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ABSTRACT: Fluorescence from the fluorescein molecule has been used to study of phase
transition processes in five poly(vinyl alcohol) (PVA) hydrogels in the temperature
range 75–350 K. These hydrogels were prepared with PVA with molecular weight
5 124,000–186,000, 991% hydrolyzed, by repeated freezing–thawing cycles in five
compositions: 9.9, 11.1, 13.3, 16.5, and 20.9 PVA w/w %. Plots of total fluorescence
intensity versus temperature, normalized with the fluorescence signal at 75 K, and of
the emission wavelength maximum versus temperature indicated that the dynamic of
the guest deactivation was dependent on the hydrogel thermal transitions. These
thermal transition processes were compared to three model systems: uranine (fluores-
cein di-sodium salt) in water, fluorescein in water/ethanol (85%/15% v/v), and fluores-
cein/PVA homopolymer. Small spectral shifts were obtained for these model systems
over the entire temperature range attributed to the hot band effect. Nevertheless,
larger spectral shifts were obtained for hydrogels, indicating that shifts of the chemical
dissociation equilibrium was occurring in this last case. Slope changes of both intensity
and wavelength maximum plots versus temperature occurred at the same temperature
values, and we attributed the onset of the hydrogel thermal transition as the sol–gel
transition occurring at T > 370 K; at 320 K we observed the glass transition temper-
ature of PVA plasticized by water molecules; at T > 240 6 5 K we attributed the
melting point of water molecules bonded to the PVA chains (freezable bond molecules);
at T > 270 6 5 K we observed the melting point of free water molecules (bulk water);
and, at 135–145 K the water glass transition. © 2000 John Wiley & Sons, Inc. J Appl Polym
Sci 75: 815–824, 2000
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1. INTRODUCTION

A polymer gel is a multicomponent system com-
posed by a continuous network of chains crosslinked

by chemical or physical junctions. In particular, the
linkage points in poly(vinyl alcohol) (PVA) hydro-
gels are small crystals of either the semi-crystalline
polymer or water molecules and hydrogen-bonded
water/macromolecular segments. They are classi-
fied as a physical gel exhibiting a thermo-reversible
phase transition processes.1,2

PVA hydrogels are important in the biomedical
field because of their compatibility with living
tissues at high water content.3–5 Their biocompat-
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ibility has been associated with their interfacial
properties, which are related to the content and
state of water in hydrogels.6

Both the thermal and the mechanical proper-
ties of hydrogels depend on several factors: mo-
lecular weight, concentration of aqueous solution,
temperature and time of freezing steps, number
of freezing–thawing cycles during the preparation
steps, and how the water molecules are organized
inside the material.3–7 PVA hydrogels prepared
using aqueous solutions subjected to repeated
freezing–thawing cycles present the following
characteristics: stability at room temperature,
highly rubber elasticity, retention of its original
shape, and high mechanical strength.

Several experimental methods have been used
to study how the water molecules are organized in
synthetic hydrogels, including ultrasonic mea-
surements,7 differential scanning calorimetry
(DSC),4,5,8–14 nuclear magnetic resonance,4,11–15

infrared and Raman spectroscopy,15 and differen-
tial thermal analysis.16 Physical states or differ-
ent states of water have been used to nominate
the different types of ordered water molecules.
Nevertheless, the description of the states of the
water remains controversial. While some authors
classified them in three states: free water, non-
freezable bound water and freezable bound wa-
ter6,9–11,14,15; some others considered only two
states: freezable and nonfreezable water4,7,8,12–14;
and others considered at the same results can be
explained without postulating these different
states.17

Luminescence methods are now being considered
a very useful tool in studying several polymer prop-
erties because of their sensitivity and selectivity
ability, providing a nondestructive analytical
method. Several types of polymer properties have
been studied including polymer relaxation and sec-
ondary transitions,18–23 miscibility and phase sep-
aration,18,24,25 dynamics,22 polymerization reac-
tions,26 cure reaction of polymeric resins,27 micro-
structure of polyacrylamide gels,28 transition
involving helix–coil structures,29 and others. Con-
sidering that several studies of polymer relaxation
processes using fluorescent and phosphorescent
molecules have been reported,18–23 it seems reason-
able to apply the same technique to study relax-
ation or phase transition of hydrogels. Further-
more, luminescence (fluorescence or phosphores-
cence) intensity is supposed to be strongly
dependent on the temperature and on the microen-
vironment where the guest is located.

There are several luminescent probes very sen-
sitive to micro-environmental properties such as
viscosity (molecular rotors20,22), polarity (spectral
shifts or Ham effect),30 or mobility (inhomoge-
neous spectral broadening).31 Thus, the adequate
choice of a luminescent probe for phase transi-
tions or relaxation studies should involve some
criteria: (1) sensitivity to temperature changes,
(2) high emission intensity in the entire temper-
ature range, (3) high solubility in both water and
in the isolated polymer, (4) luminescence spec-
trum dependent on the micro-environmental
properties, and (5) photochemical stability. Fluo-
rescein is a xanthene dye that satisfies all of these
conditions, including a reasonable photochemical
stability in the present experimental condition.32

The aim of this work is the study of thermal
phase transitions of some PVA [molecular weight
(Mw) 5 124,000–186,000, 991% hydrolyzed]
hydrogels with several compositions. Since this
polymer is not fluorescent, we added fluorescein
as a fluorescent probe. Fluorescein is a high-fluo-
rescent dye molecule that exhibits six possible
dissociation forms, whose stability is strongly de-
pendent on the dye–solvent (or polymer) interac-
tions (Scheme 1).33 Therefore, this molecule
should be an interesting probe to describe molec-
ular interactions between PVA chains and water
molecules. As a comparison, we also studied the
thermal phase transitions of pure water and wa-
ter/ethanol (85%/15% w/w) mixture using the
photophysical properties of uranine (fluorescein
di-sodium salt) and fluorescein, respectively, at
the same temperature range.

2. EXPERIMENTAL

Fluorescein (Merck) was purified by lactonization
process.18,20,24 Uranine (Carlo Erba) was purified
by recrystallization from an ethanolic solution. PVA
[Aldrich Chemical Co., average Mw 5 124,000–
186,000, 991% hydrolyzed] was used as received.

These solutions were heated at 110–120°C in
sealed glass tubes for a period of 3 h, and then
they were slowly cooled to room temperature. Im-
mediately after this cooling step, a bi-phase hy-
drogel was formed in samples 1 and 3. Although
each sample was submitted to the same thermal
cycle, neither phase separation nor gel formation
was detected for sample 2. After this thermal
cycle, every sample was submitted to a quenching
process from room temperature to 1°C and then
they were kept at 1°C for 15 h. Finally, they were
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heated to 20°C and kept at this temperature for
1 h. After this freezing–thawing cycle, two hydro-
gel phases were formed in every sample. Each
phase was removed from the original glass tube
and cut in slices, and one part of them was in-
serted and sealed in a glass tube for fluorescence
measurements. The composition was determined
by gravimetric method and the PVA weight pro-
portions were 9.9%, 11.1%, 13.3%, 16.5%, and
20.9% w/w.

Fluorescence spectra at several temperatures
were performed in a system described elsewhere.19

The temperature was changed from 75 to 400 K by
a digital temperature controller (Scientific Instru-
ments, Model 9650), using previously established
temperatures program and was kept constant dur-
ing the spectrum recording. The samples were sup-
ported in the cryo-system by an optical holder posi-
tioned with the incident light and the emission
beams at 90° angle. The fluorescence emission was
collected in front-face geometry. A cylindrical lens
on the entrance slit of the spectrometer focused the
emission signal. Fluorescein was excited with a xe-

non lamp selected at 470 6 10 nm by a monochro-
mator, and the fluorescence spectrum was scanned
from 480 to 580 nm.

3. RESULTS AND DISCUSSION

3.1. Thermal Transitions in Water and PVA
Homopolymer

Thermal transitions in water and PVA were ini-
tially studied to provide fundamental under-
standing for the PVA hydrogel behavior. Uranine
(fluorescein di-sodium) was used for studies of
water and water/ethanol (85%/15% w/w) solution
due to restrictions of solubility, whereas neutral
fluorescein was used for PVA and hydrogels stud-
ies. Neutral fluorescein is a xanthene dye with a
complex ionization and dissociation equilibrium
strongly controlled by the nature of the medium
(Scheme 1).33,34 As a consequence, this molecule,
in one of its several forms, has been considered a

Scheme 1 Dissociation and ionic forms of fluorescein: (1) cation; (2) quinonoid; (3)
lactone; (4) zwitterion, (5) monoanion, and (6) dianion.
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suitable for micro-environmental studies and for
hydrogel phase transitions.

In the first part of this work we studied the
temperature dependence of the fluorescence spec-
trum of uranine (fluorescein di-sodium salt) dis-
solved in water. In this condition, uranine in wa-
ter was always ionized in a dianion form (6),
either in the electronic ground state or in the
electronic singlet excited state. Thus, changes of
the fluorescence emission (spectral intensity,
band shape, and wavelength position) induced by
the temperature must be attribute to other than
the equilibrium changes. Fluorescence spectra for

some temperatures were shown in Figure 1(a).
There was a lack of fluorescence emission at tem-
peratures T , 270 6 5 K, and above this the
fluorescence band was centered at lEm > 512 nm,
independently of the temperature [Fig. 1(b)] (Ta-
ble I). This band was assigned to the emission of
the dianion species (6).33

The plot of normalized fluorescence intensities
(IT/I0) versus temperature (T) showed [Fig. 1(c)]
an abrupt increase at the water melting temper-
ature transition followed by a subsequent inten-
sity decrease. The absence of the fluorescence
emission at T # 270 6 5 K was explained by the

Figure 1 Fluorescence spectra, emission maximum, and normalized intensity versus
temperatures: (a–c) uranine in water; (d–f) fluorescein in water/ethanol (85%/15%)
solutions; and (g–i) fluorescein/PVA homopolymer.
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strong light scattering produced by the micro-
crystalline solid-state phase, which did not allow
the penetration of the excitation light beam into
the sample. Water crystallization also produced
nonfluorescent uranine crystals. Above the water
melting temperature a nonviscous solution was
formed, and the fluorescence intensity was con-
trolled by a convolution of several deactivation
pathways, including among others the internal
conversion and vibrational relaxation processes.
All of them led to a decrease of the fluorescence
emission.30

Therefore, the melting temperature of the solid
pure water was perfectly determined by the tem-
perature dependence of the fluorescence emission.
This also illustrated that the normalized fluores-
cence intensity represented a convolution among
several effects, including the light-scattering abil-
ity of microscopic self-organized molecular assem-
blies, and the radiative and nonradiative pro-
cesses ratio was related to the fluorescent probe
in the electronic excited singlet sate.

The light scattering interfered with the fluo-
rescence emission by two cooperative processes:
(1) the depth of the light beam penetration in high
scattering medium was shorter and few molecules
located on the surface were excited; (2) the fluo-
rescence emission suffered multiple scattering in-
side the micro-crystalline material, and the de-
tectable signal was drastically reduced. The ap-
parent increase of the fluorescence intensity after
the phase transition produced an isotropic solu-
tion minimizing the light scattering and then
eliminated the light-scattering effects.

The second model system used was neutral
fluorescein dissolved in water/ethanol (85%/15%
w/w). Some of its fluorescence spectra recorded

from 75 to 370 K is shown in Figure 1(d). The
fluorescence band was centered at lEm > 507 nm,
independently of the temperature [Fig. 1(e)], sim-
ilar to the fluorescence spectra of fluorescein dis-
solved in pH 4.4 aqueous solutions. While uranine
fluorescence centered at 512 nm was attributed to
the dianion form, the band centered at 507 nm
resulted from the absorption of the zwitterionic
form (4) with subsequent emission by the neutral
form (2) (Scheme 1) (Table I).33,34 Similar to the
uranine in water, the absence of spectral shifts
over the entire temperature range [Fig. 1(e)] dem-
onstrated that the temperature effect on the
chemical equilibrium did not lead to the fluores-
cein ionization, which produced a new ionic form.

The normalized fluorescence intensity (IT/I0)
versus temperature (T) curve for fluorescein in
water/ethanol (85%/15% w/w) solution [Fig. 1(f)]
was more complex than that obtained in pure
water [Fig. 1(c)]. A very well-defined onset tem-
perature was obtained for pure water, coincident
with the water melting temperature, while a
lower onset temperature was noted for ethanol/
water mixture. In this mixture two well-defined
slope changes were observed (150 6 5 and 260 6 5
K), but no abrupt phase transition was detected
between them, suggesting that in addition to the
melting transition another thermal-induced
structural process is present.

Thermal transitions of water were studied by
several techniques, and these processes were as-
sumed strongly dependent on the sample’s ther-
mal history. Angell et al.35 and Sugisaki et al.36

reported that the glass transition temperature of
water and the ice cubic to hexagonal crystal
transformation occurred at 135 and 160–210 K,
respectively. On the other hand, Johari et al.37

obtained an S-endotherm at the temperature
range of 134–152 K, which was attributed to the
water glass–liquid phase transition of hyper-
quenched water. In general, glassy transition is
detected in hyper-quenched liquids producing a
completely amorphous vitreous solid state. The
samples, in the present experiments, were sub-
mitted to a cooling rate of ; 5°/min, which does
not characterize a hyper-quenching processes.
Thus, we are assuming that the solid water/eth-
anol (85%/15% w/w) solvent contains both amor-
phous (vitreous) and crystalline phases and the
onset of the glass transition based on the lower
temperature slope change is 150 6 5 K (Table II).

It was noteworthy that the increase of the nor-
malized fluorescence intensity in the tempera-
tures between 180 6 5 # T # 260 6 5 K was

Table I Absorption and Fluorescence Peaks for
Fluorescein in Dilute Aqueous Solutions

Fluoresceina
lAbs

(nm)
lEm

(nm)

Cation (1) 436 480
Zwitterion (4) 439 508
Lactone (3) 275
Quinonoid (2) 476 515
Monoanion (5) 476 515
Dianion (6) 489 520
Fluorescein in water/ethanol (4) 507
Uranine in water (6) 512

From refs. 29 and 30.
a See Scheme 1 for numeration.
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followed by a monotonic decrease of the fluores-
cence intensity for temperatures . 260 6 5 K.
This later process refers to the melting tempera-
ture of the solvent mixture, producing an en-
hancement of the radiationless process efficien-
cies of the dye in the electronic excited state in an
isotropic nonviscous liquid medium.32,34

In an attempt to explain the apparent increase
of the fluorescence intensities in this temperature
interval, we may address to the decrease of the
light-scattering signal, as noted by the tail of the
base line at l > 480 nm, which becomes lower
with the temperature increase. Thus, a decrease
of the light-scattering effect produced by the crys-
talline phase of the semi-crystalline medium pre-
cedes the melting transition (260 6 5 K). Further-
more, since there is a change of the light-scatter-
ing signal, it must involve the crystalline phase of
the system (Table II).

The third system studied was the thermal
transitions of PVA homopolymer in form of films
containing fluorescein. The fluorescence spectra
exhibited almost the same behavior as the water/
ethanol (85%/15%) solution, with the spectral
maximum centered at 505 nm [Fig. 1(g,h)]. In
addition they were almost independent of the
temperature, as were the other systems. In ear-
lier works we showed that fluorescein in PVA
exhibits an electronic absorption band and fluo-
rescence emission comparable to pH 6.4 and pH
8.2 aqueous solutions, respectively.17,34 We at-
tributed this spectral behavior to the existence of
a dissociation equilibrium involving the quinon-
oid (2) and monoanionic (5) forms in the electronic
ground state, which were ionized to the dianion
form (6) in the electronic excited singlet state
(Scheme 1).33,34

The normalized fluorescence spectra versus
temperature show two slope changes. The onset of
the first change was ca. 130 6 5 K and can be
attributed to the small segment movements of the
polymer chain located at the amorphous phase
and crystalline–amorphous interface.35 The onset
of the second change was at 340 6 5 K assigned to
the PVA glass transition process.17

Considering the results obtained for these
three different systems, we assume that the spec-
tral shifts exhibited by fluorescein resulted in the
ionic or dissociation forms present in every me-
dium. Nevertheless, the temperature did not shift
the dissociation equilibrium. There are at least
two effects leading to small spectral red-shift of
the fluorescence spectrum at higher tempera-
tures: one of them is the relaxation processes of
the solvent cage surrounding the excited-state
fluorescent molecules. If this relaxation time is
faster than the fluorescence emission, the fluoro-
phore decay originates from the relaxed medium,
which is common in nonrigid solutions. The sec-
ond is produced by the Franck–Condon coupling,
involving excited rotational and vibrational states
that can be populated by thermal activation, and
consequently, the emission energy is lower at
higher rather than at lower temperatures. This
last process is called the hot-band effect. Finally,
the apparent increase of the fluorescence inten-
sity, in a certain temperature range, was attrib-
uted to the light-scattering effects.

3.2. Thermal Transitions of PVA Hydrogels

The fluorescence spectra and the respective tem-
perature dependence of fluorescein dissolved in
five PVA hydrogels (9.9%, 11.1%, 13.3%, 16.5%,
and 20.9% PVA/water w/w) are showed in Figure
2. Although the PVA hydrogel samples were pre-
pared with low fluorescein concentrations, the flu-
orescence spectra exhibit two overlapping fluores-
cence bands: one centered at 515–520 nm, as-
signed to the totally isolated dye molecule, and
other centered at 540 nm, probably due to dimers
and higher molecular aggregates.32,33 This con-
centration effect suggests that there is a popula-
tion of water molecules that is not available for
the dye hydration, producing an apparent concen-
tration increase.

It is also noteworthy that the fluorescence max-
imum is almost constant for fluorescein in all
PVA hydrogel at low temperatures, with a signif-
icant shift for lower energy at T . 250 K. The
temperature effect on the fluorescence band

Table II Glass Transition (Tg) and Melting (Tm)
Temperatures for Water and Water/Ethanol
(85%/15%) and PVA/Homopolymer from Slope
Changes in Figure 1

Molecule T (K) Assignment

Water/fluorescein 150 6 5 Tg

180 6 5 Water solid
transition

260 6 5 Tm

Water/ethanol/uranine 270 6 5 Tm

PVA/fluorescein This work Ref. 35
125 130–150 Tg

250–270 250–270 Tb
340 330–350 Tg
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shape is postulated to be dependent on the bal-
ance of several contributions. Among them the
hot-band effect is expected with a small spectral
shift toward lower energy, and changes of the
medium polarity alter the fluorescein dissociation
equilibrium among its different forms. Unlike flu-
orescein/water, uranine/water/ethanol, and fluo-
rescein/PVA, which exhibited slight fluorescence
spectral shifts attributed to the hot-band effects,
fluorescein/hydrogels exhibited larger spectral
shifts that must be explained by the dissociation
equilibrium shifts.

The curves of normalized fluorescence inten-
sity versus temperature (IT/I0 versus T) [Fig.
2(k–o)] and lmax versus T [Fig. 2(f–j)] exhibit
slope changes at (a) 135–150 K, (b) 250–275 K, (c)
320 6 5 K, and (d) 370 6 5 K (Table III). The
magnitude and the temperatures where the slope
changes were observed depend on the hydrogel
composition and will be analyzed, taking into ac-
count the slope changes for the model systems:
water, water/ethanol, and PVA homopolymer.

The lower temperature slope change was ob-
served at 135–150 K, and it is more evident for
hydrogel with higher water content (9.9%, 11.1%,
and 13.5%) (Fig. 2). Regardless, a similar lower
temperature transition (135–150 K) detected for
water/ethanol solution [Fig. 1(f)].

Hofer et al.39 reported that a reversible glass–
liquid transition should be resolved in two endo-
therm steps at ' 132 K and ' 162 K for hydrogels
of poly(2-hydroxyethyl methacrylate). They at-
tributed these endotherm peaks, supported by di-
electric and conductivity studies, to transitions
involving nonfreezing and freezable water frac-
tions, respectively. They also suggested that the
glass transition temperature (Tg) at ' 132 K was
due to configurational degrees of freedom of water
molecules in local regions of strong hydrophobic
interactions and that at ' 162 K due to local

motions where hydrophilic interactions among
water molecules bonded to the polymer chains.38

Considering that we do not expect hydrophobic
interactions between water molecules and PVA
macromolecules, we attributed this low tempera-
ture transition (135–145 K) to the glass transition
freezable molecules (Table III).

Very complex changes of the fluorescence inten-
sity were obtained for fluorescein/hydrogel systems
at the temperature range ca. 245–270 K. An initial
decrease of the fluorescence intensity was obtained
at 250 6 10 K, followed by a subsequent fluores-
cence increase (Fig. 2). Slope changes of the plots in
Figure 2 occurring at 250–275 K are very close to
that obtained for water transitions in both pure
water (270 6 5 K) and water/ethanol mixture (260
6 5 K) (Table II). It seems also remarkable that the
light scattering is reduced much more in PVA hy-
drogels than in pure water and water/ethanol mix-
ture, suggesting that the water molecules crystal-
lized into different forms and/or in smaller sized
crystals. For the uranine in PVA, a sharp transition
was detected at 270 6 5 K, attributed to the water
melting temperature, which decreased to 260 6 5 K
for water/ethanol solution containing fluorescein.

Unlikethemodelsystems, includingfluorescein/
ethanol/water, fluorescein/hydrogels exhibited
the phase transition at 250 6 10 K, suggesting
the existence of a population of water molecules
that are organized and structured different from
the usual freezable molecules, with a phase tran-
sition at 270 K. However, based on molecular
dynamic simulations, the existence of freezable
bound, freezable free, and nonfreezable water was
seriously questioned.17 This questioning arises
because PVA is always a hydrophilic medium,
and there is no sense in the assignments of dis-
tribution in hydrophobic and hydrophilic micro-
environments. It has been estimated that, on av-
erage, each PVA hydrogen is bound to 2.5 water
in its solvation shell.40 The average time correla-
tion for hydrogen bonds between PVA and water
(' 1.8 ps) is similar to the pure water (' 1.1 ps) at
300 K, and both of them become longer at lower
temperatures. The result showed that the mobil-
ity of water molecules bound to the polymer chain
was slower than that in the bulk. In addition, the
orientational correlation time distribution is bi-
modal only below the freezing point of bulk water,
demonstrating the evidence of two states of water
(bulk and bond). No evidence for the third state,
nonfreezing, was obtained. Taking into account
these data, we attribute the transition at 245 6 5
K to the melting transition of freezable water

Table III Assignments for the PVA Hydrogel
Thermal Phase Transitions from Figure 2

Temperature
(K) Thermal Phase Transitions

135–145 Water glass transition
245 Melting transition of freezable

water bond to PVA
275 Melting transition of freezable

bulk water
320 Glass transition of plasticized PVA
375 PVA sol–gel transition
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bonded to PVA chains and that at 270 6 5 K to the
melting transition of bulk water (Table III).

Explanations for this complex behavior are
very controversial. Hofer et al.39 pointed out that
the state of liquid water in the hydrogel is stable
against crystallization at 230–240 K, and this
temperature depends on the water content. Di-
electric relaxation studies36 also show that this
crystallization process occurs in a wide tempera-
ture range and water molecules coexist with ice at
temperatures of 217–267 K. Hatakeyama et al.11

determined that the ice melting peaks are dis-
placed to lower temperatures (> 250 K) when the
degree of reticulation increases in several
crosslinking densities of PVA hydrogels. In addi-
tion, Yoshida et al.10 demonstrated that the melt-
ing temperature of ice in hydrogels is smaller
than that of pure water. All of them postulated
the existence of freezable free water and freezable
bound water, with phase transitions at 273 K and
260–240 K, respectively.

The higher temperature slope change is ob-
tained at 370 6 5 K, which is more evident for
higher PVA content hydrogels (16.5% and 20.9%)
[Fig. 2(o,n)]. This process is followed by a signifi-
cant decrease of the fluorescence intensity. No
such high-temperature event has been observed
for the model systems, including the fluorescein/
PVA, whose temperature is higher than the PVA
glass transition but lower than the PVA melting
temperature (450 K). Actually, the effect of the
water content on the PVA glass transition in-
volves an opposite effect, since it should promote
the PVA polymer plasticization by the increasing
of the free volume cavity size and consequently
with a decrease in Tg.41,42 Thus, we can not as-
sign this transition to any event occurring at the
amorphous region of the PVA matrix.

On the other hand, PVA is a semi-crystalline
homopolymer and in our case this PVA sample
exhibits a melting temperature at 450 K. The
presence of water molecules in the PVA hydrogels
induces a reorganization of chains into crystal-
lites due to the polymer plasticization by water
molecules, which act as a crosslinking agent,
keeping the polymer chains and the micro-crys-
tals together by hydrogen bonds. Taking into ac-
count these data, we assume that the transition

at 345–375 K is due to the sol–gel transition of
the PVA hydrogel, involving motions of the PVA
chains, which interacts with water molecules by
hydrogen bonds. Thus, we attributed this temper-
ature transition to a sol–gel transition, supporting
the evidence that the water molecules are simul-
taneously acting as a plasticizer (with a decrease
of the PVA glass transition temperature) and a
crosslinking agent (with a decrease of the PVA
melting temperature).41,42 A sharp endothermic
peak has also been reported for PVA hydrogels at
T > 345 K, related to the melting of crystalline
regions during a sol–gel transition.43,44

4. CONCLUSIONS

PVA hydrogels containing fluorescein show fluo-
rescence spectra dependent on both the PVA con-
tent and the temperature. The fluorescence peak
of fluorescein dissolved in PVA hydrogels (9.9–
20.9 w/w %) present a spectral shift to lower en-
ergy at higher temperatures. In spite of this spec-
tral shift, none was observed for fluorescein dis-
solved in water/ethanol (85%/15%) and PVA
homopolymer or for uranine (fluorescein di-so-
dium salt) dissolved in water at the same temper-
ature range. Because of these results, we attrib-
uted this spectral shift to changes of the chemical
dissociation equilibrium, instead of the presence
of hot bands. This photophysical behavior sug-
gests that the hydrogel thermal transitions si-
multaneously change the properties of the micro-
environment where the fluorescein molecules are
located, leading to a new dissociation form.

The formation of hydrogels involves structural
organization of the water molecules, some of them
organized near the polymer macromolecules and
others, for example, in the water bulk. Thus, the
fluorescein molecules are distributed over the en-
tire sample but experiment at least two types of
microenvironments: the hydrogel and the water
bulk. The different types of dye–environment in-
teractions stabilize different dissociation forms of
fluorescein. The phase transitions change the me-
dium organization and, consequently, the temper-
ature dependence of both the spectral band and
the fluorescence intensity reflects these changes.

Figure 2 Fluorescence spectra at several temperatures, emission maximum (lmax),
and normalized intensity (IT/I0) temperatures for PVA hydrogels: 9.9% (a, f, k), 11.1%
(b, g, l), 13.3% (c, h, m), 16.5% (d, i, n), and 20.9% (e, j, o).
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Although we did not succeeded in determining
the PVA hydrogel thermal transitions by differen-
tial thermal analysis, we determined that both plots
of normalized intensity and of fluorescence peaks
versus temperature showed slope changes occur-
ring at temperatures assigned to the PVA hydrogel
thermal transitions. We considered the onset tem-
peratures as the beginning of the hydrogel transi-
tions. In an attempt to assign these transitions, we
considered some model systems: uranine/water, flu-
orescein/water/ethanol, and fluorescein/PVA ho-
mopolymer. Taking into account the transitions for
these model systems and the hydrogel transitions,
we made the following assignments: the sol–gel
transition occurs at T > 370 K; at 320 K we ob-
served the glass transition temperature of PVA
plasticized by water molecules; we attributed the
transition at T > 240 6 5 K to the melting point of
water molecules bonded to the PVA chains (freez-
able bond molecules); at T > 270 6 5 K, we observed
the melting point of free water molecules (bulk wa-
ter); and, at 135–145 K the water glass transition.
Similar results have been reported for PVA hydro-
gels with other compositions.
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