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in LB films. The inability of the four-point probe to
penetrate 3 layers of QDP on InSnO is also a tribute to
the hardness and coherence of the multilayer. This
manifestation of insulating ability parallels the previously
reported electrochemical passivation of a gold electrode
by an aliphatic zirconium diphosphonate monolayer.!2b

Future goals of this effort are to exploit both the
strength and electronic properties of multilayers prepared
by self-assembly. The relative unresponsiveness of such
films to chemical, mechanical, and thermal stress point to
possible uses in insulation and passivation. We would also
like to incorporate this general robustness into films that
are more electronically active as a whole. Replacement of

the nonoxidizable and nonreducible zirconium phospho-
nate interlayer with an interlayer that could act as an
electron donor or acceptor in its own right is one strategy
under consideration for the design of multilayers in which
interlayer electron transfer could be observed. The qua-
terthiophene building block, because of its oxidizability
and demonstrated suitability for packing in multilayers,
may be appropriate for electroactive multilayered mate-
rials.
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The ionic conductivities of ion-exchanged compounds were measured in A3SbsP,0,, (A = Na, K, Rb)
and ASbgP,0y (A = Lij, Na, K, Rb) with two-dimensional (2D) layered and three-dimensional (3D)
framework structures, respectively. In layered AySbsP,0,,, the mobility of the cations alone determine
the ionic conductivity. In A;ShsP,04, with framework structure, both the bottleneck size and the mobility
of the cations affect the observed ionic conductivity. Partial replacement of Sb by Ta/Nb in the highest
conducting K;Sb;P,0,, sample lead to improvement of the ionic conductivity by 1 order of magnitude
(~107% (Q cm)™ at 500 °C) in K;SbyNb,P;0s. The optimal bottleneck size appears to be in K;SbyNb,PyOy,
since no further improvement in the ionic conductivity is observed in K;Sbh,TazP;04, which has a larger

bottleneck than K5Sb3Nb2P2020.

Introduction

Piffard et al.!"% recently reported a series of potassium
phosphatoantimonates (K-Sb-P-0), hereafter KPA) with
structures ranging from quasi-one-dimensional (1D) to
quasi-two-dimensional (2D) to three-dimensional (3D)
network. Among these KPAs, the K,Sb,P;03,.5*H,0 (n
=1, 3, 5) series®® has been found to exhibit good ion-ex-
change properties. During our recent study® on the ionic
conductivity of these KPAs, we found that the n = 5
member of the series, K;SbsP,04, has the highest ionic
conductivity (~1073 (Q cm)™* at 500 °C) of all the KPAs
investigated. This was attributed to its skeleton structure
(Figure 1) with interconnected, large and mostly vacant
tunnels that facilitate the motion of K* ions. The ionic
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conductivity of this phase was improved by an order of
magnitude when potassium was ion-exchanged by sodium.
In this work we investigated the effects of various sub-
stitutions on the ionic conductivity of K;Sh;P,04, which
includes the isomorphous replacement of Sb%* by V5+,
Nb?*, or Ta®* and partial replacement of P5* by Si¢*. The
former should affect the size of the bottleneck only while
the latter will also require an increase in the K* content
to maintain charge neutrality. Finally, we carried out
detailed ion-exchange studies on the 3D K;SbsP,0,, and
the layered K;Sb;P,0,, in order to compare the ease of
ion-exchange with structural dimensionality and the re-
sultant ionic conductivities. These results are presented
in this paper.

Experimental Section

K3SbyP,0,, and K;ShsP,0,, were prepared as described pre-
viously.*® Partial substitutional reactions were carried out by
replacing some of the P,O; by SiO, in K., SbsP, . Si, Oy and some
of the Sby,0; by V,05/Nb;0O5/ Tas04 (all chemicals were at least
reagent grade purity) in KzSbs . M,P,0y (M = V, Nb, Ta). The
reaction temperature varied according to the nature of the sub-
stituent: 1000 °C for KgSbs.,V.P30q, 1070 °C for
K5Sb5_,Nbe2020, and 1100 °C for K5Sb5_,Ta,P2020. Highel‘
reaction temperatures led to melting in the case of vanadium-
and niobium-substituted KPAs.

Ton-exchange reactions were carried out via hydrothermal
autoclave synthesis, by the molten salt method, or indirectly by
the ion-exchange of the protonated phosphatoantimonates.

0897-4756/91/2803-0703%02.50/0 © 1991 American Chemical Society
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Figure 1. [001) view of the (SbyP,0,%) framework.
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Figure 2. TGA of AgSbsP;04xH,0 (A = Rb, K, Na, Li).

Details of these techniques were described in a previous paper.?
The resulting compounds were analyzed by powder X-ray dif-
fraction (Scintag PAD V). Ionic conductivity measurements were
carried out by an ac complex imepdance technique using a So-
lartron 1250 frequency analyzer and a 1186 electrochemical in-
terface. Data collection and analysis were done with a Hew-
lett-Packard 9816 desktop computer. Samples were pelletized
and sintered at 700 °C for a few hours before coating the surfaces
of the pellets with platinum paste. A frequency range of 10 Hz
to 65 kHz was employed at a heating rate of 3 °C/min from 200
to 650 °C in flowing helium. Weight loss due to water in the
samples was monitored in an automated DuPont 950 thermo-
gravimetric analyzer (TGA). Chemical analysis was performed
with a Beckman plasma spectrometer.

Results and Discussions

Ion-Exchanged Phosphatoantimonates. Successful
ion-exchange reactions were observed in K;Sb;P;0,, with
Li, Na, and Rb replacing K. Li;Sb;P,0,, was obtained
from a molten solution of LiNO;. NazSb;P,0,, was ob-
tained hydrothermally from a 1 M NaNOQ, aqueous solu-
tion, and Rb;Sb;P,0,, was prepared indirectly via the
reaction of H;Sb;P,0,, and RbOH. TGA measurements
show that the ion-exchanged compounds are hydrated
(Figure 2). The amounts of hydrate water in the phos-
phatoantimonates increase with decreasing size of the
alkali-metal ions: LizShyP,0.4.6H,0, Na;Sb;P;0,,
4.2H20, K_;Sb5P20m‘2.7H20, and Rb&SbEPQOm'zﬂgo. The
temperatures at which a steady state (i.e., constant weight)
is reached in the TGA curves decrease from ~700 °C in
Li&SbngOm to ~200 oC in RbsSb5P20m. The TGA curves
indicate a reversible behavior of water loss/gain for the
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Figure 3. TGA of A;SbyP,0,xH;0 (A = Na, K, Rb).

rubidium, potassium, and sodium phosphatoantimonates.
There are two regions of temperature where the weight loss
reaches a plateau in the potassium and sodium analogues.
However, LizSbsP,044.6H,0 shows a steady weight loss
until ~700 °C; no weight gain is seen upon cooling, which
indicates irreversible behavior. These findings are con-
sistent with the water of hydration located in the large
cavities of the skeleton structure. As the size of the cation
in the cavities becomes smaller (i.e., from Rb* to Li*), more
space is available for additional water in the cavities,
leading to an increase in the amounts of hydrate water.
The two plateaus seen in the TGA curves of potassium and
sodium phosphatoantimonates probably correspond to
water bonded at two different sites in the same cavity or
in cavities of different sizes. In Rb;ShsP;045:2H;0 the
large size of Rb* limits the location of the hydrate water
to only one site. Thus, only one transition is observed at
~200 °C (Figure 2). In Li;Sb;P;0,,4.6H,0 a steady state
was reached only above ~700 °C. The continuous loss of
water in the lithium analogue indicates that large ions are
needed to stabilize the large cavities. Without the hydrate
water, the structure collapses as seen in the near-amorp-
hous X-ray powder diffraction pattern of a post-TGA
LizSbsP;04, sample heated to 700 °C. The requirement
for a large number of water molecules in the cavities to
stabilize the compound probably also accounts for the
decreasing trend of critical temperatures (i.e., the tem-
perature at which the loss of water is complete) from
LisSbaPzOm to Rb&SbngOm. A similar phenomenon was
reported for ion-exchange compounds of the sodalite (a
type of zeolite) series'® in which the breakdown of the
crystal structure is displaced to higher temperatures for
larger cations.

For the layered K;Sb,P;0,,2H,0, successful ion-ex-
change reactions were observed when potassium was re-
placed by sodium or rubidium. The X-ray powder dif-
fraction pattern of the Li analogue was not sufficiently
crystalline, and hence further characterization was not
carried out. Rubidium phosphatoantimonate was prepared
hydrothermally from the reaction of 1 M RbNO; with
K;SbsP,0,, at 200 °C for ~15 h. Sodium phosphato-
antimonate was prepared by reacting KsSb;P,0,, in molten
NaNOQj; at 400 °C. TGA measurements (Figure 3) on these
samples indicate that they were all hydrated. However,
in contrast to the ion-exchanged compounds of K;SbsP,-
0y, the amounts of water hydrated are approximately the
same (Figure 3) for the ion-exchanged samples as for
K,;SbyP,0,,. This is consistent with the hydrate water and
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Figure 4. Variation of the unit-cell parameters as a function of
the cations in A;SbsP,04, (A = Li, Na, K, Rb).

the cations located between the (SbyP,0,,>) layers.
Furthermore, since the layers are flexible (unlike the rigid
framework of K;SbsP,0,), the maximum amount of water
is hydrated between the layers regardless of the size of the
cation.

Least-squares-refined cell parameters of ion-exchanged
K;Sbs;P,0, show an increase with increasing size of the
cations (Figure 4). The increase is more pronounced in
the a direction than along either b or ¢, because along a
the SbOg octahedra and PO, tetrahydra corner-share,
whereas along b some of the SbO; octahedra edge-share.
Moreover, the “ringlike” feature along ¢ or the “chainlike”
feature along b (Figure 5) results in a more rigid connection
than along a.

Next, the ionic conductivity of the aforementioned
ion-exchanged samples will be discussed. In the A;Sb;-
P,04 (A = Li, Na, K, Rb) series, the ionic conductivity
of the Rb phosphatoantimonate is at least 1 order of
magnitude lower than that of K;SbsP;04, and the ionic
conductivity of the Na phosphatoantimonate is 1 order of
magnitude higher than that of K;Sb;P,0,, (Figure 6).
With the exception of Li phosphatoantimonate, the acti-
vation energies (E,) increase with increasing size of the A
cation, and there is good correlation between the con-
ductivity and E, (Table I). Typically, the smaller the
cation, the higher the conductivity, because in general,
small ions can diffuse through the bottleneck easier than
big ions. The difference in mobility also contributes to the
large difference seen in the ionic conductivities of Na, K,
and Rb phosphatoantimonate. Nevertheless, even though
Li* is the lightest and the smallest of the cations studied,
it is also the most polarizing. This dominates the transport
process in Li;SbsP;04, resulting in the observed high E,
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Table I. Activation Energies (E,) of the Ion-Exchanged
and Partially Substituted Potassium
Phosphatoantimonates

compd E, eV compd E,, eV
LizSb;P,04 0.623 KSb,TaP;04 0.352
Na5Sb5P 2020 0.356 KsSbsT&ngOzo 0.345
K5Sb5P20m 0.519 K5Sb2T83P2020 0.247
Rb;Sb;P,0y 0853 KeSbNbP,Op  0.381
Nassbspzol4 0.813 K5Sb3Nb2P2020 0.408
K;SheP,0,, 0.587
Rb;ySb;P,0,, 0.650

Table I1. Electronegativities and Ionic Radii of Relevant
Pentavalent Ions

ion electronegativity (x;)'* r1 A
Nbs+ 1.6 0.78
Ta®* 1.5 0.78
Sb5* 2.05 0.74
A% 1.63 0.68

and the lower than expected absolute conductivity. Similar
trends are seen in the Li and Na analogues of 8-alumina.!!

In A;ShsPy0y,, the (SbyP,0,,2) slabs are held together
by the A cations, and one expects the interlayer spacing
to increase with the size of the cation. Thus, the bottleneck
can vary, and the mobility of the cation is the determining
factor of the magnitude of ionic conductivity. As a result,
both KsSbyP,0,, and RbgSb;P,0,, have similar E,’s but
different preexponential terms (Figure 7). Similar results
were also observed in the quasi-1D K,SbPQ,; and Rb,Sb-
POg,® both of which have about the same E, (i.e., the
flexible chains can accommodate the increase in size from
potassium to rubidium), but the conductivity is lower in
Rb,SbPO¢ (Rb* has a lower mobility than K*). This is
in contrast to the rubidium-exchanged 3D RbsSbsP,04,
which has a lower ionic conductivity but a higher E, than
that of K;Sb;P,04, which indicates the inflexibility of the
bottleneck in the rigid framework structure.

The ionic conductivity of NagShyP,0,, is at least 1 order
of magnitude higher than that of K;Sh;P,0,,, even though
the E, of the Na compound is higher than that of the K
analogue. This could be explained by Na* ions diffusing
along sites in NazSbgP,0,, with a monoclinic symmetry,
different from those of K* ions in K;Sb,P,0,, with rhom-
bohedral symmetry.” Alternatively, the anomalously high
E, and ¢ in the Na phase could be attributed to a slight
decomposition in NazSbyP,0,,, which is undetected by
X-ray powder diffraction. Partial decomposition could also
explain the irreversibility of the heating and cooling cycles
of the TGA curves in NaySbhyP,0,,xH,0 (Figure 3).

Partially Substituted Phosphatoantimonates. At-
tempts were made to replace some of the phosphorus by
silicon in Kz, ,SbsP, .Si, O in order to improve the ionic
conductivity by increasing the K* concentration. However,
only multiphase products formed. Next we focused on
substitution for the antimony site.

Isoelectronic substitution was carried out on K;SbsP;0y
by replacing some of the Sb%* (0.74 A) with the larger Nb**
(0.78 A) and Ta®" (0.78 A) ions and also with the smaller
V5* (0.68 A) ion. Our objective here was 2-fold: First, to
study the effect of changes in the bottleneck size on ionic
conductivity—one expects the ionic conductivity to in-
crease with enlargement in the bottleneck size when Sh5*
is replaced by Nb%*/Ta5" and to decrease with V5* sub-
stituting for Sb%*. Second, to study the effect of substi-
tutions on the K*-oxygen bond strength and how that
affects the ionic conductivity. Since Sb is more electro-
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Figure 5. [100] view of K;SbsP304 structure showing (a) the ringlike feature (indicated by hatched octahedra) and (b) the edge-sharing
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negative than V, Nb, or Ta (Table II), one expects the
Sb—0 bond to be more covalent (less ionic) than the V-0,
Nb-0O, or Ta-O bonds. Consequently, the K*—-oxygen
bond in K-0O-V, K-O-Nb, and K-0-Ta should be
stronger than the K*—oxygen bond in K-0-Sb. Thus, the

electronegativity factor is expected to decrease the ionic
conductivity in substituted KsSbs .M, P;,04 (M = V, Nb,
Ta) as x increases. Similar findings were reported by
Riviere et al.2 on the proton conductivity of the cubic
pyrochlores Hy, Sb,, W, 5, 0snH;0 when Sb% was replaced
by the less electronegative W,

Partial substitution of Sb by V, Nb, or Ta was observed.
However, the limit of substitution decreases from Ta (x
=3) to Nb (x = 2) to V (x = 1) in K;Sh; .M, P05 (M =
V, Nb, Ta). It appears that the 3D structure forms
preferably with the larger cations. Moreover, K;Sb,VP;0y
is light yellow; the color intensified upon heating to higher
temperature, which could be indicative of mixed valency,
V4*/V5*, of the vanadium. Further evidence of electronic
conduction in the V-substituted phase was seen in the
Cole—Cole plot of the ac impedance spectrum, which
showed only a resistive component indicative of electronic
(not ionic) conductivity. Therefore, no further charac-
terization of K;Sb,VP,0,, was carried out, since mean-
ingful comparison with Nb- or Ta-substituted KPAs could
not be made.

In the K;Sb; .M, P,0,, (M = Nb, Ta) series, the limit
of substitution (x) is two and three for Nb and Ta re-
spectively. The unit-cell parameters increase with x
(Figure 8). Moreover, the increase of lattice parameters
along b or ¢ is not restrained by the edge-sharing or the
“ringlike” feature respectively (as was in the case of the
ion-exchanged compounds) since the increase of unit-cell
parameters seen in the partially substituted compounds
is caused by an expansion of the lattice framework and not
by an expansion of the cavity (as a result of small cations
ion-exchanged by large cations). It is also interesting to
note that the K ;Sb; ,Ta,P;0, series has larger lattice
parameters than the K ;Sby .Nb,P,0, series, which is
consistent with the slightly larger size of Ta®* relative to
Nb51“3 (even though both were reported to be the same
sizeld).

Figure 9 shows the temperature dependence of ionic
conductivity of the K;Sbs .Nb,P;04 and K;Sbs Ta,P;0y
series. In both systems, the ionic conductivity increases
significantly with increasing x, so that the ionic conduc-
tivity of K;SbsNboP,0,, almost equals that of NagSb;sP,-
Oy. The increase in the ionic conductivity of the sub-

(12) Riviere, M.; Fourquet, J. L.; Grins, J. Nygren, M. Mater. Res.
Bull. 1988, 23, 965.

(13) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.

(14) Pauling, L. The Nature of the Chemical Bond, 3rd. ed.; Cornell
University Press: Ithaca, NY, 1960; Chapters 13-16.
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of (a) KsSbs..Nb,P;Oy and (b) K;Sbs., Ta, P;0y. The errors are
the same in both a and b.

stituted samples is ascribed to the increase in the bottle-
neck size, as evidenced by the increase in the unit-cell
parameters with increasing x (Figure 8). The location of
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Figure 10. [110] view of the structure of (SbgP;04%) framework.
The 0(21)-0(21) distance indicates the possible bottleneck.

the bottleneck site is further clarified when one views the
structure in the [110] plane (Figure 10). The narrowest
region (i.e., bottleneck) was calculated to be ~4.1 A be-
tween two O(21) atoms; the K(9) ion is located between
these oxygens in the least-occupied potassium site (i.e., the
occupancy factor is the lowest). Thus, the observed in-
crease in the ionic conductivity probably resulted from an
expansion of the 0(21)-0(21) distance.

Upon further examination of Figure 9b, one notes that
the temperature-dependent ionic conductivities of the
K;Sb;., Ta P;0, series almost converge to one point at
high temperature. The activation energies decrease with
increasing amount of tantalum substituted for antimony
(Table I); this indicates that in the K;Sbs_, Ta,P,0y series,
the potassium mobility is the same (i.e., same preexpo-
nential term) and the gradual expansion of the bottleneck
(consistent with the decreasing E,’s observed) is the dom-
inant factor for the observed increase in the ionic con-
ductivity. No correlation in E,’s (Table I) can be made
for the K;Sb; . Nb.P,0,, series due to the low limit of
solubility (x,,., = 2); nevertheless, the E,’s of the substi-
tuted phases are significantly lower than that of the un-
substituted phase. This is consistent with a larger bott-
leneck in the substituted materials.

In an attempt to increase the ionic conductivity of
K;SbsNb,P,0,, which has the highest observed ionic
conductivity of all the KPA samples, ion-exchange reac-
tions were carried out to replace potassium by sodium (e.g.,
sodium-exchanged K;SbsP,0,, has higher conductivity
than that of the host material). Surprisingly, the ionic
conductivity of the sodium-exchanged sample, Na;Shs-
Nb,P,04, did not exceed that of Na;SbsP;04. In fact, the
highest conducting sample was obtained from the room-
temperature reaction between H;SbyNbyP,Ogpx H,0 and
0.1 M NaOH. This reaction at higher temperature or the
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hydrothermal synthesis of 1 M NalNO; and K;ShsNb,P;Oy
always resulted in sodium-exchanged samples with lower
ionic conductivities. Moreover, none of the sodium-ex-
changed K;SbyNb,P,0,, shows a reversible TGA curve, as
was seen also in NagSbPy0gxH,0 (Figure 2). Thus, there
is always some decomposition accompanying the ion-ex-
change with sodium in the substituted sample, as eviden-
ced by the poor crystallinity of the ion-exchanged samples
when the ion-exchange reaction is carried out at elevated
temperature. These results suggest that K* is bonded
more tightly to the (SbyNbyP,05°%) than to the
(SbsP,04,%) framework. This could be ascribed to the
lower electronegativity in the Nb/Ta than in the Sb com-

pound (Table II), which results in a stronger K-O bond
in K;Sbs .M. P,0y, than in K;Sh;P,0,, as described above.

The ion-exchange results of the partially substituted
phosphatoantimonates, coupled with the fact that K;-
Sb,TazP,0,, has a lower ionic conductivity than K¢Shg-
NbyP,04, despite the larger bottleneck of the former, in-
dicate that the bottleneck is optimal for K;ShsNb,P,0y,
too large for K;SbyTa,P,04, and not quite large enough
for K5Sb5P2020. In Na5Sb5_,M,P2020 it is not pOSSible to
conclude how the bottleneck affects the ionic conductivity
because of the instability of the structure.

TGA measurements were carried out to determine the
effects of substitution on hydration. Prior to measurement,



Chem. Mater. 1991, 3, 709-714 709

the samples were equilibrated in a closed container over
water, at room temperature overnight, in an attempt to
attain the maximum amount of hydrate water. In contrast
to K;SbyP;04, two distinctive regions can be seen in the
TGA curves of the substituted samples (Figure 11). The
majority of water is lost below 100 °C in the substituted
samples. Above ~100 °C, the amount of water lost is
almost identical in both the substituted and K;ShsP,04
samples (Figure 11). The two regions in the TGA curves
of the substituted samples (i.e., I and II) are attributed to
two types of water: surface and lattice water; K;SbsP,04
has only lattice water. The adsorption of surface water

in the substituted samples could be due to their smaller
particle size (hence larger surface area) compared with that
of K;Sb;P,04. Alternatively, the substitution of Nb/Ta
for the more electronegative Sb (Table II) is expected to
increase the formal charge on the lattice oxygen in
K;Sbs .M, P,0,,, which results in a more hygroscopic
sample.
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A new class of electron acceptors, unsymmetrically substituted diphenoquinones with methyl and bulky
alkyl substituents, has been developed for electron-transport compounds, which possess high dispersibility
in a wide range of polymers owing to their unsymmetrical and bulky substitutions. 3,5-Dimethyl-3’,5'-
di-tert-butyl-4,4’-diphenoquinone (MBDQ), a representative member of these acceptors, dispersed molecularly
in polycarbonate exhibited electron mobilities over 10 cm?/V s at a conventional concentration of 40 wt
%, which are the highest for electron transport in molecularly doped polymers. The photoinduced discharge
measurements demonstrated that electrons can be injected from titanylphthalocyanine into the MBDQ-doped
polycarbonate, indicating a possible application to xerography.

Introduction

Charge-transport phenomena in molecularly doped
polymers (MDPs) have attracted considerable attention
because of their technological importance as charge-
transport materials for organic photoreceptors in xerog-
raphy.! These materials are also of interest for the basic
understanding of charge transfer in amorphous organic
solids. Usually, these are supplied as binary solid solutions
that are comprised of a transport-active molecule and a
film-forming polymeric binder. From the chemical point
of view, charge transport in such MDPs is an electric-
field-driven chain of redox processes between neutral
molecules and the corresponding radical ions, i.e., cation
and anion radicals for positive (hole) and negative (elec-
tron) charge transport, respectively.2* It is, therefore,
required that the molecules for hole and electron transport
should be electron-donating and electron-accepting in their
ground states, respectively.

A large number of hole-transporting electron donors
have emerged so far, and many of them, such as arylamine

(1) Schein, L. B. Electrophotography and Development Physics;
Springer: New York, 1988.

(2) Mort, J.; Pfister, G.; Grammatica, S. Solid State Commun. 1976,
18, 693.

(3) Stolka, M.; Yanus, J. F.; Pai, D. M. J. Phys. Chem. 1984, 88, 4707.

(4) Facci, J. S.; Stolka, M. Philos. Mag. B 1986, 54, 1.

and hydrazone derivatives, have been widely used in
practical xerographic photoreceptors. The hole transport
in MDPs, therefore, has been extensively investigated.2?
The hole mobilities are largely in the range 10410 cm?2/V
s and increase with an increase in dopant concentration.
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In contrast to the abundance of hole-transport materials,
only a few electron acceptors have been reported as elec-
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