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Abstract. Thermoreversible gelation of three different isotactic linear poly(/N-isopropylacrylamide) (PNI-
PAM)s having meso dyad (m) values 62, 68 and 81% has been observed in benzyl alcohol. All the gels were
transparent in nature. SEM image of the dried gels showed fibrillar network morphology. Melting temperature
of the gels gradually increased with the increase in the concentration. XRD data of dry polymers and their cor-
responding dry gels showed shifting in the peak positions. Rheological study showed that stronger gels were
formed with increasing isotacticity of PNIPAM while lower isotactic sample exhibited typical polymer melt
rheology. The formation of a plunge in the storage modulus as well as in the viscosity plot at the same frequency
range indicates the reversible nature of the structure breaking/reformation under frequency sweep. Moreover,
the mechanical strength of the gel decreased with increase in temperature. UV-Vis kinetic study also indicated
the change in the conformation and aggregation of PNIPAM chains during gelation. Molecular modelling cal-
culation showed that the number of solvent molecules involved in forming gel (polymer-solvent compound)
decreased with the increase in the isotacticity of the polymer. Gelation rate of these gels was studied as a func-
tion of temperature, concentration and isotacticity using test-tube tilting method. It increased with the increase
in the concentration and isoacticity of the polymer, and with the decrease in the temperature. Critical gelation
concentration of the gel gradually increased with the decrease in the isotacticity and with the increase in the
temperature. All these experimental results indicated that gelation occurs presumably through polymer-solvent

compound formation.
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1. Introduction

Thermoreversible, physically cross-linked gels are very
important due to different technological applications.'+>
Several such gels of different polymers in different sol-
vents were reported in the literature.> Out of these,
very few reports are about poly(N-isopropylacryla-
mide) (PNIPAM).®#!% Lin and Cheng reported the
thermoreversible gelation of block and star copolymers
of poly(ethylene oxide) and PNIPAM of varying archi-
tecture in water.’ Liu et al., reported the temperature
responsive reversible sol-gel transition of PNIPAM-g-
methylcellulose copolymer hydrogel in water at 25°C.”
Teodorescu et al., reported the thermogelation prop-
erties of PNIPAM-b-poly(ethylene glycol)-b-PNIPAM

*For correspondence

Linear poly(N -isopropylacrylamide); isotacticity; thermo reversible gelation; benzyl alcohol.

triblock copolymer in water.® Recently, Nandi et al.,
reported the hybrid hydrogels of riboflavin and PNI-
PAM via radical polymerization of NIPAM in the
presence of N, N-methylene bisacrylamide cross-linker
and varying concentration of riboflavin.” Very recently,
Okamoto et al., reported the synthesis of highly iso-
tactic PNIPAM by conventional'® and controlled!
radical polymerization methods. The same group also
showed that the phase separation temperature of PNI-
PAM in water gradually decreased with increase in
the isotacticity of the PNIPAM." Later Hirano et al.,
reported that the phase separation temperature of PNI-
PAM in water increases with increase in the syndio-
tacticity of the PNIPAM.'* Tenhu et al., reported the
gelation of stereoblock ABA-type PNIPAM in water. '
Later, they also reported the spontaneous and thermally
induced self-organization of ABA type stereoblock
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PNIPAM in water.!® Katsumoto et al., reported the
upper critical solution temperature (UCST) type phase
separation behaviour of stereocontrolled [meso dyad
% (m) = 44 — 84) PNIPAM in bis(2-methoxyethyl)
ether.!” Later, Nakano et al., reported the thermore-
versible gelation of isotactic rich (m = 64) PNIPAM
in water at different concentrations below its cloud-
point temperature.'® We have reported the synthesis,
characterization, and study of the swelling properties
of isotactic-rich, chemically cross-linked PNIPAM gel
prepared in different methanol-water mixtures in the
presence Y(OTT); as Lewis acid.'”?° Recently, we have
reported the synthesis of narrow-dispersed high molec-
ular weight PNIPAM with different isotacticities and
observed that the glass transition temperature of these
polymers decreased with the increase in their tacticity.”!
We also studied the effect of isotacticity of PNIPAM
on some other physical properties like solubility, ther-
mal decomposition, X-ray diffractometry (XRD), sur-
face tension and viscosity of their solutions in N,
N-dimethylformamide, efc.?*> In our continuous effort,
we are interested to prepare physically cross-linked gel
of highly isotactic and high molecular weight PNIPAM
in a suitable solvent. In this work, we have explored
the thermoreversible gelation of four different isotactic
(m =47, 62, 68 and 81%) PNIPAMs in benzyl alcohol.
Formed gels were characterized by scanning electron
microscopy (SEM), differential scanning calorimetry
(DSC), XRD, rheological study, UV-Vis spectroscopy,
and gelation kinetics study using test-tube tilting method.
Quantum chemical calculation was also performed to
understand the polymer-solvent interaction in form-
ing the gel. Based on these, a probable mechanism of
gelation is suggested.

2. Experimental
2.1 Materials

Benzyl alchohol (Merck, India) was dried and distilled
over ignited calcium oxide. The following different iso-
tactic PNIPAM samples were synthesized according to
the literature procedure reported earlier by us.?!

2.2 Preparation and Characterization of Gels

For the preparation of gels, predetermined amount of
polymer was dissolved in 0.5 mL benzyl alcohol at
80°C for required time to make a homogeneous solu-
tion in the glass vials of 8 mm internal diameter. For
the gelation kinetic study, formed gel in glass vial of
8 mm internal diameter was heated at 80°C to make a
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homogeneous solution, and then it was quickly trans-
ferred to a predetermined temperature isothermal bath
(£0.1°C) and monitored the time until the flow of
the solution completely ceased upon tilting. The time
required for this is considered as the gelation time. This
process was repeated three times for each sample in
order to get the average result. The inverse of gelation
time is taken as gelation rate. Gelation rate was stud-
ied as a function of polymer concentration and tem-
perature. For morphological study by scanning electron
microscopy (SEM), gels were dried under vacuum at
room temperature for 7 days. The morphology of the
above dried gels was recorded directly in a field emis-
sion scanning electron microscope (FESEM) appara-
tus (Philips, Quanta 200F) under vacuum. Differential
Scanning Calorimeter (DSC) study was performed with
Mettler 832 DSC instrument under N, atmosphere. The
instrument was calibrated with indium before use. The
gels were heated from 0 to 80°C at the heating rate
of 10°C/min. The scattering pattern of the dry poly-
mer and gel films was recorded in a X-Ray diffraction
apparatus (model Rigaku Miniflex II). The diffractro-
grams were recorded from 5-50° angle at the scanning
rate (20) of 2°/min using nickel-filtered Cu Ko radia-
tion. The frequency dependence oscillatory shear mea-
surement of 15% (w/v) m-62, 15% (w/v) m-68 and
6% (w/v) gel of m-81 PNIPAM was performed using
dynamic frequency sweep test method on Rheologica
(model: Nova) using parallel plate geometry (25 mm)
at the desired temperature. The gap between two paral-
lel plates was kept at 1 mm. The data was collected in
the frequency range from 0.1 to 100 rad/sec and with
a controlled strain of 1%. During the experiment the
strain was kept low to perform the experiment at lin-
ear viscoelastic region. The storage moduli and com-
plex viscosities were measured as a function of angular
frequency at the specified temperatures. UV-Vis spectra
of the polymer solution were taken at 1 minute inter-
val during cooling using Cary 100Bio UV-Vis spec-
trophotometer (Varian).Quantum chemical calculations
of the interactions of different isotactic PNIPAMs (con-
sidering degree of polymerization, x = 6) with benzyl
alcohol were performed at B3LYP/6-31G** level using
Gaussian 03 suits of program.?

3. Results and Discussion
3.1 Characteristics of Polymers and Choice of Solvent

The characteristics of the studied polymers are given in
the table 1. It is apparent from the table that all four
polymers (m-47, m-62, m-68 and m-81) have molecular
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weights (M,,) more or less close to 100,000 with poly-
dispersity (PDI) in the range of 1.25 —1.34 and the iso-
tacticity [meso dyad (m), %] of these polymers are 47,
62, 68, and 81%, respectively. We can anticipate that
the effect of molecular weight and PDI on the gel prop-
erties will be minimum here. The only factor which can
predominately affect the gel properties is their isotac-
ticities. It is to be noted that the average tacticity (m
dyad value) of these high molecular weight polymers
are reported here. These polymers may have gradient
stereostructures, i.e., the m dyad content near the initi-
ating chain-end is higher than that near the terminating
chain-end since the m dyad content slightly decreased
with an increase in conversion.'?

We did not observe the gel formation of these
PNIPAM samples in different solvents like methanol,
ethanol, propanol, N, N-dimethyl formamide (DMF),
N, N-diethyl formamide (DEF), N, N-diisopropyl for-
mamide (DIF), N, N-dimethyl propionamide (DMP),
N, N-dimethyl sulfoxide (DMSO), tetrahydrofuran
(THF) at room temperature up to 20% (w/v) concentra-
tion. We also did not observe the gel formation of m-
47 PNIPAM sample in benzyl alcohol at room temper-
ature up to 15% (w/v) concentration. But, the gel was
formed in benzyl alcohol using other (m-62, m-68, and
m-81) PNIPAM samples at different temperatures and
different concentrations (vide table 2).

Table 1. Characteristics of PNIPAM samples used.
Sample M, (g/mol) M /M, Tacticity (m/r)
m-47 76700 1.23 47/53
m-62 102000 1.25 62/38
m-68 93800 1.34 68/32
m-81 96300 1.29 81/19

Table 2. Temperature and concentration range studied for
different isotactic PNIPAMs.

Range of Gelation Concentration (g/dL)

Temperature m-62 m-68 m-81
5°C 7-15 6-15 2-9
10°C 8-15 7-15 2-9
15°C 10-15 8-15 2-9
20°C 12-15 10-15 2-9
25°C 11-15 2-9
30°C 13-15 3-9
35°C 3-9
40°C 4-9
45°C 4-9
50°C 5-9
55°C 6-9
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3.2 Formation of Thermoreversible Gel

Typical photographs of the thermally induced sol-gel
transition of 6%(w/v) m-81 PNIPAM sample in ben-
zyl alcohol are shown in figure 1. It clearly shows that
transparent gel was formed on cooling from the homo-
geneous transparent polymer solution formed on heat-
ing at 80°C. The observed sol-gel transition process is
reversible. Similar observation was also observed for
m-62 and m-68 PNIPAM samples in the studied con-
centration range of 7-15% (w/v), and for m-81 PNI-
PAM sample in the studied concentration range of
2-9% (w/v). Formation of no gel from m-47 PNIPAM
sample up to the concentration of 15% (w/v) indicates
that such gelation phenomena depends on the tacticity
of PNIPAM.

3.3 Morphological Study by SEM

SEM micrographs of the dried 15% (w/v) gels of m-
62 and m-68 PNIPAM samples and 9% (w/v) gel of
m-81 PNIPAM are shown in figure 2 (a), (b) and
(c), respectively. All images clearly showed the porous
matrix with Knoevenagel type morphology in the dried
gels. This Knoevenagel network type morphology is
a characteristic feature of a thermoreversible polymer
gel 24

3.4 Differential Scanning Calorimetric Study

Typical DSC heating thermograms of m-81 PNIPAM
gels in benzyl alcohol at three different concentrations
[3, 4, and 5% (w/v)] are shown in figure 3. Endother-
mic peaks were observed from 3% (w/v) concentra-
tion onwards. From the DSC thermogrames, it is clear

Heating

Sol .
Cooling

Gel

Figure 1.
m-81 PNIPAM sample in benzyl alcohol.

Thermally induced sol-gel transition of 6% (w/v)
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Figure 2. SEM micrographs of the dried (a) 15% (w/v) gel of m-62 PNIPAM, (b) 15% (w/v) gel of m-68
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PNIPAM and (c) 9% (w/v) gel of m-81 PNIPAM.
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Figure 3. DSC heating thermograms of 3, 4 and 5% (w/v)
of m-81 PNIPAM gels in benzyl alcohol.

that the melting point (¢,,) of gels gradually increased
with the increase in the concentration of polymer. Here,
the gel melting point is a function of concentration.
This observation indicates that higher the concentra-
tion of the polymer, higher is the density of the physi-
cally cross-linked domain and eventually higher is the
melting temperature. Similar observations were also
reported in the literature.’® It is to be noted that no
melting point was observed for 7% (w/v) m-62 and
m-68 PNIPAM gel samples (figure S1, in Supporting
Information).

3.5 X-Ray Diffraction Study

Typical XRD patterns of dry m-81 PNIPAM polymer
and its dry gels from its 5, 7 and 9% (w/v) solution
in benzyl alcohol are shown in figure 4. The XRD of
the polymer has three peaks at 7.33, 20.13 and 40°.
The peak obtained at around 7.33° may be due to the
aggregation of the amide bonds of the side chains of

\/ \\9% dry gel
3 /|
s
7% dry gel
E\ / o dry g
2
_9:3 5% dry gel
= 7
\/\u isotactic PNIPAM
T T T T T T
0 10 20 30 40 50

Figure 4. X-ray diffractograms of m-81 dry polymer and
its dry gels from 5, 7 and 9% (w/v) concentrations.

the PNIPAM through hydrogen bonding. The peak at
20.1° is clearly indicating that the polymer is predom-
inantly amorphous in nature.?”> This is also supported
by the presence of the very weak peak at around 40°.
Similar XRD patterns were observed for the dried gels
of different concentrations. But, the observed peaks are
broader in the polymer gels. The peaks at 20.1 and 40°
of the gels shifted towards higher 26 values. The corre-
sponding d spacings (dyy) for both dry polymer and dry
gels calculated by using Bragg’s equation are presented
in table S1 (Supporting Information). The observed
higher dyy value (0.441 nm) at 260 = 20.1° of the dry
polymer with respect to that (0.392 nm) of the gels at
26 = 22.6° indicates that some sort of conformational
changes occur in the gel structure with respect to the dry
polymers although both fall in the amorphous region.

3.6 Rheological Study

The rheological study of the m-62, m-68 and m-81 gels
were carried out to get the idea about the frequency
(0.1 to 100 rad/sec) dependant variation of the storage
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modulus, G/ and complex viscosity [figures 5(a), (b),
and (c)]. The effect of concentration on the rheologi-
cal properties is presented in figure 5(a) at a particular
temperature of 40°C. 15% gel of m-62 shows gradual
increase of modulus with increasing frequency follow-
ing the liquid like behaviour of the material. It is to be
mentioned that 15% gel of m-62 form very weak gel
[as evident from the formation of gel at higher con-
centration (7-15%) and at lower temperature range (5—
20°C). On the other hand, 15% gel of m-68 is mod-
erately strong as evident from its formation even at
higher temperature (5-30°C). Further, 6% gel of m-81
is very strong from its formation at very low concentra-
tion (2-9%) and at high temperature (5-55°C) although
its polymer concentration is very low. The storage mod-
ulus of 15% gel of m-68 shows almost constant storage
modulus up to the frequency of 1 rad.s™! followed by
its increase at higher frequency. On the other hand, 6%
gel of m-81 exhibited constant value of its modulus up
to 10 rad.s™! followed by its increment with increase in
frequency. The onset of increasing modulus is consid-
ered to be the breakage of network structure and now it
is clear that 6% gel of m-81 contain highest strength as

014 —— 6% (W/v) gel of m-81 at 40 °C

—— 15% (w/v) gel of m-68 at 40 °C
—— 15% (w/v) gel of m-62 at 40 °C

Storage Modulas (Pa)

0.01 o

1E-3 o

1E-4 vy — — —
0.1 1 10 100

Frequency (Radian/sec)

6% (w/v) m-81 gel
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it breaks at 10 rad.s™! of frequency. Similar trend was
observed in viscosity measurement (figure S2, in Sup-
porting Information). Slight dip was observed in mod-
erately strong gel (15% gel of m-68) while considerable
dip was noticed in strong gel (6% gel of m-81) where
good network structure was already formed. It is worth
mentioning that good network structure means rela-
tively bigger physically cross-linked domain. Hence,
this study demonstrates the relation between the relative
physical cross-linked domain with the strength of gel,
which in turn dictates the breakage and reformation of
network structure as a function of frequency.

It is to be noted here that for m-81 system, the G/
decreases gradually with the increase of temperature
in the range of 40-53°C over the same angular fre-
quency range [figure 5(b)]. This result indicates that
the mechanical strength of the gel decreases with the
increase in the temperature. Interestingly, each modulus
initially remains same and then shows a plunge within
the frequency range of 7-8 rad/sec and further increases
with the increase in the frequency. The plunge in stor-
age modulus in that range of frequency suggests the
reversible nature of the structure breaking/reformation
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6% (w/v) m-81 gel
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Figure 5. Plots of : (a) storage modulus vs frequency for 15% (w/v) m-62, 15% (w/v) m-68, and 6% (w/v)
m-81gels at 40°C, (b) storage modulus vs frequency for 6% (w/v) m-81gels at different temperatures, and
(c) viscosity vs. frequency for 6% (w/v) m-81gels at different temperatures.
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under frequency sweep. Similar type of observation was
also noted for poly(vinylidene fluoride-co-hexafluoro
propylene) copolymer systems in phthalates.’!

The corresponding comparative results of the com-
plex viscosity vs. frequency in the temperature range of
40-53°C are shown in the figure 5 (c). In general, vis-
cosity decreases with increase in temperature through-
out the measured frequency range. Moreover, at a
constant temperature, viscosity decreases initially with
increasing frequency followed by gradually increasing
tendency. This trend suggests the existence of a low-
est viscosity frequency where network structure of the
gels break. Subsequent increase of viscosities at higher
frequency is due to reformation of network structure at
higher frequency. Hence, we can conclude that the rhe-
ological properties of these gels vary with temperature
as well as frequency. Lower isotacticity sample shows
very weak gel with improper network structure while
the strength of network gradually increases with iso-
tacticity indicating typical rheological pattern of gel at
high isotacticity sample (m-81).

3.7 UV-Vis Study

In order to understand the gelation process, a typical
time dependent UV-Vis spectroscopic study of m-81
PNIPAM in benzyl alcohol [2% (w/v)] solution was
performed and the corresponding results are shown in
figure S3 (a) and (b) (Supporting Information). The peak
at 313 nm is due to the IT — IT* transition of the amide
carbonyl group of PNIPAM, and this peak shifts from
313 to lower wavelength region with time. Though no
definite reason for this blue shift is known, it may be

Interaction of m = 66% isotactic PNIPAM hav-

Figure 6.
ing degree of polymerization, x = 6 with benzyl alcohol.
[Colors and atoms: white for H atom, grey for C atom (except
backbone carbon atoms which are shown in green), blue for
N atom and red for O atom].
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attributed to the changes in the PNIPAM-benzyl alcohol
interactions during gel formation with gradual decrease
in the temperature from 80°C to room temperature.
Apart from the blue shift, the absorbance value grad-
ually increases with increase in time and then levelled
off around 8 min [figure S3(b), in Supporting Informa-
tion]. The increase in the absorbance value with time
indicates that the formation of the PNIPAM-solvent
compound takes place during gelation process.

3.8  Quantum Chemical Calculations

In order to get the idea about the interaction of benzyl
alcohol with different isotactic PNIPAM, we have stud-
ied the quantum chemical calculation of interaction of
m = 66% and 83% isotactic PNIPAMs [having degree
of polymerization, x = 6] with benzyl alcohol. Figures 6
and 7 show the corresponding results for 66% and
83% isotactic PNIPAM systems, respectively. It shows
that three benzyl alcohol molecules can form complex
with m = 66% isotactic PNIPAM (figure 6), whereas
two benzyl alcohol molecules can form complex with
m = 83% isotactic PNIPAM (figure 7). So, it is appar-
ent that, with the increase in the isotacticity of the
PNIPAM, the interaction between PNIPAM and benzyl
alcohol gradually decreases at the cost of the increase in
the intramolecular interaction through H-bonding and
the van der Waals (dispersion) forces. Consequently,
the solubility of the polymer gradually decreases with
increase in the isotacticity. Thus, quantum mechanical
calculation supports the results observed in the previous
sections.

Interaction of m = 83% isotactic PNIPAM hav-

Figure 7.
ing degree of polymerization, x = 6 with benzyl alcohol.
[Colors and atoms: white for H atom, grey for C atom (except
backbone carbon atoms which are shown in green), blue for
N atom and red for O atom].



Gelation of Linear Isotactic PNIPAM

3.9 Gelation Rate

The gelation rate is generally expressed as the inverse of
the gelation time. Here, the gelation time is considered
as the time required to cease the flow of the polymer
solution using test tube tilting method. The temperature
and concentration ranges studied for different PNIPAM
samples are shown in table 2. m-62 PNIPAM sample
was studied in the temperature range 5-20°C and the
concentration range 7-15% (w/v). m-68 PNIPAM sam-
ple was studied in the temperature range 5-30°C and the
concentration range 6—15% (w/v); and m-81 PNIPAM
sample was studied in the temperature range 5-55°C
and the concentration range 2-9% (w/v). The gelation
rates of m-62, m-68, and m-81 PNIPAM gels are plot-
ted against concentration at the specified temperatures
and also against temperature at the specified concen-
tration, which are shown in figures S4, S5, and S6 (in
Supporting Information).

It is clear from these figures that, in all cases, gela-
tion rate increases exponentially with the increase in
polymer concentration at a specific temperature and
also linearly with the decrease in temperature at a spe-
cific polymer concentration, as expected.?*2%3> More-
over, the corresponding plots of the gelation rate vs. the
isotacticity of the corresponding PNIPAMs at 5°C and
10°C are shown in figures 8 (a) and (b), respectively.
It is clear from this figure that gelation rate initially
increases little on increasing the tacticity of PNIPAM
from m = 62% (m-62) to m = 68% (m-68) and then
increases considerably with the increase in the isotac-
ticity to m = 81% (m-81). This is presumably due to
the variation in the interaction of benzyl alcohol with
the PNIPAMs of different isotacticities. When the iso-
tacticity of PNIPAM is low (m = 62%), the solubility
of the PNIPAM in benzyl alcohol is possibly higher due
to the stronger interaction between solvent and polymer

(@)

3.5

9%
*8 %
3.0 7%

Tacticity
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(preferably through hydrogen bonding between amide
group of PNIPAM and —OH group of benzyl alcohol)
owing to the random distribution of the amide group
in both the sides of main polymer chain. Due to such
higher solubility, the time required for the gelation is
longer. On increasing the isotacticity of PNIPAM from
m = 62% to m = 68%, the interaction between poly-
mer and solvent possibly decreases at the cost of the
formation of stronger intra-chain interactions among
the side chain groups [H-bonding among amide groups
and van der Waals (dispersion) forces among isopropyl
groups]?! and eventually gelation occurs within a rel-
atively short period. Upon further increase in the iso-
tacticity to m = 81%, the interaction of PNIPAM
with benzyl alcohol possibly decreases drastically and
accordingly, the rate of gelation also increases consid-
erably. Quantum chemical calculation of the interaction
of benzyl alcohol with the PNIPAM of different iso-
tacticities discussed in section 3.8 supports this expla-
nation. Therefore, the gelation rate of PNIPAM also
depends on the tacticity of the polymer apart from the
temperature and the polymer concentration.

The extrapolation of each gelation rate vs. concentra-
tion curve at a specific temperature (T) [figures S4(a),
S5(a) and S6(a) in SI] to the concentration (X-) axis
yields the corresponding critical gelation concentration
(C*),%-26 which is the minimum concentration required
to form a gel at a particular temperature. It is apparent
from these figures that C* increases with the increase
in the gelation temperature in all PNIPAM samples.?2
The corresponding plots, (i) C* vs. gelation tempera-
ture of different isotactic PNIPAM gels, and (ii) C*
vs. isotacticity (m %) of PNIPAMs at different gelation
temperatures are shown in figures 9 (a) and (b), respec-
tively. It shows clearly that, at a particular tempera-
ture, C* depends on the tacticity of the polymer. For
example, at 10°C, the C* of m-62, m-68, and m-81 are

(b)
3.5
9%

e 8%
" 7%

3.0

P
£
E 1.54
£
I
=2 1.0
L
"] /
1 [
0.0
T T T T T T T
60 63 66 69 72 75 78 81

Tacticity

Figure 8. Variation of gelation rate with the tacticity (m%) of PNIPAM at (a) 5°C and (b) 10°C.
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7.55, 6.02, and 1.16 g/dL, respectively. Moreover, this
increase in C* with temperature is steeper with the PNI-
PAM having lower isotacticity [figure 9 (a)]. In addi-
tion, at a particular temperature, C* decreases with the
increase in the isotacticity [figure 9 (b)] and the rate of
decrement of C* is considerable when the isotacticity of
PNIPAM increases from m = 68% to m = 81%. Such
a tacticity dependency of C* is also possibly due to the
gradual decrease in the interaction of benzyl alcohol
with the higher isotactic PNIPAMs as discussed above
on gelation rate.

In order to get the idea about the enthalpy of gelation
for different isotactic PNIPAMs, we have used Eldridge
and Ferry® relationship between the polymer concen-
tration (C) and the gelation (or melting) temperature
(T):

Log C = (AH®/2.303 RT) + Constant (1)

where, AH° = heat of reaction to produce 1 mol of
cross-links, C = polymer concentration (mole/L), T =
gelation (or, melting) temperature (K). For different
isotactic PNIPAM systems, logarithmic values of C*s
at different temperatures are plotted against the inverse
of the corresponding temperature (1/T) (figure 10). The
figure shows that the data, for each PNIPAM system
within the studied temperature range, fit well in a
straight line. The calculated AH° values for m-62, m-68
and m-81 PNIPAM systems from the corresponding
least square slopes are —16.9, —17.0, and —21.1 kJ
mol~!, respectively. So, AH® value is not changed sig-
nificantly with the increase of the isotacticity of PNI-
PAM from m = 62 to 68%, but, on further increase
of the isotacticity to m = 81%, there is a consider-
able increase in AH° value. Therefore, the gelation
process is more favourable with higher isotactic PNI-
PAM. It is possibly due to the relatively easier
formation of physical cross-linking junction through
polymer-solvent complexation.

(a)

14 4

0 10 20 30 40 50 60
Temperature (°C)
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In order to get the idea about the gelation process, we
have also plotted the double logarithmic plots of the t;:l]
vs. the reduced overlap concentration [(C-C*)/C*] at a
particular temperature? for m-62, m-68 and m-81 PNI-
PAM systems [figure S7 (a), (b), and (c), respectively,
in Supporting Information]. For all PNIPAM systems,
it is showing a linear relationship between log(tg_ell)
vs. log[(C-C*)/C*] with a positive slope (n). The cor-
responding calculated n values from the least-squares
slopes of the plots are presented in table S2 (a), (b), and
(c) (Supporting Information), respectively. The aver-
age n values for m-62, m-68, and m-81 PNIPAM sys-
tems are 0.71, 0.64, and 0.65, respectively. These results
indicate that the present gelation process occurs above
a critical polymer concentration at a particular tem-
perature for a specific isotactic polymer and the gela-
tion rate increases with the increase in reduced overlap
concentration [(C-C*)/C*] with power n. Therefore,

ter & f(C) o [(C-CH/CT" 2)

AH = 16.9 KJ mole™

1E-3 4

A AH = 17.0 KJ mole™

log C*

= m-62 4
AH =21.1 KJ mole
1E-4 -] ® m-68
A m-81
T T T T T T T T T T T 1
3.0 31 3.2 33 3.4 35 36

1037 (K)

Figure 10. Comparison of change in AH® for the gelation
of different isotactic PNIPAMs.

(b)
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Figure 9. Variation of C* with (a) temperature and (b) tacticity (m%) of different isotactic PNIPAMs.
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According to the Percolation theory for three-
dimensional lattice, n should have the value of 0.45.3
Moreover, according to the Flory-Stockmayer theory
for Bethe lattice, n should have the value equal to
unity.* In our cases, the values come in between these
two. Therefore, PNIPAM gel in benzyl alcohol contains
intermediate nature of these two lattices.

3.10 Possible Mechanism of Gelation

From the above experimental results for the gela-
tion of different isotactic PNIPAMs in benzyl alcohol,
a probable gelation mechanism involving formation
of polymer-solvent compound via hydrogen bonding
(figures 6 and 7) as well as hydrophobic interaction can
be assumed. Such a mechanism was first proposed by
Guenet et al., to explain the thermoreversible gela-
tion of isotactic polystyrene.>® At high temperature,
chain flexibility and mobility of solvated polymer as
well as the mobility of solvent will be high enough
due to higher kinetic energy and eventually the forma-
tion of polymer-solvent compound will be unfavorable.
As temperature goes down, chain flexibility and mobil-
ity of the solvated polymer and solvent shall be less,
and consequently, polymer-solvent compound forma-
tion will be favorable. For a specific isotactic polymer,
at a particular temperature, polymer-solvent compound
formation will be more favorable with the increase of
polymer concentration due to the formation of physi-
cally cross-linked domain in higher concentration and
eventually gel will be formed above a critical gela-
tion concentration. Moreover, at a particular temper-
ature and concentration of polymer, chain flexibility
of solvated polymer will gradually decrease with the
increase in the polymer isotacticity?! and as a result,
the polymer-solvent compound formation will be more
favorable with higher isotactic polymer. In order to
understand clearly the mechanism of gelation of these
PNIPAMs in benzyl alcohol, other studies like UV-Vis,
'"H NMR, rheological, small angle X-ray scattering and
dynamic light scattering studies are in progress.

4. Conclusions

Thermoreversible gelations of three different isotactic
PNIPAMs having meso dyad (m) values 62, 68 and 81%
have been observed in benzyl alcohol. All the gels are
transparent in nature. SEM image of the dried gels shows
Knoevenagel network morphology. Moreover, the gel
melting temperature of the gels gradually increased with
increase in concentration. XRD data of dry polymer
and their corresponding dry gels showed shifting in
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the peak positions. Rheological properties of these gels
varied with temperature as well as frequency. Lower
isotacticity sample showed very weak gel with impro-
per network structure while the strength of network
gradually increased with isotacticity indicating typical
rheological pattern of gel at high isotacticity sample
(m-81). UV-Vis kinetic study also indicated the change
in the conformation and aggregation of PNIPAM chains
during gelation. Molecular modelling calculation showed
that the number of solvent molecules involved in form-
ing gel (polymer-solvent complex) decreased with
increase in isotacticity of the polymer. Gelation rate of
these gels has been studied as a function of tempera-
ture, concentration and isotacticity using test-tube tilt-
ing method. It increased with increase in concentration
and isoacticity, and with decrease in temperature.
Critical gelation concentration of the gel gradually
increased with decrease in the isotacticity and with
increase in the temperature. All these experimental
results indicated that gelation occurs presumably
through polymer-solvent compound formation.

Supplementary Information (SI)

Results of X-ray analysis data of m-81 PNIPAM and
its dry gels, DSC thermograms of m-62 and m-68 PNI-
PAM gels, plots of complex viscosity vs. frequency of
gels, UV-Vis spectral changes during gelation, gelation
kinetics, and plot of log tg_ell vs. log [(C-C*)/C*] are
shown in Supplementary Information which is available
at www.ias.ac.in/chemsci.
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