Synthesis of Dendrimer-Like Copolymers Based on the Star
[Polystyrene-Poly(ethylene oxide)-Poly(ethoxyethyl
glycidyl ether)] Terpolymers by Click Chemistry

GUOWEI WANG, XIAOLAN LUO, YANNAN ZHANG, JUNLIAN HUANG

Department of Macromolecular Science, The Key Laboratory of Molecular Engineering of Polymer, State Education

Ministry of China, Fudan University, Shanghai 200433, China

Received 14 April 2009; accepted 22 May 2009
DOI: 10.1002/ pola.23534

Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The dendrimer-like copolymers [PEEGE-(PS/PEO)],, (n > 2) based on the
star| Polystyrene-Poly(ethylene oxide)-Poly(ethoxyethyl glycidyl ether)] [star(PS-PEO-
(PEEGE-OH))] terpolymers were synthesized by click chemistry. First, the star-shaped
copolymers star[PS-PEO-(PEEGE-Alkyne)] (also termed as [PEEGE-(PS/PEO)];) were
synthesized by the reaction of hydroxyl end group at PEEGE arm (on star[PS-PEO-
(PEEGE-OH)]) with propargyl bromide. Then, the small molecule 1,4-diazidobutane
(DAB) with two azide groups and pentaerythritol tetrakis (2-azidoisobutyrate) (PTAB)
with four azide groups were synthesized and reacted with [PEEGE-(PS/PEO)]; by the
click chemistry for dendrimer-like [PEEGE-(PS/PEO)]; and [PEEGE-(PS/PEO)l,,
respectively. However, in the latter case, only the [PEEGE-(PS/PEO)]; was formed as
the main product because of the steric effect. The final dendrimer-like [PEEGE-(PS/
PEO)], copolymers were characterized by SEC and '"H-NMR in detail. Comparing with
the SEC of their precursor [PEEGE-(PS/PEO)];, the curves of [PEEGE-(PS/PEO)], was
shifted to the shorter elution time, while that of [PEEGE-(PS/PEO)], (n > 3) was
shifted to the longer elution time, which was attributed to the different hydrodynamic
volume derived from their separate structures and compositions in THF solution. ©2009
Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 47: 4800-4810, 2009
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INTRODUCTION

With the development of living/“controlled” poly-
merization techniques, such as the atom transfer
radical polymerization (ATRP),! nitroxide-medi-
ated radical polymerization (NMRP),? reversible
addition fragmentation transfer polymerization
(RAFT),? single electron transfer polymerization,*
and living anionic polymerization, the copolymers
with complicated structure and multiple composi-
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tions were designed and synthesized. Meanwhile,
the coupling strategies, such as the coupling reac-
tion by chlorosilane agent, the atom transfer
nitroxide radical coupling (ATNRC),° the atom
transfer radical coupling (ATRC),® and the click
chemistry’ were also adopted to construct the
copolymers with various structures.® Unlike the
linear (co)polymer, the nonlinear copolymer such
as comb-type,® hyperbranched,'® cyclic,'! dendri-
tic,'? and star-shaped copolymers'® were always
endowed with some promising properties and
applications because of their intrinsic character.'*

Typically, the dendrimer-like [A-Asls, [A-Bsls,
or [A-(B/C)]s (also termed as H-shaped) copoly-
mers could be regarded as the connection of two



three-arm star-shaped copolymers with A seg-
ment as bridge (where A, B, and C represent the
different compositions). Concerning their special
structure, they might show unique morphologies
and interesting rheological properties in the form
of copolymer melts and solutions,'® and they could
be used as thermoplastic elastomers, compatibil-
izers of polymer blends and viscosity modifiers.®
Using the single classical living anionic polymer-
ization, H-shaped copolymers were prepared by
several groups.'”'® However, the limited mono-
mers adapted for living anionic polymerization
and the subsequent troublesome purification pro-
cedure restricted the application of this strategy.'®
Alternatively, the strategy using the combination
of several polymerization mechanisms, such as
ATRP, RAFT, and anionic ring-opening poly-
merization (ROP), could greatly enrich the copoly-
mers construction. Gnanou and coworkers'® pre-
pared (Polystyrene)s(PSs)-Poly(ethylene oxide)
(PEO)-(Polystyrene)s(PSs), Pan and coworkers
reported the synthesis of(PS/PLLA)-PEO-(PS/
PLLA),?° (PS),-PEO-(PS),, and [Poly(L-lactide)l,
(PLLAy)-PS-[Poly(L-lactide)lo(PLLA,),?*  Zhang
and coworkers®® synthesized an asymmetric H-
shaped copolymer (PS)s-PEO-[Poly(methyl metha-
crylate)]o(PMMA,).

More recently, using the click chemistry, which
was testified as an efficient method and used
extensively in polymer chemistry owing to its
high efficiency and technical simplicity,’ Tunca
and coworkers synthesized H-shaped copolymers
including PS/[Poly(tert-butyl acrylate)l(P¢tBA)-
PEO-PS/[Poly(tert-butyl acrylate)l(PtBA) and (PS/
PtBA)-Poly(propylene oxide) (PPO)-(PtBA/PS),23
(PS/PMMA)-PtBA-(PS/PMMA) and (PS/PMMA)-
PEO-(PS/PMMA),** (PCL/PS)-PtBA-(PEO/PMMA).*®
Whittaker et al.?® also reported the synthesis
of (PS/PtBA)-PS-(PS/PtBA) and (PtBA)y-PS-
(PtBA)s using the sequential click chemistry.

Similarly, the dendrimer-like [A-As],, or [A-Bs],
(n > 3) copolymers were also realized by several
strategies, for example, the combination of ROP
with ATRP by Hedrick et al.,>” Gnanou and co-
workers,'??® and Pan and coworkers,?? the combi-
nation of anionic polymerization mechanism with
coupling method by Hirao et al.,>* the combina-
tion of living radical polymerization with irrevers-
ible terminator multifunctional initiator (TER-
MINTI) by Percec et al.3132 and Matmour and Gna-
nou,>® the combination of ATRP with -click
chemistry by Chen and coworkers®* and Monteiro
and coworkers.?®> However, the dendrimer-like [A-
(B/C)], (n > 3) copolymers with the ABC star-
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shaped copolymers as arms were rarely
reported.®® Because of the special compositions
and space confinement of the dendrimer-like [A-
(B/C)],,, these copolymers may show some
interesting morphologies in selective solvents or
bulk, which is differed from their linear counter-
parts.

The synthesis of model dendrimer-like [A-(B/
C)],, would be the prerequisite for their property
investigation. However, the strategies used to
synthesize the dendrimer-like [A-As], or [A-Bsl,
could not be applied into the synthesis of den-
drimer-like [A-(B/C)],. Thus, we try to seek an
improved and versatile route for preparation of
dendrimer-like [A-(B/C)], by the click chemistry.

Herein, as an extended study for a previous
work,?” we reported the synthesis of a novel kind
of dendrimer-like [A-(B/C)], (n > 2) copolymers
consisting of poly(ethoxyethyl glycidyl ether)
(PEEGE) as interior chain (A) (which could be
converted into the poly(glycidyl) (PG) in acid
conditions), PS(B) and PEO(C) as exterior chains.
The click chemistry between the miktoarm
star-shaped precursors star[PS-PEO-(PEEGE-
Alkyne)] with alkyne group at PEEGE segment
end (here, the star[PS-PEO-(PEEGE-Alkyne)]
was termed as [PEEGE-(PS/PEO)]; for the follow-
ing consistent description) and small molecule
1,4-diazidobutane (DAB) with two azide groups
or pentaerythritol tetrakis (2-azidoisobutyrate)
(PTAB) with four azide groups were performed,
respectively.

EXPERIMENTAL

Materials

Tetrahydrofuran (THF, 99%) was refluxed and
distilled from sodium mnaphthalenide solution.
Propargyl bromide (>99%), N,N-dimethylforma-
mide (DMF) and toluene were distilled from CaHs
just before use. Copper(I) bromide (CuBr, 95%)
was stirred overnight in acetic acid, filtered,
washed with ethanol and diethyl ether succes-
sively, and dried in vacuo. Bromoisobutyryl bro-
mide (98%, Aldrich), N,N,N',N,”N"-pentamethyl-
diethylenetriamine (PMDETA, Aldrich), sodium
azide (NaNs, >98%), pentaerythritol, and 1,4-
dibromobutane were all used as received. All
other regents and solvents were purified by the
standard procedure, and all the chemicals were
purchased from Sinopharm Chemical Reagent Co.
(SCR) except declaration.
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Diphenylmethylpotassium (DPMK) solution
was freshly prepared by the reaction of potassium
naphthalenide with diphenylmethane in THF
according to the literature,?®® the concentration
was 0.61 mol/L.

Measurements

Size-exclusion chromatography (SEC) was per-
formed in THF at 35 °C with an elution rate of
1.0 mL/min on an Agilent1100 with a G1310A
pump, a G1362A refractive index detector and a
G1314A variable wavelength detector. One 5 um
LP gel column (500 E, molecular range, 500-2 x
10* g/mol) and two 5 um LP gel mixed bed column
(molecular range, 200-3 x 10° g/mol) were cali-
brated by polystyrene standard samples. "H-NMR
spectra were obtained at a DMX500 MHz spec-
trometer with tetramethylsilane (TMS) as the in-
ternal standard and CDCl; or DMSO-dg as the
solvent. Fourier transform infrared (FT-IR) spec-
tra were recorded on a Magna-550 FT-IR spec-
trometer by casting film on a NaCl tablet. The
Ultra Filtration Separator was purchased from
Shanghai Institute of Nuclear Research, Chinese
Academy of Science, the cut-off molecular weight
of used poly(ether sulfone) membrane was cali-
brated by global protein.

Preparation of [PEEGE-(PS/PEO)], Copolymer
with Alkyne Group at PEEGE Segment End

According to the previous work,>”3® the star-
shaped copolymer star[PS-PEO-(PEEGE-OH)]
was prepared by sequential anionic polymeriza-
tion of St and following the capping reaction with
EEGE, then ROP of EO using PS-EEGE as
macro-initiator and the blocking of the hydroxyl
end group of PEO with benzyl bromide. After
that, the protected hydroxyl group at the middle
part of PS-PEO diblock copolymer was depro-
tected and the second ROP of EEGE was con-
ducted. Finally, the [PEEGE-(PS/PEO)]; copoly-
mer with alkyne group at PEEGE segment end
was obtained by the reaction of star[PS-PEO-
(PEEGE-OH)] with propargyl bromide.

Typically, to a 250 mL dried ampoule, 4.0 g
dried copolymer star[PS-PEO-(PEEGE-OH)]
(M, nvr = 12,500 g/mol) and 50 mL THF were
added. Then, the system was bubbled with Ny
and DPMK solution was introduced until the so-
lution color was turned into reddish-brown. After
the ampoule was placed into ice bath, propargyl
bromide (1.5 mL, 2.7 g, 26.2 mmol) was added

dropwise during 2 h and the reaction was contin-
ued for 24 h at room temperature. The copolymer
[PEEGE-(PS/PEO)]; was obtained by separation
of the formed salts and precipitation in cold petro-
leum ether (30—60 °C) twice, and dried under vac-
uum at 40 °C for 12 h till to a constant weight.
'H-NMR (CDCl;) of [PEEGE-(PS/PEO)];, 6 ppm:
0.80 (CH5;CH,—), 1.13 (CH3CH;0—), 1.22 (—CH
(CH3)—), 1.26-2.01 (m, 3H, aliphatic main chain
—CH,CH— of PS), 2.43(—C=CH), 3.30-3.50 (m,
CH3CH,0O—, —CHCH,0—), 3.50-3.80 (m, TH, —CH,,
CH,0— of PEO block and —CH,CHO— of PEEGE
block), 4.35(—OCH,C=CH), 4.65-4.76 (—OCH
(CH3)O— of PEEGE block), 4.56 (—CHy—CgHs),
6.30-7.30 (m, 5H, aromatic —CgHj5 of PS chain),
7.34 (—CHy—CeHs). FT-IR (em™'): 1600, 1582,
1492, 1452 (aromatic —C—C—), 1121(—C—0—
C—), 3252(—C=CH).

Preparation of 1,4-Diazidobutane (DAB)
and Pentaerythritol Tetrakis
(2-Azidoisobutyrate) (PTAB)

The 1,4-diazidobutane (DAB) was prepared by
azidation of the commercial 1,4-dibromobutane.?®
For example, DMF (20 mL), NaN3 (0.65 g,
10.0 mmol), and 1,4-dibromobutane (0.20 mL,
1.67 mmol) were added into a round-bottom flask.
The mixture was stirred at room temperature for
24 h and the excessive NaNj3 and the formed salt
were removed by centrifugation, the above solu-
tion was stored at —20 °C for direct use.
Pentaerythritol tetrakis (2-azidoisobutyrate)
(PTAB) was synthesized by azidation of pentae-
rythritol tetrakis (2-bromoisobutyrate), the latter
was synthesized according to the literature by the
reaction between pentaerythritol and bromoisobu-
tyryl bromide.*® Typically, 2.0 g (15 mmol) of
pentaerythritol was placed into a 150 mL round-
bottom flask with 60 mL of THF and 15 mL of
triethylamine (TEA). Then, 11.9 mL of 2-bromo-
isobutyryl bromide was added dropwise under
nitrogen at 0 °C and then the reaction was con-
ducted under ice/water bath for another 24 h. The
mixture was transferred to a 500 mL separatory
funnel with 150 mL of diethyl ether and extracted
consecutively with H,O, NaHCO3; (0.5 M) and
H50. The organic phase was dried over MgSO,
and filtered, and the solvent was removed by
rotary evaporation. The obtained crude product
was separated by passing through a silica gel col-
umn using CHyCly as elution, and the obtained
fraction was concentrated and recrystallized from
petroleum ether (60-90 °C). 'H-NMR (CDCls) of
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pentaerythritol tetrakis (2-bromoisobutyrate), ¢
ppm: 4.33 (C—CHs—0—), 1.94 (C(Br)—CHs3).
Similarly, the PTAB was also prepared using
the same procedure as DAB. For example, DMF
(40 mL), NaN;3 (0.70 g, 10.8 mmol), and penta-
erythritol tetrakis (2-bromoisobutyrate) (0.20 mL,
0.29 mmol) were added into the round-bottom
flask and the mixture was reacted at room temper-
ature for 24 h. After the excessive NaN; and the
formed salt were removed by centrifugation, the
above solution was stored at —20 °C for direct use.

Preparation of Dendrimer-Like [PEEGE-(PS/PEO)],,
by Click Chemistry

Taking the procedure for dendrimer-like [PEEGE-
(PS/PEO)]; as example. Typically, in a 50 mL am-
poule, [PEEGE-(PS/PEO)]; (0.25 g, 0.02 mmol),
DAB solution (0.12 mlL, 0.084 mmol/mL,
0.0lmmol), DMF(1.0 mL), CuBr (28.6 mg,
0.20 mmol, 10 eq.) and PMDETA (1.24 uL, 0.20
mmol, 10 eq.) were charged. The reaction mixture
was then vacuumed by three freeze-thaw cycles,
purged with nitrogen and immersed into the
80 °C oil bath for 48 h. After the evaporation of
DMEF, the reaction mixture was diluted with THF
and passed through a neutral alumina column to
remove the copper salts. Then the crude product
was diluted with CH5Cl, and precipitated in pe-
troleum ether. The uncoupling [PEEGE-(PS/
PEO)]; was removed by ultra filtration membrane
in methanol, and the final product was concen-
trated and dried under vacuum at 45 °C for 12 h
till to a constant weight.

Similarly, the dendrimer-like [PEEGE-(PS/
PEO)], was synthesized by the coupling reaction
of [PEEGE-(PS/PEO)]; with PTAB in the feed ra-
tio of alkyne group to azide group 2:1 and 1:1,
respectively. '"H-NMR (CDCl;) for dendrimer-like
[PEEGE-(PS/PEO)l,, 6 ppm: 0.80 (CH3CHy—),
1.13 (CH3CH30—), 1.22 (—CH(CH3)—), 1.26-2.01
(m, 3H, aliphatic main chain —CH,CH— of PS),
3.30-3.50 (m, CH3CH,O—, —CHCH,0—), 3.50—
3.80 (m, 7TH, —CH,CH,O— of PEO block and
—CH;CHO— of PEEGE block), 4.65-4.76 (—OCH
(CH3)O— of PEEGE block), 4.56 (—CH,—CgH5),
4.81 (—OCHy—(4-triazole)—), 6.30-7.30 (m, 5H,
aromatic —CgHj5 of PS chain), 7.34 (—CHy—CgH3),
7.76 (—CH— of the triazole ring).

Transformation of PEEGE Segment into
PG by Hydrolysis

Typically, 0.10 g dendrimer-like copolymers was
dissolved in 30 mL mixed solvent of THF/metha-
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nol (v/v = 1/1), then 3.0 mL HCL(37%) was added
and stirred for 2 h at room temperature. After the
THF and methanol was evaporated, the system
was neutralized by 2.0 mol/LL NaOH aqueous solu-
tion, and the formed salt was separated by extrac-
tion. The crude product was concentrated and
precipitated in petroleum ether, and dried under
vacuum at 45 °C for 12 h till to a constant weight.
'H-NMR (DMSO-dg) for dendrimer-like [PG-(PS/
PEO)l,, 0 ppm: 0.80 (CH3CHy,—), 1.26-2.01 (m,
3H, aliphatic main chain —CH,CH— of PS), 3.30—
3.50 (—CHCH,0—), 3.50-3.80 (m, 7H, —CH,
CH50— of PEO block and —CH;CHO— of PEEGE
block), 4.56 (—CHy—CgHj), 4.81 (—OCHy—(4-tri-
azole)—), 6.30-7.30 (m, 5H, aromatic —CgH5 of PS
chain), 7.34 (—CHy—CgH5), 7.76 (—CH— of the tri-
azole ring).

RESULTS AND DISCUSSION

Synthesis and Characterization of Dendrimer-Like
[PEEGE-(PS/PEO)],

According to the previous work, the star[PS-PEO-
(PEEGE-OH)] was prepared by sequential anionic
polymerization and two steps of ROP mecha-
nisms,?® but the benzyl bromide was used to block
the PEO oxo-anionic end to substitute the bromo-
ethane, because the clear signals of benzyl group
was convenient for the following characterization
by 'H-NMR. After the second ROP of EEGE, the
formed star[PS-PEO-(PEEGE-OH)] were then
reacted with propargyl bromide in THF using
DPMK as the deprotonation agent (Scheme 1).

From its spectrum (Fig. 1), the methylene pro-
tons (—CH>,—CgH;) were observed at 4.56 ppm,
and the aromatic protons (—CHs—CgH5s) were
found at 7.34 ppm. By comparing the integral
area (A,) of methyl protons (—CH3) at 0.80 ppm
for PS end residue and that (A;) of methylene pro-
tons (—CH,—CgHj), the high blocking efficiency of
PEO end by benzyl group (E.F.pensy, almost
100%) could be calculated using the eq 1:

3 x Ad
2xA,

The reaction efficiency (E.F.) between the
hydroxyl group of star[PS-PEO-(PEEGE-OH)]and

propargyl bromide could be calculated by analyz-
ing the 'H-NMR (Fig. 1) using eq 2:

3xA
E.F . (snne) =~ x 100% 2)

x 100% 1)

E.F. (Benzy) =

Here A, and A, were the integral area of meth-
ylene protons (—CH,—C=CH) at 4.35 ppm and
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the methyl protons (—CH3) at 0.80 ppm, respec-
tively. The E.F. value was close to 100%, which
confirmed the successful synthesis and modifica-
tion of the precursor [PEEGE-(PS/PEO)];.

In the presence of CuBr and PMDETA, the
click chemistry between [PEEGE-(PS/PEO)]; and
DAB was then performed at 80 °C (Scheme 1).
Figure 2 showed the SEC curves of dendrimer-
like [PEEGE-(PS/PEO)l; and its precursor
[PEEGE-(PS/PEO)]; (curve A), and there was a
shoulder peak at the longer elution time (curve B)

The synthesis of dendrimer-like [PEEGE-(PS/PEO)l; and [PG-(PS/

after the click chemistry, which was attributed to
the uncoupled materials. Obviously, there were
only some uncoupled [PEEGE-(PS/PEO)]; and the
product dendrimer-like [PEEGE-(PS/PEO)], coex-
isted. After the purification by ultra filtration sep-
arator, the monomodal peak for dendrimer-like
[PEEGE-(PS/PEO)],; (curve C) could be observed.
Using the software origin 7.0, the SEC curve B
was split into two peaks (curve B1 and B2) corre-
sponding to the final product [PEEGE-(PS/PEO)],
and uncoupled precursors, and then the efficiency
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Figure 1. 'H-NMR spectrum of the precursor
[PEEGE-(PS/PEO)]; (in CDCly).

(E.F.) of click chemistry could be estimated by
comparing their integral area, the value exceeded
60% and listed in Table 1.

Figure 3 showed the "H-NMR spectrum of den-
drimer-like [PEEGE-(PS/PEO)],. Comparing with
its precursor in Figure 1, besides the resonance
signal at 6.30-7.30 ppm for aromatic protons
(—CgHj5) on PS segment, the signal at 4.65-4.76
ppm for ethoxyethyl group proton (—CH(CHjz)—)
on PEEGE segment and the signal at 3.53-3.70
ppm for the characteristic methylene group pro-
tons (—CH,CHyO—, —CH;CH(—CH,0)O—) on
PEO and PEEGE segment, the resonance of
methylene protons of alkyne end group was
shifted from 4.35 ppm to 4.81 ppm, and a signal
at 7.76 ppm attributed to the resonance of

A
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methine proton of the triazole ring provided direct
evidence for the successful coupling. However, the
signals for methylene protons (—traizaole—
CH,CH,—) were overlapped by other signals and
could not be discriminated clearly.

Synthesis and Characterization of Dendrimer-Like
[PEEGE-(PS/PEO)], Copolymers

In literature, there was much work concerned the
dendrimer-like copolymers with ABs or AA, type
arms. However, the copolymers with ABC star-
shaped as the arms were rarely reported. Thus, a
molecule with four azide groups (PTAB) was
designed for the synthesis of target dendrimer-
like [PEEGE-(PS/PEO)l; copolymers. According
to the references,*®*' pentaerythritol tetrakis (2-
bromoisobutyrate) was firstly synthesized from
pentaerythritol and bromoisobutyryl bromide by
the esterification, the purified product was traced
with '"H-NMR and its structure was confirmed.
Then, the bromide groups were converted into the
azide group quantitatively in DMF using the
same method for DAB. Finally, the click chemistry
was completed in the presence of CuBr and
PMDETA (Scheme 2).

When the feed ratio of alkyne group to azide
group was 1:1, the mixture of some twifold, triple,
fourfold products and the uncoupled precursors
might be coexisted [dendrimer-like [PEEGE-(PS/
PEO)], (n = 1-4)] because of the steric effect and
the intrinsic character of click chemistry.

Figure 4 showed the SEC results of crude prod-
uct dendrimer-like [PEEGE-(PS/PEO)], copoly-
mers (curve B). Differing from the SEC tendency
for former dendrimer-like [PEEGE-(PS/PEO)],

r T T

20 21 2

T T T T 1

Retention Time (min)

T T
23 24 25 26 27 28 29

Retention Time (min)

Figure 2. SEC curve of dendrimer-like [PEEGE-(PS/PEO)], (C for purified product:
Mysec) = 20,600 g/mol, PDI = 1.09 and B for crude product) and its precursor
[PEEGE-(PS/PEO)]; (A: Mysgc) = 11,400 g/mol, PDI = 1.07), the curve Bl and B2

were the split peaks for curve B.
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Table 1. The Data for Dendrimer-like [PEEGE-(PS/PEO)],, Copolymers

[PEEGE-(PS/PEO)];

Dendrimer-Like [PEEGE-(PS/PEO)],, (n > 2)

Sample®  M,sgc)’ PDI"  MyawrS  E.F¢ R* Mysec)®  PDI° Mygheo)  E.FS R*
D2A 5100 1.07 5900 >99 0.864 9600 1.10 12,800 62.1 0.750
D2B 11,400 1.07 12,500 >99 0.912 20,600 1.09 25,100 60.0 0.821
D3A 5100 1.07 5900 >99 0.864 4600 1.08 18,500 77.1 0.249
D3B 11,400 1.07 12,500 >99 0.912 9600 1.07 38,300 81.9 0.251
DnA 3300 1.04 57,000 62.5 0.058
DnB 3900 1.10 93,000 63.9 0.042
DnC 5900 1.14 114,000 0.052
DnD 6700 1.09 193,000 0.035

2The D2, D3, and Dn represent the dendrimer-like [PEEGE-(PS/PEO)],, [PEEGE-(PS/PEO)];, and [PEEGE-(PS/PEO)], (n >
4, the data were picked from ref. 26) copolymers, respectively, A, B, C, and D also represent the different series.

> Determined by SEC using PS as standard and THF as solvent.

¢Calculated by "H-NMR using the already known M, ggc) of PS as reference.

dE.F was the efficiency of alkyne group functionality and determined by ‘H-NMR.

°R were the ratios of Mysgc) to My theo,) for dendrimer-like [PEEGE-(PS/PEO)],.

an(theoA) was the theoretical M,, for [PEEGE-(PS/PEO)], using the formula: My¢heo) = 7 X MuyNMR) (PEEGE-(PS/PEO)1D) +
M ore; Meore represent the molecular weight of core molecules such as DAB, PTAB, or the PEO main chain for [PEEGE-(PS/

PEO)],(n > 4), respectively.

8E.F. were the click efficiency and determined by SEC using the split peak method.

copolymers, the SEC curves of crude product den-
drimer-like [PEEGE-(PS/PEO)],, shift to the lon-
ger elution time comparing with [PEEGE-(PS/
PEO)]; precursors, which meant that the
[PEEGE-(PS/PEO)], was absent in the crude
product. From curve B, a shoulder peak at the
shorter elution time corresponding to the
uncoupled precursors was observed. By analyzing
the split peak for curve B, the integral area ratio
of peak B1 to B2 was 27.8:93.7, which was just
slightly larger than the theoretical ratio of 1:4 for
the [PEEGE-(PS/PEO)];, and smaller than that of
1:3 for [PEEGE-(PS/PEO)];. Using the following
equations set, it could be calculated that the crude
product was composed by large quantity (68.7%)
of [PEEGE-(PS/PEO)]3 and small amount (8.44%)
of [PEEGE-(PS/PEO)],, as well as some uncoupled
precursors (22.9%).

X

3T1-1 (1) x = 68.7%
x+y+z=1 (2) = { y=8.44%
2 218 g 2 = 22.9%
x+y 937

where x, y, and z were the weight fraction of
[PEEGE-(PS/PEO)l;, [PEEGE-(PS/PEO)l;, and
[PEEGE-(PS/PEO)];, respectively. The high con-
tent of [PEEGE-(PS/PEO)]s in crude product
might be contributed to the steric effect in this

system during the click chemistry. After the puri-
fication, the monomodal peak for the main prod-
uct dendrimer-like [PEEGE-(PS/PEO)]; (89.1%)
was obtained (curve C), and the [PEEGE-(PS/
PEO)]4 (10.9%) could be ignored (Scheme 2).

To investigate the effect of feed molar ratio on
the click chemistry between PTAB and [PEEGE-
(PS/PEO)];, the feed ratio of alkyne groups to az-
ide groups was changed to 2:1, then we found that
the weight fraction of x:y:z was turned to
32.1:7.2:60.7, which meant that the efficiency of
click chemistry decreased with the increase of
feed ratio of alkyne groups to azide groups.

HyT— PS
0 PEEGE o weN o
e SRS i

PEQ : .

PED, PEEGE
M FEEGE
8 7 6 &5 4 3 2 1
ppm
Figure 3. 'H-NMR spectrum of dendrimer-like

[PEEGE-(PS/PEO)]; copolymers (in CDCly).
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PEEGE

{Main produet)

Dendrimer-like [PEEGE-(PSIPEO]],

Scheme 2. The synthesis of dendrimer-like [PEEGE-(PS/PEO)], (n = 3 or 4) copoly-

mers.

On the other hand, from the 'H-NMR spectrum
(Fig. 5) of the purified product, the signal for
methylene protons (C(CH,O0OC—),) connected to
ester bond in center of the dendrimer-like
[PEEGE-(PS/PEO)],, (in dashed cycle) as well as
the signal for the formed triazole ring could not be
observed, it might be encapsulated by the periph-

eral PS and PEO arms. Finally, the PEEGE
segment could be converted into its counterpart
poly(glycidyl) (PG) by hydrolysis and the func-
tional hydroxyl groups were introduced into the
center part of copolymers.

Particularly, in our work, it was noted that the
SEC curves of dendrimer-like copolymer showed a

- - o ———

1
23 24 25 26 27 28 29 IIS

Retention Time (min)

T
24 25 26 27 28 29
Reterntion Time (min)

Figure 4. SEC curve of dendrimer-like [PEEGE-(PS/PEO)], (C for purified product:
M sec) = 4600 g/mol, PDI = 1.08 and B for the crude product) and its precursor
[PEEGE-(PS/PEO)]; (A: Mysgc) = 5100 g/mol, PDI = 1.07), the curve Bl and B2
were the splited peaks for curve B.
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Figure 5. 'H-NMR spectrum of dendrimer-like
[PEEGE-(PS/PEO)],, copolymers (in CDCls).

tendency to the longer elution time in THF elu-
tion with the branched degree increased. In litera-
ture, the similar phenomenon was also observed
by Perny et al.'® As we mentioned before, the
SEC curve of dendrimer-like [PEEGE-(PS/PEO)],
was shifted to the shorter elution time comparing
with the SEC of star-shaped precursor [PEEGE-
(PS/PEO)];, whereas the dendrimer-like [PEEGE-
(PS/PEO)]; (main product in our work) was
shifted to the longer elution time. In the SEC
traces for graft copolymer Poly(EO-co-Gly)-g-
star(PS-PEO-PEEGE)?*® (also simplified as den-
drimer-like [PEEGE-(PS/PEO)],,, n > 4) the curve
was also shifted to the longer elution time.
Herein, we introduced the parameter R (the ra-
tio of M sEc) t0 Mytheo.)) to definite the derivation
of the apparent molecular weight to the theoreti-
cal one (Table 1). In SEC, because the PS was
used as the standard samples, and the R value for
the linear PS sample should be 1.00. Thus, the R
values of 0.750 (D2A) and 0.821 (D2B) for den-
drimer-like [PEEGE-(PS/PEO)], were slightly

lower than R values of the corresponding 0.864
and 0.912 for [PEEGE-(PS/PEO)];, respectively,
whereas the R values of 0.249 (D3A) and 0.251
(D3B) for [PEEGE-(PS/PEO)]; had a large
decrease. Furthermore, for [PEEGE-(PS/PEO)],
(n > 4), the R values dramatically decreased
to 0.058 (DnA), 0.042 (DnB), 0.052 (DnC), and
0.035 (DnD), respectively. Obviously, the lower R
value corresponded to the larger derivation of
the Mysgc) to Myneo) These results could be
explained on the volume change of copolymers
when n was varied. For example, when n = 2, the
branched arms could outspread sufficiently and
be dissolved by THF, which lead to a low-degree of
entanglement between intramolecular segments
and a larger molecule volume compared with its
precursors (n = 1). When n value was increased
to 3 or 4, the additional star-shaped arms were
introduced and the entanglement degree was also
increased, each segment was almost confined in
their own space and looked like a solid sphere
with a smaller volume. Simultaneously, the steric
effect resulted from these entanglement limited
the introduction of the fourth star-shaped arm,
and the [PEEGE-(PS/PEO)]; constituted the main
product. Again, when n value exceeded 4, the
graft copolymer with multiple star-shaped
branches (M,, was not more that 10,000 g/mol®?)
can also be looked like a sphere, which demon-
strated a smaller volume (illustrated as Fig. 6).
Thus, it could be summarized that the higher the
branched degree of the copolymers with compli-
cate structure, the higher the degree of entangle-
ment between the intramolecular segments,
resulted the ultimately denser molecules.

CONCLUSIONS

The dendrimer-like [PEEGE-(PS/PEO)], (n > 2)
copolymers based on star(PS-PEO-(PEEGE-
Alkyne) terpolymers were synthesized by click

e ol w&;}?

[PEEGE-{PS/PEQ]]y [PEEGE-{PS/PEO|];

[PEEGE-(PSIPEO)];

PS » ™ PEO

[PEEGE-(PSIPEO)], [PEEGE-{PSIPEO)];

PEEGE ™~

Figure 6. The illustration of complicated structure with different numbers of star-

shaped arms.
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chemistry. The small molecule DAB with two az-
ide groups and PTAB with four azide groups were
designed and used as the coupling agent. In the
latter case, it was confirmed that the [PEEGE-
(PS/PEO)]3 was the main product due to the steric
effect.

Supported by the Natural Science Foundation of China
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