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A Multisegmented Polystyrene with pH-Cleavable Linkages
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A multisegmented polystyrene (PS) with pH-cleavable ester and carbamate linkages was successfully
synthesized by a combination of atom transfer radical polymerization (ATRP) and Cu(I)-catalyzed 1,3-dipolar
cycloaddition of azide and alkynes (click chemistry). ATRP was employed to synthesize polystyrene from
hydroxyl-terminated initiator using CuBr/N,N,N',N", N"-pentamethyldiethylenetriamine (PMDETA) as the
catalyst. The reaction of the resulting PS with sodium azide yielded the azido-terminated polymer. The
hydroxyl group in the other end of the polymer was reacted with 4-nitrophenyl chloroformate (NPC), followed
by reaction with propargylamine to produce an alkyne end group with a carbamate linkage. The PS with an
alkyne group in one end and an azide group in the other end was then self-coupled in the presence of CuBr1/2,2'-
bipyridy! (bpy) in DMF to yield a desired multisegmented PS. Molecular weight and molecular weight
distribution of the self-coupled polymer increased with time, as in the typical step-growth-type polymerization
processes. Finally, we demonstrated that the ester and carbamate linkages of the multisegmented PS were
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hydrolyzed in the presence of HCI to yield individual PS chains.
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Introduction

Multisegmented polymers consist of successive polymer
blocks that are connected by a linker." The use of a labile
linker can lead to degradable multisegmented polymers.
They exhibit quite different properties when compared to
their homopolymers.® Degradable multisegmented polymers
would find potential applications in the field of green
chemistry and drug delivery.* Due to these unusual architec-
tural features, materials with new morphologies and improv-
ed properties can be obtained. In order to prepare multiseg-
mented polymers, the robust techniques for polymer syn-
thesis and the use of highly selective and efficient modi-
fication reactions are required.

Controlled radical polymerization (CRP) became one of
the powerful methods for polymer synthesis owing to the
ability to polymerize a wide range of commercially available
monomers to yield well-defined polymers with designed
architecture.”? The 1,3-dipolar azide-alkyne cycloaddition,
one of click reactions, has been rapidly expanding as a
method for chemical transformation and synthesis of novel
materials.'*'* This reaction is combined particularly well
with controlled radical polymerization (CRP) techniques such
as atom transfer radical polymerization (ATRP)'*!7 since it
can be easily employed to prepare functional polymers from
ATRP products with high degree of end functionality.'® The
halogen end group present on a polymer prepared by ATRP
is efficiently displaced by an azide group through nucleo-
philic substitution using sodium azide.

In this paper, a novel synthesis to prepare degradable multi-
segmented polystyrene (PS) with hydrolyzable ester and
carbamate linkages via ATRP and click reaction is presented.
Acid-catalyzed degradation process is reported as well.

Experimental

Material. Styrene (95%, Sigma) was purified by passing
through a column filled with basic alumina (Acros) to remove
inhibitors. Triethylamine (TEA, 99.5%), sodium azide (99.5%),
dichloromethane (DCM, 99.9%), N,N-dimethylformamide
(DMF, 99.8%), ethylene glycol (99.8%), 2-bromoisobutyryl
bromide (98%), propargylamine (98%), 4-nitrophenyl chloro-
formate (96%), and CuBr (98%) were purchased from
Aldrich with the highest purity and were used as received
without further purification. Anisole (99%), 2,2'-bipyridyl
(bpy, 99%), and N,N,N'’,N", N"-pentamethyldiethylenetriamine
(PMDETA, 95%) were purchased from Tokyo Chemical
Industry (TCI) and used as received.

Instrumentation. '"H-NMR spectra were collected in
CDCIl; on a Bruker avance 300 MHz NMR spectrometer.
The apparent molecular weights and molecular weight dis-
tributions were measured by gel permeation chromatography
(GPC, Agilent technologies 1200 series) using a polystyrene
(PS) standard, with DMF as the eluent at 30 °C and a flow
rate of 1.00 mL/min. Thermal characterization (glass transition
temperature) of homo PS and multisegmented PS (4-7 mg)
was carried out with the aid of TA Instrument Q20 operated
at a heating rate 10 °C/min. Thermogravimetric analysis (TGA)
was carried out with the aid of TA Instrument Q50.

2-Hydroxyethyl 2-Bromoisobutyrate. Ethylene glycol
(25.0 mL, 448.5 mmol), triethylamine (TEA, 62.5 mL) and
THF (1000 mL) were added to round-bottomed flask and
immersed into an ice-water bath. 2-Bromoisobutyryl bromide
(44.3 mL, 358.4 mmol) in 40 mL THF was added drop-wise
into the mixture within 10 min. The reaction mixture was
allowed to stir for overnight at room temperature, allowing
insoluble salt to precipitate out of the solution. After filtration,
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the solvent was evaporated. The product was purified by
column chromatography using Hexane-EA (1:1) as an eluent
to give the product as pale yellow liquid (15 mL, 20%). 'H-
NMR (300 MHz, CDCl;) 6 was as follows: 4.32-4.28 (2H, t,
HOCH>CHx); 3.91-3.81 (2H, t, HOCH,CH,); 3.00-2.60 (1H, s,
HOCH>CHz); 1.96-1.89 (6H, s, (C=0)C(CHj3).Br).

HO-Polystyrene-Br (HO-PS-Br). A clean and dry Schlenk
flask was charged with styrene (5.0 mL, 43.64 mmol),
PMDETA (45.56 pL, 0.22 mmol), anisole (5.0 mL), and 2-
hydroxyethyl 2-bromoisobutyrate (46.05 mg, 0.22 mmol).
The flask was deoxygenated by five freeze-pump-thaw
cycles. CuBr (31.3 mg, 0.22 mmol) was added to the frozen
mixture in the presence of argon. The flask was filled with
argon and heated in an oil bath at 110 °C. 5 h later, when
monomer conversion reached 60%, polymerization was
stopped by exposing the solution to air. The resulting
solution was passed through neutral alumina to remove the
copper complex, and the polymer was precipitated twice in
methanol and dried under vacuum at room temperature for
24 h. M, = 12 800 g/mol, M/M, = 1.07.

Azide-Modified Polystyrene (HO-PS-N;). NaN; (28.6
mg, 0.44 mmol), HO-PS-Br (1.5 g, 0.22 mmol), and DMF
(15 mL) were added to a 50 mL round bottom flask and
stirred for 48 h at room temperature, allowing insoluble salt
to precipitate out of solution. After filtration, the polymer
was precipitated into methanol and dried under vacuum at
room temperature for 24 h.

NPC-Modified Polystyrene (NPC-PS-N3). HO-PS-N;
was activated by 4-nitrophenyl chloroformate (p-NPC). 1.3
g (0.22 mmol) of HO-PS-N; and triethylamine (0.097 mL,
0.66 mmol) were dissolved in 15 mL anhydrous dichloro-
methane at 0 °C. p-NPC (0.089 g, 0.44 mmol) dissolved in
10 mL anhydrous dichloromethane was added dropwise into
the mixed solution. The reaction proceeded for 2 h at 0 °C,
and then at room temperature for 24 h with stirring. After
concentration, the product, NPC-PS-N3, was obtained by
precipitation in methanol and dried in vacuum at room
temperature for 24 h.

Alkyne-Modified Polystyrene (Alkyne-PS-N3). NPC-
PS-N; (1.0 g, 0.22 mmol) dissolved in dichloromethane
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(15mL) was added into the propargylamine (28.2 pL,
0.44 mmol) solution in dichloromethane (3 mL) and reacted
for 24 h at room temperature. After the evaporation of di-
chloromethane, the product was dissolved in 10 mL dichloro-
methane. After concentration, the product, alkyne-PS-N3,
was obtained by precipitation in methanol and dried in
vacuum at room temperature for 24 h.

CuBr-Catalyzed Click Coupling of a-Alkyne-m-azido-
terminated Polystyrene (Multisegmented PS). Alkyne-
PS-N3 (0.1 g, 0.05 mmol), dry DMF (4 mL), and bpy (7.8
mg, 0.05 mmol) were added to a Schlenk flask, and the
vessel was subjected to three vacuum-nitrogen cycles. CuBr
(3.6 mg, 0.05 mmol) was added, and the mixture was allow-
ed to stir at room temperature for 24 h. The final product was
obtained by precipitation in methanol and dried in vacuum at
room temperature for 24 h.

Degradation of Multisegmented PS by Hydrolysis Reac-
tion. To the clicked multisegmented PS (0.01 g) in DMF (3
mL) was added 5 drops of 2 M HCI solution. The reaction
mixture was stirred at 100 °C for 6 h, precipitated into methanol,
and dried under vacuum at room temperature for 24 h.

Results and Discussion

The strategy employed in this study is schematically illus-
trated in Scheme 1. ATRP was employed to synthesize
styrene using a CuBr/PMDETA catalyst system with a
hydroxy-terminated initiator, 2-hydroxyethyl 2-bromoiso-
butyrate. The ATRP reaction was stopped at relatively low
monomer conversion (60%) to ensure a high degree of
bromine end functionality. The molecular weight and mole-
cular weight distribution of the resulting HO-PS-Br were
obtained using a GPC DMF line with polystyrene (PS)
standards (M, = 12 800 g/mol, My/M,, = 1.07). As shown in
Figure 1, the GPC traces showed monomodal distributions
with the relatively low molecular weight distribution, indi-
cating good control over the polymerization. The apparent
molecular weight (12,800 g/mol) matched well with the
theoretical molecular weight calculated from the styrene
conversion (My heory = conversion x MWyrene X [styrene]o/

Br N
Ho/\/o n ﬂ, Ho/\/o n s
(0] o

HO-PS-Br

HO-PS-N;
Ny ™ NH, o N
n
VNJ\O/\/O n3
H o)
Alkyne-PS-N3
HCI/DMF

—_— Degradation product
100 °C

Scheme 1. Synthesis of multisegmented PS prepared by a combi- nation of ATRP of styrene and click reaction.
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Figure 1. DMF GPC traces of HO-PS-Br.

10*

[2-hydroxyethyl 2-bromoisobutyrate]o = 0.6 x 10* g/mol x
200 = 12,500 g/mol).

The resulting HO-PS-Br was reacted with sodium azide to
yield the corresponding azido-terminated polymer, HO-PS-
Ni. The reaction was carried out in DMF at room temperature.
Two-fold molar excess of sodium azide over chain end bromine
groups was used to ensure the quantitative transformation.
The 'H-NMR spectra provided the evidence of the successful
introduction of azido group by nucleophilic substitution
(Figure 2). It was monitored that a signal from 4.30 to 4.60
ppm due to the methine proton neighboring the bromine
chain end (e) disappeared while a new peak (f: from 4.80 to
4.10 ppm) originaed from the methine proton neighboring
the azido chain end appeared. Next, the hydorxy groups in
the other end of polymer were reacted with p-NPC to yield
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NPC-PS-N;. The reaction was carried out in dichloromethane
in the presence of trimethylamine at room temperature. Two-
fold molar excess of p-NPC over chain end hydorxy groups
was employed to achieve the quantitative reaction. The suc-
cessful transformation was monitored by "H-NMR spectra
(Figure 2). It was shown that signals at 7.35 and 8.25 ppm due
to the aromatic protons of NPC chain end (g and h) appeared.
Alkyne groups were then introduced by replacing NPC
groups by propargylamine. This reaction was quantitative as
verified by '"H-NMR spectra (Figure 2). Signals at 7.35 and
8.25 ppm due to the aromatic protons of NPC chain end
disappeared completely. Finally, the resulting alkyne-PS-Nj
was subsequently subjected to click reaction, leading to self-
coupling. Even though CuBr exhibits sufficient solubility in
DMF, extra ligand was added to achieve efficient coupling.
The reaction was carried out under an argon atmosphere to
avoid air oxidation of the CuBr. The successful click coupl-
ing reaction was proved by 'H-NMR spectra (Figure 2). The
signal due to the methine proton neighboring the azido group
(f : from 4.80 to 4.10 ppm) completely disappeared while a
new peak (i : from 4.95 to 5.10 ppm) appeared, which was
attributed to the methine proton neighboring the triazole
ring. No methine proton neighboring the azido group was
observed in the 'H-NMR spectrum of the final polymer,
proving the high efficiency of click coupling reaction. The
step-growth click coupling reaction was further characterized
by GPC. Figure 3 shows the evolution of the GPC traces with
time. The click coupling of the parent alkyne-PS-N3 resulted
in a multisegmented PS with high molecular weight (M,, =
23 000 g/mol) and broad molecular weight distribution (M/

o] H
N=N,
. \{_'\/l\/)/\HJ\O/\/O n m
) ' ’ 2 i
multisegmented PS
55 5.0 45 4.0 35 3.0
ppm \ o
N
VNJ\O/\/O n
H
AL ) °
alkyne-PS-N,
84 82 80 78 76 74 72 70
ppm
g h Q N.
OW@%AONOWJ%"
|n)‘ g h g h ©
, s NPC-PS-N,
84 82 80 78 76 74, 72 70
ppm f
o 0 Ne
HO > n
f OO0
5.5 5.0 45 4.0 35 3.0 HO-PS-N,
a ppm
MeOH
CDCl, - e
AN b d d C H Br
[} e HO/\/O n
. ~
I T ) ) ) ) ) ) ) 1 a a
9 8 7 6 5 4 3 2 1 0 55 5.0 45 4.0 35 3.0 a
ppm ppm HO-PS-Br

Figure 2. "H-.NMR spectra of HO-PS-Br, HO-PS-N3, NPC-PS-N3, alkyne-PS-N3, and multisegmented PS.
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Figure 3. Evolution of the GPC traces during step-growth click
coupling of alkyne-PS-N3, leading to multisegmented PS. The
arrows indicate that starting homopolymer was consumed while the
generation of multisegmented PS.

M, = 3.96), as expected for a step-growth process. It seemed
that not all of the starting homopolymer was consumed but
the considerable amount of high molecular weight coupling
product was generated. About 15% of the starting polymer,
alkyne-PS-N3, remained after 180 min, which was deduced
by calculating the relative area of low molecular weight
peak from the total area of the GPC trace. No further change
in the GPC trace was observed even after prolonged period
of the reaction time.

Thermogravimetric analysis (TGA) and differential scann-
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Figure 4. (a) TGA and (b) DSC thermograms HO-PS-Br and multi-
segmented PS.
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Figure 5. GPC traces of multisegmented PS (before hydrolysis)

and degraded PS (after hydrolysis). The arrows indicate the pro-
gress of degradation.

ing calorimetry (DSC) were carried out to compare thermal
properties of HO-PS-Br and multisegmented PS. As shown
in Figure 4(a), the multisegmented PS showed a mass loss of
10% upon heating to 320 °C, which might be attributed to
thermally labile ester and carbamate groups contained in
multisegmented PS. We have also investigated DSC of the
HO-PS-Br and multisegmented PS (Figure 4(b)), however,
we could observe a subtle 1.75 °C difference of the glass
transition temperature (7) between two samples Hence, the
multisegmented structure has a minimal effect on the 7.

The resulting multisegmented PS was subjected to degrad-
ation, leading to smaller molecular weight products. Acid-
catalyzed hydrolysis was performed in DMF with excess
amount of HCI for 24 h. Figure 5 the evolution of the GPC
traces before and after the hydrolysis reaction. After acid-
catalyzed hydrolysis, multisegmented PS was degraded into
smaller species with lower molecular weight (M, = 11 000 g/
mol) and broad molecular weight distribution (Mw/M, =
3.55). Not all of the starting multisegmented PS was degrad-
ed. It was, however, clearly seen that the amount of high
molecular weight polymers decreased substantially after
hydrolysis. Since there are two hydrolyzable groups, ester
and carbamate, this hydrolysis reaction was facilitated.

Conclusions

We demonstrated the synthesis of a multisegmented PS
with pH-cleavable ester and carbamate linkages in the main
chain via a combination of atom transfer radical polymeriz-
ation (ATRP) and Cu(I)-catalyzed 1,3-dipolar cycloaddition
of azide and alkynes. Homo PS polymer with ester and car-
bamate linkages was self-coupled by step-growth click reac-
tion to yield a multisegmented PS containing 1,2,3-triazole
linkages. The successful synthesis of a multisegmented PS
was verified by 'H-NMR spectroscopy and GPC. The result-
ing multisegmented PS was degraded to smaller molecular
weight products in the presence of HCI. In conclusion, we
designed a unique system to prepare multisegmented polymers
that can be easily degraded by simple acid-catalyzed hydrolysis.
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