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ABSTRACT: This paper describes the design, synthesis, and characterization of amphiphilic conetworks
using linear or starlike poly(ethylene glycol), PEG, and linear or hyperbranched poly(p-chloromethyl-
styrene), PPCMSt. The initial synthetic strategy is based on the reaction between the hydroxyl end groups
placed in the PEG and the primary and/or secondary alkyl chloride groups dispersed in the linear or
hyperbranched component, respectively. It was found that the hybrid conetworks form in 55%-99% yields
depending on the stoichiometric ratio of the two building blocks (19-0.5 g PEGper 1 gPPCMSt) and the type
of polymer architecture. The dynamic swelling studies showed that the hydrogels absorb water quickly and
reach equilibrium in 1-3 h. The architecture of starting polymer, PEG compositions, and temperature were
the main factors affecting the equilibrium hydration of the cross-linked materials (700%-4200%). The
observed high degree of swelling of these hydrogels in both water and organic solvents was attributed to the
high network porosity, which was revealed by scanning electron microscopy (SEM) on freeze-dried speci-
mens. The different states of water in the hydrated cross-linked matrices were measured by differential
scanning calorimetry (DSC). The amounts of nonfreezing water, freezing bound water, and free water in the
amphiphilic conetworks were dependent on their physicochemical structure.

Introduction

Amphiphilic hydrogels consisting of hydrophilic and hydro-
phobic segments are versatile materials, which are used exten-
sively in both research and technology,1-5 especially as devices
for controlled release of pharmacological substances and bioma-
terials in tissue engineering. The key challenge in the design,
preparation, and evaluation of amphiphilic networks is the
identification and implementation of the most appropriate bal-
ance between hydrophobic and hydrophilic components, the
cross-linking density, and the swelling ability that would be the
most suitable for a particular application. It is believed that, by
creating hydrophilic andhydrophobicmicrodomains throughout
the cross-linked matrix (i.e., formation of a conetwork),6 one
could achieve a better regulation of hydrogel morphology and
physical properties. In addition, these domains may serve as
nanosinks or reservoirs for the loading and subsequent release of
bioactive agents of different polarity.

Poly(ethylene glycol), PEG, is a nontoxic, water-soluble,
biocompatible polymer, which is widely used in preparation of
hydrogels.7-12 These PEG-based networks can swell equally well
in water and organic solvents, decrease the adsorption of pro-
teins, and promote cell proliferation. Therefore, they are exten-
sively evaluated in drug delivery and tissue engineering
applications. Compared with the common linear polymer, star
PEG has quasi-three-dimensional structure, in which several
linear arms with reactive end groups emanate from a central
core. In distinction to the linear derivative, star PEG has inherent
branching, which could impart higher stability in the resulting
network through a secondary cross-linking. These properties

make it an excellent candidate as the hydrophilic component in
amphiphilic hydrogel synthesis.

Dendritic macromolecules would also be the ideal candidates
for cross-linking agents since they have highly branched struc-
tures and multiple reactive sites placed in the interior and at the
periphery of the macromolecules.13 Owing to this multifunction-
ality, bioactive molecules can be attached to cross-link junction
fragments and physical properties such as swelling ability in
selected solvents can be controlled by the chemical modification
of the peripheral functional groups.Our previous studies revealed
that the combination of PEG and hydrophobic poly(benzyl
ether) dendrimers yields hydrogels with interesting properties
and promising application potential.14 Results show that most of
the hyperbranched polymers also possess some of the unique
properties exhibited by dendritic macromolecules, such as low
viscosity, good solubility, and multifunctionality, but at much
lower cost due to simple preparation procedures.15 Few studies
have been performed, however, where hyperbranched macromo-
lecules were used as cross-linking agents.16-18 For example, in an
interesting series of investigations Wooley and co-workers have
found that hydrogels containing fluorinated hyperbranched
cross-links exhibit interesting antifouling properties.16,17

In this paper, we describe the synthesis and characterization of
amphiphilic hydrogels, based on the chemical cross-linking of
hyperbranched poly[(p-chloromethyl)styrene], H-PPCMSt, and
poly(ethylene glycol), PEG. Our goal is to use the low cost
hyperbranched polymer as the hydrophobic component and to
investigate the influence of the balance of the two components on
physical properties of amphiphilic hydrogels formed. Themacro-
molecular architecture effect of the hydrophilic and hydrophobic
components is traced by comparative studies with starlike PEG
and the linear analogue of H-PPCMSt.*To whom correspondence should be addressed.
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Experimental Section

Materials. Linear poly(ethylene glycol), L-PEG (L-PEG 5K:
Mn = 5000, Mw = 5400, Mw/Mn = 1.08; L-PEG 20K: Mn =
20 000,Mw = 22 000,Mw/Mn = 1.10) and four-arm star PEG,
S-PEG (S-PEG 20K: Mn = 20 000, Mw = 23 000, Mw/Mn =
1.15, pentaerythritol core) fromPolymer Source, Inc., were used
in the experiments. Sodium hydride (NaH) (95%, dry powder),
ethanol (95%), tetrahydrofuran (THF) (99.8%), and 2,20-
azobis(isobutyronitrile) (AIBN) were purchased from Aldrich.
Chlorobenzene (99%) and p-chloromethylstyrene (90%) were
obtained from Acros. Toluene (99.9%) from Fisher Scientific,
dichloromethane (99.9%) from J.T. Baker, and chloroform
(99.8%) from Mallinckrodt were used as received. p-Chloro-
methylstyrene was distilled under low pressure (0.4 mmHg,
45 �C), and AIBN was purified by recrystallization in ethanol.
THF was dried over benzophenone sodium and distilled im-
mediately before use. Toluene and chlorobenzene were dried
with molecular sieves (4 Å, Fisher Scientific) prior to use.

Instrumentation and Analyses. Size-exclusion chromatogra-
phy (SEC) analyses were conducted in THF (freshly distilled
fromKOH) on a line consisting of aWaters 510 pump, aWaters
U6K universal injector, an Applied Biosystems 785A program-
mable UV-vis detector, and a Viscotek model 250 instrument
for dual refractive index and viscometry detection. The separa-
tions were achieved at 40 �C across a set of three 5 μm PL gel
columns (50 Å, 500 Å, and a mixed C) from Polymer Labora-
tories at eluent flow rate of 1 mL/min. The apparent molecular
weights and polydispersities of the polymers were determined by
calibration with 20 monodisperse polystyrene standards and
OmniSEC software (Version 3.1) from Viscotek Corp.

Polymers and hydrogels were analyzed in a powder/particle
form by a Magna 750 FT-IR spectrometer (Nicolet) using a
MTEC 300 photoacoustic module from 500 to 4000 cm-1.

1H and 13C NMR spectra were recorded in CDCl3 at room
temperaturewith aBrukerAvance 300 instrument (1H: 300MHz).

Differential scanning calorimetry (DSC) was conducted on
TA Instrument 2920 modulated differential scanning calori-
meter under nitrogen applying a heating/cooling/heating cycle
between -60 and þ120 �C with a scanning rate of 5 �C/min.
The average sample size was 8 ( 2 mg. The temperature of the
melting/crystallization transitions was determined at the inter-
section of the two tangents drawn at the two slopes of
the transition peak. The measurement of free and bound water
in the swollen hydrogels was investigated using previously
described procedure.19 The water content of the sample after
the initial soaking was adjusted by allowing water to evaporate
from the sample in a desiccator containing silica gel at room
temperature. The samples were then hermetically sealed in
aluminum pans, cooled to -70 �C, and then heated to 40 �C,
at heating rate of 2-5 �C/min under 110 mL/min nitrogen
gas flow.

The specific water content fraction (fwater) of hydrogels was
expressed by the following equation:

fwater ¼ ðWwet -WdryÞ=Wwet � 100%

whereWwet andWdry are theweights of the sample in the swollen
and dry states, respectively. The total water in the swollen
hydrogels was determined with a thermogravimetric analyzer
TGA Q500 (TA Instruments) by heating of samples under a
nitrogen atmosphere from room temperature to 300 �C, at a
heating rate of 10 �C/min.

Scanning electron micrographs (SEM) images were obtained
by using a JEOL-5800-LV SEM instrument with acceleration
voltage 5-10 kV. The swollen hydrogel samples were immersed
in water for 48 h and then quickly frozen with liquid nitrogen.
The frozen hydrogels were subjected to cryo-fracturing followed
by lyophilization. The dry samples were sputter-coated with
palladium and gold for SEM examination.

Synthesis. Synthesis of Linear Poly(p-chloromethylstyrene),
L-PPCMSt, by Classical Free Radical Polymerization. p-Chloro-
methylstyrene (5 mmol) was mixed with AIBN at monomer to
initiator ratios ([M]/[I]) in the range of 6.25-100, and then
chlorobenzene or toluene (1.8 mL) was added. The mixed
solution was stirred in a nitrogen atmosphere in an oil bath at
75-80 �C (chlorobenzene) or 60 �C (toluene). The viscosity of
the solution increased as polymerization proceeded, and the
color of solution changed to a light yellow. After 24 h the
polymer was precipitated into methanol to form a white powder
and then filtered. The precipitate was dissolved in THF and
reprecipitated into methanol. The process was repeated twice,
and the final product was then dried under vacuum at room
temperature (yield 72%-95%). These polymers had molecular
weights averaging between 2.7 � 103 and 2.04 � 104 Da as
estimated by SEC. They were further characterized by FT-IR
and 1H NMR. FT-IR: 3023.9, 2927.5, 2850.3, 1700.9, 1608.4,
1511.9, 1484.9, 1446.4, 1423.2, 1265.1, 836.9, 798.4, 709.7, 674.9,
609.4 cm-1. 1H NMR (CDCl3): δ 1.46 (CH2-CHAr), 1.73
(CH2-CHAr), 4.51 (CH2Cl), 6.50 and 7.06 (ArH).

Synthesis of Hyperbranched Poly(p-chloromethylstyrene), H-
PPCMSt, by Metal-Mediated Controlled Radical Polymeriza-
tion. Hyperbranched PPCMSt was synthesized according to
previously published procedure.20 The preparation was con-
ducted as follows: 2,20-bipyridyl (8.4 mmol) and CuCl (4.2
mmol) were added to a cylindrical reaction vessel, followed by
addition of chlorobenzene (8.0 mL) and p-(chloromethyl)-
styrene (21 mmol). Then the reaction mixture was flushed with
nitrogen and placed in an oil bath (115 �C). After ∼40 min, a
green solid precipitated. Polymerization went on for 4 h. Then
the reaction vessel was moved out of the oil bath and allowed to
cool down for 30 min. THF (50 mL) was added to the reaction
mixture, which was then stirred at room temperature overnight
to complete the dissolution of the polymer and to allow for
catalyst oxidization. The solution was filtered through alumina
to remove the insoluble salts. The resulting clear brown solution
was concentrated and precipitated into methanol. The off-white
powder precipitate was dried under vacuum. The polymers were
obtained with weight-average molecular weights between 2.4 �
103 and 4.5 � 104 Da by SEC and the ratios of secondary (4.75
ppm) to primary benzyl chloride (4.5 ppm) groups about
0.18-0.33 at monomer to catalyst ratios in the range of 5-20.
FT-IR: 3023.5, 2930.6, 2856.1, 1699.3, 1605.5, 1511.6, 1487.8,
1445.1, 1423.7, 1266.4, 1165.0, 1017.6, 899.6, 828.6, 795.9, 706.5,
677.0, 631.9 cm-1. 1H NMR (CDCl3): δ 1.55 (CH2-CHAr),
1.90 (CH2-CHAr), 4.50 (CH2Cl), 4.75 (CHCl), and 6.50-7.41
(ArH).

General Procedure for the Synthesis of Amphiphilic Hydrogels.
Star or linear PEG and linear PPCMSt or hyperbranched
PPCMSt were mixed in different ratios (19-0.5 g PEG/1 g
PPCMSt) in a pear-shaped flask. Dried THF (1 mL, 2.5 or 5.0
mL) was used as the solvent to dissolve both reagents. NaHwas
added to the stirred solution at room temperature to catalyze the
reaction. As a result, the color of the reaction mixture changed
from a clear and colorless to light yellow with precipitate
forming over several hours, depending on the reagents and the
initial reagent concentration. After 24 h, ethanol was added to
stop the reaction and consume the excessNaH.The solutionwas
centrifuged, and the solid residuewaswashed consecutively with
ethanol and chloroform to remove the unreacted residual PEG
and PPCMSt fragments. Distilled water was used to wash out
the side product, NaCl. The hydrogel samples were then quickly
frozen in liquid nitrogen and dried by lyophilization for 24-48
h. Yield (10%-90%) was calculated as the ratios of the mass of
the products to the total amounts of original two building
blocks. The formal designations of the cross-linked products
used throughout the discussion are as follows: S(X)L for gels
derived from star PEG and linear PPCMSt; S(X)H for products
obtained from star PEG and hyperbranched-PPCMSt; L(Y)L
for conetworks formed by linear-PEG and linear-PPCMSt; and
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L(Y)H for gels consisting of linear PEG and hyperbranched
PPCMSt (X = 20, Y = 5 or 20). DSC, FT-IR, and swelling
measurements were conducted on representative samples of the
purified hydrogels.

Swelling Experiments.Before the swellingmeasurements were
carried out, all hydrogels were extracted with ethanol and
chloroform and multiple portions of DI water. They were then
dried in the lyophilizer. The swelling behavior of networks with

varying PEG and PPCMSt content was investigated as a func-
tion of time and temperature.

Kinetics of Swelling. Dynamic swelling studies were also
conducted to elucidate the mechanism of water diffusion into
the polymer networks based on PPCMSt and PEG as deter-
mined by the dynamic portion of the gravimetric curve. The
kinetics of swelling was measured as follows: ∼15 mg of hydro-
gels was measured and placed in a vial containing 20 mL of DI

Scheme 1. Synthesis of Hydrogels from Star PEG and Hyperbranched or Linear PPCMSt

Scheme 2. Synthesis of Hydrogels from Linear PEG and Hyperbranched or Linear PPCMSt
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water. The vial was placed into a water bath equilibrated at
specific temperature (37( 0.2 �C). The specimens were periodi-
cally weighted through the experiment. The water uptake, Mt,
was followed as a function of time until equilibrium was
attained. It was calculated from the average of the final weights
using the formula

Mt ¼ ðWwet -WdryÞ=Wdry � 100%

SwellingRatio.Theweight swelling ratiowas calculated as the
ratio of the weight of the swollen hydrogels to the weight of the
original dry gel according to the following procedure. The
weight of the dry samples was recorded before they were

immersed in a large excess of the corresponding solvent (DI
water, toluene, THF, or CH2Cl2) at room temperature. After at
least 24 h the specimens were weighted again after the solvent
droplets on the surface of the sampleswere carefully blottedwith
lint-free paper. The weight swelling ratio (q) was calculated as
follows:

q ¼ Wwet=Wdry

whereWwet andWdry are the weights of swollen and dry sample,
respectively.

Results and Discussion

Hydrogel Syntheses. The chemical cross-linking used for
the formation of amphiphilic hydrogels is achieved by sur-
face-to-surface connection of star PEG (S-PEG) with hydro-
xyl end groups to hyperbranched globules (Scheme 1, path
A) or linear chains (Scheme 1, path B), which have primary
and secondary methyl chloride moieties. The networks
formed have two types of cross-link junctions incorpo-
rated;a small hydrophilic moiety in the S-PEG and large
hydrophobic one in the hyperbranched or linear PPCMSt.
This double cross-link density would probably impart higher
rigidity and mechanical strength in the hydrogels but would
inevitably decrease their swelling abilities. For comparison
purposes, linear PEG with different chain length is also used
to synthesize amphiphilic hydrogels (Scheme 2, paths C and
D). The networks produced by this combination contain
only one type of cross-link junction;the hydrophobic linear
or hyperbranched PPCMSt and would have higher degree of
swelling and flexibility. Both procedures yield networks,
which swell uniformly in water.

SEC is used to monitor the reaction progress. Starting
reagent peaks of linear PPCMSt and S-PEG (Figure 1, a and
b, respectively) decrease after 1 h, and a new peak of higher
molecular weight is formed (Figure 1d). It should be
mentioned that in a relatively diluted regime the reaction
products remain soluble due most probably to very loose
and/or limited cross-linking. In contrast, at high reagent

Figure 1. SEC with dRI detection of (a) linear PPCMSt (Mn = 5200,
Mw= 7100); (b) S-PEG 20K and reactionmixtures at (c) 0, (d) 1, (e) 2,
and (f) 5 h. Solvent: THF (5.0 mL).

Table 1. Yields and Weight Swelling Ratios of Hydrogels Series S20H Formed by Reaction of Star PEG (Four Arms, Mw = 22 000) and
Hyperbranched PPCMSt (Mn = 5000, Mw = 16 500)

weight swelling ratios

entry
weight feeding ratio

S-PEG20K:H-PPCMSt
PEG
(wt %)

yield
(%) DI water toluene THF CH2Cl2

1 19:1 95 55 35.8( 0.5 26.2( 1.0 26.4( 0.5 65.5( 0.4
2 9:1 90 84 34.2( 1.0 22.3( 0.3 24.3( 0.5 65.2( 1.3
3 6:1 85 87 33.9( 0.8 23.2( 0.1 26.1 ( 0.1 62.9( 0.3
4 4:1 80 92 33.0( 0.5 22.6( 0.1 26.1 ( 0.6 60.2( 1.8
5 3:1 75 94 26.5( 0.6 23.2( 0.6 23.0 ( 0.9 54.0( 0.2
6 2:1 67 91 23.9( 0.2 26.5( 0.9 26.3 ( 1.6 50.3( 1.7
7 1:1 50 90 15.2( 0.7 22.2( 0.1 19.7 ( 0.7 33.7( 1.4
8 1:2 33 64 11.7( 0.3 22.7( 0.1 23.3 ( 0.4 38.2( 0.4

Table 2. Yields and Weight Swelling Ratios of Hydrogels Series S20L Formed by Reaction of Star-PEG (Four Arms,Mw = 22 000) and Linear
PPCMSt (Mn = 10 000, Mw = 16 800)

weight swelling ratios

entry
weight feeding ratio

S-PEG20K:L-PPCMSt
PEG
(wt %)

yield
(%) DI water toluene THF CH2Cl2

1 19:1 95 84 30.4( 0.5 20.0( 1.4 21.3( 0.5 63.9( 0.8
2 9:1 90 93 29.0( 0.8 26.6( 0.4 24.0( 0.3 62.9( 0.3
3 6:1 85 93 23.7( 0.2 27.5( 0.3 24.1 ( 0.3 56.6( 0.6
4 4:1 80 96 22.9( 0.3 27.5( 0.3 24.8 ( 0.3 53.9( 0.4
5 3:1 75 95 21.3( 0.2 28.0( 0.5 24.0 ( 0.6 51.2( 0.3
6 2:1 67 95 19.1( 0.3 30.9( 0.3 22.9 ( 0.6 50.2( 0.7
7 1:1 50 96 17.8( 0.5 27.5( 1.4 23.4 ( 1.2 46.8( 1.4
8 1:2 33 79 12.1( 0.5 17.7( 0.3 18.2 ( 0.1 36.1( 0.4
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concentration (THF = 2.5 and 1.0 mL), the viscosity of the
reaction mixture increases rapidly and further SEC analysis
is prevented by the gelation of the system.

The composition of the gels could be controlled directly by
altering the weight feeding ratio of two components in the
initial reactionmixture.We prepared hydrogels with 33 to 95
wt% of PEG (weight feed ratio of PEG to PPCMSt is 2/1 to
19/1, respectively). Tables 1-6 give the PEG to PPCMSt feed
ratios, yields, and swelling ratio data of the hydrogels in
different solvents. The feed ratio of PEG to PPCMSt from 1
to 6 is the optimal proportion, at which high yields (g90%)
for both linear- and S-PEG can be achieved, while the cross-
linking efficiency is rather low when the reagent weight feed
ratio is outside of this range.

Under identical reaction conditions linear PPCMSt af-
fords hydrogels with higher yields than the hyperbranched
analogue. The probable reason is the difference in the

macromolecular architecture, the number of spatially avail-
able functional groups, and their reactivity. The molecular
shape of the hyperbranched block is more spherical, and a
portion of reactive functional groups is hidden inside this
globule. Moreover, H-PPCMSt contains 21.8% of the less
reactive secondary methyl chloride, compared with L-
PPCMSt, where the more reactive primary methyl chloride
groups comprise 100% of the cross-linking functionalities.
Therefore, the hydrogels made from hyperbranched
PPCMSt would have lower average cross-link density as
evidenced by their higher swelling ratios measured in sol-
vents of different polarity (Tables 1-4). The addition of a
second cross-link modality (star-PEG) induces the same
effect;the resulting networks are more rigid (Tables 1
and 2).

The molecular weight of PPCMSt and solvent amount
in the reaction mixture also affect the yields of the hydrogel

Table 4. Yields and Weight Swelling Ratios of Hydrogels Series L20L Formed by Reaction of Linear PEG (Mw = 23 000) and Linear PPCMSt
(Mw = 16 800)

weight swelling ratios

entry
weight feeding ratio

L-PEG20K:L-PPCMSt
PEG
(wt %)

yield
(%) DI water toluene THF CH2Cl2

1 19:1 95 84 37.1( 0.4 24.2( 0.3 24.8( 0.1 65.6( 0.1
2 9:1 90 93 32.6( 0.2 23.8( 1.0 24.3( 1.3 64.6( 2.2
3 6:1 85 98 22.8( 0.3 20.1( 0.2 18.7 ( 0.1 46.7( 0.9
4 4:1 80 98 19.9( 0.2 20.1( 0.3 16.9 ( 0.8 45.2( 0.7
5 3:1 75 99 18.4( 1.2 21.5( 0.4 21.2 ( 0.4 45.8( 0.5
6 2:1 67 98 18.4( 0.3 20.2( 0.4 20.0 ( 0.4 43.2( 0.3
7 1:1 50 93 17.1( 0.3 21.5( 1.3 21.6 ( 0.8 43.0( 2.0
8 1:2 33 78 16.2( 0.2 15.7( 0.1 16.9 ( 0.2 33.4( 0.3

Table 3. Yields and Weight Swelling Ratios of Hydrogels Series L20H Formed by Reaction of Linear PEG (Mw = 23 000) and Hyperbranched
PPCMSt (Mw = 16 500)

weight swelling ratios

entry
weight feeding ratio

L-PEG20K:H-PPCMSt
PEG
(wt %)

yield
(%) DI water toluene THF CH2Cl2

1 19:1 95 79 43.7( 1.5 15.6( 0.5 24.3( 0.5 71.2( 0.8
2 9:1 90 91 42.7( 0.5 15.5( 0.7 23.3( 0.5 68.6( 0.3
3 6:1 85 91 42.1( 0.3 17.0( 0.5 24.0 ( 0.1 69.5( 1.4
4 4:1 80 92 35.0( 1.4 21.0( 1.2 23.7 ( 0.4 59.4( 0.4
5 3:1 75 93 29.9( 0.2 27.0( 0.3 26.3 ( 0.6 59.0( 1.7
6 2:1 67 91 21.8( 0.4 28.5( 0.2 27.3 ( 0.7 49.3( 1.3
7 1:1 50 92 17.8( 0.2 27.1( 0.9 26.3 ( 0.7 43.4( 0.7
8 1:2 33 90 16.3( 0.3 20.7( 0.2 23.2 ( 0.1 39.7( 0.3

Table 5. Yields and Weight Swelling Ratios of Hydrogels Series L5H Formed by Reaction of Linear PEG (Mw = 5400) and Hyperbranched
PPCMSt (Mw = 16 500)

weight swelling ratios

entry
weight feeding ratio

L-PEG5K:H-PPCMSt
PEG
(wt %)

yield
(%) DI water toluene THF CH2Cl2

1 6:1 85 66 24.1( 0.3 16.8( 0.1 21.0( 0.7 45.8( 1.2
2 4:1 80 88 19.2( 0.2 16.3( 0.1 17.4( 0.1 39.0( 0.3
3 2:1 67 91 16.6( 0.4 17.0( 0.1 17.5 ( 0.1 37.2( 0.7
4 1:1 50 91 16.0( 0.4 19.3( 0.7 18.4 ( 0.1 36.6( 1.1
5 1:2 33 91 10.4( 0.2 16.0( 0.1 18.2 ( 0.1 30.4( 0.3

Table 6. Yields and Weight Swelling Ratios of Hydrogels Series L5L Formed by Reaction of Linear PEG (Mw = 5400) and Linear PPCMSt
(Mw = 16 800)

weight swelling ratios

entry
weight feed ratio

L-PEG5K:L-PPCMSt
PEG
(wt %)

yield
(%) DI water toluene THF CH2Cl2

1 6:1 85 90 15.3( 0.1 14.7( 0.1 14.4( 0.3 36.8( 0.3
2 4:1 80 94 14.7( 0.1 14.8( 0.1 15.6( 0.1 37.7( 0.1
3 2:1 67 98 10.0( 0.1 14.6( 0.1 14.0 ( 0.8 34.1( 0.9
4 1:1 50 99 9.6( 0.1 19.3( 0.1 18.5( 0.4 41.0( 0.3
5 1:2 33 97 7.7( 0.1 23.6( 0.1 21.6( 0.1 41.7( 0.3
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formed. A higher molecular weight PPCMSt affords more
hydrogel than the one with lowmolecular weight (Table 7)
due to the larger number of cross-linking moieties. Figure
2 shows yields of hydrogels series of S20L and L5H
prepared with different reagents concentration (20-
100 mg/mL), but using the same weight feeding ratio. It
is evident that the yields of both hydrogels increase with
concentration regardless of the starting polymer architec-
tures. The hydrogels prepared at the higher concentra-
tions are more resistant to breakage, whereas those
prepared at low concentration are more fragile. These
observations confirm the common trend encountered in
the typical network synthesis that the cross-link density
normally increases with the concentration of the reaction
mixture.

Characterization of Hydrogels Prepared from PEG and
Linear or Hyperbranched PPCMSt. The application poten-
tial of hydrogels depends on their hydrophilicity and their
behavior in aqueous media. Therefore, the investigation of

the structural changes and dependencies in this medium is of
particular importance.

Dynamic Swelling Studies. The dynamic swelling experi-
ments are performed to elucidate the mechanism of water
diffusion into hydrogels as determined by the water uptake
of hydrogels. Figures 3 and 4 show the dynamic water
swelling plots of hydrogels built of star PEG 20K and
hyperbranched or linear PPCMSt at different composition
ratios (Tables 1 and 2, entries 1-8). All curves show a rapid
initial absorption of water within the first 10-20 min,
followed by decreased rate stage, and finally the systems
approach equilibrium after 0.5-2 h (Figures 3 and 4).
Although the same series of the hydrogels showed simila-
rities in the swelling rate patterns, there was a significant
difference in the equilibrium swelling ratio. The equilibrium
percentage of water uptake for hydrogel S20H increases
from 1329 to 3145 as the PEG content increased from 50%
to 95%, while the uptake for hydrogel S20L increases from
1112 to 2591 at the same range. The hydrogels made from
linear PEG 20K and 5K with hyperbranched or linear
PPCMSt showed similar dynamic swelling behavior as hy-
drogels from star PEG 20K.

The swelling profile of the hydrogels is sensitive not only to
their composition but also to the macromolecular architec-
ture of both constituents. Comparing the data in Figures 3
and 4, it is obvious that the hydrogels made of hyper-
branched PPCMSt are swelling faster than the hydrogels
made of the linear analogue. Also, the hydrogels made by
linear PPCMSt have a lower equilibrium weight swelling
ratio compared with the hyperbranched networks. Very
similar trends have been observed for those hydrogels made
of linear PEG 20K or 5K with the same hyperbranched or
linearPPCMSt.As expected, themore globular hyperbranched
polymers havemore concentrated cross-link populations in a
smaller volume than their linear counterparts of similar
molecular weight. Thus, at the same reaction conditions,
the hydrogel synthesized with H-PPCMSt would have a
bigger mesh size than the hydrogel made with L-PPCMSt

Table 7. Yields of Hydrogels Formed by Reaction of PEG and Linear PPCMSt

entry
weight feed ratio
PEG:L-PPCMSt

type of PEG
(80 wt % PEG) Mn of L-PPCMSt Mw of L-PPCMSt yield (%)

1 4:1 star PEG 20K 2500 3560 68
2 4:1 star PEG 20K 5200 7100 90
3 4:1 star PEG 20K 11000 16800 96
4 4:1 linear PEG 20K 2500 3560 25
5 4:1 linear PEG 20K 5200 7100 95
6 4:1 linear PEG 20K 11000 16800 98

Figure 2. Hydrogels (seriesL5H50wt%PEGandS20L80wt%PEG)
yields at different solvent volume (THF 1-5 mL, 100-20 mg/mL).

Figure 3. Percentage mass swelling as a function of time for the
hydrogel series S20H (Table 1).

Figure 4. Percentage mass swelling as a function of time for the
hydrogel series S20L (Table 2).
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(Scheme 3). The randomly distributed big pores facilitate the
faster swelling of the networks and the increase in the
absorbed water at equilibrium. These assumptions are
further supported by SEM photographs, which will be
discussed later.

Swelling Ratio. In general, the major factors that affect
swelling behavior of amphiphilic hydrogels are the composi-
tion and cross-linking density. The equilibrium swelling of
hydrogels S20L in deionized water and in three organic
solvents measured as a function of the content of PEG is
shown in Tables 1-7 and Figure 5. It can be seen that as the
feed ratio of PEG to PPCMSt decreases, the hydrogels
become more hydrophobic and have lower weight swelling
ratio in DI water. For organic solvents (THF, CH2Cl2, or
toluene), where both constituents have relatively good solu-
bility, the trend for the weight swelling ratio is not so
obvious. It is seen that at low PEG content the degrees of
swelling in all three organic solvents are rather close, reflect-
ing the similarities in their χ parameters.21 Obviously, the
swelling behavior in these media also depends on additional
factors besides the two mentioned above: the architecture
(i.e., the intrinsic rigidity of the building blocks) and the
morphology of hydrogels.

It is found that at very high PEG content (>90 wt %) the
equilibrium water absorbency of the hydrogel series, made
by linear PEG 20K, is much higher than the series of star-
PEG 20K, which in turn is much higher than those from
linear PEG 5K. As the PEG content decreases, the gap in
equilibrium swelling ratio for those hydrogels decreases or
disappears (Figure 6). For samples with the same PPSMSt
and PEG composition, the equilibrium swelling ratio would
be affected only by the cross-linking density and the interlink
distance (length). For the three types of PEG, investigated in

this study, in the high PEG wt % area, linear PEG 20K has
the highest ratio of methyl chloride to hydroxyl equivalent
and would lead to a network with the lowest degree of cross-
linking density and the largest interjunction distance, while
the incorporation of linear PEG 5K would result in higher
cross-linking density and the shortest interjunction length as
evidenced by its lower swelling ratio. The star PEG 20K
could be regarded as a superposition of two PEG chains with
molecular weight of 10 kDa, which is reflected in themedium
swelling ratio observed. The influence of the PEG size would
diminish with the decrease of its content (the increased
fraction of the hydrophobic component should dominate
the swelling behavior in water), and the differences in swel-
ling are smaller (Figure 6).

The temperature also affects the swelling behavior of
hydrogels. The data in Figure 7 show a linear dependence
between the sample swelling mass of hydrogels S20L and the
temperature. In most cases the gels have the highest swelling
ratios at low temperature because the PEG exhibits a lower
critical solution temperature (LCST).22 The apparent ab-
sence of abrupt phase transition (separation) in the tempera-
ture interval studied (the expected LCST should occur
between 30 and 50 �C22b) could be attributed to the chemi-
cal and architectural composition of the cross-linked
matrix. Hydrogels containing high weight percentages of
PEG change more notably upon temperature change, as
evidenced by the high slope in the corresponding fitting
trend lines. As the PEG content goes down, the difference

Scheme 3. Morphology of Hydrogel Made from Hyperbranched (a) or
Linear PPCMSt (b)

Figure 5. Weight swelling ratio of hydrogel series S20L in four solvents
of different polarity.

Figure 6. Weight swelling ratio of hydrogels from three types of PEG
and hyperbranched PPCMSt in DI water.

Figure 7. Temperature effects on the swelling behavior of hydrogels
series S20L (a: 95wt%PEG, slope=-0.169; b: 90wt%PEG, slope=
-0.158; c: 85 wt % PEG, slope = -0.157; d: 80 wt % PEG, slope =
-0.148; e: 75 wt % PEG, slope = -0.139; f: 67 wt % PEG, slope =
-0.141; g: 50 wt % PEG, slope = -0.116; h: 33 wt % PEG, slope =
-0.063).
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of swelling ratio for the different temperatures decreases
(Figure 7a,h).

Morphology.Thepore size and pore size distribution affect
some of the physical properties ofmany hydrogels and frame
their application areas.23-25 Electron microscopy is a parti-
cularly useful analytical technique, which provides insight
into the gel structure with various levels of resolution. The
high degree of swelling of the hydrogels suggests that upon
lyophilization highly macroporous spongelike scaffolds
could be produced.

Figure 8 shows the SEM photographs of the hydrogel
microstructures for series L20L, formedwith linear PPCMSt
and linear PEG 20K (33, 50, 80, and 90 wt % of PEG). The
hydrogel with 33 wt % of PEG has a spongelike macropor-
ous organization with pore diameter 4-8 μm and with a
relatively uniform pore size distribution. It is observed that
the pore size becomes bigger as the PEG content increases.
When the wt % of PEG reaches 95%, more aggregated and
open-cell pores are observed inside the network matrix. The
morphology observed by SEM might offer insights into the
physical properties and behavior of the hydrogels. Macro-
pores are effective solvent reservoirs, and the diffusion rate
and permeability of small compounds through hydrogels
with open-cell (pores within pore) structure are significantly
higher. The hydrogels with higher PEG content have large
and open-cell pores and therefore exhibit rapid water ad-
sorption and higher equilibrium swelling. Thus, the SEM
observations support the experimental swelling data in the
previous section.

The structures of hydrogels prepared by linear or hyper-
branched PPCMSt with the same PEG 20K (Figure 9e,f or
Figure 9g,h) are different. It is evident that a more open-cell
(pores within pore) organization is achieved with H-
PPCMSt (Figure 9f,h), which correlates nicely with their
faster swelling as described in the previous section. There is
also a difference in the microstructure of the hydrogels from
the linear PEG and star-PEG with the same PPCMSt
(Figure 9e,g or Figure 9f,h). The average pore size in the
hydrogel, made from S-PEG 20K, is 4-5 μm (Figure 9g),
while the pores in the hydrogel from L-PEG 20K measure
8-9 μm. Star-PEG imparts a double cross-linking in the
networks formed and leads to a smaller pore size morpho-

logy. In particular, the hydrogel made from S-PEG and H-
PPCMSt shows a large population of interconnected pores.

Themorphology of hydrogelsmade from linear PEG5K is
notably different from those made from PEG 20K. At low
PEG content, no pores could be detected (Figure 10i,j).
When the wt % of PEG increases to 67, small pores (about
4 μm) start to appear, and no open-cell structure can be seen
in all hydrogel samples (Figure 10k,l). This result also
correlates well with the previously discussed swelling study,
where it was found that the L-PEG 5K hydrogels have a
much lower swelling ratio (S = 6.7-14.3) than the L-PEG
20K hydrogel (S = 11.4-36.1).

One of the goals of this study is to compare the previously
reported14a,c amphiphilic hydrogels producedwith third gene-
ration, [G-3], poly(benzyl ether) dendrimers and networks of
hyperbranched hydrophobic fragments with somewhat ana-
logous structure and molecular weight characteristics. The
evaluation is performed with two families of cross-linked
materials containing 80-90 wt % of L-PEG as the hydro-
philic component. The swelling studies in water reveal that

Figure 8. SEM images of hydrogels from linear PEG 20K and linear
PPCMSt (a: 33; b: 50; c: 80; d: 95 wt% of PEG). Magnification 1000�
(scale bar: 10 μm).

Figure 9. SEM images of hydrogels from linear PPCMSt (e: 50wt%of
L-PEG 20K; g: 50 wt % of S-PEG 20K) or hyperbranched PPCMSt
(f: 50 wt % of L-PEG 20K; h: 50 wt % of S-PEG 20K). Magnification
500� (scale bar: 20 μm).

Figure 10. SEM images of hydrogels from linear PEG 5K and linear
PPCMSt (i, 33; j, 50; k, 67; l, 80 wt % of PEG). Magnification 1000�
(scale bar: 10 μm).
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the dendritic hydrogels expand (absorb) significantly less
than the hyperbranched ones: S = 3-7 vs S = 18-23 (ref
14a,c and Table 5). Similar trends are observed for organic
solvents (THF, toluene, and dichloromethane) as well. The
micrographs of the two gel series are shown in Figure 11.
Both networks have porous structure, but the hyper-
branched hydrogel contains interconnected poreswith larger
diameters (Figure 11 o,p). This would allow water to diffuse
more easily within the gel matrix during the swelling process,
and more solvent would be entrapped at equilibrium. The
observed phenomena could be explained by the denser cross-
linking in the dendritic hydrogels due to the shorter L-PEG
segments and greater availability of cross-link functions on
the periphery of the more rigid dendritic globules.

Thermal Phase Transitions of Water Adsorbed in the
Hydrogels. It is known that the water absorbed in polymer
systems is affected by specific interactions with the polymer
chains. Because of the widespread usage, the interactions of
PEG with water and the hydrated structure of PEG mole-
cules have been studied extensively.26 The mobility of the
absorbedwater in PEGhydrogels is of particular importance
for their use in sustained release, tissue engineering, and
other biomedical and biotechnological applications. Numer-
ous works have studied the states of water in these sys-
tems.27-31 Differential scanning calorimetry (DSC) is a useful
technique,which is very sensitive to the thermal transitions in
multiphase systems and has often been applied to investigate
the different states of water in hydrogels.32 According to the
literature, there are three such states: nonfreezing (bound)
water, which forms the primary hydrating shell of the
hydrophilic polymer chains, freezing bound water in the
secondary hydration shell, and freezing (free) water, which
does not interact with the network structure. The content of
the three water phases depends on the degree of swelling (or
water uptake). The same dependency is also observed with
the hydrogels in this study. An example with S20L network
(PEG content 90 wt %) is shown in Figure 12. The DSC
analyses show that endothermic peaks of water melting are
not observed at water uptake below 18.5 wt %, with prob-
ably only nonfreezing water present, as previously suggested
for another hydrogel system.33 When the water uptake is
above 50 wt%, there are two endothermic peaks below 0 �C,
indicating that in addition to the nonfreezingwater two types

of freezing bound water appear in the system. When the
water content increases, the melting endotherm at approxi-
mately-8 �C remains almost unchangedwith a small shift to
lower temperatures. It probably corresponds to the melting
of freezing bound water in small pores, since during the
swelling process their relative volume in the network would
reach a “saturation” level reasonably fast. At the same time
the second endotherm at ∼2 �C, which apparently is due to
the freezing bound water in large pores, increases, as they
expand with the increase in water uptake. When the water
content attains values above 60wt%, themelting endotherm
of the free (freezing) water appears at ∼9 �C and increases
with the progress of water uptake. For comparison, the
heating DSC curves for hydrogel L5H with water uptakes
in the range 11-93 wt% are shown in Figure 13. They show
a rather similar trend with only one exception;the melting
peak of the bound water is observed at -19.9 �C, signifi-
cantly lower that of hydrogel S20H with similar water
uptake. It is reasonable to assume that this water resides in
micropores with smaller sizes, as shown by the SEManalyses
of these networks. Their relative volume will decrease with

Figure 11. SEM images of hydrogels from linear PEG 3.4K and [G-3]
dendrimer (m, 81 wt %; n, 89 wt % of PEG) and linear PEG 5K and
hyperbranched PPCMSt (o, 80 wt %; p, 90 wt % of PEG). Magnifica-
tion 1000� (scale bar: 10 μm).

Figure 12. RepresentativeDSCheatingcurvesofhydrogelS20L (90wt%
of PEG) with different water uptake. Heating rate 5 �C/min.

Figure 13. DSC curves of swollen L5H hydrogels (90 wt % of PEG).
Heating rate 5 �C/min.
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the expansion of the gel as evidenced by the decrease in their
peak area (Figure 13).

The influence of the PEGcontent in S20L networks, which
contain blocks with identical architecture, is investigated at
comparable degrees of swelling (water uptake in the range of
75-90wt%) (Figure 14). It can be seen that at PEG contents
of 33 wt % the hydrogel DSC curve has endotherms corre-
sponding to free water and freezing bound water in the large
pores at temperatures similar to those of the previously
discussed gels. As the PEG content increases to 50 wt %
and higher, a low melting peak with increasing intensity
appears around -11 �C, which could be attributed to the
freezable bound water in small pores. It is also noticeable
that at high PEG contents (above 80 wt %) the peaks above
0 �C converge into a relatively broad endothermic peak with
a small shoulder (Figure 14). The changes in the thermal
transitions characteristic of the different states ofwater allow
us to draw the conclusion that the hydration of the hydrogels
is affected not only by their chemical composition but also by
the microstructure of networks.

The enthalpy of melting, calculated from the area of
melting transition peak(s), could provide an estimate for

theweight fractions of thewater existing in the three different
states via the following equation:

Wt ¼ Wnf þWfb þWf ð1Þ
where Wt is the total amount of water, absorbed by the
hydrogel, as measured by TGA in g H2O per g swollen gel,
Wnf is the nonfreezing bound water, Wfb is the fraction of
freezable bound water, and Wf is the free water.

The areas under the DSC peaks represent the changes in
enthalpy (ΔHf) associated withmelting of the different states
of freezable water. In order to use the DSC data, one should
assume that the water distribution is homogeneous in the
swollen hydrogel, and the enthalpy of fusion of the freezable
bound water is the same as that of free water. This assump-
tion is not entirely correct since the heat of melting of
freezable water depends on its degree of interaction with
the surrounding polymer and is consequently not constant.26

This melting enthalpy represents merely an upper limit that
leads to a slight overestimation of the amount of nonfreezing
water in the hydrogels. On the other side, the endothermic
peaks of freezable bound water and free water overlap, and
therefore the heat of melting per unit weight is integrated as
the sum of both (Wfb þ Wf). The fraction of free and
freezable water in a hydrogel could be presented by the
following ratio:

ðWfb þWfÞ=Wwet ¼ ΔHf=ΔHm ð2Þ
where ΔHf is the enthalpy change, associated with the
melting of freezable water per weight of a hydrogel, and
ΔHm is the enthalpy change for themelting of pureDI water.
The value of ΔHm, measured for the DI water used in this
study, is 339( 1 J/g. The content of nonfreezing boundwater
(Wnf) is calculated by subtracting Wfb þ Wf from the total
content of water absorbed by hydrogel as shown in following
equation:

Wnf ¼ Wt - ðWfb þWfÞ ¼ Wt -ΔHf=ΔHm ð3Þ
Table 8 summarizes the contents of different types of water
determined by DCS at various swelling degree of hydrogels.
The values for wtotal, wnf, wfb, and wf are presented as grams
of H2O per gram of dry gel before swelling. The total water
content (fwater) in the swollen hydrogel is also included in the
table and is derived as described in the Experimental Section.

The dependences of the values ofwfbþwf andwnf onwt for
hydrogels S20L and L5H (90 wt % of PEG) are graphically

Figure 14. Influence of the PEG content on the DSC curves of S20L
hydrogel series. Heating rate 5 �C/min.

Table 8. Fractions ofWater in Different States Determined at VariousWater Content fH2O
for Hydrogels with Different Constituent Architecture

(S20L and L5H)

hydrogel sample fwater (%) q (wwet/wdry) ΔHf (J/g wet gel) ΔHf/ΔHm wtotal (g H2O/g dry gel) wfb þ wf (g H2O/g dry gel) wnf (g H2O/g dry gel)

S20L (90 wt % PEG) 18.5 1.23 0 0 0.23 0 0.23
S20L (90 wt % PEG) 58.9 2.43 173.0 0.507 1.43 1.23 0.20
S20L (90 wt % PEG) 79.7 4.93 239.7 0.702 3.93 3.46 0.47
S20L (90 wt % PEG) 83.1 5.92 260.1 0.762 4.92 4.51 0.41
S20L (90 wt % PEG) 87.8 8.20 279.0 0.817 7.20 6.70 0.50
S20L (90 wt % PEG) 93.7 15.87 297.0 0.870 14.87 13.81 1.06

S20L (80 wt % PEG) 45.3 1.83 103.2 0.302 0.83 0.55 0.28
S20L (80 wt % PEG) 56.6 2.30 148.8 0.436 1.30 1.01 0.30
S20L (80 wt % PEG) 73.6 3.79 215.4 0.631 2.79 2.39 0.40
S20L (80 wt % PEG) 89.6 9.62 288.3 0.845 8.62 8.13 0.49
S20L (80 wt % PEG) 92.0 12.52 296.5 0.868 11.52 10.86 0.65

L5H (90 wt % PEG) 11.0 1.12 0 0 0.12 0 0.12
L5H (90 wt % PEG) 74.0 3.85 238.9 0.705 2.85 2.71 0.14
L5H (90 wt % PEG) 82.9 5.85 270.8 0.799 4.85 4.67 0.18
L5H (90 wt % PEG) 92.7 13.7 308.6 0.910 12.70 12.47 0.23
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shown in Figures 15 and 16, respectively. It is seen that the
amount of freezing water (wfbþ wf) increases almost linearly
with the increase in total water content, while the amount of
nonfreezable is comparatively very small and remains almost
constant over the whole range investigated.

The values for the enthalpy associated with melting of
freezing water (ΔHf) of several hydrogels are plotted as a
function of the water uptake in Figure 17. With the increase
of the water content ΔHf increases as well. As expected, the
ΔHf values are lower than those estimated on the assumption
that all water absorbed in the hydrogels behaves as freezable
(free) water (i.e., lower than 339 ( 1 J/g). This is a clear
indication that a certain amount of water in the hydrogels is
unable to freeze. The intercepts on theX-axis in Figure 17 for
each linear slope fitting yield the maximum amounts of
nonfreezing water in the corresponding networks. Thus,
the portion of nonfreezing bound water in the primary
hydration shell of the hydrophilic chains in hydrogel L5H
is ∼7.5%, much lower than those in hydrogel S20L (11.5%)
and L20H (30%). The dominant reasons for the observed
differences are the length of the interjunction segments and
type of PEG used in synthesis of the hydrogels. In L5H, the
PEG used has the shortest chain, while L20H contains the
longest. It is known that themaximumhydration number per
ethylene glycol unit decreases from 3.3 through 2.4 down to
1.6 as the PEG molecular weight decreases from 70 000
through 1540 down to 400, respectively.34 Thus, it could be
assumed that the amount of bound (nonfreezing) water
would follow a similar trend.

Conclusions

Amphiphilic networks can be formed by Williamson ether
synthesis from linear or star PEG as the hydrophilic component
and linear or hyperbranched PPCMSt as the hydrophobic one.
The architecture of the macromolecules, incorporated into the
hydrogels, has a pronounced effect on their cross-linking density,
the porosity, and the degree of swelling. SEMmicrographs show
that most of the resulting networks are highly porous, and the
pores within the matrixes are interconnected. The thermal phase
transition behavior of the water absorbed in the hydrogels reveals
that it exists in three states: freezing (free), freezing bound, and
nonfreezing (bound). The results from the swelling studies, the
porous structures observed in many of the hydrogels, and the
mobility of the water in their interior favorably frame their
potential as microfluidic devices, templates for enzyme immobi-
lization, and suitable scaffolds for cell infiltration and growth.
The presence of numerous functional groups throughout the
interconnected frameworks also presents intriguingopportunities
for the attachment of biologically active substances and/or
cofactors for advanced biomedical and biotechnological applica-
tions, which we are currently investigating.
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