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RESONANCE RAMAN SPECTRA OF METAL
HALIDE VAPOR COMPLEXES™

by

G. N. Papatheodcrou

Chemical Engineering Division
Argonne National Laboratory
Argonne, I1linois 60439

ABSTRACT

Resonance Raman spectra of complex vapor phase compounds formed by
reacting "acidic" gases (A2X6 = A1,Cl,, AlLBrg, InZC]G) with metal halides
have been measured. Spectra obtained from equilibrium vapor mixtures of AZXG
over solid sz (= PdC]z, PdBrz, CuC12, CoBrz, TiC]z, FeC]z, NiC]z, PtC]z)
were a superposition of the A2X6—AX3 bands and in few cases of new
resonance-enhanced polarized bands due to MA?_X8 and/or MAX5 complexes.
At temperatures above 800 K, characteristic bands due to MXZ(g) (M = Fe, Co,
Ni, Cu, Zn) and M2X4(g) (M = Cu) were observed. The predominant features of
the PdA]2C18, CuA]2618, and PdA7?Br6 spectra were three high-intensity, polarized
bands which were attributed to the vibrational modes -of the complex coupled to
the electronic state of the central atom. The spectra of CuA]C]s(g),
| CuInC]s(g) and Cu2C]4(g§ species showed resonance enhancement of selective
fundamentals which were attributed to vibrational modes of trigonally coordinated
Cu(II). Resonance Raman spectra of U2C1]0(g) and UC]5°A]C13(g) were characterized

by the presence of a strong band attributed to the U-C]t stretching frequency.

Raman band intensity measurements were carried out for the iron(III) chloride

vapors and for the vapor complexes of CUA]ZC]B’ CuInC]5 and UC]S-A1C]3 using

*Work performed under the auspices of the Division of Basic Energy Sciences
of the U. S. Department of Energy.



different laser powers and frequencies. The measurements suggested increasing
spectroscopic temperatures and decomposition of the vapor complexes. The
data are discussed in terms of the distribution of vibrational modes and the

structure of the vapor species.



I. INTROBUCTION

Reactions of "acidic" halide vapors (e.g.> A]ZCIG, In,Clc, Fe2816) with

solid metal halides have been widely investigated by various research groups.(]‘s)

Spectrophotometric,(z's) mass spectrometric,(]) and transpiration techniques(]’4’6)
have been used to obtain thermodynamic information on these complexes. When
the solid is a divalent metal halide, the predominant gaseous complex species is

MAZXS,(7']2) formed according to the reaction:

MXo(s) + AxXg(g) T MAXg(g) | (1)

It has also been found that the acidic gas dimer-monomer equilibrium
AXs(g) 2 2AX,(q) (2)

(5,13,14,15)

plays an important role in the stability of these complexes. Thus

at high temperatures and/or low pressures, equilibrium (2) shifts to the right and

lTower moiecular weight complexes are formed:

M, (s) + AX,(g) T MAX;(g) (3)

The absorption spectra of some of these complexes are ligand-field sensitive, and
thus yield information about the structure of these types of géseous molecules.

'The electronic absorption spectra of PdA12C18,(7) and PtA12C18(8) were found to be
compatible with square planar coordination of the “central®™ M(II) ion, whereas for
C0A12C18(3’9) and CoGa2C18,(2) the Co atoms were considered to be octahedrally
and/or tetrahedrally coordinated. The electronic absorption spectra of CrAiZCIS(]])
were interpreted to mean that the transition metal was in distorted octahedral

chloride coordination. However, the structural information obtained by absorption



spectroscopy is not ccnclusive. At elevated temperatures, the bands are broad
and their frequencies and/or intensities change drastically with qincreasing
temperature; thus a direct comparison of the spectrum of the gas with known
spectra of the solid or solution states is not always possible, and the results
are ambiguous. .

The present investigation was designed to characterize the structural
properties of vapor complexes by means of Raman spectroscopy. Raman spectroscopy
has been used successfully in the past to investigate the structures of singie-
component gases at high temperatures.(]s) For the study of complex vapors,
however, difficulties arise because, according to Eqs. 1 and 3, the complexes
exist only in equilibrium with the monomeric and dimeric acidic vapor. For the
equilibrium gas mixture of reactions 1 and 3, AX3(g) and A2X6(g) are the major
components and in most cases, the vapor complexes of interest are minor components
with partial pressures at least ten times less than those of the carrier gas.
Thus, the Raman spectra are expected to be dominated by the bands due to the
acidic halide, whereas the bands due to the small amounts of complex will be
difficult to recognize. The electronic absorption spectra of most of these
M+2 ions show bands near the region of the Ar+ and Kr' laser 1ines; thus it
~might be possible to enhance the Raman band intensities of the complexes by

using resonance Raman techniques.(]7)

The results reported in this paper are concerned with the resonance
Raman spectra of vapor complexes of aluminum halides (mainly chloride) with
transition-metal dihalides. Spectra of vapors in the system M-In-Cl1 (M = Fe,

Co, Ni, Cu, Zn) have been also investigated. At elevated temperatures,



the vapor mixture formed according to reaction 2 and/or 3 also contains
vapors of MXZ(S), which in most cases yield resonance Raman and/or strong
fluorescence spectra. Thus it was necessary to investigate the spectra

of the transition-metal chloride vapors in order to distinguish their
vibrational freguencies from those of the vapor éomp]exes.

In addition, the resonance Raman spectra of both uranium pentachloride
(UZC]]j) vapors and of the UC]S-AIC]3 vapor complex have been obtained .and
reported. Finally, the effects of laser power and frequency on the stébi]ity

of vapor complexes and of iron trichloride vapors have been investigated.

IT.  EXPERIMENTAL PROCEDURES

R Mt
High purity "acidic" salts (A]ZC]G, A]zBrG, In2C]6) were prepared from
the corresponding Cerac/Pure Inc. reagent by repeated slow sublimations in -

fused silica tubes under vacuum. The palladium(Il) halides were purchased from
Mathey Bishop Inc. Other anhydrous transition-metal chlorides were prepared by

dehydrating ng’Xng (Baker A.R) in vacuum and/or in gaseous HC1 atmosphere
at elevated temparatures. A final purification of the metal halide salts was
made by vapor-transporting them according to reactions 1 and 3 with the use of
the corresponding “acidic" vapor halide. The UC]5 was synthesized from U02,

aluminum chloride and C]2 at 300°C according to the reaction:

g
6U0,(s) + 4A]2C]6<£) + 3C1,(g) ——mm 4A1,0,(s) + 6UCT(s) (4)

The UC]5(s) was further purified by vapor complex transport across a tempera-

ture gradient(]g) in the presence of excess A12C16.



Raman spectra were excited using either a Coherent Radiation argon or
Krypton ion laser, or a Coherent Radiatfon dye laser pumped by a 15 watt
Control Laser Corporation argon laser. The scattered 1ight was analyzed
at 90° with a Spex 1400 or a Jobin-Yvon HG-2S double monochromator,
Channeltron phototube, and PAR(SSR) photon counting electronics or PAR
chopper lock-in amplifier electronics. Figure 1 shows the optics of the
laser Raman system designed for use at high temperatures. To obtain:the
high-temperature gaseous spectra, a nichrome-wire dual-winding wafer;
cooled optical furnace was constructed. The furnace was equipped with a
chromel alumel thermocouple for monitoring the temperature and had an
effective collection aperture of f 1.0, The furnace temperature gradients
could be adjusted so that the window openings were always 5 to 10°C hotter
than the remaining part of the furnace. These temperature gradients
permitted studies of vapors in equilibrium with a solid and kept the solid
away from the optical paths. A schematic of the furnace is shown in Fig. 2.

The optical celis containing salt vapors with pressures less than 5 atm
were made of fused silica tubing (20 mm 0D, 18 mm ID and 2.5 to 5 cm long).
For vapors having pressures above 5 atm, tubing of 3-mm wall thickness was
used. Preweighed amounts of the chemicals were transferred into'a dry
end degassed cell of known volume V. The cell was sealed under vacuum and
attached to a fused silica manipulation rod. The "ideal gas" pressure Po
of undissociated A X, at temperature T was calculated from the equation

276
Po = pRT/V, where n is the number of moles of A?X6 added to the Raman cell

and R is the gas constant.
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To prepare samples with no excess of MXZ(S), a modified cell having
a side tube was used. A.chunk of sz(s) was placed into the side tube
and equilibrated with the AZXG at a temperature 50° above the sublimation
point of the acidic halide. The cell was then quickly cooled to solidify
the gases present away from the solid. Finally, the remaining excess
sz(s) was removed from the cell by sealing off the side tube. For each

system studied several (3-8) different cells were made.

Twe polarization configurations were used to record the Raman spectra;
one was designated as | , | , the other as || , | . Thus, Il_’l_is the
Raman intensity measured with both the incident radiation and scattered
radiation polarized perpendicularly to the scattering plane, whereas I||aL
is the Raman intensity measured with the incident radiation analyzed
perpendicular to the scattering plane.

The optical cells were placed inside the mechanically stable metal
core of the furnace and were always in a fixed position relative to the
collecting lens and/or entrance slit. A cell was first introduced in the
optical furnace and the intensity of the scatterad light was "maximized"
by positioning the focusing and collecting lenses with two x, y, z
micropositioners. After obtaining the spectra, the cell could be removed
and coo]ed to room temperature and then reintroduced into the optical
furnace, yielding aiways, with no further microspositioner adjustments,
the same Raman intensity. Thus, by using the same laser power,

the Raman intensities were reproduced to within less than 5% and



the relative Raman intensities of gases at different temperatures and

pressures could be obtained within the same error.]g

ITI. COMPLEXES OF ALUMINUM-TRANSITION METAL HALIDES

Table I shows the various aluminum ha]ide-MXZ systems investigated
by Raman spectroscopy. Only three out of nine systems gave bands
attributable to the vapor complexes. The spectra of all other svystems were

dominated by the Raman bands of the "acidic” gas present in the cell.

The electronic absorption spectra of these vapor complexes showéd 1ligand
field bands which in most cases overlapped with the frequency region of the
lasers used. Examples of such spectra are shown in Fig. 3 for the nd8
transition-metal complexes. The frequency region of the Tlaser lines used is
indicated by the vertical lines. In the presence of a high concentraticn of
complex, the laser beam({s) was strongly absorbed giving very weak signals.
Therefore, it was necessary to adjust the temperature and the "acidic" gas
pressure by trial and error to find the optimum partial pressure of the
complex which would allow the beam to go through the vapors and at the same
time give rise to Raman signals. Cells with and without an excess of sz(s)
were examined at pressures of A2X6 from 0.1 to 28‘atm. It was found that
best cells for achieving a high signal-to-noise ratio and a high ratio of
vapor complex-to-"acidic" gas signals were those with no excess sz(s),
having low partial pressures (less than 0.1 atm) of complex.

Palladium Complexes: PdA]zclg; PdAlzBrg. Figures 4 and 5 show representa-

tive Raman spectra of PdA]2C18—A12C]6-A1613 and of the PdA]zBrG-AIZBrG-ATBr3

gas mixtures excited with the 647.1 and 488.0 nm laser 1ines from a cell with
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Pcomp]ex 0.3 and ~0.10 atm, respectively. Comparison with the spectra
of pure aluminum halide vapors(]s) reveals that some new bands are
superimposed on the A]ZXG-AIX3 modes. These new bands are attributed to
PdA]2X8 and are listed in Table II. The three strong polarized bands I,
II, III, marked as a, ¢, and d on Figs. 4 and 5, were present in all
spectra taken with different excitation lines at different temperatures
and pressures. The intensities of bands a, ¢ and d measured from spectra
exited with the "red" laser lines are similar in magnitude to those of
A1,X_{g) polarized fundamentals. The pressure ratio of A1,Xc to PdA{ZXB,

276
however, is n10/1; thus it seems that the bands due to the complex exhibit

preresonance enhancement.

At constant values of T and PA12X6’ the intensities of bands a, ¢ and d,
relative to the intensities of the A]ZX6 bands were found to vary with thg
frequency of the excitation line. This is shown quantitatively in Fig. 1,
for the PdA12C18(g) species where the relative intensities of band d to the
218 cm'] band of A]2C]6, are plotted vs the laser excitation freguencies.
Excitation profiles calculated for bands a and ¢ were similar to the excita-
tion profile of band d, but had larger experimental uncertainty.

This phenomenon is analogous to that observed for the “1(A}g) mode of

square planar MXZ;2 and octahedral MX%4 comp]exes.25'27 6

Stein et at.?
have shown how de-enhancement of the symmetric stretch intensity arises in
these complexes from interference between weak scattering from Laporte-

forbidden electronic states and strong preresonance scattering from higher

energy allowed charge—trahsfer states. A theoretical description of the

same effect has been also given by Zgierski.28
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Assuming that two electronic states |s> and |e> are well separated,

then the transition moments from the ground state |g> to these states are

<glfi[s> = M (5)

<glfife = H_ (6)

For an electronically allowed transition, both-transition moments are different

n

from zero, and the preresonance Raman intensity of a fundamental with Raman

]
shift Ve is proportional to the A and/or B terms of Albrecht's theory. 7
2 '
4 [(Vs - Vo)
Ivg) v Ag v (vg-ve)™ 55— (7)
S o
2
4 (\)Sve + v2) -, .
Iselve) v Bog v (vg = ) (vZ - v2)(v2 - zl} (8)
s ~ Yo''%e " Vo

Apart from the frequency-dependent part, the A terms involve vibrational
interaction with the |s> (or |e>) state by way of Franck-Gordon overlap
integrals, and only totally symmetric vibrations are resonance enhanced.
The B terms, on the other hand, involve Herzberg-Teller vibronic mixing
of the two exited electronic states [s> and [e>, and all vibrational modes
having any symmetry, which is contained in the direct product of the
representations of the two electronic states, are resonance-enhanced.

If states [g> and |s> are of different parity, then the transition
moment ﬁgs = 0 (Laporte forbidden) and the Raman intensities of totally
symmetric modes do not show resonance enhanceﬁent, using the AS term. It

has been shown,(]4"20) however, that the Raman intensity of totally symmetric

modes can be derived from preresonance enhancement using both the Bes term
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and the AP term of the electronically z1lowed higher energy state |e>. The

Raman excitation profile is then proportional to

] 1
. - o 0 Q 9
I(vf) v (\)e - Vg - 'lI‘e)Z * R (\)e ~ Vo T 1Te)(\)s “ Vo~ ]rej ()

where R° is the ratio of the IeS to Ie Raman iqtensities. As the laser
frequency, Vo is swept through the frequency of the forbidden state, Ves the
second term of the above equation changes sign and the Raman intensity of a
totally symmetric fundamental is de-enhanced.

Presumably the three polarized modes of PdA12X8 are coupled to the
ligand field and charge-transfer electronic states of Pd(II) exhibiting the
de-enhancement of the resonance Raman intensity described by eq. 9.

The frequency of band d is far below a Pd-Xt (terminal) frequency and
lies below the v, fundamental of A12X6(g) which describes a bridged VA]-X;
mode. Thus, it is reasonable to assume that the Pd atom in the PdA12X8 is
attached only to X-bridged halide atoms. Figure 6 shows three different
molecular structures with the central ion bound to four or six X atoms. The
number of polarized Raman bands, A], expected from these molecules are:

Holecule a, 4; Molecule b, 5; Molecule c, 5.

The electronic states of Pd(II) in these molecules are affected both
by the geometric arrangement of the X atoms and, to some extent, by the
neighboring A1(I1I) atomsgzg) Thus, the three A] (resonance Raman) modes
of PdA]ZXB probably arise from the structural geometry of Pd(II) that
includes the AI{I1I) atoms. There are three A] species arising from these

central atom geometries. These species are 1ikely to show resonance
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enhancement due to coupling with the electronic states of the central atom.

Thus the polarized modes can be specified as follows:

Tmota = Pig (RN +3 Arg (R.rR)
Fmo]-_tl =2 Alg(R) + 3 Al (R,r‘R) (]0)
Puor.c = 2 A1g(R) + 3 Ay (R.rR)

where rR and R indicate resonance Raman and Raman activity, respectively.

Evidently, no distinction between molecules a, b, and ¢ can be made, on

the basis of these A;(R,rR) modes alone. However, from previous studies,zs’%’]7

it appears that the de-enhancement of the symmetric fundamentals in the
region of the d-»d electronic bands is a characteristic of "centrosymmetric

complexes." txcitation of non-centrosymmetric tetrahedral CoC]Z‘2 and CoBr;

4

2

complexes within the A2+4T(P) absorption band gives rise tc resonance
enhancement of the Co-X stretching fundamenta].30 This is probably due to
the fact that, in centrosymmetric complexes, the d+d transitions are strictly
Laporte-forbidden, whereas for non-centrosymmetric complexes the ligand

field transitions are partially allowed by d-p mixing and thus the ﬁés in

Eg. 5 does not vanish. These considerations and the observed minimum in the
excitation profile of PdA]ZX8 suggest that the central Pd(II) atom possesses
a center of symmetry in this molecule. Thus, structure ¢ and/or strongly
distorted structures a or b are excluded.

A distinction between the two structures, a and b can be made from the

proximity of the d band of PdA12X8(g) to the v, (A]g) mode of square planar
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PdXJz in K2de4ﬂ3]) Thus structure b, having the Pd(II) in a square
planar arrangement is the most probable one. The assignment of the three
strong polarized modes observed in the spectra is given in the last column
of Table II.

The intensities of bands a, ¢ and d, relative to the aTuminum halide
bands, were found to change with the power of the excitation line.
Doubling the 488.0 nm 1line power from 450 to 900 mW increased the vy
intensity of the A]X3 monomer. It is thus possible that the absorption of

the laser line by the d»d band gives rise to an increasing spectroscopic

temperature and/or to a partial photodissociation of the complex:
PAAT,Xg(g) T2s Pdx,-KAIX,(g) + (2 - k) ATX4(g)

Such a scheme alters the measurements of the relative intensities of the
complex, and corrections should be made for the calculation of the excita-
tion profile. However, due to the large intensity changes of the PdA]2X8
bands observed as the excitation line is changed from 647.1 to 488.0 to

457.9 nm, these corrections are not large enough to alter the minimum in

the excitation profile (Fig. 3).

Copper Complexes: CuA]ZC]g, CuA]C]S. The temperature dependence of the
4.(23)

electronic absorption spectra of the Cu-A1-C1 system has been measure
At Jower temperatures, the spectra of the "yellow" gaseous complex(es) are
characterized by a d»d band of low molar absorptivity (~80 liter/mol-cm) at
11.7 kK and three charge-transfer bands at 30.5, 38 (shoulder band), and

47.5 kK. 1In the temperature range from 445 to ~575 K the molar absorptivity

of the d+d band is independent of temperature. At temperatures above 575 K,
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the molar absorptivity at 11.7 kK decreases with increasing temperature,

a new band arises at 20 kK, and the color of the gaseous complex(es) changes
from "yellow" to "red". A1l laser lines used to obtain the Raman spectra
lie between the Cu(II) d»d band and the Cu»Cl change transfer band. At high

temperatures the Ar+ laser lines were superimposed on the ~20 kK "red" species

band.

Figure 7 shows the Raman spectra obtained at 575 K, with different
excitation lines, irom a cell containing ~0.3 atm of aluminum chloride
and ~0.05 atm of copper gaseous complex. The predominant features of
the spectra obtained with the red 647.1 nm line are the A12C]6 bands and
four weak bands, namely, a (84.5 cm-]), c (175 cm-1), d (281 cm-]) and
f (448 cm']), whose intensities were found to increase with increasing
temperature and frequency of the excitation line.

As the laser lines change from red to blue, the intensities of the
a, ¢, and d bands increase relative .0 the intensities of the A]ZC]6 bands
but not as fast as the intensity of band f. A new strong band (e) appears

], and its intensity increases proportionately tothe intensity

at 291 cm”
of band f. Furthermore, a series of combination anﬁ overtone bands appears
in the spectra excited with the Art laser lines. Most of these bands can

be accounted for in terms of overtones and combinations of the e and f
bands. No combinations or overtones including a, ¢, and d bands are present
in the spectra,

Further variations of the intensities of the Raman spectra result

from changing either the power (intensity) of the excitation line at constant
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temperature or the furnace temperature at constant excitation 1ine.
Experiments designed to measure the effect of aluminum chloride pressure

show that the intensities of band e and f decrease markedly with decreasing
aluminum chloride pressure. These changes for the f band are shown in Fig. 8.
The intensity of band e was also diminished in the high pressure cell with
band d having the predominant intensity in the 570 to 300 cm-] region.

Bands a and ¢ could be E]so recognized in the high pressure cell and their
intensities slightly increased with increasing aluminum chloride pressure.

A11 observations are best interpreted to indicate that that the Raman

spectra can be accounted for in terms of two gaseous copper species. The
bands a, ¢, and d, exhibiting preresonance Raman enhancement of their
intensities, are attributed to the CuA12C18 gaseous molecule, which presumahly
has a structure similar to a, b, or ¢ as presented in Fig. 6. The high
intensity bands, e and f, and their combinations and overtones are attributed
to the resonance-enhanced Réman bands of a "new" species.

At this point, it should be noted that the temperature dependence of
the absorption spectra (Ref. 23) is indicative of a two-species equilibrium,
in which the band at 11.7 kK is mainly associated with the "yellow" species
and the band at 20 kK is associated with the high-temperature "red"
species. It thus appears that the increasing intensity of the e and f Raman
bands is related to the presence and increasing intensity of the 20 kK
electronic transition and that the "new" species arises from a decomposi-
tion of the CuA12C18 molecule. A possible decomposition scheme, analogous

to that founrj]4 for the CoInz'Cl8 and PdIn2C18 complexes, is as follows:
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0uA12c18(g) z CuA1c15(g) + A]C13(g)

Choosing a possible structure (Fig. 6) for the CuA12C18 molecule is
difficult. Similarities between the Cu-C]b frequency and freguencies of
other copper chlorides of known structure cannot be used in the selection since
the Cu(II) exhibits strong Jahn-Teller distortions and all its halide com-

pounds have strongly distorted octahedral or tetrahedral coordinations.

Based on the electronic absorption spectra, Sutakshuto22 proposed a
distorted octahedral coordination for the Cu(II) in CuA]2C]8 and a sfruc-
ture similar to ain Fig. 6. The observed Veu-C1 frequency (281 cm"])
for the gaseous complex lies below the 297 cn! value for CuC]i2 in

32

distorted tetrahedral coordination™" and is in support of a distorted

structure a. On the other hand, the ring deformation (84 cm’]) and angle
bending (+175 cn”') modes are the same for both the PdAlClg and CuAl,Clg
complexes (Table II) and thus a square planar structure (structure b) is
also acceptable.

The structure of the CuA]C15 species is shown in Fig. 9.

It is noteworthy that the 448 and 291 cn!

bands are, respectively, very
close to the Cu-Cl1 and Cu-Cl1 fraquencies of trigonally coordinated copper.

(Table III and section 1IV).

Cobalt Complexes: C0A12C18, CoA]ZBrS. Cells having a variety of concen-

trations of the vapor complexes and with pressures of A]ZXG(g) up to 28 atm
have been investigated. Both right angle and backscattering techniques have

been used with all available laser lines. The scattered 1ight, however, shows
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only the presence of the A]2X6-A1X3 bands and no bands due to the complexes.
. The relative concentrations of C0A12X6(g) and A]2X6(g) were similar to
‘those in the Cu-A1-Cl1 and Pd-Al-X systems, but no resonance enchancement of

“he cobalt complex fundamentals was observed.

The change transfer bands of the C0A12X6 complexes are at higher
enérgiess’9 than those of the Cu or Pd comp]exés and do not overlap with the d-d
bands. The laser lines used to excite the spectra cover part of the
d+d bands but are far away from the CT band. Presumably, neither
preresonance enhancement (eq. 7) nor destructive interference effécté
(eq. 9) can occur for these vapors.

As noted above, however, non-centrosymmetric Cox:l2 shows resonance
enhancement of its Raman fundamentals by involving the d-p mixing of the
ligand field transitions.3O It is thus possible that the absence of vapor.
complex bands from the Co-Al-X spectra arises from a near centrosymmetric
coordination of Co in the C0A12X8 complex. This conclusion is tentative
and questionable since other factors (e.g., laser decomposition of complex;

see section VI) might also prevent detection of vapor complex bands.

Complexes with Ti, Fe, Ni and Pt. As in the case of the C0A12X8(g), no Raman

signals were obtained for the MA]2C18(M = Ti, Fe, Ni, Pt) complexes, although
many cells have been thoroughly investigated at different temperatures,
pressures and laser excitation lines. It has been demonstrated by spectro-
(8,20)

photometric and transpiration(ﬁ) techniques that these complexes have

lower partial pressures than those for the Pd, Cu, and Co complexes. Thus it
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is possible that the very small amounts of complexes present in the
cells and/or their high energy CT bands (e.g., the ~48 kK band for NiA]ZCIS;
Fig. 3) may account for very weak Raman signals which are completely

obscured by the A]ZCIB bands.

TV. COMPLEXES OF INDIUM-TRANSITION METAL CHLORIDES
(13,14)

(33)

Recent spectrophotometric and mass spectrometric studies have
shown that the predominant vapor species of the indium complexes are formed
according to reaction 3. In the present section our attempts to dbtéin

the Raman spectra of M-In-C1 (M = Fe, Co, Ni, Cu, Zn) vapor complexes are
reported. For these studies, temperatures near or above the sublimation

point of indium chloride are required; at these temperatures, the vapors from
the MC12 solids interfere with the spectra of the other vapor components. Thus,
in order to distinguish the complex Raman active bands from those of the other
gases, a detailed knowledge‘of both the InZCIG-InC13 and the MC12 vapor spectra
are required. The temperature and pressure dependence of the indium chloride
vapor spectra have been obtained and part of the results have been reported
e]sewhere.(Z]) The spectra obtained for the MC]Z(M = Fe, Co, Ni, Cu, Zn) vapors

are outlined briefly here.

InCl] FeC12. Raman spectra of these vapors were obtained in the temperature

2!
range from 900 to 1150 K. Each spectrum was characterized by a single, strong

polarized band. Figure 10 shows characteristic spectra for the zinc chloride
vapors. The spectra for iron{II) chloride were similar but were superim-
posed on a broad fluorescence background. The frequencies measured from the
spectra are liﬁted in Table IV and are assigned to stretching modes of linear

triatomic molecules.
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CuC]Z. The temperature dependence of copper(II) chloride vapor spectra,

obtained from a cell containing no excess of CuC]z(s), is shown in Fig. 11.
Spectra were also measured using different excitation lines and different
laser intensities. The resonance Raman character of the spectra are evident
from the strong scattering signals observed, the variation of the relative
Raman intensities with excitation frequency, and the progression of combination-
overtones. Three bands (Table IV) and their combinations and overtones were
found to increase in intensity with increasing temperature. Three other
bands, at 314, 442 and 545 cm-], decrease in intensity with increasiﬁg
temperature.

The observed changes are best interpreted in terms of a dimer-monomer
equilibrium:

Cu,Cl,(g) = 2 CuCly(g) - (11)

The three bands listed in Table IV were assigned to the v;(A;), vo(A;) and
v3(B;) fundamentals of a bent C, triatomic molecule. A strong band at
250 e ! i assigned to a difference band v; - vy. Bands with frequencies
above 600 cm'] were combinations of overtones of the three CuC]Z(g)
fundamentals. )

As iadicated in Table 111, the fundamentals observed for the Cu2C14(g)
are assigned to the Cu-C]t and Cu-C]b modes of the copper in a trigonal

configuration having one terminal chloride and two bridged ones (Fig. 9).
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NiCl C0C12. High temperature (resonance) fluorescence spectra were observed

2)
from these vapors. Figure 12 illustrates the NiC]Z(q) spectrum from cells con-

taining no excess of sclid at 900 K. Increasing the temperature
did not alter the relative intensities of the bands. The complicated nature of
the spectrum, showing many overlapping bands, wj]] not be discussed in detail.
However, it should be noted that the intense bands observed for NiC]z at wave
numhers below 19,500 cm—] were multiplets and/or combinations of two basic
frequencies at 362 and 170 cm-]. The CoC]2 spectra were also charactgrized by
two basic frequencies, of 359 and 177 em V.

A possible assignment of the 362 cm-] (NiC]Z) and 359 cm'l (CoC]z) frequencies
is the 2 symmetric stretch for the triatomic molecules. The proximity of
these values to the V] value of ZnC]z(g), FeCl (g) and CuC]z(g) (Table IV), and

(34,35)

the previously measured vy va]ue for NiCl, (340- 370 cm ]) are in support

of such assignment. The 170 cm” (N1C]2) and 177 cm~ (CoClZ) frequencies may arise
from the Vo mode, but the values are much higher than the frequencies observed

by Tow temperature IR matrix isolation techniques(36} (85 and 95 cm"] respectively).
The differences are probably due to changes in structure between the high and Tow
temperature molecules. Thus the assignments given in Table IV for NiC]Z and C0C12

should be considered tentative.

For the investigation of the M-In-Cl1 complexes, a ser.2s of Raman cells
having various partial pressures of the complex and various In2(‘,16 InC]3
pressures have been made. From all the systems studied (M = Fe, Co, Ni, Cu, Zn),
only the Cu-In-C1 vapors gave rise to resonance Raman signals which could be
attributed to vapor complexes. Spectra obtained from Zn-In-C1 and Fe-In-Cl
consisted of a superposition of the indium chloride fundamentals =2nd the

symmetric stretch of the MC12 triatomic molecule. At temperatures above 1000 K,



- 21 -

the Co-In-Ci and Ni~In-C1 spectra were obscured by the fluorescence spectra of
NiC]z(g)'and CoC]Z(g), respectively. At lower temperatures, where the MCI,
pressures were very low, only the characteristic indium chloride frequencies were
observed. Measurements of the relative Raman intensities have shown that more
InC]3(g) monomer was present in the cells contajning the complex than in the
cells having only indium chloride. The amounts of indium chloride added ir both
types of cells were calculated to create equal indium chloride pressures.
Furthermore, it was found that the amount of InC]3(g) in the cells containing the

complex increased with increasing laser power and laser frequency. These

observations may imply that the laser beam either increased the spectroscopic
temperature in the M-In-C1 cells and shifted the monomer-dimer equilibrium or

resulted to a photodissociation of the MInC]5 complex:

MInC1g(g) - MC1,(g) + InC15(g) (12)

Both schemes increase the amounts of InC13(g) and are similar to the
dissociation schemes discussed in the last section of this paper. It appears
that the lack of obtaining spectra from the M-In-C1 complexes (M # Cu) is mainly
due to their low stability and to complications ariging from the presence of

strong MC]Z(g) and indium chloride bands in the spectra which obscure the

vapor complex bands.

CuInC]s. Figure 13 shows the Raman spectra obtained from a Cu-In-Cl cell

containing no CuCTz(s) excess. The spectra are characterized by bands due to the

1

InCi,-In,Cl. modes and by two strong bands at 442 and 300 cm ' and their overtones

377276
and combinations which are attributed to the vapor complex modes. In Table III

the frequencies of the observed fundamentals are compared to those of CuInC]s,
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and an assignment based on a trigonally coordinated copper is given. Thermo- -
dynamic considerations(37) have suggested a CuInC]5 stoichiometry for the
vapor complex and the data in Table III can be best interpreted to support a
structure similar to that proposed in Fig. 9. Measurements of spectra qbtained
from the same cell have shown that the intensities of the copper complex, relative
to those of indium chloride, increase with increasing frequency of laser
excitation. These changes and the appearance of strong combinations and
overtones are characteristics of the resonance Raman nature of the spectra.
The other distinct bands seen in the spectra were attributed to the 162C16-InC13
gas fundamentals. It is noteworthy however that the InC13(g) bands vy (InC13) =
350 cm”! and va(InC]3) = 95 cn! are the dominant bands indicating that the
monomer is the major component. Spectra of pure indium chloride vapors obtained
at similar pressures and temperature show intense In2C16(g) dimer bands.

The temperature dependence of the Cu-In-Cl1 spectra (no CuC]z excess) is
shown in Fig. 14. The spectra are dominated by the InC13(g) fundamentals and
by the CuInCl; bands. The relative intensities of the v;(InCl;) and vCu-Clt
(CuInClS) change dramatically with increasing temperature and new bands arise
at higher temperatures. The changes can be easily recognized by
comparison with the CuC]z(g) spectra (Fig. 11). It appears that the 970 K
spectrum is mainly a superposition of the InC]s(g) and CuC]z(g) spectra and
that ti > dissociation reaction 12 can account for the large temperature-
dependent features observed in Fig. 14. It must be emphasized, however, that
the decomposition may be induced by the laser beam and/or by the increasing

furnace temperature.
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V.  URANIUM(V)-ALUMINUM CHLORIDE VAPORS
(38)

(39)

Spectrophotometric and mass specirometric studies have shown

that UC]4 reacts in the presence of chlorine with aluminum chloride to form

a volatile vapor complex:
2UC]4(S) + C]Z(g) + A]zc}ﬁ(g) -+ 2UC15-A1C13(9) (13)
In the absence of aluminum chloride, the chlorination of U(‘.l4 yields a rather

volatile UC]5 dimer:

2UC]4(S) + Clz(g) > UZC]]O(g) ' (14)

whose stability decreases with increasing temperature€38’39) The present

section is concerned with the Raman spectra of vapors formed according to reactions
13 and 14. Raman cells were made using either UC]4(g) and C]Z(g) or

U2C1]0(s). In early experiments, it was found that the laser lines from 640.0

to 457.9 nm were strongly absorbed by both the U2C1]?(g; and UC1;-A1C1,(g) vapors,

38

which in this energy region possess strong CT bands. It was also found

that the use of high-power Taser lines at temperature above ~520 K reversed
reactions 13 and 14 yielding solid UC]4, which was deposited on the cell wall and
consequently blocked the passage of the beam. It was possible however to obtain
Raman spectra of both uranium gases from ceils having low part%a] pressures and
?no solid present.

For investigating UZCT]D(Q), it was necessary to introduce ~2 atm of
C12 into @ cell containing small amounts of UC]4 or UZC]IO solids and to
use furnace temperétures less than 500 K. The cells for the UC]S-A1C13 studies
were made from Uzl:]]O and AHZC]G’ without or with Ciz present; measurements could
be made up to 720 K. It appeared that the formation of UC15-A1C13 not only
enhanced the U2C1]0(S) volatility but also raised the stability of the pentava-

lent state in the complex relative to that in pure U2C1]0(g).
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The Raman spectra of the U2C]]O—C12 vapors are presented in Fig. 15.
Superimposed on the pure rotational and vibrational-rotational contours of C12
is a strong polarized band at 354.5 cm'] and its overtone, both of which are
attributed to U2C11O(g). No other bands were observed, although recently
reported spectra of U2C1]0 in dichloromethane spow, apart from an Ag mode at

367 cm'], two other polarized bands at 324 and 130 en V.

The structure of
U2C1]0 (Fig. 16) is presumed to be two octahedra sharing an edge. The point
group of the molecule is D2h and six polarized, Ag’ Raman active mode;-are
expected. From the thermodynamics of reaction 14, the partial pressure of
UZC]]0 in the Raman cell is estimated to ~0.001 atm. This low partial pressure
may explain the absence of other (weaker) Raman bands from the spectra and
suggests that the intensities of the observed mode and overtone are enhanced
by resonance conditions. The 354.5 cm'] frequency is close to the stretching
frequency observed in the s0lid (365 cm—]) and lies between the Alg modes of
uctg (370 cm—]) and UCl (~340 cm—]). The observed band is thus assigned
to the U--C]t stretching of the U2C1]0 molecule.

The upper part of Fig. 15 presents the spectra obtained from a
U(V)-A1-C1 cell in which the partial pressure of the vapor comp]ex was ~0.003 atm
(at 500 K). At temperatures above 480 K no solid phases could be visually
detected in the cell. Superimposed on the aluminum chloride bands is one
sharp band at 362 cm'] which is presumably due to UC]S-A1C13(g). A weak peak
at ~560 cm"] is due to small amounts of C]z which probably resulted from
partial decomposition of UZCI]0 during the cell preparation.

Repeated measurements of UC!s-AIC]3 have established a band frequency

1

of 362 +1 cm'], a value that is 7 cn”! higher than the 354.5 cm ' band observed for
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UZCI]O(Q). Adapting the molecular structure shown in Fig. 16 the new

band is assigned to the U—C]t stretching frequency. The 7 cm'] difference
between the UC]5-A1C13 and U2C1]0 bands is probably due to the higher polarizing
power of the aluminum as counter cation in the complex, relative to that of
uranium as counter cation in the dimer. There are 24 vibrational nodes for the

UC15-A]C13 molecule and their distribution for a sz point symmetry is

r = 9A, + 3A2 + 6B, + 682

1 1
A11 modes are Raman active but, as in the case of U2C1]O(g), on]y'oné strong

resonance Raman band is observed in the spectrum.

Changes in frequency of the excitation line produced changes in intensity
of the 362 cm—] band relative to the aluminum chloride bands. On changing the
excitation frequency from 457.9 to 501.7 nm, the UC]S-A]C]3 intensity increased
relative to that of A12C]6 (see Fig. 17). However, further changes toward
the blue lines resulted in decreasing intensities. This behavior suggests an
excitation profile for the 362 cm_] band with a maximum near 500 nm. The
absorption spectra of thewcomp1ex(38) show that a strong CT band starts at
~700 nm but, due to the high molar absorptivity, the maximum of the band(s)
has not been seen. Without taking into account any resonance Raman interference
phenomena,(zs) the maximum of an electronically allowed transition is expected
to coincide approximately with that of the excitation profile. Thus it is
possible that the maximum of the vapor complex CT band is also near 500 nm.
However, interference between two or more electronic states and/or increasing
decomposition of the compféx with increasing laser frequency (see section below)

may also cause the trend illustrated in Fig. 17.
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VI. LASER-INDUCED DISSOCIATION OF VAPORS

It is apparent from the above sections that the feasibility of obtaining
spectra from vapors possessing absorption bands in the laser line region,
depends on the stability of the molecule at the furnace temperature and on
the power and frequency of the excitation line. Following is a more
detaii examination of the laser 1line effect onv"co1ored" vapors at elevated

temperature. Data on both the dimer-monomer iron(III) chloride and on

-vapor complexes are presented and discussed.

Lﬁgn(III) chloride. Vapor pressure studies(40) have shown that the

vaporization of iron(II1) chloride yields the monomer-dimer equilibrium:
->
Fe2C16(g) < 2FeC13(g) (15)

Increasing the temperature results in partial decomposition and the formation

of Fe(II):
2FeC14(g) b FeCl,(s) + C1,(g) (16)

The vapors formed according to eg. 15 are brown-yellow and the tail of their
CT bands extends and covers the laser frequencies.

For obtaining Raman spectra from these vapors,Airon trichloride cells
with and without excess C12 were used. At temperatures below 620 K the
laser beam was quickly blocked by the formation of FeCIz(s) at the focusing
point of entrance into the cell. Rotation of the cell temporarily solved
the problem but after 5-10 min a f]ine" of solid FeC'l2 was formed along
the periphery of the cell where the beam was focused. With excess
C]z(g) (~1 atm) present in  the cell and at temperatures near or above

650 K it was possible to reverse reaction 16, evaporate the FeC]z(s),
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unblock the beam, and obtain spectra from the iron(III) chlorides at pressures
~0.02 atm. Figure 18 shows representative spectra of the FeC13-Fe2C]6 vapor
system measured with different excitation lines. Apart from the C12
rotational and vibrational-rotational band contours, the spectra contain a
series of bands whose intensities change with excitation line. The three
predominant bands are at 420, 370, and 305 an”'. In accordance with the
recent matrix isolation IR and Raman studiesf4]) the 420 and 305 cm'] bands

are assigned to the v; and v, modes of Fe2C16(g) while the 370 cm” bands

correspond to the v; mode of FeC]3(g). Assignments of the remaining weak
(42)

bands will be the subject of a future publication. From the point of view

of the present work, it is important to note that the dimer-monomer intensity
ratio decreases with increasing laser frequency. The 595.0 nm spectrum is
dominated by the Fe2C16(g) modes while the 457.9 nm spectrum is mainly due
to FeC13(g). A comparison »f the spectra (Fig. 18) with spectra of pure C12
(~1 atm) obtained in separate cells under the same conditions, permitted

measuiements of the intensities of the v; modes (FeC]3 and FeZC]G) relative to

each other and to those of C]Z at ~560 cm-]. It was found that increasing the la..»r

frequency decreases the amount of dimer in favor of the monomer. It must
be emphasized that the monomer CT bands lie at higher energies than the

dimer CT bands and thus, on going from the red to the blue lines, the

(pre) resonance intensities of Fe2C16 bands should increase faster than
those of FeC]3. The opposite effect is observed in Fig. 18.

The effect of laser power on the spectra also leads to increasing
FeC]3 intensities. This is depicted in Fig. 19 for the 514.5 nm line at
powers of 1 and 5 W. Thus it appears that both the laser power and frequency

effects lead to higher spectroscopic temperature, thereby shifting reaction 15
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to the right. Since the furnace temperature remains constant during the

measurements, the spectra obtained rapresent a nonequilibrium situations

along the passing laser beam.

Copper(II) chloride complexes. The studies of the Cu-A1-Cl and Cu-In-Cl

-vapors (sections III and IV) indicate that an increase in temperature

dissociates the complexes according to the schemes:
CuA,Clg(g) * CuAClg(g) + ACI5(g) \ _an

CuACTg(g) < CuCl,(g) + AC4(g) " (18)

where A = Al or In. Reaction 17 characterizes the aluminum complex while
reaction 18 occurs for the indium complexes. Figures 20 and 21 illustrate
the laser power dependence of the Cu-A1-Cl1 and Cu-In-Cl systems respectively,
at constant furnace temperature. The intensities of CuA12618 and A12C16
bands diminish at higher laser power (Fig. 20) while the CuA1C15 and A1C1,
intensities increase. This behavior supports dissociation scheme 17. For
the Cu-In-C1 vapors (Fig. 21), the relative intensities of InC]3(u1) to
Cu—In-C15(vCu_C1t) show that at higher laser power the CuInCl; decreases in
favor of InC]3 and thus supports scheme 18. In separate experiments it was
found that the monomer-dimer relative intensities of the colorless aluminum
and indium chlorides were independent of the laser power and intensity.

These effects observed show that, at cbnstant furnace temperature, the
Raman intensities of the carrier gas cannot be used as internal standard
of the cell for ca]cu]atiﬂg the (pre)resorance excitation profiles of the com-
plex bands. Furthermore, since the overlap of laser line and absorption band

changes with temperature (e.g., broadening of absorption band), then studies
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of the relative Raman intensities at different temperatures cannot be used

for estimating the thermodynamics of vapor reactions (e.g., reactions 17, 18).

Uranium{V) chloride complex. The effect of the laser power of the

UC]S'A1C13 spectra has been examined and typical results are presented in
Fig. 22. Increasing laser power enhances the vl(A1C]3) band intensity and
gives rise to a shoulder band at the lower frequency region of the 362 cm']
band. This indicates a decomposition of the complex according tc the
scheme: ’
2UC1-A1CT5(g) ~ U,C14(g) + 2AICI4(g) (19)

1
band of U2C1]O(g).

The rising shoulder band is attributed to the 354 cm”
It has been suggested(43) that thé vapor complexes of the actinides

and lanthanides may have potential uses for laser isotope separations and/or

construction of high power vapor lasers. The data presented here show that

decomposition schemes similar to reactions 17, 18, and 19 play an

important role (probably negative) for developing these applications.

VIT CONCLUSIONS

From the data and discussions presented above, the following conclusive
remarks can be made: |

a) Resonance Raman spectroscopy can be used to study vibrational
frequencies of some "colored" vapor complexes which exist as a minor component
in an equilibrium vapor mixture. On the basis of the measured frequencies
and Raman selection ru]es? the structure of the vapor can be characterized.

b) The appearance of a resonance Raman signal depends on both the posi-

tion of the change transfer band and the thermodynamic stability of the complex.
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1t also depends on the relative concentrations of the vapors present and
on the laser power and frequency used.
c¢) Increasing the frequency of the excitation line resuits in a

variation in the resonance Raman intensities and a partial dissociation of
the complex. Dissociation also occurs with increasing laser power.

. d) As a consequence of the 1aser_induced‘dissociation, the relative
Raman intensities (Z.e., complex vs. carrier-gas intensities) depend on the
frequency and laser power and represent nonequilibrium situation. ‘Hence,

estimations of excitation profiles and calculations of gas phase thermo-

dynamic quantities based on the assumption of equilibrium conditions will be

grossly in error.



—
.

— — e
N —
. -

13.
14,

15.

16.
17.
18.
19.
20.
21.

© OV © N o s W
. « &«

- 31 -

REFERENCES

Schafer, Angew. Chem. Int. Ed. 15, 713 (1976). A review article.
Anundskas and H. A. Pye, Acta Chem. Scand. Ser A 30, 193 (1976).

norF

Emmenegger, Inorg. Chem. 16, 343 (1977).
Gregory, J. Phys. Chem. 81, 1857 (1977).

=

Papatheodorou and G. H. Kucera, Inorg. Chem. 16, 1006 (1977).

Dewing, Metall. Trans. 1, 2169 (1970).

[«p]
'Z;ZE'U

Papatheodorou, Jd. Phys. Chem. 77, 472 (1973).
N. Papatheodorou, Inorg. Chem. 12, 1899 (1973).
N. Papatheororou, Allgem. Chem. 411, 153 (1975).

> P P o

Dell Anna and T. P. Emmenegger, Helv. Chim. Acta 48, 1145 (1975).
Von Meinhart and H. Schaefer, Z. Anorg. Allgen. Chem. 408, 37 (1974).

?. 9ngndsﬁés, A. E. Mahyoub and H. A. @ye, Acta Chem. Scand. A30, 193
1976).

F. Dienstbach and E. P, Emmenegger, Helv. Chim. Acta 58, 1145 (1977).

G. H. Kucera and G. N. Papatheodorou, to be published (see Abstracts of
Papers. American Chemical Society, 174th Meeting; August 28-September
2, 1977).

M. A. Capote, G. H. Kucera and G. N. Papatheodorou, in "High Temperature
Metal Halide Chemistry," 78-1, 367 (1978) Eds. D. Cubicciotti and
D. D. Hildenbrand. '

I. R. Beattie and J. Horder, J. Chem. Soc. (A) 1269, 2655.

B. B. Johnson and W. L. Peticolas, Ann. Rev. Phys. Chem. 27, 465 (1976).
G. N. Papatheodorou and G. H. Kucera, Inorg. Chem. (submitted).

G. N. Papatheodorou, J. Chem. Phys. 66, 2893 (1977).

M. Sgrlie and H. A. Pye, Inorg. Chem. (in press).

G. N. Papatheodorou, unpublished results.



22.

23.
24,
25.
26.

27.
28.
29.

30.
31.
32.

33.
34.

35.
- 36.

37.
38.
39,

40,

- 32 -

S. Sutakshuto, "Copper(II) Chloride Gas Complexation With Acid
Halides," Thesis No. 31, Institute of Inorganic Chemistry, University
of Trondheim (1976).

G. N. Papatheodorou and M. A. Capote, J. Chem. Phys. 69 xxx (1978).
M. A. Capote and G. N. Papatheodorou, Inorg. Chem. (submitted).
Y. M. Bosworth and R. J. H. Clark, Inorg. Chem. 14, 170 (1975).

P. Stein, V. Miskowski, W. H. Woodruff, J: P. Griffen, K. G. Werner,
B. P. Gaber and T. G. Spiro, J. Chem. Phys. 64, 2159 (1976).

R. J. H. Clark and W. R. Truble, Inorg. Chem. 15, 1030 (1976).

M. Z. Zgierski, J. Raman ‘Spectrosc. 6, 53 (1977).

The effect of nearest-neighbor cations (Li+, K+, Cs+, A1+3) on the
electronic states of PtC1;2 has been investigated and showed that
energy shifts of ~2 to 3 kK occur in the excited states 1, and I
of Pt(II) by substituting low field ions (Z.e., Cstj 29

with high field ions (z.e., Lit). See e.g., G. N. Papatheodorou and
G. P. Smith, J. Inorg. Nucl. Chem. 35, 799 (1973), and Ref. 8.

G. Chottard and J. Bolard, Chem. Phys. Let. 33, 309 (1975).
R. M. Rush, D. S. Martin and R. G. LeGrand, Inorg. Chem., 14, 2543 (1975).

J. J. Avery, C. D. Burbridge and D. L. Goodgame, Spectrochim. Acta
24A, 1721 (1968).

C. W. Schlapfer and C. Rohrbasser, Inorg. Chem. 17, 1623 (1978).

G. E. Leroi, T. C. Jones, J. T. Hougen and W. Klemperer, J. Chem. Phys.
36, 2879 (1962). :

D. M. Gruen, J. R. Clifton and C. W. DeKock, J. Chem. Phys. 48, 1394 (1968).

J. R. Ferraro, "Low Frequency Vibrations of Inorganic and Coordination
Compounds" Plenum Press, New Yecrk, 1971, p. 140.

F. Dienstbach and F. P. Emmenegger, Z. Anorg. Allg. Chem. 436, 127 (1977).
D. M. Gruen and R. L. McBeth, Inorg. Chem. 8, 2625 (1969).

D. L. Hildenbrand and D. D. Cubicciotti, Stanford Research Institute
Report, UCRL-13657 (1975).

C. F. Shieh and N. W. Gregory, J. Phys. Chem. 79, 828 (1975), and
references therein.



- 33 -

41. A. Loewenschuss and A. Givan, Ber. Bunsenges- Phys. Chem. 82, 74 (1978).
42, G. N. Papatheodorou, to be submitted for publication.

43. R. R. Jacobs and W. F. Krupke; in Lawrence Livermore Laboratory
report, UCRL-50021-75 (1976), p. 529.



- 34 -

Table 1

Aluminum Halide-Transition Metal(II) Halide Vapors
Investigated by Raman Spectroscopy

Predominant Reference for Ubserved Raman
System Vapor Complex Absorption Spectra Bands
Ti-A1-C] T1A13C1]](20) 20 - Acidic vapor bands only
Fe-A1~Cl FeA12C18(6) 21 .
Co-AT-Cl CoA12C18(6)(9) 9 5>
Co-Al-Br CoA123r8(5) 5 >>
Cu-A1-C1 CuAl,C1 8(22) 22,23 Bands_due to CuAl,Clg,
CuAlCl, and A1.,C12-A%CI
5 2°'6 3
Ni-Al-C1 NiA]zc]S(G) 7 Acidic vapor bands only
Pd-A1-Cl PAAT 2c18(7) 7 Bands_due to PdAT,Clg
and A1,C1_-A1C1
2°°6 3 i
Pd-Al-Br PdA]zBrs(]s) 15,24 Bands due to PdAl Brg
and A]ZBrG-A]Br3
Pt-Al1-Cl PtA]ZC18(8) 8 Acidic vapor bands only
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Table II

Resonance Raman Bands Attributed to Gaseous MAZX8 Molecules
(Frequency in cm-1)

Band PdA]2C18 PdA]zBr6 CuA]ZC]6 Assignment
I 84.5 59 "84.5 Vring def.
II 176 114 174.5 GMXZb
ITI 278 180 281 VM-X
b
Table III

Resonance Raman Bands Attributed to Gaseous CuAC]5
and Cu,Cl, Molecules (Frequency in cm'])

Band CuAIC]5 CuInC]5 Cu2014 Assignment

I 291 300 314 Yeu-cl,
IT 448 442 442 Vey-cl

t
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Table IV

Observed Frequencies (cm"]) of sz Vapors at Elevated Temperatures

FeC]2 CoC]2 NiC12 CuC]2 ZnC]2

Temperature

K 1100 1100 900 800 975

vy 350 p 359 362 370 p 362 p

vy 177(2)2 170(2)2 130 p

V3 503 dp
Molecular D D_,.(?) D, (?) o D
Symmetry h h h 2v h

3Tentative assignment.
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FIGURE CAPTIONS

Instrumentation for High Temperature Raman Spectroscopy. The
distance between the furnace and entrance slit is 50 cm.

Optical Furnace

A: Lavite Rings, B: Main Inconel Heater

C: Bubble Alumina Insulation iy

D: Inconel Tube Opening, E: Inconel Conical Opening

F: Fused Silica Windows, G: Water Cooling

H: Brass Supports, I: Controlling Thermocouple

J: Measuring Thermocouple, K: Lavite Plugs.

Electronic Absorption Specira of nd8 Vapor Complexes
NiA12C18;(7) PdA12C18;(7) peal,Clg. (821 yertical Tines
define the 647.1 to 457.9 nm region of laser freguencies.
—.—.—» calculated excitation profile (1 kK = 1000 cm']).

Raman Spectrum of Gaseous PdA12C18-A]2C]6 Mixture.

PA]ZC]6 ~1 atm; excess of PdC]z(s),]A0 = 647.1 nm; laser power
900 mW. Spectral slit width, ~6 cm ; scan speed, 0.22 nm/min;
time constant, 3 sec; polarization: upper spectrum |, | ;
Tower spectrum ||, |; a, c, d are the bands attributed to

the gaseous complex.

Raman Spectrum of PdA]ZBrB-AlzBrs-AlBr3 Vapor Mixfure.

PA] Br «1 atm, no PdBr2 excess; A = 488.0 nm; laser power

276 1

1W; spectral slit width, ~6 cm '; scan speed 4 nm/min; time

constant, 0.6 sec; polarization |, |.

Molecular Models for MA2X8 Vapors with M as Central Atom.

Symmetries: a = D3h; b= DZh; c= DZd'
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Fig. 7. Raman Spectra of Cu-Al1-C1 Vapor Complexes. PA]ZC]G ~0.3 atm;
furnace temperature, 575 K; spectral slit width, ~7 cm'];
polarization |, |. Note that the spectra were obtaired using a
double monochromator linear in wavelength and that the abscissa
should be used only for approximating the band positions.

Fig. 8. Effect of Aluminum Chloride Pressure on Raman Intensity
of the 448 cm—] Band. Furnace temperature, 625 K; power, 500 mi;
spectral slit width, ~8 cm']. Numbers in barentheses indicate
the intensity in counts/sec.

Fig. 9.. Molecular Models for MAX5 and M2X4 Vapors.

Fig..10. Raman Specira of Vapors gver Liquid InCl,. Spectral slit width;
v cm-]; power, 6 W3 scan speed, 20 cn V/min; time constant, 0.5 sec.
Fig. 11. Temperature dependence of copper chloride spectra. No CuC]é(s)
excess; spectral slit width, ~7.5 cm-]; power, 740 mW; polarization
1.], scan speed, 2.2 A/min; time constant, 1.5 sec;
* = fluorescence bands.
Fig. 12. Nickel Chloride Vapor Spectfum Excited with 457.9 nm Laser Line.

1

Spectral slit width, ~4.5 cm™'; power, 250 mi; scan speed, 500 cm']/min;

time constant, 0.2 sec.

Fig. 13, Spectra of Cu-In-Cl Vapors. Spectral stit width , +7.5 cm'];
power, 750 mW; polarizations |,| and ||,|; scan speed, 6 A/min; time
constant, 1 sec.

Fig. 14. Temperature Dependence of the Cu-In-Cl Spectra.‘ No CuC]Z(s)
excess ; spectral slit width, ~7.5 cm']; power, 750 mW; polarization

|> |5 scan speed, 6 R/min; time constahts, 0.5 to 1.2 sec;

* = fluorescence bands.



Fig. 15.
Fig. 16.
Fig. 17.
Fig. 18
Fig. 19.
Fig. 20.
Fig. 21.
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Raman Spectra of UZC]]O(g) and UC15-A1C]3(g) in the Presence of
C]z(g) at 500 K Excited with the 514.5 nm Line. UZCI]O(g):
spectral slit width, 7.5 cm']; power, 6 ¥W; scan speed, 10 cm"]/min;
time constant, 1 sec. UC]3-A1C]3(g); spectral slit width, 6 cm'];
power, 2 W; scan speed, 20 cm—]/min; time constant, 0.25 sec.
Molecular models for UZC]IO and UC]5—ATC13 vapors.

Dependence of the U(V)-A1-C1 spectra on excitation linz. Intensity
1 watt; spectral slit width, 6 cm']; temp. 500 K. The 5617 R scan
was at 10 cm—]/min; time constant of 1 sec. The 4579 E gcan was

at 2 cm-]/min; time constant of 3 sec.

Raman Spectra of Fe,Clc-FeCl,-C1, Vapors. Polarization |; |.

1

lo = 595.0 nm: slit width, a7 cm '; time constant, 1 sec; power,

700 mW; scan speed, 20 cm V/min. A, = 514.5 nm: s1it width, -
1

5 time constant, 0.8 sec; power, 1 W; scan speed, 20 cm*]/min.
1

7.5 cm

A_ = 457.9 nm: slit width, 7.5 cm ; time constant, 0.5 sec; power,

0
1 W; scan speed, 20 cm_]/min.

Effect of the Intensity of Excitation Line on the Raman Spectra of
1

the Fe2C16—FeC]3 Vapors. Polarization |, |3 s1it width, 7.5 cm
time constant, 0.25 sec; scan speed, 20 cm']/min.

Effect of the Intensity of Excitation Line on the Raman Spectra

of the Cu-Al1-Cl1 Gaseous Complexes. PA] cl.° 0.3 atm; spectral

2°°6
s1it width, 8 cm™; polarization |, |.
Dependence of the Cu-In-Cl spectra on laser Tine intensity.
Polarization |, |; slit width, 7.5 em s time constants, 1 to

1.25 sec; scan speed, 6 R/min.
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Fig. 22. Dependence of the U(V)-A1-C1 Spectra on Laser Line Intensity.

Excitation 1ine 4880 nm; scan speed, 10 cm-]/min; time constant,

1 sec; slit width, 6 cm'].



URNA
CHOPPER FURNACE

PRISMS «—, 4—S {
N, LENS
Ar LASER J—b DYE LASER 3
> L COLLECTING
S— LS
PHOTON
1 counting [~ oo
“ L MONOCHROMATOR
RECORDER g Il
™~ LocK-IN |-
AMPLIFIER

Fig. 1



Fig. 2



MOLAR ABSORPTIVITY (LITER/MOLE: cm)

WAVE NUMBER (kK)

Fig. 3

€T T T 11 T L I I AL I L B N B B
80 NiCl,: Al Clg A ~]6000
- [ 1
i\ |
601 I’ \\ If- 4500
L II \\ // -
sof  TER0K j " 13000
- // . -
20 : / <1500
r U/ -
oF : e -0
[T T N S N O SN S N S N A N N N A N I
LIS I I N 0 B N A B A IR
300p  PdClAlCle I 15000
B : / \
- : ;o\
2000 T:600K ,-. /N o000
- f / \
- ] / \
100 : { N 15000
. / N
x A )
0] o T T T -10
IS 0 S N SO TN N N O T A Y A O B IR O B
R LR l T T-7TT rﬁlff | S [ L L \lj T 11
= : N "-
20 PIClpAlCle //]‘lOOOO
| : /
96— : II -18000
72} T=600 K i+ | {6000
p— . , -l
48 F~=-4000
- // .1
24[_- ; - 12000
e 7
O— —_ : : ———————— - —0
YN TS TR N [OUUN TONY T N WU SUN (NS TN AN (DU TS DO Y T A NN Y O
0. 10 20 30 40 50



v 614

(1) L4IHS NYWVY

00l 002 002 00 005 009

_
NN T e
CL u]' 920X
l P f\ %GLG
. 812¢1vpd

ALISNILINI JAILVT3Y



G by

(99) L4IHS NYWvd
00 002 00F 00 00G

TN009

98V - %gprd

IR ———

ALISNAINI JAILV T3



ol

Fig. 6



L *Biyg

" (ND) L4IHS NYWvY

002 00y 009 008  000I 002
T M
A-A
WuQ 88t =%y
AR R-A Wuz'89g=%y
Wul/ 9=\
16/6

10-1V-n)

ALISNILIN' ALV 13Y



g ‘Bid

(1-W9) L4IHS NVAVY

oﬁ_vv | oﬁ_vm | oﬁ_vv | oﬁ_vm |
Wb QG =0d Wib 2'8¢=0d
(on) |
911¢1vYig
. A 12 _S .Iﬁm_oN_S I m
s
<
m
| i.._ | | =
Wib G0 = 0d J wioye0=0d
&
-
_IA
Wwu Qg8 = 0Y
G AG29
121V N)
! %198y ~¢)9n)

(064) (0011)



6 b4

®

©=

SXVWw




0L *bt4

(1-ND) LAIHS NYINVY

00¢ 00t
b !

WuGH|G=%

1

1Gl6
(b)e1ouz

ALISNILINI JAILYT3Y
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Fig. 11
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RELATIVE INTENSITY

UC|5'A|C|3(G) / UC|5'A|C|3
500K

50L.7nm

457.9nm
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Fig. 17



RELATIVE INTENSITY

F82C,6“‘F8C'3
650K

Ao=4579nm

Cly—

RAMAN SHIFT(CM™)

Fig. 18

Clp—]
_FeCl3
F82Cl6
XO =514.5nm ‘
Cly__
FﬁzCls
{
)\o =5950 nm Aﬁ
I { l | l | 1 |
800 600 400 200 0




RELATIVE INTENSITY

Fe,Clg-FeCls Ao=514.5nm
650K

FeCls

HOum_<<

Ip=iW -——FeoClg

| L 1 R
500 400 300 200
RAMAN SYIFT(CM™)

Fig. 19
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RELATIVE INTENSITY
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