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A detailed line shape analysis &Na nuclear magnetic resonance spectra within dense suspensions (12%
vol/vol) of Laponite clay exhibits a macroscopic ordering of these charged anisotropic colloids within a nematic
phase. The angular variation of the order parameter limits to 20% of the maximum amount of disorder in
these dense suspensions. By contrast, dilute Laponite suspensiaié (bl/vol) remain isotropic while the
variation of 2Na relaxation rates over a broad range of frequencies indicates a local ordering of the clay
platelets within microdomains of the same spatial extent than the particle diameter (300 A).

I. Introduction A), each neutralized by exchangeable sodium counterions.
. ) . . ) Although Laponite aqueous suspensions were the subject of
Charged colloids display a large variety of physicochemical ,merous recent studiést2 the origin of their organizatiod
properties (swelling, adhesion, sol/gel transition, thixotropy, ,n4 mechanical behavitis not well understood. As an example,

ionic exchange, adsorption) used in numerous industrial ap- i) 1e | aponite suspensions display a microsegregation at low
plications (civil engineering, food, paints or cosmetics industry, jonic strengtht and a liquid/gas-like first-order transition at

water treatment, waste management). When the concentratiorhigher salt concentratioh.Both observations require some

OT suspensions of chargeq ;pherlcql C.Ollo'd.s Increases, theyeffective attraction between the clay particles, while these clay
display a sequence of gas/liquid- and liquid/solid-like transitions

I Il described b i ¢ state based ' dispersions are purely repulsi#€1! The equation of state of
genera 3|/ wde lescnf € t'éél quat |ogs o_bs ?he as? oM the Laponite suspensions at high salt concentration exhibits a
renormafized volume fractiont used to describe the overiaps d plateau over a broad range of clay concentrafithat cannot

getween_the clfout(]:is ofdcour_nepon_s surITo_l(Jjndlng each C(t)I"otlh be interpreted as resulting from an Onsager isotropic/nematic
us_pe:\s:‘or?smo rC argte dgé]és?nroplt% Ci(r)n?l erV\;(?relrscEnV?/ " €transitiort~16 but requires the occurrence of some effective
subject of numerous stu since their mechanical behavio interparticle attraction as for the liquid/gas transition. Further-

o ot " more, o macoscopic phase separdidas detected uring
P this first-order transition, and no direct evidence of macroscopic

14-16 ; bt ;
e e oxele energec conbuons ren b orgring was reported fom nuclear magnet resorir
’ 9 g 9 cryofracturé-1! experiments.

disks perpendicular to each ottét while entropic contribu- 3 . .
tions14-18 driven by excluded volume effects, are optimized W€ have used®Na nuclear magnetic resonance to gain
by parallel alignment of the same neighboring disks. As liquid information on the Iogal structure and the Qynam|cal behavior
crystalsi’-22 suspensions of anisotropic charged coll&idd of the Laponite particles through inspection of the nuclear
are also able to form locally ordered tactoids or even nematic '€l@xation behavior of their strongly bound neutralizing

phases, depending on the shape and the aspect ratio of th&ounterions?~33 Quadrupolar counterions, initially condensed
chargeé colloids. at the surface of a clay particle, are sensitive to the orientation

Clay particles are ubiquitous materials, constituting a large of this particle be.causg I determ[nes.the.magmtude .Of their
class of charged anisotropic colloids, involved in numerous quadrupolar coyplm@% since Lag)(l)zmte diffusion and reorienta-
industrial applications. For this study, we used Laponite RD, a tion occur at a time scale-(L us)®*?many orders of magnitude

synthetic hectorite, because of its high purity and well character- larger .than the time sqale cprrespondlng o the mot|on.of the
ized chemical composition. It is composed of one octahedral small ions, the dynamical simulations of the decorrelation of

layer of magnesium oxides sandwiched between two tetrahedralthe quadrupolar coupling may be pgrformed assuming '”‘T“Ob"e
layers of silicon oxides. Some Mg(ll) atoms of the octahedral clay particles. Monte Carlo simulations of sodium hydration at

layer are replaced by Li(l) atoms, resulting in a negative charge the clay/water interface exhibit a residual static component of

on the particle neutralized by exchangeable sodium counterions.the electrostatic field gradietitfelt _by the _sod|u_m counterions
condensed on the clay surface. Since this residual field gradient

The general formula of Laponite is (O¥BisMgs 3dio 67020 - ) o o . :
Nao.s7 Laponite clay particles are easily dispersed in water and 'S linked to the clay particle with its principal axis perpendicular

behave as isolated disks (diameter 3@00 A, thickness 10 to the clay surfacé? ionic diffusion is the only mechanism
allowing condensed counterions to lose the memory of their

* Corresponding author. E-mail: delville@cnrs-orleans.fr ql_Jadru_poIar couplmg by successive adsorp_tlon on clay part_lcles
t CRMD, CNRS. with different orientations. Fast local motions, such as ion
*Leiden University. desorption, obviously induce high-frequency fluctuations of the
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total quadrupolar co_uplmg, but they are ungble to ]o§§ the R1 (8.465T)
memory of the residual quadrupolar coupling of initially 250 | ‘
condensed counterions as long as their adsorption occurs later =& -R1(4.702T)
on a clay particle parallel to the initial one. As a consequence, 200 —¥ -R1(2.351T)

the frequency variation of the quadrupolar relaxation rates of
the 2Na and’Li nuclei in dilute clay suspensions %% vol/ _
vol) are driven by ionic diffusion through the porous network  _ 150
constituted by the clay particlé%.33 The frequency variation @8

of the relaxation rates suggests local ordering of the clay - 100
particles within microdomains of the same size as the particle
diameter’2=33 23a nuclear magnetic resonance of dense

suspensions of Laponite (12% vol/vol) gives direct evidence 80 i
of nematic ordering by the detection of a residual static coupling.
As for liquid crystals, this static coupling is the fingerprint of 0
a macroscopic ordering obtained by increasing the concentration 0 0.01 002 002 003 004
of initially isotropic suspensions. [Laponite] (volivol)
. Figure 1. Frequency variation of the longitudinal relaxation rate of
Il. Materials and Methods 23Na in dilute suspensions of Laponite clay.

Laponite RD was purchased from Laporte and used without 1410 2
treatment. Diluted clay suspensions (between 1 and 4% vol/ f
vol) were dispersed by stirring dugnl h in pure water 102

R (s 1)

M salt (NaCl) at pH 10 (obtained by adding NaOH) to prevent 1210 2 |- i
dissolution of the Laponite particlé$.Dense samples were ’ , ]
prepared by oedometric uniaxial compression at 3 atm during l +

2 weeks. We used ultrafiltration membranes (Osmonics Inc.) I J

with pore size 0..um to reduce the loss of the small Laponite e + : i
clay particles (diameter 300 A, thickness 10 A). In order not to I % ]
alter the organization of the clay particles, two small cylinders — T } % ]
(diameter 8 mm) were directly cut in the whole filtration cake 810 ' } } T 7
(thickness 2 mm) and carefully introduced in the NMR tube. | } |
By this way, the macroscopic direction of the compression i

applied to the clay sample remains parallel to the longitudinal 610 '

axis of the NMR tube. The final density of the compressed

-3 -3 -3 -3 -3

. . 310 3.210 3.410 3.610 3.810
sample (12% vol/vol) was determined by gravimetry after water 1T
loss at 80°C under vacuum. Montmorillonite (Wyoming) ) o o )
sample was purified according to standard procedure. Flgur_e 2. Tempergture variation of the longitudinal relaxation rate of
2Na in a suspension of Laponite clay.
23Na NMR spectra were recorded on Bruker spectrometers
(DSX 360, MSL 200, DSX 100) with a static field of 8.465, lll. Results

4702, and 2.351 T, respectively.; Tmeasurements were

performed using the classical inversiorecovery pulse se-  noenial of nuclear magnetic resonance, we first studied dilute
quence, and I measurements by the Hahn spichoes g gpensions of Laponite clays (concentratiom% vol/vol).
procedure. Spectra were recorded on the DSX spectrometersryg frequency variation of the relaxation rates of Figure 1 is
with a broad spectral width (1 MHz) and a fast acquisition  q fingerprint of a slow modulation of the quadrupolar coupling
procedure. Relaxation measurements at low fielals=(10°— felt by sodium counterions in the vicinity of the clay particle.
10° s7*) were obtained from spin-lockin@y, experiments. The temperature variation displayed in Figure 2 is in agreement
Details on the quadrupolar relaxation of spin-3/2 nuclei under with a fast exchange (at the NMR time scale) of sodium cations
residual static coupling and radio frequency pulses are given infree in the solution and those condensed in the electrostatic well
the Appendix. From the numerical integration of equations in the vicinity of the clay particles. That fraction of condensed
A12-15 and A1720, we are able to calculate the time counterions is responsible for the large enhancement of the
evolution of the different coherences during each elementary 23Na relaxation rates in the presence of clay. Note that the
step (RF pulse, delay, acquisition, Fourier transform) of the temperature variation of the longitudinal relaxation rate totally

A. Low-Density Isotropic SuspensionsTo investigate the

different NMR experiments (single pulse,;,TT> and T, precludes the interpretation of the data displayed in Figure 1,
measurements). We used a Simplex fitting procetute i.e., the frequency variation of the longitudinal relaxation rates,
determine the various parametetiso( J(0), J41), J@2), J(wo) by a classical BPP mod#!,assuming an exponential decorre-

and J(20)) by minimizing the mean squared deviation between lation of the quadrupolar Hamiltonian with a single correlation
the set of experimental and simulated data. As an example,time.

Figure 7 exhibits the agreement obtained for the line shape Since no quadrupolar splitting of tRéNa resonance line was
analysis and Figures 8 for the Ty, experiments. The set of  detected, these dilute clay suspensions appear isotropic in the
parameters results from a simultaneous fit of the different NMR orientation of the clay platelets with respect to the field. The
experiments (1, T2, Ty, and line shape analysis). The informa- results displayed in Figure 3 suggest two frequency regimes: a
tion on the spectral density are collected in Figure 9, and the power law at high frequency and a plateau at low frequency.
angular variation of the residual quadrupolar splittingy) is Unfortunately, a large gap remains between the frequency
displayed in Figure 10. domains covered by the sets of @nd Ty, experiments. To
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Figure 3. Frequency variation of the relaxation ratesTgland 17,)

of °Na nuclei in a dilute Laponite suspension. The dashed lines are
drawn to better visualize the two frequency regimes discussed in the
text.

interpret these data, we performed a multiscale modeling of ion
diffusion within heterogeneous clay dispersiéfis$ The start-
ing point of this analysis was a molecular modeling of the clay/
water interfaceé showing a nonvanishing residual value of the
electric field gradient (efg) felt by the sodium counterions
condensed in contact with the clay surfave, & (7 + 3) 101
Sl units)®? This efg is evaluated by grand canonical Monte Carlo
simulations of the hydration shell (thickness 30 A) pertaining
to one fragment of the clay particle neutralized by 14 sodium
counterions? This calculation of the efg experienced by each
sodium counterion includes the contributions from the atomic
electric charges of the clay particle, the electric charges of the
other sodium counterions and the dipolar contribution from the
cation hydration shell, which is distorted by the solid/liquid
interface3? Because of the high anisotropy of this clay hydration
layer, the principal axis of the efg tensor is perpendicular to
the clay surface. Note that this derivation a priori overestimates
the effective value of the residual splitting since not every
sodium counterion is necessarily localized within a 30 A shell
centered on the clay particle. As an example, previous Monte
Carlo simulations of ionic condensation around Laponite clay
particles with a separation of 100 A have shown that only 50%
of the total amount of counterions are effectively localized
within such shelf’

Since clay reorientation occurs at a time scalg<)'®*?much
larger than the time scale accessible by NMRY(1/wg ~ 10
ns), we suggested a relaxation mechanism implying ionic
diffusion32-33 In a first-order approximation, we neglect the
small contribution of free sodium. An initially condensed sodium
counterion will recover a large part of its initial quadrupolar
coupling by diffusing freely through the suspension and hitting
another clay particle with nearly the same orientation as its initial
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Figure 4. Local ordering within dilute suspension of hard disks

(diameter 300 A, thickness 10 A).
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Figure 5. Numerical simulations of the spectral density calculated for
diffusion of sodium cation within diluted clay suspensions.

ion i condensed on the clay partidkeat time z and 6 is the
angle between the normal to the surface of the clay paiticle
and the static magnetic field.

The frequency variation of the spectral density (Figure 3) is
thus the consequence of the propagation of local orientation
ordering of the clay particles in the suspension. By Monte Carlo
simulations of the organization of hard disks (diameter 300 A,
thickness 10 A) in the same dilute regime, we obtained ordering
of the suspensions within micro-domains of size of the disk
diameter (Figure 4). The frequency variation of the spectral
density was then reproduced (Figure 5) by simple Brownian
dynamics of a single sodium probe, without any interaction
except for an average residence time of 1 ns on the clay
surface®?~33 We detected the same dynamical regimes as those
displayed in Figure 3. However, the agreement is only semi-
guantitative since the slope predicted by the Browian simulations
(J(w) ~ w~1509) differs somewhat from the experimental value
(J(w) ~ w0901 This discrepancy is not surprising because
of the simplicity of our model. We considered only the
coexistence between two limiting environments and focused on

clay particle. The spectral density was then calculated as theyne 1ong time evolution of the autocorrelation function of the

Fourier transform of the autocor_relation function charac_teriz_ing quadrupolar coupling by neglecting any local and fast motions
the loss of memory of the residual quadrupolar Hamiltonian ,a may contribute significantly to the spectral density in the
during the free diffusion of a single sodium cation within the high-frequency domain. Further simulations of molecular dy-
clay network: namics are now under progress to improve this approach by
taking into account the influence of the long-range electric field
generated by the charge of the clay particle and its neutralizing
counterions on the trajectories of the collectively diffusing
sodium cations.

The frequency crossover between the low-frequency plateau
and the high-frequency power law displayed by the spectral
densities (Figures 3 and 5) is related to the spatial extent of the
microdomains constituted from nearly parallel clay particles

Nat Npt Npt

ZZI(ZD(i €J10) p(i € Ki7) x
SiSls

(3cog 6, — 1)(3cos 6, — 1) (1)

15v, 4

Gy(7) =
=

whereN, andNy are, respectively, the total number of sodium
cations and clay particlep(i € k|7) is the probability of finding
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Figure 6. Frequency variation of the relaxation ratesTgland 17,)
of 2Na nuclei in a dilute Montmorillonite suspension. 0.4 :
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Figure 7. Comparison the line shape recordec?®ya NMR in a dense 0
Laponite suspension®) and result from theoretical simulations ° 3 a a 3 3
X 010 110 210 310 410 510
(continuous curve).
t(s)
(Figure 4): 100 ns is the time required for sodium catibrm{ A T e

1075 cn¥s) to travel across a domain of size 100 A. Replacing
the small Laponite particle (diameter 300 A) by larger Mont-
morillonite clay (persistence lengtk 3000 AP8 shifts the
crossover frequency to lower values by two decades (Figure 6)
since the ordered microdomains are larger by 1 order of
magnitude.

Of course, the frequency domains investigated here are
somewhat limited, assuredly restricting the applicability of the
method. Nevertheless, the spectral density is sampled in this
study over three complementary ranges of angular velocities:
first, at zero angular velocity, by the, measurements; second,
within the rangew; € [10°1CF] s7%, by the T, experiments;
and third, within the rangevg € [108,10°] s71, by the T 010° 210° 410* e10° 810 °* 110"
experiments.

Relaxation measurement with a field cycling spectrometer is
certainly a powerful procedure to fill the gap between these Figure 8. Time variation (a and b) and its Fourier transform (c) of
frequency domains, but it may be useless in our case becaus%ueztsransverse'magnetlzatlon uqder spin Ioc_klng experiment performed
of the fast relaxation of the magnetization and the time necessary y #Na NMR in a dense Laponite suspension.
to switch the magnetic field.

B. High-Density Nematic SuspensionContrasting with the ~ 9 x 10* s1) which varies as a function of the orientation in
spectra recorded for dilute clay suspensions, the spectra observethe static magnetic field of the NMR tube (or the direction of
for concentrated Laponite suspensions prepared by uniaxialthe compression axis of the sample) (Figure 7). This result
compression display a large residual quadrupolar splitimg (  confirms our prediction (see above) of a residual nonvanishing

FT (ly(t)

o(is™)
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TABLE 1: Coefficients Defining the m = 0 Contribution of the Relaxation Term (cf eqs A14-15 and eqs A19-207

Jo(41) Jo(42) Jo(0)
A CU]_(C!)Q + wl)/ilz wl(a)Q - a)l)/ﬂ.zz —2w1wQ(wQ2 + 2(1)12)//112/122
B —wl(wQ + w1)//112 cul(a)Q - (Ul)//lzz —2w12(wQ2 - 4(&)12)//112/122
C —a)l(wQ - 26()1)/].12 wl(a)Q + 26()1)/122 2(6!)Q4 + 86()14)//112].12
D w1(wq + dw1)As? —wi(wq — dw1)A2 202 (wa? + 2w1)21%27?
E cul(a)Q + 4(1)1)//112 wl(wQ - 40)1)/122 —2w1wQ(wQ2 - 4(1)12)/].12/122
F *CL)12//’L;|,2 (012/122 *4&)13&)(2//112122
G wlzlllz wlzllzz 2/3[(1)Q4 + wQ2w12 + 4(1)14]/}.12/122
H wl(wQ + 3(1)1)//112 —wl(a)Q - 3(01)//122 2/3|:2LUQ4 + 5wQ2w12 - 46014]//112/122
| —wl(wQ - (,();[)//‘L]_2 wl(wQ + wl)/ﬂ.gz 2/3[2LUQ4 - wQ2w12 + 20(1)14]//112122
J wl(wQ - wl)/llz (U]_((UQ + (U]_)//‘{zz —Zwle(wQZ + 6&)12)/ /112/122

a = q/wQ2+2w1wQ+4w12 andi, = «/wQZ—ZwIwQ-f—%lZ

value of the electric field gradient felt by the sodium counterions of frequencies. The error analysis of the generalized last squared
condensed in the vicinity of the clay particsThe residual deviation implied in our fitting procedure gives a maximum
quadrupolar splitting calculated by our molecular model of the accuracy of about 30% on the low-frequency values of the
clay/water interfac® (V,; = 7 x 10%° SI) is four times larger spectral density. Here, also we detect a crossover between two
than the measured value. That discrepancy is not surprising,dynamical regimes: a plateau at low frequency and a power
since not all sodium counterions are condensed at the claylaw at high frequency. By contrast with the conclusions obtained
surface. As discussed in section IlIA, we estimate to 50% the for isotropic diluted samples, this crossover frequene$
amount of sodium counterions localized near to the clay surface 10* s71) now gives information on the time scale (and thus
(at separation less than 15 A) and contributing to the static field spatial extent) of the microdomains over which sodium cation
gradient. The detected residual splitfihéf (Figure 7) is the must diffuse in order to record fluctuations of the average
consequence of a nematic ordering of the whole clay sample.directors of the clay particles. These relaxation measurements
The largest splitting is observed when the direction of the
compression axis is parallel to the magnetic field, as expected 10°
for alignment of the patrticle directors parallel to this compres- i
sion axis. The two satellites of the triplet, which represent 60%
of the detected magnetization, are broader than the central line 10°* L
since they relax faster than this central component because of -
the slow modulation of the quadrupolar couplifig. =
The analysis of the line shapes detected in Figure 7 requires £
a detailed description of the time evolution of the different 8
coherences of the spin-3/2 nuclei under RF pulse and slow =
modulation of their quadrupolar couplidgin particular, it was
necessary to take into account the influence of the coherence
relaxation even during a single RF pulse, because it mixes the
one quantum coherences of all ranks(T»1, and Tz;), inducing |

Ll S|
a depletion of the baseline near the central resonance peak of 10 \ . . . \ . ©
the triplet. Note that near the magic angle, the residual splitting 10 10 10 10 10 10 10
cancels out and the line shape then becomes equivalent to that o)

recorded for isotropic dilute _suspensmns._ Figure 9. Frequency variation of the spectral density?#ia nuclei
The procedure used to simulate the line shape shown onin dense Laponite suspension.

Figure 7 is described in the Appendix. This analysis requires

the knowledge of the spectral density. Preliminary relaxation 12 1 L I
measurements (I T,, and Ty,) are thus performed in order to

extract this information. The details are also given in the 1
Appendix. Figures 8a,b give a typical illustration of thesg T
experiments. As detailed in Table 1, the time evolution of the
fast component of the transverse magnetizatigril( T11(s))
during a T, experiment results from the interference between
three contributions with time constants defined as linear
combination of the spectral densiti@g0), Jo(41), and Jo(12).

A Fourier transform analysis of the time variation of the
magnetization exhibits a dominant contribution centered at zero 1
angular frequency and a secondary asymmetrical contribution 1 \’ 9/ ]
covering a broad range of angular velocities €[25000 s, 02 ]
55000 s1]). To avoid spurious oscillations resulting from the N
long-time cutoff of the transverse magnetization, data from o L—— ‘ -l
Figure 8a,b are apodized prior to Fourier transform. This .20 0 20 40 60 80 100
apodization reduces the contribution from the slow relaxation

rates and broadens the power spectrum by 5000 Fhe 0 (degree)

Simplex fitting procedur® (see Appendix) is useful to extract  Figure 10. Variation of the order parameter detected?Bya NMR
the value of the spectral density (Figure 9) over a broad rangein a dense nematic Laponite suspension.
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were performed for clay samples with the macroscopic director aspect ratiod ~ 11) required denser suspensions (concentration
oriented perpendicular to the static field. While thg felaxation > 16%)25
times are sensitive to the sample orientatithrough the value Because of the slow modulation of the quadrupolar Hamil-
of the residual splitting (cf data from Table 1 and the Appendix), tonian and the resulting fast relaxation of the satellites, the
we have checked that neither the longitudinal and transversedetection of the quadrupolar splitting #Na spectra in dense
relaxation times nor the spectral density were sensitive to the Laponite suspensions was possible thanks to a fast acquisition
sample orientation in the static field. procedure, with a dead time of 45 between the detection
Finally, by using the spectral density from Figure 9, it was pulse and the signal acquisition. Otherwise the central line will
possible to analyze the line shape (see Appendix) measured foronly be detected with a loss of 60% of the total magnetization.
different orientations of the NMR tube in the static field, The macroscopic ordering of dense Laponite suspensions,
sampled between°Gand 90 by steps of 8. Experimental and detected by®Na line shape analysis, is the direct proof of the
fitted spectra are plotted in Figure 8 for some orientations of existence of a nematic phase by contrast with a possible
the sample, illustrating the perfect agreement between our birefringent gef-8 Unfortunately, NMR spectroscopy is not an
theoretical treatment of the time evolution of the coherences appropriate tool to distinguish between an equilibrium nematic
and the experimental data. The residual static coupling was phase and a nonequilibrium nematic gl&sslp to now, no
obtained by the Simplex fitting procedure (see Appendix) and evidence of bulk phase separation is observed, but no complete
normalized with respect to its maximum value to yield an order investigations have been performed in the range of clay
parameter. The resulting order parameter varies well accordingconcentrations*2 at which this nematic ordering of Laponite
to the (3co3 6 — 1)/2 expected relationship. Near the magic suspensions is observed Hjla NMR. Further studies are now
angle, the sensitivity of the Simplex fitting procedure decreases in progress to determine the concentration at which the isotropic/
since the two satellites do not emerge significantly from the nematic transition occurs by analyzing samples prepared at
central line (see Figure 7). Nevertheless, the perfect matchingdifferent pressure. The equation of state of dense suspensions
between the reported order parameter and the expectedf3cos of Laponite will also be measured in these experiments, checking
1)/2 relationship is the consequence of a macroscopic orderingfor the occurrence of the first-order isotropic/nematic phase
of the suspension along a single director. From the deviation transition. We will also perform structural analysis of these dense
detected near the magic angle, we estimate the upper limit ofclay suspensions by small-angle X-ray scattering in order to
the orientation defects to this macroscopic ordering as 20%, check for the periodicity expected in these nematic phases. As

well above the uncertainty introduced by our Seps. an example, for an ordered Laponite sample of 12% vol/vol,
this periodicity is expected to be about 100 A.
IV. Discussion Finally, we will also perform numerical simulations of

We reported the occurrence of nematic ordering from a mo_IecuIa_r o_Iynamics to c_alculate the traject_ories o_f sodium
careful analysis of the line shape recorded?fya NMR in cations W|.th|n the electric field generated by anisotropic charged
suspensions of Laponite clay prepared by uniaxial compression.part'dfes in ordered SUSpensions 'and p.redllct their relaxetlon
To our knowledge, this is the first direct evidence of macro- behawor_as we did previously for isotropic dilute suspensions
scopic ordering within dense suspensions of Laponite clays. ©f Laponite clay.

Previous publications have already reported, from birefringence
analysis3® such occurrence of nematic ordering within dilute
suspensions of Laponite clay, but the observations were not 23Na nuclear magnetic resonance spectroscopy is used to
confirmed by direct inspection of the sample after cryofracttire. detect nematic ordering of dense suspensions of Laponite clay
It was suggested that this nematic ordering was not an intrinsic by a residual splitting of the sodium resonance line. By contrast
property of the clay suspension but was induced by the shearwith macroscopic ordering, local ordering of dilute Laponite
of the suspension during its flow in capillary tubes before the suspensions was already detected by inspection of the variation
birefringence analysis. over a broad range of frequencies of #38a nuclear quadru-

Isotropic/nematic first-order transition of suspensions of polar relaxation rates.
anisotropic particles (including disks and cylindétd§ was
predicted by Onsagkrand observed for a large class of fibrous Acknowledgment. We cordially thank Drs. R. Setton and
colloids (Boehmite?®-27 Vanadium oxide%-31 tabacco mosaic ~ S. Rodts (CRMD, Oflans), P. Levitz and D. Petit (PMC,
virus 1> DNA, 4849 polyeclectrolyted,and polymer¥) and liquid Palaiseau), and F. Fayon (CRMHT, Cafes) for helpful
crystalst’=22 The nematic transition was also reported for dilute discussions; Dr H. van Damme (ESPCI, Paris) for the gift of
suspensions (concentration 2%) of platelets (such as Montmo-the Montmorillonite sample; Drs. D. Massiot and P. Florian
rillonite clays®), but only for particles with an aspect ratia (  (CRMHT, Orleans) for the use of the MSL200 spectrometer.
= diameter/thickness) much larger than that of Laporitggnite The DSX360 and DSX100 Bruker spectrometers used in this
= 30 while amontmoriionite = 300). By contrast, the detection of  study were purchased thanks to grant from CNRS afgidre
isotropic/nematic transition of Gibbsite platelets with a low Centre (France).

V. Conclusion
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Appendix

A. Master Equation. The time evolution of the 3/2 spins is described in the framework of the density operator by the master
equationt?

9 — —ilHgo"] + (o) (A1)

whereHg is the static Hamiltonian including the residual static quadrupolar Hamiltonian and the Hamiltonian describing the radio
frequency pulsety(t) is the fluctuating component of the quadrupolar Hamiltonian. All calculations are performed in the Larmor
frequency rotating frame, as indicated by the asterisk. The second term of eq Al describes the contribution from the quadrupolar
relaxation:

f(0*) = — [ a0 [e Ha:" (t — 7)eS™, o*(1)]] e (A2)

The Hamiltonians are developed in a basis set defined by the orthonormal irreducible tensor dpétators, (Tr{ Tim, T rm}
= Oy Omm) for which the Zeeman Hamiltonian is written

H, = wyl, = VBw,T, (A3)
and the static quadrupolar Hamiltonian becomes
* wQ 2
Hos= F(3I 7 — I +1))=wqTy (A4)
Furthermore, symmetric and antisymmetric combinations of the operators are introduced
Tin(®) = IV2(T_ + Ty (A5)
Tin(@) = IV2(T)_ = Ty
simplifying the notations of the transverse components of the magnetization
l,=+5Ty(@); 1, =iv5Ty(s) (A6)

Finally, the fluctuating component of the quadrupolar Hamiltonian is written:
Hor() = Cq Z (— 1) T (F o) — o (DD (AT)

for spin-3/2 nuclei G is eQA/6h whereQ is the quadrupolar moment of the nuclei &ifd-n(t)Care the time averaged values of
the electric field gradient componerfis_;

Fao vzzeﬂ—¢\[( VS

1 .
F2:tZ = E(Vxx - Vyy + 2|ny)

and

Equation A1 may be used to calculate the response of the spin system during a RF pulse aloagish@vith angular velocity
w1). By using eqs A4 and A6, eq Al becomes

ddit* = —i[H50"] +(0") = —ilwgTy + V5w Tyy(@).0*] + f(o¥) (A8)

By focusing on the secular terms and using eq A7, eq A2 becomes:

2
(@) ==Cg" Y [y [Tamle ™™ o " €™ (O] x TF*pft) — F* o x [Fonft — 7) — FpJE™ e (A9)
m=—2

This relaxation contribution introduces in the master equation (cf eq A8) spectral densities at a finite number of frequencies. By
neglecting second-order dynamical shifts, we restrict this analysis to the real part of the spectral density

In(w) = 3CQ2 j:o F* on(t) — [F* 5 X (For(t — 7) — [Py cos o) dr (A10)
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The term (e Ms'"T,€Ms'7) in eq A9 may be developed on the basis of the irreducible tensor operators:

2
e T = S Ty (A11)
2

with angular velocitiesomp &~ mwo for m= 0. In addition to the classical incoherent contribution$(¢d), which are proportional

to [T2m,[T;’m,o*(t)]], coherent contributions proportional toTz[n,[T;rp,a*(t)]] must be taken into account. Fan = 0, these
contributions to the spectral density oscillate with angular velocities nearly equal to a multipjeleécause the static quadrupolar
Hamiltonian and the irradiating field are much smaller than the Zeeman Hamiltonian. However, these transient components contribute

significantly tof(¢*) under the conditioff 1c < (wmp) ™t < (|H*QF('[)|2‘L'C)_1. This condition is not fulfilled in our case fan = 0,
becausevmp ~ mwo, and the decorrelation of the quadrupolar coupling is performed under the slow modulation reginge>(
1) as shown by the frequency variation of the longitudinal relaxation rates (Figure 1). By contrast, eq Al1l is explicitly used in this
work to treat the time evolution of the = 0 component of(¢*) as previously describetf.

From the previously detailed treatméftthe master equation may be written in a matrix form for the= 0 contributions,
splitting the whole basis set of the irreducible tensors in two subsets: { T11(a), Tzo, T21(S), T22(9), T31(a), Tz2(a), Tax(@)} ando*
= {T10 T11(8), T21(a), T22(@), T30, T31(S), TsAS), Tzx(9)}:

T,@| [3,+2/5, o 0 0 -v6/5, 0 0 T1,(a)
Tao 0 2, +23, 0 0 0 00 Ty
q Tou(9) 0 0 J+2), 0 0 0 0 Tou(9)
at T,49) |=|0 0 0 2, +J, 0 0 O T,u9) (A12)
Tu@ | |-v6/5, 0 0 0 J,+3/5, 0 0 T(a)
T@ | o 0 0 0 0 J, 0 T3x(a)
T35(2) 0 0 0 0 0 0 J+ 3] {Tss@)
and
Tio 2/53, +8/53, 0 0 0 4/5); — 4/, 0 0 O Tio
T | [0 J+2/53, 0 0 0 —6/53, 0 0 Tu(9
Tx() 0 0 J,+23, 0 0 0 0 0 To(a)
d|T.@ | [0 0 0 2),+3, 0 0 0 O T,5(a)
di| T | |45, —4/53;, 0 0 0 8/5), +2/53, 0 0 0 Tao (A13)
Tu®) [ |0 —/6/53, 0 0 0 J+35), 0 0 Tay(9)
T59) 0 0 0 0 0 0 J 0 T59)
T34 0 0 0 0 0 0 0 J+3,[|Ts9
whereJ; = J(wo) andJ, = (2wo).
For m = 0, we obtain:
T.,(2) 31 0 0 —-V15nE vernm 0 0|[t.(a)
Tao 3/5/100 0 O J3/28 V3011 O O[Tz
| Toy(9) 0 0 3G 0 0 IF 0| Tyu®
o ToS) [=—[3v15/2cF 0 O 3G 3v/10/1CF O 0| T22As) (A14)
T5,(a) 3620 0 0  3/10/200 3/10 0 0| T
LEZCY 0 0 3F 0 0 3G 0T
Ts3(a) 3J/102B 0 0  B4A Jisn@s 0  of|Ts@
and
Tao 00 V15/104 O 00 vis/m  0|[Ty,
T14(9) 0 3/10C 0 —J/15/1n 0 Je/aoc O 0][Twu(s)
T,,(a) 00 3G 0 00 0 o[| T..(a)
d[T.@| [0 o 0 3/ 00 0 0{|T,a)
dt] Tso ~ oo J15/50 0 00 —J15118 0| Tz (AL5)
Ta(S) 0 3/6/20H O 3J10200 O 3/1H O 0| Ta1(9)
T3(9) 00 0 0 00 3B JILEC)
Tao(9) 0 3/102@ O J6l4A 0 JI5® O of |Tes(

where the coefficients AH are defined in Table 1.
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In order to simulate the time evolution of the coherences during each elementary step (RF pulse, time delay or free precession)
of the inversion-recovery pulse sequence for thenBasurements (18@7-90°x-acquisition ofly) of the Hahn echo pulse sequence
for the T, measurements (98-7/2-180x-7/2-acquisition ofly) and the simple pulse for the line shape analysisx@@quisition of
ly), we calculate numerically the eigenvalues and eigenvectors of the matrice obtained by summing the two matrices given in equations
A12 and A14 for the first subset of coherend@si(a), Tao, T21(S), T22(S), T21(a), Tsx(a), Tzx(a@)} and in equations A13 and A15 for
the second subset of cohereng@so, T11(S), T21(a), T22(a), Tao, T31(S), T32A(S), Ta3()}. After the recording of the evolution df1(s),
which is proportional tdy (cf eq A6), the spectra are evaluated by a fast Fourier transform procedure.

However, the pulse sequence of thg measurements (9%-weak irradiation of duratiom alongly-acquisition ofly) requires the
simulations of the time evolution of the coherences for two different phases of the RF pulse. The master equation governing the
time evolution of the coherence during a RF pulse alongythgis (with angular velocityv;) is written as in eq A8:

do*
dt

= —i[H 50*] + f(0*) = — i[wgTy+ ivBw,T11(9),04 + f(o*) (A16)

The same procedure as bef8ries used to derive the master equation, by treating separateiy thed terms, leading to

T,4(9) J,+2/5, 0 0 0 —-v6/53, 0 0 T14(8)
Tao 0 2),+23, 0 0 0 0 0 Too
d Tx(a) 0 0 J,+2), 0 0 0 0 T,.(a)
o T9 |=—|0 0 0 2, +J, 0 0 0 Too(9) (A17)
T3u(S) —/6/53, 0 0 0 J,+3/5, 0 0 Ta(9)
T3o(a) 0 0 0 0 0 J, 0 T3x(a)
T33(9) 0 0 0 0 0 0 Ji+3,[{Tsa(9)
and
Tuo 2/5), + 8/51, 0 0 0 4/5), — 4/53, 0 0 0 Tuo
T14(a) 0 J;+2/83, 0 0 0 —\/6/532 0 0 T14(a)
Tou(9) 0 0 J,+23, 0 0 0 00 Tou(9)
d|Tx@ | |0 0 0 21,+3, 0 0 0 O T,5(a)
T, |7 |4, - am3, o 0 0 8/5J, + 2/53, 0 0 0 T, | (A1®
Ty(a) 0 —/6/51, 0 0 0 J,+3/5, 0 0 Ta(a)
T3o(9) 0 0 0 0 0 0 J, 0 Tsos)
T33(a) 0 0 0 0 0 0 0 I+ 3| |Ts@
from the termm = 0, which leads to
T.14(9) 3/10D 00 Vi5iE Vel 0 0lT..(9)
T2 —i3v/5/10a 0 0 —J31B  —iv3/10a 0 0][T2o
T,,(a) 0 0 3G 0 0 —i3/2F 0|[T,,@)
%TZZ(S) =—|i3V/15/1cc 0 O 313G i3/V1IoOF O 0| T2A9) (A19)
Tau(9) 3/620 0 0  i3/10/200 3/10 0 0| Taul®
T3(@) 0 0 i3/2F 0 0 3 ol|T=®
Tad() —3J/10/2B8 0 0  iV6i4A  —v151@B O VES
and
Tuo 00 ~iV15/10n 0 00 —V15/8 0||T,,
T1(d) 0 3/10C 0 iv15/10 0 Jeaoc O 0f[T.u(a)
T,(9 00 315G 0 00 0 0| To4(9)
d[T.@| [0 o 0 315 00 0 0{|T,.a)
aTso ~loo —iv/15/50 0 00 V15118 0| Tso (A20)
Tz (a) 0 3v6/20H 0 —i3/1020 O 3/1CH 0 0| T=:(@)
T3(9) 00 0 0 00 3B 0|[Ts9)
T@) 0 —3V102@ O iv/6/4A 0 —Visi® O VHES,
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