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We report on depolarized and non-depolarized dynamic light scattering, static light scattering, and steady shear viscosity mea-
surements on interacting charge-stabilized gibbsite platelets suspended in dimethyl sulfoxide (DMSO). The average collective
and (long-time) translational self-diffusion coefficients, and the rotational diffusion coefficient, have been measured as functions
of the platelet volume fraction ¢, up to the isotropic-liquid crystal (I/LC) transition. The non-depolarized intensity autocorrela-
tion function, measured at low scattering wavenumbers, consists of a fast and a slowly decaying mode which we interpret as the
orientationally averaged collective and translational self-diffusion coefficients, respectively. Both the rotational and the long-time
self-diffusion coefficients decrease very strongly, by more than two orders of magnitude, in going from the very dilute limit to
the I/LC transition concentration. A similarly strong decrease, with increasing ¢, is observed for the inverse zero-strain limiting
steady shear viscosity. With increasing ¢, increasingly strong shear-thinning is observed, accompanied by a shrinking of the low
shear-rate Newtonian plateau. The measured diffusion coefficients are interpreted theoretically in terms of a simple model of
effective charged spheres interacting by a screened Coulomb potential, with hydrodynamic interactions included. The disk-like
particle shape, and the measured particle radius and thickness polydispersities, enter into the model calculations via the scattering
amplitudes. The interaction-induced enhancement of the collective diffusion coefficient by more than a factor of 20 at larger ¢
is well captured in the effective sphere model, whereas the strong declines both of the experimental translational and rotational

self-diffusion coefficients are underestimated.

1 Introduction

Colloidal platelets are abundant in nature (e.g., as clay min-
erals or red blood cells) and can be readily synthesized in
the laboratory in form of mixed metal hydroxides, gibbsite,
gold platelets, et cetera. The most prominent examples of col-
loidal platelets are various types of natural clays !, which fig-
ure in sediment transport in rivers, and in the oceans and lakes,
and which are responsible for dangerous landslides?. Clays
are widely used as rheological modifiers for surface coatings,
paints, and drilling fluids 3.

The rheological applications of clays are based on their mi-
crostructural properties, originating from a highly anisotropic
shape and a correspondingly anisotropic particle interactions.
As a necessary step towards understanding the more complex
behavior of concentrated clay platelet suspensions regarding
rheology, sedimentation, and sediment transport, the funda-
mental dynamic properties in dilute isotropic solutions must
be addressed.

So far, most studies on the dynamics of clay and colloidal
platelet suspensions have been focused on the non-equilibrium
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ergodic to non-ergodic transition in dense systems>~’, and on
the properties of the non-ergodic state®”. Only few theoreti-
cal and experimental investigations have been done so far on
less concentrated, fluid-state isotropic suspensions of clays or
colloidal platelets. For instance, both the translational and ro-
tational diffusion coefficients of a single platelet were studied
by simulation, and the resulting data for an extended range
of aspect ratios were fitted to general polynomial expressions
for cylinders by Ortega and Garcia de la Torre . This study
allows to compare the single-platelet diffusion properties of
non-interacting platelets with the results of experimental dif-
fusion measurements, but it includes no hint on how diffusion
is affected by particle interactions.

The concentration dependence of sedimentation and diffu-
sion coefficients of uncharged, sterically interacting platelets
and clays has been explored in!!'? by dynamic light scat-
tering and ultracentrifugation. For platelets, the earlier in-
vestigations in'! were made in a rather dilute concentration
regime where no effect of particle interactions on diffusion
was detected. Moreover, explicit theoretical expressions have
been derived for the time-dependent intensity autocorrela-
tion function of non-interacting cylindrical particles such as
platelets '113-16 which, in principle, can be used to deter-
mine the single-platelet rotational diffusion coefficient from
standard dynamic light scattering or X-ray photon correlation
spectroscopy (XPCS) measurements in non-interacting parti-
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cle systems.

For rather dilute systems of uncharged polymer-grafted
clay suspensions ', normalized intensity autocorrelation func-
tions (IACFs) have been measured in vertical-vertical (VV)
and vertical-horizontal (VH) scattering geometry !”. A strong
slowing of the diffusive modes was found both in VH and in
VV geometry. In VV geometry, only a single diffusive mode
was detected, even though it was argued that a second, coop-
erative mode should be present due to the osmotic pressure of
polymers grafted on the clay particles 2.

In the present study, we explore how the dynamics of
charge-stabilized colloidal gibbsite platelets suspended in
DMSO and present in their isotropic phase, is affected by
direct and hydrodynamic particle interactions. Using static
light scattering (SLS) and depolarized and non-depolarized
dynamic light scattering (DDLS and DLS), we study the ef-
fect of the platelet concentration on the measured translational
and rotational self-diffusion coefficients, and on the collective
diffusion coefficient. Moreover, the concentration- and shear-
rate dependence of the steady shear dispersion viscosity is de-
termined experimentally. Our scattering and rheological ex-
periments cover the full isotropic phase concentration regime
up to the I/LC transition.

The theoretical description of the platelet dynamics in non-
dilute systems is severely complicated by the anisotropy in the
direct'® and, to an even larger extent, by the indirect hydro-
dynamic interactions (HIs). No readily applicable theoretical
schemes or simulation results are available for our gibbsite
system. Therefore, in a first attempt to analyze theoretically
the experimental trends in the diffusion data, we use a sim-
plifying model where the direct interactions in a pair of gibb-
site platelets are described approximately by the spherically
symmetric, repulsive part of the Derjaguin-Landau-Verwey-
Overbeek (DLVO) potential 1. Clays, such as Laponite, are
mixed silica and metal oxides. This can lead to charges of op-
posite sign on their faces and edges>*-22. The present gibbsite
platelets consist solely of aluminium hydroxide, so that their
faces and rims of gibbsite have surface charges of the same
sign?3. In our effective sphere model of gibbsite in DMSO, we
account for the influence of the HIs but leave out the effects of
interaction polydispersity. However, the disk-like shape, and
the experimentally determined size polydispersity of the gibb-
site platelets, are accounted for in the scattering amplitudes.
The simplifying model of cylindrical platelets with spherically
symmetric direct and hydrodynamic interactions permits us to
take advantage of a wealth of theoretical and computer simula-
tion results on rotational ?*% and translational self-diffusion,
and collective diffusion of charged colloidal spheres>>~2’. The
model can be expected to apply approximately to semi-dilute
suspensions of isotropically dispersed platelets well below the
overlap volume fraction. For larger concentrations, it is bound
to fail.

Figure 1 Transmission electron micrograph of a dried sample of
gibbsite platelets used in the present study.

2 Experimental details

We study suspensions of hexagonal colloidal gibbsite [y-
Al(OH)3] platelets of average radius (R) = 44.2 nm and av-
erage thickness (h) = 7.66 nm, dispersed in dimethyl sulfox-
ide (DMSO). The gibbsite particles can be described approx-
imately as a polydisperse system of thin circular cylinders of
radius R and (small) height 4. We have determined the ra-
dius and height distributions from transmission electron mi-
croscopy (TEM) pictures, and using atomic force microscopy,
giving polydispersities (i.e., relative standard deviations) in R
and & of sg = 17.3% and s;, = 55.3%, respectively. An exem-
plary TEM picture of gibbsite platelets used in this study is
shown in Figure 1.

The mean aspect ratio, p = (h) /(2 (R)) = 0.087, of platelets
is so small that the ultrathin disk limit (2 — 0) can be ap-
plied as a reasonable approximation. In this limit, one obtains
DY = (D™ 4200 /3 = kpT /(1270 (R)) ~ 3.8 x 10712 m? /s
for the orientationally averaged single-disk translational dif-
fusion coefficient282, and DY = 3kgT /(3210(R)*) ~ 2.2 x
103 /s for the (end-over-end tumbling) rotational diffusion co-
efficient determined in small-g DDLS experiments on non-
interacting platelets. Here, kp is the Boltzmann constant, T is
the absolute temperature, and 1) is the solvent shear-viscosity.
For p — 0, D(r)’L becomes equal to the rotational diffusion co-

efficient, D?’” , which characterizes rotation with respect to the

platelet rotational symmetry axis. A small but finite value of

p lowers somewhat the values of D? and D?"L, and D?"H and

D(r)’L become different from each other. Tirado and Garcia de
la Torre3*3! provide precise polynomial fits to their simula-
tion data for the diffusion coefficients of cylindrical platelets
as a function of p. However, the aspect ratio range, p > 0.1,
covered by most of these fits, does not include the small as-
pect ratio of the present gibbsite platelets. We can alterna-
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tively estimate the effect of a non-zero p using analytic re-
sults? for the single-particle diffusion coefficients of oblate
spheroids of same p and same volume V,, = 7(R*h), giving
DM =1.4%103/sand D? = 3.1 x 10~2m?/s.

DMSO is a polar, aprotic, and low-viscous solvent of di-
electric constant € =47.2, at T = 293K, and viscosity 1o =
2 x 1073 Pa-s, in which the platelets are charge-stabilized,
forming a suspension that remains transparent up to the
isotropic-liquid crystal (I/LC) transition.

Different from aqueous gibbsite suspensions, which are tur-
bid already at low concentrations, gibbsite in DMSO systems
show no multiple scattering in the investigated concentration
range. Indeed, the considered systems are fully transparent
and the VH TACF shows no mode in addition to the rotational
diffusion mode (c.f., Eq. (8)). Moreover, different from aque-
ous suspensions, there is no residual CO, contamination, and
no solvent self-dissociation, so that low-ionic strength systems
can be easily prepared. Thus, we can use DDLS to study the
rotational and translational diffusion as a function of the gibb-
site number concentration up to the I/LC transition point. Our
standard (D)DLS/SLS apparatus is equipped with a krypton
ion laser of wavelength Ayg = 647 nm as a light source, and
a A/2 plate used as polarizer and analyzer (Bernhard Halle
Nachfl., Berlin, Germany). Each sample was measured both
in vertical-unpolarized (VU) and VH scattering geometry, for
values of the wave number, ¢, smaller than the value, g,
where the primary peak of the mean scattered intensity, I(g),
occurs.

The low-shear-rate limiting steady shear viscosity (referred
to as the steady-shear viscosity further down) was measured
using an AR-G2 rheometer from TA instruments with a cone-
plate geometry (diameter = 20 mm; cone = 2°). All measure-
ments were performed under vapor lock.

DLS and steady-shear viscosity data were recorded for a
large number of gibbsite volume fractions ¢ = M/(p,,V) up
to the I/LC transition at ¢y c =~ 8%. Here, M is the total mass
of added gibbsite of known mass density p,,, and V is the sus-
pension volume. In addition, the steady shear viscosity, 7,
was measured as a function of shear rate 7, for a large number
of concentrations.

3 Results

3.1 Dynamic light scattering results

The dynamic light scattering functions in VH and VU ge-
ometry have been recorded for a large number of scattering
wavenumbers and concentrations up to the volume fraction at
the I/LC transition. Results for the normalized intensity auto-
correlation functions (IACFs), gyY(g,1), (filled symbols) and
g%’ H(g,t) (open symbols), for two different volume fractions
¢ = 0.8% and 4.8%, are shown in Fig. 2. We point out here

that g%’U = g;/V to excellent accuracy, due to the very small
optical anisotropy of the gibbsite platelets. The rather dilute
system at ¢ = 0.8% has only weak inter-platelet correlations,
whereas the system at ¢ = 4.8% is not very far from the I/LC
transition.

Consider first the low-concentrated system in panel (a) of
Fig. 2, where gyY(g,t) — 1 and gy"(g,1) — 1 are shown for four
different g-values located well below ¢,,, with g (R) = 1.26
for the largest considered g. At this low concentration, both
IACFs are only slightly stretched, decaying basically single-
exponentially. The stretching is due here to the rather small
polydispersity, sg = 17.3%, in the disk radius R. Due to
the small value of p, the more pronounced polydispersity in
h of value s;, = 55.3% has only little influence on the parti-
cle diffusion coefficients, and on the scattering amplitudes in
the experimentally accessed g-range where ¢ (R) < 1 and thus
g (h) < 0.1. The time relaxation of gy™(g,?) is faster than that
of g5V (g1).

To globally account for polydispersity and particle corre-
lation effects, which both give rise to a potentially continu-
ous superposition of correlation times, we have fitted all of
the measured functions g»(g,t) — 1 in panel (a) of Fig. 2 by
the Kohlrausch-Williams-Watts (KWW) stretched exponential

form, {exp[—(¢/ ‘L',-)ﬁ"]}z, characterized by the overall decay
times 7; and stretching exponents f8; < 1. An IACF decay-
ing nearly single-exponentially has a value of 3 close to one.
For example, one finds B; ~ 0.9 for the IACF’s of the low-
concentration systems in panel (a) of Fig. 2. The KWW mean
relaxation rates I, with i € {VH,VU}, are obtained from
I =1/[txIT(1/B;)/Bi], where " denotes the gamma func-
tion33. In all our experiments, the area coherence factor C in
the Siegert relation Cg3(g,t) = g2(g,t) — 1 is practically equal
to one.

In panel (b) of Fig. 2, the resulting relaxation rates I'vy
and T'yy at ¢ = 0.8% are plotted as functions of ¢>. At
the small g-values considered where g(R) < 1, the relax-
ation rates in VH and VUXVV geometry can be expressed
as Tyy = 6D} + O(¢?) and T'yvy = D,q* + O(g*), respec-
tively 13157173435 " where D, and D} are interpreted as the
translational and (end-over-end tumbling) rotational diffusion
coefficients, respectively. In this interpretation, polydispersity
effects are accounted for in an overall way through the KWW
relaxation rates. Contributions to T'yy of O(g*) which arise
from rotational diffusion and rotational-translational coupling,
are of no relevance for the considered small g-values.

Regarding the low-concentration system results in panels
(a) and (b), no distinction is required between short- and long-
time diffusion coefficients. The slopes and intercepts of I'vy
and I'vy in panel (b), obtained from a q2 — 0 extrapolation,
are approximately equal to the zero-concentration diffusion
coefficients. A zero-¢ extrapolation of all investigated sys-
tems, with the relaxation rates obtained as described above,
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Figure 2 Panels a and c: Reduced intensity autocorrelation function, g,(g,t) — 1, versus correlation time ¢, for gibbsite in DMSO. Panels b and
d: (mean) relaxation rates, I'yy and 'y, as functions of qz. The gibbsite volume fraction is ¢ = 0.8% in panels a and b, and ¢ = 4.8% in
panels ¢ and d. The wavenumbers in a and ¢ are: ¢ = 7.6 x 1073 nm~! (black circles), ¢ = 1.47 x 10~2 nm~! (red squares), ¢ = 2.08 x 102
nm~! (green triangles), and g = 2.84 x 10~2 nm~! (blue triangles). Open symbols: VH scattering geometry results. Filled symbols: VU ~ VV

scattering geometry results.

leads to DY = 2.1 x 10712 m?/s and DY = 0.34 x 103 /s.
Both values are somewhat smaller than those obtained from
the ultrathin platelet approximation using R = (R).

The data for I'vy in panel (b) show an overall linear in-
crease in g2, but are more noisy than those for I'yy. This
originates from the much lower scattering intensity in VH ge-
ometry, which for the gibbsite system is by a factor of 10~
smaller than that in VU geometry. Therefore, for the present
system, VU and VV measurements give practically indentical
results.

At larger platelet concentrations, where direct and hydro-
dynamic interactions come into play, one notices interesting
changes in the scattering functions. The normalized VU and
VH IACFs, and the corresponding KWW relaxation rates at
¢ = 4.8%, are depicted in panels (c) and (d) of Fig. 2, respec-
tively. It is apparent from panel (c) that, in VU geometry, an
additional quickly relaxing mode occurs. Moreover, the decay
of the slow-mode in gy Y(g,7) — 1 is slightly more stretched. In
VH geometry, no additional mode is seen at this larger concen-
tration, but the decay is more stretched than in the ¢ = 0.8%
case. These features are indicators of pronounced platelet cor-
relations at ¢ = 4.8%, requiring now the distinction between
short- and long-time diffusion properties. The subdiffusive
transition regime is characterized by the structural relaxation
time defined by 70 = 1/(6D"") ~ 0.05 ms.

Using again the Siegert relation, we can fit the two-mode
decay of g}’U observed in panel (c) in the probed time window

by the two stretched-exponential form,

B B’
¥V —1= A= WT )" La—aye= W/

)

involving the fit parameters A,7YY 7YV B,, and B, with
0<A<1ad I >T'Y > 0. Here, TYV
1/ [t'Y x(1/B:)/Bi], for i =t,c, and the stretching expo-
nent f3, is larger than 0.9 in all considered cases. The expo-
nent f3 is larger than 0.9 for ¢ < 2%, reducing to values of
Br =~ 0.7 at ¢y c ~ 8%. Note that, in a similar fashion, the
stretching exponent f3, of the rotational diffusion mode in the
VH IACF fulfills , > 0.9 for ¢ < 2%, reducing to 3, ~ 0.55
at ¢ = Pyrc-

Several of the correlation functions were also fitted with a
CONTIN3® routine and first cumulant with results deviating
from the above described method by no more that 5%. Both
the fast-mode and the slow-mode relaxation rates, Iy V = ¢*D,
and IV = ¢?D,, show the expected diffusive ¢*>-dependence,
allowing for the determination of the associated diffusion co-
efficients D, and Dy, respectively. For ¢ = 4.8%, the order-
ing relations D, > D? and D, < D? are obeyed. In panel (d),
YU =TV = ¢?D, 4+ 0(g*) is plotted as a function of 2, with
D; inferred from the small-g slope. The corresponding fast
mode rate, FYU, is not shown in the figure. Its associated dif-
fusion coefficient, D, has been determined as the slope of
I'YU(4?), extrapolated to g = 0.

Panel (d) shows additionally the relaxation rate, Ve —
6D;- + D, 4%, of the somewhat stretched out single-exponential
decay of g}/H (g,t), determined again using the KWW analysis.
Note here that the small-g slope of TVH(4?) is equal, within

4| Journal Name, 2010, [vol] 1—11

This journal is © The Royal Society of Chemistry [year]



w °
tofe "oo * See By
g - - = _— °
10" F o o M E* E
Fosl g o 4
F od =R 3
[ )
L[ osf p *
10°F ° o 73
F04F E
3 °
L * o o
[ o2l * .
3 e
10°F 0 0005 001 0015 002 0025 o 3
C 1
10° 102 @ 10*

Figure 3 Volume fraction dependence of various dynamic proper-
ties including the normalized fast-mode diffusion coefficient, D,/ D?,
(filled squares), and the slow-mode diffusion coefficient, D; /D?,
(filled circles), both obtained in VU geometry, and the normalized
(mean) rotational diffusion coefficient, D,.L /D(r)’L (open squares), ob-
tained from VH measurements. Stars: Inverse low-shear-rate vis-
cosity (17/m0)~", obtained from rheometric measurements. Solid
black and dashed red lines: Predictions for D../D? and D? /D within
the effective charged sphere model, calculated using the corrected
8y scheme. Solid blue line (inset only): Scaling relation DS /DO =
1-— 1.3»¢)62ff for the short-time rotational diffusion coefficient of ef-
fective charged spheres, using @gr = 1.93¢. Solid red line: DIL /D?
of effective charged spheres, calculated using the simplified MCT
scheme with far-field HIs correction. The inset magnifies the details
at low ¢ on a double linear scale.

the experimental noise, to that of IYV(g?). The slope in both
geometries is identified as the translational self-diffusion coef-
ficient, Dy, of interacting platelets in the isotropic phase. Like-
wise, the coefficient D;- determined from the zero-g intercept
of TVH(42) in panel (d), obeying D+ < DY = DL(¢ — 0),
can be interpreted as the rotational self-diffusion coefficient at
non-zero concentrations.

The same evaluation procedure as explicated in Fig. 2 for
two specific concentrations, was applied to an extended set of
concentrations up to the I/LC transition value. The obtained
reduced diffusion coefficients, D;/D?, D /D% and D./D?,
are depicted in Fig. 3 in their dependence on ¢. According to
Fig. 3, D, and D,l remain constant, within the experimental
scatter, in the lower-concentration range of ¢ < 0.5%. This is
the expected behavior of particles at low concentration which
diffuse practically uncorrelated. On the other hand, already
at ¢ = 1%, the fast-mode coefficient, D., exceeds largely its
zero-concentration value D? whereas, as viewed on the ex-
tended vertical scale of Fig. 3, D, and D;- are just about to
start their strong decline below their respective infinite dilu-
tion values.

A concentration dependence similar to that of D, has been

reported for the collective diffusion coefficient of polymers
and flexible rod systems37-8. However, the gibbsite platelets
studied in the present work include no flexible parts. More-
over, the onset of the strong increase of D.(¢) is observed
at concentrations far below the platelet overlap concentration,
¢* = (3/2)p, of about 13%. Incidentally, an alternative defi-
nition of the overlap concentration invoking the random close
packing volume fraction, f = 0.64, of monodisperse spheres
given by p*(4m(R)> /3) = f results in ¢* = (3(h) /4(R))f ~
8.3%. This value is somewhat fortuitously close to the con-
centration, @y c = 8%, where the I/LC transition is observed
experimentally.

Since the dynamics of freely rotating charged platelets at
concentrations well below the overlap concentration ¢* is
most strongly influenced by the monopolar terms in the far-
field electrostatic and hydrodynamic interactions, and since
collective diffusion is to a large extent triggered by the osmotic
compressibility, D.(¢) can be expected to behave similar to
the collective diffusion coefficient measured in low-salinity
suspensions of spherical charged colloids>6-27.

The coefficient D, for charge-stabilized colloidal spheres
also shows a distinct rise at lower ¢, passing trough a max-
imum at an intermediate ¢, before it eventually decreases
at higher concentrations. For homogeneous suspensions of
monodisperse spheres, D, is the ratio of the reduced sedi-
mentation velocity divided by the isothermal osmotic com-
pressibility. This allows to interpret the shape of D.(¢), with
a maximum at ¢,, in an intuitive physical picture: Due to
the long-ranged electrostatic repulsion, the compressibility of
low-salinity, charge-stabilized suspensions strongly decreases
as a function of ¢ at low concentrations, causing a steep
increase in D.(¢). At higher concentration, hydrodynamic
slowing of sedimentation eventually overcompensates the de-
crease in compressibility, leading to a maximum in D.(¢) at
¢m. With increasing salt content, the value of D.(¢y,) de-
creases, whereas ¢, increases. The collective diffusion co-
efficient quantifies the relaxation of density fluctuations on
macroscopic length scales. Thus, different from D; and D,l,
it is relatively insensitive to the details of the direct and hy-
drodynamic interactions on shorter length scales. This makes
it more clear why our effective sphere model prediction for
D.(¢) in Figure 3 agrees well with the experimental data for
concentrations even up to ¢ ~ @y c.

We argue that Fig. 3 depicts the long-time values of the
translational self-diffusion coefficient D; which, for interact-
ing systems, can be substantially smaller than its short-time
counterpart, whose deviations from the infinite dilution limit
D? are comparatively small. That D; should be interpreted as
a long-time property indeed follows from Eq. (1) and the con-
sidered small-g range in combination with the observation that
D.> D? > Dy at ¢ 2 0.5%. Due to the fast decay of the collec-
tive mode, I'YV is determined essentially by the coefficient D;

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-11 |5



for times t > 1/(¢*D..), which is part of the long-time regime
r> ’L‘IO ~ 0.05 ms once the zero-g extrapolation is made in
determining D;. Different from self-diffusion, the long-time
value of D, is practically equal to the short-time value, for all
concentrations in the isotropic liquid state regime 3.

3.2 Simplifying diffusion model of platelets

To analyze the trends in the concentration dependence of the
gibbsite platelet diffusion coefficients, and to gain further sup-
port for the interpretation of D, as a collective diffusion coef-
ficient, we introduce here a simplifying model. In this model,
the platelets are described regarding their interactions as uni-
formly charged effective hard spheres of radius a, interacting
by the repulsive electrostatic part,

Bt (r > 2a) = LpZ? Gl N 2)
el — 14 xa r

of the DLVO potential !°. Here Lz = 1.18 nm is the Bjer-
rum length of DMSO at T = 293K, Z is the effective par-
ticle charge in units of the proton elementary charge, and
k% = 47Lp[nes|Z| + 2n5] /(1 — @egr) is the square of the De-
bye screening parameter. The latter is determined by the num-
ber concentration, ng, of residual 1-1 electrolyte ions which
we assume to be equal to 7uM, and the number concentra-
tion, neg|Z|, of surface-released monovalent counterions. Fur-
thermore, nefr = 3@efr/(47ma’) is the number concentration of
effective spheres. There are several alternatives to define the
effective sphere radius a, depending on the quantity consid-
ered. In the present model, a is obtained from equating the
2" virial coefficient of neutral spheres of radius @ to that
of cylindrical platelets of radius (R) and height (h), assum-
ing all orientations to be equally probable*!. This results
in a =0.735(R) = 32.5 nm. A slightly smaller value of
a= (371:/32)1/3 (R) = 29.4 nm would be obtained from the
2" virjal coefficient in the zero-h limit.

In addition to the DLS measurements described before, we
have measured the static mean scattered intensity, /(g), using
SLS. Fig. 4 includes the experimentally determined intensi-
ties (open symbols), for platelet volume fractions ¢ = 0.16%
(black) and 0.88% (red).

Light scattering measurements are restricted to a smaller g-
range than small angle X-ray scattering (SAXS) so that the in-
teraction peak in I(q) is resolved experimentally for the lower
concentrated system only. Using the effective sphere inter-
action model, with u(r) according to Eq. (2), we have cal-
culated I(g) approximately within the rotational-translational

decoupling approximation3®#2, where it is given by
1(q) = lo®Pnu(q)Sm(q), 3)

with the so-called measurable static structure factor,
Sm(q) = [1-X(q)]+X(q)S(q) “)

0 002 004 _lo.loe 008 01
g/ nm
Figure 4 Normalized mean scattered intensity, /(q)/(lo¢), of gibb-
site platelets in DMSO, for ¢ = 0.16% (black squares) and ¢ =
0.88% (red circles), in comparison to the theoretical fits using ¢efr =
0.43% (black line) and @esr = 1.68% (red line). Black dotted curve:
measurable form factor P, (g). Blue dashed curve: decoupling am-
plitude X(g). Insets: experimental histograms of the platelet ra-
dius R (top) and thickness A (bottom). The red shaded areas are
least-squares fits by unimodal Schulz distributions with mean values
(R) =44.2 nm and (h) = 7.66 nm, and relative standard deviations
of sg = 17.3% and s;, = 55.3%, respectively.

Here, Iy is a g-independent factor with the dimension of in-
tensity, which is the same in all intensity measurements cor-
rected for source intensity, recording time, and scattering vol-
ume. Moreover, S(g) is the structure factor of the monodis-
perse system of effective spheres interacting by the pair po-
tential in Eq. (2). The measurable form factor, P,,(g), and the
dimensionless decoupling amplitude X (g),

Pm(Q) = <f2>(q)7 )
X(q) = (f)*(q)/Pu(q), (6)

with 0 < X(q) < 1, are given in terms of the first and sec-
ond moments of the scattering amplitude, f(q,R,h 1) =
V,b(q,R,h, 1), of a cylindrical platelet of volume V, = 7R?h,
where 1 denotes the cosine of the angle between a platelet’s
rotational symmetry axis and the scattering wave vector. The
simple analytic expression for the dimensionless form ampli-
tude, b(g, R, h, 1), is given in the literature 34344,

Egs. (3)-(6) are based on the assumption that the particle
shape, orientation, and the size polydispersity affect the form
amplitudes only, which excludes anisotropic interaction ef-
fects. Therefore, the decoupling approximation can be reason-
ably applied at lower concentrations only, where the platelets
rotate essentially freely. The brackets, < ... >, in Egs. (5) and
(6) represent averages with respect to the platelet orientation
variable u (assuming free rotation), and the platelet radius and
height joint distribution function p(R, &), which we assume to
be factorisable as p(R,h) = pgr(R) X py(h). Histograms for
the marginal distributions pg(R) and pj(h) of the dried speci-
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men, obtained from electron microscopy and atomic force mi-
croscopy, respectively, are shown in the insets of Fig. 4. On
fitting unimodal Schulz distributions both to pg(R) and py(h),
we obtain mean values (R) = 44.2 nm and (h) = 7.66 nm,
at relative standard deviations of 55.3% and 17.3%, respec-
tively. Note that for ¢ <2/ (R), X(g) ~ 0.72 stays practically
constant.

The static structure factor S(g) in Eq. (4), describing pair
correlations of effective charged spheres, has been calculated
using the modified penetrating-background corrected rescaled
mean spherical approximation (MPB-RMSA), introduced re-
cently by part of the present authors*>*®. This analytic
method allows for an efficient and accurate calculation of
structure factors of non-overlapping spheres, interacting by
a repulsive Yukawa-type potential such as the one given in
Eq. (2).

A fit of the decoupling approximation expression for 1(g)
in Eq. (3) to the experimental intensities involves Z, @,
Ip and, within a reasonably small range, also n; as the fit-
ting parameters. Since an accurate determination of the ef-
fective particle charge number Z relies on fitting the maxi-
mum in /(g), not located inside the SLS-resolved g-range for
most of the considered concentrations, we alternatively es-
timate Z using the experimentally observed I/LC transition
concentration, determined in our low-salinity experiments as
dyc = 8%. Earlier simulations*’*® predict the isotropic-
nematic transition of neutral hard disks to occur at ny cd> ~ 4,
where ny ¢ is the isotropic-phase number density at the tran-
sition point, and d is the disk diameter. Using this rela-
tion, we estimate the charge on a gibbsite platelet by assum-
ing that d = 2[(R) + k'] and ny.c = dyrc/ (7 (R*h)), with
k% = 4nLg(nyLc|Z| + 2ns) /(1 — ¢yLc). For the considered
large concentration at the I/LC transition point, the residual
salt contribution to k can be neglected. Solving for the ef-
fective platelet charge gives the value Z = 71. For simplicity,
and since the concentration dependence of Z for gibbsite in
DMSO is unknown, this effective charge value is used in all
our calculations, independent of ¢. According to?3, Z =71 is
a reasonable charge value for gibbsite platelets.

As demonstrated in Fig. 4, decently good fits of the experi-
mental I(q) in the probed g-range are obtained from adjusting
the only remaining fit parameter, @.f, entering into the MPB-
RMSA calculation of S(g). The global factor Iy in Eq. (3)
only sets the overall intensity scale and is therefore system in-
dependent. Assuming a homogeneous linear relation between
Per and @, so that ¢er = 0 for ¢ = 0, from our fit we obtain
et = 1.93¢.

While the theoretical fit of the SLS I(q) is satisfying, future
SAXS measurements are required to obtain /(g) in a more ex-
tended g-range which covers all its structural features, allow-
ing for a more detailed fitting.

The effective sphere interaction model in combination with

the rotational-translational decoupling approximation is easily
generalized from the SLS intensity to the normalized time-
dependent electric field autocorrelation function, which for
small g in VV (=VU) geometry is given by

eWV(gn) =1 - Ble WO 4 Bs(g—0)e=a P (7)

with B = X(0)/[X(0) + (1 — X(0))S(0)]. Here, W(¢) =
1/6 < [r(t) —r(0)]* > is the mean-squared displacement of
a charged effective sphere at center-of-mass position r(¢) with
initial (short-time) slope Df , and final (long-time) slope DZL,
where DF < D7 < DY. Moreover, on ignoring the very small
difference between long- and short-time collective diffusion
coefficients, which becomes noticeable at very high concen-
trations only, D, is given by D. = DYH(q — 0)/S(q — 0),
where H(gq) is the so-called hydrodynamic function 63949,
Eq. (7) is fully consistent with the for the gibbsite in DMSO
suspensions observed two-mode decay of the IACFs, fitted us-
ing Eq. (1) with B, = B; ~ 1 in the concentration range where
the effective sphere model applies, and with the interpreta-
tion of the experimental D, as a long-time self-diffusion coef-
ficient. We note that in the simplifying model considered here,
the diffusion coefficients of platelets are simply approximated
by those of the effective charged spheres.

Using the effective sphere parameters ny = 7UM, a = 32.5
nm, and Z = 71 determined as described above, and on varying
the (effective) volume fraction in small steps using the rela-
tion ¢err = 1.93¢, a set of S(g)’s has been generated using the
MPB-RMSA scheme, which in turn was employed as input
to the otherwise parameter-free self-part corrected 8y method
of calculating H (¢) >>3%-33, The corrected 8y method includes
many-body hydrodynamic interactions in an approximate way,
making predictions for the H(g) of Brownian spheres with
Yukawa-type repulsion in overall good agreement with Stoke-
sian Dynamics computer simulation results>2.

Regarding the approximations invoked in our simplifying
analytic model, the agreement between the calculated D, (¢)
and the experimental data is rather satisfying. The increase of
D, with increasing ¢ to values about 20 times larger than D?
is qualitatively captured. The theoretical D, reaches a shallow
maximum at about ¢ = 3%, originating from the interplay of
osmotic compressibility and sedimentation coefficient H(g —
0) as discussed, e.g., in26:54,

The large-¢ limiting value of H(q) is equal to the reduced
short-time self-diffusion coefficient DS /DP. The self-part cor-
rected §y-scheme result for D (¢) is included into Fig. 3 (see
also the inset). In the explored ¢-range, D5(¢) decreases
only mildly with increasing ¢. Its ¢-dependence is over-
all well described by the form (1 —a,0%/>)D? with a, ~ 2.9,
which is the typical concentration-dependence of D5 for low-
salinity systems of charged spheres?’. For ¢ > 2%, however,
the decay of the experimental (long-time) D, in Fig. 3 with
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increasing ¢ is very strong. For volume fractions ¢ 2 7%
near to ¢ c, D; has decreased to values less than 1% of D?.
This is similar to the slowing down of self-diffusion seen for
block copolymers in a neutral solvent when the disordered-
ordered transition is approached’, in polymer solutions with
increasing concentration 38, and also for polymer grafted clay
particles . The measured values of D*/D? for gibbsite are
much smaller than those reached by the long-time transla-
tional diffusion coefficient of low-salinity charge-stabilized
spheres in the fluid phase, which reaches its minimal value of
DE/DP ~ DF/D} 0.1 at the freezing transition volume frac-
tion @ 3657 For the effective sphere model used here, ¢ can
be estimated on basis of the empirical Hansen-Verlet freezing
criterion, S(gm, Peft = ¢f) ~ 3.1, for charged spheres at low
salinity %360, With §(q) computed in MPB-RMSA, this results
in the freezing transition volume fraction @ = 42%, corre-
sponding to ¢ = @egr/1.93 = 22%. If gibbsite platelets would
behave exactly like effective spheres, this would mean that
they freeze into a crystalline phase at ¢ =22%. The large dif-
ference in the concentrations of the I/LC transition of platelets
and the fluid/crystalline transition of effective spheres, and
the enormously different ratios D*/D; at the two transitions,
highlight again the failure of the effective sphere model at
larger concentrations.

We attribute the strong decay of the experimental D, at
larger ¢ to the uprising influence of the anisotropic electro-
steric interaction parts, and to the hydrodynamic rotational-
translational coupling effects in platelet systems. These
anisotropic interaction effects, not included in the effective
sphere model, cause an additional strong slowing down of the
translational and rotational self-dynamics. The inset in Fig. 3
displays the experimental data for D,/D? (and D} /DY) on
a smaller concentration range ¢ < 0.025, in comparison with
the corrected §7y-scheme predictions for D7 /DY, and simpli-
fied mode-coupling theory (MCT) results for DX /D? within
the effective charged sphere model. In the simplified MCT
result, the enhancing influence of HIs on DF, typical of low-
salinity systems, is accounted for®!~3. Note here that the peak
height, S(g,,) = 1.7 of the static structure factor at ¢y .c = 8%
is still rather close to one so that our usage of the simplified
MCT solution in place of the fully self-consistent MCT solu-
tion for DF is justified.

The short-time rotational self-diffusion coefficient, Df , In
charged-sphere colloidal systems follows at low salinity to a
good accuracy the scaling relation DY /D% = 1 — a,¢%;, with
a, =~ 1.3, in the whole ¢-range covered in Fig. 32>, This
curve is shown as the solid blue line in the inset of Fig. 3.
Different from platelets with 4 > 0, spheres are characterized
by a single zero-concentration rotational diffusion coefficient
D? = kT /(87wnoa®). Note here that DS /D? decreases less
strongly with increasing ¢ than the experimental Df /D?. This
difference originates from the shorter-ranged hydrodynamic

self-coupling of rotational motion*. The experimental diffu-
sion coefficients D, and D;- depicted in Fig. 3, obey overall
the same ordering relation D;-(¢) > D;(¢) as their short-time
counterparts in the effective sphere model.

The low-g expression for gYH (g,t) in our simplifying model
is given by (see, e.g.,>*%%)

& (g,1) = e TVOG,(1), ®)

where G,(t) =< Py((r) - @(0)) > is the rotational self-
dynamic correlation function of spheres, with the optical axis
of a sphere characterized by the unit vector @, and with P, de-
noting the 2"-order Legendre polynomial. In the derivation
of Eq. (8), it has been assumed that the translational-rotational
motions of a particle are decoupled®*. This decoupling is ex-
actly valid for hydrodynamically interacting spheres at short
times only. For non-spherical particles, it is an approximation
even to linear order in 7.

At short times, G,(t) = exp{—6D5t} decays exponen-
tially. At long times, however, G,(¢) decays in principle non-
exponentially, with an average decay rate somewhat smaller
than D334, While a genuine long-time rotational self-diffusion
coefficient does not exist, one can define instead a mean orien-
tational self-diffusion coefficient, D,, determined by the time
dependence of G,(t) for all times. A corresponding D, of
platelets is shown indeed in Fig. 3, as obtained in panel (d)
of Fig. 2 using the KWW analysis. The calculation of D, for
colloidal hard spheres in3* suggests that D, is only slightly
smaller than Dy, at least for smaller values of ¢. The mean ro-
tational diffusion coefficient D;- depicted in Fig. 3, however,
decreases very strongly at larger ¢, to an extent comparable
to that of D;. Like for D,, we attribute this strong decline of
D at larger ¢ to the strong anisotropic electro-hydrodynamic
coupling of the charged platelets.

3.3 Steady shear viscosity results

It is interesting to note from Fig. 3 that the strong decline of
the experimental D, /D? and D, /D? with increasing ¢, is qual-
itatively similar to the concentration dependence of the nor-
malized inverse low shear-rate limiting viscosity, 1o/n. To
obtain the low-shear rate viscosity data shown in Fig. 3, us-
ing an AR-G2 rheometer, we have measured the viscosity as a
function of shear rate y for various concentrations. Results of
these measurements are depicted in Fig. 5, not unexpectedly
showing that the gibbsite suspensions are shear-thinning, with
the shear-thinning regime shifting to lower shear rates with
increasing volume fraction. The low shear-rate limiting vis-
cosity 1 is identified by the (mean) Newtonian plateau value
at low shear rates, with results depicted by stars in Fig. 3.
For technical reasons, no reliable viscosity data have been

obtained for very low shear rates 7 < 1s~!. Moreover, for
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Figure 5 Shear viscosity 1 of gibbsite platelets in DMSO versus
shear rate 7, for ¢ = 7.6%, 6.9%, 5.4%, 4.0%, 2.4%, and 1.45%
(from top to bottom).

technical reasons our viscosity data do not include the low-
concentration regime from which the ¢-independent intrinsic
viscosity ,[1] = limy_o(1n —1o)/(N0¢), could be determined,
which depends on p only. For a sphere (p = 1) with stick
hydrodynamic boundary conditions, [n] = 2.5, and larger val-
ues for [n] are obtained with increasing asphericity. From the
power-law representation of the simulation data in'? for the
intrinsic viscosity of thin cylinders, [] = 6.8 is obtained for
p =0.087. This value is similar to the one observed in®. Note
that a spheroid of equal aspect ratio has a distinctly larger in-
trinsic viscosity of [1] ~9.1.

4 Conclusions

Using (D)DLS, SLS and viscometry, we have determined the
VU and VH intensity autocorrelation functions, the scattered
intensity I(g), and the steady-shear dispersion viscosity of
charged Gibbsite platelets in DMSO at low ionic strength. The
experiments cover the concentration range from very dilute
systems up to the I/LC transition. Our usage of DMSO as a
solvent with a refractive index close to that of gibbsite, has en-
abled us to determine the low-g dynamic scattering functions
without the necessity of invoking elaborate X-ray photon cor-
relation spectroscopy measurements.

We have provided a clear identification of the (partially
stretched) fast and slow modes in the VU and VH measure-
ments, with the associated long-time translational collective-
and self-diffusion coefficients D, and DL, and the mean ro-
tational diffusion coefficient D;-. A fast relaxation mode in
the dynamic scattering data has been frequently reported in
relation to the liquid-glass transition, the glassy state and also
for polymer coated clays®%%. In the present study on rigid
and non-permeable gibbsite platelets, an essentially single-
exponential fast mode in the VU intensity autocorrelation

function is found also in the isotropic phase. We have iden-
tified it with the collective diffusion mode characterized by
D.. Furthermore, we have provided arguments, both exper-
imentally and theoretically, that the coefficients D, and D;-
obtained in our modes analysis, should be identified, respec-
tively, with the translational long-time and the mean rotational
self-diffusion coefficients of gibbsite platelets.

The most striking experimental observation is the extraor-
dinarily strong decrease of the translational and rotational
self-diffusion coefficients in the pre-transitional concentration
regime from ¢ ~ 2% to ¢y c =~ 8%. The strong decline of
these coefficients with increasing concentration is accompa-
nied by a similarly strong decline of the inverse zero-shear-
rate steady-shear viscosity. Examinations of possible gener-
alized Stokes-Einstein relations between viscosity and diffu-
sion coefficients in concentrated platelet fluids could be the
topic of a future study based on the present work. As we have
discussed in detail, the dramatic decrease of the experimental
self-diffusion coefficients can not be understood on basis of
a simplifying effective sphere model, for the reason that the
translational-rotational coupling of isotropic spheres is very
weak in comparison to the platelets.

Different from the translational and rotational self-diffusion
coefficients, the experimental D, varies only little in the pre-
transitional concentration regime, with values about twenty
times those of the single-particle translational diffusion coef-
ficient. Similar to suspensions of charge-stabilized colloidal
spheres at low ionic strength, the D, of gibbsite grows initially
with increasing concentration before traversing a flat maxi-
mum (or plateau-like region).

The experimental findings for the diffusion coefficients
have been compared with theoretical predictions by a simpli-
fying effective sphere model where the direct platelet inter-
actions are approximated by a spherically symmetric electro-
steric repulsion of DLVO type. The effect of the hydrody-
namic sphere-sphere interactions is fully accounted for in our
model calculations.

The effective particle charge was estimated from the I/LC
transition concentration as being Z = 71. This charge value
was kept constant in our model calculations, independent of
particle concentration and salinity. An unambiguous deter-
mination of Z in its dependence on ¢ and n; would require a
broader g-range than accessible by SLS which, except for very
low gibbsite concentrations, covers wavenumbers only below
the principal peak position of I(g). An extended wavenumber
range can be probed in future SAXS and XPCS measurements.
At low concentrations and within the low-q regime accessed
by SLS, I(g) is well reproduced in our simplifying decoupling
method where correlations between particle positions and ori-
entations are neglected.

The effective sphere model gives the correct trends fol-
lowed by the experimentally determined transport coefficients
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of gibbsite. In particular, the behavior of D, is reasonably
well described over the probed concentration range, and the
ordering in the magnitudes of the reduced translational and ro-
tational self-diffusion coefficients is correctly predicted. The
effective sphere model is severely more inaccurate in its quan-
titative predictions regarding DL and D;-, which both are more
sensitive to the anisotropic direct and hydrodynamic interac-
tions than the collective diffusion coefficient. The dramatic
decay of the self-diffusion coefficients to less than 1% of
their respective infinite dilution values near ¢y ¢ is not repro-
ducible in the sphere model, where values DF > 0.1 x D? are
predicted throughout the fluid-phase regime.

A more refined future modeling of gibbsite in DMSO
should account for the shape-dependent direct interaction con-
tributions to /(g) on using, e.g., the well-established PRISM
model®’-7°. However, regarding dynamic quantities, it will be
very difficult to include the shape-dependent hydrodynamic
interactions without resorting to numerically very expensive
multiparticle collision, fluctuating lattice Boltzmann or Stoke-
sian Dynamics simulations. It will be also relevant to con-
sider in more detail the interrelated effects of size, shape
and interaction polydispersity. From an experimental view-
point, future X-ray or neutron scattering studies which cover
a broader wavenumber range, and frequency-resolved viscos-
ity measurements, will further advance our understanding of
anisotropically interacting colloidal particles.
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