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ABSTRACT: The steady-state fluorescence technique was performed on
drying of various molar percentages of poly(N-isopropylacrylamide-co-
acrylamide) [poly(NIPA-co-AAc)] to elucidate the mechanism of
temperature-induced phase separation and the effect of monomer content.
Poly(NIPA-co-AAc) copolymers were prepared by free radical cross-linking
copolymerization. The fluorescence intensity, I , of pyranine, introduced as a
probe, increased as drying time was increased for all samples. The behavior of I
was modeled by using the Stern–Volmer equation combined with the moving
boundary diffusion model. The desorption coefficient, D, increased as NIPA
content was increased at a given temperature. Gravimetric and volumetric
experiments also supported the results of the fluorescence technique. The energy,
�E , values were measured for the drying processes for each molar percentage of
NIPA monomer content by using fluorescence, gravimetric, and volumetric
methods, respectively. It is understood that �E values decrease by increasing
NIPA content, until 50% NIPA, and then increase after 50% NIPA, indicating that
the phase separation has occurred at 50% NIPA. C© 2012 Wiley Periodicals, Inc.
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Introduction

S pecial polymers and hydrogels are highly hy-
groscopic, and the shrinking and/or drying of

these materials encompass many fields of technol-
ogy. The quantity of bound water associated with
the polymer varies as per the internal structure of the
gel, that is, monomer and cross-linking agent pro-
portions are responsible for both the porous struc-
ture and the pore size of the gel. Different models
to explain drying mechanisms have been studied by
many investigators.1,2 Diffusion,3 shear modulus,4

and the status of the mechanism and practice of dry-
ing mechanisms of gels as stresses and cracking5

were investigated.6 The drying of polyacrylamide
gel and cellulosic paste has been studied by a dif-
fusive drying model.7 Water diffusion and drying
in polyacrylamide gels were studied using a mathe-
matical model with independent parameters, which
analyze the critical physical phenomenon.8 The ex-
perimental characteristics of a drying curve of plas-
ter slabs were found to depend strongly on the
thicknesses of the material.9 This study is based on
the receding evaporating front model and on the
assumption of a parabolic moisture content profile
in the diffusion zone of the wet region. Different
methods for fitting and smoothing drying curves are
compared, which can be used in industrial design.10

The prediction of the drying kinetics for slab geome-
try has been proposed by Coumans.11 The structural
and thermodynamic properties of hydrophobic ma-
terial in a spherical cavity were studied by Wallqvist
et al.12

Several experimental techniques have been em-
ployed to study the kinetics of drying of chem-
ical and physical gels, for example, neutron
scattering, quasielastic light scattering,13 macro-
scopic experiments,14 and in situ interferometric
measurements.15 The hydrophobicity and dynamic
characteristics of cross-linked polystyrene with a
dansyl probe were investigated as the first fluores-
cence study on polymer gels.16 Our group reported
that the photon transmission technique can be used
to study the drying of polyacrylamide (PAAm) gels

with various cross-linker contents17 and with vari-
ous water contents.18 Recently, the steady-state flu-
orescence technique was employed for studying the
drying of polyacrylamide at various temperatures19

and various cross-linker contents.20

Poly(N-isopropylacrylamide), NIPA, is one of the
well-known thermal-dependent water-soluble poly-
mers with a lower critical solution temperature
(LCST) at 31–35◦C, and its network reveals unique
thermal volume transitions near LCST.21−23 Inter-
molecular interactions might occur mainly between
NIPA molecules and water, when temperature was
below the LCST, but when the temperature was
above the LCST NIPA molecules may aggregate in
water as a result of both the intermolecular interac-
tions within NIPA molecules and the hydrophobic
interactions in the system.24 Although the behav-
ior of NIPA gel in aqueous solutions has been ex-
tensively investigated,21−23 only a few studies have
been carried out on its behavior in the solid state. It
is of particular interest whether the drying method
can alter the physicochemical properties of the dried
NIPA gel to influence its thermal-dependent be-
havior. Drying methods affected the particle sizes,
phase transition, deswelling, reswelling processes,
and morphology of NIPA microgel beads. Lin et al.
investigated that drying methods affected the par-
ticle sizes, phase transition, deswelling, reswelling
process, and morphology of NIPA microgel beads.24

Deuterium isotope effects on swelling–shrinking
states of poly(NIPA-co-AAc) copolymers in aque-
ous solutions were investigated by using fluores-
cence spectroscopy. These effects in the microenvi-
ronment changes of NIPA gel and polyacrylamide
gel displayed similar characteristics.25 Lee and Yeh
reported the effect of hydrophobic monomer on the
swelling behavior and mechanical properties of the
copolymeric hydrogels.26 Results showed that the
equilibrium swelling ratio and critical gel transition
temperature decreased with an increase in the hy-
drophobic monomer content.

This paper focuses on the drying process of
poly(NIPA-co-AAc) copolymers to elucidate the
mechanism of temperature-induced phase separa-
tion and the effect of monomer content during
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drying. In the present investigation, we prepared
various molar percentages of AAc and NIPA mix-
tures and employed the steady-state fluorescence
technique, during drying at various temperatures.
We demonstrated that the drying of poly(NIPA-
co-AAc) copolymers was monitored by using the
steady-state fluorescence technique and quantified
by the moving boundary model combining the
Stern–Volmer equation. The effect of monomer con-
tent on the mechanism of temperature-induced
phase separation was measured. Water desorption
coefficients, D, were determined for the drying
copolymers prepared with various molar percent-
ages of NIPA content at different temperatures. Dry-
ing energies �E were measured for each copolymer.
It is well understood that phase separation occurred
at 50% NIPA.

Theoretical Considerations

STERN–VOLMER KINETICS

Fluorescence or phosphorescence or photochem-
ical reactions with the concentration of a given
reagent can be a substrate or a quencher in the
Stern-Volmer kinetics, which is broadly applicable to
variations of quantum yields of photophysical pro-
cesses. In the simplest case, a plot of fluorescence
intensity versus concentration of quencher [Q] is
linear, obeying the following equation27:

I0

I
= 1 + kq τ0[Q] (1)

Here, kq is the quenching rate constant, τ 0 is the
lifetime of the fluorescence probe, [Q] is the quencher
concentration, and I0 is the fluorescence intensity for
the zero quencher content. This relation is referred
to as the Stern–Volmer equation.

For low quenching efficiency, (τ0kq [Q] � 1),

I
I0

= (1 + kq τ0[Q])−1

= 1 − τ0kq [Q] + 1
2

[τ0kq [Q]]2 − · · · (2)

Equation (1) becomes

I ≈ I0(1 − τ0kq [Q]) (3)

If one integrates Eq. (2) over the differential volume
(dν) of the sample from the initial, a0 to final a∞ thick-
ness, then reorganization of the relation produces the

following useful equation:

W =
(

1 − I
I0

)
υ

kq τ0
(4)

Here, the amount of water desorption, W, is calcu-
lated over differential volume by replacing Q with
W as

W =
∫ a∞

a0

[W] dυ (5)

Here it is assumed that water molecules are the only
quencher for the excited pyranine molecules in our
system. Where υ is the volume at the equilibrium
drying state, which can be measured experimentally,
kq is obtained from separate measurements by using
Eq. (1), where the infinity equilibrium value of water
release, W is used for each sample. The measured
values of ν and I at equilibrium drying condition
are used to calculate kq for each drying experiments
separately.

MOVING BOUNDARY DIFFUSION MODEL

Diffusion is the process by which matter is trans-
ported from one part of a system to another as a
result of random molecular motions. Fick’s first and
second laws of diffusion were first formulated by
Fick, in a direct analogy with the equations of heat
conduction.

If the diffusion is one dimensional in the sense
that a concentration gradient exists only along the
direction of x,C , and ∂C/∂x are everywhere inde-
pendent of y and z, that diffusion is governed by the
following simple equation:

∂C
∂t

= D
∂2C
∂2x

(6)

where D is the diffusion coefficient measured
(m2/s), C is the concentration of diffusing substance
(mol/m3), and x is the position in the substance (m).

The more general cases in which the diffusion co-
efficient changes discontinuously from one constant
finite value to another at one or more concentrations
require a detailed calculation. At the concentration
at which a discontinuous change in D occurs, there
is also a discontinuity in the concentration gradient
and the way in which this move has to be deter-
mined. The problem can be stated mathematically
as follows:
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Suppose that diffusion takes place into a semi-
infinite medium and that the surface x = 0 is main-
tained at a constant concentration C1. We shall first
consider a diffusion coefficient in which a disconti-
nuity occurs at a concentration Cx. For concentra-
tions less than Cx D = D2, and for concentrations
greater than Cx D = D1. Suppose that at time t, the
discontinuity in the concentration gradient occur-
ring at Cx is at x = X(t); this is a function of t, which
has to be determined. At time t, let the concentra-
tion in the region 0 < x < X be denoted by c1 and
in the region x > X by c2. At the discontinuity, the
concentrations c1 and c2 must be the same and also
the mass of diffusing substance must be conserved,
so we have

c1 = c2 = CX x = X (7)

D1
∂c1

∂x
= D2

∂c2

∂x
x = X (8)

In the region 0 < x < X,

∂c1

∂t
= D1

∂2c1

∂x2 0 < x < X (9)

c1 = C1 x = 0 (10)

and in the region x > X,

∂c2

∂t
= D2

∂2c2

∂x2 x > X (11)

c2 = C2 x = ∞ (12)

These differential equations are solved with Neu-
mann’s method at boundary conditions. The solu-
tions satisfy

c1 = C1 + A erf
x

2
√

(D1t)
(13)

c2 = C2 + B erfe
x

2
√

(D2t)
(14)

where A and B are constants. For all values of t, x
must be proportional to t1/2

x = kt1/2 (15)

where k is a constant.

After finding constants, the solution of Eq. (8) can
be written for non-steady state

C = C1 + 2
l

∞∑
n=0

e−D1(2n+1)2π2(t−t0)/4l2 sin (2n+1)nπ

2l

×
{

2(−1)n+1lC1

(2n + 1)π
+

∫ l

0
f (x) sin

(2n + 1)nπ

2l
dx

}
s

(16)

where the surface of the sheet x = 0 is maintained at
C1, the center of the sheet is at x = l, and f (x) is the
concentration distribution through the sheet at time
t = t0.

The total amount Mt, the diffusion substance
present in half sheet at time t, is obtained by inte-
grating the right-hand side of Eq. (16) with respect
to x between the limits 0 and l and is given by

Mt

lC1
= 1 + 2

∞∑
n=0

e−D1(2n+1)2
π2(l−l0)/4l2

×
{

2(−1)n

(2n + 1)π

∫ l

0

1
lC1

f (x) sin
(2n + 1)πx

2l
dx

− 4
(2n + 1)2π2

}
(17)

In the present problem, f (x) is given by Eq. (18)
evaluated at time, t = t0, so that

f (x) = C1

{
1 + A

C1
erf

x
2(D1t0)1/2

}
(18)

where A is a constant. The time t0 is defined as that
at which x = l so that it is related to the solution of
Eq. (18) by the expression

(
D1t0
l2

)1/2

= D1/2
1

k
(19)

By substituting in Eq. (17) from Eq. (18) and Eq.
(19), Mt/lC1 is expressed as a function of the single
variable D1t/ l2. Equation (8) can be written as

∂ Mt

∂t
= −

(
D1

∂c1

∂x

)
x=0

= − AD1/2
1

(π t)1/2 (20)

And hence

Mt

lC1
= − 2

π1/2

A
C1

(
D1t
l2

)1/2

(21)

where A is a constant and is negative for sorption.
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In this study, drying was modeled by moving
boundary diffusion. Diffusion in a system with a
moving boundary occurs in two distinct regions sep-
arated by a moving interface. The moving interface
can be marked by a discontinuous change in the
concentration as in the absorption by a liquid of a
single component from a mixture of gases or by a
discontinuity in the gradient of the concentration as
in the progressive freezing of a liquid. Furthermore,
the movement of the boundary relative to the two
regions it separates may be caused by the appear-
ance or disappearance of matter at the boundary in
one or both regions, which results in a bodily move-
ment of the matter in one or both regions relative
to the boundary. When the diffusion coefficient is
discontinuous at a concentration c, that is, the dif-
fusion coefficient is zero below c and constant and
finite above c; then the total amount, Mt, of the dif-
fusing substance desorbed from an unit area of a
plane sheet of thickness a at time t is given by the
following relation28:

Mt

M∞
= 2

[
D

πa2

]1/2

t1/2 (22)

where D is a diffusion coefficient at the concentration
c1. Here M∞ = ac1 is the equilibrium value of Mt. If
one assumes that the diffusion coefficient of polymer
segments in the gel is negligible compared to the
desorption coefficient, D, of water vapor into air,
then Eq. (22) can be written as

W
W∞

= 2
[

D
πa2

]1/2

t1/2 (23)

Here it is assumed that Mt is proportional to the
amount of water molecules released, W, at time, t.

Experimental

MATERIALS

Copolymers were prepared with various molar
percentages of NIPA and AAc and in distilled wa-
ter at room temperature by keeping 2 M. 0.01 g
of N, N′-methylenebisacrylamide (Merck, Turkey),
0.008 g of ammonium persulfate (Merck), and 2μL
of tetramethylethylenediamine (Merck) were dis-
solved in 5 mL distilled water (pH 6.5). The pyranine
concentration was kept constant at 4 × 10−4 M for all
experiments. The solution was stirred (200 rpm) for

FIGURE 1. A scheme showing the possible bindings of
fluorescence probe with the copolymer in two dimensions.

15 min to achieve a homogeneous solution. All sam-
ples were deoxygenated by bubbling nitrogen for
10 min just before the polymerization process.29 Dur-
ing the gelation process, pyranine molecules bind
to NIPA and AAc chains upon the initiation of the
polymerization; thus, the fluorescence spectra of the
bonded pyranines shift to the shorter wavelengths.29

A scheme showing the possible bindings of fluores-
cence probe with copolymer in two dimensions is
given in Fig. 1.

In this study, the drying experiments of disc-
shaped poly(NIPA-co-AAc) copolymers prepared
with various molar monomer contents (100% NIPA,
10% AAc + 90% NIPA, 25% AAc + 75% NIPA, 50%
AAc + 50%NIPA, 75% AAc + 25% NIPA, 90% AAc
+ 10% NIPA, 100% AAc) were performed in air at
temperatures of 20, 30, 40, 50, and 60◦C. As seen
from the fluorescence spectra of pyranine, structural
changes in the copolymer did not occur during the
drying process. On the other hand, only the diam-
eter and thickness of the copolymer gel have been
changed.

FLUORESCENCE MEASUREMENTS

The fluorescence intensity measurements were
carried out using a model LS-50 spectrometer of
Perkin-Elmer (UK), equipped with a temperature
controller. All measurements were made at 90◦ po-
sition, and spectral bandwidths were kept at 5 nm.
A disc-shaped copolymer was placed on the wall
of 1-cm path length square quartz cell for the dry-
ing experiments. Pyranines in the poly(NIPA-co-
AAc) copolymers were excited at 340 nm during in
situ experiments, and emission intensities of pyra-
nine were monitored at 427 nm as a function of
drying time. The position of the sample for the
fluorescence measurements was shown in previ-
ous articles.19,20 At the same time, a gravimetric
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measurement was performed by measuring weight.
The diameter and thickness of the poly(NIPA-co-
AAc) copolymers were also measured to calculate
the volume of the poly(NIPA-co-AAc) copolymers
from the formula for a cylinder’s volume. The initial
thickness is constant for the all samples.

Results and Discussion

Figure 2a shows the typical emission spectra of
pyranine from poly(NIPA-co-AAc) copolymers with
10% NIPA monomer content during drying in air at
20◦C temperature. It is seen for all experiments that
as the drying temperature is increased, the fluores-
cence intensity, Iem, increases relative to the scattered
light intensity, Isc. Because the decrease in Isc corre-
sponds to the decrease in turbidity of the drying, the
corrected fluorescence intensity, I , was introduced
as Iem/Isc to eliminate the turbidity effect. As far as
the correction of fluorescence emission is concerned,
totally empirical formula was introduced to produce
the meaningful results for the fluorescence quench-
ing mechanisms.20 Here the main idea is to eliminate

FIGURE 2. (a) Typical emission spectra of pyranine
from the copolymer during drying in air at 20◦C for 10%
NIPA monomer content copolymer at 50 min and
(b) corrected fluorescence intensities of pyranine, I (=
I em/I sc) versus drying time, t, during the drying at 20◦C
for 90% NIPA monomer content, respectively.

the structural fluctuation due to the frozen blobs and
holes17 during drying by using Isc, that is, one has to
produce the corrected fluorescence intensity, I by di-
viding emission intensity, Iem, to scattering intensity,
Isc, to exclude the effect of turbidity of the copoly-
mers on the fluorescence emission intensity, and
elaborate the Stern–Volmer model by using solely
fluorescence intensity, I. The variations of I versus
drying time, t, during drying of copolymer at 20◦C
for the 90% NIPA monomer content sample are pre-
sented in Fig. 2b. As the drying time, t, is increased,
the quenching of excited pyranines decreases due
to an increase in the water released from the dry-
ing poly (NIPA-co-AAc) copolymers. It is also to be
noted that quenching becomes less efficient at higher
temperatures. To quantify these results, a collisional
type of the quenching mechanism may be pro-
posed for the fluorescence intensity, I , emitted from
the copolymer during the drying process by using
Eq. (4). For the dry copolymer, W can be calculated
from the measured I values in each drying step.27

The plots of W versus t for 10% and 90% NIPA
monomer content at 20◦C are presented in Fig. 3a,
where the fit of the data to Eq. (23) produced
the desorption coefficients, DI, which are listed in
Table I. To examine the effects of copolymers on the

FIGURE 3. Plots of water release versus drying time, t,
for poly(NIPA-co-AAc) copolymer dried in air measured
by (a) fluorescence and (b) gravimetric technique for 10%
and 90% NIPA monomer content copolymers at 20◦C,
respectively.
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TABLE I
Experimentally Measured Parameters of Poly(NIPA-
co-AAc) Copolymers for Various Temperatures at Mo-
lar Percentage of NIPA Monomer Content during the
Drying Process

Molar % DI × 10−9 DW × 10−9 DV × 10−9

NIPA T (◦C) (m2/s) (m2/s) (m2/s)

0 20 12.72 0.38 0.37
30 14.10 1.29 0.45
40 15.0 1.40 0.49
50 26.0 3.40 1.58
60 48.67 4.40 1.81

10 20 39.45 0.41 0.96
30 42.22 1.35 1.01
40 46.81 2.37 1.37
50 61.23 7.14 3.29
60 52.30 5.44 2.47

25 20 49.35 0.46 1.12
30 76.79 2.08 1.35
40 81.03 2.94 1.53
50 103.4 8.55 4.81
60 70.65 7.85 4.41

50 20 63.27 0.58 1.27
30 84.24 2.56 1.43
40 104 3.01 1.66
50 106.65 9.84 6.07
60 98.48 8.03 5.68

75 20 73.21 0.93 1.55
30 93.30 3.73 1.89
40 110.33 11.66 8.40
50 108.86 10.54 7.96
60 104.29 9.61 7.01

90 20 85.45 1.01 1.58
30 140.99 13.26 12.22
40 125.85 11.91 8.75
50 114.31 11.30 8.36
60 110.0 11.24 8.26

100 20 Opaque 1.02 1.61
30 13.78 13.26
40 12.34 8.86
50 12.26 8.65
60 12.16 8.40

translational motions of water, the desorption co-
efficient, D, can be used. In drying, desorption is
often activated by thermal fields and consequently
become a strong function of temperature. On the
other hand, LCST behavior is caused by a crit-
ical hydrophilic/hydrophobic balance of polymer
side groups. In the hydrophilic and hydrophobic re-
gions, the motions of water molecules are highly
hindered by the presence of polymer chains. There-
fore, the maximum values of the plot of desorp-
tion coefficient, D, versus temperature were defined

by the LCST. In Table I, DI values increased up to
LCST and then decreased where LCST is also af-
fected by increasing NIPA monomer contents. On
the other hand, DI values increase by increasing
NIPA monomer content at a given temperature.

Water desorption from the drying poly(NIPA-co-
AAc) copolymers, prepared at various molar per-
centages of NIPA monomer contents, was also stud-
ied by using the gravimetric methods at different
temperatures. The plots of the data are presented
in Fig. 3b at 20◦C for 10% and 90% NIPA monomer
contents. The fits of water release, W, to Eq. (23)
for the copolymers dried at 20, 30, 40, 50, and 60◦C
for various NIPA monomer contents produced the
desorption coefficients, DW, which are listed in
Table I. A similar increase and decrease in DW as
that for DI was observed around LCST.

The measured thickness in Fig. 4a and diameter
in Fig. 4b at 20◦C for 10% and 90% NIPA monomer
contents of the poly(NIPA-co-AAc) copolymers were
used to calculate the volume of the poly(NIPA-co-
AAc) copolymer from the formula for a cylinder’s
volume. The initial thickness is constant for the all
samples as shown in Fig. 4a. The variations in vol-
ume, V, of poly(NIPA-co-AAc) copolymers during
the drying process are also calculated. The plots of
the volume, V, versus drying time for poly(NIPA-co-
AAc) copolymers dried in air are presented in Fig. 4c.
The data in Fig. 4(c) are fitted to the following rela-
tion produced from Eq. (23):

V
V∞

= 2
(

D
πa2

)1/2

t1/2
d (24)

Here it is assumed that the relation between W
and V is linear. Then using Eq. (24), the volumetric
desorption coefficients, DV, were determined and
are listed in Table I. Again, the behavior of DV was
found similar to the DI and DW behavior against tem-
perature. Here DW and DV coefficients are also found
to be much larger at high NIPA content copoly-
mers for all temperatures. All these results are sum-
marized in Figs. 5 and 6. In Fig. 5, the largest D
values were observed at LCST for all experimental
techniques, indicating that collapse of NIPA chains
results in faster drying of copolymer due to ex-
clusion of water from the system. On the other
hand, Fig. 6 presents the behavior of LCST against
NIPA monomer contents, where it is understood
that NIPA monomer content is increased as LCST
approaches its original value (∼31◦C), predicting
faster drying (high D values) for the copolymer
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FIGURE 4. Plots of the (a) thickness, (b) diameter, and
(c) volume, V, of copolymer versus drying time, t, for
poly(NIPA-co-AAc) copolymer dried in air and measured
by using the volumetric technique for 10% and 90% NIPA
monomer content copolymers at 20◦C, respectively.

system. It is obvious that as NIPA monomer con-
tent is decreased LCST increased, indicating slower
drying from the poly(NIPA-co-AAc) copolymers. In
Fig. 6, arrows indicate the critical NIPA concentra-
tion for the LCST value passing from low to high
NIPA monomer content in the copolymer system.

As seen in Table I, D values measured by using
the fluorescence technique are larger than the val-
ues measured by volumetric and gravimetric tech-
niques, which may predict the observation of differ-
ent mechanisms of the drying copolymer. It is ob-
vious that the fluorescence technique measures the
behavior of the microstructure of the copolymer; that

FIGURE 5. Plot of desorption coefficients, D, versus
temperature measured by (a) fluorescence,
(b) gravimetric, and (c) volumetric techniques for 10%,
75%, and 90% NIPA monomer content copolymers,
respectively.

FIGURE 6. Plot of molar percentage of NIPA monomer
content versus LCST measured by fluorescence (I ),
gravimetric (W), and volumetric (V) techniques,
respectively.

is, because pyranine molecules are bounded to the
polymer chains, segmental motion of the network
can be monitored by using the fluorescence tech-
nique, which then monitors the drying network of
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FIGURE 7. Linear regressions of desorption diffusion
coefficients versus temperature measured by
(a) fluorescence, (b) gravimetric, and (c) volumetric
techniques for 10% and 90% NIPA content copolymers,
respectively.

the copolymer at a molecular level. However, vol-
umetric and gravimetric measurements provide the
information of the macroscopic (i.e., bulk) behavior
of the copolymer. According to the above-presented
argument, one may suggest that chain segments
move faster than the bulk polymeric material itself
during the drying process.

On the other hand, the behavior of the desorption
coefficients (DI, DW, and DV) versus T predicts that
D − T relation may obey the following Arrhenius
law:

D = D0 exp (−�E/kT) (25)

where �E is the energy of drying, k is Boltzmann’s
constant, and D0 is the desorption coefficient at
T = ∞ for each technique. The logarithmic form of
Eq. (25) is presented in Figs. 7a, 7b, and 7c for the data

FIGURE 8. Molar percentage of NIPA monomer content
versus drying energies measured by (a) fluorescence,
(b) gravimetric, and (c) volumetric techniques,
respectively.

obtained by fluorescence, gravimetric, and volumet-
ric techniques, respectively, from which �E values
are produced and listed in Table II. Here �E1 and
�E2 are energies defined as below LCST and above
LCST, respectively, where it is seen that �E1 and
�E2 decreased up to 50% of NIPA content and then
increased as shown in Fig. 8. Comparing Fig. 8 with
Fig. 6 and realizing the position of the arrows at
the 50% of NIPA content, which presents the critical
value for the LCST at which the lowest energy need
is predicted for drying. Otherwise, copolymer needs
higher energies for the drying due to the extended
version of NIPA chains, that is, breakdown of the
hydrophobicity. It must also be noticed that energies
are exothermic (�E1) and endothermic (�E2), below
and above LCST, during the drying processes for the
copolymer system.

Advances in Polymer Technology DOI 10.1002/adv E239



INVESTIGATION OF DRYING OF POLY(NIPA-co-AAc) BY FLUORESCENCE TECHNIQUE

TABLE II
Energy for Various Molar Percentages of NIPA Monomer Content during the Drying Process by Fluorescence,
Gravimetric, and Volumetric Techniques

�EI (kJ/mol) �EW (kJ/mol) �EV (kJ/mol)

Molar % NIPA 1 2 1 2 1 2

10 −7.6 50.7 −6.6 77.3 −6.6 45.9
25 −8.7 33.3 −7.4 69.3 −7.4 33.6
50 −14.8 13.5 −17.5 65.7 −19.4 36.2
75 −2.3 39.1 −8.1 92.9 −7.5 61.5
90 −3.6 99.7 −4.4 183.2 −6.1 145.6
100 Opaque −3.1 185.3 −5.2 150.0

Conclusions

This work has presented a novel fluorescence
method for the study of the drying kinetics of
poly(NIPA-co-AAc) copolymer in various AAc and
NIPA monomer contents. The desorption coefficient,
D, for the drying process has been calculated with
a moving boundary diffusion model combined with
the Stern–Volmer kinetics. We have been able to in-
dicate that temperature-induced drying caused by
LCST provides higher D values for the poly(NIPA-
co-AAc) copolymer system. It is understood that
LCST gives lower values above the critical NIPA
monomer content (50% NIPA) by approaching its
original value, where the energy requirement is the
minimum for drying. It is believed that in the future
the fluorescence method together with the proposed
diffusion model can be used for studying drying
processes as well as swelling of hybrid polymeric
gels.
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