7686 Macromolecule2006, 39, 7686-7693

Temperature-Sensitive Properties of PbRi§opropylacrylamide)
Mesoglobules Formed in Dilute Aqueous Solutions Heated above
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ABSTRACT: The kinetics of merging and/or chain exchange between mesoglobules formed in dilute aqueous
solutions of fluorescently labeled poldisopropylacrylamides) (PNIPAM) heated above their demixing temperature
(Tqem) Were monitored at specific temperatures between 30 arftC50a nonradiative energy transfer (NRET)

using polymers carrying-0.25 mol % of either naphthyl (Np, energy donor) or pyrene (Py, energy acceptor).
Dynamic and static light scattering measurements (DSL and SLS) indicated that PNIPAM-Py and PNIPAM-Np
solutions form stable mesoglobules when heated abov&C3and that the size and size distribution of the
mesoglobules depend on solution concentration and, more importantly, on the sample thermal history. Fluorescence
depolarization measurements performed on mesoglobular solutions of PNIPAM-Np gave the temperature
dependence of the probe anisotropy, an indication of the microviscosity sensed by the probe. The results show
that samples heated within the31 °C < T < 36 °C range consist of fluidlike particles able to merge and grow

in size. At higher temperatures the mesoglobules act as rigid spheres unable to merge upon collision. These
observations are interpreted in terms of the various mechanisms invoked to account for the stability of the PNIPAM
mesoglobular phase.

Introduction remain partly hydrated abovigem in analogy with the behavior

When aqueous solutions of thermosensitive polymers are Of collapsed amphiphilic polymers for which the hydrophobic
heated to their demixing temperatufBdy), individual chains backbone fo]ds inside the mesoglobule, while the hydrophlllc
undergo a collapse from water-swollen coils to compact 9roups localized at the surface of the globule remain exposed
globules!-2 Except in the case of very dilute solutiohs, the to water!*1°
globules associate into multichain aggregates, which in many Wu et al. in an investigation of hot aqueous solutions of
instances stop growing once they attain a certain size. A stableneutral thermosensitive hydrophobically modified (HM) poly-
dispersed phase forms consisting of particles, termed mesoglo-mers also observed the occurrence of a mesoglobular phase and
bules, which are monodispersed in size and typically have a suggested that the stability of the mesoglobules was primarily
radius on the order of 56200 nm. This phenomenon has been a consequence of the ineffectiveness of the collisions between
observed e.g. in the case of pad¥yisopropylacrylamide) particles hardened by clusters of hydrophobic substituents acting
(PNIPAM), poly(N-isopropylmethacrylamide), polypropyl- as cross-linking point® Thus, HM-PNIPAM mesogobules
methacrylamide), poly{-vinylcaprolactam), and poly(vinyl  behave as nonadhesive hard spheres for which the contact time
methyl etherf~1! Various mechanisms have been proposed to upon collision is shorter than the time required to establish
account for the stability of mesoglobules. Pelton et%ih, one permanent chain entanglements between them. From a study
of the first articles devoted to the formation of colloidally of PNIPAM by modulated temperature differential scanning
dispersed phase-separated PNIPAM solutions, suggested thatalorimetry (DSC), Van Durme et &l.concluded that PNIPAM
electrostatic repulsion between particles was responsible for themesoglobules are partially vitrified; thus, the stabilization
dispersion stability. They demonstrated that the particles were mechanism invoking a viscoelastic effect originally proposed
weakly negatively charged and attributed this charge to the for HM-PNIPAM® may be effective also in the case of
presence of some polymer chains with negatively charged endhomopolymers. Another factor that contributes to the limited
groups introduced by the persulfate salt used to initiate the mobility of chains within the PNIPAM mesoglobules is the
polymerization of NIPAM. Other researchers, noting that under formation of protein-like intramolecular hydrogen bonds be-
normal laboratory conditions acqueous solutions always contain tween the carbonyl and the amide groups. These can act as cross-
traces of low molar mass ions, have suggested that a smalllinking points within the globules, slowing down chain motion
number of ions adsorbed on an intrinsically neutral mesoglobule within the particleg518-21
surface may be sufficient to prevent aggregation due to the
repulsion between the electric double layers of approaching
particles!® It has been suggested also that mesoglobules may
be sterically stabilized by a shell of dangling chains which

We report here a photophysical investigation probing the
properties of the mesoglobular phase formed upon heating
aqueous PNIPAM solutions. We selected this polymer as it is
viewed by many as the prototype of the family of hydrosoluble
thermosensitive polymers and remains the object of numerous

Igﬂ:xgz:g g][ '\H"glr;};]ek?'- fundamental and applied studi#=3The specific objectives of
* Corresponding author: Ph (514) 340 5179; Fax (514) 340 3245; e-mail the study were (i) to obtain a measure of the rigidity (“glassi-

francoise.winnik@umontreal.ca. ness”) of the mesoglobules and (ii) to assess the effectiveness
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Figure 1. Chemical structure of the polymers investigated.

of interparticle collisions by following the kinetics of merging Table 1. Physical Properties of NIPAM Polymers

of PNIPAM mesoglobules heated to various temperatures polymer My? Muw/Mp? NIPAM:Py or Np
beyondTyem The study was performed with two fluorescently PNIPAM-Py 7.4x 104 1.7 365: %7
labeled polymers, PNIPAM-Np and PNIPAM-Py (Figure 1),  PNIPAM-Np 4.9x 10¢ 1.9 388:18

which carry ~0.25 mol % of either a naphthyt-octadecyl aNumber- and weight-average molecular weight, @nd My, respec-

moiety or a pyrenyh-octadecyl moiety. Fluorescence depolar- tively) from GPC measurementsPolymer composition from UVvis
ization measurements were performed on aqueous solutions ofpectroscopy?’2?

PNIPAM-Np in order to determine the temperature dependence

of the anisotropyr, of Np, which is an indicator of the rotational ~ obtained by free-radical polymerization as described edfr.
freedom of the dye in a given environment and can be related Their characteristics are given in Table 1.

to the microviscosity of the phase in which it is dissolf&d. Polymer Characterization. Gel permeation chromatography was

. - o performed with a GPC system consisting of an Agilent 1100
Thenf, WERrTéoTnlt)ored theNefflc;]ency of n(()jnrad|at|ved ePnergﬁ/ isocratic pump, a set of TSK-gatM and a TSK-geb-3000 (Tosoh
transter etween Np, the energy donor, and Py, the Biosep) columns, a Dawn EOS multiangle laser light scattering

energy acceptor, in PNIPAM-Np/PNIPAM-Py mesoglobular getector (Wyatt Technology Corp.), and an Optilab DSP interfero-
phases. The efficiency of the NRET process, which originates metric refractometer (Wyatt Technology Corp.); injection volume:
in dipole/dipole interactions between the two interacting species, 100 uL; flow rate: 0.5 mL/min; eluent: DMF; temperature: 40
decreases rapidly with increasing interchromophore distéhce. °C. The dvdc value of PNIPAM in DMF at 40C was determined
The characteristic distance of the Np/Py pair of chromophore to be 0.088 criig at 690 nm using an Optilab DSP interferometric
is 29 A25 We followed the time course of the efficiency of refractometer (Wyatt Technology Corp). It was assumed that
NRET immediately upon mixing agueous solutions of the modification of PNIPAM with Np or Py does not influence the
individual polymers incubated at various temperatures betweendvdc value.

o o Light Scattering Measurements.Dynamic (DLS) and static
Teemand 50°C. These data allowed us to follow the kinetics of (SLS) light scattering experiments were performed with a Brookhaven

interparticle chain_exchange a_md thgir evolution as a fgnct_ion Instrument BIC-200 SM goniometer and BIC-9000 AT digital
of temperature. This investigation builds on an early publication coyrelator. An argon ion laser (LEXEL 85, 1 W) operating at a
by Ringsdorf et al., who exploited the process of NRET between wavelength of 488 nm was used as a light source with power
Np and Py in mixed solutions of Np- and Py-labeled hydro- ranging from 10 to 50 mW. In DLS experiments, the autocorrelation
phobically modified PNIPAM samples heated and cooled functions of the scattered light intensit@,(t), were collected at
through their demixing temperature-81 °C).26 They demon-  scattering anglesf, between 30 and 150. The time average
strated that heating the mixed solutions beye® °C triggered ~ Scattered light intensity|,, was recorded simultaneously. The
an increase in the efficiency of energy transfer, which was taken intensities measured in counts of photons per second were normal-
as an indication that, as a result of the contraction of the ized with respect to the Rayleigh ratio of toluene. The temperature

) o of the samples was controlled by means of a Lauda RC 6C

PNIPAM chains and t_he subsequent gssomatmn Of. C9'Iapsedthermostaterc)i water bath. Solutiong were passed through Millex-
globules, Np and Py f|nq thgmselves in closer prOXImIFy arjd GV/PVDF 0.22um filters prior to measurements to remove dust
Fhat their local concentration is higher, compared to the situation particles. A avdc value of 0.167 mL/g was used to calculate the
in cold water. weight-average molecular weight of sampMs, in water at 20

Prior to performing the photophysical measurements, we °C.2° Solutions for light scattering experiments, ranging in con-
carried out light scattering (LS) and high-sensitivity differential centration from 0.006 to 0.297 g/L, were prepared from stock
scanning calorimetry (DSC) studies of solutions of PNIPAM- solutions (1.0 g/L) kept overnight at . Details aspects of the
Np and PNIPAM-Py under carefully controlled heating/cooling data analysis are reported as Supporting Information.
conditions in order to establish by standard techniques how _ " the equilibrium (EQ) heating mode, polymer solutions (2.0
much the presence of the labels affects the solution propertiesml‘) were placed in the cell compartment of the light scattering

. instrument and heated stepwise from 20 t6’60n 1-5 °C steps,
of PNIPAM and the stability of the mesoglobular phase above gj16ying 2-4 h for equilibration at each temperature. For each

Taem An important conclusion of this investigation is that, in a  temperature setting, the intensity of scattered ligf)twas recorded
narrow temperature range in the vicinity Bfem dilute agueous  as a function of time. When it reached a constant value, SLS and
PNIPAM-Np or PNIPAM-Py form fluid mesoglobules. In this  DLS measurements were performed. Thes temperature curves
temperature domain, phase-separated particles merge and growvere used to determine the cloud point temperatiigg,defined
Upon further heating, the mesoglobules undergo a conversionhere as the temperature, at whigtstarts to increase rapidly upon
from fluid particles to rigid spheres unable to either merge upon heating.

collision or undergo chain exchange. In the nonequilibrium (NEQ) heating mode, samples (2.0 mL)
were transferred from 8C into a water bath preheated to 30

(NEQ5— 50°C) or 80°C (NEQ5— 80 °C). The solutions were

kept at 50 or 8C°C in hermetically sealed vials for 24 h. Then,
Materials. Water was deionized with a Millipore Milli-Q system  they were cooled by an equilibrium cooling procedur®(06°C/

or with an ELGA PURELAB Ultra DV 35. The pyrene- and  min) from 50 to 36°C and from 80 to 34C. Finally, each solution

naphthalene-labeled polymers, PNIPAM-Py and PNIPAM-Np, were was reheated to 5TC at a rate of 0.06C/min. These procedureéDV

Experimental Section
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Figure 2. Temperature dependence of the apparent molar Mass
(a) and the hydrodynamic radil®, (b) for PNIPAM-Np solutions
(polymer concentration: 0.1 g/L; scattering angle®)45olutions were
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an aqueous PNIPAM-Np stock solution (1.0 g/L). Solutions were
not degassed prior to measurements.

Nonradiatie Energy Transfer Measuremen®eady-state fluo-
rescence spectra were recorded on a Varian Cary Eclipse spec-
trometer using a water-jacketed cell holder connected to a Cary
circulating water bath. The slit settings were 2.5 nm for both
excitation and emission monochromators. The emission intensity
was monitored at 340 nm (Np) and 376 and 396 nm (Py) with an
excitation wavelength of 290 nm. The extent of NRET was taken
as the ratidpylle = (|376 + |396)/(2|340)1 Where|375, l396, andI34o
are the spectral intensities at 376, 396, and 340 nm, respectively.
The ratio was corrected to take into account the contribution to the
total emission of the fluorescence of Py excited directly upon
irradiation with a 290 nm light, by subtractintsfs + lage)enipam—py
from (I376 + 1396)mixed solution F€Corded with solutions of identical
PNIPAM-Py concentration (0.025 g/L). The temperature of the
sample fluid was measured with a thermocouple immersed in a
water-filled cell placed in one of the four cell holders in the sample
compartment. The heating or cooling rate was kept@06 deg/
min, unless stated otherwise. Solutions for fluorescence analysis
(concentration: 0.1 g/L) were prepared from aqueous polymer stock
solutions (1.0 g/L). The ratio of the Np- to Py-labeled polymers in
mixed solutions was [Np]/[Py¥ 3/1. This ratio, selected on the
basis of spectroscopic considerations, is such that it minimizes direct

heated to 50C under equilibrium conditions and cooled at a rate of absorption of light{ = 290 nm) by Py and allows efficient NRET
~0.06 deg/min. The shaded area shows the temperature range fofrom Np* to Py28

mesoglobule formation upon heating.

are referred to as NEQ5 50: 50-36—50 °C and NEQ5— 80:
80—34-50 °C in the text.
Zeta Potential Measurements.Zeta potential measurements

were performed with a Nano-ZS Zetasizer (Malvern Instruments)

equipped with 4 mW HeNe laser operating & = 633 nm.
Differential Scanning Calorimetry (DSC). DSC measurements
were performed on a VP-DSC microcalorimeter (MicroCal Inc.)

at an external pressure of ca. 180 kPa. The cell volume was 0.520
mL. The heating rate varied between 0.16 and 1.5 deg/min. Heating
and cooling scans were performed in the temperature range from
10 to 70°C. Data were corrected for instrument response time to

take into account the effect of the scan rate on the data collected.
Data were analyzed using the software supplied by the manufac-
turer. The polymer concentration of the solutions was fixed at 0.1
g/L, the same value as used in fluorescence measurements (vid

infra). The temperature of the phase transitidg)(was taken as
the maximum of the transition, the demixing temperatirgn)

was taken as the temperature of onset of the increase in heat capaci

(cp) in @ heating scan, and the enthalpy of the transitidbH)(was

determined from the area of the endotherm or exotherm (see Figure
3). At least three measurements were performed for each solution.

Fluorescence MeasurementdAnisotropy Measurementgluo-
rescence anisotropy)(measurements were performed on a Varian

The mixing experiments were carried out as follows. In the
equilibrium (EQ) heating mode, PNIPAM-Np (0.15 g/L) and
PNIPAM-Py (0.05 g/L) solutions were prepared at room temper-
ature, placed in the cell compartment of the spectrofluorimeter, and
heated to the measurement temperature at a rate of 0.06 deg/min.
They were kept at this temperature for 60 min. After this time, the
two solutions were mixed quickly (final polymer concentration:
0.1 g/L; final volume: 4 mL), and the changes with timelg§
and Iy, were recorded (kinetic experiments) until the signal
remained stable (617 h). The solutions were cooled to 18
(cooling rate 0.06 deg/min) while monitoring the changes with
temperature ofpy and lyp.

In the nonequilibrium (NEQ) mode, solutions of PNIPAM-Np
(0.15 g/L) and of PNIPAM-Py (0.05 g/L) placed in hermetically
sealed vials were brought quickly from°& to the spectrometer

&ell holder compartment heated to 50 or&l They were kept at

this temperature for 24 h. They were cooled under equilibrium
conditions (0.06 deg/min) to 36C. They were mixed at this

mperature, and the changes with timésgandly, were recorded
kinetic experiments) until the signal remained stable<(18 h).
These procedures are referred to as NEQ50: 50-36 °C and
NEQ5— 80: 80-36 °C in the text.

Control experiments performed with solutions of unlabeled
PNIPAM (0.1 g/L) indicated that the contribution of scattered light

Cary Eclipse spectrometer fitted with two Glan-Thompson polar- t0 the total emission intensity was negligible under the high dilution
izers in the L-format configuration. The temperature of the sample conditions selected, corresponding~0.05% and 0.4% of the total
fluid was controlled using a water-jacketed cell holder connected emission intensity for solutions heated below and ab®yg,

to a Cary circulating water bath and measured with a thermocouple fespectively.

immersed in a water-filled cell placed in one of the four cell holders

in the sample compartment. The temperature of the sample wasResults and Discussion

changed in a continuous way with a rate of 0.06 deg/min. The slit

settings were 5 nm for both excitation and emission. The excitation

and emission wavelengths were set at 290 and 330 nm, respectively
The fluorescence anisotropy was calculated from the relationship

Ivv B GIVH

"= + 2Gly,

@)

whereG = lyy/lyy is an instrumental correction factor amhg,,
vy, andlyy refer to the resultant emission intensities at 330 nm

Aqueous Solutions of PNIPAM-Np and PNIPAM-Py: A
Brief Overview. Using light scattering and microcalorimetry,
Wwe characterized the solution properties of the fluorescently
labeled polymers in cold water and as they undergo the heat-
induced phase transition. From a combination of static (SLS)
and dynamic light scattering (DLS) measurements, we con-
cluded that PNIPAM-Np in cold water forms small assemblies
of monomodal size distribution, consisting-e2—3 chains with
a hydrodynamic radiudy;) of ~14.5 nm. The ratio of the radius

polarized in the vertical or horizontal planes (second subindex) upon ©f gyration, Ry, over Ry (Ry/Ry = 1.56) of the PNIPAM-Np

excitation with either vertically or horizontally polarized light (first

assemblies is characteristic of loose solvent-draining objécts,

subindex). The values reported in the text are the averages of 18a conclusion confirmed by the low value (0.001 g#raf p,
measurements. Solutions for analysis (0.01 g/L) were prepared fromthe packing density of polymeric material, defined as 8BV



Macromolecules, Vol. 39, No. 22, 2006

Poly(N-isopropylacrylamide) Mesoglobules7689

Table 2. Light Scattering Data for Equilibrium Heated (EQ) Solutions of PNIPAM-Np?2

conditions T/°C Mw/g/mol Ad/cm? mol/¢? Ry/nm R/nm Ry/Rn plglcm?

6=0°c =0.102 g/L 20 (2.5:0.1)x 1° (—2.2+0.8)x 1078 226+21 145+ 0.3 1.56+ 0.15 0.0014 0.00®

6=45°,¢c =0.102 g/L 20 (2.3:0.1)x 1 (—2.9+0.8)x 1078 21.1+ 4.9 149+ 0.3 1.42+0.37 0.0014 0.00%
25 (25+0.1) x 10° (—2.3+0.4)x 103 21.1+ 5.9 144+ 0.5 1.46+ 0.47 0.0014 0.00P
28 (2.4+0.1) x 10° (—3.4+0.6)x 103 18.6+ 4.1¢ 13.0+£ 0.3 1.43+0.35 0.0014 0.00P
30 (3.1+0.1)x 1® (—4.8+£0.5)x 103 size increases with polymer concentration
31 (4.0+£0.7) x 1¢° (—4.7+£15)x 104 size increases with polymer concentration

0 =0°c¢ =0.102 g/d 31 (1.09+ 0.01) x 107 assumingd, =0 26.3+4.4 42.0£ 0.4 0.63+ 0.11 0.058+ 0.00%
32 (4.79+ 0.02) x 107 assuming®; =0 35.6+4.3 53.9+ 0.3 0.66+ 0.08 0.121+ 0.002

0=45,¢c =0.102 g/l¢ 31 (1.0£0.1) x 107 assuming®; =0 428+ 1.0 0.053f 0.01C¢
32 (4.5+0.5) x 107 assumingd, =0 53.9+1.0 0.114+ 0.02¢
33 (8.7£0.9) x 107 assumingd, =0 56.8+ 1.0 0.189+ 0.032
34 (1.1+0.1) x 18 assumingd, = 0 56.5+ 1.0 0.232+ 0.04C
36 (1.3+0.1) x 1C° assumingd; = 0 57.4+ 1.0 0.275+ 0.04F
38 (1.54+0.2) x 18 assuming®; =0 59.5+1.0 0.273£ 0.046
40 (1.6+£0.2) x 108 assuming®, =0 59.4+1.0 0.307+ 0.052
45 (1.6+0.2) x 108 assumingd; =0 579+ 1.0 0.321+ 0.053
50 (1.7£0.2) x 108 A=0 57.6+ 1.0 0.351+ 0.06C

6=0°c =0.102 g/L 50 (2.08: 0.03) x 1C® A;=0 47.8+ 5.7 57.8+ 0.2 0.83+ 0.10 0.427+ 0.01P

@ Mw = weight-average molecular weighi; = second virial coefficientRy = radius of gyrationR, = hydrodynamic radiusy = density of scatterers.
b Calculated using the end-to-end distaice: Rg«/é as the size of scatterefsThere is no concentration dependenceRgiand R, below T¢p within the
experimental error; the radii are shown for solution of polymer concentratior.02 g/L at?) = 0°. 4 Ry andR, aboveTg, increase with increasing polymer
concentration that results in apparent valye as demonstrated earlier, the trAg (~0) can be obtained from measurements carried out with solutions
obtained by diluting a concentrated solution with hot watef.Calculated as for a sphere of radiRg

polymer concentration within the volume occupied by a single
chain = M\[Na4/37R%] 1 whereR is the end-to-end distance
for a coil or R, for a sphere). Similarly, PNIPAM-Py forms
multichain assemblies in cold water with ~ 18.6 nm, a value
slightly larger than theR, of PNIPAM-Np, presumably as a

consequence of its somewhat larger molecular weight (Table

1). In mixed PNIPAM-Np/PNIPAM-Py solutions associates of
intermediate size were detected.

Solutions of PNIPAM-Np (0.0060.3 g/L) were heated from
20 to 50°C under equilibrium conditions, following a protocol
described in the Experimental Section. The intensity of the
scattered light at the angle = 45°, ly—45, remained constant
upon heating to 29.5- 0.5°C. It increased rapidly upon further
heating and remained constant foe 38 °C. The temperature
of the onset of the increase lip-45 was taken as the cloud point
of the solution,T,. This value is slightly lower than the value
typically reported in the literature for dilute solutions of
PNIPAM under similar condition® reflecting the slightly
increased hydrophobicity of PNIPAM-Np compared to that of
the unmodified polymer. The values &, and M, increase
significantly for T > T, (Figure 2, red curves), indicating the
formation of large and dense aggregates, while, concurrently, =
the second virial coefficienth, decreases with increasing
temperature due to the worsening of the quality of the solvent the mesoglobules has been observed also in studies of aqueous
in these solutions (Table 2). We noted that the size distribution pnjpAM solutionss:21:31t was attributed to the fact that in the
of the aggregates is monodisperse and that the valugs Bj,
andM, depend significantly on the concentration of the solution ¢ T, “and subsequent interchain association to form mesoglo-
(see refs 1 and 11 and Supporting Information, where we presentyjes, whereas rehydration upon cooling requires swelling of
details of the LS study and justify the selection of the methods the globules and breaking of intra- or interchain hydrogen bonds,

employed).

Solutions of PNIPAM-Np, equilibrated at 3C, were brought
back to 20°C at a rate 0f~0.06 deg/min. Values d¥l,, andR,
recorded upon cooling are plotted in Figure 2 (blue curves).
The temperature dependence M, in the cooling process
follows the trends noted upon heating, except foP@7< T <
32 °C, a range of temperature for whid,, values recorded
upon cooling are consistently higher than the corresponding
values recorded in the heating ramp. Similarly, Byevalues
remained constant upon cooling from 50+@2 °C. Further
cooling triggered an increase Bf, which reached a maximum
value aroundTc, and decreased sharply within a narrow
temperature range to reach eventually the value recorded priormaximum, Tqer, taken as the temperature of the endotherm

to heat treatment. The hysteresis in the temperature profiles ofonset, andAH, the enthalpy of the transition. Th&, and

3- T,=32.01°C

AH=4.47 Jimol

Cp / kJ/(mol*°C)

T,=30.84 °C

%5 30 3% 4 4
temperature / °C
Figure 3. Temperature dependence of the specific heat capagijty (

of PNIPAM-Np in water upon heating and cooling at a rate of 0.16
deg/min (polymer concentration: 0.1 g/L). For shaded area, see Figure

R, corresponding to the formation and to the desintegration of

heating process individual chains undergo intrachain contraction

such that complete unfolding of individual chains occurs when
the temperature is lower than tigem

The heat-induced phase transition of aqueous PNIPAM-Np
solutions was monitored also by microcalorimetry, a technique
that yields the changes with temperaturecgfthe partial heat
capacity of a solution. In all measurements, the solutions were
heated or cooled between 10 and°@) and the heating/cooling
rate was adjusted between 0.16 and 1.5 deg/min. Thermograms
recorded for an aqueous solution of PNIPAM-Np (0.1 g/L)
heated to 70C at a rate of 0.16 deg/min and then cooled to 10
°C at the same rate are presented in Figure 3 in which we
highlight Ty, the temperature corresponding to the transition

Ccbv
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enthalpy values recorded during the cooling scan are slightly
lower than the values observed in the heating process. We
observed also that th&y and AH values for solutions of
PNIPAM-Np (0.1 g/L) increase with increasing scan rate in the
heating ramp, while in the cooling ramiy and AH decrease
slightly upon increasing scan rate (see Supporting Information).
Similar trends were noted in previous studies of PNIPAM
solutions and gel&32In the case of PNIPAM-Np and PNI-
PAM-Py, the values ofly, extrapolated to zero scan rate are
32.054+ 0.4 and 30.84+ 0.01°C for the cooling and heating
scans, respectively. ThRem value determined from DSC ex-
periments is ca. 29.8C, which coincides with the value obtained
by light scattering (vide supra). The fact that the maximum of
the exotherm upon cooling occurs at a temperature lower than
the endotherm upon heating can be attributed to the fact that
intermolecular hydrogen bonds form between PNIPAM chains
in collapsed globules, giving them additional stabififi 1821
Upon cooling, interpolymeric hydrogen bonds are replaced
progressively by H-bonds between water molecules and polymer
chains. If the cooling process is fast, water molecules have not

reswelling of the mesoglobules is not uniform, leading to a
decrease oy compared to the value recorded upon heating.

Macromolecules, Vol. 39, No. 22, 2006

tropy

aniso

temperature / °C

Figure 4. Changes in Np anisotropy as a function of temperature upon
. 0 heating and cooling for an aqueous solution of PNIPAM-Np (polymer
enough time to penetrate inside the mesoglobules and theconcentration: 0.01 g/L; heating/cooling rate: 0.06 deg/rhig; 290

nm). For shaded area, see Figure 2.

Note that the hysteresis observed in the heating/cooling cycletemperature exceeds-32.5 °C, a temperature for which

may also be an indication that the PNIPAM mesoglobules are
partially vitrified at high temperature and that, consequently,
longer equilibration times will be required for remixing to be
completed at low temperature.

We measured also the zeta potentigl,of mesoglobules
formed in aqueous solutions of PNIPAM-Np, PNIPAM-Py, an
PNIPAM-Np/PNIPAM-Py 3:1 mixtures (0.1 and 0.03 g/L)
heated to 50C. In all samples, thé value was slightly negative,
fluctuating betweer-9 and—22 mV depending on the heating
rate and the polymer concentration (see Supporting Information).
These values agree well with those recently published for
PNIPAM above itsTgeni® and confirm that the mesoglobules
of the labeled PNIPAM samples investigated here also carry a
negative surface charge that may, in principle, account for their
stability. However, the experimentélvalue is lower than the
minimum chargey~ —30 mV 3435 necessary to provide per se
colloidal stability of the mesoglobules. Therefore, even though
the electrostatic interactions may contribute to some extent to

the stability of mesoglobules, one needs to consider the impact

of other mechanisms as well.

In summary, the LS, microcalorimetry, afjighotential studies
provide convincing evidence that although the presence of

mesoglobule formation and growth are nearly completed (see
Figure 2). The anisotropy reaches a plateau valud far36.5
°C, a temperature beyond which mesoglobule growth stops
(Figure 2). Control LS experiments (see Figure—21in
Supporting Information) indicate that the difference between

d the temperature for which changes in anisotropy are first

detected andlgem is not due to the fact that fluorescence
depolarization experiments were conducted with polymer solu-

tions of concentration higher than the concentration used for

LS measurements. The enhancement & diagnostic of an
increase in the microviscosity sensed by the label, which
experiences a rigid “glassy” environment in the mesoglobular
phase existing in solutions heated beyond®6 °C. The
anisotropy temperature profiles recorded upon heating and upon
cooling exhibit a hysteresis. The onset ofdecrease upon
cooling, which signals an increase in probe mobility, takes place
when the temperature drops belewd4 °C, the temperature
corresponding to the onset of swelling of the mesoglobules
observed by DLS (Figure 2). The decrease afccurs over a
broad temperature range, reaching a constant valug foB80

°C. Referring again to Figure 2, it appears that the probe has
regained its full mobility in water-swollen mesoglobules prior
to their full desintegration.

fluorescent labels on the polymer chains affects somewhat the  conrol frequency-domain fluorescence measurements con-
heat induced phase separation process of PNIPAM, as observe@,med that the lifetime of Np* remained constant (50:80.6

for instance by small shifts ifigem and Ty, the salient features

ns) upon heating the PNIPAM-Np solution from 20 to 45,

of the mesoglobular phase are preserved. The major impact ofy;ith no significant changes in its value in the vicinity of the
the labels is seen in the one-phase systems below the demixingyhase transition temperature. The Np* lifetime remained

temperature: labeled polymers associate-8Zhain associ-

constant during the cooling ramp as well (see Supporting

ates, whereas PNIPAM chains are isolated from each other, alinformation). Thus, the temperature-dependent changes in Np

least in the dilute systems considered Hére.

Equilibrium Heating/Cooling of Fluorescently Labelled
PNIPAM in Aqueous Solutions.Fluorescence Depolarization
MeasurementsA solution of PNIPAM-Np (0.01 g/L), prepared
by dilution of a stock solution equilibrated at low temperature,
was heated at a constant rate (0.06 deg/h) from 18 tuCA%t
was kept at this temperature for 14 h and cooled t¢ @&t

anisotropy cannot be due to the difference in the probe lifetime,
and they reflect primarily the variation in the microviscosity.
NRET Transfer Measuremen8olutions of PNIPAM-Np and
PNIPAM-Py were mixed at 18C in amounts such that the
total polymer concentration was 0.1 g/L and the [Np]/[Py] ratio
was 3/1. The fluorescence of the mixed solution upon excitation
at 290 nm, a wavelength of light absorbed selectively by Np,

the same rate. Fluorescence depolarization was measured at fixedxhibited a contribution of Np* emission in the 32800 nm

temperature intervals, yielding thevalues represented in Figure
4 as a function of solution temperature. Note that during the

range, with a maximum at 340 nm, and an emission between
370 and 500 nm, with maxima at 376 and 396 nm attributed to

heating scan the anisotropy starts to increase when the solutiorPy excited via NRET from Np* (Figure 5a). The mixed squti&rbV
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Figure 6. (a) Changes with time of the intensity of Np emissidg)
temperature / °c following mixing of PNIPAM-Np and PNIPAM-Py solutions incubated

] o at various temperatures in the vicinity of the demixing temperature
Figure 5. (a) Fluorescence spectra of a solution in water of PNIPAM-  and higher. Total polymer concentration: 0.1 g/L; [Np)J/[Py]3/1;
Np and PNIPAM-Py recorded at 25, 32, and@ (b) Changes with 4., 290 nm. (b) Data of (a) on a logarithmic time scale. Solid lines
temperature of the ratityy/In, of the intensities of the emission of Py display linear fits.
and Np for a mixed PNIPAM-Py/PNIPAM-Np solution prepared at

18°C and subjected to an equilibrium heating treatment. Total polymer _, . .
concentration: 0.1 g/L, [Np/[PYE 3/1: Zexc 290 nm. For shaded fluid mesoglobular phase (see Figures 2 and 4). The decrease

area, see Figure 2. in NRET upon further heating is an indication that at this

was heated from 20 to 5 at a rate of 0.06 deg/min. The Py :En:pterattj_ret th? m;t_:rovldsc;)hsny within tthle mssogI?tl:;]ule ISI such
emission intensity increased with increasing temperature, at- atitrestricts signiicantly tne segmental motion ot the polymer

tained a maximum value as the solution temperature reachedNains: diminishing the frequency of Py/Np encounters.
33.5°C, and decreased upon further heating. Concurrently, the  Next, PNIPAM-Py and PNIPAM-Np solutions were brought
Np emission intensity decreased upon heating, passed througho various temperatures between 30 and@@inder equilibrium

a minimum as the temperature reached 3&5and increased  conditions (see Experimental Section). They were rapidly mixed,
slightly upon further heating to 40C (Figure 5a). The and the isothermal evolution of the intensity of Np emission
enhancement of the Py emission intensity)(together with was monitored as a function of time. Recall that a decrease in
the decrease of the Np intensitynf) upon heating mixed Inp corresponds to an enhancement of the NRET efficiency.
solutions are diagnostic of the fact that the NRET process Mixing solutions incubated at 3TC < T < 36 °C, the
becomes more effective with increasing temperature up to 32 temperature window for which the mesoglobules are in the fluid
°C. Two factors contribute to the effect: (i) the chain dynamics regime (see Figures 2 and 4), resulted in a rapid decrease of
accelerate upon heating, enhancing the probability of chain Inp Which slowed down considerably at long times. The
encounter, and (ii) the probe local concentration increases as eamplitude of the change iy, decreased with increasing
result of solution demixing. The changes with temperature of incubation temperature (Figure 6a). However, mixing aqueous
the efficiency of energy transfer, computed k§/lnp, are PNIPAM-Py and PNIPAM-Np samples preheatedTto> 36
presented in Figure 5b. In this representation, a high value of °C had hardly any effect on the value &§, recorded for
Ipy/Inp reflects efficient NRET between Np* and Py. In mixed mesoglobular PNIPAM-Np prior to mixing, implying that chain
PNIPAM-Py/PNIPAM-Np solutions the conditions for effective  exchange between preformed PNIPAM-Np and PNIPAM-Py
NRET seem optimal when the solution temperature is in the mesoglobules and/or mesoglobule merging does not occur under
vicinity of 33.5°C, at which point the solution exists in a highly  these conditions. CDV
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20 —+——F——r+———7—7—+ 1710 Nonequilibrium Heating of Fluorescently Labeled PNIPAM
1804 m | Aqueous Solutions.The size and morphology of PNIPAM
l mesoglobules show a marked dependence on sample Higtdry.
160 - -0.8 In particular, a nonequilibrium heat treatment favors the
140 \Q——O\._. i formation of glassy, or partially vitrified, mesoglobules of
© ] - smaller size than mesoglobules brought to the same temperature
E 120'_ —a—n 060 under equilibrium conditions. To ascertain that the same
2 0o | e phenomena took place in the case of PNIPAM-Np solutions,
E; 80.] 04 g we carried out a light scattering study of a PNIPAM-Np solution
% ] DQQW T e subjected to a nonequilibrium heat treatment. The sample was
4 60 - - heated quickly from 5°C to 50 or 80°C and kept at this
~ 0] [ 02 temperature for 24 h in order to ensure that the system is fully
; relaxed at this temperature. Subsequently, the sample was cooled
20+ - to 36 or 34°C under equilibrium conditions. Full LS charac-
0 - 0.0 terization of the system was carried out during the cooling
34 36 38 40 42 44 46 48 50 process. The mesoglobule properties assed&gdR{, My, and
temperature / °C p) remained constant upon cooling 1638 °C. At this point,

_ we noted an increase M,, (Figure 7, full blue symbols) and
Figure 7. Temperature dependence of the molar mb&s (full a decrease in the mesoglobule density (Figure 7, open blue

symbols) and the density of the polymeric material within PNIPAM- oy 01515)  These trends indicate that at this temperature the
Np mesoglobules; (open symbols): (squares) solutions heated under

nonequilibrium conditions to 86C and then subjected to a cooling/ Mesoglobules rehydrate and swell. The réigR, decreases
heating treatment (NEQ5- 80: 80-34—50°C); (diamonds) solutions ~ below a value of 0.78, characteristic of a molten globule with
heated under nonequilibrium conditions to 8D and then subjected  a denser coré: Concurrently, we noted an increase in the size
to a cooling/heating treatment (NEQ550: 50-36-50°C); polymer ~  of the mesoglobules, indicating that they undergo effective
concentration: 0.102 g/L; data obtained at zero scattering angle; the . . - .

size of the symbols corresponds to the error bars of the values (Seecolllsmns. To Qscertaln that mesoglobule growth in this tgm-
Table 2). perature domain does not occur only as a result of swelling,
the solutions were heated back to ®Dand analyzed again by
LS (experiments NEQ5~ 80: 80-34—50 °C and NEQ5—

50: 50-36—50 °C, Figure 7, full red symbols). The particles
formed were significantly larger in size and mass than those
present at the onset of the experiment. Ryevalues recorded

for solutions at 50C changed from 52.0 nm, prior to cooling,

to 55.8 nm, after being cooled to 3€ and reheated (Table 3).
n‘[he absence of hysteresis in the particle density (Figure 7, open

natural mean time constant and that there exists an extremel ymbols) confirms th?t _the coolyr)g/ heating treatment was
broad continuous distribution of rate constants that extends overperformed under equilibrium conditions.
at least 3 decades. One may notice that the equétjst) ~ Next, we carried out a series of NRET mixing experiments
—log t implies the existence of a minimum and a maximum to assess if the merging of PNIPAM-Np/PNIPAM-Py mesoglo-
cutoff rate constant. However, a careful inspection of Figure bules is affected by the size of the mesoglobules. Thus, solutions
6a indicates that there are no significant deviations at short or of PNIPAM-Py and PNIPAM-Np were heated rapidly from 5
long times that would allow an unambiguous determination of °C to either 50°C or 80°C, kept at this temperature for 24 h,
these cutoff rate®:37 and cooled under equilibrium conditions to 3B (experiments
The slope of thelyy(t) ~ —log t lines decreases with NEQS5— 80: 80-36 °C and NEQ5— 50: 50-36 °C, see
increasing temperature, implying that, although the distribution Figure 7). The two solutions were then mixed, and the changes
function of rate constants remains broad, the average ratein Inp were monitored as a function of time. The results of this
constant decreases with temperature (Figure 6b). Similar broadexperiment are presented in Figure 8 in the form of the time
distributions of relaxation times and logarithmic dependence dependence ofy, recorded upon mixing of PNIPAM-Np/
have been reported for systems such as mixing of diblock PNIPAM-Py solutions brought to 38C under equilibrium
copolymer micellesé glassy system%/;38 protein folding3°4° conditions. The decrease bf, with time is significantly less
and the internal dynamics of DN&.It is usually ascribed toa  pronounced in the case of mesoglobules subjected to the rapid
broad distribution of activation energies or hierarchical con- heat treatment, implying that for these samples the chain
strained dynamics. In the case of PNIPAM mesoglobules, the exchange process is significantly less effective. Also, the
broad distribution of relaxation times may be caused by exchange is even less pronounced with mesoglobules heated to
heterogeneities within mesoglobules in terms of chain hydration, 80 °C compared to those formed at 8. Mesoglobules that

We attempted to extract the rate constant of the mixing
process from the NRET kinetic data. Poor fits were obtained
using single- or double-exponential laws. The data could be fit
satisfactorily by a triple-exponential law, but the physical
meaning of three finite reaction rates is questionable. We noted
though that when the data are plotted on a logarithmic scale

conformation, and entanglement. are generated at 8C are the smallest among the three samples
Table 3. Light Scattering Data for Equilibrium and Nonequilibrium Heated Solutions of PNIPAM-Np at T = 50 °C?
conditions Mw/g/mol Ry/nm R/nm Ry/Rn o glem?
EQ (2.084 0.03) x 108 47.8+5.7 57.8+ 0.2 0.83+0.10 0.427+0.01
NEQ5— 50°C (1.384+ 0.02) x 1C® 40.1+ 3.9 52.0+0.3 0.77+ 0.08 0.389+ 0.010
NEQ5— 80°C (1.05+ 0.01) x 108 36.7+ 2.7 4594+ 0.1 0.80+ 0.06 0.429+ 0.009
NEQ5— 80°C: 80-34-50°C (1.84+0.03) x 108 44.6+ 4.7 56.7+ 0.2 0.794+ 0.09 0.40% 0.010
NEQ5— 50°C: 50-36—50°C (1.694 0.02) x 10® 43.0+ 3.4 55.8+ 0.3 0.77+ 0.06 0.384+ 0.010

aPolymer concentration: 0.102 g/L (see Experimental Section for the detailed description of the heating/cooling procedure). Molecuby, &eijht
hydrodynamic radiu®, were obtained at zero scattering angle=f 0°) and zero second virial coefficiedt = 0. P Calculated for a sphere of radifs. cDV



Macromolecules, Vol. 39, No. 22, 2006 Poly(N-isopropylacrylamide) Mesoglobules7693

200 ~

Research Council of Canada. The authors gratefully acknowl-
+ EQ36°C (from Fig. 6) edge Dr. L. Murtoniki (Helsinki University of Technology)
= NEQ 5+50: 50-36°C for his help in zeta potential measurements.

* NEQ5--80: 80-36°C

Supporting Information Available: Detailed description of the

180 light scattering data analysis including relevant figures, the scan
rate dependence a@f, andAH obtained from DSC measurements,
5 the fluorescence lifetime data for PNIPAM-Np, and additional data
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