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Highly Swollen Liquid Crystals as New Reactors for the Synthesis of
Nanomaterials

Geetarani Surendrdi;” Miriam S. Tokumoto,™ Eduardo Pena dos Sanfos;
Hynd Remita Laurence RamoSPatricia J. Kooymah,Celso Valentim Santillf]
Claudie BourgauX,Philippe Dieudonné and Eric Prouzet*

Institut Europen des Membranes, UMR 5635-CNRS, CNRS, 1919 route de Mende,

F- 34293 Montpellier Cedex 5, France, Laboratoire de Chimie Physique, Bat. 349, UMR 8000-CNRS,

Universite Paris XI, F- 91400 Orsay Cedex, France, Groupe de Dynamique des Phases Caslense
UMR 5581-CNRS, Unersite Montpellier Il, F-34095 Montpellier Cedex 05, France, National Centre for
HREM, Delft Unversity of Technology, Rotterdamseweg 137, 2628 AL Delft, The Netherlands, Instituto de

Quimica, UNESP, Rua Professor Francisco Degni, s/n CEP 14800-900 Araraquara-SP, Brasil, and
Laboratoire pour I'Utilisation du Rayonnement Electromatigee (LURE), UMR 130-CNRS, Urrsite

Paris-Sud, F-91402 Orsay Cedex, France

Receied September 9, 2004. #sed Manuscript Receéd Naember 22, 2004

Synthesis and self-assembly of nanomaterials can be controlled by the properties of soft matter. On
one hand, dedicated nanoreactors such as reverse microemulsions or miniemulsions can be designed. On
the other hand, direct shape control can be provided by the topology of liquid crystals that confine the
reacting medium within a specific geometry. In the first case, the preparation of micro- or miniemulsions
generally requires energetic mechanical stirring. The second approach uses thermodynamically stable
systems, but it remains usually limited to binary (watesurfactant) systems. We report the preparation
of different families of materials in highly ordered quaternary mediums that exhibit a liquid crystal structure
with a high cell parameter. They were prepared with the proper ratios of salted water, nonpolar solvent,
surfactant, and cosurfactants that form spontaneously swollen hexagonal phases. These swollen liquid
crystals can be prepared from all classes of surfactants (cationic, anionic, and nonionic). They contain a
regular network of parallel cylinders, whose diameters can be swollen with a nonpolar solvent, that are
regularly spaced in a continuous aqueous salt solution. We demonstrate in the present report that both
aqueous and organic phases can be used as nanoreactors for the preparation of materials. This property
is illustrated by various examples such as the synthesis of platinum nanorods prepared in the aqueous
phase or zirconia needles or the photoyary-induced polymerization of polydiacetylene in the organic
phase. In all cases, materials can be easily extracted and their final shapes are directed by the structure-
directing effect imposed by the liquid crystal.

Introduction based micellar systems, constitute an efficient driving force

Objects at the nanometric scale exhibit specific properties, fpr the organization Of solid phases. The.succ‘?ss“?' prodqc-
tion of polymers, hybrid materials, ceramics, with hierarchi-

generally due to their limited size ranging between single | struct I ¢ tructured materials based
molecule and bulk material, that can enhance quantum sizeg‘:: S I’;,ICC;JI’e;S, :ﬁ dV\é)elocich 2??}?2 rucelljfre rgr?]slniz SZEH
effects. Their exceptional high surface over volume ratio surtactants POIyMers Sell-ass yhas

provides also specific features in catalysis or molecule recently demonstrated? Simila_r _approaches us_ing xanthates
adsorption. Among the different chemical syntheses that a}nd related co_mpoun?isr addmo.n“of polymenzzable func-
could be developed, those requiring self-assembly at thetlons (polymerl_zable surfactgnts. surfmer$"y v.vere.also
molecular scale or between building nanoblocks appear tossuccessful. This demonstration has been espeC|aIIy|IIustra_1ted
provide attractive synthesis pathway$.Among them, the by the tremendous amount of literature on the preparation

dynamic properties of soft matter, as, for example, surfactant- of mesostructured oxides where assembling forces based on
T ' electrostatic or H-bonding interactions between surfactants
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and inorganic species achieved the control of the final design porous solid frameworks with morphology of any type
framework of porous silica and related matergis3 of mesophase. Besides, liquid crystals were also used as
However, it appears that many developments, among them,reacting media, either to prevent aggregation of nanoparticles
some being called “bio-mimetic” or “bio-inspired”, may be or to build superlattices of metal or polymers nanowire
expected in the design of hierarchically nanostructured arrays>!—63

materials or self-assembled superlattices, from the control Al reactions described above imply binary systems,
of organic-inorganic, organieorganic, or inorganie namely, water plus some structuring agent. However, syn-
inorganic interface propertié$.C In parallel, even withno  theses were also developed in ternary (water:oil:surfactant)
specific interaction, one may also use liquid crystals as systems. Most of these are based on water in oil reverse
molders; such a mechanism was defined as “true liquid microemulsions where aqueous vesicles stabilized by sur-
crystal templating”. It implies the direct embedding of an factants molecules constitute spherical nanoreactors dispersed

inorganic network in the aqueous phase of a binary liquid in a nonmiscible organic solveft.° The restricted size of

crystal with the imprinting of the liquid crystal reverse
structure on the final solid framework architectd¥e®® This

these microemulsions allows the synthesis of rather mono-
disperse nanoparticlég’t83

method is very interesting because one can theoretically Quaternary systems (water:oil:surfactant:cosurfactant) were
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These “oil in water” miniemulsions do not form spontane- until the whole solution gives a clear and rigid mesophase. The
ously, but they require highly energetic stirring by ultra- SLC samples displayed in this study were prepared according to
sonication, microfluidization, or high-pressure homogeniza- the following procedures: SampleA was prepared with sodium
tion as well as the addition of an emulsion stabilizer in order dodecyl sulfate (SDS) (Acros) as follows: 0.8 g of SDS was
to prevent Ostwald ripenin. Surfmers were also em- dissolved at 35C for 3 h, in 2 mL of water contalqlng 0.035 g of
ployed!2% and many classes of materials, organic or NaCl(NaCll=0.3M)and 0.2 mL of NaOH () (final pk 11);

inorganic. were successsfully svnthesized through this 4.94 mL of cyclohexane was further added under stirring, and the
procges§1’,94 y sy 9 final hexagonal SLC was obtained after the addition dropwise of

0.43 mL of 1-pentanol. SampleB was prepared with cetylpyri-

Unlike miniemulsions, liquid crystals form spontaneously, dinium chloride (CTPCI) (Aldrich) as follows: 1.0 g of CTPCI
a normal stirring usually contributes to the homogenization, was dissolved at 35C for 3 h, in 2 mL of water containing 0.04
when the components are mixed with the proper ratios, butg of N&SOs ([Na;SOy] = 0.15 M) and 0.22 mL of concentrated
they are mostly limited to (water:surfactant) binary systems H2S0; (final pH = —0.6); 5.0 mL of cyclohexane was further added
with some possible addition of a small amount of swelling under stirring, and the final hexagonal SLC was obtained after the
additives. We presented recently a new approach wheredropwise addition of 0.354 mL of 1-pentanol. Sampl€ was
guaternary systems containing a large amount of nonpolarprepafed with cetyltrlmethylammor_uum chloride (CTAC) (A_Idnch)
solvent, usually used for miniemulsions, can lead to liquid aSLfglfk;‘\’l‘;:erlégn%a?;iggg%xvgso‘:';;Oge(‘[m ;’g]mi%qé":\ﬁ

. 2. == U.

crystals that are subseguently used.as_ nanoreactors. Wé:nd 0.22 mL of concentrated, 0, (final pH = —0.6): 5.0 mL of
named these systems highly SWOHen_“ql_“d cr.ystals (SLCs), yclohexane was further added under stirring, and the final
and we Qemonstrated that macroscop.lc glrconla needles coul exagonal SLC was obtained after the dropwise addition of 0.26
be obtained by a slow crystal growth inside these S1°CE. mL of 1-pentanol. Samplé.D was prepared with Tergitol 15-S-
We show in the present report (i) that this concept can be 15 (CH(CH,),4OCH,CH,):s0H) (Union Carbide) as follows: 2.4
extended to all classes of surfactants, (ii) that different kinds g of Tergitol 15-S-15 was dissolved at 36 for 3 h, in 2 mL of
of materials can be synthesized within, and (iii) that the water containing 0.035 g of NaCl ([NaC# 0.3 M); 3.3 mL of
structure of the SLC can direct the final morphology of the cyclohexane was further added under stirring, and the final SLC
materials synthesized inside. The hexagonal structure of thesavas obtained after the dropwise addition of 0.3 mL of 1-pentanol.
SLCs was reported several years ago for compositions based Synthesis of Metal Particles.The metal nanoaggregates were
on the anionic SDS surfactant, and it was demonstrated thatprepared as follows: 5 mL of an aqueous solution of hexachloro
they remain stable even after the addition of particles in the platinic acid was prepared by dissolving 0.2 g of#V)Clg in 5
nonpolar cylinder§29-101 However, they were never de- mL of water. SDS (2.0 g) was added and stirred until full
veloped as actual nanoreactors, that is, as systems whereiffissolution, then 5.8 g of cyclohexane was added under §tirring.
chemical reactions are performed instead of the simple 1-Pentanol (0.8 g) was added dropwise under strong shaking by a

inclusion of objects prepared in another way. vortex shake_r _untll the prlstl_ne Y,Vhlte erTJuIsmn gave a yeIIowI_ess
transparent rigid gel, placed in a “septum” sealed vial, was obtained.

. The hexagonal symmetry of this SLC was checked by small-angle
Syntheses and Experimental Procedures X-ray diffraction (SAXD). For sampl@.A, the vial was submitted
to a highy-irradiation dose of 96 kGy that destroyed the SLC. For
sample2.B, the gel was left under CO bubbling for the following
cycle: 25 min bubbling6 h ofrest; this cycle was repeated three
times. For sampl&.C, the sample was first reduced by a continuous

Preparation of Pure SLCs.The preparation of different samples
of SLC was performed according to a general procedure starting
with the dissolution of the surfactant into the aqueous phase and
the addition of the organic swelling agent under mechanical stirring. . | : - o
An unstable white emulsion was obtained. The cosurfactant was oW Of CO for 25 min, then irradiated for 6.5 h with radiation
added dropwise under energetic stirring with a vortex tube shaker (3 KGY T, total amount of 32 kGy). The sample was left sealed
for 2 days under CO atmosphere. Samplb was prepared in a

lamellar SLC: 5 mL of an aqueous solution of hexachloroplatinic
acid was prepared by dissolving 0.2 g ofR4"V)Cls in 5 mL of

(85) Antonietti, M.; Landfester, KProg. Polym. Sci2002 27, 689.
(86) Asua, JProg. Polym. Sci2002 7, 1283.

(87) MontenegrO’ R.; Antonietti’ M.; |\/|astaiY Y. Landfester’ J(Phys water. SDS (20 g) was added and Stirred Until fu” dissolution,
Chem. B2003 107, 5088. then 5.8 g of cyclohexane was added under stirring. 1-Pentanol
(88) IP?”?' R-?SC‘?‘goe(;g' 1'660?%35' J.; Rouch, J.; Panizzadi.Colloid (0.9 g) was added dropwise under strong shaking by a vortex shaker
(89) &Jec;’a;i Q(i:’l H.. Chen, Y. F.; Yang, Mater. Res. Bull2003 38, until the pristine white emulsion gave a yellowless transparent rigid
1501. gel that was left in a “septum” sealed vial. The lamellar structure
(90) Guyot, A; Graillat, C.; Favero, @. R. Chim2003 6, 1319. was confirmed by polarized optical microscopy. The gel was left

83 -Lr;]rgfséslt:é} LP?_r.]i;iitgﬁe';';oAgt_qggﬁgﬁM&?%‘?;'ré(_).oi’sg\’,;pﬁsm under CO bubbling for 25 min of bubbling, 16 h of rest, another

U.; Patil, S.; Neher, D.; Kietzke, TAdv. Mater. 2002 14, 651. 25 min bubbling, and a last aging of 7 h. For santlg, palladium
(93) szamler, L. P.; Landfester, Klacromol. Chem. Phy<2003 204 fibrils were obtained by reduction of Pq0.015 M Pd(NQ),) in

(94) Barree, M.. Landfester, KPolymer2003 44, 2833. the water phase (pk 2) in the hexagonal phase by CO. In this
(95) Prouzet, E.; Remita, H.; Ramos, L.; Tokumoto, M.; Surendran, G.; Case, some large palladium particles were also observed. For sample
Pena dos Santos, E. Patent WO 2004/071633, 2004. 2.F, 1 g of SDS waglissolved in 2.5 mL of a solution of Pt")-

(96) Prouzet, E.; Remita, H.; Ramos, L.; Tokumoto, M.; Surendran, G.;
Pena dos Santos, E. Patent WO 2004/071632, 2004, Cls (0.1 M) and SnCJ(0.01 M). Cyclohexane (3.5 mL) were further

(97) Pena dos Santos, E.; Santilli, C. V.; Pulcinelli, S. H.; ProuzeZhem. added, and 0.8 g of 1-pentanol was added dropwise under strong
Mater. 2004 16, 4187. _ shaking by a vortex shaker until the pristine white emulsion gave

Egg; S:mgzv t Egg:g' %?@&‘#'%3?7%356%2'&998 1 319 a transparent rigid gel. The gel was placed in a sealed vial, and a

(100) Ramos, L.; Molino, F.; Porte, Gangmuir200Q 16, 5846. bubbling with CO was applied for 25 min twice, with an aging

(101) Ramos, L.; Molino, FEurophys. Lett200Q 51, 320. step of 17 h between. The SLCs were further destabilized by the
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addition of 5 mL of ispropanol, and the particles were all recovered a 1-mm-thick Lindeman capillary. Because of the high intensity,
by centrifugation (5 min, 2000 rps) and further washing with the X-ray diffraction pattern was not corrected for any background
2-propanol. scattering for the laboratory SAXD apparatus, which explains the
Synthesis of Zirconia. The synthesis of zirconia needles from ~ 0Wer resolution, compared with other patterns. Jhieradiation
zirconium sulfate colloids (ZSC), detailed in ref 97, can be Source was &%Co y facility of 7000 Curies with a dose rate of

summarized as follows: the colloidal suspension was prepared by 2300 Gy h* at Orsay (1 Gy= 1 J kg™). Transmission electron
adding dropwise 450 mL of an aqueous solution of zirconia MICrOSCOpy (TEM) observations were performed with a JEOL JEM
oxychloride (1.5 mol E2) into 30 mL of a sulfuric acid solution 100 CXII transmission electron microscope at accelerating voltage

(1.5 mol L™%) heated at 86C, under magnetic stirring. One obtained ~ ©f 100 kV. The sample drops were deposited and dried on carbon-

a final (Z**:H,SOy) molar ratio of 15:1, and aliquots of 15 mL of ~ coated copper grids.

the colloidal suspension were put inside an acetyl-cellulose . .

membrane tubing (1214 000 MW) and then submitted to static Results and Discussion

dialysis fo_r 24 h again_st 150 mL _of deionized \{vater. The Stability of SLCs. Lyotropic hexagonal mesophases

gggﬁgﬁflﬂ?g Eﬁg‘;\'gzl suspension was furtther mcr:ea?ed Iby consist of infinite liquid cylinders organized on a hexagonal
P ynamic vacuum up fo reach a inal - yice with surfactants at the interface of the cylinders. The

zirconium concentration of 3.4 mol 2. To prepare the liquid h | oh defined as “direct” i | lar tub
crystal doped with ZSC, 1.0 g of CTPCI was dissolved in 2.0 mL ''€X@gonai phase aefined as “direct involves nonpolar tubes

of ZSC. Cyclohexane (5 mL) and 0.3 mL of 1-pentanol were further r€gularly spaced in a polar medium. Swelling of these
added in this solution and mixed vigorously with a vortex shaker, Nexagonal phases may occur through two different pro-
until the formation of a transparent gel formed by the hexagonal C€sses: one may either increase the distance between
liquid crystal. The vessel was sealed and stocked at room temper-adjacent cylinders, the cylinders themselves remaining
ature for several weeks. Macroscopic white needles appeared afteunchanged, or increase the radius of the cylinders without
4 weeks of rest, which grew up to 2 cm in length as the rest time changing drastically the distance between them. The exist-
increased. The SLC was further destabilized by the addition of 10 ence of the hexagonal SLCs was initially demonstrated by
mL of cycl_ohexe_me, and the parti_cles were recovered by settnling L. Ramos et al. in the phase diagram of quaternary mixtures
after washing with 20 mL of a mixture of 1-pentanol (1 mL) in - mpining the anionic surfactant SDS, an aqueous solution
cyclohexane (19 mL). This process was repeated three tlmes.Of inorganic salt (NaCl), cyclohexane as a hydrophobic

Crystals were further dried at room temperature for 72 h and . 101
octahydrated zirconium oxychloride was identified after this step. swelling agent, and 1-pentanol as a cosurfacteit.*They

Calcination (120°C/6 h, 200 and 600C/2 h) led to the formation showed that the swelling provided by increasing the inter-

of zirconia (sample3.A). cylinder space leads rapidly to a loss of the positional order
Synthesis of PolymersThe polymer samples were prepared as of the tubes, thereforg the hexagor\al long-range order. .On

follows. For samplet.A, the solution was prepared by mixing 2 the contrary, the swelling of the cylinders themselves while

mL of an aqueous solution containing 0.0351 g of NaCl and 0.8 g keeping the intercylinder distance small, leads to a more
of SDS with 5 mL of cyclohexane containing 0.19 g of 1,4- Stable hexagonal phase. However, in the latter case, stability

diphenylbutadiyne (Sigma Aldrich). The SLC was structured by is linked not only with the respective proportions of oil,
the addition of 0.8 g of 1-pentanol under strong stirring. It was ~ water, and surfactant as well as the intrinsic geometry of
irradiated for 20 h, under nitrogen atmosphere (total amount of 90 surfactant molecules but also with the possibility to adjust
kGy). The mesophase was further destabilized by the addition of 5 the spontaneous radius of curvature of the surfactant mono-
mL of ethanol and 5 mL of water. A phase separation occurs with |ayer that builds the cylinder walls to adapt to the increasing
the organic portion on the top containing the polymer. The polymer ,q;me of organic solvent swelling the cylinders. This control
was recovered as a solid floating on water after full evaporation of is provided by the correct adjustment of the ionic force of

the organic phase. Samplés3 and4.C were prepared according h h . der t fiall th Isi
to the same process; sampl® was prepared in pure cyclohexane, € agueous phase In order to partially screen the repuision

and samplé.C was prepared in the cyclohexane phase of the SLC. be_tween charges on the s_urfactant heads. He_nce, the correct
For sample4.C, the SLC was prepared as for samglé, but the ~ adjustment between swelling solvent and salt in the aqueous
organic phase was made of 3.8 g of cyclohexane, 0.38 g of 1,4-Phase is a prerequisite factor if one expects these lyotropic
diphenylbutadiyne (Sigma Aldrich), and 0.193 g of benzone methyl Systems to display at room temperature a direct hexagonal
ether (Fluka) used as a polymerization catalyst. The so-obtainedphase constituted of a triangular array, in salted water, of
SLC was left under UV irradiation (100 W, 365 nm) for 12 h. The  infinite nonpolar cylinders swollen by nonpolar solvent and
polymer fibers were recovered according to the same process  stabilized by a monolayer of the surfactant. This condition

Experimental. SAXD experiments were conducted at the D24 is very important if the added salt is also used as a reagent.
synchrotro_n beamline of the DCI ring at LURE (Orsay_, France). A The cosurfactant, e.g., 1-pentanol, is another factor that helps
Ge(111) single-crystal curved monochromator provided a beam to stabilize the cylinder walls, but its amount depends slightly
focused in the horizontal plane. The selected wavelength was 1.495 the cylinder diameter. It has been demonstrated that the
A. The incident beam intensity was monitored by an ionization o rect adjustment between cyclohexane and the ionic force
chamber, and its size (typically 04 1.5 mn) was determined ¢ 40 aque0us solution by addition of a salt allowed the
by collimating slits upstream and downstream from the monochro- . .

diameter of the nonpolar cylinders to be tuned over 1 order

mator. To reduce absorption and parasitic scattering, the beam path

was kept under vacuum, and slits were placed before the sampleOf magnitude (from 3 to 30 nm), while the distance between

to suppress parasitic signal. The sample-to-detector distance wadjacent cylinders is kept small and nearly constant (about
adjusted to 2.50 m in order to cover the required scattering vector 3 M) If one assumes that these mesophases can be used

range. The scattering patterns were recorded with a gas-filled, as actual nanoreactors, one had to adjust their physicochem-
position-sensitive detector or an image plate. Samples were put inical properties as a function of the desired reaction instead
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Figure 1. SAXD patterns of different examples of SLCs prepared with: @), SDS as surfactant, cyclohexane as swelling agent, and 1-pentanol as

cosurfactant at pH 11, (inset is polarized light microscopy);1(#8, with CTPCI as surfactant, at pH below 0; (£)C, with CTAC as surfactant; (d).D,

with nonionic Tergitol 15-S-15 as surfactant (inset is image plate recording of the SAXD). SalmpldsB, and1.C exhibit a hexagonal structure with four

assignable peakd;.D exhibits a well-defined cubic structure.

of the reverse. This implied that the nature of SLCs had to surfactants such as Tergitol 15-S-15 (§0€H,)14(OCH;-

be extended over a broader range of compositions than thoseCH,);sOH) can also structure a SLC (sampleD) that

reported previously, that is, a hexagonal SLC prepared with exhibits in the present example a well-defined cubic structure

the anionic SDS surfactant in neutral pH and with a limited (la3d, a = 28.6 nm) (Figure 1d). The nature of the

domain of existenc& We show thereinafter that the concept components can be changed, too. Successful preparations

of SLC is really generic and that it can be enlarged to various were achieved with different swelling agents (cyclohexane,

com_po_sitions including not only anionic but also cationic or  gecane, 2,2,4-trimethyl pentane), with either pure or binary

nonionic surfactants. and ternary mixtures of different salts (NaF, NaCl, KCloNa
Figure 1 displays the SAXD patterns of some examples g, and with various cosurfactants (1-pentanol, dimethyl-2

whose nature of the surfactant, the inorganic salt, and/or the, 430611, 1-decanol). These results demonstrate that the

acidity were changed. Figure 1a dl_splays the SAXD pattern composition of SLCs can be adapted in order to fulfill the

Ef an SLC (sampld.A) prepqred with S.DS as sgrfactant, a experimental conditions required to prepare new materials

asic (pH 11) aqueous solution of sodlum chloride (0.3 M), in the organic or in the aqueous phase.

cyclohexane as the nonpolar solvent swelling of the surfactant

cylinders, and 1-pentanol as cosurfactant. Birefringence, a The diameter of the cylinders of the SLC can also be

fingerprint of the anisotropic structure, is observed over the adapted by varying the amount of swelling solvent. Figure

whole volume by polarized optical microscopy (inset). The 2 displays the evolution of theéspacing (eb) for mesophases

system is highly ordered with four peaks being indexed in prepared with SDS and NaCl as a functiorpdgtyclohexane:

the hexagonal symmetry?6mm a = 25.4 nm). However,  Wwater vol. ratio) varying from 0.2 to 4. Theéspacing varies

due to the nature of the surfactant head, the stability of this linearly from 6 to 35 nm with an increase in the cyclohexane

SLC is limited below pH= 1. This limit is overcome with ~ volume. It is worth noticing that the amount of salt in the

cationic surfactants such as CTPCI (Figure 1b, sarhgig aqueous phase must be concomitantly adapted according to

or CTAC (samplel.C, Figure 1.c). At pH< 0, they both the empirical relationship

exhibit aP6mmhexagonal symmetry with the cell parameter

a = 22.0 and 26.7 nm, respectively. Finally, nonionic [NaCl] = 0.156p — 0.104 Q)
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Figure 2. Evolution of thed spacing for pure SLCs prepared with SDS
and different volumic ratio of cyclohexane over water.

When ionic precursors will be used in the ageuous phase
they will play the function of the stabilizing salt, but their
concentration will depend also on the previous relation,
which can be a drawback for certain syntheses.

Preparation of Metal Nanorods and NanoslabsAmong

Surendran et al.

porous channels of FSM-16*5However, the recovery of

the metal structure requires usually an additional step of
dissolution of the solid matrix in a corrosive medium. Self-
assembly of nanoparticles can be achieved also with the help
of confinement inside soft matrixes such as liquid crystals,
but there is no straightforward relationship between the
geometry of the liquid crystal and the final morphology of
the particles synthesized insiéfe®? For example, syntheses
by Ding et al. of palladium nanoparticles in an inverted
hexagonal mesophase led to isotropic particles and prepara-
tion by Lee et al. of silver particles in a hexagonal phase
made with nonionic Tritonx 100 gave again polydisperse
and mostly isotropic particles, even if some rods could be
observed?°

In our study, metal nanostructures were synthesized inside
the aqueous phase of a SLC (SDS:1-pentanol:cyclohexane:
water). It must be noticed first that, when the reaction
proceeds in bulk water, a polydiperse distribution of nano-
particles is obtained. Polarized light micrographs and SAXD
confirm the anisotropic structure of a mesophase that verifies
the P6mmhexagonal structure both before and after doping
the aqueous medium with hexachloroplatinic acidR#-

,Clg) in concentrations ranging from 0.05 to 0.2 mof'LThe

hexachloroplatinic acid was not only used as a reagent but
also as a SLC stabilizer in place of sodium chloride. The
comparison between platinum particles synthesized in this
SLC using various reduction methods is displayed in Figure

the different nanomaterials, those exhibiting a high shape 3. When a high irradiation dose ¢frays was applied (92
factor (nanorods, nanowires, lamellae, etc.) are very attractivekGy with a SLC containing a 0.1 M aqueous solution of
because of their anisotropic electrical, optical, magnetic, and platinic acid) (sampl&.A), a complete amorphization of the

mechanical properties, along with their potential applications
in nanodeviced>%2Many approaches have been used for their
synthesis, including controlled growth!%2self-assembly??
laser ablatiort®* and thermal processin§> 11 but many of

liquid crystal was observed. In that case, the mesophase could
not prevent a diffusion-controlled aggregation of particles.
They aggregated according to an isotropic fractal-like growth
mechanism (Figure 3a). When the reduction of the platinic

these syntheses were performed within the structure of aacid into platinum was obtained by a slower chemical
porous hard matrix (mesoporous silica, carbon, or peptide reduction (bubbling of 1 atm carbon monoxide) of #0.1—

nanotubes) or by the reverse print of the matrix
structure?®11+113 For example, platinum nanowires synthe-

0.2 M) (sample2.B), the color of the phase gradually
changed from yellow to dark purple and the liquid crystal

sized in mesoporous silica FSM-16 exhibited unique proper- became less viscous as the reaction proceeded. Rodlike

ties in CO chemisorption, wategas shift reaction, and
magnetism due to their morphology provided by the meso-

(102) Li, W.-J.; Shi, E.-W.; Ko, J.-M.; Chen, Z.-z.; Ogino, H.; Fukuda, T.
J. Cryst. Growth2003 250, 418.

(103) Hollensteiner, S.; Spiecker, E.; Dieker, Cgda W.; Adelung, R.;
Kipp, L.; Skibowski, M.Mater. Sci. Eng. Q003 23, 171.

(104) Meng, X. M.; Hu, J. Q.; Jiang, Y.; Lee, C. S.; Lee, S.Chem.
Phys. Lett.2003 370, 825.

(105) Ryoo, R.; Kim, J. M.; Ko, C. H.; Shin, C. H. Phys. Cheml1996
100, 17718.

(106) Ryoo, R.; Ko, C. H.; Kim, J. M.; Howe, RCatal. Lett.1996 37,
29

(107) Sasaki, M.; Osada, M.; Higashimoto, N.; Yamamoto, T.; Fukuoka,
A.; Ichikawa, M. J. Mol. Catal. A1999 141, 223.
(108) Liu, Z.; Sakamoto, Y.; Ohsuna, T.; Hiraga, K.; Terasaki, O.; Ko, C.
H.; Shin, H. J.; Ryoo, RAngew. Chem., Int. EQ200Q 39, 3107.
(109) Liu, Z.; Terasaki, O.; Ohsuna, T.; Hiraga, K.; Shin, H. J.; Ryoo, R.
Chem. Phys. Chen2001, 229.

(110) Ghosh, A,; Patra, C. R.; Mukherjee, P.; Sastry, M.; Kumakigro.
Meso. Mater.2003 58, 201.

(111) Kyotani, T.; Tsai, L.-f.; Tomita, AJ. Chem. Soc., Chem. Commun.
1997 701.

(112) Ryoo, R.; Jun, S.; Kim, J. M.; Kim, M. J. Chem. Soc., Chem.
Commun.1997, 2225.

(113) Shin, H. J.; Ryoo, R.; Liu, Z.; Terasaki, @.Am. Chem. So2001,
123 1246.

aggregates made of monodisperse well-crystallized Pt nano-
particles (diameter of 2.5 nm) were obtained (parts b and c
of Figure 3) and X-ray photoelectron spectroscopy (XPS)
analysis confirmed the total reduction of platinum but reveal
some traces of remaining surfactants that could help to stick
the nanoparticles together in the aggregate. These aggregates
remained stable upon extraction and washing. Hence, the
confinement provided by the SLC led the particles to
aggregate with a preferential orientation instead of the 3D
isotropic fractal growth observed in the destroyed SLC. Itis
worth noticing that the progressive disappearance of the
platinic acid, along with the progressive acidification of the
solution due to the reduction of platinum, decreased the
stability of the SLC in the final steps of the reaction (SAXD
shows an effective loss of crystallinity of the mesophase at
the end of the reaction). Finally, we observed that a further

(114) Yamamoto, T.; Shido, T.; Inagaki, S.; Fukushima, Y.; Ichikawa, M.
J. Am. Chem. S0d.996 118, 5810.

(115) Yamamoto, T.; Shido, T.; Inagaki, S.; Fukushima, Y.; Ichikawa, M.
J. Phys. Chem. B998 102 3866.
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300 nm

Figure 3. TEM images of platinum nanoparticles prepared from hexachlo-
roplatinic acid in a hexagonal SLC (&)A, by high y-ray irradiation (96
kGy); (b and ¢)2.B, by CO reduction, leading to rodlike aggregation of
the Pt pristine nanoparticles (inset of c, the high-resolution TEM confirms
the preparation of Pt single crystals); (d and2ef, by CO reduction
followed by a lowery-ray irradiation of 32 kGy, giving a larger aggregation
in sticklike particles (part e is a microtome slice).

reduction byy-ray irradiation with a lower irradiation dose

(10—20 kGy) increased the coalescence of these particles

Chem. Mater., Vol. 17, No. 6, 200511

The structuring effect of the SLC geometry on the metal
nanoaggregates morphology was unambiguously confirmed
by similar syntheses performed with an SLC designed with
a lamellar structure formed by the addition of a slight excess
of 1-pentanol to the previously used hexagonal SLC (sample
2.D). In this case, slabs of platinum made of aggregated
nanoparticles are obtained, which also remain stable after
extraction (Figure 3a.). This process was also extended to
different metals, and syntheses performed with palladium
(Figure 3b) R.E, SDS/Pd, [Pd] 0.015M) or tin-doped
platinum (Figure 3c)Z2.F, SDS/HPtCk/SnCl, [Pt] = 0.1
M, [Sn] = 0.01 M) demonstrate from their morphology
variations that the nature of the metal precursor can also alter
the final morphology of the aggregate, depending on the
initial size of the pristine nanoparticles and the competitive
mechanisms between metal framework growth and particle
aggregation.

It appears from these results that the type of reduction is
not so important as far as one adopts a rather “gentle”
process. Hence, the shape of the platinum framework itself
is not affected by the SLC (we did not obtain a continuous
Pt porous framework as it could have been expected), but
the latter directs the way Pt nanoparticles synthesized in the
SLC aggregate. The area of particle aggregation is the
triangular space between three organic cylinders. This region
defines a less-confined region than the direct intercylinder
space itself, which is expected to drain the particles formed
by the reduction of the hexachloroplatinic acid, leading to
their aggregation along a direction parallel to the cylinder
main axis. This mechanism can be compared with other
methods previously reported such as, for example, the
preparation of ZnS nanowires obtained by the directional
aggregation and oriented growth of nanopatrticles trapped in
reverse micelles or short ZnS nanorods prepared in binary
direct liquid crystal$®’” The strong adhesion between
nanopatrticles, even after several centrifugations and wash-
ings, can be assigned both to a remaining fraction of
surfactant that still glues the particles together, and also
protects them, but interfacial forces could also induce
attractive interactions as was described previofistif

Preparation of Zirconia Needles.A detailed study of this
preparation was reported elsewh&&o summarize it, the
slow crystallogenesis of the colloidal solution leads to the
formation of macroscopic needle3.4) with a high shape
factor (at least 100) that keep their shape after thermal
treatment (see Figure 5a). A closer observation shows that
these needles are actually made of aggregated fibers aligned
along the main axis and that this stacking creates interfiber
voids whose average diameter can be visually estimated to
20 nm (parts b and c of Figure 5).

Preparation of Polymer Micro- and Nanowires. Another

(sample2.C). The aggregates kept their sticklike shape, but example of the versqtility'of thesg systems for the prepgration
single nanoparticles could not be clearly discriminated by Of Structured materials is provided by the preparation of
TEM anymore due to the increased thickness of the ag- Polymers. Several polymer nanotubes and nanowires of
gregates (Figure 3d). However, they still exist as proven by conducting polypyrrole, poly(3,4-ethylenedioxythiophene),

the observation of a sliced particle with ultramicrotome OF Polyaniline have been synthesized by electropolymeriza-

(Figure 3e). The alternative process (initially relatively low
y irradiation followed by CO bubbling) gave the same result.

(116) Yao, Y.; THeén, A. R. Nano. Mater.1999 12, 661.
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Figure 4. TEM images of (a)2.D, bi-dimensional Pt nanoaggregates
prepared from hexachloroplatinic acid by CO reduction in a lamellar SLC;
(b) 2.E, rodlike Pd nanoaggregates prepared in a hexagonal SL@;Hc)
Pt/Sn nanoaggregates prepared in a hexagonal SLC.

tion within the structure of a nanoporous alumina matkix.
This approach can be compared with syntheses in oil in water
miniemulsiong’>8694 The difference between SLCs and
miniemulsions is the shape of the organic swollen vesicle:
they are spherical in miniemulsions and cylindrical in SLCs.
An additional feature of the hexagonal and cubic SLC is
their optical transparency that allows photopolymerization
processes to be used. We Q'Ve theremafter an example take'r}igure 5. SEM images of zirconia needle3.Q) obtained after extraction
from the well-known family of polydiacetylene (PDA)  and thermal treatment at 60C.

polymers that are mostly developed for their electrical
conductivity properties. To this purpose, diphenyl-1,4
butadiyne-1,3 (510 wt %) was dissolved in the cyclohexane
fraction before its addition to the mixture forming an SLC,

and two types of reactions were tested. In both cases, SAXD
confirmed that the hexagonal symmetry was maintained after
polymerization (Figure 6). First, the SLC phase was submit-
ted toy-ray radiolysis to induce polymerization. Nanowire

- - arrays with orange color were obtained after irradiation with
(117) Joo, J.; Park, K. T.; Kim, B. H.; Kim, A. S.; Lee, S. Y.; Jeong, C.

K.; Lee, J. K;; Park, D. H.; Yi, W. K.; Lee, S. H.; Ryu, K. Synthetic only a few kGy. The polymer4A) was extracted by
Metals 2003 135-136, 7. destabilization of the mesophase upon addition of an excess
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Figure 6. SAXD pattern of a SLC made with SDS and a salted solution
of NaCl [0.3 M] without (dashed line) and with (solid line) PDA (10 wt
%) diluted in the nonpolar phase (cyclohexane) (recorded on a laboratory
SAXS apparatus).

of cyclohexane and recovered by solvent evaporation. This
yielded a network of polymer nanowires (Figure 7a). A more
conventional process consists of UV-induced polymerization
of PDA in the presence of a free-radical initiator (benzone
methyl ether). Following this process, syntheses were first
performed in bulk cyclohexane, and we obtained spherical
particles as expected from a bulk reactidrB) (Figure 7.b).
When performed in the SLC (with a large excess of initiator),
destabilization of the SLC in an excess of cyclohexane and
recovery by solvent evaporation, one obtained large wires
(4.C) (diameter of 0.5-1.0um) obtained by the crystalliza-
tion of initial polymer fibers during the solvent evaporation
(Figure 3.c). This latter example demonstrates also that the
confinement of reagents, this time in the inner volume of
the organic cylinders, provides an additional structuring effect
that directs the final shape of the polymer particles.

Conclusion

The preparation of nanoscale devices by chemical pro-
cesses may take advantage of the structuring properties o
soft matter to engine particles or structures with a controlled g
geometry. Compared with the domains of syntheses that useg
confinement properties of binary mesophases (wegar-
factant), the reactions performed in the SLCs, which are
gquaternary mesophases (waterganic solventsurfactant ;
cosurfactant), allowed us to open a new domain of nanore-Frigure 7. (a) TEM image of a PDA polymer prepared in SLC by
actors where metals, oxides, and organics can be synthesizedrradiation @.A); (b and c) SEM images of PDA prepared by UV irradiation
One may also expect that hybrid systems where organic™ () Pulk cyclohexane4.B) and in (c) a SLC4.C).
fibers are synthesized by using UV-induced polymerization and polymers). Moreover, we demonstrated that these
in the organic cylinders, prior to the reduction of metal systems are by far much more stable than what could be
nanorods or to the formation of an oxide framework in the expected from such complex mesophases, since they stand
aqueous phase, will be prepared soon. The SLCs provide aaddition of various reagents as well as reacting processes
new approach for the synthesis of hanomaterials or nano-within and still keep their long-range order. The numerous
structured materials. They are highly flexible by the pos- parameters that we are allowed to vary in the SLC prepara-
sibilities of composition (nature of the surfactant, salt, reagent tion, as well as for the reacting system itself, suggest that
precursor, pH, swelling agent), and they can be applied in this approach constitutes a promising new general concept
the three main fields of materials science (metals, oxides, to add to the field of self-assembled systems including liquid
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