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Abstract: Various nanoscale semiconducting superlattices have been generated by direct templating in a lyotropic
organic liquid crystal. These include superlattices of CdS, CdSe, and ZnS, templated in a liquid crystal formed
by oligoethylene oxide oleyl ether amphiphiles and water. The semiconductor growth process copied the
symmetry and characteristic dimensions of the original mesophase by avoiding growth of mineral within regularly
spaced hydrophobic regions. The final product was a superlattice structure in which a mineral continuum was
featured with hexagonally arranged cylindrical pores32nm in diameter and 5 nm apart. Most importantly,

the superlattice morphology of the nanostructured systems in contact with the mesophase was found to be
thermodynamically stable with respect to the solid lacking nanoscale features. We also found that both the
morphology of features in the nanostructured solids and their dimension can be controlled through the
amphiphile’s molecular structure and water content in the liquid crystal. The semiconducting solids CdS, CdSe,
and zZnS were all directly templated, while /&) CuS, HgS, and PbS were produced only as nonfeatured
solids using identical synthetic methodologies. We propose that interactions of polar segments in template
molecules with the precipitated mineral and with its precursor ions are necessary conditions for direct templating.
This is based on the absence of templating in the more covalent minerals and also in the presence of salts
known to bind precursor ions.

Introduction variety of mesoporous oxidé%:18 Our objective here has been
to utilize the order present in an organic mesophase to template

The synthesis of solids with defined nanometer scale featuresdirectly the growth of an inorganic phase. The growth of
is of great interest in materials chemistry. There has been aminerals in a preformed liquid crystal has been attempted, but
significant effort to generate nanostructured materials with prior to our work, only oblong or cubic crystallites or mi-
techniques ranging from scanning microscopies to molecular croporous reticulated structures had been obtaified.Our
self-assembly—® Careful control of molecular architecture can work represents the first successful templated synthesis of
yield many different nanostructured organics. The mineralization periodically nanostructured inorganics which copied directly the
and polymerization of these organized systems can contributesymmetry and dimensionality of the organic precufs®r?2®
further to the design of novel solid-state structures. For example, — > == oic 1 E “Roth, . J.: Vartuli, J. C.. Beck,
mineral growth within and on lipid aggregates has resulted in 3, S Nature 1992 359, 710.
unusual morphologies including mineralized tubules and dfsks. _(13})1 Beck, JS- SEC \éartuliMJ.tC-i ggenréedl)él%. J.; Kresge, C. T.; Roth, W.
A recent approach to controlling mineral growth through self- J"(?Z) rl\ill?n?ier,' iy eSTHutr?, e';; Hﬁo,' o Kumr, D.. Margolese, D.
assembly involves the co-assembly of molecular species andyaxwell, R. S.; Stucky, G. D.; Krishnamurty, M.; Petroff, P.; Firouzi, A.;
mineral phase precursors into nanoporous structures. ThisJanicke, M.; Chmelka, B. FSciencel993 261, 1299.

; ; ; (15) Huo, Q.; Margolese, D. |.; Ciesla, U.; Feng, P.; Gier, T. E.; Sieger,
methodology has been quite successful in the formation of a P.: Leon, R Petroff. P. M. Schuth, F.. Stiicky, G. Iature1994 368

317.
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The liquid crystal templating of periodically nanostructured composite materials may be tough&r?® have increased thermal
metals, both as thin films and in bulk, was also reported stability** be electronically more sophisticatéd or have
recently?6.27 enhanced chemical selectivifythan either of the constituent

The synthesis of HVI semiconductor particles and films has ~ Parts. Even without the incorporation of organic material,
been studied for some time due to their technologically important Periodically nanostructured semiconductors have great potential
properties. The study of small particles has been of significant in solid-state science and technology as electronically and
interest since their properties change drastically as the nanoscal€atalytically active materials. For example, a periodically
regime is approachéd 3 In this context, the synthetic  activated semiconductor might behave as an array of antidots,
methodologies for the formation of metal sulfide and selenide @ Material with a regular array of scattering centers spaced closer
quantum dots and their assembly into higher-order structuresthan the mean free path of electrons traveling through ttefh.
have been widely studie#-35 Despite the large volume of work ~ As opposed to the quantum dots previously mentioned, the
in this area, all of the systems studied have produced solid formation of an antidot lattice requires the semiconducting
semiconductor particles with morphologies never far from Structures to be continuous. The ability to define a periodic array
spherical. The possibility of generating complicated morphol- 0f nanocavities in a semiconducting material would also open
ogies can be observed in studies of CdS synthesized undetP & host of opportunities for catalytic and photonic materials.
Langmuir monolayers, where dendritic structures have been The thermal stability of the nanostructured superlattices com-
observed® However, the emphasis in the past has been on bined with their electronic and photonic properties could lead
growing nanocrystals with narrow size distributions, and not to highly functional materials. Furthermore, templating meth-
superlattice structures. In one case CdSe nanocrystals werédologies could afford molecularly modified semiconductors.
observed to order into a superlattice structure through careful
control of size distribution and chemical functionaff§yThe
individual crystallites in this system do not form a continuous It is quite remarkable that a soft organic liquid crystal could
mineral structure but are separated by thin organic regions. directly template a hard covalent mineral phase. As we first

Our work involves the direct templating of CdS as well as demonstrated, the hexagonal mesophase formed by 50 vol %
other semiconducting solids in the preordered environment of agueous 0.1 M Cd(OAg)and 50 vol % oligoethylene oxide
a nonionic amphiphilic mesophase, generating semiconductor-(10) oleyl ether [(EO)pleyl] templated an inorganieorganic
organic superlattices containing both the symmetry and long- nanocomposite of CdS and amphiphile when exposed,® H
range order of the precursor liquid crystal. The semiconductor gas??> The composite material synthesized contained an internal
is grown in a water-containing liquid crystal by the reaction of nanostructure replicating the symmetry and dimensions of the
H.S or H:Se with a dissolved salt. Through this work we have liquid crystal in which it was grown. The (E@pleyl system
shown the importance of both chemical nature and structure of is quite versatile when combined with®, forming a hexagonal
the amphiphile in direct templating. In fact, the order obtained mesophase at 28C over the composition range of35—65
in the nanostructured systems was even found to be dependenvol % amphiphile, and a lamellar mesophase fre0 to 85
on the anion of the satt The direct templating process opens vol % amphiphileX®5!Polarized optical microscopy (POM) was
up a variety of synthetic avenues to the formation of novel used to verify the phase diagram, and the textures were
nanostructures. There are a large number of amphiphilic liquid consistent with those published for these mesoph#desan
crystals, with lattice constants ranging from a few nanometers effort to understand further the templating phenomenon, we
to tens of nanometers, which include lamellar, hexagonal, cubic, grew several other sulfides and selenides from their respective
and bicontinuous phasés3° Potentially, many of these systems  salts within various amphiphilic mesophases, all of which were
could be mineralized, generating materials with an array of novel based on (EGjoleyl. CdS and ZnS particles were found to
structures and properties. exhibit the periodic porosity, while A&, CuS, HgS, and PbS

An exciting possibility is the use of templating methodologies did not exhibit this superlattice morphology (see Figure 1 for
to intimately disperse functionalized organic molecules in €xamples). CdSe is also nanostructured, although due to
inorganic lattices. Inorganic solids containing molecularly difficulties in the synthesis, many of the particles did not exhibit
dispersed organic molecules could form composite materials the superlattice morphology. Presumably under more controlled
with novel properties and structures significantly enhanced over conditions CdSe would behave similarly to CdS and ZnS. The

Results and Discussion

those of either the inorganic or organic phase af8riehese (41) Berman, A.; Addadi, L.; Weiner, Slature 1988 331 546.
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Figure 1. TEM images of mineralized structures grown in hexagonal mesophases from their respective nitrate szt @ad=-50 nm except,
for PbS, bar= 250 nm).

precipitation of CoS and NiS via a similar methodology was
also attempted, and no periodic structure was observed. Upon
exposure to moisture these minerals convert to Co(OH)S and
Ni(OH)S 2 respectively, and so were not studied further. The a
CdS and ZnS superlattice structures were quite stable to removal
of the amphiphile. Even after being heated to 3&in air,
their nanostructured morphology remained unchanged.
Direct templating of an inorganic solid by an organic liquid
crystal may depend on many factors, but we propose that the
thermodynamic stability of the mesophase throughout the
mineral growth process is an important element. First of all, it
was necessary to prove that the addition of ions and the mineral
precipitation process did not disrupt the order of the liquid
crystal. This is a necessary condition to define the synthesis as b
direct templating The textures observed in POM did not change
when any of the 0.020.1 M salt solutions were substituted
for pure water in forming the mesophase, indicating that ionic
doping of aqueous compartments did not disrupt order exten-
sively in the mesophase. To further verify that the characteristic
molecular order of the mesophase was not disrupted by ion T
doping, we obtained broadlifel NMR spectra from both doped  Figure 2. Quadrupolar splitting for a hexagonal mesophase doped with
and undoped mesophases. For both mesophases, the sange1 M Cd(OAc} (a) and for an undoped hexagonal mesophase (b).
quadrupolar splitting was observed (Figure 2). If ionic doping
had perturbed the structure of the mesophase, the splitting woul
have decreased:>* As additional proof of molecular order in
the mesophase, X-ray diffractograms were collected to charac-
terize both the mesophase’s long period and symmetry. For
systems containing 35%, 40%, 50%, and 60% amphiphile, the

100, 110, and 200 reflections are clearly observed, indicating mesophases were disrupted by doping with 0.5 M aqueous salts
that the liquid crystalline structure is hexagonal (Figure 3). A P up Y doping o queou ’
the minerals grown in these systems did not exhibit the

mesophase containing 78% amphiphile forms a lamellar liquid superlattice morpholo
crystal as indicated by the 001 and 002 reflections and absence U'IQO furtlher verip the%)i/r.ect templating nature of precipitation
of the 110 reflection (Figure 4). As expected, we found a strong ., - fy -mpiating precip

within the mesophase, we mineralized samples composed of

(52) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistnbth 35, 40, 50 and 60 wt % (E@pleyl with CdS. On the basis of

igé;sc-:%ttgg's F. A., Wilkinson, G., Eds.; John Wiley & Sons: New York,  the assumption that the CdS is directly templated by the liquid

(53) Blackburn, J. C.; Kilpatrick, P. KLangmuir1992 8, 1679. CrySta.l in Whiqh i.t .is grown, the hexa}gona}l symmetry and
(54) Schnepp, W.; Disch, S.; Schmidt, dq. Cryst.1993 14, 843. associated periodicity should be nearly identical to those found

dcorrelation between the phase diagrams as determined by POM
and X-ray diffraction. Precipitation of mineral particles within
these systems also causes little disruption as determined by
X-ray diffraction or POM?2 For successful direct templating it

is important that the liquid crystal is stable at all stages of the
templating process. For example, when the (fFa¢yl-based
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26 (deg) As shown in Figure 1, the nanostructures of the semiconduc-
Figure 3. X-ray diffraction scan of hexagonal aqueous mesophases tors CdS and ZnS synthesized by precipitation in hexagonal
containing (a) 35%, (b) 40%, (c) 50%, and (d) 60% amphiphile by mesophases doped with their respective nitrate salts have
volume. hexagonal symmetry with a periodicity commensurate with that
of the template. The hexagonal nanostructure is not always
evident in TEM micrographs as a result of random orientation
of particles in the field of view. For this reason, only a small
percentage of the particles reveal their hexagonal symmetry,
yet the vast majority are templated. This can be demonstrated
by tilting the samples in the TEM stage, revealing many more
particles with hexagonal nanostructure. Tilting of the sample
in the TEM stage confirms that the templated particles are
generally spherical, although occasionally a particle may exhibit
some degree of faceting. As previously reported, CdS is also
periodically nanostructured when grown from the acetate salt,
but order in the nanostructured solid is not nearly as high as in
the nitrate-derived system$When ZnS is synthesized from
its acetate salt, only spherical polycrystalline particles with a
porous appearance are formed. Another difference between the
T P < _ product obtained from the acetate and nitrate salts is the average
- 20 (deg_)“‘ particle diameters of the semiconductor product. Both CdS and
ZnS particles grown from their respective nitrate salts were
approximately five times larger than those grown from the
acetate salts. This size difference can be clearly observed in
in the precursor hexagonal mesophase. By varying the am-low magnification electron micrographs. CdS was also grown
phiphile content of the mesophase, we observed the expectedn aqueous environments from both the nitrate and acetate
variation of the spacing between the hexagonally packed precursors, and as expected nanostructures were not observed
cylindrical aggregates of amphiphilic molecules. Figure 5 shows in these control samples. The counterion of the metal did not
the center to center distance between cavities in the mineralizedhave any effect on the nature of the product obtained isSAg
structure as measured by TEM and also the center to centerCuS, HgS, and PbS samples. A superlattice morphology was
distance between hydrophobic cores in the precursor mesophasesot observed in any of these sulfides formed in the hexagonal
as measured by SAXS (undoped with metal ions). The diffrac- mesophase from either acetate or nitrate salts.
tion peaks were quite sharp, and thus error bars were not It is interesting to consider the differences in product
assigned to the calculated spacings. As shown in the figure, morphologies between the acetate and nitrate systems. As
the variation of spacings observed by TEM in the mineralized previously mentioned, CdS and ZnS can be grown from either
structures was abott0.5 nm. The observed correlation between their acetate or nitrate salts, but the average particle diameter
superlattice dimension in the precipitate and the mesophase’sand degree of order in the nanostructure are strongly affected
lattice constant offers very strong evidence for direct templating. by the nature of the anion of the precursor metal salt. We believe
If the superlattice dimension of the precipitate had not changed the rates of diffusion, and thus nucleation and growth, are similar
with the lattice constant of the templating mesophase, it could for both the acetate and nitrate systems. Therefore, the large
be argued that the superlattice is generated not by directincrease in the average particle diameter observed in the nitrate
templating but via a co-assembly process much as is hypoth-case is most likely due to a ripening process. In the acetate
esized to be the case in the mesoporous oxide syntHésis. systems, the byproduct (acetic acid) cannot significantly dissolve

Intensity (AU)

5_
3
3.5

Figure 4. X-ray diffraction of lamellar mesophase containing 78%
amphiphile and 22% water by volume.
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Figure 7. Schematic representation of the lamellar organic template
and TEM image of the resulting product after mineralization @ar

50 nm). The dark regions of the schematic contain the oligoethylene
oxide segments of the template, and the oleyl segments populate the
light regions.

no precipitate. At the top of the mesophase, the very small
average particle size seems to indicate that the initial saturation
of H,S in this layer leads to rapid nucleation. Although th&SH
favors the formation of CdS and the nitric acid byproduct, the
rapid saturation of the mesophase also limits the concentration
of free cadmium ions available for ripening, leading mostly to
small particles. Further away from the mesopheaseinterface,

a significant time elapses between the first precipitation of CdS
and complete saturation of the mesophase wit.HDuring

this time, the lower concentration of,H leads to more free
Figure 6. CdS mineralization of the Cd(N{2 doped hexagonal metal ions and thus Ostwald ripening. In principle, these free
mesophase after 24 h of;8 exposure. The hydrated:$i enters the ions could nucleate new particles, but growth of larger particles
clear gel formed by t'he hexagonal meso_p_hase from t_he top of_ the vial, appears to be more energetically favorable. The time between
and the opaque medium shows the z-position of the mineralization front. ;s initial precipitation and the termination of Ostwald ripening

(due to HBS saturation) increases away from the mesophase

the sulfides and thus particle coarsening is not expected (reaction,r interface. We propose this explains why the average particle
1). Conversely, in the nitrate systems, the acid byproduct (nitric giameter increases away from the air interface in the reaction

acid) dissolves the sullfide, thus .allowin_g Ostwald ripening medium. Further support to the ripening effect is offered by
through the back reaction shown in reaction 2, the same experiment but using Cd(OAes opposed to Cd-
(NOs)2. In this case, very little difference was observed in the

M(OAc); + H;S <3¢ MS + 2HOAc (1) size of the particles formed as a function of z-coordinate.
R As discussed above, when CdS or ZnS is grown from their
M(NO3)2 + HS <— MS + 2HNO; (2) respective nitrate salts, the byproduct of the reaction is a strong

acid, leading to ripening. Since nitrate salts yield the best copy

However, the high concentration of,8 gas dissolved in the  of the organic template even though ripening occurs, the
mesophase after the precipitation reaction is complete makesperiodically nanostructured system appears to be thermodynami-
the back reactions rather unfavorable. For this reason, ripeningcally stable relative to nonfeatured CdS or ZnS in contact with
only occurs in the nitrate systems before the mesophase becomethe mesophase. Presumably, the presence of nitric acid allows
saturated with KS. Once the mesophase is saturated wigh,H  for the dissolution of high-energy particles and the growth of
even reaction 2 is driven far to the right, reducing essentially others lower in energy. Interestingly, when the initial concentra-
to zero the concentration of free metal ions necessary for tion of Cd(NGs), was 0.025 M, the order observed in the
ripening. particles was not as sharp as that observed when using a

Strong evidence for Ostwald ripening was obtained by concentration of 0.1 M Cd(N§),. Perhaps this is due to the
harvesting the particles formed at different stages of the reaction.lower concentration of nitric acid byproduct, which reduces the
Because all of the $ must enter the mesophase at the-air  ability of the system to access its low-energy morphology. The
mesophase interface, the CdS closest to this interface is producethermodynamic stability of the nanostructured systems is also
first (z-coordinate equals zero) and progressively later with demonstrated by comparing ZnS produced from Zn{NO
increasing z-coordinate. Figure 6 is an actual picture of a versus that generated from Zn(OAcThe acetate preparation
partially mineralized mesophase after 24 h gfSHexposure. results in particles which appear somewhat porous but without
The HS has not yet diffused to the bottom of the templating a periodic nanostructure; however, as shown in Figure 1, the
gel, so that region remains clear. TEM images of the top 2 mm nitrate system yields significantly larger particles containing a
layer showed many morphologically unordered 20 nm particles very well-defined superlattice. Apparently, ZnS generated from
and relatively few ordered particles ranging in size from 0.1 to the acetate is kinetically trapped without a superlattice structure.
2 um. The next layer (24 mm deep) contained G-B um In addition to the hexagonal mesophase, a lamellar mesophase
nanostructured particles. The layers ¥ mm away from the of (EO)oleyl also has the ability to template directly a
air mesophase interface contained nanostructured particte$ 0.5 precipitated mineral (Figure 7). The lamellar periodicity ob-
um in diameter, and the last layer, corresponding to a depth of served in the resulting CdS is7 nm, which matches fairly
10—12 mm from the interface, contained nanostructured par- well the periodicity of the lamellar organic template. The
ticles ranging from 0.5 to 7.am. Any layers deeper than 12 lamellar morphology can be confirmed by tilting particles in
mm had not yet been exposed tgSHgas and thus contained the TEM. The image remains unchanged when particles are
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tilted about an axis perpendicular to the stripes. However, the -
periodic pattern quickly vanishes when tilting about an axis
parallel to the stripes and perpendicular to the electron beam.
This difference was observed in experimental samples, offering
strong evidence for a lamellar morphology within the particles.

Interestingly, particles containing the lamellar morphology are

stable to repeated sonication, perhaps due to bridging between

CdS layers by anchored molecules. Alternatively, CdS could L —
nucleate within a hydrophilic layer of the mesophase and grow _,gf‘ ,_.Ei-‘

rapidly in the plane but occasionally form a finger perpendicular ,I:p':'

to this layer, piercing the hydrophobic region. This finger then

nucleates another layer of CdS, resulting in a mineral bridge [E——

between layers. Of course growth in the plane of the layers is
faster than that perpendicular to the layers, generating the disk
like habit observed. Not surprisingly, the lamellar CdS was only
observed when the nitrate salt was used, while 0.1 M Cd(®Ac)
afforded only small particles.

In an effort to further elucidate the mechanism for the
formation of the superlattice structures, we also considered the
interaction of various precursor ions with the mesophase. These
included the binding of C& ions with either nitrilotriacetic
acid trisodium salt (NaNTA) or Nki(known C&* binders>°9
followed by precipitation of CdS and the measurement of
relative rates of diffusion for Gd and PB' ions in the
mesophase. The system containing NaNTA affords CdS particles E=

of approximately the same size as those generated without itgjq,re 8. Schematic representation of the hexagonal mesophase and
(for both the acetate and nitrate systems), but a periodic TEM images demonstrating the result of various mineralization
nanostructure is not observed (see Figure 8). On the other handgonditions (bar= 50 nm). The addition of nitrilotriacetic acid trisodium

CdS grown in the presence of NHonsisted exclusively of  salt (NaNTA) to the mesophase results in the precipitation of particles
small, solid particles, again with no periodic morphology. These with no periodic nanostructure (top). Poorly ordered product is obtained
results indicate that oligoethylene oxigleation interactions do if the mineralization is carried out at an elevated temperature €35
play some role in the mesophase templating phenomenon. |f(bottom). The best templating is_obtained when the mesqphase is not
confinement of the reactive species to the hydrophilic region destabilized by heat and the cations are not chelated (middle).

of the mesophase was the sole driving force for nanostructure .

formation, templating would be expected in these systems since 1 N€ precipitations at elevated temperature also offer some
the cadmium species bound by NaNTA or Nate still quite insight on the fprmatlon of morp.holloglcally templated sollds.
polar and are certainly confined to the hydrophilic region of As previously dlsc_ussed, the per|0(_1|cally nanostruct_ured solids
the mesophase. To investigate further the importance of the @€ thermodynamically stable relative to the respective nonfea-
hydrophile-metal ion interaction, we measured the relative tured metal sulfides in the mesophases studied. This implies
diffusion rates of C& and PB". In the diffusion experiment, there is a crltlpal energy balance between Fhe re;ductlon of
both CdS and PbS started precipitgtié h after the HS gas surface area in the mineral phase and_ disruption of th_e
flow was started, approximately 3 mm above the original mesophase by t_h(_e growth of _unfeatured mineral. To study this
undoped-doped interface, suggesting that the rates of diffusion further, we precipitated CdS in mesophases at both 35 and 50
in the mesophase for both ions are similar. Using the diffusion 'C- These temperatures are both below the isotropization
equation,x = 2«/&, and the above data, the diffusion coef- te_mpera_ture of t_he doped mesophases_, so the reactions were
ficient (D) of both ions in the mesophase is calculated to be still carried out in self-assembled media. The CdS produced
~1 x 1078 cmé/s, which is only about a factor of 10 less than from the reaction at 35C does express the order of the
the diffusion coefficient of the salts in pure wabté®® The mesophase but poorly compared with the order obtained in the
similar mobility of the lead and cadmium salts in water and in room temperature precipitation (2Z) (F|gur_e 8).‘ The pre-

the aqueous based mesophase indicates that strong oligoethylen(‘ép'tat_'on_ at 5¢°C, on the other hand, resqlted in mineral without
oxide—cation complexes are not formed, which agrees with a perlodlp nanostructure. These experiments suggest that the
previous work on the interaction of P Zn2+, and N7+ ions energy difference is small between the periodically nanostruc-

with aqueous solutions of poly(ethylene oxid&)Since CdS tured solid and the bulk metal sulfide.

grows with a superlattice morphology and PbS does not, a strong | € Periodic nanostructure characteristic of the templated
oligoethylene oxide cation interaction is not the key factor in  S0lids was not observed in several metal sulfides such aS.Ag
direct templating. Cus, HgS, and PbS irrespective of counterion. There are several

chemical differences between the nanostructured systems and

2350

(55) West, T. SComplexomety with EDTA and Related Reagedris systems with no observable nanostructure (see Table 1). Electron

9d2(5%l)32 ?themlFtialp\LtC\j\-/i_lkF_’C’O'ev %3923- J ic Chemistngth diffraction patterns were obtained from all the mineralized
otion, F. A.; 1KInson, vancea Inorganic emisty : H

ed.: Cotton, F. A., Wilkinson, G., Eds. John Wiley & Sons: New York, partlcle.s synthe5|zgd, and then the .crystal s.tructures were
1988; p 743. determined comparing the patterns with those in the JCPDS-

(57) |Shewm0n, PDiffusiodn iln Solids 2nd ed.; The Minerals, Metals & ICDD powder diffraction file for each mineral. In all cases, the
Materials Society: Warrendale, PA, 1989. ;

(58) CRC Handbook of Chemistry and Physizsth ed.: Lide, D. R., crystal structures were th_e same for the minerals grown from
Ed.: CRC Press: New York, 1997; pp-93. either the acetate or the nitrate precursors. All of the nanostruc-

(59) Wendsjo, A.; Thomas, J. O.; LindgrenRblymer1993 34, 2243, tured systems had the wurtzite crystal structure (space group
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Table 1. Crystal Structure and Electronegativity Differences of
Metal Sulfides and Selenides

Pauling’s electronegativity

observed crystal difference between metal
mineral structure and sulfur (selenium)
Cds P63mc (wurtzite) 0.89
Cdse P63mc (wurtzite) 0.82
ZnS P63mc (wurtzite) 0.93
Ag:S P21/ (acanthite) 0.65
Cus P63/mmc(covellite) 0.68
HgS F-43m (sphalerite) 0.58
PbS F3m3 (zincblend) 0.25

Figure 10. TEM image of a composite product of PbS and ZnS grown
in a hexagonal mesophase doped with 0.05 M PhjNénd 0.05 M
Zn(NGs),. The single crystal cube at the core of the particle is PbS,
and the surrounding shell is a periodically nanostructured solid
containing ZnS (bar= 100 nm).

core of PbS surrounded by a shell containing nanostructured
ZnS (Figure 10). This is effectively the expected result on the
basis of the synthesis of single metal sulfides. The formation
of mixed metal precipitates gives an insight into the growth
processes and also suggests possibilities for property design.
The miscible system of Gdn; S offers the possibility of band
gap engineering, although the somewhat lower solubility of CdS
relative to ZnS may lead to particles which are not homoge-
neous. The significantly different solubility of PbS and ZnS in
water plays a very important role in the structure of the particles

P63md, while the other systems had a variety of crystal formed from this mixed system. PbS has a much lower solubility
structures. The crystal structure is, of course, related to thethan ZnS, and thus exposure of the doped mesophasgSo H
relative size of the ions and their electronegativity difference. !€ads to PbS nucleation. After most of the?Pimns are locally
Furthermore, the electronegativity difference between the metal depleted, ZnS heterogeneously nucleates on the PbS particles.
and sulfur ions may also be a key element in direct templating. AS €xpected, the shell containing ZnS is nanostructured.
The templated materials have a high electronegativity difference,
while those with a smaller difference were not nanostructured.
PbS (the most covalent of the minerals grown) formed large, Direct morphological templating of CdS, CdSe, and ZnS as
cube-shaped single crystals in the mesophase while the lessvell as mixed metal systems in a liquid crystal is readily
covalent systems (A&, CuS, and HgS) grew as smaller accomplished. The resulting nanostructured materials copy
crystallites with less faceting and no observable nanostructuredirectly the symmetry and dimensions of molecular assemblies
(Figure 1). Only the most ionic systems, those based on CdSin the liquid crystal. To date, both hexagonal and lamellar
and ZnS, are periodically nanostructured and are thereforenanostructures have been generated with periodicities ranging
templated directly by the liquid crystal. One would expect that from 7 to 10 nm, depending on synthetic conditions. Since the
a greater electronegativity difference between the sulfur and symmetry and lattice constant of the mineralized superlattice
metal would increase the interaction between the polar oligo- are directly controlled by the liquid crystal, the structure of the
ethylene oxide segments and the growing mineral. This interac-product can be designed through the templating mesophase.
tion and the presence of trapped template molecules in theThrough a variety of experiments, the superlattice morphology
mineral pores could reduce the high surface energy of the of the nanostructured systems was found to be thermodynami-
nanostructured phase. cally stable in contact with mesophase with respect to the solid
Binary mixtures of the precursor salts also lead to some very materials without morphological order. The phenomenon of
interesting results. In the first case, a hexagonal mesophasadirect templating using the methodology outlined here is
containing 0.05 M Cd(Ng), and 0.05 M Zn(NQ@), was chemically specific as demonstrated by its failure in8gCus,
mineralized. The resulting product (£$nosS) has a nano-  HgS, and PbS. When these minerals are grown in hexagonal or
structure that exactly matches that of the template (Figure 9). lamellar mesophases, they do not contain any features com-
The system of 0.05 M Pb(N§)» and 0.05 M Zn(N@Q); results mensurate with the precursor liquid crystal’'s symmetry and
in a very different nanostructure, consisting of a single crystal dimensions. We specifically hypothesize that templating requires

Figure 9. TEM image of CdsZnysS grown from a hexagonal
mesophase doped with 0.05 M Cd(BJ9and 0.05 M Zn(NQ). (bar
= 50 nm).

Conclusions
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favorable interaction between the amphiphile and the resulting anode source and an area detector. POM was performed using a Leitz

mineralized structure. Laborlux 12 POL optical polarized microscope with a Linkham THM
600 hotstage. The samples were heated above their isotropization
Experimental Section temperature and air cooled before X-ray diffractograms were collected

. ) . in order to remove any orientation effects from sample preparation.
Materials. Unless otherwise noted, all reagent grade chemicals were pq samples were made by sandwiching the mesophase between two
used as received, and deionized water was used throughout. They|ass slides, heating it above its isotropization temperature, and then
amphiphile (EOjoleyl was obtained from ICI Surfactants (Wilming-  cooling at 10°C/min to room temperature. The phase diagram was
ton, Delaware). It has an average degree of polymerization of 10 getermined for samples with an amphiphile content ranging from 25
ethylene oxide structural units in its hydrophilic segment and an oleyl {5 90 vol %. For homogeneity, each sample was well mixed above its

hydrophobic segment. 43 gas was saturated with water by passing jsotropization temperature and allowed to stand at room temperature
through an aerator before entering the reaction flask. overnight prior to characterization.

Sulfide Synthesis All sulfides were synthesized by the reaction of
hydrogen sulfide gas (%) with the appropriate metal salt using the
lyotropic aqueous mesophase as a template. The mesophase was form
by mixing the amphiphile with an aqueous salt solution, adjusting the
volume ratio to yield the desired type of molecular order. Unless
otherwise stated, precipitations were carried out at room temperature
in a hexagonal mesophase formed using equal volumes of amphiphile
and 0.1 M aqueous salt solutions. However, silver acetate was used in
a concentration of 0.05 M because of its limited solubility. In all
experiments, both components of the mesophase were combined in
vial and mixed above the system’s isotropization temperature for a few
minutes and then allowed to cool to room temperature. The mercury
sa_lts were not sta_ble unless the water and amphiphile were degas_se{i:me to HbS (between 0 and 15 h, depending on the section depth).
prior to use and air was excluded from the system (otherwise a white L .
precipitate rapidly formed). The diffusion of.8 into the mesophase Effect of Binding Agent on the Synthesis of CdSMesophases
rapidly starts the conversion of the salt to the metal sulfide and were formed from a solution of either 0.05 M Cd(OAay 0.05 M

byproduct (acetic or nitric acid). After the reaction was complete, the Cd(NQ”)?' in addition to 0.05 M NaNTA and an equal volume of the.
resulting metal sulfide mesophase composite was washed three times amphiphile. Another hexagonal mesophase was prepared from a solution

to remove byproducts and unbound amphiphile. Each washing involved of 0.05M C_d(OAC){ 0.8 M NH, _and the amphiphile. These systems
dispersing the material in a 50:50 vol % solution of diethyl ether/ethanol &/l became irreversibly opaque if heated and were therefore generated
via sonication, followed by centrifugation and removal of the clear by alternately adding amphiphile and aqueous solutions dropwise to a
supernatant. vial, followed by several days of equilibration (yielding a homogeneous
Selenide SynthesisHydrogen selenide (3$€) was generated by mesophase). CdS was precipitated and worked up by the standard
the addition of water or a dilute solution of sulfuric acid to,®¢ method. _
which had been prepared from the elements shortly prior touse. _Relative Diffusion Rates of S and Aqueous SaltsThe relative
Typically, water was added first, and when gas evolution slowed dilute diffusivities of aqueous 0.1 M salts and,$i within the hexagonal
sulfuric acid was added. The,Se was then flowed over a mesophase Mesophases were determined by filling a vial with 10 mm of mesophase
prepared with either 0.1 M Cd(OAodr 0.025 M Cd(NQ),, generating doped W'tt‘ 0.1 M Cd(OAg)or 0.1 M Pb(OAc). The vial was cooled
CdSe and acid byprodugt. The mesophase preparation and post ¢lose to 0°C, and another 10 mm of a hot (isotropic) solution of 50
precipitation washing sequences were identical to those in the sulfide V0! % H20 and 50 vol % amphiphile was added. This vial rapidly cooled
synthesis. to room temperature, and then$igas was allowed to flow over it.
Electron Microscopy. Transmission electron microscopy was ) )
performed on a Philips CM 12 or CM 200 instrument operating at 120  Acknowledgment. This work was supported in part by the
kV. Samples were prepared by dispersing the powders in ethanol andU.S. Department of Energy, Division of Materials Science Grant
evaporating a drop of this suspension on a holey carbon-coated coppe DEFG02-96ER45439, through the University of lllinois at
grid. o S Urbana-Champaign, Frederick Seitz Materials Research Labora-
Liquid Crystal Phase Determination. Phases were identified by tory, and by a grant from the Department of Energy Center of
X-ray g'g:\;‘a?r’: a)'(]d IE)ét.LfJfl’es Observedfv"r']th polanzhed optical m'lfros'd Excellence for the Synthesis and Processing of Advanced
copy (POM). The X-ray diffractograms of the mesophase were collected \ ytarials. The authors acknowledge the Beckman Institute for
on a Siemens SAXS machine with a nickel-filtered copper rotating . -
Advanced Science and Technology for a graduate fellowship

(60) Waitkins, G. R.; Shutt, Rnorg. Synth.1946 2, 184. granted to P.V.B.
(61) H:Se is highly toxic, and so was only generated as required. All
steps were performed in a fume hood to prevent accidental exposure.  JA9833725

Nuclear Magnetic ResonancelNuclear Magnetic Resonance (NMR)
studies were carried out using a General Electric QE300 (7.05 T). Both

ped and undoped mesophases were prepared in 10 mm NMR tubes
containing equal volumes of deuterium oxide and amphiphile (mixed
and annealed as previously described).

Mesophase Fractionation.To investigate the growth mechanism
and size distribution of CdS particles generated from a hexagonal
mesophase doped with Cd(N)@ we precipitated CdS in a plastic vial
(containing approximately 3 cm of hexagonal mesophase). The gel-
Fike mesophase was then cut into 2 mm thick disks whose faces were
parallel to the top of the vial. Each section was separately washed as
reviously described to yield precipitate with a well-defined exposure




