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Two new polymorphs of BiB;Og were identified at low temperatures using boric acid as a flux. Unlike o-BiB3Og,
which crystallizes in a noncentrosymmetric space group and, thus, shows exceptional nonlinear optical (NLO)
properties, 3-BiBsOg (I) and yv-BiB3Og (Il) crystallize in the centrosymmetric space group P2,/n with the following
lattice parameters: a = 14.1664(1), b = 6.7514(1), ¢ = 4.4290(1) A, B = 102.125(1)° for I; and a = 8.4992(1),
b = 11.7093(1), ¢ = 4.2596(1) A, B = 121.141(1)° for II. However, from the structural point of view, the three
polymorphs of BiB3Os are closely related. The structure of 5-BiB3Og (I) contains a 2-dimensional borate layer,
which could be considered to be an intralayered additive product of a-BiB;Os. On the other hand, the 3-dimensional
borate framework in y-BiB3;Os (Il) could be considered to be an interlayered additive product of 5-BiB3Os (I).
According to the synthesis experiments and calculated density, it is proposed that compounds | and Il should be
the low-temperature (high-pressure) polymorphs of BiB3Os.

Introduction trosymmetric space grou@®) and contains a 2-dimensional
borate layet? Theoretical calculatiod based on first
principles revealed that the NLO coefficients @BiB30s
originate mainly from the (BiG)>~ group instead of borate
groups, as in many other borate materials. Looking into the
borate layer iri-BiB3Og carefully (Figure 1), one could find
that the borate layer contains considerable B@ups, which
may undergo further condensation to form more condensed
(or more polymerized) phases. According to the titood
acid—base concept the polymerized borates are often less
stable for high-valence and small-sized cations and cannot
be obtained by conventional high-temperature solid-state
reactions. However, as we have demonstrated in the rare earth
borate syster&i'® the hydrated polyborates could be
synthesized from boric acid flux and, then, the metastable
anhydrous polyborates were obtained by using the hydrated
polyborates as precursors. In the;8§j—B,03; system, the
compounds known so far includeBiB 30,21 18 Bi4B,00,*°

Borates have been a subject of interest for many decades
motivated by their extraordinary optical properties. Because
boron may adopt not only triangular but also tetrahedral
coordination with oxygen, borates often have complicated
structure$and crystallize in noncentrosymmetric structures
in many case3.The nonlinear optical properties of metal
borates have been extensively studied from both theoretical
and experimental perspectivEs. A remarkable finding
recently showed that bismuth borate, BiB (hereafter
a-BiB30g), exhibits exceptionally large nonlinear optical
(NLO) coefficients® 1! a-BiB30s crystallizes in a noncen-
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Figure 1. Borate layer ino-BiB3Os.

BisB10024,2° Bi;BgO15,21?2and Bpa sBOss.25%° a-BiB30Os Was
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boron by using the inductively coupled plasma (ICP) method. The
measured Bi/B mole ratio is 1:2.94 forand 1:3.08 forll , which
confirms that bothH andll are the new polymorphs of Bi®s IR
spectra, recorded on a Nickel Magna-750 FT-IR spectrometer,
indicate the presence of both B@nd BQ, groups inl and only
BO, groups inll . In addition, the IR study also shows no OH groups
existing in these two compounds, which agrees with the thermo-
gravimetric analysis (TGA), which shows that no weight loss occurs
on heating up to 700C for both| andll.

X-ray Crystallographic Studies. The as-synthesized crystals
are too small to be suitable for single-crystal structure study.
Therefore, the crystal structures of these two compounds were
determined by an ab initio method using powder X-ray diffraction
data. The diffraction patterns of both compounds can be readily
indexed to monoclinic unit cel®,i.e.,a = 14.1664(1)b = 6.7514-

(1), c = 4.4290(1) A, ang8 = 102.125(1) for | anda = 8.4992-
(1),b=11.7093(1)c = 4.2596(1) A, an¢gd = 121.141(1J for Il .

obtained by quenching from high temperature, and all of the Careful inspection of the reflections revealed that both compounds

other phases were synthesized by high-temperature reaction

Recently, we carried out a systematic study on th®B+

H3BO3 system and identified a series of new hydrated and

anhydrous bismuth borates, including B@BF, Bis[BsO1z-
(OH)], BI[B4OG(OH)2]OH, ﬁ-BiB:;OG, and’}/-BiB306. In this

5crystallize in the space group2,/n. Optimal estimates of the

individual reflection intensities were extracted by a profile-fitting
method using the EXTRA prograffi.The initial structure models
were established by the direct method (Sirpowd23nd at this
stage, all atoms in the structure were located from the E-map. The
structure refinements were carried out with the Rietveld method

paper, we focus only on the syntheses and structures of two(TOPAS)28 The final refinement, with isotropic thermal displace-

new polymorphs of BiBOg, i.e.,5-BiB3Os (1) andy-BiB;0¢

ment parameters, yielde®p = 0.0520 andRwp = 0.0694 forl

(I'). The other bismuth borates will be discussed in a separateand Rp = 0.0527 andRwp = 0.0718 forll . The main reflection

paper?

Experimental Section

SynthesesThe syntheses q$-BiB3Os (1) andy- BiB3Os (11)
were carried out in Teflon autoclaves (50 Twolume) by using
molten boric acid as a flux. and Il were formed under similar
reaction conditions. Typically, 0.58 g of ®; and 3.09 g of

peaks of the unknown phase in t{BeBiB3;0s sample 5 mol %
according to the reflection intensity), for examplé,2 21.4 and
23.8, were treated by profile refinement of individual peaks in
the structure refinement. Figure 2 shows the profile fit of the
diffraction patterns. Table 1 lists the crystallographic data, and Table
2 provides the selected bond lengths and angles for these two
compounds.

H3BO; were ground adequately and, then, autoclaved under Results and Discussions

autogenous pressure at 240. | was formed in 7 days, while
prolonging the reaction (14 days) led lla White polycrystalline
powders, which are the single-phased @ndll, were obtained
by removing residual boric acid with hot distilled water. The
products were dried at 8CC for 10 h before characterizations. In
many cases, the products were often mixtures containing lboth
and Il . For example, reaction at 24T for 10 days yielded a
product containing bot#- andy-BiB3;Os. As the reaction further
proceeded, th@-BiB;Og content decreased, while theBiB30s
increased. Very often, the sample &BiB3;0s was not a single-

phase product but contained small amounts of another unknown

The formation reactions fok and Il are rather similar.
The only difference is the reaction time; thus, it is speculated
thatl was initially formed in the system, and as the reaction
proceeded, it transformed intb. | andll are the two new
polymorphs of BiBOs. Regarding the known Bif®s as an
o-polymorph,l andll are named g5-BiB3;0s andy-BiB 30,
respectively. In fact, the products obtained from thglBi-
H3BO; reaction system at 240C were often mixtures
containing bothl and Il. The other known anhydrous

phase, whereas obtaining a single-phase product was much easidpiSmuth borates do not appear under such conditions, but

for V—BiB3OG.
Characterization. Powder X-ray diffraction data used for

an unknown phase was often observed together with
[-BiB30s, which is characterized by several distinct reflec-

structure determination were collected on a Bruker D8-Advance tions (for example, @ = 21.4, 23.8, 30.2, 32.6, and 48)8
diffractometer with a curved germanium primary monochromator The forming conditions of this “ghost” phase were uncertain;

(Cu Kal) in a transmission mode §2ange= 12—12C, step=
0.0144, scan speed= 60 s/step, 50 kV, 40 mA) at room

its content in the product varied from time to time, but it
was always present as a minor phase. At present, we do not

temperature. Chemical analysis was carried out for bismuth and know the composition and unit cell of this phase. However
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Two New Polymorphs of BiBOg
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Figure 2. Profile fit to the powder X-ray diffraction pattern for (a)

f-BiB30s and (b)y-BiB3Os. A dot over a peak indicates the observed value;

the solid line represents the calculated value; the difference curve is shown 05-B3—06
below the diffraction patterns; and the marks shown at the bottom of the

figure are the calculated reflection positions.

Table 1. Crystallographic Data and Structure Refinement Parameters
for $-BiB3Og (1) and y-BiB3Os (I1)

structural parameter | 1]

empirical formula BiBOs BiB3Os

formula mass 337.41 337.41

crystal system monoclinic monoclinic

space group P2i/n P2i1/n

a(h) 14.1664(1) 8.4992(1)

b (R) 6.7514(1) 11.7093(1)

c(A) 4.4290(1) 4.2596(1)

p (deg) 102.125(1) 121.141(1)

V (A3) 414.151(6) 362.830(5)

z 4 4

pealcd (g/CnP) 5.411 6.177

diffraction technique powder powder

Rindices Rp = 0.0520 Rp = 0.0527
Rwp = 0.0694 Rwp = 0.0718

bismuth borates and oxides. The formation reaction$ of
and |l in the boric acid flux can be expressed as follows:

2400C, 7 days

6H,BO; + Bi,0, 28-BiB,O; + 9H,0 (1)

2400C, 14 days

6H,BO; + Bi,0, 2y-BiB;Os + 9H,O (2)
Structure of -BiB3Os. Figure 3a shows a projection of

the 3-BiB30g structure. The borate anion groupdrBiB3;0s

is a buckled layer containing BOtriangles and BQ®

Table 2. Selected Distances (A) and Angles (deg) feBiB30s (1)
and ‘y-BiB3OG ar)

ﬂ-BiB:«;Oe (|) ]/-BiB30s (|| )
Distances (A)
Bi—03 2.154(9) Bi-02 2.159(13)
Bi—O1 2.214(9) Bi-O6 2.206(9)
Bi—03 2.425(8) Bi-02 2.338(10)
Bi—06 2.543(8) B-03 2.486(9)
Bi—02 2.736(8) Bi-O5 2.504(10)
Bi—05 2.769(9) Bi-O4 2.668(8)
Bi—03 2.775(7) Bi-02 2.976(9)
Bi—02 2.889(10) Bi-O4 2.990(10)
Bi—04 2.950(8) B+O1 1.53(2)
B1-02 1.394(20) B+02 1.43(2)
B1-04 1.375(9) B+03 1.40(2)
B1-05 1.384(16) B+04 1.57(3)
B2-01 1.419(10) B201 1.47(2)
B2-02 1.571(18) B203 1.40(2)
B2—04 1.470(9) B2-0O5 1.57(2)
B2-06 1.385(18) B206 1.50(2)
B3-0O1 1.514(8) B3-01 1.51(3)
B3-03 1.527(21) B3-04 1.56(3)
B3-05 1.398(20) B3-05 1.54(2)
B3-06 1.434(15) B3-06 1.41(2)
Angles (deg)
02-B1-04 125.2(13) 0%+B1-02 104.4(11)
02-B1-05 116.8(3) O+B1-03 111.3(14)
04-B1-05 118.0(3) 01B1-04 106.9(15)
01-B2-02 106.8(3) 02B1-03 118.7(17)
01-B2-04 114.0(5) 02B1-04 108.2(12)
01-B2—-06 112.1(5) 03B1-04 106.6(16)
02-B2-04 108.5(11) 0%+B2-03 117.1(17)
02-B2-06 101.7(5) 0+B2-05 108.7(9)
04-B2-06 112.8(4) 0%+B2-06 103.7(9)
01-B3-03 111.3(11) 03B2-05 104.1(15)
01-B3-05 109.8(5) 03-B2—-06 112.7(15)
01-B3-06 109.4(5) 05-B2-06 109.8(16)
03-B3-05 104.3(4) O+B3-04 105.8(12)
03-B3-06 108.1(11) 0%+B3-05 119.2(11)
113.5(9) 0+B3-06 110.8(14)
04-B3-05 109.9(15)
04-B3-06 104.3(13)
05-B3-06 106.0(15)

tetrahedra in the ratio of 1:2. The borate layers in the structure
stack along the-axis, and the bismuth cations are located
between the borate layers. The fundamental building block
(FBB) of the borate layer is a 3-ring unitT2+ A, T andA
represent B@Qand BQ groups, respectively) which shares
four oxygen atoms forming 7-membered borate rings con-
sisting of five BQ and two BQ groups (Figure 3b). The
oxygen atoms in the borate layer could be classified into
two groups. O3 is the terminal oxygen that only bonds to
one boron atom (B3). The other five oxygen atoms (O1, O2,
04, 05, and 06) are bridged atoms bonding to two boron
atoms. The terminal oxygen atom (O3) has strong bonding
interactions with bismuth cations (BD distance: 2.154,
2.425, and 2.775 A). Similar to the cases of other bismuth
compounds, the coordination polyhedron of bismuth is
irregular in5-BiB3Oe. In fact, the coordination polyhedron

is difficult to define from the B+O distances, since they
vary gradually from 2.15 to 2.95 A (for CN 9). One could,

of course, include all those oxygen atoms in a coordination
polyhedront?? However, a more sensible way to describe
the coordination polyhedron is to include only the oxygen
atoms that have strong BO interactions and the lone
electron pait® As shown in Figure 3a, the coordination
polyhedron of bismuth atoms is a trigonal bipyramid, if only

Inorganic Chemistry, Vol. 44, No. 23, 2005 8245
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Scheme 1
l 'I"m o/k Condensation

le\d Addition 1

therefore, considered to be an addition reaction on @ BO
.
G group.

In Figure 4, we compare the borate layersoitBiB30g
and 3-BiB3Os. The borate layer imu-BiB3;Og consists of

triangular and tetrahedral boron atomso{3 T + 2A,
BO./BO; ratio: 1:2). The BQ groups share four oxygen
atoms with BQ, and the BQ groups, on the other hand,
share two oxygens with Bf) forming a planar net of
8-membered borate rings. Each Bgoup ino-BiB3;0s has

a terminal oxygen, which could attack the boron on the
neighboring BQ@ group. As shown in Figure 4, the borate
layer in/3-BiB3Og could be considered to be a product of an
intralayered addition reaction o&-BiB3;Os, which gen-
erates a 3-membered borate ring and, at the same time,
reduces the 8-membered ring to a 7-ring. The resulting borate
layer consists of 3- and 7-membered borate rings with the
BO4/BO; ratio of 2:1, which is exactly the same as that in
B-BiB3Os (32 2T + A). Figure 4 represents only the
structural relationship betweenBiB3;0s and3-BiB30g. Of
course, it also implies a phase transformation fiiB 305

to B-BiB30g via an addition reaction (Scheme 1). However,
this phase transformation might be a pressure-induced
process and, thus, has not been observed experimentally in
this study.

Structure of y-BiB3Os. Although a number of bis-
muth borates, such aE-BiBg()e,lz Bi4BzOg,1g Bi6810024,2°
Bi,BgO15,2122and Bh, 80332522 were identified, the borate
frameworks in these compounds are all either 1- or 2-di-
(b) mensional. Thereforey-BiB3Og (I1') is the only bismuth
borate known so far that contains a 3-dimensional borate
framework. The structure of the borate framework is rather
those Bi-O bonds of less than 2.6 A and the lone electron complicated (Figure 5a), containing 3-, 4-, 6-, and 10-mem-
pair are considered. bered borate rings. The fundamental building block is@B

The borate layer ing-BiB;Os has exactly the same unit (Figure 5b) consisting of three corner-sharing .BO
composition as that im-BiB3;Os but contains more BO groups. The oxygen atoms jnBiB3;Os can be classified into
groups. The structural relationship of these two borate layersthree groups. O2 is a terminal oxygen bonded to a boron
can be understood by analysis of the addition reaction onand, in addition, has strong interactions with two bismuth
triangular borate groups. To understand the structural atoms with the B+O distance of 2.159 and 2.338 A,
relationship, let us consider first a general polymerization respectively. O1 is bonded to three tetrahedral borons (B1,
reaction of borate groups. Starting from a triangular borate B2, and B3). The other four oxygens are bridged atoms
group, the polymerization may occur through condensation bonding to two boron atoms. The bismuth atoms are located
or addition reaction mechanisms (Scheme 1). Condensatiorwithin the 10-membered ring channels with an irregular
is a dehydration process in which a water molecule was coordination polyhedron (Figure 5a). Taking only the oxygen
removed, resulting in a polyborate group that maintains the atoms with the Bi+O distances less than 2.6 A into
triangular geometry for all boron atoms. On the other hand, consideration, the coordination polyhedron of bismuth is a
the triangular borate group is a Lewis acid and is susceptible pyramid. If the lone electron pair is included, the coordination
to attack by oxygen. As shown in Scheme 1, the Lewis-acid polyhedron is a distorted octahedron.
base reaction converts a B® a BQ,, forming a polyborate The borate framework in-BiB3Os is related to the borate
group consisting of tetrahedral boron. This reaction is, layers ing-BiB3Og by an interlayered addition reaction. To

Figure 3. (a) Projection and (b) borate layer in the structurg-@iB3O0s.
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a- Bi BsOs

B_Bi B305

Figure 4. Structural relationship of the borate layersarBiB3;Og and 3-BiB3Os. The arrows shown in the-BiB3Og layer indicate the hypothetical

reaction process.

Figure 5. (a) Structure and (b) fundamental building block)yeBiB30s.

7-BiB;0s

Figure 6. (a) Fragments inB-BiB3Os and y-BiB3Os showing the
interlayered addition and the formation of a 4-membered ring; (b) borates
in 3-BiB30g and y-BiB30g showing the structural relationship.

(b)

right part of Figure 6a. In Figure 6b, we show the borate
frameworks ing-BiB30s andy-BiB30s. The arrows on the

left indicate the positions of the interlayered addition reac-
tions. It can be seen that the borate framework may undergo
a series of adjustments during the addition reaction but that
the connection and structural topology are retained in the
structure ofy-BiB30e.

Phase Transformation of the BiBOg Polymorphs. As
far as the unit cell volumes/(= 111.35, 103.54, and 90.71
A3 per formula foro-, 8-, andy-BiB30s, respectively) and
the bond enthalpy are concerngeBiB3;0s should be a low-
temperature and high-pressure polymorph, which would
transform to the-polymorph and then to the-polymorph
at high temperatures (or low pressures). High-temperature
X-ray diffraction study indicates, however, that th@&iB;0s
is sustained at a temperature very close to the melting point
of BiB3Os (708°C); therefore, the phase transitions of either
y—o. or y—[ were not observed during the heating treat-
ments. On the other hand;BiB3;0s converts toy-BiB3O0s
at about 66C°C during the heating, and thepolymorph

emphasize the structural relationship, we show two selectedis maintained down to room temperature. Therefore, the

fragments of the borate frameworks j#BiB3Os and
y-BiB3O¢ (Figure 6a). The addition reaction occurs be-

B-polymorph could be considered to be a metastable phase

under ambient pressure at low temperature. Overcoming the

tween triangular borons and bridged oxygens across thekinetic hindrance at 66€C leads to thgg—y transformation.
borate layers, which generates a 3-coordinated oxygen andConsidering that-BiB30s can only be obtained by a quick-
a 4-membered ring and, at the same time, converts allquenching process, the-polymorph might only exist in a

triangular boron atoms to a tetrahedral geometry. The
topology of the interlayered additive product §BiB30s
is exactly the same as that irBiB3Os, as shown in the

very narrow temperature range near the melting point. In
practice,a-BiB3Og crystals can only be obtained by the top-
seeded crystal growth techniqtié® where theo-BiB30g

Inorganic Chemistry, Vol. 44, No. 23, 2005 8247
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crystals formed at the melt surface are quenched quickly by near the melting point. The-BiB3;0g, on the other hand, is
pulling off the crystals. We also attempted to synthesize the a high-temperature (or low-pressure) phase; thus, it can only
a-BiB30s with a conventional solid-state reaction near the be obtained by quick-quenching techniques. On the basis of
melting point and subsequent air quenching. The obtainedthe unit cell volumes, one may expect the phase transforma-
product is a mixture containing botiBiB ;0 andy-BiB30s. tion from a- to 5-BiB3;Os and then toy-BiB3Og under high
Furthermore, according to the synthesis experiments in boricpressure. The high-pressure experiment startedowi®iB ;05

acid flux at 240°C, -BiB30s was formed initially and, as  may allow one to monitor the whole phase-transformation
the reaction proceeded, it convertedt&iB3;0s. All of these process in situ. Additionally, the synthesis study of these
observations support the ideas that th@nda-polymorphs two new polymorphs demonstrates once again that boric acid
are low- and high-temperature (or high- and low-pressure) flux is a useful technique which may produce solid-state
phases for BiBOs and that thgg-polymorph is an intermedi-  compounds that cannot be obtained by conventional high-
ate phase that cannot be synthesized by conventional solidtemperature reactions. Finally, although these two new

state methods. bismuth polyborates do not show NLO properties, knowing
Conclusions. Through synthesis reactions in boric acid the structural relationship of these BiBs polymorphs is
flux, we identified two new polymorphs of Bis. Unlike useful in understanding the chemistry of bismuth borates and

the o-BiB30g, Which is a remarkable nonlinear optical (NLO) the procedure of crystal growth for tleBiB3;Os material.
material, bothg-BiB3;Os and y-BiB3Os crystallize in the
centrosymmetric space gro®2,/n. However, the structures
of these polymorphs are closely relatgdBiB3;Os can be
considered to be an intralayered additive product-&iB 30,
andy-BiBsOs is an interlayered additive product 8BiB:Os. Supporting Information Available: IR spectrum, fractional
Although high-temperature X-ray diffraction cannot provide atomic coordinates, and isotropic displacement parameters of
a clear picture for the phase transformation among these thred-BiBsOs andy-BiB3Os (PDF). This material is available free of
polymorphs, the experiments clearly indicated th&iB 3O charge via the Intemet at hitp:/pubs.acs.org.

is a low-temperature (or high-pressure) phase that is stablelC050190K
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