3622 Macromolecule2006, 39, 3622-3627

Dynamics of Cellulose Whiskers Spatially Trapped in Agarose
Hydrogels

Clara I. D. Bica,*'"* Redouane Borsal Cyrille Rochas,’ and Erik Geissler'

Laboratoire de Spectrofirée Physiqgue UMR CNRS 5588, UsrsiteJ. Fourier de Grenoble, BP 87,
38402 St Martin d’'Hees, France; Instituto de Qmica, Universidade Federal do Rio Grande do Sul,

Av. Bento Gonalves, 9500 CEP91501-970-Porto Alegre-RS, Brazil; and LCPO, ENSCPB UMR CNRS
5629, Unversitede Bordeaux 1, 16 #enue Pey-Berland 33607, Pessac, France

Receied July 28, 2005; Reésed Manuscript Receed March 20, 2006

ABSTRACT: The motion of cellulose whiskers trapped in agarose hydrogels is measured by depolarized dynamic
light scattering (DDLS) under conditions of optical heterodyning, in which the rigid polymer network provides

a static depolarized reference signal. At low concentration in free suspension, the rotational relaxa@bofrate

the whiskers is decoupled from the osmotic properties of the suspension. When incorporated inside a gel, however,
as the agarose concentration increa@efirst increases beyond that in the free suspension, reflecting a reduced
amplitude of rotational fluctuations of the whiskers due to the repulsive interactions with their surroundings. At
the same time, the dynamic light scattering Rayleigh rRtig obtained from DDLS decreases with increasing

gel concentration. At high gel concentrations, howeitends to decrease due to the steric hindrance of the
network. Except at the lowest whisker concentratiédss governed by the same fluctuations as those associated
with Ryh.

Introduction Agarose hydrogels are composed of rigid bundles of chains

The motion of molecules in confined media is of interest both Whose motion is effectively frozen; although this system scatters
from a theoretical standpoint’ and for practical applications, ~ llght strongly, the dynamic component is vanishingly small. In
which range from chromatography to drug release. When large & dynamic light scattering measurement, therefore, the intrinsi-
molecules are trapped inside a swollen network, their rate of cally static structure of the agarose network provides a constant
translational diffusion tends to decrease. Dynamic light scat- reference signal that heterodynes the light scattered by the
tering (DLS) studies show that this reduction stems from entropy Motion of guest molecules in the gel. In ref 12, it was found
loss due to the restriction in configuration space, rather than that the product of the translational diffusion coefficiénand
from increased hydrodynamic frictignOn the other hand, for ~ the fluctuating polarized scattered intendiywas independent
the rotational properties of large trapped anisotropic particles, of the gel concentration as long as the length of the whiskers
equivalent information is lacking. Theoretical models predict Was smaller than the mesh size of the agarose network. As the
that the rotational diffusion rate of confined molecules should average mesh size becomes smaller with increasing agarose
decreasé3 In free suspensions, depolarized dynamic light concentration, for a given length of rodlike particle, the quantity
scattering (DDLS) has been used to study tobacco mosaic virusRvD was observed to decrease, showing that in this regime
(TMV) and copolymer micelle§,while the rotational motion  frictional effects begin to be felt.
of short chains has been measured by interferonfdmthese For rotational diffusion, the situation is different, since the
cases the relaxation rate increased with increasing concentrationgotation of anisotropic molecules in free suspension is in
This counterintuitive behavior was attributed to long-range principle unrelated to their light scattering intensity. The same
electrostatic interactions between the molecules. Earlier, Ouanogssertion is not necessarily true, however, when such molecules
and Pecord found that the small molecule Ch'OrObenzene, when are Spatia"y confined. The effect of Coup“ng of |arge molecules
trapped in poly(methyl methacrylate), displays two rotational to their surroundings remains an unresolved issue. CusHet al.
relaxation rates, one of which is similar to that in free found that the rotational diffusion coefficient of TMV in
chlorobenzene; the second, corresponding to sites with a smalleksp|utions of un-cross-linked dextran decreases monotonically
cage, is significantly faster. The correlation time of the more \ith dextran concentration. These authors, however, did not
confined molecules is reduced because they execute only smalkeport corresponding measurements of the scattered intensity.
angular fluctuations before striking their cage wall. _ It is easy to imagine, following ref 10, that large anisotropic

In this article we discuss the rotational and translational molecules could undergo restricted angular rotation before they
dynamics of rodlike particles (cellulose whiskers) in a confined gncounter the surrounding matrix; further rotation would occur
medium. These highly anisotropic crystallites are stabilized by \yith a time constant that depends only on the gel relaxation. In
sulfate groups at the surface via attractive/repulsive electrical ;g paper DDLS measurements are reported on the rotational
double-layer forced! Trapped in a rigid gel, their translational  jitfusion of whiskers trapped in an agarose gel, the structure
dynamics has been investigated by DS free suspension, ot which does not relax. To separate hydrodynamic from
the rotational properties of cellulose whiskers have previously thermodynamic effects in such a motion, measurements must
been explored with DLS and transient electric birefringenék. be made both of the rotational relaxation rate and of the

. scattering intensity.
UniversiteJ. Fourier de Grenoble. . . . . .
E Un:zers:dade deleral do Rio Grande do Sul. For DDLS in gels, a first requirement is to ascertain whether

8 Universitede Bordeaux 1. the conditions of optical heterodyning that usually prevail in
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dynamic light scattering measurements from gels are relevantwhich applies when the electric field is a zero-average Gaussian
to depolarized light. In their measurements of TMV dispersed variable, i.e., when there is no static field with a constant phase.
in dextran, Cush et al. elegantly sidestepped this difficulty, as The factorX? < 1 in eq 3 implies that an incoherent light source
the depolarized light from the matrix, due to the optical activity is also present in addition to the fluctuating field.

of the dextran, was much weaker than that scattered by the A second situation occurs when the gel matrix scatters enough
TMV.15 In general, however, it is a basic requirement of depolarized light to mix coherently with that from the mobile
heterodyning that the electric fields of the signal and the guest (i.e., the cellulose whiskers). The normalized coherent
reference have the same polarization. In standard DLS experi-intensity correlation functioi®.(7), calculated from eq 1, is
ments on polymer gels, the light scattered by the guest moleculesthen given by the expression for heterodyne mixing with
is optically heterodyned by that scattered by the network, since polarized light®

both retain the same polarization as the incident light. In a

depolarized light scattering experiment the situation is less clear Goi(?) = 1+ B[2X(1 — X)g(z)|cosg| + X2g’(7)] (5)
since the polarization of the light scattered by the network is

undetermined. For the special case of zero angle scatteringwhereXis found from the conditiog(0) = 1. Equation 5 differs
optical heterodyning with depolarized light can be achieved, from the standard expression in that the heterodyne term
since the local oscillator may be provided either by the light explicitly includes the cosine of the angle between the polariza-
scattered by immobilized anisotropic particfesr, artificially, tion of the fluctuating and static fields. In the fully polarized
by inserting a quarter wave plate between the sample and thesituation,¢ = 0; equally, if the reference and the fluctuating
analyzert” To our knowledge, however, no measurements have field are both fully depolarizedp = 0. The last term in the
been reported at large scattering angles from highly anisotropicsquare brackets in eq 5 (homodyne term) exhibits ¢no
(and highly depolarizing) particles such as whiskers. After a dependence since it involves only the producEeby itself.
brief outline of the theoretical and experimental aspects of the The relative intensity of the dynamically scattered depolarized
present investigation, therefore, the first part of this paper is light is then given by

devoted to investigating the heterodyning of light scattered from .

gels in depolarized conditions. lyp = Xl 5iN O/Tr (6)

Theoretical Background where@ is the scattering angle antr is the transmittance of
the sample. Normalizingy,y with respect to the signal from a
reference sample (toluene) yields the Rayleigh ratio of the
depolarized dynamic light scattering

In normal DLS measurements on gels the incident light is
polarized vertically, while the detector receives scattered light
with all polarizations (V geometry). The resulting fluctuating

electric field E(t) scattered by mobile guest molecules in the = /l 7
gel is mixed with the static field from the networks, giving R = iRollvica @
for the total scattered light intensity where R and Iy are respectively the Rayleigh ratio and

the relative scattering intensity of toluene measured in the same
Lo(t) = Iy(1) + I+ EcE#(1) + EgE; (1) @ conditions. According to whethétobeys eq 3 or eq 5, different
values ofRyy are obtained. Comparison of these values therefore
wherely(t) = E«(t)-Ef*(1), Is= Es'Es*, and the asterisk denotes  constitutes a test of the coherence or otherwisk, of
the complex conjugate. For simplicity, it is assumed that the  Owing to polydispersity, the field correlation functiogér)
static light intensityls from the gel is constant during the of the whisker samples investigated here were not single-
observation time. exponential decays. For this reason, the relaxation rate was
For the depolarized configuration (VH geometry), in which defined by the first cumulant
a horizontally adjusted analyzer is placed before the detector,
two different situations can arise. In the firs,is composed I' = —d[In(g(z))I/d7|, (8)
only of vertically polarized light, transmitted, for example, by
the imperfections of the analyzer. The horizontally polarized Sinceg(z) is determined by its functional relationship @fz),
electric field from the dynamic componef;, is then orthogo-  the apparent diffusion coefficiellap, = I'/g? also depends on
nal toEg i.e., whetherg(z) obeys eq 3 or eq 5. This provides a further test of
the coherence df.
EsEf (1) = EE*(1) cosg (2) : .
Experimental Section
whereg, the angle between the polarization of the fluctuating ~ Whisker/agarose gels were prepared in 10 mm diameter thin wall
and the static fields, is/2. In this case, the last two terms in  glass tubes, using deionized water as reported previétsly.

eq 1 are identically zero. The normalized intensity correlation Whiskers in agarose gels of concentratiogs = 0, 2, 6, and 16
function then becomes g/L were studied. To avoid effects of phase separation, and also

due to the very low signals, higher values afy were not
investigated.

Gin(?) = [|52+ 21 Iy CH Ty ﬁ(1 + :392(7))]/ [ﬂmtﬁ = Depolarized dynamic light scattering measurements were made
14+ Xzﬁ gz(r) ©) at 25°C with a Glan-Thompson analyzer (extinction coefficient
better than 1CP), an ALV-5000 multi-tau correlator, and a Spectra

whereX = Oy Dlrotan Ivii(t) = EfEF(1), With low = DynCH Physics 2020 laser operating at 488 nm. Measurements were made

at scattering angles between’3hd 140. Tests for heterodyning

I, B is the optical coherence factor of the detection, gflis . - . L
e . . ’ . were made with an ALV 5022F goniometer equipped with fiber-
the field correlation function. The angular brackets denote time optic coupling and an avalanche diode, working with a 22 mw

averages. Equation 3 is an expression of the Siegert relation eNe Jaser. Depolarization ratios for various free whisker concen-
) trations and angles between°3@nd 140 were measured with a
G(7) = 1+ Blg(7)] (4) Brookhaven BI-200 spectrogoniometer and a Coherent laser o%abe\t/-
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Figure 1. Reduced depolarized intensity correlation functi@fs) — S0
1 at the same whisker content= 0.2 g/L for free whisker suspension
(O) and for whiskers in the gel, cges = 2 g/L; A, Cget = 6 g/L). . ]
Scattering anglé® = 90°. 4107 - o]
° o
ing at 633 nm. On extrapolation to zero concentration, the value  ~ s | 1
found for the depolarization ratio was 0.021, a result that is an "¢ 310" o
order of magnitude greater than for TM¥. e ° o © °
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Results and Discussion x®2107 o ]

In the system studied here, agarose, like dexftamoptically L o ° o ]
active, the value of the activity coefficient being][= —49° 110° | ° o ]
at 589 nmt® This yields a rotation of the polarization in the [0 goee®00oooocegoogoooe ]
forward direction of about-1.7 arc minutes for an agarose ]
solution of concentration 6 g/L when the optical path is 10 mm. ol ey
In the gel state, however, since the intrinsic optical activity is 0 5 10 15 20
negligible compared to that due to the random domain structure sample position
of the network, the resulting rotation is random and much larger. 410° ——
For a 6 g/L gel, for example, in an average of 10 different [
sample positions the rotation of the polarization &t S€attering
angle was determined to be0.1 £+ 2.9°. A similar dispersion
was found for a whisker-free gel with an agarose concentration
of 18 g/L. These results therefore suggest, in the present
experiments, that random optical activity of the gel matrix and
immobilized clusters of whiskers trapped in the gel may both
contribute to the horizontally polarized heterodyning reference [
field Es. L o ° o o© o

Reduced intensity correlation functio®zr) — 1 in VH mode 1107 L ]
are shown in Figure 1 for three samples with the same whisker L © o ]
concentrationd, = 0.2 g/L), in free suspension, and trapped I
in two agarose gelscfe = 2 and 6 g/L). The relaxation times I
lie between 10* and 1072 s. For the 6 g/L sample, the long 0
relaxation time of about 100 s is due to slow changes in the 0 5 10 15
static speckle pattern of the gel that are unrelated to the sample position
fluctuations of the whiskers of interest here. This feature is Figure 2. (a) Values of dynamic intensity rati= Myy@lw, measured
subtracted from the field correlation function before evaluating a;LQO’ :‘jor diffeerer)lt_ sg)r)nleg %cl)giitiz%r:jsdmnz% ﬁ;giégii rgi;nel \ifgtx:r; g%:

i i — i an = .
the cumulant in expression 8. The value@() — 1, which galculatggélfor thgese positiopns using e();:s andeq5®). (?:) Effective

depends on the sample and on its position, is smaller than thedh‘fusion coefficientl'/¢? deduced from the same depolarized scattering

F:o_herence factof of the optics ¢ = 0.80 in_ VH). Reduce_d measurements at 9¢or the different sample positions. Data analyzed
initial values of G(r) are a symptom of optical heterodyning using eq 3 Q) and eq 5 ®).

but do not constitute a proof of it.

Figure 2 shows the results of measurements made ‘at 90 5. The consistency of the results obtained from eq 5 shows that
scattering angleroa 6 g/L agarose gel with whisker concentra- the field of the local oscillator is fully coherent. In Figure 2c a
tion 0.1 g/l, obtained by rotating the sample in the goniometer similar result is found from the variation ®¥g? as a function
housing to positions of differing speckle brightness. In Figure of sample position. (Note that for two points (1,10) in Figure
2a the values of the fraction of dynamically scattered light,  2c the ratio of['/¢f is slightly greater than 2, while for three
= [Ivy[Dlota, are plotted, calculated for each speckle from eq 5 others (2, 4, 16) it is slightly less than unity. These deviations
and assuming = 0. In Figure 2b the corresponding dynamic from the theoretical rangex(1, < 2) are due to small differences
intensity measuremeniy are shown, using either eq 3 or eq in the way the cumulants were evaluated in eqs 3 and 5.)&3%
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1 T T T T to different cross-link nodes makes them indistinguishable. A
scattering experiment on such a system is therefore incapable
of distinguishing between the motion of one tethered chain
¢ segment and that of its neighbor. In other words, the network
3 ® chains appear to be able to migrate throughout the sample and
0.01 | @ b ? $ f i are hence effectively ergodic. At distance scales larger than the
correlation length of these local motions, however, cross-links,
or more generally clusters of cross-links, which account for their
0.001 . solidlike properties, give rise to the characteristic static speckle
pattern of gels. Since these clusters neither overlap nor mutually
$ interpenetrate, they are nonergodic, and ensemble averaging
® ] 3 ¢ becomes essential if they are the subject of the investigation.
$ f L] Such averaging yields the full intermediate scattering function
107 L L L L of the sample. In some cases, however, e.g. when it is required
0 40 80 120 160 to investigate the dynamics of a sample, the properties of the
scattering angle 6 clusters are of secondary interest since, as their low mobility
Figure 3. Scattering intensity from 6 g/L whisker-free agarose gel in IMPplies, their contribution to the overall osmotic properties of
V (O) and VH geometry®) as a function of scattering angle. Each the gel is insignificant.
point is an average of 10 measurements taken for different discrete A second aspect of this discussion has to do with distinguish-
sample positions. The error bars are the standard deviations corre-gp|e particles trapped in the gel that execute limited spatial
sponding to each data set. - . . . .
excursions, with correspondingly small phase shifis< 1 in
their scattered electric field. Naturally, if only a small number
of such particles is present in the scattering volume, the scattered
field explores only a limited region df-space. An ensemble
from the gel matrix itself average of the intensity correla’gion function _is then indeed
’ necessary. In many cases of particles trapped in gels, however,

Figure 3 shows the integrated intensity scattered by a whisker-jy .y, ding the system studied here, the scattering volume (usually
free agarose gel of concentration 6 g/L. For each scattering angle;p ot 16 um?3) contributing to the observed coherence area

0 the points are averages over 10 different sample positions. In ¢, nains 4 very large number of such particles, each contributing
the absence of analyzer (V geometry, open circles) the signal fluctuating field with a different phase according to its mean
is 3 orders of magnitude larger than that with an analyzer gitionr;. For example, at the lowest concentration of whiskers
adjusted with its polarization axis in the horizontal plane (VH - aaqured in this investigation, the scattering volume contains
geometry, filled circles). Comparison of Figures 2b and 3 Shows g era) million particles. Provided that the phase fluctuadiin
that the residual intensity of static depolarized light is sufficient ¢ ooch whiskef is independent and not vanishingly small, as
to heterodyne the dynamic component when whiskers are yhqir number increases the total resultant field from all the

present. moving particles quickly tends to the sum of a constant field,
To place the present discussion in the perspective of noner-pjys a zero-mean fluctuating field whose phase spans many
godicity, a digression is appropriate here. This question, raisedradians. In such a case, the fluctuating field observed at each
more than a decade agt?'is concerned with restricted motion  yajue ofq is thus already a (micro)ensemble average, even if it
of the scattering centers in partially free systems such as gels.js accompanied by an additional static (nonergodic) field from
It was pointed out that if the scattering centers in a gel execute the ge| inhomogeneities. To measure the dynamics of such a
limited excursions of amplitude around their mean position,  system, further ensemble averaging is not necessary. To measure
then only a small number of configurations in phase space arethe static component, however, full ensemble averaging over
explored. The corresponding fluctuations in the phase of the the whole sample is of course required. For completeness, it
scattered electric fieldgo, are then insufficient, by time  should be added that an underlying assumption in this procedure
averaging alone, to ensure proper statistical averaging for thejs that the composition of the observed scattering volume is
diffusion coefficient of the particles to be deduced. The remedy representative of the whole sample; i.e., phase separation does
consists in making a spatial (ensemble) average over observanot occur. The above argument implies that the need for
tions from a large number of different positions of the sample. ensemble averaging in gels may be less general than is
The debate on nonergodicity, however, diverted attention from commonly believed.
the underlying physics of the molecular motions in gels. In Returning to the present measurements, Figure 4 shows the
particular, it has not been widely understood why in many cases gngular dependence of the relaxation fag the same whisker
the heterodyne approach, such as employed in the present angoncentration, both in free suspension and in two concentrations
in previous articles, yields consistent and satisfactory results of gel. The relaxation rat€ of the depolarized light
for the dynamics of gels without resorting to the machinery of
ensemble averagirfy.? I'=Dq’ + 60 9)
Although the topic merits a more extensive discussion than
can be given here, a brief explanation is in order. First, it must where® is the rotational diffusion coefficient of the whisker
be emphasized that the model of a polymer gel consisting of rods. In confined or concentrated systems, the assumption of
identical scattering centers, each undergoing restricted diffusion,decoupling between translational and rotational motion, inherent
bears little resemblance to the structure of most real polymerin eq 9, fails. It was shown in ref 3, however, that this
gels. When swollen in a diluent, soft polymer gels exert an assumption nevertheless remains valid at short timés the
osmotic swelling pressure by virtue of their mobile network first cumulantT is defined in eq 8 for the limit — 0, it seems
chains. Although each chain is limited in the amplitude of its reasonable to expect that eq 9 is a satisfactory approximation.
spatial excursion, the strong overlap among chains belongingAs can be seen in Figure 5, for the three whisker concentratE)B%

01 |

1
A

Rayleigh ratio (cm )

0.0001 |

reduced scatter obtained with eq 5 confirms the coherence of
the static component. It follows that in these experiments the
local oscillator fieldEs is the depolarized light scattered directly
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Figure 5. Variation of rotational diffusion coefficier® with agarose
concentratiorcge: O, ¢y = 0.2 g/L; O, cy = 0.4 g/L; A, cw = 3.25
g/L.

Table 1. Rotational (@) and Translational (D) Diffusion Coefficients
at Infinite Dilution from VH and VV Geometry, and Average
Whisker Length L and Diameter d, Calculated from Broersme?® and
Tirado?* (Precision in © ca. 10%)

agarose .
conen Broersma Tirado
Ceel(@L™ O(sH D(enPs?Y L(m) d(mm) L(nm) d(nm)
0 309 5.5x 1078 356 7.5 347 10.2
2 356 6.0x 1078 349 5.7 341 7.6

O initially increases with increasing agarose concentratjgn

Only at high gel concentration does it start to decrease due to
steric hindrance from the network. In the present case, confine-
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Figure 6. Variation of lyy® with agarose concentratione. In the
free suspensiorcge = 0), lvy©® is an increasing function afy (O, Cy
=0.2¢9/L;0, ¢y = 0.4 g/L; A, cy = 3.25 g/L).

30, the values ot andd obtained using these relations agree
well with those found from Broersma’s model. We also note
that comparison with the length of the single cotton whiskers
found from electron microscopy. (= 170 nm¥® indicates that
this batch of whiskers is on average aggregated.

In polarized light scattering a relationship holds between the
mutual diffusion coefficienD for an assembly of interacting
particles and the Rayleigh ratio of the scattered IRhtwhich
can be expressed in the fo¥hi”

R, D = Kc(ac/aIT)(aI1/ac)/f = Kc/f (10)
Here, K is the light scattering contrast factoc, the mass
concentration, and the friction coefficient of the interacting
particles in the solution. The produByD is thus independent
of the osmotic susceptibilitgc/oIT.

In the case of rotational diffusion the situation is different:
the intensity of depolarized light scattered by dilute suspensions
of anisotropic molecules depends only on their concentration
and is independent of their rate of rotation. In the free suspension
the intensity of the dynamically scattered depolarized light
cannot exceed that for complete end-over-end tumbling of the
particles. With increasing concentration, however, coupling
between molecules develops. Spatial confinement due to
neighboring whiskers or to the surrounding gel matrix restricts
the amplitude of their rotational motion, thus reducing the
intensity of the dynamically depolarized light. Under these
conditions, it becomes reasonable to propose a relation analo-
gous to eq 10, namely

Ru® = Kyc/f; (11)

ment of the whiskers in the gel matrix by exclusion from regions where the subscripts VH and refer to depolarized light
of small pore size increases their concentration elsewhere,scattering and to rotational motion and whetg is the
thereby enhancing the repulsion between the individual particlesconcentration of the anisotropic particles in suspension. In eq

and causing the rotational diffusion rate to incre&sé.
Similarly, at low whisker concentration§) is independent of
Cw, but it increases at higls, where repulsive interactions

11 it is indifferent whether the dynamic scattering intensjty
or the toluene-normalized quantitiRyn is used, the only
difference being in the value of the proportionality constani.

become significant. This result is consistent with measurementsFigure 6 shows how the product of the intensity and the

made in a lower range afy,'* where interparticle interactions
are weaker.

Table 1 lists the values of the effective lengthnd diameter
d of the whiskers calculated fro® andD using the theories
of Broersm& and Tiradd* for cylindrical rods. Although
Tirado’s expressions are expected to be valid for 2/d <

rotational diffusion coefficientlyy®, depends on the agarose
concentratiorcye as well as on the whisker concentration
These results are summarized in Figure 7, where the normalized
quantity lvy®/cy = Kyu/f; is plotted as a function ofqe +

kay. In this representation, the multiplying factkrfor ¢, in

the coordinate variable is chosen to reveal the trend belov&gs
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10° —m—r————— concentration of both the whiskers and the gel. In contrast, the
. EIJ ] depolarized dynamic scattering intensityy decreases with
L ; increasing gel concentration. The principal finding of this
[ (ﬁ] {) 4} 4} ] investigation is that over an extended range of gel concentration
El] 4} the quantitylyy®/cy is independent of the agarose concentra-
I ] tion. The amplitude of the restricted angular rotation of the
o ‘% whiskers confined in the gel is thus inversely proportional to
5§ 10° ¢ 0 ¢ =024l E their relaxation rate. In the free suspension above a certain
- v ' threshold concentration, the same plateau behavior is also
O ¢ =049 ] observed folyy®/cy; at low ¢, the rotational relaxation rate
4 ¢ =325¢/ ] © remains independent &fy. At high agarose concentrations,
however ,|y4®/c,, starts to decrease due to the steric hindrance
of the matrix.
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