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Real-time in situ energy-dispersive X-ray diffraction has been used to study the synthesis
of the open-framework sulfide TMA—SnS-1, under hydrothermal conditions. The effects of
varying the temperature of reaction, reactant source, and pH of solution on the synthesis
have been studied. It is found that temperature is the primary factor in determining whether
crystalline products are formed, while the pH of solution and reactant source were found to
be important in determining the rate of reaction and the polytypic structure produced.
Evidence has been obtained that in cases where crystalline TMA—SnS-1 is formed, the
reaction proceeds via an intermediate disordered lamellar phase, before reacting further to

form the final product.

Introduction

Hydrothermal synthesis has been extensively used for
the production of microporous inorganic materials??2
consisting of three-dimensional networks of regularly
sized and shaped voids and channels. These structural
features give these materials a number of unique
properties, such as selective absorption and catalysis,3
and has led to their use as molecular sieves and ion-
exchange reagents. Recently there has been much
interest in using the precise pore structures of mi-
croporous materials to control the dimensions and
properties of compounds constrained within their
cavities.*6

The vast majority of open framework materials syn-
thesised to date have been oxides such as zeolites?>7~10
and aluminophosphates,!! which consist of frameworks
built by linking together MO, units (M = Si, Al, P) to
form a regular array of cavities and channels. However,
in 1989 Bedard and co-workers reported the synthesis
of a new class of metal sulfide based microporous
materials denoted R—MS-n (where M = Sn or Ge, n
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represents different structural types, and R is an
included organic molecule).213 Since then, others have
synthesized further compounds in this class and have
incorporated different metallic elements into the
frameworks.#=20 The synthetic method employed is
similar to the techniques used for the production of
oxide microporous solids; the starting materials are
heated under autogenous hydrothermal conditions in
the presence of a templating agent. The templating
agent (R) is typically an amine or quaternary am-
monium salt. The use of different templates can lead
to materials with a range of pore sizes.?! These mi-
croporous sulfides represent a significant departure
from oxide-based materials. As the original literature
points out,'213 the presence of low-lying d orbitals and
its greater size gives sulfur a far richer coordination
chemistry than oxygen, and the greater rigidity of
M—S—M linkages relative to M—O—M linkages should
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Clearly these materials are of great technological and
academic interest. However, in many cases the correct
synthetic conditions to produce pure crystalline products
are achieved only by a process of little more than “trial
and error”. A greater understanding of the crystal-
growth process, the kinetics and mechanism of forma-
tion, the effect of changing reaction variables, and the
role of the templating agent is needed if more rational
syntheses of these materials are to be devised. Al-
though some progress in understanding the formation
processes has been gained from neutron diffraction??
and X-ray scattering studies,?® the precise details are
still unknown.

In situ X-ray diffraction experiments provide a power-
ful method of obtaining information about these reac-
tions, since they involve the direct observation of the
formation of the crystalline product phase.2* This offers
a number of advantages over other techniques. First,
it eliminates the need for quenching and workup, during
which the sample may undergo significant and inde-
terminable structural changes. Second, it allows the
direct observation of crystalline intermediate phases
and their subsequent transformation into the product
phase. Finally, in situ experiments provide an easy
method for determining the effect of changing reaction
variables and allow one to monitor the interconversion
of different phases as conditions are varied. Over the
past few years a number of in situ diffraction studies
have been published.22-32

It is advantageous to use energy-dispersive diffraction
techniques using “white” synchrotron radiation in this
work, because the high intensity of such radiation can
penetrate the thick-walled high-pressure reaction cells
needed for this work, without serious loss of intensity.
This allows high-quality spectra to be collected quickly,
permitting time-resolved studies to be undertaken.

In this paper we describe the use of time-resolved in
situ diffraction experiments to study the formation of
the microporous tin sulfide TMA—SnS-1 under isother-
mal hydrothermal conditions, using a specially con-
structed apparatus, the design of which is also outlined.
A similar study of the crystallization of COALPO-5 using
the hydrothermal cell descibed herein has recently been
undertaken by Thomas and co-workers.33:34
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Experimental Section

Synthesis. TMA—-SnS-n phases were synthesized in a
manner similar to those described previously.1213353 Reaction
compositions of either 1Sn:2.2S:1TMAOH:nH,O where n =
15—-100, or 3SnS,:2S:2TMAOH:nH,0 where n = 30—65, were
reacted under isothermal hydrothermal conditions (TMAOH
= tetramethylammonium hydroxide). Tin (or tin disulfide) and
sulfur were added to solutions of tetramethylammonium
hydroxide with stirring. The tin disulfide used had been
previously synthesized by reaction of stoichiometric quantities
of the elements in sealed, evacuated silica ampules at 560 °C
for 1 week, as described by Al-Alamy and Balchin,®” and was
then ground and sieved to a particle size of <90 um before
reaction. Collection of data was started as quickly as possible
after mixing of the reagents. The delay between mixing and
the start of data collection was less than 1 min, which is
insignificant compared to the time scale of the reaction. The
reaction mixtures were stirred throughout. Precise reaction
conditions and stoichiometries for each experiment are detailed
later at the appropriate points.

Diffraction Experiments. Time-resolved X-ray diffraction
experiments were performed on stations 9.7 and 16.4 of the
UK Synchrotron Radiation Source at Daresbury Laboratory.
Reactions were performed either in sealed thick-walled (3 mm)
glass ampules or in a hydrothermal pressure cell we had
previously designed for studying hydrothermal reactions using
energy-dispersive radiation.®® Technical details of the station
design and experimental technique have been described by
ourselves and others elsewhere,®*~4? and only a brief descrip-
tion will be given here. Stations 9.7 and 16.4 receive X-ray
flux in the range 5—140 keV, with a maximum intensity at
about 20 keV. The position of the maximum intensity at the
detector is, however, shifted to higher energy on introduction
of the experimental apparatus, due to the absorption of lower
energy photons by the cell materials. Useful intensity could
be obtained above about 20 keV using the glass ampules, or
above 40 keV using the cell. Since the energy, E (keV), at
which a Bragg reflection from planes of separation d (A) is
given by E = 6.19926/d sin 6, a detector angle (26) of between
1.6° and 2.2° was chosen for all experiments, giving an
observable d-spacing range of 4—13 A. As the highest d-
spacing peak of interest occurs at 11.5 A, this is an ideal angle
for the study of these syntheses.

In all experiments, resonances, which arise due to excitation
of core electrons of the elements present by X-rays, were seen.
The most intense of these were the Sn Ka and K§ resonances
at 25.2 and 28.4 keV. These proved useful, because by
normalizing against the intensity of these resonances, it is
possible to correct for changes in intensity of Bragg reflections
due to factors such as decay of the synchrotron beam current
with time.

The station electronics and data collection software were
configured so that a series of spectra could be recorded during
the course of a reaction. Acquisition times of 120—300 s were
chosen as this was a short enough period for kinetic and
structural studies to be performed, while still giving good
counting statistics.

Design of the Hydrothermal Cell. A detailed technical
report on the design and commissioning of the hydrothermal
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Figure 1. Schematic diagram of the experimental apparatus
used for in situ diffraction studies of hydrothermal reactions.
Also shown is the hydrothermal pressure cell; in some lower
pressure reactions this was replaced by thick-walled glass
ampules.

cell and the sample control enviroment has been published
elsewhere.®® However, a brief description is given here. (See
also Figure 1.) The cell design takes advantage of com-
mercially available connectors, heads, and pressure gauge
assemblies. A stainless steel tube, closed at one end, of
external diameter 29.7 mm, internal diameter 25.4 mm, and
height 93 mm was machined from a piece of solid stainless
steel. The cell wall thickness was then machined down to 0.7
mm over a 29 mm height range through which the incident
and diffracted beam pass. This window allows a large enough
flux of X-rays to pass through the cell to permit time-resolved
studies to be carried out. Because of the corrosive reagents
used in hydrothermal syntheses, a Teflon liner and lid were
manufactured to fit inside the cup to minimize the contact
between reagents and the cell walls. The cell body was
connected to a standard Parr Instruments head and gauge
block assembly fitted with a pressure relief valve and rupture
disk. The rupture disk has a recommended maximum working
pressure was 700 psig (~50 bar). For safety reasons a
maximum working pressure of 400 psig (~29 bar) was chosen.

Sample Control Environment. Sample heating was
achieved by circulating hot oil through a solid copper block
using a Fisons Haake S oil circulator. Gantries were cut
through the block to allow the passage of hot circulating oil
and a 30 mm hole was cut into which the ampules or cell fitted
snugly. The maximum sample temperature attainable was
found to be 227 °C. Slots were cut into the side of the block
for both the incident and exit beam. Threads were tapped into
the top of the block for attachment of thermocouples. The
block was then mounted on a stand containing a magnetic
stirring device to allow sample stirring during reaction. Tests
indicated that block temperatures were stable to +1 °C, and
the temperature of the sample was within 1 °C of the block
temperature. The thermal lag between the block and liquid
within the ampules or cell was less than 2 min. A diagram of
the experimental apparatus is shown in Figure 1.

Results and Discussion

TMA-SnS-1 (empirical formula (NMe4)2Sn3S7-xH-0,
x = 1-3) is synthesized by reaction of a tin and sulfur
source under basic hydrothermal conditions in the
presence of TMA™T cations (TMA = tetramethylammo-
nium). The chemistry of this system is known to be
complex. At least two structural forms of TMA—SnS-1
are known. One is a monoclinic form whose structure
was determined by single-crystal XRD,3® the other is
an orthorhombic modification, which is assumed to be
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Figure 2. Stack plot showing the time evolution of the
diffraction pattern of the reaction of 1Sn:2.2S:1TMAOH:35H,0
at 120 °C. Acquisition time for each spectra was 300 s. Spectra
were recorded at a 26 angle of 1.6°. Individual spectra have
been normalized using the Sn Ko resonance at 25.2 keV.

isostructural with its selenium analogue, whose struc-
ture has been determined by single-crystal XRD.21:36
Both of these forms contain the same basic structural
units; stacks of Sn3S;2~ layers with charge-balancing
TMAT cations between the layers. Individual layers
consist of 24 atom-ring hexagonal pores built from
interconnected Sn3S, clusters which create an open-
framework structure. The orthorhombic form shows a
slight structural deformation of the pores relative to the
monoclinic form and has a different layer-stacking
sequence. The structural complexity and the strong
dependence of the reaction product on the precise
reaction conditions used made this an interesting
system to study. We report here the results of an
investigation of the synthesis of TMA—SnS-1 by in situ
energy-dispersive X-ray diffraction using a variety of
different reaction temperatures, source materials, and
starting pH.

Variable-Temperature Measurements. To inves-
tigate the effect of the variation of temperature on the
formation of TMA—SnS-1, mixtures of constant compo-
sition 1Sn:2.2S:1TMAOH:35H,0 were reacted under
hydrothermal conditions at the representative temper-
atures of 120, 150, and 175 °C in thick-walled glass
ampules.

The behavior of the reactions at 120 and 150 °C was
similar. After an induction period of approximately 20
min a broad peak at 8.5 A became visible and grew
rapidly in intensity over the next 120 min and then at
a much slower rate for the next 3 days. However, even
after prolonged heating only a few other very broad and
weak peaks could be seen in the diffraction pattern.
Figure 2 shows a stack plot of the evolution with time
of the energy-dispersive diffraction pattern for the
reaction performed at 120 °C. Note the long time
interval between the last two spectra with no noticeable
change in the diffraction pattern.

Laboratory X-ray diffraction patterns of the worked
up samples also showed only broad and weak peaks
except for the reflection at 8.5 A. However, peaks
assignable to both monoclinic and orthorhombic poly-
types could be seen. Since a d spacing of 85 A
corresponds to the interlayer separation in TMA—SnS-
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Figure 3. Stack plot showing the time evolution of the
diffraction pattern of the reaction of 1Sn:2.2S:1TMAOH:35H,0
at 175 °C. Acquisition time for each spectra was 120 s. Spectra
were recorded at a 26 angle of 1.72°. Individual spectra have
been normalized using the Sn Ka resonance.
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Figure 4. Spectrum of the final product from the reaction of
1Sn:2.2S:1TMAOH:35H,0 at 175 °C. Acquisition time was 120
s at a 26 angle of 1.72°. The spectrum is indexed on the
orthorhombic cell a = 22.9, b = 13.1, ¢ = 16.7 A.

1, it appears that under the above conditions a layered
material is formed rapidly which is ordered in the
direction perpendicular to the layers but is highly
disordered in the plane of the layers, and a fully three-
dimensionally ordered structure is not formed even after
prolonged heating.

When the same reaction was performed at 175 °C a
different type of behavior was seen. Figure 3 shows a
stack plot of the time evolution of the diffraction pattern
for this reaction. As in the previous reactions, after a
short induction period of approximately 10 min, a Bragg
peak centered at 8.5 A became visible and grew rapidly
in intensity, but in this case other peaks became visible
after approximately 15 min and gradually grew in
intensity. After 3 days of heating, the diffraction
pattern was essentially constant with time and many
strong diffraction peaks could be seen. Figure 4 shows
the final observed pattern.

All of the peaks in Figure 4 can be indexed as peaks
in the diffraction pattern of orthorhombic TMA—SnS-
1, and only a very small quantity of monoclinic impurity
was formed. No intermediate crystalline phases were
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Figure 5. Three-dimensional plot showing the time evolution
of the diffraction pattern of the reaction of 1Sn:2.2S:1”TMAOH:
35H,0 at 175 °C, showing the initial rapid growth of the 002
reflection, followed by the much slower growth of the 111
reflection. Note the change in scale of the time axis at 100
min.
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Figure 6. Plot of peak area against time for the 002 (¢) and
111 (x) reflections of orthorhombic TMA—SnS-1 during the
reaction of 1Sn:2.2S:1TMAOH:35H,0 at 175 °C. Intensities
have been normalized using the Sn Ka resonance and scaled
such that the final intensities are approximately equal. Lines
are mathmatical fits only and have no physical significance.

observed, and these data show that under these condi-
tions the orthorhombic form of TMA—SnS-1 crystallizes
smoothly from the reaction mixture.

Kinetic analysis of the growth of the diffraction peaks
was performed by integrating the peak intensities using
a Gaussian fitting routine.*® This analysis shows that
each Bragg reflection does not obey the same rate law.
Rather, the 002 peak at 8.5 A (interlayer separation)
grows very rapidly in the initial stages of the reaction,
followed by a longer period of much slower growth, while
other hkO and hkl reflections show an initial rapid
growth followed by a period of steady growth. Figure5
shows a three-dimensional plot of the evolution of the
diffraction peaks with time and shows the increase in
relative intensity of the hkO and hkl reflections, espe-
cially the 111 reflection, during the course of the
reaction.

Figure 6 shows a comparison of the growth with time
of the 002 and 111 reflections. The intensities have
been normalized using the Sn Ka resonance, and scaled
such that the final intensities are similar. (In reality
the 002 reflection is always more intense than the 111

(43) Clark, S. M. J. Appl. Crystallogr. 1995, 28, 646—649.
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reflection.) It can be seen that the growth of the 002
peak is essentially complete after just 200 min of
reaction, whereas the 111 reflection is still growing
strongly at a much later stage. (In fact the data suggest
that the 111 reflection was still growing in intensity,
indicating that the reaction had not proceeded fully to
completion.) Similar behavior is seen for other non 00l
reflections, although the increase in relative intensity
is most marked for the 111 reflection.

The rate of growth of the 002 reflection gives an
indication of how quickly layers stack together, while
the rate of growth of the 111 reflection gives an
indication of how quickly layers order with respect to
adjacent layers. Therefore these data are strongly
suggestive of a two-stage process, whereby in the initial
stages a layered but fairly disordered material is rapidly
formed, followed by a much slower process in which this
material orders in three dimensions to give the final
observed phase. More discussion of this process follows
later.

Other reactions (using the same reactant stoichiom-
etry) were performed at higher temperatures and pres-
sures in a hydrothermal pressure cell. At temperatures
between 175 and 200 °C no significant changes in the
reaction pathway were observed. However, as the
temperature was raised above 200 °C (and autogenous
pressures rose above 15 bar), there was evidence for a
partial collapse of the structure to form tin disulfide. It
is to be expected that as the reaction pressure increases,
open-framework structures should become unstable and
more condensed phases form (density of TMA—SnS-1
is ca. 2 g cm™, density of SnS; is ca. 4.5 g cm™1).
Unfortunately, beam time constraints meant that full
investigation of this high-temperature process has not
been possible, and we plan further experiments to study
this more fully.

Variable-pH Measurements. To study the effect
of pH on the reaction, mixtures with differing water-
to-tin ratios but constant hydroxide to tin ratios were
reacted at the constant temperature of 175 °C. The
stoichiometries used were 1Sn:2.2S:1TMAOH:nH,O
where n = 15, 30, 50, 75, and 100, which corresponds
to pH’s of 14.6, 14.3, 14.0, 13.9, and 13.7.

In general, all reactions followed a pathway similar
to the reaction discussed above, i.e., the rapid growth
of a Bragg peak corresponding to the interlayer separa-
tion, followed by the slower growth of other diffraction
peaks. The most obvious difference between the reac-
tions was the reaction rate. This was especially evident
in the growth of the 8.5 A interlayer peak during the
initial stages of the reaction. Using a water stoichiom-
etry of n = 15, the induction period is very short (~4
min) and the growth is very rapid; the intensity of the
8.5 A peak reaches the “plateau” in approximately 15
min. At lower pH (i.e., higher water stoichiometries),
both the induction period and the amount of time for
the intensity to “plateau” progressively increase. Figure
7 shows a plot of the variation with time of the intensity
of the 8.5 A peak for the five reactions, normalized with
respect to the tin Ko resonance, and with the intensity
scales adjusted so that the intensity of the reflections
at the plateau are all approximately the same.

The primary role of the OH~ ions in hydrothermal
syntheses is thought to be the dissolution and complex-
ation of the solid reagents (tin and sulfur in this case)
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Figure 7. Plot of peak area against time for the 002 reflection
of orthorhombic TMA—SnS-1 during the reaction of 1Sn:2.2S:
1TMAOH:NH,0 at 175 °C, for n = 15 (+), n = 30 (4), n = 50,
(0), n = 75 (a), and n = 100 (x). Intensities have been
normalized using the Sn Ka resonance and scaled such that
the final intensities are approximately equal. Lines are math-
matical fits only and have no physical significance.

to produce solution-phase ions. These complexes are
transported through solution and then condense, pre-
sumably under the charge balancing, space filling, and
structure-directing influence of the template, into the
building blocks of TMA—SnS-1, which then crystallizes
from solution. Ozin and co-workers have suggested the
dimeric species Sn,Sg*~ as one possible intermediate in
the formation of these materials.*

These data, showing a faster rate of reaction and
shorter induction time at high pH, are consistent with
this role. It would be expected that a greater concen-
tration of hydroxide ions would lead to a greater rate
of dissolution of the solid reagents, which is likely to be
the primary factor in determining the induction period.
[An unavoidable additional factor in these experiments
is the time it takes for the reagents to heat from room
temperature to the reaction temperature. Past experi-
ence with the experimental apparatus suggests this
time period is short, less than 2 min. Although, clearly,
this is a significant fraction of the induction period,
especially in the high-pH reactions, this time factor will
be very similar for all reactions, so this effect should
not cause the differences seen in induction times for the
reactions.]

The rate of growth of the crystalline phase is presum-
ably related to the rate at which solubilized species
diffuse together and condense, which will be related to
their concentration in solution. Again, a higher initial
concentration of hydroxide ions would be expected to
yield a greater concentration of solubilized tin/sulfur
species and hence a faster rate of growth.

In all cases the predominant product was orthorhom-
bic TMA—SnS-1. However, subtle differences in the
precise product formed were observed. At high pH (n
= 15 and 30) a virtually pure orthorhombic phase was
formed, but the reaction where n = 50 gave a mixed
reaction product, mostly orthorhombic but with a sig-
nificant monoclinic impurity. As the pH was lowered
progressively (n = 75, 100) the quantity of monoclinic
polytype relative to the orthorhombic polytype increased

(44) Ozin, G. A.; Jiang, T.; Bedard, R. L. Adv. Mater. 1994, 6, 860—
865.
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steadily. It is not clear why a reduction in pH of
solution should lead to such an effect. It is possible that
the ratio of water to tin, which is also being varied here,
is another important factor in these experiments. We
plan further experiments in which the quantity of water
and TMAT is kept constant, but the pH is adjusted using
HCI, to gain insight into the relative importance of the
various factors. We also plan to study a wider pH range.

Effect of Reactant Source. To study the effect of
the tin and sulfur starting materials on the reaction,
an experiment was performed in which the elemental
tin and sulfur were replaced by a mixture of tin disulfide
and sulfur. A composition 3SnS;:2S:2TMAOH:60H,0
was reacted at 175 °C.

Three noticeable changes were seen. These were to
the reaction rate, reaction product, and reaction crystal-
linity. The reaction rate was found to be much slower
using tin disulfide than in the corresponding reaction
using elemental tin and sulfur as the source materials.
There was an induction period of 30 min before the first
diffraction peak, at 8.5 A, was seen (as opposed to <10
min in the analogous tin/sulfur case), and the growth
of the diffraction peaks was very slow. Even after 3
days of reaction, diffraction peaks due to the product
were fairly weak and a significant quantity of tin
disulfide starting material was left unreacted.

Again, this can be rationalized in terms of the role of
the hydroxide ion; specifically, the resistance of tin
disulfide to dissolution by hydroxide ions relative to tin
and sulfur, which are well-known to readily form
hydroxide complexes in solution. This leads to a low
rate of dissolution and hence a slow rate of formation
of product.

In general the reaction gave a less pure and less
crystalline product than the corresponding reaction
using elemental tin and sulfur as the starting materials.
Only broad and fairly weak peaks were seen in the
diffraction pattern. Laboratory XRD of the worked-up
sample confirmed that the product was poorly crystal-
line and, although mostly the monoclinic polytype,
contained significant quantities of the orthorhombic
polytype and other minor phases. This observation may
seem at odds with the fact that the original literature
used tin disulfide as starting materials,’213 and Parise
and co-workers have obtained pure crystalline phases
using tin disulfide.16:35 However, the conditions used
were not precisely the same as in this experiment. In
particular the use of crystalline as opposed to amor-
phous tin disulfide is likely to be an important factor.
The observation is simply that under this particular set
of conditions, less crystalline samples are produced
using tin disulfide as a starting material.

As in the case of the variable pH reactions, the
reasons for changes in product composition as conditions
are varied are not easy to rationalize. Clearly more
work is required to fully understand these systems.
However, it appears that the monoclinic form is formed
preferentially in the slower reactions (i.e., those carried
out at lower pH, or using tin disulfide as a starting
material), when the concentration of dissolved species
in solution is lower. This may indicate that the mono-
clinic form is the thermodynamically more stable form
and that when the reaction is slow enough the true
stable product is formed, i.e., monclinic TMA—SnS-1.
This is consistant with the results of Ozin and co-
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workers on the analogous selenium compound TMA—
SnSe-1.2 It was found that early stages of the synthesis
orthorhombic TMA—SnSe-1 was formed, but at later
times the monoclinic form was obtained, suggesting that
the monoclinic form is the thermodynamic product of
that system.

Discussion of Mechanism

The results detailed in the above sections, together
with results from other in situ experiments, can be
collated to give an overall picture of the mechanism of
formation of TMA—-SnS-1 materials. These studies
suggest that the formation of these materials occurs via
a three-stage mechanistic pathway.

The first stage is the dissolution and complexation of
the solid reagents by the OH~ mineralizing agent,
followed by their condensation into the tin polysulfide
units that provide the building blocks for the formation
of the SnS-1 structure. These processes occur during
the “induction” period of the reaction, and this stage is
found to occur very quickly, with a rate that is depend-
ent on the OH~ concentration.

The second stage is the rapid (on a time scale of
minutes to hours) growth of a poorly crystalline layered
material. This material is ordered in the direction
perpendicular to the tin sulfide layers (as indicated by
the strong reflection corresponding to the interlayer
separation) but highly disordered in the plane of the
layers (as indicated by the absence of any other strong
reflections). Itis presumably during this stage that the
template plays a crucial structure directing role, provid-
ing charge balance for the growing tin sulfide layer and
filling space between the layers.

The third stage is a solid-state reorganization to form
a crystalline material which is ordered in three dimen-
sions with a regular stacking arrangement, i.e., it is the
formation of a distinct polytype from a disordered layer
arrangement. This process is indicated by the growth
of many strong peaks in the diffraction pattern. This
stage of the mechanism is much slower, taking place
on a time scale of days. A schematic diagram of this
proposed mechanism is shown in Figure 8.

It is found that regardless of the synthetic conditions
applied, in all cases studied the reaction proceeded
through the first two stages of the mechanism, indicat-
ing that the formation of tin sulfide layers is a ubiqui-
tous phenomenon in this system. However, the third
stage of the process was not observed in all cases but
only under certain very specific conditions of tempera-
ture, reactant source, and reaction composition. Tem-
perature was found to be the most important factor in
determining the crystallinity of the final product.

It is to be expected that the thermodynamically most
favored state is the one in which the tin sulfide layers
are ordered with respect to each other, with the TMA™
cations “locked into” the host lattice, because this would
lead to an enhanced lattice energy. Therefore the two
latter stages of reaction could be considered to be the
initial formation of the kinetic product (the disordered
layer structure), followed by a gradual transformation
into the thermodynamic product (an ordered polytype).
The fact that temperature is such an important factor
in determining if the third stage of the process occurs
may mean that there is a large activation barrier
associated with the layer shifts needed for the rear-
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Figure 8. Schematic representation of the proposed mechanism of formation of TMA—SnS-1. (i) Dissolution of the solid reagents
by OH~ ions to form solution-phase ions. (ii) Condensation of these ions under the influence of the template to form a disordered
layered material. (iii) Solid-state reorganization to form a fully three-dimensionally ordered structure. Stage ii is rapid (on a time
scale of minutes to hours), and occurs under all conditions studied, whereas stage iii is slow (on a time scale of days) and occurs
only under certain reaction conditions, primarily a high enough temperature.

rangement from a disordered to ordered layer structure
and that a sufficiently high temperature is needed for
this to occur at an observable rate. Alternatively, the
rearrangement may occur via a process of continuous
formation and redissolution of the product phase, which
occurs only under fairly vigorous conditions of temper-
ature and pH. In other cases the kinetic product cannot
be redissolved and hence is the final product of the
system.

Conclusion/Summary

This paper has described the use of real-time in situ
energy-dispersive X-ray diffraction experiments to study
the formation of the open-framework sulfide TMA—SnS-
1. A mechanistic model has been proposed in which
under certain synthetic conditions, primarily a high
enough temperature, the final crystalline product is
formed via an intermediate disordered lamellar phase.
Under other conditions, this disordered phase is found
to be the final observed product. The rate of formation
of the layered material is found to be strongly dependent
on the reaction temperature, pH of solution, and source
material used. In those cases where a well-defined
crystalline product is formed, which polytype is formed,
or, in the case of mixtures, the relative quantities of
each, is found to be very sensitive to reaction variables

such as the source materials or pH of solution. We are
currently performing experiments to further probe the
relationship between the reaction variables and the
polytype formed and to determine under what condi-
tions interconversion from one polytype to another can
be achieved.

Although in this paper we have not reported any
detailed kinetic analysis of the crystal-growth process,
the data are of sufficiently high quality that such
analysis is feasible. We believe that this in situ study
has shown that useful information about the kinetics
and mechanism of hydrothermal syntheses can be
obtained using this technique. We feel that it has wide
application for the study of the formation of a variety
of microporous materials synthesised under hydrother-
mal conditions, such as zeolites, aluminophosphates,
chalcogenides, and metal phosphates.
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