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Four bimetallic UO,%*/Zn?* phosphonoacetates have been
prepared from hydrothermal reactions of uranyl nitrate, zinc
nitrate, and triethyl phosphonoacetate. These compounds,
(UO2)2(PPA)2(H20)2-Zn(H,0)64H, O (1), (UO2)4(PPA),-
(HPPA)2-Zn(H,0)6:5H,0:(2),  (UO,)2(H20)2(PPA),Zn(H,0)4
(3), and (UO,),(PPA),(HPPA)Zn,(H,0),-3(H,O) (4), adopt 1-,
2-, and 3-dimensional architectures wherein the UO,?* cation
exhibits coordination preference for the phosphonate over
the carboxylate oxygen atoms. The Zn?* metal centers show
an increased degree of ligand coordination with increasing

reaction temperature. At 120 °C, compounds 1 and 2 are
formed. These structures are 1- and 2-dimensional, respec-
tively, and contain fully hydrated [Zn(H,O)g]?* cations. At
150 °C and 180 °C, the HPPA ligand displaces H,O molec-
ules from the inner Zn?* hydration sphere and binds to the
metal centers via a -CO,H oxygen atom in 3 and both carb-
oxylate and phosphonate oxygen atoms in 4. The overall
Zn?* reaction can be expressed by the equation Zn(H,0)¢%*
+ HPPA 2 Zn(H,O)5(HPPA) + H,O. Presented here are the
syntheses, structures, and characterization of these materials.

Introduction

Phosphonate ligands have historically played an impor-
tant role in actinide separations due to the strong affinity
of the phosphonate (-PO;) group for the AnO,>* cation.l' 3!
In spite of this relevance to separations and nuclear fuel
stewardship, our knowledge of the structural chemistry of
actinide phosphonates has largely been limited to those
uranyl phenylphosphonates reported by Clearfield et
al., 121 as well as a handful of other compounds.['3-!#]
More recently, in an effort to probe the structural chemistry
of uranyl phosphonate compounds and extend the known
catalog of these materials beyond monophosphonates, the
interaction of UO,>* with polyphosphonatel'®24 and car-
boxyphosphonate ligandsi>>271 has been explored. These
ligands are attractive candidates for materials synthesis due
to the range of metal-to-ligand binding modes and the
potential for novel structural topologies. Additionally, the
heterofunctionality of phosphonocarboxylates provides a
suitable forum to explore the syntheses of bimetallic
uranium containing coordination polymers.

The coordination of UO,?* by carboxyphosphonate type
species has also been explored within the context of under-
standing the behavior of uranium in biological and geologi-
cal environments.[?-311 The migratory behavior of actinides
in the environment is largely governed by factors such as
Ey, pH, sorption onto mineral surfaces, coordination by
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organic matter and additionally interactions with microor-
ganisms.[*2331 With respect to the latter, the interactions of
biological species with uranium are influenced by the func-
tionality of cellular components that include hydroxy,
amino, phosphoryl, and carboxyl groups.?>** Carboxy-
phosphonate compounds contain functionalites analogous
to those found in bacteria and other microorganisms,
namely both phosphonate (-PO3) and carboxylate (—CO»)
groups, and thus provide a suitable model for understand-
ing the complexation behavior of actinides in bio-sys-
tems.*>] Whereas a number of UO,>"-carboxylate struc-
tures have been synthesized,?**%! far fewer examples of so-
lid-state UQ,>*-carboxyphosphonate architectures have
been reported.[>>27]

The interaction of UO,?* with bacterial cell-wall compo-
nents, such as lipopolysaccharide, that contain high concen-
trations of phosphoryl and carboxyl groups has been ex-
plored in solution.*’! In these studies, the uranyl cation dis-
played coordination preference for the harder —PO;s over
the —~CO, functionality. This is consistent with the coordi-
nation chemistry of the uranyl in the UO,?"-PPAs struc-
tures reported.>>27) In fact, in the solid state, the propen-
sity of the uranyl cation to bind preferentially to the phos-
phonate moieties over the carboxylate units was exploited
by Albrecht-Schmitt et al. to construct a series of hetero-
metallic UO,%*/Cu?*/PPA compounds.l*”1 Beyond the bime-
tallic UO,>*/Cu?" materials reported, however, the incorpo-
ration of other transition metal cations into UO,>*/PPA
systems has not yet been explored. As such, we investigated
reactions of uranium(VI) and triethyl phosphonoacetate in
the presence of zinc under hydrothermal conditions. We
herein report the synthesis, structure, and characterization
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of four bimetallic UO,>*/Zn?>* carboxyphosphonates,
(UO2)12(PPA),(H,0)Zn(H,0)s4H,0 (1), (UO,)4(PPA),-
(HPPA)»Zn(H,0)e'SH,O  (2),  (UO,)2(H,0)»(PPA),Zn-
(H20)4 (3), and (UO,)»(PPA),(HPPA)Zn,(H,0),-3(H,0)
(4). The utility of in situ ester hydrolysis within the context
of preparing these materials is also presented.

Results

Structure Description

Selected bond lengths and angles are listed in Table 1.
Compound 1, (UO,),(PPA),(H,0),Zn(H,0)s4H,0, con-
sists of UO,Os monomers linked via phosphonoacetate
units (Figure 1) to form chains of [(UO,),(PPA),(H,0),]*
that propagate along [100]. The pentagonal bipyramids
shown in Figure 1 (b) are constructed from UO,>* cations
equatorially bound to five oxygen atoms from three acid
units and a bound water molecule (O5). The structure con-
tains one crystallographically unique uranium metal center
and one unique phosphonoacetate unit. Each PPA ligand
is bound to one UY! metal center in a bidentate fashion
through phosphonate and carboxylate oxygen atoms (O3
and O4) at distances of 2.390(4) and 2.416(4) A, respec-
tively. The phosphonoacetate unit is bound to two ad-
ditional UY!' metal centers in a monodentate manner
through phosphonate oxygen atoms O6 and O7 with an
average bond length of 2.344 A. Hydrated [Zn(H,O)e**
cations charge balance the anionic chains as shown in Fig-
ure 2.

Compound 2, (UO,)4(PPA),(HPPA),Zn(H,0)s5H-0, is
constructed from four crystallographically unique UV!
metal centers and four unique PPA units as illustrated in
Figure 3. Each UV site is characteristically bound to two
axial oxygen atoms to form the UO,>* cation with an
average U-O bond length of 1.7757 A and an average O—
U-O bond angle of 178.63°. Additionally, each UO,* is
equatorially bound to five oxygen atoms, which results in
pentagonal bipyramid geometry. U(1) is coordinated to
three phosphonoacetate units and one water molecule (O6).
One acid unit, P(4)PA is bound in a bidentate fashion
through phosphonate and carboxylate oxygen atoms, O7
and O3, at distances of 2.3537 and 2.4808 A, respectively.
Further, coordination of O3 to both U(1) and U(3) results
in point-shared (UO,),0y dimers which are linked via P(1)
PA and P(4)PA into chains that extend along [1-10]. Ad-
ditionally, coordination of carboxylate oxygen O21 to both
U(2) and U(4) results in point-shared U(2)0,-U(4)0O, di-
mers that similarly propagate along [1-10] via P(2)PA and
P(3)PA linkages. The two chains are connected along [001]
via P(2)PA and P(4)PA to form the two-dimensional sheets
illustrated in Figure 3. As shown in Figures 3 and 4, carb-
oxylate oxygen atoms (027-030) from P(1)PA and P(3)PA
are unbound and extend into the interlayer, which results
in hydrogen-bonding interactions with O-H-+O distances
of 2.690 A. [Zn(H,O)s]** cations also reside in the inter-
layer and charge balance the anionic sheets.
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Table 1. Selected bond lengths [A] and angles [°] for 1-4.
1lal

U((1)-0(1) 1.768(5) 0(4)-C(2) 1.283(8)
U(1)-0(2) 1.780(5) 0(8)-C(2) 1.251(8)
U(1)-0(4) 2.416(5) C(H)-C(2) 1.506(9)
U(1)-0(5) 2.452(5) Bond Angles

U(1)-0(6) 2.353(4) 0(2)-U(1)-0(1) 179.2(2)
Zn(1)-0(10)  2.141(5) 0(12)!-Zn(1)-0(12)  180.0(4)
Zn(1)-O(11)  2.080(5) O(12)-Zn(1)-O(10)  91.24(19)
P(1)-0O(6)? 1.527(5) O(12)-Zn(1)-O(11)  93.2(2)
P(1)-C(1) 1.810(6)

2

U((1)-0(1) 1.777(4) 0(3)-C(5) 1.290(6)
U(1)-0(2) 1.777(4) 0O(16)-C(5) 1.246(6)
U(1)-0(3) 2.481(4) C(5)-C(6) 1.501(7)
U(1)-0(6) 2.443(4) Bond Angles

U((1)-0(7) 2.354(3) O(1)-U(1)-0(2) 178.86(18)
Zn(1)-0O(40)  2.081(5) 0(24)-U(2)-0O(8) 179.13(17)
Zn(1)-0O(44)  2.038(6) O(14)-U(3)-0(13) 178.93(18)
P(4)-0O(7) 1.525(4) 0(26)-U(4)-0(19) 177.58(18)
P(4)-C(6) 1.809(5)

3

U((1)-0O(1) 1.780(5) C(1)-C(2) 1.523(10)
U(1)-0(2) 1.765(5) O4)-C(1) 1.242(9)
U(1)-0(3) 2.368(5) O(15)-C(1) 1.261(8)
U(1)-0(4) 2.411(5) Bond Angles

U(1)-0(5) 2.556(5) 0(2)-U(1)-0(1) 177.5(2)
Zn(1)-0O(15)  2.030(5) 0(9)-U(2)-0(8) 177.4(3)
Zn(1)-O(18)  2.205(6)

P(1)-0(3) 1.519(5)

P(1)-C(2) 1.808(7)

4

U(1)-0(1) 1.770(6) C(5)-C(6) 1.486(11)
U(1)-0(2) 1.781(6) 0O(4)-C(6) 1.268(9)
U(1)-0(3) 2.252(6) O(7)-C(6) 1.271(10)
U(1)-04) 2.459(6) Bond Angles

U(1)-0(7) 2.637(6) O(1)-U(1)-0(2) 178.7(3)
Zn(1)-0(20)  2.240(6) 0(8)-U(2)-0(9) 177.2(3)
Zn(2)-0(21)  2.013(6)

P(3)-0(3)"° 1.518(6)

P(3)-C(5) 1.813(8)

[a] Symmetry transformations: (1) 1: —x, -y, —z; 3: x + 1, y, z. (4)
100 ~x+1,—p+1,—=z+1.
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Figure 1. (a) Polyhedral representation of 1 illustrating (UO,)Os
monomers linked via phosphonoacetate ligands to form chains that
propagate along [100]. Coordination to the UV metal centers oc-
curs through both phosphonate and carboxylate oxygen atoms. (b)
Illustration showing the local coordination of the UV! site. Yellow
polyhedra are uranium(VI) atoms in pentagonal bipyramid geome-
try. Brown polyhedra, black lines, and red circles represent the
phosphorus, carbon, and oxygen atoms, respectively, of the phos-
phonoacetate ligand.
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Figure 2. Packing diagram of 1 viewed down the [100] direction.
Anionic chains of [(UO,),(PPA),(H,0),]> are charged balanced by
[Zn(H,0)¢]** cations. Green polyhedra represent hydrated Zn!!
metal centers.
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Figure 3. Polyhedral representation of 2 (a) illustrating the top-
ology of the 2-dimensional sheets constructed from point-shared
(UO,)Og dimers linked via phosphonoacetate ligands. (b) Local co-
ordination of each UV! site. Coordination of P(2)PA and P(4)PA
to the UY! metal centers occurs through both phosphonate and
carboxylate oxygen atoms, whereas coordination of P(1)PA and
P(3)PA to the UO,?" sites occurs exclusively through phosphonate
oxygen atoms. Bold lines in (a) represent highlighted section in (b).

Compound 3, (UO,),(H,0),(PPA),Zn(H,0),, consists of
UO,(05) monomers linked through phosphonoacetate mo-
lecules to form chains that extend infinitely along [100]
(Figure 5). Additional coordination of PPA carboxylate
oxygen atoms to Zn>* metal connects the chains along [010]
into the 2-dimensional sheets shown in Figure 6, a. The
structure is built from two crystallographically unique
UO,?* sites, one unique Zn>* metal center, and two unique
phosphonoacetate units. U(1) is coordinated to two axial
oxygen atoms (Ol and O2) at distances of 1.7647 and
1.7802 A, respectively, to form the uranyl cation with a
Ou—U-Oy;, bond angle of 177.52°. Further, U(1) is equato-
rially bound to five oxygen atoms, O3-O7, from three P(1)
PA units and one bound water molecule (Figure 6). Two of
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Figure 4. (a) View of 2 down the [001] direction illustrating the
stacking of the uranium phosphonoacetate layers. Shown here, un-
bound carboxylate units protrude into the interlayer where hy-
drated Zn>* cations reside. Solvent water molecules have been omit-
ted for clarity. (b) Illustration of the hydrogen bonding interactions
(2.690 A) found in the interlayer of 2.

the P(1)PA units are bound in a monodentate fashion via
phosphonate oxygen atoms O6 and O7, whereas one P(1)
PA molecule is coordinated to the UV! metal center in a
bidentate manner through phosphonate and carboxylate
oxygen atoms O3 and O4, respectively. U(2)0,>" is similarly
coordinated in the equatorial plane to three P(2)PA ligands
and a bound water molecule (O14). Two of the P(2)PA units
are bound in a monodentate manner via phosphonate oxy-
gen atoms O10 and O11, while one P(2)PA is bound in a
bidentate fashion by phosphonate (O12) and carboxylate
(O13) oxygen atoms. The Zn”>* metal center is coordinated

Figure 5. View of 3 down the [100] direction showing the stacking
of the UO,>*/Zn>*/PPA sheets.
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to four water molecules (O17-020) and two carboxylate
oxygen atoms (O15 and O16), from two distinct PPA molec-
ules, to form the octahedra shown in Figure 6, b.

Figure 6. Illustration of 3 (a) viewed down the [001] direction de-
picting the topology of the 2D UO,>*/Zn>*/PPA sheets and (b)
showing the local coordination of the UY! and Zn"' metal centers.
Yellow polyhedra are uranium(VI) atoms in pentagonal bipyramid
geometry, and green polyhedra are zinc(II) in octahedral geometry.
Brown polyhedra, black lines, and red circles represent the phos-
phorus, carbon, and oxygen atoms, respectively, of the phos-
phonoacetate ligand. The bolded section in (a) is shown in (b).

Compound 4, (UOz)z(PPA)z(HPPA)ZHz(HzO)z‘3(H20)
adopts a three-dimensional structure (Figure 8) and is built
from two crystallographically unique UO,>* sites, three
unique Zn>* centers and three unique phosphonoacetate
units (Figure 7). U(1)O,2* and U(2)0,>* are both equatori-
ally coordinated to five oxygen atoms from four PPA li-
gands as shown in Figure 7 (a). Three of the PPA units are
bound to each UY! center in a monodentate fashion via
phosphonate oxygen atoms, whereas one P(3)PA molecule
is coordinated to the UVT sites in a bidentate manner
through phosphonate and/or carboxylate oxygen atoms.
One P(3)PA unit binds to U(l) via carboxylate oxygen
atoms O4 and O7 and is additionally bound to U(2)
through phosphonate and carboxylate oxygen atoms O13
and O7, respectively. Coordination of P(3)PA to both U(1)
and U(2) through carboxylate oxygen atom O7 results in
point-shared (UO,),0Oq dimers linked via P(3)PA units to
form chains that propagate along [100]. P(3)PA additionally
links U(2)O»%>* monomers along [010] and coordination of

@) (b)
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A

Figure 7. Polyhedral representation of 4 illustrating (a) the point-
shared (UO,)Oy dimers linked along [100] via P(3)PA ligands and
(b) the local coordination of each UV! site. Coordination of P(1)
PA and P(2)PA to the UY! metal centers occurs exclusively through
phosphonate oxygen atoms, whereas coordination of P(3)PA to the
UO,>* sites occurs in a bidentate manner through phosphonate
and carboxylate oxygen atoms.
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P(1)PA and P(2)PA to chains of edge-shared Zn>" octahe-
dra that are polymerized along [010] results in the 3-dimen-
sional structure depicted in Figure 8.

Figure 8. Illustration of 4 (a) viewed down the [010] direction de-
picting the UO,?>*/PPA chains linked along [001] by coordination
of PPA units to chains of Zn'! octahedra. (b) chains of the Zn!!
metal centers polymerized along [010] that are subsequently linked
to chains of U(2)0,>*/P(3)PA via P(1)PA and P(2)PA ligands. Yel-
low polyhedra are uranium(VI) atoms in pentagonal bipyramidal
geometry, and green polyhedra are zinc(Il) in octahedral geometry.
Brown polyhedra, black lines, and red circles represent the phos-
phorus, carbon, and oxygen atoms, respectively, of the phos-
phonoacetate ligand. Solvent water molecules have been omitted
for clarity.

Fluorescence Spectroscopy

The emission spectra for 1-4 exhibited the characteristic
vibronic structure of the UO,>" cation with peaks ranging
from 475 to 600 nm. The emission spectra for 1-4 are avail-
able in the Supporting Information (Figures S12-15).

Thermogravimetric Analysis

TGA curves for 1-4 can be found in the Supporting In-
formation, Figures S16-19. A weight loss of 13% that can
be attributed to the removal of surface water was observed
when 1 was held at 50 °C for 30 min. Subsequent weight
loss for 1 then occurred in three steps, the first of which
(= 16%) took place between approximately 50 and 200 °C
and is consistent with the loss of the solvent and bound
water molecules from the structure. The final two steps oc-
curred over 375-500 °C and 700-750 °C and resulted in

Eur. J. Inorg. Chem. 2010, 1177-1185
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weight losses of = 6% and ca. 3%, respectively; they are
attributed to decomposition of the PPA ligands. The total
weight loss for 2 was ca. 17% and occurred in four steps.
An initial weight loss of 7% consistent with the loss of five
lattice water molecules and two bound water molecules
from the structure occurred between 50 and 100 °C. Loss
of the two additional bound water molecules subsequently
resulted in approximately 4% weight loss that was observed
between 200 and 250 °C. The third step, attributed to the
loss of the remaining water molecules occurred shortly
thereafter and resulted in a weight loss of an additional 4—
5%. Finally, a fourth weight loss consistent with the decom-
position the —CH, moieties of the phosphonoacetate li-
gands began at 500 °C. The total weight loss for 3 was ap-
proximately 20%, and it occurred in four steps. Loss of
bound water molecules (= 11%) began around 150 °C and
was complete by 250 °C. Subsequent weight loss of an ad-
ditional 9% resulting from decomposition of the phos-
phonoacetate units occurred in three consecutive steps over
400-750 °C. Weight loss for 4 occurred in two steps and
resulted in a total loss of ca. 28%. The first step (= 17%)
occurred over 50-200 °C and is consistent with the loss of
five water molecules and decomposition of one PPA unit.
Decomposition of the remaining PPA units resulted in a
second weight loss of approximately 11% and occurred over
350-450 °C. The TGA curves for 1-4 are consistent with
decomposition of the materials to multiple uranium and/or
zinc phosphate such as U;(POy)s, U,P,044, (UO),P,05,
and Zn3(PO,),. TGA plots and PXRD data of 1 and 3 after
thermal treatment are available in the Supporting Infor-
mation.

Discussion

Reactions of UO,>*/Zn?* and triethyl phosphonoacetate
analogous to those yielding 1-4 were explored at room tem-
perature, and after one month no crystals were obtained.
Thus, hydrothermal conditions were used, and the phos-
phonoacetate ligand observed in the structures of 1-4 was
generated through the hydrolysis of triethyl phosphonoace-
tate in situ. In light of these observations, one could specu-
late a kinetic contribution to these reactions wherein hy-
drolysis (and hence ligand availability) does not occur to an
appreciable extent until such hydrolysis is promoted; in this
case by temperature. In related transition metal systems, the
hydrolysis of di- and trialkyl phosphonates has similarly
been used to prepare a variety of transition metal carboxy-
phosphonates.’*3 In these systems, the phosphonate li-
gands were generated in situ for the purpose of: (1) remov-
ing the need to synthesize the acid form of the ligand and
(2) gradually introducing the ligand and thus yielding crys-
tals sufficiently large for single-crystal X-ray diffraction.

The in situ generation of the phosphonoacetate ligand in
this study presents an additional benefit. That is, efforts to
prepare UO,>*/Zn?* bimetallic materials by direct reaction
of the metal cations with phosphonoacetic acid under hy-
drothermal conditions have been unsuccessful. In fact, reac-
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tions comparable to those presented herein wherein phos-
phonoacetic acid was used in place of triethylphos-
phonoacetate yielded a previously reported, homometallic
material, UO,(HPPA).[>’] Taking the acidity of these sys-
tems into account, reactions of UO,2*, Zn?*, and phos-
phonoacetate at pH 4-5 were also explored; pH was ad-
justed with NH4,OH. After six days at 120, 150, and 180 °C,
a biphasic sample containing a known homometallic UO,?*
phosphonoacetate, (UO,)(Os;PCH,CO,)-NH4H,O, and
various uranium oxide/hydroxides was obtained.

The hydrolysis of triethyl phosphonoacetate to yield PPA
also generates three equivalents of EtOH. Thus, reactions
of UO,?*, Zn?*, phosphonoacetate, and ethanol in H,O at
room temperature and 120 °C were also explored. These re-
actions have been found to yield bimetallic products, in-
cluding 1 and 2 as well as an additional bimetallic phase at
120 °C, further characterization of which is in progress.
That said, the differences in product formation by in situ
ligand formation vs. direct assembly observed in this system
may be attributed to the ethanol generated in situ by ester
hydrolysis. In the presence of ethanol, for instance, the hy-
drogen bonding networks that stabilize many metal phos-
phonates including the homometallic UO,(HPPA) phase
mentioned previously may be disrupted such that more fa-
vorable conditions for the incorporation of transition metal
cations into the interlayer are present. The ethanol gener-
ated by means of in situ ester hydrolysis may also affect the
dielectric constant of the solvent system, albeit to a limited
extent, given it would constitute less than 1% of the total
solvent. In any case and even though ethanol is not ob-
served in the crystalline reaction product, it is conceivable
that it influences product formation by altering the hydro-
gen-bonding networks or otherwise affecting solubility.
Theses results are consistent with previous findings wherein
spectator species, charge balancing countercations, and or-
ganic diamines were found to influence product formation
to some extent.[2%-26]

Compounds 1-4 exhibit structural features and trends
consistent with the UO,*"-PPAs reported. All are con-
structed from UO,(Os) pentagonal bipyramids linked via
phosphonoacetate units. Additionally, the UO,** coordi-
nates preferentially to the —PO5 oxygen atoms as predicted
by HSAB theory.’* Despite these similarities, however, 1—
4 exhibit remarkably different structures both in terms of
topology and dimensionality. Such differences can be attrib-
uted to oligomerization of the metal centers and metal-li-
gand binding modes, both for the UO,?* and Zn?>* metal
centers. Compounds 1 and 3 contain discrete UO,>* mono-
mers bound to three phosphonate ligands and one water
molecule to result in [(UO,)>(PPA),(H,0),]>" chains. These
anionic units resemble those found in [AnO,(TO4)(H>0),*
nH,O] (T = S, Se, Mo, Cr) architectures,® yet one of the
bound H,0 molecules is replaced by a carboxylate oxygen
atom from the PPA unit in 1 and 3. As the carboxylate
and H,O molecules do not play a role in linking the UO,>*
building units, the fundamental topology of these structures
is analogous. Compounds 1 and 3 do, however, differ with
respect to dimensionality. Whereas 1 contains 1-dimen-
1181
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120 °C

150 °C

180 °C

Figure 9. Polyhedral representation of the phases prepared at 120, 150, and 180 °C as a function of time. Dominant phases are labeled.

sional chains, 3 adopts a 2-dimensional structure, resulting
from coordination of the unbound carboxylate oxygen
atom in 1 to a Zn>* metal center in 3. Note that the Zn?*
metal centers in 1 exist in their fully hydrated form as
[Zn(H,O)g]** units. Interestingly, compound 1 can be syn-
thesized as a pure phase at 120 °C and 150 °C over one day.
After six days at 150 °C, compound 3 can be synthesized as
a pure phase. Thus at 150 °C, aging of the system seemingly
promotes Zn>*-PPA coordination. These results are sum-
marized in Figure 9.

Compounds 2 and 4 alternatively contain point-shared
(U0O,),(0)g dimers that are connected by PPA units to form
2- and 3-dimensional structures, respectively. Each UO,>*
site is ligated by four phosphonate ligands, three in a mono-
dentate manner and one in a bidentate fashion. In both
cases, the dimers result from the coordination of a carboxyl-
ate oxygen atom to two UO,?* metal centers. Though 2 and
4 share many structural features, their overall architectures
are strikingly different. This is in part realized by increased
coordination of the Zn?>" metal centers, observed in 4 as
compared to 2. In 2, the Zn>* sites exist as discrete
[Zn(H,0)e]** units. These fully hydrated Zn>* species are
similarly found in the structure of 1; both 1 and 2 can be
synthesized at 120 °C. At 180 °C, however, increased coor-
dination of the phosphonoacetate to the Zn>* sites and po-
lymerization of the Zn?* into chains of Zn?* octahedra is
observed.

In comparing the six-day reactions at 120, 150, and
180 °C, an evolution of metal-ligand coordination and di-
mensionality is present. The coordination environment of
1182
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the UO,>* metal center and the presence of monomers vs.
dimers as a function of temperature and reaction time is
not entirely apparent, yet in looking at the inner coordina-
tion sphere of the Zn?* metal centers illustrated in Fig-
ure 10, a trend is clear. As reaction temperature increases,
Zn>*—PPA coordination also increases. Whereas fully hy-
drated Zn>* are observed at 120 °C, Zn(H,O),(PPA), are
present at 150 °C, and Zn(H,O),(PPA), and Zn(PPA) units
are seen at 180 °C. The overall reaction can thus be ex-
pressed as Zn(H,0)s>* + HPPA < Zn(H,O)s(HPPA) +
H,O wherein inner sphere H,O molecules are increasingly
displaced by oxygen atoms from the PPA units with increas-
ing reaction temperature.

(a) (b) ()

Figure 10. Polyhedral representation of the local coordination envi-
ronment of the Zn>* metal centers at (a) 120 °C, (b) 150 °C, and
(c) 180 °C. Green polyhedra are zinc(Il) in octahedral geometry.
Brown polyhedra, black lines, and red circles represent the phos-
phorus, carbon, and oxygen atoms of the phosphonoacetate ligand.

The reaction products were also explored as a function
of reaction time; the results are summarized in Figure 9.
Interestingly compound 1 is present in the products from
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reactions at 120, 150, and 180 °C and persists over different
lengths of times. After evaporation of a solution obtained
from a one-day reaction at 120 °C, compound 1 is obtained
as a microcrystalline powder. After three/six days at 120 °C,
however, compound 2 is isolated. Both contain [Zn-
(H,0)¢]** cations. Compound 1 contains discrete UO5(Os)
monomers, whereas 2 consists of UO,(O)y dimers. Here,
aging of the system results in oligomerization of the UO,?*
sites. As previously mentioned, compound 1 also precipi-
tates from reactions at 150 °C over one and three days. Af-
ter six days, 3 is obtained in pure phase. In this case, aging
of the reaction results in increased Zn>*—PPA coordination.
At 180 °C over one, three, and six days 1 and 4 are obtained
in varying yield. The presence of 4 at the higher tempera-
ture is consistent with the metal-ligand coordination trends
already discussed, whereas the presence of 1, and in particu-
lar [Zn(H,0)¢)** cations at 180 °C, may perhaps speak for
the stability of that phase. In other words, phase stability,
as evidenced by 1, competes with the tendency of the metal
cations to polymerize, and also, in the case of Zn>" specifi-
cally, coordinate to the PPA ligand.

Conclusions

In summary, four novel bimetallic uranium phosphono-
acetates have been prepared under hydrothermal conditions
by the in situ hydrolysis of triethylphosphonoacetate. Ef-
forts to prepare the bimetallic materials from the direct re-
action of the metal salts with the acid form of the ligand
were unsuccessful and thus demonstrate the utility of in situ
reactions as an alternative synthetic approach. These com-
pounds are all similarly built from UO,*" pentagonal bi-
pyramids yet exhibit markedly diverse topologies and di-
mensionality, adopting 1-, 2-, and 3-dimensional architec-
tures. These differences can be attributed to polymerization
of UO,?* sites in 2 and 4 to form (UO,),04 dimers, oligo-
merization of Zn?>* octahedra in 4, and increased Zn>*—li-

Table 2. Synthetic details for 1-4.

European Journal
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gand coordination as observed in 3 and 4. With respect to
the Zn?* metal centers, increased metal-ligand coordina-
tion is observed with increasing temperature.

Experimental Section

Caution: The uranium oxynitrate used in this investigation contains
depleted uranium, yet standard precautions for handling radioac-
tive substances should be followed.

Syntheses: Compounds 1-4 were synthesized hydrothermally as
outlined in Table 2. The reactants were placed into a 23-mL Teflon-
lined Parr bomb that was then sealed and heated statically in an
isothermal oven. (1) After one day at 120 °C, the reaction vessel
was removed from the oven and placed on the benchtop to cool
over four hours. Upon cooling to room temperature, a clear yellow
solution was obtained. The solution was allowed to evaporate at
room temperature and after two days a yellow solid was obtained.
Note that compound 1 can also be prepared at 150 °C over one or
three days. (2) After three or six days at 120 °C, a clear yellow
solution was decanted and yellow crystals were obtained. The crys-
tals were washed with distilled water and ethanol and then allowed
to air dry at room temperature. (3) After six days at 150 °C, a clear
yellow solution was decanted and yellow crystals were obtained.
The crystals were washed with distilled water and ethanol and al-
lowed to air dry at room temperature. Note that at 150 °C over one
or three days, compounds 1 and 3 were present in the reaction
product in varying yield. (4) After one, three, or six days at 180 °C
compounds 1 and 4 were obtained from a mixed product and were
present in varying yield. Powder X-ray diffraction data of the reac-
tion products at 120, 150, and 180 °C over one, three, and six days
are available in the Supporting Information, Figures S1-S3.

X-ray Structure Determination: A single crystal from each of the
samples was isolated from the product and mounted on a glass
fiber. Reflections were collected with a Bruker SMART dif-
fractometer equipped with an APEX II CCD detector using Mo-
K, radiation and a combination of 0.5° w and ¢ scans. The data
were integrated and corrected for absorption using the Apex2 suite
of crystallographic software.>® All compounds were solved by di-
rect methods and refined using SHELXL-9757! within the WinGX

1 2 3 4
(UO,)(NO3),-6H,O 0.143 ¢ 0.149 ¢ 0.139 ¢ 0.141 g
(0.30 mmol) (0.30 mmol) (0.28 mmol) (0.28 mmol)
Zn(NO3),*6H,O 0.089 g 0.093 ¢ 0.085¢ 0.089 g
(0.30 mmol) (0.31 mmol) (0.29 mmol) (0.30 mmol)
teppa 0.120 mL 0.120 mL 0.120 mL 0.120 mL
(0.60 mmol) (0.60 mmol) (0.60 mmol) (0.60 mmol)
H,0O 4¢g 4¢g 4¢ 4¢g
(224 mmol) (224 mmol) (224 mmol) (224 mmol)
Molar ratios 1:1:2:640 1:1:2:640 1:1:2:640 1:1.1:2:640
pHi, pHf 2.0, 1.9 2.0, 1.7 2.1, 2.1 22,22
Temperature [°C] 120 120 150 180
Time [d] 1 6 6 6
Crystal color Green-yellow yellow yellow yellow
Crystal habit needle plate needle plate
Yield (based on U) 20% 54% 41% 45%

EAl
Obsd. (Caled.)

C 4.45% (4.38%)
H 2.62% (2.58 %)

C 4.95% (4.97%)
H 1.76% (1.88%)

C 4.83% (4.86%)
H 1.45% (1.63%)

C 6.14% (6.14%)
H 1.41% (1.46%)

[a] Elemental Analysis (EA) by combustion, Galbraith Laboratories, Knoxville, TN. As 4 could not be prepared as a pure phase, the EA
results reported reflect those observed for a sample wherein single crystals of 4 were isolated from the bulk reaction product. This sample
was used in all subsequent characterization of 4 including TGA and FLR.
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Table 3. Crystallographic data and structure refinement for 1-4.

1 2 3 4
Empirical formula C4H28026P2UZZH C3H3(,O41P4U4Zn C4H16020P2U22n C6H17024P3Uzzn2
Fw 1095.63 1929.74 987.54 1172.91
Temperature [K] 100 100 295 295
A (Mo-K,) 0.71073 0.71073 0.71073 0.71073
Crystal system triclinic triclinic triclinic triclinic
Space group P1 P1 Pl Pl
a[A] 7.0298(7) 10.6675(3) 6.9444(5) 9.1030(10)
b [A] 8.2499(8) 11.5380(3) 8.3707(6) 9.7275(11)
c[A] 10.9824(11) 17.2140(4) 16.0483(11) 15.0950(17)
a[°] 81.182(2) 78.4650(4) 97.541(1) 91.404(2)
L1° 74.143(2) 87.5517(4) 96.433(1) 94.497(2)
7 [°] 89.902(2) 76.3111(4) 91.798(1) 115.628(2)
V [A3] 604.91(10) 2016.94(9) 917.98(11) 1198.9(2)
Z 1 2 2 2
Deatea. [gem ] 3.008 3.177 3.573 3.249
4 [mm!] 14.579 16.872 19.169 15.749
Rint 0.0548 0.0367 0.0445 0.0617
R [I>20(D)] 0.0280 0.0282 0.0266 0.0373
wR 0.0592 0.0713 0.0491 0.0932

[a] Ry = Z||Fo| — [FVZIF]; wRy = {Z[w(Fy? — F2PYZw(F)T} .

software suite.>8] Satisfactory refinements as well as tests for miss-
ing symmetry, using Platon,’”! indicated that no obvious space
group changes were needed or suggested. Crystallographic data for
1-4 are provided in Table 3.

CCDC-743317 (for 1), -743318 (for 2), -743319 (for 3),
-743320 (for 4) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

All non-hydrogen atoms were located using difference Fourier maps
and were ultimately refined anisotropically. Hydrogen atoms of the
phosphonoacetate -CH, groups were placed in calculated positions
and bond lengths were fixed at 0.97 A. Hydrogen atoms of the
lattice water molecules or bound water molecules in 1-4 were not
found during refinement. While hydrogen atoms of the ~-COOH
moieties in 1 were located in difference Fourier maps and placed in
calculated positions, those in 4 were not located during refinement.

Powder X-ray diffraction data were collected for 1-4 using a Ri-
gaku Miniflex diffractometer (Cu-K,, 3-60°) and manipulated
using the JADE software package.[’”) As compound 4 was not ob-
tained as a pure phase, single crystals were manually isolated from
the reaction product and powder X-ray diffraction data were col-
lected on that sample. Agreement between the calculated and ob-
served patterns shown in Figures S4-7 suggest that the single crys-
tals used for structure determination were representative of the
bulk sample (with the exception of 4).

Characterization: Thermogravimetric analysis (TGA) was per-
formed with either a Perkin—Elmer Pyrisl or a TA Instruments
Q5000 instrument at a rate of 10 °C/min under flowing nitrogen
gas. To remove surface water, 1 and 4 were held at 50 °C for 30 min,
after which the sample was heated to 800 °C. Emission spectra were
collected with a Shimadzu RF-5301 PC Spectrofluorophotometer
[uranium excitation wavelength 365 nm; emission wavelength: 450
600 nm; slit width: 1.5 nm (excitation) and 1.5 nm (emission); sensi-
tivity: high with a UV-35 filter].

Supporting Information (see also the footnote on the first page of
this article): ORTEP illustrations of 1-4 as well as all TGA plots,
PXRD data, and FLR spectra.
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