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Low temperature vibrational spectroscopy. lll. Structural
aspects and detection of phase transitions in crystalline
alkali metal and tetramethylammonium hexabromotellurates

and platinates
Rolf Willestofte Berg

Chemistry Department A, The Technical University of Denmark, Building 207, DK-2800

Lyngby, Denmark
(Received 17 November 1978)

The low-frequency infrared and Raman spectra of A,[TeBrs] with A = K, Rb, Cs, NH,, (CH;}yN,
(CD3)N and of A,[PtBry] with A = K, (CH;};N, and (CD;),N were recorded as a function of temperature
down to ~100 K. The spectra of the Rb and Cs compounds changed little. For the other salts new, and
in some cases sharp, bands were observed at low temperatures. The spectra have been assigned, and in
most cases a confirmation of previous results was obtained. The assignment ambiguity in the literature on

the v, mode of [PtBrg]>~ has been solved, placing it at ~ 130 cm

~!. The majority of the new low

temperature bands were interpreted in accordance with the known occurrence of phase transitions breaking
the ideal antifluorite K,[PtCl¢}-type symmetry, but it appears that the method of vibrational spectroscopy
does not invariably reflect the presence of phases of lower symmetry. In the spectra of the
tetramethylammonium compounds, methy! torsional IR bands were observed with increasing sharpness at
lower temperatures. This behavior can be correlated with a gradual ordering of methyl torsional disorder.
The potential energy barrier against methyl group rotation was found to be of the order 4-5 kcal/mol,
showing that the methyl groups are not pseudo freely rotating. The anharmonicity of the vibrations in
tetramethylammonium hexabromotellurate seems to increase abnormally at lower temperatures, possibly

due to enhanced methyl-bromine interaction.

I. INTRODUCTION

The application of temperature dependent vibrational
spectroscopy has proved to be a practicable way to de-
tect new phase transitions in solids. Equipment for
variable temperature spectroscopy is common nowadays,
and exploratory survey experiments can be quickly car-
ried out using powder samples. We have previously
used this approach’ to examine some hexachlorometal-
late (IV) salts. Having examined some hexachlorotel -
lurates, -platinates, and -stannates at lower tempera-
tures, we here consider as further examples simple
hexabromotellurates and hexabromoplatinates A;(MBry),
with A=K, (CH;),N, and (CD;),N for M=Te and Pt, and
A=Rb, Cs, and NH, for M =Te only.

The tellurium bromides have previously been examined
by x-ray structural,®~® ™Br nuclear quadrupole reso-
nance, ® and "**Te M&ssbauer’ methods. The NQR data®
indicated nonequivalent bromine atoms for monoclinic
K;(TeBrg) crystals already at room temperature and for
(NH,),(TeBr;) below =52 °C, whereas the Cs and
(CH;),N salts have equivalent bromine atoms at room
temperature and down to liquid —nitrogen temperature.
For all A;(TeBr,) compounds examined so far, no in-
dication has been found of any Gillespie type distortion
of the regular (TeBrg?" octahedra due to the presence
of the 5s% lone pair of electrons, We wanted to investi-
gate whether such effects or phase transitions could be
observed at low temperatures using IR and Raman spec-
troscopy. Furthermore, it has recently been shown by
x-ray diffraction® that Te takes a S;=3 site symmetry
in the cubic [(CH,),N],(TeBr;) crystals (space group
Fd3c =0}, Z=32), and an investigation of the influence
of this lower symmetry on the spectra was a motivation
for this study.
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The K,(PtBr,) compound has been investigated previ-
ously by several techniques, but this is not the case with
[(CH;),N],(PtBry). At room temperature, K,(PtBrg) has
the cubic antifluorite structure.®!* As the temperature
is decreased, it exhibits several structural phase transi-
tions. ™" The influence of this complicated behavior on
the vibrational spectra is unknown and hence we decided
to investigate K,(PtBrg). The tetramethylammonium
hexabromoplatinate salts were included with the inten-
tion of comparing to the tellurates. The rubidium,
cesium, and ammonium salts were left out, since they
are known to remain cubic down to liquid-nitrogen tem-
perature®®*® [(NH,),{PtBr;) has a transition at 58 K].

Il. STRUCTURES, SELECTION RULES, AND
SPECTROSCOPIC WORK

A. K, (TeBrg)

The room temperature structure of the potassium salt
is accurately known® (see Fig. 1). It is monoclinic
(P2,/n=C},, Z=2) due to small rotations of virtually
undistorted (TeBrg)?" octahedra in a pseudo-K;(PtCl)
antifluorite lattice, as also discussed in Ref. 1. At
higher temperatures, a real K,(PtClg)-type structure
for K,(TeBrs) probably exists; evidence of phase transi-
tions at ~ 405 and ~ 434 K has been found by differential
thermal analysis, " and perhaps a further transition
takes place at ~243 K.® However, based on x-ray powder
diffraction data, Fergusson and Heweldt® claimed that
K,;(TeBrs) was cubic at room temperature, but this is
probably due to low accuracy (these authors apparently
did not know Brown’s single crystal results).?

The infrared and Raman spectra of K,(TeBrg) have
been obtained at room temperature, ™% and in IR at

© 1979 American Institute of Physics 2531
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FIG. 1. The structure of K,(TeBrg) as determined by Brown,
showing an unconventional doubled cell which is most convenient
when comparing with the K,(PtClg) standard structure.

~120 K.?® Selection rules (factor group analysis) based
on the monoclinic structure are summarized in Table I.

B. (Rb, Cs, NH, ), (TeBrg)

These salts seem to crystallize in the K,(PtClg) lat-
tice. For Rb, the evidence is less convincing (powder
x-ray,® MOssbauer,’ IR, and Raman data'*?!), but for
Cs, little doubt exists (single crystal® and powder*™
x-ray data and other kinds of evidence® 7'18721:23) At
room temperature, the ammonium salt has the same
structure too.*"* At lower temperatures, probably be-
low 214 K [according to DTA (differential thermal analy-
sis)"*] or 221 K (according to NQR data®), another phase
exists. The tetragonal space group P4/mnczDﬁ,. (No.
128 with Z =2) was deduced from single crystal x-ray
film data.® The phase transition is reversible and there
is evidence of yet a third phase at temperatures below
~200 K (NQR®), or below 194 K (DTAM).

The selection rules resulting from the K,(PtClg) struc-
ture have often been given, e.g., in Ref. 1. For the
(NH,),(TeBrg) low temperature phase of D, symmetry,

TABLE I. Unit cell group analysis?® of K,(TeBr;) of space
group C3, (=P2,/n, No. 14, Z=2). Te is on Wyckoff site a
(C; symmetry); Br is on sites of type ¢ with no symmetry.2

C,, symmetry T, TP® R(TeBry) N;(TeBrg)® Activity in
A, 3(vy) 3(vy) 6(ry + 2y + 3v5) Raman

B, vy (v 6(vy+ 2wy + 3vg) Raman

Ay 1 5(vy3) 9(3vy + 3y + 3u) IR

B, 2 4vp) 9(3v; + 3y +3vp) IR

2T, =inactive acoustic, T= optic-branch translatory, R =ro-
tatory, and N;=internal modes.

PThe notation of the frequencies 14—v 3 refers to those of O,
symmetry. t

Low temperature vibrational spectroscopy. |1}

they are less restrictive allowing for possible factor
group doublings, splittings of the v, —v; modes and g IR
activity.

C. [(CH3) N1 (TeBrg)

This compound has a single Br NQR line at room,
dry ice, and liquid-nitrogen temperatures, ® but a powder
x-ray diffraction pattern quite different from that of a
K,(PtClg) type structure.® The compound was recently
shown by single crystal x-ray diffractometry® to have
an eightfold increased cubic unit cell of space group
Fd3c =0% (No. 228) with Z=32 and a =26.563 A. The
(TeBrg)*" ion is rotated 9.1° around {111}-type vectors
and slightly deformed towards a flattened trigonal anti-
prism; the 2. 700 A long Te ~Br bonds form angles 7.4°
with the cubic axes, and 89.2° or 90.8° with each other.
There are two kinds of tetramethylammonium ions (Fig.
2). The deformation of (TeBrg)®" has nothing to do with
the 5s% pair of electrons, since a similar deformation
occurs in [(CH,),N],(PtCl,).

The selection rules based on this structure are given
in Table II. They predict a number of “factor group
splittings” and IR activity of the formerly inactive v
bending mode of (TeBrg)?". The modes involving hydro-
gen are omitted except for the methyl torsions since we
are primarily interested in the region below 600 cm’!
where the (MX;)*" and the external modes occur. It has
been shown that the only internal modes of the tetra-
methylammonium ion occurring within this range are
the C,N skeletal deformations v} and vig and the methyl
torsions v; and vi,; and their approximate frequencies
are known.?* Adams and Morris'® have obtained the
room temperature spectra and assigned the (TeBrgf"
modes.
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FIG. 2. The structure of [(CH;3),N},(TeBr;) as determined by
Berg and Nielsen.? Only 1/8 of the full cell is depicted.
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TABLE II. Unit cell group analysis? of [(CHy),N],(TeBr;) of space group O, (SFd3c, No. 228, Z=32). Te is on Wyckoff site ¢
(S¢ symmetry); Br is on site z (Cy), N on a(T) and d(Sy), and C on ¢ (C3) and k(C 1).8

O, symmetry Ta T R(TeBry) R(CyN) N,;(TeBrg) N{(C4N) Methyltors® Activity in
Ay, 1 1 2(vy +v5) v+ +vy’) 2(v/ +le§,) Raman
Ay, 1 1 0 2(vy +vg) 4y +vi" +vy +v)’) 2(yf +v/)

E, 1 2 1 4(2p, +2v5) T(2vy) +v{’ +2vf" +vi' +v]’) 2(vy’ +V{2:) Raman
Ty, 3 3 4 6(vy+2v, +3vg) 8(vf +uf +v{’ + v +2vf" +2v)") 4(us +3,v,12,) .

Ty, 4 3 3 6(vy +2vy +3v;) vy +vf + i +3vy’ +3v{’) 4(viy+ le +2v/;s Raman
Ay, 2 0 0 3(vg+ vyt ) (v +v) + v+’ 2y +vf

Ay, 1 0 1 3(vy+ vy + 1) 3(v{ +v{’ +vy’) 2(y{ +v{f

E, 3 0 1 8(2uy+2u,+2ug) . T(2vf +v{ +2u4" + vy + ") 2(vy" + i)

Ty, 1 6 0 3 9(3uy+ 3y, +3u;)  9(uf + v + vy’ +3u]" +3u") alvy+ vl + 20l IR

Ty 6 0 4 9(3vy + 3y, +31g) 8(vy +yf +v{’" v +2v) +2v)) vy +3v{7)

*For explanation of symbols, see Table I. The distribution of the internal modes (Herzberg notation v;) was obtained using the

’

correlation approach.

and "’ refersto tetramethylammonium ions on site a and d, respectively.

Py; and vy, modes of (CH;)4N are methyltorsions {see Ref. 17). Other hydrogen modes are left out because of their high fre-

quencies.

D. K,(PtBrg)

Powder and single crystal x-ray examinations have
shown that K,(PtBrg) has the K,(PtClg)-type structure
at room temperature.®* According to the temperature
variation of the data for the Br NQR frequency and
spin-lattice relaxation time, and data obtained by DTA
transitions occur in K,(PtBrg) at 169, 143, 137, 105, and
78 K. It seemed from the analysis'® of the experiments
that the crystal becomes tetragonal (symmetry class
Cy,) in the range 169-143 K, possibly due to some finite
reorientation of undistorted (PtBrg)*” octahedra (perhaps .
a ~7° rotation'® around one of the cubic axes). The
structure of the phase obtained between 143 and 137 K
has a still lower symmetry, whereas NQR and x-ray
results indicated a tetragonal structure again between
137 and 105 K. %3

The infrared and Raman spectra have been recorded
and analyzed in several reports, 1>'*~% in some cases
as a function of pressure, *!'* but not as a function of
temperature,

E. [(CHg)N],(PtBrg)

The structure is unknown but presumably analogous
to that of the tellurium compound. Two phases of the
compound have been reported, a cubic one at room tem-
perature with a density of 2.402 g/cm?® (18 °C) and an-
other less symmetric one (pseudocubic) obtained at low
temperatures in a polarizing microscope with liquid air
cooling.®® To our knowledge, the vibrational spectra
have not been recorded even at room temperature.

tH. EXPERIMENTAL

The tellurium compounds were prepared® by dis-
solving TeQ, in hot concentrated hydrobromic acid and
adding ABr [A=K, Rb, Cs, (CH,;),N, (CD,),N] dissolved
in a minimum of water. The orange to red crystals
were separated and washed with a minimum of cold
conc. HBr and dried at ~80 °C. The dark red platinum
compounds were obtained from solutions of H,(PtBrg)
and ABr [A =K, (CH,;),N, and (CD;),N] by slow evapora-
tion. {Analyses by Volhard titration; K,TeBrs: Br—
found =68.8%, calc =69, 97%; [(CH;),],TeBrg: Br—
found = 64. 3%, calc =63.46%}. The techniques used in

measuring the spectra have been described in detail.’
The Raman spectra were obtained onpowders, using ~20
to ~80 mW of the 647.1nm Kr* laser line; the infrared
spectra were calculated by Fourier transformation of
interferograms, and care was exercised to determine
the temperatures.’ The spectral resolution was 24
cm™,

IV. RESULTS AND DISCUSSION
A. General

The spectra obtained for K,(TeBrg), Cs,(TeBrg), and
[(CH;),N],(TeBrg) are shown in Figs. 3 and 4; those for
Rb,(TeBrg) or (NH,),(TeBrg) and [(CD,),N],(TeBrg) were
quite analogous to Cs,(TeBry) and [(CH;),N],(TeBrg), re-
spectively. Spectra of the hexabromoplatinates are
given in Fig. 5. Frequencies of all the observed bands
are given in Table III,

Comparisons of spectra at room and low temperatures
showed the usual sharpening and small shifts in band po-
sitions. Apart from this, the Rb and Cs salts changed
very little. The other salts each have their own char-
acteristic behavior.

B. Cubic compounds (Rb, Cs, NH,), (TeBrg)

The room temperature vibrational data given for these
compounds in the literature were reproduced within ~ 2
em™, 1% The Raman active lattice mode v, of
Cs,(TeBr;) was seen at 43 cm™ and Stufkens®® also had
a weak feature near ~45 cm™'. The IR spectrum?®® of
Cs,(TeBrg) at ~120 K is in agreement with our results.
The new low temperature data (Table III) is in accordance
with the absence of phase transitions for Rb and Cs salts,
whereas new IR bands appeared for (NH,),(TeBrg), pre-
sumably due to the known phase transitions near 200
K.%!* The assignments given tentatively in Table III fol-
low those of K,(TeBry) (see Sec. IVC).

The IR active modes v, and v 3 both have the same
T,, symmetry and thus may couple. This might explain
the peculiar behavior of the band formally assigned as
the lattice mode ;3. Note that v;5 (Rb) Sy ; (Cs), even
though the mass of rubidium is much less than that of
cesium,

J. Chem. Phys., Vol. 71, No. 6, 15 September 1979
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FIG. 3. Kz(TeBrG) and
Cs,(TeBrg): Raman (left) and
far IR spectra of powder sam-
ples,! at room temperature
(top) and liquid nitrogen tem-

Counts —>

perature (~ 100 K) (bottom).
Rb,(TeBrg) and (NHy),(TeBrg)
looked much like Cs,(TeBrg) ex-
cept in the IR where (NH,);(TeBrg)
showed v, and v; bands at low
temperatufe .

Transmission —>»

C. Monoclinic K, (TeBrg)

At room temperature, hardly any noncubic features
are present; the IR and Raman spectra have the usual
three and four bands, respectively, characteristic of
cubic A,(MX,) crystals. This is consistent with the
previous results. ®*% By cooling, there is a (reversi-
ble) gradual sharpening of the bands. The 53 cm™ IR
band is faintly observable at room temperature, and be-
comes increasingly distinct at lower temperatures. The
89 and 100 cm™ IR bands can be weakly discerned
around 200 K and are distinct only below ~120 K. The
v, band shifts gradually from ~100 to 110 cm™ by the

cooling from 300 to 100 K., Atlowtemperature (~120K),
Adams ef al.?° observed v, at ~113 cm™ gnd the bands
at 78 and 55 cm™, but they did not resolve the sharp
weak bands at 100 and 89 cm™,

No low temperature Raman results for K,(TeBrs) have
previously been reported. The broad bands at 99 and
92 em™ at room temperature (at 100 and 88 cm™ accord-
ing to Ref. 21) gradually sharpen into a triplet (111, 103,
and 94 cm™), and weak but clearly real bands at 48 and
34 cm™ appear at ~ 100 K. ‘

There is an assignment problem with ;. This mode

((CHq), N), TEBIG

Counts =

300K

100 K U

FIG. 4. [(CH3)4N]2(T9BI'6):
Raman (left) and far IR spec~
tra of powder sa.mples1 at the
indicated temperatures. The
spectra of [(CD3),N)y(TeBry)
were similar except for having
a medium IR band at 380 cm™!
and no 287 cm™! band at low
temperature. The v; CN sym-
metric stretching Raman active
mode at 752 {hydrogen} and
678 em™! (deuterium) proved
the identity of the samples and
hence that the 275 cm™' Raman
bands are not methyl torsions.
A laser plasma line is marked
with asterisks.

300 K

Transmission —>»

300 200 100 0 300 200

100 ocm
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T R ' | 1
300 K
100 K
300K m/
*
130K L ,AAJ
T 100 K T FIG. 5. Raman (left) and far
300K * c IR spectra of powder samples!
2 ) o of hexabromoplatinates at the
g ‘» indicated temperatures. A
. 2] N
Q = laser plasma line is marked
O g with asterisks.
c
((cH,), N), Pt B, ©
135 K . Hy/ NPt B g
300 K
300K 100K
((CDS)LN)ZPt Br6
135K
1 | 1 | PR 1 | | | | - 1
300 200 100 0 400 300 200 100 ocm-

has been observed near 70 cm™ ***% in the Raman spec-

trum of aqueous solutions of (TeBrg¥~ and around 90
cm™t in the Rb and Cs salts (Table III). An approximate
formula derived by Yost et al. estimates v; of an
octahedral (MX,)" ion as [2/3(% —2)]'/%. Thus, using
177 and 157 cm™ for v, and v,, respectively, one gets

a value of v5=67 cm™, i.e., near the value in solution.

’

In K,(TeBr,), Hendra and Zovié!® identified Raman
bands at 90 and 75 cm™ as v; and v,,, respectively.
Adams and Morris, '° on the other hand, assigned v; to
their 73 cm™ band but presumed that vs and v, interact
due to identical symmetry so that a definite assignment
is not possible. Creighton and Green®® took vs to be
split into bands at 85 and 70 cm™ due to the monoclinic
symmetry. Finally, Donaldson ef al.?! assigned bands
at 100 and 88 cm™ to v5, and the 78 cm™ band was iden-
tified with perhaps v; or v,.

A consistent explanation appears to be that the bands
at 99, 92, and 74 cm™ contain a mixture of the “modes”
vs and v;,. Hence, the identifications in Table HI (y;
=99 and 92 cm™ and v, =74 cm™) should not be taken
rigorously; we merely estimate this to be the most pre-
dominant character of the bands.

The low temperature Raman bands at 48 and 34 ¢cm™
are assigned to v;,, the anion librations. Analogous
bands occur in the low temperature phases of K;(ReClg),
K,(SnClg), K,(SnBrg), and K,(TeCly),**"*""' e.g., in
K;(SnClg), the (cubic) inactive T (v;,) rotatory mode of
the (SnClg¥*" octahedra becomes Raman active in the
monoclinic phase (C},; below 255 K) and splits into two
bands, observed at 46 and 38 cm™ at 50 K.*? In
K,(SnBrg), the bands occur at ~47 and ~33 cm™ at 100
K.% % The v, bands in K,(ReClg), K,(SnClg), and
K,(SnBrg) have been shown®'37:3%40 tg digplay “soft

J. Chem. Phys., Vol. 71, No. 6, 15 September 1979
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mode” behavior (i.e., having frequencies which depend

markedly on the temperature). It was not possible with
our equipment to detect any expected softening of the v,
bands in K,(TeBrg).

At low temperatures, the new IR bands appearing at
100, 89, and 53 cm™ deserve an explanation. The 53
cm™ band was assigned as mainly v by Adams et al.,?
based upon previous force field calculations on
(TeBrg?™."® The approximate relationship v =psv 2
gives vs =75 cm™ using vg =53 em™, and this value of
vs is in reasonable agreement with the solution value of
~70 ecm™. We explain the weak bands at 100 and 89 em™
as components of vy and v;;, these modes being split by
the low symmetry (Table I).

In the monoclinic K,(TeBrg) structure, the v, rotatory
modes are Raman allowed and the splitting of the v4 and
vz3 IR active modes takes place, already at room tem-
perature (Table I). Hence, it is not possible to decide
whether the appearance of the new bands in K,(TeBr,) by
cooling is caused by the normal sharpening of bands al-
ready weakly present (in conjunction with a gradually
increasing distortion of the structure) or whether a fur-
ther phase transition occurs somewhat above 120 K.

The latter possibility might well be realized [cf. the
five transitions in K,(PtBrg), the four transitions in
K,(ReC14)*® and the transition in monoclinic K,(TeCly)

at ~165 K*]. The NQR data given by Nakamura ef al.®
indicated a possible transition near 243 K. Further ex-
periments, like NQR frequency data as a function of
temperature, are needed to clarify the situation.

D. [(CH3)4N],(TeBrg)

At room temperature, Adams and Morris'® identified
vi, Vs, v3, and vs modes at 170, 148, 180, and 96 cm™,
and the IR bands at 104 and 68 cm™ were thought to be
mixtures of vy and v 3. These results seem to be es-
sentially correct. We observed the IR bands at 93 and
64 cm™ and they both shift on deuteration.

Perhaps, the most remarkable observation (Fig, 4)
is the Raman band at 275 em™. A comparison of the
[(CH,),NL(TeBr;), [(CD,),N),(TeBrs), and for example,
Cs,(TeBr,) spectra shows that the 275 cm™ Raman band
of the former compounds is not due to the (CH,),N ions:
If it were a (CH,),N internal, it must be a methyl tor-
sional mode by virtue of its low frequency®** and hence it
should suffer some deuteration shift, which it does not.
Thus, we conclude that the band cannot be a methyl tor-
sion (the observation of the polarized totally symmetric
C,N stretching mode v} at 752 cm™ for the hydrogen
compound and at 678 cm™ for the deuterium compound
proved the deuteration). On the other hand, if the 275
cm™ Raman band is a mode characteristic of (TeBrg)?",
it should be observable in other A,(TeBry) salts. At
first glance, this is not the case. The most reasonable
explanation appears to be that the 275 cm™ band is a
second order feature of the internal motion of the
(TeBrg)” ion, accidentally enhanced in these compounds.
Binary combinations of the modes occurring near 185
and 90 cm™ seem a likely way to fulfill the requirement
of energy conservation (93 +183 =276 and 90+185=2"75
em™; see Table HI). Following these ideas, a very
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weak band at 312 cm™ in (NH,),(TeBr;) can be explained
as a combination of bands at ~ 200 and ~118 cm™. The
resonating combination in the tetramethylammonium
compounds thus seems to be v; +v, rather than y; +vs;
v; and v, are odd modes forming even combinations,
whereas a combination of v; and v; is odd and hence is
not Raman allowed in a centrosymmetric crystal,

The weak IR features seem to origin from combina-
tions of vy +v; (344 cm™), y, +v, OF vs +v, (323 cm™Y),
and v, +v, (240 cm™), all being of the type even +odd
=odd.

The symmetry center of the crystal structure seems
to be largely but not entirely conserved at low tempera-
tures: It is difficult to explain the 150 cm™ weak IR
bands as anything except v,. This applies also for the
weak 160 cm™ band of (NH,),(TeBrg). Since the even v,
mode is IR forbidden under centrosymmetry, these
crystals cannot strictly preserve their centrosymmetric
structures at low temperatures, at least not on a time
scale corresponding to an infrared experiment even
though the time averaged structure as sampled using
for example, x-ray diffraction methods might show
centrosymmetry. Analoguously, the [(CH;),NJ,(PtCl)
x-ray crystal structure was shown to be centrosymmet-
ric at room temperature, *!*® yet the vibrational spectra
of the compound clearly indicated weak noncentrosym-
metry (v, and v; were active in both IR and Raman), '®
The noncentrosymmetry may be caused by a chirality of
the tetramethylammonium ions (see Sec. V).

The presence of bands due to combinations in the
spectra indicates anharmonicity. Normally, the anhar-
monicity of crystal modes increases with temperature
because the larger population of thermal phonons in a
hot crystal leads to enhanced phonon-phonon interaction.
In the present case, the intensity of the anharmonicity
allowed combination bands decrease with increasing
temperature (Fig. 4), so that other effects than phonon
populations must play a role. It is thought that the ob-
served increase in anharmonicity at low temperatures
might be accounted for by changes in the methyl torsion-
al modes. These changes (Sec. V) in turn affect the
(TeBrg)*~ vibrations because of the close methyl-bro-
mine contacts in the crystal.® In this way, an intensity
trend opposite to that normally found can qualitatively
be accounted for,

The methyl torsional modes within a [(CH;),N],(MX;)
crystal of Fm3m symmetry are inactive.! The space
group symmetry Fd3c found for [(CH,),N],{(TeBrg), on
the other hand, allows the methyl torsions to be IR and
Raman observable in theory at room temperature (Ta-
ble II), but in practice these bands are too weak and
broad to be seen in the spectra at room temperature.
We are sure about this because the spectra of the
[(CH,),N],(MB;) family of crystals are more easy to in-
terpret than the corresponding hexachlorides. This is
because the (MBr;) internals generally occur below 250
em™, leaving the methyl torsional range around 300 cm™
clean, whereas these two kinds of modes have similar
energies in the hexachlorides.! There is therefore no
doubt that the band observed at 287 cm™ in IR at low
temperatures (Table III) is due to a methyl group tor-
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TABLE IV. Calculation of methyl torsional barrier heights in the threefold harmonic potential
approximation. The overall moment of inertia of (CH;3),N* and the reduced methyl moment of inertia
were taken to be 173x10™% and 5.17x 10"%% g cm?® giving an F parameter of 5.46 cm™!,

Torsional barrier

Methyl—methyl

Mathieu barrier

Band 2K /9 interaction 2L /9 v,
Compound (em™) cm™ kcal/mole cm™! keal/mole cm™ kcal/mole
[(CH,),NI,(TeBr,) 287 “os e ve o 1806 5.2
.2 - —o.
183 1472 4 263 0.75 792 2.3
2982 1965 5.6
[(CH,)4NI5(PtClg) pogs 1620 4.6 187  —0.54 119 o
. 320P 2236 6.4
(CHy),N NiCl, Ho1b 1994 5.7 90  —0.28 150 oy

2Reference 1(b).

sional mode., We cannot exclude that the reason for the
enhanced IR intensity at low temperatures might be a
possible occurrence of a phase transition like the one
observed in [(CH;),N],(TeCl),! but there was no abrupt
change in the spectra at any particular temperature, so
if any phase change is involved, it is a quite gradual one.

E. K,(PtBrg)

The room temperature spectra (Fig. 5) are in accor-
dance with the cubic structure. Assigning the spectra
presented no problem except for the v, mode. Adams
et al,%*'%® assigned their 78 cm™ IR band to v,, whereas
Hiraishi®® and Hendra®® took v,=90 cm™. Ina more re-
cent paper, Adams®! identified a band at 82 cm™ as due
to v, as well as v;;. On the other hand, Debeau®” held
vy to be unobserved due to accidental weakness and v ;3
=85 em™, Inspection of our temperature dependent IR
spectra of K,(PtBrg) (Fig. 5) in comparison to the tetra-
methylammonium compounds shows that v4 is in fact
very weak at room temperature but can be observed near
125 cm™ at ~100 K, v, was seen at 146 em™ in
(NH,),(PtBrg¥"'*® and an average value of 134 cm™ was
given for four (R—NH,),(PtBr,) salts® (R =methyl, ethyl,
n-propyl, and isopropyl). Finally, the cation mass de-
pendence of the ~80 cm™ band (Table III) solves the as-
signment ambiguity: v,=~128 and v;;=~80 cm™ in
K,(PtBrg) at room temperature, Force field calculations
and correlations of the bonding in the (PtBrg)*
ion®28:2943 ape of course more or less meaningless
when based on erroneous assignment of v,. Therefore,
the calculations by Debeau and Poulet®® should be consid-
ered the most reliable results to date on (PtBrg¥ .

Careful inspection of the low temperature spectra of
K,(PtBrg) shows indications of a decrease in crystal
symmetry: The band shapes are not all symmetrical,
vs, Ve, and v;; seem to lose their threefold degeneracy,
becoming split into site symmetry components. How-
ever, if we did not know in advance from the NQR and
DTA results’®'!* that transitions to lower symmetric
phases occurred, we would not have been able to make
it out with certainty. It must be concluded that the in-
fluence of the structural changes associated with the
phase transitions at 169, 143, 137, and perhaps 105 K
on the vibrational spectra is very modest.

bReference 44.

F. [(CH3)4N]2(PtBr6)

Knowing the fundamental frequencies of the (PtBrG)z',
[(CH,;),N]*, and [(CD,),N}* ions from the literature, the
spectra (Fig. 5) were easily assigned (Table III). The
room temperature spectra yield no indication of any
deviation from a cubic structure. At lower tempera-
tures, methyl torsional bands gradually (and reversibly)
appear, excluding a cubic Fm3m structure but not the
Fd3c structure (Table II). Like for [(CH,),N],(TeBr)
[and (CH,),NNiBr,*], the sharpening of the methyl tor-
sional bands is the more pronounced the lower the tem-
perature, so that the possibility of the occurrence of
phase transitions cannot be answered without further
studies.

V. METHYL ROTATIONAL DISORDER IN
[{CH3)N1{MX g) SALTS

In a thermodynamic study, Pitzer* concluded that the
methyl groups in the tetramethylmethane molecule [neo-
pentane, isoelectronic with (CH;),N*] are prevented from
rotating freely by a potential barrier of about 4.2 kcal/
mole (~ 1470 em™), More recent investigations using
various experimental methods**~*® have confirmed this
order of magnitude. The tetramethylammonium ion ap-
pears to have a higher barrier, around 6-7 kcal/mole,
in its chloride, bromide, iodide, and hexafluorosilicate
salts, *97%

Using the observed torsional frequencies and the for-
mulas derived in previous papers, *'*? approximate bar-
rier heights against methyl torsion can be estimated
(Table IV), Here, a harmonic approximation to a three-
fold periodic potential was assumed, T and the eigenvalue
s parameters of the Mathieu equation were taken from
Ref. 56. The approximation of a threefold barrier can
be questioned but seems not to be too unreasonable.
From Table IV, average barrier heights of the order
of 4 to 5 kcal/mole are obtained. With such barrier
heights, the methyl groups will largely be confined to
restricted torsional oscillations around their C-N axes,
and will not be pseudo-freely rotating. This point was
not adequately stressed in our previous papers, 1'%
which considered the freezing out of either “essentially
free” methyl rotation o7 some kind of methyl group dis-
ordering as explanations for the gradual appearance of
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FIG. 6. The tetramethylammonium ion in the staggered con-
formation. Arrows indicate how small rotations increase the
nonbonded intermethyl H—H distance.

methyl torsional bands at lower temperatures, The
barrier heights in Table IV show that this explanation
must be modified: The methyl groups do not perform
essentially free rotation even at room temperature
(T =~0.6 kcal/mole at 300 K),

Consider a physical “ball and stick” model of the
tetramethylammonium ion (Fig. 6). The charge dis-
tribution within the ion presumably leaves the hydrogens
somewhat positive such that nonbonded hydrogen-hydro-
gen repulsions can be expected from one methyl group
to the other (intermethyl H~H distance =~2.5 A), This
is the physical basis for the torsional potential barrier
in the isolated ion., From the model or Fig. 6, it can
be seen that the two high-symmetric staggered and
eclipsed conformations of the ion (both having T,=43m
symmetry) are unstable from the point of view of mini-
mizing the nonbonded intermethyl H-H repulsions.
Starting from the qll-staggered conformation, it is
found that if the methyl groups are rotated slightly in
the same sense (i.e., all clockwise or all counterclock-
wise around the C -N bond), then all the nonbonded in-
termethyl H-H distances increase. A minimum in the
potential energy probably occurs near a rotation by
~10°°" from the staggered conformation (2 60° rotation
would create the eclipsed conformation). The symme-
try of the ion in the potential energy minimum confor-
mation is T=23. Hence, enantiomorphism occurs.

The potential barrier between “right-handed” and
“left-handed” conformations seems to be quite small.
This means that at room temperature there is probably
an essentially free rotatory oscillation within + 20° from
the staggeved conformation. Furthermore, a certain
proportion of the ions probably have one of its methyl
groups in the eclipsed conformation, since (as the model
or Fig. 6 shows) if three methyls in the ion are sfag-
gered, then the fourth appears to be quite stable as
eclipsed. A similar conclusion has been obtained quan-
titatively for the neo-pentane molecule.*® The eclipsed
methyl group can of course be any of the four ones.
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Hence, we have several possible methyl-orientational
disordering mechanisms in tetramethylammonium crys-
tals. We expect that this disorder smears out the methyl
torsional bands and breaks the crystal translational sym-
metry, so that phonons from throughout the Brillouin
zone become weakly spectroscopically active. The bands
may become so broad that they disappear in the background.
As the crystal is cooled, the thermal motion is slowed
down, gradually producing clusters of higher order and
giving the observed reversible sharpening of the methyl
torsional bands. A variety of increasingly ordered
phases may in principle be formed. Phase transitions
have indeed been observed in the majority of the ex-
amined tetramethylammonium compounds: in hexahalo-
metallates, 1*° trihalometallates, *° hexahydrohexa-
borate,®! chlorate, ® and in the chloride, 5%+~

V1. CONCLUSIONS

It appears from this study that it is possible to ob-
serve and detect phase transitions in A,(MXg) crystals
using the method of variable temperature vibrational
spectroscopy. However, in several cases [(NH, ),(TeBry),
K,(TeBrg), and K,(PtBr,)], the effects observed were
weak and it must be concluded that transitions exist
[like those in K,(PtBrg)] which produce very little change
in the spectra.

For the tetramethylammonium compounds studied, the
possibility of the occurrence of methyl rotational order—
disorder type transitions is quite realistic, Other meth-
ods, like NQR, DTA, etc. are needed to describe the
situation in detail.
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