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ABSTRACT: Reversible addition-fragmentation chain transfer (RAFT) polymerization in the presence of a
compound capable of both reversible chain transfer through a thiocarbonylthio moiety and propagation via a
vinyl group led to highly branched copolymers by a method analogous to self-condensing vinyl copolymerization.
An acryloyl trithiocarbonate prepared by copper-catalyzed azide-alkyne cycloaddition was copolymerized with
N-isopropylacrylamide (NIPAM) in ratios selected to tune the distribution and length of branches in the resulting
thermoresponsive polymers. The degree of branching increased with chain transfer agent (CTA) concentration,
as proven by NMR spectroscopy, size exclusion chromatography, and viscometry. Retention of the thiocarbonylthio
compound during the polymerization was evidenced by successful chain extension of a branched N-
isopropylacrylamide (PNIPAM) macroCTA by RAFT polymerization of N,N-dimethylacrylamide. The branched
polymers led to reduced lower critical solution temperatures as compared to linear PNIPAM, an effect attributed
primarily to an increased contribution of hydrophobic end groups. End group cleavage by radical-induced reduction
resulted in an increased transition temperature more similar to that expected for linear PNIPAM.

Introduction

The dramatically different bulk and solution behaviors of
branched polymers as compared to linear analogs of similar
molecular weight are primarily the result of a pronounced
influence of chain ends, decreased chain entanglement, and
reduced hydrodynamic volume.' To fully capitalize on these
unique physical properties, it is generally beneficial to control
the number of branch points and the length of the branches,
such that the overall macromolecular properties can be tuned.
One particularly useful method for the preparation of highly
branched polymers is the copolymerization of vinyl monomers
with another species capable of both propagation and initiation,
a process often called self-condensing vinyl copolymerization.”
Branching is typically accomplished by employing an AB*
“inimer” that contains both a polymerizable double bond (A)
and an initiating moiety (B*). Several reports have demonstrated
the particular utility of combining this methodology with
controlled radical polymerization (CRP) techniques to facilitate
control over branch length and polydispersity. Hawker and
Fréchet et al.® prepared hyperbranched styrenic polymers via
nitroxide-mediated radical polymerization,*> and Matyjaszewski
and co-workers employed atom transfer radical polymeriza-
tion® '° to prepare hyperbranched polystyrene'' and polyacry-
lates.'> 14

Reversible addition-fragmentation chain transfer (RAFT)
has also proven to be a versatile CRP technique for creating
well defined and highly functional'®'® macromolecular topolo-
gies®® under a variety of reaction conditions, including homo-
geneous?' "% and heterogeneous aqueous media,>®”?® from
essentially any monomer capable of radical polymerization.
RAFT has recently been employed to synthesize highly branched
(co)polymers by employing AB* chain transfer agents,?®>'
divinyl (co)monomers,** ** and pendant xanthate copolymers.*
Wang and co-workers reported RAFT polymerization mediated
by a chain transfer agent (CTA) containing a polymerizable
styrenic group and a benzyl dithiobenzoate moiety.?® Rimmer
et al.**3°73? prepared a variety of highly branched temperature-
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responsive polymers with a polymerizable CTA that instead
contained an imidazole thiocarbonylthio RAFT moiety. These
polymers proved useful for protein purification® and temper-
ature dependent phagocytosis*® and clearly demonstrated the
effect of end group polarity on the corresponding solution
properties. We recently communicated the preparation of highly
branched poly(N-isopropylacrylamide) (PNIPAM) and polysty-
rene by RAFT polymerization with a novel acryloyl trithiocar-
bonate.*! By capitalizing on the orthogonality and efficiency
of click chemistry techniques,* specifically copper-catalyzed
azide-alkyne cycloaddition,***** this CTA was prepared in high
yield and was demonstrated to successfully control the distribu-
tion of branches and branching points in the resulting polymers.

Herein, we focus specifically on the preparation of branched
PNIPAM by RAFT and describe the dramatic influence of chain
architecture on the resulting responsive solution behavior. By
varying molecular weight and degree of branching, we verify
the pronounced effect of end group polarity and multiplicity
on the temperature-susceptibility of branched PNIPAM. The
presence of multiple CTA-derived hydrophobic end groups led
to dramatic reduction in lower critical solution temperature
(LCST). Additionally, because the resulting branched polymers
contained active trithiocarbonate end groups, block copolym-
erization led to copolymers with temperature-responsive branched
cores and linear hydrophilic exteriors.

Experimental Section

Materials. N,N,N’,N" ,N"-Pentamethyldiethylenetriamine (PM-
DETA, Aldrich 99%), propargyl acrylate (Aldrich 98%), N,N-
dimethylformamide (DMF, Aldrich 99.9%), tris(2-carboxyeth-
yl)phosphine hydrochloride (TCEP-HCI, Calbiochem 100%),
N-ethylpiperidine hypophosphite (EPHP, Aldrich 95%), ethanol-
amine (Acros 99%), toluene (Aldrich 99.5%), tetrahydrofuran (THF,
Aldrich 99%), DMSO-d (Cambridge Isotope, 99.9 atom% D) and
CDCl; (Aldrich 99.8 atom% D) were used as received. 2-Dode-
cylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid 3-azidopro-
pyl ester (1) was prepared as previously reported.*> Prior to use,
1,4-dioxane (Alfa Aesar 99+%) and N,N-dimethylacrylamide
(DMA, TCI Tokyo Kasei) were passed through a small column of
basic alumina, N-isopropylacrylamide (NIPAM, TCI Tokyo Kasei)
was recrystallized from hexane, 2,2-azobisisobutryonitrile (AIBN,
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Table 1. Synthesis of Branched Poly(N-Isopropylacrylamide) by Reversible Addition—Fragmentation Chain Transfer (RAFT)
Copolymerization with an Acryloyl Trithiocarbonate (2)*

entry monomer/CTA [M]:[CTA]:[1]® time (h) M, (g/mol)* MyIM,y© DB? DP, per branch®

A NIPAM/2 50:1:0.5 4 12300 1.48 0.045 22
B NIPAM/2 25:1:0.5 4 8300 1.68 0.072 14
C NIPAM/2 50:1:0.1 24 11600 1.42 0.045 22
D NIPAM/2 25:1:0.1 24 8800 1.69 0.089 11
E NIPAM/2 10:1:0.1 24 5100 2.04 0.16 6
F -12 0:5:0.1 72 8740 2.29

G DMA/A 500:1:0.1 18 35500 2.10

“ NIPAM = N-isopropylacrylamide. 2 = 1-[3-(2-methyl-2-dodecylsulfanylthiocarbonylsulfanylpropionyloxy)propyl]-1H-[1,2,3]triazol-4-ylmethyl acrylate.
DMA = N,N-dimethylacrylamide. Temperature = 70 °C. Entries A-E: [NIPAM] = 3 M in 1,4-dioxane, conversion of NIPAM = 0.99. Entry F: [CTA] =
0.5 M in toluene, conversion of 2 = 0.64. ” Molar ratio of monomer, chain transfer agent 2, and 2,2-azobisisobutyronitrile. © Determined by size exclusion
chromatography. ¢ DB: Average degree of branching determined by '"H NMR spectroscopy by comparing the end group (0.88 ppm, -CH3), branched unit
(4.42 ppm, —CH,—CHy>-triazole), and linear monomer unit (4.0 ppm, -CH-(CH3); signals according to the equation DB = [1end groups 1 Mbranched units//[7end
groups + Tbranched units T Minear units] ¢ Number average degree of polymerization (DP,) per branch = DB, 7 Chain extension of PNIPAM macroCTA (entry
A) with DMA. Temperature = 70 °C; [DMA] = 3 M in N,N-dimethylformamide; conversion of DMA = 0.76.

Aldrich 98%) was recrystallized from ethanol, and CuBr (Aldrich
98%) was stirred for 12 h in glacial acetic acid and isolated by
filtration and drying under vacuum.

Synthesis of 1-[3-(2-Methyl-2-dodecylsulfanylthiocarbonyl-
sulfanylpropionyloxy)propyl]-1H-[1,2,3]triazol-4-ylmethyl Acry-
late (2). A solution of 1 (1.00 g, 2.24 mmol), propargyl acrylate
(494 uL, 4.47 mmol), and PMDETA (233 uL, 1.12 mmol) in DMF
(89.5 mL) was purged with nitrogen and transferred via cannula to
a 100 mL round-bottom flask containing CuBr (160.4 mg, 1.12
mmol) and a magnetic stir bar under a nitrogen environment. The
reaction mixture was stirred at room temperature in the absence of
oxygen. After 11 h, the reaction mixture was exposed to air, the
solution was passed through a column of neutral alumina, and the
column was rinsed with tetrahydrofuran (90 mL x 2). The resulting
solution was dried under vacuum to give a residual oil in 99% yield.
'"H NMR (6 (ppm), DMSO-dq): 8.16 (s, 1H, triazole), 6.34 (d, 1H,
CH,=CH), 6.19 (q, 1H, CH,=CH), 5.98 (q, 1H, CH,=CH), 5.21
(s, 2H, O=C—0—CH,—triazole), 4.40 (t, 2H, —CH,—CH,—
triazole), 4.04 (t, 2H, -CH,—CH,—0—C=0), 3.24 (t, 2H,
—CH,—CH,—S—C=S),2.12(t,2H, —CH,—CH,—triazole), 1.67—1.40
(m, 8H, —CH,—CH,—S—C=S and —S—C(CH3;),—CO), 1.40—1.20
(m, 18H, CH3;—CyH;3s—CH,—CH,S—C=S), 0.87—0.82 (t, 3H,
CH;—CyH3—CH,—CH,S—C=S). Anal. Calcd: C, 55.98; H, 7.77;
N, 7.53. Found: C, 55.94; H, 8.04; N, 7.20.

RAFT Polymerizations of NIPAM with CTA 2. An example
RAFT polymerization procedure was as follows.*>*” NIPAM (3.095
g, 27.34 mmol), CTA 2 (290.0 mg, 0.547 mmol) and AIBN (44.8
mg, 0.273 mmol) were placed in a sealed 20 mL vial equipped
with a magnetic stir bar. After the vial was purged with nitrogen
for 20 min, nitrogen-purged 1,4-dioxane (9.39 mL) was added, and
the reaction vial was placed in a preheated reaction block at 70
°C. Samples were removed periodically by syringe to determine
monomer conversion by 'H NMR spectroscopy and molecular
weight by size exclusion chromatography (SEC). The polymeri-
zation was quenched after 4 h by cooling and exposing the reaction
mixture to air. The resulting PNIPAM (M, = 12 300 g/mol; M,/
M, = 1.48) was isolated by precipitating into ether and drying under
vacuum.

Hyperbranched Homopolymerization of 2. CTA 2 (0.278 g,
0.525 mmol) and AIBN (1.70 mg, 0.011 mmol) were placed in a
sealed 4 mL vial equipped with a magnetic stir bar. After the vial
was purged with nitrogen for 20 min, nitrogen-purged toluene (1.07
mL) was added, and the reaction vial was placed in a preheated
reaction block at 70 °C. Samples were removed periodically by
syringe to determine monomer conversion by 'H NMR spectroscopy
and molecular weight by SEC. The polymerization was quenched
after 72 h by cooling and exposing the reaction mixture to air. The
resulting hyperbranched poly(2) (M, = 8740 g/mol; M,/M, = 2.29)
was isolated by drying under vacuum.

Chain Extension of Branched PNIPAM Macro-CTA with
DMA. Branched PNIPAM macro-CTA (A, Table 1) (159 mg, 0.013
mmol) was placed in a sealed 4 mL vial equipped with a magnetic
stir bar. After purging the vial with nitrogen for 20 min, nitrogen
purged DMF (2.16 mL), DMA (0.67 mL, 6.46 mmol), and a

concentrated solution of AIBN in DMF (0.25 mL of 5.12 mM
solution, 0.0013 mmol) were added. The vial was placed in a
preheated reaction block at 70 °C. Samples were removed periodi-
cally by syringe to determine monomer conversion by 'H NMR
spectroscopy and molecular weight by SEC. The polymerization
was quenched after 18 h by cooling and exposure to air. The
resulting polymer was isolated by dialyzing against deionized water
and freeze-drying.

Trithiocarbonate End Group Reduction. Reduction of the
thiocarbonylthio groups was accomplished according to a method
derived from Chong et al.*® PNIPAM (B, Table 1) (1.082 g, 0.070
mmol), AIBN (4.6 mg, 0.028 mmol), and EPHP (0.250 g, 1.395
mmol) were placed in a sealed 20 mL vial equipped with a magnetic
stir bar, and the mixture was purged with nitrogen for 20 min.
Nitrogen purged toluene (15 mL) was added, and the reaction vial
was placed in a preheated reaction block at 110 °C. After 4 h the
vial was opened to air and allowed to cool. The product was isolated
by precipitating into ether, drying under vacuum, dialyzing against
deionized water, and freeze-drying.

Analyses. SEC was conducted in 0.05 M LiBr in DMF at 55 °C
with a flow rate of 1.0 mL/min (Viscotek VE 2001 GPCmax;
Columns: ViscoGel I-Series G3000 and G4000 mixed bed columns:
molecular weight range 0—60 x 10 and 0—400 x 103 g/mol,
respectively). Detection consisted of a Viscotek VE 3580 refractive
index detector operating at A = 660 nm and a Viscotek Model 270
Series Platform, consisting of a laser light scattering detector
(operating at 3 mW, A = 670 nm with detection angles of 7° and
90°) and a four capillary viscometer. Molecular weights were
determined by the triple detection method. "H NMR spectroscopy
was conducted in CDCl;y or DMSO-dg with a Bruker Avance 400
spectrometer operating at 400 MHz. The sample was analyzed on
a ThermoFinnigan CE Elantech Model Flash EA1112 elemental
analyzer, which was initially 5-point calibrated with atropine,
acetanilide, nicatinamide, and cyclohexanone-2,4-dinitrophenylhy-
drazine. Samples were run in duplicate, or triplicate. Dynamic light
scattering was conducted with a Malvern Zetasizer Nano-S equipped
with a 4 mW, 633 nm He—Ne laser, and an Avalanche photodiode
detector at an angle of 173°. To determine temperature-dependent
solution size, sizes were measured at increments of 1 °C with an
equilibration time of 30 min between each sample. UV—vis
spectroscopy was conducted with an Ocean Optics USB2000 USB-
ISS-UV/vis spectrophotometer.

Results and Discussion

Synthesis and Analysis of Branching. Copper-catalyzed
azide—alkyne cycloaddition*>~** has proven to be a near-ideal
method for efficient polymer modification.** > RAFT polym-
erization with CTA 1 allows the synthesis of azido-terminated
polymers capable of subsequent transformations with alkynes
to obtain a variety of functional telechelics.**¢°® While
postpolymerization modification with alkynyl (meth)acrylates
provides a route to well-defined (meth)acryloyl macromono-
mers,”” prepolymerization functionalization of the azido portion
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Scheme 1. Synthesis of Acryloyl Trithiocarbonate Chain Transfer Agent
(1-[3-(2-Methyl-2-dodecylsulfanylthiocarbonylsulfanylpropionyloxy)propyl]-1H-[1,2,3]triazol-4-ylmethyl Acrylate (2)) and Subsequent
Preparation of Branched Poly(N-isopropylacrylamide) (PNIPAM) Copolymers and Hyperbranched Poly(2) by Reversible
Addition—Fragmentation Chain Transfer Polymerizations
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of the low molecular weight CTA with propargyl acrylate yields
an AB* acryloyl trithiocarbonate (2) (Scheme 1). This species
can participate in RAFT polymerization by both reversible chain
transfer and propagation via the thiocarbonylthio and acryloyl
groups, respectively. Therefore, radical polymerization in the
presence of 2 gives rise to hyperbranched polymers with
thiocarbonylthio end groups, while copolymerization with a
conventional vinyl monomer yields branched copolymers with
an average degree of branching (DB) and branch length
determined by the polymerization stoichiometry.

NIPAM and CTA 2 were copolymerized by RAFT as outlined
in Scheme 1. Selected ratios of [monomer]/[2]/[AIBN] afforded
PNIPAM with M, ~ (5—12) x 103 g/mol (Table 1). RAFT
copolymerization was expected to occur by rapid addition of
the initiator-derived radical (or oligomeric radical) to 2, and
after fragmentation of the RAFT adduct radical, the resulting
acryloyl-functionalized CTA-fragment should initiate copolym-
erization of NIPAM and 2 to yield acryloyl-terminated oligomers
with pendant trithiocarbonate moieties. As the polymerization
proceeded, essentially every chain should contain a terminal
acryloyl group and trithiocarbonate moieties on each branch
termini. As the terminal acryloyl groups were incorporated into
other chains, molecular weight was expected to increase with
both chain and step growth characteristics, eventually leading
to increasingly broadened molecular weight distributions with
multiple chain populations.”® As seen from the example in
Figure 1A, SEC analysis confirmed both an increase in
molecular weight and polydispersity with conversion, though
the broad and complex molecular weight distributions that
resulted from the hybrid chain/step growth mechanism prohib-
ited the typical M, versus conversion diagnostic of polymeri-
zation control that is typical for RAFT.
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Retention of the trithiocarbonate moieties on each end group
of the branched PNIPAM was demonstrated by chain extension
with a second monomer. DMA was polymerized via RAFT by
employing branched PNIPAM with M, = 12 300 g/mol as a
macroCTA. SEC of the resulting copolymer demonstrated the
expected increase in molecular weight (M, = 35 500 g/mol),
while maintaining the complex molecular weight distribution
characteristic of the branched macroCTA at intermediate
conversion levels (Figure 1B). As the polymerization proceeded,
a more unimodal molecular weight distribution was observed,
perhaps the result of decreased chromatographic resolution at
higher molecular weights. Because of the polymerizable acryloyl
groups expected to persist on each macroCTA, extension of the
PNIPAM branches with DMA was likely accompanied by a
simultaneous step-growth type process, accounting for the
increase in polydispersity index (PDI) (Table 1).

In accordance with the model proposed above for the
polymerization of NIPAM with 2, the DB and average branch
lengths were tunable by varying the reaction stoichiometry. DB
was calculated from the molar ratio of branched and terminal
units to the total number of units,” as determined by 'H NMR
spectroscopy (Table 1). A ratio of [NIPAM]/[2] = 50/1 (Table
1, entry C) led to DB = 0.045, corresponding to branches with
average length of 22 repeat units. Doubling the concentration
of branching agent ([NIPAM]/[2] = 25/1, Table 1, entry D)
led to a 2-fold increase in the degree of branching (DB = 0.089)
and a halving of the average branch length to 11 repeat units.
A further increase in [2] to yield [NIPAM]/[2] = 10/1 (Table
1, entry E) led to DB = 0.16 and average branch lengths of 6
repeat units. SEC of the polymerization products confirmed an
increase in PDI with the concentration of branching agent (2),
as expected (Table 1). Homopolymerization of 2 led to
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Figure 1. Size exclusion chromatography refractive index (RI) traces
as a function of time for the polymerization of (A) N-isopropylacry-
lamide (NIPAM) (entry D, Table 1) with chain transfer agent (1-[3-
(2-methyl-2-dodecylsulfanylthiocarbonylsulfanylpropionyloxy)propyl]-
1H-[1,2,3]triazol-4-ylmethyl  acrylate  (2)) ([NIPAMI]/[2]/[2,2-
azobisisobutyronitrile] = 25/1/0.1; 70 °C; [NIPAM] = 3 M in 1,4-
dioxane) and (B) N,N-dimethylacrylamide (DMA) (Entry G, Table 1)
with a branched poly(N-isopropylacrylamide) Macro-chain transfer
agent ((DMA]/[A]/[AIBN] = 500/1/0.1; 70 °C; [DMA] = 3 M in N,N-
dimethylformamide).

hyperbranched polymers that demonstrated the highest PDI of
the polymers considered. A corollary of this phenomenon is
that as the initial concentration of 2 was decreased, the
polymerizations began to more closely resemble typical RAFT
polymerizations, leading to increasingly more linear polymers
with narrower molecular weight distributions.®

The variable extent of branching was further confirmed by
capitalizing on the distinctive solution properties of branched
polymers as compared to their linear analogs. At a given
molecular weight, branched polymers demonstrate a higher
molecular density because of their more compact nature. Since
molecular density is conveniently related to intrinsic viscosity
([7]), SEC viscometry in DMF at 55 °C was conducted to yield
insight regarding the branched nature of the PNIPAM. Accord-
ing to the Mark—Houwink—Sakurada (MHS) equation ([n] =
KM¢, where M is the molar mass and K and a are constants for
a given polymer—solvent pair at a specified temperature),
plotting log[#n] versus log(molar mass) yields a line with slope
= a. The value of a is expected to vary from O for spheres to
2 for rigid rods, with random coil polymers typically having a
~ 0.5—-0.8.

To aid with comparisons, a linear PNIPAM reference was
prepared by RAFT polymerization. Several important relation-
ships were observed in the MHS plots of the linear and branched
PNIPAM over a selected common molecular weight range
(Figure 2). Both the intrinsic viscosities and the MHS a values
of the branched polymers were less than that of the linear
reference. The linear PNIPAM reference yielded a = 0.79, while
the values of the branched sample were all considerably lower
(a = 0.33—0.54). Moreover, in a comparison of the branched
samples, the intrinsic viscosity and a decreased as the fraction
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Figure 2. Mark—Houwink—Sakurada plot of log(intrinsic viscosity
([#D) versus log(molar mass (M)) (N,N-dimethylformamide, 55 °C)
for poly(N-isopropylacrylamide) with varying degrees of branching.
Data labels include the corresponding ratio of [N-isopropylacrylamide]/
[chain transfer agent (1-[3-(2-methyl-2-dodecylsulfanylthiocarbonyl-
sulfanylpropionyloxy)propyl]-1H-[1,2,3]triazol-4-ylmethyl acrylate (2))]
and the resulting a values determined from the slope.
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Figure 3. Size exclusion chromatography refractive index (RI) traces
as a function of time for the self-condensing vinyl homopolymerization
of chain transfer agent (1-[3-(2-methyl-2-dodecylsulfanylthiocarbon-
ylsulfanylpropionyloxy)propyl]-1H-[1,2,3]triazol-4-ylmethyl acrylate
(2)) (F, Table 1) ([N-isopropylacrylamide]/[2]/[2,2-azobisisobutyroni-
trile] = 0/5/0.1; 70 °C; [2] = 0.5 M in toluene).

of branching agent (2) was increased. These observations are
consistent with the DB results obtained by NMR spectroscopy
and offer further evidence that the branched nature of the
PNIPAM was directly related to the amount of branching agent
included during the polymerization.

Polymerization of the branching agent in the absence of a
traditional monomer should lead to hyperbranched polymers
with highly compact molecular dimensions. Homopolymeriza-
tion of 2 was conducted in toluene at 70 °C with a ratio of
[2]/[AIBN] = 5/0.1, leading to polymer with M, = 8740 g/mol
and PDI = 2.29 at 64% conversion. SEC analysis led to results
typical for hyperbranched polymerizations, demonstrating traces
with multimodal distributions indicative of highly branched
topologies (Figure 3). Because the repeat unit structure of this
polymer is significantly different from that of the branched
PNIPAM examples, a direct comparison of its intrinsic viscosity
with those of the other branched polymers is not entirely reliable.
However, the MHS slope of a = 0.23 for the hyperbranched
sample is clear indication of its more highly compact nature
(Figure 2).

Aqueous Solution Behavior. Aqueous solutions of PNIPAM
exhibit sharp phase transitions around 32 °C. Below this LCST,
the polymer exists as molecularly dissolved unimers, but upon
heating, chain dehydration and intermolecular aggregation leads
to insolubility and eventual precipitation. Branched macromol-
ecules often demonstrate significantly different solution behav-
iors as compared to their linear counterparts, a feature which is
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Figure 4. Hydrodynamic diameter (Dy) versus temperature for a 0.1
w/v % aqueous solution of branched poly(N-isopropylacrylamide)
(prepared by [N-isopropylacrylamide]/[chain transfer agent (1-[3-(2-
methyl-2-dodecylsulfanylthiocarbonylsulfanylpropionyloxy)propyl]-1 H-
[1,2,3]triazol-4-ylmethyl acrylate (2))] = 50/1) before and after
N-ethylpiperidine hypophosphite (EPHP) reduction and after poly(N,N-
dimethylacrylamide) (PDMA) extension. The size scale was normalized
to allow better comparison of the transition temperatures for each
sample.

partially a result of increased molecular density.®' %> Moreover,
because branched polymers contain a multitude of chain termini,
end group identity can have a dramatic influence on the
solubility of the resulting polymers.

The temperature-dependent aqueous solution behavior of the
branched PNIPAM was investigated by dynamic light scattering
(DLS). In each case, the LCST values were significantly less
than those typically associated with the linear polymer. For
instance, the polymer prepared with [NIPAM]/[2] = 50/1
demonstrated an LCST (defined as the onset of the transition
from unimers to larger multimolecular aggregates) of about 25
°C (Figure 4). A polymer with an increased degree of branching
prepared with [NIPAM]/[2] = 25/1 led to a transition at
approximately 20 °C. On the basis of our previous reports of
the effect of CTA-derived end groups on the solubility behavior
of polymers prepared by RAFT,*® we attributed the reduced
LCST values primarily to enhanced hydrophobicity resulting
from increased concentration of the dodecyl chain termini that
are derived from 2. The number of these hydrophobic moieties
is directly proportional to the degree of branching. Indeed, the
most highly branched copolymer (prepared with [NIPAM]/[2]
= 10/1) was not water-soluble at temperatures as low as 2 °C.
Rimmer et al.*° and Whittaker et al.*®® suggested similar end
group effects for the atypical LCSTs of branched PNIPAM with
hydrophobic chain termini.

While the reduction in LCST can also be partially attributed
to the branched nature of the polymer, demonstrating the specific
influence of the hydrophobic end groups was possible by their
facile removal via reduction. The standard method of thiocar-
bonylthio end group cleavage is aminolysis, which leads to
sulfhydryl-terminated chains. In this case, the multifunctional
thiols were expected to be problematic as a result of their
propensity to oxidatively disulfide couple, which could lead to
macroscopic gelation. Instead, radical-induced reduction was
accomplished via reaction with EPHP,*® resulting in —H
terminated polymers. UV—vis spectroscopy confirmed es-
sentially quantitative disappearance of the trithiocarbonate
absorbance at 4 = 316 nm, while SEC analysis confirmed the
molecular weight distribution remained constant after reduction
(Figure 5). For the polymer prepared with [NIPAM]/[2] = 50/
1, reduction with EPHP resulted in an increase in LCST from
approximately 25 to 28 °C (Figure 4). This value was still
slightly below that of typical linear PNIPAM, an effect that
might be attributable to increased molecular density (decreased
free volume) in the branched polymer and the hydrophobic
acryloyl comonomer units derived from the CTA. The branched
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Figure 5. UV—vis spectra and size exclusion chromatography refractive
index (RI) traces (inset) of branched poly(N-isopropylacrylamide) before
and after trithiocarbonate reduction with N-ethylpiperidine hypophos-
phite (EPHP), (A, Table 1).

polymer extended with hydrophilic PDMA demonstrated an
LCST that was slightly higher (30 °C) than the either the
unmodified or reduced PNIPAM.

Conclusion

We have demonstrated that RAFT polymerization of NIPAM
in the presence of a compound capable of both reversible chain
transfer through a thiocarbonylthio moiety and propagation via
a vinyl group allows the production of highly branched polymers
in a method similar to self-condensing vinyl copolymerization.
The average degree of branching and branch length were readily
tuned by manipulation of the reaction stoichiometry, and the
branched nature of the resulting polymers was confirmed by a
variety of techniques, including NMR spectroscopy, viscometry,
and light scattering. Retention of the thiocarbonylthio compound
during the polymerization was evidenced by successfully
employing the branched polymer as a macroCTA for the RAFT
polymerization of a second monomer. Increased branching led
to an increased contribution of end groups, and because these
CTA-derived end groups were hydrophobic dodecyl moieties,
the branched polymers demonstrated significantly reduced LCST
values as compared to linear PNIPAM. End group modification
by radical-induced reduction or chain extension with a hydro-
philic monomer resulted in an increased LCST. This approach
should be extendable to the synthesis of a variety of branched
stimuli-responsive copolymers with a high concentration of
sulfur-containing end groups that can facilitate polyvalent
bioconjugation, surface immobilization, etc.

Acknowledgment. We thank the Department of Chemistry,
Dedman College, and the University Research Council of Southern
Methodist University for their financial support. Acknowledgement
is made to the Donors of the American Chemical Society Petroleum
Research Fund (45286-G7), the Defense Advanced Research
Projects Agency (HR0011-06-1-0032), and Oak Ridge Associated
Universities (Ralph E. Powe Junior Faculty Enhancement Award)
for partial support of this research.

Supporting Information Available: Figure showing dynamic
light scattering results with absolute scaling. This information is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Tezuka, Y.; Oike, H. Prog. Polym. Sci. 2002, 27, 1069-1122.

(2) Fréchet, J. M. J.; Henmi, M.; Gitsov, I.; Aoshima, S.; Leduc, M. R.;
Grubbs, R. B. Science 1995, 269, 1080-1083.

(3) Hawker, C. J.; Fréchet, J. M. J.; Grubbs, R. B.; Dao, J. J. Am. Chem.
Soc. 1995, 117, 10763-10764.



Macromolecules, Vol. 41, No. 20, 2008

(4) Georges, M. K.; Veregin, R. P. N.; P, M. K.; Hamer, G. K.
Macromolecules 1993, 26, 2987-2988.

(5) Hawker, C.J.; Bosman, A. W.; Harth, E. Chem. Rev. 2001, 101, 3661—
3688.

(6) Kamigaito, M.; Ando, T.; Sawamoto, M. Chem. Rev. 2001, 101, 3689—
3745.

(7) Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T. Macro-
molecules 1995, 28, 1721-1723.

(8) Matyjaszewski, K.; Xia, J. Chem. Rev. 2001, 101, 2921-2990.

(9) Wang, J.-S.; Matyjaszewski, K. J. Am. Chem. Soc. 1995, 117, 5614—
5615.

(10) Richard, R. E.; Schwarz, M.; Ranade, S.; Chan, A. K.; Matyjaszewski,
K.; Sumerlin, B. Biomacromolecules 2005, 6, 3410-3418.

(11) Gaynor, S. G.; Edelman, S. Z.; Matyjaszewski, K. Macromolecules
1996, 29, 1079.

(12) Matyjaszewski, K.; Gaynor, S. G.; Kulfan, A.; Podwika, M. Macro-
molecules 1997, 30, 5192-5194.

(13) Matyjaszewski, K.; Gaynor, S. G.; Miiller, A. H. E. Macromolecules
1997, 30, 7034-7041.

(14) Weimar, W.; Fréchet, J. M. J.; Gitsov, . J. Polym. Sci., Part A: Polym.
Chem. 1998, 36, 955-970.

(15) Moad, G.; Rizzardo, E.; Thang, S. H. Aust. J. Chem. 2005, 58, 379—
410.

(16) Perrier, S.; Takolpuckdee, P. J. Polym. Sci., Part A: Polym. Chem.
2005, 43, 5347-5393.

(17) Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le,
T. P. T.; Mayadunne, R. T. A.; Meijs, G. F.; Moad, C. L.; Moad, G.;
Rizzardo, E.; Thang, S. H. Macromolecules 1998, 31, 5559-5562.

(18) Cambre, J. N.; Roy, D.; Gondi, S. R.; Sumerlin, B. S. J. Am. Chem.
Soc. 2007, 129, 10348-10349.

(19) Roy, D.; Cambre, J. N.; Sumerlin, B. Chem. Commun. 2008, 2477—
2479.

(20) Barner, L.; Barner-Kowollik, C.; Davis, T. P.; Stenzel, M. H. Aust.
J. Chem. 2004, 57, 19-24.

(21) Lowe, A. B.; McCormick, C. L. Aust. J. Chem. 2002, 55, 367-379.

(22) Lowe, A. B.; McCormick, C. L. Prog. Polym. Sci. 2007, 32, 283—
351.

(23) McCormick, C. L.; Lowe, A. B. Acc. Chem. Res. 2004, 37, 312-325.

(24) De, P.; Li, M.; Gondi, S.; Sumerlin, B. S. J. Am. Chem. Soc. 2008,
130, 11288—11289.

(25) McCormick, C. L.; Sumerlin, B. S.; Lokitz, B. S.; Stempka, J. E. Soft
Matter 2008, 4, 1760—1773.

(26) McLeary, J. B.; Klumperman, B. Soft Matter 2006, 2, 45-53.

(27) Prescott, S. W.; Ballard, M. J.; Rizzardo, E.; Gilbert, R. G. Aust.
J. Chem. 2002, 55, 415-424.

(28) Tonge, M. P.; McLeary, J. B.; Vosloo, J. J.; Sanderson, R. D.
Macromol. Symp. 2003, 193, 289-304.

(29) Wang, Z.; He, J.; Tao, Y.; Yang, L.; Jiang, H.; Yang, Y. Macromol-
ecules 2003, 36, 7446-7452.

(30) Carter, S.; Hunt, B.; Rimmer, S. Macromolecules 2005, 38, 4595—
4603.

(31) Peleshanko, S.; Gunawidjaja, R.; Petrash, S.; Tsukruk, V. V. Macro-
molecules 2006, 39, 4756-4766.

(32) Lin, Y.; Liu, X.; Li, X.; Zhan, J.; Li, Y. J. Polym. Sci., Part A: Polym.
Chem. 2006, 45, 26-40.

(33) Liu, B.; Kazlauciunas, A.; Guthrie, J. T.; Perrier, S. Polymer 2005,
46, 6293-6299.

(34) Liu, B.; Kazlauciunas, A.; Guthrie, J. T.; Perrier, S. Macromolecules
2005, 38, 2131-2136.

Branched Poly(N-isopropylacrylamide) 7373

(35) Bernard, J.; Favier, A.; Davis, T. P.; Barner-Kowollik, C.; Stenzel,
M. H. Polymer 2006, 47, 1073-1080.

(36) Hopkins, S.; Carter, S.; Swanson, L.; MacNeil, S.; Rimmer, S. J. Mater.
Chem. 2007, 17, 4022-4027.

(37) Carter, S. R.; England, R. M.; Hunt, B. J.; Rimmer, S. Macromol.
Biosci. 2007, 7, 975-986.

(38) Carter, S.; Rimmer, S.; Sturdy, A.; Webb, M. Macromol. Biosci. 2005,
5, 373-378.

(39) Carter, S.; Rimmer, S.; Rutkaite, R.; Swanson, L.; Fairclough, J. P. A.;
Sturdy, A.; Webb, M. Biomacromolecules 2006, 7, 1124-1130.

(40) Hopkins, S.; Carter, S.; Swanson, L.; MacNeil, S.; Rimmer, S. J. Mater.
Chem. 2007, 17, 4022-4027.

(41) Vogt, A. P.; Gondi, S. R.; Sumerlin, B. S. Aust. J. Chem. 2007, 60,
396-399.

(42) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem., Int. Ed.
2001, 40, 2004-2021.

(43) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew.
Chem., Int. Ed. 2002, 41, 2596-2599.

(44) Tornoe, C. W.; Christensen, C.; Meldal, M. J. Org. Chem. 2002, 67,
3057-3064.

(45) Gondi, S. R.; Vogt, A. P.; Sumerlin, B. S. Macromolecules 2007, 40,
474-4381.

(46) Li, M.; De, P.; Gondi, S. R.; Sumerlin, B. S. Macromol. Rapid
Commun. 2008, 29, 1172-1176.

(47) Li, M.; De, P.; Gondi, S. R.; Sumerlin, B. S. J. Polym. Sci., Part A:
Polym. Chem. 2008, 46, 5093-5100.

(48) Chong, Y. K.; M, G.; Rizzardo, E.; Thang, S. Macromolecules 2007,
40, 4446-4455.

(49) Binder, W. H.; Sachsenhofer, R. Macromol. Rapid Commun. 2007,
28, 15-54.

(50) Evans, R. A. Aust. J. Chem. 2007, 60, 384-395.

(51) Lutz, J. F. Angew. Chem., Int. Ed. 2007, 46, 1018-1025.

(52) Lutz, J. F.; Borner, H. G.; Weichenhan, K. Macromol. Rapid Commun.
2005, 26, 514-518.

(53) Mantovani, G.; Ladmiral, V.; Tao, L.; Haddleton, D. M. Chem.
Commun. 2005, 2089-2091.

(54) Tsarevsky, N. V.; Sumerlin, B. S.; Matyjaszewski, K. Macromolecules
2005, 38, 3558-3561.

(55) Laurent, B. A.; Grayson, S. M. J. Am. Chem. Soc. 2006, 128, 4238—
4239,

(56) De, P.; Gondi, S. R.; Sumerlin, B. S. Biomacromolecules 2008, 9,
1064-1070.

(57) Vogt, A. P.; Sumerlin, B. S. Macromolecules 2006, 39, 5286-5292.

(58) Miiller, A. H. E.; Yan, D.; Wulkow, M. Macromolecules 1997, 30,
7015-7023.

(59) Hawker, C. J.; Lee, R.; Fréchet, J. M. J. J. Am. Chem. Soc. 1991,
113, 4583-4588.

(60) Litvinenko, G. I.; Simon, P. F. W.; Miiller, A. H. E. Macromolecules
1999, 32, 2410-2419.

(61) Zhu, X.; Yan, C.; Winnik, F. M.; Leckband, D. Langmuir 2007, 23,
162-169.

(62) Rimmer, S.; Carter, S.; Rutkaite, R.; Haycock, J. W.; Swanson, L.
Soft Matter 2007, 3, 971-973.

(63) Schild, H. G.; Tirrell, D. A. J. Phys. Chem. 1990, 94, 4352-4356.

(64) Haba, Y.; Kojima, C.; Harada, A.; Kono, K. Angew. Chem., Int. Ed.
2007, 46, 234-237.

(65) Chang, D. W.; Dai, L. J. Mater. Chem. 2007, 17, 364-371.

(66) Plummer, R.; Hill, D. J. T.; Whittaker, A. K. Macromolecules 2006,
39, 8379-8388.

MAB801256K



