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Abstract: Highly periodic hexagonal honeycombs of platinum—germanium chalcogenide and platinum—
tin selenide frameworks were prepared by linking corresponding [GesQio]*™ (Q = S, Se) and [SnsSei]*™
clusters with Pt?* ions. The non-oxidic honeycombs designated as C,PyPtGeQ and C,PyPtSnSe were
templated by the lyotropic liquid-crystalline phase of alkylpyridinium surfactant [C,H2,+1NCsHs]Br (C,PyBr)
with n= 12, 14, 16, 18, 20, and 22. Although the materials are amorphous at the microscale, they have
crystalline mesoporosity with well-ordered and aligned surfactant-filled cylindrical pores. In addition to high
mesoscopic order, the pore—pore separation is adjustable with the surfactant chain length (i.e., value of
n). The quality of these materials, as judged by the degree of hexagonal order, rivals or exceeds that
reported for the highest quality MCM-41 silicates. The materials have the lowest band gap reported so far
for mesostructured chalcogenides solids, in the range 1.5 < Eg< 2.3 eV. The C,PyPtGeS analogues show
intense photoluminescence at 77 K when excited with light above the band gap.

Introduction mesoporous silicates and other oxides will impact for catalytic,
separation, and adsorption applications, they lack interesting
electronic or photonic properties. Bulk materials that combine
mesoscale features and electronic properties are envisioned for
novel applications in quantum electronfes; 26 photonics?” and

nonlinear optic€8-3° among others. Such characteristics may

(MCM-X) of surfactant-templated silica mesoporous molecular b is%)l(p?g?l:[ﬁi Lgsnggeixtfécmz;ti:aI:tussugghﬁ; trzlf:e%rt}?tigr%e?s-
sieves with regular pore shape and adjustable pore size sparkeéj P P
2 ; . y various groups to develop rational synthetic routes to such
a fury of activity worldwide that resulted in an abundance of . - . .
- . . . . systems so they become readily available. The direct extension
oxidic mesoporous solids with promising technological prop-
erties!> 19 The use of long-chain organic liquid crystal templates
to assemble inorganic structures is now a powerful synthetic
tool in the synthesis of porous solié%?122 Whereas the

The construction of solids with nanoscale features is the object
of intense experimentation due to their anticipated useful
technological applications:® Of particular interest have been
open-framework solids with well-defined porosity in terms of
shape and siz€:** The announcement in 1992 of a new family
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of the synthetic method applied for the MCM-X family is not

rationale we explored the use of noble metals with strong and

straightforward for non-oxides. For example, direct chalcogenide unique coordination preference, such as square plafiaidas,

analogues to [Sig)*~ units would be [SIQ*~ (Q =S, Se, Te),

as linking cations in the construction of mesoporous chalco-

but such units are highly unstable to hydrolysis. The use of genides. The results are both exciting and important as they

adamantane [GEg* anions has proven more useful in

lead to considerably improved order in the mesostructure and

preparing mesostructured sulfide and selenide solids. Theseprovide general new insights into the assembling process.

clusters are hydrolytically more stable and they can bind metal

In this work we employed the clusters [E&aq* (Q =S,

ions to form polymeric covalent chalcogenide frameworks. Ozin Se) and [SiSeg*” to construct surfactant templated frame-
et al. reported the synthesis of hexagonal mesostructured solidsvorks with the noble Bt ions. The alkylpyridinium bromides,

by assembling adamantane [Sg]*" units with metal ions
(Ni2*, Zr?t, Ca?t, Cw?") in the presence of cationic surfactant
molecules using formamide as a solvéht® Our group suc-

CPyBr (n=12, 14, 16, 18, 20, 22) where used as the surfactant
templates. We demonstrate here for the first time that square
planar Pt" ions by virtue of their relative kinetic inertness have

ceeded in synthesizing surfactant-templated semiconductinga huge influence of the self-assembly reaction and give rise to

mesostructured materials based on discreteQa$*~ (Q =S,
Se) clusters and various linkage metal ions tMizn?*, C,
Hg?t, Ga*, In3", SBP*, Srt").36740 |n the case of GH, In®T,

the most well-ordered hexagonal mesostructuredQzg*~ (Q
= S, Se) chalcogenides-based semiconductors known to date.
It is also important to note that the introduction of noble metals

Zn?*, and SB" the resulting mesostructured systems photo- in these frameworks is highly attractive because they could
luminesce strongly when excited and we have shown that theimpart useful catalytic functionality in ways that may not be
embedded surfactant,By" molecules play a rolé®>*° The possible with the mesoporous silicat@sThese materials are
implications of this finding are that removal of the surfactant denoted as (PyPtGeQ and (PyPtSnSe whereGignifies the
molecules in these systems may not always be sought, sincdength of the pyridinium surfactant chain. This also is the first
some of the unique properties of these materials may derivereport of the use of the [SBeg* cluster as a band-gap
becausehe surfactant species are still in the pores. The rational modifying building block. The pore symmetry in these materials,
design and synthesis of semiconducting mesoporous frameworkas judged by the exceptional degree of hexagonal order, rivals

solids was further enhanced by the use of the elementaryor exceeds that of the highest quality MCM-#1.

tetrahedral Zintl anion [SngQE~ and its binding to a variety of
linkage metal ions. We showed that a cubic mesostructare (
3d) is possible in the Cpy/Zn/Sngeystentit

Experimental Section

Starting Materials. TMA j[GesSio], TMA 4[GesSeq (TMA = tetra-

The type of chemistry used to construct these frameworks is Methylammonium), and TE@SWSQO]O (TEA = tetraethylammonium)
fundamentally different from that used in the silicate system in Were synthesized in high yields §0%) and pure form by a method

which a self-polymerization of the [Si#~ anions occurs. In
contrast, the chalcogenido building units [Qej*” (Q = S,

Se) and [SnSg*~, which possess a tetrahedral topology, are

developed in our laboratof}. K,PtCl, was purchased from Strem
Chemical Inc. Cetylpyridinium bromide monohydrate (CPAHBO or
C16PyBr-H;0) and formamide (FM) were purchased from Aldrich. The
other surfactants were synthesized by reacting the corresponding alkyl

linked together with the metal io_ns to form porous inorganic promide with excess pyridine in ethanol under reflux conditions. Pure
frameworks. The pores are occupied by the surfactant moleculescompounds were obtained in high yield-90%) after a single

which are used as the structure-directing agent. It is often recrystallization from CHGl.ethyl acetate.

difficult to control the overall symmetry and organization of

Mesostructured Platinum Germanium Sulfides GPyPtGeS.

the pore system in these materials (i.e., wormhole, hexagonal, TMA[GesSig] (0.907 g; 1 mmol) and alkylpyridinium bromide
cubic, etc.) as each type is stabilized over a narrow set of surfactant GPyBr (0= 12, 14, 16, 18, 20, 22) (4.0 g) were dissolved
experimental conditions. Outstanding issues as to how theseln 20 mL of FM at 80°C forming a clear colorless solution. In a separate

systems form remain. For example, what role if any does the
identity of the linkage metal ions play in achieving a given pore

symmetry? Since the [GB,q]*/M"" reactions are of the simple

metathesis type, it is natural to ask, does ligand substitution

flask a solution of 1 mmol (0.415 g) of RtCl, in 10 mL of FM was
heated at 80C to form a red-orange solution and this was added to
the surfactant/[G£5,] solution over a period of 2 min by using a pipet.
Interestingly, a yellow solid started to form after the first minute of
the reaction and the mixture was aged overnight &30nder stirring.

kinetics and coordination preference of the metal play a role in The product was isolated by suction filtration, washed with copious
controlling framework symmetry? If these issues are understood amount of warm (86C) FM and HO, and dried under vacuum. Yield

we may develop convenient synthetic routes to “tailor-made”
materials with controlled pore symmetry under much broader,

>80% based on TMAGe;Syq).
Mesostructured Platinum Germanium Selenide GgPyPtGeSe.

easier achievable sets of experimental conditions. Based on thisThe reaction was carried out inside a glovebox under nitrogen. Cetyl-
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pyridinium bromide monohydrate (4.0 g) was dissolved in 20 mL of
FM at 80°C. In separate flasks 0.5 mmol (0.615 g) of THEesSea ]

and 0.5 mmol (0.207 g) of #tClL dissolved in 10 mL of FM at
80°C, forming clear dark orange and red solutions, respectively. These
solutions were added simultaneously to the surfactant solution. A dark
brown-red solid was formed within a few seconds and the mixture was

(42) The fuctionalization of mesostructured chalcogenides has not been pursued,
however, we have made first steps in the direction with the synthesis of
FesSi-MSU-X (X = 1, 2). Angew. Chem., Int. Ed. End?00Q 39, 4558
4561

(43) Huo, Q. S.; Margolese, D. I.; Stucky, G. Dhem. Mater1996 8, 1147
1160

(44) Novel convenient route to adamantane main group-chalcogenide molecular
compounds. Trikalitis P. N.; Kanatzidis M. G., manuscript in preparation.
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aged overnight at 80C under stirring. The product was isolated by
suction filtration, washed with copious amount of warm (&) FM
and HO, and dried under vacuum. Yield80% based on TMA
[GesSeaq].

Mesostructured Platinum Tin Selenide GePyPtSnSeThe reaction
was carried out inside a glovebox under nitrogen. Cetylpyridinium
bromide monohydrate (4.0 g) was dissolved in 20 mL of FM at@0
In separate flasks 0.39 mmol (0.7 g) of TEBnSe and 0.39 mmol
(0.163 g) of KPtCL dissolved in 10 mL of FM at 80C forming dark

with the [G@S,g*" cluster in solution, they give rise to
instantaneous precipitation of the product. This rapid process
“freezes in” the inorganic framework, as dictated by the
structure-directing organic surfactant, and as a consequence it
irreversibly locks-in many disordered regions.

In this work we focused on slowing down the self-assembly
reaction using a much less kinetically labile metal ion so that
we allow the system more time to reach equilibrium, repairing

orange and red solutions, respectively. These solutions were added?0sSsible defects, and achieve a more ordered (and presumably

simultaneously to the surfactant solution. A dark brown-red solid was
formed within a few seconds and the mixture was aged overnight at
80 °C under stirring. The product was isolated by suction filtration,
washed with copious amount of warm (80) FM and HO, and dried
under vacuum. Yield>80% based on TEASn,Seg).

Physical MeasurementsPowder X-ray diffraction patterns were
acquired on a Rigaku Rotaflex diffractometer (45 kV, 100 mA) using
a rotating anode Cu & radiation source. The scan rates were between
0.10 and 0.15 deg/min and a step size of 0.01 deg. Quantitative

lower energy) structure. Further, the precise coordination
geometry of MA*, Co?t, Ni2t, znet, C*, In3*, and G&" in
these complex materials is not knowa?’3 Although it is
thought to be tetrahedral, higher coordination geometries such
as five-coordinate or octahedral, and in the case &f Bguare
planar, cannot be excluded. It is possible that the inorganic
framework structure in these systems may be different from
metal to metal. In this regard we chose th&RFon, because of

microprobe analyses were performed on a JEOL JSM-6400V scanning!tS decidedly rigid square-planar coordination preference and
electron microscope equipped with a Noran energy dispersive spec-itS reduced kinetic lability in ligand substitution reactions, to

troscopy (EDS) detector. Data acquisition was performed with an
accelerating voltage of 25 kV and 100-s accumulation time. Elemental
C, H, N analyses were obtained on a Perkin-Elmer Series || CHNS/O
Analyzer 2400. Pyrolysis mass spectra were obtained with a TRIO-1
mass spectrometer. Samples were heated a€240in and the volatile
products were ionized by electron ionization.

Thermogravimetric analyses (TGA) were performed using a computer-
controlled Shimadzu TGA-50 thermal analyzer. Typically, 40 mg of
sample was placed in a silica bucket and heated in a nitrogen flow of
50 mL/min with a rate of 10C/min. Infrared spectra (IR) in the mid-

IR region (4006-600 cnt?, KBr pellet) and far-IR region (606100
cm ! Csl pellet) were recorded with a computer-controlled Nicolet 750

explore the templated assembly of [@gg]*~ and [SnSe*~
cluster precursors according to

K,PtCl, + TMA [Ge,Q, + C,PyBr—
C,PyPtGeQ+ TMA-CI + KBr

Indeed, we find a striking difference in the behavior of the
platinum systems with respect to that of the first-row transition
and main-group ions. This reaction leads to a novel class of
mesostructured materials with not only exceptional and un-
precedented pore order but also catalytically interesting noble
metal centers incorporated in the inorganic walls.

Magna-IR series Il spectrometer equipped with a TGS/PE detector and  Our initial experiments using Pt as the linkage metal were

silicon beam splitter in 2-crt resolution. Raman spectra (350000
cmt) were recorded on a computer-controlled BIO-RAD Fourier

transform FT-Raman spectrometer with a Spectra-Physics Topaz T10-

106¢c 1064-nm YAG laser. The instrument was configured in°180

backscattering mode and the samples were loaded into melting point

capillary tubes. UV/vis/near-IR diffuse reflectance spectra were obtained

at room temperature on a Shimadzu UV-3101PC double-beam, double

monochromator spectrophotometer in the wavelength range of 200
2500 nm. BaS®powder was used as a reference (100% reflectance)

carried out using adamantane [Sg]*~ as the chalcogenido
building block. Unlike in previous cases with other, kinetically
labile linkage metals (Nif, Zn?*, C&?*, Cuf, Ga', In3*, ST,
Sift),3435.36-40 e observe a considerably slower reaction upon
addition of the P&™ metal ions. That is, when the,RtClL,/FM
solution was added to the surfactant/[Sg] solution, instan-
taneous precipitation did not take place. The deposition of the
mesophase began—1.5 min after and was complete in

and base material on which the powder sample was coated. Reflectanc@pproximately 16-15 min. Similar behavior we observed in

data were converted to absorbance data as described elséwhere.

the case of [Gg&Se* and [SnSeg*; however, the reaction

Photoluminescence (PL) spectra were obtained on a Spex Fluorolog-2was much faster as compared to the surfactant/Pifgé-

F111Al spectrofluorimeter. Samples were loaded into 3 mm silica tubes

and excitation and emission spectra were recorded at 77 K.
High-resolution transmission electron micrographs (TEM) were

obtained with a JEOL 120CX instrument equipped with €&Bment

and operating at 120 kV. TEM samples were prepared by casting the

powders on a holey carbon grid.
Results and Discussion

Synthesis Mesostructured metal chalcogenides are typically

system. As we discuss below the platinum containing meso-
phases exhibit remarkably good hexagonal mesoscopic order.
In contrast P& ions (which also possess strong square planar
coordination preference), usingRdCl, as source, react much
more rapidly, giving mesophases that do not exhibit notable
high hexagonal ord€f.

The elemental composition of,ByPtGeQ (Q= S, Se) and
CnPyPtSnSe was determined with energy dispersive microprobe

assembled from two different precursors, an anion and a metal@nalysis (SEM/EDS), elemental C, H, N, and TGA analysis. A

cation, via coordination reactions, in contrast to the oxides that
normally form by the self-condensation polymerization process.

summary of analytical and other data is shown in Table 1. The
results suggest a chemical formula,@@KPtM4Q1i0+q (M =

The mesostructured sulfides reported to date are based primarilyce, Sn; Q= S, Se) with 1.9< x < 2.8 and 0.9< 'y < 1.6 for

on [GeSig)* cluster precursors and first-row transition and
main-group ions such as Mh Co**, Ni2*, Zn?t, Ct, Indt,
and G&" whose coordination preference is mainly tetrahedréy.
These cations are highly kinetically labffeso that, upon contact

(45) MccCarthy, T. J.; Ngeyi, S. P.; Liao, J. H.; Degroot, D. C.; Hogan, T.;
Kannewurf, C. R.; Kanatzidis, M. GChem. Mater1993 5, 331—340.
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the mesophases (see Table 1). The germanium sulfide and
selenide mesophases have a Pi:(a&o higher than the value
expected from the synthesis (1:4), especially thePgPtGeS

(46) Atwood, J. D.lInorganic and Organometallic Reaction Mechanisms
BROOKS/COLE: Monterey, CA, 1985.

(47) Trikalitis, P. N.; Rangan, K. K.; Kanatzidis, M. ®at. Res. Soc. Symp.
Proc. 2002 703 in press.
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Table 1. Summary of Elemental Analyses, Colors and Energy Band Gaps for the Mesostructured C,PyPtGeS (n = 12, 14, 16, 18, 20, 22),
C16PyPtGeSe, and C;6PyPtSnSe Materials

mesophase %C,H,N TGA wt loss, % Pt:M:Q? formula? color band gap, eV
C1PyPtGeS 28.79,4.21, 2.40 39.2 1.2:4:11.4 1291 0Pt 2GesS10.1 yellow 231
C14PyPtGeS 33.29,5.01, 2.13 44.1 1.3:4:11.9 140Q) 1Pt 3Ge4S10.3 yellow 2.24
C16PyPtGeS 40.42,6.24,2.14 48.6 1.1:4:11.2 1609 ).6P1.1G&S10.4 yellow 2.33
C18PyPtGeS 38.77,6.07,2.04 48.4 1.2:4:12.2 1809 ).3Pt GesS10.4 yellow 2.23
CooPyPtGeS 41.57, 6.63, 2.04 51.1 1.5:4:12.6 2009 6Pt sGesS10.8 yellow 2.30
CoPyPtGeS 44.49,6.77,1.98 54.2 1.6:4:12.9 2009 8Pt 6GCesS10.9 yellow 2.30
Ci16PyPtGeSe 31.16,4.97, 1.67 39.3 1.2:4:11.4 16R@p. Pt CesSeo s dark brown 1.81
Ci16PyPtSnSe 30.14,4.45, 1.62 35.7 0.9:4:11.9 160 Plo.o SuSe 0.3 dark brown 1.50

2EDS data normalized to four Ge atomisCombining all analytical data.

. . . .~ ... Table 2. Observed Bragg Reflections and Indexing for
(;.5.4) and GPyPtGeS .(1.5.4).. Moreovgr, the ratio Ge:S is C.PYPIGeS (n = 12, 14, 16, 18, 20, 22), C1sPyPtGeSe, and
slightly lower than 4:10, indicating a possible excess of sulfur. C;sPyPtSnSe Materials
These results can be explained if the clusters,faf*~ (when hexagonal unit cel

dissolved in formamide) are in equilibrium with other sulfide mesophase doo A dun A dgo A dyo A constant, ay2A

species, such agSor [Ge,Sg]*", originating from dispropor- CLPYPIGeS  27.4(7)

tionation of [G@S,g]*~ anions. Unfortunately, the lack of  CiPyPtGeS 28.7(8) 16.8(9) 14.5(6) 33.6(3)
characteristic signature foPSmakes it very difficult to detect gleEyEEgeg gii&g %gg% ig?% gi% igé%

. T Lo . 18PyPtGe . . . . .

by standard technlgues (IR, Raman). Similar st0|ch|92rnetr|es CoPyPIGeS  36.6(6) 21.7(6) 18.9(6) 14.3(7) 43.6(9)
were reported previously for the CEM,GesSyo (M = Ni2*, C.PyPtGeS  40.7(1) 24.0(8) 20.8(4) 15.8(9) 48.2(6)
Zr?t, Cot, Cw?h)343%and CPMGeQ (G= S, Se; M= Ga*t, Ci6PyPtGeSe  34.5(1) 19.9(9) 17.2(9) 12.9(8) 39.9(8)
In3*, SB, Srf+)3%4mesophases as well as in the microporous 1ePYPtSnSe  35.7(7)  20.5(9) 18.1(5) 41.1(8)
TMA-CuGS-2 which contains a mixture of [G8]*~ and S~ aRefined based on all observed reflections using the program U_FIT.

anions* Because higher than expected metal content and exces&vain, M. U_FIT: A cell parameter refinement program, I.M.N. Nantes
S ions have now been observed in almost all cases involving (France), 1992.

[Ge4(_210]4‘ an_d formamide, it is_te_mpting to speculate that these (110) and (200), as well as the observation of the fourth (210)
species are in fagtecessanpuilding blocks for the assembly reflection, betray a high degree of hexagonal order in these

of an ordered hexagonal framework. It is perhaps this reasonsystems as observed directly by transmission electron micros-

that. the degree of excess metal content varies with surfactantcopy (TEM)(see below). The powder X-ray diffraction results
chain length G as a way for the framework to respond to the

) 2 . - along with peak indexing and lattice parameters for all materials
varying diameter of the micellar rods and changing charge are summarized in Table 2
matching requirements between cations and anions in the The effect of the surfactant chain length on the formation of
system.. ] o ) ) the mesophases was investigated by using the series of surfac-

Here it is fascinating to point out that electrostatic surfactant gptg GPyBrxH,O (n = 12, 14, 16, 18, 20, 22). The XRD
self-assembly of M/[GesQud*” in water gave disordered  patterns of GPyPtGeS samplé&as a function o are displayed
wormhole type mesostructufés®® whose stoichiometry is more Figure 2. The patterns of£yPtGeS fon = 16, 18, 20, and
consistent with (GTMA),MGe,Qso formula with no excess 22 showfour sharp and intense low-angle reflections that define
metal or sulfide ions. The facilitation of processes that resultin 4 hexagonal unit cell. Far= 14, three reflections, (100), (110),
Q*" anions from [GeQd*" clusters in formamide and their  ang (200), were observed, while for= 12 the pattern shows
total inhibition in wat_er may e_xplaln Why the formation of only one broad low-angle peak corresponding to the (100)
hexagonal structures in water is very diffictit. reflection. The degree of hexagonal order can be estimated from
X-ray Diffraction and Surfactant Chain Length. The the relative intensities of the high order reflections (see Table

mesostructured materialsf@y/PtGeQ and PyPtSnSe show the  3). For example, the definition of the 4th order Bragg peak (210)
sharpest most well-defined X-ray diffraction patterns known for becomes greater asincreases; see Figure 2. On this basis it is
any previously reported metal chalcogenide or even oxide clear that with increasing surfactant chain length the long-range
mesophase and they are comparable to those reported for therder of the hexagonal mesostructure increases substantially.
highest quality MCM-41 systerf#:5051All samples show three  The departure of the = 12 member from the general trend
or four well-defined Bragg reflections in the® 2< 20 < 7° suggests that when the surfactant chain becomes shorter than
region, characteristic of mesostructure material with regular 14 carbon atoms long, favorable electrostatic or other interac-
hexagonal pore arrangement (see Figures 1 and 2). Thetions with the inorganic anions are no longer possible to permit
remarkably intense, sharp, well-defined high order reflections hexagonal ordering.
The distance between the pore centers, represented by the
(48) Ifsrkgé M. Ko, Y. H.; Parise, J. B.; Darovsky, &hem. Mater1996 8, unit cell constant (see Table 2 and Figure 3) monotonically
(49) Further support for the argument that formamide may promote cluster increases with chain length in the range 3348.2 A. Figure 3

equilibria comes from speciation experiments igQHand formamide of  shows a nearly linear relationship between the hexagonal cell

[GesSi]*~ and [SnSeq)* solutions involving mass spectrometry and NMR ) ;

spectroscopy. These indicate that the behavior in the two solvents is constant and the number of carbon atoms in the surfactant chain.

gramaticalgl Idifferent. The results of these experiments we have done will A crude estimation of the wall thickness can be derived from

e reported later.
(50) Edler’,) K. J.; White, J. WChem. Mater1997 9, 1226-1233.

(51) Edler, K. J.; Reynolds, P. A.; White, J. W.; Cookson,JDChem. Soc., (52) We observed similar behavior in the systemByPtGeSe and LyPtSnSe,
Faraday Trans.1997 93, 199-202. n =12, 14, 18, 20, and 22. The results will be pubslished elsewhere.
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3500 — structural orderdecreaseswhen long chain alkyltrimethyl-
ammonium surfactant is used £ 18, 20, 20354756 Similarly,
(a) in the mesostructured [CTAVGeSio (M = Ni2t, Zn?t, Ce?t,
2500 - Cw?") materials?435 the best hexagonal order is observed in
the system CTA-Ni/G£5;10, Which, however, is less ordered
compared to the platinum mesophases reported here. The use
of longer surfactant chain in this casesOVA-Ni/GesS;o, gave
a less ordered hexagonal phase along with a lamellar phase as
impurity.
500 - Again the relative intensities of the (110) and (200) reflections
L\,\»Q____\r__?__ in the XRD patterns can be used to assess the degree of order
0 . s 12 16 20 in these materials and to compare with the so-called high-quality
20 (deg) hexagonal MCM-41 silicd8435051The high pore symmetry and
the domain size of the honeycombs in these materials are
reflected in the XRD patterns with an increase in the relative
intensities of the high-order reflections (110), (200), and (210).
(b) Table 3 displays the normalized intensities of all observed Bragg
reflections, including those from a conventional, Mobil MCM-
41 samplé>1® and a representative “high-quality” MCM-41
sample’® The relative intensities of the (110) and (200)
reflections in the latter case and in the case ¢Ry®PtGeQ and
C,PyPtSnSe are comparable and considerably stronger than
x 6 those of the Mobil variety (see Table 3). Therefore, it is apparent
that the mesostructured platinum chalcogenides reported here
are of similar structural quality to the best MCM-41 systems.
An exception in Table 3 is GPyPtGeS, which gave one broad
low-angle peak at 28 A.

A final point we wish to make is that the pore order ifgRy-
Zn/GgS;0*4%° and GePy-M/GeQio (M = Gat, In, SBT,
Srf)39.40 mesophases is inferior to those reported here. This
underscores the significant role of square-plandr Rs the
linkage metal to produce high-quality hexagonal mesostructured
phases in this system. Ozin et al. suggested that the Ni in the
system CTA-Ni/GgS;o was not present in a tetrahedral environ-
ment but more likely in a square-planar geomébrPerhaps
then it is not a coincidence that the system CTA-Ni&g
‘ ,‘ showed the highest hexagonal symmetry out of the entire group
4 8 12 16 20 of surfactant/M/GgS;0, M = Ni?", Zn?*t, Co?", Cw?". The

20 (deg) results reported here support this proposal.
Figure 1. X-ray diffraction patterns of mesostructured platinum chalco- Transmission Electron Microscopy (TEM). Samples of the
genides: (a) GPyPtGeS, (b) @&PyPtGeSe, and (c):PyPtSnSe (Cu K mesostructured fPyPtGeQ and PyPtSnSe were examined by
radiation). TEM. Because the materials were environmentally stable, no
particular sample preparation was necessary other than some
A ) ) . . gentle grinding. The samples were stable under the electron
0), which gives approximately 11 A. For comparison, a typical )., during the experiment. A large survey of the samples

wall th|ckngss for MCM-41 materials is aIsp about 16#The showed that all the particles possessed mesoscopic order. No
monotonic increase of the perpore separation and the apparent dense phases were evident and very little amorphous material
greater matching of the organic/inorganic parts of the structure was observed. Interestingly, single particles gPgPtGeQ and

for hexagonal symmetry with increasing suggest that the C.PyPtSnSe did not show worm-shaped morphologies as
inorganic framework may also have to be adjusting its composi- observed in CTA-M/G5,435and MCM-4115.16 Figure 4a,b

tion and local atom connectivity in response to increasing ¢, o\vs characteristic images of2yPtGeSe and @PyPtSnSe
mipe!lar cylindgr size. Therefore the cha| arrangement of looking down the pore channel axis ([100] direction) where a
building blocks in GPyPtGeS may vary with. An indication o maraply uniform and extensive hexagonal order is clearly
of this comes from the increased Pt content in the structure Whenvisible. Figures 4c,d show a view of :2yPtGeSe and

the long-chain surfactants@yBr and G.PyBr are used (see C16PyPtSnSe perpendicular to the pore axis ([110] direction).

Table 1). ] . The long, straight parallel tunnels are apparent in these images
Undoubtedly the surfactant systeriRgBr increasingly favors  and the observed interpore distances are in good agreement with
the formation of high-quality hexagonal mesophases with
growingn. In contrast, in the case of MCM-41 silica, the meso- (54) Kruk, M.; Jaroniec, M.; Sakamoto, Y.; Terasaki, O.; Ryoo, R.; Ko, C. H.
J. Phys. Chem. B00Q 104, 292—-301.
(55) Ryoo, R.; Ko, C. H.; Park, I. SChem. Commuril999 1413-1414.
(53) Kruk, M.; Jaroniec, M.; Sayari, AChem. Mater1999 11, 492-500. (56) Sayari, A.; Yang, YJ. Phys. Chem. B00Q 104, 4835-4839.
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Figure 2. X-ray powder diffraction patterns of mesostructuredP@PtGeS whera = 12, 14, 16, 18, 20, and 22 (CuoKradiation). Whem = 12 full
hexagonal order is not achieved.

Table 3. Comparison of Experimental Relative X-ray hkl Intensities? of C,PyPtGeQ, Ci6PyPtSnSe Materials, and “Conventional” and “High
Quality” MCM-41 Samples

hkl Cy,PyPtGeS CysPyPtGeS CisPyPtGeS CyoPyPtGeS Cy,PyPtGeS CysPyPtGeSe CysPyPtSnSe Mobil MCM-41° high-quality MCM-41°
100 100 100 100 100 100 100 100 100 100
110 3.7 5.1 8.6 12.2 14.4 5.9 7.4 1.8 13.4
200 3.5 3.6 6.7 8.0 9.9 3.5 5.2 1.6 6.9
210 1.0 15 2.5 3.7 0.8a 0.2 1.3

aNormalized to 100 for the strongelskl peak.? Conventional sample from ref 15, 16From ref 43.

those obtained from the X-ray diffraction patterns (Table 2). the characteristic absorption bands of alkylpyridinium cations.
Figure 5 shows a TEM image of a larggsRyPtGeSe particle ~ Shown in Figure 6 are typical far-IR spectra fromgRyPtGeS,
where the size of coherent, hexagonally organized domain is C;gPyPtGeSe, and @PyPtSnSe samples, together with the
>500 nm. In fact the honeycomb motif was observed to pervade corresponding spectra from the free adamantane clusters for
the full body of particles as large agin. The optical diffraction comparison (see also Table 4). In all cases the spectra show
pattern of this image (inset) demonstrates the good crystalline characteristic peaks in the same range as the free adamantane
quality of the pores by displaying seveléO reflections. clusters, but they are much broader, indicating possible different
Infrared and Raman Spectroscopy. Infrared (IR) and  bonding environments present.
Raman spectroscopy was used to examine the inorganic FT-Raman spectra were collected for the mesostructured
framework and also to confirm the presence of the surfactant C,PyPtGeS materials, while for the;PyPtGeSe and Py-
molecules in these materials. In the mid-IR region we observed PtSnSe spectra could not be obtained as they decomposed under
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Figure 3. Variation in the hexagonal cell constant of thgP@PtGeS

materials with the number of carbon atoms in the aliphatic chain of the fjgyre 5. Representative image of a large particle effy/PtGeSe showing
surfactant used. the hexagonal organization extending over its full body. Particle leng00

nm. The insert at lower right is an optical Fourier transform of the image
showing well-defined hexagonal spots in reciprocal space.

(a)
investigated with thermogravimetric analysis (TGA) and py-
rolysis mass spectrometry (MS). Shown in Figure 8 are
characteristic TGA curves of @PyPtGeS, ¢PyPtGeSe, and
C16PyPtSnSe. The compounds show no appreciable weight loss
up to 190°C, consistent with the fact that they contain no solvent
molecules. Between 190 and 4580, weight loss occurs in a
two-step process due to surfactant decomposition, and this is
evident from the slope change occurring&90°C in the TGA
curves of GePyPtGeSe and gPyPtSnSe, see Figure 8. In the
cases of GPyPtGeS and {gPyPtGeSe, the inorganic residue
at 600°C is amorphous platinum germanium sulfide or selenide,
while in the case of GPyPtSnSe crystalline SngSalso formed.

Pyrolysis mass spectrometry at 253C of the released
volatiles shows a strong peak with'z 79, which corresponds
' ) f _ to the pyridyl headgroup of the surfactant, the first species to
e 0 oeSi,  Ieave the solid, On further heating.l@n:S" or CiHan: iS¢’
pore channel axis; (c) PyPtGeSe view perpendicular to the channel axis; were detected, showing that the platinum chalcogenide frame-
(d) Ci6PyPtSnSe view perpendicular to the channel axis. work is attacked during this process. The detectionf£:1S*

or GHxn+1Se" is strong evidence that the collapse of the

the laser beam. Figure 7 shows typical spectra from the mesostructure occurs by a chemical transformation and not a
CnPyPtGeS materials in the far-Raman region (6000 cnt?) physical one as suggested previously for the mesoscopic CTA-
were several vibrational modes attributed to€Seand P+S M/Ge;S10.3% This makes sense since the surfactant molecules
stretching modes are observed. From a comparison with previousare positively charged and must undergo some form of
Raman studies in compounds containing metal-linked adaman-neutralization, which in this case includes attack of the
tane [GeSy]* clusters’®>57the sharp peak centered at 376¢ém  framework during heating. Formally, for every two surfactant
can be assigned to the totally symmetric breathing mode of the molecules lost, a chalcogen atom has to be removed from the
“GesSs” cage, while the peak at 440 crhis assigned to the  inorganic walls. This changes the framework composition too
terminal Ge-S; stretching mode. The peak at 340 checan be dramatically to sustain structural integrity. Whereas the silica
assigned to the PtS vibration, according to the spectroscopic walls of MCM-41 can replace framework oxygen loss from
analysis of Raman spectrum of P£S. water or air and are able to undergo condensatflymeri-

Thermal Stability. The mesostructured 2yPtGeQ and zation of residual hydroxyls, heal, and reconstruct to maintain
C.PyPtSnSe are markedly stable over time. Samples that hadthe integrity of the structure, the metathalcogenide framework
been hydrothermally posttreated at X@over 2 days showed cannot. Therefore to remove the surfactant molecules and access
XRD patterns that were virtually identical to those of as-prepared the pore space in these materials, new mechanisms of removal

samples. The thermal stability of the mesostructured solids wasmust be sought and developed. Nevertheless, here we wish to
emphasize that surfactant removal may not be necessary, or

(57) MacLachlan, M. J.; Scott, R. W. J.; Ozin, G. A.; McIntosh, DJFChem. desirable, to exploit the properties of these systems. Many
Educ.200Q 77, 630-632. ; ; ; ;

(58) Pikl, R.; D?e Waal, D.; Merkle, R. K. W.; Verryn, S. M. @ppl. Spectrosc. electronic and phOtonIC proc_esses may be dlsplayed or achieved
1999 53, 927-930. becausehe surfactant species are in fact present. Particularly
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(a) Table 4. Far-Infrared Absorptions (cm™1) for C16PyPtGeS,
C16PyPtGeSe, C16PyPtSnSe, and Corresponding Precursor
<o TMA [Ge,S, ] Adamantane Molecular Salt Compounds
4 4710
—CmPyPtGeS Rty CisPyPtGeS TMA,[Ge,Sy] CisPyPtGeSe TMA,[Ge,Sey CisPyPtSnSe TEA4[Sn,Seyo]
/ 178 (m,sh) 170(m) 182 (m,sh) 149(m) 174 (m,sh) 190 (s)
201 (m) 205(m)  201(s) 172(m) 202 (s) 222 (s)
252 (m) 267 (m,sh) 246 (vs) 254 (s) 215(s) 236 (vs)
287 (vs) 337(s) 286 (vs) 279 (vs) 234 (s) 271 (vs)
333 (vs) 396 (vs) 301 (s) 319 (vs) 245(s)
399 (vs) 454 (vs) 326 (vs) 332(s) 275 (vs)
435 (s) 454 (m)
455 (vs)
1 376 340
600 500 400 300 200 100
Wavenumber (cm) .
[Z]
(b) E
K]
&
2
‘0
<
. Q
nood E
S P
:..',"o'. I P Bt P IR T S S ST 1 L
—C,PyPtGeSe HER 600 500 400 300 200 100
- TMA,[Ge Se, ] ] Wavenumber (cm™)
Figure 7. Raman spectra of fyPtGeS 1§ = 16, 18, 20).
"', T T T T
PSS GO WU A T TR G S (N S SR S S S S ST SR S F—.)
600 500 400 300 200 100 L e CiPyPtGeS -
Wavenumber (cm™) WX, T S PyPicese |
_—_ C‘GPyPtSnSe
(c) e % 80 [
-~ TEA[SnSe ] .- g
-———C1GPyPtSnSe s ' & 70fF
4 H i Vol oo eI 3
y Pib ’
TRTE f
...... g Y - ‘ N
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,a Figure 8. TGA curves of GePyPtGeS, @PyPtGeSe, and @PyPtSnSe
' under nitrogen flow (heating rate 10 deg/min).
- Optical Properties. The optical absorption properties of the
NP S N IS CPyPtGeQ and PyPtSnSe mesostructured solids were in-
600 500 400 300 200 100

vestigated with solid-state diffuse reflectance this/near-IR
spectroscopy. All solids possess well-defined, sharp optical
absorptions associated with band gap transitions in the energy
range 2.3-1.5 eV (see Table 1 and Figure 9a,b). The adsorption
interesting is the prospect of novel properties that derive from €dge of the (PyPtGeSit = 12, 14, 16, 18, 20, 22) materials
strong physicochemical interactions between the organic andiS independent of the surfactant chain length and occur2e
inorganic parts of the structure. In this regard mesoscopic metal€V Figure 9a. The band gap narrows in going from the lighter,
chalcogenide semiconductors should be investigated with C16PYPtGeS, to the heavier, 1fPyPtGeSe (1.8 eV) and
specially designed surfactants possessing interesting functionaC16PYPtSnSe (1.5 eV), analogues (see Figure 9b and Table 1).
groups. The prospect of a useful role for the surfactant moleculesMoreover, the effect on the band gap in going from the
of mesostructured silica and other materials (where the generallG€:Sw]*™ to [GesSeq*™ based frameworks is much greater
rule is to remove the organic part before any further investiga- 59) Wu, J.: Abu-Omar, M. M.: Tolbert, S. FNanoletters2001 1, 27—31.

. . . . )

tion) has began to be increasingly recogniz&t.Indeed novel (60) Wu, J. J.; Liu, X. Y.; Tolbert, S. HJ. Phys. Chem. R00Q 104, 11837~
properties were discovered for the as-synthesized (surfactanty,, 11841,
)

Wavenumber (cm™)

Figure 6. Far-IR spectra (Csl pellets) of (a)PyPtGeS TMA 4[GesSyq],
(b) CiePyPtGeSe TMA 4[GesSe], and (c) GePyPtSnSe TEA4SruSe ().

includ d) truct d sili i 62 Kubota, Y.; Nishizaki, Y.; Sugi, YChem. Lett200Q 998-999.
InCluaed) mesostructurea silica so .

(62) Sayari, A.; Hamoudi, AChem. Mater2001

J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002 2611



ARTICLES Trikalitis et al.
(a) Emission o KPcl,
—— C,,PyPtGeS N CTAPtGeS
— -C_PyPtGes - T T T TT _ %) 261 ——C,,PyPtGes
" £ biE v Excitation

— — - C_PyPtGeS £ bl 4.09
i 16 / 3 ki “% 2.87
21 C,PYPtGeS £ I y
s ! C, PyPtGeS ? > 4 1\1
£ C_PyPtGes /} 2 f 1
= ] E i
@ .
3 i
£ ! A

/ [ :
;.5 2 2.5 3 3.5 4 4.5 5
Energy, eV
] Figure 10. Photoluminescence and excitation spectra gPtCly (dotted
1 S bt line), CTAPtGeS (dashed line), andsLyPtGeS (solid line) (77 K).
1 15 2 25 3 35 45 5
Energy, eV hexagonal mesostructured CTAPtGeS (CTA: cetyltrimethyl-
(b) ammonium) where the CTA cation does not luminesce.
----- C, PyPtGeS i Remarkably, the CTAPtGeS shows PL at 77 K (see Figure 10).
~e C, PyPtGeSe - The excitation spectrum detected at 1.77 eV (701 nm) shows

- ——c_PyPtsnse ',' two maxima at 2.87 eV (432 nm) and 3.38 eV (367 nm). With
z ; an excitation line at 2.87 eV (432 nm), intense red-pink emission
: s was observed with two closely spaced maxima at 1.77 eV (701
s g nm) and 1. 84 eV (675 nm), very similar to the emission spectra
%? J of the GPyPtGeS materials. The same emission spectrum was
T / observed with an excitation line at 3.38 eV (367 nm). This

1 1.5 2 25 3
Energy, eV

Figure 9. Solid-state U\+vis absorption spectra of ByPtGeQ and

CnPyPtSnSe materials.

3.5 4

indicates clearly that the PL of the,RyPtGeS materials
originates from the inorganic framework, in contrast to other
metal-germanium sulfide mesopha3&¥in which the absence
of chromophore in the surfactant eliminates the PL.

To elucidate the origin of the PL in yPtGeS, the
photoluminescence and excitation spectrum oPtCl, was
recorded at 77 K (see Figure 10). The luminescence properties
of square-planar Pt compounds are known and have been well-
documented in the pa%t:-6% With an excitation line at 4.09 eV

than in going from [GgSeq* to [SniSeag*™, suggesting a more (303 nm), intense red-pink emission centered 1.80 eV (690 nm)
dominant role of the chalcogenide element in the valence andwas observed, in agreement with previous regdnteith almost
conduction band of the materials. the same energy as the emission fropPPtGeS (see Figure
The band gaps reported here are the lowest among thelO). Undoubtedly, the PL property of theRyPtGeS originates
mesostructured chalcogenide solids reported s&* #3640 In from the square-planar Ptcenters.
addition, for a given adamantane building block, JQg]*",
the use of Pt" as the linkage metal, compared with other metals
used (e.g., Z#, C*, Hg?t, Ga&*, In®", SB**, Srft), clearly High hexagonal mesopore symmetry is not limited to MCM-
narrows the band gap. For example, the sulfide members of41 silicas. The use of square-plana*Rons in a supramolecular
the mesostructured [Blz,+1NMe3]M"GeQio (M = Zn?*, assembly of adamantane [®&o)*~ and [SnSe*" clusters
CcP*, Hg?* and Q=S, Sey’ show band gaps between 3.2 and leads to a new class of non-oxide mesostructured materials with
3.4 eV, while the corresponding selenide phases have valuesexceptionally high hexagonal symmetry. The preferred square-
from 2.3 to 2.6 eV. Apparently, the optical absorption properties planar geometry of the platinum and the slower reaction
in these solids are framework dependent and can be tuned in &inetics'®.70of framework assembly seem to be deciding factors
consistent manner. for the formation of high-quality, extended hexagonal meso-
Light Emission. The mesostructured platinum germanium phases in the system surfactant/metal@yp (M = Ge, Sn; Q
sulfide materials, @PyPtGeS, showed intense photolumines-
cence (PL) when excited with light above the band gap. (Figure (63) The full chemistry and properties of these related systems are under
. . . . . mvestlgatlon.
10). With an excitation line at 2.61 eV (476 nm) the materials (s4) webb, D. L.: Ancarani Rossiello, llnorg. Chem.197Q 9, 2622-2625.
show intense red-pink emission at 77 K, with two closely spaced (65) ;/jlaelfgti;l:ﬁgulemansy A.; Vanquickenborne, L.IGrg. Chem.1985
maxima at 1.79 eV (693 nm) and 1.85 eV (671 nm). Recently (66) Preston, D. M.; Guntner, W.: Lechner, A.; Gliemann, G.; Zink, J. Am.
we have shown in the systems CPMGeS tMGa, Infand ;) Sheik Se0H983 S28 B85 o | ikenart, . M. Demas, J. N,
CPSbGe® that the PL involves both the pyridinium chro- Inorg. Chem.1991, 30, 2468-2476.
mophore of the surfactant and the inorganic framework. Each (ggg ﬁg,‘;%ﬁ;,%; ﬁ{?@vﬂégﬁ'F\’,U}’f_-.;Cgaer';‘yl?_?%/v??'/jclgclk19,\1‘.5€\j\-/.; Clase, H. 1.
component alone is not capable of producing the observed Jas, G. S.; RamseyTassin, L.; Kenney, JIgrg. Chem1996 35, 883~
response in these systems. To probe if this were also the casg;, %%%muelling, M.; Ryabov, A. D.; Van Eldik, R. Chem. Soc., Chem.
for the PL response of the,ByPtGeS systems, we prepared Commun1992 1609-1611.

Conclusions

—~
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= S, Se). The materials show regular pore expansion with dimensional ordered structure, can be regarded as well defined,
increasing surfactant chain length fronp@p to G, Moreover, rigid objects. In this context, understanding framework assembly

the degree of the hexagonal order rises in these systems withand structure in these systems may be easier than in silicas.
increasing the chain length, underscoring the significant role Thus they can serve as model systems to help achieve a more
of the alkylpyridinium surfactant as a templategP@PtGeQ and  fundamental understanding of the interplay between kinetic and

C,PyPtSnSe possess optical band gaps, ranging between 1.5 thermodynamic factors and how they control structure assembly

By < 2.3 eV, in the desirable region for optical applications. in these complex materials.

The band gap narrows with the incorporation of heavier elements

n the framework. The (PyPiGeS materials emit Iight \(vhen Acknowledgment. The support of this research by NSF-CRG
excited with light above the band gap at 77 K, an emission that Grant CHE 99-03706 is gratefully acknowledged. This work

originates from the amorphous inorganic framework and made use of the SEM and TEM facilities of the Center of
especially from the Pt ions. The G¢PyPtSnSe represents the Advanced Microscopy at MSU

first example of mesostructured solid prepared from the ada-
mantane unit [SiBe*" and exhibits the lowest optical band
gap (1.5 eVY! These results clearly point to the systematic
control of framework properties.

Unlike the highly flexible silicate units, the building blocks, (71) We have prepared also crystalline microporous solids based gBe[gf1

. and transition metals. Trikalitis P. N.; Kanatzidis M. G., manuscript in
(P& and [M4O4q]* clusters) that combine to assemble a three- preparation.
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