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ABSTRACT: A new polymorph of CsBsOg has been
synthesized. Its crystal structure was determined from
single-crystal X-ray diffraction spectroscopy. The new
polymorph of CsBsOg with new B,,O, building blocks
containing helical chains has been synthesized. The
relation and differences of tunnels contained in all of the
CsBsOg polymorphs are discussed to show the exciting
diversity of cesium pentaborate.

he crystal chemistry of borates and the structural systems of

its basis differ from those of silicates, phosphates, sulfates,
carbonates, nitrates, and organometallic complexes because
anionic radicals in the borate class can be both boron tetrahedra
and triangles." The BO; and BO, groups comprise an exciting
structural chemistry with a great variety of connection and
arrangement patterns.” The phase transition of BaB,0, may be
the best illustration that different arrangement patterns of B—O
groups significantly influence the crystal structures, leading to
compounds with interesting and useful properties.® In the low-
temperature phase -BaB,0,, the B;O¢ anionic groups arrange
parallel in the same layer and rotate a little in different layers.
Also, 3-BaB,0, is the most frequently used nonlinear-optical
(NLO) material.* However, in the high-temperature phase a-
BaB,0,, the B;O4 groups are mutually symmetrically arranged.
These make a-BaB,0, crystallize in the centrosymmetric space
group, but it has a large birefringence.” The diverse structural
possibilities for metal borate are one of the reasons for the
research focus, and they have been widely used in phosphors,
glass, and nonlinear optics.6 In addition, some borates contain
structures similar to organic compounds or nanomaterials. For
example, in NaBeB;Og, three BO; triangles and two BeO,
tetrahedra share their vertexes to form a nearly coplanar double
six-membered ring [Be,B;0;]°, which is similar to a
naphthalene molecule.” In our recent research, Na;;B,,0;3,Cl,
and Na,;B,,05¢Br, with a graphene-like borate double layer are
reported.® In the paper, cesium pentaborate with 2, helical
chains, which is known as the basic structure of DNA, has been
synthesized. The M,0O—B,0; (M = Rb, Cs) systems have been
investigated to search for a new compound. In the end, a new
phase of CsB;Oy (5-CsB;Og) has been synthesized. In 2002,
Cs[B;04(OH),]-2H,0 was synthesized; the compound has the
same formula form and fundamental building blocks (FBBs) as
KBO4-4H,0, which was the first NLO borate.”'® In that paper,
they dehydrated Cs[B;O4(OH),]-2H,0 and obtained four
different powder X-ray diffraction (PXRD) patterns of CsB;Oy.
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(The structure of the fourth CsB;Og modification is unknown,
and no PXRD pattern is given in the paper.) In the following
research, they reported two phases of the four types of CsB;Oy («
and y) and summarized the entire crystal structure of MB;Og (M
=Rb, Cs) to give an overall description.11 In 2007, Bubnova et al.
determined the crystal structure of #-CsBsOg from PXRD data
using synchrotron radiation.'” In this communication, we will
report the crystal structure of 6-CsB;Oyg for the first time. The
synthesis of the title compound adds a new member to the family
of alkali pentaborates and enriches the structure chemistry.
Although all of the phases of MB;Og contain BsO,, units, each
phase of CsB;Og (@, f3, 7, and §) contains its own unique
enclosing tunnels in the structure. We deem that it is very
important and interesting to study the polymorphism in CsBsOg
as well as its structure transformation. Understanding the
crystallographic architecture of these four polymorphs may
provide new insight into controlling the B—O structure change
among polymorphisms.

Polycrystalline samples of §-CsBsOg were synthesized by a
traditional solid-state reaction technique with a stoichiometric
mixture of Cs,CO; and H;BO; powders. The mixtures were
heated in air between 420 and 600 °C. The room temperature
PXRD patterns of the mixtures obtained at different temper-
atures are shown in Figure S1 in the Supporting Information
(SI). There is no 6-CsBsOg phase when the temperature is below
500 °C. When the reaction temperature dwells at 530 °C for 24 h,
the PXRD pattern mostly resembles the pattern of the 6-CsB;Og
phase. However, there are some weak peaks, which are labeled by
black symbols, corresponding to the patterns of @-CsB;Og (PDF
No. 51-1612) and -CsB;Og (PDF No. 51-1613). Then higher
reaction temperatures lead to the disappearance of §-CsB;Og. To
ensure suitable reaction conditions, a series of reactions were
carried out at 530 °C with different reaction times from 24 to 72
h (Figure S2 in the SI). When the reaction time was about 36 h,
the 6-CsB;sO; phase disappeared. So, it is difficult to synthesize
the pure phase of 6-CsB;O; owing to the existence of three other
phases of CsB;Og. When different raw reagent ratios are
considered, such as superfluous H;BO; or Cs,CO;, the pure
phase of 6-CsB;Ojg has not been obtained either.

Crystals of 6-CsB;Og are grown by a spontaneous
crystallization method. The title compounds crystallize in the
space group Pccn (No. 56) of the orthorhombic system. There
are three unique Cs atoms, 10 unique B atoms, and 16 unique O
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atoms in the asymmetric unit. The B—O bond lengths are normal
in a BOj triangle and a BO, tetrahedron."® There are three types
of Cs ions. The Csl atoms are coordinated by 8 O atoms, while
Cs2 and Cs3 are in the 10-coordinate environment (Figure S3 in
the SI). The inductively coupled plasma (see in the SI) and bond
valence calculation in Table S1 in the SI also confirm that the
formula and crystal structure of the title compound are correct.

The structure of 5-CsB;Oyg features a 3D framework composed
of CsO,, (n = 8, 10) polyhedra and the new FBB B,,0,, (Figure
1c), which consists of eight BO; and two BO, units. According to
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Figure 1. (a) Wave-layer structure composed of one type of B;O,, in &-
CsB;Os. (b) Polyhedral representation of 5-CsB;Oy along the [010]
direction. (c) FBB B;yO;. Color code: BO,, green; BO,, purple.

the scheme proposed by Burns et al. and summarized by Touboul
et al,'* the B0y building block can be classified as
{10:003[(5:4A + T) + 2(2.5:2A + 0.5T)]}. To the best of our
knowledge, it has not been reported previously in any anhydrous
and hydrated borates. The B (O, units connect with each other
to form the two special 2, helical chains"® containing tunnels in
the [010] direction, with Cs* ions filling in the space to balance
the charge. The cesium pentaborate with 2, helical chains, which
is known as the basic structure of DNA, has been reported.'*”

By the comparison of the structures of 6-CsBsOg, @-CsB;Oyg,
P-CsBsOg, and y-CsB;Og, the four polymorphs all contain
enclosing tunnels in the boron—oxygen anionic radical (Figures
2 and S4, SS, and S6 in the SI). However, the FBBs of 6-CsBOy
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Figure 2. Enclosed tunnels of the polymorphs of (a) 6-CsBsOy, (b) a-
CsB;0Og, (c) f-CsB;Og, and (d) y-CsB;Os.
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are different from those in a-CsB;Oyg, f-CsB;Og, and y-CsBOs.
In 6-CsB;Oy, two different kinds of BO, groups make the FBB be
B0, while the FBBs are B;O,, in a-CsB;Og, #-CsB;Og, and -
CsB;Os.

All of the tunnels of different polymorphs are diverse in size
and composition. At first glance, the compositions of the tunnels
of a-CsB;Og and 5-CsBOyg are identical: two BO, and eight BO;.
However, the tunnels in a-CsB;Og are formed by connecting
four B;O,o. The tunnels of d-CsB;Ogq consist of three B,,O,.
Furthermore, the tunnels are all closed in @-CsB;Og but 50%
open in 6-CsB;Oy. In the aspect of arrangement, the tunnels are
different from —BO,(BO;),BO,(BO;),— in 6-CsB.Og to
-B0O,(BO,;),BO,(BO;)s— in a-CsB;Og In 5-CsB;Og, the

enclosed tunnels are almost the same as the ones in @-CsB;Oq
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(see Figures 1 and S4 in the SI). Although all of the B;O, groups
are connected through the four corner O atoms, the B;Oy,
groups are diverse in the B—O bond lengths and angles in the
B,,0, group. The existence of different B;O,, groups may be the
reason why the two structures differ from a layer structure in a-
CsB;Og to a 3D framework in 6-CsB;Oyg. This makes us believe
that B,,O,y, which differs from the connection of two B0,
groups, is a new FBB. Enclosed tunnels also exist in the 3D
frameworks of (-CsB;Og and y-CsB;Og. Both tunnels are
composed of six BsO, units.

From the structure of view, the differences of the B—O bond
lengths and angles in each B;O,, and the connecting angle
between B;O,, groups may be the primary cause of the abundant
crystal chemistry. Because of this, the tunnel of the  phase can
grow into the tunnels of §f and y by twisting the connected B;O
groups (the gray and red ones shown in Figure S7 in the SI). The
twisted B;O,, groups break the original tunnels and form new
tunnels. In addition, the phase transition among polymorphs of
a-CsBsOyg, f-CsB;Oy, and y-CsBsOg has been demonstrated by
Penin et al.">'* In the paper, the structure of 5-CsB;Oj can be
transformed into a-CsBsOg also via the transition state of y-
CsB;Og by twisting the connected B;O,, groups (the gray and
red ones shown in Figure S8 in the SI). The phenomenon can be
observed from the solid-state synthesis (Figure S1 in the SI); the
mixture turns into a-CsBsOg when the temperature dwells at 600
°C. The main difference between the polymorphs lies in the
bond lengths and angles. So, we calculated the bond strain index
(BSI) and global instability index (GII) values (Table 1) to

Table 1. BSI and GII Values of CsB;Oyg

BSI GII
a-CsB,Oy 0.036 0.059
f-CsB,O 0.061 0.142
7-CsB.Oyg 0.085 0.162
5-CsB;0q 0.054 0.154

compare their structural strains. The results show that a-CsB;Og
is the most stable phase in both methods. The values of BSI of -
CsB;Og and y-CsB;Oy are the larger ones, which demonstrates
that a larger tunnel makes a larger bond strain.

In conclusion, a new polymorph, §-CsB;Oyg, crystallizing in the
orthorhombic space group Pccn was obtained. The 3D network
consists of 2, helical chains and enclosed tunnels with three types
of Cs" ions filling in the space to balance the charge. To the best
of our knowledge, the FBB B;jOy has not been reported
previously in any anhydrous and hydrated borates. The relation
and difference of the tunnels contained in all of the CsB;Oq
polymorphs are discussed to show the exciting diversity of
CsB;Oyg. The BSI and GII values are calculated to compare their
strains and stability.
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Experimental details, crystallographic information files in CIF
format, selected bond lengths and angles, and figures of PXRD
and crystal structures. This material is available free of charge via
the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Authors
*E-mail: wahp@ms.xjb.ac.cn.
*E-mail: slpan@ms.xjb.ac.cn.

dx.doi.org/10.1021/ic403070b | Inorg. Chem. 2014, 53, 2358—2360


http://pubs.acs.org
mailto:wuhp@ms.xjb.ac.cn
mailto:slpan@ms.xjb.ac.cn

Inorganic Chemistry

Communication

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is supported by the High Technology Research &
Development Program of Xinjiang Uygur Autonomous Region
of China (Grants 201315103 and 201116143), the National
Natural Science Foundation of China (Grants U1129301,
51172277, U1303392, and 21201176), the Main Direction
Program of Knowledge Innovation of CAS (Grant KJCX2-EW-
HO03-03), and The Western Light Program of CAS (Grant
XBBS201214).

B REFERENCES

(1) (a) Belokoneva, E. L. Crystallogr. Rev. 2005, 11, 151—198.
(b) Chen, C.; Wy, Y,; Jiang, A.; Wy, B,; You, G; Li, R;; Lin, S. J. Opt. Soc.
Am. B 1989, 6, 616—621. (c) Wu, H.; Yu, H; Pan, S.; Huang, Z.; Yang,
Z.; Su, X.; Poeppelmeier, K. R. Angew. Chem.,, Int. Ed. 2013, 52, 3406—
3410. (d) Xu, X.; Hu, C.; Kong, F.; Zhang, J.; Mao, J.; Sun, J. Inorg. Chem.
2013, 52, 5831—5837. (e) Tran, T. T.; Halasyamani, P. S. Inorg. Chem.
2013, 52, 2466—2473. (f) Wang, Y.; Pan, S.; Yu, H.; Su, X.; Zhang, M,;
Zhang, F.; Han, J. Chem. Commun. 2013, 49, 306—308. (g) Ushasree, P.
M.; Muralidharan, R,; Jayavel, R.; Ramasamy, P. J. Cryst. Growth 2000,
218, 365—371.

(2) (a) Becker, P. Adv. Mater. 1998, 10, 979—992. (b) Keszler, D. A.
Curr. Opin. Solid State Mater. Sci. 1999, 4, 155—162. (c) Filatov, S. K;
Bubnova, R. S. Phys. Chem. Glasses 2000, 41, 216—224. (d) Wu, H.; Yy,
H,; Yang, Z.; Hou, X,; Pan, S.; Su, X,; Poeppelmeier, K. R.; Rondinellj, J.
M. J. Am. Chem. Soc. 2013, 135, 4215—4218. (e) Huppertz, H.; von der
Eltz, B. J. Am. Chem. Soc. 2002, 124, 9376—9377. (f) Jin, S.; Cai, G.;
Wang, W.; He, M.; Wang, S.; Chen, X. Angew. Chem,, Int. Ed. 2010, 49,
4967—-4970.

(3) (a) Li, L; Li, G; Wang, Y.; Liao, F.; Lin, J. Inorg. Chem. 20085, 44,
8243-8248. (b) Wu, H,; Pan, S. Chem. Lett. 2012, 41, 812—813.
(c) Hwuy, S.J.; Carroll, R. L; Deborah, L. J. Solid State Chem. 1994, 110,
290—294. (d) Serra, J. Y.; Sefat, A. S.; Tran, T. T.; Halasyamani, P. S.;
Loye, H. C. Inorg. Chem. 2013, 52, 6179—6186.

(4) (a) Chen, C.; Wy, B,; Jiang, A.; You, G. Sci. Sin. B 1985, 28, 235—
243. (b) Dubsietis, A.; JonuSauskas, G.; Piskarskas, A. Opt. Commun.
1992, 88, 437—440.

(5) (a) Valbis, Ya. A,; Ivleva, L. I; Kuz'minov, Yu. S. Opt. Spectrosc.
1989, 66,177—178. (b) Wu, S.; Wang, G.; Xie, J.; Wu, X; Zhang, Y.; Lin,
X. J. Cryst. Growth 2002, 245, 84—86.

(6) (a) Wu, H; Pan, S.; Poeppelmeier, K. R.; Li, H,; Jia, D.; Chen, Z.;
Fan, X,; Yang, Y.; Rondinelli, J. M.; Luo, H. J. Am. Chem. Soc. 2011, 133,
7786—7790. (b) Kityk, 1. V.; Majchrowski, A.; Zmija, J.; Mierczyk, Z.;
Nouneh, K. Cryst. Growth Des. 2006, 6,2779—2782. (c) Pan, S.; Smit, J.
P.; Marvel, M. R,; Stampler, E. S.; Haag, J. M.; Baek, J.; Poeppelmeier, K.
R. J. Solid State Chem. 2008, 181, 2087—2091.

(7) Wang, S.; Ye, N; Li, W.; Zhao, D. J. Am. Chem. Soc. 2010, 132,
8779—8786.

(8) Dong, X.; Pan, S; Shi, Y.; Zhou, Z.; Zhao, W.; Huang, Z. Chem.—
Eur. . 2013, 19, 7338—7341.

(9) Penin, N.; Seguin, L.; Gerand, B.; Touboul, M.; Nowogrocki, G. J.
Alloys Compd. 2002, 334, 97—109.

(10) Harry, J.; Dewey, H. J. IEEE J. 1976, 12, 303—304.

(11) Penin, N.; Seguin, L.; Touboul, M.; Nowogrocki, G. J. Solid State
Chem. 2001, 161, 205—213.

(12) Bubnova, R; Dinnebier, R. E.; Filatov, S.; Anderson, J. Cryst. Res.
Technol. 2007, 42, 143—150.

(13) (a) Wu, Y.; Sasaki, T.; Nakai, S.; Yokotani, A. Appl. Phys. Lett.
1993, 62, 2614—2615. (b) Mori, Y.; Kuroda, I; Nakajima, S.; Sasaki, T.
Appl. Phys. Lett. 1998, 67, 1818—1820.

(14) (a) Burns, P. C.; Grice, J. D.; Hawthorne, F. C. Can. Mineral.
1995, 33, 1167—1176. (b) Touboul, M.; Penin, N.; Nowogrocki, G.
Solid State Sci. 2003, 5, 1327—1342.

2360

(15) Maggard, P. A.; Stern, C. L.; Poeppelmeier, K. R. J. Am. Chem. Soc.
2001, 123, 7742—7743.

(16) Watson, J. D.; Crick, F. H. C. Nature 1953, 171, 737—738.

(17) Crick, F. H. C.; Watson, J. D. Proc. R. Soc. London, Ser. A 1954,
223, 80—96.

dx.doi.org/10.1021/ic403070b | Inorg. Chem. 2014, 53, 2358—2360



