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ABSTRACT: A new polymer poly(N-vinylpiperidone) (PVPip) (2x, Mn
NMR 4.5-83 kDa) has been

prepared by reversible addition-fragmentation chain-transfer (RAFT) polymerization using a xanthate as
a chain-transfer agent. These polymers all exhibited sharp reversible cloud points (in the range 87 and 68 �C)
which depended on the molecular weight of the polymer and showed no apparent hysteresis. Furthermore,
cytotoxicity studies of the PVPip showed that the polymer is noncytotoxic. Chain extension of PVPip62 with
vinyl acetate afforded well-defined amphiphilic diblock copolymers: poly(N-vinylpiperidone)x-block-poly-
(vinyl acetate)y (PVPipx-b-PVAcy) (for 3, x:y = 62:21; for 4, x:y = 62:32). Both 3 and 4 exhibit phase
transitions of 62 and 55 �C, respectively, inwater, with the latter showing evidence of a slight hysteresis.Direct
dissolution of 3 in nanopure water at 1 mg/mL gave spherical micelles (ca. 24 nm), as confirmed by DLS,
TEM, and AFM analysis, which could be reversibly disassembled upon heating above the cloud point of the
diblock. The block copolymer 4 was hydrolyzed under basic conditions to give the double hydrophilic
biocompatible diblock copolymer poly(N-vinylpiperidone)62-block-poly(vinyl alcohol)32 (5).

Introduction

Recently, significant scientific interest has been devoted to the
development of stimuli-responsive or “smart” polymers. In
particular, thermoresponsive materials1-3 which can undergo
fast and reversible solubility changes in response to a temperature
trigger have receivedmuch focus due to their promising potential
in a wide range of applications including controlled drug deliv-
ery,4-8 separation processes,9 and tissue engineering.10 Most of
these thermosensitive materials are based on water-soluble poly-
mers with a lower critical solution temperature (LCST);a
critical temperature below which the polymer is soluble and
above which phase separation occurs.11 To date, poly(N-iso-
propylacrylamide) (PNIPAAm), which exhibits an LCST at
32 �C, has remained the most extensively studied class of
thermoresponsive polymer.12,13 By varying the amounts of hy-
drophilic/hydrophobic comonomer, PNIPAAm-based polymers
with tunable LCSTs can be readily achieved.14 The excellent
stimuli-responsive properties of PNIPAAm, which includes an
LCST close to body temperature and more importantly being
relatively insensitive to other environmental stimuli such as small
changes in concentrations, pH, and/or varying molecular
weights,13,15 have led to its extensive exploration and use as a
thermosensitive materials for biomedical applications.2 How-
ever, despite the widespread study of PNIPAAm, these polymers
have inherent disadvantages which include a strong hysteresis
and a high melting point, and also for low molecular weight
polymers the nature of the end group can significantly affect the
responsive properties (although this final point is true for other
polymers, it is important to note in PNIPAAm as its LCST is

generally considered to be independent of molecular weight which
may not be the case for short polymer chains where end groups
have an effect).16,17 Subsequently, polymers containing short oligo-
(ethylene glycol) side chains have been explored and are prom-
ising alternatives to PNIPAAm for applications in bio-
medicine.18,19 For example, seminal work by Lutz et al. in 2006
reported that the biocompatible PEGylated polymer (poly(2-(2-
methoxyethoxy)ethyl) methacrylate-co-oligo(ethylene glycol) me-
thacrylate) (P(MEO2MA-co-OEGMA)), prepared by atom
transfer radical polymerization (ATRP), exhibited not only an
LCST similar to PNIPAAm but also no apparent hysteresis and
cloud point which was independent of the chain length, thus
making this polymer a potential alternative to PNIPAAm.20,21

Furthermore, the incorporation of hydrophobic and labile 5,
6-benzo-2-methylene-1,3-dioxepane (BMDO) linkages in the
(P(MEO2MA-co-OEGMA)) polymer backbone not only re-
tained the superior thermoresponsive and biocompatibility prop-
erties but also rendered them biodegradable.22 Another interest-
ing class of biodegradable and thermoresponsive polymer is the
poly(2-oxazoline)s, which can be prepared by cationic ring-
opening polymerization.23 These polymers display sharp LCST
transitions which can be readily tuned by changing the molecular
weights or comonomer compositions to modify the hydrophilic/
hydrophobic nature of the final copolymer.24,25 Indeed, recent
work by Hoogenboom and Schubert demonstrated that the
LCST could be easily tuned by rational design of the polymer
compositions and molecular weights.26 Another important
family of thermoresponsive and also biocompatible polymers
are the poly(N-vinyllactams). While the 5-membered ring
polylactam (poly(N-vinylpyridone), PVP) does not possess
an LCST below 100 �C,27,28 the 7-membered ring analogue,*To whom correspondence should be addressed.
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namely poly(N-vinylcaprolactam) (PVCap), has an LCST
close to physiological temperature (34-37 �C), making it the
subject of much current interest.27-30 Homopolymers and
copolymers of both PVCap and PVP are often prepared by
controlled radical polymerization techniques such as macromo-
lecular design via interchange of xanthates (MADIX)/reversible
addition-fragmentation chain transfer (RAFT),31-36 nitroxide-
mediated,37 atom transfer radical polymerization (ATRP),38 and
cobalt-mediated radical polymerization.39 In contrast to the vast
amount of scientific literature on the preparation and the study of
the stimuli-responsive behavior of the 5-membered and less so the
7-membered ring poly(N-vinyllactam) analogues,29,40-45 there
have been no reports so far on the homopolymerization of the
6-membered ring analogue, N-vinylpiperidone (VPip). Indeed in
2010, the first report of the copolymerization of the 6-membered
ring monomer using free radical polymerization was reported.46

It is proposed that these new N-vinylpiperidone polymers would
display intermediate LCST/cloud point values and also analo-
gous biocompatibility as the previously reported PVP and
PVCap and hence find application in biomedical and materials
applications. In this paper, we describe for the first time the
controlled homopolymerization ofN-vinylpiperidone usingMA-
DIX/RAFT polymerization with a xanthate as a chain-transfer
agent. These new polymers (PVPip) were then used as macro-
molecular chain-transfer agents to form an amphiphilic di-
block copolymer (poly(N-vinylpiperidone)-b-poly(vinyl acetate))
which could undergo thermoreversible solution self-assembly to
form spherical micelles. Furthermore, these polymers could be
deprotected to form a fully biocompatible thermosensitive poly-
mer, poly(N-vinylpiperdone)-b-poly(vinyl alcohol). Preliminary
thermoresponsive behavior of these novel materials will also be
discussed.

Experimental Section

Materials and Methods. 2,20-Azobis(2-methylpropionitrile)
(AIBN, Molekular) was recrystallized from methanol and
stored at -35 �C in the dark. Ethyl 2-(ethoxycarbonothioy-
lthio)propanoate (1) was synthesized according to the literature
procedures.47N-Vinylpiperidone (VPip) was donated by BASF,
stored in the desiccator, and sublimed before use. 1,4-Dioxane
was dried over CaH2 and distilled under reduced pressure prior
to use. Vinyl acetate was dried over CaH2, distilled under static
vacuum, and then stored at -35 �C in the dark. All other
reagents were purchased from Sigma-Aldrich and were used
without further purification.

1H and 13C{1H} spectra were recorded with a Bruker DPX-
400 spectrometer using CDCl3 or D2O. Chemical shifts are
reported in ppm (δ) relative to CHCl3 (7.26 ppm for 1H and
77.2 ppm for 13C{1H}) and H2O (4.79 ppm for 1H) as internal
references. Gel permeation chromatography (GPC) data were
obtained on a PLGPC 50 integrated GPC system with a PL-AS
RT autosampler and a Varian 390-LC detector suite with DRI
and viscometry. Three mixed D, 5 μm columns (one guard and
two main) were used at 50 �C with dimethylformamide (DMF)
with 1% LiBr as the eluent at a flow rate of 1 mL/min. All
molecular weights were calculated relative to PMMAstandards.
For the homopolymers 236,51,62 and block copolymers 3-5 as
well as polymerization kinetics analyses, GPC data were also
obtained on a PL GPC 50 integrated with a DRI and a UV
detector. One PL gel mixed E, 3 μm column and one guard
column were used at 30 �C with 1,1,1,3,3,3-hexafluoro-2-pro-
panol (HFIP) with 0.05%w/v potassium trifluoroacetate as the
eluent at a flow rate of 0.5 mL/min. All molecular weights were
calculated relative to PMMA standards (Mp 0.6 -30.5 kDa).
For the homopolymers 285,209,652, GPC data were also obtained
on a PLGPC 50 integratedGPCwith aDRI and aUVdetector.
One Waters Styragel HT column and one guard column
were used at 30 �C with HFIP with 0.05% w/v potassium

trifluoroacetate as the eluent at a flow rate of 1.0 mL/min. All
molecular weights were calculated relative to PMMA standards
(Mp 5.7 -467.4 kDa).

The DLS instrumentation consisted of a Malvern Zetasizer
NanoS instrument operating at 25-80 �C with a 4 mWHe-Ne
633 nm laser module. Measurements were made at a detection
angle of 173� (backscattering), and Malvern DTS 5.02 software
was used to analyze the data. The data were processed by
cumulants analysis of the experimental correlation function,
and spherical micelle diameters were calculated from the com-
puted diffusion coefficients using the Stokes-Einstein equation.
Each reported measurement was the average of three runs.

Transmission electron microscopy (TEM) samples were pre-
pared by drop deposition onto copper/carbon grids that had
been treated with oxygen plasma to increase the surface hydro-
philicity. The particles were stained using a dilute 3% solution of
uranyl acetate. Micrographs were collected at magnifications
varying from 12 to 100K and calibrated digitally. Histograms of
number-average particle diameters (Dav) and standard devia-
tions were generated from the analysis of a minimum of 100
particles from at least three different micrographs using Image J
software.

A Veeco MultiMode AFM was used with a Nanoscope IIIa
controller and Quadrex module (Digital Instruments, Veeco
Metrology Group; Santa Barbara, CA). The tips were silicon
with nominal force constant and resonant frequency of 3.5 N/m
and 75 kHz (NSC18/no Al from MikroMasch). The samples
were prepared for AFManalysis by drop deposition of∼0.1mL
of sample at a concentration of 1 mg/mL onto freshly cleaved
mica and air-dried overnight. Average height (Have) of micelles
was calculated based on at least 50 particles. Lower critical
solution temperature (LCST)/cloud point measurements were
analyzed using a Perkin-Elmer UV/vis Spectrometer (Lambda
35) equipped with a Peltier temperature controller at 500 nm
with a heating/cooling rate of 1 �C/min. An average of at least
two cycles were recorded for each sample. Infrared (IR) spectra
were obtained on a Perkin-Elmer Spectrum 100 ATR FT-IR
spectrometer. Critical aggregate concentration (CAC) determi-
nation was performed according to a previously published
method employing N-phenyl-1-naphthylamine (PNA) as a
fluorescence probe using a Cary Eclipse single-beam fluori-
meter.48 DSC measurements were performed on a Mettler
Toledo, HP DSC827 with analysis performed using Mettler
Toledo STARe software v9.20. The samples were run at a
heating rate of 10 �C/min, and the glass transition temperatures
were taken as the midpoint of the inflection tangent.

Polymerization ofN-Vinylpiperidone (VPip)Using CTA 1.As
a representative example, in an inert atmosphere glovebox, VPip
(3.00 g, 24mmol), CTA 1 (16mg, 0.072mmol) andAIBN (0.62mL
of 1.88 mg/mL dioxane) were dissolved in 1,4-dioxane (5.4 mL)
in a vial. The resulting solution was then introduced into a
Schlenk tube equipped with a Young’s tap, sealed under nitro-
gen, and then taken out of the glovebox. The reaction mixture
was then allowed to polymerize at 70 �C for typically 10 h, after
which an aliquot was taken from the mixture for 1H NMR
conversion analysis. Conversions were calculated using 1H
NMR spectroscopy by comparing the integrations of the het-
erocycle signals on the VPip monomer (δ=3.57 and 2.45 ppm)
with those of the corresponding signals of the polymer backbone
(δ = 3.05 and 2.28 ppm). The light yellow solution was then
quenchedwith liquid nitrogen. Poly(N-vinylpiperidone) (PVPip)
was recovered as an off-white powder (1.7 g, ca. 91% based on
62% conversion) after precipitation into diethyl ether multiple
times until the residual monomer was less than 0.2%. Representa-
tive characterization data for 2209:

1H NMR (400 MHz, CDCl3):
δ= 4.57 (-NCH, br, 1H), 4.08 (-OCH2CH3, end group), 3.05
(-NCH2-, br, 2H), 2.34-2.21 (OdC-CH2-, br, 2H),
1.83-1.43 (-CH2- on heterocycle, -CH2- on polymer back-
bone, br, 6H). 13C {1H} NMR (125 MHz, CDCl3): δ = 169.9
(-CdO), 45.3, 44.0 (-NCH on polymer backbone), 40.8
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(-NCH2-), 32.7 (OdC-CH2-), 22.9, 21.2, 21.0, 20.9 (-CH2-
on heterocycle, -CH2- on polymer backbone). Mn

NMR

(CDCl3) = 26 kDa, Mn
GPC(DMF) = 8.2 kDa, Mw/Mn =

1.58. Mn
GPC(HFIP) = 30.0 kDa, Mw/Mn = 1.59. DSC of

PVPipx: Tg = 94-98 �C.
Chain Extension of PVPip with Vinyl Acetate (VAc)ToAfford

Poly(N-vinylpiperidone)-block-poly(vinyl acetate) (PVPip-b-PVAc).
As a representative example, 262 (Mn

NMR = 8.1 kDa, Mw/Mn

(DMF GPC) = 1.25, Mw/Mn (HFIP GPC) = 1.28, 0.201 g,
0.0248 mmol), VAc (1.3 mL, 0.0141 mol), and AIBN (0.1 mL
of 4.20 mg/mL solution in 1,4-dioxane, 0.0026 mmol) were
dissolved in 1,4-dioxane (18 mL, [VAc] = 0.78 M) in an
inert atmosphere glovebox. The resulting solution was trans-
ferred to a Schlenk tube equipped with a Young’s tap, sealed
under nitrogen, and then taken out of the glovebox. The
polymerization was then carried out at 60 �C for 68 h, after
which an aliquot was withdrawn from the reaction mixture for
1H NMR conversion analysis;determined by comparing the
integrations of the vinyl (δ=7.25 ppm) and the-CH3 (δ=2.11
ppm) proton signals of the VAc monomer with those of
the -CH3 proton peaks (δ = 2.00 ppm) of the resulting
polymer. The polymerizationwas quenchedwith liquid nitrogen
and subsequently precipitated into diethyl ether twice, giving an
off-white fluffymaterial with a clear colorless supernatant which
was then carefully decanted. PVPip-b-PVAc was obtained as a
transparent sticky solid after drying under high vacuum for 2 days.
Characterization of 4: 1H NMR (400 MHz, CDCl3): δ = 4.84
(-CH- ofPVAc, br), 4.54 (-NCH- ofPVPip, br), 4.11(-OCH2-
CH3, end group), 3.02 (-NCH2-, br, PVPip), 2.34-2.18
(OdC-CH2-, br, PVPip), 2.00 (-CH3, br, PVAc), 1.83-1.40
(-CH2- on PVPip heterocycle, -CH2- on PVPip and PVAc
polymer backbone, br). Mn

NMR (CDCl3) = 10.8 kDa, Mn
GPC-

(DMF) = 7.4 kDa,Mw/Mn = 1.55.Mn
GPC(HFIP) = 11.4 kDa,

Mw/Mn = 1.27. DSC of 4: Tg = 43 �C (PVAc), 88 �C (PVPip).
Hydrolysis of 4 To Form 5.A solution of 4 (0.16 g, 1.52� 10-2

mmol), ethylpyridine hypophosphite (EPHP) (0.124 g, 0.67
mmol), and AIBN (1.09 mg, 6.64 � 10-3 mmol) in toluene
(ca. 4mL) was degassed by freeze-pump-thaw cycle five times.
The resulting reaction mixture was then sealed under nitrogen
and heated in an oil bath at 100 �C for 12 h, after which it was
then concentrated in vacuo and immediately precipitated into
diethyl ether two times to give 40 as a white fluffy solid (0.130 g,
81% yield) after drying under high vacuum for 2 days. The
successful removal of the xanthate end group was confirmed by
the disappearance of the GPC (DMF) trace as analyzed at UV
280 nm as well as the overlapping RI traces relative to its
precursor 4 (Mn

GPC(DMF) = 5.5 kDa, Mw/Mn = 1.58). To a
rapidly stirring solution of the above polymer 40 (0.125 g in
12mLmethanol) was addedKOH (12mLof 20mg/mL solution
in methanol). After stirring for 12 h, the reaction mixture was
concentrated in vacuo, diluted with nanopure water, and dia-
lyzed against nanopure water for 2 days (MWCO = 6-8 kDa)
to remove any methanol and salts. The hydrolyzed polymer 5
was recovered as a fluffy white powder after freeze-drying for 2
days and then stored in the desiccator (0.10 g, 80% yield). 1H
NMR (400 MHz, D2O): δ = 4.51 (-CH- of PVPip, br), 4.05
(-CH-of PVOH, br), 3.18 (-NCH2-of PVPip, br), 2.50-2.00
(OdC-CH2-, br, PVPip), 1.95-1.00 (-CH2- on PVPip het-
erocycle,-CH2- on PVOH and PVPip polymer backbone, br).
Mn

GPC(DMF) = 3.9 kDa, Mw/Mn = 1.58. Mn
GPC(HFIP) =

10.7 kDa, Mw/Mn = 1.26. DSC of 5: Tg = 89 �C.
Self-Assembly of PVPip62-b-PVAc21 (3) and PVPip62-b-

PVAc32 (4).As a representative example, the diblock copolymer
3 was directly dissolved in nanopure water (at 1 mg/mL). The
resulting mixture was then stirred until all the diblock copoly-
mer unimers have been dissolved, after which it was allowed to
age for 1 week before passing through a 0.45 μm nylon filter to
remove dust prior to further studies.

Cytotoxicity Studies. Lactose Dehydrogenase (LDH)Assay.
Calu3 (ATCC, Rockville, MD) cells were grown from passage

35 using Dulbecco’s modified Eagle’s medium nutrient mixture
F-12 Ham supplemented with 10% fetal bovine serum (FBS),
100 UI/mL penicillin, 100 μg/mL streptomycin, 2 mM L-gluta-
mine, and 1% v/v nonessential amino acids (all components
from Sigma-Aldrich, Poole, UK). Calu3 cells were seeded onto
96-well plates at a density of 15 000 cells per well and incubated
overnight to attach. Once attached, the growth medium was
removed and replaced with growth medium containing heat
inactivated FBS, with lanes also containing either; P(IP) (Mn

10 kDa) of varying concentrations between 0.0005 and 1%w/v,
a control lane with 4% Triton X-100, and a lane of media
without cells to determine the background. The cells were then
incubated for 4 h, centrifuged at 250g at 4 �C for 4 min, and 100
μL of growthmedia containing heat-inactivated FBSwas added
to each well. 100 μL of media was then taken from each well and
placed into a fresh 96-well plate. 100 μL of CytoTox-ONE
reagent (Promega) was then added to each well on the new
plate, and the plate was incubated at room temperature for
15 min protected from light. CytoTox-ONE reagent contains
lactate, NADþ, ATP, diaphorase, and rezazurin. Following
incubation, 50 μL of stop solution (Promega) was added to each
well and the plates were read on a TECAN infinity fluorometric
plate reader with an excitation wavelength of 560 nm and
emission of 590 nm.

Results and Discussion

Reversible addition-fragmentation chain-transfer (RAFT)
polymerization is a controlled radical polymerization technique
which imparts living character to a conventional free radical
polymerization by a degenerative chain-transfer mechanism via
the use of a chain-transfer agent (CTA).49-53 It has been well-
documented that while RAFT agents such as trithiocarbonates
and dithioesters can efficiently control the polymerization of
more activated monomers (e.g., styrene, methacrylates), they are
known to inhibit/retard the polymerization of the less activated
monomers (e.g., vinyl acetate and N-vinyllactams).51,54 On the
other hand, xanthate and dithiocarbamate MADIX/RAFT
agents which can effectively control the polymerizations of such
less activated monomers tend to be inefficient with the more
activated monomers.55 As the ultimate goal of this work is to
prepare a new class of thermally responsive block copolymer
(namely PVPip-b-PVAc), the xanthate-ethyl 2-(ethoxycarbo-
nothioylthio)propanoate (CTA 1) was chosen as it is known to
provide control over both vinyllactam56 and the vinyl acetate33,57

polymerizations.
The MADIX/RAFT of VPip monomer with 1 as a CTA in 1,

4-dioxane is shown in Scheme 1. A polymerization temperature
of 70 �C was chosen as a compromise between the breakdown
temperature of the xanthate CTA58 and the reactivity of the
PVPip propagating radical.At higher temperatures conversion of
themonomer leveled out at ca. 60% (Figure S1), whereas at 70 �C
a higher maximum conversion could be achieved, albeit with a
decrease in polymerization rate. The ratio of 1:AIBN initiator
was kept at 1:0.1 to minimize the amount of active radi-
cals present in the system and minimize the formation of dead
chains while maintaining a reasonable rate of polymerization.51

Scheme 1. RAFT Polymerization of VPip Using 1 as CTA
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Employing the above-mentioned conditions, the kinetics of the
RAFT polymerization of VPip was then explored in detail. The
controlled nature of the VPip RAFT polymerization ([VPip]:-
[1]:[AIBN]= 160:1:0.1) was confirmed by the pseudo-first-order
kinetic plot as shown in Figure 1. It should be noted that linear
kineticswere consistently observed only up to ca. 50%conversion
and that in all cases the rate of polymerization leveled off after
reaching ca. 70% (Figure 1). This was presumably due to a
decomposition of the active radicals after prolonged heating as
the polymerization proceeded. Furthermore, the apparent mo-
lecular weight (Mn

GPC, HFIP andDMF, Figure 2) was observed
to increase linearly with conversion which is characteristic of a
controlled polymerization system. Initial characterization of the
polymer by GPC analysis using DMF as eluent constantly gave
Mn values significantly lower than those obtained by NMR end-
group and conversion analyses. This phenomenon has also been
frequently observed in the 5-membered (poly(N-vinylpyrroli-
done)) and the 7-membered (poly(N-vinylcaprolactam)) ring
polymers.35 To overcome this problem, we changed to use 1,1,-
1,3,3,3-hexafluoro-2-propanol (HFIP) as eluent for our GPC
analysis as it has been shown in the literature that molecular
weight of polymers with very polar functional groups, e.g.,
polyamides and polyesters, could be analyzed using this system.36

As anticipated, the apparent Mn
GPC, HFIP were significantly

higher than those obtained from DMF GPC when comparing

with the same standards. Furthermore, theMn versus % conver-
sion plot as analyzed by HFIP GPC agreed very well with the
theoretical values. A series of homopolymers with control over
Mn (4.5-83 kDa) were prepared by varying the monomer-to-
CTA ratios taking into account the % conversion at which the
polymerizations were quenched (Table S1). All the polymers
obtained possessed fairly narrow molecular weight distributions
as well as xanthate end groups as analyzed by a UV detector on
theGPC (at 280 nm) (Figure S3). In addition,Mn values obtained
from HFIP GPC also agreed relatively well with those from
NMR end group and conversion analysis (Table S1, also see
Figure S2 for a representative 1H NMR spectrum of 262). The
amorphous nature of PVPip could be confirmed by the DSC
thermogramswhich showed glass transitions (Tg) at ca. 94-98 �C
over the range of Mn’s studied (4.5-83 kDa).

The cloud point behavior of these polymers in nanopure water
was studied by turbidity measurements at 20 mg/mL. It has been
well documented that while poly(N-vinylpyrrolidone) exhibited
no phase separation behavior below 100 �C in water, its 7-mem-
bered ring analogue (poly(N-vinylcaprolactam)) had a cloud
point of ca. 34 �C and hence has been compared with poly(N-
isopropylacrylamide).27,28 As expected, the range of cloud points
of PVPip lay between those of its 5- and 7-membered ring
polylactams (Figure 3). Furthermore, similar to other amide-
based thermosensitive polymers (e.g., poly(2-oxazoline)), a chain
length dependence on the cloud point was also observed with the
cloud point decreasing with increasing molecular weight of the
PVPip homopolymer (Figure S4).26,59 Another interesting fea-
ture is that similar to poly(2-oxazolines) no hysteresis was evident
from the overlapping heating and cooling traces in all phase
transitions (Figure 3).26

To unambiguously prove that the PVPip homopolymers made
by MADIX/RAFT polymerization have retained the xanthate
end group functionality, they were chain extended with VAc,
another “less activated monomer” which is known to polymerize
in a controlled fashion using a xanthate CTA with identical
Z-group as 1.33,57 In order to maximize the amount of dithio-
carbonate end groups on the macro-CTA, the VPip homopoly-
merization was stopped at ca. 50% conversion when the kinetics
was still linear. The molecular mass and polydispersity of 262
macro-CTA were determined by 1H NMR end group and
conversion analysis as well as GPC with HFIP and DMF as
eluents. Both characterization techniques agreed reasonably well
with each other (Table S1). The macro-CTA, 262, synthesized
using the aforementioned optimized conditions was chain ex-
tended with VAc to make the amphiphilic block copolymer
(PVPip-b-PVAc), with the ultimate aim being to study the
thermal sensitive micellization behavior of this diblock copoly-
mer (Scheme 2). Initial efforts to chain extend 262 in 4M dioxane
solution of VAc consistently yielded bimodal distributions by

Figure 3. Percent transmittance versus temperature plots for PVPipx
homopolymers of varying molecular weight at 20 mg/mL in water.

Figure 1. Pseudo-first-order kinetic plot for the solution polymeriza-
tion of VPip (4 M in dioxane) at 70 �C using 1 as a CTA ([VPip]:-
[1]:[AIBN] = 160:1:0.1).

Figure 2. Evolution ofMn (HFIP GPC (blue squares) and DMFGPC
(black dots), theoretical (red line)) with % conversion for the polymer-
ization ofVPip in 4MdioxanewithCTA 1 at 70 �C ([VPip]:[1]:[AIBN]=
160:1:0.1). Mw/Mn values are shown in parentheses.
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GPC analysis. After attempting various reaction conditions
which included different temperatures, solvents, and concentra-
tions, it was found that a reasonably controlled polymerization
could be achieved by lowering the concentrations (ca. 1MVAc in
dioxane) at 60 �C and by quenching the polymerizations at ca.
50% conversion. By adapting the optimized protocol, fairly well-
defined amphiphilic PVPipx-b-PVAcy diblock copolymers could
be prepared (GPC (DMF), Mw/Mn 1.46-1.55, GPC (HFIP),
Mw/Mn 1.27, Table 1).

The PVPip62-b-PVAc21/32 block copolymers (3 and 4) could be
recovered by multiple precipitations into diethyl ether to yield
white fluffy powders. The degrees of polymerization of the
diblock copolymers were determined by comparing the integra-
tions of the -CH protons on the polymer backbone of the
respective blocks (for PVPip δ (-CH-) 4.54 ppm, PVAc δ
(-CH-) 4.84 ppm), and the -CH2 protons on the heterocycle
of the PVPip macro-CTA (δ (-NCH2-) 3.02) after purification
(see Figure S5 for a representative 1H NMR spectrum of 4).
Figure 4 shows the GPC traces (HFIP) before and after chain
extension of PVPip62 with VAc. A successful chain extension was

apparent from the obvious shift toward higher molecular weight
of the resulting diblock copolymer from that of the PVPipmacro-
CTA, thus further reinforcing the controlled nature of the PVPip
homopolymerization.

The presence of a thermoresponsive hydrophilic PVPip block
and a hydrophobic PVAc segment means that these copolymers
can potentially be precursors to nanoparticles with a PVPip
corona and a PVAc core upon dissolution in water;a selective
solvent for the former block. The micellization behavior of
PVPip62-b-PVAc21 3 in nanopure water was studied by bright
field transmission electron microscopy (TEM), atomic force
microscopy (AFM), anddynamic light scattering (DLS). Because
of the relatively long water-soluble PVPip block, self-assembly
can be induced by directly dissolving the diblock copolymer in
nanopure water (at 1 mg/mL).60 The morphology and size of the
self-assembled material were further investigated by TEM and
DLS analysis (Figure 5 and Figure S6, respectively; also see
Figure S7 for AFM images). DLS of the resulting clear solution
confirmed that nanostructures of ca. 24 nm with quite broad
polydispersity 0.523) were obtained with good correlation func-
tion (Figures S6(a) and S6(b), respectively). By DLS it appeared
that some larger aggregates were also formed (as evidenced in the
intensity profile), and attempts to optimize the assembly condi-
tions (lower concentration, using a solvent switch method) could
not prevent the formation of these larger aggregates. Analysis of
the particles by TEM suggested spherical micelle diameters (ca.
17 ( 3 nm) which were smaller than those obtained from DLS
measurements. However, discrepancies in size between the two
characterization techniques is expected. It is likely thatwhileDLS
measured micellar sizes with a solvated PVPip corona in water,
TEM images were likely to result in relatively smaller size due to
the collapsed PVPip coronal chains upon drying on copper grids.

Figure 5. (a) Representative TEM image of spherical micelles obtained
by deposition of a drop of an aqueous micelle solution (1 mg/mL) of 3
onto carbon-coated copper grids. The sample was stained with a 3%
uranyl acetate solution prior to imaging. (b) Histogram of the size
distribution of micelles obtained from 3 with size distribution (Dw/Dn).

Scheme 2. General Scheme of the Chain Extension of PVPipxwithVAc
at 60 �C in Dioxane To Obtain PVPipx-b-PVAcy

Table 1. Characterization of PVPipx-b-PVAcy Synthesized from
Macro-CTA 262 in This Study (x and y Denote the Degrees of

Polymerization of Each Block)

block
copolymer x:ya

Mn
HFIP, kDa

(Mw/Mn)
b

Mn
DMF, kDa

(Mw/Mn)
c

3 62:21 10.7 (1.27) 4.4 (1.46)
4 62:32 11.4 (1.27) 7.4 (1.55)

a x:ywas determined by comparing the-CH protons on the polymer
backbones of the respective blocks (for PVPip δ (-CH-) 4.54 ppm,
PVAc δ (-CH-) 4.84 ppm) and the-CH2 protons on the heterocycle of
the PVPip macro-CTA (δ (-NCH2-) 3.02). bDetermined from HFIP
GPC calibrated with PMMA standards. cDetermined fromDMFGPC
calibrated with PMMA standards.

Figure 4. GPC (HFIP) trace of macro-CTA PVPip62 and chain-ex-
tended diblock copolymer 4.

Figure 6. Plot of the % transmittance versus temperature (�C) for the
diblock copolymers 3 and 4 (1 mg/mL) in nanopure water; heating and
cooling rate = 1 �C/min.
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The formation of spherical micelle morphologies as confirmed by
TEM analysis was consistent with the hydrophilic:hydrophobic
block ratios of the PVPip-b-PVAc copolymer (Figure 5a).
Furthermore, the size distributions (Dw/Dn 1.03) of these sphe-
rical micelles were fairly narrow as determined by TEM image
analyses (Figure 5b). The critical aggregate concentration (CAC)
of micellar 3 in nanopure water was also studied by fluorescence
spectroscopy using N-phenyl-1-naphthylamine (PNA) as a fluo-
rescent probe andwas determined tobe 8.8� 10-3mg/mL,which
compares well with related amphiphilic systems (Figure S8).

The thermal sensitivity of these micellar structures was inves-
tigated by turbidity measurements. Figure 6 shows a plot of the
% transmittance versus temperature profile for the micellar
structures from 3 and 4. It could be seen that in the case of 3 a
sharp decrease in transmittance occurred at ca. 62 �C which
signified a phase transition of the hydrophilic PVPip block.
Analogous studies by DLS also showed that an abrupt increase
in scattering intensity can be observed at ca. 62 �C (see Support-
ing Information Figure S9). Furthermore, upon cooling below
the cloud point, micelles of 3 were readily reformed, demonstrat-
ing the reversibility of the phase transition. Interestingly, relative
to the PVPip62 homopolymer from which it was derived (cloud
point of PVPip62 ca. 84 �C), the cloud point of the corresponding
diblock copolymer was significantly reduced. Furthermore, the
sensitive copolymers phase transition of the diblock copolymer 4
(55 �C, Figure 6) in nanopure water was even lower than that of 3
(62 �C). We proposed that the observed decrease in cloud points
of 3 and 4 relative to 262 from which they were derived could be
attributed to the increase in hydrophobicity of the polymer due to
the incorporationof thePVAcblock. Similar behavior has alsobeen
observed in other amide-based thermal sensitive copolymers.26 The
heating and cooling traces overlaid reasonably well with each other,
indicating the presence of only minimal hysteresis.

Recently, poly(N-vinylcaprolactam) and its derivatives have
been extensively investigated due to their potential use in biomed-
ical applications as a result of its nontoxic nature and an LCST
close to body temperature.29,43,61 It is anticipated that PVPip, the
6-membered ring structural analogue, should also be biocompa-
tible and the LCST/cloud point of the polymer should be tunable
by copolymerizationwith the 5- and 7-membered ring analogues.
In our present study, we have also explored the cytotoxicity of
PVPip, with the ultimate aim of making a fully biocompatible
and thermoresponsive block copolymer: PVPip-b-PVOH. Cyto-
toxicity was measured using a LDH release assay. The LDH
enzyme is released from the cell cytoplasm into themediumwhen
cells have been lysed or have lost their membrane integrity. The
released LDH then reduces NADþ to NADH, which in turn is
able to reduce the nonfluorescent rezazurin to the fluorescent
resorufin. The dose response curve obtained for Calu-3 cells

treated with PVPip62 is shown in Figure S10. The polymer caused
no significant deviation from the spontaneous LDH release even
at the highest concentration of 1% w/v. Encouraged by the
cytotoxicity data, we proceed intomaking PVPip62-b-PVOH32 in
the hope ofmaking a novel fully biocompatible block copolymer.

The hydrolysis of the PVAc block of 4 was performed under
basic conditions in methanol. It has been well documented that
by using this method, the PVPip block would remain intact
while complete hydrolysis of the PVAc block could be readily
achieved.39,57 Previous reports have also suggested that a high
molecular weight shoulder was occasionally observed (when
analyzed by GPC) after hydrolysis. This was rationalized by
the formation of disulfide end group functionalities which could
ultimately lead to coupling of two polymer chains in the presence
of oxygen.62 To overcome this potential problem, we attempted
to removed the xanthate end groups of 4 prior to hydrolysis
employing a previously published method using ethylpyridine
hypophosphite (EPHP) and AIBN (Scheme 3).63 The end group
removed polymer 40 was then hydrolyzed using the conventional
methodasmentioned previously.39,57 The successful formation of
the diblock copolymer 5 was confirmed by the simultaneous
disappearance of the -CH3 signal (δ = 2.00 ppm) and the
appearance of the -CH-OH resonance (δ = 4.05 ppm) typical
for PVOH (Figure S11). Furthermore, the selective hydrolysis of
the PVAc block was supported by the fact that all 1H NMR
resonances corresponding to the PVPip block remained intact.
This was further evidenced by the observation that upon hydro-
lysis the characteristic CdO stretch corresponding to the PVAc
block disappeared while that of the PVPip block remained
unchanged (Figure S12). Furthermore, the GPC RI traces
(HFIP) showed that the hydrodynamic size of the block copoly-
mer 4was essentially unaffected after hydrolysis to form 5 (Figure
S13). The thermoresponsive behavior of 5 in nanopure water was
also investigated. It was anticipated that when an aqueous
solution of 5 was heated above its cloud point, nanostructures
with a water-soluble PVOH corona and a collapsed PVPip core
should be formed. However, no apparent self-assembled micellar
structures were detectable even after heating to 95 �C as mon-
itored by changes in size and scattering intensity by DLS. It is
likely that the increase in hydrophilicity upon hydrolysis of the
PVAc segments and the apparent miscibility of the PVOH and
PVPip blocks (as is suggested by the observation of a single Tg at
89 �C) prevent phase separation and nanostructure formation.
The biocompatibility of this diblock copolymer was also con-
firmed usingmethods employed for the homopolymer derivative.
Importantly, this result further reinforced our earlier observa-
tionswith the block copolymers 3 and 4 that the cloudpoint of the
final material can be easily tuned by altering the hydrophilicity/
hydrophobicity of the diblock.

Scheme 3. Hydrolysis of 4 To Form 5
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Conclusions

This paper reports for the first time the synthesis of the novel
biocompatible and thermoresponsive polymer PVPip by MA-
DIX/RAFT polymerization using xanthate 1 as a chain-transfer
agent. The cloud points of these polymers were shown to be chain
length dependent, and the transitions were observed to be
reversible and fast. Furthermore, cell toxicity studies on 262
indicated that the PVPip is noncytotoxic even at high dosage
levels (1% w/v). Amphiphilic diblock copolymers 3 and 4 have
been successfully prepared by chain extending from the macro-
CTA 262withVAc. The self-assembly of 3 into thermoresponsive
spherical micelles could easily be induced by direct dissolution in
nanopurewater andhave been fully characterized byDLS,TEM,
and AFM. Moreover, spherical micelles of 3 exhibited a cloud
point which could be further tuned by changing the hydrophobic
PVAc block length. A fully biocompatible block copolymer
PVPip62-b-PVOH32 5 was also prepared by basic hydrolysis of
4. Our results suggest that PVPip polymer not only possesses
excellent potential as a novel thermosensitive biomaterial in its
own right, but the possibility of copolymerizing with its 5- and
7-membered ring analogues may give rise to tunable LCST
polymers with novel properties.
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