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The system POCI,—AICl, was investigated by measuring the Raman and NMR
spectra (?’Al, *'P) as a function of the mole fraction of AICl, in POCI,. In the
liquid state at temperatures below 200°C the observed Raman bands could be
assigned to species POCl; and POCI; - AICl; in the POCI;-rich region, and to
POCI; - AICI;, (POCIL)(AICL,), and AL, Clg in the AICI,-rich region. Raman
and NMR spectra gave no evidence of the existence of any other kind of species
in the molten binary system at ca. 160-195°C. The POCI, - AICl, adduct is
stable in the gas phase. In the solid state at room temperature, the compounds
(POCI,),(AICL) and ‘(POCI,)5(AICI,)," were identified spectroscopically as
[Al(POCl;)¢ J[AICL, 1;. The solid (POCI,) - (AICl,;) compound seems, from an
interpretation of the Raman and NMR spectra, to exist as [Al(POCI,), J[AICI, ];.

Aluminium chloride, AICl; or Al,Cl¢ (I), being a Lewis
acid, undergoes complex formation with POCI, (II). The

Al,Clg POCl5

) (nm

((POCI3); AlCI, 1"
()

system POCI;-AICl; is complicated and has been the
subject of only a few investigations. Gutmann et al.'™
measured the conductivity of POCI, solutions containing
AICl,; in various amounts and discussed several equations
describing the dissociation of this compound in the
solvent. POCI; has a very small self-dissociation,*> and
also the chloride ion-exchange reaction (1) in POCI,; is
weak

POCI, + AICl, 2 [POCl, ]+ + [AICI, ]~ (1)

* To whom correspondence should be addressed.
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(ax0.04 at 25°C).> Solutions of AICl, in POCI, solu-
tions exhibit high conductivity, perhaps due to ions
such as [AICI,(POCl;),]* (III) and [AICl,]~.* The
POCI;-AICl; phase diagram indicates two compounds,
melting at ca. 187 and 165°C, at compositions corre-
sponding to POCI;-AlICl; and (POCI,),(AICL;) or
perhaps (POCI,);(AICL,),.*7 X-Ray powder diagrams
demonstrated that POCI; - AICl; and (POCI;),(AICI,),
are the only distinct chemical compounds occurring in the
system.® Analogous compounds are formed in the binary
POCI,-GaCl, system.” The densities and liquid-vapor
equilibria of POCI,—AICl; mixtures have been studied
with emphasis on the stability in the vapor phase of the
POCI, - AICI; (IV) molecules,'® formed by reaction (2).

POCI, + AICl, — POCI, - AICI, @)

Brockner et al. investigated vapor pressures in Al,Clg-
rich mixtures and found evidence for the formation of
complexes [most notably Al,Cls, POCI,- AlICl; and
(POCIL)(AICL;), (V)] in the liquid state.'' For the

POCl5 AlCl, (AlCl3), OPCl4

(Iv) (V)



POCI, - AIC]; addition compound in the molten state,
some structural information is available: the complex can-
not consist of ions [POCI,]* and [AICl,]; instead it
might have a bent oxygen-bridged structure (IV). This
conclusion was reached by Gerding et al.'? from the
Raman spectrum of the 1:1 liquid mixture at 210°C
and the IR spectrum of the solid in KBr. However, the
POCI, - AICI, structure does not explain the high conduc-
tivity. Wartenberg and Goubeau’ arrived at the same
structure (IV), interpreting IR and Raman spectra of
several analogous addition compounds in the solid state.
A mass-spectrometric investigation on the vapor above
AICI;—POCI; melts indicated a high thermodynamic
stability of the ‘1 : 1’ compound in the gas phase,"? as also
pointed out by Suvorov.'* Heat evolution associated with
compound formation in dilute solutions of AICI; in
POCI, at room temperature was studied by calorimetry.'’
Interestingly, non-radioactive POCI, could be drawn from
a solution of 3¢Cl-substituted AICl; in non-radioactive
POCI;, proving the absence of radiochloride exchange
in the solution.'® This important observation eliminates
the formation of [POCI,]*[AICl,]~ via reaction (1).
Finally, 2?Al NMR measurements provided proof of the
existence of [AICl, ]~ and [AI(POCI;)s]** ions, (VII),
in a dilute solution.'” Also, jelly-like or crystalline samples
of composition AICI, - 6(POCI,) have been prepared.>'®

In total, many structural suggestions have been given
for compound formation in the system POCI;-AlCl;,
most of them derived by indirect methods: The solid or
molten compounds POCI, - AICl; (IV), (POCl;),(AICL,),,
(POCI,),(AICl;) and (POCI;)(AICL), (V), as well
as the entities [AICl,]-, [AICI(POCly),]* (D),
[AI(POCI,), P** (VD) and [AI(POCI,)¢]** (VII) in
solution. However, there has been no systematic struc-
tural investigation in the solid or liquid state covering
the whole composition range. Such a study is attempted
here, based on the direct methods of Raman and NMR
spectroscopy. In this way, a more detailed view of the
structures of the binary system is obtained.

3+
[AL(OPCI5),]

(V)

RAMAN AND NMR STUDY ON POCI,-AICl,
Experimental

Preparation of samples. Owing to the moisture sensitivity
of the reagents, dry-box and vacuum-line techniques were
employed. POCI; was purified as described in Ref. 18.
AICl; of the highest attainable purity'® was used. All
samples were prepared by weighing the salt (accuracy
+1mg) as well as POCIl; (accuracy + 10 mg) in the
Raman and NMR tubes. After sealing the tubes under
vacuum they were heated to 200°C. This resulted in the
formation of a homogeneous melt in the tubes. The gas/
liquid volume ratios in experimental cells were such that
less than 2% of the POCI, evaporated (in the worst case,
except for gas-phase cells). All samples were colourless.
The composition of samples is specified by mole fractions
x(AICl;), based on the molar amounts of AlCI, and
POCI,.

The Raman spectra of samples in sealed square Pyrex cells
were measured by using filtered 514.5 nm argon-ion laser
radiation and a JEOL-JRS-400D spectrometer.’’ An
accurately regulated four-window furnace was used for
heating the samples to 195°C. Signals were detected with
a cooled extended S-20 PM-tube and a photon-counting
system. The spectra were digitized every | or 2 cm ~', and
the data were stored in a personal computer for further
treatment. The excitation power was below 500 mW and
the resolution was ca. 2cm ™! in all measurements. In
the laser beam the samples tended to emit a strong
fluorescence if not prepared with the highest cleanliness.
The fluorescence could be reduced by repeated recrys-
tallization of the samples, but some fluorescence back-
ground was inevitably present. Raman spectra of solid
samples were obtained from several different sampling
spots. The polycrystalline nature of the solids precluded
polarization measurements, and the spectra were
recorded in the depolarized mode (| L) and averaged to
obtain better signal-to-noise ratios.

[(AL(OPCly)g) 3

(vin)
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High-resolution NM R measurements were carried out on
a multinuclei Bruker AM 250 spectrometer, operating at
5.875 T with the pulse Fourier-transform technique. The
following resonance frequencies apply: Al =65.17 MHz
and *'P=10126 MHz. Chemical shifts are reported
relative to external capillary references (standards) con-
sisting of aqueous [Al(H,0),]Cl; and 85 wt% H,PO,
aqueous solutions, respectively. Positive shifts indicate
signals on the low-field side of the references. Samples
were filled and sealed into NMR tubes of 10 mm diameter
also containing, as a lock, deuterodimethyl sulfoxide,
(CD;), SO0 (in a closed capillary).

NMR spectra were recorded at 27 and 160°C, the high-
temperature limit being caused by the NMR equipment.
Because not all samples were liquid at 27 or 160°C, the
linewidths of the different NMR spectra should be com-
pared only with caution (footnotes in Table 2 indicate the
state of the samples).

Because an external standard was used, line positions
will be sensitive to variations in the magnetic suscep-
tibility of the samples. We did not correct the line
positions for this effect, which would influence *’Al and
3P identicaily.

Results and discussion

High-temperature Raman spectra of liquids (195°C).
Raman spectra of the compounds POCI,>"? and
AIC1,**% are known and well understood. The molecule

Raman intensity

50 250 450 650
Wavenumber/cm ~'

Fig. 1. Polarized Raman spectra for POCI;-AICl; mixtures
with x(AICl;) < ~0.5 at 195°C. (Solid vertical lines indicate
bands not due to POCI; or Al,Clg).
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POCIl; (I) takes on C,, symmetry in the gas phase
according to electron diffraction studies?” and gas-phase
Raman spectra.”® The vibrational spectra of POCI, have
been obtained for all phases and assigned several times,
see e.g. Refs. 7, 21-23 and 29 (although Ref. 29 should
not have been published). The molecule Al,Cl, (II)
has D,, symmetry in the fluid phases; its spectra have
also been measured many times, and their interpretation
is clear.”*? Appropriate assignments are included in
Table 1.

For POC];-AICl; mixtures, however, less information
has been reported.”'? Although our Raman spectroscopic
results comprise bands at frequencies agreeing well with
the previous results, new bands were clearly detectable.
The results are summarized in Table 1.

POCI,-rich concentration range. Raman spectra of
POCI;-AICI; mixtures with molar ratio x(AICl;) < ~0.5
are shown in Fig. 1. New bands (due neither to POCI,
nor Al,Clg) can be observed with the following wave-
numbers: 116, 133, 169, 209, 245, 324, 392, 442, 525, 575
and 645 cm ! (indicated by solid vertical lines in Fig. 1).
Starting from pure POCI,, the relative intensities of these
bands increase with increasing AlICl; content and achieve
their maximum values at x(AlCl;)~0.5. At the same
time, bands due to POCI; become progressively smaller
and finally disappear. In the range of P=0 bond-stretch-
ing vibrations a new band is observed at 1209 cm ~!; the
original band at 1300 cm ~* for the pure POCI, molecular
liquid disappears totally in the spectrum of the equimolar
mixture. In general, it has been found that the P=0O
stretching frequency in POCI; adducts drops as a result
of coordination, in some cases by nearly 100 cm ~!.7-332
Apart from the weak band at 484 cm ™' [probably due
to a small excess of free POCI; in the spectrum for
x(AICl;) = 0.492], the upper spectrum in Fig. 1 seems to
show only vibrational bands due to the presence of the
presumed POCI, - AICl; complex (IV) in the melt. By
subtraction of the POCI, spectrum, scaled in such a way
that the band at 484 cm ~! just disappears from the upper

I {(POCI3)(AICI3)
195 °C
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Fig. 2. Polarized and depolarized Raman spectra of pure
POCI; - AICI; at 195°C, calculated from spectra of x =0.492
and x=0.0.
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spectrum in Fig. 1, a spectrum of the POCI;-AlCl,
complex can be artificially obtained (Fig. 2). This spec-
trum still contains a weak shoulder at 345 cm ', which
accordingly cannot be due to POCI;. It is probably due to
minute traces of the [AlCl,] ™~ ion, which has a strong
polarized band at ca. 345cm~' and which might be
formed in small quantities by virtue of reaction (3) being
slightly shifted from the left. It cannot be due to chloride

4 POCI, - AICI, 2 [AI(POCL,),1** +3 [AICI,]-  (3)

exchange, reaction (4), because of the lack of radio-
chloride exchange.'® The weakness of the 345 cm ~' band,

POCI, - AICl, 2 [POCI,]* + [AICI, ]~ (4)

if it is due to [AICl,] ~ at all, clearly disproves that the 1 :1
melt should contain major quantities of [ POCI,][AICl,],
[AICL(POCL,),]1[AIC1,], [AICI(POCI,),][AICL, ],
or [AI(POCI;)][AICI,]; (all of which are formally
‘1 :1° compounds). In addition to this, the 484 and
345 cm ~! bands might arise from small amounts of the
(POCI,)(AICL,), compound V, see below. A distinction
between these cases is not possible based on our data. By
comparing the upper spectrum in Fig. 1 with the other
spectra, it seems that the POCI, - AICl; compound 1V is
the predominant complex formed in the POCI;-rich
range, at ca. 195°C. This conclusion is supported by the
ratios of the relative intensities for the new bands which
remain the same (within experimental accuracy) for all
measured spectra. Thus it is possible by linear combina-
tion of the spectra of POCl, and POCI,-AICl; to
calculate artificial spectra of intermediate composition
which are very similar to the experimental ones (three
examples are given in Fig. 3).

i 195°C

Raman intensity

X=0.2496

1 1 1 1 1
50 250 450 650
Wavenumber/cm "

Fig. 3. Verification of linear combination of POCI; and
POCI; - AICI; spectra as a calculational method: experimental
(upper) and calculated (lower) spectra in the system
POCI;-AICI;. (A) x(AICl;) =0.442; (B) x(AICl;) =0.359;
(C) x(AICl3) =0.250.
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For the equimolar POCI;-AICl; melt, temperature-
dependent Raman spectra were obtained in the range
from 195 to 500°C, Fig. 4. Small changes with tem-
perature were observed (the band at 442 cm ™! shifted to
450 cm~' and the relative intensity of the shoulder at
130 cm ~! decreased ), but not more than to prove a high
thermal stability of the POCI;-AICl, adduct com-
pound.'*!3 It should be noted that evidence for the com-
pound ‘(POCI,),(AICl;) was not found in the POCI;-
rich melt at 195°C, even though such a compound has
been reported in the solid state.>’ Although questioned,®
confidence in the existence of a ‘(POCIl,),(AICl;) solid
compound may be increased by the existence of analogous
solids, e.g. ‘(POCl;),(GaCl,)® and ‘(POCI,),(All,).!
On the other hand, only the (POCI,);(FeCl;), and
(POCI,) - (FeCl;) compounds exist in the POCl;-FeCl,
system.*?** The Raman spectrum of solid ‘(POCl,),(AICl, )
should have a characteristic strong Raman band at
545 cm ™' at room temperature.’ In practice we found a
strong doublet band exactly at 545c¢m ' for our solid
‘3:2° compound, [Al(POCI;).]1[AICL,]; (VII), see
below. Furthermore, we have observed that the Raman
doublet band at ca. 545 cm ' disappears from the solid
sample when it melts. It thus seems that the solid ("2 : 1" or
‘3:2’) compounds are unstable in the melt at 195°C,
probably reacting according to reaction (5).

[AI(POCI;)s J[AICL s (s)
- 2 POCI, (1) + 4 (POCI,) - (AICL,) (1) (5)

AICl;-rich concentration range. In Raman spectra of
molten samples with x(AICl;) > ~0.5, new bands appear
(Fig. 5): With diminishing POCI; content, seven Raman
bands become increasingly visible on top of the decreas-
ing bands of the POCI, - AICl; complex, as indicated by
solid lines in Fig. 5 (at ca. 95, 314, 368, 438, 480, 603

I (POCI3) (AICL3)

Raman intensity

1 1
450 650
1

1 |
50 250

Wavenumber/cm ™~

1

Fig. 4. Polarized Raman spectra of a mixture with
x(AICl3;) =0.492 at 195, 245, 400 and 500°C.




Raman intensity
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I 1 n 1
50 250 450 650
Wavenumber/cm !

Fig. 5. Polarized Raman spectra for POCI;—-AICl; mixtures
with x(AICl;) > ~0.5 at 195°C. (Solid vertical lines indicate
bands not due to POCI; - AICli; or Al,Clg).

and 660 cm~'). When the composition of the liquid
approached AICl,, these bands disappeared again. Hence,
they belong neither to the ‘1 : 1’ adduct nor to Al,Clg;
instead they are interpreted as coming from the vibrations
in the (POCI;)(AICl,), complex V; a molecule with that
formula has been proposed by Brockner et al.,'' based on
vapor pressure measurements. The new bands occur
with the highest relative intensity in the sample with
x(AICl;) =0.634. This is considered an experimental
proof of the existence of the (POCI;)(AICl;), complex V
in the melt. Furthermore, by use of a computer program,
suitably scaled spectra of POCI, - AICl; and Al,Cl, were
subtracted from the spectra [obtained for the mixtures
with x(AICl,) = 0.634 and 0.787], letting the most intense
bands of both of these compounds disappear. In this way,
the Raman bands of the presumed (POCI;)(AICL;),

I {POCI3) (AICI3),
195 °C

Raman intensity

300 ' 560 : 1000 : 1200
Wavenumber/cm ~'
Fig. 6. Polarized and depolarized Raman spectra of hypo-

thetical, pure (POCI;)(AICI;), at 195°C, calculated from
spectra of x(AICl;) =0.492, 0.634, 0.787 and 1.0.

RAMAN AND NMR STUDY ON POCI;-AICI;

(POClal(AlC[alz

245°C

Raman intensity

185 °C

1 1 1 1 1 1

200 600 1000 1400
Wavenumber/cm ™"

Fig. 7. Polarized Raman spectra of hypothetical, pure

(POCI;) (AICI;), versus temperature, calculated from spectra
obtained at 195, 245 and 400°C.

complex V appeared more clearly, being otherwise partly
hidden under those of the POCI,-AICl; adduct IV
(Fig. 6). The following wavenumbers can be assigned to
the (POCI;)(AICIL,), complex V: 94, 128, 160, 211, 241,
314, 368, 396, 438, 480, 603, 660 and 1216 cm .,

The thermal stability of the compound in the melt was
investigated by measurements in the temperature range
from 195 to 400°C (Fig. 7). As in the case of the
POCI, - AICI; compound IV, only small changes could be
observed by heating. Accordingly, the (POCI;)(AICl,),
complex V in the melt must show considerable stability.

Raman spectra of vapor over POCI; - AICI; melt (400°C).
The gas phase over the 1:1 melt was examined for the
presence of the POCI; - AICl; complex IV. The procedure
was similar to that applied in our study of vapor com-
plexation in, e.g., the ZrCl,-POCI; system.** Indeed,
bands due to the ‘1:1° complex were found (Fig. 8A).
POCI; vapor was also present (compare with the spec-

Gas-phase

Raman intensity

Wavenumber/cm "

Fig. 8. Polarized and depolarized Raman gas-phase spectra
of the vapor above a melt of x(AICl;) =0.492, obtained at
400°C (A). For comparison are shown Raman spectra of
POCI; in the gas phase (saturated vapor) in a closed wide
ampoule at 200°C (B).
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trum of the pure gas, Fig. 8B) and the spectrum in
Ref. 34. Gaseous Al,Cl cannot be present, because it has
its most intense Raman bands at ca. 97, 218 and
336 cm ~!,% where no band occurs in Fig. 8A. AICl, is not
formed in appreciable amounts at 400°C, and will there-
fore not be seen.?® The most prominent complex bands
were seen at 118, 320, 392, 546 and 1235cm™'. The
similarity of the Raman spectra of POCI; - AICl; in the
melt and gas phases should be noted (cf. Figs. 2 and 8),
thus confirming on one hand the stability of the ‘1:1°
adduct in the gas phase at elevated temperatures and on
the other hand the presence of the ‘1 : 1’ adduct in the
melt. The first conclusion has recently been reached inde-
pendently in a Raman investigation on vapors over
molten POCI, - AICl, and POCI, - GaCl,; mixtures.**

Room-temperature Raman spectra of solids (22°C).
When the POCI;—AICl; molten mixtures considered
above were cooled to room temperature, polycrystalline
solids formed. For samples with x(AICl;)<ca. 0.40 an
excess of POCI; solvent was present, and sometimes a
jelly was formed. Typical Raman spectra of the solids,

25°C

X=0.492

Raman scattering

Crystal from
X =0.12

| i

\_JU e

1 1 1 n
0 200 400 600 800 1000 1200 1400
Wavenumber/cm ~'

Fig. 9. Raman spectra of solid samples from POQOCI;-rich
melts of POCI,~AICl;, and for comparison POCl;, at 22°C.
Overall composition before eventual decantation is indicated
[for x(AICI;) <0.33].
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eventually separated by decantation, are shown in Figs. 9
and 10.

For x(AICl;)<ca. 0.40 the precipitates always had
similar spectra, reminiscent of solid ‘(POCI,),(AlICl,),
(Fig. 9). There have been contradictory statements on
the composition of the solid compounds. Groeneveld
and Zuur® identified a melting-point maximum at
x(AlCl;)=0.33 in the POCI,-AICl; phase diagram.
Wartenberg and Goubeau’ isolated and analysed a white
precipitate (found: P=14.04% and Cl=72.04%;
calculated for 2:1: P=1408% and Cl=72.46%;
calculated for 3:2: P=2.79% and Cl=73.34%) and
considered it to be 2 : I'. On the other hand, Gutmann
and Baaz* and Barabanova and Voitovich® claimed the
compound to have the formula (POCI;);(AICl;),, and
the X-ray powder diagram was published.® The Raman
spectra obtained here show that the identity of the solid
depends little on the composition of the mother melt, in
agreement with the X-ray powder results.® As already
mentioned, a ‘(POCl,),(AICl,;) compound has previously
been isolated® and found to have a strong Raman band at
545cm~' at room temperature.” We conclude that
among the 2: 1" and *3:2" solids there exists only one
compound, [Al(POCl,)s][AICl,]5, see below.

25°C
1L
Al2 C16
X=0.787
o
£
£
[3
£ W
[
Q
w
c
©
€
©
o«
X=0,634

1 i 1
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Fig. 10. Raman spectra of solid samples from AICl;-rich
melts of POCI,—-AICl; at 22°C.



The compound seems to be rather insoluble in POCl,;.
Even at 125°C the Raman spectrum of the solution over
solid ‘(POCI;),(AICl;) is dominated by bands from
POCI, and POCI,; - AICl,. A single polarized band at ca.
535cm™! may be attributed to the dissolved species,
v(AlOg4) (Fig. 11). The solid ‘(POCl,),(AICl;) com-
pound itself dissociates, we think, into POCI; and
POCI, - AICl; when heated to its melting point (ca.
164°C) [reaction(5)].

For the solid ‘1:1° compound, x(AlCl;)=0.50, a
different Raman spectrum was obtained [Fig. 9 (top) or
Fig. 10 (bottom)]. Characteristic bands for that solid
are seen at 118, 168, 210, 251, 350, 452, 591, 638
and 1225 cm~'. The lack of identity among the spectra
of the POCI,-AICl; complex IV in the melt and the
‘1 : I’ compound in the solid state must mean that the
molecular structure IV of POCI; - AICl; in the molten
state is not retained in the solid phase [cf. Fig. 2 and
Fig. 9 (top)]. Instead, Raman and NMR spectra indicate
that the ‘1:1° solid compound probably consists of
[Al(POCI,),][AIC],]; (VI), formed according to reac-
tion (6).

4 POCIL, - AICL, (1) - [AI(POCL,), I[AICL, 15 (s)  (6)

Raman spectra obtained on solid samples with
x(AICl;) > 0.5 are shown in Fig. 10. The spectra can be
well interpreted by assuming the samples to consist
of physical mixtures of the ‘1:1° compound, ie.
[Al(POCl,),][AICI1,]; (VI) and AICl; (I). X-Ray
powder diagrams also could be interpreted in that range
of x(AICl;) assuming the mixtures to consist of ‘1 : 1’ and
AICI; solids.® It thus seems that the (POCI;)(AICI,),
complex V, existing with considerable stability in the
melt and in the vapor,'' decomposes upon solidification
according to reaction (7).

4 (POCL,)(AICL,), (1)
- [AI(POCI,),][AICl, ]; (s) + 4 AICI, (s) (7)

X=0.25
Liquid phase
125°C

Raman intensity

L«\__’M"""J\"

1 i | ! 1 1
700 600 1000 1400
Wavenumber/cm '

Fig. 11. Polarized and depolarized Raman spectra of the
supernatant liquid in a cell of x(AICl;) =0.25 at 125°C,
showing bands due to POCI; and POCI; - AICl; and perhaps
at ca. 535 cm ' a dissolved ‘(POCI;),(AICl;)’ complex.

RAMAN AND NMR STUDY ON POCI;-AICI,

High-temperature NMR Spectra (160°C).

3P measurements. *'P NMR spectra at 160°C are
shown in Fig. 12 as a function of x(AICl;). Chemical
shifts and linewidths of the observed bands are given in
Table 2. Linewidths of the bands cannot be used for
detailed conclusions because some samples were partly
solid, partly liquid at 160°C. Each spectrum exhibits a
single NMR resonance. No splitting is seen. The chemical
shift of the single line depends strongly on x(AICl;). This
might have been interpreted as due to the existence of
only one kind of POCI; species, but in view of the Raman
results it more probably means that exchange processes at
160°C are so fast that only an averaged NMR signal can
be observed.

From the literature, *'P chemical shifts of various
POCI,; complexes at room temperature are known:
Protonation of POCI, oxygen in acids gives rise to a low-
field shift of the *'P signal (from 2.2 ppm in pure POCI,
to 6.9 ppm in liquid HCI and 33.1 ppm in oleum).’**’
Chemical shifts of up to 8.3 ppm have been reported for
3'P upon coordination of POCI, to Na*.'® For the solid
complexes of POCI; with, e.g., SbCls, SnCl, and BCl,
(oxygen coordination), higher values, up to ~60 ppm,
were found.*® Similar trends have been found for other
R,PO - AICl, adducts, R being, e.g., phenyl.*>**

Thus, in view of the results reported in the literature, it
seems reasonable to assign the observed chemical shift
of 31.3 ppm at equimolar composition to *'P in the
POCI, - AICl, complex. For lower AICl; concentrations,
the observed signal at ca. 20-30 ppm probably results
from an average of *'P in POCIl; and POCI;-AICl,
species, whereas for higher AICl, contents, *'P in the com-
pounds (POCI;)(AICl;) and (POCI;)(AICL;), produces
via fast exchange processes, a single (i.c. averaged)
signal near 40 ppm. Thus, the increasing low-field shift
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Fig. 12. 3P NMR spectra versus composition in the
POCI;-AICI, system at 160°C, exhibiting a single NMR
resonance at a chemical shift depending strongly on
x(AICI3).
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is explainable by an increasing Lewis acidity (AICI,
content) in connection with the changing concentration
of individual species.

“?Al measurements. The results of high-temperature
Al NMR experiments are shown in Fig. 13 and in
Table 2. Only one rather sharp peak at about 92.5 ppm
was observed in the range x(AICl;) < 0.4. This chemical
shift is due to *’Al in the POCI, - AICl, adduct, which
according to the Raman results seems to be the only
species existing in the melt (or at least the dominating
aluminium compound) in this concentration range. The
sharpness of the line and the magnitude of the shift (about
92.5 ppm) indicate that aluminium is tetrahedrally coor-
dinated in POCI,; - AICl;. The reasons for this are the
following: The quadrupolar *’Al nucleus generally gives
broad lines; however, in cubic environments (octahedral
or tetrahedral) the electric field gradient is zero, and sharp
lines are therefore observed.’” Furthermore, dissolved
R,0 -AICl; adducts, in different R,O solvents such
as (CH;),0 and (C,Hj),0, show rather sharp bands
with chemical shifts between 87 and 104 ppm, at room
temperature.’* Finally, narrow Al signals have
been observed at 88-90 ppm for (R);PO-AICl; with
R=C.Hs, C¢H;O and (CH;), N, in ca. 0.02 M solutions
in CH,Cl,.* These compounds, with known crystal
structures, have tetrahedrally coordinated aluminium,
and the sharpness of the signal has been correlated with
the occurrence of linear Al-O-P bonding and an
approximate C, symmetry.>*>*

In the range x(AICl;) > 0.5 a significant shift of the 2’Al
signal to 99 ppm can be seen. The shifted signal probably
arises from an averaged superposition of signals from
POCI; - AICl;, AICI; and (POCIL,)(AICL,), species,
unresolved owing to ‘fast’ exchange processes (for exam-

NMR signal (different scales)
( l

1 \ L 1
120 100 8C 60 0 20 0 -20 -« -

5(ppm)

Fig. 13. 7 AINMR spectra in the POCI;-AICI; system at
160°C, as a function of x(AICI;).
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ple a & difference of ~20 ppm corresponds to ~ 1300 Hz;
therefore collapse occurs when exchange is fast compared
to 1 /1300 s). The assignment of a very broad and weak
band at ~20 ppm is not clear, but it might indicate that
another kind of Al species with low symmetry exists in
this range. The spectrum of AICl, is discussed below.

No observation from the high-temperature *'P and
Al NMR spectra (of melts or partly solid samples)
seems to contradict the existence of the two adducts,
POCI, - AICl; and (POCIL;)(AICL,),, derived from the
Raman spectra of the melts.

Room-temperature NMR spectra (27°C).

P measurements. Results of room temperature
3P NMR measurements are shown in Fig. 14 and sum-
marized in Table 2. Generally, the room temperature
spectra have more bands than (and are very different
from) the spectra recorded at high temperature (cf.
Figs. 12 and 14, and the corresponding columns in
Table 2). This is probably due to structural changes,
in combination with less averaging by slower exchange
processes at room temperature. With increasing
AICl; content, the relative intensity of the peak at
~4 ppm decreases, disappearing completely at around
x(AICl,) = 0.4. Considering the *'P shift of pure POCI,
(8 =2.2 ppm), the peak probably arises from *'P in ‘free’
POCI; molecules. According to this interpretation,
a vanishing quantity of ‘free’ POCI, exists at
x(AICl;)= ~0.4. The broad peak of medium intensity
at about 16ppm observed for samples with
0.3 < x(AICl;) < 0.5 (Fig. 14) most probably is due to *'P
in the ‘(POCI,),(AICl,) or ‘(POCI,;);(AICl,),’ solid com-
pound. In our opinion it is [Al(POCl;)s][AICl,];. For
x(AICl;) < 0.3 the spectra correspond to dilute solutions
in which the concentration of the compounds named
above is too low to let *P NMR bands of them be
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Fig. 14. 3P NMR spectra in the POCI;-AICI; system at
room temperature (27°C), as a function of x(AICl;).



RAMAN AND NMR STUDY ON POCI;-AICl,

Table 2. Results of NMR measurements on POCI;-AICl; mixtures at 27 and 160°C. Samples were solid unless indicated
otherwise in a footnote. (& =chemical shift in ppm, LW = linewidth in Hz).

Composition Resonance signals
x(AICl3) 3p 27A1
27°C 160°C 27°C 160°C
8 LW é LW ) Lw é Lw
0, pure POCl, 2240
0.07/ —9.56%% ~500%°
93.5%% ~300°°
103.0%° 7042
0.08¢ —-21.2¢2 552
102.5° 10°
012 3.7¢ 959 7.7°° 145°¢
297 500 102.7¢ 207 93.47 335°
0.20 3.5¢ 119 —-219 broad?
297 480 12.0° 120° 102.59 407 92.7° 535°
0.327 45 140 -21.4 80
16 ~1000 102.4 40 92.7¢ 7907
29 145 19.87 1459
33 ~80
0.399 16 ~2000 —-248 340
323 570 29 167 102.8 415
~52
0.422 16.5 ~1400 313 260 ~—35 ~600
328 550 —-249 317
53 broad 102.7 396 91.1 320
0.492 16 broad ~—35 broad
325 620 31.3 360 —-249 335
52 broad 102.5 396 92.6 220
0.787 ~4 ~ =30 ~3500
~38 40.6 190 ~0 ~20 ~3200
48 ~3000 ~60 >2500 99.2 1030
1, pure AICl, ~—-11 3000 ~10 ~3000
~60 2100 ~60 ~2000
~102 ~1500
1, pure AICI, —22f

2 Liquid sample. #35°C. ©137°C. “ Partly solid sample. ¢ [Al(OH,)¢]Cl; solution standard. “Ref. 18. ¢ Ref. 17. ” Ref. 36.

"Ref. 43.

observed in the spectra. If the solid compound contains
the [Al(POCl;)¢]** ion VII, a comparison can be made
with [Na(POCl,),]*, which has a *'P chemical shift of
<8.3 ppm.'® The larger shift for the Al complex (16 ppm)
in comparison with the Na complex is explainable
by the higher charge density of Al**, meaning a larger
influence on the POCI; molecule. The signal strength
at 32 ppm increases with the AICIl; concentration and
achieves a maximum relative intensity at around
x(AICl;) = 0.5. Therefore, it seems reasonable that this
peak belongs to *'P in the solid ‘1: 1’ compound, i.e.
[Al(POCl,),]1[AICl,];. The even larger chemical shift
of the signal of [AI(POCL),]*" (VI), than of
[AI(POCI,;)¢]** (VI) is in accord with Al** being able
to exert a stronger influence on four than on six POCl,
ligands. In addition to the [AI(POCl;),]** peak at
32 ppm, two others can be observed for samples of
x(AICl;) > 0.5: (i) The peak of low intensity at ~16 ppm,
assigned to [AI(POCI;)][AICl,];, and (ii) an un-

explained one at 52 ppm, which dominates the spectrum
of the x(AICl;)=0.787 sample. In contrast to this,
the room-temperature Raman spectra of the solids show
only a mixture of [Al(POCI;),][AICl,]; and AICl,
(Fig. 10). )

Al measurements. In all AINMR spectra at
room temperature up to x(AlCl;)=0.5 (Fig. 15 and
Table 2), the sharp peak at 102 ppm is dominant.
In the literature it has been found that tetrahedral
[AICl,] ™ gives a single very narrow line with a chemical
shift of about 102-103 ppm, being rather independent
of temperature and with different linewidths in the solid
and liquid states (obtained in various solutions,'” in
NaAICl,~POCI, samples'® and in salts or melts of
MAICI, with M = Li, Na or K).**"* On the other hand,
dissolved R,PO -AICl, adducts with R=Me,O and
Et,0, and, e.g., the solid C,H3O - AICl; adduct, show
YAl chemical shifts between 87 and 104 ppm.*®*
By observing (in Fig. 15) the 102 ppm *’Al NMR
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27A\
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NMR signal (different scales)
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Fig. 15. 2’ AINMR spectra in the POCI,-AICIl, system at
room temperature (27°C), as a function of x(AICl;).

signal for the solid compounds ‘(POCI,),(AICL,),
(POCI;),(AICI,)," and *(POCI;)(AICL,) in the POCI,-
rich part of the AICI;-POCI; system at room tem-
perature, the question naturally arises: Are these com-
pounds simply salts of [AICl,]~, formed according to
eqns. (8) and (9)?

6 POCI, + 4 AICI,

- [AI(POCL,),1** +3 [AICL, ]~ (8)
4 POCI, + 4 AICI,
- [AI(POCL,),1** + 3 [AICL, ]~ 9)

The answer seems to be yes. The ’Al NMR peaks at
about —23 and 102 ppm from solutions of aluminium
chloride in phosphoryl chloride have previously been
assigned by Kidd and Truax'” to [AI(POCI,;)¢]** (VII)
and [AICIl, ], respectively, formed by eqn. (8). A minor
problem with the assignment of the —23 ppm band to
[AI(POCl,),]** is that the band should have its
maximum intensity for x(AlCl,) = 0.4. On the other hand,
the small magnitude of the chemical shift, being near
[Al(OH,)¢]** (the zero-point of the 8-scale), indicates
hexacoordination. Within this interpretation, no signal
due to the [AI(POCI;),]*" ion (VI)is observed, expected
on the low-field side of the signal at —23 ppm. Another
interpretation would be that the — 23 ppm signal is due to
the [Al(POCI,),]** signal, but this seems unlikely from
the magnitude of the chemical shift.

According to eqns. (8) and (9), the ratio of the
[Al(POCI;),1** and [AICl, ]~ signals (n=4 or 6)
should be equal to the molar ratio 1 : 3. In our Al NMR
spectra, the ratio of the intensities of the peaks at
about —23 and 102 ppm is rather close to one third,
although on the lower side of that number, especially
for small x(AICl;). This deviation in the ratio can be
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explained by the formation of small quantities of
[AICI(POCI,),][AICL, ], or [AICI,(POCL,),][AICI,]
(also representing the composition 1:1). These com-
ponents give extra strength to the sharp 102 ppm signal
because of the tetrahedral symmetry of the [AICl,] ~ ion,
but do not contribute to the —23 ppm signal, because
the low symmetry of the [AICI(POCI;),]** or
[AICI,(POCI;),] * ions may cause extreme quadrupolar
broadening of the *’Al NMR signal. For the composition
2:1 or 3:2 similar considerations apply (formation
of certain amounts of [AICI(POCI;)s][AICl,], or
[AICL,(POCI,),][AIC1,], representing POCI,-richer
compositions), and also five-coordinated Al cations may
occur.

For x(AICl;) = 0.787, the peak at 102 ppm disappears,
and the spectrum becomes noisy and somewhat similar to
the spectrum of solid AICl,: Broad bands appear at
~60, ~0 (intense) and ~ —30 ppm. For the strongest
band in AICl;, at ~ —11 ppm, the assignment must be
due to the AICI unit in the crystal. This is in accordance
with an independent observation of a *’Al signal at
~ —2 ppm in solid AICl, at room temperature, obtained
by using static as well as magic angle spinning.** The
~60 ppm signal probably comes from less than
octahedrally coordinated Al. The origin of the weak peak
at —30ppm is not clear, the signal being visible only at
high AICI; contents (x(AICl;) > 0.442) but not in crys-
talline AICl;. At high temperatures (160°C), the former
two signals in AICl; can also be seen (at ~10 and
~60 ppm, Fig. 13 and Table 2), and there is a prominent
strong signal at ~ 102 ppm.

It is difficult to assign the ?Al NMR signals of solid
pure AICl;, which exhibits two peaks at 27°C and three
peaks at 160°C. The crystal structure of AICl; shows
layers of octahedrally coordinated Al in a close packed Cl
lattice.*> A considerable disorder must be postulated in
order to allow for an interpretation of the NMR data.
Most probably the very intense peak at 102 ppm indicates
the presence of [AICl,] ~ fragments in solid AICl, at high
temperatures. Further, it seems reasonable to assign the
peak in the neighborhood of 0 ppm (~ —11 ppm at 27°C
and ~ 10 ppm at 160°C) to octahedral AICl units in the
crystal lattice. We have no explanation for the signal at
~ 60 ppm.

Assignments of Raman spectra and structure of com-
pounds. The molecules POCI, and Al, Cl¢ have well inter-
preted vibrational spectra®?%* which formed the basis
for assignments given in Table 1. Previous spectroscopic
results on the POCI;-AICl, mixtures were included,”!*!8
also incorporating assignments of Raman and IR bands
of boron- and bromine-substituted compounds,’ as well
as results from POCI, - GaCl,."?

The molecule POCI;- AICl; in the melt and gas
phase. Coordination takes place between the electron-
deficient aluminium atom of AICI; and the electron-rich
oxygen of POCIl,. Depending on the geometry of the
Al-O-P bridge formed, three symmetry point groups are



possible: C,, (linear), C,; and C, (angled). The first case
needs serious consideration because linear AI-O-P bonds
have recently been found in crystal structures of
compounds such as (R);PO - AICl;, R=C¢H;, CqdH;O
and (CH,),N.* Table 3 gives an overview of expected
normal vibrations in each symmetry case. Herzberg® has
analysed the vibrations in the related dimethyl ether
molecule of C,, symmetry, and also more closely related
molecules such as H;SiOCH; and the germanium and
deuterium analogs have been studied.*’~*° By comparing
the expectations for POCI; - AICi; with the experimen-
tally observed Raman bands (ca. six polarized and ca.
seven depolarized), it most probably seems that the ‘1 : 1’
compound in the melt has a near-C,, (linear) symmetry
Iv).

The vibrational motions may be roughly divided into
motions belonging to ‘PCly’, ‘AlCl;y and the P-O-Al
bridge, as shown in Table 1. These assignments should be
understood as nothing more than qualified guesses.

Raman bands were seen at 830 and 701 cm~' by
Gerding et al.,'* who assigned them to asymmetric and
symmetric P-O—Al bridge stretchings, based on compar-
ison to other R—O-R’ systems, such as Cl, OP-O-POCI,
(806 dp and 713 p) and ClO,S-O-SO,Cl (773 dp and
716 p, in cm ~!'). We were not able to see bands at 830 and
701 cm ™',

The molecule (POCI;)(AICl;), in melt. In this mole-
cule of C or C, symmetry (V), oxygen is the central atom.
A related molecular arrangement has been seen before in
ions such as [Al;Cl4O]~ and [Al,Cl,,0,]*>~.*° No
rigorous assignment will be attempted for the 13 frequen-
cies of the (POCI;)(AICI;), molecule in Table 1. It is
clear, however, that the general pattern of bands is
compatible with the existence of oxygen-bound PCl, and
AICI; units in the complex. As is often seen, the number
of bands is much lower than expected from theory (cf.
Table 3). More bands might be observed under better
experimental conditions.

The lack of existence of the solid (POCI;)(AICI,),
should be noted. In comparison, e.g. crystals of compo-
sition (SOCI,)(AICl,), have been prepared in the
SOCI1,-AICl, system.”"™>*

Table 3. Symmetry types of normal vibrations of POCI;,
POCI; - AICI; and (POCI;)(AICI;), compounds depending
on the geometry.

Compound Point group symmetry
C3v Cs C‘1
POCI, 3A,°
3E°
POCI;-AlCI, 6A4,° 13A"° 21 A?
AZC 8Aub
7 E*
(POCI;) (AICI3) , 184" 33 A°
156 A”0

2 Polarized Raman active. ° Depolarized Raman active. ¢ Not
Raman active.

RAMAN AND NMR STUDY ON POCI;-AICI,

The compound ‘3 : 2 (i.e. [Al(POCI;)s][ AICI,] ;) in the
solid. The ‘(POCI;);(AlCl;),” compound has a distinct
X-ray powder diagram.* The Raman and NMR spectra of
solids in the range x(AICl;) < ca. 0.4 can be fully inter-
preted by the formation of the ‘(POCI;),(AICl;),” and
‘(POCl,),(AICI;) compounds. We think that the solid
consists of [AlI(POCI;)¢][AICI,];, formed according to
reaction (8).

The octahedral ion [Al(OH,)¢]>* has its AI-O Raman
bands as v,(4,,) = 526 cm ~' strong, polarized, v,(E,) =
450cm~"' weak, depolarized, vs(F,)=336cm™" very
weak, depolarized.*** Analogously, the [Al(POCI;)¢]>*
ion, see VII, should have its strong polarized stretching
band near 530 cm~'. Such a band is indeed found at
~545cm ™", In this connection it may be noted that the
IR and Raman spectra of the tetrahydrofuran complex
(C,H30O),(AICl;) seem to correspond to the ionic
arrangement ([AICL,(OC,Hy),17%, [AIC],] ™), whereas
the (C,HzO)(AICl;) complex should be a ‘1:1
molecule.** The 2 : 1’ compound, but not the ‘1 : 1’ one,
showed the characteristic Raman band of the [AICl, ]~
anion. The [AICI,(OC,Hg),]* ion is in the trans
configuration (D,, symmetry), and the v(4,,) modes
for AICl, and AlO, stretchings were observed at ca.
280 and 230 cm ™!, respectively.** Our 2 : 1’ compound
did not have bands here, instead we have the ca. 345
and 545cm~! bands assigned to the [AICl,]~ and
[AI(POCI,)¢]*" ions.

Other possibilities for the structure of the
‘(POCI;),(AICL,) complex might of course be postu-
lated: A second POCIl; molecule might be attached
to the phosphorus atom rather than to the alumi-
nium: [Cl,OP-O-PCl,]*[AICl,]~. Alternative struc-
tures involving five-coordinate aluminium or, e.g.
[POCI,),AICl, ]Cl, see II1, seem less probable.

The 1 : 1 compound (ie. [Al(POCI,) J[AICL,];) in the
solid. In the solid state this compound has a distinct X-ray
powder diagram* and a distinct Raman spectrum. The
most pronounced difference between the ‘1:1° and the
[AI(POCI;)][AICl,]; Raman spectra is perhaps the lack
of the 545cm ™' band (Fig. 9), in accordance with the
interpretation of the structure: the solid ‘(POCI;) - (AICI, )
compound contains [AI(POCI;),]** entities (VI).
However, the idea that [AICL,(POCI,),][AICI,] (III)
may be formed, as suggested by Gutmann and Baaz,*
cannot be rejected.

Again, it may be of interest to note that in the related
SOCI1,-AICl; system, AICl; dissolves completely,
forming probably Cl,SO-AICl, adducts and, at higher
AICI; concentrations, ionic species [ Cl,Al(OSCl,),]* and
[AIC1,], causing increased electrical conductivity.*®*’
Raman bands were assigned to the [Cl,Al(OSCl,),]*
and [AICl,] ions in solution.®

The ‘6 : I’ compound (ie. [Al(POCI;)s]Cl;) in the
solid. Such a compound has been claimed® to exist as a
glassy mass, melting at ca. 42°C. We confirm the existence
of such a glassy material at high POCI; contents. The
material indeed crystallizes badly (liquid crystals?), and

355



BIRKENEDER £T AL.

probably involves octahedrally coordinated aluminium,
see VIL

General comment. In closing, it should be noted that
vibrational spectra of the POCI,-containing compounds
NbCls-OPCl; and (NbOCI,-OPCl;), have been
obtained. The crystal structures are known,*"*® showing
POCI; groups bound to Nb through O bridges. Even
though the structures are known, the spectra could
not be assigned in detail by empirical methods.’"*
NbCls-POCl; has P=O and P-Cl bond-stretching
frequencies at 1190 and 610 cm ~', respectively, in its IR
spectrum,” and normal-coordinate analyses have been
attempted.®

Conclusions

Raman experiments and the consistent results of
NMR measurements at 160°C prove the existence,
within the POCI;-AICl; system, of molecules such as
POCI,;, POCI;-AICl,;, (POCL)(AICL;), and Al,Clg
in the melt phase, depending on the composition of
the binary system. Similarly, [Al(POCI,)][AICl,];.
[AI(POCI,),][AICl,]; and probably [Al(POCI,)¢]Cl,
seem to exist in the solid state, and eventually also
[AICL,(POCI,), ][AICL,].

Room-temperature NMR spectra are quite different
from high-temperature NMR spectra, and give evidence
of the existence of [AICL,]- and [Al(POCI;), 1%+
(n=4,6) species.

Acknowledgments. Professor Bernard Gilbert (University
of Liege, Belgium) is thanked for providing the plotting
program system. We are indebted to Kirsten Dayan
(University of Copenhagen) for recording the NMR
spectra and to Professor Kjeld Schaumburg (University
of Copenhagen) for advice on interpretation of NMR
spectra. F. B. received financial support from the Danish
Technical Research Council, and the Danish Natural
Science Research Council provided the argon laser
(J. Nr. 11-7224),

References

1. Gutmann, V. Z. Anorg. Allg. Chem. 269 (1952) 279.
2. Gutmann, V. and Himml, R. Z. Phys. Chem., N.F. 4 (1955)
157.
3. Gutmann, V. and Baaz, M. Z. Anorg. Allg. Chem. 298 (1959)
121.
4. Gutmann, V. and Baaz, M. Monatsh. Chem. 90 (1959) 729.
5. Groeneveld, W. L. and Zuur, A. P. Recl. Trav. Chim. Pays-
Bas 76 (1957) 1005; J. Inorg. Nucl. Chem. 8 (1958) 241.
6. Barabanova, A. S. and Voitovich, B. A. Russ. J. Inorg. Chem.
12 (1964) 1455.
7. Wartenberg, E. W. and Goubeau, J. Z. Anorg. Allg. Chem.
329 (1964) 269.
8. Voitovich, B. A., Barabanova, A. S. and Novitskaya, G. N.
Ukr. Khim. Zh. 33 (1967) 367.
9. Greenwood, N. N. and Wade, K. J. Chem. Soc. (1957) 1516.
10. Nisel’'son, L. A. Sokolova, T. D, Lyzlov, Yu. N. and
Solov’ev, S. L. Russ. J. Inorg. Chem. 21 (1976) 2860.
11. Brockner, W., Grande, K. and Qye, H. A. Ber. Bunsenges.

356

12.
13.

14.
1S.

16.
17.

20.
21.
22,

23.
24.

26.
27.

28.
. Gupta, S. R. and Warrier, A. V. R. Spectrochim. Acta, Part

30.
31.

32
33.

34.
35.
36.
37.
38.

39.

41.
42.

43.

46.

Phys. Chem. 91 (1987) 561. See also Grande, K., Thermo-
dynamics and Mathematical Modelling of Chloroaluminate
Melts, Ph.D. Thesis, Technical University, Trondheim,
Norway 1987.

Gerding, H., Koningstein, J. A. and Van der Worm, E. R.
Spectrochim. Acta 16 (1960) 881.

Shubaev, V. L., Suvorov, A. V. and Semenov, G. A. Russ.
J. Inorg. Chem. 15 (1970) 479.

Suvorov, A. V. Koord. Khim. 3 (1977) 1469.

Nadelyaeva, I. L., Kondrat’ev, Yu. V. and Suvorov, A. V.
J. Gen. Chem. USSR 46 (1976) 1435.

Lewis, J. and Sowerby, D. B. J. Chem. Soc. (1963) 1305.
Kidd, R. G. and Truax, D. R. J. Chem. Soc., Chem. Commun.
(1969) 160.

. Birkeneder, F., Berg, R. W., Hjuler, H. A. and Bjerrum,

N.J. Z. Anorg. Allg. Chem. 573 (1989) 170.

. Berg, R. W,, Hjuler, H. A. and Bjerrum, N. J. Inorg. Chem.

23 (1984) 557.

Berg, R. W., von Winbush, S. and Bjerrum, N. J. Inorg.
Chem. 19 (1980) 2688.

Olie, K. and Stufkens, D. J. Spectrochim. Acta, Part A 32
(1976) 469.

Shamir, J., Luski, S., Bino, A., Cohen, S. and Gibson, D.
Inorg. Chim. Acta 104 (1985) 91.

Nyquist, R. A. Appl. Spectrosc. 41 (1987) 272.

Pong, R. G. S,, Shirk, A. M. and Shirk, J. S. Ber. Bunsenges.
Phys. Chem. 82 (1978) 79.

. Gilbert, B. P., Berg, R. W. and Bjerrum. N. J. Appl.

Spectrosc. 43 (1989) 336.

Tomita, T., Sjegren, C. E., Kizboe, P., Papatheodorou,
G. N. and Rytter, E. J. Raman Spectrosc. 14 (1983) 415.
Moritani, T., Kuchitsu, K. and Morino, Y. Inorg. Chem. 10
(1971) 344.

Clark, R. J. H. and Rippon, D. M. Mol. Phys. 28 (1974) 305.

A 39 (1983) 529.

Cotton, F. A, Barnes, R. D. and Bannister, E. J. Chem. Soc.
(1960) 2199.

Miinninghoff, G., Hellner, E., El Essawi, M. and Dehnicke,
K. Z. Kristallogr. 147 (1978) 231.

Burford, N. Coord. Chem. Rev. 112 (1992) 1.

Dapape, V. V. and Rao; M. R. A. J. Am. Chem. Soc. 77
(1955) 6192.

Boghosian, S., Papatheodorou, G. N., Berg, R. W. and
Bjerrum, N. J. Polyhedron 5 (1986) 1393.

Boghosian, S. and Karydis, D. A. Personal communication
1992.

Dillon, K. B, Waddington, T. C. and Younger, D. J. Inorg.
Nucl. Chem. 43 (1981) 2665.

Dillon, K. B,, Nisbet, M. P. and Waddington, T. C. J. Chem.
Soc., Dalton Trans. (1978) 1455.

Dillon, K. B. and Waddington, T. C. J. Inorg. Nucl. Chem. 34
(1972) 1825.

Burford, N., Royan, B. W.,, Spence, R. E.v. H,, Stanley
Cameron, T., Linden, A. and Rogers, R. D. J. Chem. Soc.,
Dalton Trans. (1990) 1521.

. Delpuech, J. J. In: Laszlo, P., Ed. NMR of Newly Acces-

sible Nuclei, Academic Press, New York 1983, Vol. 2,
pp. 153-195.

Taulelle, F. and Popov, A. L. J. Solution Chem. 15 (1986) 463.
Krebs, B., Greiwing, H., Brendel, C., Taulelle, F., Gaune-
Escard, M. and Berg, R. W. Inorg. Chem. 30 (1991) 981.
Reich, P., Miiller, D., Feist, M. and Blumenthal, G.
Z. Naturforsch., Teil B 45 (1990) 344.

. Derouault, J. and Forel M. T. Inorg. Chem. 16 (1977) 3207.
45.

Ketelaar, J. A. A., MacGillavry, C. H. and Renes, P. A. Recl.
Trav. Chim. Pays-Bas 66 (1966) 501.

Herzberg, G. Molecular Spectra and Molecular Structure. I1.
Infrared and Raman Spectra of Polyatomic Molecules,
Van Nostrand, Princeton, NJ 1945, p. 353.



47.
48.
49.
50.

S1.
52.

53.

54.

Sternbach, B. and MacDiarmid, A. G. J. Am. Chem. Soc. 83
(1961) 3384.

Weiss, G. S. and Nixon, E. R. Spectrochim. Acta 21 (1965)
903.

Gibson, G. A., Wang, J. T. and van Dyke, C. H. Inorg. Chem.
6 (1967) 1986.

Thewalt, U. and Stolimaier, F. Angew. Chem. Suppl. (1982)
209.

Hecht, H. Z. Anorg. Allg. Chem. 254 (1947) 37.

Long, D. A. and Bailey, R. T. Trans. Faraday Soc. 59 (1963)
594,

Gavrilyuk, T. E., Kedrinskaya, T. V. and Kedrinskii, I. A.
J. Appl. Chem. USSR 63 (1990) 1889. [ Zh. Prikl. Khim. 63
(1990) 2047].

Siebert, H. Anwendungen der Schwingungsspektroskopie in
der Anorganischen Chemie, Springer Verlag, Berlin 1966.

56.

57.

58.

59.
60.

RAMAN AND NMR STUDY ON POCI,-AICl,

. Brooker, M. H. In: Dogodnadze, R. R., Ed. The Chemical

Physics of Solvation, Elsevier, Amsterdam 1986, Vol. 38 B,
p. 119.

Mosier-Boss, P. A., Boss, R. D., Gabriel, C. J., Szpak, S.,
Smith, J. J. and Nowak, R. J. J. Chem. Soc., Faraday Trans.
1,85 (1989) 11.

Mosier-Boss, P. A., Szpak, S., Smith, J. J. and Nowak, R. J.
J. Electrochem. Soc. 136 (1989) 1282.

Brinden, C.-I. and Lindqvist, I. Acta Chem. Scand. 17 (1963)
353.

Roy, A. R. and Thompson, A. J. Less-Common Met. 61
(1978) 1.

Brockner, W., Cyvin, B. N. and Cyvin, S. J. Z. Naturforsch.,
Teil A 33 (1978) 709.

Received July 29, 1992.

357



