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Abstract: A chromium borophosphate—
phosphate (Nag[Cr,B,,P;O4,(OH),]-
[P,O,]-nH,O, 1), which has an unusual
3D framework structure, was synthe-
sized under hydrothermal conditions.
The framework consists of spherical
cages composed of CrOq PO, BO,

actual framework structure is very
complex, but the description can be
simplified by using the 5-connected
fundamental building cluster
[CrPsB;0,,]"". In addition, 1 repre-
sents the first borate-rich borophos-
phate that contains a 3D borophos-

phate partial framework (2
[BsP,O;;(OH)]) in which the funda-
mental building unit is an oB dreier
single ring (A40:0<A2p>0). The
cavities of the framework are filled
with disengaged water molecules and
Na*t counterions. The former can be

and BO; polyhedra. The cages are lo-
cated at the vertices and the body
center of the cubic cell and are inter-
connected through 12-membered-ring
windows along the {111} direction. The

compounds -
elucidation

Introduction

Open-framework inorganic materials are of great interest
due to their wide applications in sorption and separation,
heterogeneous catalysis, and ion exchange.l'l In addition to
the silicates, aluminosilicates, and aluminophosphates, the
research on borophosphates has been growing!” and a great
number of new compounds have been reported in the last
decade.P! Because boron may adopt four- or three-fold coor-
dination, the borophosphate frameworks are often more
complicated than tetrahedral frameworks, although there
are indeed a number of borophosphates known to adopt
zeolite-type structures.”) Despite the diverse structures, a
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reversibly desorbed and reabsorbed
and the latter can be exchanged by Li™*
ions, which results in significant shrin-
kages of the cell volume.

cage
structure

few principles and fundamental building units (FBUs) have
been proposed by Kniep et al.,['”! which are useful to guide
our understanding of borophosphate structures. For simplici-
ty, they disregarded the polyhedra of metal atoms and
mainly focused on the anionic partial structures of boro-
phosphates. Thus, the framework structures of borophos-
phates known so far can be derived from a few typical boro-
phosphate FBUs. This description reveals that most of the
borophosphate partial structures are low dimensional, with
only two exceptional 3D cases, M'[B,P,04(OH)] (M'=Rb,
Cs)™ and A[BeBP,Og]-nH,0 (A=Na*, K+, NH,*).” Nev-
ertheless, to describe the complete framework, one has to
include the polyhedra of metal atoms, in particular, the octa-
hedra and tetrahedra. A useful approach is to describe
framework structures by using metal borophosphate clusters
as building units. For example, [template]-[MB,P;0,,(OH)]
(M=Co," Mn™) can be considered as a simple cubic
porous framework built up with the six-connected building
cluster [MP,B,05]">", as shown in Figure la. A similar
building unit ([VP,B;0;s(OH)s]*") was found in
[N,CH,,],VO(PO;0H),(B;0;0H)-4H,0,!" but with an ad-
ditional BO; that forms a typical 3-membered borate ring
(see Figure 1b). This is a similar approach to that used in so-
called “scale chemistry”, in which large polynuclear clusters
are used as building blocks to construct micro- or even mes-
oporous compounds.!>1#]
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[CoP.B,04]'* or [MNP,B,0]'* [VP,B,0,4(OH).]"

Figure 1. A schematic view of a) [CoP,B,0,]"*~ or [MnP,B,0,]"*" and
b) [VP,B;0,(OH)s]*".

We report herein a new chromium borophosphate—phos-
phate, Nag[Cr,B,,P;0,(OH),][P,0;]-nH,O (1) that contains
CrOg octahedra, BO, and PO, tetrahedra, and BO; triangles.
The complicated structure of 1 can be described as a cage
framework with [CrPsB;0,,]"'" as the building unit. As we
will show later, the [CrPsB;O,,]""" cluster adopts a similar
structure to that in Figure 1, but is a 5-connected unit and
thus the topology of the cage framework is rather unusual.
Additionally, 1 is also the first borate-rich example that con-
tains a 3D borophosphate partial framework (see Scheme S1
in the Supporting Information). The resident metal cations
in the cage can be exchanged, which causes a significant
change in the unit cell con-
stants.

Results and Discussion

Structure description: The as-
synthesized crystals are large
and appear to have a well-de-
fined cubic morphology. How-
ever, the collected X-ray dif-
fraction data exhibited weak
super-reflections, which indi-
cates a deviation from the high-
symmetry structure. Attempts
to solve the structure accurate-
ly, such as collecting data on
different crystals at low temper-
ature by using a synchrotron X-
ray source, carrying out the
structure refinement by includ-
ing the satellite reflections, or
by using primary cubic symme-
try, were all unsuccessful.l'’)
Therefore, we have described
the average structure (the space
group is 123) based only on the
main reflections. In fact, the
average structure represents the
structural feature of the frame-
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work rather nicely. Unusually large anisotropic displacement
factors have been observed mainly for the isolated P,0O,
group and some of the oxygen atoms, which have then been
described by using the splitting model.

The structure of 1 consists of a porous framework of
{[Cr,B,PsO4][P,O;]}'*", counterions (Na*), and absorbed
water. The framework is well defined and consists of 22
crystallographically independent atoms: 1 Cr, 15 O, 3 P, and
3 B.® All the atoms in the framework are located in gener-
al positions except for O14, which is located on the 2-fold
axis (site 12d). To simplify the expression of the framework
in 1, one can define [CrPsB;0,]"" as the fundamental
building cluster (see Figure 2a), in which the polyhedra are
linked in a similar fashion to that observed in the cluster
[VP,B;0,,(OH);]*"."" The central CrOg4 octahedron is sur-
rounded by 4 P1- and P2-centered PO, tetrahedra in a
square geometry by sharing corners that further connect to
the B;Oq borate ring. An additional P3-centered PO, tetra-
hedron is present to complete the linkage of the CrOg4 octa-
hedron. In fact, the P3-centered tetrahedron is a part of a
P,0; group in the structure, in which, as shown in Figure 2a
and b, the O13 atoms are shared by neighboring CrO4 and
the O15 atoms are terminal oxygen atoms. In the present
average structure, the P,O; group is described by the split-
ting model with two orientations (related by 222-point sym-
metry). Although the present study does not provide the
complete structure solution, it is a convincing possibility

Figure 2. a) The building cluster [CrPsB;0,,]''", b) the two orientations of the P,O; group in the structure,
c) the simplified square pyramidal unit (purple: Cr, deep blue: P), d) the topological linkage of the spherical
cage expressed by square pyramids, and e) a projection of the structure of 1 along the {001} direction. Purple:
CrOg, blue: PO,, red: BO,, and green: BO;. The large yellow spheres are present to guide the eye.
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that the different orientations of the P,O, groups might be
the major source of the super-reflections. The presence of
the PO, and P,0; groups in the structure was further con-
firmed by *'P magic-angle spinning (MAS) NMR spectros-
copy (see Figure S1 in the Supporting Information). Two
distinct resonance peaks were observed at about 6=-5.8
and —21.3 ppm, which are attributed to the PO, and P,0O,
groups, respectively, according to the literature.”"

In the framework structure, the oxygen atoms on the P1-
and P2-centered tetrahedra are further shared with the
CrO4 and BO, groups of the neighboring clusters, whereas
the P,O; group connects four neighboring CrOg4 octahedra.
Thus the fundamental building cluster [CrPsB;0,,]""" is ac-
tually 5-connected and can be simplified to a square pyrami-
dal unit (see Figure 2c) in which only the Cr and P atoms
are shown and the other atoms are omitted. Figure 2d shows
a schematic view of the framework structure. It should be
noted that the four basal PO, groups are commonly shared
by the neighboring square pyramidal units, whereas the
axial PO, groups are not only shared by two square pyrami-
dal units, but are also interconnected to form the P,0O,
group (shown as a solid blue line). Therefore, 1 possesses an
extended 3D cage framework structure, and the spherical
cages are located at the vertices and the body center of the
cubic cell. The actual framework structure is very complex
(see Figure 2e) and consists of 24 CrOg 60 PO,, and 24
B;Og groups. The cavities of the cages are interconnected by
12- and 7-membered-ring windows composed, respectively,
of 6 PO, and 6 BO, groups along the {111} direction and 4
PO, and 3 CrOy4 groups along the {001} direction. The Cr
atoms in the framework structure are well separated by PO,
groups so that the magnetic susceptibility is predominantly
paramagnetic with weak ferromagnetic interactions (see Fig-
ure S2 in the Supporting Information).

According to the structure analysis, the composition of
the framework is {[Cr,B,PsO4][P,0;]}'* (Z=6). The nega-
tive charges of the framework are partially compensated by
the protons bonded to the terminal oxygen atoms of the
framework and partially by the Na™ cations in the cavity.
The structure refinement reveals that some of the residual
electron densities in the cavity can be assigned to the resi-
dent Na* cations or H,O molecules, whereas for those posi-
tions that are only partially occupied in the cavity, assign-
ment is rather ambiguous due to similar scattering abilities
and possible disorders. Alternatively, the amount of Na*t or
H,O present can be estimated from chemical analysis by in-
ductively coupled plasma methods (ICP) and thermogravi-
metric analysis (TGA).

Na' quantities obtained for different as-synthesized sam-
ples by using ICP are listed in Table 1 and Table S1 in the
Supporting Information. Although the data are dispersed,
the mean value of the Na* content is close to 2 (about 8
Na* ions per formula) for the as-synthesized samples. The
TGA curve of as-synthesized 1 shows the two steps that give
a total weight loss of 10.1 wt% (Figure 4). The first weight
loss of 8.2 wt %, which occurs below 300°C, should originate
from the removal of the disengaged water molecules and
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Table 1. Unit cell constants and atomic ratios of as-synthesized and treat-
ed samples.

Sample T Atomic ratio (set P=2.50) Volume Volume

[h] [A%] ratio
Li+Na Li Na Cr B P

1 2.21 221 099 3.15 250 8017(1) 1

1 water- 7815(1) 0.9749

desorbed

1 water-re- 7961(1) 0.9930

absorbed

1-Li-4 4 290 1.93 097 1.01 3.17 2.50 7516(2) 0.9375

1-Li-8 8 294 241 053 1.02 324 250 7358(3) 0.9178

1-Li-16 16 2.94 275 019 1.01 3.19 250 73003) 0.9106
1-Li-24 24 327 315 012 1.02 321 250 7256(4) 0.9051

the second weight loss of 1.9 wt% may originate from the
dehydration of the hydroxyl groups. From the weight loss,
one may estimate that there were about 8 disengaged water
molecules (caled: 7.95wt% per formula) and 4 hydroxyl
groups (caled: 2.00 wt %). The presence of hydroxyl groups
on the framework is also supported by the IR spectra (see
Figure S3 in the Supporting Information). A sharp peak at
#=3590 cm™! (assigned to the hydroxyl groups) that was ob-
served in as-synthesized 1 disappears in deprotonated (Li*
exchanged) 1. The other two bands at #=3517 and
1629 cm™!, which originate from H,O, remain in both sam-
ples. From the structure, we know that there are two possi-
ble oxygen sites that may bond protons; one is the terminal
oxygen (010, general position) on BO;, another is the ter-
minal oxygen (O15, general position but half occupied) on
the P,O; group. Considering the multiplicity factors of the
two terminals and the acidity of boric and phosphoric acids,
it seems more likely that the protons are bonded to the ter-
minal oxygen on BO;. Therefore, based on the structural
and chemical analysis above and the charge balance, one
can conclude that the overall composition of the as-synthe-
sized 1 should be Nag[Cr,B,,P;0,s(OH),][P,0,]-8H,0.

Borophosphate partial structure: To further understand the
structure, we have employed the Kniep’s concept and no-
menclature” of borophosphate FBUs to analyze the anion-
ic partial structure of 1. In Kniep’s description, the transi-
tion metal can be ignored, thus one can focus mainly on the
borophosphate partial structure. The P,O, group in 1 is an
isolated phosphate group that can also be ignored. The FBU
in 1 is, therefore, an oB dreier' single ring and can be ex-
pressed as Ado:o<A2p>0 (Figure 3a; for an explanation
of the descriptors and symbols, see ref. [10]). This borate-
rich FBU has also been found in
Na,[M"B,P,0,;(0OH)]-0.67H,0 (M"=Mg, Mn-Zn).>>!
The terminal oxygen atoms on both BO, and PO, are the
atoms that could be shared by adjacent FBUs and in both 1
and Na,[M"B,P,0,,(OH)]-0.67 H,O the FBUs are 4-connect-
ed (exemplified in Figure 3b), which leaves two terminal

! The term “dreier” was coined by Liebau® and is derived from the
German word drei, which means three.
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3D Borophosphate Frameworks

D= 1(tb); P=6; M=3; Qc¥; B23, B, P2+
Na,[M'B,P,0, (OH)]*0.67H,0

oB dreier single ring
Ado:o<A20>0

D=3 P=6; M= 4 QUcN: B2 B p24

Na,Cr B P.0O

128 AA(OH)A][P207].HH20

Figure 3. a) A single FBU of 1, b) the connection between FBUs in 1,
c) the borophosphate partial structure in 1, and d) the anionic partial
structure in Na,[M"B,P,0,,(OH)]-0.67H,O. Blue: PO,, red: BO,, green:
BO:s. The yellow sphere represents the spherical cage in the center.

oxygen atoms on PO, coordinated to the transition metal
cations. Although the local connections of the polyhedra are
the same, the framework topologies are different in these
two compounds, which is largely due to the flexible orienta-
tion of the PO, group (for 1: D=3; P=6; M=4; Q"N: B*,
B*, P¥* and for Na,[M"B;P,0,,(OH)]-0.67H,0: D =1(tb);
P=6; M=3; Q"™: B*, B**, P*). As shown in Figure 3c,
the borophosphate partial structure in 1 is a three dimen-
sional framework consisting of spherical cages, which com-
prises a 3-connected topology with the Schlifli notation (6,
8, 12%),1*! (see Figure S4 in the Supporting Information). In
Na,[M"B;P,0,,(OH)]-0.67H,0, however, the FBUs are in-
terconnected in a parallel fashion that forms a tubelike 1D
structure (see Figure 3d). It should be noted that, as far as
we know, only two 3D borophosphate frameworks have
been identified in the literature. M'[B,P,04(OH)] (M'=Rb,
Cs) is a IB dreier framework constructed by the fundamen-
tal building unit of 4p0:<3o>pM whereas  A-
[BeBP,O;]-nH,O0 (A=Na*, K*, NH,*) is an olB achter
framework composed of 9:n< 60> || o7

Thermal stability and microporosity: Figure 4 shows the
TGA curves for 1 under different conditions. As-synthesized
1 exhibits two major weight losses. The first weight loss,
which occurs below 300°C, mainly originates from the re-
moval of the water molecules in the cavity and the second
weight loss, which occurs between 300 and 500°C, is due to
the dehydration of the hydroxyl groups. As shown in
Figure 5, the powder X-ray diffraction patterns of a sample
annealed at different temperatures (from 25 to 800°C) indi-
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Figure 4. Thermogravimetric curves of as-synthesized 1 (—), water-re-
absorbed 1 (-----), and water-reabsorbed 1-Li-24 (+++).

Counts

Figure 5. Powder X-ray diffraction patterns of as-synthesized 1 annealed
at different temperatures (25-800°C).

cates that the framework is retained until 450°C, above
which the first reflection (770) drops dramatically and the
high 26 reflections remain, which indicates that the frame-
work collapses after the dehydration of the hydroxyl groups.
At 750°C, a known condensed phase, NaCrP,0;, is formed.

The water molecules in the cavity of 1 can be reversibly
desorbed and reabsorbed. To obtain a water-desorbed
sample, we heated as-synthesized 1 at 250°C for 20 h. As
shown in Figure 6, the X-ray diffraction pattern is almost
identical to that of as-synthesized 1, except for a slight

600+

400

Counts

200+

5 10 15 20 25 30
26/°

Figure 6. The powder X-ray diffraction patterns of i) as-synthesized 1, ii)
water-desorbed 1, iii) water-reabsorbed 1, and iv) 1-Li-24.
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shrinkage of the unit cell volume (=2.5%). The cell volume
can be completely restored by placing the desorbed sample
in a water-saturated atmosphere for 20 h. The thermal be-
havior and crystalline integrity of water-reabsorbed 1 is sim-
ilar to that of as-synthesized 1 (see Figure 4 and Figure 6).

The Na™ ions in the cavity of the framework are mobile
and can be exchanged by Lit ions. The exchange experi-
ments were carried out by dipping as-synthesized 1 in
molten LiNO; at 285°C. After the exchange reaction, the
products were extensively washed and sonicated several
times with distilled water to ensure complete removal of the
absorbed ions on the particle surface. The exchange reac-
tions were carried out for periods of 4, 8, 16, and 24 h to
give 1-Li-4, 1-Li-8, 1-Li-16, and 1-Li-24, and at each interval
an ICP chemical analysis was performed and an X-ray dif-
fraction pattern was recorded. It can be seen in Figure 6
that although the crystalline integrity of 1-Li-24 had de-
clined, the framework was retained after a 24 h exchange re-
action. In Table 1, we have summarized the results of chemi-
cal analysis and X-ray diffraction of the Li*-exchanged sam-
ples. It can be seen that the Li* content increases and the
Na*t content decreases simultaneously over the course of
the exchange reaction. At the same time, the unit-cell
volume shrinks; for 1-Li-24, the volume shrinkage is about
9.5%, which is significant for the exchange experiments.
More interestingly, the overall cation contents (c¢(Na*)+c-
(Li%)) in the Li*-exchanged samples are all close to 3, an
expected value for complete replacement of both Na* ions
and the protons of the hydroxyl groups (see Table 1). This
implies that the Li* ions preferentially replace the hydrogen
atoms of the hydroxyl groups on the framework and then
the Na™* ions in the cavity. The Li* exchange was also veri-
fied by IR spectra and 'Li MAS NMR spectroscopy. As indi-
cated, the sharp IR peak observed in the as-synthesized
sample at =3590 cm™' disappears in 1-Li-24, which also ex-
hibits two resonance signals centered at about 6=-2 and
29 ppm under the spectral frequency of 116.6 MHz and the
magic-angle spinning speed of 13 kHz (see Figure S5 in the
Supporting Information). Although we cannot absolutely
assign the coordination environments of the two signals, the
significantly different magnitudes suggest that the 0=
29 ppm signal may correspond to the Li* ions that replace
protons, whereas the 6 =—2 ppm signal may correspond to
the Li* ions in the cavity. Additionally, 1-Li-24 reabsorbed
in a water-saturated atmosphere also shows different ther-
mal behavior (see Figure 4); it exhibits continuous weight
loss without a plateau. All the above observations suggest
that the replacement of Li* with H* does occur. We would
like to point out that similar replacement has also been ob-
served in other systems. For example, H,M,PO, (M=Nj,
Co)™! is a hydrated metal phosphate; its lithium derivate
LiH;M,(P,0,),,””" in which '/, of the protons on hydroxyl
groups are replaced by Lit, can be obtained by adding
LiNO; to the reaction systems.

The microporosity of 1 is exemplified by the reversibility
of the water desorption/reabsorption and ion-exchange
properties. In addition, the structure investigation definitely
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shows that the large spherical cages are interconnected by
12-membered-ring windows. However, the BET surface area
(N,) of 1 is rather small at about 5 m>g (see Figure S6 in the
Supporting Information), which means that 1 is not a tradi-
tional microporous material. Such a phenomenon is not un-
common and has been observed in other systems, such as
MCuB,;0,,H,0 (M =Na, K) in which the structure contains
large 14-membered-ring channels.”® We do not know the
exact reason for this observation, but blocking of the win-
dows by counterions, the hydrophilic nature of the inner sur-
face, or even inappropriate experimental conditions may all
result in such an observation. Nevertheless, the reversible
water adsorption and ion-exchange properties verify that
the guest species are mobile and that their mobility does not
damage the integrity of the framework.

Conclusion

Nag[Cr,B;,P30,5(OH),][P,O,]-nH,O is an interesting boro-
phosphate—phosphate that adopts a spherical cage frame-
work structure composed of CrOq, PO,, BO,, and BO; poly-
hedra. The cages are located at the vertices and the body
center of the cubic cell and are interconnected through 12-
membered-ring windows along the {111} direction. The de-
sorption and absorption of the disengaged water molecules
in the cavity are reversible. The Na*t counterions are ex-
changeable with Li* ions, and this is accompanied with sig-
nificant shrinkages of the unit cell. During the Li*-exchange
process, the framework is retained but the crystallization de-
creases. It is likely that the Li* replaces not only the Na*
ions but also the hydrogen atoms on the framework. Addi-
tionally, the analysis based on Kniep’s concept reveals that 1
adopts a 3D borophosphate partial framework structure,
represented as [B;P,0,,(OH)]. The FBU is an oB dreier
single ring (A40:0 < A20>0). Interestingly, although anoth-
er known borophosphate, Na,[M"B;P,0,,(OH)]-0.67H,0
(M"=Mg, Mn-Zn), is also built up with a similar FBU, its
framework structure is 1D and tubelike. As far as the struc-
tural chemistry of borophosphates is concerned and to the
best of our knowledge, 1 represents the first borate-rich
phase that contains a 3D borophosphate partial framework.

Experimental Section

Synthesis: 1 can be synthesized by a hydrothermal reaction method. Typi-
cally, Cr(NO;);9H,0 (1.0 g, 2.5 mmol) was dissolved in concentrated
H;PO, 3mL, 146 molL™") in a 50 mL Teflon reactor at 80°C. Then
Na,B,0,:10H,0 (3.8 g, 10 mmol) was added and the Teflon reactor was
sealed in a stainless steel container. After heating at 220°C for 4 days
and cooling to RT in 12 h, the solid sample was washed extensively with
hot water (80°C) until the soluble components were completely removed.
Dark green single crystals with a truncated cubic appearance were ob-
tained in a yield of about 90 % with respect to Cr. The reaction tempera-
ture and time are not constant and can vary from 180 to 240°C and from
3d to 2 weeks.

Analyses: The chemical analyses were carried out by ICP methods by
using an ESCALAB2000 analyzer. The TGAs were performed on a

Chem. Eur. J. 2008, 14, 7212-7217
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Dupont 951 thermogravimetric analyzer in air with a heating rate of
10°Cmin~" from 30 to 800°C. Powder X-ray diffraction data were col-
lected at room temperature on a Rigaku D/Max-2000 with Cu K, radia-
tion (A=1.5406 A) from a rotating anode. The tube voltage and current
were 40 kV and 100 mA, respectively. The magnetic property of 1 was in-
vestigated with a Quantum Design MPMS-SS superconducting quantum
interference device (SQUID) magnetometer at a temperature range of 2
to 300 K at 0.1 T. The isothermal magnetization curve was measured at
2 K up to an applied field of 7 T.

Structure determination: Single-crystal X-ray diffraction was performed
at room temperature by using an Xcalibur diffractometer equipped with
a CCD detector. The structure was solved by direct methods in the space
group 123 and refined by full-matrix least squares techniques against F>
by using the SHELX programs.”” The data analysis reveals that the
structure, in fact, deviates from the I-centered lattice. However, the addi-
tional reflections are extremely weak, even for the data collected at
100 K. In the 123 structural model, the P(3),0, groups are described as
two different orientated species (see Figure 2b). A total of 118454 reflec-
tions, of which 4103 are unique, were collected in the region 3.7° <6<
34.5° (A=0.71073 A). R;,,=0.0345, R, =0.0574, and wR,=0.1536 for all
reflections. Crystal data and details of the structure determination are
given in Table 2. The refined atomic parameters are given in Table S2 in
the Supporting Information. Further details of the crystal structure inves-
tigation can be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-808-666;
e-mail: crysdata@fiz-karlsruhe.de) on quoting the depository numbers
CSD-415997.

Table 2. The crystallographic parameters and refinement results of 1.

NagH,,Cr,B,P;O¢;

M, 1859.50

T [K] 290

ATA] 0.71073

crystal size [mm] 0.1586 x 0.1644 x 0.2285

morphology green, truncated cubic

space group 123

a[A] 20.0242(3)

Vv [AY] 8029.1(2)

V4 6

Peatea [gem™] 2.31

u(Mo K,) [mm™] 1.295

coll. reflns 118454

indep. reflns 4103

I1>20(1) 4103

0 range [°] 3.7-34.5

GOF 1.008

R\[1>20(1)] 0.0574

wR,(all data) 0.1536
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