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Figure 4. Four-probe electrical conductivity data as a function
of temperature for a single crystal of K,CugTe,;.

compound. Selected bond distances and angles are shown
in Figure 3.

There are four crystallographically distinct K atoms in
this compound. The encapsulated K(1) atom is sitting
slightly off-center in a rectangular plane defined by two
opposite parallel ditellurides in the dodecahedral cluster.
K-Te distances range from 3.676 (3) A to 3.960 (3) A
(average of 3.75 (8) i), and Cu-K distances range from
3.674 (3) A to 3.724 (3) A (average of 3.69 (7) A). The
remaining three K atoms are sitting in the tunnels with
various coordination environments {8 C.N. for K(2), 10
C.N. for K(3), 6 C.N. for K(4)}. The average K-Te dis-
tances are 3.70 (16) A for K(2), 3.66 (23) A for K(3), and
3.71 (9) A for K(4).

If the formal charges on the ditelluride units and mo-
notelluride atoms are considered as -2, each Cu atoms has
a formal oxidation state of +1. This suggests that K,-
CugTe,;; would be a semiconductor. Preliminary conduc-
tivity measurements on single crystals show a thermally
activated behavior, as shown in Figure 4. However the
strong deviation from linearity of the log o vs. 1/T plot
suggests a departure from classical semiconductor charge
transport. The room-temperature conductivity is relatively
high at ~160 S/cm.

The 20-vertex dodecahedral Cug(Te,)q cluster and 16-
vertex CugTe; cluster are unique and, to the best of our
knowledge, have no analogues in metal cluster chemistry.
However, there is one 20-vertex dodecahedral cluster
known, in organic chemistry, the dodecahedrane CpoHy,.12
It is possible that the driving force for the stabilization of
Cug(Tey)g cluster is the encapsulation of the K ion. One
could envision the possibility of building up novel extended
structures in two or three dimensions based on this do-
decahedral Cug(Te,)g cluster by sharing more or all the
ditelluride edges. We are expecting more of this structural
motif in the Cu/Te system and further explorations with
A,Te./Cu suggest that this is indeed the case.!®
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Intercalation can be used to tailor the chemical and
physical properties of layered compounds, resulting in a
complete range of property modifications from subtle to
extreme and compounds with important applications.!™®
A general feature associated with property modifications
and many applications is the effective dimensionality of
the host. In this regard, staging is of fundamental sig-
nificance.5810

The phenomenon of staging is certainly one of the most
extraordinary structural properties of intercalation com-
pounds. Stage-n intercalates characteristically have n host
layers between guest layers. These structures are generally
found in hosts with relatively thin, flexible layers, such as
the transition-metal dichalcogenides (TMDs) and graphite,
which enhance both the elastic and electrostatic interlayer
repulsive forces associated with staging.? Although staging
has been the subject of numerous theoretical and exper-
imental studies, it remains one of the most important and
controversial subjects in this field. #311-1¢ A key question
of current interest involves the roles of thermodynamics
and kinetics in the staging process.

Substantial evidence indicates that observed stage
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Figure 1. Ag;TiS,: (a) primarily stage 1 with a small region
of intergrown stage 2; (b) same region after the stage-1 to stage-2
transition induced by electron beam heating. Note: Neighboring
layers in the stage-1 region in (a) have essentially the same repeat
distance (6.0 A) when measurements are averaged over dozens
of locations, whereas neighboring layers in (b) have alternating
average layer spacings, where observable, of 5.7 and 6.3 A, con-
sistent with the ambient-temperature structure of stage-2

Agy 17 TiS,.

transformations are associated with the intralayer motion
of guest islands 88215 In the Daumas—Hérold (DH) model,
the islands are staged along the layer stacking (c) axis, with
large numbers of islands and similar guest concentrations
in each van der Waals gap.!® Island size and concentration
can dramatically affect material properties, with available
evidence indicating island sizes can range from ~100 A
to macroscopic dimensions.®'"'® The presence of DH
islands demonstrates the importance of kinetics, since, in
the thermodynamic limit, minimization of host-layer strain
should result in macroscopic guest layers.3?

The most direct evidence for staged structures and
models has come from atomic-scale observations using
high-resolution transmission electron microscopy
(HRTEM). Several HRTEM studies have revealed large,
coherent stage-n regions, staging disorder, mixed staging,
and guest islands and dislocations.®!"2 In contrast to
these static observations, the potential of dynamic
HRTEM (DHRTEM) to explore the staging process at the
atomic level is virtually untapped.?!

This study summarizes our initial efforts to use the
unique capabilities of DHRTEM to provide previously
unavailable dynamic atomic-level insight into staging
processes. Herein, we report the first DHRTEM inves-
tigations of the staging mechanisms associated with model
ionic, Ag*;,7,TiS,%17", and neutral, Hg?, TiS, (1.25 > x >
0.00), intercalates.?* These model systems were chosen
since they allow the study of staging processes in the
presence and absence of interlayer guest—guest electrostatic
repulsions, respectively. This, in turn, allows atomic-level
evaluation of the relative importance of elastic and elec-
trostatic forces to staging processes. This comparison of
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Figure 2. Randomly staged Hg, TiS, obtained by the partial Hg
deintercalation associated with warming stage-1 Hg, 55 TiS, from
-170 °C to ambient temperature in the microscope vacuum. Note
the preferential deintercalation near the external basal plane. The
broad and narrow dark layers correspond to the intercalated (8.7-A
interlayer spacing) and empty (5.7-A interlayer spacing) host
layers, respectively.
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Figure 3. Deintercalation of a Hg guest-layer edge dislocation

in Hg, TiS, (x << 1.25): (a) before deintercalation, “squirting out”,
to the lower left; (b) after deintercalation.

model systems became possible with the recent discovery
of the unique, essentially neutral nature of Hg in
Hg,TiS,*. Many observations, including the lack of Li*
ion exchange, essentially no sulfur radius change upon
intercalation, the ability of ammonia to reduce Hg,TiS,,
and random staging for x <« 1.25 indicate a lack of charge
transfer. However, the possibility of a small amount of
covalent electron exchange cannot be ruled out based on
these studies.

Stage-2 Ag,;TiS, was prepared by reacting Ag and
highly stoichiometric TiS; (Ti; 02S;) in sealed quartz am-
pules at 800 °C, followed by slow cooling to ambient tem-
perature.?® Ag,,;TiS, undergoes a transition to stage 1
upon heating to 850-1050 °C. By quenching the stage-1
material to ambient temperature, it was trapped in met-
astable form, along with the formation of some stage-2
material.”? Stage-1 Hg, ,TiS, was prepared by direct re-
action of Hg with highly stoichiometric TiS, in sealed
quartz ampules at 300 °C, followed by slow cooling to
ambient temperature.?*

Specimens for DHRTEM study were crushed in an
agate mortar and pestle under liquid nitrogen in a nitrogen
cabinet. X-ray powder diffraction (XPD) verified the
absence of significant structural change during crushinﬁ
These studies were performed on JEOL 4000 EX (1.7-
point-to-point resolution) and JEOL 2000 FX (2.5-A
point-to-point resolution) electron microscopes coupled
with 30 frame/s video recording systems. The still images
in Figures 1-4 are taken from videotape.

The metastable stage-1 and stage-2 forms of quenched
Ago17TiS, identified by XPD were routinely observed by



Communications

204 i 02 g8

Figure 4. Hg island separation and deintercalation from a guest-layer edge dislocation in Hg, TiS, (x << 1.25): (a) initiation; (b) island
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separation showing a slight host layer expansion around the island; (c) after island deintercalation is essentially complete. Note: The
small black arrow indicates the island-separation region and its position is constant for reference.

HRTEM. The layer spacings determined by HRTEM and
XPD were the same within experimental error (¢ =
5.90-5.98 + 0.06 A and 11.94-12.16 + 0.12 A for stages 1
and 2, respectively). The intrastage variations in c are
likely due to incomplete quenching.

We successfully induced the metastable stage-1 to
stage-2 transition during DHRTEM study by electron-
beam heating. A small stage-2 region was initially observed
in a primarily stage-1 crystallite (Figure 1a). Upon heating,
the transition appeared to proceed by the advance of a
somewhat irregular stage-2/stage-1 interface, eventually
yielding a stage-2 crystallite (Figure 1b). This observation
is consistent with stage-n and stage-(n — 1) regions sepa-
rated by a narrow, possibly disordered, boundary region,
as observed macroscopically during H,SO,—graphite in-
tercalation,?>% rather than a continuous stage-disordered
transition,'?

Hg, 55 TiS, was observed by DHRTEM at -170 °C to be
stage-1 with an 8.7-A layer repeat, which is experimentally
equivalent to the 8.68-A stage-1 layer spacing observed at
ambient temperature by XPD.* Warming the sample to
ambient temperature in the microscope vacuum results in
substantial Hg deintercalation and a randomly staged
structure (Figure 2), consistent with XPD studies of
Hg, TiS, for x <« 1.25. Preferential deintercalation of the
layers nearest the external basal planes often occurs
(Figure 2). This may be due to their greater flexibility and
suggests these layers are generally more reactive and as-
sociated with the onset of deintercalation. Previous work
by Hooley et al. also indicates that bromine intercalation
of graphite is initiated at the external basal planes,?’
suggesting these planes are generally more reactive during
both intercalation and deintercalation processes.

Further Hg deintercalation was induced by electron
beam heating. This also ocurred in a generally random
fashion but with a preference for deintercalation of guest
layers neighboring occupied host layers, indicating the
possible presence of weak residual elastic interlayer re-
pulsive interactions associated with the discrete size of the
Hg atoms.?

Two mechanisms were observed for deintercalation as-
sociated with guest-layer dislocations: (1) deintercalation
of the Hg dislocation away from its termination, indicating

. OéESi()Ns;shitani. R.; Sasaki, Y.; Nishina, Y. J. Phys. Soc. Jpn. 1987, 56,
N é_zg%INi:;hitani, R.; Sasaki, Y.; Nishina, Y. Synth. Met. 1989, 34,
8 (3;] l:looley, J. Mater. Sci. Eng. 1977, 31, 17-24; Carbon 1980, 18,

the elastic strain at the termination is essentially
“squeezing out” the dislocation (Figure 3); (2) intercalant
island separation from the end of a dislocation and its
subsequent deintercalation (Figure 4). The latter obser-
vation is somewhat unexpected and may be due to the
presence of 0.2% excess Ti** in the guest layer,?® which
could pull the host layers together at the separation site
and induce island separation. This could provide sufficient
strain on both sides of the island to force its deintercalation
parallel to the electron beam. This mechanism is con-
sistent with the slight layer expansion that appears to occur
around the island while it is being “pinched” off (Figure
4b). Such an expansion may be necessary locally to allow
Hg to escape parallel to the electron beam.

The different types of staging behavior observed for
Ag*o17TiS,*" and Hg®, TiS, can be directly related to their
ionic and essentially neutral guest species, respectively. In
the former compound, significant interlayer guest-guest
electrostatic repulsions result in long range stage-2 or-
dering. However, in the latter compound, such repulsions
are basically absent due to the essentially neutral nature
of Hg? resulting in very weak interlayer repulsive forces
and random staging. The above observations underscore
the importance of interlayer electrostatic repulsions to
stage ordering and suggest they can independently induce
stage ordering for ionic TMD intercalation compounds
(TMDICs). These observations also suggest residual elastic
repulsions play a relatively minor role in stage ordering
for ionic TMDICs.?

By DHRTEM observation of model ionic and neutral
TMDICs, it is possible to begin to probe the mechanisms
of and forces responsible for staging at the atomic level.
These initial observations indicate (1) electrostatic inter-
layer guest—guest repulsions can induce stage ordering, (2)
residual elastic repulsions apparently have relatively little
effect on stage ordering for TMDICs, (3) the layers nearest
the external basal planes deintercalate preferentially,
suggesting they are generally more reactive, and (4)
host-layer pinning associated with excess TM in the guest
layers may result in new transition mechanisms. Inves-
tigations, primarily perpendicular to the Hg, TiS, layers,
are currently underway to better elucidate the role of in-
tercalant domains/islands.

It is apparent from the present investigation that
DHRTEM provides a unique and powerful tool for real-
time observation of staging transitions as well as evaluating

(28) McKelvy, M. J.; Glaunsinger, W. S. J. Solid State Chem. 1987,
66, 181-188.
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theoretical models at the atomic level. Such studies should
complement the results obtained from recent staging-ki-
netics studies (e.g., Raman, optical and X-ray/neutron
diffraction) .54 252 A full account of our DHRTEM
studies of staging mechanisms will be published in the near
future.
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An increasing interest is evident in the design and de-
velopment of conductive polymeric electrolytes for the
possible fabrication of solid-state batteries.! It has been
shown previously that poly[bis(2-(2-methoxyethoxy)eth-
oxy)phosphazene] (1) possesses an ambient temperature

[ OCH,CH,0CH,CH,0CH, 1

P=—N

{ g

[ OCH,CH,0CH,CH,0CH, J 0

1

ionic conductivity 2-3 orders of magnitude higher than
poly(ethylene oxide), when each system is complexed with
LiCF,80,.2¢

However, a problem associated with the practical ap-
plication of this polymer is its tendency to flow under light
pressure. A method that has been employed successfully
to increase the dimensional stability is the use of cross-
linking. It has been shown that 1 can be cross-linked both
chemically and by use of ¥Co y-irradiation.”® Recently,
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Figure 1. The 360-MHz 'H and *C NMR spectra in CDCl, of
(a) polymer 1 and (b) the swollen gel of cross-linked polymer 1.

Abraham and co-workers reported another technique that
utligizes LiAICl, to form a stabilized complex with polymer
1.

Chemical cross-linking requires the incorporation of a
difunctional reagent, thus introducing impurities into the
system. %Co ~-irradiation is a much cleaner method, but
its limited accessibility and related expense make use of
this technique less attractive.

We report here that ultraviolet radiation can be used
to cross-link polymer 1. This method offers advantages
in that it allows efficient cross-linking of 1 via an inex-
pensive, readily available ultraviolet radiation source and
yields a pure product.

The polymer 1 utilized in this study was synthesized via
published methods.2%1! 1In a typical reaction 1 was dis-
solved in tetrahydrofuran with 10 mol % benzophenone
added as the photoinitiator. This mixture was then solu-
tion-cast as a film on glass, and the solvent was allowed
to evaporate. The polymer-coated glass slides were then
placed in quartz reaction tubes, which were purged with
argon, sealed, and irradiated for 20 min with a 450-W Hg
lamp.!? The cross-linked films were then purified by
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typical emitted ultraviolet radiation for this system is between 220 and
400 nm. The samples were irradiated in quartz reaction tubes which were
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unfiltered source.
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