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Effects of thermal history on the dynamics of relaxation of poly„N-isopropylacrylamide…

adsorbed at latex interfaces in water

Peng Wei Zhu and Donald H. Napper
School of Chemistry, The University of Sydney, Sydney, New South Wales 2006, Australia

~Received 17 July 1997!

The dynamics of the relaxation of poly~N-isopropylacrylamide! ~PNIPAM! chains absorbed from water onto
the surfaces of poly~N-tert-butylacrylamide! latex particles has been studied. The dynamic behavior studied
was induced by heating samples to 60 °C and then cooling to 6 °C. We report measurements of the effects of
the thermal history on relaxation dynamics of interfacially adsorbed PNIPAM under better thanu-solvency
conditions. The dynamic relaxation of the adsorbed PNIPAM chains proved to be very sluggish, displaying
some features analogous to bulk glassy relaxations, especially at longer aging times. The average relaxation
time, calculated from a stretched exponential function, significantly increased with increasing aging time. The
extended PNIPAM layers formed under the experimental protocol adopted were found to become kinetically
locked into nonequilibrium states for unexpectedly long times. The time at which the dynamic evolution of the
adsorbed chains commenced depended upon the thermal history.@S1063-651X~98!09202-2#

PACS number~s!: 82.70.Dd, 68.10.Jy, 87.15.He
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INTRODUCTION

Recently, interest has grown in understanding the ads
tion of macromolecules at solid-liquid interfaces@1–4#. This
interest derives partly from the fact that adsorbed polym
layers can modify the physical properties of the surfaces
partly from the fact that the physical properties of co
strained polymers differ from those of polymers free in s
lution. Polymer-solid surface interactions can be classifi
according to whether there is physical or chemical adso
tion. In physical adsorption, the polymer segments inter
with the surface through van der Waals interactions, wher
in chemical adsorption specific functional groups of t
polymer segments chemisorb onto the surface, through,
the much stronger H bonds. Chemical adsorption is hig
specific and is much stronger than physical adsorption.
equilibrium state of physically adsorbed polymer chains
been well understood through the application of a mean-fi
lattice model, scaling analysis, renormalization-group me
ods, and computer simulations. Some progress also has
made in understanding the adsorption of chemically
sorbed polymer chains, especially their dynamic behav
@5–10#.

Morphologically speaking, adsorbed polymer may be
vided into at least three categories: homopolymer lay
end-adsorbed polymer brushes, and associative polyme
which both chain ends and the main backbone have a st
affinity for the surface. Although the mechanisms underly
the absorption process are complicated and may vary f
one type to another, it is generally accepted that there i
least one feature common to these three groups: The
sorbed polymers are predicted to extend further away fr
the surfaces with increasing surface coverage when the b
ing medium is a good solvent. For example, homopolym
polymer chains could adsorb as loops and trains on the
faces with many points of contact between the polym
chains and surfaces at low concentrations. As the poly
concentration increases, however, the polymer chains b
571063-651X/98/57~3!/3101~6!/$15.00
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to overlap on the surfaces and the crowding that res
forces some of the main backbone segments off the surfa
This leads to fewer contact points remaining and an ad
tional extension of the adsorbed polymer chains norma
the surface.

On the other hand, the adsorption of polymer chains o
a surface is also considered to be a random sequential
cess that leads to the intrusion of kinetic phenomena.
chains that are first to arrive at a surface can participate
many segment-surface contacts and so adopt a flattene
loopy conformation. At higher polymer concentrations, t
chains that arrive at longer times, however, exhibit fewer a
fewer segment-surface contacts and so adsorb more loo
since they meet a nearly saturated surface. The cente
mass of these later-arriving chains is expected to be loc
farther from the surface than those that are attached to
surface earlier. Such an interfacial architecture of polym
layers, the so-called ‘‘hairy carpet’’ model, has been co
firmed experimentally@8–12#. Adsorbed polymer chains
could be effectively frozen in nonequilibrium states for ve
long times after they adsorb onto the initial surface sit
Even if polymer chains have achieved an overall adsorp
equilibrium, there still exists a steady-state exchange of po
mer chains between the adsorbed state and the unadso
state@8–12#. Note that the diffusion of polymers at the su
faces is governed by kinetic constraints@5–7#.

Like free polymer chains, adsorbed polymer chains c
undergo conformational changes under different solve
conditions. However, the conformational transitions of a
sorbed polymer chains apparently differ from those of fr
polymer chains for several reasons. First, the number of
grees of freedom of the polymer chains at surfaces are
pected to be less than those in free solution. Second, m
phologically, the collapse transition of the adsorbed cha
may be more complex phenomenologically than implied
the simple description of a coil-to-globule transition. Thir
adsorbed polymer chains could be trapped in a collection
nonequilibrium structures due to the topographies of the
3101 © 1998 The American Physical Society
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3102 57PENG WEI ZHU AND DONALD H. NAPPER
cessible potential energy surfaces@5–7#. Topological con-
straints, segment-surface interactions, and segment-seg
interactions can significantly influence the dynamics of
conformational changes.

In a previous paper@13#, we studied the conformationa
changes and corresponding relaxation dynamics for the
~N-isopropylacrylamide! ~PNIPAM! chains absorbed at th
surfaces of poly~N-tert-butylacrylamide! ~PNTBA! latex par-
ticles in water. As discussed above, the present system
hibits several distinctive adsorption features. First, the str
tural similarities between PNIPAM and PNTBA allow th
adsorbed chains to interact strongly with the surfaces of
ticles. The system may presumably be classified as chem
adsorption of the homopolymer PNIPAM via hydroge
bonding onto the surfaces of the PNTBA particles, althou
other interactions may also be involved. Second, the inte
cial chains may be assumed to adsorb loopily into an alm
flattened conformation when they attach to the surfaces.
third feature is that at room temperature, PNIPAM cha
dissolve in water to form coils that undergo a coil-to-globu
transition when heated to;31 °C–32 °C@14,15#. Finally, in
contrast to the adsorption of polymer chains onto a h
surface, the surfaces of PNTBA latex particles are penetr
because PNTBA latex particles tend to swell at the temp
ture considered. The experimental situation of the pres
system necessarily is very complicated.

The observations previously reported were interpre
@13# to result from a sequence of conformational chains a
consequence of heating: transformation of the loopily
sorbed conformation to the globular conformation and th
on cooling to the extended form. This series of changes
shown schematically in Fig. 1. The main factor promoti
the globule-to-extended state transition was postulated t
the reduction in the number of adsorbed contact points of
PNIPAM segments with the surface when the globular c

FIG. 1. Schematic representations~not to scale! of the confor-
mational changes of adsorbed PNIPAM chains at interfaces:~a!
Loopy adsorption of chains at low temperatures before heating~b!
globular conformation adopted after heating, and~c! extended
brushlike conformation on cooling heated sample below theu tem-
perature. Note that for clarity only a single chain is displayed and
the possible overlap of neighboring chains and loosely adso
chains is not shown.
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formation was adopted under bad solvency conditions
duced by heating. It was recognized that the possibility of
formation of the hairy carpet structure should not be ov
looked, especially at higher polymer concentrations@16#.

It was also found@13# that the extended PNIPAM confor
mation @Fig. 1~c!# was unstable and relaxed slowly towar
the lower-free-energy adsorbed state@Fig. 1~a!# under better
than u-solvency conditions. The relaxation dynamics as
function of the temperature was previously studied. In t
paper, we report on the effects of thermal history on
dynamics of the relaxation of interfacially adsorbe
PNIPAM chains as studied by dynamic light scattering.

EXPERIMENTAL DETAILS

N-isopropylacrylamide and N-tert-butylacrylamide
~Monomer-Polymer! were purified by recrystallization from
a 65-35 mixture of hexane and benzene. Azobisisobutyro
trile ~AIBN ! ~Fluka! was recrystallized from methanol. Po
tassium peroxydisulfate~KPS! ~BDH Chemicals! and
N,N8-methylenebisacrylamide~BIS, cross-linker agent! ~Al-
drich! were used as received. Water was Millipore Milli-Q
grade.

The PNIPAM was prepared following the procedure d
scribed by Schild and Tirrell@17#. NIPAM ~5 g! was poly-
merized for;20 h at 65 °C in a 70-30 benzene-acetone m
ture ~100 ml! using AIBN ~0.5%! as the initiator under a
positive nitrogen pressure. The solvents were then eva
rated in a vacuum at room temperature. The PNIPAM t
was obtained was fractionated by the dissolution of the dr
solid in dry acetone, followed by the careful addition of d
n-hexane. The samples were recovered by freeze-drying.
highest weight-average molecular weight fraction was u
for the present study. The weight-average molecular we
and radius of gyration were determined by static light sc
tering at 25 °C, using the Zimm plot procedure, to
1.63106 and 58 nm, respectively. The polydispersity ratio
the PNIPAM was estimated from the dynamic light scatt
ing measurement in the sodium dodecyl sulfate solution
120 mg/L, following the procedure of Meeweset al. @18# and
was found to be;1.4.

PNTBA latex particles were prepared by a free radi
copolymerization of NTBA and the cross-linking agent~BIS!
in water at 70 °C, following the procedure described
McPhee, Tam, and Pelton@19#. The purified NTBA~1.5 g!
and BIS~0.3 g! were dissolved in water (;200 g) and KPS
was added~0.017 g! as an initiator under a positive nitroge
pressure. The PNTBA latex particles generated were
pected to be negatively charged as a consequence of u
KPS as an initiator in the polymerization. After;5 h, the
particles were filtered and any residual small molecules
moved by centrifugation of the latex, followed by decan
tion of the supernatant. The particles were then dialyzed
a further;3 days with repeated changes of freshly prepa
Millipore Milli- Q water. The latex particles were filtere
again through a 0.45-mm filter.

The PNTBA latex particles were added to the PNIPA
solution under stirred condition at room temperature. T
weight ratio of PNIPAM to PNTBA particles was 5.9. Th
suspensions thus prepared were kept for at least;24 h at
room temperature. The nonadsorbed PNIPAM was remo
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57 3103EFFECTS OF THERMAL HISTORY ON THE DYNAMICS . . .
by centrifugation in 10 000 rpm for 60 min at 15 °C an
decantation of the supernatant. The samples were then r
persed in Millipore Milli-Q water at room temperature.

Dynamic light scattering~DLS! measurements of the av
erage latex size were performed at a particle concentratio
;331024 ~g/g! with an argon-ion laser operating at a sc
tering angle ofQ590° and a wavelength ofl5488 nm at a
power of 50 mW. Some of the samples were also measu
at a particle concentration of;131024 ~g/g! at Q560°.
The intensity autocorrelation functionG(2)(t) was measured
using a Malvern 4700c correlator and has the form@20#

G~2!~t !5A@11Bug~1!~t !2#, ~1!

whereA is the experimental base line,B is a spatial coher-
ence factor, andg(1)(t) is the electric-field autocorrelatio
function. For a polydisperse system,g(1)(t) consists of a
sum of a single exponential

g~1!~t !5E
0

`

G~G!exp~2Gt!dG, ~2!

where G(G) is the normalized distribution function of th
decay rates andG5Dzq

2 at a very dilute solution concentra
tion. HereDz is thez-average translational diffusion coeffi
cient andq5(4pn/l)sin(Q/2) the magnitude of the scatte
ing vector. The analysis of the electric-field autocorrelat
function was made using the method of cumulants. Hyd
dynamic diametersdh were calculated from the translation
diffusion coefficients using the Stokes-Einstein equationdh
5kBT/(3phDz), whereh is the solvent viscosity. The vis
cosity and refractive index of water at different temperatu
were taken from the literature@21#.

The sample temperature was controlled with an accur
of 6.0 °C60.1 °C during the DLS measurements. The cha
introduced into the surfaces of the PNTBA latex particles
the initiator fragments was sufficient to prevent the partic
from undergoing aggregation under worse thanu-solvency
conditions. At each temperature, the samples were allo
to equilibrate for 30 min before the DLS experiments we
performed. The relaxation dynamics of the extend
PNIPAM chains were studied by transferring the samp
from 60.0 °C to 6.0 °C60.1 °C. In order to ensure the sam
thermal history in all experiments, the samples were fi
kept at 6.0 °C for;2 h and then transferred to 60.0 °C. Th
time dependence of the hydrodynamic diameter was im
diately followed until the original sizes obtained at 6.0 °
were attended.

RESULTS AND DISCUSSION

The temperature dependence of the hydrodynamic di
eter of the PNTBA particles coated by the absorb
PNIPAM chains is shown in Fig. 2. The PNIPAM laye
thickness was obtained by subtracting the PNTBA core s
~crosses in Fig. 2! from the total measured size and dividin
by 2. Note that the average radius of PNTBA particles
6 °C was;5 nm larger that that at 25 °C. The loopily ad
sorbed conformation was inferred for the present surf
coverage from the observation that the layer thickness of
interfacial PNIPAM chains was;36 nm at 25 °C, while the
is-
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corresponding ‘‘diameter’’ of a single PNIPAM coil of thi
molecular weight would be;120 nm. The adsorbed
PNIPAM chains underwent a collapse transition with i
creasing temperature, which is qualitatively similar to t
coil-to-globule–type transitions observed in systems
which PNIPAM chains were anchored to the particle s
faces @22,23#. When the heated latex sample was coo
from 60 °C to better than theu-temperature range, the ad
sorbed layer thickness was significantly greater than that
served previously in the first heating cycle@13#.

In Fig. 3 the time dependence of the layer thickness
adsorbed PNIPAM is presented at 6 °C in the form of se
logarithmic plots. The samples had been kept at 60 °C for
240, and 960 min, respectively, before being moved to 6
The data display several qualitative dynamic features. T
first is that the transition processes were quite sluggish,
curring over many hours. The second is that there wa
progressive slowing down of the relaxation process as
aging time increased. For example, for the aging time of
min the relaxed layer thickness could approach the loop
adsorbed value after the dynamic evolution of 1000 min,
was far from its equilibrium state for the aging time of 96
min over the same time scale. The third feature is that
layer thickness tended first to increase with time and reac
a plateau before the onset of the decrease in chain dim
sions. Apparently, after heating at 60 °C for longer times,
interfacially adsorbed chains appeared to be locked into n
equilibrium states under better thanu-solvency conditions.
The times required to exit this nonequilibrium state, as e
mated from Fig. 3, were about 10, 100, and 230 min a
cooling, corresponding to aging times of 10, 240, and 9
min, respectively. There exit times are of the same orde
magnitude as the aging times.

The existence of a plateau region presumably involves
intricate balance between the attractive and the repul
components of the different types of interactions that gov
the conformations adopted by adsorbed polymer chains
the globular state, the intramolecular interaction in PNIPA

FIG. 2. DLS-measured conformational transition curves
PNIPAM chains absorbed on the surfaces of PNTBA latex p
ticles. The filled squares are the data measured on increasing
temperature and the empty squares are those on cooling.
crosses are the data measured for uncoated PNTBA latex part
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3104 57PENG WEI ZHU AND DONALD H. NAPPER
are so strong that most of the water molecules are exclu
from the PNIPAM layers. When the temperature is cooled
the better than theu-solvency range, however, the interm
lecular interactions between the PNIPAM segments and
water molecules via H bonding increase dramatically,
gether with a progressive weakening of the hydrophobic
teractions inside the PNIPAM chains as some of the hyd
phobic entities become hydrated by water molecules@24–
26#. Accordingly, the adsorbed PNIPAM chains we
effectively extended in an overall direction normal to t
surface until reaching the plateau. The average numbe
contacts per chain in the globule-to-extended conformatio
transition is significantly fewer than that in the first heati
cycle, i.e., the loopily adsorbed-to-globule conformation
transition@13#. The segment-surface interactions and the
namic constraints imposed on the PNIPAM layers, on
other hand, constitute in part the overall force that balan
the stretching force.

The transitions of free PNIPAM chains in solution are n
the so-called all-or-nothing processes @27,28,31# i.e.,

FIG. 3. Semilogarithmic plots of the time dependence of
layer thickness of the interfacial PNIPAM chains at 6 °C. T
samples were first heated at 60 °C for different times~in minutes!:
~a! 10, ~b! 240, and~c! 960, before cooled to 6 °C.
ed
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PNIPAM chains do not undergo coil-to-globule transitions
a whole. The coil-to-globule transition of the PNIPAM
chains apparently proceeds via a set of intermediates con
ing of a number of the ‘‘cooperative units’’ or ‘‘domains’
@27,28#, which are randomly distributed along the chain
Neighboring small and loosely collapsed clusters aggreg
to form larger and completely collapsed globules@29,30#. A
similar behavior was also found in the melting of th
PNIPAM globules~the globule-to-coil transition! @31#. Free
PNIPAM globules are believed to undergo the transiti
through an intermediate state called the molten globule.
molten globule is expected to have a dense ‘‘core’’ and
molten ‘‘shell.’’ The PNIPAM chains are not fully collapse
in the molten globule state. The hydrodynamic dimensions
molten globules are larger than those of fully collapsed gl
ules @31#. Our results for adsorbed chains imply that t
formation of these intermediates is sensitive to thermal h
tory or time. In addition to the inherent properties
PNIPAM in the transitions, the existence of segment-surf
interactions in the present system can affect the intermed
states.

The dynamics of the overall relaxation of the adsorb
PNIPAM layers in this study presumably included th
extended-to-loopily adsorbed state transition and, prope
the piecemeal diffusion of tenuously adsorbed chains by
incessant adjustment of their shapes, analogous to that
tulated in the hairy carpet model@8–12#. The existence of
such diffusion arises from the possibility that some of a
sorbed PNIPAM chains may be squeezed out locally fr
the surfaces and incorporated into globules formed un
worse than theu temperature. Alternatively, the hairy carp
structure may form locally in the process of the preparat
of the samples. These tenuously adsorbed chains may i
ence the layer thickness of adsorbed polymers. Fundam
tally, the extended-to-loopily adsorbed conformational tra
sition of tightly adsorbed chains and the piecemeal diffus
of tenuously adsorbed chains can be considered as a ge
adsorption process within the same theoretical frame@5–10#.

The very sluggish relaxations of interfacially adsorb
PNIPAM chains in the present system, associated with
longer time scale, is similar in some respects to those
determine the structural relaxation of glass-forming liquid
This similarity does not mean that glassy layers were ac
ally formed at the interfaces due to the increased segm
density and is not connected to the glass transition temp
ture of the bulk polymer. Such considerations do not ag
with the morphology of adsorbed chains and the experim
tal conditions studied. The reason for glassylike dynam
being observed is that, like an adsorption process from
unstable extended state to a lower-free-energy flattened
sorbed state@5–7#, the strong and specific interactions of th
polymer and surface, and the kinetic constraints opera
within the polymer layers trap the chains and hinder th
relaxations.

The likely physical origins of the kinetic constraints th
trap the chains in nonequilibrium states include neare
neighbor interactions~e.g.,n clustering@32# and H-bonding!,
strong and specific segment-surface interactions, topolog
barriers, and the attachment to and competition for surf
sites. The effects of these kinetic constraints on the dyna
processes of adsorbed chains have been explicitly discu

e
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57 3105EFFECTS OF THERMAL HISTORY ON THE DYNAMICS . . .
@5–7#. The nonequilibrium structures arise because the
netic constraints do not allow the polymer chains to evo
rapidly to structures corresponding to the global minimu
free energy. The extended-to-loopily adsorbed transition
the polymer diffusion may proceed through a number
stages. The whole process is considered to be highly co
erative. The unstable segments have to search the acce
paths in configuration space in a tortuous way to allow
dynamic evolution to occur. An additional kinetic constra
is probably induced by soft surfaces in the present sys
since the segments of adsorbed chains may diffuse in
certain depth of PNTBA particles under better thanu-
solvency conditions@33#.

The adsorbed PNIPAM chains under better thanu-
solvency conditions preserve memory of their thermal h
tory, which in turn effectively influences the kinetic con
straints in the nonequilibrium structures. As the aging ti
increases, the kinetic constraints become more active du
the formation of more compact structures through intram
lecular interactions between the PNIPAM segments. A
consequence, much longer times are needed to acces
accessible paths that were kinetically blocked under wo

FIG. 4. Plots of the data in Fig. 3 using Eq.~3!.
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than u-solvency conditions. Some cooperativity over long
length scales is also likely to be required for the relaxat
towards to equilibrium to be allowed to occur.

A rigorous treatment of the dynamics of the relaxation
the molecular level for the present system is difficult. T
kinetic constraints or the polymer adsorption mechanis
show that the dynamics of such processes can be desc
by a stretched-exponential or Kohlrausch-Williams-Wa
~KWW! function @34,35#. For the present system, the expe
mental data for the time dependence of the layer thickn
were accordingly expressed by the KWW-like function

A5
H~ t !2H~`!

H~0!2H~`!
5exp@2~ t/teff!

b#, ~3!

whereH is the layer thickness,teff is the effective relaxation
time, andb is the stretched exponent. Microscopically, t
relaxation of the interacting units is heterogeneous, co
sponding to a ‘‘distribution’’ of relaxation rates of dynam
origin. The average relaxation time^t& can be related to the
effective relaxation timeteff and the stretched exponentb by
@36#

^t&[E
0

`

exp@2~ t/teff!
b#dt5~teff /b!G~b21!, ~4!

whereG(b21) is the Gamma function. The kinetic data pr
sented in the present work were determined by plots
log10@2 lnA# vs log10(time). Straight lines shown in Fig. 4
are representative of the use of Eq.~3!. Figure 5 shows the
aging time dependence of the average relaxation time. It
found that the magnitude of the average relaxation time^t&
spanned a remarkably wide range from 140 min after 5 m
of aging to 5800 min after 960 min of aging. Theb values
obtained were;0.65, almost independent of the aging tim
studied.

Our time scales for the relaxation process, especially
longer aging times, are much longer than the predictions
computer simulations and the experimental results on
competitive adsorption of polymers@5–10#. It should be

FIG. 5. Plot of the thermal history dependence of average re
ation time^t& obtained from Eqs.~3! and ~4!.
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3106 57PENG WEI ZHU AND DONALD H. NAPPER
pointed out that the model used for the computer simulati
is limited to isolated polymer chains, not to a system co
taining many chains. Any difference might be attributed
the additional kinetic constraints. We believe that for t
present system, the kinetic constraints under considera
arise from those induced by the surface and the memor
globular conformations.

CONCLUSIONS

The effects of thermal history on the dynamics of t
relaxation of poly~N-isopropylacrylamide! chains adsorbed
at poly~N-tert-butylacrylamide! latex particles were studie
by dynamic light scattering. The relaxation dynamics of
terfacial adsorbed PNIPAM were observed by a simple
perimental design: The chains were first heated to 60 °C
different times and quickly quenched to 6 °C. The time d
-

T

i.

a

o-

le

le

h

s
-

on
of

-
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pendence of the layer thickness was then monitored.
dynamics of the relaxation of the adsorbed PNIPAM cha
displayed features analogous to forms of conventional gla
dynamics. The relaxation dynamics of the adsorb
PNIPAM layers, which were found to vary from a few hun
dreds to several thousands minutes, were strikingly dep
dent on thermal history. The extended PNIPAM layers c
be effectively frozen in time before relaxing. As the agin
time increased, nonequilibrium states were observed fro
few minutes to;200 min in the range of thermal historie
studied. The kinetic constraints are believed to govern
whole relaxation process.
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