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ABSTRACT: The photophysical properties of solutions of dansyl [5-(dimethylamino)naphthalenyl-l- 
sulfonyl] labeled poly(N-isopropylacrylamide) (PNIPAM-Da; M ,  220 000; label content, 0.06 molar %) 
were examined in mixtures of water and methanol in order to investigate the phenomenon of cononsolvency 
exhibited by the PNIPAM/water/methanol ternary system. They were compared to  the photophysical 
properties of dansyl-labeled poly(N-isopropylacrylamide) gels (cross-linker, N,”-methylenebid acrylamide); 
cross-linker content, 1.2 molar %; probe content, 0.06 molar %) equilibrated in mixtures of methanol and 
water. The swelling of these gels decreases abruptly in aqueous solutions containing 7-25 mol % methanol 
and increases gradually in systems with a higher methanol concentration. Steady-state emission and 
excitation spectra, fluorescence decays, and fluorescence polarization were recorded a t  20 “C from polymer 
solutions and from equilibrated gels. Shifts in the wavelength of maximum emission and changes in the 
fluorescence lifetimes and in the rotational diffusion coefficients of the probe were correlated to the 
macroscopic changes in swelling volume. 

Introduction 
In 1949 Katchalsky described a synthetic “contractile 

system” exhibiting on a macroscopic scale contractions 
and dilatations which he believed to be akin to  the 
motions of biological systems such as the musc1es.l He 
showed that a crosslinked poly(methacry1ic acid) gel 
undergoes rapid and reversible swelling/shrinking pro- 
cesses by successive additions of alkali and acids. This 
account laid the foundations for a fast-growing field, 
which encompasses the theory of gels, the chemical 
synthesis and physics of gels, and the technology 
associated with gel-based stimuli-responsive devices.z 
A battery of techniques were developed to monitor phase 
transitions by measuring gel properties such as ~ o l u m e , ~  
shear m o d u l u ~ , ~  and osmotic compressibility5 as a 
function of temperature and additives. Such studies 
reveal the multiple facets of the phenomenon and 
emphasize the need for a better understanding of the 
molecular interactions a t  play. Diffusion coefficients 
within gel networks were determined by light scatter- 
i n 8  and small-angle X-ray s~a t te r ing .~  Dynamics of 
probe particles within gels were investigated using 
photon correlation spectroscopy.8 NMR spectroscopy 
proved to  be a powerful technique to monitor the 
dynamics of the phase transitions and to elucidate 
changes in the local environment of the polymer chains 
and the solvent rnole~ules .~J~ The critical phenomena 
of the volume phase transition were studied by calo- 
rimetry,l’ friction measurements,lZ dynamic light scat- 
tering,13 and small-angle neutron scattering.14 

Spectroscopic techniques which require the use of 
labels covalently attached to gels provide another 
“insider” look at the phase transition. EPR-active labels 
have been used in dextran-based hydr0ge1s.l~ Fluores- 
cent labels were attached to gels to monitor the degree 
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of crosslinking16 and the permeability of gels to various 
s01vents.l~ Recently several groups have reported ap- 
plications of fluorescence spectroscopy to study volume 
phase transitions in gels. Building on the experience 
they gained during early studies of crosslinked polysty- 
rene gels,18 Horie et al. have explored the applications 
of fluorescence depolarization to assess the dynamic 
fluctuations within poly(acry1amide) gels as they un- 
dergo volume phase  transition^.'^-^^ By performing the 
same fluorescence measurements with solutions of the 
corresponding labeled polymer, it becomes possible also 
to study the consequences of crosslinking on the dynam- 
ics of the polymer chains and on their interactions with 
solvent molecules.16 

N-Isopropylacrylamide gels are known to undergo a 
volume phase collapse in water around 34 “C, in 
response to infinitesimal changes in  temperature^.^^^^-^^ 
The gels also undergo discontinuous volume phase 
transitions between swollen and collapsed states in 
response to changes in solvent composition. For ex- 
ample, they exist in a swollen state both in water and 
in methanol but are collapsed when equilibrated in 
certain watedmethanol mixtures. The phase diagram 
contains a closed-loop two-phase region with upper and 
lower critical points. The theoretical implications of this 
unusual situation have been treated by Amiya and 
coworkersz6 and by Hir0tSu.2~ This tendency of PNIPAM 
gels has been exploited also in the controlled-release of 
alcohol-soluble It is not clear why the gel shows 
such a curious behavior, although it can be interpreted 
qualitatively in terms of the attractive interactions 
between water and methanol molecules, on the one 
hand, and hydrogen bonding between polymer chains, 
on the other. 

In this context it is appropriate to study also the 
phase transitions exhibited by free poly(N-isopropyl- 
acrylamide) chains dissolved in water and in mixed 
solvents. The polymer is soluble in cold water but 
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by precipitation of a solution in methanol (100 mL) into dry 
diethyl ether. 

Preparation of Dansyl-Labeled PNPAM (PNIPAM- 
Da). A solution of N-isopropylacrylamide (5.0 g, 0.044 mol) 
and DaEAM (8.8 mg, 0.025 mmol) in dioxane (25 mL) was 
heated to 70 "C. AIBN (30 mg) in dioxane (1 mL) was added 
at once. The solution was stirred at  70 "C for 20 h. It was 
cooled to room temperature. The solvent was evaporated. The 
residual material was dissolved in THF (10 mL) and repre- 
cipitated into n-hexane. The isolated polymer (3.1 g) was 
purified further by precipitation of a solution in methanol (30 
mL) into dry diethyl ether. The purity of the polymer was 
ascertained by GPC analysis with a chromatography system 
equipped with W and refractive index detectors in tandem. 
The molecular weight of the polymer was estimated from the 
intrinsic viscosity, [VI, of the polymer in THF, using the 
viscometric relationship: [VI = 9.59 x 10-3Mv0.65 cm3 g-1.38 GPC 
analysis of the polymers in THF yields M, and M ,  values, 
based on polystyrene standards (M, = 220 000, M, 55 000, M ,  
130 000, MJM, 2.4). 

Preparation of Dansyl-Labeled PNIPAM Gels. A solu- 
tion of N-isopropylacrylamide (7.9 g, 0.070 mol), N,"-meth- 
ylenebis(acry1amide) (BIS; 0.13 g, 0.86 mmol) and DaEAM 
(0.14 g, 0.4 mmol) in DMF/water (2/3, v/v) was flushed with 
nitrogen for 30 min. Ammonium persulfate (0.020 g, 0.088 
mmol) and tetramethylethylenediamine (TEMED; 0.04 mL, 
0.27 mmol) were added to this solution which was then made 
up to  100 mL with DMF/water (2/3, viv). After stirring for 30 
min, the solution was flushed again with nitrogen. It was 
transferred to  glass tubes (8.0 mm id.). The tubes containing 
this pregel solution were kept at room temperature for several 
days to  ensure completion of the polymerization. The gels 
were then taken out of the tubes and cut in 17-mm-long 
cylinders. They were rinsed with water several times. 

Instrumentation. W spectra were recorded with a Jasco- 
660 W-vis  spectrophotometer. Steady-state fluorescence 
spectra were measured with a Hitachi 859 fluorescence 
spectrometer. Fluorescence decays were measured with a 
Horiba NAES-100 single photon-counting apparatus equipped 
with a hydrogen pulse lamp (half-width of the pulse: 1.5-2.5 
ns). Toshiba Y-47 and KL-53 filters were used. Gel perme- 
ation chromatography (GPC) was performed with a Waters 
590 programmable HPLC system equipped with a refractive 
index detector (eluent, THF; flow rate, 1.00 mL rnin-'). The 
weight and number molecular weight averages were deter- 
mined from a calibration curve established with polystyrene 
standards. Solution viscosities in THF were measured at  25 
"C with an Ubbelohde viscometer. 

Cloud-Point Measurements. The cloud points of PNIPAM 
and of PNIPAM-Da solutions in water were determined by 
spectrophotometric detection of the changes in the turbidity 
of solutions heated at a constant rate (0.1 "C min-') and 
irradiated at  500 nm. Quartz cells containing the solutions 
were placed in the thermostated cell holder of the fluorescence 
spectrophotometer. The intensity of the scattered light was 
measured in the right-angle configuration. The points of sharp 
turbidity increase in plots of scattered-light intensity vs 
temperature were taken as the cloud-point temperatures. 

Swelling Equilibrium Measurements. The water- 
washed gels were immersed in methanovwater mixtures of 
varying methanol content and kept in a thermostated bath 
(20 "C) for over 2 weeks to ensure equilibration. The diameter, 
d ,  of the equilibrated gels was measured with a vernier 
micrometer. The swelling ratio V/Vo = ( d / d ~ ) ~  of the gels was 
calculated from the ratio of the equilibrium diameter to the 
diameter a t  the time of preparation, do = 8.0 mm. 

Fluorescence Measurements. Steady-state spectra and 
fluorescence decays were recorded at  20 "C with an excitation 
wavelength of 330 nm. The labeled polymer solutions were 
placed in 1-mm-thin quartz cells, and their emission was 
recorded in the front-face geometry. The gels were placed in 
rectangular quartz cells containing a methanoywater mixture 
of composition identical to  that  used for gel preequilibration. 
Fluorescence spectra of the gels in the swollen state (8-24 
(v/v) MeOH and 68-96 (v/v)MeOH) were measured in the 
right-angle geometry, while spectra of the collapsed gels (24- 

P., 
HzCXX-C-NHCH 

8 b i 3  

N-iropropylserylamidc OyIPAM) 

PNIPAM-Ds Dansyl etbylncytsmide (DnEAM) 

Figure 1. Chemical structures of the monomers and polymers 
employed in this study. 

separa tes  from solution upon heating, with a lower 
critical solution temperature (LCST) of 31 The 
solubility of PNIPAM in aqueous solutions is sensitive 
not only to changes in tempera ture  but also to the 
solvent composition, in particular to  solutes that modify 
the water structure. In analogy to  the gel behavior, the 
polymer is soluble in cold water and in methanol but is 
insoluble in certain mixtures of these  solvent^.^^^^^ 
From experimental evidence gathered by microcalorim- 
etry,24 EPR s p e c t r o s ~ o p y , ~ ~ ~ ~ ~  and fluorescence spectros- 
copy,34,35 it is assumed that the most likely mechanism 
for the LCST of PNIPAM in mixed solvent involves a 
ternary complex between the polymer chain and the two 
solvents, with structural changes occurring mainly at 
the outer solvent layers of a highly ordered s t ructure  
present  already in the dissolved phase. 

We present here a comparative s tudy  of the solvent- 
induced volume transition of fluorescently labeled 
PNIPAM gels and of the corresponding co-nonsolvency 
phenomenon exhibited by labeled PNIPAM in the same 
solvent mixtures. We have used the same chromophore, 
Nfl-(dimethy1amino)naphthalenesulfonamide (Da, dan- 
syl group), to label the polymer and the gel. The 
fluorescence of the labeled gels and polymers was 
monitored as a function of solvent composition by 
steady-state and time-resolved spectroscopy. Steady- 
state fluorescence spectra  were recorded also under 
polarized light excitation. "he fluorescence spectroscopy 
of the dansyl group yields information on the micropo- 
lar i ty  and microviscosity of the immediate environment 
sensed by the probe.36 Our experiments reveal differ- 
ences in local microviscosity during the solvent-induced 
collapse for probes a t tached  either to gels or to  polymer 
chains.  The implications of this unexpected result are 
discussed. 

Experimental Section 
Materials. Reagent-grade solvents and distilled water 

were employed. N-Isopropylacrylamide (Tokyo Kasei, reagent 
grade) was purified by precipitation with n-hexane from a 
solution in benzene. N-[2-[[5-(Dimethylamino)naphthalene- 
1-sulfonyllaminolethyll-2-propenamide (Dansyl ethylacryl- 
amide, DaEAM; Figure 1) was prepared by reaction of acryloyl 
chloride with N-(2-aminoethyl)-5-(dimethylamino)-l-naphtha- 
lenes~lfonamide.~~ 

Preparation of Poly(N4sopropylacrylamide) (PNI- 
PAM). N-Isopropylacrylamide (5.0 g, 0.044 mol) was dissolved 
in 2-methyl-2-propanol (25 mL) at  70 "C under nitrogen. AIBN 
(30 mg) in 2-methyl-2-propanol (1 mL) was added at once. The 
solution was stirred for 20 h at  70 "C. It was cooled to room 
temperature. The solvent was evaporated. The residual 
material was dissolved in THF (10 mL) and precipitated into 
n-hexane. The isolated polymer (3.7 g) was purified further 
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Table 1. Composition and Properties of the 
Dansyl-Labeled Polymer and Gel 

monomer comDosition. 
mmol (md %) ' T (transition) 

NIPAM DaEAM MBAM ("0 
PNIPAM-Da 44 0.025 (0.056) 32" 
PNIPAM gel 70 0.040 (0.56) 0.86 (1.2) 346 

a Lower critical solution temperature (in water). * Volume phase 
transition temperature (in water). 

64 (v/v)MeOH) were recorded in the front-face configuration. 
Samples for analysis were not degassed. Fluorescence decays 
were monitored at 530 nm. The transient decays were 
analyzed with a Marquardt method of convolution of the 
system response function. The parameters of the fitting 
function were varied until the best least-squares fit with the 
experimental data was achieved. Fluorescence anisotropies 
( r )  were determined with a Hitachi 650 fluorimeter equipped 
with polarizers in the right-angle configuration. The value of 
r was calculated from the relationship (eq 1): 

r = (Iw - GI,! /(Iw + 2 G I d  (1) 
where G = zHV/z" is an instrumental correction factor and 
ZW, Zm, Zm, and ZHH refer to the resultant emission intensities 
polarized in the vertical or horizontal detection planes (second 
subindex) upon excitation with either vertically or horizontally 
polarized light (first subindex). The values for r showed no 
wavelength dependence. They were averaged for the 480- 
580 nm emission range. 

Results and Discussion 
Preparation and Properties of the Labeled Gels 

and Polymers. Although the swelling properties of the 
gels depend on the molar ratio of monomer to crosslink- 
er in the pregel solution, the macroscopic properties of 
NIPAM gels are also extremely sensitive to the prepa- 
ration procedure. To ensure reproducibility, it is neces- 
sary t o  control tightly parameters such as the purity of 
the monomer, the reaction time, the temperature, the 
oxygen concentration, and the initiator type and con- 
~ e n t r a t i o n . ~ ~  Even mold geometry becomes important 
in the case of slightly charged gels. Aware of this 
caveat, we prepared all gels under identical conditions. 
A pregel solution in a DMF/water mixture containing 
all the reagents was kept at room temperature for 30 
min before being poured into capillary glass tubes. The 
tubes containing this pregel solution were kept at room 
temperature for several days to ensure complete polym- 
erization. Then, the gels were taken out of the tubes, 
cut into cylinders, and rinsed thoroughly with water. 
Fluorescently labeled gels were obtained by adding to 
the pregel solution the dansylated monomer, DaEAM 
(Figure 1). The monomer feed ratio of DaEAM to 
NIPAM was 0.06 mol % (Table 1). 

The degree of swelling of PNIPAM-Da gels equili- 
brated in a series of MeOWwater mixtures was deter- 
mined and used to build the phase diagram presented 
in Figure 2. The swelling ratios VIVO, where V and VO 
are the volumes of the gels after equilibration and 
immediately after preparation, respectively, were cal- 
culated from the measured sample diameters, d and do 
after swelling and as prepared, respectively. The 
changes in the total length of the tubes were measured 
as well in order to ascertain that the volume changes 
were isotropic. The dependence of the swelling on the 
solvent composition is shown in Figure 2 and is similar 
to that reported p r e v i o u ~ l y . ~ ~ ~ , ~ ~  

Linear polymers were prepared by free-radical po- 
lymerization of NIPAM in dioxane. The dansyl label 
was incorporated by adding to the polymerization 
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Figure 2. Degree of swelling (V/Vo) of the dansyl-labeled gels 
as a function of solvent composition in MeOWwater mixtures. 
Temperature: 20 "C. 

mixture 0.06 mol %, based on NIPAM, of the dansyl- 
labeled comonomer DaEAM (Figure 1). The purity of 
the polymer was ascertained by GPC analysis with a 
chromatography system equipped with W and refrac- 
tive index detectors in tandem. The amount of label 
attached to the polymer determined by W analysis of 
solutions in methanol corresponds closely to the mono- 
mer feed ratio in the polymerization mixture. The 
molecular weight of the polymer was estimated from the 
intrinsic viscosity and GPC measurements (see the 
Experimental Section). 

The phase diagrams of PNIPAM and PNIPAM-Da in 
waterlmethanol mixtures were determined by turbidity 
measurements. The diagrams for the two polymers 
were identical, confirming that the incorporation of 
small amounts of label along the polymer chain does 
not affect significantly the macroscopic solution proper- 
ties of PNIPAM. The phase diagrams for PNIPAM and 
PNIPAM-Da in methanollwater mixtures were similar 
to those reported p r e v i o ~ s l y : ~ ~ ~ ~ ~  (i) For methanol molar 
fractions (XM) lower than 0.05, the LCST is hardly 
affected; (ii) for MeOH molar fractions 0.05 < XM < 0.35, 
the LCST decreases sharply from 32 "C in pure water 
to a minimum value of -7.5 "C; (iii) for 0.35 < X M  < 
0.45 the LCST increases sharply to reach a value of 14.5 
"C; (iv) for XM > 0.45 (64.4, vlv) i t  becomes impossible 
to detect an LCST; the solution remains clear over the 
entire temperature range tested (-10 to +40 "C). 

Spectroscopy of the Labeled Polymers and Gels. 
Steady-State Fluorescence. The fluorescence spec- 
troscopy of dansyl derivatives has been studied exten- 
sively. It is relatively insensitive to quenching by 
oxygen and trace impurities. The absorption maximum 
is essentially independent of the medium (350 nm). We 
confirmed that attachment of the chromophore to a 
PNIPAM chain does not alter this property by recording 
the absorption spectra of PNIPAM-Da in various metha- 
nollwater mixtures or the fluorescence excitation spectra 
of labeled gels equilibrated in the same solvent mix- 
tures. 

The wavelength of maximum emission, in contrast, 
exhibits a strong and well-defined dependence on the 
polarity of the probe e n v i r ~ n m e n t . ~ ~  We monitored the 
shift of I , ,  as a function of solvent composition in the 
case of PNIPAM-Da gels, the linear polymer, PNIPAM- 
Da, and the model compound DaEAM (Figure 3). The 
labeled gels and the labeled polymer exhibited similar 
trends. The value of Iem decreases sharply over the 
narrow methanol concentration range 0.05 < XM < 0.15 
corresponding to the collapse of the gels and of the 
polymer, and the emission maximum drops from 545 
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Figure 3. Changes in the wavelength of maximum emission 
of the PNIPAM-Da (full circles), the PNIPAM-Da gel (open 
circles), and the model compound DaEAM (open triangles) as 
a function of solvent composition in MeOWwater mixtures. 
Temperature: 20 "C. Aexc = 330 nm. 

to 515 nm, a value typical for dansyl groups in either 
acetone (513 nm) or ethanol (516 nm). Further minor 
perturbations in the emission of the labeled gels and 
polymer were observed in mixtures of increasing metha- 
nol content. For 0.15 -= X M  < 0.35, ,Iern increases with 
increasing methanol content to 525 nm and then 
decreases monotonically to  the value it assumes in pure 
methanol. We confirmed that the dansyl chromophore 
of the model compound is "well-behaved" in water/ 
methanol mixtures. As the methanol content in the 
solvent mixture increases, the emission maximum shifts 
monotonically to shorter wavelengths, from a value of 
560 nm in pure water to 525 nm in methanol, and the 
fluorescence peak width at  half-height increases. These 
values agree with data for the emission of the probe in 
these solvents.36 A linear fit of the values against the 
changes in dielectric constants of water/MeOH mixtures 
confirmed the sensitivity of the probe to its environment 
polarity in this specific solvent mixture. 

Time-Dependent Fluorescence. The fluorescence 
lifetime of the dansyl group is a measure of the mi- 
cropolarity and the microviscosity sensed by the label. 
It is known that for probes kept in homogeneous 
solutions the dansyl emission decays exponentially with 
lifetimes ranging from 4 to 30 ns. Our measurements 
of the fluorescence decay of the model compound DaE- 
AM in watedmethanol mixtures confirmed this obser- 
vation. All the curves, monitored at  550 nm, could be 
fit satisfactorily to a single-exponential function (eq 2). 
The lifetime increased monotonically with increasing 
methanol content from 4 ns in pure water to  17 ns in 
pure methanol. 

I ( t )  = A exp(-t/z) (2) 
The decays of dansyl groups attached to  the polymer 

or to the gels are also monoexponential for all solvent 
compositions, but the plot of z vs X M  deviates signifi- 
cantly from the monotonic increase observed for the 
model compound (Figure 4). The emission lifetime for 
the dansyl chromophore linked to  the polymer or to the 
gels increases sharply in the solvent mixtures with 0.05 
< X M  < 0.15, reaching a maximum of 16.3 ns, and 
gradually decreases for X M  > 0.15 to 15 ns in pure 
methanol. Close examination of the curves in Figure 4 
reveals the presence of a shallow minimum in z (13.2 
ns) for a solvent composition of XM ca. 0.45. The 
lifetime values recorded in either pure water or pure 
methanol differ slightly from the corresponding lifetimes 
of the model compound. The dansyl lifetime is longer 

0 
0.00 0.25 0.50 0.75 1.00 

Methanol mol fraction 
Figure 4. Changes in the fluorescence lifetimes of the dansyl 
label as a function of solvent composition' in MeOWwater 
mixtures for PNIPAM-Da (full circles), PNIPAM-Da gels (open 
circles), and the model compound DaEAM (full triangles). Tem- 
perature: 20 "C. ,Iexc = 330 nm; ,Iern = 530 nm. 

B 1 ","b, 
0.15 

for the polymer and gel in water. In methanol the 
opposite situation takes place. The differences are 
outside the experimental error of the measurements and 
may reflect the impact of the polymer backbone on the 
polarity sensed by the probe. 

Fluorescence Depolarization. A dansyl group 
unable to rotate freely will emit polarized light with 
some degree of correlation between the plane of polar- 
ized excitation and the plane of polarized emission. The 
anisotropy ratio r (see definition in the Experimental 
Section) allows us to calculate the rotational diffusion 
coefficient D, from the Perrin-Weber equation (eq 31, 
where 11 is the viscosity of the solvent surrounding the 
probe, T i s  the absolute temperature, u is the rotational 
volume of the dansyl group, k g  is the Boltzmann 
constant, and r is the fluorescence lifetime of the probe: 

(3) 
The anisotropy ratio is negligible for the model 

compound in solvents of low viscosity such as methanol 
( r  = 0.0015) or water ( r  = 0.0007). It reaches a limiting 
value ro = 0.325 (extrapolated from highly viscous 
glycerollwater mixtures) in highly viscous solvents. l9 
The anisotropy ratio of dansyl groups attached to 
PNIPAM-Da gels is rather low when the gels are in 
their swollen state (0.02 for gels in methanol and 0.07 
for gels in water). In collapsed gels it increases dra- 
matically to a maximum of 0.20 in a mixture containing 
0.20 mol % methanol (Figure 5). But even in the 
collapsed gels r does not reach its limiting value, 
indicating that while the probe constrained in a col- 

?-fro = 1 + (k,T/vq)z = 1 + 6D,z 
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Figure 6. Changes in the rotational diffusion coefficient, D,, 
of the dansyl label as a function of solvent composition in 
MeOWwater mixtures for PNIPAM-Da (full circles) and 
PNIPAM-Da gels (open circles). 

lapsed gel experiences a high effective viscosity, it is still 
able to undergo some rotational motion. The calculated 
rotational diffusion coefficients of the label are 6.3 x 
lo7 s-l for swollen gels in water and 1.7 x lo8 s-l in 
methanol. In the collapsed gels D, decreases by a factor 
of 10, to a minimum of 6.7 x 106 s-l in a mixture O f  XM 
= 0.20 (Figure 6). Note that the pattern exhibited by 
the curve of D, as a function of solvent composition 
matches closely the swelling curve (Figure 2). 

The anisotropy of the dansyl group attached to the 
linear polymer PNIPAM-Da was recorded also as a 
function of solvent composition (Figure 5) .  It was used 
to determine the rotational diffusion Coefficient, Dr, of 
the label attached to  the polymer (Figure 6). Qualita- 
tively, the response of the chromophore to  changes in 
solvent composition is the same as that in the gels: the 
anisotropy is low when the polymer exists as a freely 
rotating coil in solution; it is much higher in the 
collapsed polymer globule. However, there are signifi- 
cant differences between the response of the labeled 
polymer and the labeled gel. The most noticeable 
discrepancy is seen in the range of solvent compositions, 
for which the largest amplitude changes in r and Dr 
occur. The increase in r and the corresponding decrease 
in Dr take place for 0.05 < X M  < 0.15 with a midpoint 
at  X M  = 0.10 in the case of the labeled polymer, while 
for the gels the transitions occur for 0.05 < X M  < 0.20 
(midpoint of the transition: X M  = 0.15). At first we 
suspected that this difference may be related to the fact 
that the gels were equilibrated for 1 month in given 
solvent mixtures prior to  spectroscopic investigation, 
whereas the measurements on the collapsed polymers 
were performed immediately after sample preparation. 
This concern was ruled out, by measuring over a 
l-month period the anisotropy ratio r for a sample of 
PNIPAM-Da in a methanoywater mixture with XM = 
0.12 (collapsed polymer; r = 0.189 after 1 day, r = 0.189 
after 2 weeks, r = 0.187 after 1 month). We propose 
that this disparity has the same origin as the observed 
difference between the cloud point of PNIPAM in water 
(31.5 "C) and the volume phase transition temperature 
of a methylenebis(acry1amide) crosslinked PNIPAM gel 
(34 "C). Otake et al. have shown that the introduction 
of crosslinking methylene bridges between poly(N- 
isopropylacrylamide) chains creates a microenvironment 
of increased hydr~phi l ic i ty .~~ They demonstrated also 
that the volume phase transition of gels decreases for 
N-alkylacrylamide gels with increasingly hydrophobic 
amido substituents. According to the work of Mukae 
et aZ.39 in a study of PNIPAM gels and related gels in 

water/alcohol mixed solvents, the volume phase transi- 
tion shifts to lower alcohol content with increasing the 
number of carbon atoms in the polymer side chains. 
Therefore, we conclude that the differences in the 
dependence on solvent composition of the parameters r 
and Dr uncovered in this study reflect a difference in 
the solvent composition for which phase transition 
occurs either in the polymer or in the gels. It may also 
reveal the occurrence of preferential solvent adsorption 
of one solvent to the polymer or the gel. A study by 
EPR spectroscopy of the cononsolvency of spin-labeled 
poly(N-isopropylacrylamide)32 has demonstrated the 
preferential adsorption of methanol to the collapsed 
polymer chains. Our results on the dansyl-labeled gels 
have prompted us to initiate a similar study with spin- 
labeled gels t o  examine this possibility in detail. 
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