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Abstract—Raman and far-IR spectra have been obtained of crystalline ZrCl, and ZrBr,. The observed frequencies
have*been interpreted on the basis of the C,, symmetry of the Bravais unit cell and have been subjected to a
normal coordinate analysis. The interpretation and results are satisfactorily in accord with the X-ray structure.

INTRODUCTION

The structure of solid zirconium tetrachloride is known
from X-ray studies[1] to consist of extended chains of
distorted octahedra with two bridging chlorine atoms
between adjacent zirconium atoms. Although the unit
cell possesses a center of symmetry, the two pairs of
bridging chlorine atoms attached to a given zirconium
atom are not trans to each other. The factor group
symmetry thus is Coy, with two zirconium atoms per unit
cell. The X-ray structure of zirconium tetrabromide has
not been reported but Krebs in his report on the
chloride[1] states that the bromide is isostructural with
the chloride.

The zirconium halides have been subjected to a limited
amount of spectroscopic study. In the vapor phase the
work of Clark et al.[2] indicates that the tetrachloride,
tetrabromide and tetraiodide all have the expected
tetrahedral form. No complete studies of the liquid phase
have been reported although a number of authors[3-6]
have examined spectra of the octahedral hexahalide
anion ZrXZ™ in different solvents. Prior to the present
vork only the tetrachloride had been studied in the solid
state(7,8]. In their IR and Raman study of ZrCl,,
Weidlein, Mueller and Dehnicke[7] suggested that a
polymeric model with bridging chlorines and an octa-
hedral structure around the zirconium was the most
reasonable. However, since their work was prior to the
X-ray work of Krebs{1] they assumed a D,, symmetry
mode! and made their assignments accordingly. Quite
recently, Brockner and Demiray[8] analyzed and com-
pared the spectra of solid and liquid (ZrCl,),. The
authors based their frequency assignments on a dimeric
model with C; symmetry.

In the present work the Raman and IR spectra of
solid zirconium tetrachloride and tetrabromide are
reported: Examination of the structure reported by
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Krebs[1] indicated that the use of C,, symmetry rather
than the D, symmetry utilized previously provided a
more realistic model. Assignments were made with the
help of a normal coordinate analysis based on the factor
group symmefry.

EXPERIMENTAL

Zirconium tetrachloride obtained from commercial sources
was purified by repeated vacuum sublimation. The tetrabromide
was prepared by direct combination of the elements and likewise
purified by vacuum sublimation.

IR spectra in the range of 80-500 cm™' were obtained with a
Digilab FTS-20 Fourier transform spectrometer. Samples were
in the form of mulls prepared in the dry box and contained
between Mylar plates. Raman spectra were obtained from poly-
crystaltine samples using a SPEX Ramalog 4 spectrometer
equipped with a Spectra Physics 164 argon ion laser. Excitation
utilized the 4880 Angstrom line with power levels of the order of
100 mw. Estimated uncertainties in peak positions are ap-
proximately 1 cm™' for well defined peaks.

RESULTS

The observed IR and Raman fundamentals together
with symmetry assignments are listed in Table 1 for the
chloride and Table 2 for the bromide. Raman spectra
are shown in Fig. 1 and far-IR spectra in Fig. 2. A
factor group analysis based on two ZrCl, units per
Bravais cell and C,, symmetry predicts the following
vibrational structure: 7A,+8B,+6A,+6B,. Al ¢
vibrations are Raman active and all # are infrared active.
One lattice mode is included in the A, class and two in
the B, leaving six internal model in each class, three
associated primarily with bond stretchings and three with
deformations. Stretching frequencies may be expected in
the range between 450 and 250 cm ' when X =Cl and
between 300 and 150 cm ™' when X = Br.

In the Raman Spectrum of the chloride, five bands are
observed between 220 and 415 cm™'. We conclude either
the missing frequency has a very low intensity or one of
the observed bands is an accidentally degenerate pair.
The latter possibility seems a reasonable likelihood and
the assumption appears borne out by the fact that the
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Table 1. Observed and calculated fundamental frequencies, symmetry assignments and potential energy dis-
tributions for crystalline zirconium tetrachloride

Symmetry Freq. Obsarved Calculated Potential Energy
Species No. Frequency* Frequency Distribution**
A 1 411 cm™? 411 em™  g6s1
2 283 284 8651,1256
3 220 220 8253
4 142 142 89S4, 10S6
5 95 96 7586
6 78 73 7585, 10s6
Bg 7 394 394 9387
309 309 9458
220 220 8659
10 132 133 72810, 17812
11 102 105 53811, 44s12
12 82 75 15510, 42s11, 36S12
A, 13 420 420 95813
14 293 293 100814
15 227 226 92815
16 126 125 46516, 21817, 33s18
17 - 80 35516, 64817
18 - 54 20816, 135817, 6€6S18
Bu 19 390 390 94819
20 293 293 92520
21 198 198 92821
22 98 98 88822
23 - 47 94823
24 - 25 89524

* Gerade frequencies observed in Raman effect, ungerade in infrared

** Contributions less than 10 parcent omitted

B
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Fig. 1. IR spectra of crystalline ZrBr, (A) and ZrCl, (B) in the form
of Nujol Mulls (resolution 2 cm™).

1

weak band at 143cm™ in the bromide spectrum, which
corresponds to the band at 220cm™' in the chloride,
shows a distinct shoulder at 135 cm™'. We thus infer that
the 220cm™ band is the degenerate pair, the two
frequencies separating slightly when the heavier bromine
mass is present. With this identification of the accident-
ally degenerate band, assignments were completed with
the assumptions that the A, modes would be somewhat
more intense than the B,, and that the stretching of short

A
B
i
500 400 300 200 100
cm’

Fig. 2. Raman spectra of crystalline ZrBr, (A) and ZrCl, (B)
(resolution 0.5 cm™).

Zr-Cl bonds would occur at higher frequencies than
those of longer bonds. Assignments of the Zr-Br
stretching modes paralleled those of the chloride.
However, for this substance the normal coordinate cal-
culations gave physically unreasonable results unless it
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Table 2. Observed and calculated fundamental frequencies, symmetry assignments and potential energy dis-
tributions for crystalline zirconium tetrabromide

Symmetry Freq. Observad Calculated Potential Energy
Species No. Frequency* Prequency Distribution**
A 1 285 om™t 285 em™l  86s1, 1383
9 2 183 183 9382
3 143 143 1181, 8053
4 92 92 8754, 1lS6
5 66 65 11s4, 74s6
6 53 45 81s5, 10Sé
Bq 7 285 285 8387, 1289
8 223 223 80s8, 19s812
9 135 135 1487, 7489
10 100 98 16s8, 17811, 58sl2
11 70 73 41510, 53811
12 53 52 51810, 22811, 16Sl2
A, 13 305 305 82813, 16sS15
14 188 188 100S14
15 155 155 17513, 81815
16 90 %0 56516, 36518
17 - 51 39816, 36517, 24518
18 - 38 55517, 37s18
Bu 19 270 270 86519, lls2l
20 218 218 92520
21 125 125 13819, 83s21
22 - 58 90822
23 - 28 93523
24 - 10 95824

* Gerade frequencies observed in Raman effect, ungerade in infrared
** Contributions less than 10 percent omitted

was assumed that the band at 285 cm™' consisted of an
accidentally degenerate pair of frequencies.

In the low frequency (60-150cm™') Raman region, a
group of six bands is present in the chloride spectrum,
one a shoulder on the high side of the band at 78 cm™".
We assign these to the six gerade deformation modes,
the three most intense bands again arbitrarily being
attributed to the A, modes. In the bromide spectrum,
only five bands could be identified, the presumption
being that another accidentally degenerate pair is
present. The most likely choice appears to be the
53c¢m™ band of the bromide since the shoulder on the
corresponding band in the chloride spectrum has dis-
appeared. Three very low frequencies, below about
50cm™', were observed in each spectrum and are assig-
ned to the Raman active lattice modes.

Interpretation of the infrared spectrum was com-
plicated by the fact that the lower limit of the spec-
trometer prevented observations below 80c¢m™' where
most of the deformation modes were located. Also, the
very striking resemblance between the chloride and
bromide spectra found in the Raman case is not as
pronounced in the IR further hindering assignments.
As in the Raman spectrum of the chloride, only
five bands were observed in the range 200-420cm™’ in
the infrared spectrum. We assumed the broad intense
band at 293 cm™' to consist of an accidentally degenerate
pair of frequencies, and were thus able to identify six
Zr-Cl stretching frequencies. This assumption appears

reasonable since the band in question is replaced by two
bands of lower intensity in the bromide spectrum. Un-
fortunately, single crystal spectra were not available and
the respective symmetry assignments of the two sets of
paired frequencies at 420 and 390cm™', and 227 and
198cm™' therefore has to be made arbitrarily in the
absence of any significant guidance from the normal
coordinate analysis. In the case of the bromide, six bands
were identified in the Zr-Br stretching region, although
the one at 155cm™ was quite weak. Symmetry assign-
ments again were made arbitrarily but matched with
those for the chloride. Only two deformation bands were
observed in the IR spectrum of the chloride and one in
that of the bromide.

Normal coordinate analysis

A diagram of the two ZrCl, units showing structure in
the unit cell is displayed in Fig. 3. The atom numbers
shown in the same figure serve to define the internal
coordinates described in Table 3. Symmetry coordinates
listed in Table 3 were assembled using the coordinates
described by Cyvin[9] for Nb,Cl,, as a guide and are
free of redundancies. A g matrix for the unit cell was
constructed using the method outlined by
Shimanouchi[10] and transformed into a symmetry
coordinate basis using the definitions of the symmetry
coordinates. Three types of Zr-Cl bonds are present in
the ZrCl, structure based on the X-ray determination{1):
terminal bonds with lengths d =2.307 A, short bridging
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Fig. 3. Schematic diagram showing the atom numbering in the
Bravais unit cell of ZrCl,.

bonds with r=2.498 A, and long bridging bonds with
R=2655 A. In the crystal, the angles defined by the
bonds to zirconium deviate by a few degrees from
orthogonal. However, all angles were assumed to be
ninety degrees for purposes of the present calculations.
Since only two of the eight angles deviate by as much as
ten degrees from a right angle, and most are appreciably
less, the effect of this approximation was considered
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minor. In the absence of structural parameters for the
bromide, estimated Zr-Br bond lengths of d =2.45A,
r=2.64 A and R = 2.80 A were used with the assumption
that the chloride and bromide structures were closely
similar. This appears quite reasonable in view of the very
marked similarity of the two Raman spectra.

The observed vibrational frequencies for each species
were fitted with symmetry force constants using a stan-
dard interative least squares program carrying the
laboratory designation JACO-3D[11]. Since no isotopic
or other supplementary data were available, all off-
diagonal constants were constrained to zero and the
frequencies were weighted uniformly. In the A, and B,
classes, estimated values for the missing deformation
frequencies were included but with low weights. No
difficulty was encountered in fitting the experimental
frequency assignments with diagonal potential function.

Symmetry force constants for the chloride and
bromide are shown in Table 4. Potential energy dis-
tributions for the two species are given along with the
calculated frequencies in Tables 1 and 2. As can be seen
from the potential energy distributions, the stretching
frequencies are relatively unmixed but the low frequen-
cies tend to be complex. The B, class frequencies for the
bromide particularly were strongly mixed and their de-
scription as a group had the poorest correspondence of all
the classes to the corresponding class of the chloride. By

Table 3. Valence and symmetry coordinates for crystalline ZrX,

Valence Valence

Coordinate Defined by atoms Coordinate Defined by atoms
d, 1 -3 [N 3~-1-9
R; 1 - 10 [T 3 -1-28
r 1 -9 m 7-1-10
oy 3-1-4 "3} 7~-1-9
83 3-1-17 T: 9 -1-10 - 2
8 7-1-38 i 10 -1 -9 -2

No. 2 coordinates are related to
No. 3 coordinates are related to

ﬁg Symmetry Coordinates

S; = d; +d; +ds + d,
Sz = r; +r2+ry+r,
Sy = R; + Rz + Ry + Ry
Sy = a1 + az + N1 + N2
- B1 - B2 - By - Bu
Ss = 4§, + 62 + 8§35 + &,
Se = &)1 + b2 + b3 + ¢

- 07 - ¢z - 63 - 6%

Eg Symmetry Coordinates
S, = 4, +4d, -4, -4,
Sy = Iy *tr, ~ry -1,
S, = R, + R, - Ry - R,
Sy0 ™ B1 T B, T By T B,
Si1t = W) % Wy - W, - w,
Sia = ¢ + 92 -~ ¢ - ¢,

- 01 - 61 + 63 + o4

No. 1 through inversion
No. 1 through Cz rotation

Approximate description

Sym. terminal Zr-X bond stretch
Short bridge bond stretch

Long bridge bond stretch
Terminal Zrx, deformation
Bridge ring deformation

Zer twist

Approximate description

Asym. terminal Zr-X stretch
OOP short bridge bond stretch
OOP long bridge bond stretch
er2 rock

Chain mode

zrx2 flap
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Table 3. (Contd)

éu Symmetry Coordinates Approximate description
Si13y = di -dz + dy - d, OOP sym. terminal Zr-X stretch
S;y = Ir; -r; +ry -r, Asym. short bridge bond stretch
S;s = Ry - R; + Ry, - Ry Asym. long bridge bond stretch
Si¢ = a; —az tn; - N, OOP ZrX, deformation
= By * 82 ~ By * 8,
Si2 = ¢1 = ¢2 ¥ by — ¢ OOP zrCl, twist
i THR A TR T TS
Sja ™ 1yttt v, Ring torsion
RS F S £ T £
B, Symmetry Coordinates Approximate description
Syea = d, - dz - dy + d, OOP asym. terminal 2r-X stretch
S29 = Ir} - T2 - ry + Iy OOP asym, short bridge bond stretch
S22y = Ry - R2 - Ry + Ry OOP asym. long bridge bond stretch
S22 = B1 - B2 = Bs + By OOP ZrX, rock
Szy = 1 - $2 - ¢ + ¢y NOP er2 flap
- 01 + 97 + 63 - &%
S2a = W) - W2 - wy + Wy chain flex

Q0P = Out-of-phase,

cell.

referring to the two er4 units in the Bravais

Table 4. Symmetry force constants for crystalline ZrCl, and ZrBr,

f;gz:i:g Indices ZrC14 ZrBrd
Aq 1,1 2.420 1.803
2, 2 1.481 1.485

3, 3 722 .683

4, 4 .591 .567

5, 5 1.009 .574

6, 6 .455 .458

Bq 7, 7 2.180 1.740
8, 8 1.058 .710

9, 9 .765 .587

10,10 .534 .494

11,11 .416 .355

12,12 .445 .647

Au 13,13 2.507 2.011
14,14 1.769 1.665

15,15 .831 .853

16,16 .309 .399

17,17 (.350) 4 (.234)

18,18 (.100) (.125)

B“ 19,19 2.161 1.608
20,20 .916 .742

21,21 .637 .533

22,22 .400 (.302)

23,23 (.350) (.262)

24,24 (.150) (.050)

Units: Stretching constants, md/Angstrom; bendinqg, md-Angstrom

# Numbers in parentheses corresnond to unobserved frequencies;

they ware set initially and not adjusted.
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means of the defining equations for the symmetry coor-
dinates (Table 3), the symmetry force constants for the
stretching motions can be decomposed into the cor-
responding valence force constants. This is not possible
for the deformation modes due to redundancies. The
values for ZrCl, derived from the A, and B, symmetry
constants are: for the terminal Zr-Cl bonds, fy=
2.30md/A; for the short Zr-Cl bridge bonds, f, =
1.27md/A and for the long Zr-Cl bridge bonds, fg =
0.74 md/A. The stretch-stretch interaction constants are
faa =012, f,, =021, frr = —0.02, all in md/A. The cor-
responding constants for ZrBr, are (in md/A): f, =177,
£, =110, fr =064, f,,=0.03, f,, =039 and frr =0.05.

No previous calculations of force constants for solid
ZrX, were found in the literature and hence there is no
ready comparison for the values found in the present
work. However, the constants for ZrCl, in Table 3 are
quite similar in magnitude to the symmetry force con-
stants given in Ref.[9] for Nb,Cl,, which also has an
octahedral configuration around Nb with bridging
chlorine atoms. Brisdon, Ozin and Walton[6] have
reported a value of 1.54 md/A for the Zr-Cl bond in the
anion species ZrClZ~ and a value of 1.24 md/A for the
Zr-Br bond in ZrBrZ™. Again, the comparison is not sim-
ple but their values agree very well with those obtained
in the present work. Moreover, the ratio of their zir-
conium-chloride stretching force constant to that of the
bromide is essentially the same as that found here. One
may conclude from the present study that the vibrational
spectra of the two zirconium tetrahalides in the solid
state are straightforwardly interpretable in terms of the
X-ray structure. The principal uncertainties which exist

relate to relative symmetry assignments of neighboring
bands, a problem which can be resolved only by single
crystal work.
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