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A new polyborate anion, [B7O9(OH)6]3-: self assembly, XRD and thermal properties of
s-fac-[Co(dien)2][B7O9(OH)6].9H2O.
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Abstract: The title compound, s-fac-[Co(dien)2][B7O9(OH)6].9H2O (1) (dien =
HN(CH2CH2NH2)2), has been prepared as a crystalline solid in moderate yield (35%) from
the reaction of B(OH)3 with [Co(dien)2][OH]3 in aqueous solution (10:1 ratio). The structure
contains a novel polyborate anion [B7O9(OH)6]3- which is structurally based on the known
‘ribbon’ isomer of [B7O9(OH)5]2-, with an additional [OH]- group coordinated to a B atom in
one of the outer boroxole rings. Compound 1 is formed by a self-assembly process in which
the cation and anion mutually template themselves from equilibrium mixtures under reaction
conditions. The [B7O9(OH)6]3-, anions are H-bonded to each other in layers with ‘cavities’
suitable for the [Co(dien]2]3+ complex. Three [B7O9(OH)6]3- anions are in the secondary
coordination sphere (via H-bonds) of each cation, with each anion H-bonded to three cations.
___________________________________________________________________________
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Polyborate anions are conveniently classified as either ‘condensed’ (polymeric chains,
sheets or networks) or ‘isolated’ with discrete anionic moieties. Salts containing polyborate
anions have attracted recent attention due to their possible applications as luminescent,
second harmonic generation, ferroelectric, flame retardant and non-linear optical materials
[1]. Isolated polyborate anions are readily synthesised by solvothermic methods [2] or by
the addition of B(OH)3 to a basic aqueous solution containing a potential templating cation
[3]. Self-assembled products arise since B(OH)3 in basic aqueous solution exists as a dynamic
combinatorial library of a number of polyborate anions [4]. In general, pentaborate(1-) salts
(containing the [B5O6(OH)4]- anion) are formed because these salts have a strong H-bonded
anionic lattice and this lattice is sufficiently flexible to accommodate many small to medium
sized cations [5]. Salts containing polyborate anions other than pentaborate(1-) are relatively
rare [6]. We are interested in the synthesis of structurally novel polyborate anions and have
adopted a strategy of templating such species by the use of sterically demanding and/or
highly charged cations [7]. Herein, we report the self-assembly of a salt containing a novel
isolated heptaborate(3-) anion, partnered with cationic transition-metal coordination
complex. This salt’s thermal properties, and its structure as determined by single-crystal
XRD are also reported.
The addition of 10 equivalents of B(OH)3 to 1 equivalent of [Co(dien)2)][OH]3 in
aqueous solution, prepared by anion exchange from [Co(dien)2)]Cl3, results in a moderate (35
%) yield of s-fac-[Co(dien)2][B7O9(OH)6].9H2O (1) [8]. Compound 1 was initially
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characterized by elemental analysis, IR and NMR (1H, 13C, and 11B) spectroscopy, and by
thermal (TGA/DSC) analysis (air). The thermal and spectroscopic data indicated that 1 was
not a pentaborate(1-) salt. In particular, the compound displayed several BO bands in the IR
spectra but the diagnostic pentaborate(1-) peak (926 cm-1) [9] was absent. At ‘infinite’
dilution its 11B NMR spectrum gave a single peak at +12.3 ppm, rather than at +16.1 [5]
which would be indicative of pentaborate(1-). This higher field 11B signal would be more
consistent with a lower B/charge ratio (2.3 rather than 5). Compound 1 was obtained as a
crystalline material and was subjected to a single-crystal XRD study [10,11]. This study
revealed its identity as s-fac-[Co(dien)2][B7O9(OH)6].9H2O. Compound 1 possesses a
hitherto unseen isolated polyborate anion of composition [B7O9(OH)6]3-. The structure of this
anion is shown schematically in Figure 1a and is discussed in more fully below.
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The synthesis of 1 can be rationalized since the addition of B(OH)3 to water results in
a complex set of equilibria involving a variety of mono and polyborate species which are pH
and concentration dependent [4]. Polyborate salts may be crystal engineered through selfassembly via cation templating processes. Interestingly, the stereochemistry of the cation is
also in dynamic equilibrium under reaction (basic) conditions with the starting material
displaying an equilibrium mixture of three geometric isomers with % ratios mer (65%) : u-fac
(28%) : s-fac (7%) [12]. The product is prepared in good yield (35%) with the geometrical
isomer present exclusively s-fac. This indicates a mutual self-assembly process with
crystallization driven by solid-state energetics and H-bond interactions in particular (vide
infra).
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Compound 1 was also characterized spectroscopically. 1H and 13C NMR data for 1
were obtained in D2O solution. The 13C-(1H) spectrum displayed 2 signals for the dien
ligand, whilst the 1H spectrum displayed 2 broad multiplets in the methylene region for the
dien ligand and an additional signal at 4.79 assigned to exchanging NH/BOH/H2O protons.
The relative intensities of the peaks in the methylene region were 1:3. The s-fac arrangement
of the dien ligands give rise to prochiral ethylene carbon centres and 4 inequivalent H atom
sites and three of which overlap in the highfield signal. The data we have found for our
complex is in agreement with that reported for s-fac-[Co(dien)2][Cl2(Bz).H2O [13]. IR
spectra gave broad O-H and N-H bands and a series of three strong lower energy bands
centered at 1400, 1050 and 860 cm-1 which might be assigned to the heptaborate(3-) moiety.
In particular bands at 1415, 1385, and 1331 cm-1 may be assigned to as(Btrig-O), 1134, 1084,
and 1047 cm-1 to as(Btet-O), 932 cm-1 to s(Btrig-O), and 861 cm-1 to s(Btet-O) modes [14].
The spectra is largely similar to that reported for the ribbon isomer of [B7O9(OH)5]2- (2)
(Figure 1b) but 1 exhibits an additional strong band at 861 cm-1, which may be associated
with the anion [15]. The 11B signal at 12.3 ppm gives a calculated B/charge ratio of 2.36
which is consistent with that expected (2.33) for [B7O9(OH)6]3-.
Elemental analysis data for 1 were consistent with the XRD formulation and the
TGA/ DSC data in air,were now explainable in terms of a three step process: loss of lattice
water (< 120 oC), dehydration of the polyborate (250-300 oC), and oxidation of organics
(300-600 oC). The final product was a glassy solid of composition CoB7O12. The DSC trace
reveals that the first two processes were endothermic, whereas the oxidation of the
diethylenetriammine ligands was exothermic. This is consistent with TGA/DSC traces of
metal containing polyborate salts such as [Zn(dien)2][B5O6(OH)5]2 [16].
The X-ray diffraction study of 1 revealed that it contains discrete s-fac-[Co(dien)2]3+
cations, novel [B7O9(OH)6]3- anions, and 9 H2O molecules of crystallization (two of the
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waters were disordered over 2 positions), held together by an extensive H-bond network. The
structure is shown in Figure 2, together with the associated numbering scheme.
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The s-fac geometry for the octahedral [Co(dien2)2]3+ cation has been previously
characterized crystallographically and Co-N bond lengths and bond angles in 1 are 1.969(2)1.956(2) Å and 85.58(9)-95.19(9)o and 177.72(9)-178.31(8)o, respectively, and are not
significantly different from previously reported data [13,17]. All 10 cation NH atoms are
involved in H-bonding and form 8 H-bonds to heptaborate anions, and 2 H-bonds to H2O
molecules, in a secondary co-ordination sphere. Three heptaborate(3-) anions interact through
H-bonds with each cation and each heptaborate(3-) anion H-bonds to 3 cations. Details of
these H-bond interactions can be found in the supplementary data.
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The [B7O9(OH)6]3- anion has never been previously observed in minerals or in
synthetic borates. It is comprised of three almost planar (half-chair, B1 and O1 are both ca.
0.2 Å out of best-planes) boroxole rings (B3O3) which link together by sharing two 4coodinate B centres, in a similar way to that observed for one of the known isomers of
[B7O9(OH)5]2- (2) (Figure 1b)[15]. However, the [B7O9(OH)6]3- found in 1 (Figure 1) has an
additional 4 co-ordinate B centre formed by the addition of [OH]- to a 3 coordinate B centre
on a terminal boroxole ring in 2. The new heptaborate(3-) anion may be described, using the
Christ and Clark convention as 7:4+3T [18]. Bond lengths and bond angles for the anion in
1 are similar to those found in other polyborate anions [19], and generally not significantly
different to those found in the 2 [15] with the exception of data associated with the outer
boroxole ring containing the additional hydroxyl group. Here B7 is 4 coordinate with longer
B-O bonds [1.448(3)-1.516(3) Å] and angles [104.40(19)-112.0(2)o] appropriate for a
tetrahedral geometry [19]. The inclusion of the addition [OH]- ligand has little structural
effects on other parameters within this boroxole ring, other than shortening B6-O8 [1.365(3)
Å] relative to that observed in 2 [1.393(7) Å] [14]. This data is similar to that for
[B3O4(OH)4]- [20] and with adduct formation in boroxine ring systems [21] since O8B6 bonding increases in 1 as the 4 coordinate B7 can no longer partake in -bonding. This outer
boroxole ring in 1 has a similar bondlength distribution to that found in CaB3O3(OH)5.H2O
(meyerhofferite) which contains a boroxole ring with two 4 coordinate boron centres [22].
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The heptaborate anions are arranged as a series of ‘planes’ and the H-bonds
associated with these planes are shown in Figure 3. All heptaborate anions are equivalent by
symmetry and the ‘central’ anion of the diagram is involved in H-bonding to 4 neighbouring
heptaborate(3-) anions. There is a C(10) chain interaction [23] involving O11H11…O14’ Hbonds and there are also two reciprocal R22(8) interactions involving O12H12...O8’ and
O13H13…O6’ which crosslink the C(10) chains to form a plane (Figure 4). The
heptaborate(3-) network possess cavities and these cavities are sufficiently large to
accommodate s-fac-[Co(dien)2]3+ cations, which are H-bonded to three heptaborate(3-)
anions. The H2O molecules link between planes which follow a repeating AA’ sequence with
A’ being displaced relative to A.
To conclude, the salt s-fac-[Co(dien)2][B7O9(OH)6].9H2O (1) has been synthesized in
moderate yield. A single crystal XRD study of 1 revealed that the salt possess a previously
unknown heptaborate (3-) [B7O9(OH)3]3- anion. This anion is formed under strongly basic
conditions and possesses three boroxole rings linked together by two 4 coordinate B centres.
One of the two outer rings has a further 4 coordinate B centre with two terminal OH groups.
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References:

AC

CE
P

TE

D

MA

NU

[1] (a) D.M. Schubert, F. Alam, M.Z. Vizi, C.B. Knobler, Chem. Mater. 15 (2003) 866-871;
(b) H.-X. Liu, Y.-X. Liang, X. Jiang J. Solid State Chem. 181 (2008) 3243-3247; (c) C.-Y.
Pan, S.Hu, D.-G. Li, P. Ouyang, F.H. Zhoa, Y.-Y. Zheng, Dalton Trans. 39 (2010) 57725773;(d) S. Yang, G. Li, S. Tian, F. Liao, J. Lin, Crystal Growth and Des. 7 (2007) 12461250;(e) Y. Yang, D.-S. Fu, G.-F. Li, Y. Zhang, Z. Anorg. Allg. Chem. 639 (2013) 722-727:
(f) P. Becker, P. Held, L. Bohaty, Cryst. Res. Technol. 35 (2000) 1251-1261.
[2] G.-M. Wang, J.-H. Li, Z.-X. Li, P. Wang, H. Li, Z. Anorg. Allg. Chem. 634 (2008) 11921196; (b) H.-X. Zhang, S.-T. Zheng, G.-Y. Yang, Acta Cryst. C60 (2004) m241-m243; (c) P.
Li, Z. Liu, Chinese Journal of Chemistry 27 (2009) 2183-2189;
[3] (a) M. Wiebcke, C.C. Freyhardt, J. Felsche, G. Engelhardt, Z. Natrurforsch B Chem Sci.
48 (1993) 978-985; (b) C.C. Freyhardt, M. Wiebcke, J. Felsche, G. Englehardt, J. Inclusion
Phenom. Mol. Recognit. Chem. 18 (1994) 161-175; (c) M.Z. Visi, C.B. Knobler, J.J. Owen,
M.I. Khan, D.M. Schubert, Cryst. Growth and Design 6 (2006) 538-545; (d) D.M. Schubert,
M.Z. Visi, and C.B. Knobler Inorg. Chem. 39 (2000) 2250-2251.
[4] (a) P.T. Corbett, J. Leclaire, L. Vial, K.R. West, J.-L. Wietor, J.K.M. Sanders, S. Otto,
Chem. Rev. 106 (2006) 3652-3711; (b) J.L. Anderson, E.M. Eyring, M.P. Whittaker, J. Phys.
Chem. 68 (1964) 1128-1132; (c) D.M. Schubert, Struct. Bonding 105 (2003) 1-40.
[5] M.A. Beckett, S.J. Coles, R.A. Davies, P.N. Horton, C.L. Jones, Dalton Trans. 44 (2015)
7032-7040.
[6] (a) G. Heller, Top Curr. Chem. 131 (1986) 39-98; (b) E.L. Belokoneva, Crystallogr. Rev.
11 (2005) 151-198;(c) D.M. Schubert, R.A. Smith, M.Z. Visi, Glass Technol. 44 (2003) 6370.
[7] M.A. Altahan, M.A. Beckett, S.J. Coles, P.N. Horton, Inorg. Chem 54 (2015) 412-414.
[8] [Co(en)3]Cl3 (1.0 g, 2.45 mmol) was added an aqueous suspension (50 g) of [OH]activated mesosphere anion exchange resin (Dowex 550A), and stirred for 24 h. The resin
was separated (filtered) and the washed with H2O (4 x 5 ml). B(OH)3 (1.51 g, 24.5 mmol)
was then added to the filtrate, reduced to 15 ml, containing [Co(en)3][OH]3. The reaction
mixture was stirred for 3 h at room temperature before concentrating to ca. 5 ml, and
transferred to 4 NMR tubes for crystallization. After 25 d yellow crystals of 1 were collected
(filtered) and dried in air (0.65 g, 35.4%). 1: m. pt. 240 oC (dec.). Elem. Anal for
C8H50B7CoN6O24 Calc: (%) C, 12.8; H 6.7; N 11.2; Found: (%) C, 13.4; H 7.2; N, 11.1. IR
(KBr disc, max/cm-1): 3432(s), 3201(s), 3095(s), 1631(w), 1415(vs), 1331(vs), 1134 (m),
1084(s), 1047(vs), 932(m), 861(m), 750(w), 656(w). NMR (D2O): 1H (400 MHz) 1H/ppm:
3.00 (m, 12H), 3.24(m, 4H), 4.79 (s, 34H). 11B (128 MHz) 11B/ppm: 12.3. 13C (101 MHz)
13C/ppm: 43.29, 55.04. TGA: <120 oC, loss of 9H2O (18.7%, Calc, 21.7%); 250-300 oC loss
of 3H2O (7.4%, 7.3% calc.); 300-600 oC, oxidation of organics (27.7%, 27.6% calc) to
CoB7O12 residue (46.9%, 43.5% calc).

ACCEPTED MANUSCRIPT

AC

CE
P

TE

D

MA

NU

SC
R

IP

T

[9] M.A. Beckett, P.N. Horton, S.J. Coles, D.A. Kose, A.-M. Kreuziger, Polyhedron 38
(2012) 157-161.
[10] A Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+
detector mounted at the window of an FR-E+ SuperBright molybdenum rotating anode
generator with VHF Varimax optics (70µm focus) was used. X-ray data for 1:
C8H50B7CoN6O24, M = 749.14; monoclinic, space group P21/n; a = 11.7755(3) Å, b =
15.3238(3) Å, c = 17.3965(7) Å,  = 90°,  = 96.515(3)°,  = 90°, U = 3118.85(16) Å3, Z =
4. T = 100(2) K, Wavelength 0.71075 Å. Density (calculated) 1.595 Mg / m3. Absorption
coefficient 0.651 mm1. F(000) 1576. Crystal: Cut Blade, orange; size = 0.150  0.080 
0.010 mm3.  range for data collection 2.357  27.680°. Index ranges 15  h  15, 19  k 
16, 22  l  19. Reflections collected 29346. Independent reflections 7250 [Rint = 0.0491].
Completeness to  = 25.242°, 99.9 %. Absorption correction: semiempirical from
equivalents. Max. and min. transmission 1.00000 and 0.79667. Refinement method Fullmatrix least-squares on F2; data / restraints / parameters: 7250 / 0 / 414. Goodness-of-fit on
F2 1.008, Final R indices [F2 > 2(F2)] R1 = 0.0483, wR2 = 0.1159; R indices (all data) R1 =
0.0711, wR2 = 0.1258; Extinction coefficient n/a; Largest diff. peak and hole1.214 and
0.801 e Å3.
[11] (a) S.J. Coles, P.A. Gale, Chem Sci. 3 (2012) 683-689; (b) Rigaku, CrystalClear-SM
Expert 3.1 b27 (2013); (c) G.M. Sheldrick, Acta Cryst. C71 (2015) 3; (d) L. J. Farrugia, J.
Appl. Crystallogr. 30 (1997) 565; (e) L. Palatinu, G. Chapuis, J. Appl. Cryst. 40 (2007) 786790; (f) CrysAlisPro, Agilent Technologies, version (2014) 1.171.37.31.
[12] F.R. Keene, G.H. Searle, Inorg. Chem.11 (1972) 148-156.
[13] R. Bala, A. Kaur, M. Kashyap, D.E. Janzen, J. Mol. Structure 1063 (2014) 203-212.[14]
J. Li, S. Xia, S. Gao, Spectrochim. Acta, Part A, 51 (1995) 519-532.
[15] (a) P. Li, L-Q. Li, H-S. Huang, Z.-H Liu, J. Cluster Sci. 25 (2014) 893-903; (b) Z.-H.
Liu, L.-Q. Li, Crystal Growth and Design 6 (2006) 1247-1249; (c) C.-Y. Pan, G.-M. Wang,
S.-T. Zheng, G-.Y. Yang, Z. Anorg. Allg. Chem 633 (2007) 336-340; (d) M.A. Beckett, P.N.
Horton, S.J. Coles, D.W. Martin, Inorg. Chem. 50 (2011) 12215-12218; (e) Z.-H. Liu, L.-Q.
Li, W.-J. Zhang, Inorg. Chem. 45 (2006) 1430-1432.
[16] (a) Z.-H. Liu, J.-J. Zhang, W.-J. Zhang, Inorg. Chim. Acta 359 (2006) 519-524; (b) Y.
Yang, Y. Wang, J. Zhu, R.-B. Liu, J. Xu, C.-G. Meng, Inorg. Chim. Acta 376 (2011) 401407; (c) G.-M. Wang, Y.-Q. Sun, G.-Y. Yang J. Solid State Chem. 178 (2005) 729-735.
[17] M. Kobayashi, F. Marumo, Y. Saito, Acta Cryst., B28 (1972) 470-474.
[18] C.L. Christ, J.R. Clarke, Phys Chem Minerals 2 (1977) 59-87.
[19] (a) M.A. Beckett, C.C. Bland, P.N. Horton, M.B. Hursthouse, K.S. Varma, J.
Organomet. Chem. 692 (2007) 2832-2838; (b) G.J. Gainsford, T. Kimmitt, C. Higham, Acta
Cryst. E 64 (2008) i24-i25; (c) R.A. Baber, J.P.H. Charmant, N.C. Norman, A.G. Orpen, J.
Rossi, Acta Cryst. E60 (2004) 01086-o1088.
[20] (a) D.M. Schubert, M.Z. Visi, C.B. Knobler, Inorg. Chem. 47 (2008) 2017-2013; (b)
M.A. Beckett, P.N. Horton, M.B. Hursthouse, J.L. Timmis, RSC Advances 3 (2013) 1518515191; (c) A. Dal Negro, J.M. Martin Pazaz, L. Ungaretti, Am. Mineral 60 (1975) 879-883;
(d) C.G. Salentine, Inorg. Chem. 26 (1987) 128-132.
[21] (a) M.A. Beckett, D.S. Brassington, P. Owen, M.B. Hursthouse, M.E. Light, K.M.A.
Malik, K.S. Varma, J. Organomet. Chem. 585 (1999) 7-11; (b) M.A. Beckett, D.E. Hibbs,
M.B. Hursthouse, P. Owen, K.M.A. Malik, K.S. Varma, Main Group Chem. 2 (1998) 251258; (c) M.A. Beckett, G.C. Strickland, K.S. Varma, D.E. Hibbs, M.B. Hursthouse, K.M.A.
Malik, J. Organomet. Chem. 535 (1997) 33-41.
[22] P.C. Burns, F.C. Hawthorne, Canadian Mineralogist 31 (1993) 305- 312.
[23] M.C. Etter, Acc. Chem. Res. 23 (1990) 120-126.

ACCEPTED MANUSCRIPT

Figure 1.

AC

CE
P

TE

D

MA

NU

SC
R

IP

T

Schematic drawing on the polyborate anion, [B7O9(OH)6]3- anion which is found in 1,
[Co(dien)2][B7O9(OH)6].9H2O, and a related triborate anion, [B7O9(OH)5]2- (2).
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View of 1 showing atomic numbering scheme for the anion and cation. There are 9 additional
H2O of crystallization which are omitted for clarity.
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Anion-anion H-bond interactions found with a ‘plane’ of heptaborate(3-) anions. The central
[B7O9(OH)6]3- anion has a C(10) interaction forming a ribbon with its neighbours left and
right [d(O11-H11) 0.84 Å; d(H11…O14’) 1.84 Å; d(O11…O14’) 2.645(2) Å; <O11H11O14’
159.4o] and R22(8) interactions with neighbours above and below [O12H12...O8’, d(O12H12) 0.84 Å; d(H12…O8’) 1.93 Å; d(O12…O8’) 2.767(2) Å; <O12H12O8’ 173.5o and
O13H13…O6’ d(O13-H13) 0.84 Å; d(H13…O6’) 1.77 Å; d(O13…O6’) 2.605(2) Å;
<O13H13O6’ 169.7o].
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Figure 4
Diagram showing a ‘plane’of heptaborate (viewed along c) with [Co(dien)2]3+ cations. The
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[B7O9(OH)6]3- anion is H-bonded to three [Co(dien)2]3+ cations.

T

[Co(dien)2]3+ cation forms H-bonds to its three neigbouring [B7O9(OH)6]3- anions, and each
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s-fac-[Co(dien)2][B7O9(OH)6].9H2O (1) contains a novel isolated heptaborate anion [B7O9(OH)6]3-. 1 is
formed by a self-assembly process in which the cation and anion mutually template themselves from
equilibrium mixtures under reaction conditions. The heptaborate(3-) anion has 3 boroxole (B3O3)
rings linked by spiro B centres, and an additional 4 coordinate B atom.
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s-fac-[Co(dien)2][B7O9(OH)6].9H2O has been self-assembled in aqueous solution from
B(OH)3.

s-fac-[Co(dien)2][B7O9(OH)6].9H2O has been characterized by single-crystal XRD studies.
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s-fac-[Co(dien)2][B7O9(OH)6].9H2O contains a new isolated polyborate anion, [B7O9(OH)6]3-.

MA

The [B7O9(OH)6]3- anion is structurally based on three boroxole (B3O3) rings linked by two
spiro 4 coordinate boron centres.
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One of the outer rings has a 4 coordinate boron centre with two hydroxyl groups.

