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Several zirconium phosphonates, Zr{0;PR), (R

~ (CH,),CO0H, CH,CH;, (CH,),Cl, CH=CH,,

(CH,),CH=CH,), containing reactive functional groups were synthesized and structurally character-
ized. There were found to be nonreactive toward incorporation of small molecules and ions from
solution, In an effort to synthesize microporous phosphonates, mixed phosphonates of composition
Zr(0,PCH,C¢H;),(O;PCH;),_, and Zr(O;,P(CH,,,COOH) (O,POH),_, were prepared, varying x from ¢
to 2. The interlayer spacings of the benzyVmethyl derivatives indicated a random distribution of the
alky]l moieties throughout the interlayer galleries, resulting in relatively porous materials. The observed
interlayer spacings of the 3-carboxypropyl/hydroxyl materials indicated products in which the alkyl
groups were segregated, resulting in less porosity, A structural model for porous and ponporous

materizls is discussed. © 1953 Academic Press, Inc.

Introduction

Due to its layered structure and ion ex-
change capability (J), a-zirconium phos-
phate, Zr(HPO,), - H,O (a-ZrP), has proven
to be a versatile solid host compound (2).
e-ZrP can mimic reactions of zeolites and
other microporous solids, with the advan-
tage of expandable pore size, in one dimen-
sion, due to weak interlayer interactions (3).
Like many zeolite systems, the zirconium
phosphate framework is relatively resistant
to chemical attack and maintains its lamellar
structure to temperatures in excess of
300°C (4).

More recently, interest in layered phos-
phonates, such as Zr(O;PR), - xH,O (R =
OC,H,, CH,CHCH,, CHs, etc.), has risen
due to their microporous nature (5, 6).
While such phosphonates generally lack
ion-exchange properties, the solids can be
synthesized using a wide variety of organic
pendant groups and porous products can re-
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sult by coprecipitating solids from reaction
mixtures containing combinations of two or
more organophosphonic acids which are
mismatched in size (7, §). This synthetic
aspect can potentially be exploited to tailor
the pore dimensions of the resulting materi-
als in an effort to design new heterogeneous
catalysts, separation materials, and molecu-
lar sieves (9, 10).

Of interest in the study of the mixed phos-
phonates is the arrangement of the organic
groups in the solid. In order to achieve a
material of significant porosity, the mis-
matched pendant groups must arrange
themselves in a random fashion throughout
the microcrystals (Fig. la). If the mis-
matched groups tend to segregate into a
““staged’™ structure (Fig. 1b), then the re-
sulting solid is expected to have properties
closer to those of a physical mixture of two
pure organophosphonates.

Once a combination of organic substitu-
ents is found which produces a porous solid,
then the average dimensions of the pores
parallel to the zirconium layers can be ad-
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F1G. 1. (A) Gross structure of a mixed phosphonate with organic groups arranged randomly in the
interlayer galleries. (B} Gross stracture of a mixed phosphonate with a staged structure, showing

segregation of similar organic groups.

justed by adjusting the stoichtometry of the
coprecipitated solid. The perpendicular di-
mensicon depends on the degree of size mis-
match between the pendant organic groups
(Fig. 2). With this synthetic strategy, fami-

ZIRCONIUM PHOSPHATE LAYER

FiG. 2. Schematic diagram showing the relationship

of organic group size mismatch and stoichiometry to
pore dimensions in mixed phosphenates.

-

lies of materials with high internal surface
arcas and tunable pore sizes are possible.
In this work, we report the synthesis of
a variety of new pure and mixed zirconium
phosphonates and the examination of their
gross structures. We are particularly inter-
ested in these parameters for their impact
upon potential exploitation of these solids
as hosts for ions and neutral species from
solution, and thus as a new generation of
catalysts and catalytic support materials.

Experimental
Synthesis

Zirconium  benzylphosphonate, Zr(O,
PCH,CHo), (ZrP(b2),). Benzylphosphonic
acid anilinium salt (11}, 0.174 g (4.66 mmol),
was dissolved in 4 ml of water, To this solu-



SYNTHESIS AND STRUCTURES OF Zr(O;PR)},(0:FR '},

tion, a solution of 0.106 g (0.33 mmol)
ZrocCl, - 8H,0 (Aldrich) in 1.0 ml water
was added dropwise with constant stirring
at 20°C. Following formation of a colorless
gel, 2.4 ml of 0.55 M HF solution was added
and the resulting suspension was refluxed
for 36 hr under N,. The solid product was
gravity filtered, washed with water, ace-
tone, and diethyl ether, then air dried.

Zirconium  2-chloroethylphosphonate,
Zr(OPCH,CH,CI),.  2-Chloroethylphos-
phonic acid {(Aldrich), 0.20 g (1.4 mmol),
was dissolved in 1.0 ml water. To this solu-
tion, a solution of 0.214 g (0.66 mmol)
ZrOClI, - 8H,0 in 1.0 ml water was added
dropwise with constant stirring. The color-
less gel was diluted with 10 ml of water, then
2.6 ml of 0.55 M HF solution was added, and
the resulting suspension was refluxed for 20
hr. The solid product was filtered, washed,
and dried as above.

Zirconium  vinylphosphonate, Zr(Q,
PCHCH,),. Vinylphosphonic acid anilinium
salt (17}, 0.18 g (0.89 mmol), was dissolved
in 2 ml water. To this solution, a solution
of 0.15 g {0.46 mmol) ZrOCl, - 8H,0in 1.0
ml water was added dropwise with constant
stirring. The colorless gel was diluted with
2 ml water, then 3.4 ml of 0.55 M HF solu-
tion was added and the resulting suspension
was refluxed for 18 hr. The solid product
was filtered, washed, and dried as above.

Zirconium 3-butenylphosphonate, Zr{O,
P(CH,),CHCH,),. 3-butenylphosphonic
acid anilinium salt (1 1), 0,172 g (0.75 mmol),
was dissolved in 4.4 ml water. To this solu-
tion, a solution of 0.12 g (0.37 mmol) ZrO
Cl, - 8H,0 in 2 ml water was added dropwise
and with constant stirring. Following forma-
tion of a colorless gel, 0.7 ml of 2 M HF
solution was added and the resulting suspen-
sion was refluxed for 4 days under N,. The
solid product was filtered, washed, and
dried as above.

Zirconium 3-carboxypropylphosphonate,
ZHOP(CHL),COOH), (ZrP(bt),) (12), zir-
conium methylphosphonate, Zr(O,PCH;),
{(ZrP(Me),) (I13), and oa-zirconium phos-
phate, Zr(O,POH), (14). These compounds
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were synthesized by previously published
methods.

The stoichiometries reported below are
derived from the compositions of the reac-
tion mixtures, Results of elemental analyses
are roughly consistent with the reported
stoichiometries, but precise and reproduc-
ible (=1%) analyses are not available due
to sample inhomogeneity and difficulties in
digesting and analyzing solid phosphonates.

Zirconium benzylphosphonate methyl-
phesphonate, Zr(0.PCH,CH) (O,PCH,),_,
(ZrP(bz) (Me),_,). For x = 0.25, 0.076 g
(0.79 mmol) methylphosphonic acid (Al-
drich) and 0.030 g (0.11 mmol) benzylphos-
phonic acid anilinium salt were dissolved in
3 ml water. To this solution, a solution of
0.146 g ZrOCl, - 8H,0 in 2 ml water was
added dropwise and with constant stirring.
Following formation of a colorless gel, 0.9
mi of 2 M HF solution was added and the
resulting suspension was refluxed for 4 days
under N,. The solid product was filtered,
washed, and dried as above. Solid solutions
were also prepared with x = 0,50, 1.0, and
1.5. For the phase with x = (.50, calculated
values for CsH,OP,Zr were C, 18.9; H, 2.5:
Found values were C, 15.7; H, 2.1. For the
phase with x = 1.5, calculated values for
C;H,;0.P,Zr were C, 33.5; H, 3.1: Found
values were C, 32.5, H, 2.8,

Zirconium J-carboxypropylphospho-
nate phosphate, Zr(O.F(CH,),COCH),
(O, POH),_(ZrP(bt) (CH),_.). For x =
0.75, 0.070 2 (0.42 mmofl) of 4-phosphonobu-
tyric acid (Lancaster) was dissolved in 1.4
m! of 0.5 M phosphoric acid. To this solu-
tion, a solution of 0.179 g (0.56 mmol}
ZrOCl, - 8H,0 in 3 ml water was added
dropwise with constant stirring. Following
formation of a colorless gel, 1.1 ml of 2 M
HF solution was added and the resulting
suspension was refluxed for 12 days under
N,. The solid was filtered, washed, and
dried as above. Solid solutions were also
prepared with x = 0.25, 1.0, and 1.5. For
the phase with x = 1.0, calculated values
for C,H,O,P,Zr were C, 13.6; H, 2.3: Found
values were C, 12.1; H, 2.8. For the phase
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TABLE 1

INTERLAYER SPACINGS OF PURE ZIRCONIUM
PHOSPHONATES, Zr(O;PR),

R Interlayer spacing (A)°
{CH;),COOH 14.8
CH,C,H; 16.6
(CH»,C1 12.3
CH=CH, 10.8
{CH,),CH=CH, 13.5
CH, 8.9
OH 7.6

¢ Interlayer spacings were determined from 00/ dif-
fraction lines (/ = [-3).

with x = 1.5, calculated wvalues for
CeH, 09 P, Zr were C, 18.5; H, 2.8: Found
values were C, 17.0; H, 2.4.

Characterization. X-ray powder diffrac-
tion was performed on an Enraf-Nonius
FR590 Guinier system, using an internal sili-
con standard with all samples. Interlayer
spacings were determined from 00/ (/ = 1-3)
reflections. Ethanol adsorption measure-
ments were performed by drying the phos-
phonates at 110°C for 16 hr, then suspending
them in 100% ethanol and stirring for 2 hr.
Weight uptake was determined after evapo-
ration of ethanol in dry air until weight re-
mained constant. Elemental analyses were
performed by the Schwarzkopf Microana-
Iytical Laboratory.

Resulis and Discussion

The synthesis and characterization of
these layered solids represent an entry into
the design of new porous materials with spe-
cific structural characteristics and chemical
reactivity through rational synthetic strate-
gies. The data on the new compounds, cou-
pled with previous work in this area and on
zirconium phosphate (2}, shed light on the
nature of the interlayer environment.

The interlayer spacings of all the pure
{single organic moiety) phosphonates are
summarized in Table 1. The clear relation-
ship between length of the organic substitu-
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ent and interlayer spacing indicates that all
of these solids contain an organic bilayer
between zirconium phosphate layers, and
that *‘nesting,”” or interweaving, of organic
groups is not a significant structural consid-
eration. Hydration also does not appear to
be a factor in the pure phosphonates con-
taining hydrophobic organic groups. For in-
stance, the interlayer spacing of 16.6 A for
the benzyl derivative, ZrP(bz),, agrees with
the spacing calculated roughly from the sum
of the width of a Zr-O-P layer and the
length of two benzyl groups placed end to
end (9).

We have shown (/5) that phosphonates
of the formula Zr(O,PR),, synthesized from
a single alkyl phosphonic acid, generally dis-
play noion exchange or acid—base reactivity
with acids, bases, or metal ions in aqueous
solution. Presumably, this stability results
from a highly crowded interlayer region
which does not permit migration of species
into the bulk of microcrystals. The mixed
phosphonates are far more amenable to in-
terlameliar chemistry, including anion-ex-
change, metal coordination, and acid-base
reactions. The difficulty of producing single-
phase solid sclutions (16) with nonsegre-
gated short-range structures (77} limits the
availability of porous phases, and not all
combinations of the organic groups in Table
I produce a single phase at all compositions.
However, recent work has suggested (8)
that the use of a moderate amount of HF in
the crystallization of the mixed phospho-
nates facilitates formation of the porous
product.

In order to determine whether the
mixed phosphonates, Zr(O;PR)(O:PR’);_,,
adopted a random (Fig. la) structure or a
staged (Fig. 1b) structure, the X-ray powder
results were analyzed to determine the sol-
ids” adherence to or deviation from Ve-
gard’s Law (/8}, which predicts that the al-
kyl moieties will pack as efficiently in the
mixed phosphonates as in the pure limiting
compositions, i.e., that some form of staged
configuration will result. In that event, the
observed reflection at low angle corre-
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sponds to a “‘weighted average’’ interlayer
spacing, or to the 00# reflection for a cell
consisting of # layers of Zr {r = 2/x). This
average interlayer spacing should vary
acarly lincarly with the composition of the
solid solution.

In the random (porous) structure, the in-
terlayer spacing is determined by the length
of the longest alkyl group, thus if the long
groups are relatively sparse, the interlayer
spacing is (@ + #)/2, where @ and b are the
interlayer spacings of the pure phospho-
nates. Ideally, this spacing does not vary as
x is varied between 0 and 1. For x greater
than 1, the interlayer spacing is equal to that
of the pure phosphonate composed of the
longest alkyl groups. While the layers are
expected to show some flexibility, the
longer groups should stand in close enough
proximity for x > 0.1 to produce rigid layers,
Hydration of hydrophilic alkyl groups can
cause deviations from this argument, so
phases composed of hydrophobic groups
are expected to conform most closely to the
above reasoning.

Structural analysis of phosphonates with
the formula Zr(O,PCH,CH;) (O;PCH,),_,
shows that their interlayer spacings do not
obey Vegard's Law, which predicts a con-
stant slope for a plot of unit cell dimension
¢ {intevlayer spacing) vs x. Instead, the
graph of interlayer spacing vs x shows two
plateaus, at 12.4 A and 16.6 A (Fig. 3a). This
indicates that, for x < 1, the larger benzyl
groups are acting as well-spaced pillars
holding the layers apart. As the benzyl pil-
lars become less scattered, near x = I, a
few of them locate opposite each other,
leading to the same interlayer spacing as
Zr(O,PCH,CHs);. The pillars leave sub-
stantial channels between the smaller
methyl groups dangling into the gallery,
through which species from solution may
migrate and eventually reside in intercala-
tion reactions.

Structural analysis of the family of
mixed phosphonates, Zr{O,P(CH,);COOH),
(O;POH),_,, shows that this solid solution
adheres more closely to Vegard’s Law, with
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Fig. 3. (A} Plot of interlayer spacing vs x for
Zr(bz),(Me),_,. (B) Plot of interlayer spacing vs x for
Zr(bt),(OH),_,.

a steadily increasing average interlayer
spacing as x increases from 0.25 to 1.5 (Fig.
3b). At x = 0.75, for example, the interlayer
spacing predicted on the basis of Vegard’s
Law matches that observed for the com-
pound, 10.3 A. The predicted interlayer
spacing for the random (porous) arrange-
ment is 11.2 A. The consistent positive devi-
ation from the linear relationship probably
reflects some tendency toward the random
arrangement, but it may be due to differ-
ences in hydration between the pure and
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mixed phosphonates. The positive deviation
suggests that even materials of this system
may display inclusion chemistry.

Ethanol adsorption by selected mixed
phosphonates bears out the prediction of
relative porosity based on the structural
models above., The most porous of the
materials described, Zr(O,PCH,C¢Hs), o
(O,PCH;), 4, takes up 6.2% of its weight in
ethanol, corresponding to one molecule per
Zr atom, despite its nonpolar internal sur-
face. X-ray powder diffraction indicates that
the interlayer spacing is unchanged, and
the crystallinity of the solid is unaffected.
By contrast, ZT(O3PCH2C6H5)(]_2(O3PCH3)[‘39
which is predicted to be somewhat less
porous, takes up only 3.2% of its weight
in ethangl and Zr(O;P(CH,);COOH),,
(O;POH), ,, which lies on the line predicted
from Vegard’s Law (Fig. 3b), takes up onily
3.6% of its weight in ethanol, presumably
by surface adsorption.

The factors which determine whether a
particular mixed phosphonate system con-
denses with porous or more closely packed
galleries are not yet known. Clearly, the
stronger interactions between the hydro-
philic organic groups in ZrP(bt},(OH),_,
help to explain the closer adherence of this
system to Vegard’s Law, despite the pres-
cnce of a moderate amount of HF in the
crystallization mixture, Future experiments
will focus on determination of these factors.

Conclusion

The crowded interlayer galleries of pure
zirconium phosphonates, Zr(O,PR),, are
not inclined to include molecular species
from surrounding media (15), despite rela-
tively weak interlayer interactions. Whether
this is a thermodynamic or kinetic result,
these solids appear to have little promise for
common applications of microporous mate-
rials.

Mixed zirconium phosphonates, Zr(O4PR),
(OsPR'),_,., however, can crystallize with
inefficient interlayer ordering, resulting in
porous structures, Solids of this type have
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great promise as catalysts, catalytic sup-
ports, and separation matenals. Further
work aimed at exploiting both the physical
porosity and the chemical reactivity of this
interlayer region for these applications is
in progress.
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