-5,000,000) from American
Polymer Standards Corporation using THF as an eluent with
a flow rate of 0.7 mL/min at ambient temperature. Polymer
solutions for SEC experiments were prepared in a concen-
tration of about 3.0 mg/mL. The SEC system was calibrated
using a narrow polystyrene standard (M,=9870, M, =10,
300, M,=10,300, M,/M,=1.04) from American Polymer
Standards Corporation. Differential scanning calorimetry
(DSC) measurements were performed using a Seiko DSC
220C, which was calibrated for both temperature and
enthalpy using an indium standard, under a nitrogen gas
atmosphere with powder samples, heating from —70 to
250°C at a rate of 10°C/min. The glass transition
temperature, T,, was defined as the midpoint of the change
in heat capacity, and lower critical solution temperature
(LCST) as the intersection point of the baseline and the
tangent of the endothermic curve.

Table 1
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2.3. N-isopropylacrylamide polymerization procedure and
kinetics

A series of parallel polymerizations were carried out under
argon, and a detailed polymerization recipe is given in Table 1.
For a typical procedure, 2.000 g of NIPAM, 50.0 mg of 1,
20.0 mg of AIBN and 5.0 ml of 1,4-dioxane were charged into
a Schlenk flask equipped with a magnetic stirrer. The mixture
was deoxygenated by purging argon for 20 min and then heated
at 75 °C under argon in a thermostated oil bath for 3 h. The
polymer mixture was precipitated in a large excess of diethyl
ether, and isolated by filtration and dried at 50 °C under
vacuum to give 0.442 g of poly(N-isopropylacrylamide)
polymer PNIPAM-3. The conversions of the monomer
NIPAM were determined to be 19.5% by gravimetrical
method. SEC: M,,=2090, M,,=2410, M, /M,=1.15.

2.4. Synthesis of Ru(bpy)3"-centered poly(N-isopropylacryla-
mide) metallopolymers

Ru(bpy),Cl,-xH,0 (55.0 mg, 108.6 umol) was dissolved in
MeOH (15 ml), and then AgPF¢ (170.5 mg, 0.674 mmol) was
added. The purple-red solution was heated at reflux under
argon for 19h. The resultant reddish methanol solution
containing a white precipitate was filtered, and then the filtrate
was transferred into a 25 ml Schlenk flask and evaporated to
almost dryness. Bipyridine-centered PNIPAM polymer PNI-
PAM-1 (1.000 g, 29.9 umol based on the molecular weight of
M, w=33,450 g/mol), and MeOH (20 ml) were added into the
flask. The reaction mixture was deoxygenated by purging
argon for half hour, and then heated at reflux for 3 days. The
reaction was cooled to room temperature, and then evaporated
to almost dryness, followed by the addition of diethyl ether.
The precipitated complex was filtered, and further dialyzed for
7 days against deionized H,O with 1000 MWCO dialysis
tubing, then the water was removed under vacuum, followed by
the addition of excess diethyl ether to recover the polymer
complex. The dialyzed complex was dissolved in THF (30 ml)

Experimental conditions and characterization data for RAFT polymerization of N-isopropylacrylamide at 75 °C using 1,4-dioxane as reaction media, 1 as a chain-

transfer agent, AIBN as an initiator

Sample NIPAM* RAFT agent 1 AIBN* Time (h) Conv (%) M," (theory) M,° (NMR)  M,%(SEC) PDI
(mol/l) (mol/1X10—2) (mol/1X10—2)
PNIPAM-1 4.71 1.36 1.62 24 84.3 33,450 6470 1.29
PNIPAM-2° 3.54 2.05 2.44 12 60.2 12,260 12,990 3300 1.24
PNIPAM-3° 3 19.5 4300 4500 2090 1.15
PNIPAM-4° 4 26.8 5730 6040 2270 1.25
PNIPAM-5° 8 44.4 9170 9430 2790 1.28
PNIPAM-6° 10 52.8 10,810 11,420 3010 1.26

* Abbreviations: NIPAM, N-isopropylacrylamide; AIBN, 2,2'-azobis(isobutyronitrile).
® The theoretical molecular weight was calculated from the expression: ([M];/[CTA])f Mo+ Mcra where [M]; and [CTA]; are the initial concentrations of the
monomer NIPAM and the transfer agent 1, respectively, fis the fractional conversion, and My, M4 are the molecular weights of the monomer NIPAM and the used

RAFT agent 1.

© Determined by '"H NMR spectroscopy according to the equation: M, xR = [14.00/(Ig 45/2)] X 113.16 + 488.71, where I, oo and Ig 45 are integral values of the
peaks at =4.00 and 8.45; 113.16 and 488.71 are the molecular weights of NIPAM and 1, respectively.
4 Determined by SEC using THF as eluent, and molecular weights were reported as polystyrene equivalents; PDI=M,/M,,.

¢ Same experimental condition except polymerization time.
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to give a clear solution, then hexane (22 ml) was added
dropwise into the clear polymer solution. The uncomplexed
poly(N-isopropylacrylamide) was left in solution. After the
removal of the clear solution by pipette, the precipitate was
dried in an oven under vacuum to give 819 mg of pure complex
PNIPAM-1-Ru (80%).

PNIPAM-2-Ru was similarly prepared as described above
using the following reagent loadings and purification con-
ditions. For formation of PNIPAM-2-Ru: Ru(bpy),Cl,-xH,O
(55.0 mg, 108.6 umol), AgPFg (170.5 mg, 674.4 umol) and
PNIPAM-2 (600.0 mg, 49.0 umol based on the molecular
weight of M,, 4,= 12,257 g/mol). For purification of PNIPAM-
2-Ru: 25 ml of tetrahydrofuran (THF) vs. 18 ml of hexane.
Yield: 416 mg, 66%.

3. Results and discussion

Since the first RAFT polymerization of NIPAM was
reported by Gilbert et al. in 2000 [17], there has been much
recent interest in RAFT polymerization of NIPAM with
different RAFT agents [15,17-30]. In order to prepare
bipyridine-centered thermosensitive polymers, a novel bipyr-
idine-functionalized dithioester 1, whose structure is shown
in Scheme 1, was used for RAFT polymerization of
NIPAM. Although 1 has been proven to be efficient for bulk
polymerization of styrene [16], it is unclear whether it is
efficient for polymerization of NIPAM. Therefore, a series of
NIPAM polymerizations were carried out at 75 °C using 1,4-
dioxane as reaction media, 1 as a chain transfer agent and
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Scheme 1. Schematic representation for preparation of tris(2,2-bipyridine)
ruthenium(II)-centered  poly(N-isopropylacrylamide) thermosensitive
metallopolymers.
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Fig. 1. SEC chromatograms (RI traces) of poly(N-isopropylacrylamide)s
prepared by RAFT polymerization of NIPAM at 75 °C using 1,4-dioxane as
reaction media, 1 as a transfer agent, AIBN as an initiator. [NIPAM]=3.54 M,
[1]=2.05X10"%M, [AIBN]=2.44X10">M, [NIPAMJ/[1]/[AIBN]=
173/1/1.19 (Sample PNIPAM-2 to PNIPAM-6 in Table 1).

AIBN as an initiator for various reaction times (Scheme 1). The
polymerization condition and results (concentration, molecular
weights, conversion) of these experiments are given in Table 1.

Fig. 1 shows an overlay of the RI traces from the
polymerization of NIPAM at different times. The traces clearly
shift to lower elution times with increasing conversion, one
indicator of a controlled polymerization. Fig. 2(a) shows the
first-order rate plot of In([M]y/[M]) vs. polymerization time. A
linear relationship was observed which proved that the
polymerization exhibits pseudo-first-order kinetics, consistent
with a controlled polymerization. As observed from Fig. 2(b),
the molecular weights determined by NMR and SEC increased
linearly with conversion (the range 19-60%). However, there is
marked deviation between the SEC-determined and theoretical
molecular weights. The main cause for this discrepancy is that
a polystyrene standard (M,=9870 g/mol) was used for
calibration. All the polymerization characteristics indicate
that the bipyridine-functionalized dithioester 1 is an efficient
RAFT agent for the polymerization of NIPAM.

Fig. 3 is a typical '"H NMR spectrum of RAFT-prepared
PNIPAM. Peaks at 4.00 and 8.45 ppm correspond to methine
protons of the isopropyl group (-CH(CH3),) from repeating
unit and the aromatic protons from the RAFT agent 1,
respectively. The molecular weight of PNIPAM was calculated
by comparison of the peak area corresponding to polymer
repeating unit protons to those corresponding to aromatic
protons from the bipyridyl functional group in the center of the
polymer chains. The calculated values deviated only slightly
from theoretical values (Table 1 and Fig. 2(b)). The good
agreement of M, nmr With theoretical number-average mol-
ecular weight M,, 4, indicates that most of PNIPAM chains were
centered by the bipyridine-functional group derived from the
RAFT agent 1 used for polymerization. Certainly, a few
polymer chains do not bear a bipyridine functional group at
the center of chains because AIBN-decomposed radicals also
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Fig. 2. (a) Pseudo-first order kinetic plot of In([M]y/[M]) vs. polymerization
time and (b) number-average molecular weights as a function of conversion for
RAFT polymerization of NIPAM at 75 °C using 1,4-dioxane as reaction media,
1 as a transfer agent, AIBN as an initiator. [NIPAM]=3.54 M, [1]=2.05X
1072M, [AIBN]=2.44X10">M, [NIPAMJ/[1)/[AIBN]=173/1/1.19
(Sample PNIPAM-2 to PNIPAM-6 in Table 1).
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Fig. 3. "H NMR spectrum (CDCl3) of the RAFT-prepared polymer PNIPAM-3
using 1 as a RAFT agent.
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participate in initiating polymerization. The content of the
polymers without bipyridine functional groups depends mainly
on the amount of the efficient radicals formed from initiators.
In this case, the concentration of the initiator AIBN is a little
high. This should result in the higher content of non-
bipyridine-centered polymer chains in the resulting polymers.
However, the good agreement between the theoretical and
NMR-determined molecular weights indirectly reflected that
the initiation efficiency of AIBN was quite low due to the
incomplete removal of oxygen in polymerization mixture by
purging argon.

To form thermosensitive metallopolymers, two RAFT-
prepared bipyridine-centered PNIPAM polymers (PNIPAM-1
and PNIPAM-2 in Table 1), were further complexed with
Ru(bpy),(PFs),(MeOH), in methanol prepared in advance
under reflux for 3 days separately (Scheme 1). Meanwhile, the
metallation reaction was monitored using UV-vis technique.
A shift of MLCT (metal-to-ligand charge transfer) absorption
maximum of the bis(bpy) system, Ru(bpy),(PFs),(MeOH),, at
488 nm to the tris(bipyridine)Ru(Il) at 453 nm after refluxing
for 20 h (Fig. 4) was observed. After reacting for 72 h, the
solvent (methanol) was removed under reduced pressure, and
excess diethyl ether was added to precipitate the crude polymer
complex.

The crude complex was further dialyzed for 7 days against
deionized H,O with 1000 MWCO dialysis tubing in order to
remove excess of Ru(bpy),(PFg),(MeOH),, then the water was
removed under vacuum, followed by the addition of excess
diethyl ether to recover the polymer complex. The uncom-
plexed poly(N-isopropylacrylamide) was removed according
to the following typical procedure. The specific weight ratio x.
in the THF-hexane mixture at room temperature, under which
the complex can be precipitated out, was first determined
(xw=1.870 for PNIPAM-1-Ru, 1.834 for PNIPAM-2-Ru).
Meanwhile, x, was also determined for precipitating its
corresponding precursor polymer (x,, = 1.595 for PNIPAM-1,
1.282 for PNIPAM-2), then an amount of the crude polymer

3.0
| <+ 20 hr

65 hr ‘

2.5 1
2.0 H
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1.0 &7

0.5 4

0.0

T T T T T T T
300 400 500 600
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Fig. 4. The UV-vis spectra of the methanolic reaction mixture consisting of
PNIPAM-2 and the red precursor complex, Ru(bpy).(PFs)>,(MeOH),, at
various reaction times.
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complex was dissolved in THF weighed in advance to give a
clear solution, then a suitable amount of hexane was added
dropwise into the clear polymer complex solution (the amount
of hexane added can be calculated using x,, for the complex
and the amount of THF used). Specifically, the crude polymer
complex PNIPAM-1-Ru was dissolved in a volume of THF to
give a clear solution, then 0.71 fold THF (for the complex
PNIPAM-2-Ru, 0.68 fold) volume of hexane was added
dropwise into the clear polymer complex solution resulting in
the precipitation of the complex while the uncomplexed
poly(N-isopropylacrylamide) was left in the solution. The
pure complex was obtained after the removal of the clear
solution by pipette and dried under vacuum. Thus two pure
complexes, PNIPAM-1-Ru and PNIPAM-2-Ru, were
obtained.

The purified complexes were characterized by both UV-vis
spectroscopy and fluorescence technique. Their UV-vis spectra
(Fig. 5(a)) exhibit a new absorption band at 453 nm attributed
to characteristic MLCT (metal-to-ligand charge transfer)
absorption band of tris(bipyridine)Ru(Il) unit as compared
with the corresponding precursor polymers. Moreover, the
fluorescence spectra of these complexes, PNIPAM-1-Ru and
PNIPAM-2-Ru, are different from that of their corresponding
precursor PNIPAM-1 and PNIPAM-2 (Fig. 5(a) and (b)). The
emission spectrum of the complexes show only the well-known
Ru(bpy)?r band with A,,,=605nm. This indicated the

(@) 1.25 o
" 1-=--- PNIPAM-1: 2~ PNIPAM-1-Ru

3 == PNIPAM-2; 4 —— PNIPAM-2-Ru

1.00 -

0.75 1

w %
< 0.50 4|

0.25 4

0.00 ~ .

300 400 500 600

Fig. 5. (a) UV-vis spectra with insertion of emission spectra (H,O) of the
supramolecular polymeric ruthenium complexes PNIPAM-1-Ru and PNI-
PAM-2-Ru as well as their corresponding bipyridine-centered precursor
polymers PNIPAM-1 and PNIPAM-2. (b) Photos taken before and when
exposed to 365 nm UV light of the polymeric ruthenium complexes PNIPAM-
2-Ru (left vial) and its corresponding precursor PNIPAM-2 (right vial)
(0.1 wt% polymer in H,0).
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Fig. 6. DSC curves of the supramolecular polymeric ruthenium complexes
PNIPAM-1-Ru and PNIPAM-2-Ru as well as their corresponding bipyridine-
centered precursor polymers PNIPAM-1 and PNIPAM-2.

successful grafting of the ruthenium bis(bipyridine) onto the
center of the polymers.

Since the change of the microstructure of the polymer
chains can affect the flexibility of the polymer chains, which is
only one contributing factor to glass transition temperature, it is
feasible to observe the change of the backbone structure
through the measurement of the change of glass transition
temperature. Therefore, thermal characterization of the two
PNIPAM complexes PNIPAM-1-Ru and PNIPAM-2-Ru as
well as their corresponding precursor polymers PNIPAM-1
and PNIPAM-2 were performed by differential scanning
calorimetry (DSC). Their DSC curves are displayed in Fig. 6.
In all cases, two transitions were evident in the DSC curve of
each sample; the lower transition corresponds to the LCST, the
higher transition is T,. T,s and LCSTs of these samples are
listed in Table 2. The value of T, for the precursor PNIPAM
homopolymers found in this work (140 °C for PNIPAM-2 and
142 °C for PNIPAM-1) is in accordance with the previously
reported values 135 and 145 °C [31]. The glass transition
temperatures of all polymer complexes are higher than their
corresponding precursor polymers (Table 2) due to the
incorporation of the hexacoordinated tris(bipyridine)ruthenium
(II) complex into the center of the polymer chain.

The phase transition temperatures, LCSTs, of the two
complexes and their corresponding precursor polymers were
also measured by turbidimetric method. The data are
summarized in Table 2. For each sample, its LCST determined

Table 2
Glass transition temperature (7,) and LCST of the PNIPAM complexes and
their corresponding precursor polymers

Sample LCST (°C)* LCSTpsc (°C)° T, (O
PNIPAM-1 32 32 142
PNIPAM-1-Ru 34 35 146
PNIPAM-2 31 31 140
PNIPAM-2-Ru 35 37 149

# Determined by turbidimetric method.
® Determined by DSC thermograms.
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by turbidimetric measurements is in good agreement with that
determined by DSC. The increase in both LCST and 7, of the
PNIPAM complex as compared with its corresponding
precursor polymer shows the RAFT-prepared bipyridine-
centered PNIPAM was successfully complexed with ruthenium
(I) metal ion to give a thermosensitive PNIPAM
metallopolymer.

4. Conclusions

The novel bipyridine-functionalized dithioester 1 is an
efficient RAFT agent for polymerization of N-isopropylacry-
lamide, thus the polymers produced were centered by a
bipyridine functional group and its molecular weight was well-
controlled. The bipyridine-centered PNIPAM polymers were
further reacted with Ru(bpy),(Il) ion to produce thermosensi-
tive metallopolymers. The successful metallation was con-
firmed by UV-vis, fluorescence, and DSC techniques as
well as thermosensitive behavior. Moreover, the introduction
of Ru(bpy)3" into the center of the polymer chains resulted in
the increase in LCST of PNIPAM.
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