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Abstract: Characterization of materials is crucial for the quantification and prediction of their physical,
chemical, and mechanical properties. However, as the complexity of a system increases, so do the
challenges involved in elucidating its structure. While molecular simulation and modeling have proved
invaluable as complements to experiment, such simulations now face serious challenges: new materials
are being synthesized with ever increasing structural complexity, and it may soon prove impossible to
generate models that are sufficiently realistic to describe them adequately. Perhaps, ultimately, it will only
be possible to generate such models by simulating the synthetic process itself. Here, we attempt such a
strategy to generate full atomistic models for mesoporous molecular sieves. As in experiment, this is done
by allowing nanoparticles to self-assemble at high temperature to form an amorphous mesoporous
framework. The temperature is then reduced, and the system is allowed to crystallize. Animations of atomic
trajectories, available as Supporting Information, reveal the evolution of multiple seeds which propagate to
form a complex framework. The products are polycrystalline mesoporous framework structures containing
cavities connected by channels running along “zero”, one, two, and three perpendicular directions. We
suggest that it is easier to generate these model structures by attempting to simulate the synthetic process
rather than by using more conventional techniques. The strategy is illustrated using ZnS as a model system.
Further development of the mathematics of minimal surfaces will advance our understanding of these
structures.

Introduction It has been suggestéthat internal channels and cavities of
. mesoporous materials, such as zeolites, offer the promise of
Frameworks of mesoporous molecular sieves accommodate, ) . - -
. " X . nanosized chemical laboratories,” and considerable efforts have
internal channels and cavitiéS.hey are important technologi- . . .
cally with applications in catalysiseparation technology, ion been focused on the design and synthesis of various framework
' structures. The ultimate goal is to be able to use inorganic

exchange, sensors, étAn important class is the zeolites, which - .
framework structures to mimic enzymatic processes.

comprise periodic arrays of channels and cavities of molecular . ]
dimensions, enabling them to be used as shape-selective cata- Many experimental approaches to the synthesis of framework

lysts. However, in contrast to many catalysts in which the chem- Structures have explored the use of templates. For example, Li
istry occurs on the external surfaces, catalysis in zeolites occurs®t @l+ synthesized mesoporous metal oxides with ordered

within a channel or cavity facilitating shape and size selectivity. Mesopores using nanocryst:als as the building block, held
Zeolitic structures are complex, and therefore atomistic together by an amorphous “glue”. A different strategy was

models have been constructed by extracting atom positions fromemployed by Roggenbgck and Tiemann who used a .cgrbon
XRD data. Computational visualization tools are used exten- €X0template to synthesize thermally stable MgO containing a
sively to help us understand more easily the complex three- Periodic array of pores 48 nm in diametef. Zou et al®
dimensional zeolitic framework structure. Moreover, in addition SYNthesized a chiral mesoporous germanium oxide with a
to structural characterization, atomistic simulation has enabled pr|m|t|ye cell volumg Of 67640 Aar!d crystalllne_ pore walls. )
people to explore and predict the chemical properties of theseTh_'S ralsgd the possibility of fabricating an enanno_pure_ m_aterlal
microporous materiafs. using chiral templates, a step closer to enzymatic mimicry. A
review of templating methods for the preparation of porous
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structures with prescribed structural, surface, and morphological Table 1. Potential Parameters Used to Describe ZnS
properties is availabl.
The success that atomistic simulation has had in exploring

Buckingham short-range parameters (eq 1)

o ) i J species A(eV) oA C(eV As) cutoff (A)
and predlctlnl% I?e stryqture and proper.tles of zeohte; is well P 613,350 0.3999 0.0 100
documenteq; Aland it is therefore deswgble tq continue to  g-g 1200.0 0.149 120.0 10.0
use simulation to help complement experiment in the study of
three-body parameters (eq 2)
other mesoporous systems. However, there are several chal- YR o X v
lenges which need to be addressed before constructing realistic (evrad™) » (deg) °® cutoft (A)
models. For example, we need to know the atomistic detail of _ S~21—S 0.713 109.47 3.0 4.0
the crystal structure of the framework, the size, shape, and shell model parameters
curvature of the channels and cavities, as well as their mass charge (e) ki (eV A2
connectivity. Microstructural detail is also important. In par- ~g 30.0 1.357
ticular, it is unusudP to obtain single crystals of mesoporous S 2.0 —-3.357 27.69
Zn 65.0 2.0

materials, and most samples are available as microcrystalline
powders. The atomistic model must therefore include misori-
ented grains, together with the associated grain boundaries angjescripe the directionality of the structure. We have used a three-body
grain junctions. The morphology of the curved surfaces also potential
needs to be defined, a somewhat daunting prospect. In particular,
it may prove disingenuous to generate such complex models
using conventional simulation approaches. Accordingly, we have
taken an easier approach and one that is similar to experiment,
in that we generate the nanoporous materials via the self-wherekis the force constant an@, is the equilibrium bond distance.
assembly of nanopatrticles. Preliminary tests using this potential revealed the need to introduce an
We have taken ZnS as a trial system for which experimental exponential decay to the potential to smooth the discontinuity between
data are available to help validate our models. For example, ions moving between coordination shells. The potential parameters,
Scholz et al. fabricated mesoporous ZnS using ZnS nanocrys_including the exponential decay, are given in Table 1. These parameters
tallites!3 and Hu et al. made mesoporous ZnS nanoparticles 60"Ve® _taken from refs 16 and 17 an.d have .been .Successm.”y used fo
nm in diameter via the self-assembly of ZnS nanocrystal describe the cr_ystal structure,_ elastic and dlglectrlc properties of ZnS
- I . . (both the wurtzite and sphalerite structures), its defect propéftiks,
building blocks 3__4 nm in size'* The resulting material had a structure of its surfaceé<,nanobubble’$ and nanocrystal¥,embryonic
surface area as high as 156/g1Rana et al. used an ultrasound-  growth in solutior?® and water-driven structural transformaticis.
mediated method to prepare stable mesoporous ZnS networksaccordingly, we expect these potentials to be well suited to explore
using ZnS nanoparticlé8, returning surface areas of 21G/g the crystallization and structure of mesoporous ZnS. The DL_POLY
and average pore diameters of 28 A. HRTEM analysis revealed code?? which imposes 3D periodic boundary conditions, was used to
a mesostructure consisting of closely spaced ZnS nanocrystallitegperform all the molecular dynamics simulations. Further details of this

—(r} +r5)
0,8

@

u®) = 'é‘ 6 —6,)° x exp[

ca. 3 nm in size.
Methods

In this section we discuss the potential models used to describe the
interactions between Zn and S, the simulation code used to perform
the molecular dynamics (MD) simulations, and our strategy for
generating mesoporous ZnS via the self-assembly of ZnS nanoparticles

Potential Models and Simulation Code.ZnS is described using
the Born model of an ionic solid of the form

_99

[

U;

i e
+ Aex P Cr; 1)

whereQ is the charge of the ionlsandj, r is the interionic distance,

approach can be found elsewhéte.

Self-Assembly StrategyWe describe our simulation approach using
schematics (Figure 1). An amorphous/molten ZnS nanoparticle, com-
prising 25 200 atoms, is placed in the center of a simulation cell (Figure
la). The figure also shows nanoparticles in neighboring cells, which
are periodic images of the central nanoparticle. The interactions between
the nanoparticle and its images will increase as the size of the simulation
cell is reduced (Figure 1b). Eventually, under MD simulation, the
nanoparticle will aggregate with its neighbors (Figure 1c), resulting in
a simulation cell (Figure 1d). Periodic arrays of these shapes clearly
give rise to a periodic array of holes or channels in three dimensions
(Figure 1e,f).

We can influence the size of the channels in a particular direction
by changing the sizexfy,2) of the simulation cell. For example, if we

and A and C are parameters which are fitted to the structure and
properties of ZnS. For highly ionic materials, this form works well in

describing the structure and properties. However, for partially covalent
materials such as ZnS, additional functions are introduced to help
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(d) (e) ()

Figure 1. Generation of an atomistic model for a mesoporous material.
(a) A nanoparticle within a simulation cell surrounded by its eight periodic
images; (b) same as (a) but with a reduced simulation cell size; (c)
aggregation of the nanoparticle with its periodic images; (d) structure of

the nanoparticle taken from (c); (e) periodic arrays of (d) facilitating the . )
channels; (f) larger array. Figure 2. Snapshots of the ZnS atom positions, taken during the MD

simulation, showing the evolution of the channel network;¢x (d—f),

. . . and (g-i) show views in three perpendicular directions. Supercells are
increasex andz, then a channel (along with a larger diameter would depicted to reveal the channels:—@ and (d-f) show a 3x 2 supercell,
result. Similarly, by reducing andz, a smaller channel would evolve.  and (g-i), a 2 x 2 supercell. (a) After 10 ps of MD simulation revealing
If x and z are reduced in different proportions, a channel with an the amorphous/molten structure of the nanoparticle; (b) after 20 ps of MD
elliptical cross-section will result. Ultimately, a channel can be blocked showilng thedagglfl?%?ﬁ?n ﬁf thelnarzo)par]fticle 1\/\1/i(t)h its Pein(li_iC ima%es_ tOI
by sufficient reduction in size of the simulation cell. We can therefore '€veal pseudo-eliptical channets, (C) after ps revealing spherica
g)e/-nerate channels that traverse one, two, and three perpendicuIaChannels' (d) 10 ps; (€) 20 ps; (f) 110 ps. (9) 10 ps; (h) 70 ps; (1) 116 ps

) . ’ ! C o here the channels have closed up completely. The figures use a sphere model
directions. If we were to block all the channels, a periodic array of representation of the atom positions: Zn is blue and S is yellow.
cavities will evolve with no connectivity between them. This strategy

was used to generate channels in “zero”, one, two, and three directions.Figure 2a-c are shown in Figure 2¢f and 2g-i. Clearly, in Figure

In the following section we describe in more detail the formation of a 24—, the size of the simulation cell is sufficiently small that the channel,
2D channel network. which evolves initially (Figure 2h), is eventually blocked (Figure 2i).
That the structure of the uniform mesoporous material can be  Crystallization. Thus far the simulation has resulted in the formation
represented by just a single nanoparticle may appear somewhat abstragf an amorphous/molten mesoporous material with channels in 2D.
and artificial, because the nanoparticle is necessarily influenced “by The next step is to crystallize the ZnS, which is achieved by reducing
itself.” It would clearly be more satisfying to have real nanoparticles the temperature to below the melting point: constant volume MD
as neighbors as opposed to images. We expect that this would yieldsimulation was performed at a temperature of 1500 K for 1895 ps.
similar and more realistic structures, but as the nanoparticle comprisesFinauy, the system is cooled by performing MD simulatidria for
25 200 atoms, this would at present prove computationally prohibitive. 100 ps followed by shell-model MDtd K for 50 ps. The latter, low-
Moreover, this is not required by the symmetry of the system: whatis temperature simulation acts effectively as an energy minimization.
needed is the irreducible representation, whichsgglenanoparticle. Molecular graphics were used to analyze the atom trajectories during
Our approach is therefore to use a single nanoparticle but one thatthe MD simulations, and animations of the crystallization were made
comprises as many ions as can be accommodated within the compu-three have been deposited as Supporting Information). Snapshots of
tational facilities available. This approach enables the framework walls, one particular region, taken during the crystallization of the 2D system,
channels, and cavities to be as large as possible. are presented in Figure 34 The final structure is shown in Figure 4,
Evolution of Channels. A nanoparticle of ZnS with rock salt  which depicts a supercell (2 4 x 4 unit cells) to show more clearly
structure 28x 30 x 30 = 25 200 atoms in size was constructed and the interconnecting 2D channel system; Zn ions are not shown for
placed inside a simulation cell of size 2010 x 10 nn?. We note clarity. Mesoporous structures with 0-, 1-, and 3D channel systems
that the initial rocksalt crystal structure of the nanoparticle is not were constructed in a fashion similar to that of the 2D system, by
important because the nanoparticle will lose all structure after it has changing the simulation cell size. Details are given in Table 2.
been amorphised. The Z8 interionic distances were set to 4 A, and
MD simulation was performed for 467 ps at 3000 K. Snapshots taken Results

during the MD simulation are shown in Figure 2 (where multiple | this section, we discuss the crystallization of the framework
snr:nulatllon cells have been used to show the evolution of the periodic in detail for the 2D system, the final low-temperature structures
channels). and channel systems for the 0-, 1-, 2-, and 3D systems, and the

In Figure 2a, the system is shown after 10 ps of MD simulation and
S o ' o crystal structure of the framework and surfaces exposed at the
reveals the initial amorphization and partial sphericalisation of the channels

nanoparticle. Under further MD, the nanopatrticle starts to aggregate L . .
with its periodic images and, after 20 ps, a channel perpendicular to  Crystallization. Figure 3 shows snapshots of the crystalliza-

the surface plane evolves, Figure 2b. After 110 ps, a more spherical fion of a small segment for the 2D system. After 5 ps of MD
channel is evident as the system attempts to minimize its surface energysimulation, the structure appears amorphous (Figure 3a). Watch-
Figure 2c. Similar images in perpendicular directions to that shown in ing animations of the crystallization (see Supporting Informa-
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Figure 3. Snapshots taken during the MD simulation of the 2D system
showing the crystallization of the ZnS; ball-and-stick model representations
of the Zn (blue) and S (yellow) atom positions. (a) After 5 ps showing the
amorphous/molten ZnS; (b) after 500 ps revealing the (partial) crystallization
of the ZnS; (c) after 700 ps, the area circled accommodates8ardembered

ring structure; (d) 750 ps; (e) 800 ps; (f) 850 ps; (g) 900 ps; (h) 950 ps; (i)
1000 ps— the region highlighted by the blue circle has now rearranged
into a wurtzite structure; (j) 1250 ps; (k) 1500 ps; (I) 1895-pshe region
highlighted has returned to a-8-membered ring conformation.

Figure 4. Final low-temperature (1 K) sphere model representation of the
mesoporous model with 2D channels. Ax24 x 4 supercell is shown
with only the S ions (yellow) shown to help improve the clarity of the
figure.

tion) reveals that initially several crystalline seeds evéR#g.
These have alternating-gn—S—Zn—S—Zn—S-) six-mem-

(24) Lu, D.; Katou, T.; Uchida, M.; Kondo, J. N.; Domen, Khem. Mater.
2005 17, 632-637.
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bered ring structures with chair and boat conformations. During
the crystallization Zn and S ions appear to condense onto the
outer surface of the crystalline seeds, propagating their structure.
As the crystalline regions evolve, they impinge upon other
crystalline regions, resulting in the formation of grain bound-
aries. This is because the crystalline seeds evolve in different
orientations with respect to each other.

A crystalline region that has evolved after 500 ps is shown
in Figure 3b, revealing the hexagonal structure. These hexagonal
rings are transient: they evolve and rearrange by connecting to
other six-membered rings. In particular, after 700 ps (Figure
3c), a four-membered ring is seen to have evolved and is con-
nected to an eight-membered ring (the region is circled in the
figure). We note that four-membered rings have been observed
by Hamad et al., who explored the embryonic stages of crystal-
lization in ZnS18 After 1000 ps (Figure 3i), the four- and eight-
membered rings have disbanded, and a six-membered ring
structure returns. Finally, after 1895 ps, the four- and eight-
membered rings have reformed (Figure 3l). We note that, on side
profile, the 4-8-membered ring structures are hexagonal rings.

Analysis of the structure using molecular graphics reveals
that the six-membered rings have the wurtzite structure, which
is a high-temperature form of Zri8although some studies have
shown that, even at low temperatures, small nanocrystallites can
accommodate the wurtzite struct@faVe might have expected
the sphalerite structure to evolve, which is a common low-
temperature form of ZnS. However, we did not see evidence
for domains accommodating this structure.

Low-Temperature Structures. The final low-temperature
structure of the 2D system is shown in Figure 4. A supercell (2
x 4 x 4) clearly shows the interconnecting 2D channels. The
primitive unit cell of the 2D system is shown in Figure 5. The
bottom half of the structure has been depicted using spheres to
represent the Zn and S atom positions, while the top part of the
figure has been surface rendered. The latter is to show that the
mesoporous framework comprises many interconnecting grains
separated by (general) grain boundaries and grain junctions; the
different misoriented grains are colored to aid visualization. The
atomistic (ball-and-stick representation) structure of one of the
pillars is shown in Figure 5b.

The surface structure of the 2D system is shown in Figure
6a, essentially the top of the structure has been “sliced off” to
show the channels and cavities more clearly. Inspection of the
figure reveals that the channel and cavity surfaces exhibit high
two-dimensional curvature, and therefore assigning a particular
Miller index to the facets exposed is perhaps disingenuous. The
curvature of the channel is clearer in Figure 6b, which reveals
that the channel accommodates an elliptical, rather than spheri-
cal, structure.

Part of a channel corresponding to the 1D system is shown in
Figure 6¢. Here we can easily see the wurtzite structure (left),
which appears to expose the (001) surface at the channel wall.
However, this surface is curved (“zigzag”) in a direction along
the channel, and therefore assignation of this Miller index is per-
haps misleading. In particular, the chemistry that we might
expect of a ZnS (001) wurtzite surface is unlikely to be reflected
at this channel because of the high curvature. On the other hand,

(25) Huang, F.; Banfield, J. K. Am. Chem. So2005 127, 4523-4529.
(26) Zhao, Y. W.; Zhang, Y.; Zhu, H.; Hadjipianayis, G. C.; Xiao, J.JQAm.
Chem. Soc2004 126, 6874-6875.
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Table 2. Simulation Details Used to Generate Mesoporous ZnS with 0D, 1D, 2D, and 3D Channels

simulation cell size (A) molecular dynamics simulations
cavity 3000 K 1500 K 1K 1K
connectivity X y z rigid ion, ps rigid ion, ps rigid ion, ps shell, ps
oD 90 90 90 200 2060 100 63
1D 85 105 105 30 2245 100 85
2D 100 100 100 467 1895 100 50
3D 100 106 106 50 2000 250 50

Figure 5. (@) Primitive simulation cell of the mesoporous model with 2D
channels; the final low temperature (1 K) structure is shown. The bottom half *
of the figure is a sphere model representation of the Zn (blue) and S (yellow)
ion positions, and the top half is surface rendered with various colors to
differentiate the misoriented ZnS grains; (b) shows one of the pillars, cut
from (a), using a ball-and-stick representation of the atom positions.

the curvature is not continuous. It must necessarily be resolved
only down to the atomistic level; rather we are observing regions
of faceting.

The crystal structure of various parts of the framework (2D
system) is shown in Figure 7. The atomistic structure of a region,
which conforms to the wurtzite structure, is given in Figure 7a,
and a region, comprising four- and eight-membered rings, in
Figure 7b. In Figure 7c the wurtzite structure can be adjudged
to comprise hexagons accommodating a chair conformation,
whereas conversely, in the four- and eight-membered ring

; . and S (yellow), of the 2D system. AR 2 x 1 supercell is depicted with
structure, Figure 7d, the hexagons conform to a “boatlike” the “top” sliced off to show more clearly the surface structure of the channels

structure. A region that comprises both types of structure is and cavities within this framework structure. (b) A view looking through

one of the channels in the 2D system revealing the high curvature of the

Shown in Figure 7e. elliptical channel; various grain boundaries and grain junctions are evident
Figures 8-11 show the structure of the mesoporous ZnS in the figure— ball-and-stick model representation. (c) Ball-and-stick model

materials with 0-, 1-, 2-, and 3D structures with surface representation of the 1D system, viewing along one of the channels.
rendering to depict the accessible surfaces, channels, and
cavities. Calculated surface areas, pore diameters, cell volumesmaterials observed using TEM. This is followed by a discussion
and densities are given in Table 3. Clearly, the 0D system hasand possible rationale underlying the evolution of wurtzite and
no “channels,” and therefore the cavities are not connected. 4—8-membered ring structures. Finally, we raise the possibility
of classifying the mesoporous framework structures as minimal
surfaces, which is potentially very important. In particular, we
In the following sections we compare our simulations with a argue that it may be possible to predict catalytic properties by
study that explores the crystallization of real mesoporous describing the surface mathematically as a continuous function.

Discussion

J. AM. CHEM. SOC. = VOL. 128, NO. 47, 2006 15287
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Figure 7. Ball-and-stick model representation of the Zn (blue) and S (yellow) atom positions comprising the 2D system. (a) Region conforming to the
wurtzite structure; (b) region conforming to the-“8-membered ring structure”; (c) segment of the wurtzite structure showing the hexagons in a chair
conformation; (d) segment of the “B-membered ring” structure where the hexagons accommodate a boat conformation; (e) region comprising both the
wurtzite and “4-8-membered ring” structure, with the green arrows indicating type-I surfaces which have no dipole and the red arrow indicating a “type-111”
surface, which is associated with a surface dipole. Note this segment has been cleaved from the 2D system, and the surfaces indicated by the arrows are
hypothetical; they are not exposed at the surfaces of the channels or cavities.

Observing Crystallization via TEM. Lu et al. used trans- In the present study, by watching the crystallization anima-
mission electron microscopy (TEM) to observe the crystalliza- tions (Figure 3 and Supporting Information) we observe, similar
tion of mixed metal oxide mesoporous materials starting from to experiment, the evolution of many localized crystalline seeds

amorphous precursofé They generated NbTa and Mg-Ta leading to the formation of a polycrystalline mesoporous
oxides with mean pore sizes of ca. 5 nm, wall thicknesses of 3 structure. Our simulations support the idea of the highly
nm, and surface areas of ca. 208 g'. localized crystallization proposed in the experimental study.

Experimentally, in a vacuum, crystallization was determined sjmuylation and modeling are therefore valuable complementary
to be highly localized and led to the formation of & polycrys- techniques which can provide realistic crystallization and

talline structure which retained the original pore size. Con- g,ctyral details of highly complex mesoporous systems with
versely, in air, crystallization resulted in single crystals, hundreds full atomistic resolution

of nanometers in diameter. The authors tentatively attributed . o

this difference to the presence or absence of air. Moreover, they We note t_hat our smulgted crystallization occurs over
proposed a mechanism explaining the single-crystalline and nanogecond time scales and is therefore faster thqr! Fhat observed
polycrystalline structures. In particular, they argued that “oxygen &XPerimentally. We are thus aware of the possibility that the
exchange (in air) promotes the long-range mobility of the metal fast crystallization may influence the structure of the atomistic
ions: mass transfer occurs over a large region and the (originalyModels generated using this technique.

small mesopores merge into larger mesopores to minimize the Crystal Structures. The “4—8-membered ring” structure
total surface energy”. which is part of the ZnS-based mesoporous materials has the

15288 J. AM. CHEM. SOC. = VOL. 128, NO. 47, 2006
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Figure 9. “1D” mesoporous framework structure. (Top) Surface rendered
model (2x 2 x 2 supercell); (bottom) representation showing only the
surface (2x 2 x 2 supercell) exposed at the channels and cavities.

Figure 8. “OD” mesoporous framework structure. (Top) Surface rendered
model (2x 2 supercell shown); (bottom) representation showing only the
(internal) surface (% 2 x 2 supercell). We note that there are no channels,
and therefore the cavities are not connected.

same crystal structure as zeolite BCT. Therefore, in accordance
with Hamad and Catlo® we refer to this structure as the BCT
phase.

ZnS has two structural polymorphs: wurtzite (hexagonal) and
sphalerite (cubic), and therefore two surprising issues emerge
from our results: first, no sphalerite has evolved and, second,
the evolution of extended regions which conform to the BCT
phase. Extended arguments concerning this question can be
found in the Supporting Information. Specifically, we explore
structural changes as a function of (nano)size and environment,
the influence of the internal surfaces, the energetics of phase
ordering as determined by the potential model, and the high
speed of crystallization.

Minimal Surfaces. Inspection of the amorphous/molten
structures for each of the four systems suggests that they may
be described in terms of minimal surfaces. D’Arcy Thompson,
author of the classic book “On Shape and Form”, first published
almost a century ago, famously observed that “shape determines
function.”® The crucial step in the recent advance in structural
chemistry, from classical geometry to three-dimensional dif-

Figure 10. “2D” mesoporous framework structure. (Top) Surface rendered

ferent_'a_l geometry,_hqs bee'_" the use of curved surfac_es Mmodel (2x 2 x 2 supercell shown); (bottom) representation showing only
describing an astonishing variety of structures and propéfties. the surface (2« 2 x 1 supercell).

The key concept of curvature, originally developed by
Newton using the term “crookedness”, is as follows: The arc length along a planar curve is related to the tangent to the curve.
(27) Hamad, S.; Catlow, C. R. AL Cryst, Growthi2006 in press, The _curvature at a particular point on the curve is defined as
(28) Thompson, D. AOn Growth and Form2nd ed.; Cambridge University ~ the limit of the tangent as the arc length approaches zero at

Press: Cambridge, 1968. - - . .
(29) von Schnering, H. G.: Nesper, Ragew. Chem., Int. Ed. Engl987, 26, that point. Mean cuwature is the artithmetic mean _of t_he
1059-1080. curvature of a surface at two mutually orthogonal directions.
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(known as “the plumber’s nightmaré®as the molten nano-
particles aggregate. This is not surprising considering the
presence of surface forces in the molten phase. Figure 12a shows
a primitive cell of the 3D system at the start of the crystallization
step. The structure clearly forms the P minimal surface (Figure
12b)38 As the atomistic system crystallizes at temperatures lower
than the melting point, the interactions between the ions are
minimized under molecular dynamics simulation. The ions move
into a low-energy configuration, and planar facets are seen to
evolve. A further deviation (compared with the molten system)
from the perfect minimal surface, Figure 12b, then appears.
Figure 12c shows the final crystallized structure.

The structures of mesoporous materials such as ZnS have
important implications for their chemical and electronic proper-
ties (i.e., catalysis, sensors, optical, visible light absorption in
chemical cleavage of bonds). For example, the strain within
the mesoporous crystalline lattice will likely be different from
analogous nanocrystals or the bulk parent material, because of
the curvature of the “channel-cavity-pillar” architecture and thin
walls. For example, in a nanocrystal, the surface may be
considered as convex, while, in the mesoporous analogue, the
surface is concave.

Conclusions
Figure 11. “3D" mesoporous framework structure. (Top) Surface rendered

model (2x 2 x 2 supercell shown); (bottom) representation showing only We describe full atomistic models of the polycrystalline
the surface (2 2 x 2 supercell). mesoporous ZnS framework structures. To generate these

Table 3. Attributes Associated with Mesoporous ZnS? models we have attempted to simulate experimental synthetic
suface  surface processes. The framework was generated by allowing amorphous/
cavity denslty  area  energy surfaces molten nanoparticles of ZnS to self-assemble under high-
connectivity  (g/em®)  (m?g) Jim? pore size (nm) exposed temperature MD simulation, which resulted in the formation of
oD 2.80 391 45 6.5 (cavity) {oo1 a periodic array of cavities interconnected by channels traversing
1D 218 377 39 71 {oogy “zero”, one, two, and three perpendicular directions.
gg i:gg ggg 3:613 g:z ;? ?:gi g:g; The resulting amorphous mesoporous frameworks were
4.0x 45 crystallized by allowing the system to cool, and long-duration

MD simulations were performed at reduced temperatures.
2 Approximate surface areas were calculated using a “solvent accessible Animations of the atom trajectories during the MD simulation
surface” approach with a solvent molecule with a radius of 2 A. revealed the evolution of many localized crystalline seeds, which

When a wire frame is dipped into soapy water, a thin film is grew in size as (amorphous) ions condensed onto their surface.
formed. Surface tension minimizes the energy of the film, which Eventually, the crystallization fronts, emanating from the
is proportional to its surface area. The film thus has the smallestindividual (misoriented) seeds, impinged upon each other,
area consistent with the shape of the frame and with the resulting in the evolution of a polycrystalline framework,
requirement that theean curature of the film be zero atery comprising a plethora of grain boundaries and grain junctions
point. This is a minimal surface. Minimal surfaces which are Wwhich separate the individual grains.
periodic in three independent directions are of special interest, The crystallization is similar to that reported by Lu et al. for
because atoms in a variety of seemingly unconnected structuresmetal-oxide-based mesoporous matefi&Ehey concluded that
such as cristobalite, quartz and numerous zeol&sjiamond, “highly localized crystallization led to the formation of a
cutting steel, bicontinuous polymer mixtures, lyotropic colloids, polycrystalline mesoporous framework structure that retained
detergent films, lipid bilayers, starch, and biological formations the original pore size”. We note that Lu et al. infer this
lie on such surfaces. Self-assembled colloid structures arecrystallization behavior, based upon their final structures, rather
templates in the inorganic and organic polymerization reactions than having “observed” it. Here, we provide movies depicting
which lead to mesoporous molecular sie¥%¥ Such surfaces  such crystallization (with atomistic detail), which are available
are thus of interest, not only to the structural chemist but also as Supporting Information. It is unlikely that we will be able to
to the biologist, structural engineer, and materials scientist. A observe (real) crystallization at the atomic level with such clarity
full discussion of minimal surfaces can be found in refs 34 and soon, and therefore our simulations can provide experiment with
35. Figures 1c and 2 show the evolution of the P minimal surface insights into how such complex structures might evolve. In this

(30) Andersson, S.; Hyde, S. T.; Larsson, K.; Lidin,Chem. Re. 1988 88, (34) do Carmo, M. PDifferential Geometry of Cures and Surfacedrentice
221-242. Hall: Engelwood Cliffs, NJ, 1976.

(31) Anderson, M. W.; Egger, C. C.; Tiddy, G. J. T.; Casci, J. L.; Brakke, K.  (35) Hyde, S.; Andersson, S.; Larsson, K.; Blum, Z.; Landh, T.; Lidin, S.;
A. Angew. Chem., Int. EQ005 44, 3243-3248. Ninham, B. W. The Language of Shape. The Role of @ure in

(32) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S. Condensed Matter: Physics, Chemistry and Biojdgjgevier: Amsterdam,
Nature 1992 359, 710-712. 1997.

(33) Davis, M. E.Nature 1993 364, 391-393. (36) Gandy, P. J. F.; Klinowski, Zhem. Phys. Let200Q 322 579-586.
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(b)

Figure 12. (a) Representation of the simulation cell corresponding to the 3D system comprising molten ZnS. (Left) surface rendered model; (right) surface
rendered model and sphere model representations of the Zn (blue) and S (yellow) atom positions. (b) (Left) One unit cell (green) of the P mimal surfac
generated mathematically using the Weierstrass eqdéfidrather than from atomistic models. (Right) A surface which differs from the true P surface
(deviations from zero mean curvature is color coded from red to blue). (c) Same as (a) after crystallization and cooling.

case our simulations support the crystallization behavior pro- extensive work and success on zeolites, we can probe the
posed by Lu et al. reactivity and shapesize selectivity of these internal cavities
The amorphous frameworks crystallize into the wurtzite and channels.
structure, a well-known polymorph of ZnS. In addition, we  Atomistic models, such as those presented here, are valuable
observe regions with hexagonal structures comprising mixed as starting points to calculate, for example, physical and
4—8-membered rings. In conjunction with recent experimental mechanical properties, sensitivity to temperature, catalytic
and theoretical work, we propose that these crystal structuresactivity at the surface of the channels or cavities (using quantum
are intrinsically linked with the morphology and structure of mechanical calculations), and electronic properties. The work
the framework. Atomistic simulation and modeling techniques presented here uses a framework simulation procedure for the
can therefore provide insights at the atomistic level into the generation of full atomistic models for mesoporous inorganic
surface structure of crystalline microporous materials. materials.
The considerable curvature of the surface suggests that the
surfaces are unlikely to exhibit similar chemical properties to ~ Acknowledgment. Cambridge-Cranfield HPCF, EPSRC (GR/
the extended bulk surface of the parent material. Moreover, the S48431/1, GR/S48448/01, and GR/S84415/01).
chemistry is also likely to differ compared with similarly S|zgd Supporting Information Available: Movies depicting the
nanocrystals, because the curvatures of nanocrystals are typlcallycr stallization, atomistic coordinates of mesoporous ZnS, and
convex compared with microporous framework structures, which dizcussion of t’he ZnS crystal structure. This mapterial is available
are concave. Here, mathematical theories, pertaining to minimalf ¢ ch 2 th Iyt t at hit '_” b
surfaces, will help us to understand these structures. And in ree ot charge via the Internet at hilp-lipubs.acs.org.
conjunction with quantum mechanical calculations, similar to JA0650697
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