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We report that zirconium viologen diphosphonate, (Zr,(O,P-
CH,CH,-bipyridinium-CH,CH,-PO,) X, - 2H,0), where X=
halide ion, ZrVP, will react with a variety of phosphonates
(H,0,P-R, where R = OH, H, CH,, C;H;) under mild condi-
tions, producing a disordered porous phase. This is in sharp
contrast to the observed reactivity of the more common zirco-
nium phosphonate phases: the a-phase group (IVB) layered phos-
phonates Zr(O;PR), (whose structures are based upon o-
(Zr(O,POH),- H,0), «-ZrP) are resistant to reaction with
monophosphonates while y-Zr(O,P)(O,P(OH),) - 2H,0, y-ZrP,
undergoes topotactic ligand exchange with mono- and di-phos-
phonates to form ordered porous materials. We follow the reac-
tion by X-ray powder diffraction and IR and UV spectroscopies
and investigate the porous nature of the resulting solids through
ion-exchange and N, adsorption experiments. © 1999 Academic Press

INTRODUCTION

Layered metal phosphonates (M(O;P-R),-mH,O or
M(O5P-R-PO;3)-mH,O where M = tetravalent metal and
R = organic group, H, or OH) have great potential as
construction tools in the design of new materials that can be
utilized for many different applications, ranging from het-
erogeneous catalysis to optoelectronics (1-4). The structure
of the layered metal phosphonates typically resembles that
of their inorganic analog o-Zr(O;POH),-H,0, o-ZrP,
where the inorganic layer is constructed by linking phos-
phonate tetrahedra. In the analogous M(O;P-R),-mH,O
solids, adjacent inorganic layers are held together by van
der Waals interactions. Alternatively, covalent bonds link
adjacent inorganic layers in the metal diphosphonates,
M(O;P-R-PO;)-mH,0. Metal phosphonates have good
thermal stability and can be prepared in bulk as microcrys-
talline solids. In addition, thin films of the general formula
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M(O3P-R-PO3) can be constructed from the metal and
diphosphonate building blocks one molecular layer at
a time (5).

The group (IVB) metal phosphonates are very versatile in
the sense that a variety of R groups can be incorporated,
thereby allowing for the design of interesting inor-
ganic/organic composite materials with tailored properties.
In general, the metal phosphonates will adapt the o-ZrP
structure so long as the appended R group can fit in the
25 A2 space allowed by the host lattice (1). However, it has
recently been observed that other crystalline phases may
form when R is too bulky (6) or if R is charged (7). This
is true for the title compound zirconium viologen di-
phosphonate, Zr,(O;P-CH,CH,-bipyridinium-CH,CH,-
PO3)X4-2H,0, where X = halide, ZrVP, in which the
zirconium phosphonate obtained is constructed from the
doubly-charged bis(N,N’-diethylviologenphosphonic acid),
VP, whose molecular conformation is shown in Fig. 1 (7).
The resulting solid contains a 1:1 ratio of Zr:P, in contrast to
the 1:2 ratio observed in the typical a-phase. The structure is
layered but the layers consist of double chains of Zr(X;05;)
octahedra where the oxygen atoms originate from the phos-
phonate groups of three different VP molecules as shown
schematically in Fig. 2. It is believed that this new structure
is directed by charge-charge repulsions which are mini-
mized compared to the unfavorable interactions that would
result due to the close proximity of the viologen moieties if
the a-phase were to form.

In this paper we report our investigation of the reactivity
of ZrVP toward a series of phosphonic acids (H,O3;P-R,
where R = OH, H, CH3, C4H;). It has been reported that
compounds of the o-ZrP structure are resistant to reaction
with phosphonates unless forcing conditions are utilized (8).
On the other hand, it has been shown that for y-
(Zr(04P)(O,P(OH),) - 2H,0), y-ZrP, ligand exchange of the
dihydrogen phosphate group occurs in a topotactic fashion
resulting in the formation of well-ordered porous materials
(9-17). In contrast, here we show that ZrVP undergoes
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FIG. 1. Structure of VP, bis(N,N’-diethyviologenphosphonic acid).

reactions with phosphonates under mild conditions, produ-
cing disordered phases that are porous. The evidence
suggests that this transformation occurs through a dissolu-
tion-reprecipitation reaction rather than by topotactic ex-
change. The reactions are followed by X-ray diffraction, IR,
and UV spectroscopies. The porous nature of the resulting
solids is investigated by ion exchange experiments and
N, adsorption measurements.

EXPERIMENTAL

All chemicals were used as received.

Synthesis of viologen diphosphonate (H,03PCH,CH ,-4,4'
bipyridinium-CH,CH,PO3H,Cl; ), VP. Viologen diphos-
phonate was prepared as reported previously (18) from
diethylbromoethylphosphonate (25 g) (Acros) and 4,4" bi-
pyridine (7.35 g) (Aldrich), followed by hydrolysis with HCI
(*H NMR, D,O, ppm: 2.2 m, 4.0 m, 8.6 d, 9.2 d).

Synthesis of zirconium viologen phosphonate (Zr,(O5P-
CH,CH ,-bipyridinium-CH,CH ,-P0O3)X s - 2H,0),  ZrVP.
Zirconium viologen phosphonate was prepared as reported
previously (7) from ZrOCl, - 8H,O (0.92 g) (Aldrich), 50%
HF (0.484 g) (Baker) and viologen diphosphonate (X-ray,
20, degrees: 9.6, 14.0, 15.0, 15.5, 17.8, 19.7, 21.2, 22.9, 24.6,

(O =Zr(X30,) where the
oxygen originates
from three different
VP molecules

@ =HZO

FIG. 2. Schematic representation of the structure of ZrVP, (Zr,(O3P-
CH,CH,-bipyridinium-CH,CH,-PO3) X, - 2H,0), where X = halide ion.
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FIG.3. X-ray powder diffraction patterns of ZrVP after treatment with
1 M H,0;POH at 25°C for (A) zero h, (B) 12 h, (C) 24 h, (D) 48 h, and (E)
96 h.

25.0, 26.8, 27.3, 27.6, 35.0, Fig. 3A) (IR, KBr, cm ™ ': 3130,
3048, 1637, 1554, 1501, 1443, 1390, 1161, 1055, 826, 767, 544,
503, Fig. 7).

Displacement reactions. ZrVP (0.5 g) was stirred in a
1 M solution (50 mLs) of H,O3PR where R = OH, H, CH3,
and C¢Hs at room temperature. Samples were removed by
filtration at various times for analysis by X-ray and IR. The
reaction was also carried out in 1 M phosphoric acid at
reflux for seven days.

Kinetic studies. ZrVP (0.200g) and 50mL of 1 M
H;PO, were placed in a centrifuge tube and stirred at room
temperature. Every 30-60 min the stirring was stopped and
the centrifuge tube was spun at 7000 rpm for 3 min. Exactly
0.50 mL of the supernatant was pipetted out and diluted to
50 mL. A UV/vis spectra was obtained and the absorbance
determined. Concentration of VP in solution was deter-
mined from a standard curve.
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Ton exchange. Samples of ZrVP and the solid product of
the displacement reactions were treated with a solution of
potassium iodide at room temperature. The solids were

removed by filtration, washed with water, and the color was
observed.

Instrumentation. X-ray powder diffraction patterns were
obtained with a Norelco high-angle powder diffractometer
using Ni-filtered CuKe radiation at a scan rate of 1° per
minute. The samples were packed into a standard aluminum
holder. IR spectra (KBr) were obtained on a Perkin—Elmer
1600 series FTIR. UV/vis spectra were executed on a
Shimatzu UV/vis Spectrometer. Samples for SEM were
sputtered with a gold-palladium alloy prior to imaging with
a Hitachi S2460N variable-pressure scanning electron
microscope in high-vacuum mode at a magnification of
200x. Surface area measurements were performed using
a NOVA-1200 BET Surface Area Analyzer with nitrogen as
the sorbent. After outgassing, the BET surface analysis was
carried out at the temperature of 77 K. The multipoint BET
surface area, average pore diameter, and pore size distribu-
tion were calculated using the Quantachrome software.

RESULTS AND DISCUSSION

The X-ray powder diffraction pattern of ZrVP is shown
in Fig. 3A and matches that previously reported for this
material (7). Upon treatment of ZrVP with 1 M phosphoric
acid at reflux for seven days, the powder pattern is com-
pletely changed (Fig. 4). A more gradual change in the X-ray
powder pattern is observed when this reaction is carried out
at room temperature. The gradual broadening of the diffrac-
tion peaks is shown in Figs. 3B-3E for samples treated with
phosphoric acid for 12, 24, 48, and 96 h. The pattern that is
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FIG.4. X-ray powder diffraction pattern of ZrVP after treatment with
1 M H,0;POH for 7 days at reflux.
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FIG.5. X-ray powder diffraction patterns of ZrVP after treatment with
1 M H,0;3PR at 25°C for 120 h: (A) R = H, (B) R = CH3, (C) R = C¢Hss,
and (D) R = OH.
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14.0 b —— observed for the sample of ZrVP treated for 5 days at
12.0 ;./ room temperature (Fig. 3E) is qualitatively similar to
o 100 that observed for the sample treated for 7 days at reflux
= 8.0 (Fig. 4).
S ) The reaction was investigated using a variety of phos-
c 60 phonates (H,O;PR, where R = OH, H, CH;, CcHs) at
© 40 f' room temperature. As can be seen in Fig. 5, the X-ray
2.0 powder pattern of each is considerably changed after 5 days
oo [ ‘ ‘ of reaction in 1 M solution of the phosphonic acid at room
0 50 100 150 200 250 temperature. After reaction with phosphoric, phosphorous,
Time(hrs) and methyl phosphonic acids, there is no evidence for cry-

FIG. 6. Kinetic profile for the reaction of ZrVP with 1 M H,O;POH stalline ZrVP remaining after 5 days. There are some dif-
at 25°C. (The concentration of VP is determined by UV/vis spectroscopy.) ~ fraction peaks due to ZrVP still observable for the sample
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FIG. 7. IR Spectra of (A) ZrVP and (B) solids recovered after treatment of ZrVP with 1 M H,O;POH at 25°C for 120 h.
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treated with phenyl phosphonic acid, although these peaks
are significantly broadened.

After treatment of ZrVP with all of the phosphonates
studied, a peak appears in the X-ray powder pattern at low
26 that is close to that which would be expected for the
reaction of the phosphonate (H,O;PR) and zirconium (Fig.
5). For example, in the powder pattern obtained from ZrVP
treated with phosphorous acid (Fig. 5A), the broad peaks
located at 20 = 18.9°, 24.2°, and 33.1° are similar to diffrac-
tion peaks reported for crystalline Zr(O;PH),, although
they are significantly broadened (19). In a similar fashion,
evidence for Zr(O;P-R), is found in each powder pattern
(Zr(O5P-CH3), d = 10.7 A (20); Zr(O3PC¢Hs),, d = 150 A
(19); Zr(O3POH),, d = 9 A (19)). In each case, the peaks are
broader than those reported for crystalline Zr(O;PR), pre-
pared in refluxing aqueous HF and provide a slightly higher
interlayer distance, indicating that these phases are not well
ordered and are probably hydrated.

We were able to show by UV spectroscopy that the
viologen diphosphonate, VP, was removed from the solid
over the course of the reaction. A plot of concentration of
VP in the supernatant versus time is shown in Fig. 6 for the
reaction of ZrVP with phosphoric acid at room temper-
ature. The VP concentration in the supernatant increases
abruptly at first over the first several hours (rate = approx-
imately 1 x 10~ ® M/min) and then continues to increase at
a slower rate for the first 40 h. The concentration of the
supernatant remains constant after approximately 40 h. If
we calculate the total amount of VP that is present in the
supernatant after the concentration has reached a constant
value, we see that it is equal to 52% of that present in the
original ZrVP solid.

The IR spectrum of ZrVP is shown in Fig. 7. After
treatment with 1 M phosphoric acid at room temperature,
significant changes in the IR spectrum of the solid are
observed. Notably, the peaks which correspond to the or-
ganic groups (aromatic viologen stretches and aliphatic
stretches and bends) are decreased in intensity relative to the
peaks attributed to the phosphonate functionality. A grad-
ual change in peak intensity is observed over time. After the
reaction is over (as determined by the kinetic study),
there are still peaks observed that are representative of the
organic group, corroborating the calculation described
above.

A qualitative test was performed in which the phosphon-
ate-treated solids were treated with a solution of basic
sodium dithionite. The characteristic blue color of reduced
viologen was observed in every case. This test confirms that
VP remains in the solid after ZrVP is treated with another
phosphonate for 5 days at room temperature.

The X-ray, IR, and UV experiments indicate that ZrVP is
easily converted to other solid state materials when it is
treated with a variety of phosphonic acids under very mild
conditions. The X-ray evidence supports the formation of
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FIG. 8. SEM images of (A) ZrVP and (B) solids recovered after treat-
ment of ZrVP with 1 M H,O;POH at 25°C for 120 h.

a disordered Zr(O;PR), phase. The disappearance of cry-
stalline ZrVP and detection of VP in the supernatant indi-
cates that the solid at least partially dissolves under these
conditions, liberating VP and zirconium ions. The dis-
ordered Zr(O;PR), phase likely results from the reaction of
the liberated zirconium ions and the phosphonate that is in
excess (H,O3PR). This dissolution-reprecipitation mecha-
nism is further supported by a marked decrease in particle
size of the solids as observed by SEM. Images that were
obtained both before and after the reaction with phosphoric
acid are shown in Fig. 8. When a control experiment is
performed by stirring ZrVP in water at room temperature
for 5 days, there is no comparable broadening in the X-ray
powder pattern or decrease in particle size.

The evidence (IR, UV, and chemical reduction) shows
that VP remains in the solid products after there are no
longer changes in the X-ray powder patterns and concentra-
tion of VP in the supernatant. However, there is no evidence
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in the X-ray powder pattern for crystalline ZrVP. In order
to gain some insight into the nature of the solid remaining
that contains VP, we performed a simple ion exchange
experiment. It is well known that viologens form charge-
transfer salts with halides, giving rise to an intense absorp-
tion band which shifts to lower energies as the halide is
changed through the series, C1~, Br~, I™ (21). Thus, when
VP is mixed with a solution of potassium iodide, a yellow
color becomes immediately visible. However, when solid
ZrVP is treated with a saturated solution of potassium
iodide, there is no visible color change. This is easily under-
stood when one considers the structure of the ZrVP solid
(7). Because the counteranions for the viologen cationic
centers are complex ions that are actually part of the lattice,
[Zr(O;P-R)(X3)]' ™ (where R refers to the viologen moiety
and X refers to halide), ion exchange is impossible. How-
ever, when the solid product of the displacement reaction of
ZxVP and phosphoric acid is stirred in a solution of potassi-
um iodide, a bright yellow solid results. This observation is
consistent with the formation of a disordered, potentially
porous solid, in which the viologen moiety and counterion
are accessible to ion-exchange.

To determine whether or not these materials are indeed
porous, N, adsorption measurements were carried out for
samples that had been treated with all four of the
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TABLE 1
BET Porosity Measurements of Solids obtained from Reaction
of ZrVP with H,O;P-R

Surface area
increase

-R (compared to ZrVP) Total pore volume Average pore radius
-H 42.1 m?/g 137x 1073 mL/g 19 A

-CH, 259m?/g 73.7x 1073 mL/g 50A

-OH 2.19 m?/g 499 x 1073 mL/g 456 A
-CeHs 0 m?%/g — —

phosphonic acids studied. The results are shown in Table 1.
All of the surface areas had increased compared to ZrVP
(except for the reaction with phenyl phosphonic acid). The
increase in surface area and in total pore volume depends
upon the side group R of the added monophosphonate
according to the trend -H > -CH; > -OH > -CzH5. This
trend suggests the possibility that the reaction depends to
some extent upon diffusion of the monophosphonate into
the ZrVP solid and thus the size of the appended R group.
The average pore radius and pore distribution are small and
narrow for the products of the reaction with the phosphor-
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FIG.9. Differential pore volume as a function of the pore radius (left) after treatment of ZrVP with 1 M H,O;PH and (right) after treatment of ZrVP

with 1 M H,0,POH.
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ous and methyl phosphonic acids compared to the large
average pore diameter and broad pore size distribution for
the product of the reaction with phosphoric acid (Fig. 9).

The interpretation of the N, adsorption experiments is
complicated by the fact that there are a mixture of products
obtained, a disordered Zr(O;PR), phase, and a disordered
material that contains the viologen phosphonate. The pres-
ence of porosity in the viologen phase is consistent with the
ion-exchange behavior; however, some of the measured por-
osity may be due to the formation of the disordered
Zr(O3PR), phase. In related work, we have observed that
thin films constructed from alternate depositions of VP and
zirconium ions on quartz substrates also are reactive upon
treatment with a series of phosphonic acids, liberating VP in
solution. The rate of reaction is also related to the size of the
appended R group on the monophosphonate (23). Our
current work involves the study of the porous nature of
these films by quartz crystal gravimetry. The films treated
with monophosphonates should not be contaminated with
a Zr(Os;PR), phase, and thus adsorption experiments will
be easier to interpret.

CONCLUSIONS

We have shown that ZrVP reacts with a variety of phos-
phonic acids under very mild conditions, resulting in the
production of a disordered Zr(O;PR), phase and a dis-
ordered zirconium phosphonate phase that contains VP.
This observation is in sharp contrast to the reactivity of the
other common zirconium phosphonate phases which are
either resistant to reaction or react in a topotactic fashion to
produce ordered porous phases. The viologen materials are
potentially useful as catalysts and photovoltaics (24-28),
and further study of their reactivity as both solids and thin
films is warranted.
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