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ABSTRACT: Room temperature atom transfer radical polymerizations of N-isopropylacrylamide (NIPAM)
carried out in 2-propanol (i-PrOH) and tert-butyl alcohol (¢.-BuOH) resulted in PNIPAMs with polydis-
persities between 1.1 and 1.2 and degrees of polymerization of up to 300. Methyl 2-chloropropionate (MCP),
copper(I) chloride, and tris[2-(dimethylamino)ethyllamine (MesTREN) were used as initiator, catalyst,
and ligand in a 1:1:1 ratio. Conversions were as high as 91 and 79%, respectively, without the need for
excess catalyst as was required in previous studies. Aqueous solutions of these narrow-disperse PNIPAMs
showed a strong decrease of the phase transition temperature with increasing molecular weight, as
measured by turbidimetry and differential scanning calorimetry. In low molecular weight samples,
containing significant oligomeric fractions, the slightly hydrophobic methyl propionate end group becomes
significant and further decreases the onset temperature of the phase transition.

Introduction

Polymers such as poly(NV-isopropylacrylamide) (PNIPAM)
and its copolymers that can respond to external stimuli
are of great interest for the design of “intelligent”
materials.!=* Aqueous solutions of PNIPAM exhibit a
reversible liquid—solid phase transition with a lower
critical solution temperature (LCST) around 32 °C. This
LCST phenomenon is attributed to the entropy increase
from the loss of hydrophobic interactions between the
isopropyl groups of the polymer and water upon
heating.1:25-7

While there have been extensive studies regarding the
effects of polymer concentration,'8 cosolvent,”10 pres-
sure,!! and the presence of salts” or surfactants,!?12 the
effect of molecular weight on the LCST of PNIPAM is
not yet clear. The LCSTs of NIPAM homopolymers have
been reported to be inversely dependent,® directly de-
pendent,8 or independent?1415 of the molecular weight.
A similar situation exists for other thermoresponsive
polymers including other polyacrylamides.!6-22 While
the use of different radical initiators and hence end
groups, different polymer concentrations, and different
techniques for measuring LCSTs accounts for some of
these variations, previous studies also relied on partially
fractionated®®1415 or unfractionated® PNIPAM samples
obtained from conventional radical polymerizations,
which often had broad polydispersities. These polydis-
perse samples may have precluded precise examination
of molecular weight effect on LCST because the low or
high molecular weight fraction, whichever has a lower
LCST, may mask the LCST of the bulk of the sample.
A definitive answer hence would require the synthesis
of PNIPAMs with well-controlled molecular weights and
end groups.

The preparation of linear narrow-disperse PNIPAM
by reversible addition—fragmentation transfer (RAFT)
polymerization?® was recently reported,?*~27 and nitrox-
ide-mediated radical polymerization (NMP)?® was used
to graft PNIPAM from a polystyrene star macroinitia-
tor.2? Atom transfer radical polymerization (ATRP)3° is
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especially attractive as it can provide good control over
both polymer molecular weight and end groups; how-
ever, the ATRP of acrylamides including NIPAM has
remained challenging. The groups of Matyjaszewski and
Brittain reported that ATRP of N,N-dimethylacrylamide
(DMA) suffered from (a) deactivation of the copper
catalyst through complexation with amide groups, (b)
displacement of the terminal halide atom by amide
groups, and (c¢) low values of the ATRP equilibrium
constant.?%2 Using alkyl chlorides rather than bromides
as initiators in conjunction with tris[2-(dimethylamino)-
ethyllamine (MegTREN) as ligand improved the control,
though high conversions typically required high catalyst-
to-initiator ratios (2:1 or 3:1).33:3¢ Recently, Masci et al.
reported the successful ATRP of NIPAM in dimethyl-
formamide/water mixtures; however, degrees of polym-
erization (DP) of 200 still required higher catalyst/
initiator ratios, likely again due to extensive catalyst
deactivation.3?

Our group recently studied linear®¢6-%0 and cross-
linked3%39 thermoresponsive polymers, including co-
polymers of DMA with hydrophobic comonomers suit-
able for subsequent cross-linking such as glycidyl
methacrylate and allyl methacrylate.383° As part of that
work, we prepared DMA/N-phenylacrylamide copoly-
mers with narrow molecular weight distributions using
atom transfer radical polymerization (ATRP) in metha-
nol and methanol/water mixtures.4°

In this paper, we describe the synthesis of PNIPAM
by ATRP in alcohols, using methyl 2-chloropropionate
(MCP)/CuCl/MesTREN (1:1:1) as the initiating system
(Scheme 1). We then describe for the first time the
molecular weight dependence of the cloud points of
aqueous solutions of narrow-disperse PNIPAM.
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Experimental Section

N-Isopropylacrylamide (Aldrich, 97%) was recrystallized
twice from benzene/hexane prior to use. Copper(I) chloride
(97%), copper(Il) chloride (99.99%), methyl 2-chloropropionate
(97%), and tetrabutylammonium bromide (99%) were pur-
chased from Aldrich and used as received. MesTREN was
prepared as described in the literature.*! Methanol (MeOH,
Caledon, HPLC grade), ethanol (EtOH, Commercial Alcohols),
1-propanol (n-PrOH, Fisher, Certified), 2-propanol (-PrOH,
Fisher, HPLC grade), tert-butyl alcohol (¢-BuOH, Fisher,
Certified), tetrahydrofuran (THF, Caledon, HPLC grade), and
pentane (Caledon, >98%) were used as received. Azobis-
(isobutyronitrile) was obtained as a gift from Dupont.

General Procedure for ATRP of NIPAM. To prepare
PNIPAM with target degree of polymerization of 50, NIPAM
(2.00 g, 17.7 mmol), CuCl (0.035 g, 0.35 mmol), and 2-propanol
(4.00 g), deoxygenated by bubbling with nitrogen for at least
30 min, were combined and then transferred to a nitrogen-
purged 25 mL round-bottom flask fitted with a septum. Meg-
TREN (0.081 g, 0.35 mmol) was added via a nitrogen-purged
syringe, and the solution was stirred for 20 min to allow
formation of the CuCl/MesTREN complex. MCP (0.043 g, 0.35
mmol) was then added using a syringe to begin the polymer-
ization. The reactions were carried out at room temperature
under a slight positive pressure of nitrogen.

Aliquots (0.6 mL) were removed at regular intervals, divided
between two vials in a 5:1 ratio, and dried under a stream of
air. The smaller sample was dissolved in THF, passed through
a short silica column to remove the catalyst, dried under a
stream of air, and used for gel permeation chromatography
(GPC) analysis. The larger portion of the aliquot was used to
determine conversion in one of two ways. For polymerizations
in MeOH or ¢-BuOH, conversion was measured directly with
H NMR spectroscopy in DO by comparison of the peak areas
of monomer signals at 5.7 ppm (one proton) or 6.2 ppm (two
protons) with the polymer signal at 3.9 ppm (one proton)
corrected for contribution due to monomer. For reactions in
EtOH, n-PrOH, or i-PrOH, the dried sample was first repre-
cipitated from THF into pentane (1:12 v/v) and dried to
constant weight under vacuum at 60 °C. Conversion was then
determined gravimetrically and corrected for residual mono-
mer using 'H NMR spectroscopy.

Conventional Free Radical Polymerization of NIPAM.
NIPAM (0.5 g, 4.4 mmol), AIBN (7.3 mg, 0.044 mmol), and
methyl ethyl ketone (7 mL) were placed in a 25 mL screw-cap
glass vial. The vial was heated for 11.5 h at 65 °C in an oven
while being rotated at 18 rpm. The polymer was isolated by
precipitation in pentane, purified by precipitation from THF
into pentane four times, and then dried to constant weight in
a vacuum oven to afford 0.27 g (54% yield) of PNIPAM as a
white powder. My, gpc = 28.9 kDa, PDI = 2.00.

Polymer Characterization. Average molecular weights
and molecular weight distributions were determined by GPC
on a Waters GPC system consisting of a Waters 515 HPLC
pump, a Waters 717plus Autosampler, three Waters Styragel
columns (HR2, HR3, and HR4; 30 cm x 7.8 mm; 5 um
particles; exclusion limits: 500—20000, 500—30000, and 5000—
600000 g/mol, respectively) maintained at 40 °C, and a Waters
2414 refractive index detector maintained at 35 °C. THF
containing 0.25% (w/v) tetrabutylammonium bromide was
used as the mobile phase (0.8 mL/min), and the system was
calibrated with narrow-disperse polystyrene standards.

H NMR spectra were measured on Bruker AV 200 or DRX
500 spectrometers with samples dissolved in D30.

Samples for matrix-assisted laser desorption ionization-
time-of-flight (MALDI-TOF) analysis were prepared by com-
bining THF solutions of dithranol (20 mg/mL), PNIPAM (10
mg/mL), and sodium acetate (10 mg/mL) in a 10:1:1 ratio.
MALDI-TOF spectra were acquired with a Micromass Tof-
Spec 2E (20 kV operating voltage, 337 nm N; laser) in linear
or reflectron mode. MALDI-QTOF spectra were collected on a
Micromass Global Ultima (9.1 kV operating voltage, 337 nm
Ny laser, MALDI mode) in reflectron mode.
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Cloud points were measured on a Cary 100 Bio UV—vis
spectrophotometer equipped with a temperature-controlled,
six-position sample holder. Aqueous PNIPAM solutions (1 wt
%) were heated at 0.2 °C/min while both the transmittance at
500 nm (1 cm path length) and the solution temperature, as
determined by the internal temperature probe, were moni-
tored.

A TA Instruments DSC 2910 differential scanning calorim-
eter (DSC) was used to measure the phase transition temper-
ature of 1 wt % PNIPAM solutions (~30 uL) in hermetic
aluminum crimp-seal pans while scanning at 1 °C/min. The
temperatures of both the onset and maximum of the endo-
therm were determined. The DSC was calibrated with an
indium standard for temperature and enthalpy changes.

Results and Discussion

Solvent Effect on ATR Polymerization of NIPAM.
Alcohols were chosen as the solvents for ATRP on the
basis of the premise that a hydrogen-bonding solvent
could bind to the amide groups of both monomer and
polymer and thus reduce their interaction with both
catalyst and propagating chain end. A similar approach
had been used successfully in the ATRP of other
strongly coordinating monomers, DMA%° and 4-vinyl-
pyridine.*? Alcohols can dissolve many monomer/
polymer and catalyst systems and range widely in their
hydrogen-bonding ability and polarity, permitting op-
timization of the polymerization. In this work, we
explored ATRP of NIPAM in five alcohols: methanol,
ethanol, 1-propanol, 2-propanol, and ter¢-butyl alcohol.

Monomer conversion and polymer molecular weight
were determined at different stages during each polym-
erization. Conversions for polymerizations carried out
in MeOH and ¢-BuOH were measured by 'H NMR
spectroscopy, while others were determined gravimetri-
cally. Polymer molecular weights (MWs) and polydis-
persity indices (PDIs) were determined by a GPC
method as developed by Miiller.?> This method had been
established to give reproducible results, though with
MW values significantly higher than those obtained
from MALDI-TOF analysis,?> and, therefore, the MW
values determined by GPC in our work were only used
to reveal trends. More precise molecular weights were
determined using 'H NMR spectroscopy by comparing
the peak areas of the polymer isopropyl C—H signal at
3.9 ppm, with the methoxy signal at 3.8 ppm arising
from the MCP initiator. The M, values determined by
either GPC (M, gpc) or NMR (M, nxmr) increased in
proportion to the monomer:initiator (M:I) ratio (Table
1), and M, nmr values were in reasonably good agree-
ment with theoretical values.

The results for ATRP of NIPAM in the five alcohols
are summarized in Table 1 and Figure 1 and show
increasing monomer conversion along the series of
alcohols MeOH, EtOH, n-PrOH, i-PrOH, and ¢-BuOH.
Polymerizations in methanol turned deep blue as soon
as the initiator was added, indicating high Cu(Il)
concentrations. This polymerization reached a plateau
in conversion after 2 h (Figure 1).

ATRP in EtOH and n-PrOH provided higher conver-
sions, reaching ~65% after 6 h, but the first-order
kinetic plots (Figure 2) show significant curvature.
However, the low polydispersity index (PDI) at the end
of polymerization shows that the growing centers were
not lost, as this would have led to a much broader MW
distribution. Therefore, the apparent curvature of the
first-order kinetic plots is attributed to a progressive
reduction of the concentration of the available catalyst.
Analogous behavior has been observed for this initiating
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Table 1. Monomer Conversion, Molar Mass (M,), and Polydispersity (M/M,) Data for Atom Transfer Radical
Polymerization (ATRP) of N-Isopropylacrylamide (NIPAM) in Alcohols®

solvent [Mlo:[Ilo (M/solvent) (w/w) time (h) conv (%) My b M, apc® My nur? M /M ¢
MeOH 100:1 (1/2) 7 32 3600 3800 1.13
EtOH 100:1 (1/2) 9.5 64 7200 10 400 1.09
n-PrOH 100:1 (1/2) 6 66 7500 12000 1.07
i-PrOH 50:1 (1/2) 4 89 5000 8000 5000 1.15
i-PrOH 100:1 (1/2) 7 91 10 300 17 300 8400 1.13
1-PrOH 200:1 (1/2) 8 79 17 900 35 600 15 700 1.13
1-PrOH 200:1 (1/1) 4.5 78 17 600 44 200 16 400 1.14
i-PrOH 400:1 (1/2) 12 73 33 000 67 600 27 300 1.27
i-PrOH 400:1 (1/1) 5.6 72 32 500 67 600 26 500 1.16
t-BuOH 50:1 (1/2) 3 79 4500 7300 4400 1.15
t-BuOH 100:1 (1/2) 4 76 8600 14300 6700 1.16
t-BuOH 200:1 (1/2) 4 76 17 200 37 500 14 400 1.14

@ Experimental conditions: typically 3 g of NIPAM; MCP:CuCl:MegTREN = 1:1:1; room temperature. ® M, 1 = Mnipam[NIPAM]conv/
[MCPly. ¢ From GPC in 0.25% (w/v) BusNBr/THF. ¢ From 'H NMR spectroscopy (500 MHz) in D20, 25 or 30 °C.
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Figure 1. Monomer conversion vs time curves for ATRP of
NIPAM in different alcohols. Conditions: NIPAM:MCP:Cu-
Cl:MegTREN = 100:1:1:1; NIPAM:solvent = 1:2 (w/w); room
temperature.
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Figure 2. Kinetic plot for the ATRP of NIPAM in EtOH

and n-PrOH. Conditions: NIPAM/ROH = 1/2 (w/w);
NIPAM:MCP:CuCl:MesTREN = 100:1:1:1; room temperature.

system during the ATRP of DMA in toluene.333* Hence,
while MCP/CuCl/MesTREN appears to be an efficient
initiating system in a range of solvents, the catalyst
deactivation is significant during the polymerization of
acrylamides in EtOH and n-PrOH.

In contrast, the higher branched alcohols i-PrOH and
t-BuOH gave conversions of over 75% for target DPs of
50, 100, and 200 (Table 1). First-order kinetic plots
(Figures 3A and 4A) show noticeable curvature, espe-
cially in the early stage of polymerization; however, the
PDI remains narrow, and polymer MW increases lin-
early with conversion (Figures 3B and 4B), indicating
again that the curvature is due to progressive catalyst
deactivation rather than chain termination.? The cata-
lyst deactivation is significantly diminished in these
branched alcohols, although still not eliminated. Poly-
merizations in -BuOH became extremely viscous at
high conversions, making sampling of high-MW poly-

mers more difficult than in i-PrOH reactions at similar
conversions.

Targeting higher molecular weights (M:I = 400) in
i-PrOH gave lower conversions (~70%), a distinctly
nonlinear kinetic plot (not shown), and a low molecular
weight tail in the GPC (PDI = 1.27). Control was
reestablished by increasing the initial monomer con-
centration from 33% to 50 wt %, which also resulted in
faster polymerizations.

Importantly, molecular weights (Mngpc) increased
linearly with conversion for all M:I values including 400,
the highest studied. PDIs were low (1.1—1.2) during the
polymerizations in i-PrOH and decreased from 2 to
below 1.2 during polymerizations in {-BuOH (Figures
3B and 4B). The apparent M, values measured by GPC
were about twice as high as expected, as first observed
by Miiller’s group.?? The linearity of the M,gpc vs
conversion plots and the low PDIs reveals well-con-
trolled polymerizations, with chains that remain active
throughout the polymerization.

Thus, i-PrOH and #-BuOH allow the preparation of
PNIPAM with good conversion, controlled MW, and low
PDI. Hydrogen bonding between these branched alco-
hols and amide groups may alleviate, but not eliminate,
catalyst deactivation.

PNIPAM Chain Extension. The living nature of the
ATRP was confirmed by chain extension experiments.
ATRP of NIPAM (M:I = 50:1) in :-PrOH was carried
out for 4 h to 80% conversion, before adding another
equivalent of NIPAM dissolved in i-PrOH such that the
total M:I was 100:1. The polymerization was continued
for another 6 h leading to a total conversion of 65%,
corresponding to a conversion of only 50% during the
chain extension, but the PDI remained low (1.15). In
contrast, addition of another equivalent of catalyst with
the second portion of NIPAM raised the total conversion
to 78% after 6 h, corresponding to 76% for the chain
extension. Figure 5 shows the GPC traces of the
PNIPAM chain extension experiment with additional
catalyst, indicating a molecular weight increase consis-
tent with conversion and a narrow PDI. There is a small
low MW shoulder indicating some termination takes
place during the second monomer addition.

These observations support the idea that catalyst
deactivation, not loss of end group, causes the appar-
ently nonlinear kinetics.

Mass Spectrometric Analysis of Molecular
Weight and Chain Ends. PNIPAM samples were
prepared in i-PrOH or t-BuOH with good conversions,
controlled MWs, and low PDIs. MALDI-TOF mass
spectrometry was used to examine some of these poly-
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Figure 3. (A) Kinetic plot for the ATRP of NIPAM in i-PrOH.
(B) Dependence of molecular weight (M, gpc) and polydispersity
(M/M,) on conversion. Conditions: NIPAM/;-PrOH = 1/2 or
1/1 (w/w); MCP:CuCl:MesTREN = 1:1:1; room temperature.
The lines in (A) serve as guides for the eye while those in (B)
are best-fit lines.

mers to confirm the MW and PDI and identify the end
groups, in analogy with previous studies.323544747 We
focused on lower MW samples (<10 kDa) since larger
samples gave weak or nonexistent signals. Similar end
groups were observed for PNIPAM samples made in
i-PrOH or t-BuOH, and we believe that many of the
observed end groups are due to the MALDI ionization
process rather than the polymerization, as discussed
below.

The MALDI-TOF mass spectrum of a PNIPAM
sample prepared in :-BuOH (M:I = 50:1, entry 10 in
Table 1) is shown in Figure 6. Figure 6A shows an
envelope of peaks centered at 4000 Da and extending
from 1000 to 7000 Da. These MALDI data give M, =
4000 Da, similar to that determined by NMR (4500 Da)
but, as expected,?® less than that estimated by GPC
(7250 Da). The MALDI PDI value of 1.08 for this sample
is lower than the 1.15 measured by GPC but confirms
that the sample has a narrow MW distribution. The
expanded spectrum (Figure 6B) reveals a repeating set
of four peaks separated from neighboring sets by the
monomer molecular weight (113 Da). The four peaks are
attributed to chains bearing a methyl propionate (MePr)
residue at one end and an H, ene, OH, ClI, or a lactone
residue at the other end. For instance, the peak at m/z
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Figure 4. (A) Kinetic plot for the ATRP of NIPAM in¢-BuOH.
(B) Dependence of molecular weight (M, gpc) and polydispersity
(My/M,) on conversion. Conditions: NIPAM/:-BuOH = 1/2
(w/w); MCP:CuCl:MesTREN = 1:1:1; room temperature. The
lines in (A) serve as guides for the eye while those in (B) are
best-fit lines.
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Figure 5. Gel permeation chromatograms for PNIPAM made
(a) with M:I = 50:1 (80% conversion) and (b) by chain extension
of the polymer with additional equivalents of both NIPAM and
catalyst (total M:I = 100:1, total conversion = 78%).

= 3844.0 corresponds to MePr—(NIPAM)ss—H/Na*
(3845.3 calcd) and/or its unsaturated analogue (3843.3
caled). The peaks at m/z = 3861.6 and 3880.2 correspond
to MePr—(NIPAM)33—OH/Na* (3861.3 caled) and MePr—
(NIPAM)33—CI/Nat (3879.8 caled), respectively. The
final peak at m/z = 3802.7 was assigned to a chain of
DP = 33 that had undergone a cyclization to form a
lactone end group (3802.3 calcd), as shown in Scheme
2.

Figure 6C shows part of a higher resolution MALDI-
quadrupole time-of-flight (QTOF) spectrum for the same
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Figure 6. (A) MALDI-TOF spectra for PNIPAM sample
made in BuOH (M:I = 50:1, entry 10 in Table 1). (B)
expansion of spectrum A showing chains with DP = 32—34.
(C) MALDI-QTOF spectrum of the same sample showing
isotopic pattern for macromolecular species with DP = 22.
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sample. The region shown is for chains with DP = 22
and the isotopic pattern for each species is clearly
resolved. The major set of peaks, centered at m/z =
2556.9, is now due to the lactone-terminated chain
rather than the H-terminated one, likely the result of a
small difference in the ionization process between the
two experiments. This points to the difficulties in using
the apparent end group chemistry as determined by
MALDI-TOF to draw conclusions about the ATRP. The
set of peaks due to the H-terminated chain, beginning
at 2599.0, reveals the presence of a species with m/z 2
mass units lower, presumably the unsaturated ana-
logue.

While H- and ene-terminated chains may result from
disproportionation during polymerization, halogen-
terminated polymer chains are known to form H, OH,
ene, and lactone end groups during mass spectrometric
analysis,3?44747 and similar processes occur during
MALDI-TOF analysis of dithioester-terminated
PNIPAM made by RAFT.?5 In addition, termination
during PNTPAM polymerization is believed to occur by
coupling rather than disproportionation,?> and peaks for
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Figure 7. (A) DSC thermogram for 1 wt % solution of
PNIPAM sample with Myxur = 6.5 kDa and PDI = 1.09.
Heating rate = 1.0 °C/min. (B) Transmittance vs temperature
for 1 wt % solutions of PNIPAM made by (a—d) ATRP or (e)
conventional free-radical polymerization: M, xur = (a) 2.8, (b)
6.5, (c) 10.9, (d) 26.5, and (e) M, gprc = 28.9 kDa. Heating rate
= 0.2 °C/min.

the coupled product, MePr—(NIPAM)s3—MePr/Na*t
(83931.3 caled), are weak or nonexistent. Lactone or
related end groups are thought to occur during mass
spectrometric analysis of poly(methyl methacrylate)*44647
and PDMAS3? prepared by ATRP. Thus, the H, OH, ene,
and lactone end groups detected for PNIPAM in this
work are believed to be formed during ionization in the
mass spectrometer rather than during polymerization
or subsequent handling. The MALDI-TOF results are
hence consistent with a PNIPAM sample composed
principally of chains bearing one MePr and one chloro
end group and provide further evidence that the ATRP
of NIPAM was successful, producing narrow-disperse
PNIPAM with well-defined end groups.

Effect of Polymer MW on Thermal Phase Tran-
sitions. DSC and turbidimetry were used to measure
endotherms and cloud points, respectively, for 1 wt %
aqueous solutions of the PNIPAMs prepared by ATRP.
Figure 7A shows a DSC trace obtained upon heating a
1 wt % solution of PNIPAM with M, nmr = 6.5 kDa and
PDI = 1.09. Heating rates of 1 °C/min were used in
order to obtain reasonably strong endotherms, given the
small sample volumes of 30 uL chosen to minimize
thermal lag.

Figure 7B shows the transmittance vs temperature
plots (cloud point curves) for PNIPAM with M, xwmr
ranging from 2.8 to 26.5 kDa obtained with a heating
rate of 0.2 °C/min. Also shown in Figure 7B is the cloud
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Table 2. Phase Transition Temperature of PNIPAM as a
Function of Molecular Weight

phase transition temp (°C)

My in My NMR turbidity® DSCe
(kDa) (kDa) PDI¢ (90/50%T) (onset/max)
3.3 2.8 1.07 36.3/43.0 43.3/47
5.0 5.0 1.15 37.5/38.9 39.7/41.7
7.0 6.5 1.09 34.3/36.3 36.7/37.6
8.6 6.7 1.16 36.1/36.4 36.5/38.2
13.2 10.9 1.11 35.1/35.5 35.6/36.4
17.9 15.7 1.13 34.4/34.6 34.7/35.5
32.5 26.5 1.16 32.7/33.3 33.5/34.4
d 28.94 2.00 30.8/31.2 29.3/31.6

@ Measured by GPC. ® 1 wt % solution; heating rate = 0.2 °C/
min. ¢ 1 wt % solution; heating rate = 1.0 °C/min. ¢ Prepared by
conventional free radical polymerization. M, measured by GPC.
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Figure 8. Cloud point (50%T) vs polymer molecular weight
(Mo xur) for narrow-disperse PNIPAM samples made by ATRP.

Cloud points determined by turbidimetry on 1 wt % solutions;
heating rate = 0.2 °C/min.

point curve for a polydisperse PNIPAM sample prepared
by conventional free radical polymerization (M, gpc =
28.9 kDa). While the transitions are quite sharp for
samples with higher MW, they broaden for the lower
MW samples, and the transition for the 2.8 kDa sample
(curve a in Figure 7B) occurs over a >10 °C range. We
attribute the early onset and broad transition observed
with the 2.8, 5.0 (not shown), and 6.5 kDa samples to
the hydrophobic MePr end groups on the residual low
MW fractions present in these PNIPAMs. We hence use
the 50% turbidity points (50% T) to interpret the
polymer MW effect on the LCST and the 90% T point
to reflect contributions from the hydrophobic end groups.
This is discussed in more detail below. The DSC and
turbidimetry results are summarized in Table 2 and
show reasonable agreement.

This is to our knowledge the first study into the effect
of MW on cloud point using narrow-disperse PNIPAM.
As the MW (M, nMr) increases from 2.8 to 26.5 kDa, the
cloud point (50% T) drops from 43.0 to 33.3 °C and
approaches the range of 31—32 °C commonly reported
for PNIPAM (Figure 8). Interestingly, a PNIPAM
sample made by conventional free radical polymeriza-
tion with AIBN initiator had M, gpc = 28.9 kDa (note:
GPC likely overestimates M, by a factor of 2) and PDI
= 2.0 and gave a cloud point of 31.2 °C. This falls within
the typical range, but is about 3 °C lower than a narrow-
disperse sample of similar M,, made by ATRP. This is
attributed to the significant high-MW fraction present
in such polydisperse samples. This fraction will have a
lower LCST and thus may mask the transition of the
major, but lower MW, fraction. This illustrates the

Macromolecules, Vol. 38, No. 14, 2005

importance of using narrow-disperse polymers in studies
of LCST behavior.

As mentioned earlier, previous studies of PNIPAM
and other thermoresponsive polymers have found the
LCST to be independent,?14:15 directly dependent,322 or
inversely dependent®16-2! upon MW. LCSTs are ex-
pected to decrease with increasing polymer MW on the
basis of the changes in the polymer—solvent interac-
tion.1648 However, end groups derived from initiators,
terminators, or chain-transfer agents can mitigate this
trend, especially at lower MWs, by changing the hydro-
phobic/hydrophilic nature of the polymer. It was found
that LCSTs were decreased by hydrophobic end groups
and increased by hydrophilic end groups, with the
magnitude of the effect depending on the nature of the
end group.142249,50

Thus, the MW effect on LCST should be seen as a
combination of changes in polymer—solvent interaction,
along with changes in the importance of end group
contributions to the hydrophobic/hydrophilic balance of
the polymer. The improved control over end groups
possible with ATRP should make it possible to begin to
resolve these two effects.

The PNIPAM studied in this work bears MePr and
chloro end groups. Methyl propionate itself is weakly
hydrophobic (6.4 wt % solubility in water at 20 °C)5!
and does not appear to have a significant effect on the
cloud points of the higher MW polymers studied here.
However, in oligomeric PNIPAM, the MePr end group
could perturb the hydrophobic/hydrophilic balance
enough to show a lower onset of the cloud point, seen
most clearly in the 90%T data. In fact, we attribute the
early onset and low-temperature slopes observed in the
turbidity curves of the 2.8, 5.0, and 6.5 kDa samples
(see Figure 7B) to the MePr end group. These low MW
samples will possess significant oligomeric fractions less
than 1 kDa, which would be sensitive to the hydrophobic
effect of the MePr end group and show early phase
separation seen in 90% T. We plan to test this hypoth-
esis by preparing oligomeric PNIPAM samples bearing
MePr end groups. Given the low hydrophobicity of the
MePr end group we believe this to be a minor effect that
would not distort MW influence on the cloud point seen
in the 50% T data.

Studies aimed at further probing the effect of a range
of different end groups on the cloud points of PNIPAMs
of different MWs are underway and will be reported in
the near future.

Conclusion

We have shown that ATRP of NIPAM in i-PrOH and
t-BuOH leads to narrow-disperse PNIPAM with high
conversion and good molecular weight control. These
branched alcohols are thought to hydrogen-bond to
monomer and polymer, thereby reducing the known
deactivation of the ATRP catalyst by acrylamides and
their polymers.

Aqueous solutions of these PNIPAMs showed a dra-
matic decrease in cloud point with increasing MW,
attributed to the reduced entropy of mixing with in-
creasing MW.

In addition, the lowest MW samples showed an early
onset of phase separation, which is attributed to the
presence of oligomer that is influenced more strongly
by the slightly hydrophobic MePr end group.

Hence, the use of ATRP to prepare PNIPAMs allows
good control over both polymer MW and end group, an
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ability that is being exploited in our current work to
prepare PNIPAMs with a range of end groups of
different polarity in order to study their effects on the
LCST.
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