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Theoretical modeling coupled with an experimental study is presented for the preparation and characterization compari-
son of the amphiphilic copolymers of 2, 2, 3, 3, 4, 4, 4-heptafluorobutyl methacrylate (HFBMA) and 2-hydroxyethyl meth-
acrylate (HEMA) to achieve a multiscale generalization of the polymeric system. A series of amphiphilic copolymers
having different chain structures with HFBMA as the hydrophobic component and HEMA as the hydrophilic component
was first synthesized through atom transfer radical copolymerization (ATRcoP) or model-based semibatch ATRcoP. Theo-
retical modeling is used to optimize the macromolecular structure and experimental approaches that are used to prepare
copolymers of HFBMA and HEMA with some tailor-made polymer properties. Furthermore, a systematic comparison of
major properties (i.e., thermal, micellization, and surface properties) of these fluorinated copolymers (i.e., random, block,
linear gradient, and inverse linear gradient copolymers) was carried out. The results show that these fluorinated copoly-
mers with different chain structures have dissimilar properties. The results also demonstrate that the approach of cou-
pling theoretical modeling with an experimental study can be used to guide a multiscale generalization of the polymeric
system for practical application. VC 2013 American Institute of Chemical Engineers AIChE J, 59: 3019–3033, 2013
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Introduction

Fluorinated (co)polymers have attracted much attention
because of their excellent properties such as high hydropho-
bicity, thermal stability, chemical stability, permeability, and
biocompatibility, and so forth.1–10 On the other hand, poly(2-
hydroxyethyl methacrylate) (PHEMA) shows excellent bio-
compatible and water-swellable properties, and so forth.11–14

PHEMA oligomers are water-soluble,15–19 but high-molecu-
lar-weight PHEMA homopolymer is generally regarded as
being only water-swellable instead of water-soluble.14,16,20,21

With the fluorinated polymer being hydrophobic and
PHEMA polymer being hydrophilic, the copolymers of
HEMA and fluorinated comonomers, such as 2,2,3,3,4,4,4-
heptafluorobutyl methacrylate (HFBMA), have the combined
valuable properties of both homopolymers, including their
amphiphilicity. Proper tuning of copolymer composition and
composition distribution is expected to render a range of
copolymers with tailor-designed properties.8,16

Generally, copolymers having a given cumulative com-
position can be classified into different types, including

random, block, and gradient copolymers, according to

their composition distribution. Typically, random copoly-
mers possess constant average composition along the

chain, and block copolymers show an abrupt step change

in composition at the block joint location.22 Thus, ran-
dom copolymers have more advantages in compatibility

with different components block copolymers consisting of

two or more chemically dissimilar thermodynamically in-
compatible blocks tend to form self-assembled ordered

structures with periodicity or compositional heterogeneity

on a nanometer length scale. On the other hand, gradient
copolymers show a gradual continuous change in compo-

sition from one end of the chain to the other.23 Thus,

they constitute a relatively new class of polymers with a
molecular structure spanning between those of random

and block copolymers with interesting properties (e.g.,

extremely broad glass transition temperature range). Aris-
ing from their unique structures and properties, gradient

copolymers find some featured applications including

additives in cosmetics, compatibilizers in polymer blends,
and damping materials.

Additional Supporting Information may be found in the online version of this
article.
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As has been confirmed through both theoretical and experi-
mental approaches, copolymer composition distribution
(CCD) is an important microstructural parameter affecting
physical and functional properties of polymer materials.24–30

For instance, Torkelson and coworkers25–27 have shown the
composition distribution can significantly influence the
breadth of glass transition temperatures (DTgs) in random,
block, and gradient copolymers. A full understanding of the
relationship between chain structure and polymer properties
is, thus, critical to achieve a multiscale generalization of a
polymeric system from polymer design to its practical appli-
cation. With specific regard to the copolymers of HFBMA
and HEMA as a model system, establishing the relationship
between chain structure and polymer properties is necessary
for the tailored design and applications of these valuable
polymeric materials.

The recent advent of controlled/living radical polymeriza-
tion (CLRP) techniques has made it possible to design the
fluorinated copolymer chain structure with the expected
property.31 Some most notable CLRP mechanisms include
that nitroxide-mediated polymerization (NMP),32,33 atom
transfer radical polymerization (ATRP),34–37 reversible addi-
tion fragmentation chain transfer (RAFT) polymeriza-
tion,38,39 and single-electron transfer and single-electron
transfer degenerative chain transfer CLRP,40,41 and so forth.
Generally, introducing a comonomer in CLRP offers the pos-
sibility of preparing tailor-made copolymers with certain
desired properties. However, in a batch process, composition
drift is very common due to the difference in the reactivity
ratio of the monomers. To control copolymer composition, a
semibatch operation is commonly used. The copolymers
with uniform composition or linear gradient composition can
be successfully designed and controlled through optimizing
monomer feeding to a semibatch reactor.42–47 For instance,
Wang and Broadbelt42,43 introduced a computational tool
based on kinetic Monte Carlo simulations for NMP, which
can generate recipes for synthesis of copolymers of prede-
signed monomer sequences, but they did not predict any

materials properties. Luo and coworkers44–47 developed
kinetic models for semibatch RAFT copolymerization and
atom transfer radical copolymerization (ATRcoP). Their
work has demonstrated the feasibility of the control of CCD
using a semibatch feeding policy. However, the relationship
between CCD/chain structure and polymer properties was
not investigated in their work.42–47 Furthermore, the above
polymerization systems did not involve the copolymerization
of HFBMA and HEMA.

In this work, we attempt to develop a combinatory strat-
egy which couples both theoretical modeling and experimen-
tal investigations for optimizing the macromolecular
structure of copolymers of HFBMA and HEMA to achieve
some targeted polymer properties. Previous studies have
noted that thermal stability,8 surface property,48–50 and self-
assembly behavior51–55 in dilute solution as the most out-
standing properties of the fluorinated copolymers. Therefore,
thermal, micellization, and surface properties are selected
herein as the target polymer properties.

We first focus on using theory models to design and
control synthesis of new and well-defined copolymers of
HEMA and HFBMA via ATRcoP, sequential ATRP in
batch and model-based semibatch ATRcoP through control-
ling the polymerization conditions (i.e., time, amount of
initiator and monomers, feeding rate). Meanwhile, a sys-
tematic study is put forward to compare the thermal, micel-
lization, and surface properties of these fluorinated
copolymers with different chain structures to establish the
relationships between the chain structure and polymer prop-
erties. Especially, one can benefit from an idea of whole
contribution shown in Scheme 1 that correlates the chain
structure with the desired properties, for example, when
one needs a fluorinated polymeric material with broader
glass transition region and relatively strong hydrophobic
characteristics, the linear gradient copolymer would be the
best choice, whereas if a broader glass transition region is
the only requirement, the inverse linear gradient copolymer
can be chosen.

Scheme 1. Schematic design idea of the whole contribution.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Theory

CLRP has become the most powerful tool for preparing
copolymers with tailored polymer chain structures, such as
gradient, random, and block. For a copolymerization system
with similar reactivity ratio of comonomers, well-defined
copolymers can be synthesized via ATRP based on theoreti-
cal modeling. The theoretical modeling illustrated in
Scheme 1 includes three aspects:

1. The classical Mayo–Lewis model is applied to determi-
nate the composition of a random copolymer in batch
copolymerization by the total conversion (C), the reactivity
ratios (r1 and r2), and the initial fraction for both monomers
in the feed solution (f1 and f2). The main equations are as
follows56
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where F1 and �F1 represent the instantaneous mole fraction
and average composition of monomer 1 (M1) in the copoly-
mer, respectively, The subscript of zero indicates initial
quantity. A useful method for analyzing copolymer composi-
tion as a function of conversion was suggested by Skeist in
1946.57 A material balance for M1 requires that the mole
number of M1 copolymerized equals to the difference of
mole number of M1 in the feed before and after reaction, can
be given by
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where M is the total monomer mole number. Equation 3 can
be rearranged when neglecting the term of dMdf1 (because it
is very small). Thus, the following equation via integrating
is obtained ðM
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Furthermore, Meyer integrated Eq. 4 integrated to an use-
ful closed form using Eq. 1 in 1965,58 which relates the
degree of conversion to changes in the comonomer feed
composition
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where, a5r2= 12r2ð Þ; b5r1= 12r1ð Þ; c5 12r1r2ð Þ=½ 12r1ð Þ
12r2ð Þ�; and d5 12r2ð Þ= 22r12r2ð Þ:

For a living copolymerization, the average composition of
the polymer chain is a function of chain length and can be
easily described by the above integrated copolymerization
composition equation.59

2. The kinetic model of living polymerization, which is
characterized by linearity of the first-order kinetics, can be
used to optimize the specific composition of a block copoly-
mer in sequential batch polymerization by reaction time and
amount of initiator. The theoretical molecular weight
(Mn,theo) increases reciprocally with the initial concentration
of initiator ( I½ �) in a living polymerization (Eq. 6).34

Mn;theo 5Mn;monomer 3
M½ �0
I½ �0

3C: (6)

The kinetic equation of ATRP has been derived by Maty-
jaszewski and Xia34 based on the assumption that the contri-
bution of termination becomes insignificant due to the
persistent radical effect and using a fast equilibrium
approximation, which is necessary for the observed low
polydispersities as follows

2
d M½ �

dt
5kp P�½ � M½ �5kpKATRP I½ �0

Cu Ið ÞL½ �
Cu IIð ÞL½ � M½ �5kapp

p M½ �; (7)

where kp, KATRP, and kapp
p 5kpKATRP I½ �0

Cu Ið ÞL½ �
Cu IIð ÞL½ � represent the

chain propagation rate constant, equilibrium constant, and
the chain propagation apparent rate constant, respectively.
Cu Ið ÞL½ � and Cu IIð ÞL½ � stand for the concentration of acti-

vator and deactivator, respectively. Therefore, the logarith-
mic monomer concentration gradually increases with time
and can be described via Eq. 8, which is obtained by inte-
grating Eq. 7.
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1
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3. In our previous work,30 we have developed a detailed
kinetic model for the semibatch ATRcoP for synthesis of
gradient copolymers via controlling the polymerization con-
ditions (i.e., time, feeding rate, amount of initiator, and
monomers). The elementary reactions involved in the model,
kinetic equations and definitions of moments, diffusion-
controlled pseudokinetic rate constants, and the semibatch
reactor model are briefly summarized in Supporting Informa-
tion, Tables S1–S4, respectively. A complete set of moment
equations has been derived as summarized in Supporting
Information, Table S5. Therefore, one can readily simulate
the polymerization kinetics when given the initial conditions
(concentration of monomer, monomer feeding rate, etc.) and
the major parameters (listed in Supporting Information,
Tables S6 and S7). On the other hand, the model can
be applied to optimize the feeding rate to reach the desired
copolymer composition, Conv: and Mn.

Experimental

Materials

HFBMA (98%) and ethyl 2-bromoisobutyrate (Eib-Br,
98%) were obtained from A Better Choice for Research
Chemicals GmbH & Co. KG. (ABCR). HFBMA was rinsed
with 5-wt % aqueous NaOH solution to remove the inhibitor.
HEMA (95%) and tetrabutylammonium fluoride [TBAF, 1
M in tetrahydrofuran (THF)] were obtained from TCI
(Shanghai) Development Co. HEMA was purified by wash-
ing an aqueous solution of monomer with hexane to remove
ethylene glycol dimethacrylate, salting the monomer out of
the aqueous phase by addition of NaCl, drying over MgSO4,
and distilling under reduced pressure. 4,4’-dinonyl-2,2’-
bipyridyl (dNbpy, Nanjing Chemzam Pharmtech, 99%) was
recrystallized three times from ethanol. CuBr [Sinopharm
Chemical Reagent Co. (SCRC), 99%] was purified by wash-
ing with acetic acid and methanol alternatively three times,
and dried under vacuum at 45�C for 24 h. Potassium fluoride
(KF, 99%, SCRC) was used as received. All other reagents
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and solvents were obtained from SCRC and used without
further purification.

Synthesis of HEMA-2-(trimethylsilyl) ethyl methacrylate

Due to its poor solubility in low-polarity solvents, HEMA
is often polymerized in its protected form, 2-(trimethylsilyl)
ethyl methacrylate (HEMA-TMS). The detailed synthesis
procedure for HEMA-TMS can be found in Ref. 60.

Synthesis of P(HEMA-TMS-HFBMA) random, diblock,
and gradient copolymers

Random copolymers were synthesized using batch ATRP
with Eib-Br as initiator. The comonomers, solvent (toluene),
and catalyst system (CuBr, CuBr2, dNbpy) were combined in
a dried round-bottom flask, and the mixture was degassed
three times by freeze/pump/thaw cycles. After that, the ini-
tiator Eib-Br was added under N2.

Diblock copolymers were synthesized through sequential
batch ATRP. The PHEMA-TMS macroinitiator was first syn-
thesized in toluene with Eib-Br as initiator. The macroinitia-
tor was then used to prepare the diblock copolymers using
HFBMA as the second monomer.

Gradient copolymers were synthesized through semibatch
ATRP which is described in Scheme 2. A typical procedure
can be described as follows: toluene, catalyst system, and
HFBMA or HEMA-TMS were first added to a dried round-
bottom flask; in a second reaction flask, catalyst system and
HEMA-TMS or HFBMA were added and degassed by three
freeze/pump/thaw cycles. After that, the initiator Eib-Br was
added. The secondary reaction mixture was transferred into
an airtight syringe and assembled to a syringe pump. Syn-
chronously, the continuous addition of the secondary reaction
mixture to the primary one was started at an optimized feed-
ing rate, which is designed to obtain the expected monomer
conversion.

The reactions were carried out in a preheated oil bath at
80�C and stopped after 7 h by cooling the flask to room-
temperature and exposing the reaction mixture to air. Sam-
ples (about 0.1–0.2 mL) were taken for determining the
cumulative composition by nuclear magnetic resonance

(1H NMR). The resulting polymers were obtained by
removing the catalyst, evaporating the solvent and residual
monomer, precipitating in petroleum ether (60–90�C), and
finally drying under vacuum. Monomer conversion was
measured by gravimetry. Recipes for all the experimental
studies are listed in Table 1 (Expt. 1 and 2 are used to
synthesize the polymers with linear gradient and inverse
linear gradient composition, respectively; Expt. 3 and 4
are for synthesizing the random and biblock copolymers,
respectively).

Preparation of P(HEMA-HFBMA) random, diblock,
and gradient copolymers

HFBMA/HEMA-TMS copolymer (1 g) synthesized above
was dissolved in 20 mL of dry THF. KF (30 mg, 0.5 mmol)
and TBAF (50 lL, 0.05 mmol) were added to the polymer
solution and stirred for 24 h at 30�C. A part of the solvent
was evaporated under reduced pressure, and the polymer was
precipitated in water. After filtration, the polymer was dried
under vacuum for 24 h, and the copolymer of HFBMA/
HEMA was obtained.

Preparation of the copolymers aggregates

The procedure of preparation of micellar solutions is
described as follows: copolymers were first dissolved in
THF, followed by the dropwise addition of a selective sol-
vent (H2O) under vigorous stirring to reach a predetermined
amount (THF/H2O 5 4/1 vol.). Then, the bottle was sealed
and left for 72 h before measurement at room-
temperature. The concentration of polymer solutions was
fixed at 1 mg/mL.

Preparation of the copolymers membranes

The resulting copolymers were dissolved in THF at a cer-
tain concentration (3 wt %). The polymer solution was
directly cast and coated onto a clean glass slide or a clean
silicon wafer for different test requirements, and then dried
naturally in an ambient environment for 24 h using a poly-
mer solution evaporation method.

Scheme 2. Experimental apparatus for the semibatch ATRcoP.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Measurements

Nuclear Magnetic Resonance. The copolymer composi-
tions were determined by 1H NMR spectroscopy (Bruker
AV400 MHz) in dimethyl sulfoxide-d6.

Fourier-Transform Infrared. Fourier-transform infrared
(FTIR) spectra were recorded using KBr pellets on a Nicolet
Avatar 360-FTIR spectrophotometer.

Gel Permeation Chromatography. The molecular weight
(Mn) and molecular weight distribution [Mw/Mn, polydisper-
sity index (PDI)] of the polymer were determined at 40�C
by gel permeation chromatography (GPC) equipped with a
waters 1515 isocratic HPLC pump, three Styragel columns
(Waters HT4, HT5E, and HT6), and a waters 2414-refractive
index detector (set at 30�C). THF was used as the eluent at a
flow rate of 1.0 mL/min. A series of poly(methyl methacry-
late) narrow standards were used to generate a universal
calibration curve.

Differential Scanning Calorimeter. The thermal analysis
of the P(HEMA-HFBMA) copolymers was carried out using
a differential scanning calorimeter (Netzsch DSC 204). Cool-
ing was accomplished by a liquid nitrogen cooling accessory.
Around 10 mg of sample was loaded into an aluminum pan
with an empty pan serving as a reference. Dry nitrogen was
purged into the DSC cell at a flow rate of 50 mL/min. The
samples were first heated at a rate of 10�C/min to 150�C and

held at 150�C for 5 min to eliminate thermal history. The
samples were then cooled at a rate of 240�C/min to 0�C
before being reheated to 150�C at a rate of 10�C/min. All
data associated with the glass transition measurements were
obtained from the second heating scan.

Transmission Electron Microscopy. The morphology of
the P(HEMA-HFBMA) copolymers was observed by trans-
mission electron microscopy (TEM). A drop of polymer
solution was placed onto a copper grid coated with car-
bon, and the grid was then left to dry in a desiccator for
72 h to eliminate trace solvent. The sample was used
without any staining procedure. A transmission electron
microscope (JEM-2100) was used at an accelerating volt-
age of 200 kV.

Dynamic Light Scattering. Dynamic light scattering
(DLS) experiments were performed using an Malvern light
scattering instrument equipped with a 400-mW argon ion
laser with wavelength of 532 nm, and scattering angle was
90�. Temperatures were controlled by a Haake C35 thermo-
stat, providing an accuracy of 0.1 K.

Static Water Contact Angle. The static water contact
angles (SWCAs) were recorded on a Contact Angle Meas-
uring Instrument (KRUSS, DSA30) by the sessile drop
method with a microsyringe at room-temperature on a 75 3

15 3 1 mm3 glass slice covered with the resulting polymer
membranes. The injection volume of liquid is 5 lL. For

Table 1. Recipes for All the Experimental Studies

Expt.
HFBMA

(mmol)(mL)
HEMA-TMS
(mmol)(mL)

Initiator
(mmol)

CuBr
(mmol)

CuBr2

(mmol)
dNbpy
(mmol)

Solvent
(mL)

Vf

(mL/h)

1 r. f. 10(2.0) – 0.2 0.2 0.01 0.4 3 –
a. s. – 10(2.1) 0.2 0.01 0.4 3 0.7286

2 r. f. 10(2.1) 0.2 0.2 0.01 0.4 3 –
a. s. 10(2.0) – 0.2 0.01 0.4 3 0.7143

3 r. f. 7(1.4) 13(2.7) 0.2 0.4 0.02 0.8 6 –
4 r. f. 10(2.0) – 0.2 0.2 0.01 0.4 6 –

r. f. 5 reactive flask; a. s. 5 airtight syringe.

Figure 1. 1H NMR spectrum of the HFBMA/HEMA and HFBMA/HEMA-TMS linear gradient copolymers.
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each angle reported, at least five readings from different
locations were averaged.

X-Ray Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) spectra were recorded to determine the
surface composition of the resulting polymer films using a
PHI quantum 2000 scanning ESCA microprobe (physical
electronic, USA), equipped with an Al Ka1, 2 monochro-
matic source of 1486.60 eV. The samples were measured on
a silicon slice.

Results and Discussion

Synthesis of well-defined amphiphilic fluorinated
copolymers

In this work, according to the guidance of theory models,
batch ATRcoP and sequential ATRP were chosen to prepare

the fluorinated random and diblock copolymers with well-
defined microstructure, targeted Mn with similar fluorine con-
tent, respectively. However, gradient copolymers with linear
and inverse linear gradient composition were synthesized via
model-based semibatch ATRcoP. The comprehensive mathe-
matical model was used to optimize the feeding rate to
obtain the targeted monomer conversion and precise-gradient
chain structure.30

The overall ratio of incorporated monomers in resulting
copolymers (HFBMA/HEMA-TMS) was determined using
1H NMR measurements (Figure 1, taking linear gradient co-
polymer, for example). This was done by comparing the
peak area ratio of characteristic signals for HFBMA (4.4
ppm 2H, AOCH2(CF2)2CF3) and PHEMA-TMS (3.94 ppm,
2H, ACH2AOCOA and 3.62 ppm, 2H, ACH2AOASi(CH3)3;
0.05–0.16 ppm, 9H, ASi(CH3)3). The structure was also
characterized by FTIR (Figure 2a): (2800–3000 cm21 (the
vibration of ACH), 1753 cm21 (the vibration of AC@O),
1232–1128 cm21, (the antisymmetric and symmetric stretch-
ing vibrations of the ACF3), 536 cm21 (the combination of
the cocking and wagging vibrations of the ACF2), 1050–
1250 cm21(the stretching vibrations of ACAOACA and
-SiAOASi-), 700–850 cm21(the vibration of ATMS)).

In addition, the 1H NMR (Figure 1) and FTIR (Figure 2b)
results indicate that the TMS group on the copolymers was
fully removed (absence of AOATMS resonance
d50:0520:16 ppm (9H, ASi(CH3)3) and 700–850 cm21 for
the vibration of ATMS, presence of 3200–3600 cm21 for
the vibration of AOH). Consequently, one can know that the
copolymers of HFBMA/HEMA were obtained.

For the gradient copolymers with a symmetric composition
along the chain, two approaches can be used to synthesize
them with different direction of chain growth. For example, if
someone charges all HFBMA into the reactor and feeds the
HEMA-TMS with a metering pump (Normal Mode), a linear
gradient copolymer will be synthesized (Expt. 1). On the con-
trary, exchanging the monomer feeding sequence (Inverse
Mode), we can synthesize an inverse linear gradient copolymer
(Expt. 2). To monitor monomer sequence distribution in the
products during the synthesis of gradient copolymers, reaction
aliquots were taken to verify the change in cumulative compo-
sition (Fcum) of feeding monomer (M2) as a function of chain
length. It should be pointed out that the instantaneous

Figure 2. FTIR spectrum of the HFBMA/HEMA-TMS (a)
and HFBMA/HEMA (b) linear gradient
copolymers.

Figure 3. Copolymer composition as a function of the
degree of polymerization (Lines are predicted
by theoretical modeling and Symbols repre-
sent experimental data measured by 1H
NMR).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 4. GPC traces of the synthesis of HFBMA/
HEMA-TMS copolymers and PHEMA-TMS-Br
macroinitiator.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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composition (Finst) of the copolymer chains is not experimen-
tally measurable. Fcum was measured using 1H NMR, and Finst

was in turn calculated from the following equation:
Finst 5 [Conv.total,i 3 Fcum,M2,i 2 Conv.total,i21 3 Fcum,M2,i21]/
[Conv.total,i 2 Conv.total,i21], where Conv.total is the total con-
version of both monomers (HFBMA and HEMA-TMS).61–63 It
should be noted that the Finst curves for feeding monomer as a
function of the degree of polymerization (Figure 3) virtually
show true gradient profiles along a chain in contrast to Fcum.
Furthermore, the cumulative compositions of random and
block copolymers during the reaction period are in a good
agreement with the modeling results.

From Figure 3, the instantaneous composition of feeding
monomer increases continuously with the increase of the av-
erage polymer chain. For gradient copolymerization, the in-
stantaneous compositions of both feeding monomers
(HEMA-TMS and HFBMA) increase from 0 at the begin-
ning of polymerization to about 0.83 (mole faction) at the
end of both synthetic routes. The linear relationships
between the instantaneous composition and degree of poly-
merization show clearly that the ideal gradient composition
was formed gradually. This result demonstrates that the
model-based semibatch process yields HFBMA/HEMA-
TMS-gradient copolymers. Moreover, the variation of instan-
taneous composition of feeding monomer via the two modes
is slightly different in total chain length and linearity. These
results confirm that the introduction of particular gradient
patterns in the macromolecular chains is achieved and the
composition in the chain structure changes differently with
the addition mode.

The GPC measurement has been used to determinate mo-
lecular weight (Mn) and molecular weight distribution (Mw/
Mn, PDI) of the macroinitiator and the resulting copolymers.
Figure 4 shows GPC traces of the resulting polymers. The
elution peaks are symmetric and exhibit no tailing at the
lower-molecular-weight-side. The narrow molecular weight
distribution of the resulting copolymers suggests that the
reaction proceeded in a controlled manner. The Mn data of
HFBMA/HEMA copolymers were calculated. All the results
are listed in Table 2.

Thermal properties of the resulting copolymers

The four fluorinated copolymers with different chain struc-
tures were characterized with DSC to compare their glass
transition behaviors. Figure 5 provides the DSC heating
curves of the HFBMA/HEMA copolymers with different
FHEMA values. It indicates that the random copolymer
(Expt.3, FHEMA 5 0.69) possesses a single, narrow Tg region
(DTg) while the block copolymer (Expt.4, FHEMA 5 0.72)
possesses two discernable Tg regions. The DTg of random
copolymer is about 10�C (from 35 to 45�C), similar to the
glass transition behavior of homopolymers. Such a narrow
transition range indicates a lack of nanoscopic heterogeneity,

at least within the sensibility range of DSC. The block co-
polymer exhibits two Tgs in Figure 5. The first one, Tg1,
from 30 to 40�C is associated with the HFBMA-rich
domains and is lower than the value of PHFBMA (�50�C
for DPn 5 20, Supporting Information, Figure S1) determi-
nated in our study; the second, performed at higher tempera-
ture with some narrow DTg (from 50 to 60�C), is associated
with HEMA-rich domains and is consistent with the classic
Tg response of PHEMA (�55�C for DPn 5 52, Supporting
Information, Figure S1). This result indicates microphase
separation with probably cylinderical morphology. The rea-
son why the Tg responses of random and block copolymers
are lower than the two homopolymers is ambiguous but it is
likely due to the interacting effect of the hydroxyl group in
HEMA and the tendency of stronger phase separation of the
two comonormers.64

In contrast, the linear gradient copolymer (Expt.1,
FHEMA 5 0.21) and inverse linear gradient copolymer
(Expt.2, FHEMA 5 0.67) exhibit one relatively broad Tg

region, which is at about 20�C (from 30 to 50�C) and 30�C
(from 30 to 60�C), respectively. The Tg breadths of the lin-
ear and inverse linear gradient copolymers are greater than
those of the random copolymer and of each block component
in the block copolymer. These broad Tg responses can be
attributed to the linear gradient composition profiles expected
for nanophase-segregated gradient copolymers.65,66 However,
due to the minor difference of these two pure homopoly-
mers’ Tg responses (TgPHEMA � 55�C, TgPHFBMA � 50�C),
the glass transition regions of two gradient copolymers do
not largely expand. Furthermore, the difference of glass

Table 2. Summary of Experimental Results for the Studied System

Copolymer Mn (Calc.) (g/mol)a Mn (GPC) (g/mol)a PDI (GPC)a Mn (Calc.) (g/mol)b DPnHEMA FHEMA

Linear gradient 15,200 17,100 1.20 14,260 13 0.21
Diblockc 15,910 18,200 1.25 12,160 52 0.72
Random 15,960 18,500 1.16 12,420 49 0.69
Inverse linear gradient 15,700 17,500 1.19 12,310 47 0.67

aHFBMA/HEMA-TMS system.
bHFBMA/HEMA system.
cPrepared from PHEMA-TMS-Br (Mn(GPC) 5 7970 g/mol, PDI 5 1.15).

Figure 5. DSC heating curves for the HFBMA/HEMA
copolymers.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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transition regions (20 and 30�C) between linear and inverse
linear gradient copolymers maybe results from the different
copolymer composition. Specifically, the Mns of them are
similar to each other based on two reaction modes (linear
gradient, Mn 5 15,200 g/mol; inverse linear gradient,
Mn 5 15,700 g/mol), but the HEMA content of linear gradi-
ent copolymer (FHEMA 5 0.21) is substantially lower than
that of inverse gradient copolymer (FHEMA 5 0.67), which
means the higher Tg attributed to PHEMA should consider-
ably weaken. Thus, in accordance with theory,65,66 both mac-
romolecular chain structures and gradient profile are
effective in controlling the level of nanophase separation and
thermal properties of the copolymers.

Self-assembly behaviors of resulting copolymers in dilute
solvent

These synthesized copolymers having amphiphilic struc-
tures, which are expected to form organized micelle struc-
tures in aqueous solution. Generally, micelles can be formed
in an aqueous environment by dissolution of the copolymer
in an organic solvent and then followed by dialysis against
water or followed by the addition of water dropwise to the
solution using mild stirring. Obviously, the latter method is
simple and practicable.67 In this work, the amphiphilic
P(HEMA-HFBMA) random, block, and gradient copolymers

were dissolved in THF as an appropriate nonselective solvent
and the micellization was then triggered simply by adding
water into the copolymer/THF solution. The micellar behav-
iors were monitored by TEM and DLS.

As shown in Figure 6, all the synthesized copolymers are
prone to form spherical micelles. They display a relatively
uniform size distribution, with an average diameter of
�200–220 nm (A), 250–280 nm (B), 300–400 nm (C), and
200–250 nm (D). In addition, one knows that the aggregate
formation in solution depends on many factors including
composition, sequence, relative lengths of the hydrophobic
and hydrophilic segments, and so forth.68 Obvious differen-
ces indeed exist between these four TEM images. First, the
neat spherical morphology is formed by the self-assembly of
linear (A) and inverse linear (D) gradient copolymers in
dilute solution; second, the micelles of block copolymer (B)
seem to have some deformity, but with apparent core-corona
structure; thirdly, most micelles of random copolymer (C)
have a spherical shape but aggregate to some extent, which
often consist of dense hydrophobic cores surrounded by a
corona of swollen loops formed by the hydrophilic parts of
the polymer.

DLS has been used to detect the sizes of aggregates in so-
lution. Different from TEM, an average-size and size distri-
bution were recorded for each solution directly by DLS
(Figure 7). From Figure 7, the results reveal that the size

Figure 6. TEM images of the self-assembling patterns of HFBMA/HEMA copolymers (A. linear gradient copolymer;
B. block copolymer; C. random copolymer; D. inverse linear gradient copolymer).

3026 DOI 10.1002/aic Published on behalf of the AIChE August 2013 Vol. 59, No. 8 AIChE Journal



distribution is relatively uniform, with an average diameter
of �223.6 nm (A), 277.9 nm (B), and 260.5 nm (D). How-
ever, the size distribution of random copolymers is more pol-
ydispersed, which is attributed to their aggregation to a
certain extent. Due to different measurement conditions, the
diameters obtained from DLS are slightly larger than those
determined by TEM.

Theoretically, morphology is mainly controlled by a force
balance involving stretching of the core chains, surface ten-
sion between the core and the outside solvent, and repulsion
among the corona polymer chains.69 In essence, the forma-
tion of micelles is a requirement for a micellar system to
minimize its free energy. As for the gradient copolymers, a
small fraction of the HEMA and HFBMA units consisting of
a gradient chain microstructure should be embedded in the
core domains, which results in a relatively weak-phase sepa-
ration. This provides a tentative explanation for the fuzzy
core-corona transition of the aggregates. In contrast to the
gradient copolymers, the copolymer having two incompatible
blocks provokes an aggregation of PHFBMA blocks into
dense hydrophobic domain surrounded by a protective co-
rona of soluble blocks. In dilute solutions, this association
leads to the formation of nanoscale discrete aggregates.
However, the formation of the spherical structure from the
random copolymer can be attributed to the fact that the sol-
vent becomes progressively less favorable for the hydropho-
bic segments of the P(HEMA-ran-HFBMA). Some HEMA
units probably segregate to the interface (small hydrophilic
loops) between the aggregates and the external aqueous solu-
tion, which serve to stabilize the aggregates. When the water
content is low, the interiors of the aggregates have a rela-
tively low viscosity (loose chain distribution without gather-
ing into a dense core), and the exterior of the spheres is soft.
The low viscosity leads to a rapid solvent diffusion in and
out of the soft loop and a homogeneous shrinkage of the

whole aggregate.70 Namely, the formation of the loops leads
to smaller hydrophilic corona as well as less defined and less
stable aggregates. To achieve a more stable state, the disper-
sive micelles are inclined to aggregate together to form the
large-compound micelles. On the other hand, a certain num-
ber of fluorinated side chains in the hydrophilic loop can be
expected, because a complete separation of hydrophilic and
hydrophobic parts will be precluded by steric hindrance and
unfavorable entropy term.71

Based on the above TEM and DLS analysis for morpholo-
gies and sizes of micelles, as well as theoretical interpreta-
tion, the proposed structures for spherical micelles in THF/
H2O are illustrated schematically in Scheme 3.

Surface properties of the resulting copolymers
membranes

Generally speaking, a flat polymer membrane surface with
low energy exhibits SWCA values in the range of 100–
120�.48,49 The contact angle is defined as the angle between
the substrate surface and the tangential line at the point of
contact of the liquid droplet with the substrate. A higher
contact angle means that the surface of the membrane has
become more hydrophobic. Figure 8 and Table 3 descript
the results of SWCA measurements and the calculated sur-
face free energies (cs) of HEMA/HFBMA copolymers mem-
branes. The SWCA and cs of diblock, random, and inverse
linear gradient copolymers with similar fluorine content
(WF 5 22.12, 23.57, 25.01%) are 109, 108, 116�, and 17.62,
18.20, 13.67 mN/m, respectively. We speculate that the
hydrophobic surface with a SWCA lower than 120� is attrib-
uted to two opposite effects. On one hand, the solubility of
PHEMA in a poor polar solvent (here THF) decreases when
the DPn becomes larger, therefore, the solvophilic compo-
nent (HFBMA) collects onto the membrane surface for the

Figure 7. DLS results of the micellar solution HFBMA/HEMA copolymers (A. linear gradient copolymer; B. block
copolymer; C. random copolymer; D. inverse linear gradient copolymer).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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generation of lowcs. This makes the polymer solution prone
to self-assemble into aggregates. On the other hand, it is in-
evitable that a part of the hydrophilic components emerges
on the surface result in lowering the contact angle. However,
the linear gradient copolymer with the highest fluorine

content (WF 5 43.84 %) exhibits the largest SWCA (131�)
and lowest cs (6.43 mN/m) as expected. The surface charac-
terization convincingly demonstrates that the synthetic
copolymers of the fluoromonomer are also a low-surface
energy material.

Scheme 3. Schematic illustrations of spherical micelles in THF/H2O (Top) aggregate with random structure; (Mid-
dle) aggregate with core-corona structure; (Bottom) aggregate with fuzzy core-corona structure.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 8. Static water contact angels of the HFBMA/HEMA copolymers.
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Additionally, to further understand the reason leading to
the differences of surfaces properties in these four copoly-
mers, XPS was applied to study the surface compositions of
the polymer membranes. Figure 9 is a broad scan of the
binding energy spectrum from 0 to 960 eV for four copoly-
mer membranes. The XPS images of the four samples
obtained are alike with each other and strong characteristic
signals of carbon, oxygen, and fluorine are found as
expected. From Figure 9, the surface survey scan of XPS
shows four strong and one weak peak, at �835, 687, 532,
285, and 32 eV, which result from direct photoionization
from F KLL, F 1s, O 1s, C 1s, and F 2s core levels, respec-
tively. The atomic contents of C 1s, O 1s, and F 1s calcu-
lated by software are listed in Table 3. We found that the
topmost surfaces of diblock and inverse linear gradient poly-
mer membranes were enriched in fluorine with respect to the
bulk. Many other examples have been reported in the litera-
ture about the selective segregation of semifluorinated chains
of a polymeric structure at the polymer-air interface, because
of their low-surface energy.73–76 This phenomenon might be

improved owing to the tendency of self-assembly of hydro-
carbon segments with alkyl groups. Nevertheless, the results
for linear gradient and random copolymers are nearly the
same. The linear gradient copolymer having the same fluo-
rine content consists of a majority of HFBMA
(FHFBMA 5 0.79) and a minority of HEMA, which results in
good solubility in THF; whereas the advantage of the ran-
dom copolymer is its excellent component compatibility,
namely, it is uniform at the nanoscale. Therefore, their sur-
face properties might result from the semifluorinated seg-
ments of the side chains appeared to be stretched out at the
polymer-air interface, with the terminal CF3 groups pointing
outward.

The polymer solutions were examined by TEM, Figure 10
reveals that the linear gradient (A) and random (C) copoly-
mers, which dissolved well in THF, do not aggregate and
just appear mutual entanglement of macromolecular chains.
Surprisingly, the TEM images show both diblock (B) and
inverse gradient copolymers (D) aggregate into spherical-like
morphology with fuzzy core and vivid but discrete corona. It

Table 3. Surface Properties and XPS Quantification of HEMA/HFBMA Copolymers Membranes

Copolymer WF
a (%) (in Bulk) hH2O (�) cs

b (mN/m) C 1s (%) O 1s (%) F 1s (%)

Linear gradient 43.84 131� 6.43 41.68 15.23 43.09
Di-Block 22.12 109� 17.62 53.79 19.50 26.71
Random 23.57 108� 18.20 56.66 20.27 23.07
Inverse linear gradient 25.01 116� 13.67 50.75 18.90 30.35

aWF is the weight percent of fluorine obtained from the equations: F% 5 (7*19*DPn)/(Mn(Calc.)), where each fluorinated monomer HFBMA contains seven fluo-
rine atoms and the fluorine atomic weight is 19 and DPn is polymerization degree of the PHFBMA.
bCalculated from a new equation: 11cosh 5 2(cS/cL)1/2exp[2b(cL 2 cS)2] derived by Li and Neumann,72 where cS, cL, and h represents the surface energy of
polymer, water, and the static water angel, respectively.

Figure 9. XPS scanning spectra for air-side surfaces of the HFBMA/HEMA copolymers (A. linear gradient copoly-
mer; B. block copolymer; C. random copolymer; D. inverse linear gradient copolymer).
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should be pointed out that the aggregation presented here
significantly differs from those nanoassembly discussed
above. The scattered black spots might be identified as clus-
tered macromolecular chains. But the driving force for these
spots gathering into annular structures is still vague. This in-
triguing finding drives us to further in-depth research on it.
Nevertheless, the extraordinary result partly confirms what
we have speculated previously.

Based on the above information, the proposed aggregation
behavior model of macromolecular chains on the surfaces of

a copolymer membrane with different structures (random
and linear gradient copolymers belong to Mode A, named
Normal Mode; diblock and inverse linear gradient copoly-
mers pertain to Mode B, named “Self-Assembly” Mode) is
shown in Scheme 4.

Conclusions

In this work, a combinatory approach coupling theoretical
modeling and an experimental study was presented for

Figure 10. TEM images of morphology of HFBMA/HEMA copolymers in THF (A. linear gradient copolymer; B. block
copolymer; C. random copolymer; D. inverse linear gradient copolymer).

Scheme 4. The proposed aggregation behavior model of macromolecular chains on the surfaces of copolymer
membrane with different structures (A: Nature Mode; B: “Self-Assembly” Mode).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

3030 DOI 10.1002/aic Published on behalf of the AIChE August 2013 Vol. 59, No. 8 AIChE Journal

wileyonlinelibrary.com


optimization, preparation, and characteristic comparison of
the amphiphilic copolymers of HFBMA and HEMA to
achieve a multiscale generalization of this polymer system.
This study clearly demonstrates the effect of synthesis meth-
odology on the molecular structure. Base on theory models,
batch copolymerization leads exclusively to random copoly-
mer, and diblock copolymer can be produced by sequential
homopolymerization. Meanwhile, semibatch polymerization
based on the developed model can easily be performed to
create polymeric materials having a gradient composition.
Furthermore, this research has investigated the remarkable
properties of fluorinated copolymers of different CCD.

First, different thermal properties of copolymers resulting
from the various compositional heterogeneities are controlled
by the CCD. The random copolymer possesses a single, nar-
row Tg region (DTg) and the block copolymer possesses two
discernable Tg regions. In contrast, the linear gradient and
inverse linear gradient copolymers exhibit one broad Tg

region but a significantly different breadth.
Second, the aggregation of these four copolymers in THF/

H2O solution was investigated by TEM and DLS, and the
results show that their morphology and size depend strongly
on CCD. TEM images show that the aggregates have an av-
erage diameter of �200–220 nm (A), 250–280 nm (B), 300–
400 nm (C), and 200–250 nm (D) for different copolymers,
respectively, which are also confirmed by DLS;

Thirdly, the surface properties were determined by SWCA
and XPS. The behavior of copolymer in solution is revealed
by TEM. The surface characterizations demonstrate that the
copolymers of fluoromonomer have low-surface energy. Par-
ticularly, the linear gradient copolymer has SWCA as high
as 131�. Furthermore, the TEM results demonstrate that
diblock and inverse linear gradient copolymers have a tend-
ency to form lager micelles in THF, yielding different fluo-
rine content in bulk and at the surface. But this discrepancy
is not found in linear gradient and random copolymer mem-
branes due to the composition and component compatibility.
Further research is in progress. Remarkably, controlling the
CCD can, thus, give rise to distinctively different macro-
scopic surface property of materials.

In summary, theoretical modeling can be used to optimize
the macromolecular structures for tuning the properties of
polymeric materials. However, our current work is only pre-
liminary because a multiscale generalization of polymeric
system from design to practical application is very compli-
cated and difficult. Further studies on the multiscale general-
ization of polymeric systems are ongoing.
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