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Abstract
Polymers exhibiting a thermoresponsive, lower critical solution temperature (LCST) phase transition have proven to be useful for many ap-
plications as ‘‘smart’’ or ‘‘intelligent’’ materials. A series of poly(N-isopropylmethacrylamide) (PNIPMAM) polymer, poly(N-isopropylmeth-
acrylamide)-b-poly(acrylic acid) (PNIPMAM-b-PAA) diblock, and poly(acrylic acid)-b-poly(N-isopropylmethacrylamide)-b-poly(acrylic
acid) (PAA-b-PNIPMAM-b-AA) triblock copolymer samples were synthesized via ATRP. A facile post-functionalization route was developed
that uses an activated ester functionality to convert poly(N-methacryloxysuccinimide) (PMASI) blocks to LCST capable polyacrylamide, while
poly(t-butyl acrylate) (PtBA) blocks were converted to water-soluble poly(acrylic acid) (PAA). The post-functionalization was monitored via 1H
NMR and ATR-FTIR. The aqueous solution properties were explored and the PNIPMAM polymers were shown to have a LCST phase transition
varying from 35 to 60 �C. The ability to synthesize block copolymers that are thermoresponsive and water-soluble will be of great benefit for
broader applications in drug delivery, bioengineering, and nanotechnology.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Many polymers show a reversible phase transition in response
to an increase in temperature, known as a lower critical solution
temperature (LCST). This LCST transition has been studied for
many polyacrylamides including poly(N-isopropylacrylamide)
(PNIPAM) and poly(N-isopropylmethacrylamide) (PNIPMAM)
[1,2]. Recently, there has been increasing interest in polymers
exhibiting LCST properties for the design of ‘‘intelligent’’ or
‘‘smart’’ materials [3e17]. The thermoresponsive nature of
these polymers has led to applications in drug delivery [13e
16], bioengineering [5,8,9,11], nanotechnology [6,7,10,12,17],
and a promising future for applications in the areas of biosensors
and membranes.
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The LCST transition is driven by an increase in entropy
upon heating, due to the loss of both the hydration of the hy-
drophilic amide group and the hydrophobic interactions of the
alkyl pendant group, where entropy of the pendant group out-
weighs the enthalpic contribution [18]. Typically the cloud
point of a dilute polymer solution is reported as an indicator
of the polymer sample’s thermoresponsive nature, rather
than the LCST minimum of a polymer/water phase diagram
[19]. The cloud point (T50%) is defined as the temperature at
which normalized transmittance is reduced to 50% during
the phase transition. For polyacrylamides, the cloud point
has been shown to be dependent on concentration [20e22],
end group composition [19,23,24], and molecular weight
(MW) [2,21,22,25e34]. The majority of these studies used
conventionally polymerized samples without well-defined
polymers of low polydispersity (PDI), which prevented precise
examination of the LCST transition. These previous studies
showed that the well-controlled synthesis of LCST polymers,
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to generate polymers with narrow PDI, is essential to provide
a better understanding of the phase transition.

The synthesis of polyacrylamides has been approached us-
ing many techniques. The most commonly used polymeriza-
tion method is controlled free radical polymerization (CFRP)
including atom transfer radical polymerization (ATRP)
[18,19,23,35e39], reversible addition fragmentation chain-
transfer (RAFT) polymerization [24,40e44], and nitroxide
mediated polymerization (NMP) [45,46]. In most cases, these
polymerization techniques prove to be difficult for acrylam-
ides, yielding higher polydispersities, low MWs, or requiring
special reaction conditions [18,19,35e46]. For the ATRP of
polyacrylamides, control over polydispersity is difficult due
to several reasons: deactivation of the copper catalyst due to
complexation with the amide group, a cyclization reaction of
the bromine end with the penultimate amide nitrogen, and
an inadequate redox potential of the catalysts causing in-
creased radical concentration and thus biradical termination.
All of the above factors result in difficult to control polymer-
izations for the ATRP of acrylamides and thus polydispersity
index (PDI) values ranging from approximately 1.1 to 3 oc-
curred [35,37e39]. Good control for the ATRP of PNIPAM
homopolymers has been achieved, using more dynamic cata-
lyst/initiator pairs and various polar solvents tuned specifically
for the conditions [18,19,35].

This paper discusses the synthesis of PNIPMAM via
a post-functionalization route. An activated ester, N-metha-
cryloxysuccinimide (MASI), was polymerized via ATRP.
MASI has been shown to polymerize in a controlled ‘‘living’’
fashion via ATRP and is able to initiate a second monomer
[47]. MASI has been used previously by our group to synthe-
size well-controlled block copolymers that can later be func-
tionalized with various groups to achieve polymers with
different properties [48,49]. Here, poly(N-methacryloxysucci-
nimide) (PMASI) homopolymer and block copolymers were
functionalized to create PNIPMAM samples with thermores-
ponsive solution properties. The controlled synthesis of poly-
mer and block copolymer samples of PNIPMAM with low
polydispersity will be discussed in this paper. The aqueous
solution properties of these polymers are explored to
show response to temperature change, probing their LCST
nature.

2. Experimental
2.1. Materials
All chemical reagents were purchased from Aldrich, Alfa
Aesar, Fisher, Cambridge Isotopes Aldrich, or Acros Organics
and used without further purification unless otherwise stated.
To remove methyl ether hydroquinone (MEHQ) inhibitor,
t-butylacrylate (tBA) was washed three times with an aqueous
solution of 5 wt% NaOH, followed by washing three times
with distilled water. tBA was then dried over MgSO4, followed
by CaH2, vacuum distilled, and then stored under nitrogen at
�20 �C. Water used for LCST studies was purified using
a Millipore Milli-Q UF Plus system with a QPAK 1 column.
All syringe injections for water and air sensitive reactions
were made using a syringe purged with nitrogen gas three
times, immediately prior to use.
2.2. Measurements
1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were
obtained in DMSO-d6 using a Bruker Avance NMR spectrome-
ter. Gel permeation chromatography (GPC) was performed in
0.05 M LiBr/dimethylformamide (DMF) solution at 50 �C
(1.0 mL/min) with a Polymer Labs GPC 50 using two Polymer
Labs Resipore� columns (3 mm, 300 mm� 7.5 mm) and cali-
brated with narrow-MW, linear poly(methyl methacrylate) stan-
dards. UVevis spectra were obtained with a PerkineElmer
Lambda 2 series spectrophotometer with PECSS software.
Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy was obtained using a PerkineElmer
Spectrum One spectrometer with a Universal Diamond ATR
sampling accessory.
2.3. Synthesis of the MASI monomer
N-Hydroxysuccinimide (50.0 g, 434 mmol), triethylamine
(72.7 mL, 521 mmol), and dichloromethane (DCM) (500 mL)
were added to a 1 L round-bottomed flask (RBF) equipped
with a stir-bar. The flask was sealed and placed in an ice-bath
at 0 �C. The solution was vigorously stirred while methacryloyl
chloride (46.7 mL, 478 mmol) was added drop-wise. The reac-
tion was stirred for 2 h under nitrogen slowly coming to room
temperature. DCM (200 mL) was added to the reaction mixture
and the organic layer was washed with 400 mL aqueous solu-
tion of 1 wt% NaHCO3 and then washed twice with distilled
water. The organic layer was concentrated under reduced pres-
sure, then 300 mL 1:1 ethyl acetate/hexane mixture was added.
The solution was allowed to crystallize at 4 �C overnight. The
product, MASI monomer, was isolated via filtration, washed
with hexane, dried under vacuum, then stored at �20 �C until
use. Yield was w70%. The MASI monomer was found to be
w95% pure via 1H NMR. 1H NMR (DMSO-d6, ppm) d¼ 6.3
(s, H, H2C]C), 6.1 (s, H, H2C]C), 2.84 (s, 4H, MASI H),
2.00 (s, 3H, CH3).
2.4. Synthesis of PNIPMAM polymers
For a typical polymerization, MASI (5.00 g, 27.3 mmol)
and copper(I) bromide (CuBr) (89.1 mg, 0.621 mmol) were
added to a dry 100 mL RBF equipped with a stir-bar. The flask
was sealed and purged with dry nitrogen gas, passed through
a drierite column. N,N,N0,N00,N00-pentamethyldiethylenetri-
amine (PMDETA) (130 mL, 0.621 mmol) and ethyl 2-bromo-
isobutyrate (EBIB) (90.2 mL, 0.621 mmol) were added to
separate sealed vials and purged with dry nitrogen gas, then
2 mL of anhydrous anisole was added to each vial and bubbled
with nitrogen. Anhydrous anisole (36 mL) was added to the
RBF and the solution was bubbled with nitrogen. After
15 min, the PMDETA solution was added to the RBF via
syringe and the reaction mixture was stirred for 20 min at
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room temperature to allow catalyst formation, indicated by
a color change to blue. The EBIB solution was added to the
RBF via syringe then the reaction mixture was placed in
a 90 �C oil bath for 1 h. The reaction ratio was
[MASI]:[EBIB]:[CuBr]:[PMDETA]¼ 44:1:1:1. The reaction
mixture was rapidly quenched with liquid nitrogen, then con-
centrated under reduced pressure. The crude mixture was pu-
rified twice by dissolving in a minimum amount of DMSO,
followed by precipitation into acetone. The final filtered prod-
uct, PMASI, was dried under vacuum. The targeted conversion
of w60% was achieved. 1H NMR (DMSO-d6, ppm) d¼ 2.79
(s, 4H, MASI H), 1.4 (br s, 3H, CH3), 1.4 (br s, 2H, CH2). 13C
NMR (DMSO-d6, ppm) d¼ 172.8, 170.2, 45.1, 40.4, 25.6,
25.3, 18.0. IR (solid, cm�1) n¼ 1808, 1778, 1732 (MASI
bands), 1660, 1063, 645.

PMASI was functionalized to form PNIPMAM by amida-
tion via the activated ester functional group. In a RBF, PMASI
was dissolved in minimal DMF, then the flask was sealed and
purged with nitrogen gas. Isopropylamine (4 equiv. to MASI
units) was added via a syringe, then the reaction was stirred
at 60 �C for 24 h. The polymer, PNIPMAM, was precipitated
into ether, filtered, and dried under vacuum. Yield was typi-
cally >95%. 1H NMR (DMSO-d6, ppm) d¼ 7.2 (s, 1H, NH
ring-opened amide), 6.94 (br s, 1H, NH), 6.7 (s, 1H, ONHCO
ring-opened amide), 3.79 (s, 1H, CH), 2.2 (t, 4H, CH2 ring-
opened amide), 1.74 (br s, 2H, CH2), 1.0 (br s, 3H, CH3),
1.01 (d, 6H, i-propyl CH3). 13C NMR (DMSO-d6, ppm)
d¼ 173.8, 170.5, 40.6, 30.9, 30.7, 22.5, 21.8. IR (solid,
cm�1) n¼ 1708 (ring-opened amide I stretch), 1630 (amide I
stretch), 1529 (amide II stretch).
2.5. Synthesis of PNIPMAM-b-PAA and PAA-b-
PNIPMAM-b-PAA block copolymers
Telechelic PMASI (BrePMASIeBr) was prepared under
the same reaction conditions previously described for the
PNIPMAM polymers, except that dimethyl 2,6-dibromohepta-
nedioate (DBHD) (135 mL, 0.621 mmol) was used and the
reaction time was 2 h. ATRP of tBA was carried out using
the BrePMASIeBr macroinitiator. For the synthesis of poly-
(acrylic acid)-b-poly(N-isopropylmethacrylamide)-b-poly-
(acrylic acid) (PAA-b-PNIPMAM-b-PAA) (2), BrePMASIeBr
(4.28 g, 0.766 mmol) and CuBr (220 mg, 1.53 mmol) were
added to a dry 100 mL RBF equipped with a stir-bar. The flask
was purged with dry nitrogen gas, then DMSO (18 mL) was
added to the RBF. PMDETA (321 mL, 1.53 mmol) was added
to a sealed vial and purged with nitrogen. Subsequently,
DMSO (2 mL) was added to the vial containing PMDETA via
a syringe, and the solution was bubbled with nitrogen. The reac-
tion mixture was stirred to dissolve the macroinitiator, while be-
ing bubbled with nitrogen. PMDETA was added to the reaction
mixture via syringe, and the solution was stirred for 20 min to
allow catalyst formation, indicated by a color change to blue.
The reaction mixture was brought to 90 �C before tBA monomer
(8.97 mL, 61.2 mmol) was added via syringe. The reaction ratio
was [tBA]:[BrePMASIeBr]:[CuBr]:[PMDETA]¼ 80:1:2:2.
The reaction was stirred at 90 �C for 6 h, then quenched with
liquid nitrogen. The reaction mixture was dissolved in
400 mL acetone and passed through a short neutral alumina col-
umn to remove the catalyst. The solution was concentrated un-
der reduced pressure, then precipitated into ether and filtered.
The collected polymer, PtBA-b-PMASI-b-PtBA) (1), was dried
under vacuum. Conversion was typically 60%. 1H NMR
(DMSO-d6, ppm) d¼ 2.77 (s, 4H, MASI H), 1.4 (br s, 3H,
CH3), 1.4 (br s, 2H, CH2), 1.35 (d, 9H, t-butyl CH3). 13C
NMR (DMSO-d6, ppm) d¼ 172.8, 170.2, 80.1, 45.1, 40.4,
27.6, 25.6, 25.3, 18.0. IR (solid, cm�1) n¼ 1808, 1778, 1732
(MASI bands), 1660.

PtBA-b-PMASI-b-PtBA (1) was functionalized with iso-
propylamine to form PtBA-b-PNIPMAM-b-PtBA using the
same procedure described for the conversion of PMASI to
PNIPMAM. The tBA units of PtBA-b-PNIPMAM-b-PtBA
were then deprotected with trifluoroacetic acid (TFA) to
form PAA-b-PNIPMAM-b-PAA (2). PtBA-b-PNIPMAM-b-
PtBA was added to a 50 mL RBF equipped with a stir-bar.
The flask was sealed, purged with nitrogen gas, and placed
in an ice-bath at 0 �C. TFA (50 equiv. to tBA units) was added
via a syringe and the reaction was stirred for 2 days. The re-
action mixture was concentrated under reduced pressure,
then precipitated into ether. The polymer, PAA-b-PNIP-
MAM-b-PAA (2), was collected by filtration, then dried under
vacuum. 1H NMR (DMSO-d6, ppm) d¼ 12.1 (br s, 1H,
COOH), 7.2 (s, 1H, NH ring-opened amide), 6.94 (br s, 1H,
NH), 6.7 (s, 1H, ONHCO ring-opened amide), 3.76 (s, 1H, CH
amide), 2.2 (t, 4H, CH2 ring-opened amide), 2.2 (br s, 1H, CH
AA backbone), 1.75 (br s, 2H, CH2 NIPMAM), 1.5 (br, 2H,
CH2 AA), 1.0 (br s, 3H, CH3), 0.99 (d, 6H, i-propyl CH3).
13C NMR (DMSO-d6, ppm) d¼ 175.9, 173.8, 170.5, 40.6,
30.9, 30.7, 22.5, 21.8. IR (solid, cm�1) n¼ 1715 (CO band),
1708 (ring-opened amide I stretch), 1630 (amide I stretch),
1529 (amide II stretch).

The synthesis of PNIPMAM-b-PAA was carried out in the
same manner as PAA-b-PNIPMAM-b-PAA (2), with hemi-tel-
echelic PMASIeBr macroinitiator used in place of BrePMA-
SIeBr. The ATRP reaction ratio was [tBA]:[PMASIeBr]:
[CuBr]:[PMDETA]¼ 80:1:1:1.
2.6. LCST measurements
Solutions for LCST measurements were prepared by dis-
solving 10 mg of polymer (PNIPMAM, PNIPMAM-b-PAA,
or PAA-b-PNIPMAM-b-PAA (2)) into 3 mL of Milli-Q puri-
fied water (pH¼ 5.4) to yield 0.33 wt% solutions. The solu-
tions were sonicated and left to dissolve overnight. Percent
transmittance of the samples, at 500 nm, was measured using
the UVevis spectrophotometer while temperature was varied
from 25 �C to 75 �C, at a rate of 1 �C/min in 5 �C increments.
The instrument was auto-zeroed against pure Milli-Q purified
water. Percent transmittance data were normalized
(Tnorm¼ [(T� Tmin)/(Tmax� Tmin)]), then plotted as transmit-
tance versus temperature. The drop in transmittance around
the LCST transition was fitted as exponential decay. This fit
was then used to calculate the cloud point (T50%), the temper-
ature at 50% transmittance.
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3. Results and discussion
3.1. PNIPMAM polymer synthesis
We reported previously the controlled homopolymerization
of PMASI to MWs ranging from w8 to 15 kDa [49]. For this
study, PNIPMAM was synthesized via a novel post-function-
alization approach of the activated ester, MASI, as shown in
Scheme 1. The known problematic controlled polymerization
of amides was avoided using this approach [18,19,35e46].
ATRP was used to synthesize a series of PMASI homopoly-
mers with controlled MWs and polydispersity (Table 1). The
samples of PMASI were then functionalized to form
PNIPMAM through reaction of the activated ester functional
group.

The conversion of PMASI to PNIPMAM was analyzed us-
ing 1H NMR and ATR-FTIR. In the 1H NMR (DMSO-d6)
spectra of the homopolymer, the MASI group has a distinct
broad singlet at 2.79 ppm. The complete disappearance of
this peak was seen in the spectrum of PNIPMAM after reac-
tion, along with the simultaneous appearance of the NeH am-
ide singlet, the methyne singlet, and the methyl doublet from
the isopropylamide functional group as shown in Fig. 1. These
spectral changes are consistent with the conversion of MASI
to isopropylamide. In addition, the ATR-FTIR spectrum of
PMASI has three distinct bands (1808, 1778, 1732 cm�1) cor-
responding to the MASI functional group [49]. After reaction
with isopropylamine, the ATR-FTIR spectrum shows that the
characteristic MASI bands have been replaced with bands at
1630 and 1529 cm�1, which are consistent with amide
Table 1

Data for the ATRP of MASIa

[M]0:[I]0:[C]0 Time

(h)

Convb

(%)

Mn,th
c

(kDa)

Mn,GPC
d

(kDa)

Mw/Mn
d

40:1:1 1 86 6300 9600 1.19

44:1:1 1 58 4700 7000 1.11

87:1:1 1 37 5900 8400 1.19

87:1:1 2 50 7900 7500 1.17

100:1:1 1 52 9400 14,200 1.16

175:1:1 1 54 17,200 12,700 1.13

350:1:1 1 33 21,100 13,000 1.16

44:1:1e 2 64 5100 7400 1.14

a Experimental conditions: typically 5.00 g of MASI, 90 �C, [M]0¼ 0.68 M

in anisole.
b Determined gravimetrically.
c Mn,th¼MMASI[MASI]0conv/[EBIB]0.
d From GPC in 0.05 M LiBr/DMF.
e DBHD used as initiator.
functionality (Fig. 2). Therefore, the post-functionalization
of PMASI to PNIPMAM was confirmed to be greater than
99% by 1H NMR and ATR-FTIR.

Putnam and Wong recently published a report detailing side
reactions associated with PMASI precursor polymers [50].
The report outlines amines reacting with MASI to form the de-
sired amides as well as a ring-opened amide and glutarimide
side products (see Scheme 2). Putnam shows the reduction
of these side products with increasing temperature between
25, 50, and 75 �C, while changing time or concentration had
little effect on side product yield. Here, PMASI was reacted
with isopropylamine at 60 �C. The ring-opened amide side
product was found to be present via 1H NMR, with peaks at
7.26 and 6.71 ppm corresponding to the two ring-opened am-
ide protons, with a 1:1 ratio of integrated area (Fig. 1). The to-
tal ring-opened amide ratio was determined to be 23 mol% in
the polymer samples. Putnam and Wong do not report the
amido ester peak (e00 in Fig. 1) in the ring-opened structure
due to overlapping benzyl peaks in their NMR spectra. The
ring-opened amide side product may also be visible in the
FTIR spectrum which would be consistent with a ring-opened
amide I stretch at 1708 cm�1 (Fig. 2). In addition, this IR sig-
nal is weaker than the two other bands at 1529 and 1630 cm�1,
consistent with the 1H NMR integration of w23 mol % ring-
opened amide. Interestingly, careful examination of the 1H
NMR spectrum shown in Fig. 1 does not show any evidence
for the glutarimide side product. Specifically, Putnam and
Wong reported a small downfield shoulder on the peak of
the methylene adjacent to the amide nitrogen. The methylene
shown in Fig. 1 at 3.79 ppm does not have a shoulder expected
for the glutarimide. Neither of these side products have been
observed by our group with the use of poly(N-succinimide
p-vinylbenzoate) (PNSVB), a styrene based activated ester uti-
lizing the same succinimide functionality [51].
4. Higher molecular weight PMASI

Previous work performed by our group optimized solvent
choice, temperature, and reaction ratios for the successful po-
lymerization of MASI [49]. The best reaction conditions were
found to be polymerization in anisole at 90 �C. For the PMASI
series shown in Table 1, the monomer to initiator ratio was in-
creased to synthesize polymers with higher degrees of poly-
merization. Monomer concentration was varied from 0.32 M
to 7.0 M (w50 wt% solvent) and 0.68 M concentration was
found to give the best control over conversion and polydisper-
sity. The resulting PMASI samples ranged from w7 to 14 kDa
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with polydispersities of 1.11e1.19, illustrating control over
MW and polydispersity.

Although control over MW and polydispersity was demon-
strated with the ATRP of MASI monomer to form well-defined
PMASI, then converted to PNIPMAM samples, higher
conversion of larger MW PMASI targets was difficult to obtain.
For the reaction of MASI with the molar ratio of [M]0:[I]0:
[C]0¼ 350:1:1, a conversion of only 33% (Mn,GPC¼ 13.0 kDa)
was obtained after 1 h (Table 1). Using the same reaction ratios,
longer reaction times (up to 48 h) yielded similar conversions
with approximately the same MW, but typically accompanied
by higher PDI (>1.3). Lowering the monomer to initiator ratio
(from [M]0:[I]0:[C]0¼ 350:1:1 to [M]0:[I]0:[C]0¼ 175:1:1 and
[M]0:[I]0:[C]0¼ 100:1:1) yielded similar results where a MW
threshold of approximately 14 kDa was achieved, regardless
of reaction time. We speculate that the threshold of MW is due
2000 1800
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to aggregation of the polymer chains as they grow in size during
polymerization [52]. The aggregation makes the chains less ac-
cessible to available monomer in solution and polydispersity in-
creases due to the aggregation of chains and side reactions from
this concentrated aggregate, while free chains continue to prop-
agate in solution. Further work is required to elucidate the exact
cause of the observed MW limit; however, it is known that ani-
sole is not a good solvent for PMASI. This MW threshold of
PMASI corresponds to approximately 9 kDa for functionalized
PNIPMAM polymer.

Given the upper MW limit, a series of PNIPMAM polymers
with low polydispersity indexes (1.13e1.23) and varying
MWs (3.6e9.1 kDa) were synthesized (Table 2) via post-func-
tionalization of the activated ester. The aqueous solution prop-
erties of these polymers were studied to examine the effects of
MW and polydispersity on the LCST transition.
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Table 2

Mn and T50% for the PNIPMAM polymer series

Calc. Mn (kDa) PDI T50% (�C)

3.6 1.23 39.6� 0.9

4.2 1.17 47.8� 0.3

4.3 1.16 52.6� 0.2

6.7 1.18 47.6� 1.4

8.8 1.13 57.9c

9.1 1.16 58.3c

6.7a 1.25 45.6c

5.5b 1.24 38.8c

a Calc. Mn for PNIPMAM block of PNIPMAM-b-PAA.
b Calc. Mn for PNIPMAM block of PAA-b-PNIPMAM-b-PAA (2).
c Only single data point recorded.
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4.1. PNIPMAM-b-PAA and PAA-b-PNIPMAM-b-PAA
block copolymer synthesis
PNIPMAM-b-PAA and PAA-b-PNIPMAM-b-PAA (2)
block copolymers were synthesized via the same post-func-
tionalization approach as the PNIPMAM polymers (Scheme
3). Hemi-telechelic and telechelic brominated PMASI macro-
initiators were synthesized using ATRP following the proce-
dures outlined earlier. These macroinitiators were block
extended with tBA monomer to form the corresponding di-
block PMASI-b-PtBA and triblock PtBA-b-PMASI-b-PtBA
(1) copolymers. Overlaid GPC traces of PMASI and
PtBA-b-PMASI-b-PtBA (1) polymers show a clear shift in
the MW, indicating good initiation of tBA from the PMASI
macroinitiator (Fig. 3). The MASI segments were then post-
functionalized with isopropylamine through reaction of the ac-
tivated ester group to form PNIPMAM blocks. The tBA poly-
mer segments were deprotected using TFA to form the PAA
blocks.

The post-functionalization and deprotection of the resultant
block copolymers were studied using 1H NMR and ATR-
FTIR. The substitution of MASI with the isopropylamide
group was followed by monitoring the disappearance of
MASI peaks and the emergence of the isopropylamide peaks
in the 1H NMR and ATR-FTIR spectra as discussed previ-
ously. No side reactions of tBA were seen during the post-
functionalization reaction. For both diblock and triblock
copolymers, the deprotection of tBA to AA was also followed.
In the 1H NMR (DMSO-d6) spectra, tBA has a singlet at
1.35 ppm. The disappearance of this peak and the emergence
of the AA carboxylic acid peak, a broad singlet at
12.15 ppm, supports the conversion of tBA to AA (Fig. 4).
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Scheme 3. Synthesis of PAA-b-PNIPM
The FTIR spectra corresponding to this functionalization are
complicated due to overlapping MASI and isopropylamide
bands. However, high conversion of PtBA to PAA using this
chemistry was proven in an earlier studies by our group, using
an analogous polystyrene-b-poly(t-butyl acrylate) block
copolymer [53] and a poly(t-butyl acrylate) homopolymer
[54].

ATRP was used successfully to synthesize well-defined
block copolymers PMASI-b-PtBA and PtBA-b-PMASI-b-
PtBA (1). These polymers were post-functionalized to create
PNIPMAM-b-PAA and PAA-b-PNIPMAM-b-PAA (2) block
copolymers. Functionalization was shown to be nearly quanti-
tative by following the reactions carefully via 1H NMR and
ATR-FTIR.
4.2. LCST study
In order to study the LCST behavior of these PNIPMAM
polymers and block copolymers, samples were dissolved in
Milli-Q water at 0.33 wt% and transmittance at 500 nm was
measured while varying the temperature. The data collected
from percent transmittance measurements were normalized
and then plotted as transmittance versus temperature
(Fig. 5A). The drop in transmittance at the LCST transition
was fitted as an exponential decay and used to calculate the
cloud point, T50%. (Fig. 5B) The square of the correlation
coefficient (R2) values were always greater than 98.5%, indi-
cating a good fit between the transmittance data and the
calculated curve.
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The measurements of polymer sample turbidity, with re-
spect to the temperature transition, were reproducible. Three
separately prepared solution samples of the same polymer
(Mn¼ 3.6e6.7 kDa) produced similar turbidity curves with
minor deviation of the cloud point value, T50% (Table 2). An
example is shown in Fig. 5A (blue curve) for the 6.7 kDa
PNIPMAM polymer. The higher Mn polymer samples
(Mn¼ 8.8 and 9.1 kDa) were difficult to dissolve in solution,
requiring long periods of sonication frequently degrading the
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Fig. 4. 1H NMR (DMSO-d6) comparing PtBA-b-PMASI-b-Pt
samples, thus consistent data were difficult to obtain and
only one data point is reported. The return transition of the so-
lutions from cloudy to clear occurred between 12 and 24 h.
Further research is necessary to determine if this large hyster-
esis could be utilized for ‘‘smart’’ materials application. The
cloud points of a series of the PNIPMAM polymers, as well
as PNIPMAM-b-PAA diblock and PAA-b-PNIPMAM-b-PAA
(2) triblock copolymers, were determined from the turbidity
experiments which are outlined in Fig. 5 and summarized in
Table 2. The standard deviations of the T50% values were small
for the PNIPMAM polymer series.

The cloud point of LCST capable polymer solutions have
been reported to be dependent on the polymers’ physical prop-
erties such as concentration [20e22] and MW [2,21,22,25e34].
The cloud point data from the turbidity experiments, shown
in Fig. 5, were plotted as a function of MW and polydispersity
to better understand how these properties relate to the cloud
point temperature (Fig. 6). Dashed lines are included in
these plots as a visual guide for the trends. The cloud point in-
creases slightly as MW increases (Fig. 6a); however, recent lit-
erature has shown a consensus that the cloud point has an
inverse dependence on MW, thus the cloud point decreases
as MW increases for polymers with low polydispersity
[21,22,25e30,32,34]. This disparity in trends could stem
from the MW of the PNIPMAM series being determined
from calculations based on the GPC data of the PMASI homo-
polymers. The PMMA standards and PMASI vary in hydrody-
namic radius, thus the calculated Mn values from GPC for
the PMASI homopolymers are approximate. The disparity in
the cloud point trend for MW could also be affected by the
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presence of the ring-opened side product, the side product be-
having differently in solution from the isopropylamide side
group. The ring-opened side product is apparent in all samples,
making the role of the side product on changes in the cloud
point difficult to elucidate. Further studies are needed with
samples of varied side product composition to understand the
influence of the side product on the cloud point. However,
the apparent Mn of the polymers in solution is also affected
by the polydispersity of the polymer. As shown in Fig. 6b,
the cloud points decrease with increasing PDI. Due to the
relatively low MW ranges of the PNIPMAM series studied
here, a broader PDI gives rise to a larger contribution from
higher MW polymer chains, thus the cloud point temperature
is reduced. This effect of PDI on cloud point is exaggerated
for low MW samples and is likely to greatly alter the Mn versus
cloud point trend shown in Fig. 6a, for the relatively low
Mn series.

The cloud point values for the diblock and triblock copol-
ymers were both lower than the cloud point values for the
PNIPMAM polymers having similar PNIPMAM molecular
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Fig. 6. Average cloud point (T50%) versus (a) Mn and (b) PDI for the PN
weight. Furthermore, the PNIPMAM blocks in the diblock
and triblock copolymers have similar MW, yet the cloud point
value of the triblock copolymer is much lower than the diblock
copolymer cloud point (38.8 and 45.6 �C, respectively). Deter-
mining the effect of PAA content in the block copolymers on
the cloud point is difficult due to the many molecular param-
eters that effect the LCST transition such as composition of
the block copolymers and their structure. However, these re-
sults suggest that PAA is responsible for making aggregation
of the block copolymers more favorable, thus reducing the
temperature of the cloud point transition.

The cloud point of LCST polymer solutions has been
reported to be pH sensitive as well [18,55,56]. All of the
PNIPMAM polymer as well as diblock and triblock copolymer
solution samples showed a cloud point transition upon going
from a neutral solution (Milli-Q purified water pH¼ 5.4) to
an acidic solution with addition of HCl. This transition was re-
versible and reproducible many times. The solutions returned
to a soluble and clear phase upon going to basic conditions
with addition of KOH.
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5. Conclusions

PNIPMAM and PNIPMAM block copolymers were synthe-
sized using a post-functionalization approach with relatively
narrow polydispersities. A series of PMASI homopolymers
were synthesized and functionalized to PNIPMAM, although
an upper MW limit was observed due to solubility. The aque-
ous solution properties of the series were studied and the
PNIPMAM polymers were shown to have an LCST phase
transition through turbidity measurements. The cloud point
transition of the PNIPMAM polymer series is shown to be
weakly correlated to MW and has an inverse dependence on
polydispersity. The correlation between cloud point and MW
was difficult to determine due to the narrow and relatively
low MW of the PNIPMAM polymer samples. The ability to
synthesize well-defined block copolymers that are thermores-
ponsive and water-soluble will be of benefit for future applica-
tions in drug delivery, bioengineering, and nanotechnology.
Although PMASI is shown here with a side reaction (ring-
opened amide), our previous work and that from Putnam
shows how to avoid these by-products. Also, we recently re-
ported PNSVB which is a styrene based activated ester that
showed no side products. These approaches will continue to
make post-functionalization a reasonable method for complex
architectures and monomers which are difficult to polymerize.
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