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Abstract

Electronic absorption spectroscopy is used in the temperature range 800–1400 K, to study the vapor species, over molten CrCl3–ACl
(A = Li, Cs) mixtures and solid CrCl3. The observed Vis/near IR bands are assigned to d ‹ d transitions of Cr3+ in distorted ‘‘tetrahe-
dral’’ coordination ðCrCl4

�Þ. Spectra of ‘‘octahedral’’ CrCl6
3� in molten alkali chlorides were also measured and used to estimate the

spectroscopic constants (Dq, B, C) of Cr3+ in all chloride tetrahedral and octahedral environments. Composition and temperature-de-
pendent measurements suggest that the predominant vapor species is the 1:1 monomer ACrCl4 and that an equilibrium is established:
ACrCl4 (g) ¡ CrCl3 (g) + ACl (g)
Due to vapor complexation the apparent vapor pressure of CrCl3 increases. The volatility enhancement is higher for the LiCl–CrCl3 than
the CsCl–CrCl3 system reaching values near 60, at �950 K. Based on the preferential octahedral ligand field stabilization energy of
Cr(III) it is argued that dimeric and/or trimeric 1:1 species may be also present as minor components in the vapor phase. Finally, the
vapor complexation and volatility enhancement for the MX3–AX (M = rare earth, Cr; X = halide) systems are discussed and correlated
to the melt structure of the corresponding binary melts.
� 2007 Published by Elsevier B.V.
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1. Introduction

Metal halide vapors and vapor complexes are important
for a variety of applications including chemical synthesis
and separations, extractive metallurgy and high efficiency
lamps [1]. Mixtures of rare earth halides (mainly iodides
and bromides) with alkali halides are used in the high tem-
perature metal halide lamps where the formation of vapor
complex species according to the reaction:

AX(s/l) + LnX3(s/l) ¡ ALnX4(g) ð1Þ
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(A = alkali metal; Ln = rare earth; X = halide) leads to an
enhancement of the apparent volatility of LnX3 [2,3] which
in turn increases the lamp spectral efficiency and decreases
the required operational temperature.

The formation of the ALnX4 as the predominant vapor
species as well as other polynuclear in A and/or Ln vapor
species is mainly verified by mass spectrometric studies
[2,4,5] where the stoichiometry and the thermodynamic
function can be established but no structural information
can be obtained. For certain lanthanides possessing
hypersensitive f ‹ f transitions some indirect structural
information for the vapor species can also be obtained
[2]. It is generally accepted [4] that the ALnX4(g) is the pre-
dominant vapor species over molten AX–LnX3 mixtures,
composed of LnX4 ‘‘tetrahedra’’ having the A ‘‘cation’’
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Fig. 1. Molecular models of monomeric AMX4; dimeric A2M4X8 and trimeric A3M3X12 species. For the trimer two other model structures having the
polyhedra on line can be formed; in all trimers the ratio of ‘‘octahedra’’ versus ‘‘tetrahedra’’ is 2:1.
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bound to an edge or a face or a corner (Fig. 1a–c). Recent
theoretical studies of ALnX4 vapor species give a better
inside on the structure of these molecules whose stability
depends on both the size of the trivalent metal and the
alkali metal [6,7]. However, no direct spectroscopic/struc-
tural information (e.g., Raman spectroscopy [3]) is avail-
able due to experimental difficulties arising from the high
temperatures needed and the lack of signal intensity due
to the low partial pressures of the vapor complexes.

The present work is aimed to understanding the
structure of the vapor complexes formed over AX–LnX3

mixtures. The rare earth cation Ln3+ is substituted by
Cr3+ which is known to have d ‹ d ligand field sensitive
electronic spectra and the vapor complexation over
LiCl–CrCl3 and CsCl–CrCl3 mixtures is investigated by
absorption spectrophotometry. The measured spectra are
reasonably assigned to an all chloride ‘‘tetrahedrally’’ coor-
dinated Cr(III) and are rather unique since no other ‘‘tetra-
hedral’’ d ‹ d spectra of Cr(III) have been reported so far in
the literature. Furthermore, for purposes of comparison and
in order to estimate the Cr(III) spectroscopic constants we
have measured the spectra of ‘‘octahedrally’’ coordinated
Cr(III) in an all chloride environment at elevated
temperatures using molten alkali chlorides solvents.

2. Experimental

A Perkin-Elmer (Model L-900) NIR-Vis-UV spectro-
photometer with reverse optics and an optical fibers attach-
ment was used. A three zone split cylindrical furnace
(50 cm long) containing an inconel metal block (20 cm
long) was used for heating the long path length optical cells
(10 cm) up to 1400 K. The spectrophotometer optical fibers
were aligned so to focus at the center of the furnace where
the optical cell was placed. Due to the absorption by the
optical fibers the spectra measured with this system covered
the region �900–220 nm. For measuring the spectra in the
near IR region (2000–900 nm) another smaller optical
furnace was constructed. The furnace was water cooled
and adjusted to fit in the spectrophotometer compartment
but it could be used only for square optical cells (maximum
1 cm path length). The same furnace was used for the
spectrophotometric measurements in molten alkali chlo-
rides. Details of the constructed systems can be found
elsewhere [8,9].

Chromium (III) chloride was prepared by first dehydrat-
ing commercial CrCl3 Æ 6H2O in a stream of gaseous HCl/
N2 at temperatures from �700 to �900 K. The so obtained
bright purple powderous material was sublimed in sealed
and evacuated fused silica tubes at 1100 K giving deep pur-
ple crystalline flakes. Anhydrous LiCl and CsCl were dried
and purified by distillation at �1000 K under dynamic high
vacuum (�10�8 Torr). The procedures for filling up the
fused silica optical cells and for measuring absorption spec-
tra of vapor species at high temperatures have been
described before [8]. All operations were carried out in an
argon gas filled glove box or/and in sealed glass containers.

Table 1 lists the characteristics of the experiments per-
formed for the vapor species. Measurements were started
at �850 K and the temperature was gradually increased
in steps of 30–50 K. The quoted temperatures for the
experiments with the 10 cm path length are at the center
of the cell where the condensed phases were vapor trans-
ported and in most cases are about 10 K lower than those



Table 1
Characteristics of the spectrophotometric experiments

Experimenta System and composition Cell constantsb Moles of CrCl3 tmax/tmin (K) Volatility enhancement q (K)c

E-1 CrCl3 29/10 1.28 · 10�4 1250/900

E-2 CsCl–CrCl3 1:1 29.5/10 1.2 · 10�4 1260/900 15 (1050)
12 (1000)
9.5 (970)

E-3 CsCl–CrCl3 1:1 28.5/10 1.3 · 10�4 1370/1070 0.08 (1130)
0.06 (950)

E-4 LiCl–CrCl3 1:1 27.5/10 1.18 · 10�4 1270/910 7 (1080)
16 (1030)
45 (980)
59 (940)

E-5 LiCl–CrCl3 1:1 29/10 Excess 1120/900

E-6d LiCl–CrCl3 1:1 8.5/1 Excess 1070/1000

E-7 LiCl–CrCl3 2:1 17/10 0.7 · 10�4 1280/900 11 (1080)
23 (1020)
37 (950)

E-8 LiCl–CrCl3 3:1 28.5/10 1.1 · 10�4 1370/900 9 (1080)
24 (1020)
34 (950)

a For all experiments the spectral range was from 850 to 220 nm except for E-6 where the range was from 2400 to 220 nm.
b The numbers are: volume in cm3/path length in cm.
c Volatility enhancement q and in parentheses the corresponding temperature in K.
d Measurement without the fiber optics system.
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of the cell windows. The spectrophotometer absorbance
range for measurements with reasonable signal/noise ratio
was between 0.05 and 2. The procedures for measuring the
absorption spectra and molar absorptivities of Cr(III) in
molten CsCl, LiCl and LiCl–KCl eutectic were the same
as before [9].

3. Results and discussion

3.1. Spectra over molten LiCl–CrCl3

By combining absorbance measurement from the 1 cm
and the 10 cm path length cells (experiments E-4 and E-6,
Table 1) we were able to measure the spectra of the vapors
over the 1:1 LiCl–CrCl3 mixture from 2000 to 220 nm
(5000–45,000 cm�1). In E-4 all the salts placed in the cell
were in the vapor phase at temperatures above �1000 K
giving an almost constant absorbance at higher tempera-
tures. This permitted the evaluation of the molar absorptiv-
ity e (in L mol�1 cm�1) for the vapor species formed in the
LiCl–CrCl3 system (Fig. 2). The energies of the observed
bands are listed in Table 2. Possible assignments as well
as the effect of temperature on the spectra are presented
in the following subsections.

Experiment E-6 contained excess of the 1:1 mixture and
thus, the absorbance was measured over the melt from
�880 to near 1070 K where optical saturation occurred
due to the high concentration of the absorbing species.
These measurements in combination with the molar
absorptivity values permitted for each temperature the
calculation of the vapor complex ‘‘apparent’’ partial pres-
sure PC and the volatility enhancement [2,3] ratio:

q ¼ P C=P CrCl3 ; ð2Þ
where P CrCl3 is the vapor pressure over CrCl3 solid [10] at
the same temperature. Values of q are listed in Table 1.

3.2. Spectra over solid CrCl3

Spectra measured in experiment E-1 at �950 K show a
strong charge transfer (CT) band in the UV region
(Fig. 3a). The tale of a rather weak band (marked as T)
is also present in the region of �12,000 cm�1 where absorp-
tion measurements started with the fiber optics system. The
presence of this band is better documented in Fig. 4a for
the 1120 K spectra. At temperatures above 1200 K all the
CrCl3 in E-1 was vaporized and the only band observed
was at 13,200 cm�1 (marked as C in Figs. 3a and 4a).
Due to optical saturation no CT band(s) could be mea-
sured at these temperatures. Temperature-dependent mea-
surements shown in Fig. 4a indicate an isosbestic point
and a decrease of the intensity in the region of the T band.

The thermodynamic functions of vaporization of CrCl3
have been measured over the years and critically evaluated
[10]. Monomeric CrCl3(g) and dimeric Cr2Cl6(g) are
formed, while partial decomposition leads to the simulta-
neous appearance of CrCl4(g) [11]. At temperatures above
1200 K the main vapor species is the monomer thus band C
at �13,200 cm�1 is assigned to a d ‹ d transition of Cr(III)
in the trigonal or pyramidal CrCl3 molecule.
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Fig. 2. Electronic absorption spectra of the vapors over LiCl–CrCl3. The band positions are shown by Latin numerals on the lower part of the figure.
On the upper part of the figure the vertical arrows attached to the spectroscopic symbols indicate the position of the Cr3+ ligand field states in tetrahedral
[4T1 (F) ground state] chloride environments.

Table 2
Observed bands for Cr(III) vapor species

Banda Energy (cm�1) eb

LiCl/CrCl3 (1030 K)

I (7500)c (10)
II 10,000 30
III 12,500 41
IV-b (14,000)
V-a (16,500)
VI 24,000 90
VIId 31,000 200

CsCl/CrCl3 (1050 K)

III �12,500 �40
V-a (16,500)
IV-b (14,000)
VI 27,000 220

CrCl3 (1250 K)

Te (�12,000)
Cf 13,200 (�13.5)
bg (14,000)
cg (16,500)
CT-1 26,000 1370
CT-2d 35,000 2500

a As marked in spectra Figs. 1–3.
b Approximate value of molar absorptivity in L mol�1 cm�1.
c Parentheses indicate shoulder or/and weak band.
d Measured but not shown in spectra figures.
e Not well detected; assigned to the ‘‘tetrahedral’’ T1(P) band of the

dimer Cr2Cl6.
f Assigned to the monomer CrCl3; more likely an 4A1(F) ‹ 4A1(P),

4E(P) transition in D3h symmetry.
g Seen at low temperatures; assigned to the ‘‘tetrahedral’’ 2T1(G), 2T2(G)

transitions of the dimer.
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The Cr2Cl6 dimer is presumably of the Al2Cl6(g) type
composed of edge bridged ‘‘CrCl4’’ tetrahedra and having
an absorption band (T) which is near to that of the
Li–Cr–Cl ‘‘tetrahedral’’ complex. Thus the temperature-in-
duced changes seen in the spectra of Fig. 4a could be
considered as an indication that the vapors over CrCl3
are predominated by dimer–monomer equilibrium:

Cr2Cl6(g) ¡ 2CrCl3(g) ð3Þ
3.3. Spectra over molten CsCl–CrCl3 and temperature effects

At low temperatures (<950 K) and in the region 850–
500 nm (�11,500–20,000 cm�1) the spectra over molten
CsCl–CrCl3 (1:1 and 1:3) measured in experiments E-2
and E-3 (Figs. 3b and 5a) are very similar to those of
LiCl–CrCl3 (1:1, 1:2 and 1:3) (Figs. 4b and 5b). The molar
absorptivities in the region around 12,000 cm�1 are also
close but the near UV spectra show marked differences.
Measurements over excess CsCl–CrCl3 liquid mixtures
show that the volatility due to vapor complexation is some-
what lower than that of the LiCl–CrCl3 system (Table 1).

In experiments E-2 and E-3, all condensed phases were
evaporated at �950 K. By gradually increasing the temper-
ature the �12,000 cm�1 band shifted to the blue reaching at
1250 K an energy close to the 13,200 cm�1 which corre-
sponds to the C band of the CrCl3 monomer (Figs. 3b
and 5a). This would imply that an equilibrium is estab-
lished where the Cs–Cr–Cl vapor complex dissociates to
CrCl3 and CsCl. Assuming that the vapor complex is a
monomer with 1:1 stoichiometry then the temperature
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dependence of the spectra in Figs. 3b and 5a suggests the
dissociation:

CsCrCl4(g) ¡ CsCl(g) + CrCl3(g) ð4Þ

In support of this dissociation is the analogous behavior of
the Li–Cr–Cl vapor complex spectra at high temperatures
as seen in Figs. 4b and 5b. The intensity of the
12,000 cm�1 band decreases with increasing temperature,
a blue shift occurs towards the C band of CrCl3 (g) in
the spectra of both the 1:1 and 1:3 compositions. This ac-
counts as above for the dissociation:

LiCrCl4(g) ¡ LiCl(g) + CrCl3(g) ð5Þ

In other words it appears that the spectral behaviors of the
vapor complexes formed in the ACl–CrCl3 (A = Li, Cs)
systems are similar suggesting that species of the same stoi-
chiometry are formed which at high temperatures
dissociate.

3.4. Melt structure and vapor complexation

Many molten binary systems of the type AX–MX3

(M = rare earth, group 3B, etc.) have been investigated
F
C
a
ti
a
p
d

by different physicochemical methods. Thermodynamic
[12,13] and Raman spectroscopic [14,15] studies have
shown that these mixtures are stabilized by forming associ-
ated (‘‘complex’’) species. For trivalent cations with
relatively ‘‘large’’ ionic radii (M = Y, . . .,La) the MX6

3�

octahedra predominate the melt structure and stabilize
the AX-rich melts while for much smaller sizes (M = Al,
Fe) the main species formed are the MCl4

� tetrahedra.
For intermediate size cations (e.g., Sc) the melt structure
for compositions 0.3 < x < 0.6 (x = mole fraction of the
trivalent halide) involves both the ‘‘octahedral’’ and the
‘‘tetrahedral’’ species [16,17]. At x = 0.25 the ‘‘octahedra’’
predominate the structure while the maximum concentra-
tion of the ‘‘tetrahedra’’ is found in equilibrium with
‘‘octahedra’’ at x = 0.5. The formation and stability of
the ‘‘complex’’ species ðMCl4

�;MX6
3�Þ in the melt mix-

tures is also affected by the alkali metal cation A+ and
has been found to change systematically from Li to Cs.
For the LiX–MX3 melts both the MCl4

� and MX6
3� spe-

cies are strongly distorted from the high ionic potential
of the neighboring Li+ and possess short life times and low-
er thermodynamic stability relative to the CsX–MX3 melts.

The data in Table 1 are in accordance with the above
behavior showing that the volatility enhancement of the
less stabilized LiCl–CrCl3 melts is higher than that of
the CsCl–CrCl3 melts. Furthermore, by increasing the
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ACl–CrCl3 ratio from 1:1 to 1:2 to 1:3 the volatility
enhancement decreases which would also imply that the
ACl-rich melts are rather stable mixtures as expected
from the formation of the CrCl6

3� ‘‘complexes’’ in these
melts. The ionic radii ratio Cr3+/Cl� is close to that of
Sc3+/I� thus the CsCl–CrCl3 melt structure is more likely
to be similar to that of CsI–ScI3 and to some extent to
the CsCl–ScCl3 melts [16,17]; this without taking into
account the strong d-electron octahedral ligand field
stabilization energy (LFSE) of Cr(III) (for ligand field
effects see, e.g., Refs. [18–20] for solids and Ref. [12]
for melts). For the 1:3 composition (x = 0.25) the forma-
tion of CrCl6

3� is expected to further stabilize the melt
by the high octahedral LFSE of Cr(III) thus vaporiza-
tion to a species not having octahedral coordination
requires higher enthalpy relative to melts involving triva-
lent ions without d-electrons (e.g., Y, Sc). On the other
hand for the 1:1 composition both the CrCl6

3� and
CrCl4

� species are expected to coexist as in the case of
the CsX–ScX3 melts [16,17]. Thus vaporization of the
1:1 melt to species having the Cr(III) in tetrahedral coor-
dination is facilitated from the existence of CrCl4

� ions
in the melt and the phase transition is not inhibited
by the LFSE effects. This would imply that the
most probable 1:1 vapor species contains the CrCl4
‘‘tetrahedra’’. The presence of such a species supports
the assumption used for interpreting the vaporization
data of many AX–MX3 systems by means of AMX4(g)
vapor molecules [2–5].
Apart from composition the volatility enhancement
depends also on temperature (Table 1). For the LiCl–CrCl3
system the highest enhancement occurs for the 1:1 melts at
the lowest temperature but at the highest temperature stud-
ied (�1100 K) the same values are reached for all three
LiCl compositions. This behavior is attributed to decom-
position of the vapor complex at high temperatures (i.e.,
reaction (5)). Reversely, for the CsCl–CrCl3 system the vol-
atility enhancement is rather low and the values tend to
increase with temperature indicating a higher stability of
the chromium vapor complex relative to the free CrCl3
vapor (i.e., reaction (4)). The LFSE of Cr(III) in the dis-
torted tetrahedral field of ACrCl4 and in the threefold
coordination field of CrCl3 presumably play an important
role in determining the relative stabilities of the species
involved in reactions (4) and (5).

3.5. Spectra of ‘‘octahedral’’ Cr(III) in molten alkali

chlorides

From the Raman spectroscopic and the thermodynamic
studies mentioned in the previous subsection one would
expect that the dissolution of Cr(III) in alkali chloride
melts should lead to the formation of CrCl6

3� ‘‘octahedral’’
species. Fig. 6 shows the absorption spectra of Cr(III) in
molten LiCl, CsCl and LiCl–KCl eutectic. The assignments
given in the figure are based on the similarities of the
spectra to many ‘‘octahedral’’ Cr(III) spectra studied over
the years in the solid state and in solutions (e.g., Refs.
[19–21]). Table 3 gives the assignments of the eutectic



Table 4
Assignments and calculated bands of Cr(III) in gaseous LiCrCl4

CrCl 4  (Td symmetry) ; 

Dq
dT = 528 cm-1;  B

dT = 540 cm-1;  C
dT = 3070 cm-1

Transition 

[4T1(F)] 

Measured (cm-1) Calculated(a) (cm-1) 

4 T2 (F) 4680 
2 E (G) (7500)(b) 7740 
4 A2 (F) 10,000 10,080 
4 T1 (P) 12,500 12,240 
2 T1 (G) 14,220 
2 T2 (G)

(14,000) 
14,580 

2 A1 (G) (16,500)   16,920 

a Using the Tanabe-Sugano diagrams 
b Shoulder bands are in parenthesis 

–
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spectra and compares the experimental values with those
calculated from the Tanabe–Sugano diagrams [18]. Well-
established methods for calculating from our spectra the
Racah parameters BOh

and COh
and the splitting parameter

DqOh
were used [19].

The spectra in molten LiCl are more complicated due to
the fact that the CrCl6

3� ‘‘octahedra’’ are rather distorted
by the high ionic potential of the neighboring lithium
anion. The distortions split the degenerate 4T2g (F) and
4T1g (F) terms giving components near and around the
undistorted ‘‘octahedral’’ values. For all three melts the
position of the spin forbidden 2Eg(G) band remains practi-
cally unchanged due to the insensitivity of this state to the
DqOh

splitting parameter as deduced from the Tanabe–
Sugano diagrams. Finally, it should be noted that the
molar absorptivity values of the d–d transitions are rather
low (e < 15 L mol�1 cm�1, Fig. 5) as expected from the
Laporte forbidden character of these transitions in ‘‘octa-
hedral’’ symmetry.

3.6. Spectra of tetrahedral Cr(III) in the vapor complex and

assignments

The spectra of vapors in the Li–Cr–Cl system shown in
Fig. 2 possess bands at relatively low energies in compari-
son with the so far known spectra of Cr(III) coordinated to
different inorganic ligands in solids and solutions [19–21].
Starting from the ‘‘lower’’ limit of our spectrophotometer
(5000 cm�1) and up to 20,000 cm�1 a set of at least five
bands (marked as I–V) can be recognized in the spectra.
The molar absorptivities are also higher than the values
measured for the ‘‘octahedral’’ Cr(III) in the alkali chloride
melts. These observations alone suggest that the vapor spe-
cies spectra are due to d ‹ d chromium transitions in a
rather weak ligand field. Furthermore, by taking into
account that the most probable vapor species is the
LiCrCl4 we conclude that the spectra in Fig. 2 correspond
to the’’ tetrahedral’’ chromium ‘‘CrCl4’’ in distorted field(s)
due to the presence of the neighboring Li.

The splitting parameter DqTd
of Cr(III) in an all chloride

tetrahedral field can be estimated from the DqOh
of

CrCl6
3� (Table 3) and the relation DqTd

¼ 4=9
DqO h

¼ 528 cm�1. The difference between the ground
Table 3
Assignments and calculated bands for Cr(III) in melts

CrCl6
3� (Oh symmetry)

Molten CsCl (Cr3+)
DqOh

¼ 11; 900 cm�1; BOh
¼ 580 cm�1; COh

¼ 3310 cm�1

Transition [4A2g(F)]fi Measured (cm�1) Calculateda (cm�1)

4T2g (F) 11,905 11,900
2Eg (G) 14,400 14,400
4T1g (F) 17,390 17,400
4T1g (P) – 26,700

a Using the Tanabe–Sugano diagrams.
state of the d3 configuration 4T1(F) and the first excited
state 4T2(F) is 8 DqTd

which brings the 4T2(F) energy of
Cr(III) at �4680 cm�1, i.e., outside the spectrophotometer
range. The remaining states are expected at higher energies
and presumably are the bands seen in the spectra of Fig. 2.
The octahedral ligand field parameters DqOh

, BOh
and COh

given in Table 3 in correlation with the systematics
observed for other first row transition metal ions can be
used to estimate the corresponding parameters of Cr(III)
in tetrahedral field. Thus from the extensive spectroscopic
work on Ni(II) in different all chloride coordination geom-
etries [22–24] the Racah parameters B and C have been cal-
culated for both Ni(II) octahedral and tetrahedral fields.
By scaling the BOh

and COh
values of CrCl6

3� to the Ni(II)
values the BTd

and CTd
parameters of CrCl4

� can be esti-
mated. These parameters are listed in Table 4 along with
the energy states of tetrahedral CrCl4

� which are based
on the Tanabe–Sugano diagrams [18]. A comparison with
the experimental date permits an assignment of all the vis-
ible and near IR bands (I–V) seen in the spectra of Fig. 2
and is listed in Table 4. As mentioned above the
4T1(F) ‹ 4T2(F) transition is predicted below the spectro-
photometer limit and cannot be measured. Very good
Molten LiCl–KCl eutectic (Cr3+)
DqOh

¼ 12; 500 cm�1; BOh
¼ 600 cm�1; COh

¼ 3370 cm�1

Transition [4A2g(F)]fi Measured (cm�1) Calculateda (cm�1)

4T2g (F) 12,500 12,500
2Eg (G) 14,400 14,500
4T1g (F) 18,200 18,215
4T1g (P) – 28,071
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agreement between experimental and calculated values is
found for the spin allowed ligand field transitions arising
from the 4F and 4P free ion states. These transitions depend
only on the DqTd

and BTd
parameters which confirms the

correctness of the estimation of the parameters as listed
in Table 4. Some disagreement, however, exists for the
intercombination bands (spin forbidden states) arising
from the splitting of the 2G free ion states. The energies
of the resulting 2E(G), 2T1(G), 2T2(G) and 2A1(G) terms
depend on the DqTd

and BTd
parameters and in addition

on the CTd
Racah parameter which determines the overall

position of the 2G relative to 4P and 4F free ion states. Thus
it seems that the origin of disagreement is due to inaccura-
cies in the estimation of the CTd

parameter.
Finally, the spectra of vapors over both the LiCl–CrCl3

and the CsCl–CrCl3 systems show bands near the UV
region marked as VI and VII (Fig. 2 and Table 2). These
bands may arise from either the splitting of the higher
energy 2H, 2P or 2D free ion states or are related to the elec-
tron donating/accepting properties of the ligand (charge
transfer bands, CT). In the first case the transitions are spin
forbidden and weak bands are expected; thus with molar
absorptivities higher than 100 L mol�1 cm�1 it is more
likely that these high energy transitions have a charge
transfer origin.

In the vapor molecule LiCrCl4 the Td symmetry of the tet-
rahedral is expected to be distorted by the field of the neigh-
boring Li+ cation. Depending on the position of Li along the
edge, the face or the corner of the tetrahedra (Fig. 1a–c) the
symmetry will be lowered to C3v or C2v. These lower symme-
tries should further split the degenerate tetrahedral ligand
field terms to sets of component states. At elevated tempera-
tures these components would be rather difficult to resolve in
the spectra resulting broader bands centered around the
energy of the degenerate tetrahedral term. The spectra in
Fig. 2 support this view and show that the degenerate
4T1(P) band possesses a broader maximum and a higher
half-width relative to the non-degenerate 4A1(F) band.

In conclusion the above analysis establishes for the first
time the near IR/Vis ligand field states of an all chloride
coordinated chromium (III) in nearly tetrahedral
symmetry.

3.7. The multi-structure of the 1:1 vapor species

The above data and discussion infer that the vaporiza-
tion occurs easier from the 1:1 melt and that the same stoi-
chiometry is kept in the vapor. The absorption spectra
indicate that a ‘‘tetrahedrally’’ coordinated Cr(III) is pres-
ent in the gas phase thus the most probable vapor species is
the ACrX4 monomer. Such molecules have been found to
be the predominant vapor species over a large number of
AX–MX3 molten systems [2–5]. Mass spectrometric studies
have also shown that apart from AMX4 other species like
the dimers A2M2X8 and/or the five coordinated A2MX5

species exist as minor components [2,5]. The structure of
the monomer AMX4 can be easily visualized from the three
structural models a, b, and c in Fig. 1 and the ‘‘tetrahedral’’
coordination (versus, e.g., a square planar) is supported, at
least for Cr(III), from the above analysis of the absorption
spectra. On the other hand the most probable structural
models for the dimer A2M2X8, trimer A3M3X12, etc., more
likely involve mixed ‘‘tetrahedral’’ and ‘‘octahedral’’ coor-
dinations of M(III). This is shown in Fig. 1 with examples
for the dimer (d) and a trimer (e).

In the case of Cr(III) both the ‘‘octahedra’’ and ‘‘tetra-
hedra’’ present in the dimers (Fig. 1) should contribute to
the absorption spectra of the vapors. On the other hand
since the molar absorptivity of the ‘‘octahedra’’ is lower
than that of the ‘‘tetrahedra’’ and since the dimers are more
likely the minor components, then the absorption spectra
should be dominated from the ‘‘tetrahedral’’ absorption
bands. In other words the ‘‘tetrahedral’’ spectra in Fig. 2
cannot exclude the presence of more than one ‘‘tetrahe-
dral’’ species in the vapor phase; i.e., both ACrX4 and
A2Cr2X8 or even higher polymers may be present. This
would imply that the volatility enhancements in Table 1
are underestimated.

The presence of more than one vapor species over the
ACl–CrCl3 systems is also supported from a thermodynamic
and a LFSE (Section 3.4) point of view. The Raman spectro-
scopic studies in molten CsCl–ScCl3 mixtures have shown
that near the 1:1 composition an equilibrium takes place:

2Sc2Cl9
3� ¼ 3ScCl4

� þ ScCl6
3�; DHSc ¼ 38 kJ mol�1;

ð6Þ
where the dimer structure consists of two ‘‘octahedra’’
bound by a face [16]. The vaporization of the 1:1 melt mix-
ture to form CsScCl4 would imply that ScCl4

� leaves the
melt and thus the above equilibrium should shift to the
right. On the average the equilibrium transforms three
‘‘octahedra’’ to three ‘‘tetrahedra’’ and in the absence of
LFSE the enthalpy of the above reaction is mainly associ-
ated to breaking the bridging bonds of the dimer and low-
ering the coordination. If, as discussed in Section 3.4, the
structure of molten ACl–CrCl3 (1:1) is similar to that of
the corresponding ScCl3 melts, then an analogous equilib-
rium (6) for the ACl–CrCl3 system should be influenced by
the ‘‘octahedra’’/‘‘tetrahedra’’ LFSE of Cr(III). From the
Dq values in Tables 3 and 4 the LFSE of the two different
geometries can be estimated yielding the enthalpy for the
coordination change:

CrCl6
3� ¼ CrCl4

� þ 2Cl�; DHLF ¼ 130 kJ mol�1: ð7Þ
And for corresponding equilibrium in the melt we may
write:

2Cr2Cl9
3� ¼ 3CrCl4

� þ CrCl6
3�;

DHCr ¼ DHSc þ 3DHLF ¼ 430 kJ mol�1: ð8Þ

Thus the Cr(III) evaporation from the melt to form the 1:1
monomer ACrCl4 requires that equilibrium (8) shift to the
right, a process which is inhibited by the high endothermic
enthalpy. On the other hand if the vaporization leads in
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part to a species having also the Cr(III) in ‘‘octahedral’’
coordination like in molecules d and e (Fig. 1) a counter-
balance of the LFSE would occur and this would make
vaporization energetically more favorable for these
molecules.

Thus, relative to the lanthanide chloride MCl3–ACl sys-
tem the CrCl3–ACl system is expected to have a higher per-
centage of ‘‘polymeric’’ species in the vapor phase. In this
respect high temperature mass spectrometric studies over
ACl–CrCl3 would be enlightening.
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