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Discussion

The spectrophotometric results show beyond
question that the PbNO;* ion is actually present
in these solutions. The formation constant so
obtained, although differing by a factor of two from
the results of the electrical methods is actually not
in bad agreement when it is considered that the
lead-to-nitrate ratio differs by a factor of 20,000.
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specific effects on individual activity coefficients of
lead, nitrate and lead mononitrate ions were the
same in 2.0 M sodium perchlorate as in 0.67 M
lead perchlorate, even though the ionic strengths
of the two are the same.
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mission.
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The binary system PbO-PbBr; has been investigated by X-ray diffraction. The results confirm the existence of the four
intermediate compounds, PbO-PbBr;, 2PbO-PbBr,, 3PbO-PbBr; and 7PbO-PbBr;, previously demonstrated by thermal
analyses, all except the dibasic compound exhibit polymorphism. The monobasic compound exists in four polymorphic
forms, each of which reacts with water to prodtice the same hydrate, PbO-PbBr,-H,O. Thermal relationships are given for
these four forms and for the hydrate. The significance of the preferential production of one of the crystalline modifications
of PbO-PbBr; by a low temperature solid state reaction is discussed. The tribasic compound exists in two crystalline forms,
each of which combines with one molecule of water to produce a different crystalline modification of the hydrate 3PbO-
PbBr»H,0. The thermal relationships of the two forms of 3PbO-PbBr; and of the hydrate are given. The heptabasic
compotund exists in two forms, a high temperature and a low temperature form. The latter combines with water to produce
two hydrates, 7PbO-PbBr,- 5H20 and 7PbO-PbBr;-7H;0. On dehydration by heating, each of these undergoes successive
phase changes and finally, at 500°, reverts to the original low temperature form of the heptabasic compound. Heating either,
of the heptabasic compounds above 600° in the presence of SiO; results in formation of a basic bromosilicate. The inter-
planar spacing values are given for the major reflections of the four intermediate compounds (including their various poly-

morphic forms), the hydrates and the silicate.

Introduction

During the course of an extensive investigation
in these laboratories! of the formation and compo-
sition of engine-deposit compounds, it has become
necessary to make a phase study of the binary sys-
tems of several lead compounds. The present pa-
per gives the results of the X-ray diffraction study
of the PbO-PbBr, system, the thermal analysis
data for which are given in a preceding paper.?
The X-ray diffraction data previously reported for
this system are very limited. Although Baroni?
supplemented his thermal analysis of the PbO-
PbBr; system by crystallographic and X-ray dif-
fraction observations of the various compounds
formed, he stated that the photographs were com-
plicated and difficult to interpret, and no data!
were included in his publication. The only pub-
lished X-ray data found, aside from those for the
two components, PbO and PbBr;, were the inter-
planar spacing values given in the ASTM Index
File! for the compound, PbO-PbBr.. The results
from the present study show that these data are in
error, sinice they were found to correspond to the
values obtained for 3PbO-PbBry-H,O and not for
PbO-PbBr..

Experimental Method

Powder patterns were obtained for the various prepara-
tions by means of a Norelco Geiger Counter X-ray Spec-
trometer using CuKe radiation. The methods used for
mounting the specimen and for angular calibration of the

(1) F. W. Lamb and L. M. Niebylski, Anal. Chem., 28, 1388 (1951).
(2) L. M. Knowles, J. Chem. Phys., 19, 1128 (1951).

(3) A. Baroni, A#ti accad. Linces, 20, 384 (1934).

(4) ASTM X-Ray Diffraction Index Card No. II, 1399.

goniometer are described in an earlier publication.? The
so-called ‘‘thermal analysis preparations’’ used in this study
were the samples resulting from the thermal measure-
ments previously described.? The fused and quenched
preparations were obtained by melting mechanical mixtures
of appropriate amounts of the two components, PbO and
PbBr;, in magnesium oxide crucibles, mixing well, and
quenching by pouring on the flat surface of a large block of
copper.

The method for preparing the monobasic hydrate PbO-
PbBry;-H,O has been described previously.! The tribasic
hydrate, 3PbO-PbBr:-H:0, was prepared by slowly adding
with mechanical stirring 10 g. of 200-mesh PbO (yellow
orthorhombic) to 250 ml. of COs-free, 80° distilled water
containing 39 g. of NaBr. The yellow precipitate formed
was filtered, washed with 959, ethyl alcohol and dried in an
oven at 70° for 24 hours. Chemical analyses and X-ray
diffraction examination indicated a purity of 989, or better
for various preparations of the two hydrates.

Results and Discussion

Thermal Analysis Preparations.—An X-ray dif-
fraction study was made of the numerous prepara-
tions resulting from the thermal measurements.
Each of these preparations had been fused and then
allowed to cool very slowly through the primary
crystallization point and, also, through its peritec-
tic and eutectic temperatures before removing it
from the furnace and allowing to cool to room tem-
perature. TheX-ray diffraction data obtained from
the powder patterns of these preparations confirmed
the results obtained by thermal analyses. They
showed the existence of intermediate compounds
corresponding to the compositions: PbO-PbBr,,
2PbO-PbBr;, 3PbO:-PbBr; and 7PbO-PbBr;. The
phase diagram obtained from the thermal analysis

(8) G. Calingaert, F, W. Lamb and F. Meyer, THIS JOURNAL, T1,
3709 (1949).
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measurements by Knowles? is reproduced here as
Fig. 1 for reference.
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Fig. 1.—Phase diagram of the PbO-PbBr: system.

The monobasic lead bromide was found to exist
in one crystalline form for the composition range of
0 to 40 mole %, PbO and in a second crystalline
form from 40 to 66.7 mole 9, PbO. These two
polymorphic modifications of the monobasic lead
bromide have been designated as R and N, respec-
tively. The reflections characteristic of the R
form increased in intensity up to a composition of
40 mole 9, PbO and were entirely absent in com-
positions containing more than 45.0 mole %, PbO.
The reflections characteristic of the N form pre-
dominated in compositions of 42.50 to 55 mole %,
PbO, showing a maximum intensity in the 45 to 50
mole 9, range. Further relationships of these two
forms as well as those of two other crystalline forms
of the monobasic lead bromide are discussed in a
later section. The other three intermediate com-

PbBry
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pounds, 2PbO-PbBr,, 3PbO-PbBr, and 7PbO-
PbBr,, existed in one crystalline form only in the
thermal analysis preparations. The tribasic and
heptabasic compounds, however, each were found
to exist in a second crystalline form in the fused and
quenched preparations. The polymorphism of
these two compounds is discussed under separate
headings.

Fused and Quenched Preparations.—Previous to
the study of the thermal analysis preparations, a
series of fused and quenched preparations covering
the complete composition range in 1 to 2 mole %,
increments of PbO was examined. The results
from these preparations were found to be more
complex than those obtained from the thermal an-
alysis preparations. They are reported here since
they constitute a part of a complete phase study of
the system and also since they may explain the con-
flicting results obtained by previous and current
workers in the field. .

The powder patterns obtained of the fused and
quenched preparations indicated eight phases be-
tween the two primary compounds, PbBr; and PbO.
The reflections characteristic of these different
phases showed a maximum intensity in the powder
patterns at compositions of 20, 35, 40, 66.7, 72.5,
78, 84 and 88 mole 9, PbO. The composition
ranges and positions of maximum intensity for the
eight phases are shown graphically in Fig. 2 where
the relative amounts of the phases are indicated on
an arbitrary intensity scale. Except for the re-
sults obtained by thermal analysis and a subsequent
clarification of the various polymorphic modifica-
tions through heat treatment and chemical studies,
each of the eight phases identified in the powder
patterns could well have been mistaken for an in-
dividual compound.

A comparison of the patterns characterizing each
of the above eight phases with those obtained from
the thermal preparations revealed the following:
(1) There is no evidence of the so-called 20 mole 9,
PbO phase in the thermal analysis prepara-
tions. Supplemental chemical and heat treat-
ment studies have shown that it is a polymorphic
form of PbO-PbBrs. It has been arbitrarily desig-
nated as the X form. (2) The phase showing a
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Fig. 2.—Summary of X-ray diffraction results on fused and quenched preparations.
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PHASE STUDY OF PbO=PbBr; BY X-RaY DIFFRACTION

TaBLE I

INTERPLANAR SPACING VALUES
Copper K, Radiation, Aw.m. = 1.5418 A,

PbO-PbBr: PbO:PbBr: PbO'PbBr: 2PbO-PbBr1
X form¢e R form N form
¢ Ay yne 4A yn 4 A yn 4 A yn
5.88 0.15 8.61 0.10 7.65 0.20 7.55 0.59
3.93 0.35 6.20 .30 6.12 .20 5.15 .30
2.87 1.00 6.00 .30 4.05 .14 4.8 .12
2.80 0.15 4.58 .30 3.8 .16 3.87 .11
2,32 .25 4.16 .25 3.60 .15 3.58 .17
2.09 .15 3.8 .35 3.41 .11 3.14 1.00
1.68 .15 3.67 .26 3.33 .13 2,93 0.16
©3.32 1.00 3.18 .15 2.85 .45
3.15 0.95 3.13 .20 2,78 .24
2,91 .87 3.06 .10 272 .35
2.8 .55 2.97 .40 2,59 .10
2.8 65 291 .55 2.5 .29
2.80 .31 2.8 1.00 2.45 .10
2.74 .68 2.8 0.43 237 .06
2.64 .38 2.79 .18 2,27 |14
2,60 .42 272 .25 225 .47
2,47 .30 2,55 .10 2.14 .11
2.41 .46 2.51 .15 2,04 .09
2.35 .29 224 .25 200 .08
205 .22 220 .20 1.96 .12
1.95 .56 2.15 .13 1.94 .15
1.89 .10 2.09 .13
1.87 .24 1.8 .12
1.84 .15

s It is possible to give only a few of the interplanar spacing (d) values
for the X form of PbO-PbBr; since it has not been prepared free from
PbBr;. b The interplanar spacing (d) values are accurate to =£=0.05 A. for
valuesof 4 A, or greater, to =£0.02 A. for values of 2to 4 A., and to =0.01

A. for values less than 2 A.

¢ The relative intensity I/l values were ob-
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3PbO:PbBr1 3PbO-PbBr; 7PbO-PbBr: 7PbO-PbBr:
D form E form T form Q form
4X 1yn 4 A yn 4 A myn 4 A In
6.63 0.41 6.54 0.16 10.63 0.06 8.87 0.09
3.84 .18 4,50 .14 10.35 .07 6.21 .07
3.77 .12 3.73 .30 10.15 .08 4.06 .08
3.33 .10 3.61 .21 6.08 .06 3.95 .06
3.26 .06 3.36 .30 597 .06 3.8 .10
2.98 1.00 3.31 .20 3.91 .17 3.33 .06
2.83 0.38 3.06 .60 3.06 .17 3.21 .09
2,78 .19 3.02 .46 2.99 .22 3.05 .12
2.22 13 2.92 1.00 2.87 1.00 2,99 1.00
2.19 .07 2.91 0.90 2.37 0.06 2,94 0.40
2.16 .14 2.90 .50 2.07 .24 2,90 .54
2.14 .08 2.8 .56 1.99 .24 2.8 .11
2.05 .06 2.78 .51 1.96 .03 2.4 .05
2.01 .18 277 .45 1.8 .02 2,52 .05
1.99 .08 2.37 .30 1.73 .03 2,18 .15
1.96 .09 2.16 .33 1.71 .15 2.15 .30
1.74 .19 2.14 .18 1.67 .13 2,08 .15
1.72 .15 2.12 .16 1.58 .04 2,03 .09
1.66 .19 2,09 .17 1.44 .20 1.99 .05
1.49 .10 1.98 .40 1.31 .10 1.73 .14
1.48 .07 1.93 .10 1.27 .15 1.72 .14
1.44 .06 1.90 .13 1.70 .14
1.42 .06 1.84 .15 1.68 .12
1.39 .10 1.78 .12 3P}1§%£123n 1.67 .10
1.74 .48 Contd. 1.65 .06
1.73 .35 1.67 0.32 1.50 .07
1.72 .22 1.64 .18 1.36 .06
1.71 .19 1.62 .16 1.31 .05
1.69 .19 1.59 .15 1.29 .05

tained by dividing the heights of the various reflections by the height of the strongest reflection.

maximum intensity at the 35 mole %, PbO compo-
sition is the same as the above mentioned R form
of PbO-PbBr; which also occurs in the thermal an-
alysis preparations. (3) The 40 mole 9, PbO phase
is the same as the N form of PbO-PbBr, observed
in the thermal analysis preparations. (4) The
66.7 mole 9, PbO composition gives the same pat-
tern as obtained for the thermal analysis prepara-
tion of 2PbO-PbBr.. (5) The phase showing a
maximum at 72.5 mole 9, PbO does not appear in
the thermal analysis preparations. Supplemental
results obtained from chemical
and heat treatment studies have
shown that this phase is a poly-
morphic form of 3PbO-PbBr,.
It has been designated the D
form. (6) The phase showing
a maximum at 78 mole 9, PbO is the same as the
thermal analysis preparation of 3PbO-PbBr,. This
phase has been designated the E form. (7) The
84 mole 9%, PbO phase does not appear in the ther-
mal analysis preparations. However, heat treat-
ment studies indicate that it is a polymorphic form
of 7PbO-PbBr; and it has been designated as the
Q form. (8) The phase showing a maximum at
88 mole 9, PbO is the same as the crystalline form
of 7PbO-PbBr. which occurs in the thermal anal-
ysis preparations. This phase has been designated
the T form.

PbO-PbBr,-H,O 1

H,0
—— > PbO-PbBr, (L form)
25-210°

—_——
260450

The interplanar spacing values for the major re-
flections of these eight phases are given in Table I.

Polymorphism of PbO-PbBr,. Dehydration of
the Hydrate, PbO-PbBr,-H;0.—A study involving
the dehydration and subsequent heat treatment of
the hydrate, PbO-PbBr;-H,0O, showed that mono-
basic lead bromide exists in more than one crystal-
line form. The thermal relationships of the several
forms are indicated in equation 1 in which the let-
ters L, N and R are used to designate the individual
forms.

—————>" PbO-PbBry
210-260° (N form)

PbO-PbBr; (R form) =—————3 PbO-PbBr;
° 450° (N form)

Chemical analyses and material balance experi-
ments showed that each of the indicated polymorphic
formsisanhydrous. Forthe material balance experi-
mentsa 1- to 2-g. sample of the hydrate washeated in
a closed system flushed with a stream of dry nitrogen.
The liberated water was conducted to an absorption
bulb containing magnesium perchlorate. The weight
per cent. of water liberated by various heat treat-
ments was determined both by loss of weight of the
sample and by gain of weight of the absorption tube.
The values obtained by the two methods checked
closely, as shown by the results given in Table II.
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TaBLE 11
DEHYDRATION OF PbO-PbBry H.O
Heating time, 24 hours
Water loss in wt. %
By
np., absorp- By loss
-C. Compound formed tion of wt.
260 PbO:-PbBr: (R + N form) 2.98 2.96
2.91 2.93
180 PbO:PbBr; (L form) 2.64 2.64
2.60 2.61
2.66 2.66

The theoretical value for the weight per cent. of
H,;0 in PbO-PbBry-H,0 is 2.960 and in PbO-PbBr,:
1/, H,0 it is 1.503. The data of Table II show that
the R and N forms are completely dehydrated and
that the material heated at 180° for 24 hours con-
tains about 0.33%, H;O. It is not considered
likely that the L form is a low hydrate containing
approximately 0.1 mole of H:O, but rather that it is
also anhydrous and that the 0.33%, H;O may be
accounted for by the presence of about 119 of
PbO-PbBry-H,O. This amount of hydrate might
not be detectable in the patterns since it probably
is in a more or less amorphous form due to the
solid state dehydration process. On hydration all
three forms of PbO-PbBr; produce the same hy-
drate. The thermal relationships of the three crys-
talline forms (L, N and R) of. PbO-PbBr; and the
hydrate are shown in Fig. 3.

PbO - PbBr,
(N)
ZIOIZGO"C
450°C PbO - PbBr, +H,0
{ (w
+N10
1257 210°C 260°C
PbO : PbBrz + H20
oo
PO - PbBr,
(R)
200°C
|
Pb0 + PoBr,
SOLID STATE REACTION

Fig. 8.—Diagram of thermal relationships of the poly-
morphic forms of PbO-PbBr: and the hydrate, PbO-PbBry
H,0. Al data based on a heating time of 24 hours.

The interplanar spacing values for the major
reflections of the hydrate, PbO-PbBrs-Hy0, and the
L. form of PbO-PbBr; are given in Table ITI.
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TABLE III

INTERPLANAR SPACING VALUES

Copper Ka radiation, Aw.um, = 1.5418 A.
3PbO-PbBr  8PbO-PbBra
H:0 o)

PbO:-PbBrs: PbO-PbBr: Ho
H:0 L form A form¢ B form

A pny 4 A L 4 A I/n 4 A un
5.96 0.25 7.80 0.55 6.50 0.05 7.00 0.09
5.03 .16 7.08 .60 3.93 .20 6.33 .12
4.16 1.00 5.27 .22 38.25 .13 4.20 .18
3.76 0.10 4.3¢ .20 3.06 .11 3.95 .06
3.71 .22 4,00 .18 2,98 1.00 3.80 .18
3.48 .61 3.90 .24 295 0.25 3.35 .06
3.38 .85 3.80 .18 2,88 .28 3.18 .15
3.05 .19 3.51 .85 2.20 .06 3.11 .13
2.98 .55 3.27 .29 2,17 .17 3.06 .85
2.92 .50 3.22 .61 2.06 .17 3.00 .59
2.75 .06 3.10 .33 196 .03 2.94 .55
2.72 .06 3.04 .57 1.85 .03 2.90 1.00
2.65 .50 2.94 .71 1.81 .03 2.74 0.18
2.60 .55 2.80 1.00 1.80 .04 2.67 .12
2.51 .14 2,75 0.59 1.75 .14 2.42 .06
2.49 .19 2,67 .20 1.73 .16 2.37 .06
2,40 .63 2,64 .40 1.71 .16 2.23 .14
2.22 .20 2.60 .39 1.70 .21 2.18 .18
2.13 18 250 .35 1.69 .24 2.16 .19
2.07 12 246 .35 1.3 .05 2.12 .13
2.05 14 242 (12 1.50 .09 1.99 .19
1.95 .18 2,37 .27 1.44 .04 1.8 .08
1.84 .08 2,27 .22 143 .04 1.80 .10
1.80 .08 2.17 .22 137 .06 1.78 .1C
1.76 11 196 .20 1.31 .06 1.76 .14
1.69 .26 194 .20 130 .06 1.74 .22
1.62 31 1.90 .18 1.72 .22
1.58 .06 1.87 .22 1.68 .23
1.56 15 1.73 .20 1.67 .24
1.53 .09 1.65 .08
1.51 .04 1.54 .10
1.47 .08 1.47 .09
1.43 .07 1.45 .09

1.27 .10

2 See footnote b, Table I. °See footnote ¢, Table I.
¢ Note agreement with interplanar spacing (d) values re-
ported for PbO-PbBr; in A.S.T.M. Index Card II, 1399.

Thermal Relationships of N and R Forms.—It
has been found that PbO-PbBr; (N form) is regu-
larly produced from melts cooled rapidly below
the peritectic temperature of 497°. The R form
may be produced by holding a 50 mole 9, PbO melt
at the peritectic temperature for several hours and
then cooling slowly to 300° or less before quenching.
If quenched at higher temperatures, the N form is
produced. Thus, the N form is the high tempera-
ture form, and the R form is the low temperature
form, the transition temperature being approxi-
mately 300°. More specifically, it was observed
that by holding a 50 mole 9, PbO sample at 500°
for 16 hours and then cooling slowly to 250° before
removing from the furnace and quenching with an
air blast, the N form was entirely converted to the
R form. The R form was also produced in melts
cooled slowly to 150° before quenching. Cooling to
300° before quenching produced a mixture of the
two forms as well as some 2PbO-Brs.

A comparison of the results obtained on the fused
and quenched preparations with those on the ther-
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mal analysis preparations shows that in the ther-
mal analysis preparations the R form of PbO-PbBr,
is produced at all compositions up to and in-
cluding 45 mole 9, PbO; whereas, in the fused
and quenched preparations the X, R and N
forms appear successively (Fig. 2) as the con-
centration of PbO is increased through this same
composition range. The R form of PbO-PbBr,
is produced in a composition range of 30 to 40
mole % of PbO in both the fused and quenched
and the thermal analysis preparations. This may
indicate that in the presence of certain amounts of
PbBr, the PbO-PbBr, preferentially crystallizes in
the R form regardless of the cooling rate.

At concentrations of 40 to 66.7 mole % PbO, the
N form is produced in both the rapidly and slowly
cooled preparations. In studying the thermal anal-
ysis preparations, however, an occasional sample con-
taining as high as 45 mole %, PbO was observed to be
predominately the R form, indicating that this par-
ticular preparation had been allowed to cool slowly
through the transition temperature. Heat treating
experiments have shown that the N form occurring in
a 42.5 mole 9, PbO preparation may be readily con-
verted to the R form if heated for 30 min. at 250°
and that the heating time required for this transi-
tion increases with the PbO concentration. For
example, a 50 mole 9, preparation whose powder
pattern showed it to be chiefly the N form with a
small amount of 2PbO-PbBr; required a heating
time of at least one week at 250° to convert a por-
tion of the N form to the R form. In preparations
containing appreciable amounts of 2PbO-PbBr; it
has not been possible to convert the N form to the
R form. These results indicate that the transition
of the N form of PbO-PbBr; to the R form is in-
fluenced by the presence of a second component.
In the presence of PbBr, the transition occurs more
readily, and in the presence of 2PbO-PbBr; the
transition is very much retarded if not completely
prevented. This is considered to be an example of
a special type of solid state reaction and is discussed
in detail in a later section.

Thermal Relationships of the X and R Forms.—
As shown in Fig. 2, the X form of PbO-PbBr; is
regularly produced in the fused and quenched prepa-
rations for compositions of 5 to 30 mole %, PbO,
the maximum intensity occurring at approximately
20 mole 9, PbO. The thermal analysis prepara-
tions show simply a mixture of PbBr; and the R
form of PbO-PbBr; for the same composition range,
indicating that the X form is readily converted to
the R form when the preparations are cooled slowly
through the eutectic temperature of 347° before
removing from the furnace. Hydration of both
series of preparations gave mixtures of PbBr; and
PbO-PbBr;-H,O only, indicating that the X phase
is also a crystalline form of PbO-PbBrs. On de-
hydration, both series of preparations gave PbBr;
and the R form of PbO-PbBr; with no evidence of
the X form.

Several experiments were performed to determine the con-
ditions for conversion of the X to the R form and vice versa.
Knowing that in the thermal analysis preparations the
samples were cooled slowly through the eutectic tempera-

ture, it was reasoned that the X phase might be produced
if the preparations were quenched at any temperature
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above the eutectic temperature. Three thermal analysis
preparations having 11.43, 11.85 and 12.26 mole %, PbO
by chemical analysis (close to the eutectic composition of
12.5 mole % PbO) were heated to 400° and quenched on a
copper block. Patterns of these quenched preparations
all showed the X form of PbO-PbBr, and PbBr;, showing
that under these conditions the monobasic lead bromide
preferentially crystallizes in the X form. A 15 mole % PbO
thermal analysis preparation was heated at 360 =+ 2.5°
(intermediate between the eutectic and primary crystalli-
zation temperature) for 72 hours and then quenched in air.
The patterns showed a mixture of PbBr; and the X phase.
A series of experiments was performed on a 20 mole % PbO
thermal analysis preparation. The sample was first fused
and quenched. The X-ray diffraction patterns showed a
mixture of PbBr; and the X form of PbO-PbBr;; however,
the reflections for the X form were quite broad and diffuse.
Following this a portion of the fused and quenched sample
was again melted and then held at 370° for 24 hours before
quenching. The patterns of this preparation showed sharp
and intense reflections for the X form. Next, a portion of
the original fused and quenched preparation was heated to
370° and held at this temperature for 24 hours before
quenching. Again, the pattern obtained for the X form was
very sharp. Finally, a portion of the fused and quenched
preparation was heated in a Pyrex test-tube to the eutectic
temperature of 347° and held at this temperature for 24
hours before removing from the furnace. The resulting
sample had separated in two distinct layers. The upper,
buff-colored layer was found to be a mixture of PbBr; and
the R form of PbO-PbBr;,, and the lower, gray-colored layer
a mixture of PbBr, and the X form. These experiments
show that for a composition range of 5 to 30 mole %, PbO the
monobasic lead bromide preferentially crystallizes in the X
form above the eutectic temperature of 347°, and that the
X form is converted to the R form near the eutectic tempera-
ture. The X form has not been prepared in a pure state and
has only been produced in a mixture with PbBrs as in the
fused and quenched preparations described here.

Production of R Form by Solid State Reaction.—
In a discussion of the various crystalline forms of
monobasic lead bromide, it is of interest to note
that the solid state addition reaction between
equimolar amounts of PbO and PbBr, the R form
and only the R form of PbO-PbBr; is produced on
heating an intimate mixture of the two primary
compounds at 250°. Details of this investigation
are given in an earlier publication.! The R form of
PbO-PbBr: resulting from the low temperature
solid state reaction may be converted to the N form
if heated at 450° or higher for 24 hours, the same as
indicated in equation 1 for the R form resulting
from the hydrate. The N form thus produced may
in turn be converted to the R form by heating at 260
to 300° for 24 hours. This solid state reaction cy-
cle is shown by the heavy lines in Fig. 3.

The strong tendency for production of the R form
by solid state reaction is further emphasized by the
following two experiments involving a type of solid
state replacement reaction: (1) A mechanical mix-
ture of the pure N form of PbO-PbBr; and of PbBr,,
corresponding to a 33.3 mole 9, PbO composition,
was prepared and heated at 200° for two hours.
X-Ray diffraction patterns showed that the N form
had been completely converted to the R form. As
stated above, in the absence of added PbBr, the
transition of the N form to the R form would re-
quire heating at 260 to 300° for 24 hours. It is
theorized that the added PbBr; aids the transition
by taking part in a type of solid state replacement
reaction in which the free PbBr; reacts with the
PbO portion of the N form of PbO-PbBr; to form
the low temperature, solid state R form. Similar
solid state reactions between the PbO portion of a
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basic lead compound and a primary lead compound
have been discussed in detail elsewhere by the au-
thors.! The first step of the solid state reaction for
a mixture of PbBr; and PbO-PbBr; (N form) in a
1:2 mole ratio may be represented as

200°

I,

PbO-PbBr; (R form) -+ PbBr: + PbO-PbBr; (N form)

The PbBr; released in the above replacement reac-
tion will then react in the same manner with the
PbO portion of the remaining N form of PbO-PbBr,
to complete the transition by producing another
mole of the R form. In case the mole ratio of PbBr,
to the N form of PbO-PbBr, is appreciably less than
one, this replacement reaction will continue to take
place in steps until the conversion to the R form is
complete. However, the lower the mole ratio, the
longer the time required for complete conversion;
for example, it has been found that for a mole ratio
of 0.11 or less (45 to 50 mole 9%, PbO) a much longer
time is required at the somewhat higher tempera-
ture of 250 to 300°.

(2) A similar solid state replacement reaction is
believed to take place between PbBr, and the X
form of PbO-PbBr,; during its conversion to the R
form. For example, a fused and quenched 20 mole
% PbO preparation (60:40 mole ratio of PbBr; to
PbO-PbBr; X form) heated at 200° for 3 hours was
found to be converted to a mixture of PbBr; and
the R form of PbO-PbBr;. Doubtless, this solid
state replacement reaction follows the same course
as indicated in equation 2 with the exception that

3PbO - PbBr,
(D)

)z%aocrc +H0

3PbO - PbBr, + MO
(A)

y

}
80-125°C 400-695°C

3PbO + PbBrz . He0
(8)

}
+H O
|

3PbO * PbBr,
()

J

40Q°¢

HEATED ABOVE M.R OF 706°C AND QUENCHED ON Cu BLOCK

3PbO + PbBry
SOLID STATE REAGTION

Fig. 4—Diagram of thermal relationships of the poly-
morphic forms of 3PbO-PbBr; and the hydrate, 3PbO:PbBry
H;0. All data based on a heating time of 72 hours.
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in this case the N form is replaced by the X form.

These postulated solid state replacement reac-
tions account for the mechanism by which added
PbBr; aids in the conversion of the X and N forms
of PbO-PbBr; to the low temperature, solid state R
form.

Polymorphism of 3PbO-PbBr,. Dehydration of
the Hydrate, 3PbO-PbBryH,0.—A study of the
hydration and subsequent heat treatment of the
hydrate, 3PbO-PbBryH,O, showed that 3PbO-
PbBr; exists in two crystalline forms. By heating
the tribasic hydrate at 125 to 300° for 72 hours, the
so-called D form is produced. The X-ray diffrac-
tion pattern for the anhydrous D form is quite simi-
lar to that for the original hydrate; however, the
two compounds cannot be said to be isomorphous
since some reflections appear to be shifted to higher
d values and others to lower d values. By heating
either the D form or the original hydrate at 400°
for 72 hours a second crystalline form of 3PbO-
PbBr; designated as the E form is produced. The
D form may be readily hydrated to produce the
original hydrate as obtained by aqueous prepara-
tion, whereas hydration of the E form produces a
hydrate having a different crystalline form, desig-
nated as the B form. It was found that the B form
of the hydrate would yield the original hydrate or A
form if heated at 80 to 125° for 72 hours. It was
also noted that if the B form were ground in water
for a long period of time some of the original hy-
drate would be produced. In no case was the B
form of the hydrate produced by aqueous prepara-
tion. The thermal relationships of the hydrates
and of the D and E forms of 3PbO-PbBr, are
shown graphically in Fig. 4. It has been estab-
lished by material balance experiments that both
forms of the tribasic hydrate contain one molecule
of water. The weight per cent. water was deter-
mined for: (1) 3PbO-PbBr,-H,O (A form) as pre-
pared from aqueous solution; (2) the A form after
heating for 24 hours at 125°; and (3) the B form of
3PbO-PbBryH;0. The values obtained are given
in Table IV.

TaBLE IV
DEnYDRATION OF 3PbO-PbBry H,0O
Heat- Water loss in wt. %
treatment By

Starting Temp., Time, Compound abgorp- By loss
material °C, hr. formed tion of wt.
A form 400 72 3PbO:-PbBr, 1.65 1.75
A form 400 72 (E form) 1.73 1.68
A form 400 72 1.74 1.74
A form, 260 24 3PbO-PbBr 1.23
after 24 hr, 260 24 (D form) 1.32
at 125° 260 24 .. 1.21
B form* 260 24 3PbO-PbBr, 1.65 1.59
B form® 260 24 (D form) 1.51 1.56
B form* 260 24 1.64 1.62

¢ Chemical analysis for lead and bromine confirmed the
gormula, 3PbO-PbBr;-H;0, for these preparations of the B
orm,

The theoretical amount of water in 3PbO-
PbBry-H,0 is 1.706 weight per cent. The data of
Table IV show that both forms of 3PbO-PbBr,-H,0
lose approximately one molecule of water on heating
and that the two forms of 3PbO-PbBr; are anhy-
drous. The sample of 3PbO-PbBr;-H,0 preheated
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at 125° for 24 hours was partially converted to the
D form of 3PbO-PbBr; so that a determination
equivalent to a loss of one molecule of water was not
obtained. The interplanar spacing values for the
two forms of the tribasic hydrate are given in Table
I11.

Fused Preparations of 3PbO-PbBr,.—The ther-
mal analysis preparations showed only the E form
of 3PbO-PbBr;, the characteristic reflections show-
ing a maximum intensity in the powder patterns at
75 mole % PbO. The fused and quenched prepara-
tions showed the D form at 72.5 mole 9, PbO and the
E form at 78 mole %, PbO. It was found that heat-
ing the D form to its melting point and then cooling
slowly to a temperature of 695° or lower before
quenching converted it to the E form. Also, it was
possible to produce the D form from the E form
by heating above the melting point at 706° and
quenching on a copper block.

The E form is believed to be the equilibrium or
more stable form since it is produced in the thermal
analysis preparations and also on prolonged heat
treatment of the hydrate. The D form may be a
distorted form of 3PbO-PbBr; since it can be pro-
duced by fusing and quenching the E form and also
since it is the first form to result on dehydration of
the hydrate. It is considered likely that the
similarity of the pattern for the original hydrate
and the D form is due to the fact that on removal
of the water, the lattice structure is only slightly
altered and that on heating at temperatures of
400° and higher, the atoms then rearrange them-
selves to form the more stable E lattice.

Production of E Form by Solid State Reaction.—
The E form of 3PbO-PbBr; is produced by a solid
state reaction according to the equation

24 hr,
3PbO + PbBr; ————> 3PbO-PbBr; (E form) (3)
350—450°

The solid state reaction cycle is shown by the

“ heavy lines in Fig. 4. There is no evidence of pro-
duction of the D form at temperatures below fusion;
however, there is usually some 2PbO-PbBr; pro-
duced in the above reaction. It was thought that
possibly a solid state reaction between PbBr; and
3PbO-PbBr, (D form) would result in a transition
to the solid state E form through a reaction similar
to that described for the transition of the X and N
forms of PbO-PbBr; to the R form. It was found,
however, that heating a mixture of these two com-
pounds at 350° for four hours produced 2PbO-
PbBr; in accordance with the equation

350°
PbBr + 2(3PbO-PbBry) D form ——>

3(2PbO-PbBr:) (4)

Polymorphism of 7PbO-PbBr;.—The fused and
quenched preparations show two phases of 7-
" PbO-PbBr;, one of which—designated the Q form—
is most pronounced in the powder patterns at 84
mole 9%, PbO and extends over the:composition
range of 80 to 89 mole 9, PbO, and the other of
which—the T form—is most pronounced at 88
mole 9, PbO and extends over the composition
range of 83 to 95 mole 9, PbO. This second phase
is the one which occurs in the thermal analysis
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preparations, where it shows a maximum intensity
at 87.5 mole 9, PbO. Fusing and quenching on a
copper block converts the T form to the Q form.
The latter can be reconverted to the T form by
fusing and then cooling slowly through the primary
crystallization and eutectic temperatures before
quenching. The interplanar spacing values for the
two forms of 7PbO-PbBr; are given in Table I.

The low temperature, T form of 7PbO-PbBr,
may also be produced by solid state reaction as
7PbO + PbBr, ——————> 7PbO-PbBr; (T form) (5)

625°—1 hr.

The high temperature, Q form is not produced
by solid state reaction, but can be produced by
fusing and quenching the T form. The Q form
may be completely converted to the T form by
adding a small amount of PbBr; and heating at
550° for one hour. This conversion is undoubtedly
due to the same type of solid state replacement
reaction as was observed for conversion of the
X and N forms of PbO.-PbBr, to the R form,
equation 2,

Hydration of 7PbO-PbBr,.—The Q form of
7PbO-PbBr;, which is canary yellow in color,
maintains its structure on grinding in air, dry oil,
and water. The T form is not altered by grinding
in dry oil but is readily hydrated by grinding in air
and water. There appear to be two hydrates
formed. Grinding the T form in water for 10 to
20 minutes produced a definite change in. the
appearance of the material from a yellowish-tan

TaBLE V
INTERPLANAR SPACING VALUES

Copper K, radiation, Aw.m. = 1.5418 A.
7PbO:PbBry:5H:0 7PbO:PbBr: 7TH:0 *7PbO-PbBr1-SiOs’’

d, A /ns d, A yn d, A /n
6.00 0.04 6.24 0.24 5.83 0.11
4.48 .11 4.84 .20 3.87 .10
4.39 .11 3.59 .09 3.50 .05
4.27 .22 3.52 .17 3.00 1.00
3.94 .20 3.40 .11 2.90 0.25
3.36 .43 3.36 .30 2.77 .30
3.25 .16 3.33 .42 2.32 .30
3.11 .19 3.24 .73 2.25 .05
2.98 1.00 3.14 .53 2,17 .06
2.88 0.36 3.09 .64 2.00 .08
2.62 .25 3.00 .29 1.96 .02
2.51 .15 2.86 1.00 1.86 .02
2.20 .04 2.66 0.11 1.78 .20
2.17 .10 2.50 .08 1.75 .06
2.07 .11 2.43 17 1.74 .06
1.75 .05 2.33 .09 1.71 .06
1.70 .09 2.20 .52 1.66 .06
1.68 .07 2.18 .17 1.64 .20
2.09 .08 1.63 .15

2.07 .07 1.58 .02

2.05 .08 1.55 .02

2.01 .20 1.51 .02

1.96 .11 1.50 .05

1.95 .07 1.44 .07

1.80 .11 1.39 .03

. 1.77 .33 1.37 .02
popie footnote b, oy a7 1m Lot
note ¢, Table I. 1.73 .33 1.29 .06
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to a dark tan color. Determination of the loss of
weight on heating this product at 300° for 24
hours indicated that the starting material was
7PbO:PbBry:5H,0. If either this hydrate or the
original T form was further ground in water and
allowed to remain in contact with water for 12
hours or more, a light tan voluminous material
was produced. The same product was formed by
boiling 7PbO-PbBr; (T form) in water, Deter-
mination of the loss of weight on heating this
hydrate at 300° for 24 hours indicated that the
starting material was 7PbO-PbBry:7H;0. The
interplanar spacing values of the major reflections
for the hydrates are given in Table V.

The two hydrates were heated for 24 hours at
various temperatures from 125 to 600°. There
were no changes in the pattern for 7PbO-PbBr,:
5H;0 below 250°. At this temperature the ma-
terial was completely dehydrated and a new phase
appeared. The 7PbO-PbBr,7H;O lost two mole-
cules of water on heating at 125° and the remainder
at 250°, identical patterns being obtained for both
hydrates after heating at this temperature. A
second phase change was observed at 350° and a
third at 475°. The colors noted for these three
phases were light brown, dark brown and reddish-
brown, respectively. At 500° the low temperature,
T form of 7PbO-PbBr, was produced.

LAWRENCE SucHow aND Pavur H. Keck
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Reaction of 7PbO-PbBr, with SiO,.—It was ob-
served that molten 7PbO.PbBr; reacts with SiO,
to form a definite compound. This reaction also
occurs to a small degree in the solid state at tem-
peratures as low as 550°. The compound has been
prepared by heating a mechanical mixture consist-
ing of equimolar amounts of 7PbO-PbBr: (either
T or Q forms) and SiO; (« quartz) in a magnesia
crucible for 30 minutes at 780°. The same com-
pound has been obtained by heating a mechanical
mixture of PbO, PbBr; and SiO; in a 7:1:1 mole
ratio at the same temperature. This silicate is not
produced by heating a mixture of PbO and SiO,
in a 7:1 mole ratio. From this preliminary study
and chemical analysis the compound is considered
to be a basic bromosilicate of the formula,
7PbO-PbBrySi0O;. Theoretical for the Ph, Br
and Si are 83.40, 8.03 and 1.419, respectively.
Chemical analyses on two products were: Pb,
83.20, 83.25; Br, 7.95,7.98; and Si, 1.47 and 1.469.
The silicate is a bright yellow colored compound
with a glazed appearance, and is of interest
since it has been found to be the chief com-
ponent on the tips of spark plug insulators
under certain conditions of engine operation.
The interplanar spacing values for the silicate are
given in Table V.
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Solid solutions of Ag.Hgl, and Cu,HgI, have been prepared by simultaneous precipitation from aqueous solution. X-Ray
diffraction studies and measurement of color transition temperatures have led to the construction of a phase diagram with -
a miscibility gap from 39 to 54 mole 9, Cu;Hgl, at room temperature, and a eutectoid point at 34° and 43 mole 9, Cu,Hgl,.
All low temperature or 3-phases are pseudocubic tetragonal with the ¢/a ratio equal to unity below 68 mole 9, Cu,HgI,.

Outside the heterogeneous range, the g-phases exhibit steady changes in lattice parameters with composition.

The high

temperature or «;-phase of a preparation at the eutectoid composition has been found to consist of a single cubic phase with

lattice constant intermediate between those previously reported in the literature for the parent compounds.
transition temperature hysteresis has been observed in all materials.
measurements have been made for both high and low temperature phases.
and the a;-phase from red to dark red-purple, as the copper content increases.

A considerable
Munsell color specifications and spectral reflectance
The B-phases exhibit colors from yellow to red,
The energy difference corresponding to the

shift of the reflectance edge occurring with the color transition in each case is very nearly constant.

Introduction

The compounds silver(I) iodomercurate(II),
Ag,Hgl,, and cogper(l) iodomercurate(II), Cu,-
Hgl,, are thermochromic, each having low and high
temperature phases (called 8 and «, respectively).
Ketelaar®? in reporting the crystal structures of
the two phases of both compounds, states that they
are isomorphous with each other in both phases.
The low temperature forms are both of pseudocubic
tetragonal symmetry, although in the case of
Ag,HglI, the unit cell is actually isometric. The
high temperature forms of both compounds are
cubic. Ketelaar has also given an explanation of
the mechanism of the phase transition based on
ionic mobility and an order—disorder rearrangement

(1) J. A. A, Ketelaar, Z. Krist., 80, 190 (1931).
(2) J. A. A. Ketelaar, ibid., 87, 436 (1934).

and has confirmed it by specific heat and con-
ductivity measurements.®*

Because of the close proximity of the lattice
constants of the two compounds, and the appar-
ently similar transition mechanism in each case,
it seemed quite likely that solid solutions of Ag,-
Hgls and Cu.Hgls could be formed which would
show similar transitions. The objectives of the
work to be reported below were, therefore, to study
the possibility of preparation of solid solutions in
this system and to determine the relations of struc-
ture, transition point, and color with composition.

Preparation and Chemical Analysis.—The preparations
were made by simultaneous precipitation from solutions

(3) J. A. A. Ketelaar, Z, physik. Chem., B26, 327 (1934); B30, 53
(1935).
(4) J. A. A. Ketelaar, Trans, Faraday Soc., 34, 874 (1938),



