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ABSTRACT: Three uranium(VI)-bearing materials were synthesized hydro-
thermally using the organic ligand 4,4′-biphenyldicarboxylic acid: (UO2)(C14O4H8)
(1); [(UO2)2(C14O4H8)2(OH)]·(NH4)(H2O) (2); (UO2)2(C14O4H8)(OH)2 (3).
Compound 1 was formed after 1 day at 180 °C in an acidic environment (pHi =
4.03), and compounds 2 and 3 coformed after 3 days under basic conditions (pHi =
7.95). Coformation of all three compounds was observed at higher pHi (9.00). Ex
situ Raman spectra of single crystals of 1−3 were collected and analyzed for
signature peaks. In situ hydrothermal Raman data were also obtained and compared
to the ex situ Raman spectra of the title compounds in an effort to acquire formation
mechanism details. At pHi = 4.00, the formation of 1 was suggested by in situ
Raman spectra. At an increased pHi (7.90), the in situ data implied the formation of
compounds 1 and 3. The most basic conditions (pHi = 9.00) yielded a complex
mixture of phases consistent with that of increased uranyl hydrolysis.

■ INTRODUCTION

Inorganic−organic hybrid materials, specifically coordination
polymers, enjoy vast structural diversity because of the nearly
limitless combinations of metals and organic ligands. Uranyl
carboxylates are exemplary in this regard considering variation
of the primary and secondary building units of uranium(VI)
and thus provide a platform for a wide range of
architectures.1−9 These uranium-containing materials consist
of uranyl metal centers linked through multitopic ligands to
form extended topologies. This approach is typically employed
by the more common d-block metal−organic framework
materials (e.g., MOFs), which demonstrate an array of potential
applications.10−13 Actinide hybrid materials are admittedly
more limited in their applications, yet understanding the
fundamental actinide chemistry and relevance to the nuclear
fuel cycle remains significant areas of inquiry, and hydrothermal
syntheses thereof provide a forum for study in this area.
Uranium(VI)-bearing materials are typically constructed

from the triatomic uranyl cation: a linear moiety composed
of a central uranium atom capped with axial, terminal oxygen
atoms.14 In turn, the equatorial plane of [UO2]

2+ contains
accessible coordination sites, which give rise to three distinct
primary building units of [UO2]

2+: square, pentagonal, and
hexagonal bipyramids.14 Monomeric primary building units
often oligomerize via hydrolysis to form secondary building
units such as dimers, tetramers, chains, etc.9,15,16 Coordination
at the equatorial plane tends to promote, although not

exclusively, one- and two-dimensional topologies observed in
a majority of uranium(VI)-bearing hybrid compounds.8

Another interesting feature of uranyl hybrid materials is
centered on the bonding of uranyl metal centers. Although the
axial oxygen atoms of the uranyl cation are largely terminal,
they have been observed as participants in cation−cation
interactions (CCIs) with secondary metals, including other
uranium(VI) centers.17−20 In this scenario, the axial oxygen
atom of one uranyl metal center is further coordinated to the
equatorial position of a neighboring uranyl metal center. CCIs
are more commonly displayed by the neptunyl cation,
[NpO2]

+, and a wide catalog of neptunium-containing CCIs
has been reported. As such, a classification scheme of observed
configurations of CCIs has been developed.21,22 Recent studies
of uranium(V), which is unstable in an aqueous solution
because of disproportionation, have shown that CCIs are fairly
common features for this oxidation state.23

An explanation of the occurrence of a uranium(VI)−
uranium(VI) CCIs remains undeveloped, largely because of
the fact that these interactions occur somewhat serendipitously,
as does the one presented in this paper. Current research
suggests the OUO bond can be weakened by either the
coordination of electron-donating organic ligands or a basic
coordination environment.24−26 Solution-state chemistry has
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contributed to the understanding of CCIs in terms of their
occurrence, formation mechanisms, and stability considera-
tions.20,27,28 Uranium(VI) CCIs are particularly intriguing
because they are a departure from the traditional uranium(VI)
equatorial binding configurations and may allow for the
promotion of novel topologies.
The compounds described herein (and indeed the majority

of uranyl coordination polymer materials) have been
synthesized solvo(hydro)thermally and generally rely on ex
situ methods, such as single-crystal X-ray diffraction, IR
spectroscopy, and powder X-ray diffraction (PXRD), to
accurately identify phases in bulk reaction products. Ex situ
investigations on end products have allowed for systematic
exploration of, for example, uranyl hydrolysis, as presented
previously by our group.15,29 End products may be significant in
elucidating some formation details, yet a comprehensive
understanding of reaction mechanisms is often lacking because
of the inherent experimental challenges associated with probing
hydrothermal syntheses. An in situ Raman investigation of
hydrothermal systems, however, could prove beneficial in this
regard. The coupling of ex and in situ Raman techniques could
provide additional insight into the dynamic solution environ-
ment and formation mechanism details of hydrothermal uranyl
systems when one considers the extensive literature surround-
ing both solid-state and solution-phase studies.30−37

In this contribution, we present the syntheses, crystal
structures, fluorescence, and Raman spectroscopy of three
uranium(VI) materials containing 4,4′-biphenyldicarboxyic acid
(4 ,4 ′ -BpDC; F igu re 1) : (UO2)(C1 4O4H8) (1) ;

[ ( UO 2 ) 2 ( C 1 4O 4H 8 ) 2 (OH ) ] · (NH 4 ) (H 2O ) ( 2 ) ;
(UO2)2(C14O4H8)(OH)2 (3). It should be noted that 1 has
been reported previously,38 whereas 2 and 3 represent two new
uranyl coordination polymers. Additionally, these compounds
provide the opportunity to explore the spectroscopic Raman
signatures of the uranyl cation and the influence of a
uranium(VI) CCI. In this work, ex situ Raman spectra of the
title uranyl-4,4′-BpDC materials were collected and used as a
baseline to monitor the formation of 1−3 via hydrothermal in
situ Raman spectroscopy. Moreover, with the introduction of a
uranium(VI) CCI, we hope to contribute toward expanding the
dialogue of actinide CCIs as a reproducible structural motif, as
well as the spectroscopic signatures thereof.

■ EXPERIMENTAL CONDITIONS
Synthesis. Caution! While the uranyl nitrate hexahydrate,

UO2(NO3)2·6H2O, used in these experiments contained depleted uranium,
standard precautions for handling radioactive and toxic materials should
be followed.
All starting reagents in these syntheses are commercially available

and used without any further purification. Compounds 1−3 were
synthesized hydrothermally by preparing reaction mixtures of uranyl
nitrate hexahydrate, 4,4′-BpDC, concentrated ammonium hydroxide,
and distilled water (Table 1). The reactants were placed in a 23 mL
Teflon-lined Parr reaction vessel and heated statically at 180 °C for 1
or 3 days. The reaction vessels were allowed to cool to room
temperature over a period of 4 h, after which the mother liquor was
decanted. The resulting crystals were washed with ethanol and distilled
water and left to air-dry at room temperature. Compounds 2 and 3

coformed in the same reaction product in a ratio of 75:25, respectively
(visual inspection). Despite attempts to achieve phase purity via
modification of the synthetic conditions [see Table 1 in the
Supporting Information (SI)], those reported in Table 1 remain the
most reliable hydrothermal routes to producing both 2 and 3 in
respectable yields and as quality single crystals. Moreover, Table 1 in
the SI provides additional synthetic conditions that also yielded
compounds 1−3, as identified by PXRD.

Characterization. Single-Crystal X-ray Structure Determination.
Single crystals from each of the bulk reaction products were isolated
and mounted on MicroMount needle (MiTeGen). Reflections were
collected from 0.5° φ and ω scans at 100 K on a Bruker SMART
diffractometer equipped with an APEX II CCD detector and a Mo Kα
source. The data were integrated with the APEX II software suite39 and
corrected for absorption using SADABS.40 The structures of
compounds 2 and 3 were solved using direct methods and refined
using SHELX-9741 within the WinGX42 software suite. Selected
crystallographic data are provided in Table 2. All non-hydrogen atoms

were located in difference Fourier maps and ultimately refined
anisotropically. Hydrogen atoms residing on parent carbon atoms of
4,4′-BpDC were placed in calculated positions for 2 and 3. The
hydrogen atoms on solvent water molecules and ammonium cations in
2 were located in the difference Fourier map but could not be
successfully modeled or refined. The positional disorder of 4,4′-BpDC
in 2 was modeled appropriately. Bound hydroxyl groups on uranyl
centers in 2 and 3 were identified using bond-valence summations
(Tables 2 and 3 in the SI).

Figure 1. Structure of 4,4′-BpDC.

Table 1. Synthetic Conditions for 1−3

1 2 3

UO2(NO3)2·6H2O 0.103 g 0.100 g 0.100 g
4,4′-BpDC 0.097 g 0.096 g 0.096 g
NH4OH 30 μL 60 μL 60 μL
H2O 1.532 g 1.584 g 1.584 g
pHi/pHf 4.03/4.60 7.95/7.60 7.95/7.60
molar ratio 1:2:4.72:427 1:2:9.44:441 1:2:9.44:441
time (days) 1 3 3
crystal description yellow plates light-yellow

hexagonal
plates

dark-yellow
hexagonal
plates

Table 2. Crystallographic Data and Structure Refinement for
2 and 3

2 3

empirical formula C28H16NO14U2 C14H8O10U2

fw 1066.48 826.27
temperature (K) 100 100
cryst syst monoclinic monoclinic
space group C2/c P21/c
a (Å) 31.061(9) 16.6217(6)
b (Å) 15.409(4) 10.2529(3)
c (Å) 13.956(4) 10.4232(3)
α (deg) 90 90
β (deg) 115.612(4) 101.1000(10)
γ (deg) 90 90
V (Å3) 6024(3) 1743.10(10)
Z 2 4
Dcalc (g cm−3) 2.352 3.149
μ (mm−1) 10.813 18.613
Rint 0.0739 0.0684
R1a [I > 2σ(I)] 0.0363 0.0323
wR2a 0.0828 0.0754

aR1 = ∑||Fo| = |Fc||/∑|Fo|; wR2 = {∑w(Fo
2 − Fc

2)2/∑w(Fo
2)2}1/2.
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PXRD. PXRD data of bulk reaction products were collected using a
Rigaku Miniflex (Cu Kα, 2θ = 3−60°) and manipulated using the
JADE software package.43 The PXRD data of the ex situ hydrothermal
syntheses are provided in Figures 1−3 in the SI. At an acidic pH
(4.03), compound 1 and a uranyl oxide hydrate (PDF 16-0207) are
the only discernible phases within the bulk reaction product, while at
more basic pH ranges (7.95 and 9.00), however, the PXRD data
display a mixture of compounds 1−3 highlighting the complexity of
end products as a consequence of uranyl hydrolysis.
Single-Crystal Fluorescence. Fluorescence data were acquired on

all compounds from single crystals using a Craic Technologies UV−
vis−near-IR microspectrophotometer with a fluorescence attachment.
Excitation was achieved using 365 nm light from a mercury lamp.
Emission spectra for compounds 1−3 are provided in Figure 7 in the
SI.

■ RESULTS
Structural Description. Compound 1, (UO2)(C14O4H8),

was reported previously,38 yet for context, a brief description
follows. The structure is composed of one crystallographically
unique uranyl metal center adopting square-bipyramidal
geometry, as seen in Figure 2. These square bipyramids are

then linked via bridging bidentate 4,4′-BpDC linkers to form
two-dimensional sheets. The axial and equatorial bond
distances of 1 are representative of typical of uranium(VI)-
bearing materials and are provided in Table 3. Figure 2 also
highlights the rotational ability of the 4,4′-BpDC ligand, as
evidenced by a torsion angle of 26.35° between carbon atoms
C4, C5, C5′, and C4″. The extended sheet topology of 1 can be
seen in Figure 3.
T h e c r y s t a l s t r u c t u r e o f 2 ,

[(UO2)2(C14O4H8)2(OH)]·(NH4)(H2O), also displays a two-

dimensional topology, yet uranium metal centers are in a
pentagonal-bipyramidal geometry and exist as point-shared
dimers. Figure 4 highlights the local structure of 2: two point-

sharing, crystallographically independent uranyl cations, U1 and
U2, coordinated in a bridging bidentate manner to 4,4′-BpDC
through carboxylate oxygen atoms O7 and O13. Selected axial
and equatorial U−O bonds are compiled in Table 3. Bond-
valence summations for 2 (Table 3 in the SI) indicate a
hydroxide ion at O6.44,45 The anionic sheets form pseudo-
channels when stacked (Figure 5) in which water and
ammonium molecules reside, the latter of which provides
charge balance.

Figure 2. Ball-and-stick representation of 1. The yellow spheres
represent uranium metal centers, red spheres represent oxygen atoms,
and black spheres represent carbon atoms.

Table 3. Selected Bond Lengths (Å) of 2 and 3

2 3

U1−O1 1.769(4) U1−O1 1.820(4)
U1−O2 1.769(4) U1−O2 1.785(4)
U1−O3 2.296(4) U1−O3 2.390(4)
U1−O4 2.472(4) U1−O4 2.237(4)
U1−O5 2.463(4) U1−O5 2.340(4)
U1−O6 2.349(4) U1−O6 2.458(4)
U1−O7 2.349(4) U1−O7 2.326(4)
U2−O8 1.775(4) U2−O8 1.782(4)
U2−O9 1.776(4) U2−O9 1.794(4)
U2−O6 2.306(4) U2−O3 2.333(5)
U2−O10 2.320(4) U2−O4 2.262(4)
U2−O11 2.360(4) U2−O10 2.455(4)
U2−O12 2.471(4) U2−O11 2.360(4)
U2−O13 2.320(4) U2−O1 2.480(4)

Figure 3. Polyhedral representation of a single sheet within 1. Yellow
polyhedra represent uranium metal centers, and black lines represent
C−C bonds.

Figure 4. Ball-and-stick representation of the local structure of 2.

Figure 5. Polyhedral representation of the two-dimensional sheets of
2. Interlayer ammonium and water molecules were omitted for clarity.
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Compound 3, (UO2)2(C14O4H8)(OH)2, is also composed of
point-sharing uranyl pentagonal bipyramids. Similar to 2,
neighboring uranyl cations are bound via bridging bidentate
carboxylate groups of 4,4′-BpDC, as seen in Figure 6. The bond
valence confirms O4 and O5 as hydroxides within compound 3.

U1 and U2 are two crystallographically unique metal centers,
which are point-sharing and edge-sharing, as illustrated in
Figure 7. An overall three-dimensional architecture is

propagated through the coordination of 4,4′-BpDC and
oligomerized uranium atoms. The ball-and-stick model of 3
(Figure 7) highlights the CCI between U1 and U2. Oxygen
atom O1 caps one end of OU1O and is also one of five
equatorial oxygen atoms coordinated to U2. As a consequence
of the CCI, the U1−O1 axial bond is elongated to a distance of
1.820(4) Å compared to the U1−O2 axial length [1.785(4) Å].
Similarly, the equatorial U2−O1 bond length is longer
[2.480(4) Å] than its neighboring equatorial bonds in 3
(Table 3).

■ DISCUSSION
Structural Description. Three uranyl-4,4′-BpDC materials

were synthesized by modifying the pH and time, allowing us to
monitor the influence of uranyl hydrolysis on product
formation. Variation of the synthetic conditions exposed a
complex system of reaction products, especially at higher pH
values, as seen in Table 1 in the SI. These compounds provided
a basis for comparing and contrasting structural topologies as
well as spectroscopic attributes.

The landscape of reported uranium hybrid materials is
indeed dominated by two-dimensional structures, as is the case
of 1. The structure of this material (Figure 3) displays bidentate
coordination of 4,4′-BpDC to monomeric units of square-
bipyramidal uranium atoms, which form two-dimensional
sheets. Similar to 1, compound 2 is also composed of sheets,
yet dimers of point-shared pentagonal bipyramids replace the
monomeric square-bipyramidal geometry of [UO2]

2+ observed
in 1 (Figure 4). As shown in Table 1, 2 was synthesized in a
basic environment (pHi = 7.95), increasing the likelihood of
promoting polynuclear secondary building units.
Compounds 2 and 3 coform in the same bulk reaction

product, yet their pentagonal bipyramids display two different
forms of oligomerization: point- and edge-sharing. Because
syntheses of these compounds occurred at a higher pH (7.95),
this result is consistent with the premise of uranyl hydrolysis.
Perhaps most intriguing, however, is the presence of a CCI
observed in 3, as shown in Figure 7.
In the most general terms, a CCI can be defined as the direct

coordination between two distinct metal centers. Compound 3
contains a uranyl−uranyl CCI, as illustrated in Figure 7, where
oxygen atom O1 is axial to U1, while simultaneously
participating in an equatorial U−O bond with U2. Actinyl−
actinyl CCIs are more commonly observed between neptunyl
cations, [NpO2]

+, and have been examined thoroughly by Krot
and Grigoriev,21 who developed a detailed classification system
of CCI geometries. Of the eight types of CCIs they have
delineated, compound 3 is denoted as having “type a”
interactions.21

Solution-state chemistry has provided the earliest example of
an actinide CCI, as well as the origin of the CCI designation.20

Since then, complexes in both the solution and solid state have
peppered the literature and mainly focus on CCIs of [AnO2]

+

compounds.27,28,46−48 This growing catalog has provided a
basis for spectroscopic studies and a further developed
rationalization of the occurrence of CCIs in [AnO2]

+-
containing materials.27,28 Recently, Loiseau et al. and zur
Loye et al. have published results contributing to the catalog of
uranium(VI)−uranium(VI) CCI materials.17,48,49 The presence
of uranium(VI) CCIs in the literature has been sporadic,
arguably because of gaps in our understanding of the formation
requirements for solid-state compounds. This challenge can be
addressed by developing a synthetic method for promoting the
production of uranium(VI) CCIs as a desired topological
feature. At present, careful structural analysis of CCI
occurrences may contribute to this effort.

Raman Studies. Single-Crystal ex Situ Raman Spectros-
copy. Raman spectra were collected from randomly oriented
single crystals using a Renishaw inVia Raman microscope
employing a 785 nm excitation source (circularly polarized)
and 1200 mm−1 grating. The crystals were placed on a standard
microscope slide containing a concave well and covered with a
standard glass coverslip. Each spectrum represents the average
of 100 1-s exposures. Energy calibrations were performed using
the Raman scattering line of an internal silicon reference.
Figure 8 displays the vibrational modes of the [UO2]

2+ cation
of interest in this study: a Raman-allowed (IR-forbidden)
symmetric stretch (ν1) and an IR-allowed (Raman-forbidden)
asymmetric stretch (ν3). In the complexes reported here,
molecule site group analysis of the uranyl ions demonstrates
that the symmetric and asymmetric vibrational modes of the
uranyl unit are relaxed, a consequence of the reduced symmetry
of these ions in the solid state.

Figure 6. Ball-and-stick representation of the local structure of 3.

Figure 7. Ball-and-stick representation of the CCI in 3.
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The reduced site symmetry of U1 in 1 (C2) results in the
relaxation of the selection rules, making the symmetric and
asymmetric modes both Raman- and IR-active. The symmetric
stretch (ν1) is represented in the Raman spectrum at 848 cm−1

and its corresponding IR stretch (ν3) at 932 cm−1. The sharp
band in the IR spectrum imposed on the ν1 mode in the Raman
spectrum is assigned to the bending modes of the aromatic C−
H′s of 4,4′-BpDC and not the ν3 mode of uranyl, which would
be expected to be much weaker in intensity despite relaxation
of the selection rules. Two minor Raman peaks in compound 1
(∼750 and 800 cm−1) are also assigned to the vibrational ligand
modes (Figure 9a). It is important to note that peak intensities
can be influenced by single-crystal orientation during data
collection and may be the reason for more intense C−H peaks
in 2 and 3 (Figure 9b,c).
The Raman and IR spectra for 2 and 3 are more complex.

The Raman spectrum for 2 (Figure 9b) displays a strong peak
at 873 cm−1; however, this feature is tentatively assigned as the
symmetric stretch. Definitive assignments of the bands in this
spectrum are complicated by the significant interference from
vibrational modes attributable to the ligand. The split peaks
between 810 and 850 cm−1 in both Raman and IR spectra are
generated from the C−H bonds in the aromatic rings of 4,4′-
BpDC.

Compound 3 exhibits unique coordination environments of
U1 and U2, which produce two distinct peaks observed in the
Raman spectrum (Figure 9c) as well as peaks in the IR
spectrum. This oligomer is also of particular interest from a
spectroscopic perspective considering the presence of a
uranium(VI) CCI. The increased UO bond length of U1
increasing the asymmetry in the UO bond may correspond
to the lower frequency peak at 829 cm−1. The symmetric UO
bonds in U2 have a corresponding Raman peak at 855 cm−1,
whereas the peaks lower than 800 cm−1 are characteristic of the
C−H bonds from 4,4′-BpDC. This relationship between
decreasing UO symmetry and Raman frequency has recently
been explored by Loiseau et al.49 These authors have observed
that an elongated axial UO bond distance due to a
uranium(VI) CCI, when compared to other axial UO
bond distances of the neighboring uranium metal centers,
generated a Raman peak with a decreased frequency of 810
cm−1. The peak assignments for single crystals of compounds
1−3 are consistent with those in previous uranyl Raman
investigations.50−52 In addition, assignments from crystallo-
graphic parameters using the Bartlett equation were attemp-
ted.53 This approach yielded mixed results yet may be found in
the SI.

In Situ Raman Spectroscopy. The synthesis results of our
uranyl(VI)-4,4′-BpDC system presented a complex scheme of
reaction products, as indicated by Table 1 in the SI. Specific
combinations of pH and time yielded single crystals of the title
compounds, yet the complexity of the coformation of 1−3,
especially between pH values of 5 and 11, inhibits ex situ
investigations regarding formation mechanisms. Also, the
nature of hydrothermal syntheses (e.g., steel reaction vessels)
precludes a comprehensive investigation of other phases
forming during the reactions. To explore this hydrothermal
environment, we employed in situ Raman spectroscopy to
observe the dynamic aqueous environment and acquire a
greater understanding of the formation of compounds 1−3. By
combining the results of ex and in situ Raman data, we can
ideally monitor the mechanism and speciation of uranium solid-
state products in the reaction solution. As such, ex situ Raman
data were collected on single crystals of the title compounds

Figure 8. Ball-and-stick representation of the uranyl cation, [UO2]
2+.

The vibrational frequencies ν1 and ν3 are [UO2]
2+ symmetric and

antisymmetric stretches, respectively.

Figure 9. Raman and IR spectra of (a) 1, (b) 2, and (c) 3. Black lines (bottom) represent Raman spectra, and red lines (top) represent IR spectra.
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and then compared to Raman data produced by the
hydrothermal in situ apparatus.
The setup of the in situ Raman spectroscopy experiment has

been described in detail earlier, yet Figure 10 provides a
schematic of the instrument.54

The Raman spectra were collected from solutions using a
Bruker Sentinel system linked via fiber optics to a video-assisted
Raman probe equipped with a 785 nm, 400 mW laser and a
high-sensitivity, TE-cooled, 1024 × 255 CCD array. The
spectra were collected for 60 s with 10 signal accumulations, in
the range from 80 to 3200 cm−1. The Parr vessel (100 mL) was
loaded with 1000 mg of UO2(NO3)2·6H2O and 960.0 mg of
4,4′-BpDC. The reaction mixture was created by adding 30 mL
of deionized water and agitating the vessel to get the solid
reagents into solution. The pH was adjusted to 4.00, 7.90, and
9.00 with concentrated NH4OH.
Each mixture at the corresponding pH was heated from

room temperature to 70 °C over 30 min, from 70 to 80 °C over
30 min, followed by soaking at 80 °C for 30 min, and heating to
90 °C over 30 min. This heating/holding pattern was
continued until the temperature reached 180 °C. After reaching
180 °C, the reactor was held at temperature for the required
number of days and was then cooled to 70 °C according to the
reverse of the protocol used for heating, at which point the
heating mantle was turned off. Spectra were recorded every
1800 s beginning with the heating program, and background
measurements were systematically recorded before each
spectrum.
pH = 4.00 Spectra. As shown in Figure 11, a signal

consistent with compound 1 (green) is observed in the in situ
Raman spectra (black lines). The signal of 1 (848 cm−1)
appears 7.5 h into the reaction process and stabilizes at 180 °C
as the remaining product in the reaction solution, which
indicates a monodisperse uranyl speciation profile consistent
with low-pH conditions.
Prior to the formation and stabilization of 1, however, are

broad features from 815 to 830 cm−1 as well as a peak located at
785 cm−1. These are likely the result of a range of hydrolysis
products present in solution prior to the emergence and
crystallization of 1. As the reaction progressed, these phases
were consumed within the reaction solution (around 4.5 h), as
indicated by the disappearance of their corresponding signals,
after which the appearance of the peak at 848 cm−1 was
observed. This is suggestive of the initial mixture of phases
ultimately developing into a single-component system. These
peak assignments are consistent with a previous Raman study of
uranyl hydrolysis products by Toth and Begun,55 wherein the

formation of three distinct monomeric, dimeric, and trimeric
uranyl complexes over a pH range at 1.3−4.02 was investigated.

pH = 7.90 Spectra. In situ studies at a higher pH range were
of key interest because of the coformation of compounds 2 and
3 (Table 1 in the SI) under these conditions. By utilizing a
similar pH value in our in situ Raman exploration, it was hoped
that we would acquire details of the formation mechanism(s) of
2 and 3. Parts a−c of Figure 12 show segments of in situ Raman
spectra collected over a period of 3 days covering three
different temperature regions at pHi = 7.90. Upon heating to
180 °C (day 1, Figure 12a), the in situ Raman spectra display
peaks between the range of 750−875 cm−1, with peaks at 750,
785, and 860 cm−1 representing unidentified, minor phases, yet
are likely consistent with those we have described for the pH =
4.00 studies. The peak around 848 cm−1 appears early in the
data collection and was identified as compound 1. As day 1
progressed, a signal at 825 cm−1 appeared in the spectra and
remained into day 2 when the reaction vessel was stabilized at
180 °C. This peak may be tentatively assigned to compound 3,
although the absence of a signal at 855 cm−1 adds uncertainty
to this identification (Figure 12b). That said, definitive
comparisons between in situ and ex situ data for these
compounds should be made with caution because it appears
that, as the number of unique uranyl sites in a structure
increases, our ability to explicitly identify phases diminishes.
Figure 12c displays the cooling stage from 180 °C to room

temperature of the reaction solution. Again, a peak at 848 cm−1

was present in the in situ spectra and corresponds to
compound 1. The spectra obtained at pHi = 7.90 suggest
that only compounds 1 and 3 could be identified and remain as
our best interpretation of the Raman data. The complexity of
the spectra, especially those collected during day 2, required a
closer examination in order to identify phases. Parts a−c of
Figure 8 in the SI display the spectra from day 2 overlaid with
the ex situ spectra of each of the title compounds. From this, we
concluded that the ex situ spectra of compound 3 (Figure 8b in
the SI) produced the best match to the in situ spectra of day 2
at pH = 7.90. At higher pH ranges, it is also important to
acknowledge decreasing “free” uranyl concentration within the
reaction solution because of the precipitation of oligomeric
phases, which may explain the disappearance of 3 throughout

Figure 10. Schematic of the hydrothermal in situ Raman apparatus.
Figure 11. Portion of the in situ Raman spectra obtained at 180 °C
after 1 day at pHi = 4.00. The ex situ Raman of 1 is represented by the
solid green line.
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day 2 and the distinct manifestation of a monomeric compound
(1) within the solution at the end of day 3.
pH = 9.00 Spectra. All three compounds had been observed

to form at this pH condition (Table 1 in the SI); therefore, it
was of interest to explore the formation order. If one considers

uranyl hydrolysis, as the pH increases, so does the variation and
complexity of uranyl species within a reaction solution.15,56

Thus, a diverse suite of uranyl species in both the solid state
and solution phase is present, making it difficult to deconvolve
in situ Raman spectra. Parts a−c of Figure 9 in the SI represent
the in situ Raman spectra collected over a period of 3 days. We
can conclude that the reaction solution presents a complicated
mixture of uranyl species, making it difficult to detect and
confirm the presence of compounds 1−3. We, therefore, offer
these data strictly for informational purposes and make no
attempt to extract formation mechanism details.
In general, one should comment on the signal shifts observed

within not only these in situ Raman data but also previously
reported solution-phase Raman studies.33,56−59 For compounds
1−3, a comparison of ex and in situ Raman spectra revealed
shifts between the observed peaks. At this point, it is still
difficult to specify the underlying cause for this occurrence, yet
previous studies indicate that the surrounding environment of
the uranyl cation is a key contributor.60,61 Nguyen-Trung et al.
investigated aqueous uranyl complexes under acidic and basic
conditions and demonstrated that an increase of coordinated
hydroxide ions consequently decreased the observed vibrational
frequency of the uranyl complex.60 One may therefore argue
that the variance between ex and in situ Raman signals stems
from the differences between static and well-defined uranyl
coordination within solid-state structures versus the dynamic
and complex coordination in the solution phase. Moreover,
disparities between ex and in situ generated Raman data may
also be addressed by differences in the experimental parameters.
The end products from hydrothermal (ex situ) data were
synthesized in a sealed Teflon liner, while the hydrothermal in
situ Raman studies used a glass liner. Additionally, the larger
volume of the in situ reaction (with less effective sealing)
required a proportional increase of all starting reagents, thus
affecting the internal pressure and potentially speciation. It is
also possible that aggregation of solid product on the sapphire
window (Figure 10) may occur and generate Raman spectra of
solid as well as solution phases. The design of the heating
mantle induces a convection current within the solution
reaction mixture, yet it is difficult to determine its influence
on product aggregation. Perhaps future modifications, which
include a built-in agitator, may limit the amount of
crystallization obscuring the sampling window, if, in fact,
present. While the results reported herein are indeed
informative and speak to the complexity of uranyl hydrolysis
under hydrothermal conditions,29 we caution against an
“overinterpretation” of the in situ spectra and thus offer these
observations in a more qualitative manner.

PXRD. End Products from ex Situ Syntheses. The PXRD
data of the bulk reaction mixture at pHi = 4.03 (Figure 1 in the
SI) indicate compound 1, uranium oxide hydrate (PDF 16-
0207), as well as unidentified phases as components of the bulk
reaction product. The originally reported synthesis of 1 did not
include any impurities,38 yet this can likely be attributed to the
differences in our synthetic conditions. Figure 2 in the SI
displays compounds 1−3 as end products of the bulk reaction
mixture at pHi = 7.95. Similarly, at pHi = 9.00, all three
compounds are present in the bulk sample (Figure 3 in the SI).

End Products from in Situ Raman Studies. Reaction
Mixture at pH = 4.00. Figure 4 in the SI indicates that
compound 1 and uranium oxide hydrate (PDF 16-0207) are
both present within the bulk reaction product from pH = 4.00
studies. This is consistent with the PXRD data of the

Figure 12. In situ Raman spectra at pH = 7.90 at (a) day 1 (heating
from room temperature to 180 °C; the solid green line represents the
ex situ Raman spectrum of 1); (b) day 2 (stabilization at 180 °C; the
solid red line represents the ex situ Raman spectrum of 3); (c) day 3
(cooling from 180 °C to room temperature; again, the solid green line
represents the ex situ Raman spectrum of 1).
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hydrothermal ex situ reaction. Compounds 1 and 2 are found
as end products of pH = 7.90 reaction studies (Figure 5 in the
SI). These PXRD data, however, do not indicate the presence
of 3 in the bulk product. As a minor phase, the absence of 3 is
not entirely unanticipated. Moreover, upon cooling of these in
situ reactions, compound 1 was identified as the sole phase in
the reaction mixture. Powder data of pH = 9.00 reactions reveal
the formation of compounds 1 and 2 (Figure 6 in the SI) as
well as an assortment of unidentified phases.

■ CONCLUSION

In a general sense, we have been able to promote monomeric
building unit evolution to dimeric secondary building units
under the influence of pH and time. A previously reported
uranyl-4,4′-BpDC material, in addition to two new uranium
compounds, was synthesized hydrothermally and presents a
range of structural topologies including the occurrence of a
uranium(VI) CCI. These compounds (1−3) exhibited typical
uranyl fluorescence and also generated characteristic Raman
signatures.
The ex situ Raman spectra revealed peaks unique to single

crystals of compounds 1−3 and, in turn, were used to monitor
the formation of the title compounds within a hydrothermal in
situ Raman investigation. The in situ Raman spectra at acidic
conditions (pHi = 4.00) were arguably the least complex and
suggested the formation of compound 1. At pHi = 7.90, the in
situ Raman spectra indicated the presence of compounds 1 and
3. The most basic pH environment (9.00) created complex
spectra from which none of the title compounds could be
accurately detected.
In addition to Raman spectroscopy, PXRD data were utilized

to identify components of the bulk reaction material. The
PXRD data collected from the hydrothermal syntheses for 1−3
(which yielded single crystals for ex situ Raman spectra)
displayed compounds 1−3 as end products of their
corresponding synthetic conditions. The PXRD data collected
from the end products of the in situ Raman reaction at pHi =
4.00 indicated the presence of compound 1 along with uranium
oxide hydrate. At a more basic pHi (7.90), the resulting powder
data suggested compounds 1 and 2 as components of the bulk
end product. Similarly, in the most basic environment (pHi =
9.00), the end products displayed both 1 and 2 along with a
variety of unidentified phases. The phases identified using
Raman spectroscopy and PXRD data contain disparities due to
differences in experimental parameters and indeed sampling
environments.
Hydrothermal in situ Raman spectroscopy has been used

previously in monitoring the formation of crystalline reaction
products,62−64 single-crystal phase transitions,65 and the
kinetics and mechanisms of organic species66,67 and character-
izing the surfaces of microporous materials.68 For our studies, it
is evident that hydrothermal in situ Raman spectroscopy is an
important analytical tool yet should be used in combination
with other methods such as ex situ Raman and PXRD. With the
addition of hydrothermal in situ Raman, we can probe further
into the fundamentals of hydrothermal uranium(VI) chemistry
in both the solid and solution states. Owing to the
discrepancies between ex and in situ Raman methods, a
cautious and informed interpretation of data should be stressed.
As such, this hydrothermal uranyl system may ultimately be a
candidate for in situ X-ray diffraction studies, an approach
proven to be useful under similar conditions.37,62,63,69,70
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