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Abstract: The dynamics of the deswelling and swelling processes in thermoresponsive-E@propylacry-

lamide (pNIPAm) hydrogel nanoparticles have been studied by using time-resolved transmittance measurements,
in combination with a nanosecond laser-induced temperature-jump (T-jump) technique. A decrease in the
solution transmittance associated with deswelling of the particles has been observed as the solution temperature
traverses the volume phase transition temperature of the particles. Upon inducing the T-jump, the deswelling
transition only occurs in a small percentagel(%) of the particle volume, which was found to be a thin
periphery layer of the particles. The particle deswelling occurs on the microsecond time scale, and as shown
previously, the collapse time can be tuned via adding small amounts of hydrophobic component to the particle
shell. In contrast, the reswelling of the particles was thermodynamically controlled by bath equilibration, and
only small differences in particle reswelling kinetics were found due to sluggish heat dissipation (millisecond
time scale) from the sample cell.

Introduction This behavior has stimulated numerous fundamental studies
) ) ) ) of both the thermodynamics and kinetics of volume phase
Colloidal microgel particlescomposed of environmentally  {ransitionsi-22 While much of the early work in this area was
responsive polymers such as pdlyisopropylacrylamide  geyoted to lower critical solution temperature (LCST) behavior
(PNIPAm) possess a combination of unique properties, which of macroscopic gels or solutions of the linear polymer, attention
make them attractive Cand|dates fOI’ a numbel’ Of pOtentIa| has been turned more recently to the Study Of Sphencal
applications in fields such as drug delivéry, biosensing, soft microgels. From the standpoint of VPT thermodynamics, large
actuators/valve$and catalysis.The specifics of these property  strides have been made in both experimental and theoretical
changes result from phase separation of the polymer from thestydies of the (continuous) phase transitions observed for
solventin response to an environmental stimulus. For eXample,microgelsi!-,z}Zg These pseudo_first_order transitions stand in
in the case of lightly cross-linked pNIPAm particles, as the stark contrast to the sharp discontinuities observed for many
temperature increases above a volume phase transition tempefmacroscopic gels with apparently identical chemical strucfifres,
ature (VPTT,~32 °C), the polymer gels undergo a reversible and have therefore been a topic of some interest. However, it
deswelling event due to dissociation of water molecules from s now clear from numerous studies that a radial gradient in
the polymer chains and concomitant polymer self-association. 3/~ 5“5k s - Bae, v. CPolymer 1997, 38, 3471_3476.
Associated with this transition are large modulations of proper- (12 vi, v. D.; Bae, Y. C.J. Appl. Polym. Sci1998 67, 2087-2092.

ties such as particle hydrophobicigjze?1°porosity, refractive (13) Rasmusson, M.; Vincent, B.; Marston, Solloid Polym. Sci200Q
index, colloidal stability, scattering cross-sectidi? electro- 278 253-258. _ _
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cross-linker concentration exists in microgels prepared by Table 1. Chemical Compositions, Radii, and T-Jump-Induced
precipitation polymerizatioA328-31 and that this gradient is ~ Deswelling Time ¢) of pNIPAm Particles

responsible for a gradient in the free energy of polymer core shell
deswelling?*2531 Specifically, fluorescenéé and NMR8 ex- BMA BMA
periments have been designed to probe such heterogeneity, and (toNIPAM%) p ¢ (ONIPAM%) p o
have clearly illustrated that the core of swollen pNIPAmM samplé feed obs# (nm) feed obsd (nm) 7, us?
microgels contains a higher cross-link density than the particle ~~; 201 0.39% 0.08
periphery. This gradient apparently arises from the faster rate c2 150 0.41+ 0.09
of cross-linker incorporation into the microgel than other C3 108 0.23t 0.03
monomers in solution, where rapid incorporation of cross-linker ¢4 97 0.22+0.03
r.esults ina d'en'se seed pa}rticle upon Which more loosely cross- gg 100 092 i’g7 100 0.89 195 0.?6();88:3?
linked material is polymerized. It is interesting to note that the cg1 147 206 0.4% 0.06
cross-linker used in these studids,l-methylenebis(acryla- CSs2 147  0.50 0.46 210  0.670.07
mide), BIS) is more hydrophilic than pNIPAm at temperatures ~ €S3 147 100 094 194 0.980.07
above the VPTT. Contrary to the experimentally observed cs4 147 1.50 ~ 1.40 193 1801
CS5 147  2.00 1.87 197 1501

gradient, it might therefore be expected that the cross-linker-
rich phase would partition to the particlsurface during a All the particles were synthesized with 5 mol % (based on NIPAm)

. . . . . _li b i c i
polymerization, thereby producing a higher cross-linker con- g;iﬁeisﬁroesds g;]klsésoatzszeg%dA\tl)ngagg’\g)fR3IrI]’eCp|iDCC;%é q %aégglfre-
centration at the partml_e_penphery. Howg\_/er, highly cross-linked 1 ants of particle deswelling time upon laser-induced T-jump.
networks have, by definition, lower mobility than loosely cross-

linked systems, and should therefore not be able to continually ,seq in all syntheses and measurements was distilled and then purified
partition to the particle surface. We have shown previously that with use of a Barnstead E-Pure system operating at a resistance of 18
5 mol % cross-linking is sufficient to limit the degree of MQ. A 0.2um filter incorporated into this system removed particulate
interpenetration in coreshell microgel$!32suggesting thatthe ~ matter. A detailed procedure for the preparation of pNIPAm core and
low mobility of moderately cross-linked networks limits their ~ core=shell nanoparticles by free radical precipitation polymerization
ability to phase separate significantly. As mentioned above, this is described in detail elsewhete?3* To briefly summarize the
gradient should have a profound influence on the mechanism synthesis, core particles were synthesized from various ratios of NIPAm,
of microgel collapsé425 as it has been demonstrated that the BMA (if desired) predissolved in DMF at a concentration of 5 mg/
longer polymer chains in a thermoresponsive network undergo M- BIS: and SDS, in 150 mL of nitrogen-purged water. The reaction

: mixture was kept at 70C under a stream of nitrogen for 2 h. Following
a phase separation event at lower temperatures than the Shortetﬁe addition of APS, the polymerization was carried out afCCfor

(more highly cross-linked) chains. One can therefore show in a g b ynder a nitrogen atmosphere. In cases where chemical differentiation
thermodynamically rigorous fashion that the pNIPAm particle was required at the particle periphery, this first batch of hydrogel
periphery undergoes a phase separation at lower temperaturegarticles (core) served as nuclei in a second stage of polymerization
than the particle core, because of a higher degree of cross-linking(shell addition). In the shell synthesis, a solution of the desired core
at the interior of the particle. particles was heated to AT, whereupon a feed of NIPAm, BMA,
VPT kinetics have also been studied extensively. In studies BIS, SDSZ and degassed water was introduced to_the reaction flask.
of macroscopic gels, Tanaka et al. showed that the transition 'S Solution was kept at 78C under a stream of nitrogen for 2 h.
rate was inversely proportional to the square of the smallest Polymerization was then initiated by the addition of APS; polymeri-

di . f th teriap 1933 Theref . : i zation was again carried out for 6 h. All cershell particles were
Imension of the materiar. erefore, In comparison 1o purified via dialysis. It should be noted that under these synthesis

the macrogels that may take hours or days to respond to ancongitions, the core particles are deswollen polymer globules, while
environmental change, microgels exhibit a very rapid responsethe monomers are soluble in the continuous phase. Therefore, the degree
that cannot be followed by the typical visual inspection methods of core swelling by monomer is very minimal, resulting in a low degree
employed for larger structures. In a previous article, we studied of interpenetration of the core and shell during shell addition.
the kinetics of microgel VPTs via differential scanning calo- Furthermore, the relatively high level of cross-linking (typically 5 mol
rimetry (DSC), wherein we took advantage of tinermody- %) tends to limit the degree of interpenetration when the particles cool
namicradial collapse mechanism discussed above to affect largeand reswelf**2To minimize the effects of variable core sizes on the
changes in the deswellirgneticsvia small chemical modifica- thermodynamic and kinetic measuremgnts, within the particle series
tions made to the particle periphery. In this contribution, we (CS1-CS5) the same batch of core particles was used to construct the

d ibe the first licati ft t : ti ved core—shell particles. This is reflected by the consistent core sizes within
escribe the first application of temperature-jJump ime-resolved y, ¢ series, as shown in Table 1. The approximate particle sizes were

visible transmittance spectroscopy, which has previously been onirqiied by varying the concentration of SDS during polymerization.
applied to protein folding studies, to interrogate the deswelling |n general, higher concentrations of SDS result in smaller particle sizes,

kinetics of pNIPAm microgels. as predicted by homogeneous nucleation théd#yThe chemical
compositions and mean equilibrium swelling radii of the hydrogel
Experimental Section particles are listed in Table 1.

) o ) Photon Correlation SpectroscopyMean patrticle sizes and particle
Materials and Polymerization. N-Isopropylacrylamide (NIPAM) sjze distributions were determined with use of a photon correlation
was obtained from Aldrich and recrystallized from hexane (J. T. Baker) spectrometer (PCS) (Protein Solutions, Inc.) with a programmable
before use. Both butyl methacrylate (BMA) ahgN-dimethylforma- temperature controller, as described previogshy:343
mide (DMF) (Aldrich) were distilled under reduced pressuxg\'- Temperature-Jump (T-Jump) Apparatus. The details of the

Methylenebis(acrylamide) (BIS), sodium dodecy! sulfate (SDS) .and T.jump apparatus have been described previotisBriefly, the
ammonium persulfate (APS) were used as received from Aldrich. Water

(34) Gan, D.; Lyon, L. AJ. Am. Chem. So@00], 123 7511-7517.

(30) Gilanyi, T.; Varga, |.; Meszaros, R.; Filipcsei, G.; Zrinyi, Bhys. (35) McPhee, W.; Tam, K. C.; Pelton, R. Colloid Interface Sci1993
Chem. Chem. Phy200Q 2, 1973-1977. 156, 24—30.

(31) Gan, D.; Lyon, L. AJ. Am. Chem. So2001, 123 8203-8209. (36) Debord, J. D.; Lyon, L. AJ. Phys. Chem. R00Q 104, 6327

(32) Jones, C. D.; Lyon, L. AMacromolecule00Q 33, 8301-8306. 6331.

(33) Matsuo, E. S.; Tanaka, T. Chem. Phys1988 89, 1695-1703. (37) Wang, J.; El-Sayed, M. Miophys. J.1999 76, 2777-2783.
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fundamental output at 1064 nm of a Nd:YAG laser (Quantum-Ray 20000 5000] 1.0
DCR-3) was focused into a Raman cell (stainless steel tube with quartz 'jh'iqj
windows, 85 cm in length and 32 mm in diameter, filled with 260
300 psi B). This produced a heating pulse at kf (10-ns pulse
width, 6-8 mJ/pulse at 10 Hz) for the T-jump experiment. This heating
pulse was absorbed by the overtone of the@Dstretching vibration
of D,O (solvent), a weak absorption centerecha5240 cntt. A 100 o,
um path-length IR cell with two Cafplates and a Teflon spacer was M
used to give the effective sample heating volume of 12mni00um. s
The resultant T-jump is~10 °C 3" and the temperature reaches its o o
maximum value withir~20 ns (twice the laser pulse width) since the 15 © < Nl
thermalization and diffusion within water ¢D) is a subnanosecond 3
eventd® whereas the cooling time of the T-jump system is in the order
of tens of milliseconds. The sample cell was temperature controlled at
30 °C by using a thermostated bath system (RET-100, NESLAB
Instruments, Inc., Union City, CA), and the system was thermally
stabilized at least 20 min before applying the T-jump pulse. . . . .
Time-Resolved Visible Transmittance Spectroscopyln this 0 25 30 35 40
experiment, a CW HeNe laser operating at 633 nm with an output

power of 10 mW was used as the probe beam. A fast silicon photodiode

with 10-ns response time was used to monitor the transmittance changd 19uré 1. (@) Hydrodynamic radius (squares) and solution relative
of the pNIPAM/DO (3 mg/mL) solution with or without the external  turbidity (circles) and (b) sample polydispersity of pNIPAm particles

perturbation (T-jump). To ensure that particle diffusion out of the probe (S@mple C1) as a function of temperature as measured by PCS under
beam did not complicate analysis, the overlapping pump beam was thérmal equilibrium in RO.

more than 2-fold larger in diameter than the probe (purfpmm o )
diameter, probe<l-mm diameter). Thus, the rate of diffusion of the particle is nearly index-matched to the solvent; at the VPTT

thermally excited particles in to and out of the probe beam was water expulsion results in a sudden increase indifference
p
practically equivalent on the experimental time scale. In addition, the in refractive index between the solvent and the particle, and
diffusion of particles out of the pump beam before completion of the hence yields a highly turbid solution. The small, random
monitored events ;hould be insignificant, given_the size of the beam {|,,ctuations in the measured polydispersity below the maximum
angthe slow diffusion 0f7400'”31bd'ameter_par‘]”";'is' VAG | g value of ~17% suggest that the particles are monodispersed
ata acquisition was triggered by a Q-switch of the aser, and and do not form aggregates as the solution temperature is raised

recorded by using a 500 MHz oscilloscope digitizer (Lecroy 9350A). above the VPTT. It is worth mentioning that the curves of the

The heating pulse appeared at a delay time of about 75 ns after the . - L
Q-Switch. The RF-pickup noise on the Si-photodiode was subtracted Particle size and turbidity versus temperature are nearly sym-

as the background. One thousand laser shots were averaged to improvE€tric, with the same sharpness and breadth. Therefore,
the signal-to-noise ratio of transient signals. The Nd:Yag laser light assuming that a temperature-jump (T-jump) measurement probes
and the CW He-Ne laser light overlapped on to the sample cell with the same reaction path that is interrogated in the equilibrium
a beam size o1 mn?. The exposed part of the sample was changed measurements, the change in solution turbidity should be a direct
to a new position every 1000 laser shots. Sample damage was foundmeasure of the particle size change. Taking advantage of this
to be negligible in +2 h experimental time. effect, we measured the change of the solution transmittance
upon inducing a T-jump across the VPTT to probe the kinetics
of particle deswelling.

pNIPAmM microgels were prepared via free radical precipita-  To induce a T-jump in a solution of pNIPAm particles on
tion polymerization to produce size-controlled, monodispersed nanosecond time scale, freeze-dried microgel samples were
spherical nanopatrticles, as reported previotsf#:343%Typical redispersed in BD at a concentration of 3 mg/mL, and a heating
photon correlation spectroscopy (PCS) measurements of pNIPAmpulse centered at 1.8m (an energy where the polymer is
microgels in DO are shown in Figure 1 as a function of transparent but gD is absorptive) was employed. The initial
temperature. The measurements were taken under equilibriumtemperature was thermostated at°8Q just below the volume
conditions after holding the sample for 10 min at each phase transition temperature 34 °C) of the hydrogel nano-
temperature (prolonged equilibration times do not lead to particles. Upon introduction of the IR laser pulse, a temperature
differences in the observed behavior). The transition temperaturejump of ~10 °C is induced within the first 20 n¥, thereby
(~34°C), which is defined here as the midpoint in the transition causing the local temperature to rise above the transition
curve, is about £C higher than that measured in water( temperature of the hydrogel particles. Figure 2 shows a typical
solution, but the shapes of both transition curves are quite similartime-dependence of the T-jump-induced transmittance change
(Supporting Information, S1). The slight shift of the LCST to (observed at 633 nm) for pNIPAm particles in@ A decrease
a higher temperature has also been observed previously for lineain the solution transmittance is apparent approximately 600 ns
pNIPAm in D,O.2” Accompanying the decrease in the particle after the introduction of the laser pulse. It was found that the
size, the relative turbidity of the solution, which is calculated transmittance change was absent or weaker if the initial
by comparing the PCS observed scattered light intensity at thetemperature was set far below the phase transition temperature
measured temperature with the maximum observed intensity (at(e.g., 16°C), as the T-jump did not traverse or only partially
41 °C), sharply increases as the solution temperature is raisedtraversed the VPTT. Furthermore, introduction of a T-jump to
above the VPTT. This increase in particle scattering cross- a system containing solvent §0) only did not produce a
section occurs despite the smaller particle size due to the largetransmittance change above the instrumental noise, suggesting
increase in particle refractive index. In the fully swollen form, that the solvent contributes negligibly to the observed transmit-

(38) Williams, S.; Causgrove, T. P.; Gilmanshin, R.; Fang, K. S; tance _change. Accordingly’ the obsgrved deprease in Fhe
Callender, R. H.; Woodruff, W. H.; Dyer, R. Biochemistryl996 35, 5, transmittance can be attributed to an increase in the solution
691-697. turbidity associated with the deswelling of the hydrogel particles.
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Figure 2. Representative time-dependence of the T-jump-induced 1.6F
transmittance change observed at 633 nm of pNIPAmM microgel (Sample ° ’ éb
C1) in D,O. A decrease in the transmittance signal (photodiode voltage) = 1.2l
was observed 620 ns after the initial heating pulse. The particle collapse g ) {)
process can be fit to a single-exponential decay, with a formation time, - 0.8k é
7, of 0.39us. a ®
K]
- . . 3 04
Curve fitting of the transmittance change shows a single- o I
exponential process, with an apparent formation tinjeof ook .
~0.39us. 00 05 1.0 1.5 20
The rather long delay time between the onset of the Shell BMA Concentration, mol-%

transm'ttance_ change and the heating pulse SuggeStS th_at th%igure 3. (a) Dependence of the collapse timgon the radius of the
hydrogel particles take-600 ns to respond to the T-jump, while ,NIPAm hydrogel nanoparticle. (b) Dependence of the collapse time
the solvent responds much more quickly. This delay time of on the BMA shell concentration for a series of pNIPAm (core)/
the pNIPAm hydrogel is expected, given the intrinsic thermal pNIPAm-co-BMA (shell). The black data point represents sample CS,
conductivity properties of the hydrogel. Similar situations have which contained equal concentrations (1 mol %) of BMA in both the
been observed in other systems such as protein solutions, whergore and shell. Details of the particle compositions are listed in Table
a protein unfolding event displayed~al ns delay, despite the 1.

fact that the laser-induced T-jump was introduced within 30
ps It has also been observed that800 ns delay accompanies
the dissociation of water from the interior hydrophobic domains
of bacteriorhodopsif’ In the present system, the hydrogel
deswelling event requires heating of theDthat solvates the
hydrogel network, followed by dissociation of,O from the
polymer chains. To heat the,D contained inside the hydrogel,

it is expected that the thermal energy will be transferred from
the bath solvent (that which is not entrained inside the microgels)
to the DO that solvates the polymer network. It should be noted
that the tightly bound, polymer-solvating.O should not have
the same optical frequency as thein the continuous phase
and should therefore not be subject to the same degree of heatin
by the T-jump pulse. Furthermore, the thermal conductivity of
dilute polyacrylamide solutions has been measured to®85

W m~1 K=1 40 and is a decreasing function with increasing
polymer concentration. Therefore, the higher local concentration
of polymer in a microgel should result in much greater than
12-fold decrease in thermal conductivity than that g©alone
(~0.60 W nT1 K—1).#1 From this it is apparent that the heating
and dissociation of BD involved in polymer solvation can
reasonably be assumed to occur on a much longer time scal

than the heating of free O, thereby leading to a long lag time T-jump. This is not unexpected, given that the solution

betwgen solvent heatllng and hydroggl response. temperature jump of-10 °C occurs in less than 20 ns, while
To interrogate the influence of particle volume on collapse he microgel takes-600 ns to attain the elevated temperature.
rate, a series of pNIPAm particles (ECS) with various SizeS  Tpege differences in thermal conductivity and equilibration time
(radii varying from~50 to 200 nm) were synthesized containing - scajes will limit the degree to which the microgel is thermally
a 5 mol % cross-linking density (Table 1). PCS measurements gycited and therefore will limit the extent of deswelling. To
under thermal equilibrium conditions show that all five samples 1,5 accurately estimate the deswelling level of the particles,
display identical VPT behavior (Supporting Information, S2), the static transmittance was determined at both 30 antC40

to obtain the transmittance change associated with 100%

making it appropriate to use the same initial temperature and
laser pulse for each particle. Figure 3a shows the T-jump
induced collapse timer) as a function of the particle size for
this series. Despite the fact that the square of the particle radius
varies 16-fold over this range of sizes, the collapse time displays
no strong trend with particle radius and shows only small
fluctuations between 0.2 and Q4. These results suggest that
no significant dependence of collapse rate on microgel size
exists, directly contradicting both the fundamental theory of VPT
kineticg® and differential scanning calorimetry (DSC) measure-
ments3* which show that the overall collapse time is propor-
tional to the square of the gel radius.

9 This apparent contradiction is easily explained, however,
when one considers the actual degree to which deswelling occurs
in these experiments. In the steady state PCS measurements
shown in Figure 1, a large change in solution turbidity is
observed upon crossing the VPTT. However, the change in
transmittance shown in Figure 2 is only on the order of 0.15%
of the initial probe laser intensity. A much larger change in
transmittance would be expected for complete particle deswell-
ing given the steady state results. Therefore it appears that only
epartial collapse of the microgels is taking place following the

(39) Phillips, C. M.; Mizutani, Y.; Hochstrasser, R. Mroc. Natl. Acad.

Sci. U.S.A1995 92, 7292-7296. deswelling. Upon comparison of this transmittance difference
(40) Osman, M. B.; Dakroury, A. Z.; Mokhtar, S. N?olym. Bull.1992 with those obtained from the time-resolved measurements, it
28, 181-188. was found that the T-jump induced transmittance change

(41) Vargaftik, N. B.; Vinogradov, Y. K.; Yargin, V. S. Inlandbook of . . .
physical properties of liquids and gases: pure substances and mixtures COrresponded to only-34% of the static transmittance differ-

3rd ed.; Begell House: New York, 1996; p 145. ence, despite the apparent temperature differences in both
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experiments being identical. This suggests, in turn, that a very macroscopic gels prepared by bulk polymerizatidié where
small portion of the particle is subject to deswelling events in a thin layer of dense, collapsed polymer network forms on the
these T-jump experiments. As described above, pNIPAm gel surface following a temperature jump across the VPT. In
microgels have a heterogeneous structure with a decreasinghe case of macrogels, this is an unstable, nonequilibrium state,
gradient in cross-linking density from the center to the periph- as the positive osmotic pressure in the gel interior eventually
ery 2831 which results in the VPTT of the particle periphery breaks down the skin layer and allows further expulsion of water
being lower than that of the cof&253LFurthermore, since the  from the polymer. Apparently, the microgel analogue of this
continuous phase @D solvent) reaches its maximum temper- event does not involve gel rupture, as it is generally considered
ature faster than the particles, the portion of the particle that that microgels can be reversibly cycled across their VPTT
equilibrates with the solvent first should lie at the periphery. Wwithout loss of structural integrity. Despite the subtle differences
Therefore, it is reasonable to assume that the collapse of thein skin layer formation between macro- and microgels, a strong
particles starts from the microgel periphery in a T-jump Kinetic modulation was observed in our previous studies, which
measurement, and that in our case the portion of the particleattributed to the formation of a hydrogel skin. It is interesting
that initially undergoes collapse is isolated to a peripheral outer to note that this modulation is present even though the deswollen
shell. hydrogel still may contain up to 20% water by volume following
the phase separatiéh?’ Therefore, the skin layer should still
have some degree of porosity that allows for water expulsion.

one can make a reasonable estimate of the expected collapsgonetheles.s’ itis apparent that strong !(inetic modullation can
kinetics. For example, Shibayama et al. have measured the”® accomplished by chemical mod|f|cat!on of the_s%n.
collective gel diffusion coefficient (which takes into account 10 corroborate these results, we applied the T-jump method
solvent diffusion, polymer chain motion, and polymer friction) [0 measure the VPT kinetics of hydrophobically modified
for macroscopic pNIPAm gels to be on the order ok 2107 pNIPAmM core-shell particles. The chemical compositions of a

cn? 5142 |f we assume that this value scales to the submicron S€ries of such particles, the synthesis and characterization of

scale, we can estimate the collapse time of a 200-nm radius gel?Vhich have been reported previoushare shown in Table 1.
In contrast to the relative lack of particle size dependence on

to be ~2 ms. Obviously, the 350 ns collapse time described h . 3 . £ th |
above is far faster than that expected given the macroscopict e rate (F|gure_ a), T-Ju_mp measurements of these samples
gel diffusion rates. Yet if we consider that the turbidity data showed a 'afg? Increase m_the collapse time with increases in
suggest that only a small outer portion of the particle is affected tsTe|f?13§?8£“§2rt?;eBsNééiéﬂtr% t3hl$) S_Ik_f(! :3/; rp:; ttri‘n?lec?);ethe
by the T-jump, we find that the predicted collapse rate would core—shell hydrogel changed from 0.46 to 1.5us when 2

be closer to 2«s. While this value is closer to the measured : ) .
o mol % BMA was introduced into the shell. However, introduc-

collapse time, it is still almost an order of magnitude different tion of the BMA component into the core does not have any
from the expected value. However, it should be noted that the added influence on the collapse time (Figure 3b and Table 1),

measgrement of collapse rates of macroscopic ggls IS p.ft.enas particles containing 1 mol % BMA in both the core and the

complicated by the presence of severe mechanical instabilities - . .

and phase separation during gel collaffsie.s quite probable shell _(s_ample CS) show_ a collapse time similar to p_artlcles
' containing 0 mol % BMA in the core and 1 mol % BMA in the

that such instabilities do not exist at the loosely cross-linked hell le CS3). Th | v with th

exterior of microgels, thereby making the gel diffusion rate shet (Sampe. )- These results agree strongly with those

somewhat faster thar’1 that for macroscopic gels NonethelessObtam(_}d previously by DSC. In those measurements, peak
pic ge’s. broadening of the DSC endotherm at a constant temperature

It Is quite probable, given the results shown a_lbove, ““’?“ the ramp was related to the relative collapse rates; a linear 3-fold
T-jump measurements presented here are only interrogating the

v st £ coll t th il ioh dd tdecrease in rate was observed upon increasing the BMA
early stages of coflapse at the particie periphery, and do ot ., cantration from 0% to 2% and nearly identical kinetics were
probe the microgel collapse as a whole.

_ > i _ observed for samples CS and CS3. The good correlation between

Our previous work on kinetic tuning of coreshell particles  the complete collapse (DSC) and shell collapse (T-jump) results
showed that localization of low concentrations of a hydrophobic can be seen in Figure 4, where the DSC peak widths presented
monomer in the particle shell resulted in large modulation of iy our previous study are plotted against the T-jump obtained
the collapse kinetic¥! Specifically, introduction of trace jnitial collapse times. For values up to 1.5 mol % BMA the
amounts of the hydrophobic monomer butyl methacrylate correlation is extremely good, with the value for 2 mol % falling
(BMA) into the periphery of pNIPAm particles did not change somewhat off of the line. Upon inspection of Figure 3, it can
the observed VPTT, but produced large magnitude changes inbe seen that the 2 mol % value seems anomalously high on
the particle deswelling kinetics as measured by nonequilibrium that plot as well. The origin of this deviation from linear
DSC2* In that work, it was hypothesized that the localization pehavior is at this time unknown and is the subject of continued
of the hydrophobe at the periphery was sufficient to produce investigations. One possible explanation, however, is that a
changes in the collapse kinetics because the initial (thermody- concentration of 2 mol % BMA represents the point at which
namic and kinetic) stages of the VPT took place in the particle some small phase separation into BMA-rich phases occurs. The
shell. The early stages of collapse would then result in the T-jump measurement may be more sensitive to a small amount
formation of a very thin, semipermeable skin layer, correspond- of domain structure than the DSC measurement, thereby making
ing to the formation of a dehydrated shell of polymer surround- : : :
ing a hydrated core. The hydrophobicity of this skin layer then Méri%)rKggi";ggﬁi"fg%% R.; Sakai, K.; Sakurai, Y.; Okano, JT.
tunes the diffusion rate of water from the shell and subsequently " (44) suzuki, A.; Yoshikawa, S.; Bai, G. Chem. Phy<1999 111, 360—
from the particle interior. As further deswelling occurs, the 367.

dehydrated layer thickens, and a decrease in the particle size i%ol(;/lri) E%S?ig%aﬁ ?-?ngl‘ggz*(-? Okano, T.; Sakurai, X.Biomater. Sci.,
observed. Skin layer formation is typically observed for (46). Hirékawa, Y Sato, E Hirotsu, S.; Tanaka,Polym. Mater. Sci.
Eng. 1985 52, 520-522.

(42) Shibayama, M.; Nagai, Klacromolecule4999 32, 7461-7468. (47) Senff, H.; Richtering, WColloid Polym. Sci200Q 278 830-840.

This argument also assists in the explanation of the magnitude
of the hydrogel collapse times. For a 200-nm radius patrticle,
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Figure 4. Plot of the T-jump measured collapse time,versus the
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initial state exists prior to the application of a T-jump. The
recovery process can be mathematically described by a biex-
ponential rise, with the lifetime and relative amplitudes being
2.6 (~60%) and 35 ms~40%), respectively. For different
samples, the lifetimes of these two processes have been found
to fluctuate between 2 and 4 ms and-ZB ms, respectively.

No obvious correlation between these values and sample
deswelling time existed. It is clear from this work and previous
studies that the long recovery (reswelling) time is a function of
the rate of heat dissipation from the system (sample cell,
etc.)#738 which occurs on a much longer time scale than the
VPT induced by the initial T-jump heating process. This

DSC measured peak width (from ref 34). The solid line represents a assumption is further corroborated by a strong dependence of
least-squares fit to the entire range of data, while the dashed line is athe recovery lifetimes on the volume of the pNIPARD

fit only to those data up to 1.5 mol % BMA.
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Figure 5. A typical relaxation process of the T-jump-induced
transmittance change (photodiode voltage) in the time domain-260

ms for a pNIPAm microgel (Sample C4) having a radius of 100 nm at
25°C. The recovery process can be fit to a biexponential rise, with the
two components being 2.6-60% relative amplitude) and 35 ms40%
relative amplitude), respectively.

solution interrogated (controlled by the thickness of the cell
spacer). Both components of the biexponential rise were found
to increase with spacer thickness (solution volume), as a longer
time was required to cool the larger solution volume.

Conclusions

The kinetics of pNIPAmM microgel volume phase transitions
have been measured via laser-induced T-jump measurements.
The data suggest that under the current laser excitation condi-
tions, only a very thin peripheral (shell) layer of the hydrogel
particles is collapsed during the T-jump process. However,
despite the relatively small volume change induced by the laser
pulse, the relative deswelling kinetics agree very well with
previous DSC studies for a series of hydrophobically shell-
modified particles. Together, these results suggest that the initial
stages of thermally induced microgel deswelling largely deter-
mine the rate of the collapse event, possibly due to the formation

the correlation between the two techniques poor at that of a stable skin layer at the particle periphery, which limits the

concentration. Nonetheless, the strong agreement at lower BMAdiffusion of water from the gel.
concentrations between measurements of complete microgel
collapse (DSC) and the T-jump measurements, which are mainly
probing the initial (peripheral) stages of microgel deswelling,
suggests that the rate-determining processes in microgel VPT

Acknowledgment. M.A.E. would like to thank the Chemical
Sciences, Geosciences and Biosciences Division, Office of Basic
SEnergy Sciences, Office of Sciences, U.S. Department of Energy

are mainly associated with the shell composition.
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