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ABSTRACT: Novel brush copolymers with poly(2-hydroxyethyl methacrylate) (PHEMA) as polymer backbone
and diblock copolymer consisting of crystallizable petg@prolactone) (PCL) and poly(ethylene oxide) (PEO)

as side chains were synthesized successively by the combination of ring-opening polymerization (ROP) and coupling
reaction. The molecular weights of poly(2-hydroxyethyl methacrylgteajt-poly(e-caprolactone) (PHEMAy-

PCL) brush copolymers were controllable, and the molecular weight distributions were in the range-of 1.28
1.32. The coupling reaction efficiency of hydroxyl-terminated mPEO (mPEO-OH) with PCL-OH in the PHEMA-
g-PCL to produce poly(2-hydroxyethyl methacrylatgpft-poly(e-caprolactoneplockpoly(ethy lene oxide)
(PHEMA-g-(PCLb-PEQ)) ranged from 85.2% to 94.3%. The investigation of the melting and crystallization
demonstrated that the values of crystallization temperatligg (nelting temperatureT(,), and the degree
crystallinity (X;) of PHEMA-g-PCL were enhanced with the chain length increase of PCL. As for PHEMA-
(PCL-b-PEO) brush copolymer, th&, and X; of the PCL blocks decreased with the chain length increase of
PEO blocks. At the same time, the crystallizability of PEO segments was influenced by the brush structure of the
copolymer and the PCL segments in the copolymer. Furthermore, PHERBL and PHEMAg-(PCL-b-PEO)

brush copolymers showed crystalline morphologies that were different from that of linear PCL according to the
polarized optical micrographs and AFM images. Moreover, the hydrophilicity of copolymers could be improved
and adjusted by the brush structure and the alteration of relative content of the PEO and PCL segments in the
copolymers.

Introduction brush copolymers with well-defined side chains through this

- . strategy.
Branch copolymers with different architectures have attracted 9y

considerable attention over the past decade not only due to theirvatijguts(;)eﬂgmieitierggshg\f/;vte)gédneznr?t?]:sr,;fg:j Cg?ﬁggsrgfel;ﬁ W'g:“
importance in understanding the relationship of architectures Y Y- y

with properties, but also due to their potential applicatibrés. ?;‘S‘\;vbtgg;h feop;;gé*n;rrsn\c’:l:tho??hrglEi?srhpg(l)yrgf rrf];ss f"sd%ﬁgzm
Brush copolymers are a special class of graft copolymers, in Prep ! poly P

which side chains are distributed densely on a polymer are composed of linear polymers attached onto a polymer

7-41 i -
backbone, and, due to their crowding arrangement, those sidebaCkboné One type of those brush copolymers is attach

chains are stretched away from the backbone to form a brushIikeg;crlfb%fnz\_’c;céromgﬁigr']ffirer?[thle'?iiar:]gsgg:‘sesfrgg ﬁgﬁigﬁrge&
conformation’. 1% In general, three strategies including grafting- ' Y P

through, grafting-onto, and grafting-from have been applied lymerization of binary macromonomei%?*2Another type is one

in the s:ynthesis of b}ush copolymers. The grafting-through linear branch distributed on the polymer backbone, and all three
method is to prepare brush copolymer' via polymerization of aforemgntioned synthetic strategies have been used in the
macromonomer&® 1® Yet the kinds of macromonomers used SYtesis of such brush copolyméfst’.£244n those copoly-

in the synthesis of brush copolymer are limited. In the grafting- mers, mOEtEOC‘;i‘fg"”ﬁar thomoe;i(l)_lz/gnerls welre gzedsoas S||de chains,
onto strategy, the well-defined polymer chains are grafted onto such as 1 POlyStyrene, 2 poly(.-lactide);™ po y(63'5

a polymer backbone via coupling reactidfig® Low grafting caprolactonej; poly(propylene}? and p.olyr'nethacry'late?.v
efficiency is a drawback of this synthetic strategy. In the Only a few papers reported_ th(994lappl|cat|ons of linear block
grafting-from technique, pendant initiating groups on the copolymers as b_ranch chaiffs>4! such as pc;lyert-butyl
backbone initiate polymerization of the monomer to form side acryalte) (or acrylic acidp-poly(n-butyl acrylatej and poly-
chains?'~27 Controllable/“living” polymerizations, such as atom (styrene)b-poly(tert-butyl acrylate) (or acrylic aC!d) prepared
transfer radical polymerization (ATR¥)32 and ring-opening by successive ATRPs (following the hydrolysis teft-buty|

polymerization (ROPY? are often used to prepare a number of acrylate). In ggneral, these copolymers disp[ayed qrdgr .mi-
' crophases, which are formed by local segregation of dissimilar,

covalently linked polymeric segments to form periodic struc-
* Corresponding author. Tel.:+86 10 6278 3668. Fax:-86 10 6277 tures. The morphology and consequently the properties of the

11?%6';;?{';2';n%“;“(j%’rgmgt'r-;s"}%:‘n“gahﬁguucn”i\-/ersity copolymers are affected by their compositions and structures.
* Department of Chemical Engineering, Tsinghua University. So far, there is no report on the synthess a}nd prop.ertles of bush
8 University of Science and Technology of China. copolymers with double crystallizable side chains. Raoly(
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Scheme 1. Synthesis of PHEMAy(PCL-b-PEO) Brush Macromolecule by ROP and Coupling Reaction
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caprolactone) (PCL) and poly(ethylene oxide) (PEO) have good then dried in a vacuum. Tin 2-ethylhexanoate (Sn(§et)drich,
crystallizability>354High degree of crystallinity and hydropho-  USA) was distilled under reduced pressure before use. Methoxy
bicity of biodegradable PCL limit its applications in biomedical Poly(ethylene glycol)s wittM, = 750, 1.1K, 2K, and 5K, denoted
and environment-friendly field$-57 PEO processes good ?FSI ”;PEL(E:)O' mPEé)_l.élé, mPEOZK, adr)d _r|T|1P_EO_5K,hrespect|vely
biocompatibility, hydrophilicity, and low protein absorptiéfs3 uka, ), were dried by azeotropic distillation in the presence
The brurs)sh Cop>c/)|yr)1/1erspwith gblock Copglymer of PCE and PEO of toluene. Dicyclohexylcarbodiimide (DCC; Alfa Aesar, USA) and

4-dimethylaminopyridine (DMAP; Fluka, USA) were used as

as side chains deserve to be investigated because they Afeceived. Succinic anhydride (Fluka, USA) was crystallized from

expected to display unique physical and chemical properties du€acetic anhydride. Methanol was dried with molecular sieves type

to their unique double crystallizable side chain structure. 4A before use. Methylene chloride, chloroform, triethylamine,
This Article presents the preparation of novel brush copoly- anisole, 1,4-dioxane, tetrahydrofuran (THF), adgN-dimethyl-

mers, poly(2-hydroxyethyl methacrylatgjaft-poly(e-capro- formamide (DMF) were dried over Caknd distilled before use.

lactoneb-ethylene oxide) (PHEMAy-(PCL-b-PEO)), with a Characterization. Fourier transform infrared (FT-IR) spectra
diblock copolymer consisting of crystallizable PCL and PEO were recorded on an AVATAR 360 ESP FT-IR spectrométdr.

via a combination of ATRP, ROP, and coupling reaction NMR and3C NMR spectra were obtained from a JEOL JNM-
(Scheme 1). The crystalline properties of these brush copolymersECA300 NMR spectrometer with CD&br DMSO-ds as a solvent.
were investigated by differential scanning calorimetric analysis The chemical shifts were relative to tetramethylsilane. The molec-
(DSC) and wide-angle X-ray diffraction (WAXD). The crystal- ular weight and molecular weight distribution were measured on a
line morphologies of the brush copolymers were observed by PE Series 200 gel permeation chromatograph (Perkin-Elmer, USA).

polarized optical microscopy (POM) and atomic force micros- DMF was used as eluent at a flow rate of 1 mL/min at‘Z5

g Narrowed poly(methyl methacrylate)s were used as calibration
copy (AFM)‘. The hydrophlllcny of the brush copolymers was standard. The molecular weight and molecular weight distribution
evaluated with static water contact angles.

of brush copolymers were measured on a Viscotek TDA 302 gel
. . permeation chromatograph equipped with two columns (GMHHR-
Experimental Section H, M Mixed Bed). THF was used as eluent at a flow rate of 1
Materials. 2-Hydroxyethyl methacrylate (HEMA; Acros Or-  mL/min at 30°C. DSC was carried on a DSC TA-60WS thermal
ganic, USA) was treated by passing through a column of alumina analysis system (Shimadzu, Japan). Samples were first heated from
for removal of inhibitor and then was distilled in a vacuum. —20 to 100°C at a heating rate of 10C/min under nitrogen
e-Caprolactone (Acros Organic, USA) was distilled under reduced atmosphere, followed by cooling t620 °C at 10°C/min after
pressure after being treated with Galthyl 2-bromoisobutyrate  stopping at 100°C for 3 min, and finally heating to 100C at
(Aldrich, USA) was used as received. Pentamethyldiethylenetri- 10 °C/min. WAXD patterns of powder samples were obtained at
amine (PMDETA; Acros Organic, USA) was stirred overnight over room temperature on a Cuokradiation source using a Bruker AXS
CaH, and distilled under reduced pressure prior to use. CuBr was D8 Advance X-ray diffractometer (Bruker, Germany). The supplied
purified by stirring in acetic acid and washing with ethanol, and voltage and current were set to 40 kV and 120 mA. Samples were
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exposed at a scanning rate &f 2 4°/min between 2 values from
1.5° to 60C°. The crystalline morphology of the polymer was (a)
observed using a XS-402 polarized optical microscope (Shanghai

Microimage Technology, China). The samples were prepared by
spin-coating of polymer solution in chloroform (15 mg/mL) on a 2_\‘:
glass plate at room temperature and then were placed at roomg
temperature for 24 h for complete evaporation of the solvent. The € (b)

AFM images of the polymers were recorded on a SPM-9500J3 ﬁ
atomic force microscope (Shimadzu, Japan). The films with E= (c)
thickness of~280 nm were obtained by spin-coating of polymer g
solution (15 mg/mL) on transparent mica. The measurements of g d
static contact angles were carried out by commercial instruments &= (d)

(OCA 20, DataPhysics Instruments GmbH, Filderstadt). A distilled
water droplet of 2«L was used as the indicator.

Synthesis of PHEMA. A dry Schlenk flask with a magnetic
stirrer was charged with CuBr (44.6 mg, 0.31 mmol), ethyl
2-bromoisobutyrate (60.7 mg, 0.31 mmol), HEMA (8.1 g, 62.24 4000
mmol), and solvent (65/35 v/v anisole/methanol, 8 mL). The flask 4
was degassed with three freezvacuate-thaw cycles. PMDETA Wavenumber (cm’)

(65 uL, 0.31 mmol) was deoxygenated by bubbling dry nitrogen Figure 1. FT-IR spectra of (a) PHEMA, (b) PHEMA-PCL2, (c)

before injection into the reaction system by syringe. Next, the mPEO2K-COOH, and (d) PHEMA-PCL2b-PEO2K.
polymerization was performed at 7Q for 5 h. After being cooled

to room temperature, the reaction flask was open to air, and the

T T T T T T T d T d T d T
3500 3000 2500 2000 1500 1000 500

dissolved in 20 mL of anhydrous methylene chloride, and the

. . Treaction was performed at room temperature for 24 h under nitrogen

oxide alumina column to remove the copper catalysts. The polymer oy gqhhere. The reaction byproduct dicyclohexylcarbodiurea was

was obtained by precipitation in THF and d”edl in vacuo for 48 h. o 11oved by filtration, and the filtered solution was evaporated to
Mn,grc= 10 900,Mw/M, = 1.38. IR (KBr, cm ): 3070-3722 dryness. The solid was dissolved in chloroform, and the solution

(vo—w), 2948 rc—1), 2884 c—p), 1724 fc=0). 'H NMR (DMSO- a5 extracted with a diluted HCI solution (pH 5.0), followed by

de, 0, ppm): 4.75 (S, ®l), 3.86 (M, COOEH), 3.54 (m, C¢4,0H), water, and then dried over anhydrous,8@. After evaporation

1.61-2.03 _(m, GHy), 0.61-1.06 (M, CHy). ) of solvent, the resultant product was purified by precipitating from
Synthesis of PHEMA-g-PCL Copolymer. A typical polymer- diethyl ether.

ization procedure was as follows. The PHEMW,(= 10 900, 0.396 _ 1.

g, 36.33umol) was dissolved in 2 mL of freshly distilled anhydrous 17';"5“(3”;0) 5524550%!2)(.}3?,[&%) ' (éi‘gﬁfg“gpi?;?“fg;’d

DMF in a fire-dried polymerization tube. CL (6.8 g, 59.58 mmol), COOH, in’PEO) 4.05 (m CIzCHZCHZCH;CI—’bOCO in PCL)’
Sn(Oct) (24.1 mg, 5.96x 1072 mmol), and a dried magnetic 5 g, (m OG—!ZCHZIO in PEé) 3.37 (s, B50 in PEO), 2.62 (m’
stirring bar were added into the polymerization tube. The tube was OCOCH;CHZOCO in PEO) 2’_30 (m ,BZCHZCHZCHZEZHZOCO‘
then connected to a Schlenk line, where exhaustielling in PCL). 1.63 (m C}jCHzéHZCH2CI-i20CO in PCL), 1.38 (m
processes were repeated three times. The tube was immersed int%HZCszHZCHZCHZOCO in PCL).13C NMR (CDCh ’5 ppm):’
an oil bath at 115°C under nitrogen atmosphere with vigorous 173.7 (CHCH,CH,CH,CH,OCO in PCL), 70.6 CH’zCI,'|zO in

stirring for 24 h. After being cooled to room temperature, the PEO), 64.3 (CHCH,CH,CH,CH,OCO in I5CL) 34.1 CH,CH,-

resultant polymer was dissolved in chloroform and precipitated CHZCHZCHZOCO in PCL), 28.5 (CIZCHchzéHZCHzoCO in

twice from methanol, affording the purified graft copolymer. The PCL), 25.6 (CHCH,CH,CH,CH,OCO in PCL), 24.6 (CHCH,-
purified copolymer was dried in a vacuum oven until constant CHZC,HZC.HZOCO in2 PCZL). e e z

weight.
Mn,cpc= 157 600My/M, = 1.28. IR (KBr, cn?): 3412-3610  Results and Discussion
(’VofH), 2946 @C*H)i 2866 @C*H): 1730 Q/C:O). 1H NMR (CDC|3,

o, ppm): 4.05 (m, CHCH,CH,CH,CH,OCO in PCL), 3.63 (t, Preparation of PHEMA- g-PCL Copolymer. PHEMA was
OCOCHCH,CH,CH,CH,0H in PCL), 2.30 (m, €,CH,CH,CH,- synthesized by ATRP at 70C with the feed molar ratio of
CH,OCO in PCL), 1.64 (m, ChCH,CH,CH,CH,OCO in PCL), [HEMA]:[C —Br]:[CuBr]:[PMDETA] = 200:1:1:1 using the
1.38 (m, CHCH,CH,CH,CH,0CO in PCL).*3C NMR (CDCE, ethyl 2-bromoisobutyrate as initiator. The conversion of HEMA

d, ppm): 173.7 (CHCH,CH,CH,CH,OCO in PCL), 64.3 (CH was 42.5% afte5 h polymerization. PHEMA was characterized

CH,CH,CH,CH,0CO in PCL), 34.1CH,CH,CH,CH,CH,OCOin 1y FT.IR (Figure 1a)iH NMR, and GPC.

PCL), 28.2 (CHCH,CH,CH,CH,OCO in PCL), 25.6 (ChHCH,CH,- ! ! .

CH,CH,0CO in PCL), 24.6 (CHCH,CH.CH,CH,OCO in PCL). Tthg TO'eC”'?I[AW‘Tgfg'\g” _fltg 9?0) and mO'?C.‘:.'a{ weight
Synthesis of Carboxyl-Terminated mPEOs (MPEO-COOH). Istribution Mu/Mn = 1.38) of the linear macroinitiator were

A typical example is given below. The mPEOSK (5.2 g, 1.04 obtained from GPC measurements, and its number-average

mmol), succinic anhydride (156 mg, 1.56 mmol), DMAP (127 mg, degree of polymerization was 82. The apparent molecular weight

1.04 mmol), and triethylamine (105 mg, 1.04 mmol) were dissolved Obtained by GPC agrees with the theoretical molecular weight

in 40 mL of anhydrous 1,4-dioxane, and the reaction was carried calculated by monomer conversioM{, = conversion x

out at room temperature for 24 h under vigorous stirring. The Mpygya x [HEMA]o/[C—Brlo + Minitator = 11 300). The

solvent was evaporated completely using a rotary evaporator. Thenydroxyl groups in the side chains of PHEMA could initiate

residue was dissolved in methylene chloride and was precipitatedthe ROP of CL in DMF at 118C. The DMF was employed as

in diethyl ether. The purified product was dried in vacuo until ¢ vent to ensure a homogeneous polymerization because the

constant weight. ) . X
IR (KBr, cml): 2884 ), 1730 fio-c), 1645 peo). H PHEMA and PHEMAg-PCL are soluble in DMF. The FT-IR

NMR (CDCI 490 . H spectrum of PHEMA\;-PCL copolymer is shovx_/n in Figure 1b.

3.38 ((SC @_ié;s;g?)(m O%(é)elcz(():az%)cg)% (M. O®HCHZ0), The broad absorption at = 3412-3610 cm'! is ascribed to
Synthesis of PHEMAg-(PCL-b-PEO) Copolymer. A typical the absorption band of the hydroxy! group in PHEM/ARCL.

example was as follows. The PHEM&PCL2 (M, = 157 600, In comparison with the FT-IR spectrum of PHEMA in Figure

1.02 g, 6.47umol), mPEO5K-COOH (2.841 g, 0.557 mmol), DCC  1a, the absorption band of the hydroxyl group of PHEMA-
(140.3 mg, 0.68 mmol), and DMAP (36.6 mg, 0.3 mmol) were PCL decreased greatly due to polymerization leading to the
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Figure 3. *C NMR spectra of (a) PHEMARPCL2 and (b) PHEMAg-PCL2:h-PEO2K.

decrease of the content of hydroxyl groups in copolymer. The hydroxyl group of PHEMA chains took a part in initiation, the
IH NMR spectrum of PHEMAg-PCL2 with assignments is  molecular weightsNl,, nur) Of the resultant PHEMA3-PCL can
shown in Figure 2a. The major resonance signalsl are be calculated from the integration ratio of the methylene protons
attributed to PCL. The methylene proton signal (= 3.63 next to ether oxygen (d) to the methylene protons in the terminal
E)pm) indicated th_at PCL was termmat(_ad by _hydroxyl groups. hogroxyl group (). The results in Table 1 show that the
“C NMR analysis was employed to investigate further the molecular weights of the resultant PHEMAPCL copolymers
structure of the copolymer. TH&C NMR spectrum of PHEMA- . . . . o
g-PCL2 (Figure 3a) with assignment shows the typical signals increased linearly Wlth the mo!ar ratio of monomer to initiator
of the PCL at 173.7, 64.3, 34.1, 28.2, 25.6, and 24.6 ppm. and the molecular weight dlstrlputlons We.re parr(MJN(Mn <
1.32). The agreement dfl, i, with My nvr indicates that the

To obtain brush copolymers with different molecular weights, : NMR [HEILAIES
the feed molar ratio of CL and hydroxyl groups of PHEMA hydroxyl groups in PHEMA are effective initiating sites, and a

was varied (CL)/[OH}= 10, 20, 30, and 40). Assume that every macromolecular brush was efficiently prepared.
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Table 1. Preparation of PHEMA-g-PCL Brush Copolymers by ROP*

sample [CLY/[OH] Mp 2 M NmRS Mn.cpd My/Myd conversion (%)
linear PCL 13 300 12 600 10 800 1.36 97.3
PHEMA-g-PCL1 10 103 100 96 800 91 600 1.31 98.6
PHEMA-g-PCL2 20 191 300 180 200 157 600 1.28 96.4
PHEMA-g-PCL3 30 271 400 254 200 209 800 1.29 92.8
PHEMA-g-PCL4 40 359 800 336 900 264 000 1.32 93.2

aReaction conditions: [CL]/[Sn(Ocf) = 1000, polymerization time= 24 h, and polymerization temperaturel15°C. ® M = [CLJ/[OH] x MncL x
82 x conversion (%)} M prema, WhereMp,cp is the molecular weight of CL anlll, preva is the molecular weight of PHEMAS My nwr Was determined
by H NMR spectroscopy! M, cpc and My/M, were determined by GPC analysis with polystyrene standards. THF was used as eluent.

Table 2. Synthesis of PHEMAg-(PCL-b-PEO) Graft-Block Copolymers by Coupling Reactior?

M of coupling PCL in copolymer
sample mPEO Mn NMRP efficiency (%} (wt %)4
PHEMA-g-PCL2b-PEO750 750 244 500 94.3 69.2
PHEMA-g-PCL2b-PEO1.1K 1100 270 400 93.1 62.6
PHEMA-g-PCL2bh-PEO2K 2000 338 700 92.9 50.0
PHEMA-g-PCL2b-PEO5K 5000 535 200 85.2 31.6

aFeed molar ratio of PHEMAPCLOH/PEO-COOH/DCC/DMPA= 1/86/105; solvent, CKCl, (20 mL); room temperature, 24 AM, nvr iS the molecular
weight of PHEMAg-(PCL-b-PEO) and was determined Bl NMR data.¢ Coupling efficiency is defined as percentage of the terminal hydroxyl groups
of PCL chains reacted with mPEO-COOH and was determinetHolIMR spectroscopy? Calcaulated from the ratio d¥l, nmr of PCL segments to that
of PHEMA-g-(PCL-b-PEO)s.

Table 3. Melting and Crystallization Behaviors of PHEMA-g-PCL and PHEMA- g-(PCL-b-PEO) Brush Copolymers

T (°C)? Tm (°C)P AHm (J/g¥ Xc (%)
sample TepeO TepcL Tm,pEO Tm,pcL AHm peo AHm pcL Xe,pEO XepcL
linear PCL 28.9 57.3 66.4 48.8
PHEMA-g-PCL1 1.5 40.9 39.8 29.2
PHEMA-g-PCL2 15.9 49.8 54.7 40.2
PHEMA-g-PCL3 21.1 54.6 56.8 41.7
PHEMA-g-PCL4 22.2 56.2 58.3 42.8
PHEMA-g-PCL2:b-PEO750 13.6 45.2 32.8 24.1
PHEMA-g-PCL2b-PEO1.1K 12.3 28.5 447 41.4
PHEMA-g-PCL2b-PEO2K 25.1 20.3 53.1 43.8 63.3
PHEMA-g-PCL2-b-PEO5K 29.3 58.9 75.8 35.5
mPEO5k 37.8 59.5, 154.4 72.3
62.4

aT. peoandTe pcL denote the crystallization temperatures of PEO and PCL segments in the cooling run, respéctiveisand Tm pci are the melting
points of PEO and PCL segments in the second heating run, respectitey, peoandAHm pci denote the fusion enthalpies of PEO and PCL segments in the
second heating run, respectivelyX. peo= AHm ped AH%, peoand Xc pcL = AHm pct/AHO per, Where AHO, peois 213.7 J/g and\HOy, pey is 136.1 J/g.

Preparation of PHEMA- g-(PCL-b-PEO) Copolymer.The the 13C NMR spectrum and the assignments of carbon signals
mMPEO-COOHSs used in the following coupling reaction were in PHEMA-g-(PCL2-b-PEO2K). The signals of the PCL block
synthesized by reaction of mMPEO-OH with succinic anhydride. are similar to those of PCL in PHEMA-PCL, and there is
The FT-IR spectrum of mMPEO2K-COOH shown in Figure 1c only one carbonyl carbon signal of PCL @,= 173.7 ppm).
shows the characteristic absorption band of ester carbonyl at All of these results indicated that the PHEMAPCL-b-PEO)
= 1730 and acid carbonyl at= 1645 cnt?, which indicates copolymer could be easily prepared by coupling reaction with
that MPEO-COOH was synthesized successfully. The coupling PHEMA-g-PCL and mPEO-COOH.
reaction of PHEMAg-PCL-OH with a slight excess of mPEO- DSC and WAXD Analyses.The melting and crystallization
COOH was carried out at room temperature in the presence ofbehaviors of PHEMAg-PCL graft copolymers and PHEMA-
DCC and DMAP. As shown in Figure 1d, the intensity of the g-(PCL-b-PEO) were investigated by DSC as shown in Figure
C—H stretching band of PEO at 2884 chincreased and the 4 and Table 3.
acid carbonyl absorption band at 1645dmdecreased greatly, The crystallization temperaturdd) was obtained from the
which proved that mMPEO-COOH was coupled with the PCL cooling run, and the melting temperatuf&,f and the degree
block of PHEMAg-PCL successfully. As compared to tHe of crystallinity (X;) were obtained from the second heating run.
NMR spectrum of the parent copolymer PHEMAPCL in The results listed in Table 3 show that, T, and X. of
Figure 1a, new signals @ = 3.65 and 3.38 ppm assigned to PHEMA-g-PCL are lower than those of linear PCL and
methylene and methyl protons in PEO block could be observed increased with the length increase of the grafted PCL chains,
in Figure 2b, and the compositions of these block copolymers which should be attributed mainly to the crystalline imperfection
could be calculated from the relative integral values of the of the short chain length of PCL segments in the brush
methylene protons (f) of PEO and that (a) of PCL blocks. The copolymers. Moreover, the brush structure of these polymers
results are listed in Table 2. should make a contribution to the imperfection. For the brush

At the same time, according to the relative integral values of block copolymers, PHEMAy-(PCL-b-PEO), the melting and
the methylene protons (f) of PEO and that (a) of PCL blocks crystallization behaviors are relatively complicated. When the
calculated from théH NMR spectra, the coupling efficiency  molecular weights of PEOs are 750 and 1.1K, oidyof PCL
can be easily measured, from 85.2% to 94.3%. Figure 3b showsblocks could be obviously observed in the brush block copoly-
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Figure 4. DSC curves of (a) linear PCL, (b) PHEM&PCL2, (c)
PHEMA-g-PCL2b-PEO750, (d) PHEMAg-(PCL2b-PEO1.1K), (e)
PHEMA-g-(PCL2b-PEO2K), and (f) PHEMAg-(PCL2:b-PEO5K) in
the cooling run and the second heating run, respectively.

mers, and the values @t pc. were lower than that of PCL in
their precursor, PHEMAy-PCL2, and decreased with the length
increase of PEO blocks. However, for PHEMAPCL2b-
PEO2K), there are twd.'s (T¢pcL and Te peg in PHEMA-g-
(PCL2b-PEO2K), and only a single crystallization peak
assigned to PEO chains could be observed in PHEMRCL2-
b-PEO5K). In the second heating run of PHEMAPCL2b-
PEO750),T, of PCL could be detected and was lower than
that of PCL in PHEMAg-PCL2. For PHEMAg-(PCL2b-
PEOL.1K), there is a weak melting peak of PEO blocks at
28.5 °C besides an obvious melting peak of PCL blocks at
44.7°C. The DSC curve of PHEMAR(PCL2b-PEO2K) shows
two melting peaks, but the intensity of the melting peak of PCL
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Figure 5. WAXD patterns of (a) linear PCL, (b) PHEMA-PCL2,

(c) PHEMAg-(PCL2b-PEO750), (d) PHEMAg-(PCL2bh-PEOL1.1K),

(e) PHEMAg-(PCL2b-PEO2K), (f) PHEMAg-(PCL2b-PEO5K),
and (g) mPEOS5K. All measurements were carried out at room
temperature.

40 50

to decreasing of the enthalpy of fusion. As a result, the
crystallizability of PCL and PEO segments was restrained. For
the PHEMAg-(PCL2b-PEO5K) with PEO chains longer than
PCL chains, the crystallizability of PCL blocks was completely
hindered by the constrained geometry of the block copolymer
and the PEO crystallinity. Meanwhile, the crystallizability of
the PEO blocks was also affected by the macromolecular
structure and the PCL chain, and ®s Tm, andX. are lower
than those of mPEO5K.

WAXD is another useful method to investigate the crystal
structure of the brush copolymer, PHEMAPCL, and block
copolymer, PHEMAg-(PCL-b-PEO). Figure 5shows WAXD
patterns of linear PCL, PHEMA&-PCL, and PHEMAg-(PCL2-

blocks was weaker than that of PEO blocks. From the DSC b-PEO). All of the samples were measured at room temperature

curves of PHEMAg-(PCL2b-PEO1.1K) and PHEMAg-(PCL2-
b-PEO2K), the individual fusion enthalpies of PCL and PEO

without annealing.
Linear PCL showed intensive peaks at 21dhd 23.9,

blocks could not be calculated separately due to the partial corresponding to the (110) and (200) planes of the orthorhombic

overlapping of the melting endotherms of PCL and PEO blocks.

As for PHEMA-g-(PCL2b-PEOS5K), only a single melting peak
assigned to PEO blocks was observed.
The PEO segments in PHEM@(PCL2-b-PEO750) cannot

crystal form%+65PHEMA-g-PCL2 displayed the same crystalline
structure as linear PCL according to the results in Figure 5a,
which indicates that the brush structure did not change the
crystalline conformation of PCL. The mPEO shows two

crystallize and are amorphous, probably because the short PEGntensive peaks at 19 .1and 23.3.%6 However, PHEMAg-

chain is too short (PEO with less thiy, = 2000 is difficult to

(PCL2b-PEO750) has only the diffraction peaks of PCL

crystallize). At the same time, the constrained geometry of the crystalline at 21.6 and 23.9, indicating that the PEO chain
brush block copolymer and the amorphous PEO blocks togetherpresented as amorphous. In PHEMAPCL2b-PEO1.1K), a
hindered the crystalline process, leading to the crystalline weak diffraction peak at 19°kcould be observed in addition to

imperfection of the PCL segments. Similarly, the crystalline
imperfection of PCL blocks in the PHEMA&-(PCL2b-

the obvious diffraction peaks of PCL crystal, which demon-
strated that PEO segments could present somewhat crystalliz-

PEOL1.1K) should be attributed to the brush structure and the ability. As for PHEMAg-PCL2b-PEO2K, the WAXD pattern
PEO segments. When the molecular weight of PEO increasedshows reflections at 19°121.6’, and 23.8, typical of PCL and

to 2K, the PEO chains displayed some crystallizability. As
shown in the DSC curve of PHEMA-(PCL2b-PEO2K) in

PEO crystalline phases. The reflections of the PHEMA-
(PCL2b-PEO5K) WAXD pattern in Figure 5f are similar to

Figure 4e, in which the contents of PCL and PEO blocks are those of the PHEMAg-(PCL2H-PEO2K) WAXD pattern in
almost the same, the PCL and PEO blocks possessed crystalFigure 5e except the intensity of diffraction peaks of PEO

lizability. However, the crystallizabilities of PCL and PEO

crystalline is stronger than that of PCL crystalline. The WAXD

segments were seriously hindered by the brush structure of thepatterns for PHEMAg-(PCL2b-PEO2K) and PHEMAg-(PCL2-
copolymer and the mutual influence between the PCL and PEOb-PEO5K) are almost the summation of those for the PEO and
segments. Moreover, the chain conformation of brush copolymer PCL homopolymers, suggesting that the PEO and PCL blocks

was different from that of linear polymer. The flexibility of the

chains of brush copolymer was poorer than that of the chains

of linear polymer. Therefore, the chain conformation of brush
copolymer resulted in less intermolecular interaction, which led

formed separate crystal microdomains before annealing.
Crystalline Morphologies of Polymers. The crystalline

morphologies of mMPEO5K, mPEO2K, linear PCL, PHEMA-

PCL2, PHEMAg-(PCL2bh-PEO2K), and PHEMAg-(PCL2-
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Figure 6. Polarized optical micrographs of (a) mPEOS5K, (b) mPEO2K, (c) linear PCL, (d) PHENPEL2, (e) PHEMAg-(PCL2b-PEO2K),
and (f) PHEMAg-(PCL2b-PEO5K).

b-PEO5K) were investigated by polarized optical micrographs. be formed. In PHEMAg-(PCL2b-PEO5K), the spherulitic
According to Figure 6, mPEO5K showed a typical large morphology was obvious and the spherulites were large, which
spherulitic morphology, and Maltese cross patterns were indicated that the crystallizability of PEO blocks was dominative
observed. Similarly, large spherulitic morphology of mMPEO2K in copolymer.

was also observed. This indicated that mPEO homopolymers
have strong crystallizability. As shown in Figure 6c, linear PCL

showed a typical spherulitic morphology, but the size of the and composition. The AFM height images of linear PCL,

spherulites was smaller than that of mPEO. As for PHEMA-
g-PCL2 brush copolymer, the size of the spherulites was much PHEMAg-PCL2, and PHEM/g-(PCL2b-PEO2K) are shown

smaller than that of linear PCL, and no obvious Maltese cross " F!gure 7. As shown n F'gufe 7a,_the spherqlltes were
patterns were found. The result could be attributed to the brush "€latively large for linear PCL, which indicated that linear PCL
structure of copolymer and the presence of PHEMA chain in PoSsessed good crystallizability. According to the image of
the copolymer interfering with the natural growth of the PHEMA-g-PCL2 (Figure 7b), the spherulites were relatively
spherulites. The crystalline morphology of PHEMAPCL2- smaller than those of linear PCL, which could be ascribed to
b-PEO2K) was different from those of MPEO2K and PHEMA- the brush structure and the PHEMA backbone inducing the
g-PCL2. Many small crystals were observed. Because of the decrease of the crystallizability of copolymer. In comparison
brush structure of the copolymer and the serious mutual With the morphology of PHEMAG-PCL2 shown in Figure 7b,
influence between the PEO and PCL segments, the movementhe spherulites of PHEMA-(PCL20-PEO2K) in Figure 7c
ability of the chains of PCL or PEO segments decreased andwere tiny, which could be attributed to the mutual influence of
the nucleation ability increased; therefore, the formation of large PCL and PEO blocks leading to further weakening of the
spherulites was impossible, and only many small crystals could crystallizability.

AFM images were used to confirm further the different
crystalline morphologies of polymers with different structure
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Figure 7. AFM height images of (a) linear PCL, (b) PHEM&PCL2, and (c) PHEMAg-(PCL2b-PEO2K).
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Figure 8. Photograph of the water contact angles of (a) linear PCL, (b) PHEMPGL2, (c) PHEMAg-(PCL2b-PEO2K), and (d) PHEMAg-
(PCL2b-PEO5K).
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