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Measurements of the heat capacity of ZnBr, from 7 = 10 to 300 K, as well as Raman, infrared,
and x-ray diffraction investigations reveal some very interesting features of this material. The unit
cell (space group I 4,/acd ) is large (Z = 32), and composed of supertetrahadral Zn,Br,, subunits.

The large unit cell and the large effective mass of the subunits, respectively, give rise to a rich
vibrational spectrum and many low frequency modes. These have been used quantitatively to
account for the unusually high heat capacity of ZnBr, at low temperatures.

INTRODUCTION

Interest in the magnetic phase transitions of NiBr,," as
well as a theoretical prediction of the magnetic contribution
to its heat capacity® recently prompted the first calorimetric
investigation of NiBr,.* In order to delineate the magnetic
and lattice contributions to the heat capacity of NiBr,, a
measurement of the heat capacity of a supposedly isomor-
phous’ diamagnetic compound of similar molecular weight,
ZnBr,, was undertaken. {The heat capacity of ZnBr, has not
been reported previously.} However the heat capacity mea-
surements indicated that ZnBr, could not have the CdCl,
type structure that NiBr, has and that ZnBr, is often report-
ed to have.>® This conclusion prompted a complete x-ray
diffraction study of ZnBr, which is reported in detail else-
where.” The purpose of this communication is the presenta-
tion of the calorimetric results for ZnBr,, as well as the re-
sults of Raman and infrared spectroscopic investigations
and the correlation of these results with each other and with
the x-ray diffraction information.

EXPERIMENTAL TECHNIQUES

Anhydrous zinc (II) bromide (Alpha Inorganics, 99%
pure) was dried under vacuum at 200 °C for 6 h, and further
purified by vacuum sublimation at 350 °C for 8 h. Sublima-
tion produced a very fine powder which was then sealed
under vacuum, heated to 410°C (just above its melting
point), and allowed to cool gradually to room temperature in
order to produce small single crystals for the x-ray diffrac-
tion and larger crystallites for the Raman investigations.
Chemical analysis gave the following results (theoretical
mass % in brackets): Zn, 30.3 {29.0); Br, 71.1 (71.0). All sam-
ple handling was carried out in a dry nitrogen glove box
because of the extreme hygroscopic nature of ZnBr,.

The heat capacity of ZnBr, was measured from 7 = 10
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K to T'= 300 K by the heat pulse technique in an adiabatic
calorimeter that was fitted with a calibrated Pt resistance
thermometer. This calorimeter is described in detail else-
where.?

X-ray diffraction data for a crystal of maximum and
minimum dimensions 0.18 and 0.10 mm were collected on a
Syntex P2, diffractometer. The crystal was sealed in a capil-

lary tube, and 2988 reflections were collected.
Samples for the Raman experiments were crystallite

fragments about 2 X2 X 3 mm. These were mounted on the
cold finger of a standard glass cryostat and cooled by liquid
nitrogen. Raman spectra were excited by the 514.5 nm line of
an argon ion laser (Spectra Physics 165), operating at powers
up to 1 W. Light scattered at 90° was focused on to the en-
trance slit of a double monochromator (Spex 1401). The po-
larization of the incident laser beam could be rotated by a
Fresnel bi-prism, and the scattered light analyzed with a ro-
tatable Polaroid film and quartz wedge (‘“‘scrambler”)
mounted in front of the entrance slit. For some experiments
aimed at detecting weak features at very low frequencies a
third monochromator {Spex 1442) was introduced into the
light path. The detector was a cooled photomultiplier
(R.C.A. C31024), coupled to photon counting electronics.
Output pulses were fed to an IBM PC microcomputer for
storage, display, plotting, and subsequent processing.

For the infrared experiments, polycrystalline fragments
were ground to a fine powder by mortar and pestle inside a
nitrogen-filled glove box. The powder was spread as evenly
as possible on a polyethylene plate and then covered by a
second plate. The “sandwich” was then clamped on to the
cold finger of a glass crysostat, fitted with polyethylene win-
dows. Temperatures for both Raman and infrared samples
were measured by copper-Constantan thermocouples in
pressure contact with the substrate. Far infrared spectra
were recorded on a Beckman RIIC Fourier Spectrometer
(F.S. 620) equipped with high pressure mercury lamp source,
Mylar beam dividers, and germanium bolometric detector
operating at 4.2 K. Fast Fourier transforms of the interfero-
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TABLE 1. Experimental values of the heat capacity (C,} of ZnBr, from
T=11t0300K.

T C, T c, T c,
K) (K 'mol™) (K) (K 'mol™}) (K) (K 'mol™)
11.29 2.66 6343 4301 15130 66.15
11.91 3.62 68.43 45.38 156.08 66.56
14.97 6.92 73.18 48.11 161.14 66.84
17.91 10.12 75.16 4933 166.41 67.52
21.96 14.53 77.18 50.02 17204  68.23
23.73 16.57 78.77 50.43 17724 68.42
26.03 18.87 84.46 52.31 18244  68.53
27.35 20.43 87.41 54.05 187.59 68.89
29.80 22.15 90.29 54.91 19324  69.18
31.32 23.83 93.62 55.78 199.36  69.63
33.53 25.02 97.31 56.74 20576  69.68
34.81 26.18 10090  S8.04  212.82 69.97
37.21 28.04 106.66 5020 22026  70.16
38.33 29.08 117.11 6102 22764 7024
40.94 30.75 120.32 61.79 234.98 70.22
41.93 31.37 123.60 6210 24230  70.22
45.03 32.94 126.83 6249  247.18 70.25
45.54 33.38 130.01 62.97 258.05 70.20
49.41 35.22 135.01 6344 26884 7133
49.51 35.49 138.48 63.82 26938 7272
53.95 38.45 14230 6427 389.92 73.58
58.61 40.85 146.62  65.10 300.25 76.21

gram signals were performed by an IBM PC microcom-
puter, and sample spectra were ratioed against those from
background runs.

RESULTS

The experimental values of the molar heat capacity of a
finely powdered sample (m = 23.491 g) of ZnBr, are given in
Table I and illustrated in Fig. 1. The sample comprised
~60% of the total heat capacity at 7= 10K, and decreased
to ~40% of the total at 7 = 300 K. While no sample history
effects were observed, the thermal relaxation time after the
heat pulse was extraordinarily long in ZnBr,. For example,
at T~ 100 K it was of the order of 1 h in the finely powdered
sample, whereas other inorganic materials of similar sample
morphology (such as NiBr,) had given relaxation times of
~ 10 min in the same calorimeter. This observation, and the
verification that the small amount (~ 10~ ! Torr) of *He ex-
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FIG. 1. The heat capacity of ZnBr, (open circles) as a function of tempera-
tures, in comparison with that of NiBr, (dashed line). NiBr, data from Ref.
4.
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FIG. 2. Raman spectra of ZnBr, in comparison with that of NiBr,. Lower
curve is ZnBr, at T'= 125 K, upper curve is ZnBr, at T'= 300 K, and inset
is NiBr, at T'= 110 K for the same frequency range 25-205 cm ™. NiBr,

data from Ref. 13. Resolution: 1 cm~".

200

change gas in the sealed vessel had not escaped, led to an
investigation of the heat capacity of a sample of ZnBr, that
had been pelleted and then crushed to give pieces of the order
of 1 mm in each dimension. This procedure was found to
increase the relaxation time to several hours, and measure-
ments on this second sample were therefore too inaccurate to
be meaningful. (It is interesting to note that very long ther-
mal relaxation times were also noticed in the measurement
of the low temperature heat capacity of ZnCl,’ and Pbl,."°
In the latter, the long relaxation has been ascribed to intrinsi-
cally low thermal conductivity of the sample. This is likely
also the case in ZnBr,.) However, the measured heat capac-
ity of the finely powdered sample of ZnBr, (Fig. 1 and Table
I) is not at all in doubt within an estimated error of + 2%.

Raman spectra of anhydrous ZnBr, at 300 and 125 K
are shown in Fig. 2, and peak frequencies at these two tem-
peratures are listed in Table II. The usual sharpening of
peaks and shifts to slightly higher frequencies as the lattice
contracts on cooling are clearly seen. More unusual, how-
ever, are the changes in intensity observed, particularly for
the triplet centered around 50 cm . At first sight, this could
be interpreted as evidence for a solid state phase transition,
but the smooth heat capacity curve shows that this is not the
case. Further study indicated that the phenomenon was re-
lated to polarization effects in the sample. Although single
crystals large enough for Raman work could not be ob-
tained, the samples used, probably consisting of conglomer-
ates of a small number of single crystallites, did show polar-
ization effects at room temperature. For some orientation
combinations of polarizer and analyzer, changes in relative
intensity similar to those seen in Fig. 3 were observed. In
fact, we have used these properties to categorize many of the
stronger peaks into the groups listed in Table II, following
procedures used earlier for the alkali cyanides.!* When the
cryostat temperature was lowered, however, cracks and
strains in the crystals resulted in multiple scattering and a
complete and irreversible loss of polarization dependence.
The observed changes in spectra at the two temperatures
therefore reflect changes in the physical state of the sample
(especially crystallite size and preferred or random orienta-
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TABLE II. Raman and infrared spectra of ZnBr, peak frequencies in
cm~'®

Raman
T=300K T=125K Group
27 27 (w)
345 355 {w)
40.5 41 A
44 45 B
48 48.5 B
50 51 (m)
52.5 53 B
57 57.5 A
60.5 60.5 A
63 63.5 C
71 71.5 B
79 79 A
84.5 84.5 C
91 91 A
99.5 100 {m)
161 162 (m)
- ~ 168{sh} (w)
175 175.5 {w)
1925 193 {w)
~ 198 199 (w)
Infrared
T=300K T=90K
53 54
64 66
74 76
90 92
~117(sh) ~123(sh)
~ 165(sh} ~171(sh}
196 200
226 229

2(sh): Shoulder. (w): Weak {no polarization analysis possible). (m): Probably
multiplet peak, showing no polarization properties characteristic of any
group. A,B,C: Group label. See Fig. 3 for polarization properties.

tions) rather than any fundamental change in crystal struc-
ture.

Far infrared spectra of powder samples at 300 and 90K
are shown in Fig. 4. Peak frequencies are listed on the right-
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FIG. 3. Polarization effects of Raman peaks. Relative intensities of typical
peaks in each of three groups A, B, and C. Incident laser beam is along z;
scattered light along x; crystal orientation unknown. Intensities have been
ratioed against those for the yy configuration in which the electric vectors of
both the incident and scattered beams are perpendicular to the xz plane.
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FIG. 4. Far infrared spectra of ZnBr,, at 7= 300 K (upper curve) and at
T =90 K (lower curve). Inset is far infrared spectrum of NiBr, at 7= 110
K for the same frequency range 40-260 cm ™' from Ref. 13. Resolution: 2.5
cm™’,

hand side of Table II. In contrast to the sharp well-resolved
Raman spectra, the infrared spectra display the usual char-
acteristics of strongly absorbing powders: scattering losses at
high frequencies and broad peaks resulting from frequency
dependence on the variable sample thickness together with
reflection losses. In addition, for this hygroscopic sample,
because of the large surface area of the powder, contamina-
tion by water is possible, although there is no direct evidence
for this. Because of these difficulties, more weight will be
given to the Raman data in the discussion which follows.

The results of the x-ray diffraction study of ZnBr, indi-
cate a tetragonal structure with &= 11.389(4) A,
¢ = 21.773(9) A, space group I4,/acd, and Z = 32 (16 for-
mula units per primitive cell).. While the crystallographic
results are given in detail elsewhere,’ it is useful to note sever-
al features of the crystal structure here, particularly since it
relates to the analysis of the vibrational spectra in the next
section. The structure consists of an approximately cubic
close packed array of Br atoms with Zn filling 1/4 of the
tetrahedral sites. The major feature of the structure is the
“supertetrahedral” cage-like unit, Zn,Br,, as shown in Fig.
5. Each Zn atom is tetrahedrally coordinated to 4 Br atoms,
and the Zn—-Br—Zn connections between the supertetrahedra
are nonlinear.

FIG. 5. The supertetrahedral Zn,Br,, subunit of the crystal structure of
ZnBr,. Bromine atoms: open circles; zinc atoms: filled circles.

J. Chem. Phys., Vot. 80, No. 3, 1 February 1984
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DISCUSSION

As indicated in the Introduction, the heat capacity re-
sults for ZnBr, were undertaken in order to provide a guide
to the lattice heat capacity of NiBr,, so that an analysis of the
magnetic contribution to the heat capacity of that salt could
be made. On the basis of their similar molecular weights and
the absence of magnetic contributions in ZnBr,, one would
have “expected” the heat capacity of ZnBr, to be less than
that of NiBr, if the two compounds were isostructural as
reported.>® However, a comparison of C, for the two com-
pounds, as illustrated in Fig. 1, shows that for the region
from T'~ 10K to T~ 100 K, the opposite is observed. In fact,
in the region from 7'= 20K to T'= 30 K, C, of ZnBr, ex-
ceeds that of NiBr, by about a factor of 2. This rather sur-
prising result was the first indication that ZnBr, and NiBr,
are not isomorphous.

The Raman spectra of ZnBr, clearly support this con-
clusion in that the contrast between the simple two peak
Raman spectra observed for crystals of the CdCl, and Cdl,
structures,'>'* and those shown in Fig. 2 for ZnBr, could
hardly be greater. Although the infrared spectrum is some-
what less definitive, it is clear that it also has many more
peaks than the two predicted and observed for these simpler
structures.'>' The rich vibrational spectra of ZnBr, are im-
mediately indicative of a large unit cell. The number of non-
coincidences between Raman and infrared peak frequencies
also supports a centrosymmetric structure for this crystal.
The fact that many of these vibrations have low frequencies
qualitatively explains the anomalously large heat capacity
values at low temperatures.

The strongest Raman peak (~ 162 cm ™) is in the vicini-
ty of the symmetric stretch (v,) for ZnBr; ~ ions, observed in
aqueous solutions,'* and the strong doublet in the far in-
frared spectrum (200, 229 cm™') similarly corresponds to
the asymmetric stretch (v;) of these tetrahedral units. In ad-
dition, the frequency positions of the other two fundamen-
tals of ZnBr2~ (v,~65 cm™'; v,~86 cm™') are close to
where peaks are observed in both Raman and infrared spec-
tra in the present work. Of course, the actual normal mode
frequency distribution for such a large unit cell will be very
complicated, but the spectra are generally compatible with
the structural interpretation that the building blocks of the
ZnBr, crystal are indeed ZnBr3 ~ tetrahedral units.’

A somewhat more quantitative interpretation is possi-
ble by using the group theoretical correlation method." This
relates the degrees of freedom of all ions in the unit cell to
their symmetry species at their sites and those pertaining to
the whole unit cell, as illustrated in Fig. 6 (left-hand side). In
the space group 74,/acd (D2}), the 16 Zn®™ ions and 16 of
the Br~ ions are on general sites, while the other 16 Br~ ions
occupy two sets of C, sites. The net result is that 44 Raman
and 26 infrared peaks are predicted for ZnBr,. (The larger
number of Raman peaks is a consequence of the fact that of
the 10 unit cell representations, 4 are Raman active, 4 are
inactive, and only 2 are infrared active.) The numbers of
components are larger than the actual peaks observed (20
Raman, 8 infrared) by a factor of over 2.

It would appear that the actual structure of ZnBr, is a
distortion of a somewhat more symmetrical structure with a

# lon Mode Site Unmit Cell Site Mode Ion #

C
16 Zn o
xy
8
16 Br(3) A 5 n
rY
A Br( 8
8 Br(l B "
Co
A z
1
A2 7 s 8
8 8r( 8,
BZ

y

FIG. 6. Correlation diagrams for ZnBr,. R: Raman active; ir: infrared ac-
tive. Left: true structure, space group D 3)(I4,/acd ). Right: approximate
structure, space group D }; (P4,/nmc).

primitive unit cell of half the size (eight formula units per
primitive cell). In other words, the normal mode frequencies
depend mainly on short range interactions and are insensi-
tive to the form of coupling with other more distant ions.
This results in some modes being effectively degenerate, and
a reduction in the number of peaks observed. Some indirect
supportive evidence for this is provided by the polarization
studies. Some quite strong peaks did not fall into any parti-
cular groups, perhaps because they contained unresolved
components of different symmetries.

Of the various possibilities leading to a smaller unit cell,
based on the classification of space groups by geometric
units,'® the one described by space group P 4,/nmc (D 1) is
favored. This space group retains the Zn,Br,, supertetrahe-
dral group and the bent Zn-Br-Zn connections between su-
pertetrahedra. Relative to the true space group, the unit cell
is reduced by a factor of 2 in the ¢ direction, and by a further

factor of y2in theaand b directions (half the diagonals of the
original unit cell). Eight Br~ ions are on C,, sites, the other
eight are on C, sites and the Zn>* ions are on C, sites. The
net result, as shown by the correlation diagram in Fig. 6
(right-hand side), is the prediction of 23 Raman and 14 in-
frared peaks, much closer to the actual numbers observed.

It should be noted that in any large unit cell, there will
be some modes in which neighboring ions move as a block in
phase with each other but against similar blocks. (A similar
interpretation has been given to explain the Raman spec-
trum of the molecular crystal hydrogen sulfide, which has 16
molecules in the unit cell.'’) The large effective mass of these
vibrations will lead to very low frequency modes, which will
contribute greatly to the low temperature heat capacity.

The results of the Raman and infrared experiments
have been used to calculate the heat capacity of ZnBr, as a
function of temperature, as described below.

In the absence of a complete spectroscopic assignment,
a simplified calculation'® of the optical contribution to the
heat capacity has been made:

3R [Bg—11[44 2,
C,foptie) = 2R LU LI § 41

i=1

26 &
+T z ¢E(xj)]9

j=1
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where
x2e"
elx;) = —
(e — 1)
and
_ ho,
© 2mkT

h is Planck’s constant, w; is the frequency of the ith mode, k&
is Boltzmann’s constant, 7 is the temperature, g is the num-
ber of atoms per primitive unit cell (=3 atoms/mole-
cule X 16 molecules/primitive cell here), m( = 20) is the
number of Raman modes included in the calculation, and
n( = 8)is the number of infrared modes included. The acous-
tic contribution to the heat capacity of ZnBr, has been as-
sessed from that of NiBr,, such that:

C,(acoustic, ZnBr,) = C,(acoustic, NiBr,)/16,

where
C,{acoustic, NiBr,) = C, (lattice, NiBr,)
— C, (optic, NiBr,),

and the lattice and optic heat capacities of NiBr, are taken
from Ref. 4 and a calculation based on the NiBr, Raman
spectrum, respectively. Although the sum of the optical and
acoustic contributions to the heat capacity for ZnBr, is the
molar heat capacity at constant volume C,, we are unable to
assess C, — C, for ZnBr, due to the absence of thermal ex-
pansion data. However, we can say for inorganic solids that
C, is nearly equal to C,.

A comparison of the calculated and experimental val-
ues of C, is shown in Fig. 7. The two are in very good agree-
ment, especially in the low temperature region where the
experimental values are so much greater than those of NiBr,
(Fig. 1). As one might expect, the calculated and experimen-
tal heat capacity values are also in good agreement at higher
temperatures, where C, approaches 9R(=74.8
JK 'mol™!). However, the calculated heat capacity is
higher than the measured values at intermediate tempera-
tures (~ 15% too high at T'= 50 K), and this difference is
most likely attributable to giving equal weight to each of the
observed Raman and infrared frequencies in the calculation
of the optical contribution to C,. The fact that the calculated
heat capacity is higher than the measured in this tempera-
ture range, and yet the two agree well at lower temperatures,

C.7J K'mol?
P ~ for)
Q =]

[y
=)

% 50 100 150 200

T/K

FIG. 7. Comparison of the calculated (full line) and experimental (open cir-
cles) heat capacity of ZnBr, as a function of temperature.

White et al. ; Anhydrous zinc bromide

indicates that modes with frequencies between ~70 and
~ 100 cm ™" should be weighted slightly less than the other
modes.

CONCLUDING REMARKS

The results of these combined calorimetric, spectro-
scopic, and x-ray diffraction investigations of anhydrous
zinc bromide are all consistent with its crystal structure be-
ing much more complex than that of MX, compounds with
the CdCl, type of layered arrangement. The unit cell of
ZnBr,islarge (Z = 32), and the space group is body centered
tetragonal (I 4,/acd ). A group theoretical analysis based on
this structure indicates that there should be 44 Raman and
26 infrared active modes, approximately twice the numbers
observed. The difference has been attributed to near-degen-
eracies that can arise in a large unit cell, in which certain
modes differ from others only in the phase relationships
between ions quite distant from and therefore weakly cou-
pled to each other. An additional effect in a large cell is that
neighboring ions can move together as a block against simi-
lar blocks. The large effective mass for these modes leads to
rather low vibrational frequencies, which accounts for the
unusually high heat capacity at low temperatures in ZnBr,.
A calculation of the heat capacity based on a simplified
weighting of the Raman and infrared frequencies leads to a
much improved agreement with the observed values, espe-
cially at low temperatures.
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