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Longer time kinetics of collapse transition of polymer-surfactant complexes at interfaces
near to collapse temperatures

Peng Wei Zhti and Donald H. Napper
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The later stages of the collapse transition kinetics of fractionated ¢adppropylacrylamide (PNIPAM)
chains at interfaces in the presence of the surfactant sodium dodecyl $8Ex®ewere studied for molecular
weights ranging from 48 10° to 1.6x 10°. The interfacial PNIPAM-SDS complexes were quickly heated to
the temperatures that were near to the collapse transition temperatures. The longer time collapse of the
PNIPAM-SDS complexes at interfaces was found to proceed through two stages. The collapse kinetics at the
later stages was interpreted in terms of a “globule growth” model. It was found that under the experimental
conditions, the fast relaxation time was independent of the molecular weight, whereas the slow relaxation time
was weakly dependent on the molecular weight.

PACS numbd(s): 61.41+e

INTRODUCTION collapsed state is achieved, studies of the collapse transition
L . o of polymer chains have proven to be a difficult experimental
The kinetics of the coil-to-globule transition in polymer challenge, especially for the collapse kinetics. Two ways

systems has not been comprehensively understb@l de ;e heen proposed to prevent the aggregation of the poly-
Gennes theoretically proposed a two-stage process 10 dger chains during the coil-to-globule transition: one is to add

scribe thg kinetic; of the goil—to—globule transitif8). Poly- 5 small amount of surfactanfd3—15 and the other is to
mer chains are first predicted to collapse to a “sausage”tether the polymer chains to interfaces of latex particles that
shaped object wherein the subunits of the chains, the sqyear an electrostatic charg@6—18. The present authors
called “blobs,” tend to stick together. Then, in the secondhave studied some of the characteristics of the coil-to-
stage, the sausage-shaped chains transform with a hydrodytobule type transition of poljN-isopropylacrylamide
namic friction into their final spherical form. A more detailed (PNIPAM) chains attached to charged polystyrene latex par-
outline of the two-stage kinetics of the coil-to-globule tran-ticles [16,17). It has been known that at room temperature
sition has been presented by Grosbetgl. [4]. It has been the PNIPAM chains dissolve in water to form a coil state that
proposed that in the first stage of the transition, polymewundergoes the chain collapse when the temperature is in-
chains collapse to form a so-called “crumpled globule,” creased to between 31 and 34f19,20. The experimental
which is formed through a self-similar process. This meanglata have demonstrated that if the surface charge density of
that the crumpled globule manifests a fractal dimension. Irthe latex particles is sufficiently high, the aggregation of the
the first stage, the density inside the blobs is close to the findftex particles can be totally prevented. This allows the col-
globular density but the blobs are still spatially segregated'.apse transition of interfacial chains. to be _obser_ved by direct
In the second stage, the crumpled globule continues to shrifk€asurements of the hydrodynamic particle size using dy-
to the final equilibrium state by slow knotting or topological N@mic light scatteringDLS). It is worth noting that confor-
relaxation of the blobs. The main difference between the. ational transitions of interfacial polymer chains are _be-
crumpled and the equilibrium globules is that in the equilib- '?Ve" to be different from those of free polymer chains.
rium globule, segments along the chains are more likely toF'rSt’ the degree of freedom of thg polymer Ch.a'ns at surfaqes
be in contact whereas in the crumpled globule they are mors expected to be Ie§§ than that in fr.ee solu.tlons.. Interfacial
X : : ) .Solymer chains exhibit strongly restricted orientations. Sec-
likely to be neighbors in space. The first successful experi

| d . f fbnd, the collapse transition of interfacial chains may be more
menta' emonstration of an apparent two-stage process Q:romplex phenomenologically than implied by the concept of
the coil-to-globule transition was reported by Chu and co-, ¢oil-to-globule transition. For example, the collapse transi-

workers for a single polystyrene chain in cyclohex8®]  tion of interfacial polymer chains could be influenced by
In more recent developments, the kinetics of the coil-to-_¢c|yster formation proposed by de Geniias].
globule transition has been explored by computer simula- The kinetics of later stages of the temperature-induced
tions[7-12]. Especially important in this context is the work collapse transition of interfacial PNIPAM in the presence of
of Kuznetsov, Timoshenko, and Daws¢KTD) [10-12,  the surfactant sodium dodecyl sulfat8DS has recently
which predicts a three-stage collapse model. been studied22]. The longer time collapse processes were
Since polymer chains also tend to undergo the phase sepimterpreted in terms of the “globule growth” modgl0-12.
ration under worse thaf conditions simultaneously as the The relaxation times of the collapse transition were deter-
mined from the longer time kinetics and were found to de-
crease with increasing quench temperature above the transi-
*Present address: Department of Materials Engineering, Monastion temperature. Since there is a cooperative binding of
University, Clayton, VIC 3800, Australia. surfactant molecules onto interfacial polymer chains, the
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neutral PNIPAM chains at interfaces are converted into parwhereA is the experimental base ling,is a spatial coher-
tial polyelectrolyte complexes as the surfactant concentratioence factor, and)*)(7) is the electric-field autocorrelation
is higher than the critical association concentrai@AC)  function. For a polydisperse system(Y(7) consists of a
above which the individual surfactant molecules form aggresum of a single exponential:

gates bound to the polymer chains in good solvency domain.

In this paper, we report on the molecular weight dependence i *

of the longer time kinetics of the collapse transition of the g (n)= fo G(I)exp(—T'7)dl’, @)
interfacial PNIPAM-SDS complexes.

where G(I') is the normalized distribution function of the
decay rates anfl=D,q? is at a very dilute solution concen-
tration. HereD, is thez-average translational diffusion coef-
N-isopropylacrylamide (NIPAM) (Monomer-Polymer  ficient andg=(4mnq/\)sin(®/2) the magnitude of the scat-
was purified by recrystallization from a 65/35 mixture of tering vector. The analysis of the electric-field
hexane and benzene. StyrdAdAX chemical$ was distilled  autocorrelation function was made using the method of cu-
at 55°C under reduced pressure. Azobisisobutyronitrilenulants[25]. Hydrodynamic diameterd;, were calculated
(AIBN) (Fluka) was recrystallized from methanol. Potassiumfrom the translational diffusion coefficients using the Stokes-
peroxydisulfate(KPS) (Britain Drug House chemicalsso-  Einstein equationd,=kgT/(377D,), with kg being the
dium metabisulfitgMerck), and SDS were used as received. Boltzmann constan the temperaturék), and» the solvent
All solvents were analytical grade. Water was Millipore viscosity. The light-scattering cell had a diameter of 10 mm
Milli-Q grade. and a wall thickness of 0.5 mm. The average diameters of the
The PNIPAM was prepared by the solution polymeriza-dried core of the latex particles were determined by trans-
tion of NIPAM following the procedure described in the lit- mission electron microscop{TEM).
eraturg 23]. NIPAM (5 g) was polymerized for about 20 hat ~ The collapse transition was studied as follows. The latex
65°C in a 70/30 benzene/acetone mixti®0 m) using dispersions containing a SDS concentratiey+ 1023 mg/L
AIBN (0.5% as the initiator under a positive nitrogen pres-were quickly heated to the requisite temperatures, which
sure. The solvents were then evaporated in a vacuum at roowere close to the transition temperatures. The time depen-
temperature. The PNIPAM obtained was fractionated by diselence of latex diameters was then monitored by dynamic
solution of the dried solid in dry acetone, followed by the light scattering. The temperature was controlled with the pre-
careful addition of dryn-hexane[24]. The weight-average cision of £0.1°C. When the latex dispersions were heated
molecular weights were determined by static light scatteringrom the region of the interfacial swollen chains to the region
at 25.0-:0.1°C to be~1.6x 1, ~1.0x1(%, ~6.3x10°,  of the interfacial globular chains, it was important that the
and~4.5x 10°, respectively. The polydispersity ratios of the times required for the latexes to reach the requisite tempera-
PNIPAM were estimated from the dynamic light-scatteringtures were as short as possible. To shorten the thermal equili-
measurement in the sodium dodecyl sulfate solution of 12®ration times, the empty sample cells were first immersed in
mg/L, following the procedure of Meewest al. [13]. They the water bath of DLS apparatus at the requisite temperatures
were found to be~1.4 for 1.6x 10°, ~1.2 for 1.0x 1(%, and  for at least a half hour prior to the samples being injected
~1.8 for 6.3 10° and 4.5 10°. into the cells. A thermocouple was inserted into the empty
Graft polymerization of styrene onto PNIPAKL.5 g in ~ sample cell. The water was injected for a simulation of the
water (80 cn?) was accomplished by the slow addition temperature change. The time required for the samples to
(about 40 min of styrene(0.3 g in the presence of redox reach the designated temperatures was found to be about 110
initiator potassium peroxydisulfate €110~ 2 g)/sodium met-  sec. Unfortunately, it is not yet possible to obtain reliable
abisulfite (4< 10" g) to yield a clear solution. To generate a measurements of the initial stages of the collapse transition
latex, styrene(1.2 g was then added quickly, along with due to the uncertainties associated with thermal equilibration
additional potassium peroxydisulfate (X290 2g) and so- after heating. We started DLS measurements about 25 sec
dium metabisulfite (7.810 2g), to a final volume of 100 after heating but only the data collected after about 130 sec
cm® water. After about 20 h, the resultant latex was filteredwere used to manipulate the collapse kinetics for the present
and then dialyzed by repeated changes of fresh Milliporesystem; i.e. here we only studied the later stages of the col-
Milli-Q water for about three days. Nongrafted PNIPAM lapse transition of PNIPAM-SDS complexes at interfaces.
was removed by centrifugation and decantation of the supefor each sample, the heated experiments were repeated twice
natant. The latex particles were redispersed in Milliporeand the data presented here are their average values. In mea-
Milli-Q water and filtered using a 0.g&m Millipore filter. surements of latex particle diameters at different tempera-
Dynamic light-scattering measurements of the average laures, the samples were kept at the temperatures for at least
tex size were performed at a particle concentration of about min before the data collection.
5x 10 ° (g/g) with an argon ion laser operating at a scatter-
ing angle of®=90° and a wavelength of =488 nm at a RESULTS AND DISCUSSION
power of 50 mW. The intensity autocorrelation function

G@(7)=(1(7)1(0)) was measured using a Malvern 4700c Figure 1 shows the temperature-induced collapse transi-
correlator and has a form tion of the interfacial PNIPAM chains in water in the pres-

ence of surfactant molecules. The SDS concentra@ign
=1023mg/L is much higher than the CAC-230 mg/L
G2 =A[1+B8|gP ()], (1)  [13,14 but much smaller than the critical micellar concen-

EXPERIMENTAL DETAILS
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FIG. 2. Plots of the time dependence of the hydrodynamic di-
FIG. 1. Plots of the temperature dependence of the hydrodyameter of the latex particles coated by PNIPAM at a SDS concen-
namic diameter of the latex particles coated by PNIPAM at a SDSration C,= 1023 mg/L. Molecular weights ar@) 1.6x 10° and(b)

concentratiorCy=1023 mg/L. Molecular weights ar@ 1.6X10°  §.3x 10°. The latex particles were quickly heated to the tempera-
and (b) 6.3x 10°. Dot lines are the core diameters of polystyrene tyres(a) 51.1 °C and(b) 44 °C.
latex particles.

tration (CMC) (~2300 mg/l) of a salt-free solutiorf26].  to the transition temperatures. In order to compare the col-
The cooperative binding through hydrophobic interactions ofapse transition of interfacial PNIPAM-SDS complexes with
SDS aggregates with the polymer segments of the interfacialifferent PNIPAM molecular weights, the designated tem-
PNIPAM layers is expected to occur. This results in locallyperature of each molecular weight was chosen to be about
swollen chains at interfaces as a consequence of the repuine degree higher than the one at which the particle diam-
sive electrostatic interactions between the firmly adsorbegters started to be temperature independent. These tempera-
amphiphiles. The collapse transition at this SDS concentraures are 55.1, 45, 44, and 42.9.1 °C for the molecular
tion proceeded through a relatively weak transition beforeweights 1.6< 10°, 1.0x 10°, 6.3x 10°, and 4.5¢< 10°, respec-

the onset of a much sharper collapse, which occured upon dively.

increase in the temperature, as has been reported previously Figure 2 shows the typical time dependence of the hydro-
[27,28. This weak transition has been interpreted as involv-dynamic diameter of the latex particles coated by the
ing the formation of ion pairs between the charges on thé>NIPAM chains in water. Since the interparticle aggregation
PNIPAM-SDS complexes and their counterig@¥,2g. The  was totally prevented and the latex core diameter did not
formation of the multiplet structure of ion-pair aggregates ischange with temperature, the time dependence of the hydro-
taken into accouni27,28. The interesting finding presented dynamic diameter represents a time dependence of the layer
in Fig. 1 is that the collapse transition temperature of theof thickness of the swollen PNIPAM chains at interfaces in
interfacial PNIPAM-SDS complexes is elevated with in- the course of the collapse transition. Since the time required
creasing the molecular weight. It is worth noting that studiedor the samples to reach a thermal equilibrium state was
of the molecular weight dependence of lower critical solu-about 110 sec on heating, the kinetic behavior of the collapse
tion temperaturesLCST) for free PNIPAM chains in aque- transition was meaningfully studied when the experimental
ous solutions are controversig23,24,29. The longer time time was longer than about 130 sec. The longer time collapse
collapse kinetics of the interfacial PNIPAM-SDS complexestransition is shown in Fig. 3. It can be seen from Fig. 3 that
was then studied at the designated temperatures closdter the abrupt temperature change the hydrodynamic diam-
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195 - - broad. In the next coarsening stage, neighboring small col-
(@) | lapsed clusters aggregate to form larger collapsed clusters.
The density of the collapsed clusters tends to be high as a
result of internal rearrangements, but does not reach that of
the completely compacted state. The polymer segments link-
ing these collapsed clusters are relatively short and quite
stiff. At this stage, some of polymer chains are predicted to

have collapsed to only an approximate spherical form. The

final stage of collapse is thus described as a compaction pro-
cess of these collapsed globules to form the optimal spherical
shape.

The collapse mechanism of the postulated PNIPAM
chains bears some resemblance to the globule growth model
of KTD [30,31]. It has been found that when the molecular
weight of the PNIPAM chains is sufficiently large, the coil-
to-globule transition of the PNIPAM chains is not a so-called
all-or-nothing process; i.e., single PNIPAM chains do not
(b) undergo coil-to-globule transitions as a wh¢&9,31. The
collapse transition of the PNIPAM chains presumably pro-
ceeds through a set of intermediates consisting of a number
of the so-called ‘“cooperative units” or “domains.” Such
compaction behavior was first reported for the folding transition of larger
proteins[32,33. The main difference between proteins and
PNIPAM in the transitions is that the folding transition of
proteins involves two or more different structural domains
whereas the collapse transition of the homopolymer
PNIPAM only involves an identical structural domain.

The KTD simulations predict quantitatively that the inter-
mediate coarsening process in the collapse transition can be
described by a relaxation equatiphl,12]
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FIG. 3. Plots of the longer time dependence of the hydrOdy'whereR

namic diameter data shown in Fig. 2 g Is the radius of gyration of the polymer chain and

7is the characteristic relaxation time of the coarsening stage.
) ) Since the radius of gyration is proportional to the hydrody-
eter decreased rapidly at short times and then converg&ghmic radius for a coil, a similar equation can be utilized if
slowly to a stable limit at much longer times. Accordingly, the radius of gyration is replaced by the hydrodynamic di-
the longer time kinetics of the collapse transition can be clasameter. Note that for a real system it is strictly not possible
sified as two stages. The minimum size that the latex pary differentiate between the coarsening stages of the chain
ticles could reach became somewhat larger as the moleculgp|japse and their ultimate compaction stafe. Nonethe-
weight increased. It has been foup2?] that the swollen |ess, according to the KTD model, the kinetic behavior at
interfacial PNIPAM chains can reach similar levels of col- |onger times, including the coarsening and compaction pro-
lapse as normal interfacial chains. The polymer dimension igesses, can be described by a two-exponential relaxation law:
the final collapse state is essentially independent of the SDS

concentration[22]. It is believed that during the collapse R3(1)=R3() + A exp(—t/my) + A exp( —t/ 7).  (4)
transition the surfactant molecules are excluded from the do-

mains inside the globules and adsorbed on the globule suithe fast relaxation time could theoretically be considered
faces. as a characteristic time for the coarsening sfddel2, be-

The recent computer simulations of the KTD modeling equivalent to ther in Eqg. (3), although strictlyr; may
[11,12 for the kinetics of the collapse transition of ho- also be somewhat associated with the compaction process.
mopolymers can be used, as a first approximation, to defhe slow relaxation timer, is a characteristic time for the
scribe the collapse transition of the present system. Accordcompaction stage. Note that any transition from one equilib-
ing to the KTD model, the kinetics of the collapse transitionrium state to another due to changes in thermodynamic vari-
consists essentially of three stages. First, localized densables may generally be considered as a relaxation process.
clusters are formed along the chain. In this stage, many small The experiments in the present work do not exactly sat-
collapsed clusters quickly form and grow. These small colisfy the assumptions made in the KTD simulations in that
lapsed clusters are randomly distributed along the polymesurfactant molecules were present in the experimental sys-
chains at relatively low densitie@ “necklace” structurg  tems. It is assumed that the presence of the SDS molecules
The polymer segments between the small collapsed clustedoes not qualitatively alter the processing aspects of the col-
are expected to still be flexible. The size distribution of thelapse transition; i.e., the collapse transition of the PNIPAM-
small collapsed clusters along a single chain could be quitSDS complexes still proceeds through a set of intermediate



6870 PENG WEI ZHU AND DONALD H. NAPPER PRE 61

8 T T T T T T T T 1000 T B v T
900 - N
800 b
700 : L 7

600

InA

500 -

400 -

300 %

[P T o = o
(layer thickness)2 (nmz)

200

2 3 4 5
t (min)

(o]
~
o

350

FIG. 4. Semilogarithmic plots of the longer time dependence of
the squared layer thickness of interfacial PNIPAM-SDS complexes
at a SDS concentratioB;= 1023 mg/L. The polystyrene core size
was subtracted from the total measured sizes. Empty squares an
filled triangles are the data of molecular weightsX 8 and 6.3 &
X 1CP, respectively. The latex particles were quickly heated to the E
temperatures(a) 51.1°C and (b) 44°C. In the plots, Im
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stages, although the mechanism of the collapse transitior -
could be changed. This assumption is likely to be correct
since the results presented in Fig. 3 indicate that the collapst
transition proceeds through two stages at longer times. Sinct =
the experiments were conducted at surfactant concentration 0
well below the CMC, the relaxation times for the rearrange- !
ment of the surfactant molecules, either singly or in small . S .
groups, are likely to be of the order of milliseconds whereas F!G. 5. Semilogarithmic plots of the time dependence of the
the relaxation times for the collapse processes may be of th%quared layer th_lckness of interfacial PNIPAM-SDS compl_exes ata
order of several hundred seconds. The relaxation times thaP> concentratios=1023 mg/L. Th_e polystyrene core size was
relate to the collapse transition of the PNIPAM-SDS Com_subtracted from the total measured sizes. Molecular yvelghtehre
plexes could not be influenced by the free SDS moleculed & 10° and (b) 6.3x 10°. The latex particles were quickly heated
and unabsorbed SDS aggregates if they exist. Howevero the temperatur_e(s) 51.1 C_anc{b) 44 °C. Fllle_d squares are the

. " data of the best fits of experimental results using @y.
since the exact nature of the collapse transition of the
PNIPAM-SDS complexes is not clear, the longer time col-
lapse kinetics in the present system is phenomenologically
treated as multiple relaxation processes, which are approxi-
mated by Eqgs(3) and(4). If the terminologies in the KTD

50 |

layer thickness)? (

model are to be used for the present system, the observe % ' ' ' T
collapse data can be referred to as the coarsening and con
paction processes in the course of the collapse transition. 20 F 4

Figure 4 shows semilogarithmic plots of the squared layere
thickness of the interfacial PNIPAM-SDS complexes as a £
function of the experimental time as implied by Eg). In A
the plots, the average core diameters were subtracted fror=
the total measured values to give twice the effective hydro-
dynamic diameters of the interfacial PNIPAM chains. The
diameters of the interfacial PNIPAM chains at infinite times
were estimated from the plateaus in Fig. 3. It can be seer
from the plots that the data collected at the earlier time de-
viate from the behavior observed at the longer time. It is g e & B
postulated that the linear ranges observed in Fig. 4 represer
the coarsening stage of the later times predicted by the glob
ule growth mechanism of collapse transition. The relaxation
time 7 was found to be about 2 min, irrespective of the mo- FIG. 6. Relaxation times are plotted versus the molecular weight
lecular weight under the experimental conditions. under the experimental conditions seen in the text.

xation

42.9°C  44°C 45°C 51.1°C

rela

5F .

0 1 1 L
3.0x10° 6.0x10° 9.0x10° 1.2x108 15x10°  1.8x10°8
molecular weight
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The longer time kinetics of the collapse transition wasthe temperatures at which the dimensions of the interfacial
also fitted by Eq(4). The fitting covered the whole range of chains collapsed completely to minimum values. The longer
experimental times studied. The experimental and calculatetime stages of the kinetic behavior of the PNIPAM-SDS
data are presented in Fig. 5. The relaxation times obtainedomplexes were interpreted in terms of the ‘globule growth’
are shown in Fig. 6. It is found that the fast relaxation timesmodel of KTD. In terms of this model, the growth of the
7, are about 1-1.7 min, being in good agreement with thoséocalized collapsed globules and the compaction of these col-
determined from Fig. 4. The slow relaxation timgappears lapsed globules were described by the observed relaxation
to have a weak molecular weight dependence under the eprocesses. Under the experimental conditions, the relaxation
perimental conditions, which may be associated with thdime of the coarsening stage was found to be independent of
stiffness of the short segments during the compaction prothe molecular weight whereas the relaxation time of the com-
cess. The results indicate that under the experimental condpaction stage was weakly dependent on the molecular
tions, the compaction process is much slower than the coarsveight. The kinetics of the collapse transition of PNIPAM-
ening. SDS complexes at interfaces could be a model for studying

the kinetics of the collapse transition of weak polyelectro-
CONCLUSIONS lytes at interfaces.

The kinetics of the collapse transition of the PNIPAM-
SDS complexes at interfaces in aqueous solution was studied
using dynamic light scattering. The interfacial PNIPAM-
SDS complexes with different PNIPAM molecular weights ~ We thank the Australian Research Council for its financial
were quickly heated to the requisite temperatures. Thesgsupport of these studies. We are also grateful to the Electron
temperatures were chosen to be about one degree higher thisticroscope Unit of this university for access to its facilities.
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