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A B S T R A C T

The study of lead borate melt crystallization by differential thermal analysis (DTA) and X-ray diffraction
analysis has shown that, for Pb4O(BO3)2 (or 4PbO�B2O3) stoichiometric compound, its well-known
orthorhombic modification (non-centrosymmetric Aba2 space symmetry group (SSG), a = 15.472(1),
b = 10.802(1), c = 9.9486(6) Å unit cell parameters) is metastable. It forms from the undercooled melt and
has a melting point of 530 � 5 �C.

ã 2015 Published by Elsevier B.V.

1. Introduction

Lattices of the single crystals of various composition borates are
formed in non-centrosymmetric space symmetry groups. This
phenomenon is linked to the complexity of anionic fragments in
crystalline borates. As a result, they possess certain unique physical
features, including non-linear optical (NLO) properties. Such non-
linear crystals are capable of efficient transformation of laser
irradiation and, therefore, can be used in high-power monochro-
matic sources of ultra-violet (UV) irradiation. In addition to their
unique optical properties (wide spectrum region of optical
transparency that reaches 150–200 nm boundary in the UV part
of the spectrum [1,2]), borates, generally, have excellent mechani-
cal properties and high optical damage thresholds that give them
serious advantages over other oxygen-containing optical crystals
such as phosphates, niobates, titanates, molybdates, iodates,
nitrites, etc.

The class of borate optical materials includes a couple of widely
used compounds: b-BaB2O4 (BBO) [3–5], LiB3O5 (LBO) [6], as well
as some other materials such as: CsB3O5 (CBO) [7], LiCsB2O8 (CLBO)
[8,9], KBe2BO3F2 (KBBF), RbBe2BO3F2 (RBBF) and CsBe2BO3F2
(CBBF) [10,11], Sr2Be2B2O7 (SBBO) [12], K2Al2B2O7 (KABO) [13],
BaAl2B2O7 (BABO) [14], BiB3O6 (BiBO) [15,16], Ba4B11O20F (BBOF)
[17], Li2B4O7 (LB4) [1], GdCa4O(BO3)3 (GdCOB) [18], YCa4O(BO3)3

(YCOB) [19], BaAlBO3F2 (BABF) [20], La2CaB10O19 (LCB) [21],
Y0.57La0.72Sc2.71(BO3)4 (YLSB) [22,23], etc. Along with quantum
chemistry calculations and crystallography investigations [1,2,24],
studying phase equilibria in the above oxide and fluoride systems
are crucial for development of the single crystal growth technology
and obtaining borate single crystals of the required size and high
optical quality as it has been unequivocally demonstrated for LBO
[25], BBO [26–30], and KBBF [1,10].

Recently, when a novel Pb4O(BO3)2 NLO borate was discovered,
it was found as expected that its space symmetry group (SSG)
Aba2 lacks a center of inversion [31,32]. Pb4O(BO3)2 crystalline
samples were prepared by quickly controlled quenching of the
melt to 470 �C (the starting material was preliminarily prepared by
melting a mixture of PBO and H3BO3, gradually heating to 600 �C,
and seasoning at this temperature for 20 h). In fact, the
aforementioned Pb4O(BO3)2 compound was described much
earlier by Geller and Bunting [33] as 4PbO�B2O3 in the course of
their study of the PbO–B2O3 system phase diagram. This compound
undergoes a phase transformation at 552 �C and melts congruently
at 565 �C. Existence of 4PbO�B2O3 was also independently
confirmed in [34] while studying phase equilibria in the PbO–
B2O3–WO3 ternary system. In addition, McMurdie [35] published
an unindexed X-ray diffraction pattern of Pb4O(BO3)2, but his data
do not agree with the similar results in [31,32]. The reason why
scientists did not pay enough attention to Pb4O(BO3)2 stems from
the fact that the growth of Pb4O(BO3)2 single crystals has been
seriously hindered by the polymorphous phase transition of this
compound despite the congruent character of the melting.
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Therefore, the purpose of our study was to further investigate the
phase formation during crystallization of the Pb4O(BO3)2 compo-
sition melt, Pb4O(BO3)2 polymorphous phase transformation, and
determine the conditions for the synthesis of Pb4O(BO3)2
polymorph with non-linear optical properties.

2. Experimental

We used commercially available 99.5 wt.% pure lead oxide PbO
(TU 6-09-5382-88 standard) and 99.9 wt.% pure boron oxide B2O3

(TU 6-09-3558-78 standard) from the Red Chemist manufacturer
(St. Petersburg, Russia) as our starting materials. Prior to DTA
experiments, PbO and B2O3 specimens were heated at 300–400 �C
for 2 h to remove traces of moisture. Samples were weighed with
MASSA-K electronic balance (0.005 g accuracy for 1 g samples).

X-Ray diffraction phase analysis (Brucker D8 Discover diffrac-
tometer, CuKa radiation, Ni filter) data for the polycrystalline Pb4O
(BO3)2 powder samples were treated with the use of TOPAS
software package.

We investigated Pb4O(BO3)2 phase transitions under heating
and cooling conditions with the use of a differential thermal
analysis (DTA) technique and our own proprietary DTA installation
under air. Studied specimens (0.6–0.8 g) were placed in platinum
crucible (1 ml). Alumina powder (1 g) was used as a standard
reference material. Nichrome coiled wire served as a heating
element. Grog alumina clay (shamotte) was utilized for thermal
insulation, and zirconia ceramic pieces served as cover lids for the
heating chamber sides. The cold junctions of the thermocouples
were kept in ice–water at 0 �C. Temperature in the oven heating
zone was regulated by the TRM-151 regulator (programmed
controller manufactured by OVEN, Moscow, Russia). Signals from
chromel–alumel (type K) thermocouples were registered by ZET-
220 unit (ETMS, Moscow/Zelenograd, Russia) and treated with the
use of ZetLab computer software. In order to enhance our DTA
installation sensitivity to undercooling processes, we registered
signal from the thermocouple attached to the crucible with the
studied sample (instead of the reference sample) during thermal
analysis experiments (i.e., temperature difference (DTA) vs.
temperature (TA) curves, respectively). Thermocouples were
calibrated in respect to NaCl (99.99 wt.% pure) melting point,
and Na2SO4 (99.5 wt.% pure) melting point and polymorphic

transition temperature. We evaluate the accuracy of temperature
determination in our experiments as �5 �C.

DTA curves were recorded for heating and cooling experiments
at 5 �C/min for both types of experiments.

PbO was placed in a platinum crucible, then it was melted, and
small portions of B2O3 were added later until Pb4O(BO3)2
(4PbO�B2?3) stoichiometry was achieved. Finally, the sample
temperature was raised up to 950 �C to make the specimen
homogeneous. Mass losses during such procedure did not exceed
1%.

3. Results and discussion

Both heating and cooling DTA curves (Fig. 1, curves 1 and 2,
respectively) for Pb4O(BO3)2 samples were complex and contain
two thermal effects. Temperatures of such effect maxima in the
cooling curve differed from ones in the heating curve by 12–14 �C
or less (Fig. 1); but, nevertheless, the starting points of effects
(552 �C for b ! a phase transition and 565 �C for a ! liquid
transformation) were in a good agreement with the corresponding
data [33] for the B2O3–PbO system.

However, crystallization of Pb4O(BO3)2 usually occurred from
an undercooled melt (Fig. 1, curves 3). The temperature increase
after the beginning of crystallization unequivocally indicated an
exothermal character of the latter process as well as metastabili-
ty of the undercooled liquid phase. Temperatures of crystalliza-
tion from such undercooled melts at the same 5 �C/min cooling
rate varied over a fairly broad interval (up to 100 �C). This
confirmed the random crystallization nucleation mechanism in
the melt [36,37]. Such random undercooling is quite typical in
the case of poor wetting ability of the melt with the crucible
[38].

Multiple heating experiments with Pb4O(BO3)2 (4PbO�B2?3)
samples have shown that melting occurred at different temper-
atures. Corresponding DTA curves of such experiments could be
arranged into two groups (Fig. 2): those that could be characterized
as stable (S) or metastable (M) systems. The difference between Pb4O
(BO3)2melting points in the S- and M-type curves was about 30 �C. S-
Type DTA curves corresponded to the b-Pb4O(BO3)2! a-Pb4O
(BO3)2 phase transformation and melting of a-Pb4O(BO3)2 phase
[33]. M-Type curves, apparently, corresponded to the Pb4O(BO3)2

Fig. 1. Typical Pb4O(BO3)2 DTA curves (5 �C/min): heating (1), cooling with crystallization without undercooling (2), and cooling with undercooling crystallization (3).
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