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Using atom-transfer radical polymerization, we have prepared—airell particles by grafting thermally
sensitive polyll-isopropylacrylamide) (PNIPAM) chains on a spherical polystyrene latex core (with a radius

of ~287 nm) via the “grafting-from” approach. As the temperature increases fré@ £535°C, the PNIPAM

shell shrinks from a thickness of 625 nm to 110 nm and the chain density near the core increases from 7.3
x 1073 g/cm? to 7.2 x 1072 g/cn. Using such coreshell particles, we have, for the first time, been able to
study dynamics of long chains anchored on a patrticle in dilute dispersion by laser-light scattering. Our results
showed that, besides the translational diffusion of the particle as a whole, there also exists an additional slow
relaxation mode that is only observable at larger scattering vecfpvehich are presumably related to internal
motions of the shell. In the fully swollen state, the relaxation rate of the slow mdiitigi) is insensitive

to the observation length @/ however, its contribution to the scattering intensifd,) increases as|
increases. In the shrunken stafE[Joy slightly decreases agincreasesI'd,y can be scaled to the shell
thickness @ usy as Mdow O LG, With @ = —2.5+ 0.2, which is smaller than the predicated value of

3.

Introduction actually in the semidilute regime with a varying concentration

Grafting long polymer chains on a surface can result in a profile. Fytas et aff studied the dynamics of polystyrene (PS)
polymer brush if the grafting density is sufficiently high. chains anchored on a flat surface with evanescent wave dynamic
Polymer brushes have attracted much attention, because of theifight scattering and found that the chain dynamics was related
many useful implications, such as applications in wetting, to thermal fluctuation of the segment density profile of the
adhesion, colloid stability, and biocompatibility. Fundamentally, Prushlike layer. They showed that there was a preferred
grafted chains represent a constrained structure, wherein osmoti¢vavelength of ordek, (layer thickness) of the fluctuation with
repulsion and elastic energy are in balance. Alexanaied de a concurrent slowing of the thermal decay rate. Furthermore,
Genne3 studied the conformation of chains grafted on an they investigated the chain dynamics of polymer brushes in
impermeable planar surface in good solvent, using the scalingconcentrated solution or dispersion by dynamic light scatter-
approach. Later, Milner and Wittéand Birshtein et at.used ing.27-2° Three relaxation modes were determined for the multi-
the self-consistent field method to describe the conformation arm star polymer, namely (i) the fast cooperative diffusion for
of grafted chains. It is helpful to note that, in this aspect, the the entangled arms, (ii) the diffusion of the star polymer as a

theory—1%is much more advanced than experimental studiég, whole, and (iii) the so-called structural mode, which corresponds
because it is rather difficult, if not impossible, to prepare densely to a rearrangements of the star chains orderly packed in the
grafted chains with a uniform length. semidilute regime. However, no fast cooperative diffusion of

Many theoretical studies of dynamics of polymer brushes have the entangled chains in the shell was observed for giantcore
been reported~22 however, so far, direct experimental inves- shell micelles. Instead, some collective motions of the chains
tigations have been limitett; 2° partially because of difficulties  in the swollen shell were observed at higher scattering angles.
in the preparation of polymer brushes and partially due to weak 1 the dilute regime, only diffusive relaxation was observed
scattering of the grafted layer, in compariso_n with the substrate. o, hoth the star polymers and giant polymeric micelles, even
Farago et af” investigated the shell dynamics of a ceshell at the highest scattering angle. This is because the chains are
m|ceII'e by neytron spﬂaecho spectroscopy. They attributed the still relatively shorter than the observation lengthgjlivhere
peculiar multi-relaxation modes to the breathing of the shell on q = (47n/ig) sin(9/2) is the scattering vector (whereis the
the basis of the idea that the grafted chains in the shell are tractive index of the solventlo the laser wavelength in a
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2609-6106. Fax: 852-2603-5057. E-mail address: chiwu@cuhk.edu.hk. motions of long polymer chains grafted on a particle surface in

l?ﬁgtnﬂice\:gggngeB‘#igis\ﬁré%mbia dilute dispersion have not been observed yet. In this paper, using
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poly(N-isopropylacrylamide) (PNIPAM) chains were grafted on
the surface of a PS latex core to form a ces&ell structure. 600 in water
The hydrodynamic thickness of the PNIPAM shell (brush), §
swollen in pure water at low temperatures, reack@90 nm. — 450f
More importantly, the thickness of such a brush can continuously A
vary with the dispersion temperature in the range of35°C. &~ 300F 4
. . . . . < C =1.46x10"g/mL
This makes such a model system ideal for the investigation of v
chain dynamics of polymer brushes. 150¢ 33.5°C
Experimental Section %o 25 30 35 40
Sample Preparation. The preparation of PNIPAMPS T/°C
core-shell particles was previously detail&All commercial Figure 1. Temperature dependence of average hydrodynamic thickness

reagents were purchased from Aldrich and used without further (%\*ﬁhﬂﬂ Oft'thle pOHNE&EEEVE&Magée) (F')tlr:“[PRAmM) S(:lag m?f % core
purification. Analytical thin-layer chromatography (TLC) was SN€! particle, WnereAmR,—= sy = e WIth [Xia and e being
performed on commercial Whatman flexible plates coated with tcmzﬁ]\': r?é;;ep?éctii?e%namnc radius of particle with and without the grafted
250um-thick silica gel. Styrene (Aldrich, 99%) was first washed ' '

with a 1% NaOH solution and then distilled under reduced index of My/M, ~ 1.28 (whereM,, is the weighted-averaged
pressureN-isopropylacrylamide (NIPAM) (Aldrich, 99%) was  molecular mass).

purified by recrystallization frorm-hexane and stored under Laser-Light Scattering. A modified commercial laser-light-
argon at-20°C until use. 2-(2Chloropropionato)ethyl acrylate  scattering (LLS) spectrometer (model ALV/SP-125) was used,
(HEA-CI) was synthesized by the method described in our which was equipped with a Uniphase model ALV-5000 multi-
earlier repor? Narrowly dispersed PS latex seeds were prepared digital time correlator and a HeNe laser (output power of22

by surfactant-free emulsion polymerization and characterized mw at a wavelength of = 632.8 nm). In static LLS, angular

by following the reported procedufé.The average hydrody-  dependence of the excess absolute time-average scattered
namic radius of these narrowly distributed seeds wa87 nm, intensity, which is known as the Rayleigh ratiy,(q), was

as measured by a particle size analyzer. measured. In dynamic LLS, the intensitintensity time cor-

To prepare a shell made of grafted PNIPAM chains, we relation functionG(t,q) in the self-beating mode was measured,
first synthesized a layer of ATRP initiator. A suspension of wheret is the delay time.G®(t,q) can be related to the
PS latex seeds (3.33 wt %, 523 g) was heated t6G0The normalized first-order electric-fietdelectric-field time correla-
suspension was stirred, degassed, and purged with argontion function|g®(t,g)| = [(E(0,q)E*(t,g)[J as**

Styrene (5.2 g, 0.05 mol) and HEA-CI (3.5 g, 0.017 mol) were

added successively to the suspension in a 10-min interval. The GP(t,q) = m(0,g)I(t,q) 0= Al + ﬁ|g(l)(t,q)|2] 1)
initiator solution (0.2 g, 0.74 mmol of potassium persulfate

(KPS) in 30 mL of water, degassed) was added after 5 min. whereA is the measured baselind & (0)) andj is the
The reaction was continued for 6 h, and the latex was cleanedcoherent factor, depending on the detection optics. For a broadly
by dialysis against water for 1 week and five cycles of distributed system,gd)(t,q)| is related to a characteristic
centrifugation and redispersion. Functional latex particles were relaxation (decay) time distributioB(t), as

characterized by conductometric titratiéH, NMR, and particle .

size analysis, as described earf&f3 The average hydrodynamic @) = [ F(— _)

radius of such obtained narrowly distributed latex particles is gt =/; (M ex T de @
~287 nm.

The grafting of PNIPAM was then conducted in a glovebox G(t) can be2 calculated from .the Laplace inversion of each
that was filled with argon, because of the air sensitivity of the Measureds@(t,g), on th;e basis of egs 1 and 2. For a pure
Cu(l) complex. A suspension of latex (22 g) carrying the ATRp diffusive relaxation, {/g%)q-oc-o leads to the translational
initiator layer was degassed for 2.5 h by continuous vacuum d|ffu5|qn cogfflmentD, which is f‘,mhe,f relatec_i to the hydro-
and argon cycles and then transferred to the glovebox. Brij-35 dynamic radius, by the Stokes Einstein equationR, = keT/
(nonionic surfactant) (0.035 g, 0.16 wt %) was added to the (677D), whereke is the Boltzmann constant, the absolute
suspension and stirred for 5 min. A mixture of NIPAM (0.285 teémperature, ang the solvent viscosity. The dilute dispersion
g, 2.5 mmol), 1,1,4,7,10,10-hexamethyltriethylenetetramine ysed was prepargd by add'”9 a2.8% egrlaaell Iatgx dispersion
(HMTETA) (37 «mol), CuCl (15«mol), CuCh (3.0umol), and into a dust-f'ree' light-scattering gell with a deS|.red amount of
copper powder (16:mol) was stirred for 3 min to form a dus‘tl-free deionized water. The final concentration was k46
solution. A quantity (3.5 g) of Brij-35 stabilized PS latex seeds 10 * 9/mL.
was added under stirring at 2Z. The grafting reaction was
continued for 24 h. The resultant cershell particles were
cleaned by repeated sequential centrifugation and redispersion Figure 1 shows the decrease of the average hydrodynamic
in water, sodium persulfate (NaH@Golution (50 mmol), and radius (R, of the PS-PNIPAM core-shell particles with
water, to remove adsorbed copper complexes foet@cycles increasing temperature, especially in the range of38°C. It
until there was no detectable amount of polymer/monomer/ is helpful to note that linear PNIPAM chains free in water have
catalyst in the supernatant. To characterize the molar mass andh low critical solution temperature (LCST) 0$32 °C. The
grafting density of the grafted chains (GPC-MALLS), the grafted grafted chains clearly have a slightly higher LCST value,
chains were cleaved from the latex surface by quantitative presumably because the close packing of the grafting chains
saponificatior?233The grafting density was-4.5 x 10-8 mol/ on the surface hinders the chain shrinkage. Note that the PS
m? and the number-averaged molar malsk)(of the grafted core is temperature-insensitive in this range. Figure 1 clearly
PNIPAM chains was 8.3% 1C° g/mol, with a polydispersity reveals that the chains grafted on the core are in the swollen

Results and Discussion
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10° 12 3[sin@R) — (aR) cos@R)]
10-1 | [Pcore(q)] - (QR)s
107 2[cosGR) — cos@R)]
= 1071 o L/ [Pshell(q)] V2 =
~— o T=25C Vi 2(R2 - Ri)
A~ 10%F o T=30c i q
10k 2 T=335C |
o ° T andb(r) is a constant for a given polymer and solvent, because
10°r it is related to differential refractive index increments. Consider-
107 . L L e ing that the core and the shell are composed of two different
05 1.0 1.5 20 25 o S
2 0 polymers, we set the following: far < R, b(r) = bg; and for
q/ 107 nm R. < r < R, b(r) = bs. Note thatp. and po are related to the
Figure 2. Static structural factor curve of the cershell particles. masses of the core and shéll{and Mg, respectively), by

The continuous line represents calculation with a core thickneBs of
= 287 nm and shell thickness & = 912 nm, and the dashed line

3M
represents calculation a core thicknessRpf= 287 nm and a shell M. = 4JrfR°p r2dr = éﬂRzp orp, = —_c (5a)
thickness ofR = 397 nm. ¢ o e 3 ¢ ¢ 4R

state at 25°C but fully collapse at~36 °C. In the range of
25—-35 °C, the shell thickness decreases from 625 to 110 nm,
corresponding to a change of21 times that of the average

and

. . . R 2
chain density of the shell. Note that, for linear swollen PNIPAM M = 4ﬂchp(l’)I’ dr
chains with a similar molar mass free in water atZ5 the Mg
[R,Ovalue is only~35 nm. The shell thickness reveals that, = 21p,(R — RY) or pg = P D) (5b)
even in the fully collapsed state, the chains grafted on the surface 2n(R— Rﬁ)

are still squeezed and elongated, because of the high grafting

density. It is also helpful to note that the chain density is not The estimate op(R) changes from 7.% 103 g/cn? to 7.2 x

uniform in the shell, especially in the swollen state. 102 g/cn? when the temperature increases from°25to 36
Figure 2 shows the intensity profiles of the light scattered °C. Using eq 5, we can rewrite eq 4 as

from the core-shell particles at different temperatures. The

positions of the two minimums oP(g) gradually shift to a

lower g value with increasing temperature. The theory of  Pgye snei(@ =

bcMc[ PcorG(Q)] v + bsMs[ Pshel(q)] 1/1 2

spherical brushes was derived by Daoud and Cdttéhe b-M; + b M,
density profile p(r)) of a star withf arms can be described as _ / /
f0||0wg: P br) - [BcorJPcore(qnl 2 + BsheI[PsheIKQ)]1 2]2

whereBcore = bcMd/ (DM + bsMs), Bshell = bsMd/(bcMc + bsM),

and Bgore + Bshel = 1. In the calculation, we try to choose a
proper value oBgne to fit all the scattering profiles measured
at different temperatures. Note that the fitting is not perfect,
because we only estimate the chain density profile in the

is represented as(r) ~ r—%3. In the present case, especially calculation. However, this will not affect what we try to discuss

near the theta temperature30.6 °C), we approximateg(r) n tk_us paper. .

by the following density profile:p(r) = pc whenr < R and Figure 3 shows the scattering vectgy &nd temperatureT]
p(r) ~ por “LwhenR; < r = R, wherepy is the surface chain dependence of the measured intensittensity time correlation
density at the surface of the c'ore aRdandR are the radii of functions of the core shell particles in a dilute dispersion, where

the core and the particle, respectively. The form factor of the the delay timet) has been scaled tmf. The four temperatures
core—shell particle can be derived as follows: used here are marked in Figure 1 by arrows. If the relaxation is

purely diffusive, the measured time correlation functions should

p(r) ~ f(31/—l)/21/r(1—31/)/1) (3)

where we assume that each arm has a Flory expandfdr a
uniform core, p(r) ~ pg; a brush in the theta solvent is
represented g&(r) ~ r~1, and a swollen brush in a good solvent

=) (@ be superimposed on each other. As shown in Figure 3, those
core-shel measured at lower scattering angles have only one relaxation
f b(r)p ()sm(qr) Zd mode and are indeed overlapping with each other. With
_ |7 increasing scattering angk®, another slow relaxation mode
f b(r)p(r)r dr appears at longer delay times. Note that itV LLS represents
0 an observation length. The change @ffrom 15 to 154
I corresponds to a change ofglffom 290 nm to 39 nm. With
j;Rchp sm(qr) r’dr + ch 1S|n(?r) 2 dr increasingg, the light gradually probes the local dynamics of

= long chains. The appearance of the slow relaxation at higher
fo bcpcr dr +chbS,oOr r? dr scattering angles indicates some slow local motions of the
' grafted chains, because the spherical hard PS core has no internal
20 RIPeord @I + 30,05’ — ROIPe @] ] moton. | .
(4) However, there is another possibility for such a slow mode,
2bcPch+ 3bsPo(R2 - Rﬁ) namely, the refraction from the existing window or cuvette
wall. Bantle et aPf® showed that the reflected beam could
where lead to a slow mode, and the correlation function of monodis-
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Figure 3. Intensity—intensity time correlation functions of a coershell particle in water at different temperatures: (a) 25, (b) 30, (c) 33.5, and

(d) 36°C.
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Figure 4. Scattering-vector-corrected characteristic linewidth distribu-
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tions (G(I'/¢?)) of core—shell particles in water at 25C at different
angles: ©) 6 = 15° and () 6 = 150°.

be written as

g™(t) = B, exp(—q Dt) + B, exp(—q*> Dt)

and

)
|:Ir@low = Drl%st(q_z)
q

@)

(8)

whereq* = (4wn/Ao) sin[(180 — #)/2]. Our results revealed
that the plot ofl" vs g*2 is not a straight line passing through
the origin. Moreover[T'[dow = Ths(g* % ?), which indicates
that the slow mode does not stem from the refraction. related to the fast mode in Figure 4. The plotdBfihs: versus
Furthermore, after the chains are fully collapsed on the surfaceq? at different temperatures are straight lines passing through
at 36 °C, the slow mode disappears. If it was due to the the origin, which is a characteristic of diffusive relaxation. As

reflection, the slow mode should persist, even afG6

distributions of theg?-scaled characteristic linewidti /g?)

300

T=36°C

v 200k 33.5°C

~ . 30°C

/\Q-

[T/‘ 100f 25°C
<

00 1 2 3 4 5
2 0 -2
q /10 cm

Figure 5. Scattering vectort) dependence of the average characteristic

linewidth ('sy of the fast relaxation mode of corshell particles
in water.

perse, hard sphere, including the effect of backscattering, cand and larged. It clearly shows that, with increasirty the narrow
distribution of G(I'/g?) values aty = 15° splits into two well-
separated peaks At= 150°; however, the fast mode remains
in almost the same position. This reveals that the fast relaxation
at different & has the same origin, namely, the translation
diffusion of the entire particles.
Figure 5 shows that the scattering vectgy dependence of
the average linewidthl' (¢ (Characteristic relaxation rate) of
the fast mode, wher8'[s; was calculated from the relation

M= ;. ‘G() exp(-Tt) dr

with T'; andI'; being the two boundary linewidths of each peak

shown in Figure 3, the contribution of the slow mode decreases
Before we discuss the nature of such a slow relaxation, let as the temperature increases (shrinkage of the grafted chains).

us first examine how these two relaxation modes are located in As expected, the measured intensiigtensity time correlation

the space of the characteristic decay time. Figure 4 shows twofunctions of the coreshell particles with a fully collapsed shell

at 36 °C have only one fast relaxation mode (translation

obtained from the Laplace inversion of two corresponding diffusion), even at the highest measured scattering angte of

intensity—intensity time correlation functions, measured at low = 154°.
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(o]

away from the core, because of the exclusion. Therefore, the

E 8.0 close packing in a limited space hinders the chain movements.
o 60l The composition fluctuation slows. It has been shown that the
o’ Rouse-like diffusion leads to the characterisgiénsensitive
—~ 4.0} relaxation, because the mean-squared fluctuation of the free
e, chain ends in the perpendicular direction is proportional to the
2 20¢r chain length. This explains the weak dependenced Gfow On
é g at 25°C. The chain contraction should increase the space
v 0.0 between two nearby chains, so that the motions of each chain
06k will be less hindered. This might explain the increasél®fiow
with increasing temperature. At 3€, the grafted chains fully
< 0.4} collapse on the PS core, so that the chain density fluctuation in
the shell is suppressed and the slow mode disappears at this
0.2} temperature.
Figure 6 also shows thaf [J, decreases a8 increases. It
0 T 140 144 145 152 1s6 is helpful to note that, for linear chains in a good solvent and
0° dilute regime, using a highey value, one probes the internal

motions with a shorter wavelength (high frequency). At°25
(good solvent), the relaxation rate is almost independent of the
scattering vector. The stronger dependence oncurs at 33.5

°C (poor solvent; the theta condition is30.6 °C for free
chains), at which temperature the chains might start to overlap
with each other and enter the semidilute regime. Therefore, we
should not attribute the detected slow motions to internal
motions of individual grafted chains, but rather to the collective
motion of the shell. On the other hand, Fytas e¥alttributed
such a decrease dI'lgow to the increase of the scattering
intensity 1(g), becausd’(q) = q?Qgi(qg)/1(q), whereQ is the
pure kinetic Onsager coefficient amg(q) is the chain factor.
"We should not forget that, unlike the polymer chains that are
free in semidilute solution, the size and density of the “blobs”
of the grafted chains are not uniform. For example, no chain
entanglement should occur near the core. As shown in Figure
1, when the temperature increases from°25to 30 °C, the
shrinking of the grafted chains is relatively small. The shrinking
of the shell is expected to start from the periphery, i.e., the free
chain end. The slowing of the relaxation with increasing
temperature is less at highér(shorter observation lengths),
which implies that the chain ends do contribute significantly to

Figure 6. Scattering vectord) dependence of the viscosity-corrected
average characteristic linewidtd (gow#7) and the intensity contribution
of slow relaxation modeAy) of core—shell particles in water.

The translational diffusion of the center of mass of the eore
shell particles is not interesting in the present study. Hereafter,
we will focus on the slow relaxation mode related to the internal
motions of the chains grafted on the PS core. It is known that
the Laplace inversion ofgd(t,g)] = /;G(z) eV dt is an ill-
conditioned mathematical problem, because of some inevitable
experimental noise. The resultant linewidth distribution is
extremely sensitive, even to noise as low as 0.1%. Therefore
to extract the average characteristic linewidth of the slow mode
(THiow) reliably, we used a double exponential functiG®)-

(t,g) ~ (Ar e Thst + A e THo)2, to fit each time correlation
function, in which we fixed the value ofl'l4s for each
temperature, which is related to the slope calculated from each
line in Figure 5. Note that the sum of the intensity weightings
(contributions) of the fast and slow relaxation modésgnd

A9 is equal to unity, i.eAs + As = 1. Therefore, the fitting
actually is dependent only on two parameters, which makes us

fairly confident in the fitting results. The error of such obtained
M How is <10%, after taking into account all uncertainties. The
quality of the fitting is also shown in the supplementary
materials.

Figure 6 shows that, with an increasing scattering afigie
a decreasing observation lengthg)l/the intensity weighting

the slow relaxation mode. However, we cannot offer a definite
explanation at this moment.

de Genne® showed that the dynamics of an adsorbed
polymer layer with a grafting density in the semidilute regime
is determined by the balance between a restoring force due to

of the slow relaxation increases, but the viscosity-corrected the 0smotic pressure gradient and a viscous force exerted on
linewidth (Tgow decreases (i.e., the motions become slower). the polymer due to the motions of the grafted polymer chains,
Previous evanescent-wave dynamic-light-scattering studies ofWith respect to the background of solvent. The Iowestilé)reathmg
the polystyrene chains adsorbed on a flat glass surface showedongitudinal relaxation rate was proportional R /7o,
that the slow relaxation was related to the local thermally Whereqis the scattering vectoRr the thickness of the adsorbed
agitated composition fluctuation of the swollen brush I&er.  layer, andyo the viscosity of solvent. Farago et@land Fytas
Based on this interpretation, the decreasag§ understandable, ~ €t al?® showed that, for a given grafting density, the estimate
because local modes with a smaller wavelength are not of the relaxation rate of the grafted chain can be scaled to the
observable when the observation lengthg)is too long. On brush thicknessillgush as Mow ~ «T/(nodl, ) with a
the other hand, Figure 6 shows that, for a given scattering angle,predicated value ofi = 3. However, Figure 7 shows that
Il Jown7 iNncreases, buks decreases, as the temperature increases, I 'Gowo/ T ~ [Ilqrﬁ'_ito'z. It is helpful to note that the change of
especially at lowe#. This means that the local motions become [LIgysnis rather limited. Such an obtained scaling exponent only
fast, but contribute less, when the grafted chains are in thetells us that the value af is <3. Therefore, we should be too
shrunken state. serious about the accuracy of its value. Fytas ét also found
Qualitatively, at highe®, the observation length becomes that the measured exponenivas <3. In our experiments, the
so much smaller that the light probes local motions of long decrease oflLlguspand the increase of the chain density occur
PNIPAM chains that are densely grafted on the PS core. Note at the same time, with increasing temperature. It is expected
that the swollen grafted chains are forced to pack together andthat the increase in the chain density results in an increase of
become entangled with each other. They are actually in the the friction, which should slow the relaxation. This is an
semidilute regime. At 25C, the swollen chains are extended additional effect on the rate of the slow relaxation, which might

~
~
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Figure 7. Shell thickness [Ll4usy dependence of the viscosity-
corrected average characteristic linewidtdl ({ow7) of the slow
relaxation of core-shell particles in water.

explain why the observed value of is <3. The computer
simulation indicated thadt is in the range of 2.43.1, with a
varying grafting density?

Conclusion

Yang et al.

correlation functions, where the lines are fitting results (PDF).

This material is available free of charge via the Internet at http://
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