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Summary: The volume phase transition of poly(N-isopropylacrylamide) (PNIPAM) spherical 

microgel particles was studied by static and dynamic laser light scattering (LLS). The results were 

compared with the coil-to-globule transition of individual long linear PNIPAM chains. The 

microgel particles have a higher transition temperature, but a less sharp phase transition, in 

comparison with that of long linear chains. This difference has been attributed to both the short 

length and the broad length distribution of the subchains inside the microgels. A combination of 

static and dynamic LLS results revealed that even in a highly collapsed state the microgel particles 

retained -70% of water and the density of the microgel networks increased from 0.021 glcm3 to 

-0.30 s/cm3 during the phase transition. The temperature-dependence of the NMR spin-lattice 

relaxation times TI of PNIPAM indicate an association between water and the CH proton on the 

N-isopropyl group. Our results also showed that the transition was strongly influenced by the 

presence of surfactant. Addition of anionic surfactant, such as sodium dodecyl sulfate (SDS), 

promotes the swelling of the particles and shifts the transition to a higher temperature, while the 

addition of a cationic surfactant, such as dodecyl pyridine bromide (DPB), has less effects on the 

swelling and phase transition, which has been attributed to the electron-rich amide group in 

PNIPAM. Moreover, a two-step phase transition was observed for the first time in the presence 

of SDS. The dynamic LLS results demonstrates that SDS is expelled gradually from the microgel 

in the first-step volume phase transition. 
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INTRODUCTION 

In 1968, Dusek el d' predicted a possible discontinuous volume phase transition of a polymer gel on 

the basis of the coil-to-globule transition of a single linear polymer chain. Since then, the volume phase 

transition of polymer gels has attracted much attenti~n.~" It has been reported that some polymer gels 

can sweU or shrink discontinuously and reversibly in response to many different stimuli, such as 

temperature: pH: electric fields' or light: depending on the chemical composition of a given 

geVsolvent system. The change in volume can be as large as -10' fold.'" The large volume change of 

polymer gels in response to an infinitesimal alternation in environment may also be utilized in 

controlled-release of biological molecules at specific body conditions, selective absorbents, chemical 

memories, sensors and artificial muscles. 

As one of the many typical examples, poly(N-isopropylacrylamide) (PNIPAM) gels have been 

extensively ~tudied.'~" Their volume can change by hundred folds in water when the temperature 

varies by - 1 "C or less.".12 Different models were proposed to explain this thermal volume phase 

t ransi t i~n.~~- '~ Particularly, Grosberg ef all6 recently discussed the contribution of topological 

constraints to this process. However, their theory satisfactorily describes only part of the results in the 

phase transition range. Since the phase transition of gels is considered as a macroscopic manifestation 

of the coil-to-globule transition of the subchains inside the gel network, a comparison between 

spherical PNIPAM microgel particles and individual long PNIPAM linear chains with a similar average 

size may lead to a better understanding of the swelling and shrinking behaviour of the PNIPAM gel at 

molecular level. 

Most in the past have dealt with the swelling and shrinking of bulk PNIPAM gels by using various 

methods, such as micro~copy,~~ dilatometry," differential scanning calorimetry,'' fiiction 

measurement,m small angle neutron scattering2' and NMR.= However, relatively few studies of 

PNIPAM microgels have been reported."-26 Tanaka ef u?'.~" demonstrated that for a spherical gel the 

time required for swelling or shrinking is proportional to the square of its radius, whereas for microgel 

particles with a smaller radius, a much faster response to its environmental change occurs. In addition, 

the results obtained from some studies of spherical PNIPAM microgels showed that the volume phase 

transition is continuous, rather than the discontinuous transition observed for bulk PNIPAM gels. This 

difference has been attributed to the irregular particle surface formed during the phase transition. 

Another important aspect of the volume phase transition of PNIPAM or hydrophobically 

modified PNTPAM gels is that surfactant can promotes both inter- and intra-molecular solubility 

1 24 



so that the transition temperature increases with increasing surfactant concentration. An 

association of the surfactant hydrophobic tails with the hydrophobic side groups or backbone of 

PNIPAM has been suggested. Recently, Khokhlov ef uL3' predicted that the interaction of a 

polyelectrolyte gel with an oppositely charged surfactant presents three effects: (i) At low 

surfactant concentration, the surfactant cannot form micelles inside the network. The gel behaves 

as though they are in the solution of low molecular-weight salts, shrinking slightly. (ii) At higher 

surfactant concentration, surfactant molecules inside the gel exceed the critical micelle concentra- 

tion (CMC) so that micelles are formed inside the gels. The attraction between the micelles and 

gel network leads to the collapse of the gel. (iii) At still higher surfactant concentration, no 

additional micelles can be formed inside the gel network and the network dimension should be 

similar to that of a corresponding neutral gel network. 

EXPERJMENTAL 

Materials. N-isopropylacrylamide (NIPAM) (courtesy of Kohjin, Ltd., Japan) was recrystallized 

three times in a benzendn-hexane mixture. N,N-methylenebis(acry1amide) (BE) as crosslinker 

was recrystallized from methanol. Potassium persulfate (KPS) (from Aldrich, analytical grade and 

was used as an initiator), sodium dodecyl sulfate (SDS) (BDH, 99%. anionic surfactant) and 

dodecyl pyridine bromide (DPB) (Beijing University, China, 99%, cationic surfactant) were used 

without hrther purification. 

Samale DreDarations. 240 mL dust-free deionized water, 3.84 g NIPAM, 0.0730 g BIS, and 

0.0629 g SDS were added to a 500-mL reactor fitted with a glass stirring rod, a Teflon paddle, a 

condenser, and a nitrogen bubbling tube. The solution was heated to 70 "C and stirred at 200 rpm 

for 40 min with a nitrogen purge to remove oxygen followed by addition of 0.1536 g KPS in 25 

mL dust-free deionized water to start the polymerization. The reaction was carried out for -4.5 

hr. The microgel particles were purified and diluted to -10" g/mL for LLS measurements. 

Hereafter, we will refer this original PNIPAM microgel particles as surfactant free, or CSOS - 0.0 

g/mL, in contrast to those solutions wherein surfactant SDS or DPB were added. The resistivity 

of the deionized water used in this study was 18.3 MR'cm. The narrowly distributed linear long 

PNIPAM linear chains (M, = 1.08 x lo7 g/mol and M&. < 1.06) was prepared by a 

combination of fractionation and filtration of a broadly distributed PMPAM sample which was 

made in a conventional free-radical polymerization. The water-free solvent and filtration are two 

key factors for the success of the preparation. The detail of this sample preparation has been 

reported earlier.32 
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Nuclear magnetic resonance (NMR1, The 'H and I3C NMR spin-lattice relaxation times TI  

measurements were carried out using a Bruker ARX-500 superconducting Fourier transform 

NMR spectrometer operating at 500.13 ('H) and 125.76 (%) MHz, respectively. 

Laser light scattering (LLS). The excess absolute scattered light intensities and intensity- 

intensity time correlation functions of' spherical PNIPAM microgel particles and individual linear 

PNIPAM chains were measured over a wide scattering angle range of 6-150" with a modified 

commercial LLS spectrometer (ALV/SP-I 50 equipped with an ALV-5000 multi-tau digital time 

correlator). A solid state laser (ADLAS DPY42511, output power is -400 mw at h = 532 nm) 

was used as the light source. The incident beam was vertically polarized with respect to the 

scattering plane. The detail of LLS instrumentation and theory can be found elsewhere.33s34 All 

light-scattering solutions were clarified by a 0.5-pm filter to remove dust. 

In Static LLS, for a dilute solution and at a relatively low scattering angle 8, the angular 

dependence of the excess absolute time-averaged scattered intensity, known as the excess 

Rayleigh ratio R,(q), is related to the weight average molecular weight M,, the second virial 

coefficient A2, and the root-mean square z-average radius of the polymer chain <Ri>z'n (or 

written as R,J according to3' 

where K = 4x(dn/dC)2n2/(N~k.,u') and q = (4nn/L)sin(&2) with NA ,dn/dC, n and h. being the 

Avogadro number, the specific refractive index increment, the solvent refractive index, and the 

wavelength of light in vacuo, respectively. After measuring R,(q) at a series'of C and 0, we are 

able to determine M,, R,, and A2 from a Zimm plot which incorporate angular and concentration 

extrapolation on a single grid. 

In dynamic LLS, the measured intensity-intensity time correlation function G'2'(t,q) in the self- 

beating mode is related to the first-order electric field time correlation function Ig'')(t,q)l 

where A is a measured baseline; P, a parameter depending on the coherence of the detection; and 

t. the delay time. For a polydisperse sample, Ig(')(t,q)l is related to the normalized characteristic 
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line-width distribution G(T) by 

Using a Laplace inversion program CONTIN3' equipped with the correlator, we were able to 

calculate G(T) from G"'(t,q) on the basis of eqs 2 and 3.  In general, r is a function of both C and 

q. 37 For a diffusive relaxation, D f r/q2 if the solution is dilute and < v q  << I ,  where D is the 

translational diffusion coeficient. Furthermore, D can be converted into the hydrodynamic radius 

of & using the Stokes-Einstein equation & = k~T/(6xqD), where kB, T and q are the Boltzmann 

constant, the absolute temperature and the solvent viscosity, respectively. 

RESULTS AND DISCUSSION 

Figure 1 shows a comparison of the temperature dependence of the reduced average hydro- 

dynamic radius <&>/<&>', where <&>' is the average hydrodynamic radius at the collapsed 

state. At 20 "C, there is little swelling of the microgel particles in comparison with that of the 

linear chains because the crosslinking inside the gel hinders the swelling. For both the spherical 

particles and the linear chains, the change of <&> is continuous. It is worth noting that the 

decrease of <Rh> for the linear chains is sharper than that for the microgel; and the transition 

temperature of the particles is higher than that of the linear chains. This is explained as follows. 
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Fig. 1. Temperature dependence of the reduced average hydrodynamic radius <%>/<Ri,>., 

where <&>' is the average hydrodynamic radius at the collapsing limit. 
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For a given linear polymer chain with a lower critical solution temperature (LCST), it is known 

that the transition temperature increases with increasing molecular weight 3x Therefore, for a 

polydisperse sample, polymer chains with different lengths will undergo the transition at different 

temperatures and the phase transition of the whole sample becomes less sharp. In a similar way, 

the phase transition temperature of a polymer gel network is directly related to the molecular 

weight (M,) of the subchain between two neighboring crosslinking points. The gel with a higher 

Mc will undergo the phase transition at a lower temperat~re.'~ In this study, the average subchain 

length (- 20 nm) inside the microgel particles is -lo2 times shorter than the average length of the 

linear PNIPAM chains and the subchain length distribution is much broader. This is why the 

microgel particles have a higher transition temperature and a less sharper transition. However, it 

should be noted that the real picture is actually more complicated than what we have just 

described, but the essence of the physics remains. A gel could be visualized as a polymer network 

made of a set of subnetworks, each has a different Mc. The subnetworks with different subchain 

lengths will undergo the transition at different temperature, namely the phase transition covers a 

range of temperatures. Therefore, the phase transition for a polymer gel is intrinsically continuous. 
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Fig. 2. Temperature-dependence of the spin-lattice relaxation time TI  for different protons 

Figure 2 shows the temperature-dependence of TI  of the different protons in PNPAM. It is 

interesting to note that during the phase transition TI  decreases with increasing temperature for all 

the protons, except for the CH proton (d) in the N-isopropyl group. The TI  of the CH proton 

behaves similarly to that of HOD over the entire temperature range. This result suggests that 

HOD is associated with the CH proton in the N-isopropyl group because TI depends on the 

energetic characterized by the relaxation pathway involving related groups. 
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Figure 3 shows plots of the refractive increment (An) versus concentration (C) for the spherical 

microgel particles at two temperatures respectively below and above the volume phase transition 

temperature (-33 "C). The An values were determined by using a novel differential refractometer 

which was recently developed and incorporated as part of our light scattering ~pectrometer.~' 

The laser light was split into one strong (-1%) and one weak (-99%) beams which were used as 

the light source for LLS and refraction, respectively. In this way, we were able to measure the 

refractive increases An and the scattered light intensity under identical conditions, so that the 

wavelength correction was eliminated. The dddC values calculated from the slope of the lines are 

0.181 and 0.201 mWg for the microgel particles in water at 30.01 "C and 35.01 "C, respectively. 

The higher dddC value at 35.01 "C reflects the higher density of collapsed microgel particles. 
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Fig. 3. Plots of the refractive increment (An) versus concentration (C) for the PNLPAM microgel 

particles at two temperatures below and above the phase transition temperature (-33 "C) 

Table I summarizes the static and dynamic LLS results for the microgel particles at two 

temperatures below and above the phase transition temperature (-33 "C). A nearly constant value 

of M, shows that the microgel particles are stable in the collapsed state, otherwise an increase in 

M,.. would be observed, i.e., aggregation. As expected, Al changes from positive to negative 

values because water is a good solvent at 25.01 "C for the microgel particles but becomes a poor 

solvent at 35.01 "C. This is why the microgel particles collapsed into a 10-time smaller volume. 

The ratio of R& is very close to the theoretical value ( 3 / 5 ) l n  predicted for a uniform sphere, 

which indicates that the microgels studied are uniform spherical particles either in the swollen or 

collapsed state. There is no draining for water entrapped inside the microgel particles, otherwise 
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we would observe a larger value of RbJRh, The chain density p of the PNIPAM microgel network is 

calculated by a combination of the static and dynamic LLS results, namely from M, and & according 

to: M, = (37d4)h3p. 

Table I. LLS results for the PNIPAM microgel particles in water at two different temperatures 

T I "C dddC I mL g" M, I glmol A2 I mol.mL/g2 R, I nm Rh I nm R$Rh p 1 g/cm3 

30.01 0.181 2 . 1 9 ~  1 Ox 3 . 0 2 ~  1 Od 124 160 0.78 0.02 

35.01 0.201 2 . 2 5 ~  10' - 2 . 2 5 ~  10.' 57 70 0.81 0.30 

Table I shows that p is -0.30 g/cm3 in a M y  collapsed state, which is in agreement with that of bulk 

gels studied by small angle neutron scattering.*' Grosbeg el uf. l6 explained this low chain density in 

terms of the concept of the crumpled globule state." In comparison with the chain density (p - 0.02 

g/cm3) of the microgel particles in the swollen state, we know that -94% of water entrapped inside the 

microgel particles is excluded from the microgel particles during the volume phase transition after 

considering both the changes in & and p. 

Figure 4 shows the time-dependence of <Rh> for the microgel particles after a rapid temperature 

change. The time t is the standing time after the solution was quenched from 35.0 "C to 30.0 "C, or 

inversely jumped 6 0 m  30 "C to 35 "C. In order to speed up the temperature equilibrium, a very special 

thin-wall (- 0.4 nun) LLS cell was used. Both the speed of the swelling and collapsing processes 

remain too fast to be accurately followed with our present LLS instrumentation. According to Tanaka 

et aIz7-'', the transition time for the microgel particles studied should be in the range of -lo5 S. 

Therefore, the size change shown in Fig. 4. actually reflects the temperature change. In comparison 

with our previous the coil-to-globule transition of individual long linear PNIPAM chains is 

much slower. This difference in the transition speed arises from the fact that on average the subchain 

between two neighbouring crosslinkers inside the microgel particles is - lo2 times shorter than the 

long linear PNIPAM chains. Moreover, the swelling or shrinking speed of a gel in response to an 

excess osmotic pressure is controlled by the collective diffusion of solvent into the gel. 
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Fig. 4. Collapsing and swelling of the microgel particles after a rapid temperature change. 

Figure 5 shows the influence of the surfactant SDS on the phase transition of the microgel 

particles. It clearly reveals that the particles were swollen by SDS. When CSDS = 9.5 mM, the 

swollen particles were so stable that the transition temperature became too higher to be measured. 

Besides the increase of the transition temperature, the phase transition became a two-step process 

after addition of SDS. This two-step transition became more obvious as CSDS increases. It should 

be noted that the second step appeared when <Rp- -180 nm and corresponds to the size of the 

surfactant-free microgel particles in the swollen state. To our knowledge, a two-step volume 

phase transition of this type has not been observed before. 
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Fig. 5 .  Influence of surfactant SDS on the phase transition of the PNIPAM microgel particles. 
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Figure 6 shows how the translational diffusion coefficient distribution of the microgel particles 

changes with temperature during the phase transition. As temperature increases, G(D) shifts to 

higher D, i.e., smaller %, because of the collapse of the particles. Initially, there existed only one 

narrowly distributed peak. When temperature increases above 45 "C, another small peak appears 

(it is enlarged in the logarithmic scale) at much higher D, representing some smaller species. The 

surprising appearance of this second peak may be related to the SDS molecules which were driven 

out during the volume phase transition. 

t 

0" 

Fig. 6 .  Temperature-dependence of the translational diffusion coefficient distribution G(D) 
for the PNIPAM microgel particles with 4.05 mM of added SDS molecules. 

It is generally recognized that SDS can 'bind" the hydrophobic portion of PNIPAM, so that the 

PNIPAM chain behaves like a polyelectrolyte chain. The repulsion between the anionic heads of 

SDS swells the PNJPAM chain or gel network when temperature is below the phase transition 

temperat~re.~' However, we could not exclude the possible formation of the SDS micelles inside 

the microgel network because the SDS concentration inside the microgel network could be higher 

than its critical micelle concentration (CMC), even though the overall SDS concentration is lower 

than the CMC. During the first-step phase transition, the SDS micelles might be 'trashed" into 

individual SDS molecules by the shrinking microgel network. The flat transition between the two 

steps might be attributed to the exclusion of individual SDS molecules from the particles, so that 

we observed the second small peak in Fig. 6 .  After the exclusion of SDS, the microgel particle 

should be similar to the SDS-free microgel particles. This is why at the end of the first step they 

have a similar size, Further increase of temperature will induce an additional collapse of the 

particles, i.e., the second step, which is similar to the collapse of the SDS-free particles, but at a 

much higher temperature. A comparison of Figs. 5 and 6 shows that the second peak did appear 
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at the end of the first step, which is consistence with the above discussion 
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Fig. 7.  Influence of surfactant DPB on the phase transition of the PNIPAM microgel particles. 

Figure 7 shows that when Cope is lower than the CMC (-12 mM) of DPB in water, the transition 

temperature is slightly lower than that of the surfactant-free particles. The microgel particles in 

the collapsed state were unstable, so that <Rp- did not reach the size of the completely collapsed 

particles. When Cope is higher than the CMC, the phase transition temperature is slightly higher 

and the volume phase transition is sharper than that of the surfactant-free particles. Moreover, the 

microgel particles are thermodynamically stable over the entire temperature range studied. A 

comparison of Figs. 5 and 7 shows that SDS and DPB have completely different effects on the 

behavior of the microgel particles. Therefore, the generally recognized ‘binding” of SDS to the 

hydrophobic portion of PNIPAM might not be true because SDS and DPB have an identical 

hydrophobic tail. we offer ‘a possible explanation for this complete difference as follows. 

The interaction between the anionic head of SDS and the anionic residual group (generated from 

the initiator) or the amide group (with one pair of electrons) in the PNIPAM chain should be 

repulsive. SDS molecules have a chance to form micelles inside the microgel network and the 

repulsion leads to the swelling of the particles and the hindering of the phase transition. Meewes 

el aL4‘ showed that for PNIPAM chain without the anionic residual group swelling took place in 

the presence of SDS. This result suggests to us that the main contribution comes from the 

electron-rich amide group. On the other hand, the cationic head of DPB has a tendency to be 

‘8ttracted”to the anionic residual group or the amide group to form an ion pair or a tetra-amine 

complex. In this way, it would be difficult for DPB molecules to move together to form micelles 

inside the microgel network. Moreover, the ‘httraction” of the cationic head to the anionic or the 
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amide group partially cancel the hydrophilic nature of PNIPAM. This explains why the phase 

transition temperature is lower and the microgel particles were unstable at higher temperatures 

When Cope is higher than the CMC, the DPB micelles should form both inside and outside of the 

microgel networks if the microgel is in the swollen state. The repulsion between the DPB micelles 

can lead to a hrther swelling of the particles, as shown in Fig. 7. This repulsion between the DPB 

micelles inside the microgel network can retard the collapse of the particle up to a point at which 

the dedicate balance between the hydrophobic and hydrophilic interactions start to break. From 

that point, hrther increase in temperature will lead to the collapse of the particles and the 

exclusion of DPB from the microgel network. This explains the sharp transition shown in Fig. 7. 

It should be stated that in the collapsed state the particle size is independent of the amount and 

type of surfactant added, which indirectly shows that in the collapsed state there is no surfactant, 

or more precisely, an insignificant amount of surfactant, inside the particles. 

In summary, the volume phase transition of the PNIPAM microgel particles is continuous over a 

range of temperatures. corresponding to a broad subchain length distribution inside the microgel 

network. A combination of the static and dynamic laser light scattering results showed that there 

is no draining for water entrapped inside the microgel particles even in the swollen state. During 

the volume phase transition, -94% of water originally entrapped inside the swollen microgel 

network is expelled. On the other hand, in its hlly collapsed state, the microgel particle still 

entraps -70% of water in its occupied space. Anionic and cationic surfactant molecules interact 

differently with the microgel particles, namely a very small amount of anionic surfactant SDS can 

swell the particles and shift the phase transition to a higher temperature, while the addition of 

cationic DPB has much less effect on either the swelling or the phase transition temperature. This 
has been attributed to the presence of both the electron-rich amide group and the residual anionic 

groups generated from the initiator on the PNIPAM chain. 
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