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ABSTRACT: Three novel uranyl borophosphates,
Ag(NH,),[(UO,),({B,0(PO,),(PO,H),}JH,O (AgNBPU-
1), Ag(2x)(NH4)3|:(Uoz)z{BzP O(ZOx)(OH) 1 (x = 126)
(AgNBPU-2), and Ag(, ,)(NH,);[(UO,),{B,P(s.,)-
As,0(20.9(OH),}] (x = 143, y = 2.24) (AgNBPU-3), have
been prepared by the H;BO;—NH,H,PO,/NH,H,AsO, flux
method. The structure of AgNBPU-1 has an unprecedented
fundamental building block (FBB), composed of three BO,
and six PO, tetrahedra which can be written as 9[]:[®]

CIGOYOCEO)OIIEO. Two Ag atoms are linearly

.
4 +

LA A - |

. § .- "
o e,

coordinated; the coordination of a third one is T-shaped. AgNBPU-2 and AgNBPU-3 are isostructural and possess a FBB of two
BO, and five TO, (T = P, As) tetrahedra (7[J:[J(41)[JIC1). AgNBPU-3 is a solid solution with some PO, tetrahedra of the
AgNBPU-2 end-member being substituted by AsO,. Only two out of the three independent P positions are partially occupied by
As, resulting in site dependent isomorphism. The three compounds represent the first actinide borophosphates.

1. INTRODUCTION

Borophosphates are ternary or multinary oxide compounds in
MxOy—B2O3—P205—(HZO) systems containing complex
anionic partial structures built of borate (BO,, BO;) and
phosphate (PO,) groups, or their partially protonated
derivatives." The term “borophosphate” is used to denote
phases in which borate groups are directly connected with
phosphate groups. Compounds containing isolated borate and
phosphate groups are referred to as “borate-phosphate”.” Only
two minerals are known which contain borate and phosphate
groups as the main anions, viz. liineburgite (a borophosphate)®
and seamanite (a borate-phosphate).* In recent years, several
new borate-containing minerals have been reported in which
some phosphate exists as a minor component. These minerals
include byzantievite,5 proshchenkoite,6 hundholmenite,” oka-
noganite-(Y),8 and vicanite-(Ce).” While the first study of
borophosphate was conducted almost 150 years ago,'
systematic research on crystalline borophosphates has been
performed during the past 18 years.11 Since then, hundreds of
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borophosphate compounds have been reported and re-
viewed."!!

Besides crystals, borophosphate glasses have found high
interest owing to their various real or potential technological
applications, such as their use as bone transplantates,' solid-
state lasers," sealant,'* even nonlinear optical devices if suitably
poled,"® and matrix for nuclear waste vitrification.'® The last
point has generated some concern since during long-term
storage and under certain circumstances nuclear waste glasses
might undergo corrosion with subsequent formation of
numerous crystalline products and possible degradation of
the mechanical integrity of the glass."” Of the numerous uranyl
phosphate minerals observed in nature, probably the best-
known is autunite.'® It has been shown that autunite can also
form as an alteration product of spent nuclear fuel."” In order to
know which crystalline products may possibly occur in

. 20,21
corroded nuclear waste, numerous actinide phosphates
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and actinide borates’*® have been prepared in systems
relevant to nuclear waste. It was only recently that actinide
compounds containing both borate and phosphate groups
became known, viz. the borate-phosphates Th,(BO,)(PO,)**
and Bas[(UO,)(PO,);(BsOy)]-nH,0.>° These compounds
were prepared by high temperature solid state reactions.
However, the knowledge of actinide borophosphate is scarce up
to now. In order to explore the world of actinide
borophosphate, we adopted boric acid together with phosphate
salt as the reactive flux. Therefore, the first actinide
borophosphates, Ag,(NH,);[(UO,),{B;0(PO,),(POH),}]-
H,0 (AgNBPU-1), Ag(z-x)(NH4)3[(U02)2{B2‘
PSO(ZO-x)(OH)x}] (x = 1.26) (AgNBPU-2), and Ag(z-x)(NH4)3'
[(UOZ)Z{BZP(S-y)ASyO(ZO-x)(OH)x}] (x = 143, y = 224)
(AgNBPU-3), were synthesized and reported here. Both
AgNBPU-1 and AgNBPU-2 show new borophosphate
motives. AgNBPU-1 contains an unusual B;O,, group in
which three BO, tetrahedra are connected to each other by
sharing a common vertex. AgNBPU-3 is isomorphous with
AgNBPU-2 with about 50% substitution of As for P. The
crystal structures, infrared spectra, and UV—vis—NIR spectra of
all compounds are reported.

2. EXPERIMENTAL SECTION

2.1. Syntheses. UO,(NO;),-6H,0(Merck), AgNO;(Rudolf Wal-
ter), NH,H,PO,(Alfa-Aesar), NH,H,AsO,(Alfa-Aesar), H;PO,(85%,
Alfa-Aesar), and H;BO; (Alfa-Aesar) were used as received. Caution!
The UO,(NO;),-6H,0 used in this study contained depleted uranium;
standard precautions for handling radioactive materials should be followed.

Ag>(NH)5[(UO,),{B;0(PO,) ,(PO,H),}H,O (AgNBPU-1). AgNO,
(84.94 mg), H;BO; (97.07 mg), H;PO, (216 ul), NH,H,PO,
(517.64 mg), UO,(NO;),-6H,0 (125.53 mg), and 50 uL of deionized
water were loaded into a 60 mL PTFE-lined autoclave. The molar ratio
for the reactants was AgNO;:H;BO;:H;PO,:NH,H,PO,:-
UO0,(NO;),-6H,0 = 2:6:12.6:18:1. The autoclave was sealed and
heated up to 200 °C within 2 h in a box furnace and held at 200 °C for
72 h, and then cooled to room temperature at a rate of 7 °C/h. The
resulting product was washed with hot water to remove excess boric
acid and NH,H,PO,, followed by rinsing with ethanol. Green yellow
prismatic or needle-shaped crystals were collected for further
measurement. There are some pale white amorphous byproducts
always present (confirmed by microscope observation) which cannot
be removed by washing.

AG(29(NH)5[(UO2) f{B1P50 9.9 (OH),}] (x = 1.26) (AgNBPU-2). The
only difference with the preparation of AgNBPU-1 was the lower
amount of NH,H,PO,, but higher amount of UO,(NO;),-6H,0, such
that the molar ratio was 2:6:12.6:12:2. Apart from this the
experimental conditions were identical. Pale yellow prismatic or
needle-shaped crystals were collected for further measurement. There
are some pale white amorphous byproducts always present (confirmed
by microscope observation) which cannot be removed by washing.

AG 5 (NH)5[(UO,) ,{BoP5.)AS, O 00)(OH) I (x = 1.43, y = 2.24)
(AgNBPU-3). The preparation of AgNBPU-3 was again performed
under identical conditions as before, with the exception that
NH,H,PO, was replaced by NH,H,AsO,. Pale green prismatic or
needle-shaped crystals were obtained and chosen for subsequent
characterization.

2.2. EDX Analysis. For the determination of the chemical
composition of the samples, an environmental scanning electron
microscope FEI Quanta 200F with Genesis (EDAX) EDS-system was
used. The measurements were carried out in low-vacuum mode at 0.6
mbar (20 kV, spot size 4, working distance 10 mm). When using this
mode, sputtering of the samples with gold or carbon is not necessary,
and artifacts are avoided. The samples were prepared as powders/
grains on adhesive carbon tabs.

2.3. Crystallographic Studies. Crystals selected for data
collection were mounted on a Nonius CCD four circle diffractometer.
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All data were collected using monochromatic Mo Ka radiation (4 =
0.710 73 A). More than one hemisphere of data was collected for each
crystal, and the three-dimensional (3D) data were integrated and
corrected for Lorentz, polarization, and background effects using the
Evall4 procedures®® as implemented in the supporting programs for
the diffractometer. Data were scaled and corrected for absorption
effects using SADABS.”” Additional information pertinent to the data
collection is given in Table 1. The SHELXL-97 program®® was used

Table 1. Crystallographic Data for
Ag,(NH,);[(UO,),{B,0(PO,),(PO,H),}|H,0 (AgNBPU-
1), Ag( (NH,);[(U0,),{B,Ps0 30..(OH),}] (x = 1.26)
(AgNBPU-2), and
Ag(Z-x)(NH4)3[(UOZ)Z{BZP(S-y)ASyO(ZO-x)(OH)x}] (x = 1.43, Yy
= 2.24) (AgNBPU-3)

AgNBPU-1 AgNBPU-2 AgNBPU-3
color and habit green-yellow, pale-yellow, pale-green,
prism prism prism
crystal system triclinic orthorhombic  orthorhombic
space group PT Pcmn Pcmn
a (&) 8.506(2) 12.011(4) 12.109(3)
b (A) 9.282(1) 12.166(3) 12.353(6)
c (A) 17.508(5) 14.454(4) 14.678(4)
a (deg) 90.37(2) 90 90
B (deg) 89.71(2) 90 90
7 (deg) 104.56(2) 90 90
vV (A% 1337.9(5) 2112.0(11) 2195.7(13)
VA 2 4 4
T (K) 293(2) 293(2) 293(2)
A (A) 0.71073 0.71073 0.71073
reflns collected 36672 57 345 70 895
indep reflns 6652 2857 2854
indep reflns with I > 5688 2437 2633
26(1)
max 20 (deg) 56.56 56.56 56.56
Peatea (g em™) 3.555 3.643 3.747
4 (Mo K) (cm™) 140.02 164.82 188.94
R(F) for F,2 > 2(F)®  0.0461 0.0390 0.0703
R, (FH* 0.1198 0.0834 0.1596
GOF* 1.041 1.121 1.360

“R(F) = YE| — IFJl/YIF. *R(F.2) = [w(F,2 — F2)*/ Yw(E,*]V2
“GOF = goodness of fit.

for the determination and refinement of the structures. The structures
were solved by direct methods and refined to R, = 0.0461 for
AgNBPU-1, 0.0390 for AgNBPU-2, and 0.0694 for AgNBPU-3.

2.4. Infrared Spectroscopy. Infrared spectra were obtained from
single crystals using a SensIR technology IlluminatIR FT-IR
microspectrometer. Single crystals were placed on quartz IR slides,
and the spectrum was collected with a diamond ATR objective. Each
spectrum was acquired from 650 to 4000 cm ™' with a beam aperture of
100 mm.

2.5. UV—Vis—NIR Spectroscopy. UV—vis—NIR spectra data were
obtained from single crystals using a Craic Technologies UV—vis—NIR
microspectrophotometer. Crystals were placed on quartz slides under
Krytox oil, and the data were collected from 500 to 1400 nm. The
exposure time was auto-optimized by the Craic software.

3. RESULTS AND DISCUSSION

3.1. Syntheses. Crystal growth from high-temperature
solutions (flux method) is commonly used for the preparation
of single crystals. NH,H,PO, (melting point, 190 °C) has been
used as a flux”®® In some cases, a mixture of H;BO; and
NH,H,PO, was used to prepare borophosphates.”® In the
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Figure 1. Polyhedral view of the structure of AgNBPU-1 (a) and its 2D layer extends in the be-plane (b). UO, pentagonal bipyramids are shown in
yellow, BO, tetrahedra are shown in green, PO, tetrahedra are shown in red. Ag atoms are shown in blue, NH," groups are shown in pale blue, and

water molecules are shown in violet spheres, respectively.

present study, the H;BO;—NH,H,PO, flux method was used
to prepare the first actinide borophosphates.

Our experiments have shown that the stoichiometric ratio of
the reactants is crucial for the success of crystal growth and for
the question of which phase is formed. AGNBPU-2 can only
form when the ratio of AgNO;:H;BO;:H;PO,:NH,H,PO,:-
UO,(NO;),-6H,0 is 2:6:12.6:12:2, or when the uranium
content is higher than 2. With less U (e.g, AgNO;:H;BO5:-
H,PO,:NH,H,PO,:UO0,(NO;),6H,0 = 2:6:12.6:12:1), only
an amorphous phase was observed. On the contrary, when
more U was used (e.g., AgNO,;:H;BO;:-
H,;PO,:NH,H,P0,:U0,(NO;),-6H,0 = 2:6:12.6:12:3), the
yield of AgNBPU-2 was higher which was decided through
microscope observation. When NH,H,PO, was replaced by
NH,H,AsO,, AgNBPU-3 was obtained. Wang et al. have
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demonstrated that varying the initial amount of flux (which acts
also as a reactant) can induce different phases.”® As regards the
experimental conditions, the syntheses of AgNBPU-1 and
AgNBPU-2 are identical, except for the different stoichiometric
ratios of the reactants. When more NH,H,PO, was used
(AgNO,:H;BO;:H,PO,:NH,H,P0,:U0,(NO;),-6H,0 =
2:6:12.6:18:1), only AgNBPU-1 is formed. Furthermore,
when H;PO, was absent, only AgNBPU-1 was observed in
all reactions even if the other reactants were in the same ratio as
for AgNBPU-2 (Table S1). As a matter of fact AgNBPU-2 can
be synthesized only in the presence of H;PO, which implies
that its nucleation process and/or crystal growth mechanism
might require specific low pH values as compared with
AgNBPU-1.

dx.doi.org/10.1021/ic400214x | Inorg. Chem. 2013, 52, 7881-7888
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The EDX data shows that the ratios of P:Ag:U is
5.55:2.10:2.00 for AgNBPU-1 and 4.71:0.71:2.00 for AgNB-
PU-2, respectively. And the ratio of P:As:Ag:U is
3.34:2.76:0.86:2.00 for AgNBPU-3. All these detected ratios
are close to the ideal one (Table S2—S4). The SEM images
demonstrate that the crystal surface of AgNBPU-1 is much
more clear compared with AgNBPU-2 and AgNBPU-3 (Figure
$4-S6).

3.2. Structural Features. Ag,(NH,);[(UO,),{B;0-
(PO (PO,H),}H,0. A polyhedral view of the structure of
AgNBPU-1 is shown in Figure la. The structure is based on
corrugated 2D layers with complex compositions. A top view of
the layer is presented in Figure 1b. The layers are constructed
from complex borophosphate finite clusters linked by (UO,)**
uranyl groups. The uranyl groups are coordinated by five
oxygen atoms resulting in pentagonal bipyramidal (UO;)
coordination of the two crystallographically independent
uranium atoms. The bond lengths in the uranyl groups are in
the range from 1.753(9) to 1.797(11) A. As expected, the
equatorial U—O bond lengths are significantly longer and range
from 2.312(11) to 2.466(10) A. Bond valence sum (BVS)
analysis confirms the presence of U®* in both crystallographic
positions (Table $12).*'

In each layer, the uranyl groups are surrounded by complex
oxo-borophosphate clusters. The core of these clusters is based
on three tetrahedral BO, groups (Figure 1b). The tetrahedra
are linked via p; oxygen atoms forming a propeller-like
geometry ([OPJ(BM0,12)),]'). The same type of polyborate
cluster has been observed in both trivalent lanthanide®* and
actinide (Pu, Am, Cm) borates,”>*"¢ but here we report on
such a polyborate cluster in compounds with a higher oxidation
state of the actinide (U®*). A similar geometry has also been
observed in compounds with other elements in tetrahedron
centers, for example in zinc phosphate.*® The bond lengths in
the BO, groups are quite normal and range from 1.42(2) to
1.569(11) A. The oxo-borate tetrahedra are surrounded only by
P atoms and do not have direct contacts with the uranyl groups.
There are six symmetrically independent positions for the P
atoms, all of which form PO, tetrahedra and are linked by
corner-sharing oxygen atoms with the other groups within the
layers. Two of these groups (P1, P3) do not have terminal P—
O bonds and are fully coordinated by uranyl and oxo-borate
groups. The BVS calculations show that these groups do not
contain OH groups and are thus pure orthophosphate.>" Three
PO, groups (P2, P4, P6), have one terminal P—O bond (Figure
1b), one of which, (P(2)0O,), is a hydroxylated (PO;0H) group
as determined by BVS calculation.>® The last group around
P(S) shares only two oxygens with the oxo-borate cluster, and
the two terminal P—O bonds point into the interlayer space.
According to BVS, one of these oxygen atoms, 022, is
protonated making it the second (PO;OH) group in this
structure.”’

Two of the three Ag" cations, Ag2 and Ag3, reside between
the uranyl borophosphate layers as shown in Figure la. Both
Ag2 and Ag3 are in 2-fold linear coordination with Ag2—019
and Ag3—023 distances of 2.21(1) and 2.19(1) A, respectively
(Table S6). This kind of coordination is well-known for
Ag(1).>* Since both Ag atoms occupy a position on the
inversion center, the two bonds at each Ag are equivalent and
the corresponding angle O—Ag—O is 180° by symmetry. Agl is
on a general position and is 3-fold T-shaped coordinated with
Ag—O distances between 2.36 (1) and 2.41(1) A (Table S6).
T-shaped coordinated Ag are not so common but also have

7884

been reported in crystalline compounds.® Two of these atoms
(020, 025) belong to neighboring layers, and 020—Ag—025
spans the interlayer. The angle 020—Ag—025 is almost
straight (171.9(3)°). The third O atom in this coordination,
021, belongs to the same layer as 020. The angles O21-Ag—
020 and 021—Ag—02S are slightly larger than 90° (Table S7).
The formula of the layers can be written as [(UO,),{B;O-
(PO,),(PO,H),}1,>. Water molecules and ammonium occupy
the interlayer space which has been confirmed by the IR
spectrum as shown in Figure S8 and Table SS. The quantity of
ammonium is determined according to the charge balance
requirement. Finally, oxygen and nitrogen in water and
ammonium molecules were distinguished according to the R,
value during the structure refinement.

From Figure 1 and Table 1 it is obvious that the structure of
AgNBPU-1 is strongly pseudosymmetric with pseudomono-
clinic mirror planes perpendicular to the c-axis. The main
deviation from monoclinicity is shown by the hydroxylated
P(2)O;0H groups, which are tilted away from the mirror
plane, and concomitant shifts of the uranyl polyhedra linked to
them. It implies that the strong pseudosymmetric AgNBPU-1
might eventually transform into a real monoclinic structure
with dehydration or dehydroxylation at higher temperature.

AG2.9(NH)3[(UO) B3P 5.,)AS, 0 209(OH),H (x = 1.26, y = 0
for AgNBPU-2 and x = 143, y = 2.24 for AgNBPU-3).
AgNBPU-2 and AgNBPU-3 are isostructural, and only the
pure borophosphate AgNBPU-2 will be discussed in order to
describe their main structural features. The structure of this
phase is a complex 3D framework presented in Figure 2a. The
framework is based on 1D borophosphate chains with complex
geometry (Figure 2c) linked by UO,** uranyl groups. The
uranium atoms (UO;) have pentagonal bipyramidal coordina-
tion geometry. The U—O bond lengths are in the range from
1.755(7) to 1.802(8) A for the uranyl groups and 2.314(4) to
2.409(4) A for the oxygens in the equatorial plane. These bond
lengths are as expected for U® phases. The corrugated
periodically repeatable layer-like fragment (Figure 2b) can be
separated from the 3D framework as emphasized using blue
background in Figure 2a. From this fragment one can see that
each U center is surrounded by five PO, groups via corner-
sharing (Figure 2b). There are three symmetrically independ-
ent PO, and one symmetrically independent BO, groups in this
structure. The BO, tetrahedron shares corners with four
neighboring PO, tetrahedra, three of which belong to the same
corrugated layer, whereas the fourth joins these layers in the c-
direction.

The B—O bond lengths within the BO, tetrahedra range
from 1.439(7) to 1.480(7) A. The BO, tetrahedra are
surrounded by four PO, groups and play a prime role in the
building of the borophosphate chain (Figure 2c). Of the three
symmetrically independent P atoms, two (P1, P3) are PO,
orthophosphate groups fully bonded to two BO, and two
UO,>" groups. The P—O bond lengths range from 1.501(4) to
1.574(5) A. The third PO, group (P2) has one terminal P—O
bond (P2—010) directed into the channel space. The BVS
calculation shows that this site can be partially occupied by a
hydroxyl group.®’ This might explain the nonstoichiometric
presence of Ag in the structures of both phases. The
borophosphate chain is parallel to b-axis and has a complex
form (Figure 2c). The geometry of the chain is adopted to
chelate linear uranyl groups. Each unit (separated in Figure 2c)
of the borophosphate chain chelates four uranyl groups.

dx.doi.org/10.1021/ic400214x | Inorg. Chem. 2013, 52, 7881-7888
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Figure 2. (a) Polyhedral view of the structure of AGNBPU-2 and
AgNBPU-3 emphasizing the corrugated layers (marked in light blue).
(b) Top view of the corrugated layers. (c) The borophosphate chains
within the layers. UO, pentagonal bipyramids are shown in yellow,
BO, tetrahedra are shown in green and PO, tetrahedra are shown in
red. Ag atoms are shown in blue, and NH," groups are shown in pale
blue spheres, respectively.

The framework in AGNBPU-2 and AgNBPU-3 has two types
of the channels. The large one is parallel to b-axis as can be
clearly seen in Figure 2a. This channel has a nearly elliptic 8.5 A
X 3 A profile and is occupied by Ag" and NH," cations. The
positions of the Ag atoms are partially occupied and split, with a
~ 0.87 A distance between the split positions. The NH,"
groups have two crystallographic positions. One is within the
large channel, and the second resides in a small zigzag-like
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channel composed by the layer-like fragment, as shown in
Figure 2b.

3.3. Borophosphate Fundamental Building Blocks
and Structure Topology. Numerous different fundamental
buildings blocks (FBBs) are known from pure borates,
borogermanates, borosilicates, and borophosphates.">*® The
two FBBs observed in this work are new (Figure 3). The FFB

(d)

(b)

Figure 3. Fundamental building blocks and respective topologies in
AgNBPU-1 (a, b) and AgNBPU-2, 3 (c, d). BO, tetrahedra are shown
in green and black squares, and PO, tetrahedra are shown in red and
white squares.

of AgNBPU-1 is topologically identical with the finite
borophosphate unit in the structure of [B;0(PO,),(PO,H),].
This unit and its topological representation are shown in Figure
3a,b, respectively. It is based on nine tetrahedra, and all these
polyhedra are linked by corner-sharing. The B/P ratio is 1:2,
and the topology of the unit can be represented as a derivative
of the simplest 3[]:3(] FBB.> The [B;0(PO,),(PO,H),] is the
first borophosphate FBB with p; oxygen bridging BO, groups.
The B;O fragment is central to the FBB unit in AGNBPU-1.
The topology of the FBB can be written as 9[]:
[@]OEHOOEOOBEY following Burns et al’s
designations.*® Each FBB has a descriptor of the form A:B,
where A gives the number of borate triangles (A) and
tetrahedra ([]) in the FBB in the form iAj[], where i and j are
the numbers of triangles and tetrahedra, respectively. The
delimiters, ( ) and [ ], are used to identify the rings of
polyhedral and connected anions, polyhedra, or rings. The ®
means O or OH7, in this case it is O*. Symbols | are used to
show one oxygen atom that is shared among different
tetrahedra.®® At present, the topology of this FBB is the most
complex one ever found in the B:P = 1:2 group of
borophosphates.

The FBB in AgNBPU-2,3 phases is based on two BO, and
five PO, groups (Figure 3c). This FBB can be separated from
the [B,PsO(3.,)(OH),]; chain and possesses a topology
schematically shown in Figure 3d. This fragment is based on
seven tetrahedra and can be represented by 7[J:[ (4 1)[JIJ.
This FBB is an isomer of two other FBBs with the same
composition, 7[:[301O1OOI!I and 7[7:
(3], observed in complex vanadyl borophos-

dx.doi.org/10.1021/ic400214x | Inorg. Chem. 2013, 52, 7881-7888
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phates (N,C3H;);5(H;0),,[(VO),B,P50,,]-0.3H,0 and
(C¢H4N,),[VBP;0,,(OH);]-H,0-H;PO,, respectively.”>’
The FFB in AgNBPU-2,3 is connected to a six-member FBB
(6[:C1(41)[0) directly and can be obtained from the latter
by adding one PO, group.”

The topology of the layers (in the case of AQNBPU-2,3 it is a
quasilayer fragment) can be described with an anion topology
method.>® The black and white graphs for both structures are
presented in Figure 4. The graph of AgNBPU-1 consists of

(a) (b)

Figure 4. Anion topologies of AgNBPU-1 (a) and AgNBPU-2, 3 (b).

three-, four-, and eight-membered rings (Figure 4a) and can be
written as 3*4°8' in terms of ring symbols.”” It is quite
complicated to write a basic graph for the layers in AgNBPU-1
because they are based on highly polymeric B—P units. This is
the first time that such a topology has been observed in actinide
phases. The topology of the quasilayers in AgNBPU-2,3 is
simpler as it is based on four- and eight-membered rings only
(48"). The topology of these layers can be derived from a
{6.3.4.4}{6.3.6.3} basic graph via elimination of one white
element from the center of the hole. The idealized graph is
shown on the right bottom corner in Figure 4b (separated by
light blue). Such a topology is new for the known actinide
inorganic phases.

3.4. Specific Solid Solution. Our attempts to prepare a
pure As analogue of AgNBPU-2 were unsuccessful which
possibly shows the instability of this potential phase. However,
we successfully synthesized a P/As solid solution with the same
crystalline structure. Our synthetic scheme was to use an equal
molar ratio of both P and As in an attempt to substitute As for
P. As a result, we got the AgNBPU-3 in which the ideal P:As

ratio is 1.25:1 which was calculated according to the site
occupation factor (sof) of each atom. The presence of both P
and As has been proved by the EDX data with a detected P:As
ratio of 1.40:1 which is close to the ideal ratio obtained from
refinement (Figure S6, Table S3). This result might indicate
that the composition of this phase represents the upper limit of
As substitution in this solid solution series. The structural study
performed on single crystals demonstrates the quite interesting
teature of P/As isomorphism. The T—O distances increase with
the increasing substitution of As into the P sites as expected
from the larger ionic radius of As. In Figure S, a fragment of
AgNBPU-3 is shown which includes all crystallographic sites of
B, P(As), and U atoms. From this picture one can see that one
of the three possible P positions (P3) is fully occupied by P
(red tetrahedron) which is same as that in AQNBPU-2. The full
occupancy of P3 is confirmed by the BVS (Table S12). The
bond lengths within the PO, tetrahedron are in the range
1.46(2)—1.58(2) A which is similar to that of the pure end
member AgNBPU-2 (Table S8, Table S10). The other two
sites are partially occupied by As based on the sof of each atom,
viz. T1(P) 0.68, T1(As) 0.32, T2(P) 0.12, and T2(As) 0.80.
However, the sof for both P1 and P2 in AGNBPU-2 is 1. The
BVS confirmed the presence of As at the T1 and T2 sites as is
shown in Table $12.*' The T1 site is 70% occupied by P atoms
and only 30% by As. The bond lengths within this TO, group
(T: P/As) are in the range 1.54(1)—1.60(1) A which are longer
than that in AgNBPU-2 (1.515(4)—1.574(4) A). The most
significant incorporation of As occurs in the hydroxylated
PO,OH group around T2, where the P/As ratio is '/,. The
bond lengths of T—O range from 1.63(1) to 1.68(1) A which
are much longer than those in AgQNBPU-2 (Table S8, Table
S10). However, these T—O bond lengths are quite typical for
As®* oxo-tetrahedra.”"’

Obviously, As and P have distinct preferences for the three
sites, which results in site occupancies that most likely depend
on the As/P ratio during synthesis, but may also depend on
pressure and temperature. This observation opens the
possibility for a complex ordering scheme in this solid solution
series. T(1)O, and P(3)O, are both fully connected with two
BO, and two uranyl groups, whereas T(2)O, is connected with
only one BO, and two uranyl groups while the fourth bond is
T—OH. This loose coordination environment of T2 is arguably
the reason why it is easier for this site to be substituted by the
larger As for P, than in the more tightly connected tetrahedra

B 100% P
B 70% P/30% As

B 20% P/80% As

Figure S. Crystallographic sites of B, P(As), and U atoms in AgNBPU-3. UO; pentagonal bipyramids are shown in yellow, BO, tetrahedra are shown
in green, PO, tetrahedra are shown in red, and TO, (T = P, As) tetrahedra are shown in pink and purple.
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around T1 and P3. In mineralogy, the occurrence of preference
for distinct sites is a quite common phenomenon such as for
the cation sites in pyroxenes, amphiboles, or tourmaline, and
for the different T sites in the anionic partial structure of
feldspars.

3.5. Spectroscopic Properties. Single crystal infrared
spectroscopy clearly shows the presence of NH," in all three
structures by the stretch observed between 1412 and 1427
cm™" (Figure S8). The symmetric stretching vibrations (v;) of
PO,* were recorded at 967, 987, and 980 cm™" for AgNBPU-1,
AgNBPU-2, and AgNBPU-3, respectively, while the symmetric
stretching vibrations of UO,** were observed at around 878—
892 cm™'. The bands between 1036 and 1095 cm™ were
assigned to the antisymmetric stretching vibration (v;) of BO,>
and PO, It is noteworthy that the broad bands between 2500
and 3600 cm ™" are contributed by both the stretching vibration
vOH and yN—H. In AgNBPU-1, there is a peak at 1643 cm™!
which is identified as the stretching mode of the H,O molecules
present in the structures. Moreover, the presence of AsO,> in
AgNBPU-3 is confirmed by the peak at 805 cm™ which was
assigned to the antisymmetric stretching vibration (v;) of
AsO,”. The strong peak at 1231 cm™" in AgNBPU-3 might be
assigned to the symmetric stretching vibration of TO, (T = P,
As) groups.40

Uranyl ion usually produces a vibrational-coupled electronic
transition around 420 nm, which is attributed to a singlet—
triplet transition between the HOMO and LUMO of (UO,)*"
molecular orbitals derived by the hybridization of uranium S5f
and oxygen 2p orbitals.*’ The solid state UV—vis—NIR spectra
of AgNBPU-1, AgNBPU-2, and AgNBPU-3 are shown in
Figure S9. All of three phases exhibit strong peaks at ~350 nm
and transition at ~430 nm which is typical for U(VI)
compounds such as UO,(NO;),-6H,0.* It is noteworthy
that the peak at ~430 nm for AgNBPU-1 is much weaker
compared with those for AGNBPU-2 and AgNBPU-3.

Fluorescence from uranyl compounds can be identified from
the vibronic fine-structure characteristic of the UO,** moiety.*
As shown in Figure S10, the solid state fluorescence spectra of
AgNBPU-1, AgNBPU-2, and AgNBPU-3 are centered near

520 nm which are consistent with other U(VI) compound-
23ab,42
s.

H CONCLUSION

In conclusion, the H;BO;—NH,H,PO,/NH,H,AsO, flux
method was used to synthesize the first examples of actinide
borophosphates which extend our knowledge of the
borophosphate family. The two new fundamental building
blocks (FBBs) of borophosphate observed in AgNBPU-1 and
AgNBPU-2,3 provide unprecedented structural types in
borophosphate chemistry. The new finding demonstrates the
flexibility of the B—P systems. Furthermore, the discovery of
these uranyl borophosphates lends itself to the idea that the
formation of crystalline actinide borophosphates might be
possible during the corrosion of the borophosphate nuclear
waste glasses.
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