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ABSTRACT: The lower critical solution temperatures
(LCSTs) were verified and determined for different molar
feed ratios of N-isopropylacrylamide (NIPAAm) and 2-
hydroxyethyl methacrylate (HEMA) monomers with ultra-
violet spectroscopy and differential scanning calorimetry
techniques. Increases in the NIPAAm monomer content
played a crucial role in the LCST, which increased up to
36.7�C at 50 mol %. However, a further increase in the
NIPAAm monomer content steadily reduced the LCST,
which decreased to 33�C at 100 mol % NIPAAm [i.e., pure
poly(N-isopropylacrylamide)]. The rate of copolymeriza-
tion, assessed by the conventional conversion (%)–time
method, and the apparent activation energies were deter-
mined. The reactivity ratios of the monomers, determined
by the Kelen–Tudos and Fineman–Ross techniques, to-
gether with the results of an equation, showed that the co-

polymer which formed was an alternating copolymer. The
Q–e values for the NIPAAm monomer were determined.
The equation showed the linear Arrhenius behavior of
ln(r1r2) versus the reciprocal of the temperature (where r1
and r2 are the reactivity ratios of NIPAAm and HEMA,
respectively): the activation energy difference [i.e., (E12 þ
E21) � (E11 þ E22), where E12, E21, E11, and E22 are various
activation energies] was found to be �109 kJ/mol. The
copolymers were characterized with 1H-NMR, 13C-NMR,
Fourier transform infrared, ultraviolet–visible, thermogravi-
metric analysis, differential scanning calorimetry, X-ray
diffraction, and scanning electron microscopy techniques.
VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 110: 2815–2825, 2008
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INTRODUCTION

In recent years, the synthesis of stimuli-responsive
hydrogels has received increasing and crucial impor-
tance because of their wide range of uses, such as
drug delivery and separation processes.1–3 These
smart hydrogels, which undergo abrupt changes in
response to changes in surrounding conditions, such
as temperature,4,5 pH,6,7 chemicals,8 photoirradia-
tion,9 and electric fields,10 are industrially important.
Thermally reversible hydrogels have recently
attracted increasing interest in biotechnology for bio-
medicine.11 As the temperature of thermosensitive
polymer solutions increases, phase separation occurs
when the temperature exceeds a definite value; this
solution temperature is known as the lower critical
solution temperature (LCST), and it is known to be
reversible and quite sharp in some cases.

N-alkyl-substituted polyacrylamides that contain
hydrophilic and hydrophobic parts in their chemical
structures are good examples of polymers that have
an LCST in aqueous solutions. The most well known
of them, poly(N-isopropylacrylamide) [poly(NI-
PAAm)], exhibits an LCST of about 32�C in an aque-
ous medium. It assumes a random coil structure
(hydrophilic state) below the LCST and a collapsed
globular structure (hydrophobic state) above the
LCST.12,13 Furthermore, the closeness of the LCST of
poly(NIPAAm) (i.e., � 32�C) to the physiological
temperature (i.e., 37�C) and the ability to change the
LCST value by a copolymerization process have cre-
ated a fertile area of research for biomedical applica-
tions, such as the controlled release of drugs and
tissue engineering.14

Poly(2-hydroxyethyl methacrylate) [poly(HEMA)]
is a favorable biomaterial because of its excellent
biocompatibility and physicochemical properties,
which are similar to those of living tissues.15,16 It
also exhibits good chemical and hydrolytic stability
and good tolerance for entrapped cells. Poly(HEMA)
has also been widely used as the backbone for syn-
thesizing stimuli-responsive hydrogels.17,18
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The formation of copolymers that may have an
LCST is of major importance because of the large
contribution of such copolymers to drug delivery
systems. Thus, the choice of the N-isopropylacryla-
mide (NIPAAm) monomer, which contains hydro-
philic and hydrophobic segments in addition to its
good solubility in water, together with the 2-hydrox-
yethyl methacrylate (HEMA) monomer, which con-
tains mainly hydrophilic moieties, can form a fertile
area for tailoring copolymers that can fit onto differ-
ent site-specific release drugs. Furthermore, the well-
known LCST of poly(NIPAAm) at 32�C and the abil-
ity to change the LCST value through copolymeriza-
tion form the basis of this work. Different modified
natural and synthetic copolymers have been used
in our laboratory to meet the optimum copolymer
properties for sustained release studies19–22 This
work was aimed at optimizing the kinetic and physi-
cal properties of the formed N-isopropylacrylamide-
alt-2-hydroxyethyl methacrylate (NIPAAm-alt-
HEMA) copolymer to pave the way for using such
systems in the future sustained release of drugs.
Thus, the LCST verification of NIPAAm-alt-HEMA
copolymers with different molar ratios, the rates of
copolymerization, and the apparent activation ener-
gies were determined. Moreover, the reactivity
ratios, determined with the Kelen–Tudos23 and Fine-
man–Ross techniques,24 were investigated in differ-
ent solvents. Eventually, through eq. (2), the effects
of the types of copolymers (i.e., the r1r2 value, where
r1 and r2 are reactivity ratios) on the temperature,
which followed Arrhenius behavior, were evaluated.

EXPERIMENTAL

Materials

The monomers NIPAAm (Acros Chemicals Co.) and
HEMA (96%; Acros Chemical) were kept in a refrig-
erator and used as received. N,N,N0,N0-Tetraethy-
lenediamine (Sigma–Aldrich), used as an accelerator,
was used as received; potassium peroxodisulfate
(BDH Chemicals, Ltd.), used as an initiator, was fur-
ther purified by recrystallization. All solvents and
other chemicals were analytical-grade.

Synthesis of NIPAAm-alt-HEMA

Various molar feed ratios of NIPAAm to HEMA
(0.66, 1.0, 1.3, 1.5, 3.0, and 9.0) were synthesized as
follows. Each monomer concentration was dissolved
in 25 mL of deionized water, 50% (v/v) water/etha-
nol, or 50% (v/v) water/acetone. The solutions were
sparged with N2 for 5 min or until the monomer
was dissolved. To each solution, 5 mL of 10% (w/w)
potassium peroxodisulfate and 5 mL of 10% (w/w)
N,N,N0,N0-tetraethylenediamine with respect to the

total monomer weights were added under an N2

atmosphere. Then, the mixture was set in a 250-mL,
round-bottom flask and sealed under an N2 atmos-
phere for 3.5 h in a water bath fixed at 30�C. After
the copolymerization was complete, the product was
poured into an excess of chloroform, stirred for 15
min, and washed with hot deionized water to
remove the homopolymers; it was then filtered and
dried in an oven at 80�C for 8–12 h. The samples
were further purified via centrifugation. The weight-
average molecular weight was determined with a
light scattering technique 25

Phase-transition determination

Cloud-point measurements

A Shimadzu (Japan) UV-2401 spectrophotometer
supplied with a heating control device was used to
detect the cloud point (or LCST) at kmax ¼ 312 nm.
Each sample was heated from 25 to 50�C at a heat-
ing rate of 2�C/min, and the transmittance (%) was
monitored. A sudden transmittance (%) decay indi-
cated the formation of turbidity, which was a pre-
step before precipitation. The cloud point was taken
as the midpoint between the onset and end set of
the transmittance (%) decay. All measurements were
reproducible.

Differential scanning calorimetry (DSC)

A Shimadzu TA-50 differential scanning calorimeter
was used to estimate the LCST of each copolymer as
the abscissa of the maximum of the endothermic
peak. Aluminum pans containing 7 � 1 mg samples
were first heated from 25 to 50�C at a heating rate of
10�C/min, and then a double run was performed af-
ter cooling at a heating rate of 2�C/min from 25 to
50�C. The glass-transition temperature was meas-
ured first with heating at 50�C/min, then with cool-
ing, and then at a second heating rate of 2�C/min;
the glass-transition temperature was taken as the
midpoint of the transition.

Instrumentation
1H- and 13C-NMR spectroscopy

The 1H- and 13C-NMR spectra of the copolymers
were recorded on a Bruker Biospin spectrometer
(400 MHz) in deuterated water and acetone; the
samples were macerated in a solvent for 1 day.
Chemical shifts (d) are given in parts per million
with tetramethylsilane as an internal standard. The
molar ratios of the monomers in the copolymer were
determined from the ratio of C-11 (i.e., carbon of the
amide group in NIPAAm) to C-12 (i.e., carbon of the
ester group in HEMA), which then were used with
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Kelen–Tudos and Fineman–Ross techniques to deter-
mine the reactivity ratios of the copolymers.

Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded with a Thermo Nicolet
(United States) Avator 360 FTIR spectrophotometer
in the range of 4000–400 cm�1 with KBr pellets. The
disks were prepared with a 6% (w/w) sample/KBr
powder ratio. The molar ratio of the monomers in
the copolymer could be further determined from the
ratio of the absorbance of the carbonyl stretching of
the amide group of NIPAAm (i.e., at 1646 cm�1) to
the absorbance of the carbonyl stretching of the ester
group of HEMA (i.e., at 1724 cm�1), and this ratio
was conclusively further used to investigate the
reactivity ratios of the copolymers.

Thermogravimetric analysis (TGA)

All samples were studied with a Shimadzu TA-50
thermogravimetric analyzer. The decomposition tem-
perature measurements by TGA were carried out on

7 � 1 mg samples under an N2 atmosphere at a
heating rate of 10�C/min from 25 to 500�C.

X-ray diffraction

X-ray diffraction studies were performed with a
Philips-Holland model PW 1729 diffractometer
equipped with copper as the target material under
the operational conditions of 30 kV, 40 mA, and a
wavelength between 1.54060 and 1.54438 Å. The
samples were scanned between 5 and 100�.

Scanning electron microscopy (SEM)

SEM images were taken with Polaroid film. The
samples in film form were mounted on specimen
stubs and coated with gold ions by a sputtering
method with a Zeiss (United States) DSM 950 and a
Polaron E6100. Electronic absorption spectroscopy
was performed with a Unican Helios Alpha
apparatus.

RESULTS AND DISCUSSION

Characterization of the NIPAAm-alt-HEMA
copolymer
1H-NMR, 13C-NMR, and FTIR spectroscopy

Figures 1 and 2 show the 1H-NMR and 13C-NMR
spectra of an NIPAAm-alt-HEMA copolymer. Figure
3 shows the FTIR spectra of samples with all the
molar ratios. The OH stretching located at 3450
cm�1 disappeared as the molar ratio changed from
0.66 to 9.0 because of the reduction of the HEMA
content in the copolymer.

Thermal analysis and X-ray spectroscopy

Figure 4 presents the TGA and its derivative for an
NIPAAm-alt-HEMA copolymer with a 1.0 molar

Figure 1 1H-NMR spectrum of an NIPAAm-alt-HEMA
copolymer with a molar ratio of 1.0.

Figure 2 13C-NMR spectrum of an NIPAAm-alt-HEMA
copolymer with a molar ratio of 1.0.

Figure 3 FTIR spectra of NIPAAm-alt-HEMA copolymers
with different molar ratios.
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ratio, which serves as an example for all the sample
copolymers. Furthermore, Table I illustrates the
thermal parameters determined from each sample,
including the decomposition temperatures for the
NIPAAm polymer fraction and HEMA polymer and
the glass-transition temperatures, as well as the
crystallinity (%) of the samples determined from the
powder X-ray spectra.

On the basis of the decomposition temperatures of
pure poly(NIPAAM) and pure poly(HEMA), the two
decomposition temperature peaks appearing for the
copolymers could be attributed to NIPAAm and
HEMA, respectively. The decomposition tempera-
ture of NIPAAm in the copolymers did not change
from that of pure poly(NIPAAm), except at the
molar ratios of 3.0 and 9.0, whereas all decomposi-
tion temperatures of HEMA in the copolymer
increased by about 40�C on average with respect to
pure poly(HEMA). This shift toward higher temper-
atures could indicate the presence of NIPAAm seg-
ments bonded to HEMA molecules, and so their

resistance to temperature was increased; then, the
leftover chains of NIPAAm decomposed at nearly
the decomposition temperature of pure poly(NI-
PAAm). At higher molar ratios (i.e., 3.0 and 9.0),
small fractions of HEMA segments were incorpo-
rated between the larger fraction of NIPAAm, and
this caused a decrease in the decomposition temper-
ature of about 15�C (i.e., a 9.0 molar ratio). The
glass-transition temperatures at the molar ratios of
0.66, 1.0, and 1.3 were found to be below those of
pure poly(NIPAAm) and pure poly(HEMA), and
this could indicate that the formation of the copoly-
mer reduced intermolecular and intramolecular
forces between chains, reduced the chain alignment,
and consequently enlarged the end-to-end distance
in these amorphous polymers; at the end, this led to
the glass-transition temperature declining. In addi-
tion, using higher molar ratios (i.e., 3.0 and 9.0)
weakened and diminished the presence of HEMA
repeating units in the structure, and thus the glass-
transition temperatures increased enough to be close
to that of pure(NIPAAm).
The crystallinity (%) of poly(NIPAAm) was 0, as

shown in Figure 5 and Table I, and this means that
it was totally amorphous, whereas the crystallinity
was 11.1% for pure poly(HEMA). The 0.66 molar ra-
tio showed a 100% amorphous system, whereas the
1.0 and 3.0 molar ratios showed very small amounts
of crystallinity (i.e., 2.6 and 2.2%). These results indi-
cate that the copolymers which formed did not en-
courage chain alignment to form crystalline regions
because of the larger pendant groups. These pendant
groups contained many partially charged atoms,
which could be attracted or repelled through intra-
molecular or intermolecular forces, which then
destabilized the chains, caused an expected increase
of the end-to-end distance, and consequently dimin-
ished the chain alignment and crystallinity. This lack
of crystallinity (%) and the consequences explained
the large decrease in the glass-transition tempera-
tures of the copolymers.TABLE I

Thermal Properties of NIPAAm-alt-HEMA Copolymers
with Different Molar Ratios

Sample

Tdecomposition (�C)a
Tg

(�C)b
Crystallinity

(%)cNIPAAm HEMA

Poly(NIPAAm) 422 — 140 0.0
Poly(HEMA) — 318 104 11.1

0.66 424 355 92 0.0
1.0 423 367 88 2.6
1.3 422 364 92 —
1.5 426 370 118 —
3.0 414 369 122 2.2
9.0 407 — 134 —

a Decomposition temperature derived from the TGA
derivative.

b Glass-transition temperature derived from DSC.
c Derived from X-ray spectra.

Figure 5 X-ray diffraction patterns of NIPAAm-alt-
HEMA copolymers with different molar ratios.

Figure 4 TGA thermogram of an NIPAAm-alt-HEMA co-
polymer with a molar ratio of 1.0.
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SEM

The morphology of the copolymers with different
molar ratios is shown in Figure 6.

The structures of poly(NIPAAm) and the copoly-
mer with a molar ratio of 0.66, which showed totally
amorphous systems, had smooth and slick surfaces

Figure 6 SEM micrographs of (a) poly(NIPAAm), (b) poly(HEMA), (c) an NIPAAm-alt-HEMA copolymer with a molar
ratio of 0.66, (d) an NIPAAm-alt-HEMA copolymer with a molar ratio of 1.0, and (e) an NIPAAm-alt-HEMA copolymer
with a molar ratio of 3.0.
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with a hole diameter of around 300–500 lm, whereas
the copolymers with molar ratios of 1.0 and 3.0,
which previously showed very low crystallinity (%),
showed a two-dimensional slippery aggregate struc-
ture with holes of 250–500 lm. Partially crystalline
poly(HEMA) (i.e., crystallinity ¼ 11.1%) showed
flaked, rocky structures that contained some oriented
cracks, which resembled the crystalline region in
poly(HEMA). The amorphous structure of the sam-
ples and hence the rocky aggregate structures did
not allow further investigation of the outer morpho-
logical structures.

Phase-transition determination

Cloud-point measurements

The cloud point is the point at which a solution
turns from transparency (i.e., quite soluble) into a
turbid solution (i.e., partially soluble) as a result of a
phase-transition change, which eventually leads to

precipitation. This phase change takes place at a cer-
tain temperature called the LCST. Loh et al.26 sug-
gested a mechanism of phase separation that takes
place at LCST. It assumes that at a certain tempera-
ture (i.e., the LCST), the copolymer changes its
conformation; consequently, polymer–polymer inter-
actions become much more favorable than polymer–
water interactions, and a polymer aggregates forms
that eventually leads to phase separation.
Using ultraviolet spectroscopy, one can detect an ab-

rupt change in the transmittance (%) at elevated tem-
peratures: a sudden drop in the transmittance (%) at a
certain temperature takes place as a result of solution
turbidity (i.e., phase separation), and then the LCST is
detected. Figure 7 shows a photograph of a polymeric
solution before and after it reaches the LCST.
The control of the LCST of a copolymer can be

accomplished through the adjustment of the relative
hydrophobicity of the copolymer. Thus, the LCSTs
for copolymers of different molar ratios with increas-
ing hydrophobicity (i.e., 0.66, 1.0, 1.3, 1.5, 3.0, and
9.0) as well as pure poly(NIPAAm) and pure poly
(HEMA) were investigated. The change in the trans-
mittance (%) with increasing temperature for the
samples is shown in Figure 8. Furthermore, the
determined LCSTs are plotted versus the NIPAAm
content (mol %) in Figure 9.
These two figures show that the LCST first

increased from 35�C for pure poly(HEMA) to 36.7�C
for 50 mol % NIPAAm, and then it sharply declined
exponentially to 33�C, which is the LCST of pure
poly(NIPAAm). It is known that NIPAAm contains
hydrophobic and hydrophilic groups, whereas poly
(HEMA) contains only hydrophilic groups. Thus, the
increase shown in Figure 3 is due to the presence of
more hydrophilic groups in the copolymer on
account of the larger HEMA fraction, whereas as the
content of NIPAAm increased, a decline in the LCST
values was noticed because of the increase in the

Figure 7 Photographs of an NIPAAm-alt-HEMA copoly-
mer with a molar ratio of 9.0 (A) before reaching LCST
and (B) after reaching LCST.

Figure 8 Change in the transmittance (%) versus the
temperature.

Figure 9 Changes in LCST with the NIPAAm monomer
content (mol %).
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hydrophobicity of the copolymer, which encouraged
the copolymer to depart from the solution at lower
temperatures. Thus, the LCST can be controlled
through the adjustment of the fraction of hydropho-
bicity in the copolymers that are formed, and conse-
quently, the temperature at which the copolymers
can dissolve or precipitate can be controlled. This
fact is very important for drug delivery and site-spe-
cific release applications.

DSC

Conventional DSC provides information about the
overall heat flow measured as a function of tempera-
ture or time. It has been reported that the sharpness of
the phase transition of copolymers becomes very low
with increasing comonomer content (i.e., HEMA in
our case) with respect to the very sharp transition for
aqueous solutions of poly(NIPAAm).27 This can be
seen in Figure 10, in which the LCST is indicated by
an arrow. The molar ratio of 9.0 shows a clear endo-
therm of the LCST at 33�C, whereas the other molar
ratios show a loss of sharpness of the phase transition.

Thus, the random endotherm oscillations in the
thermogram, which then confuse the determination
of the LCST, require deconvolution of peak overlap-
ping through more sophisticated and modulated
DSC techniques (of which we were not capable), and
the determination of the LCST was conclusively
monitored via ultraviolet spectroscopy, as mentioned
previously, and then fitted to the conventional DSC
thermogram in Figure 10.

Kinetic analysis

The study of some kinetic parameters such as the
rate of copolymerization and the apparent activation
energy illuminates a molecular-level investigation of
the effects of two monomers competing with each
other to enter a chain headed by an M1 or M2 radi-
cal. Thus, conventional plots of the conversion (%)
versus time were plotted in the temperature range
of 20–40�C (Fig. 11). The rate of polymerization was
determined from the non-steady-state curve. Table II
summarizes the kinetic parameters deduced directly
from the conversion (%)–time plot for the copoly-
mers of different molar ratios.
Table II shows that the rate of polymerization, cal-

culated from the slope of the conversion (%) versus
time, increased as the temperature increased for all
copolymer molar ratios, which necessarily showed
Arrhenius behavior, and eventually the apparent
activation energy could be calculated through an
Arrhenius relationship. Furthermore, as the molar
ratio increased (i.e., the NIPAAm monomer
increased), the apparent activation energy increased,
and this emphasized that the NIPAAm monomer
could favor and more easily interact with the HEMA
monomer than itself. This preference and the higher
activation energy were reflected quite clearly in the
molecular weight of the copolymer. Because the po-
lymerization time was fixed at 3.5 h and the activa-
tion energy was larger at larger NIPAAm contents,
the entrance rate of the NIPAAm monomer into the
chain became slower; consequently, the molecular
weight at the end of the polymerization process was
less. This could be clearly seen through the large
molecular weight at the molar ratio of 0.66 (i.e.,
1,400,000), which became 110,000 at the molar ratio
of 3.0. Thus, the increase in the NIPAAm content in
the copolymer conclusively caused a higher activa-
tion energy and a lower average molecular weight,
and it further reflected the alternating behavior of

Figure 10 DSC thermograms of NIPAAm-alt-HEMA
copolymers with different molar ratios.

Figure 11 Conversion (%) versus time for a molar feed
ratio of 1.0 at different temperatures.
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the copolymer from the NIPAAm monomer to the
HEMA monomer.

Reactivity ratios

The reactivity ratios of the copolymer were thor-
oughly determined with two techniques, Kelen–

Tudos, and Fineman–Ross, in three different sol-
vents: water, 50% (v/v) water/ethanol, and 50% (v/

v) water/acetone. The experimental molar ratios

were determined with 13C-NMR through the inten-

sity ratio of C-11 to C-12 (see Fig. 1) and with FTIR

spectroscopy through the ratio of the absorbance of

CO (amide) in NIPAAm (i.e., at 1724 cm�1) to the

TABLE II
Kinetic Parameters of NIPAAm-alt-HEMA Copolymers with Different Molar Ratios

Molar ratio
Temperature

(�C)
Time
(min)

Yield
(%)

Rp

(g/L s)a
Ea

(kJ/mol)b Mw
c

0.66 20 15 00.38 0.0808 7.90
30 11.28
45 12.38
60 18.53

30 15 26.53 0.2260 1,400,000
30 36.04
45 37.87
60 30.18

40 15 12.97 0.0940
30 14.52
45 18.75
60 22.74

1.0 20 15 16.17 0.2917 23.34
30 29.31
45 45.74
60 53.66
30 54.87 330,000
45 55.40
60 48.24

40 15 38.15 0.5432
30 55.97
45 58.22
60 55.62

3.0 20 15 12.05 0.4277 11.40
30 28.66
45 38.03
60 38.83

30 15 15.00 0.4307 110,000
30 12.76
45 20.24
60 24.13

40 15 12.96 0.5841
30 14.52
45 18.74
60 22.73

9.0 20 15 07.80 0.7440 17.70
30 16.19
45 25.89
60 29.14

30 15 11.34 0.9341
30 20.37
45 50.68
60 49.94

40 15 18.59 1.1904
30 16.16
45 18.97
60 15.59

a Rate of copolymerization.
b Activation energy.
c Weight-average molecular weight determined by a light scattering technique.25
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absorbance of CO (ester) in HEMA (i.e., at 1646

cm�1). For greater convenience, the molar ratios
were further calculated and compared with the
experimentally determined value through the fol-
lowing relation.25

F1 ¼
r1f

2
1 þ f1f2

r1f 21 þ 2f1f2 þ r2f 22
(1)

where F1 is the molar ratio and f1 is the molar ratio
in the feed. The use of three different solvents was
meant to confirm the reactivity ratio determinations.
Furthermore, with the Alfrey–Price relationship,28

the Q and e values were determined for the
NIPAAm monomer. Table III illustrates the physical
properties of the different molar ratios in the feed in
different solvents. The agreement of the calculated
molar ratios and the experimental molar ratios deter-
mined by 13C-NMR and FTIR spectroscopy with the
three different solvents was very good and con-
firmed the accuracy of the results. This accuracy was
reflected in the determination of the reactivity ratios
for NIPAAm (r1) and HEMA (r2), as Table III sug-
gests, where r1 shows a very clear-cut alternating
behavior of the NIPAAm monomer toward the
HEMA monomer, whereas HEMA showed random
behavior toward NIPAAm. This could be seen in the
series for both techniques. In both techniques, the
product of r1r2 confirmed that the copolymer was an
alternating type. An investigation of the numerical r1
and r2 values confirmed that the alternating behavior
was from the NIPAAm monomer only. Thus, the
copolymer sequence probably consisted of a large
sequence of alternating repeating units with some
randomness, especially when the content of HEMA
was larger in the copolymer.

The Q value in the Alfrey–Price equation repre-
sents the reactivity or resonance stability of the mac-
roradical (M1

�) of the double bond as a result of the
withdrawal or release of electrons to or away from
the double bond. Higher Q values indicate a larger
release of electrons to the double bond from pendant
conjugated groups (i.e., higher reactivity), whereas
lower Q values indicate a larger withdrawal of elec-
trons away from the double bond to the pendant
groups. The e value in the Alfrey–Price equation rep-
resents the polarity of the monomer in question.
Higher e values indicate greater electron-withdraw-
ing power of the a substituents on the vinyl mono-
mer and hence greater partial charges on the
monomer. The Q–e values for our desired NIPAAm
monomer were determined with the two techniques
and different solvents. Table III shows that the Q
values were around 2.0 in water and water/ethanol
solvents. Such Q values for NIPAAm in comparison
with similar structures that have electron-conjugated

pendant groups such as benzyl methacrylate (Q ¼
3.64) and other monomers24 reflect that NIPAAm
monomer reactivity can be classified as moderate.
Furthermore, the NIPAAm monomer has higher po-
larity than the standard styrene monomer (e ¼ �0.8),
whereas it is less polar than methacrylamide (e ¼
2.24). The partial charges on the functional groups,
which can cause polarity on the NIPAAm monomer,
can probably lead to weakened intramolecular and
intermolecular forces between chains and thus
impose a lower glass-transition temperature, reduce
the crystallinity (%), and increase polymer amor-
phous behavior.
It is further known that the Q–e values are de-

pendent on the r1r2 product, so if any error in this
product exists, it will be directly reflected in the ac-
curacy of the Q–e values. The determination of r1r2
product values with different solvents and different
techniques was meant to narrow the error range and
thus to determine the Q–e values to the greatest ac-
curacy; thus, our data were found to be in accord-
ance with literature values.29

Kinetic parameter r1r2

Equation (2) was investigated30 to correlate the r1r2
product exponentially with the temperature as
follows:

r1r2 ¼
A11A22

A12A21
exp

E12 þ E21ð Þ � E11 þ E22ð Þ
RT

� �
(2)

where E12 is the activation energy of monomer 2
needed to join the M1

� macroradical chain and E21 is
the activation energy of monomer 1 needed to join
the M2

� macroradical chain. Furthermore; E11 is the
activation energy of monomer 1 needed to join the
M1

� macroradical chain, and E22 is the activation
energy of monomer 2 needed to join the M2

� macro-
radical chain. If ln(r1r2) in eq. (2) is plotted versus
the reciprocal of the temperature in kelvins (1/T),
the overall activation energy, DE ¼ (E12 þ E21) �
(E11 þ E22), can be determined. Table IV illustrates
changes in the r1r2 product with temperature
changes that were determined with the Kelen–Tudos
technique.
Figure 12 shows the linear relationship of ln (r1r2)

versus 1/T, which is derived from eq. (2). The over-
all activation energy [i.e., (E12 þ E21) � (E11 þ E22)]
was found to be �109 kJ/mol. This value confirms
(E12 þ E21) � (E11 þ E22); consequently, monomer 1
prefers interacting with the M2

� macroradical chain,
and monomer 2 prefers interacting with the M2

�

macroradical chain. This conclusively confirms the
alternating behavior of the monomers toward each
other.
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CONCLUSIONS

The synthesis, characterization, and physical and
kinetic properties of thermosensitive NIPAAm-alt-
HEMA copolymers were studied. Several conclu-
sions were drawn:

• The LCST of various NIPAAm-to-HEMA molar
ratios first increased as result of increasing
NIPAAm content from 35�C [pure poly(HEMA)]
to a maximum value of 36.7�C at 50 mol %
NIPAAm, and then it declined to 33�C, the
LCST of pure poly(NIPAAm). This behavior was
attributed to the increase in the hydrophobicity
as the NIPAAm content (mol %) increased, and
consequently, the ability of water molecules to
dismiss polymer chains from the solution at
lower temperatures increased.

• The increase in the molar feed ratio could affect
several features of the formed copolymers; for
example, it could increase the activation energy
and reduce the molecular weight. The alternat-
ing behavior preference from the NIPAAm
monomer side caused large increases in the acti-
vation energy values. Consequently, the pres-
ence of a larger NIPAAm content caused a
dramatic decrease in the molecular weight of the
copolymer because of the delay of the interaction
of the NIPAAm monomer with the NIPAAm
macroradical in comparison with the HEMA
monomer.

• The reactivity ratios determined with the Kelen–
Tudos and Fineman–Ross techniques in different
solvents, in addition to results from eq. (2), dem-
onstrated that the copolymer which formed was
alternating with some random segments. The Q–
e values for the NIPAAm monomer were in ac-
cordance with similar literature values for acryl
amide.
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TABLE IV
Changes in the r1r2 Product with Temperature Changes

for the NIPAAm-alt-HEMA Copolymers

Temperature (�C) r1 r2 r1r2

20 0.0034 0.114 0.0003876
30 0.0509 0.427 0.0217343
40 0.0356 0.178 0.0063368

Figure 12 Changes in ln(r1r2) versus 1000/T.
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