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ABSTRACT: Poly(N-isopropylacrylamide) or p-NIPAAM gels undergo a prominent deswelling transition near physiological tempera-

tures. Using passive microrheology, we have investigated the viscoelastic response of p-NIPAAM gels over a frequency range not acces-

sible to bulk rheological measurements. Overall, NIPAAM gels moderately shear stiffen with increasing frequency. More intriguingly,

sample viscosity rapidly declines with increasing frequency before leveling off near the solvent viscosity. The frequency for this cross-

over coincides with the emergence of fast gel modes seen in dynamic light scattering (DLS) from the gel. Furthermore, we monitored

viscoelastic responses on approach to the deswelling transition. Intrinsic light scattering indicates that experimental conditions are

not near the critical point and that the deswelling transition is second order in nature. Nevertheless, the corresponding elastic and

viscous moduli of p-NIPAAM displayed power-law decreases with temperature. These changes with temperature were independent of

probe frequency. Power law exponents, however, are sensitive to details of the sample preparation suggesting that these viscoelastic

responses vary with gel structure. Correlating our microrheological measurements with DLS from the gel matrix itself, we find that

several of the observed microrheological features are closely related to the intrinsic dynamics of the p-NIPAAM gels. In particular, the

transition from gel- to solvent dominated dissipation coincides with a transition from fast to slow gel modes. Combining microrheol-

ogy with intrinsic light scattering, therefore, provides a compelling approach to probe rheological responses and correlate them to the

underlying network dynamics. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Gel networks comprising lower critical solution temperature

(LCST) polymers have found success in technologies that benefit

from reversible modulation of pore size, including drug delivery,

chromatography, and flow control.1–4 The gel pore size in LCST

networks is regulated by temperature. At temperatures below the

demixing, the entropy of mixing dominates and the gels swell

thereby favoring large pores. As the demixing temperature is

approached, hydrophobic interactions shrink the pore size.

Poly(N-isopropylacrylamide) or p-NIPAAM was among the first

systems for which a prominent deswelling transition of the gel

phase was observed near physiological temperatures (� 32�C).1,2

The demixing behavior is characterized by a rather flat spinodal,

i.e., the spinodal temperature is only very weakly dependent on

the polymer concentration. Subtle changes in preparation of the

gels, nonetheless, affect how a system approaches the spinodal.1

Crosslinking effectively freezes in spatial heterogeneities in con-

centration leading to nonergodicity.3 As a result, the local behav-

ior of the gel may be different from the averaged behavior of

macroscopic samples. This becomes primarily relevant near the

demixing temperature, where the distribution in pore sizes is

especially sensitive to the built-in heterogeneity. Characterizing

viscoelastic behavior locally and over a wide range of time scales

as the gel approaches, the spinodal temperature is therefore not

just important for interpreting bulk mechanical performance but

also for characterizing how spatial modulation of gel properties

affect local gel responses.

Most rheological techniques rely on bulk measurements that

probe gel responses at long relaxation times and averaged over

all spatial heterogeneities. Changes to the rheology of

p-NIPAAM on crossing the LSCT have been investigated both

in polymer solutions and crosslinked gels. p-NIPAAm gel rhe-

ology has been characterized with bulk dynamic and static
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mechanical measurements.5–7 Measurements across the transi-

tion in the gel phase are intrinsically difficult, because the vol-

ume of the gel changes drastically near the demixing tempera-

ture. Shibayama and Tanaka, to circumvent this issue, studied

isochore gel samples at low frequencies (8 Hz) and reported

elastic-like behavior below the transition temperature and

viscoelastic like behavior above the transition temperature. In

all cases, though, the gels studied had high-elastic moduli

(104–106 Pa), exceeding the soft gels investigated in this article

by several orders of magnitude.

The advent of microrheological techniques has expanded signif-

icantly the range of accessible frequencies and length scales that

can be probed.8 In microrheology, micron-sized probe particles

are embedded into the gel matrix, and their (actively or ther-

mally) driven motion is measured either directly using video

microscopy or determined through indirect optical detection

such as interferometry,9 dynamic light scattering (DLS), or

diffusing wave spectroscopy (DWS).10–12 Each of these

approaches monitors the mean-square displacement of the

tracer particles as function of time which, in turn, is then

related to the viscous damping and elastic restoring forces

imposed by the gel matrix onto the tracer dynamics. A more

detailed discussion of the method and associated data analysis

is provided in the Experimental section below. In video-based

particle tracking, individual particle motion is determined that

allows the detection of intrinsic local heterogeneities either at

the scale of individual tracer particles (single particle micro-

rheology) or over the size of the measurement volume used to

average tracer dynamics.13 Indirect particle tracking typically

relies on light scattering to detect tracer particle motion.

Among those, diffusing wave spectroscopy or DWS permits

measurements at very high probe frequencies and highly turbid

samples but provides no local information. DLS represents a

compromise by offering much higher time resolution than

video-based measurements while retaining detection volumes

with submillimeter dimensions.

Herein, we used indirect particle tracking with DLS to study the

elastic and viscous moduli of crosslinked p-NIPAAM gels at

high frequencies (5–100 kHz) and on approach to the spinodal

for thermally induced gel collapse. Specifically, we investigated

whether high-frequency viscoelastic behavior of soft p-NIPAAM

gels could readily be extrapolated from their responses in the

low-frequency regime. Furthermore, we were interested in char-

acterizing temperature effects on viscoelastic responses of

p-NIPAAM gels at off-critical concentrations, i.e., at concentra-

tions distinct from the unique critical concentrations of the

p-NIPAAMs deswelling transition. Finally, we explored whether

the viscoelastic responses of p-NIPAAM gels, derived from

tracer particle dynamics, could be correlated with the intrinsic

dynamics of p-NIPAAM gels observed with DLS from gels with-

out embedded tracer particles.

EXPERIMENTAL

Chemicals

N-Isopropylacrylamide (NIPAAM), tetramethylethylenediamine

(TEMED), ammonium persulfate, and N,N0-methylenebisacryla-

mide (BisAAM) were obtained from Sigma-Aldrich and were re-

agent-grade or better. Calibrated polystyrene beads (nom. diam

of 200 nm, 450 nm, or 900 nm) were from Duke Scientific with

average sizes and standard deviation determined per manufac-

turer TEM calibration. Deionized water from a Barnstead E-

pure 4-module system (18.2 MX cm) was used for preparation

of all aqueous samples.

Gel Preparation

p-NIPAAM solutions were prepared at room temperature by

dissolving 10 wt % NiPAAM, 0.2 wt % BisAAm, and 0.04 wt %

ammonium persulfate in distilled water. These solutions were

passed through syringe filters (0.02 lm pore) to remove any

undissolved clusters and bubbled with dry nitrogen gas for

5 min. The mixture was diluted up to two times and TEMED

(10 lL per 10 mL of solution) was added to catalyze the reac-

tion. Depending on the degree of dilution, gelation was com-

plete in 10 min or 16 h. When diluted by a factor of 2, gelation

occurred between 7 and 16 h. When diluted by a factor of 1.5,

gelation was completed in 10 to 15 min. For microrheology

measurements, typically 0.005 wt % of polystyrene beads was

dissolved in the solution before the onset of gelation. For meas-

urements, before and after completion of gelation, the 2� dilu-

tion was used. For all other measurements, the 1.5� dilution

was used because it yielded more reproducible gel stiffness. The

1.5� dilution was allowed to incubate for 24–48 h before a

measurement was taken. At that point no changes in rheological

properties with incubation time were observed.

Microrheology Using DLS

The thermally activated motion of the embedded polystyrene

beads was monitored with DLS using a Zetasizer Nano S (Mal-

vern Instruments, UK) with a 4 mW He-Ne laser (k ¼ 633

nm). Light back scattered at an angle of 173� was collected by

an optical fiber coupled to a photon detector. Glass cuvettes

containing the gels with embedded beads as probe particles

were placed inside the thermostated sample holder of the DLS

unit. Samples were allowed to equilibrate to their set tempera-

tures for a minimum of 5 min before any measurements. Dur-

ing temperature scans, samples were typically equilibrated for

30 min before any measurements. At that point, correlation

functions collected at subsequent time points showed no dis-

cernable differences. The concentration of 0.005 wt % for the

453 nm beads in our experiments was chosen such that the

scattering from the beads was at least five to seven times stron-

ger than from the gel alone. Bead concentrations for the 200

nm and 900 nm beads were adjusted to reach scattering inten-

sities comparable with those for 450 nm beads. At the same

time, the bead concentration was kept low enough to avoid

multiple scattering. Using a variable ND filter, count rates dur-

ing the experiments were adjusted to approx. 3 � 105 count/s.

Autocorrelation functions of the scattered light intensity were

accumulated for 2 min and data analysis was performed using

the average of five measurements at each temperature. Measure-

ments of intrinsic static and dynamic light scattering from the
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gels without beads proceeded in the same manner as those for

the microrheological measurements described above.

Derivation of Viscous and Elastic Responses

from Rracer dynamics

DLS measures the intensity correlation function g2(s) of tem-

poral fluctuations in the scattering intensity. For the case of

gel samples with beads, fluctuations in the scattering intensity

are dominated by the thermal agitation of the polystyrene

particles embedded in the gel matrix. The field correlation

function g1(s), used in the subsequent analysis of the scatter-

ing data, is related to the experimentally measured and

normalized intensity correlation function g2(s) through the

Siegert relation14

g2ðsÞ ¼ 1þ g21ðsÞ: (1)

The mean square displacement (MSD) of the polystyrene beads

can be derived from the field autocorrelation g1(s) via
12

g1ðsÞ ¼ exp
�q2hMSDðsÞi

6

� �
(2)

where q is the magnitude of the scattering vector given by

q ¼ 4pn
k

� �
sin

h
2

� �
(3)

and k is the laser wavelength, n is the solution0s refractive index,
and y is the in-plane angle at which the scattered light is

detected. The experimentally measured intercept b (�1) of g1(s)
was normalized to b ¼ 1 before conversion of the field autocor-

relation g1(s) into MSD.

Following the approach of Mason,15 we use the local slope a of

the logarithmic derivative of the MSD

a ¼ d½lnðMSDÞ�
d½lnðsÞ� (4)

which is related to the complex modulus via the generalized

Stokes-Einstein equation15

jG�ðf Þj ¼ kBT
p ahMSDðf �1ÞiCð1þ aðf ÞÞ (5)

where a is the radius of the tracer bead, hMSD(f�1)i and a(f)
are the magnitude of the MSD and the local slope defined in

eqs. (2) and (4), respectively, both evaluated at s ¼ f�1 and C is

the gamma function. The elastic modulus G0(f) and viscous

modulus G00(f) are then given by

G0ðf Þ ¼ dG�ðf Þesin p
2
aðf Þ

� �
(6a)

G00ðf Þ ¼ dG�ðf Þecos p
2
aðf Þ

� �
(6b)

The viscous modulus G00(f) is related to the dynamic viscosity g
of the gel via

g ¼ G00ðf Þ
f

(7)

Finally, the phase angle d is defined via the ratio of elastic
and viscous moduli, i.e.,

tanðdÞ ¼ G00ðf Þ
G0ðf Þ (8)

RESULTS AND DISCUSSION

Microrheology of p-NIPAAM Before and After Gelation

We used passive optical microrheology to characterize the rheo-

logical properties of p-NIPAAM gels over frequencies ranging

from 10 to 105 kHz. In passive optical microrheology, submi-

cron tracer particles are embedded in the gel matrix and

the thermal motion of the beads, detected via DLS, is used to

evaluate local (� 5 nL or � 170 lm3 measurement volume)

viscoelastic responses (for a review, see Ref. 12). For beads

undergoing purely Brownian motion in a viscous fluid, the

MSD of the beads scales linearly with time. When embedded in

a viscoelastic gel matrix, the motion turns subdiffusive instead,

i.e., MSD ! ta with a < 1. To confirm this prediction and to

test our measurement approach, we measured the MSD of sub-

micron polystyrene beads (diam. 453 6 4 nm) from the same

p-NIPAAM solutions before (<15 min) and after (>18 h) gel

formation. Tracer particle concentration was adjusted such that

the autocorrelation function of scattered light measured in DLS

was dominated by the thermal motion of the strongly scattering

tracer particles. This condition can not be satisfied for tempera-

tures above the gel collapse which causes a large increase in

scattering intensity. Hence, we limited our measurements to

temperatures just up to the deswelling transition, or approxi-

mately 33 C [see also Figure 8(a)].

Figure 1(a) displays the correlation function of light scattered

from tracer particles in p-NIPAAM solution before the onset

and well after completion of gelation at 30�C. As indicated by

the noticeably slower relaxation rates in the gelled-out phase,

correlations in the positions of tracer particles persist signifi-

cantly longer compared with the corresponding solution sample.

MSDs vs. time and the corresponding logarithmic slope a were

derived from the correlation data using eqs. (2) and (4) (see Ex-

perimental section). In the nascent stages of gelation

[Figure 1(b)], the MSD increases linearly with time t, with a

constant slope a equal to 1. The drop off in the slope beyond

delay times of 103 ls arises from the loss of signal as the field

correlation function g1(s) approaches its baseline [Figure 1(a)]

and, potentially, additional retardation of tracer diffusion

because of the onset of some p-NIPAAM cluster formation. No

discernable elastic component exists. In the gel phase [Figure

1(c)], the MSD and logarithmic slope a display distinctively

more complex behavior. For delay times shorter than approxi-

mately 10 ls, the logarithmic slope a starts off near the free dif-

fusion value of 1. Up to delay time of several 100 ls, the slope

decreases continuously toward a minimum around 0.15 before

slowly recovering to a value near 0.5 at the edge of the delay

time range. These data establish that passive microrheology

does indeed display the expected switch from diffusive to
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subdiffusive behavior on the transition from a purely viscous

solution to a gel phase that spans the entire sample volume.

Notice also that, even near the outer edge of our analysis range

of 0.2 s [Figure 1(c)], the average displacement of the tracer

beads has only reach about
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
7� 10�3lm2

p
¼ 83 nm. This rep-

resents a fraction of the 450 nm bead diameter, indicating that

the tracer beads only probe linear viscoelastic responses.

Another assumption underlying microrheology with DLS is that

the gel is locally homogeneous from the scale of the individual

tracer beads up to the size of the detection volume over which

the bead motion is averaged (i.e., 0.5–200 lm). To ascertain

whether the specific p-NIPAAM gels prepared for our measure-

ments fulfill this requirement, we imaged 10 lm thick

p-NIPAAM strips with beads embedded inside of them. As

shown in Figure 2(a), bright field images indicate no optical

heterogeneities on these length scales other than those arising

from fluorescent bead embedded into the gel. Confocal images

of the fluorescent beads embedded within the strips showed

that bead motion was tightly coupled to gel motion during

thermal contraction, implicating that there are no large voids or

other heterogeneities on these length scales. A quantitative anal-

ysis of the mean displacement of the beads in the swollen and

collapsed state [Figure 2(b)] confirmed the correlated move-

ment of all embedded beads.

High-Frequency Viscoelasticity of p-NIPAAM Gels

Far Below the Deswelling Transition

For the subsequent experiments, we used gel samples for which

the gelation process was complete. Applying the generalized

Stokes-Einstein relation or GSER (see Experimental section

above), we analyzed the bead motion and derived the elastic and

viscous shear moduli G0 and G00.9,15,17 This approach implicitly

assumes that the frequencies of bead motion are higher than the

coupling frequency flong for which longitudinal compression

modes of the gel become overdamped and can be neglected.

These longitudinal modes would couple to bead motion and

move them around independent of their thermal motion.9,18 The

frequency flong for the onset of overdamping can be estimated as9

flong ffi ðG=gsÞðn=aÞ2 (9)

where G is the elasticity of the gel network, gs, the solvent vis-

cosity, n, the gel mesh size, and a, the tracer particle radius. For

our system, G % 1 Pa, g % 10�3 Pa s, n � 20 nm, and a ¼
225 nm, which yields an estimate for the coupling frequency

flong of 8 Hz. The mesh size n was estimated by the approach

outlined by Canal and Peppas.19 The upper limit of the mesh

size is the fully extended length of subchains between crosslinks.

As the crosslink density is 2 wt %, the average number of seg-

ments in a subchain is 70. The size of a segment is two CAC

bonds, or 0.308 nm, and hence the largest possible mesh size is

of the order of 20 nm. Hence, the GSER analysis will be appli-

cable over nearly the entire frequency range, with the possible

exceptions of the low-frequencies edge probed in our

experiments.

Figure 3(a) displays the frequency-dependence of the elastic and

viscous moduli G0 and G00 at 15�C derived from data such as

Figure 1. Optical microrheology of sol vs. gel phase of p-NIPAAM. (a) Field

correlation functions g1(s) for polystyrene beads (d ¼ 453 nm) moving in a

5 wt % p-NIPAAM well before (*) or after (l) gel formation at 30�C.
(b) Log-log plot of the MSD (h) and the corresponding logarithmic slope

a (*) vs. delay time s for bead displacements in the solution before

gelation. (c) MSD (n) and logarithmic slope a (l) vs. delay time s for the
corresponding gel phase measurements.
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those in Figure 1 using the GSER analysis [eqs. (4) and (5) in

Experimental section]. The magnitude of the elastic modulus

ranges from fractions of a Pascal to few tens of a Pascal. This

range is typical for soft gels and makes it well suited for passive

microrheological measurements. The data span a frequency

range of nearly five decades (5–100 kHz). Over this wide fre-

quency range, the elastic modulus increases by approx. one to

two orders of magnitude, indicating modest shear stiffening of

the gels. Our observations of shear stiffening with increasing

frequency match observations in other chemically crosslinked

gels including polyacrylamide gels10, and in biological gels.9

Over the same frequency range, the logarithmic slope of the

elastic modulus decreases continuously from around 0.6 at low

frequencies down to 0.15 at frequencies at or above 10 kHz.

Because frequency- and length scales are directly correlated via

the MSD of the probe particle, the increase in G0 with increas-

ing frequency is consistent with stiffening of the p-NiPAAM gels

at shorter length scales. The observed stiffening likely results

from the numerous degrees of network relaxation that become

frozen out when the motion of the polymer gel is constrained

to very short displacements (<10 nm).

Figure 2. Frequency dependence of elastic and viscous modulus for

p-NIPAAM gel. (a) Optical micrographs of p-NIPAAM gel strips (10 lm
dry width by 10 lm dry height) with embedded 500 nm fluorescent poly-

styrene microspheres. The upper image is a bright field image of a series

of gel strips with the embedded beads showing up as dark spots. The

lower image shows the same microspheres within a single focal plane

of the gel strips after their contraction past the deswelling transition.

(b) Plot of the corresponding distribution in relative distances between

nearest neighbor microspheres for both states (for details, see Ref. 16).

Figure 3. Frequency dependence of elastic and viscous modulus for

p-NIPAAM gel. (a) Elastic modulus G0 (*) and viscous modulus G00 (n)

for p-NIPAAM gel as function of probe frequency for a fixed temperature

of 15�C. (b) Viscous modulus G00 (n) together with the derived viscosity

g ¼ G0 0/f (h). Initially, gel viscosity g drops off with increasing frequency.

On reaching a crossover frequency fcross of approx. 5 kHz, viscosity pla-

teaus off close to the solvent viscosity gs.
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Figure 3(a,b) also display the frequency-dependent viscous

dampening of the bead motion in the gel/solvent matrix. The

viscous modulus G00 initially increases slightly, with its logarith-

mic slope decreasing from about 0.5 near 10 Hz to almost 0

when approaching 5 kHz. It then abruptly increases beyond

fcross ¼ 5 kHz, with a logarithmic slope constant and close to 1.

The corresponding viscosity g ¼ G00(f)/f [Figure 3(b)] provides

a more intuitive explanation for the observed transition in the

frequency dependence for the loss modulus G00. Below the cross-

over frequency, viscous loss steadily increases as frequency

decreases. This correlates well with the progressive loss of gel

elasticity with decreasing frequency. The high-frequency increase

in the viscous modulus near 5 kHz, in turn, corresponds to a

plateau in the viscosity that is close to water viscosity gw at that

temperature. To test whether this transition is indeed indicative

of an intrinsic change in the temporal dynamics of p-NIPAAM

gels and not because of an intrinsic length scale set by the probe

particles or the gel, we repeated the measurements with 200 nm

and 900 nm beads. No change in crossover frequency was

observed. The persistent increase in gel elastic modulus beyond

the crossover frequency of the viscous modulus further indicates

that the transition in viscous dissipation is not due to, for

example, probe beads being trapped in a small solvent cage.

These observations suggest that above fcross viscous losses are

controlled by dissipation within the solvent phase; below the

crossover frequency, in contrast, losses from dissipation within

the gel dominate. Theoretically, this crossover is expected to

occur for frequencies at which the viscous and elastic moduli of

the gel are smaller than the viscous shear stress in the solvent.20

The solvent shear stress modulus can be estimated as the prod-

uct of solvent viscosity gs and probe frequency f. Using the vis-

cosity of water (10�3 Pa s) for solvent viscosity, the solvent shear

stress modulus will therefore become comparable with the elastic

modulus of the gel matrix (� 1–10 Pa) for frequencies of a few

kHz (1–10 kHz). This simplified estimate for the crossover

frequency fcross matches well with our experimentally observed

values. Such crossover in gel dissipation has been observed

experimentally in soft colloidal gels.21 In many gel systems

reported in literature, however, shear stiffening of the gel with

frequency is much more pronounced than for the soft

p-NIPAAM gels in our experiments. As a result fcross is located

beyond the high-frequency limits of microrheology even when

using diffusing wave spectroscopy. To our knowledge, the

p-NIPAAM data here represent the first time such frequency-

dependent crossover from gel to solvent-dominated loss modu-

lus has been observed in a chemically crosslinked polymeric

network.

Overall, our high-frequency rheological data do not reach the

low-frequency plateau values for G0 and G00 characteristic of

crosslinked gels.10,22 However, particularly for the soft gel we

investigated, plateau values are only expected below the low-

frequency limit flong imposed on the GSER analysis [see eq. (9)

above]. It is worth noting that the log-log plots for the elastic

modulus G0 and, below fcross, the loss modulus G00 lack a

power-law scaling regime with probe frequency. Such power-law

scaling has been observed experimentally and predicted theoreti-

cally for frequencies beyond the low-frequency elastic pla-

teau.9,23 Power-law scaling also accounts for the much steeper

increase in gel elasticity with frequency observed with micro-

rheology in these other systems. We hypothesize that the struc-

ture of the p-NIPAAM gels varies across different length scales,

thereby eliminating the characteristic length scale underlying

frequency-dependent scaling-laws.

Viscoelasticity of p-NIPAAM Gel on Approach Toward

the Deswelling Transition

The above measurements explored the generic behavior of

p-NIPAAM gel viscosity and elasticity at high frequencies. The

subsequent experiments were focused on temperature-induced

changes in the viscoelastic response on approach to the deswel-

ling transition. As discussed below, changes in intrinsic light

scattering intensity with gel temperature follow a power law,

thereby indicating that the deswelling transition under our con-

ditions is of second order. Because intrinsic scattering intensity

is directly related to bulk compressibility, the gel bulk modulus

is bound to displays the power-law behavior typical for second

order transitions. Near the critical point, theoretical considera-

tions predict pronounced modulation in the bulk modulus, but

only a step-change in the shear modulus past the transition and

no discernable modulation on approach to the transition tem-

perature.24 We were interested whether, at our off-critical con-

centrations, the shear modulus of p-NIPAAM obtained from the

microrheological measurements also developed temperature-

dependent power-law behavior, remained constant, or showed

distinct temperature dependencies in different frequency

regions. Figure 4(a) displays the frequency-dependence of the

elastic modulus G0 for a series of temperatures approaching the

deswelling temperature, which for our gels occurs at Tcp ¼
33�C. The overall frequency dependence of G0 is similar at all

temperatures, with gel elasticity undergoing comparable shear

thickening as frequency increases. For any fixed frequency, how-

ever, the magnitude of the elastic modulus G0 decreases on

approach towards Tcp. This becomes apparent when plotting G0

vs. the reduced temperature e ¼ (Tcp � T)/Tcp for a series of

different frequencies [Figure 4(b)]. The solid lines in Figure

4(b) represent power law fits of the form G0% em near the cloud

point temperature Tcp. These fits indicate that the temperature

dependence of the elastic modulus displays power-law behavior,

with an exponent that is independent of probe frequency. How-

ever, as indicated by our intrinsic light scattering data below,

these gel samples are not near the critical point in the phase

diagram.25 Hence, comparison with critical scaling exponents is

not meaningful. The power law exponents quoted here are

therefore used solely as a means of quantifying the observed

temperature dependence of G0 and G00 (see below) on approach

toward the deswelling transition.

Figure 5(a) presents the temperature-induced changes to the

viscous modulus G00 and corresponding gel viscosity g. In con-

trast to the elastic modulus, the temperature dependence for

viscous dissipation is clearly distinct for frequencies below and

above the crossover frequency fcross. As discussed above, dissipa-

tion below fcross is dominated by dissipation within the gel ma-

trix whereas solvent-mediated dissipation dominates above fcross.

Hence, we plotted the viscosity g against the reduced

temperature e only for frequencies f < fcross, which quantify gel
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dissipation [Figure 5(b)]. In this regime, gel viscosity displays

temperature dependence similar to the elastic modulus. The

solid lines in Figure 5(b) again represent power-law fits through

the data points. Beyond the crossover frequency, the viscous

modulus only reproduces the comparatively weak temperature-

dependence of solvent viscosity.

The power-law exponents for the viscous and elastic moduli

were independent of probe frequency but were clearly distinct

from one another. Within a given gel, the absolute values for

the elastic and viscous coefficients varied with measurement

locations, but their corresponding thermal power-law coeffi-

cients were similar. However, the power-law exponents obtained

from different samples varied significantly. For example, the

power law coefficients for the viscosity of three different sam-

ples were 0.23 6 0.05; 0.43 6 0.03; and 0.51 6 0.05, respec-

tively. Given that the exponents obtained from the same gel

were reproducible, we presume that these variations reflect

Figure 4. Temperature-dependence of elastic modulus G0. (a) Elastic mod-

ulus G0 vs. frequency for p-NIPAAM gel as temperature approaches the

gel collapse temperature of Tcp ¼ 33 �C. (b) Temperature-dependence of

the elastic modulus G0 vs. reduced temperature e ¼ (Tcp � T)/ Tcp at

four different frequencies. Solid lines represent power-law fits through

the data of the form G0 % ec.

Figure 5. Temperature dependence of viscous modulus G00 and viscosity g.
(a) Viscous modulus G00 and viscosity g vs. frequency for p-NIPAAM gel

on approach toward the gel collapse temperature of Tcp ¼ 33�C.
(b) Viscosity g ¼ G00/f at two fixed frequencies below fcross vs. reduced

temperature e ¼ (Tcp � T)/Tcp. Solid lines are power law fits of the form

g % ec.
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global variations in overall crosslink density and gel structure

that are beyond the control of our sample preparation protocol.

Such differences are bound to affect the off-critical pathway a

specific gel follows in approaching the deswelling transition

(Figure 7). Given that the power-law coefficients along these

off-critical pathways are distinct from universal scaling coeffi-

cients in the first place, it seems plausible that these differences

reflect the differences among distinct off-critical pathways.

Figure 6 displays the phase angle d ¼ arctan (G00/G0) for the

data in Figures 3 and 4. This phase plot highlights the relative

Figure 6. Phase angle of viscoelastic moduli for p-NIPAAM gels. Phase

angle d ¼ arctan (G00/G0) for the elastic and viscous moduli as function of

frequency f and at the four indicated temperatures. The vertical, dashed

lines indicate the frequency range for the temperature-induced shift in the

crossover frequency fcross.

Figure 7. Phase separation and p-NIPAAM phase diagram. Schematic of the

p-NIPAAM phase diagram (with binodal and spinodal phase boundary) and

three distinct pathways towards phase separation. Gels reaching the binodal

curve along a subcritical isobar will undergo a first-order transition and

contract discontinuously until reaching the high-concentrations phase along

the solid binodal. When following a super-critical isobar, gels will move

along the binodal to their new equilibrium volume fraction, making this a

second order transition. See also discussion and Ref. in text.

Figure 8. Static light scattering from p-NIPAAM gels without beads. (a)

Lin-log plot of the intrinsic scattering intensity Iscat of p-NIPAAM gel vs.

temperature on heating toward (h) and cooling down from (n) its col-

lapse temperature of Tcp ¼ 33�C. Notice the absence of any hysteresis on

crossing the transition from different directions. (b) Log-log plot of

inverse scattering intensity vs. the reduced temperature e : (Tcp � T)/

Tcp. The solid line is a power law fit through the data.
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importance of elastic vs. viscous modes at different probe fre-

quencies. Several features of this plot are noteworthy. For any

fixed temperature and for frequencies beyond the crossover

frequency fcross, the phase angle rapidly increases toward 90�. In

this regime, solvent dissipation dominates tracer motion over

contributions from both viscous and elastic gel moduli. This is

consistent with the assumptions underlying the estimate for the

crossover frequency in eq. (9). At frequencies below fcross, the

phase angle remains below 45�, indicating that the elastic shear

modulus dominates over viscous dissipation. Comparing the

magnitude of the phase angles d for fixed frequencies f < fcross
but for increasing temperature, it becomes apparent that the

elastic contribution becomes more prominent as gel tempera-

ture approaches Tcp. This temperature-trend becomes reversed

at high frequencies. The crossover frequency from gel to

solvent-dominated viscosity [e.g., Figure 5(a)] coincides with

the location of the minimum in the phase angle plot. The

plot also indicates that the crossover frequency itself is a weak

function of solvent temperature, shifting toward lower frequen-

cies as the temperature approaches Tcp. Again, this is expected

based on the dependence of the crossover frequency fcross on

G and from the observed softening of the gels when approach-

ing Tcp.

Intrinsic Light Scattering from p-NIPAAM Gels

We used intrinsic light scattering from p-NIPAAM gels without

tracer beads to address questions raised by the above micro-

rheological measurements. Specifically, we determined whether

the deswelling transition, under our experimental conditions,

was a second order or first order transition. In addition, we

investigated whether the intrinsic dynamics of p-NIPAAM gels

could be related to the rheological properties obtained from

tracer bead motion.

On warming to near physiological temperatures, p-NIPAAM

gels undergo a dramatic volume transition to a collapsed state.

The constraints imposed on the gel by the chemical crosslinks

causes the gel to either undergo a first order or second order

transition toward the collapsed state (Figure 7). The curved iso-

bars indicate that the gels on an increase in temperature will

begin to contract even before reaching the phase separation

binodal. Gels reaching the binodal along a subcritical isobar will

enter the two-phase region (solid curve between binodal and

spinodal) and discontinuously ‘‘toward’’ the high-concentration

boundary of the binodal (dashed line). Gels above the critical

isobar, in contrast, will ‘‘slide’’ along the binodal to reach their

Figure 9. Intrinsic dynamics of p-NIPAAM gels probed by DLS.

(a) Normalized intensity correlation function, g2(t) � 1, for light scattered

from p-NIPAAM gels without beads at a fixed temperature (23�C) but four
different positions within the same gel sample. (b) Intensity correlation

functions for p-NIPAAM gel sample without beads measured at a single

position but for four different sample temperatures (15�C, 23�C, 28�C,
32�C). Notice the presence of a fast and slow decay mode. (c) Field correla-

tion functions g1(s) obtained during microrheological measurements

(p-NIPAAM with beads) at different temperatures. Values for different

g1(s)0s were matched at some (arbitrarily chosen) delay time (� 20 ms). As

the gel temperature approaches its collapse temperature (Tcp), the field cor-

relation function at short delay times (0.1–1 ms) displays an increasingly

prominent fast decay mode. Notice the close match in the frequency for the

intrinsic fast mode of p-NIPAAM gels and the fast mode emerging during

microrheological measurements.
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new equilibrium volume fraction (for details, see Ref. 25).

Notice, in addition, that samples away from the critical isobar

will pass in close proximity to the critical point and the large

concentration fluctuations prevailing there. We did not know a

priori whether our samples will follow a sub- or supercritical iso-

bar toward the phase separation boundary. The static light scat-

tering measurements we performed were aimed at addressing this

question. Intrinsic light scattering from gels prepared following

our protocol displayed a deswelling transition at T ¼ 33�C [Fig-

ure 8(a)]. The change in scattering intensity on gel collapse

occurs at the same temperature, irrespective whether the transi-

tion is approached from the low-temperature, swollen phase

(open symbols) or high-temperature, collapsed phase [solid sym-

bols in Figure 8(a)]. Furthermore, the scattering intensity Iscat
increases noticeably well before reaching the transition tempera-

ture. The corresponding drop off in 1/Iscat vs. the reduced tem-

perature e ¼ (Tcp � T)/Tcp follows the power-law behavior typi-

cal for critical fluctuations. The lack of hysteresis in the scattering

intensity on crossing the transition temperature and the presence

of critical fluctuations below the transition indicate that p-

NIPAAM sample conditions are sufficiently close to the critical

point to render the transition essentially second-order in nature.

The power-law coefficient of c ¼ 0.46 for the scattering intensity

[Figure 8(b)], however, is clearly distinct from the experimentally

determined critical coefficient of 1.026 or theoretically predicted

value of 1.2.3 Hence, as pointed out above, the gel samples do

appear to follow a super-critical isobar and to pass close enough

to the critical point to pick up large fluctuations and undergo a

second order phase transition. The power law fits and coefficients

derived in this work, therefore, only provide a way to quantify

the overall behavior for these gel samples on their approach to-

ward their off-critical deswelling transition.

We used DLS to investigate whether and to what extent several

features in the microrheology of p-NIPAAM gel relate to the

intrinsic dynamics of p-NIPAAM gels seen with DLS in the ab-

sence of tracer particles. We measured the intrinsic correlation

functions of p-NIPAAM gels at a fixed temperature but at dif-

ferent locations within the same sample [Figure 9(a)]. Overall,

the intensity correlation functions show a bimodal decay

observed for a variety of gel systems. Although the decay rates

of both the fast and slow mode are very similar, their relative

amplitudes vary slightly with measurement location. Such

minor heterogeneities in the intrinsic dynamics are expected.27

Although we couldn0t map out the dependence on the scattering

vector q for either mode with our DLS system, the observed

crossover from slow to fast modes matches well with other

observations of bimodal decay in crosslinked gels.28,29

We also investigated the temperature-induced changes in the

intrinsic dynamics of p-NIPAAM gels [Figure 9(b)]. With

increasing temperature, the fast relaxation mode of the gels

becomes slightly more prominent whereas the slow mode

decreases significantly. Several aspects of these intrinsic dynam-

ics correlate closely to features in the p-NIPAAM microrheologi-

cal measurements. Most noticeably, the transition from fast to

slow mode decay in the intrinsic dynamics occurs very close to

the crossover from gel- to solvent-dominated viscous dissipa-

tion. This is consistent with the interpretation of the fast mode

as ‘‘gel modes’’ for which the gel network moves relative to the

solvent background. As a result, viscous dissipation of embed-

ded tracers becomes dominated by motion of the beads against

the solvent background, as seen in the microrheological meas-

urements. Similarly, the softening of the gel elastic modulus and

increase in its viscous modulus on approach to the deswelling

temperature are reflected in the decline of the amplitude of the

slow modes seen in intrinsic correlation data [Figure 9(b)].

The correlation functions of the tracer particles themselves con-

tain a direct signature of the transition from gel- to solvent-domi-

nated viscosity. Figure 9(c) shows an overlay of the field correla-

tion functions g1(s) obtained with tracer beads over a limited

range of delay times, corresponding to frequencies at or above the

crossover frequency fcross. The values for the g1(s)0s at different

temperatures were arbitrarily matched to a point near 20 ms delay

time. This overlay highlights the presence of both a fast and a

slow decay mode in the microrheology correlation functions for

the tracer beads. The fast decay mode at short delay times

becomes significantly more prominent as the temperature

approaches the cloud point temperature. With increasing temper-

ature the gel softens, making it easier to excite gel modes and

leading to an increasing dominance of solvent viscosity over both

gel elasticity and viscosity. As a result, the contributions of solvent

dissipation to thermal bead motion become increasingly more

prominent even in the raw correlation data.

CONCLUSIONS

High-frequency optical microrheology reveals several basic fea-

tures of the viscoelastic behavior of p-NIPAAM gels not readily

accessible with either bulk rheometers or videomicroscopy-based

microrheology.30 First, the data uncover the crossover from gel-

to solution-dominated viscous dissipation at frequencies around

5 kHz. The match with theoretical predictions and with intrinsic
00gel modes00 in the sample indicate that this crossover is related to

the onset of relative motion of the network against the solvent

background. Second, the elastic modulus of p-NIPAAM gels dis-

plays modest shear thickening, consistent with enhanced gel elas-

ticity at short length- or time scales. At the same time, p-NIPAAM

elasticity decreases as solution temperature increases toward the

deswelling transition. This behavior is in contrast to the entropy-

driven increase in elasticity typical for rubber (see e.g., Ref. 31)

but is consistent with the intuitive idea that changes in polymer

interactions, and not entropic contributions, drive free energy

changes during the approach toward the collapse temperature

Tcp. Finally, both the viscosity and elastic modulus of p-NIPAAM

gels decrease near the cloud point temperature following power-

laws reminiscent of critical behavior near a critical point.

Although seemingly independent of frequency, the power-law

exponents do vary from sample to sample. These variations are

likely indicative of differences in gel structure induced during the

gelation process, which are clearly more prominent than the weak

modulation in intrinsic gel dynamics observed at different loca-

tions within the same sample.
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