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We report the synthesis of two uranyl squarates and two mixed-ligand uranyl squarate—oxalates from aqueous solutions
under hydrothermal conditions. These products exhibit a range of uranyl building units from squarates with monomers in
(UO,)5(C404)s-BNH,4 - 4H,0 (1; a=16.731(17) A, b= 7280(8)A c=15. 872(16)A B =113.294(16)°, monoclinic, P2+/c)
and chains in (UO,)2(0OH)o(H20)2(C404) (2; @ = 12.909(5) A, b = 8.400(3) A, ¢ = 10.322(4) A, 3 = 100.056(7)°,
monoclinic, C2/c) to two squarate—oxalate polymorphs with dimers in (UO,)2(OH)(C404)(C204) -NH4-HO (3; a =
9.0601(7) A, b=15.7299(12) A, c = 10.5108(8) A, 3 = 106.394(1)°, monoclinic, P24/n; and 4; a = 8.4469(6) A, b =
7.7589(5) A, c=10. 5257(7) A, 5 =105.696(1)°, monoclinic, P2;/m). The dominance at low pH of monomeric species and
the increasing occurrence of oligomeric species with increasing pH suggests that uranyl hydrolysis, mUO,2" + nH,0 ==
[(UO,)(OH)J?™" 4 nH*, has a significant role in the |dent|ty of the inorganic building unit. Additional factors that
influence product assembly include in situ hydrolysis of squaric acid to oxalic acid, dynamic metal to ligand concentration,
and additional binding modes resulting from the introduction of oxalate anions. These points and the effects of uranyl

hydrolysis with changing pH are discussed in the context of the compounds presented herein.

Introduction

Two primary factors influence product formation in uranyl-
organic hybrid materials: the speciation of the uranyl cation
and the organic linker’s “bite” and “bend.” Hydrolysis affects
the identity of the inorganic building unit, for which mono-
meric species to ohgomenc clusters of up to six uranyl cations
have been observed."? Further polymerization may result in
species with chains, ribbons, or sheets of uranyl cations, as
seen in minerals and related compounds.3 “ The driving force
in solution behind this oligomerization is hydrolysis, the equa-
tion for which is shown here:

MU0 + iH,0=(U0),,(OH), 1" " +-nH' (1)

We have previously explored the effects of hydrolysis under
ambient conditions on the building unit observed in the solid
state as a function of pH,” an increase in which we would
expect to favor hydrolysis and thus oligomerization. Hydro-
lysis under hydrothermal conditions, as discussed herein, has
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been studied much less, and while extensive speciation dia-
grams for the uranyl cation exist for ambient conditions, the
species present under hydrothermal conditions are not en-
tirely agreed upon.® Nonetheless, it has been reasonably well
established that monomerlc hydrolysis species are favored by
increasing temperature.®~® This is not to say, however, that
monomeric species exist to the exclusion of oligomers at
higher pH.”*

The second factor that determines the reaction product is
the “bite” and “bend” of the ligand, in other words, the co-
ordination mode that the ligand adopts and ligand’s rigidity
or flexibility, both of which contribute to the final structure.’
A ligand like squaric acid (Scheme la) exhibits a variety of
binding modes—from monodentate to tetrakismonodentate
on a wide variety of metals to bidentate on a smaller subset
including the lanthanides—on a rigid molecule.'® It also has
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Scheme 1. (a) Squaric Acid and (b) Oxalic Acid
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demonstrated success in forming hybrid materials with f
elements™'""'? and is therefore our ligand of choice in this
study of the solid state expression of uranyl hydrolysis.

A third variable influencing product formation that arises
with less frequency is an in situ reaction to form a lif%and that
was not among the original starting materials.*™* Newly
generated reagents may result in the formation of products
that were otherwise inaccessible' '® or may introduce a second
ligand to the system which coordinates to the metal center
concurrently with the first."” The presence of ligands formed
during the in situ reaction may further introduce modes of
coordination that were not previously available, contributing
to diversity in product formation. For example, in situ hydro-
lysis of squaric acid to oxalic acid (Scheme 1b) has been
observed previously'®~?? and opens the possibility of bident-
ate coordination (i.e., chelation) to the uranyl cation, a bind-
ing mode not known to occur with uranyl squarates.

Herein, we investigate the solid state expression of hydro-
lysis through hydrothermal synthesis of uranyl—organic
hybrid materials. In more general terms, the study of such
compounds and, in particular, behavior of the uranyl cation
and its interactions with organic compounds under environ-
mentally relevant conditions is fundamental to improving
our understanding of all aspects of the nuclear fuel cycle. We
report the uranyl building units that we observe in crystalline
reaction products of the uranyl cation and squaric acid as a
function of pH and temperature. We not only observe a variety
of inorganic hydrolysis products but also report the forma-
tion of squarate—oxalates through partial in situ hydrolysis of
the behavior ligand. Two novel uranyl squarates have been
SyntheSiZed, (UOz)z(C404)5'6NH4'4H20 (1) and (UOz)z-
(OH)»(H»0)5(C404) (2), in addition to two uranyl squarate—
oxalate polymorphs, (UO,),(OH)(C404)(C,04)-NH4-H,0
(3 and 4). In a systematic study of product formation as a
function of pH and temperature, we have additionally
observed several previously reported uranyl squarates™'?
and uranyl oxalates.** As such, we shall discuss the effects
of uranyl hydrolysis on solid state reaction products in the
context of 1—4 and these other squarates and oxalates.
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Experimental Section

Synthesis. Caution! While the uranyl nitrate, UO(NO3),, used
in these experiments contained depleted uranium, standard pre-
cautions for handling radioactive material should be observed. All
materials used in the synthesis are available commercially and
were used as received.

Hydrothermal reactions of uranyl nitrate hexahydrate and
squaric acid were prepared in 1:1 and 1:2 molar ratios and
explored as a function of pH through the addition of 9.6 N
ammonium hydroxide in incremental amounts (0, 100, 200, 300,
400, 500 uL of 9.6 N NH4OH for 1:1; 0, 200, 400, 600, 700, 800
uL for 1:2). These additions of NH4OH resulted in a pH range of
1 < pH <9 at the beginning of synthesis. Each pH series was
repeated at 90, 120, and 150 °C, corresponding to autogenous
pressures of approximately 1—5 atm. Unless otherwise speci-
fied, approximately 1.5 mL of H,O acted as a solvent. At 120 °C
in a 1:2 molar ratio, however, lower solvent volumes (i.e., 0.25
mL) were found to be optimal for crystal growth.

Hydrothermal reactions were prepared by sealing the reac-
tants in a 23 mL Teflon-lined Parr bomb and placing them in an
isothermal oven for 3 days, after which time the bomb was
removed and left on the bench to cool to room temperature over
approximately 8 h. The mother liquor was decanted, and the
remaining solids were washed in water and ethanol. Although
none of the products were obtained as pure phases, optimal
conditions for synthesis of the novel compounds reported in this
study are summarized in Table 1. Optimization reflects both the
growth of crystals suitable for single-crystal X-ray diffraction
and contribution by the compound to the powder X-ray diffrac-
tion pattern.

X-Ray Structure Determination. Single crystals from each
preparation were isolated from the bulk reaction product and
mounted on a MicroMount needle (MiTeGen). Reflections were
collected from 0.5° ¢ and w scans at 100 K on a Bruker SMART
diffractometer with an APEXII CCD detector and a Mo Ka
source. The APEXII software suite>* was used to integrate the
data and apply an absorption correction.? Structures were solved
using direct methods and refined with SHELX-97.2° Publication
materials were prepared using the WinGX software suite,?” and
figures were made with CrystalMaker.?®

H atoms were located in difference Fourier maps but could not
be satisfactorily refined for any of the compounds. Ambiguity in
the position of H atoms on solvent water molecules and ammo-
nium cations prevented assignment, and H on hydroxyl groups
and bound water molecules coordinated to U were not evident in
the difference Fourier maps and were therefore not assigned.
Bond valence summation (Supporting Information, SI 1) was
used to distinguish between water and hydroxyl oxygen atoms.
Crystallographic data for 1—4 are summarized in Table 2.

Positional disorder in the one of the three squarate anionsin 1
required the use of a PART command to resolve the disordered
segments. Refinement revealed that each part was approxi-
mately 50% occupied.

Initial indexing of 3 yielded a unit cell with half the volume
that we report here. The result of this smaller cell was the super-
imposition of electron density from two uranyl cations with
differing orientation. Doubling the b axis allowed the superim-
posed data to be resolved and permitted solution and refinement
of the structure reported here. Disagreeable thermal parameters
persisted for the ammonium cation (N1) in the structure and
required that it be refined isotropically, as anisotropic refinement
resulted in nonpositive definite thermal parameters.
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Table 1. Synthetic Conditions for 1—4
1 2 3 4
UO,(NOs3),-6H,0 (g; mmol) 0.250; 0.50 0.249; 0.50 0.250; 0.50 0.250; 0.50
C4H,04 (g; mmol) 0.114; 1.0 0.058; 0.50 0.058; 0.50 0.055; 0.48
H,0 (g; mmol) 0.26; 15 1.56; 87 1.50; 87 1.50; 87
NH,4OH («L; mmol) 350;3.8 400; 4.3 350; 3.8 350;3.8
pH; 5.85 6.05 3¢ 44
pH¢ 5.47 5.28 24 1“
temperature (°C) 120 90 150 150
time (days) 3 3 10 1
other phasesb Sql, Sq2 4 Sql Sql, Ox2
“Measurement with pH paper rather than electrode. ” Refer to Table 4 for explanation of abbreviations.

Table 2. Summary of Crystallographic and Structure Refinement Data from 1—4

1 2 3 4
empirical formula C10H16N3014U C2H3O6U C6H7NO|4U2 C6H7NO|4U2
fw 640.29 359.055 793.176 793.176
temp (K) 100 100 100 100
A (Mo Ka) 0.71073 0.71073 0.71073 0.71073
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2y/c C2le P2y/n P2,/m
color red yellow yellow yellow
habit block block block block
a(A) 16.731(17) 12.909(5) 9.0601(7) 8.4469(6)
b(A) 7.280(8) 8.400(3) 15.7299(12) 7.7589(5)
c(A) 15.872(16) 10.322(4) 10.5108(8) 10.5257(7)
o (deg) 90 90 90 90
f (deg) 113.294(16) 100.056(7) 106.394(1) 105.696(1)
y (dae%) 90 90 90 90
V(A”) 1776(3) 1102.1(7) 1437.04(19) 664.12(8)
zZ 4 8 4 2
Deare (g-cm ™) 2.395 4.340 3.642 3.927
u(mm™ 9.222 29.413 22.587 24.433
Ring 4.36% 7.60% 3.05% 3.22%, 3.63%"
R LI > 20(1)] 2.38% 3.11% 1.80% 3.82%
wRy [I > 20(1)) 5.43% 5.81% 4.03% 9.64%

“Pseudomerohedral twin integrated on two domains; Ry, is reported for each domain separately. * R, = SNF| = |F/> 1 Fol; wRy = (Z[w(Fo2 -

FO Sl (F ),

Initial determination of the Bravais lattice of 4 yielded an
orthorhombic cell. Refinement of the structure in space group
Pmmm resulted in improbable coordination geometry about the
uranyl cation. Careful reassessment of the reflections in a reci-
procal lattice viewer revealed two superimposed lattices, which
were also observed in three other crystals of 4. Manual selection
of reflections from one of these lattices allowed indexing that
resulted in a monoclinic cell. Both the consistent appearance of
two domains among multiple crystals and the indexing to a
higher symmetry lattice type suggested pseudomerohedral twin-
ning. CELL_NOW was used to find and index the separate
domains,” and integration, solution, and refinement followed
as for a nonmerohedral twin. Disagreeable thermal parameters
for the solvent water molecule (OW1) required that it be refined
isotropically, as anisotropic refinement resulted in nonpositive
definite thermal parameters.

Powder X-ray diffraction data were collected on a Rigaku
Miniflex diffractometer (Cu Ka, 3—60°) and analyzed with the
Jade software package.®® Calculated powder patterns were
overlaid on observed patterns to identify phases present.

Results

Structure Descriptions. The crystal structure of 1 is
composed of monomeric uranyl building units linked by
bismonodentate squarate anions to form sheets (Figure 1).
The uranyl cation (O8—U1—09) is coordinated to three

(29) Sheldrick, G. Cell_Now; Bruker-AXS: Madison, WI, 2004.
(30) JADE, 6.1; Materials Data, Inc: Livermore, CA, 2002.

crystallographically unique squarate anions through atoms
01, 02, and O4. The remaining two oxygen atoms in the
inner coordination sphere of the uranyl cation (O3 and
01241 = x, y — 1, z) are also contributed by the squarate
anions (Figure 2). The first squarate anion (C11—C14; Ol,
012—014) is coordinated to uranyl cations through O1
and O12. The second squarate anion (C21—C24; 02, 022,
03, 024) bridges uranyl centers through O2 and O3, which
are located on opposite “corners” of the squarate anion.
This ligand displays some structural disorder, which is
modeled through a secondary ring with designation “a”
(e.g., C24a). The final squarate anion sits on an inversion
center and consists of 04, C41, C42, 042, and the symmetry
equivalents of each, generated by operator —x + 1,y — 1/2,
—z + 1/2. The extended structure is a two-dimensional
sheet, shown in Figure 1a. Two solvent water molecules and
three charge-balancing ammonium cations occupy the
interlayer (Figure 1b). Placement of hydrogen atoms on
both water molecules and ammonium cations proved ambi-
guous, and they were therefore not modeled. Selected bond
distances and angles appear in Table 3.

The crystal structure of 2 consists of chains of point-
sharing pentagonal bipyramids linked by squarate anions
into sheets (Figure 3a). Each uranyl cation (O5—U1—06)
has five oxygen atoms bound in the equatorial plane, of
which four are crystallographically unique (O1, 02, O3,
04) and one (0O3") is generated through the symmetry
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Figure 1. (a) The sheet of 1, composed of uranyl centers linked by
squarate anions and seen here in the [001] direction. (b) The interlayer,
here viewed in the [010] direction, containing molecules of solvent water
(red) and ammonium (blue).
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Figure 2. A thermal ellipsoid plot (50% probability) showing the local
coordination of the squarate anions to the uranyl center. Hydrogen atoms and
solvent water molecules have been omitted for clarity. Symmetry transforma-
tions:i=x,y— lLzii=—x+1Ly—1/2,—z+ 1/2;iii = x, y+ 1, z.

transformation —x + 1, —y, —z + 2 (Figure 3b). Penta-
gonal bipyramids are point-sharing through hydroxyl oxy-
gen O3. Bond valence summation suggests that O4 is a
bound water molecule (Supporting Information, SI 1), which
is consistent with a charge-balanced formula. The squarate
anion is coordinated to the uranyl cation through O1 and O2;
CI1 and C2 together with symmetry-generated C1" and C2"
(=x + 12, y — 1)2, —z 4 3/2) form the four-membered
squarate ring. The squarate anions are tetrakismonodentate,
bridging adjacent uranyl cations through O1 and O2 and

Inorganic Chemistry, Vol. 49, No. 14,2010 6719

Figure 3. (a) View along [10—1] showing two-dimensional sheets of
point-sharing uranyl chains linked by squarate anions. (b) Local coordi-
nation environment of 2 represented here as a thermal ellipsoid plot with
probability level at 50%. Hydrogen atoms have been omitted for clarity.
Symmetry transformationsi = —x+1/2, y +1/2, =z +3/2;ii = —x + 1/
2,y —1/2, —z+3/2;iii = —x+ 1, =y, —z + 2.

Table 3. Important Bond Distances (A) and Angles (deg) in 1-4

1 2 3 4

U=0 1.773(3) 1.772(6) 1.770(3)  1.789(9)
O=U=0 178.70(13)  178.3(3) 178.91(15) 179.8(4)
U-0 2.389(3) 2.395(6) 2.404(3)  2.390(8)
C—C (squarate) 1.469(11)  1.452(12)  1.466(7)  1.454(17)
C—C (oxalate) 1.538(6)  1.543(16)
C—0O (squarate) 1.260(11)  1.256(10)  1.255(6)  1.252(10)
C—O0 (oxalate) 1.253(6)  1.260(9)

O—C—C (squarate) 135.0(9) 135.1(8) 135.0(5)  135.0(7)
Mean; min; max 131.1(4) 130.1(8) 132.9(5)  131.8(7)
138.6(7) 139.4(2) 137.1(4)  137.9(7)

O—C—C (oxalate) 116.04)  116.2(5)
Mean; min; max 115.1(4) 116.0(4)
116.4(4)  116.4(5)

bridging chains to form the extended sheet (Figure 3a).
Selected bond distances and angles appear in Table 3.

The crystal structure of 3 is defined by point-sharing
dimers bound by squarate and oxalate anions into sheets
(Figure 4a). Two crystallographically unique U(VI) metal
centers exist as point-sharing dimers, each with the char-
acteristic uranyl oxygen atoms (O6—U1—07; O16—U2—
O17). Asshown in Figure 4b, O1 and O2 on U1 are bound
to Cl and C2 of the bisbidentate oxalate anion. The
oxalate is further coordinated to U2 via O11 and O12.
O4 bridges Ul and U2. The remaining oxygen atoms in
the coordination spheres of Ul (O3, O5) and U2 (013,
O14) are contributed by the tetrakismonodentate squa-
rate anion, the carbon ring of which is composed of
C3—C6. The uranyl dimers are bridged by the squarate
and oxalate anions to form sheets, as shown in Figure 4a.
One solvent water molecule (OW1) and one ammonium
cation (N1) occupy the interlayer region and are aligned
with intralayer void spaces. Selected bond distances and
angles appear in Table 3.

The crystal structure of 4 is very similar to that of 3; it is
likewise composed of point-sharing uranyl dimers which
are bridged through squarate and oxalate anions to form
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Figure 4. (a) A view down [100] shows the topology of 3. Uranyl dimers
are coordinated by bridging squarate and oxalate anions. Solvent water
(red) and ammonium cations (blue) occupy void space between sheets. A
uranyl dimer has been outlined in bold to facilitate discussion of cation
orientation. (b) The local coordination geometry of 3, represented here as
a 50% probability thermal ellipsoid plot, shows two unique metal centers
coordinated to squarate and oxalate anions. Hydrogen atoms and solvent
water molecules and ammonium cations have been omitted for clarity.
Symmetry transformations:i = x, y, z + 1;iii = —x+3/2, y 4+ 1/2, =z +
7/2;1v = x,p,z — 1.
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Figure 5. (a) A view down [100] showing the topology of 4. Uranyl
dimers are coordinated by bridging squarate and oxalate anions. Solvent
water (red) and ammonium cations (blue) occupy void space between
sheets. A uranyl dimer has been outlined in bold to facilitate discussion of
cation orientation. (b) The local coordination geometry of 4, represented
here as a 50% probability thermal ellipsoid plot, shows two unique metal
centers coordinated to squarate and oxalate anions. Solvent water mole-
cules and ammonium cations have been omitted for clarity. Symmetry
transformations: i = —x, —y, —z;ii = —x, y + /2, —z;iii = x, y,z — 1;
v=ux—y+1/2:z

sheets (Figure 5a). Two crystallographically unique uranyl
cations (O10—U1-011; O20—U2—-021) each have two
equatorial oxygen atoms contributed by a squarate anion
(O13and O13"for U1, 023 and 023" for U2;ii = —x,y +
1/2) and two contributed by an oxalate anion (O14 and
014" for U1, 022" and 022" for U2;iii = x, y,z — 1;iv =
x, =y + 1/2, z). The remaining oxygen atom, O12, is a

Rowland and Cahill

%
e i
£33
s
Ry

Figure 6. Key for local structures shown in Figures 7—9. References for
these structures may be found in Table 4.

Table 4. Previously Reported Crystal Structures Cited in This Work®

abbreviation reference CSD/ICSD building unit
Sql 12 BITLUL monomer
Sq2 5 761716" chain
Ox1 3 415700 tetramer
Ox2 23 UYOXAL monomer
Ox3 3 415698 dimer
Orgl 31,32 AMKCYB
Org2 33 773267"

“Unless otherwise noted, numeric codes are associated with the
Inorganic Crystal Structure Database (ICSD) and literal codes with
the Cambridge Structure Database (CSD). > CCDC deposition numbers
used for structures that have not yet been assigned CSD reference codes.

hydroxyl group that bridges U1 and U2 (Figure 5b). The
squarate anion consists of C1 and C2, with the remainder
of the carbon ring generated by a mirror plane. The oxalate
anion likewise sits on a mirror plane, with C3 and its
symmetry equivalent forming the carbon component. The
sheet that results from this coordination is shown in
Figure Sa. It differs from that of 3 in the orientation of
the uranyl cations. In both Figures 4a and 5a, two pairs of
uranyl dimers have been outlined in bold. The uranyl
cations of 3 alternately lean toward and away from each
other, whereas those in 4 consistently lean toward each
other. One water molecule (OW1) and one ammonium
cation (N1) solvate the asymmetric unit. Important bond
angles and distances are summarized in Table 3.

Powder X-Ray Diffraction. PXRD was used to identify
the phases present in each synthesis and thus develop a
more complete picture of the products under any given set
of reaction conditions. The local structure of each identi-
fied species in the synthetic system is shown as a poly-
hedral representation in Figure 6, and references for
previously reported structures may be found in Table 4.
Reaction products in 1:1 and 1:2 metal to ligand ratio
reactions are shown at appropriate temperature and pH
ranges in Figures 7 and 8, respectively. Figure 9 shows
products that form at 150 °C as a function of the pH and
time. These data are additionally presented as powder
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Figure 7. Polyhedral representation of the local structure of products from 1:1 metal to ligand ratio reactions over 3 days. Species are presented as a
function of the temperature and initial pH. Refer to Figure 6 for a key to the local structures.
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Figure 8. Polyhedral representation of the local structure of products from 1:2 metal to ligand ratio reactions over 3 days. Species are presented as a
function of the temperature and initial pH. Refer to Figure 6 for a key to the local structures.

X-ray diffraction patterns in the Supporting Information
(S12-9).

Discussion

Hydrolysis of the uranyl cation results in the formation of
oligomers in solution. We have previously demonstrated that
this hydrolysis translates into the solid state under ambient

(31) Peters, K.; Peters, E. M.; Schnering, H. G. v. Acta Crystallogr., Sect.
A 1978, 34, S101.

conditions in the form of oligomeric building units in uranyl
squarates synthesized at relatively higher pH, while lower pH
levels result in the formation of monomeric uranyl
squarates.” Under hydrothermal conditions, however, hy-
drolysis has not been studied as thoroughly. Although we
expect the hydrolysis equilibrium (eq 1) to continue to hold

(32) Georgopoulos, S. L.; Diniz, R.; Rodrigues, B. L.; Yoshida, M. L.;
de Oliveira, L. F. C. J. Mol. Struct. 2005, 753, 147-153.

(33) Rowland, C. E.; Cahill, C. L. Private communication to the
Cambridge Structural Database, deposition number CCDC 773276, 2010.
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Figure 9. Polyhedral representation of the local structure of products from 1:1 metal to ligand ratio reactions at 150 °C. Species are presented as a function

of the time and initial pH. Refer to Figure 6 for a key to the local structures.

true and thus anticipate oligomerization with increasing
pH, previous studies of solutions indicate that monomeric
hydroxide species are more prevalent than under ambient
conditions.®® The influence of temperature and pressure on
uranyl hydrolysis is in fact quite complex. More species are
observed in hydrothermal systems than under ambient con-
ditions, and while monomeric species do displace some
oligomeric species, they by no means dominate the solution.
Under ambient conditions, monomers are most prevalent
until approximately pH 5, and trimers dominate at higher
pH.® At 100 °C, new monomeric species appear that displace
some of the trimers both below pH 5 and above pH 6, but the
oligomeric species continues to be the most prevalent in
between.®

The manifestation of hydrolysis in solid state reaction
products is visible in the crystal chemistry, in particular in
the form of the uranyl building unit in the structure. In the
squarate system under ambient conditions, oligomeric spe-
cies first appear in the form of a trimer at £H 5.5, with a
uranyl monomer persisting through pH 7. Although we
observe much greater structural diversity under hydrother-
mal conditions, a comparable trend holds true: oligomers
first appear around pH 6, and monomers disappear by pH 7
(Figures 6 and 7). Looking specifically at the reaction series in
which we use a 1:2 metal to ligand ratio (Figure 7), we note
that Sql and Ox2 (monomers) dominate the species formed
atlow pH. As temperature increases, Sql persists to progres-
sively higher pH, first disappearing at pH 4.5 at 90 °C
but lasting through pH 7 by 150 °C. The re-emergence of
a monomer (1) from pH 7—8 at 120 °C is consistent with
the presence of a monomer in solution at higher pH with
increasing temperature.® The oligomeric species, including 3,
4, Ox1, and Sq2, are generally observed at higher pH (above
6 for 90 °C, above 4 for 150 °C). It is also interesting—
and perhaps not surprising—to note that at the highest

temperature we explored, we observe increased decomposi-
tion of squaric acid to form oxalate products (Ox1, Ox2, 3,
and 4) as compared to the lower temperature range.

In a 1:1 metal to ligand ratio (Figure 6), we also observe
monomeric species that persist to pH 5, although here we do
not see the increased range with increasing temperature that
is evident in the 1:2 molar ratio. At pH > 6, the monomeric
species have disappeared and oligomers (2, 3, 4, Sq2) appear.
In contrast to this trend of oligomerization with increasing
pH, however, a tetrameric oxalate species (Ox1) occurs from
pH 1-5 over the full range of the temperatures that we
explored. Although this species may be considered something
of an anomaly in terms of uranyl hydrolysis, for reasons
discussed below, we suggest that it may be a manifestation of
a dynamic solution chemistry.

The appearance of both the squarate—oxalates, which we
report here (3 and 4), and the previously reported oxalates
(Ox1 and Ox2), though not intuitive, is unsurprising given
previous reports of oxalate formation under hydrothermal
conditions, where it has been observed from a variety of
ligands,'>!"** including squaric acid.'® ?° Although hydro-
lysis of squaric acid to yield oxalic acid is reasonably
straightforward, the introduction of this second species in
the reaction is a significant complicating factor. First, hydro-
lysis of squaric acid liberates two equivalents of oxalic acid,
thereby changing the overall metal to ligand ratio in the re-
action vessel over time. Additionally, the affinities of squaric
and oxalic acids for the uranyl cation are not necessarily iden-
tical. Thus, we must consider not only the generation of the
second ligand but also the coordination preferences of both
species, a difference in which could result in one ligand being
“consumed” more readily than the other. Under ambient

(34) Ziegelgruber, K. L.; Knope, K. E.; Frisch, M.; Cahill, C. L. J. Solid
State Chem. 2008, 181, 373-381.
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conditions, we reported a certain metal to ligand ratio at the
outset of a reaction and assumed that both UO,*" and
squaric acid were consumed in tandem or that one disap-
peared at some fraction of the rate of the other (depending on
the initial metal to ligand ratio and on the ratio in the
product). With the generation of oxalate anions in situ,
however, this is no longer the case. Hydrolysis and coordina-
tion behavior instead introduce a dynamic metal to ligand
ratio that make it quite difficult to comment on metal hydro-
lysis to the exclusion of other factors contributing to product
formation. As stated previously, we observe a general trend
of monomeric species at lower pH, followed by the evolution
of oligomeric species at higher pH, but the tetramer in Ox1
contradicts that trend over large pH and temperature ranges.
Given the variety of factors contributing to the assembly of
these materials, we believe that this anomaly may be driven
by chemical forces other than hydrolysis. It is also interesting
to note that we observe crystallization of unreacted squaric
acid at low temperature and high pH in both 1:1 and 2:1
metal to ligand ratio systems. This appearance of crystalline
squaric acid occurs in conjunction with uranyl oxalates and
may perhaps be explained by an excess of ligand that results
from the liberation of two equivalents of oxalic acid from
every equivalent of squaric acid.

In addition to complicating the chemistry, the presence
of oxalate in the products introduces a binding mode not
observed previously in uranyl squarates. Although squarate
anions have been known to chelate (coordinate in bidentate
fashion), this coordination behavior has not been observed in
uranyl chemistry. In contrast, oxalate anions chelate com-
monly, and this coordination mode is seen in both the
squarate—oxalates (3 and 4) and oxalates (Ox1 and Ox2)
that we observe. In order to determine whether chelation of a
squarate anion to a uranyl pentagonal bipyramid was likely,
we performed a search of the Cambridge Structural Database
for squarate- and oxalate-containing compounds.**® Only
uranyl oxalates were included in the search, but the limited
number of uranyl squarates required a broader search, so all
d- and f-block metals coordinated in monodentate or biden-
tate squarate anions were included. Distance and angle
parameters for the squarate and oxalate anions were defined
as shown in Figure 10.*

The mean distance, d, for a monodentate squarate anion
was 3.23 A, for a bidentate squarate anion was 3.02 A, and
for an oxalate anion was 2.62 A, values which correspond
closely to the those that we observe in 1—4 (Table 3). We
additionally established the distance between equatorial
oxygen atoms on a uranyl pentagonal bipyramid (mean =
2.70 A).* Only one of the search results shows a pentagonal
bipyramid with a distance between adjacent oxygen atoms of
greater than 3.1 A. Thus while oxalate, with an interoxygen
distance of 2.6 A, fits easily into the typical interoxygen range
for a uranyl pentagonal bipyramid and renders chelation a

(35) Allen, F. H. Acta Crystallogr., Sect. B 2002, 58, 380-389.

(36) Cambridge Structural Database, 1.12; CCDC: Cambridge, U.K., 2010.

(37) Squarate search was performed by specifying monodentate (1) or
bidentate (2) coordination to any d- or f-block metal. Oxalate search was
performed by specifying bidentate coordination to uranium (3). (1) 232 hits.
Mean abc = 134.5°. Meand = 3.23 A. (2) 8 hits. Mean abc = 126.8°. Mean
d = 3.02 A. (3) 78 hits. Mean abc = 115.6°. Mean d = 2.62 A.

(38) Search results for uranyl pentagonal bipyramids were manually
screened for uranyl peroxides, which were excluded. From 216 hits, the
mean distance interoxygen was 2.70 A, minimum distance was 2.13 A,
maximum distance was 3.37 A.
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Figure 10. Distance and angle parameters defined as distance ¢ and
Zabc, respectively, used in a search of the CSD performed for squarate
and oxalate anions.

favorable coordination behavior, squarate, with a 3 A dis-
tance, is too large to chelate readily to the uranyl cation.
Chelation to a square bipyramid, which would possess
slightly longer interoxygen distances, would be feasible, but
this coordination geometry is less common for the uranyl
cation and has not been observed anywhere in this synthetic
system. Thus, the introduction of oxalate to this system
permits a binding mode (i.e., chelation) that is not accessible
in an exclusively squarate system.

The importance of a different binding mode can be considered
in terms of product assembly, which we have stated is influenced
by metal ion hydrolysis and organic coordination and geometry.
The inorganic and organic species can be thought of as puzzle
pieces that are only permitted to coordinate within geometric
feasibility. As we have shown above, for example, a squarate
anion is unlikely to chelate to a uranyl pentagonal bipyramid.
Although the organic “piece” has only one shape, the inorganic
component changes as a function of hydrolysis and oligomer-
ization, which are responsible for the variety of building units
that exist in solution under any given set of conditions. It is
therefore reasonable to suppose that a ligand will coordinate to
certain secondary building units more easily than to others
simply by virtue of geometry. Once the building units have been
pulled from solution upon crystallization, reestablishment of
equilibrium would require that these be replenished.

Uranyl squarates have thus far consisted of monomers
(1and Sq1), trimers,” and chains (2 and Sq2). We know from
previous studies, however, that other species exist in solution,
including dimers, yet we do not observe dimeric uranyl
squarates. Both squarate—oxalate structures (3 and 4), on
the other hand, are composed of uranyl dimers. Perhaps the
selection of dimers relies on the presence of oxalate. For
example, a point-sharing dimer of pentagonal bipyramids is a
linear species, which can easily be assembled into chains
through the bisbidentate coordination that the oxalate an-
ions exhibit, as in Figures 4 and 5. The addition of this third
“puzzle piece” (i.e., oxalate anions) may facilitate the selec-
tion of dimers from solution.

Last, we also investigated the formation of uranyl oxalates
by exploring a small set of reaction conditions as a function
of time. Because in situ reactions likely do not occur instant-
aneously, we expected to see increasing levels of oxalate in
our products over time. We instead observe a fairly steady
level of oxalate products, as shown in Figure 8. The pH
range over which the squarate anion remains intact in the
formation of Sql and mixed squarate—oxalates also re-
mains consistent as a function of the time (pH ~3—7).
Moreover, inspection of powder X-ray diffraction patterns
shows little change in the level of squarates relative to
oxalates (Supporting Information, SI 7—9). We can there-
fore say that oxalate formation occurs early in the reaction
sequence, as hydrolysis of the squarate ion appears to have
leveled off by the end of the first day.
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Conclusion

We have investigated the role of pH and temperature on ex
situ expression of uranyl hydrolysis through the synthesis and
crystallographic characterization of two new uranyl squa-
rates (1 and 2) and two uranyl squarate—oxalates (3 and 4).
We report a general trend of oligomerization with increasing
pH, although we do note an important inconsistency in this
trend with the formation of a tetrameric oxalate species at
low pH. We do not observe any strong trend with increasing
temperature. In addition to metal hydrolysis, we note the role
of hydrolysis of squaric acid to oxalic acid in the assembly of
3, 4, and several previously reported uranyl oxalates.
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