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Abstract. The molten flux synthesis of a uranium gallophosphate and a uranium gallate, 

Cs4[(UO2(GaP2O8)2] (1) and Cs2UO2Ga2O5 (2), and four uranium phosphates, 

[Rb2Rb3.93Cl0.93][(UO2)5(PO4)5] (3), Rb11[(UO2)8(PO4)9] (4), Rb7.6[(UO2)8O8.6F0.4(PO4)2] 

(5), and Rb6[(UO2)5O2(PO4)4] (6) is reported. A systematic exploration of the UF4-GaPO4-

ACl (A = Cs, Rb) phase space resulted in the synthesis of targeted Cs4[(UO2(GaP2O8)2] (1) 

and Cs2UO2Ga2O5 (2), which are gallium analogs to the previously reported aluminates, 

Cs4[(UO2(AlP2O8)2] and Cs2UO2Al2O5 (2). The exploration of this phase space 

simultaneously led to the synthesis and characterization of four new uranium phosphate 

phases. Rb2Rb3.93Cl0.93][(UO2)5(PO4)5] (3), a salt inclusion material, and 

Rb11[(UO2)8(PO4)9] (4) both of which have complex 3D, porous, framework structures, 

and Rb7.6[(UO2)8O8.6F0.4(PO4)2] (5) and Rb6[(UO2)5O2(PO4)4] (6) both of which are layered 

structures related to the U3O8 topology. Fluorescence spectroscopy data is reported for all 

compositions and is found to be typical for uranyl compounds.
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Introduction. According to the periodic law, the elements in the same groups have similar 

properties and reactivities and, consequently, can be found to form analogous compounds. 

Specifically, in solid state chemistry, there are several well-known pairs of main group 

elements that form many analogous compounds, such as Si and Ge, P and As, and Al and 

Ga. Some well-known structure types that accommodate these pairs interchangeably are Si 

and Ge wadeites,1–6 P and As apatites,7–9 and Al and Ga corundum structures.10 Among 

these pairs, Al and Ga are most similar in size with tetrahedra crystal radii of 0.53 and 0.61 

Å when compared to Si and Ge, whose tetrahedral crystal radii are 0.40 and 0.53 Å, to P 

and As, whose tetrahedral crystal radii are 0.31 and 0.475 Å. In addition, both Al and Ga 

adopt trigonal pyramidal and octahedral coordination environments with crystal radii of 

0.62 and 0.69 Å, and 0.675 and 0.76 Å for each element and coordination geometry, 

respectively, and are thus significantly closer in size to each other than are other main group 

element pairs.11 Due to the chemical similarity of these elements, once a compound 

containing one of them has been synthesized, one can expect that the analog will adopt the 

same structure, which, however, is not always the case, and sometimes even a subtle size 

change (and respective change in the lattice energy) can result in a completely different 

structure.12 The structure types that are sensitive to the size changes can even be used for 

element separations,13 fostering studies on isostructural series. 

Recently, our group has published several uranium and aluminum containing 

oxides with complex, unique structure types and because of the similarity of Al and Ga in 

oxide structures,14, 15 in addition to the lack of uranium and gallium containing phases (only 

two reported in the ICSD),16 we sought to prepare the Ga analogs of these aluminum based 

structures. In order to target these Ga analogs, we used the same synthetic approach as was 
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used for the aluminum phases and systematically explored the phase space in close 

proximity to the successful conditions for the Al containing phases. The Al structures were 

synthesized via molten flux crystal growth methods17, 18 and, as in most synthetic 

techniques, there is a continuum of experimental conditions that control and influence the 

products obtained in addition to their quality and yield. In this study, we identified the 

crucible size/shape, crucible material, UF4/GaPO4 reagent ratio, amount of flux, identity of 

the flux, and dwell temperature, and found them all strongly to influence the formation the 

desired products. There are a number of other variables such as dwell time, slow cooling 

rate, atmosphere, uranium source, gallium source, etc., that were also considered.

Not unexpectedly, in the process of exploring the UF4-GaPO4-ACl (A = Cs, Rb) 

phase space, we came across several new structure types in addition to two of the desired 

uranium and gallium containing phases we targeted. We explored a significant fraction of 

the phase space targeting the desired phases, and while these experiments certainly are not 

exhaustive and leave several variables to be explored further, they embody a representative 

cross section of phase space. Herein, we present the two uranium-gallium analogs, 

Cs4[(UO2(GaP2O8)2] (1) and Cs2UO2Ga2O5 (2), in addition to the compilation of uranium 

phosphate structures obtained in the same phase space:  [Rb2Rb3.93Cl0.93][(UO2)5(PO4)5] 

(3), Rb11[(UO2)8(PO4)9] (4), Rb7.6[(UO2)8O8.6F0.4(PO4)2] (5), and Rb6[(UO2)5O2(PO4)4] (6).

Experimental 

Synthesis. For the synthesis of all of the reported structures, molten flux methods 

using alkali chloride or alkali fluoride fluxes were used.17, 18 UF4 (International Bio-

Analytical Industries, powder, ACS grade), UO2(CH3CO2)2·2H2O (International Bio-
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Analytical Industries, powder, ACS grade), (NH4)2HPO4 (VWR, ACS grade), CsCl (VWR, 

ultra pure), CsF (Alfa Aesar, 99% ), RbCl (BTC, 99.0%) were all used as received. GaPO4 

is not available commercially and was therefore synthesized by us using a 1:2 mol mixture 

of Ga2O3 (Alfa Aesar, 99.999%) and (NH4)2HPO4 that was intimately ground in a mortar 

and pestle before heating the mixture at 1000 °C for 40 hours. The resulting GaPO4 was 

determined to be a mixture of two polymorphs and contained a small Ga2O3 impurity and 

was used, as is, in the following reactions. Caution! Although the uranium precursors used 

contained depleted uranium, standard safety measures for handling radioactive substances 

must be followed.

Cs4[(UO2(GaP2O8)2] (1). Synthesis methods are based on those used to synthesize 

Cs4[(UO2(AlP2O8)2].14 Single crystals of 1 were obtained by reacting 0.5 mmol of UF4, 1 

mmol GaPO4, 1 mmol (NH4)2HPO4, and 20 mmol CsCl in a 17 mL Pt crucible, open to 

atmosphere, (28.5 mm ID x 27 mm tall) and heating the mixture at 700 °C for 12 h and 

slow cooling to 600 °C at 6 °C/h. Crystals were isolated from the reaction by sonicating 

the reaction in water to dissolve the flux, followed by vacuum filtration—the same method 

is used for all syntheses reported. Small, pale yellow needle shaped crystals (Figure 1) were 

obtained in good yield alongside other minor impurity phases. Solid state reactions were 

also carried out by intimately grinding 1 mmol of UO2(CH3CO2)2•2H2O, 2mmol GaPO4, 2 

mmol (NH4)2HPO4, and 4 mmol of CsNO3 and pressing a pellet and heating at 575 °C for 

66 h, and 700, 800, and 900 °C for 12 h. In between changes in temperature, the pellets 

were intermittently ground and pressed into pellets before heating at a high temperature. 

While Cs4[(UO2Ga2(PO4)4] (1) was obtained, the simultaneous formation of a significant 
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quantify of an impurity phase could not be avoided; unfortunately, this impurity phase 

could not be identified (Figure 2). 

Cs2UO2Ga2O5 (2). Yellow, kite-shaped single crystals of 2 were grown by loading 

0.5 mmol UF4, 0.5 mmol Ga2O3, 11 mmol of CsCl, and 9 mmol of CsF in a 17 mL Pt 

crucible (28.5 mm ID x 27 mm tall) and heating at 875 °C for 12h before slow cooling to 

450 °C at 6 °C/h. Cs4U5O17 was simultaneously obtained as orange rods that grew on the 

walls of the crucibles, while the yellow crystals of 2 were found at the bottom of the 

crucible. 

Figure 1: Optical images of single crystals of a) Cs2UO2Ga2O5 (2) b) 
[Rb2Rb3.93Cl0.93][(UO2)5(PO4)5]  (3) c) Rb7.6[(UO2)8O8.6F0.4(PO4)2] (5),  d) 
Rb11[(UO2)8(PO4)9] (4), and e) Rb6[(UO2)5O2(PO4)4] (6).

Crystals of [Rb2Rb3.93Cl0.93][(UO2)5(PO4)5] (3) and Rb6[(UO2)5O2(PO4)4] (6) were 

obtained by loading 0.5 mmol UF4, 0.5 mmol GaPO4, and 20 mmol RbCl in an open fused 

silica tube (14 mm ID x ~26 mm tall) and covered with a silica cap (17 mm ID x ~20 mm 

tall). The reactions were heated to 875 °C and held there for 12 h before slow cooling to 

550 °C at 6 °C/h. Both 3 and 6 are yellow crystals, where 3 is the more predominant product 

that crystallizes as rods/needles, while 6 crystallizes as plates. 

Rb11[(UO2)8(PO4)9] (4) was obtained from a reaction of 0.5 mmol of UF4, 1 mmol 

GaPO4, and 20 mmol of RbCl loaded into a 5 mL Pt crucible (15 mm ID x 26 mm tall) and 

heated at 875 °C for 12 h before slow cooling to 550 °C at 6 °C/h. The single crystals are 
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pale-yellow in color and are long needles, a side product that is deeper yellow in color as 

well as more rod like was also obtained and was identified as Rb9U5P6O34.5; however, the 

crystal quality was very poor and the SXRD structure cannot be reported with confidence.

Single crystals of Rb7.6[(UO2)8O8.6F0.4(PO4)2] (5) were obtained in a reaction of 0.5 

mmol UF4, 0.33 mmol of GaPO4, and 20 mmol of RbCl in a 5 mL alumina crucible (16 

mm ID x 26 mm tall) with a larger 17 mL alumina crucible (23.5 mm ID x 41.5 mm tall) 

inverted overtop. The reaction was heated at 775 °C for 12 h and slow cooled to 650 °C at 

6 °C/h. This synthesis produced a least 5 different phases either yellow or orange in color 

and varying in crystal morphology. Rb6[(UO2)5O5(PO4)2], 

Rb7[Al2O(PO4)3][(UO2)6O4(PO4)2], Rb3[Al2O(PO4)3][(UO2)3O2], were among those 

identified. Crystals of 5 form as orange rectangular prisms (Figure 1).

PXRD. A Bruker D2 Phaser equipped with a LYNXEYE silicon strip detector with 

a Cu Kα (λ = 1.54056 Å) source was used to collect PXRD data. PXRD patterns were used 

for product identification.

Single Crystal X-ray Diffraction. Except for 1, the structures of each of the 

reported compounds were determined by single crystal X-ray diffraction (SXRD) using 

data collected on a Bruker D8 QUEST diffractometer with an PHOTON II area detector 

and a microfocus source (Mo Kα radiation, λ = 0.71073 Å) or a Bruker D8 QUEST 

diffractometer equipped with a PHOTON 100 CMOS area detector and a microfocus 

source (Mo Kα radiation, λ = 0.71073 Å). The raw data were reduced and corrected for 

absorption effects using SAINT+ and SADABS programs within APEX 3.19 The SHELXT 

solution program employing intrinsic phasing was used to obtain an initial structure that 

was refined using the SHELXL refinement program.20 Both SHELXT and SHELXL were 
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Table 1: Full crystallographic data for compounds 1-6.

Formula Cs4[(UO2Ga2(PO4)4] Cs2UO2Ga2O5 [Rb5.93Cl0.93][(UO2)5(PO4)5] Rb11[(UO2)8(PO4)9] Rb7.6[(UO2)8O8.6F0.4(PO4)2] Rb6[(UO2)5O2(PO4)4]
Number 1 2 3 4 5 6
S. G. -- I4/amd P1 P42/mbc P21/n P1
a, Å 10.837(1) 7.41690(10) 9.548(4) 25.7697(6) 9.5935(5) 7.3052(8)
b. Å 10.857(1) 7.41690(10) 13.488(5) 25.7697(6) 13.7652(8) 9.0828(10)
c, Å 13.018(1) 31.9700(7) 14.898(6) 9.3962(2) 13.2983(8) 11.7254(13)
α, ° 80.564(4) 90 64.755(16) 90 90 75.857(4)
β, ° 82.786(4) 90 72.369(16) 90 101.343(2) 72.834(4)
γ, ° 87.026(4) 90 89.511(16) 90 90 86.974(4)
V, Å3 1498.1(2) 1758.68(6) 1637.7(11) 6239.8(3) 1721.82(17) 720.65(14)
Crystal size (mm3) -- 0.02 x 0.04 x 0.06 0.02 x 0.03 x 0.04 0.02 x 0.02 x 0.1 0.01 x 0.02 x 0.03 0.04 x 0.12 0.16
temp. (K) -- 302 301 301 303 301
density (g cm-3) -- 5.708 4.796 4.212 6.066 5.242

 range (deg)𝜃 -- 2.548–36.353 2.260–28.437 2.499–27.500 2.151–27.492 2.313–37.883
 (mm-1)𝜇 -- 32.620 33.813 29.564 48.351 38.389

collected reflec. -- 61580 74700 100392 109936 52660
unique reflections -- 1204 8125 3807 3952 7778
Rint -- 0.0352 0.0882 0.0452 0.0674 0.0499
h -- -12 ≤ h ≤ 12 -12 ≤ h ≤ 12 -33 ≤ h ≤ 33 -12 ≤ h ≤ 12 -12 ≤ h ≤ 12
k -- -12 ≤ k ≤ 11 -18 ≤ k ≤ 16 -33 ≤ k ≤ 32 -17 ≤ k ≤ 17 -15 ≤ k ≤ 15
l -- -53 ≤ l ≤ 53 -19 ≤ l ≤ 19 -12 ≤ l ≤ 12 -17 ≤ l ≤ 17 -20 ≤ l ≤ 20
∆ max (e -3)𝜌 Å -- 1.481 2.772 2.126 2.573 2.800
∆ min (e -3)𝜌 Å -- -1.450 -3.161 -1.686 -2.114 -2.897
GoF -- 1.326 1.098 1.326 1.362 1.056
R1(F) for F0

2>2𝜎
(F0

2)a -- 0.0210 0.0482 0.0350 0.0405 0.0282

Rw(F0
2)b -- 0.0498 0.0960 0.0910 0.0865 0.0728

a . b𝑅1 = Σ||𝐹0| ― |𝐹𝑐||/Σ|𝐹0| 𝑤𝑅2 = [Σ𝑤(𝐹0
2 ― 𝐹𝑐

2)2/Σ𝑤(𝐹0
2)2]

1/2
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used within the Olex2 GUI.21, 22 Full  crystallographic  details  can  be  found  in  Table  1. 

Elemental compositions of the compounds were confirmed qualitatively by EDS using a 

TESCAN Vega-3 SBU equipped with an EDS detector.

Attempts were made to collect high quality SXRD data on compound 1; however, 

due to multiple twinning and generally insufficient crystal quality, a publishable structure 

solution could not be obtained. The unit cell data obtained from single crystals is reported 

in Table 1 and the PXRD pattern of the product obtained by solid state synthesis with 

calculated pattern using the cif of Cs4[(UO2(AlP2O8)2] and changing the unit cell contents 

from Al to Ga and unit cell parameters produces a nice fit (Figure 2) and confirms that the 

Ga analog has been obtained.

For Cs2UO2Ga2O5 (2), the refinement of the U, Ga, and O sites was straightforward, 

while the refinement of the Cs sites was difficult due to the extreme disorder of the cations 

in the channels of the structures, similar to what was observed in the Al analog. Partially 

occupied Cs sites were added by freely refining significant electron density peaks near the 

largest Cs sites, Cs1 and Cs2, until the summed occupancies of these sites approached 

charge balance, 2 Cs per formula unit. At this point the occupancies of the sites were fixed, 

refined anisotropically, and an ISOR command was implemented on Cs2 to restrain the 

thermal parameters on the Cs sites, and then the occupancies of individual sites were 

manually and slowly increased to achieve charge balance. This was done manually instead 

of using a constraint such as the SUMP command, due to the instability of the refinement 

when this constraint is applied. The final occupancies of Cs1-Cs7 are 0.6338, 0.13, 0.0445, 

0.052, 0.0408, 0.10, and 0.05, respectively.

Page 8 of 30CrystEngComm



For [Rb2Rb3.93Cl0.93][(UO2)5(PO4)5] (3), difficulty was encountered in finding a 

crystal of suitable diffraction quality for structure determination. Several crystals and 

cleaved crystal fragments were screened for quality and most exhibited problematic, 

twinned diffraction patterns consisting of very closely run-together spots, also having 

poorly shaped, asymmetric Bragg peak profiles with long tails. Three datasets were 

collected on small cleaved fragments, and the best is reported here. The compound 

crystallizes in the triclinic system. The space group P  (No. 2) was confirmed by structure 1

solution. The asymmetric unit consists of five uranium atoms, six rubidium atoms, five 

phosphorus atoms, one chloride atom, one mixed and partially occupied Rb/Cl site and 

thirty unique oxygen atoms. All atoms are located on positions of general crystallographic 

symmetry (site 2b). Several displayed poorly shaped displacement ellipsoids arising from 

the moderate crystallinity or from crystallographic disorder. 

Uranium atoms U1-U4 refine normally. U5 is disordered over three closely 

separated sites. Refinement of the U5 site as a single position resulted in an elongated 

displacement ellipsoid, two large satellite electron density peaks (9.4 and 3.2 e-/Å3) at ca. 

0.8 Å from the position, and an R1 value > 9%. A disordered, 3-part U5 site better accounted 

for the observed electron density and reduced the R1 value to 4.82%. The three components 

were restrained to sum to one uranium per site and refined to U5(A/B/C) = 

0.730(3)/0.190(3)/0.080(3). This results in distorted coordination environments for U5B 

and U5C (Figure 5e) and very short and long equatorial bond distances. It is possible that 

the O atoms coordinated to these U sites are also disordered to create more reasonable 

coordination environments, but due to the small scattering factors and low occupancy of 

the O, this disorder could not be modeled. The uranyl oxygen, however, was able to be 
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modeled as a split site. Oxygen O28, as a U5 uranyl unit oxygen atom, is disordered over 

two sites A/B. Occupancies of the two sites were tied to the U5A (O28A) and U5(B/C) 

(O28B) occupancies, thereby corresponding to two typical, nearly linear UO2 groups (with 

O29).

Disorder or partial occupancy was also observed for rubidium sites Rb3 - Rb6. Only 

Rb1 and Rb2 refined to full occupancy and without the appearance of large nearby residual 

density. Rb3 and Rb4 are each disordered over two sites with occupancies Rb3(A/B) = 

0.69(8)/0.31(8) and Rb4A/B = 0.65(2)/0.35(2) (both constrained to sum to one). Rb5 

refines to a partial occupancy value of 0.844(7). There were no residual peaks close to Rb5 

suggesting a split site. Rb6 was modeled with three independent sites distributed roughly 

linearly, with occupancies Rb6(A/B/C) = 0.770(3)/0.111(3)/0.119(3). The unique chlorine 

atom Cl1 is disordered across an inversion center and was refined as half-occupied. 

Another site near the Rb6 disorder assembly was modeled as a mixed and split Rb/Cl site, 

Rb7A/Cl2A. This site refined to a partial occupancy value significantly less than one even 

if modeled as 100% Cl and was further split into two discrete electron density maxima. 

Several disorder models for this site were refined, but only the reported model resulted in 

an essentially electroneutral composition. Distances to surrounding atoms are reasonable 

for both Rb and Cl. Occupancies refined to Rb7A = 0.082(6) and Cl2A = 0.45(2). The Uij 

values of oxygen O16 were restrained to adopt a spherical shape to prevent an oblate 

ellipsoid. All atoms were refined with anisotropic displacement parameters except for 

minor disorder components B and C of site Rb6 and the Rb7A/Cl2A site (isotropic). 

The structure solution of Rb11[(UO2)8(PO4)9] (4) is highly disordered and the 

structural significance of the disorder will be discussed in the structure description section, 
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vide infra, while the crystallographic approach to modeling the disorder is discussed in this 

section.  Rb11[(UO2)8(PO4)9] (4) crystallizes in the tetragonal space group P42/mbc and the 

asymmetric unit contains four uranium atoms, six rubidium atoms, three phosphorus atoms, 

and 17 unique oxygen atoms. A large number of sites, namely U1-3, Rb1, Rb3, Rb4B, Rb6, 

O1. O2. O7, O13, and O14 lie on Wyckoff site 8h with ..m symmetry, Rb2, Rb5A, Rb5c 

lie on Wyckoff site 8g with ..2 symmetry, P1 is assigned to Wyckoff site 4d with 2.22 

symmetry, and all other sites lie on general positions. 

U4, along with its uranyl oxygens O17 and O18, are disordered across a mirror 

plane and were assigned an occupancy of 0.5. The equatorial oxygens bonded to U4, 

O4A/B and O5A/B are also disordered over two positions each and were assigned 

occupancies of 0.5 to match the U4 disorder. P3A/P3B are coordinated to O4A/B and O5/B 

such that the phosphate tetrahedron has two possible orientations, each half occupied to 

match the U4 disorder, and are coordinated to O6A/B and O3. The disorder of the P2A/B, 

coordinates to oxygens O9-O12, sites also represent two possible orientations for the 

phosphate tetrahedron (A and B) which were allowed to freely refine while constrained to 

a summed occupancy of 1 and result in 0.51/0.49 for part A and B, respectively. P1, 

coordinated to O15A/B, is also disordered over two orientations with occupancies of 0.5. 

Additionally, the Rb cations are heavily disordered where there are three positions 

for Rb4 and four for Rb5 and Rb1-3 and Rb6 are fully occupied. Rb4A/B represents a 

disordered, half occupied Rb site where Rb4A is disordered over a mirror plane and the 

three resulting positions were constrained to a sum of 0.5 using a SUMP command 

resulting in occupancies of 0.2166 and 0.067, respectively for Rb4A and Rb4B. Similarly, 

a SUMP command was used for Rb5A/B/C (occupancies 0.475/0.1763/0.172) where Rb5B 
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is disordered over a two-fold rotation axis and the Rb5 sites are constrained to an 

occupancy of 1. All atoms were refined anisotropically, although ISOR commands were 

used to constrain the thermal ellipsoids of Rb4A/B, O9A, O11A, and O12A. 

Rb7.6[(UO2)8O8.6F0.4(PO4)2] (5) crystallizes in the monoclinic space group P21/c 

and the asymmetric unit contains four uranium atoms, five rubidium atoms, one 

phosphorus atom, and 17 oxygen atoms. All atoms are located in positions of general 

crystallographic symmetry (4e) except for Rb1, which is located on an inversion center 

with Wyckoff site label 2a. Rb1 and 2 are fully occupied, while Rb3 and Rb4 are disordered 

and Rb5 is partially occupied. Rb3A/B and Rb4A/B were constrained to sum to an 

occupancy of one and refine to 0.79/0.21 and 0.66/0.34, respectively. Rb5 when freely 

refined resulted in a partial occupancy of 0.30. With this partially occupied Rb site, the 

structure formula does not charge balance if all anion sites are modeled as oxygen; 

however, the O4 site freely refined to an occupancy of ~1.15 suggesting that it is a shared 

site of oxygen and fluorine. Since the scattering factors of O and F are very similar, they 

are often difficult to distinguish based on X-ray diffraction data so the O4/F4 occupancies 

were set to 0.80/0.20 to achieve charge balance. There is minor disorder in the uranium 

sheets, where O11 is disordered over an inversion center and set to an occupancy of 0.5. 

U4A/B, coordinated to O11, is disordered over two sites, and the occupancies were set to 

0.5 which maintains regular coordination environments for the U4A/B where U4A adopts 

a square bipyramidal coordination and U4B adopts a pentagonal coordination environment. 

The disorder is further discussed in the structure description section. All atoms were refined 

anisotropically. 
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The refinement of Rb6[(UO2)5O2(PO4)4] (6) was straightforward and the compound 

crystallizes in the triclinic space group P  (No. 2) and was confirmed by structure solution. 1

The asymmetric unit consists of three uranium atoms, three rubidium atoms, two P atoms 

and 14 unique oxygen atoms. All atoms are all located on positions of general 

crystallographic symmetry (site 2i), except for U3, which is located on an inversion center 

(site 1d). All atoms were refined with anisotropic displacement parameters.

Optical Spectroscopy. Fluorescence emission spectra (400-650 nm) were 

collected for single crystals of 1-6 using a free space coupled 375 nm laser and Horiba 

iHr320 spectrometer equipped Olympus BX53 microscope. 

Results and Discussion

Synthesis. The recent success of obtaining uranium aluminophosphates and 

uranium aluminates by molten flux methods prompted a more expansive exploration of the 

UF4, GaPO4, and ACl (A = Rb, Cs) phase space with the goal of obtaining Ga analogs of 

the recently obtained Al containing structures: Cs2UO2Al2O5, Cs4[(UO2Al2(PO4)4], 

[Cs13Cl5][(UO2)3Al2O(PO4)6], A3[Al2O(PO4)3][(UO2)3O2] (A = Cs, Rb), and 

Rb7[Al2O(PO4)3][(UO2)6O4(PO4)2].14, 15 While several of these compositions could be 

obtained using uranyl nitrate (U6+) because the U4+ (from UF4) readily oxidizes in oxygen-

rich atmosphere at high temperatures to U6+, which is found in all compositions, the use of 

UF4 produced larger crystals of higher quality; therefore, we have continued to use UF4. In 

several publications by Juillerat et al. the crucible size and shape was found to be essential 

in obtaining certain products.23–26 In order to specifically target the Ga analogs of the 
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recently published U and aluminum containing materials, reaction vessels of the same size 

were used as in the Al synthesis. 

Initially, reactions were performed in 5 mL alumina vessels, which were used in 

the synthesis of the Al structures, as in the reported synthesis of 5; however, the chloride 

flux dissolved small amounts of the alumina crucible (no visible damage) and led to Al 

containing products. In order to avoid alumina incorporation, reaction vessels of the same 

size but different material were sought out. Fused silica reaction vessels were made from 

tubing to match the size of the alumina crucible and lead to the formation of 3 and 6 and 

reactions in this phase space are summarized in Figure S1. It was verified that the reactions 

reported for the synthesis of Rb3[Al2O(PO4)3][(UO2)3O2] could be successfully carried out 

in the fused silica tubes. To further study the impact of crucible size and crucible material, 

5 mL Pt crucibles were used in this study. Rb3[Al2O(PO4)3][(UO2)3O2] could also be 

obtained in the 5 mL Pt vessels. The use of these crucibles led to the synthesis of 4 and 5. 

The phase space of the RbCl and CsCl fluxes in Pt crucibles is summarized in Figures S2 

and S3.25, 27, 28 Interestingly, using the same reactant loading for the synthesis of 3 and 6 

UF4/GaPO4 1:1, but using Pt crucibles, led to a different product, Rb9U5P6O34.5, the 

complete structure of which cannot be reported due to insufficient crystal quality. 

However, 6 could be obtained in the 5 mL Pt crucibles at 775 °C and a 1.5:1 ratio of 

UF4/GaPO4. It seems that although Pt and Si did not participate in the reaction, the material 

of the crucible, in addition to the size/shape, played a role in the synthesis, possibly due to 

the difference in nucleation sites in the crucibles of different materials.  

Cs4[(UO2Ga2(PO4)4] (1) can also be synthesized using UO2(CH3CO2)2•2H2O 

(instead of UF4), similar to the synthesis of the Al analog,14 and using only GaPO4 for the 
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Ga and phosphate source. Additionally, 1 can be synthesized in the smaller 5 mL Pt 

crucibles at 775 °C and 875 °C at a ratio of 1:2 UF4:GaPO4. At lower ratios, 

Cs2(UO2)2(PO4)2,29 [Cs4Cs4Cl][(UO2)4(PO4)5],14 or Cs6[(UO2)7O4(PO4)4] 30 are obtained. 

In the publication reporting Cs2UO2Al2O5,15 crystals were obtained 

serendipitously; however, attempts to reproduce crystal growth were unsuccessful. In this 

work, we report the flux synthesis of Cs2UO2Ga2O5 using UF4, Ga2O3, and CsCl flux in 17 

mL Pt crucibles. Since the synthesis was successful for the gallium analog, adapting the 

same crystal growth conditions, specifically using 17 mL Pt crucibles, but substituting 

Al2O3 for Ga2O3, we were able to reproducibly grow crystals of Cs2UO2Al2O5; crystal 

quality, however, was poor.  The original publication reporting Cs2UO2Al2O5, described 

the many variables that were changed in attempts to obtain crystals; however, the size of 

the reaction vessel was not one of them.  Interestingly, it appears that the size of the reaction 

vessel is an essential variable that was overlooked in previous studies. Additionally, it was 

reported that Cs2UO2Al2O5 could not be obtained using silver tubes, and similarly, 

Cs2UO2Ga2O5 could not be obtained in silver tubes either.

Structure. Cs4[(UO2Ga2(PO4)4] (1) and Cs2UO2Ga2O5 (2) are analogous to 

Cs4[(UO2Al2(PO4)4] and Cs2UO2Al2O5, which are discussed in an earlier publications.14,15 

The single crystals of 1 suffered from extreme twinning and low crystal quality; however, 

the phase could be identified by the single crystal unit cell parameters and by comparing 

the calculated Ga powder diffraction pattern (using the atomic coordinates of 

Cs4[(UO2Al2(PO4)4] and replacing Al sites with Ga and adjusting lattice parameters to 

match SXRD data) with measured powder diffraction data (Figure 2). The structure of 1 is 

shown in Figure 3 and contains uranium gallophosphate layers (Figure 3b) where 
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[Ga2(PO4)4]6- layers are connected through uranyl square bipyramids and dimers of uranyl 

pentagonal bipyramids.

Figure 2: Powder X-ray diffraction data of 1. The experimentally collected pattern is in 
black and the red is the calculated pattern from the cif of Cs4[(UO2Al2(PO4)4] with Al sites 
replaced with Ga and unit cell parameters from the SXRD data.

Figure 3: The layered structure of Cs4[(UO2Al2(PO4)4]. For all figures, alkali cations are 
blue, uranium polyhedra are yellow, phosphate tetrahedra are magenta, gallate tetrahedra 
are green, and oxygen atoms are red.
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Figure 4: The structure of Cs2UO2Ga2O5 (2), a) a perspective view, b) framework with 
Rb cations removed, c) the 2D gallate sheets, and d) the distorted tetrahedral coordination 
of Ga1.

The structure of 2 is shown in Figure 4 and is constructed of 2D gallate sheets 

constructed of vierer and achter rings and edge sharing chains of UO7 polyhedra. All of the 

gallate sheets are parallel to the ab plane, while the UO7 chains alternate between the a and 

b directions between each gallate sheet. As expected, the Ga-O bonds are longer than the 

Al-O bonds in the Al analog. For comparison, the Ga-O bonds in 2 are 1.806(2), 

1.8229(13), 1.849(4) Å, while the Al-O bond distances are 1.7263(16), 1.773(3), and 
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1.7489(13) Å (bond distances and bond valences sums for all structures are in Tables S4-

8). In both structures the tetrahedra are slightly distorted with the smallest angle being 

95.159° in the Al and 91.022° in the Ga structure. Between the Ga and Al analogs, there is 

no significant change in the equatorial U-O bond lengths with average bond lengths of 2.34 

Å and 2.33 Å in the Al and Ga structures, respectively; therefore, the longer Ga-O bond 

lengths lead to a larger distortion in the tetrahedron. As in the Al structure, the Cs cations 

are heavily disordered throughout the channels created by the parallel UO7 chains. 

U, Ga, O containing structures are limited to a handful of compositions in the ICSD 

database, namely Cs[(UO2Ga(PO4)2] and Cs4[(UO2)2(GaOH2)(PO4)4]•H2O which were 

synthesized by mild hydrothermal methods.16 Both structures are constructed of uranyl 

pentagonal bipyramid dimers, phosphate tetrahedra, gallate tetrahedra, and 

Cs4[(UO2)2(GaOH2)(PO4)4]•H2O additionally contains gallium octahedra.

[Rb2Rb3.93Cl0.93][(UO2)5(PO4)5] (3) is a uranyl phosphate salt inclusion material 

(SIM), where the salt inclusion and non-salt inclusion ions are in the first set of brackets, 

and the framework is in the second set of brackets. Many uranyl silicate and germanate 

SIMs have been recently reported,31–35 and while there are several transition metal 

phosphate SIMs,36–40 only two other uranyl phosphate SIMs have been reported thus far.14 

The framework consists of PO4 tetrahedra, UO6, and UO7 polyhedra and contains two 

different types of channels, one channel houses the non-salt inclusion Rb cations, and the 

other hosts the Rb3.93Cl0.93
3+ salt inclusion. The structure can be broken down into uranium 

phosphate sheets, Figure 5c, that are connected to other sheets by the chains in Figure 5b. 

The [(UO2)2(PO4)3]5- sheets contain chains of edge sharing dimers of uranyl pentagonal 

bipyramids that edge share to two phosphate tetrahedra and that are connected to other 
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dimers through corner sharing phosphate tetrahedra. The edge sharing phosphate tetrahedra 

also edge shares with a UO2 polyhedron. These chains and additional UO7 polyhedra create 

12 membered (U-P) rings that create pores orthogonal to the channels in the a direction. 

The [(UO2)2(PO4)3]5- sheets are connected to the [(UO2)3(PO4)2] chains, which are the same 

as those in the sheets, through the UO6 polyhedra. The complex, disordered 1D salt 

inclusion is shown in Figure 5d, and roughly consists of two isolated Cl atoms, one 

coordinated to 4-7 Rb cations and the other coordinated to 4 O and 1-2 Rb.

Figure 5: The structure of [Rb2Rb3.93Cl0.93][(UO2)5(PO4)5] (3). a) the framework and all 
ions, b) the [(UO2)3(PO4)2] chains, c)  the [(UO2)2(PO4)3]5- sheets, d) the [Rb3.93Cl0.93]3+ 

salt inclusion, and e) the disordered U5A/B/C site.

The structure of Rb11[(UO2)8(PO4)9] (4) is a 3D channel structure with three unique 

channels and is built of phosphate tetrahedra and UO7 pentagonal bipyramids (Figure 6). 

It can be deconstructed into large channels, pinwheels, and chains. The [(UO2)2(PO4)4]8- 

Page 19 of 30 CrystEngComm



channels (two per formula unit) are shown in Figure 6d and consist of pairs of uranyl 

pentagonal bipyramids bridged together through edge sharing of two phosphate tetrahedra. 

The edge sharing PO4 groups connected to these UO7 polyhedra are disordered, where the 

purple and magenta colored tetrahedra represent two possible orientations. The idealized 

structure would have one edge sharing phosphate per UO7 polyhedra and all of these 

tetrahedra would point in the same direction down the c axis. These [(UO2)2(PO4)4]8- units, 

similar to those seen in the [(UO2)2(PO4)3]5- sheets found in 3 (Figure 6c), connect to others 

that are approximately orthogonal to create the channels that house the Rb cations. These 

channels are quite large with a distance of 9.442 Å between two O8 atoms across the 

channels. 

Figure 6: The structure of Rb11[(UO2)8(PO4)9] (4). a) the overall structure, b) the 
[(UO2)2(PO4)]+ pinwheels, d) the disordered chains of (UO2)2

4+ dimers, and d) the 
[(UO2)2(PO4)4]8- channels.
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The channels are directly connected through corner sharing tetrahedra to the 

[(UO2)2(PO4)]+ pinwheels shown in Figure 6b. There are two possible orientations of the 

phosphate tetrahedra in this unit with two possible equatorial oxygen positions for each U 

atom. The last building unit for structure 4 are the (UO2)2
4+ dimers of uranyl pentagonal 

bipyramids (Figure 6c) that coordinate to phosphate tetrahedra in the [(UO2)2(PO4)4]8- 

channels. The chains created by the (UO2)2
4+ dimers and the phosphate tetrahedra from the 

[(UO2)2(PO4)4]8- channels are disordered over two possible orientations as shown in Figure 

6c. The (UO2)2
4+ dimers connect diagonally adjacent [(UO2)2(PO4)4]8- channels and 

between the (UO2)2
4+ dimers and the pinwheels are small pores which house additional Rb 

cations. 

Both structures Rb7.6[(UO2)8O8.6F0.4(PO4)2] (5) and Rb6[(UO2)5O2(PO4)4] (6) are 

uranyl phosphate layered structures that house Rb cations between layers and are related 

to the U3O8 topologies. Building units of the α- and β-U3O8 topologies are shown in Figure 

7e and 7f, respectively and are constructed of two chains of edge-sharing pentagonal 

bipyramids that mirror each other and are connected through additional edge-sharing UO7 

or UO6 polyhedra in the α- and β- topologies, respectively. Figure 7c shows the disordered 

U3O8 based building units in 5 and Figure 7d shows the idealized unit where one of the U 

sites that connects the two chains is a square bipyramid and the other is a pentagonal 

bipyramid, which can be described as a combination of the α- and β-U3O8 topologies. The 

bridging U atom is disordered over two sites, where one corresponds to the square and the 

other to the pentagonal coordination environment. These U3O8 building units are combined 

into a sheet where adjacent units are rotated 90 ° and phosphate tetrahedra occupy the small 
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trapezoidal gaps in the sheets. These sheets are then stacked with Rb cations residing 

between the layers. 

Figure 7: The layered structure of Rb7.6[(UO2)8O8.6F0.4(PO4)2] (5). a) sheets and Rb 
cation layers, b) the uranyl phosphate sheets, c) disordered U3O8 like, d) idealized U3O8 
like, e) α-U3O8 building, and e) β-U3O8 building units.

In other uranyl phosphate oxyfluoride structures,23 bond valences sums of the anion 

sites have been useful in identifying the fluorine site, since X-ray diffraction is not always 

sufficient in determining the location. The bond valence sums41, 42 for the non-uranyl 

oxygens range between 1.841 and 2.214 which are in good agreement with the expected 

value of 2 and do not give any insight as to the location of the fluorine site. The O4 site, 

which freely refined to an occupancy of ~1.15 in the SXRD structure solution had a bond 

valence sum value of 1.90. It is important to note that since the occupancy of this site is 

expected to be 0.80/0.2 O/F based on charge balance, it is not surprising that the small 

amount of fluorine does not noticeably impact BVS values. In the fluorine doped 
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phosphuranylite composition the half-occupied fluorine site could not be supported by 

BVS.23

Figure 8: The layered structure of Rb6[(UO2)5O2(PO4)4] (6). a) uranyl phosphate sheets 
and layers of Rb cations, b) the sheet topology of 6, and c) the sheet topology of β-U3O8 
and its relation to 6. Uranium polyhedra are yellow, orange, or red for clarity.

Figure 8c shows the β-U3O8 sheets where the chains in Rb6[(UO2)5O2(PO4)4] (6) are 

colored in orange and yellow, and the red uranium polyhedra are the sites removed to obtain 

the sheet topology in structure 6. By removing the red uranium polyhedra, separating the 

yellow and orange chains, and adding phosphate tetrahedra between chains one can obtain 

the topology of 6 in Figure 8b, which has been previously observed in the As analog 

synthesized under high-temperature high-pressure methods.43 These uranyl phosphate 

sheets stack perpendicular to the b direction and the Rb cations reside between the layers. 

Several of the structures in this paper, such as 2, 3, and 4, are highly disordered by 

crystallographic standards, and in order to attempt to quantify the resulting complexity of 

these structures we have we performed calculations for the total information content of the 

crystal structures in ToposPro.44 The procedure as described by Krivovichev was followed 

and involves calculating the total information of a crystal structure, IG,total (bits/unit-cell) 

for both the published structure solutions and the idealized solutions where the disorder is 

removed.45 For structures where symmetry elements had to be removed in order to simplify 

the disorder, the total information of the published structure and idealized structure are 
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reported for the lower symmetry space group (Table 2). Structures 2 and 6 are categorized 

as intermediate structures, while 3 and 4 are complex and 4 is very complex. By looking at 

the ratio of IG,total (disordered)/ IG,total (ideal), the complexity of 2, 3, and 5 is only mildly 

increased with the disorder, while the complexity of 4 is nearly doubled as a result of the 

disorder (ratio of 1.74). 46

Table 2: Total information content for structures 2-6 (left) and classification (right).44

Structure IG,total
(bits/ u.c.) S. G.

Ideal 152Cs2UO2Ga2O5 (2) Disordered 242 I4/amd Category IG,total
(bits/ u.c.)

Ideal 530 Very simple < 20[Rb2Rb3.93Cl0.93][(UO2)5(PO4)5] (3) Disordered 644 P1 Simple 20-100
Ideal 1854 Intermediate 100-500Rb11[(UO2)8(PO4)9] (4) Disordered 3234 Pbam Complex 500-1000
Ideal 536 Very complex >1000Rb7.6[(UO2)8O8.6F0.4(PO4)2] (5) Disordered 650 P21

Rb6[(UO2)5O2(PO4)4] 191 P1

Optical Properties. Fluorescence emission peaks for structures 1-6 lie in the green-

yellow region of the visible spectrum which is typical for the uranyl cation (Figure 9). The 

most intense peaks for structures 1-6 are 528, 533, 529, 524, 533, and 520 nm, respectively 

and result from the electronic emission from the lowest vibrational level of the first excited 

state to the lowest vibrational level of the ground state. Smaller peaks around the most 

intense peak arise from different vibrational levels of the same electronic emission.47 In the 

spectra for 1, 4, and 6 these vibronic features with defined peak spacing are observed, while 

in 2, 3, and 5 they are not. One explanation is based on the observation that the strength of 

the uranyl bond affects the spacing between the vibronic features and that stronger bonding 

decreases the splitting of the emission peaks. 48 To investigate, the average uranyl bond 

lengths were calculated for structures 2-5 and are 1.848, 1.775, 1.794, 1.815, and 1.807 Å, 
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respectively. While 2 and 5 have the longest uranyl bonds and fit this previous observation 

and have essentially no splitting and 1 and 4 have shorter uranyl bond lengths and 

observable splitting, the shortest bond length, 1.774(10) Å in 3 does not. In previous 

fluorescence studies, data collected at lower temperatures has been found to significantly 

increase the resolution of the different vibrational peaks and could help explain the poor 

peak splitting in 3. 47 

Figure 9: The fluorescence emission spectra 
of structures 1-6.

Conclusion. The targeted crystal growth of gallium analogs to the recently 

published uranium aluminates led to the discovery of a new uranium gallophosphate and a 

uranium gallate, analogous to previously reported aluminates, in addition to four new 

uranium phosphates that were obtained within the same phase space. Both the material and 
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the size/shape of the reaction vessels proved crucial in the isolation of these products, 

which is somewhat unexpected considering that many publications reporting flux crystal 

growth neglect to report the size of the crucible used. The phase space explored was not 

exhaustive, and was explored within reason to target the specific Ga analogs to uranium 

aluminates and it cannot be concluded whether the Ga analogs of  

[Cs13Cl5][(UO2)3Al2O(PO4)6], A3[Al2O(PO4)3][(UO2)3O2] (A = Cs, Rb), and 

Rb7[Al2O(PO4)3][(UO2)6O4(PO4)2] could not be obtained due to the stability of the other 

uranium phosphates synthesized from these reactions, or the inability for Ga to replace Al 

in these structures. While compound 1 could be identified by the powder diffraction and 

unit cell data, the crystals were not of sufficient quality to obtain a publishable crystal 

structure, and perhaps different crystal growth methods are necessary to elucidate its 

structure. Fluorescence spectra for all 6 compositions were obtained and featured typical 

green-yellow luminescence of the uranyl species. 

Supporting Information. The SI contains visual summaries of the UF4-GaPO4-

ACl (A = Cs, Rb) phase space studied in addition to tables of bond valence sums and bond 

distances U-O, Ga-O, and P-O bonds. CCDC deposition numbers 1984888-1984892 

contain the crystallographic data reported in this manuscript. 
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