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Abstract

With a variety of experimental techniques we studied the formation of particle
networks when a suspension of colloids in nematic liquid crystal is cooled
through the isotropic—nematic transition. Rheological data suggest that,
contrary to previous expectation, network formation is possible with particles
over a broad range of sizes. Only little dependence on particle size is observed.
NMR data indicate the presence of a significant fraction of isotropic material
down to 10 K below the bulk nematic transition of the liquid crystal. On the basis
of calorimetric findings we suggest that small amounts of alkane impurities,
carried originally by the dispersed particles, are present. These molecules act
as a second solvent. They play a crucial role in ‘tuning’ the kinetics of phase
separation to allow network formation by (i) opening up a biphasic region and
(i1) wetting the particles with a layer of isotropic material.

Besides their technological relevance, liquid crystals and colloids are both of fundamental
interest.  Liquid crystals are model systems for anisotropic fluids with adjustable
properties [1, 2]. Colloids can be used to model hard spheres without [3] or with [4] a tunable
attraction. Due to an interplay of free energies of different origins but similar magnitudes,
both types of systems show rich phase behaviour.

When liquid crystals are mixed with colloids, the particles disturb the long-range
orientational order the liquid crystal molecules can adopt [5—7]. Consequently, the orientational
elasticity of the nematic liquid crystals expels the colloids, so typically the suspension phase
separates macroscopically into an almost pure liquid crystalline phase coexisting with a phase
richin colloids [7, 8]. However, long-lived non-macrophase-separated morphologies have also
been observed, as follows.
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(i) In mixtures of liquid crystals and micrometre sized emulsion or silica droplets, chains of
droplets can be formed embedded in a nematic matrix [9, 10, 7, 11].

(i) Mixtures of liquid crystals and micelles can remain stable for temperatures almost one
degree below the isotropic-to-nematic phase transition temperature, Ty [12].

(iii) Mixtures of liquid crystals and colloid can give rise to particle network formation when
the liquid crystal is cooled to below Tin [13-15].

In this letter we focus on network formation. Investigation of the phenomenon by
laser scanning confocal fluorescence microscopy supports the following scenario [16].
Homogeneously distributed particles undergo Brownian motion in the isotropic phase. At
and below Ty, essentially particle-free nematic droplets grow. The particles are pushed by
the moving nematic—isotropic interfaces [17] into the borders between droplets, forming a
network. It has been suggested that the dense packing of particles in the network is held
together by a nematic—isotropic pressure between nematic domains and residual amounts of
isotropic phase associated with the particles [18].

Although the qualitative features of this scenario are well established, it is not clear under
which conditions one can expect a network to form. Two key questions arise for a more detailed
interpretation. (i) What is the influence of the particle size? (ii) Is the liquid crystal within the
domain walls in a nematic or isotropic state?

Below we investigate these questions by comparing detailed rheological, nuclear magnetic
resonance (NMR) and calorimetric measurements. Our results challenge aspects of the data
and theoretical explanations in the current literature, and reveal a crucial role played by alkane
impurities.

The system. We studied suspensions of 4-n-pentyl-4’-cyanobiphenyl (5CB; Merck, used
as supplied) and polymethylmethacrylate particles (PMMA) with nominal radii of 120, 370
and 780 nm, sterically stabilized by chemically grafted poly-12-hydroxy stearic acid of
~15 nm thickness [19]. The radii were determined either from diffusion coefficients or lattice
parameters in the crystal phase of colloids. The former measurements also gave a polydispersity
of <0.1 (except for the 780 nm sized particles, where it was not measured). The particles,
initially dispersed in heptane or hexane, were dried in a vacuum oven (21072 mbar) at 45 °C for
up to one week and then dispersed in liquid crystal and homogenized in the isotropic phase for
up to four weeks. The suspension was continuously stirred until just before use. Calorimetry
gave Tiy = 35.2°C for bulk 5CB.

Rheology. Homogenized samples were loaded into a rheometer (CSL?100, TA Instrument)
set up in the cone-and-plate geometry operated in the oscillatory mode, taking care that the
sample remained isotropic during loading. Samples were cooled in situ at rates from —3 to
—6 K h~!. Figure 1 shows the temperature dependence of the loss G”(T) and storage G'(T)
moduli for three different particles sizes, ranged between 100 and 800 nm, and all at a particle
concentration of 10 wt%.

In the isotropic phase the loss modulus G” ~ 0.3 Pa. At T =~ 33.5°C, G”(T) starts to
increase until it takes values of (3 & 2) x 10° Pa close to 20°C. In comparison, G”(T') for
pure 5CB depends only weakly on temperature [23]. The storage moduli of our samples in
the isotropic phase, where one expects liquid-like behaviour, should be close to zero. G'(T)
starts to increase strongly at T & 33.5 °C, taking values of (5 & 4) x 10° Pa at 20°C.

The temperature-induced increase of G’ by several orders of magnitude suggests that
stress-bearing particle networks are formed under our experimental conditions for particles
with R ~ 0.1-0.8 um. Moreover, these data show that the mechanical properties of the
resulting soft solids are independent of particle size to well within an order of magnitude.
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Figure 1. The temperature dependence of (a) the loss G” and (b) the storage G’ modulus for
suspensions of 10 wt% sterically stabilized PMMA particles dispersed in 5 CB. () R = 120 nm,
(grey line) R = 370 nm and (black line) R = 780 nm. The dashed line shows the temperature
dependence of S5CB for comparison. Within experimental error no dependence was observed for
cooling rates between —3 and —6 K h™!. For moduli above 25 x 107 Pa and below 1 Pa there are
systematic errors caused by the resolution of the rheometer, which cannot be quantified.

This is particularly surprising for the large particles, since network formation was
previously attributed to a suppression of the formation of nematic phase in the swollen walls
caused by particle-induced confinement [18]. For micrometre sized particles, however, this
is unlikely since the nematic correlation length of 5CB is about 10 nm [14]. Our data also
contrast with the experimental findings of [18]. (i) Petrov et al proposed a particle size
dependence G'(R,)/G'(R>) ~ (R2/R;)?. For our R; = 120 nm and R, = 780 nm this
predicts G'(R;)/G'(R;) =~ 40, which is incompatible with our findings shown in figure 1.
(i1) They found the storage moduli for suspensions with R = 100 nm particles to be three
to four orders of magnitude lower than those for larger particles. Hence, they suggested that
perhaps ‘normal’ network formation was suppressed.

NMR. To investigate the possible presence of isotropic material below the bulk nematic
transition, we measured the temperature-dependent orientational order of the liquid crystal by
means of 'H nuclear magnetic resonance (NMR) at the Larmor frequency 90 MHz [24]. A
narrow, liquid-like peak in the NMR spectrum is characteristic of the isotropic phase. In the
nematic phase, orientational order leads to non-vanishing dipolar interaction, which is seen as
a broad spectrum. The solid echo spectra were recorded with different delay times to ensure
proper weighting of the isotropic and nematic contributions. A typical 'H spectrum is given
in figure 2(a) for a suspension of 15% PMMA particles (R = 430 nm) dispersed in SCB.
The spectrum is a superposition of a narrow and a broader peak, reflecting the coexistence of
isotropic and nematic regions. The colloids also contribute a broad component to the spectra
which, however, is masked by the dominant nematic feature from SCB. The spectra were
analysed quantitatively to obtain the volume fraction of isotropic phase; figure 2(b).

Surprisingly, the transition is far from sharp, figure 2(b). In fact, a transition region of
significant width is recorded at all three particle radii. This is particularly noticeable for the
smallest particles (R = 120 nm), where at 30 °C the isotropic fraction is 40%. However, even
10 K below Ty the isotropic fraction amounts to >10%. If all of the liquid crystal in the
pores between the particles forming the network is isotropic [18], we can expect an isotropic
fraction of ¢ (1 — Pnet) /Pnet, Where ¢ne is the packing fraction of particles in the network.
Taking ¢ner ~ 0.6 [16], this gives an isotropic fraction of 10% at ¢ = 0.15, suggesting that
colloids can indeed be situated in an isotropic matrix, and that only at about 10° below 71y do
the particles in the domain walls approach close packing.
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Figure 2. (a) A "H NMR solid echo spectrum, taken at 30 °C (particle size: R = 430 nm).
(b) The temperature dependence of the fraction of the isotropic phase for different particle sizes.
H: R =120 nm; v: R =430 nm; x: R = 780 nm. Weight fraction of colloids: 15%.

While supporting the earlier views on the nature of the walls of the network, this finding
raises a question about the origin of the substantial amount of isotropic material. We suggest
that the broadening of the transition region is due to the presence of residual solvent on the dried
particles before they were dispersed in the liquid crystal. The ‘hairs’ on the surface and possibly
even the core of our PMMA particles act as ‘traps’ for molecules of the alkanes in which the
particles were dispersed before drying [20]. These solvent molecules are subsequently liberated
when the particles are dispersed in SCB. The presence of short-chain alkanes lowers 71y and
introduces a biphasic region in the phase diagram in which isotropic (alkane-rich) and nematic
(alkane-poor) phases coexist over a range of temperatures [21, 22], even in the absence of
colloids. The presence of a colloidal network may widen this range further, by allowing alkane
to condense in particle-rich regions, stabilized by capillary forces (a wetting effect). This view
is supported by optical microscopy [25]. Clusters of particles are surrounded by a thick layer of
isotropic material, embedded in a nematic matrix. In contrast, the ability for colloids in a pure
nematogen to stabilize such a high volume fraction of isotropic material, several degrees below
Tin, 1s much more questionable, even if a strong anchoring condition [13—15] is assumed.

Calorimetry. The width of the biphasic region can conveniently be determined by
calorimetric measurements (VP-DSC, MicroCal Inc.), where it is reflected in the width of the
peak of the specific heat induced by the transition. In figure 3(a) the temperature dependence
of the specific heat C,(T) (the ‘thermogram’) is given for (i) pure 5CB, ((ii)—(iv)) suspensions
of 10% PMMA and 5CB and (v) a mixture of SCB and 0.9% hexane.

The thermogram of a sample of 5CB with 0.9 wt% hexane (v) strikingly resembles that of
the particle—5CB suspension (iv). On the other hand, particles dried at ~60 °C and 210> mbar,
more severe than our normal protocol, mixed with 5SCB and homogenized for one week gave
a thermogram (ii) with peak width and position more similar to those of pure SCB (i) (but still
somewhat wider and occurring at slightly lower temperature). Moreover, even for the most
intensively dried particles a decrease of TN is observed after stirring the samples for another
six weeks (iii), suggesting a slow liberation of the alkane molecules. This supports the notion
that hexane molecules are not only trapped in the hairs but also in the core of the particles.
It should be noted that the drying procedure is reflected in the strength of the network. The
intensively dried samples remained liquid like after homogenizing for one week. The storage
modulus of the intensively dried particles could not be determined with the present set-up.

These findings constitute a strong indication for the importance of alkane in the
composition. To quantitatively underpin this view we have measured Ty (onset of the
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Figure 3. (a) The dependence of the specific heat C, on temperature (cooling rate: ~—4 K h™!):
(i): pure 5CB; (ii): 10 wt% of intensively dried PMMA in 5CB, measured after stirring the sample
for one week, R = 430 nm; (iii): 10 wt% of intensively dried PMMA in 5CB, measured after
stirring for seven weeks, R = 430 nm; (iv): 10 wt% PMMA in 5CB, measured after stirring for
about six weeks, R = 430 nm; (v) 0.9 wt% hexane in 5CB, no particles. (b) The dependence of the
phase transition temperature 71y on the weight fraction of PMMA particles ¢pyvma, R = 240 nm
(M, left axis), and the weight fraction of hexane ¢pex (X, right axis).

thermogram peak) for several weight fractions of PMMA (figure 3(b), left axis) and different
amounts of hexane (figure 3(b), right axis) in SCB. A linear decrease of Ty with either variable
is observed [21]. Some 3 x 107 alkane molecules on each particle (R = 240 nm) are needed
for the two data sets in figure 3(b) to agree. Using estimated densities of hairs on PMMA
particles [20], it can easily be shown that this already can be achieved with a layer of hexane
molecules (taking the length of a hexane molecule to be 8 A) filling the space between ~15 nm
hairs.

As far as the width of the peaks is concerned we note that typically the peaks (cf (iv))
show a long tail towards lower temperatures (hardly visible in figure 3). In the case of the
composites this may be more than 10 K in width. This may be due to capillary condensation of
the alkane-rich phase in the region occupied by particles, effectively causing a local reduction
in the transition temperature, in line with figure 2.

Previously, the reduction of Tiy was attributed to the elastic energy around the
particles [14]. Calorimetric measurements performed by Petrov et al [18] gave two peaks
in C,(T) in 5CB with dispersed PMMA particles. This was taken as evidence of a two-
staged transition. We always observed a single peak in the thermogram for freshly prepared
samples; figure 3(a). Taking the sample through a number of heating/cooling cycles led to the
emergence of two peaks. Visual observation shows [26] that upon taking a sample a number
of times through a cooling/heating cycle the network hardly breaks up, even after resting in the
isotropic phase for several hours. Possibly, the two peaks are due to slightly different hexane
concentrations in the coexisting particle-rich domains compared to the particle-free domains.

Origin of network formation. It is widely believed that network formation in suspensions
of liquid crystal and sterically stabilized colloids is a kinetic effect [13—15, 18]. Time-resolved
confocal microscopy [16] shows that particles are swept up by moving isotropic—nematic (IN)
interfaces. West et al have recently derived the conditions that must be satisfied for this to
happen, by considering the balance of hydrodynamic, elastic and surface tension forces of a
particle situated at an IN interface [17]. They concluded that within a large range of particle
sizes (~10 nm—1 um), the IN interface must move slower than vy ~ 1 mm s~!. The IN
interfaces in pure thermotropic liquid crystals are expected to move at a speed of the order of
cm s~! [27], while the interfaces in our system typically move with speeds below 1 gm s~!
before getting stuck [16]. This explains why network formation is possible in our system, but
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raises the question of why the interfacial speeds are so much slower than in pure SCB.

A possible explanation lies with the opening up of a biphasic region in the phase diagram
due to the presence of alkane molecules. In the liquid crystal 5CB the impurity level is quite
low and the biphasic region is narrow, i.e., the whole of the system wants to become nematic
at T < Tin. In that case, the undercooling itself, T = Tixy — T, rather than the quench
rate, dt/dr, controls the speed of the interface between growing nematic droplets and the
surrounding (shrinking) isotropic material [27]. Even a very small degree of undercooling will
give velocities exceeding v,i; for interface-driven particle transport.

On the other hand, our system with alkane present remains in a biphasic region throughout
the temperature range in which the network morphology is undergoing formation. At any one
temperature within this interval, the state of the system is a fixed amount of nematic droplets
coexisting with isotropic phase. The nematic fraction grows with the undercooling, Tix — 7.
If the temperature is fixed the IN interfaces will come to rest and the domain walls then hardly
move. The interfacial speed is now controlled mainly by the cooling rate which can be very
low. This, we suggest, is the mechanism whereby the existence of an alkane-induced biphasic
region slows down the movement of IN interfaces. A question remaining is the meaning of the
interaction between the grafted polymer and the liquid crystal—i.e. wetting of the particles—
on the rheological properties of the network. Therefore we have investigated silica particles
(R = 340 nm) coated with stearyl chains. Visual observation does not support wetting of the
particles by isotropic liquid crystal. Instead of network formation, clustering or chaining of
particles is observed for all hexane concentrations and cooling rates investigated so far [25].

In the presence of alkane, i.e. a second solvent, the mechanism of particle transport by
an IN interface [17] provides a generic mechanism for network formation for particles wetted
by isotropic material. According to our rheological data, network formation takes place for
a broad range of particle size and density. Rather than particle size, the sample preparation
plays a crucial role in as much as it has a strong influence on the amount of alkane released by
the particles into the liquid crystal.

Conclusions. Our experimental results from NMR and calorimetry suggest that the
presence of alkane is a key factor for network formation in colloid-liquid crystal suspensions.
Rheological data show that network formation is possible for a wide range of particle sizes
and hardly depends on particle radii.

The authors would like to thank A Schofield for preparing the PMMA particles, J Vollmer for
detailed comments on the manuscript, and F Clement, J Crain, H Pleiner, S Romer, H Stark and
B Ullrich for stimulating discussions. They are grateful to a referee for interesting suggestions,
and to H N W Lekkerkerker for kindly providing silica particles. DV gratefully acknowledges
funding by the European Commission under the Marie Curie programme.

References

[1] de Gennes P G and Prost J 1993 Physics of Liquid Crystals 2nd edn (Oxford: Clarendon)
[2] Crawford G P and Zumer S (ed) 1996 Liquid Crystals in Complex Geometries (London: Taylor and Francis)
[3] Pusey P N 1991 Liquids, Freezing and the Glass Transition ed J-P Hansen, D Levesque and
J Zinn-Justin (Amsterdam: Elsevier) chapter 10
[4] Poon W C K 2002 J. Phys.: Condens. Matter 14 R859
[5] Terentjev E M 1995 Phys. Rev. E 51 1330
[6] Kuksenok O V, Ruhwandl R W, Shiyanovskii S V and Terentjev E M 1996 Phys. Rev. E 54 5198
[7] Stark H 2001 Phys. Rep. 351 387
[8] Poulin P, Raghunathan V A, Richetti P and Roux D 1994 J. Physique 11 4 1557
[9] Poulin P, Stark H, Lubensky T C and Weitz D A 1997 Science 275 1770
[10] Poulin P and Weitz D A 1998 Phys. Rev. E 57 626



Letter to the Editor 1233

[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

Zapotocky M, Ramos L, Poulin P, Lubensky T C and Weitz D A 1999 Science 283 209

Yamamoto J and Tanaka H 2001 Nature 409 321

Meeker S P, Poon W C K, Crain J and Terentjev E M 2000 Phys. Rev. E 61 R60836

Anderson V J, Terentjev E M, Meeker S P, Crain J and Poon W C K 2001 Eur. Phys. J.E4 11

Anderson V J and Terentjev E M 2001 Eur. Phys. J. E 4 21

Cleaver J and Poon W C K 2004 J. Phys.: Condens. Matter at press

West J L, Glushchenko A, Liao G, Reznikov Y, Andrienko D and Allen M P 2002 Phys. Rev. E 66 012702

Petrov P G and Terentjev E M 2002 Langmuir 17 2942

Antl L, Goodwin J W, Hill R D, Ottewill R H, Owens S M, Papworth S and Waters J A 1986 Colloids Surf. 17
67

Cebula D J, Goodwin J W, Ottewill R H, Jenkin G and Tabony J 1983 Colloid Polym. Sci. 261 555

Oweimreen G A and Martire D E 1980 J. Chem. Phys. 72 2500

Heuer H, Kneppe H and Schneider F 1989 Ber. Bunsenges. Phys. Chem. 93 923

Kneppe H, Schneider F and Sharna N K 1981 Ber. Bunsenges. Phys. Chem. 85 784

Dong R Y 1994 Nuclear Magnetic Resonance of Liquid Crystals (New York: Springer)

Ullrich B, unpublished

Vollmer D, Hinze G and Schofield A B 2004 in preparation

Popa-Nita V and Sluckin T J 1996 J. Physique 11 6 873



