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Long-time translational self-diffusion in isotropic and nematic dispersions of colloidal rods
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Long-time self-diffusion in dispersions of rigid colloidal rods with an aspect ratio of 19 is studied with
fluorescence recovery after photobleachiffRAP) in isotropic and nematic phases. The long-time self-
diffusion coefficientD!, is found to decrease linearly with concentration up td0¥) ¢=0.12 (with L the
length andD the diameter of the rods, anglthe volume fractiop In the isotropic phase in coexistence with
the nematic phaseD; remains virtually constant at about 1% of its value at infinite dilution. In the nematic
phase long-time self-diffusion is found to be ten times slower than in the coexisting isotropic phase. In
addition, by modifying the FRAP geometry we were able to distinguish between sidewise and lengthwise
diffusion in aligned nematic phasd$§1063-651X%98)11712-9

PACS numbg(s): 82.70.Dd, 83.10.Pp, 83.70.Jr

I. INTRODUCTION aspect ratio of the boehmite rods is almost three times larger.
In addition the double-layer repulsion is longer ranged in the
Large differences in both dynamics and phase behavior gfurrent dispersion. These differences have a distinct effect on
rodlike particles and macromolecules can evolve at low volihe physical properties of the dispersion. The boehmite dis-
ume fractions when the rods are long and thin. In this papepersion separates into an isotropic and a liquid crystalline
we study the long-time dynamics ofdividual rods interact- nematic phase at a high enough rod volume fraction. In the
ing with other rods, a property called long-timselt nematic phase the rods are orientationally ordered and their
diffusion. mean orientation is characterized by the director. The degree
Self-diffusion can be studied by dynamic light scatteringof alignment of the rods around the director is quantified by
(DLS), but for this one needs tracer systems, which are difthe orientational order parameter. A theoretical explanation
ficult to prepare. In addition it is not trivial to extract true for this phase transition was first given by Onsafggr
long-time results from DLS data. More suitable techniques Lateral-diffusion measurements of phospholipids in mul-
for Studying |ong_time self-diffusion are forced Ray|eigh tilamellar quuid crystalline and Iarge bilayer vesicles have
scattering (FRS and fluorescence recovery after pho-been reported in the literatuf6,7]. In addition fluorescence
tobleaching(FRAP). Both techniques require particles that microscopy has been used for studying diffusion in nematic
are labeled with an appropriate photosensitive dye. Wangﬁ0|uti0ns of semiflexiblé=-actine filament$8]. However, to
Garner, and YJ1] performed FRS experiments with short our knowledge long-time self-diffusion measurements in lig-
DNA fragments(150 base pairs in lengthwhereas Biet al. uid crystalline solutions ofigid, colloidal rods have never
[2] performed FRAP measurements on PBLG polymers obeen reported in the literature. With the colloidal system
various molecular weights. In addition self-diffusion proper-used in this study we were able to measure diffusion coeffi-
ties of phage. DNA with lengths of about 50 000 base pairs cients in both the isotropic phase and the nematic phase. In
were studied by Scalettar, Hearst, and KIE®). All poly- addition diffusion along and perpendicular to the nematic
mers used in these studies are to a certain extent flexible. vahrector could be distinguished by proper adaptations of the
Bruggen, Lekkerkerker, and Dhot] used inorganic colloi- geometry of the FRAP setup.
dal silica (SiQ) rods as a model system for truligid rods. The outline of this paper is as follows. In Sec. Il the
Their data show an extended linear dependence between tRgeparation and modification of the colloidal system under
long-time self-diffusion coefficient and concentration. In theinvestigation is presented and details of the experimental set-
other studies mentioned, a Concentratiiuﬂependence at ups are given. In Sec. Il relevant theoretical predictions are
low polymer concentration2] and an exponential decay of presented. In Sec. IV the results on both the characterization
the long-time self-diffusion coefficiertl] was found, indi- of the colloidal system as well as on the diffusion data are
cating that flexibility strongly affects the self-diffusive be- presented and discussed. Section V finishes with a summary.
havior of rodlike particles.

In this paper, we describe the preparation of a dispersion Il. MATERIALS AND METHODS
consisting of rigid fluorescent colloidal boehmit&lOOH)
rods of which the concentration dependence of the long-time A. Colloidal system

self-diffusion coefficient is measured with FRAP. Compared )
to the silica rod dispersion used in our earlier st(idy the 1. Boehmite rods

The system used in this study consists of inorganic boeh-
mite (AIOOH) rods dispersed in water. Boehmite rods were

* Author to whom correspondence should be addressed. prepared according to the procedure of Buingil.[9]. To
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2 | demineralized water, 32.0 g aluminum-tri-iso-propoxide B. Diffusion measurements
(AIP 98%, Janssen chemicand 40.2 g aluminum-tri-sec-
butoxide (ASB, Fluka chemicawere added and the turbid 1. Dynamic light scattering

mixture was stirred in a closed vessel for seven days. After The translational diffusion coefficie, in the limit of

autoclavation for 22 h at 150°C and 4 bar, the resultinginfinite dilution was measured with DLS. In a DLS experi-
boehmite sol was dialyzed against flowing demineralizednent one measures, as a function of the scattering afgle
water for seven days. At neutral pH the rods are positivelythe intensity autocorrelation functichACF). The decay of
charged and are stable at low ionic strength. At concentrathe IACF contains information about both translational and
tions of (1-1) electrolyte of the order of I0" M the rods  rotational diffusivity of the rods. However, fd¢L <5 rota-
rapidly form gels. tional contributions may be neglected and the decay of the
To protect the rods against gelation at conditions wheréormalized IACFg,(K,t) is described by15]
double layer repulsion is small, a polyaluminum oxyhydrox- .
ide coating is adsorbed onto the boehmite rod surfaces. This 0(K,t)=~1+exp—2K?Dot), KL<5, (2.1
polyaluminum oxyhydroxide is formeéh situ by adding )
Al (OH)sCl 2-3H,0, aluminum chlorohydratéACH), to the ~ With the wave vectoK equal to
aqueous boehmite sol. The ability of this inorganic grafting
to protect rods against gelation by screening van der Waals K= 47Tnmsin(f) 2.2
attraction is evidenced by the strong increase of the mini- A 2)’ '
mum concentration of1-1) electrolyte necessary to gel the
dispersion[10], which concentration is referred to as the whereny, is the refractive index of the dispersion medium
critical gel concentratioricgc). To the boehmite dispersion, and\ the wavelength of the laser in vacuo. A krypton laser
0.5 mass % ACHLocronp, Hoechst was added as a pow- (Spectra Physics 202@vas used that operates at a wave-
der and after 1 min of gently shaking the system was leflength of 647.1 nm. The dye molecules on the rods hardly
equilibrating for three days. This dispersion will be referredabsorb light at this wavelength so that heating effects are
to hereafter as BACHBoehmite-ACH. The cgc of the sol absent. This was checked by performing the measurements
has then leveled off to its maximum value. The pH of theon a sample with a volume fraction of 0.05% in 0.01 M NacCl
dispersion after the addition of ACH dropped to 4—4.5.at two different laser intensities yielding the same results.
ACH solutions at this pH are known to form The IACF's were fitted to a function that included effects of
Al 130,(OH),4(H,0)1,"" polycations[11-13, further abbre-  polydispersity:g,(K,t) = a; +a, exd —b(K)t+c(K)t 2], with
viated as Al;, which have a strong affinity for oxidic sur- b(K) the decay exponent are{K) the second cumulant.
faces[14].

2. Fluorescence recovery after photobleaching

Technical details of the FRAP apparatus used in this
study can be found in Ref§16—19. The wavelength of the
The stabilized rods were subsequently labeled with fluoArgon-ion laserSpectra Physics 200@vas 488 nm and the
rescein isothiocyanat@&ITC) in order to make them suitable ratio between reading intensity and bleaching intensity,
for FRAP measurements. The FITC labeling was performedvas about 103, During the reading, it was checked that no
by preparing a solution of 52.1 mg FIT@somer |, Sigma  bleaching occurred by monitoring the total fluorescent inten-
in 1.6 g ethanol[99.8% purity. Subsequently 5.6 mg of this sity directly after bleaching. The bleach pulse had a duration
mixture was added to 40 ml of a BACH dispersion~8  of 500 ms, which is small compared to the total measuring
g/l) and the sodium chloride concentration was then adjusteime, which varied from 1 to 20 min. The wavelengthr/X
to 0.01 M NacCl. The yellowish sol was centrifuged at 25000f the sinusoidal fringe patter(fringe spacing was varied
rpm for two days to separate the rods from free FITC mol-by varying the anglé under which the two interfering laser
ecules and ACH residual. The sediment was easily redisheams intersect. The wave veckois related to this angle as
persed in a 0.01 NaCl stock solution. This fluorescent system
is coded as BACH. Since the sediment still contains non- 4m (9) 2.3

2. Fluorescent labeling

- ; A X . K=—sin =
adsorbed ionic species, the ionic strength in the system will A 2

slightly change upon dilution. However, the;Akconcentra-

tion will never be larger than 3 mM, which is the total with A\=488 nm. Fringe spacings varied from 2@n for the
amount added. Furthermore, after removal of the free ACHlowest concentrations to gm for the highest. The fringe
desorption of grafting material might occur to reestablish thespacing was always much larger than the length of the rods,
ACH-boehmite adsorption equilibrium. Part of the nega-a condition that should be satisfied in order to ensure that
tively charged dye moleculd&ITC contains one carboxylic long-time diffusion is monitored. Due to diffusion the ampli-
acid group will be connected to the positively charged ACH tude S(t) of the fringe pattern decreases according4d9
grafting, and therefore desorption will be accompanied by a

loss of dye molecules. The extent of desorption was tested by S(t)ccexp(— D'S'Kzt), (2.4
sedimenting a BACH dispersion that had aged for one

month. The resulting supernatant was clear whereas the sedihereas the fringe spacing remains unchanged. In FRAP one
ment that contained the rods was strongly yellow coloredmeasures the temporal decay of this amplitude. The decay
Apparently desorption of dye molecules, and thus ACH speshould be monoexponential for a genuine self-diffusion pro-
cies, is insignificant over this period of time. cess. All decay curves were fitted to a single exponential
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with 7, the viscosity of the solvent, the length of the rod,
andD its diameterkg Boltzmann'’s constant ant the abso-
lute temperature. The last three terms within the square
brackets are corrections to take Stokes friction of the seg-
ments and end effects into account.

z-axis

B. Translational diffusion at higher concentrations

At increasing concentrations, the rods will start interact-
ing and Eq.(3.2) is not applicable anymore. For hasgheri-
cal particles, expressioni21,22 are derived, which give the
first-order concentration dependence of the long-time trans-
lational self-diffusion coefficienD?, and which describe ex-

perimental the data very wdll8,19. An expression for the

FIG. 1. Schematic drawing of the FRAP geometythe laser  concentration dependence Bt for rods with finite aspect
beams are parallel to the ground plane and the wave vector of thgtios in the dilute regimé $<(D/L)?], with ¢ the volume
fringe pattern is perpendicular on the nematic direddothe beams  fractiory is still lacking. Expressions for the concentration
are in a plane perpendicular on the ground plane, yielding a fring%ependence obL at higher concentrations that have been
pattern with a wave vector virtually parallel to the nematic director.gerived for rodlilie particles always separate the concentra-
The sinusoidal curves give the fluorescent intensity as a function Otion dependence ob, from D, . At semidilute concentra-
the x coordinate. InA, D5, is monitored whereas iB, D5, is tions [(D/L)2<¢<DH/L] OneLéssumes thad, is not af-
monitored. fected by interactions, that isD,=Dg,, with Dg, the
lengthwise diffusion coefficient at infinite dilution, whereas
at higher concentrationsg(>D/L) it is assumed thab
=0. These assumptions may be reasonable for very long and
éhin rodlike polymers but fail for particles with only moder-
ate aspect ratios because then the concentration dependence
of D, andD, become more and more alike. Sato and Tera-
moto [23] calculatedD, as a function of¢ at volume frac-
tions aroundD/L assuming that diffusion takes place in
tubes [24], implying that D, =0. By applying the same

athematical formalism, Teraoka and Hayakd@%| calcu-
ated the concentration dependencégf. Combining these
expressions and orientationally averaging according to Eq.
(3.1, where it is assumed that local orientational correlations
are absentD;($) becomes

~exd — a(K)t] where a(K) is equal toK?D. with D% the
long-time self-diffusion coefficient, which is the quantity of
interest.

Let B denote the angle between the director of the nemati
orderingn and the wave vectdt of the fringe pattern. In the
current FRAP setup we were able to measure at angles
=0 as well as atB==/2. For =0 decay of the FRAP
signal is due to diffusion parallel to the nematic director
whereas forB= 7/2, diffusion perpendicular to the director
causes the FRAP signal to decay. The cuvette was placed
a vertical position, so thah always pointed vertically. In
order to chang@ the main laser beam was split with a beam
splitter into either a horizontal or a vertical beam, perpen
dicular on the horizontally passing main beam, as depicted i
Figs. 1@ and Xb), respectively. The split beam was then L ,
reflected by a piezomodulated mirror and intersected with Ds(¢) _ 5Doy
the main beam in the sample, giving rise to the mentioned Do Do
sinusoidal fringe pattern.

L 2 1-2
1+ 7_1/2477_1(5) (b}

N 3Dy
I1l. THEORY OF TRANSLATIONAL DIFFUSION DO

1®a_1477_1(£)2d)r ¢~DI/L
5 ,

A. Translational diffusion in the limit of infinite dilution (3.3

The translational diffusion coefficierid of a Brownian
rod in the isotropic phase is the orientational average of th
diffusion coefficients alongd,) and perpendicularly,) to
the rod’s long axis, assuming that local orientational corre
lations are absent:

with Do, the sidewise diffusion coefficient at infinite dilu-

fion. By comparing their theory with experimental data ac-

cording to Sato and Teramof@3], a has a universal value

of 13+2. The factory™*? in Eq. (3.3 is not known. The

prefactors; Dg, /Do and; Dg,/D, become equal tg for
D=1iD,+2D,, (3.1  high aspect ratio rods. For moderate aspect ratios the expres-

sions of Tirado, Martinez, and de la Tofr20] for D, and

In the limit of infinite dilution the rods move without inter- D¢, should be used although the validity of E@.3) for

acting with other rods and only experience hydrodynamicsmall aspect ratios is questionable since entanglement is es-

friction with the solvent. In this case, nhow denoted aby, sential in the theoretical approaches underlying E33).

is given by[20] Moreover, Eq.(3.3 exhibits a minimum at higher volume
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FIG. 2. Transmission electron micrograph of aluminum chloro- =
hydrate stabilized boehmite rods which are fluorescently labelec g oo N
with fluorescein isothiocyanate. The dispersion is coded as BACH = Z
The ACH coating is invisible on this micrograph due to its low oo .
contrast. ' 4 16 18

fractions that is definitely unphysical. Note that the concen- diameter (nm)

. l 2 . . .
tration of rods appears asm *(L/D)“¢ in Eq.(3.3). This is FIG. 3. (8 Length distribution of BACH as determined by

equal to the number of rods in a volunte’ a“‘?' is only image analysis(b) Diameter distribution of BACH as determined
moderately dependent on the salt concentration when thgy image analysis.

rods are long compared to the Debye length.

The difference in both the concentration and the orienta- - . .
tional order parameter between the isotropic and nematii,samples were prepared by dipping copper grids coated with

phases will alter the diffusivity of the rods in these phases'ormvar into a very dilute aqueous boehmite dispersion to
Due to the orientational correlations in the nematic phase th&hich 50% ethanol was added to promote spreading of the
orientational average dbt as given by Eq(3.1) does not solvent on the hydrophobic formvar. From.the TEM micro-
hold anymore. As far as we know there is no theory dealing"@Phs the average lengthand average diamet® were
with this matter. One can reason that, on the one hand, due #$termined with the help of an interactive image analysis
the alignment of the rods the excluded volume decreaseSyStem- The length and width distributions are given in Figs.
which enhances translational diffusion. On the other hand3@ and 3b) and the average dimensions are collected in
the higher concentration in the nematic phase will tend to able |.
decrease translational diffusion. HAR will be altered in _ ) _
the nematic phase compared to the isotropic phase depends 2- Correcting the size of the rods for the ACH-grafting
on the balance between these two opposing effects. and the double-layer thickness
The amount of aluminum present in the supernatant of a
IV. RESULTS AND DISCUSSION centrifuged BACH dispersion was determined by atomic ab-
A. Colloidal system sorption spectroscop{AAS). From this the amount of alu-
minum adsorbed onto the rods was calculated, which was
found to be 34 mg Al per gram of rods. The dimensions of
the rods obtained with TEM should be corrected for the in-
A TEM micrograph(Philips, CM1Q of the BACH sys-  creased volume of the rods due to the grafting of ACH, since
tem after centrifugation and redispersion is shown in Fig. 2.the low-contrast ACH grafting is invisible on the TEM mi-

1. Transmission electron microscopy (TEM)
and image analysis

TABLE I. Average dimensions of the BACHrods determined with TEM.

Length Rel. stand. dev. Diameter Rel. stand. dev.
System (nm) (%) (nm) (%) L/D? (L/D) g
BACHF 257 28 9.4 19 19 7.3

8 /D is the aspect ratio of the boehmite rods corrected for the adsorbed ACH-layer thifseed(4.3)].
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crographs. In view of the equilibrium composition of ACH at =0

pH 4-4.5[11] the adsorbed aluminum will be present in the ]
Al 5 form on the boehmite surfaces. Using the specific den
sity pai, of an Al unit, which is 2.410° g/m® [13], and ~_ ¥
the specific surfaca of these boehmite needles of 208/n & 1 /
[26,27], the coating thicknes§ is found to be equal to g ® NEMATIC |
§ ISOTROPIC : o+ 1
5= %%2 1 nm (4.1) S 20 // ISOTROPIC_|
13M AIPAI L R
5 10
with M, andM , the molar weights of Al (1040 g/mo) = . acH’
and aluminum(27 g/mo), respectively, andn the adsorbed 1 BACE /0.0IM NaCl
amount of aluminum. The corrected volume fractipof the 000 T o8 s e
rods is then calculated by ’ ' ' ' ' '
¢ (%)
2
b Uy :(Lbare+ 206)(Dparet26) o= 2.1 FIG. 4. The change of the nematic fractiovolume nematic
U pare’ "2 LareD Zare bare™ & X bare: phase/total dispersion voluinas a function of the overall volume

(4,2  fraction ¢ for BACHF dispersions without added NaO®) and
with 0.01 M NaCl (H). The solid lines are polynomial fits. The

With Lyae and Dyare Understood to represent the averagenor‘”_”ear increase of _the nematic f_rgction is caused by the pol)_/dis-
length and diameter, respectively, as determined with tran€7Sity of the boehmite rods. Addition of NaCl to the dispersion
mission electron microscopy, and whebg, . is the volume Igads to a shift ofh, to _hlgher volume fractions. From a polynomial
fraction of bare boehmite rods with volurpe ,,.andv, the fit, ) and ¢y for the dispersion with 0.01 M NaQWh'OCh was used
volume of the rods with the A4 grafting. In the following, in this FRAP study were estimated as 1.9 and 3.3 %, respectively.
all volume fractions of BACH dispersions are corrected for
the presence of adsorbed
now equal to

I Th d - 2" sion between parallel rods at the same surface-to-surface dis-
181 The corrected aspect ratio IS 406 Accordingly the effective hard-core volume fraction
dest bECOMES

L Lpaet2d Dert| ®
5_m~19’ (4.3 beri=| | ¢=7-00. (4.9

whereL andD represent the length and diameter of thg;,Al The effectiV(_e har(_j—core aspect ratio and effective hard-core
grafted rods, respectively. In addition the charge on the rod¥olume fraction will be used in Sec. IV B 2 where the FRAP
also leads to an effective increase of the size of the rod$lata are compared to computer simulations on hard rods.
Effective hard-core dimensions are introduced by noting that - )

rods can approach each other until their double-layer repul- 3. Stability and phase behavior

sion has become of the order okgT. This procedure leads The ACH grafting increases the cgc from 0.05 to 0.2 M
to an expression of the effective hard-core diamdgy, KCI [10] in boehmite dispersions with a volume fraction of
which is given by{4] 0.3%. The surface potential, increases only slightly from
+70 to +78 mV, which cannot explain this enormously in-
creased stability. The enhanced stability is mainly attributed
to the fact that the surface charge on the rods is effectively
situated at a distance equal to the ACH grafting thickn®ss
from the boehmite surface, while in addition the ACH layer
with ¢ the molar salt concentratigper n?), N,, Avogadro’s ~ contains a considerable amount of hydration water, making
constant, andg,| the absolute surface potentiéi7.8 mv  the van der Waals attraction between these layers negligible
Ref.[26]), F Faraday's constant anel ! the Debye lengthin  [10] o _ _

0.01 M NaCl, which is 3.0 nm. In the BACHdispersion Contrary to the boehmite dispersion without AQES,

Do is then found to be 35.8 nm. Consequently foer-  the BAQHc dispersion quickly separates into a nemghg
rected aspect ratio changes into an effective hard-core as2nd an isotropi¢l) phase when a threshold concentratipn

Deg=D+ k1In| 64(3 7)Y2cN,, tant?

F| (P0| 1/2;
—(3/2)
4RT D™«

(4.9

pect ratio /D), which in 0.01 M NaCl is given by is reached. Figure 4 shows that the boundaries of the bipha-
sic region of a sample with 0.01 M NaCl are situated be-
L Li2s tween¢, =1.9% and¢y=3.3%. Heregy was estimated by
<_) = ~7.3, (4.5 fitting the relative nematic fraction versus the volume frac-
D/ D+26+7.4c 1 tion with a fourth-order polynomial. For a BACHsample

without added saltg, shifts to 1.5%. This can be explained
Only the diameter is corrected for double-layer repulsionby the larger excluded volume of a rod at lower ionic
since the double-layer repulsion between two rods in a headstrength that driveg, to lower valueg5,28]. Figure 5 shows
to-tail conformation is much smaller compared to the repul-a polarization micrograph between crossed polarizers of the
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FIG. 5. Polarization light micrograph of a phase separating F!C- 6. Polarization light micrograph between crossedrth-
BACHF dispersion with 0.01 M NaCl between crosgedrth-south south and east-we);polarlzers Qf a phase separating dispersion of
and east-westpolarizers. The bar represents 40én. The upper fluorescent boehmite ron whl_le spun d_own at 500 rpm._The bar
part is the isotropic phase containing droplets of nematic phase th&gPresents 40am. The picture is taken directly after switching off
sediment under gravity and finally coalesce on the bottom to form &n€ centrifuge. The centrifugal force acts under an angle of 45°
nematic phase of macroscopic extent. Because of the alignment gewnwards. The largest tactoids are strongly deformed in this di-
the birefringent rods in the nematic droplets the polarization direc/€Ction due to shear forces operating on these tactoids. The boeh-
tion of the incident light is changed and the droplets appear anite rods inside the tactoids point in the direction of the centrifugal

bright or dark, depending on the orientation of the rods with respectorce: The smaller tactoids are clearly much less deformed by the
to the polarizer. centrifugal action.

in this way, the tactoids are elongated into thin threads con-
taining rods pointing in the direction of the flow. Having
fixed the orientation of the rods in this way, \aplatelet

interface between the birefringent nemdtimwver) phase and
the isotropic(uppe) phase, the latter of which still contains

nematic droplets that “rain out” under gravity from the iso- (550-nm path differendawas inserted in between the sample

tropic phase. These droplef&ctoids contain the equilib- and the analyzer, and the object stage was rotated. If the rods

fum nematic phase and _uIt|mater coalesce to form a N€M3rientation coincided with the direction of largest refractive
atic phase of macroscopic extent on the bottom of the tub

Sndex of the platelet(commonly denoted by), the nematic
The phase that is formed in this way shows dislocations i ex P ( y V), I

Threads appeared blue whereas after rotating over an angle

the director of the nematic phase. In Fig. 5 these line dislo-W/2 they appeared orange. This proves that the direction of

cations appear as blagk zones, separating the bright_ birefr"?érgest refractive index is along the rolbng axis and the
gent regions. The position of these black zones continuouslyj o ion of smallestrefractive index is along the roshort

phanges when the object tablle of the polarization.microscopgxisl The elongated tactoids in the centrifuged samples also
is ro_tated. Appare_ntly th_e c_Jlrector of the nematic phase '%ppeared blue when placed paralleltoApparently, even
continuously sp_atlally dlstrll_auted. Be.c?‘use for the I:R'A‘Pfor these low shear forces, there is a strong tendency of the
measurements in the. hematic phase it is necessary to haqu'ads inside the tactoids to collectively align in the direction
smgle_—domaln nematic phase, the next paragraph descnbe%pthe centrifugal force. The elongated tactoids coalesce on
technique to globally align the nematic phase. the bottom of the cuvette and because of tiesdrinsic (par-
allel elongated tactoidsas well asintrinsic (parallel rods
inside the tactoidsorientational order, a single-domain nem-
BACHF dispersions of known volume and volume frac- atic phase is formed with the director parallel to the centrifu-
tion boehmite were sedimented and the sediments were remal force. This process is completed within 48 h. The single-
dispersed with 0.01 M NaCl up to a certain volume. Thesedomain nematic phase was recognized as such by the almost
BACHF samples were transferred to 1@@a-thick cuvettes total disappearance of the birefringence when the object
(Vitrodynamics Inc) with a flat bottom so that coexisting stage of the polarization microscofigossed polarizeysvas
volumes of the isotropic and nematic phase could be meaotated and the director of the nematic was made parallel to
sured conveniently from their height. Single-domain nematieither the polarizer or analyzer. Whether indeed a monon-
BACHF phases with a globally uniform director were ob- ematic is formed, strongly depends on the strength of the
tained by centrifuging phase separating samples inA®0- applied centrifugal force. For example, under gravity the tac-
cuvettes at 500 rpni~40 g. The tactoids which have a toids are only slightly elongated and the tactoids organize
higher average density than the coexisting isotropic phasthemselves into a “polycrystalline” nematic phase with line
sediment to the bottom of the cuvette and are elongated idislocations, whereas at spin frequencies of fn the tac-
the direction of the centrifugal force. This is shown in Fig. 6, toids melt due to the shear forces that become increasingly
where the centrifugal force is directed from the right top tostronger. The aligned nematics slowly rearranged in time.
the left bottom corner of the figure. The appearance of dislocations was followed by polarization
The orientation of the rods in the elongated tactoids wasnicroscopy and revealed that reorganizations qumascale
determined as follows. A phase containing large tactoids watok place on a time scale of hours. As will become clear
tilted in order to let the tactoids slide over the glass wall oflater, the self-diffusion processes in the nematic phase is
the cuvette. This was done for a short period of time totypically two orders of magnitude faster than the formation
prevent shear melting. Due to the large shear forces induceaf director dislocations. The slow formation of dislocations

4. Single-domain nematic phases
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will therefore not affect the FRAP measurements. ST y y y g /

5. Calculating the order parameter from polarization microscopy

With a A platelet the color of the single-nematic phase
changed from bluishr{ly) to yellow-orange L y) as the
objective stage was rotated over an anglert& and became 2 /'

deep blue again rotating/2 further. A blue color corre-
sponds to a total path difference of 700 niRef. [29])
whereas a yellow-orange color corresponds to a path differ-
ence of 400 nm. In the first case the total pathway has in-
creased by 150 nm whereas in the latter case it has decreased
by 150 nm. From these data the order parameter of the nem-
atic phase can be estimated. The order paraniBtgrcan be

defined ag§30] 1
by Ae An 4 0 /
( 2>_A_80~A_no’ 4.7

bK) (10°s™)

2
with Aeq the difference §,—¢g) of the dielectric constant K

Wlthm. a particle andie the rr?eas.,ured. anisotropy of the di- FIG. 7. The decay exponent of the intensity autocorrelation

eleptrlc constant. _The refractive indexs equal to\/_E. The function as a function of the squared wave vector for a BACH

optical pathway differenc&y between the two optical axes sample agh~0.0001.KL =5 is reached foK2~4x 10 m~2. The

of the dispersion can thus be written as solid line is a linear fit through the data points. From the slope the
size-averaged diffusion coefficient is obtained.

(10" m?)

Gg= #DANy(P,), (4.8
B. Diffusion measurements
where ¢ is the volume fraction of the rods aridl the thick- 1. Diffusion in the limit of infinite dilution
ness of the cuvette. The refractive index difference of the rod as determined with DLS

consists of two parts: the intrinsic contribution, which is
about 0.01 for boehmite rod81], and the form contribution,
which has its origin in the fact that the scattered light pro-

The decay exponett(K) is plotted versus the scattering
vector square&? in Fig. 7. The deviation from linear de-
pendency is attributed to polydispersity: at small angles,

duced by rodlike colloidal particles has a different polarlza-Iarge rods scatter most of the light contrary to larger angles,

tion direction than the incident beam. This effect becomes’ ¥ ~. : ;
L L ) ; . : . his is due to the fact that the scattering power of a single
very significant in dispersions of highly anisometric particles__ . -
particle scales with its volume squared and, moreover, be-

that are far from being index matched. The form effect al- :
L ; cause the form factor of a small scatterer decays slower with
ways enhances the refractive indexparallel to the rod axis. : . .
) . . K than of large scatterer®, was obtained from a linear fit
Peterlin and Stuaft32] calculated the dielectric tensor of a 2 . : .
. . : , of b(K) versusK< (see Fig. J. In this way a size-averaged
system of perfectly aligned colloidal rods with a uniform D. is obtained equal to 305410~ 13 m2s 1
length which is smaller than the wavelength of the incident ° q '
light and when the volume fraction of the rods is Igno

multiple scattering between distinct rgd$or large aspect 2. Behavior of O in the isotropic phase
ratios, a small intrinsic inhomogeneity and a not too large  Figure 8 shows that(K) indeed varies linearly witf2,
index mismatch, their result can be approximated by which confirms that indeed long-time self-diffusion is mea-
sured. The concentration dependencedgfin the isotropic
n§ 2\ 2 phase is depicted in Fig. 9 and can be divided into three
An=~An;+ t( 1- —2) , (4.9 regimes. At low concentrationsgi<0.008) a linear decrease
n Ns of D5 with increasing concentration is found. It is not certain

whether the linear decrease fg really starts atp=0 be-
whereAn; is the difference of the refractive index along the cause the lowest measurable concentration was at a volume
rods axisn, and perpendicular to the rods axig , and fraction of 0.003. Below this concentration the fluorescence
wheren,, is the refractive index of the solvent andis the ~ of the samples was too low to be detected. However, by
average refractive index of the rod€n,+n,). For boeh-  extrapolatingD back to¢=0, aD, of 30X 10 ¥ m?*s is
mite rods dispersed in water E@.9) yields 0.10. Using the found that is equal to th®, as determined with dynamic
estimated volume fraction of rods in the nematic phase, corlight scattering. This indicates thﬁIQ/DO indeed decreases
responding to a boehmite volume fraction of 1.6%, Eq8) linearly at smallg. Although DLS and FRAP yield different
yields a value for(P,) of 0.94. This indicates that the size-averaged diffusion coefficients, the measurements indi-
mononematics obtained by the procedure as described itate that the effect of polydispersity is not significant here.
Sec. IVA4 are highly ordered. Exactly the same feature was found for colloidal silica rods
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018 ; ; ' - are considered and hydrodynamic interactions are neglected.
T Lowen gives a fit function of the concentration dependence
0.14 w of D§/DO in terms of a power series of the aspect ratio and
L the volume fraction. The slope &5/D, versus the volume

0.12 fraction at low concentration as found in Fig. 9 is equal to
95+10. In order to compare our data with the BD simula-
0.10 tion, the dimensions of the rods are mapped on an effective
hard-core potential as demonstrated in Sec. IVA2. The ef-
0.08 /E fective volume fraction can be calculated with £4.6). The

slope oth/DO versusg then becomes 13:61.4, whereas
0.06 E for an effective hard-core aspect ratio of 7.3 a slope of 5.4 is
/{ l found in the BD simulation$34]. Likely, mapping the real
] potential onto a hard-core potential is only legitimate when
) ] k" 1<D. For the silica rods used in Rd#] the condition
k~1<D was satisfied and a good agreement with the BD
results of Laven was found. In addition it is unclear how
hydrodynamic interactions affedflg in dispersions of rod-
o 2 4 e e like particles interacting via long-range double-layer repul-
2 T sion.
K (10" m) In the second regime (0.0684<0.019) the concentra-
FIG. 8. The decay exponent(K) of the FRAP signal as a tion dependenceLis nonlinear. Deviation from. !inear depen-
function of the squared wave vector, measured in a sample with §€ncy occurs ab¢/Dy~0.4, whereas for the silica rodd]
volume fraction of about 1.7%. For a self diffusion proce¢&) is  this point was found to be @5/D,~0.15. Apparently non-
proportional tok 2, with the proportionality constant equal B . linear terms that contribute to the decreaseDQfare more
important in this system. It is difficult to say whether this is
[4]. To compare the experimentally determiri2g with Eq.  a consequence of the fact that the rods have a larger aspect
(3.2 using a solvent viscosity,,= 1.0 mPas for pure water ratio or whether the long-range repulsion is responsible for
at 25°C, a length equal tb=261.2 nm and a diamet&  this. The nonlinear regime is fitted to the Teraoka-
=13.6 nm, we find, to be 55.%4 10 ¥ m?s % As for the  Hayakawa/Sato-Teramoto expression given by B@®), us-
silica rods[4], we again find a theoretical single particle ing 47—ty Y4 L/D)? and 47 *a~(L/D)? as the fit pa-
diffusion coefficient which is almost twice as high as experi-rameters. The factors Do, /Dy and3 Dy, /D, are taken
mentally determined. Polydispersity will certainly contribute equal to. Apparently the shape of E43.3) can describe
to this discrepancy but the effect of an effectively higherour data in this region when# 1y~ Y4L/D)?=154+53
friction due to surface irregularities may play a role as welland 47~ 1o~ %(L/D)?=49=+6. Sincea is known, an “appar-
[33]. Lowen [34] recently performed Brownian dynamics ent” aspect ratio of 22 3 is found that is close to the aspect
(BD) simulations orhard spherocylinders with aspect ratios ratio of the BACH rods of 19. The reason why thard-core
up to 6. In this simulation only excluded volume interactionsaspect ratio instead of thedfectiveaspect ratio is found from
this fit is explained by the fact that the rod concentration in
T i ' ' ¥ ' Eq. (3.3 appears asl(/D)?¢, which quantity is not sensi-
1% 1 tive to the salt concentration when the rods are very long
08— compared to the Debye length in the dispersion. Using this
I ] apparent aspect ratioy” ¥ is found to be equal to 0.25.
4

aK) (s

0.04

0.02

0.00

1.0

When ¢>0.019 the Teraoka-Hayakawa/Sato-Teramoto ex-
- pression fails to describe the data; at this volume fraction the
_]@ 1 X T fit displays an unphysical minimum.
; In the third regime (0.01€ ¢<0.028)D§ in the isotropic
5 Teracka -Hayaiawa ] phase in coexistence with a nematic phase is reduced to

D
4

.
02 j\, Sato - Teramoto roughly 1% ofD,. For a monodisperse biphasic system of
B \ rods, an increase of the overall volume fraction will lead to a

S— linear increase of the amount of nematic phase, leaving the

- m .

0.0 . . . — =
0.000 0.005 0.010 0.015 0.020 0.025 0.030

concentration in both coexisting phaseschanged.How-
ever, the system under investigation is slightly polydisperse.
¢ For a bidisperse system of rigid hard rods it has been dem-

FIG. 9. The concentration dependence of the long-time self-C)mtr""t,ed_that the cpngentratiqns of the coexisting ph_ases
diffusion coefficient, normalized oB,, as a function of the vol- Ma&Y still Increase W'th Increasing overall volume fraction
ume fraction. After an initial linear dependenitbe dotted line is a  [32,36). This feature is reflected in our system by the convex
linear fit through the first four data pointshe decrease becomes increase of the amount of nematic phase with the overall
nonlinear. The solid line in this region is a fit to the prediction of Volume fraction as displayed in Fig. 4, as well as by the
the Teraoka-Hayakawa/Sato-Teramoto theory. In the biphasic resoncentration dependence Bt in the coexisting isotropic
gion Dg levels and the theory fails to describe the data. phase.
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FIG. 11. The concentration dependenceDif in part of the
FIG. 10. The decay of the FRAP signal versus time measured isotropic and the biphasic region in a log-linear representation. The

the isotropic and the coexisting nematic phasekdr=125x 10° two fat vertical lines delineate the biphasic region. In the isotropic

m~2, In the nematic phase the FRAP geometry was adjusted sugbhase(M) Dg decreases, even somewhat beygnd In the nematic

thatD, is monitored. phase, diffusion is about ten times slower. The dashed-dotted line is
an empirical fit of the forma10™° ¢ through part of the data in the
3. Behavior of I, in the nematic phase isotropic phasdsee text Diffusion perpendicular to the long axis

In the nematic phase coexisting with an isotropic phaSGOf the rods(®) is two times smaller than diffusion parallel to their
long axis(¢).

DL is roughly ten times smaller than in the coexisting isotro-
pic phase. This is clearly shown in Fig. 10, which gives theboehmite rods on an effective hard-core potential did not
FRAP decay curves of the isotropic and the coexisting nemyield satisfactory agreement; we find a much stronger con-
atic phase, both measured at the saneector. Apparently, centration dependency. This may be due to the fact that map-
the fact that the nematic phase is more concentrated haspéng the dimension onto an effective hard-core is not allowed
much stronger effect on the decreasejéf than the gained because in the current system the double-layer thickness is
translational freedom due to alignment of the rods. In Fig. 11large compared to the diameter of the rods. For the men-
the data in the concentrated isotropic phase and the biphagi@ned silica rod dispersion with a relatively small Debye
region are given in a log-linear representation. To indicatdength, potential mapping did lead to good agreement with
that the higher concentration in the nematic phase indeethe BD simulations. At higher concentrations the data can be
largely aﬁeCtSDls—’ the data in the isotropic phase are ﬁttedﬁtted_by a nonlinear expression that is a combination of the
to an empirical formula of the forra10 ¢, describing the ~theories of Sato and Teramof@3] and Teraoka and Hay-
data quite well whera=72 andb=103. This fit is repre- akgwa[zs], weldmg_ an aspect ratio t_hat is close_ to t_he aspect
sented by the dashed-dotted line in Fig. 11. If the isotropidatio of the boehmite rods. In the biphasic regidr, in the
phase would be quenched #= ¢y =0.033, this empirical isotropic phase still decreases wit_h incr_easing overall volume
formula predicts zD'S' of 3x 10 ® m?s %, which is close to fraction but levels before the dls_perS|on has turned_ fuI_Iy
what is found in thenematic phase. The difference by a nematic. Thi:?‘ is due to polyd|§p9r3|ty of the rods resulting in
factor of 10 between both phases is therefore reasonable. Yolume fractions of the coexisting phases that are not en-
A significant change of the decay of the FRAP signal istirely constant in tht_e blphasm region. In the nematic phases
measured when the geometry of the FRAP setup is changelfi’.”g'_t'me s_elf-dlffL_Jsmn is about ten times slower th_an in the_
When the wave vector of the fringe pattern was made parapoemstmg isotropic phase. The fact that the nematic phase is
lel to the director of the nematic, the decay is two timesMOre concentrated, has a larger effectinthan the gained
faster than when the wave vector is perpendicular to the ditranslational freedom due to the alignment of the rods. By
rector. This implies thab', is two times larger tha®’ , in ~ SPinning phase separating samples down at low speed, uni-

S,

the nematic phase. Note that this corresponds to the diffeformly aligned nematics were obtained. In the “mon-
ence betweel,, andDy, for very long rods. odomain” nematics we were able to distinguish the sidewise

self-diffusion from the lengthwise diffusion by rotating the
FRAP geometry by an angle of 90°. Sidewise diffusion is
two times slower than lengthwise diffusion in the nematic
A new model system of fluorescent colloidal boehmitephase.
rods was prepared and the concentration dependence of the
long-time self-diffusion coefficienD: was determined with

FRAP. In the isotropic phase we find a concentration range Hoechst AG AugsburgGermany kindly provided the
where Dg decreases linearly with concentration. A similar gluminum chlorohydrate. The FRAP setup is homebuilt by
extended linear regime was also found in an earlier studys. Harder. This work was supported by The Netherlands
with silica rods[4]. Comparing the initial slope oID';/Do Foundation for Chemical Resear(BON) with financial aid
versus the volume fraction with BD simulation results for from the Netherlands Organization for Scientific Research
hard spherocylinderf34] by mapping the potential of the (NWO).

V. SUMMARY
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