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ABSTRACT: A series of amphiphilic poly(2-hydroxyethyl
methacrylate)-b-polydimethylsiloxane-b-poly(2-hydroxyethyl
methacrylate) (pHEMA-b-PDMS-b-pHEMA) (A-B-A) tri-
block copolymers were synthesized from three different
carbinol-terminated polydimethylsiloxanes with varying
molecular weight. A carbinol-terminated polydimethylsi-
loxane was modified with 2-bromoisobutyryl bromide to
obtain a macroinitiator. The block copolymers were charac-
terized by NMR, GPC, and dynamic light scattering (DLS).
Reverse micelles of a copolymer were formed in mixture of
benzene/methanol solution which served as nanoreactors
for the synthesis of magnesium fluoride (MgF2) nanopar-
ticles. The MgF2 was prepared via chemical precipitation
using magnesium chloride and potassium fluoride as
reactants. The MgF2-triblock copolymer composites were

synthesized as a function of MgF2–weight ratio (0.5, 5, and
10 wt%) in copolymer. The MgF2 colloids were dissolved in
three organic solvents: methanol, isopropanol, and tetrahy-
drofuran. The polymer nanoparticles were characterized by
DLS, transmission electron microscopy, thermogravimetric
analysis, and X-ray diffraction (XRD) analysis. The forma-
tion of MgF2 crystals was observed by XRD. Particle size
and particle size distribution showed significant changes in
different solvents. The thermal stability of MgF2 colloids
increased as the amount of nanoparticle increased in poly-
meric matrix. VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci 000:
000–000, 2012
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INTRODUCTION

Polymer nanoparticle composites have wide usages
in coatings, sealants, drug delivery vesicles, damp-
ing applications, catalysts, optoelectronic, and mag-
netic devices.1,2 Nanoscale morphology of polymer
nanoparticle composites allows one to tune several
physical properties due to the high surface area of
nanoparticles. Nanoparticles in the polymer matrix
can enhance mechanical strength, catalytic activity,
optical, and magnetic properties.3 The physical prop-
erties of polymer nanoparticle composites depend
on several parameters such as size and type of nano-
particle, polymer structure, and compatibility
between phases.4,5

Polymer nanoparticle composites can be prepared
by several methods including dispersion,6,7 immer-
sion,8,9 and deposition.10,11 In the dispersion route,
the metal precursors are mixed with a polymeric sta-
bilizer, and then the metal precursors are reduced
into metal nanoparticles. In the immersion route,
a polymeric template is immersed in an inorganic
precursor. After swelling polymer matrix with an
inorganic precursor, the precursor is reacted into

inorganic nanoparticles. The deposition route uses a
mixture of inorganic precursors and polymer matrix
which is deposited onto a substrate. Reduction of
the inorganic precursor into metal nanoparticles
occurs after solvent evaporation by either thermal or
photochemical decomposition.
Amphiphilic block copolymers were frequently used

to synthesize nanoparticles.12,13 Stabilization of nanopar-
ticles by amphiphilic copolymers can be based on elec-
trostatic or steric stabilization. The electrostatic stabiliza-
tion is provided by Columbic repulsions.4,14 In solvents,
amphiphilic copolymers can undergo self-assembly
where insoluble block forms a core and soluble block
forms a corona.15 As a result, these copolymers can be
used as nanoreactors for precipitation of inorganic
nanoparticles.16 Since inorganic nanoparticles are typi-
cally polar, the nanoparticles are stabilized in reverse
micelles.17 Many authors reported synthesis of metal
nanoparticles with amphiphilic copolymers as stabil-
izers. Zinc sulfide nanoparticles were synthesized in
poly(4-vinylpyridine)-polystyrene-poly(4-vinylpyridine)
triblock copolymers by chemical precipitation.18 Poly
(dimethylsiloxane-b-(3-cyanopropymethyl-siloxane-b-
dimethylsiloxane) was used to synthesize cobalt
nanoparticles in toluene.19 Gold nanoparticles were
synthesized in the presence of poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) surfactant.20

Magnesium fluoride (MgF2) has unique optical
properties with a high transparency from 132 nm to
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3 lm due to a high energy gap. MgF2 can be employed
as antireflective coatings due to these superior proper-
ties.21 MgF2 exhibits high scratch, weather resistance,
and high thermal stability. MgF2 is highly birefringent
and positive uniaxial crystal with tetragonal unit cells.
MgF2 has the lowest refractive index (1.38) among
inorganic crystals.22 An easy preparation procedure of
MgF2 dispersion was previously reported by reacting
NaF and MgCl2.

23 MgF2 was used in several applica-
tions such as infrared windows, multilayer displays,
radiation resistant highly reflective coatings, antireflec-
tive coating for aluminum films.22 Additionally, the
MgF2 was used as support for several kinds of cata-
lysts for decomposition of nitrogen oxide,24 hydro-
dechlorination of chlorofluorocarbons (CFC),25 and
hydrodesulphurization of thiophene.26

In this article, amphiphilic pHEMA-PDMS-
pHEMA triblock copolymers were prepared. After
which, MgF2 nanoparticles were synthesized and
stabilized within the amphiphilic block copolymer.
Reverse micelles of copolymers were formed in mix-
ture of benzene and methanol. The MgF2 nanopar-
ticles were precipitated from methanolic magnesium
chloride and potassium fluoride. Polymer stabilized
nanoparticles were dispersed in methanol, tetrahy-
drofuran, isopropanol. The particle size, distribution,
and morphology were analyzed by dynamic light
scattering (DLS) and transmission electron micros-
copy (TEM). The thermal stability of triblock copoly-
mers and MgF2-triblock copolymer composites was
conducted by thermogravimetric analysis (TGA).

EXPERIMENTAL

Materials

Carbinol-terminated PDMS (DMS-C15, Mn, � 1400
g/mol, DMS-C21, Mn, � 3700 g/mol, and DMS-C23,
Mn, � 7800 g/mol) was obtained from Gelest. 2-
hyroxyethyl methacrylate (HEMA) was obtained
from Aldrich and purified as reported.27 2-hyrox-
yethyl methacrylate (HEMA) was passed through
the neutral silica column eluted with 30/70 ben-
zene/ethyl acetate solvent mixture followed by vac-
uum distillation. Silica gel (200 mesh), copper (I)
chloride, 2-bromoisobutyryl bromide, bipyridine,
methyl ethyl ketone (MEK), 1-propanol, tetrahydro-
furan, isopropanol, methanol, benzene, ethyl acetate,
potassium fluoride and magnesium chloride were
purchased from Aldrich. Reagents were used as
received without a further purification. Copper
TEM grids coated with Formvar and carbon were
purchased from Ted Pella.

Instruments

Nuclear magnetic resonance (NMR) of samples was
taken in CDCl3 and/or CD3OD solvent in Varian

Mercury 300. The dynamic light scattering was
obtained from a Brookhaven Instruments BI-200SM
system equipped with He-Ne laser operated at
632.8 nm with 1 mm entrance aperture. TGA was
performed on TA Instruments, High Res TGA 2950.
Atomic force microscopy (AFM) images were
obtained from a Veeco (Digital Instruments) A
Bruker AXS X-ray generator equipped with a two
dimensional wire detector was operated at 40 kV
and 40 mA and the collimated X-ray beam was
monochromatized to CuKa radiation from 5 to 35�

(2y angle) was used to obtain WAXD data. The TEM
pictographs were obtained from a Philips Tacnai-12
model with a combination of high-resolution imag-
ing scanning was equipped with 120 kV illumination
system, maximum magnification of 500 K, and maxi-
mum resolution of <1 nm.

Synthesis of PDMS macroinitiator

Carbinol-terminated PDMS was modified with 2-bro-
moisobutyryl bromide (BrBBr) to obtain macroinitia-
tor. The PDMS, (7.12 mmol) was first dissolved in
300 mL of dichloromethane placed in a one-neck
flask. Then, triethylamine (42.9 mmol) was added into
it. The flask was placed into an ice-bath and cooled to
0�C. 2-bromoisobutyryl bromide (42.9 mmol) was
added drop wise through a dropping funnel into the
flask in an inert atmosphere. The mixture was stirred
for 16 h. Then, the dichloromethane was removed
in vacuo and excess methanol was added to remove
triethylamine bromide salt (by-product of esterifica-
tion of carbinol-terminated PDMS and BrBBr). The
product was washed in methanol (3 � 150 mL) to
remove any residual salt. The methanol remaining in
the macroinitiator solution was removed in vacuo at
room temperature.

Synthesis of pHEMA-PDMS-pHEMA
(ABA) triblock copolymer

The macroinitiator (1.85 g, 0.5 mmol) was charged
with a MEK/1-propanol (70/30 v/v) solvent mixture
into a 100-mL flask. Bipyridine (bpy) (0.156 g/1
mmol) was added into the solution, and the mixture
was purged with nitrogen gas for 15 min. HEMA
monomer (9.65 g, 75 mmol) and copper (I) chloride
(0.0495 g, 0.5 mmol) were charged into the vessel
with additional solvent (10 g of 70/30 v/v). The mol
ratio of the components was HEMA/macroinitiator/
CuCl/bpy: 150/1/1/2. The flask was sealed with a
rubber septum and the reaction was heated to 60�C
and held constant for 24 h. The reaction was
quenched by exposing the solution to air and
diluting with the solvent mixture (70/30 v/v).
The mixture was eluted from silica column using the
70/30 solvent mixture to remove the catalyst. The
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solvents were removed under vacuum and then
polymer was precipitated in n-hexane (150 mL). The
precipitation sequence was repeated for three times
to remove the unreacted HEMA monomer. The theo-
retical number average molecular weight (Mn) of
pHEMA block was changed by varying mole ratio
of HEMA/macroinitiator to synthesize series of tri-
block copolymers with the following28: 1H-NMR
(CDCl3, CD3OD): d 0.15 (SiACH3), 1.24 (CH2AC(ACH3)
AC(¼¼O) ACO), 1.56 (C(¼¼O)ACH2ACH2ACH3A, car-
binol) 1.97 (ACH2AC(ACH3)A), 3.85 (CH2ACH2AOH),
4.13 (COACH2ACH2AOH), 4.91 (CH2ACH2AOH).

Synthesis and stabilization of MgF2 colloids

The pHEMA-PDMS-pHEMA (0.06 g) copolymer
with theoretical molecular weight 10 K-4 K-10 K g/
mol was dispersed in 3 g of a benzene/methanol
(80/20 v/v) mixture. After 24 h of stirring, a metha-
nolic solution of MgCl2 (0.5 mL, 0.01M) was added
into polymer dispersion and resultant mixture was
stirred for another 7 days at room temperature.
Finally, a methanolic KF (0.5 mL, 0.02M) was added
into this solution and the reactants were mixed for
3 days at room temperature. This resulted in a
0.5 wt% dispersion. The polymer–nanoparticle com-
posites of 5 wt% (pHEMA-PDMS-pHEMA, 0.60 g;
MgCl2, 5.0 mL; KF 5.0 mL) and 10 wt% MgF2
(pHEMA-PDMS-pHEMA, 1.20 g; MgCl2, 10.0 mL;
KF 10.0 mL) colloids were synthesized using the
same method. Benzene/methanol mixture was
evaporated at room temperature. The mixture was
dispersed into deionized water at 80�C for 3 h. After
cooling to room temperature, the solution was
centrifuged for 10 min. The potassium chloride,
by-product, in supernatant was removed. The pro-
cess was repeated three times. For characterization
the MgF2 nanoparticles were dispersed in organic
solvents.

Sample preparation for characterization

The NMR experiments to derive Mn (H97S3, H92S8,
H96S4) were carried out by dissolving the block
copolymers in d-methanol (CD3OD) for the copoly-
mers with the smaller PDMS blocks and a solvent
mixture of d-chloroform and d-methanol (1/1 w/w)
for the copolymers with larger PDMS blocks
(H67S33 and H56S44). Before addition of catalyst, an
aliquot of polymerization mixture was taken and
dissolved in CDCl3. A NMR of this aliquot was
taken and compared to the polymers after beginning
of reaction by using the ratio of the resonance inten-
sity at d � 5–6 ppm (double bond, HC¼, from
HEMA) and d � 0 ppm (ACH3 from PDMS). This
ratio decreased as the conversion increased.
From the comparison of intensity ratio of the above-

mentioned resonances at the initial time and
throughout the reaction, monomer conversion was
calculated. Number average molecular weight (Mn)
of pHEMA was calculated after purification of
aliquots from unreacted HEMA. Integration ratio of
the peak resonances at d � 0 ppm (6 H, ACH3 from
PDMS) and d � 4.2 ppm (2H, ACOOCH2, from
HEMA) was used to determine Mn of pHEMA. This
ratio was multiplied by Mn of PDMS. Block copoly-
mer molecular weight was determined by adding
the Mn of PDMS and pHEMA. The number-average
molecular weight (Mn) and polydispersity index
(PDI) of pHEMA-PDMS-pHEMA copolymer were
characterized by gel permeation chromatography.
The triblock copolymer was diluted in THF for GPC
analysis. Molecular weights and molecular weight
distributions were measured according to polysty-
rene standards in high-resolution Waters columns
with THF flow rate at 1 mL/min.
The AFMs were obtained in multimode at scan

rate (10 lm/s) under ambient conditions. Samples
were diluted to 0.2 wt% in methanol and spin-cast
on glass substrate at 3000 rpm for 15 s. with 10�C/
min heating rate. Neat amphiphilic triblock copoly-
mer and MgF2 colloids were dried at vacuum oven
at room temperature for 24 h. Wide angle X-ray
(WAXD) technique was used to determine the struc-
ture of MgF2 colloids stabilized in amphiphilic
triblock copolymers.
Particle size and particle size distribution were

characterized by DLS and TEM. The MgF2-copoly-
mer composites were diluted to 0.1 wt% in metha-
nol, THF, and isopropanol. All solutions were fil-
tered with a teflon membrane (0.45 lm) before
analysis. Scattering measurements were carried out
at 25�C and 90� angle. The TEM samples were
diluted to 0.1 wt% and dropped onto copper TEM
grids. Samples were stained with 1 wt% aqueous
sodium phosphotungstate and dried at room
temperature.

RESULTS AND DISCUSSION

Well-controlled organic/inorganic (acrylic/poly-
dimethylsiloxane) hybrid copolymers were synthe-
sized by ATRP as block or graft-copolymers with
varying compositions to determine structure/property
relationship for different applications such as impact-
resistant materials, thermoplastic elastomers, compati-
bilizers, emulsifiers, membranes, drug-delivery sys-
tems, and biosensors.29–31 In this study, a series of
amphiphilic copolymers of HEMA and PDMS were
prepared by ATRP. Out of the series, one (H80S20)
was chosen as stabilizer for proof of concept to pre-
pare MgF2 nanoparticles. It was anticipated that the
reverse micelles of the copolymer could function as
nanoreactors for precipitation reactions. The stability
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of reverse micelle and solubility of the reactants
where taken into account in the choice of protic and
aprotic polar solvents for this study.

Synthesis of pHEMA-PDMS-pHEMA (ABA)
triblock copolymer

The synthetic route of triblock copolymers with
PDMS (middle block) and pHEMA is outlined in
Scheme 1. The block copolymerizations were carried
out in a mixture of methyl ethyl ketone and propa-
nol using a PDMS macroinitiator. The solvent mix-
ture was needed to ensure solubility of both the
pHEMA and PDMS blocks and resulting copoly-
mers. Nine ABA copolymers were prepared with
block size varying from Mn, 5,000–15,000 g/mol for
the A (pHEMA), and Mn, 1,400–8,000 g/mol for the
B block (PDMS). The copolymers were characterized
by GPC and NMR.

Table I shows the molecular weights and molecular
weight distributions of series of pHEMA-b-PDMS-b-
pHEMA triblock copolymers. From the Table I it is
clear that there is some evidence of a controlled poly-
merization. Although there were some differences
in molecular determination between the three
techniques, this was due to the differences in the
hydrodynamic volume of pHEMA and the standard
polystyrene.32 Polydispersity indexes (PDI) were high
due to broad PDI of the PDMS series used as macroi-
nitiators. The GPCs of PDMS macroinitiator and

pHEMA-b-PDMS-pHEMA block copolymers were all
unimodal and there was an increase of molecular
weight from macroinitiator to block copolymer. The
unimodal polymers suggest the living polymerization
of HEMA with the PDMS-based macroinitiator.
The kinetic data for the formation of amphiphilic

triblock copolymers with three different macroinitia-
tors (Mn, 1.4 K, 4 K, 8 K g/mol) were obtained
by using NMR. In each case, pHEMA blocks
with theoretical number–average molecular weight
(Mn, � 10 K g/mol) were grown on three different
macroinitiators. The kinetic plots of pHEMA-PDMS-
pHEMA are shown in Figure 1. Linear reaction
kinetics was observed implying first-order ATRP
kinetics.33 Linear plots were also consistent with a
constant number of growing species during polymer-
ization. Macroinitiator with the highest molecular
weight (Mn, 8 K g/mol) showed the most rapid poly-
merization whereas other two macroinitiators had
almost same reaction rate. All reaction plots indicated
behavior consistent with a controlled polymerization.
The number average molecular weight and polydis-
persity index as a function of conversion % for
varying macroinitiators were shown in Figure 2.
Number–average molecular weight of amphiphilic
triblock copolymers increased linearly with conver-
sion (%) and polydispersities decreased from � 2 at
low conversions to � 1.5 at high conversions indicat-
ing controlled nature of polymerization.
Nuclear magnetic resonance (NMR) spectroscopy

was used to characterize, determine percent conver-
sion as a function of time, and calculate the number
average molecular weight (Mn). Overall conversion
was around 80% within 1 h. All the block copoly-
mers are dispersible in a mixture of organic and
aqueous-organic solvents. In methanol and metha-
nol–water mixtures, block copolymers containing
PDMS of Mn > 3000 g/mol forms micelles with
PDMS core and pHEMA shell. The formation of
micelles was determined by the use of NMR
spectroscopy. Figure 3 shows the NMR spectra of
pHEMA-b-PDMS-pHEMA in a pHEMA block selective

Scheme 1 Synthesis conditions of macroinitiator and
amphiphilic triblock copolymers.

TABLE I
Molecular Weight and Molecular Weight Distribution of a Series of Block Copolymers Synthesized by ATRP

Theoretical Mn Mn of PDMS PDI of PDMS pHEMA/PDMS Mn (GPC) Mn (NMR) Mw/Mn

H80S20a 10K-4K-10K 3,700 1.92 80.0/20.0 19,300 19,700 1.51
H67S33 5K-4K-5K 3,700 1.92 66.7/33.3 13,400 9,300 1.31
H86S14 15K-4K-15K 3,700 1.92 85.6/14.4 35,100 28,900 1.53
H71S29 10K-8K-10K 7,800 2.03 71.4/28.6 27,500 25,300 1.55
H56S44 5K-8K-5K 7,800 2.03 55.6/44.4 21,400 16,400 1.57
H79S21 15K-8K-15K 7,800 2.03 78.9/21.1 41,600 34,600 1.51
H97S3 15K-1.4K-15K 1,400 1.25 97.2/2.8 34,300 22,500 1.46
H92S8 5K-1.4K-5K 1,400 1.25 91.7/8.3 21,200 12,500 1.50
H96S4 10K-1.4K-10K 1,400 1.25 95.7/4.3 31,600 20,500 1.48

aH, pHEMA; 80, wt % of pHEMA in triblock copolymer; S, PDMS; 20, wt % of PDMS in triblock copolymer.
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(d-methanol) and a non-selective (mixture of d-chloro-
form and d-methanol, 1/1 w/w) solvent, respectively.
The polymer sample was dissolved in (1 : 1 w/w)
CD3OD and CDCl3 solvent mixture. The intensity
ratio of -CH3 moiety from PDMS and –OCH2 moiety
from HEMA were used to determine the formation
of micelles in a selective solvent. A decrease of
ACH3/AOCH2 intensity ratio from 0.8 to 0.15 was
observed when the mixture of solvent (mixture of
d-chloroform and d-methanol, 1/1 w/w) was
changed to neat methanol. The decrease of intensity
of ACH3 relative to AOCH2 suggest aggregation of
PDMS part in methanol forming core-shell type
of aggregations (micelles). An interesting behavior
of the pHEMA-b-PDMS-pHEMA copolymer is the
formation of reverse micelles in a PDMS selective
solvent such as mixture of d-chloroform and d-meth-

anol, 4/1 w/w in which pHEMA block was not
soluble. Figure 3(c) shows the NMR spectra of the
block copolymer in d-chloroform and d-methanol,
4/1 w/w. In this mixture of solvent, the CH3/OCH2

intensity ratio increases from 0.8 to 0.9 suggesting
formation of reverse micelle with pHEMA as the
core and PDMS shell.
The particle size and particle size distribution of

copolymer micelles and reverse micelles were
obtained and are shown in Table II. The particle size
distribution and average size of assemblies were
obtained in THF, methanol, and a methanol/water
mixture. Scheme 2 shows a depiction of micelles and
reverse micelles in methanol and THF. In methanol,
the PDMS blocks aggregate in the core and the
hydrophilic pHEMA blocks form the shell. With the

Figure 1 Polymerization kinetic plots of ATRP of
pHEMA-PDMS-pHEMA triblock copolymers with varying
macroinitiators for Mn, 1.4 K, 4 K, 8 K g/mol. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 2 Number average molecular weight (Mn) and
polydispersity index (PDI) for three different molecular
weight macroinitiator with Mn, 1.4 K, 4 K, 8 K g/mol as a
function of conversion %.[Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

Figure 3 NMR spectra of H67S33 in (a) 1/1: methanol/
chloroform, (b) excess methanol, (c) excess chloroform.
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addition of water, i.e., increase of polarity of solvent,
larger micelles are formed especially with increasing
PDMS content. For THF, a reverse micelle is
expected since the pHEMA block is not soluble in
THF.

The block copolymer samples that had less PDMS
content, i.e., H97S3, H92S8, and H96S4 yielded
smaller micelles and micellar aggregates than
H80S20, H67S33, and H86S14 in methanol because of
low ratio of hydrophobic/hydrophilic content. When
the hydrophobic block length is fixed, increasing the
hydrophilic block results in a larger micellar diame-
ter. Consequently, the micellar diameter of H80S33,
H67S20, and H86S14 (molecular weight of hydropho-
bic block is 4 K) with the number–average molecular
weight of hydrophilic block is 5, 10, and 15 K g/mol
were 14, 29.8, and 35 nm, respectively. Similarly,
when unilaterally increasing the molecular weight of
hydrophobic block (H92S8, H67S33, and H56S44) in
series 1.4 K, 4 K, and 8 K g/mol, the micellar diameter
was 10.4, 14.3, and 20.7 nm, respectively. Proportional
behavior of the block molecular weight with micellar
diameter was also observed for the other micelles
including the reverse micelles in THF.

It has been previously reported that the critical
micelle concentration (CMC) of amphiphilic copoly-
mers are dependent on the ratio of hydrophobic/

hydrophilic content.34 This can also affect also the
micelle size and degree of aggregation. The addition
of water into methanol increased the polarity of
the medium pushing the aggregation of the PDMS
blocks at a lower concentration of amphiphilic
triblock copolymer than without the water. For
H86S14, this resulted in an increase in micelles
diameter from 56 nm in methanol to 67.2 nm in a
methanol–water medium.

Precipitation and stabilization of MgF2
nanoparticles

The amphiphilic triblock copolymer (H80S20) was
chosen for a nanoreactor on account of its median

TABLE II
Particle Sizes (Mean Diameters Shown) in Methanol, THF, and Methanol/Water Mixture Obtained by DLS

Sample
Name

Molecular
Weight

PSD in
THF (nm)

THF
(nm)

PSD in
Methanol (nm)

Methanol
(nm)

PSD in
Methanol/Water

(95/5) (nm)
Methanol/Water

(95/5) (nm)

H80S20 10K-4K-10K 1.3 6 0.1 29.8 6 2.0 1.3 6 0.4 38.4 6 2.8 1.2 6 0.1 44.9 6 5.3
17.8 6 0.3 17.8 6 0.6 45.9 6 0.7
85.7 6 0.8 316.2 6 1.2

H67S33 5K-4K-5K 1.2 6 0.2 14.3 6 6.3 1.3 6 0.3 26.1 6 3.1 1.3 6 0.2 36.3 6 3.8
26.7 6 0.7 17.8 6 0.9 54.8 6 2.5

183.8 6 1.5 421.7 6 1.8
H86S14 15K-4K-15K 1.2 6 0.2 35.2 6 5.8 1.2 6 0.2 56.4 6 4.0 1.2 6 0.1 67.2 6 5.6

49.2 6 0.6 15.8 6 0.4 70.0 6 1.6
76.6 6 1.2

H71S29 10K-8K-10K 48.1 6 0.6 33.7 6 5.9 1.1 6 0.1 53.6 6 2.6 54.2 6 0.2 74.8 6 4.0
368.1 6 1.5 25.7 6 1.8 157.6 6 0.15

H56S44 5K-8K-5K 1.2 6 0.2 20.7 6 5.8 1.6 6 0.2 40.2 6 3.9 29.7 6 1.5 59.3 6 5.7
13.2 6 1.1 44.2 6 1.6 82.8 6 3.5

133.3 6 1.6
H79S21 15K-8K-15K 41.6 6 1.2 39.5 6 4.2 2.1 6 0.1 69.3 6 6.9 9.2 86.1 6 5.7

71.9 6 1.5 69.7 6 1.7
183.2 6 0.6

H97S3 15K-1.4K-15K 1.2 6 0.2 22.6 6 4.4 1.3 6 0.3 33.6 6 2.8 1.2 6 0.5 39.0 6 2.8
83.3 6 1.8 13.3 6 1.5 9.8 6 0.7

227.8 6 2.1 133.3 6 2.4 36.0 6 0.8
241.5 6 0.2

H92S8 5K-1.4K-5K 1.42 6 0.2 10.4 6 5.6 1.3 6 0.2 15.6 6 2.7 1.2 6 0.6 24.1 6 4.8
134.1 6 1.4 13.3 6 1.3 16.9 6 0.4

316.2 6 3.3 143.1 6 2.3
H96S4 10K-1.4K-10K 1.3 6 0.1 31.4 6 5.6 1.2 6 0.2 45.4 6 9.2 14.6 6 1.4 60.2 6 5.1

237.1 6 1.3 17.6 6 1.9 178.7 6 1.5
204.7 6 2.2

Scheme 2 Possible assemblies formed in organic solvents.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

6 BAS, CHATTERJEE, AND SOUCEK

Journal of Applied Polymer Science DOI 10.1002/app



size and amenability to the various solvents used in
the synthesis. The synthesis of MgF2 nanoparticles
included two steps. First of all, methanolic magne-
sium chloride was stabilized in reverse micelles of
H80S20 at room temperature. This was followed by
drop-wise addition of methanolic solution of potas-
sium fluoride. The preparation of the MgF2 colloids
is shown in Scheme 3.

Wide angle x-ray diffraction analysis

The X-ray analysis for thin films of the amphiphilic
triblock copolymer and MgF2 colloids with varying
weight percentage is shown in Figure 4. The MgF2
crystals without the triblock copolymer were also
synthesized from same stock solutions used for the
synthesis of the stabilized MgF2 colloids. A strong
peak at 27.3� (2y) was attributed to the 110 reflection
of randomly oriented MgF2.

21 This peak was also
obtained in the 5 and 10 wt% colloids stabilized in
triblock copolymers. On the other hand, the 110
reflection peak was not observed for the 0.5 wt%
MgF2. This was probably due to concentration limits
of the instrument. A broad peak was observed
at 12.5� for triblock copolymer due to presence
of amorphous PDMS. This broad peak slightly
shifted to lower 2y angle as concentration of MgF2
increased.

AFM analysis

The film morphology of micelle films and micelle
stabilized nanoparticle (MgF2) composite were inves-
tigated by AFM. The AFM images of amphiphilic
triblock copolymers and MgF2 colloids with triblock
copolymer stabilizers are shown in Figures 5 and 6.
No phase separation was observed for the triblock
copolymer film since long pHEMA blocks resulted
in chain entanglements and the formation of dis-
ordered sphere morphology. MgF2 colloids with
100 nm diameter were observed. MgF2 colloids were

organized as loosely packed arrays indicating well-
dispersed reverse micelles.

DLS and TEM analysis

Table III shows the particle size and particle size dis-
tribution (PSD) of amphiphilic triblock copolymers
and copolymer stabilized MgF2 colloids. The MgF2
colloids were dispersed in organic solvents such as
methanol, THF, and isopropanol. The multimodal
particle size distribution was observed when THF
and isopropanol were used which implied poor
dispersion. However, a narrower particle size distri-
bution was observed for MgF2 colloids when
dispersed in methanol indicating that the reagglom-
eration of the colloid was prevented.35

Figures 7–9 show TEM micrographs which show a
comparison of triblock copolymers with and without
a MgF2 core cast from methanol, THF, and isopropa-
nol. A higher contrast was observed in the TEM
micrograph of MgF2 colloids stabilized with triblock
copolymer relative to the amphiphilic triblock

Scheme 3 Schematic representation for the synthesis of the MgF2 colloid in the core of reverse micelles.

Figure 4 Representation of the XRD pattern for neat tri-
block copolymer (H80S20) and MgF2 colloids with varying
weight %, 0.5, 5, and 10 wt% in stabilizer (neat triblock
copolymer). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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copolymer. The increase in the contrast of MgF2
colloids could be attributed to metal salt core. Addi-
tionally, the particle size of triblock copolymer
was observed to increase after the anion metathesis
reaction occurred between MgCl2 and KF.

TGA analysis

TGA of amphiphilic triblock copolymer and MgF2
colloids with varying weight percentage in copoly-
mer is shown in Figure 10. As expected, the stabi-
lized MgF2 colloids had better thermal stability
than the triblock polymer alone. The decomposition
of amphiphilic triblock copolymer started at 290�C
with and without the metal salt core. The polymer–

nanoparticle composites with 0.5 wt% MgF2 had a
thermal decomposition at 335�C, whereas the
decomposition of 10 wt% MgF2 colloid was slightly
higher at 370�C. It is presumed that the PDMS
block decomposed at 530�C as observed most pre-
dominately in triblock copolymer without the metal
salt core (stabilizer). The triblock copolymer and
copolymer with 0.5 wt% MgF2 colloids were fully
decomposed by 650�C. A residue of 15 and 20 wt%
remained up to 700�C for the 5 and 10 wt% MgF2
colloids, respectively. Only the 10 wt% MgF2
colloid showed a single-step decomposition. In
addition, the entire thermogram and hence the
decomposition temperature was shifted 50�C
higher. This showed some beneficial interaction

Figure 5 Tapping mode AFM profile of pHEMA-PDMS-pHEMA triblock copolymer (H80S20) cast from methanol,
(a) height image, (b) phase image. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 6 Tapping mode AFM profile of 0.5 wt% MgF2 colloids stabilized in pHEMA-PDMS-pHEMA triblock copolymer
(H80S20) cast from methanol, a) height image, b) phase image. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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between the metal salt and the triblock copolymer
at a 10 wt% ratio.

Stable MgF2 nanoparticles in the dispersion of
pHEMA-PDMS-pHEMA copolymers were success-
fully synthesized. Reaction between methanolic mag-
nesium chloride and potassium fluoride was
expected to occur in reverse micelles of amphiphilic
triblock copolymers. The formation of MgF2 crystals
was confirmed by using X-ray diffraction (XRD). A
broad peak was observed at 27.3� belong to (110)
reflection. This was anticipated due to small crystal
size of MgF2.

18 Rutnakornpituk et al. showed that
particle size increased as the concentration of
Co2(CO)8 increased in the dispersion of triblock

copolymers.19 Similarly, as the concentration of
methanolic MgCl2 (0.5, 5, 10 wt%) increased in the
reverse micelles, the particle size of MgF2 colloids
dissolved in methanol increased. However, no corre-
lation was found between the particle size of MgF2
colloids and the concentration of methanolic MgCl2.
Guo et al. attributed this observation to solvent-
responsive behavior of block copolymer stabilizers
in different organic solvents due to Flory-Huggins
interaction parameters between stabilizers and
organic solvents.17

The synthesis of MgF2 through chemical precipita-
tion in reverse micelles has not been previously
reported. The amphiphilic triblock polymers in this
study were relatively inexpensive, insulating, and

TABLE III
Hydrodynamic Diameter of Neat Amphiphilic Triblock
Copolymers and MgF2 Colloids with Varying Ratio, 0.5,

5, 10 wt % in Triblock Copolymer

Solvent

0.5 wt%
MgF2 Colloid
size by DLS

5 wt% MgF2
Colloid size
by DLS

10 wt% MgF2
Colloid

size by DLS

Methanol 36.5 6 4.6 1.7 6 0.3 3.3 6 0.1
41.7 6 4.2 54.0 6 5.9

THF 1.4 6 0.2 1.2 6 0.2
16.2 6 2.1 1.3 6 0.2 5.2 6 1.7
79.1 6 7.8 19.1 6 2.1 26.9 6 3.9

241.2 6 15.7 53.7 6 5.8 100.6 6 14.1
Isopropanol 1.4 6 0.3 1.3 6 0.1 1.2 6 0.1

33.6 6 3.4 50.1 6 5.1 10.2 6 1.4
269.8 6 16.1 105.4 6 13.4

MEK Not soluble
0.5 wt% MgCl2
in methanol

12.7 6 2.5
121.9 6 13.9

Figure 7 TEM micrograph of 0.5 wt% MgF2 colloids
stabilized in methanol by triblock copolymer (H80S20),
inset: triblock copolymer dissolved in methanol without
metal salt.

Figure 8 TEM micrograph of 0.5 wt% MgF2 colloids
stabilized in THF by triblock copolymer (H80S20), inset:
triblock copolymer dissolved in THF without metal salt.

Figure 9 TEM micrograph of 0.5 wt% MgF2 colloids sta-
bilized in isopropanol by triblock copolymer (H80S20),
inset: triblock copolymer dissolved in isopropanol without
metal salt.
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transparent. By varying blocks of the polymers, it
is envisioned that the 3D organization of nanopar-
ticles,36 polymer–nanoparticle interaction, mag-
netic,37 and optical38 properties, and processability
of nanoparticle–polymer composites can be tuned.
The MgF2 colloids have the potential to be used
as optical materials as well as abrasion and scratch
resistant coatings.39,40

CONCLUSIONS

A series of pHEMA-b-PDMS-b-pHEMA amphiphilic
triblock copolymers were prepared by ATRP. These
block copolymers are well controlled in molecular
weight and have low molecular weight distribution
as found from GPC and NMR. MgF2 nanoparticles
were successfully synthesized by the chemical
precipitation of magnesium chloride and potassium
fluoride in reverse micelles of pHEMA-PDMS-
pHEMA triblock copolymers. MgF2 nanoparticles
with triblock copolymers were dispersed in organic
solvents such as methanol, THF, and isopropanol. The
MgF2 colloids were observed to be well-dispersed. In
these organic solvents, the DLS analysis showed
MgF2 colloids had different particle size and particle
size distribution due to solvent-responsive conforma-
tional changes in hydrodynamic volume of triblock
copolymers. The formation of MgF2 was proven by a
strong peak at 27.3� (2y) in XRD. The TGA showed
MgF2 colloids improved thermal stability of pHEMA-
PDMS-pHEMA triblock copolymers.
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Figure 10 Thermogravimetric analysis of pHEMA-PDMS-
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