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Brownian motion of optically anisotropic particles in weak polymer gels
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The translational and rotational dynamics of optically anisotropic colloidal particles in viscoelastic polymer gels is studied by dynamic lig
scattering. Polymer gels are formed by polymerization of acrylamide and bis-acrylamide, as cross-linking agent, in water. Particles v
crystalline internal structure are made by emulsification of liquid crystal at the nematic phase and a further consolidation. In this work
consider only low fractions of cross-linking, where the systems are ergodic and gaussian statistics is valid. Experimental results for
rotational and translational mean squared displacements, showing the effect of the system’s viscoelasticity on both diffusion modes, ce
fitted to an extended model of Brownian particles harmonically bounded to a multicomponent of weak elastic restoring forces.

Keywords: Dynamic light scattering,; rotational diffusion; gels.

La dinamica traslacional y rotacional de dattlas coloidale$pticamente anisdipicas en geles de poleros son estudiadas por dispérsi
dinamica de luz. Las geles de pokero esin formadas con acrilamida y bis-acrilamida, como agente entrecruzador en agua. icatapart
con estructura cristalina interna @sthechas emulsificando un cristgjuido en su fase nemtica y posteriormente consaddiddolo. En este
trabajo consideramasnicamente geles a una baja fraotide agente entrecruzador, en donde los sistemas sodiarg y la estadtica
gausiana esalida. Los resultados experimentales para el desplazamientcatisadnedio traslacional y rotacional, que muestrean el efecto
visccelastico de estos sistemas en ambos modos, pueden ser ajustados a un modelo extendido daulmbrpanrtiana ardnicamente
ligada a un multicomponente de fuerza@sticas restauradorasilles.

Descriptores: Disperson diramica de luz; difugin rotacional; geles.

PACS: 82.70.Gg; 82.70.Dd; 05.40.Jc

1. Introduction Brownian motionj.e., in the submillisecond and submicron
ranges, respectively, which are inaccessible to standard me-
The diffusion of colloidal tracers in complex fluid media, chanical methods [2]. Besides the translational diffusion, due
such as polymer solutions, cells, microemulsions, colloidaly, the fluctuating forces exerted by the fluid on the particles,
suspensions, etc, has been largely used to determine diffefse particles also rotate randomly due to fluctuating torques
ent properties of these systems: permeability, bicontinuityeyerted by the medium. Thus, rotational motion is analogous
particle grow, etc. In a simple viscous fluid, the motion (g translation and it is described, for small angular displace-
of a tracer is described by the mean squared displacemefientsAg(t) of the particles director, by the mean squared
W (t) = ([r(t) — r(0)]*)/6, wherer(t) is the position of the  angular displacemeit(t) = ([Af(t)]2)/4. For freely rotat-
tracer particle at time, and the angular parenthesis indicatejng spherical particles,
the equilibrium ensemble average. For non-interacting parti-
cles {.e., in the limit of infinite dilution of the tracer particles) Q(t) = et, 2)
in an homogeneous systef,(¢) is a linear function of time,
ie, where© = kT /nno? is the rotational diffusion coeffi-
W(t) = Dt 1) cient [3]. nge again, deyiations from Eq. (2) are due to
’ the complexity of the medium. So far, most of the work on
in the diffusive time regime, defined by>> 75 = m/¢,  colloidal diffusion has been devoted to study the translational
wherem and(¢ are the particle’s mass and the translationaldiffusion, and its relation to local rheological properties of
friction coefficient, respectively [1]. The slogeofthe mean the host [4-8]. However, rotational diffusion is also an in-
squared displacement is the free-particle self-diffusion coefteresting dynamical property, which can also be used as an
ficient given by the Einstein relatior) = kpT/(, where  alternative tool to characterize the local properties of system,
kpT is the thermal energy. For a spherical particle of diam-where the translational motion of the probes is restricted, for
etero with stick boundary conditions, the friction coefficient instances in porous media.
is ¢ = 3mwno, with n being the shear viscosity of the solvent. Here we study the translational and rotational diffusion of
In the absence of interactions with neighbour particles anaptical anisotropic spherical particles in weak gels of cross-
external fields, deviations from Eq. (1), reflect the complex-inked polyacrylamide in water. The amount of cross-linkers
ity of the local mechanical properties of the host medium.is kept low to insure ergodicity of the system. We use de-
Thus, random motion of tracer particles probes properties gbolarized dynamic light scattering to measure the dynamics,
the host fluid, in time and space scales characteristic of thboth translational and rotational of the particles for different
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cross-linking conditions. As we show below, these systems
have viscoelastic properties which are expressed in the be:
havior of both diffusion modes. The presentation of the work

is as follows: in Sec. 2 we describe the preparation of the
anisotropic particles and the cross-linked gels. In Sec. 3 we
discuss briefly our light scattering setup. In Sec. 4 we present
and discuss our results.

a

2. Sample preparation
2.1. Liquid crystal particles (LCP)

Optical anisotropic spherical colloidal particles were made
as follow [9]: 0.2 mg of reactive monomer RM257 (Merck),

and 0.1 mg of photo-initiator Darocur 1173 (Ciba) were dis-
solved in 20 g of ethanol at room temperature. The mix-
ture is then injected into stirring water, producing a poly-
disperse dispersion of liquid crystalline (mixed with photo-
initiator) droplets in water. The system is allowed to equili-
brate at 80C, above the temperature of the crystal-nematic 5 pum
phase transition of the monomer. The photo-initiator is Lo — Optical anisotropic colloidal particle of diame-
tivated by irradiation with UV light, which polymerizes the '

. . . . ter ~ 4 um, as seen between two linear polarizers by optical mi-
monomer, freezing the internal nematic order in the drOpIe‘tt:roscopy. The particle is suspended in water. In picture (a) both

Suspensions of the anisotropic particles with low polydisperyglarizers are parallel. In (b) to (d) the polarizers are crossed.
sity are obtained by fractionation following Bibette’s deple-

tion crystallization method [10]. In the present work, we usedprocess. Thus, the extent of cross-linking depends on the
particles of hydrodynamic diameter of 340 nm, which are thefraction f,;s = [BA]/([AA] + [BA]). In the present work,
most abundant species in the batch, with a polydispersity siz¢,;, was varied in the range from 0.0 to 0.0125, keeping
of 7.25%. In order to illustrate the optical anisotropy of the constant the total amount of monomer at 2.5% w/ie,
particles produced by this method, optical microscope im{AA] + [BA] = 2.5% w/w in all samples. LC particles were
ages of a liquid crystal particle (LCP) of diamete#.0 um  dispersed in the monomer solution prior to polymerization
suspended in water, observed between two linear polarizerghich was carried out at room temperature directly in the cu-
are shown in Fig. 1. Due to its large size, this particle rotatesettes for light scattering; the particle volume fraction was
slowly, and one can follow its rotational motion in detail by around 10°. Samples were used 48 hours after preparation.
optical microscopy. Fig. 1(a) shows the particle when the il-The range of values gf,;, used here is kept below the sol-gel
luminating and collecting polarizers are parallel. Here, ondransition [11].

can see an homogeneous spherical particle. Figs. 1(b)-(d)
show images taken at intervals of 4 s, when the polarizer . .
are crossed. These are images of the light depolarized by the Light scattering

particle at different angles between the particle director angl, s section, we describe the experimental setup and in-

the polarization of the incident light, showing the character,q,,ce the quantities measured in our light scattering exper-
istics of the particle internal structure. The particles used i ants. The setup is standard. The sample is placed in a
the present work, which are about one order of magnitudeiometer (Brookhaven) in the center of an optical vat filled
smaller_thap the one used in F_'g' L alsq Sh_OW a strong_llg ith index matching fluid (decalin). A polarized laser beam
depolarization effect. For particles of this size, depolarlzedof )\ — 488 nm wavelength is focused onto the sample cell.

light scattering is a better suited experimental technique & girection of the: and- axis of the laboratory-fixed frame

study its motion. are defined by the direction of the wavevector of the incident
light k;, and by the direction of its polarization, respec-
2.2. Polyacrylamide gels tively. The light scattered at the andgle with respect to the
axis x is collected by a monomode optical fiber located on
Polyacrylamide gels are prepared by polymerizing acrythex — y (scattering) plane. A second polarizer is located be-
lamide (AA) and bisacrylamide (BA) using ammonium per- fore the optical fiber to insure that only one mode reaches the
sulfate and tetramethylethylenediamine (TEMED) as initia-detector. The scattered light is split and directed to two pho-
tor and catalyst (Sigma-Aldrich, USA), respectively. BA ton detectors (ALV/SO-SIPD), and the signal is processed by
monomers cross-link polymer chains during polymerizationa time correlator (ALV 6010/160) operated in the pseudo-
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cross correlation mode. For ergodic systems, which is the Assuming independence of the translational and rota-
case studied here, the output of the correlatay#(k, t), tional dynamics, these equations can be written as [12],
the ensemble-average of the time correlation function of the

scattered light intensity(k, t), i.e., gg}‘),(k,t) _ {A n BfR(t)}f(k‘,t), 9)
g0 k.0 = T, I )/(P(R0), @)
wherek = (4mns/A) sin(fs/2) is the scattering wavevector,
ofsoiropc pariles ean be obtained via the Siegert relation Wil t) = Falt) 1) 1o
e, where fr(t) and f(k,t) are the dynamic correlation func-
g(2)(k,t) — 140 g(l)(k’t) 2, (4) tions describing rotational and translational motion of sin-

gle particles in the host matrix, respectively. Here

where g™ (k, ) is the correlation function of the scattered A=45a2/(4502 + 43%), andB=43%/(45a% + 4/3?), where
electric fieldE (k, t) of the wavevectok which describes the a=(1/3)(a + 2a1), and3 = «a — aL represent the
translational dynamics of the probes. Eq. (4) is derived asisotropic and the anisotropic parts of the polarizability tensor.
suming the scattered electric fiela(l@t) to be a complex Thus, A and B depend only on intrinsic particle properties.
Gaussian variable [12]. In Eq. (4),is an experimental con- In this work, those constants are determined by the light scat-
stant of order 1 and tering from particles in water, using the conditidn+ B=1,

.y ., . and the ratida/3)%=(3(Iyvv)—4{Iv#))/45(Iv5) [12,13].

g(l)(k’t) = (E"(k, 0 E(k, ) /(| E(k,0) |*). ®) For non-interacting particles in a viscous fluid

3.1. Isotropic particles
Piep fr(t) = exp(—60t), (11)

In the case of isolated isotropic probe particles one can use
the Siegert relation, Eq. (4), to ggt")(k,t) from the mea- and
suredg(® (k,t). Furthermore, for monodisperse rigid par-
ticles the translational mode is the only contribution to the f(k,t) = exp(—k*Dt). (12)
correlation functiory™™ (k, t). For freely diffusing particles
it is given by Then,
(1) — _ 12

g7 (k1) = exp(~k"Di), © gk 6) = expl=(60 + K2D)f] = exp(~t/7),  (13)

whereD is the translational free diffusion coefficient.
with
3.2. Anisotropic particles
-1 _ 2

The nematic-like internal structure of the optical anisotropic T =60+kD. (14)

LC particles, allows us to assume a cylindrical symmetry. . . e
o o Thus, for simple viscous systems, both diffusion constants
of the polarizability tensow with diagonal components,

. (1) .
ay, anda in the particle-fixed frame with the compo- D and® can be determined fromy, (. t). Fig. 2 shows

1 N : :
nent pointing in the direction of the particle direcidft), a a plot OTT vs. i~ for a dilute agueous suspension of the
unit vector whose direction, as seen from the Iaboratory-fixe%C partl_cles prepared as de_scrlbeq n th? previous secﬂo_n.
frame, changes randomly due to fluctuating torques excerte s predicted by Eq._ (13), anisotropic paf“c'es produce a fi-
by the solvent molecules. The anisotropy of the scatterinc%Ite vglue of the ordinate a = 0, Wh.'Ch gives the value.of
particles depolarizes the incident light, and the scattered elec-’ T_h|_s term Is prodgcgd by t_he anisotropy of the_ particles,
trical field can be decomposed in the paraligly (k, ¢), and and it |s'n0t present in isotropic partlcleg. The radius for the
; . . LC particle calculated, from the slope, is 169:03.7 nm,
perpendiculaEy ; (k,t) components, with respect to the di- ) A
rection of the incident polarization. These quantities fluc—an(.j calculated f“’?” Fhe ordmate_of origin is 16€:%.8 nm,
tuate due to the random translational and rotational motioP{VhICh are equal within the experimental error.
of the particles, and one can define two different correlation 1)In more complex cases, one needs to measure both

. (1) i i
functions between these components of the scattered electfiv (k: t) andgy  (k,t) at the same scattering angle to dis-
cal field, namely. entangle the rotational from the translational correlati@n,

to getfr(t) and f(k,t) separately. From Egs. (9) and (10)
9\ (ks 1) = (B (k, 0)Evy (k,1), ) /(| vy (k,0)%) (7)  we obtain

and Falt) = AgV (1) (15)
9 (B, t) = (B (k, 0) By gr (k1)) /(| By (K, 0)[%). (8) TG0 ) - Bd, )

Rev. Mex. 5. 50 (6) (2004) 633638



636 P. DIAZ-LEYVA, E. PEREZ, AND J.L. ARAUZ-LARA

1200
O Lecp
1000

800+

600

- [3-1]

400+

200+

0

results. As shown in these figures, the intensity correlation
functions satisfy the following limitsy(® (k, t) approaches 2
ast — 0,i.e, b = 1in Eq. (4). They also approach their
asymptotic value of 1 at long times, which means a full re-
laxation of the correlation functionge., there are no frozen
configurations of the colloidal particles in the scattering vol-
ume. Therefore, one can apply Eq. (4) to obtain the field
correlation functions. Figs. 3(b) and 4(b) show the func-
tions gg}\),(k,t) and gS}{(k,t) corresponding to Figs. 3(a)
and 4(a), respectively. As one can see here, the decay of
both field correlation functions slow down appreciably upon
the polymer formation in the system. The decaying time
increases from few milliseconds in pure water to about 0.1

kK [m?]

FIGURE 2. Decay constant~! vs. k? measured for anisotropic
LC particles immersed in water. Error bars are within the symbol

0 1x10" 2x10"™ 3x10™ 4x10" 5x10™ 6x10™

seconds in the polymer solution without cross-linker, with a
further increase ag,;s increases. Thus, the presence of the
polymer in the solution, even &t;; = 0, has a strong effect
on the particles dynamics.

size. The solid line is a linear fit of the experimental datato Eq. (14) A direct discussion of translational and rotational parti-
from which we obtainD = (1.463 & 0.032) x 107" m*/s and  cle diffusion in these systems, from the correlation functions
© = 37.72 £ 3.96 rad’/s. The volume fraction of the LC parti- shown in Figs. 3 and 4, is difficult because this information is

cles is around0~°.

and

Ira 1
Fkt) = <[00 () - Bayy(®].  (16) [
2.0
The mean square rotational and translational displacement: ] .% a
can then be obtained from these dynamic functions by using 184 - -
the Gaussian approximatioie., ' m water -. oA
e 164 O 0.00% DQAA'
f(k,t) = exp(=k*W (t)), (17) x ® 025% = 34y
_— O 0.50% oAy
8 i A 075% u
and o 14 % i n‘3 Y
v 125% L s ¥
fr(t) = exp(—682(¢)), (18) 1.2 Ooly

mixed in these quantities, see Egs. (9) and (10). However, we
can use Egs. (15) and (16) to obtain separately the correlation
functions associated to translational and rotational dynamics

which are the generalization of Egs. (11) and (12).

4. Results

Depolarized dynamic light scattering from optically
anisotropic liquid crystal particles was measured for a va- ¢~
riety of host media: water, polyacrylamide water solution ¢
without cross-linkers, and for 5 different fractional concen- g\é
trations fy;s of bis-acrylamide from 0.25% to 1.25% in steps &
of .25%. In this range of cross-linker the system is below LCP. VV .OAA v
the sol-gel transition. Scattering from the host matrix is also 0.2 ! »

V4
observed, but the light intensity was always only 1-2% of that 1 g DSZASﬁé
of the scattered light from the probes. Thus, the contribution 0.0 ne e il '5
from the matrix to the correlation functions is negligible. 1
Figs. 3(a) and 4(a) show the intensity correlation functions 107 0% 10 10% 10® 10* 107 10" 10’
measured for both scattering geometries VV and VH, respec- t[s]
tively. In all the figures presented here the error bars are
smaller than the symbols size, and they are omitted. Symg,gyre 3. (a) Intensity and (b) field correlation functions of liquid
bols correspond to different values ff; as indicated inthe  ¢rystal particles inmersed in watellf, no cross-linked polymeric

figures. The scattering angle wés = 50°. Measurements solution (J) and 5 polyacrylamide gels with different cross-linking
at different scattering angles (data not shown) lead to similafraction f,;s, measured in th& V' geometry.
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FIGURE 4. (a) Intensity and (b) field correlation functions of liquid

FIGURE 5. (a) Translational and (b) rotational mean squared dis-
placements of liquid crystal particles in the systems of Figs. 3

and 4.

crystal particles at the same conditions as in Fig. 3 but measured in 6x10™° oo™
® 025%
theV H geometry. P O 050%
5x10 A 075%
) ) — 1" A 1.00% o
of the particles, and Egs. (17) and (18) to obtain the transla- = 4 4o+ v 125% )
[ /O/

tional and rotational mean squared displacements. Figs. 5(a)

-

and 5(b) showV (¢) and2(t), respectively, for the systems R
in Figs. (3) and (4). As one can see here, for the case of pure A
water, both mean squared displacements are linear functions A
of time in accord accordance with the Einstein’s relations, o by VT

Egs. (1) and (2) for viscous fluids. However, in the systems
with polymer both quantities curve downward continuously
with time, even forf,;s = 0. A slow down of both diffusion
modes could be understood in terms of a higher effective vis-
cosity of the fluid. However, the curvature indicates a more
complex (viscoelastic) response of the medium to the probes
motion. The shape ofl/(¢) for f,;s=1.25% resembles the
shape of the mean squared displacement of a Brownian par-
ticle harmonically bound to a spring of constdtit given by
W(t) = 6r3[l — exp(—t/7)]. Heredrl = kpT/K, and

7 = (/2K. In this model, a restoring force bounds the parti-
cle to move around the center of the force with a characteris-
tic angular frequency = (C/Qm,T)l/Q, andW(t) reaches an " 0.00 0.02 0.04 0.06 0.08 0.10
asymptotic value ofrZ for ¢ > 7. In the systems studied in [s]

the present work, the particles are not bound to a fix configu-

ration, but they diffuse througfi.e,, both mean squared dis- Figure 6. (a) Translational and (b) rotational mean squared dis-
placements bend, but do not level off in any of systems studpjacements of liquid crystal particles for five gels with different
ied, even for the higher cross-linker fractigiy, =1.25%.  cross-linking fractionf,;. (symbols) and the fits (solid lines) of the
Thus, the model of the harmonically bound Brownian parti-experimental data to Egs. (19) and (20) withbetween 3 and 5.
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cle can not be applied directly to our case. Nevertheless, orthe cross-linker fraction, we require to increase the number
can still consider the particles to be locally subjected to a suef modes up taV = 5 for f;s =1.25%. Although a good
perposition of weak restoring forces and torques of differentjuality fitting to the experimental data can be achieved using

characteristic frequencies = ((/2mm;)/2, i.e, other functional forms with the number of free parameters
N used here, we consider that the use of Egs. (19) and (20) pro-

W(t) = 612 (1 _ Z Cjet/7j>7 (19) vide us with a simple physical model where the free param-
= eters can be related to physical properties of the system; for

. . . instance, the time decay constants could be related to charac-
where NV is the number of modes, ang is the amplitude B

. ; ) ... teristic frequencies of the viscoelastic host medium.
of the jth translational mode which satisfy the condition q

S ¢; = 1. We can also propose the extension of this model This work presents a methodology to study simultane-
to aejscribe rotational diffusione ously the translational and rotational motion of spherical col-

loidal probes in weak gels with viscoelastic properties. As
5 A —t/en shown here, both diffusion modes are sensible to the mechan-
Q) =ng| 1 - Z Ge ) (20)  jcal properties of the host medium. Thus, both dynamics can
=1 give independent and complementary information, and open
wherelN, 77, andc} have the same meaning as in the previ-the possibility to study a number of different media where
ous case, with the condition; ¢ = 1. rotational motion can be applied as a novel and useful tool.
Fits of the experimental data foi/(¢) and Q(¢) to
Egs. (19) and (20), respectively, are shown in Fig. 6 (solid
lines). The insets show a closeup of the dynamics at the shoAcknowledgments
time scale. Here one can see in more detail the continuous
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