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ABSTRACT

The infrared spectra of gaseous and solid dimethylchlorophosphine have been recorded
from 4000 to 33 cm '. The Raman spectra of the gas, liquid and solid have also been
recorded and depolarization values have b2en measured for the liquid. Assignment of
the fundamentals based on their gas phase contours, depolarization values and frequency
is given and discussed. For the crystalline solid there were marked changes in both the
infrared and Raman spectra below 1000 cm™' and virtually all of the intramolecular
fundamentals in this low-frequency region were doubled. The largest splitting was found
for the P—Cl stretch which was found at 462 cm™ in the liquid state but at 420 and 542
cm™! in the solid state. Such a large difference in frequency cannot be ascribed to factor
group splitting in the solid but it is attributed to a non-centrosymmetric dimer since
mutual exclusion was not observed.

INTRODUCTION

We have been interested [1] in the substituent effects on the barriers to
internal rotation of methyl rotors attached to atoms of the IVA and VA
series. In these studies it has been found that the chlorine atom has the most
pronounced effect on the barriers of the group IVA molecules and for the
ethane series the effect was nearly additive with the addition of each succes-
sive chlorine atom. In a previous study [2] of methyldichlorophosphine, the
torsional mode was assigned at 226 cm™ ' and a barrier to internal rotation of
3.37 kcal mol™! was calculated. This value was considerably higher than the
value of 1.9 kcal mol™! found [3] for methylphosphine which was taken to
indicate that chlorine has a significant effect on the barriers of organophos-
phorus molecules. In order to examine further this concept, the vibrational
spectrum of dimethylchlorophosphine was recorded. To our surprise the
infrared and Raman spectra of the solid were drastically changed from those

*For Part X, see J. Phys. Chem., 75 (1971) 1956.
**Taken in part from the thesis of J. E. Saunders which was submitted to the Department
of Chemistry in partial fulfillment of the Ph.D. degree, August, 1972.

tPresent address: Sylvania Lighting Center, Danvers, Massachusetts, U.S.A.
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found for the fluid state and the interpretation of these observations are
presented. There has been one cursory vibrational study [4] of chloro-
methylphosphines and chlorophenylphosphines in which some general
assignments were presented. However, there has not been any extensive
investigation of the vibrational spectrum of dimethylchlorophosphine.

EXPERIMENTAL

The infrared spectra in the 4000—200 cm™! region were recorded on a
Perkin—Elmer 621 spectrophotometer with extended source which was
purged with dry air and calibrated with the frequencies of atmospheric water
vapor [5] and standard gases [{6]. For gas phase studies, the compound was
condensed into a 25 cm glass cell equipped with CsI windows. For studies of
the solid phase a vacuum cold cell similar to that described previously [7]
with Csl outer windows and either a Csl or silicon substrate was used. The
far infrared spectra (500—33 cm™') were studied with a Beckman IR-11
spectrophotometer which was flushed with dry nitrogen and calibrated with
water vapor. Studies in the solid state were carried out with cells similar to
that for the mid-infrared region except that the outer windows were high
density polyethylene. Temperatures at the silicon substrate were measured
with a copper—constantan thermocouple referenced to 0°C.

All Raman data were obtained with a Cary 82 Raman spectrophotometer
[8] equipped with a Coherent Radiation Model 53A argon ion laser operated
at 5145 A. For liquid and solid studies, the power was typically 2 watts (CW)
while, for gas phase studies, maximum power of ~4 watts (CW) was used.
The instrument was calibrated with neon emission lines and frequently
checked against the gas spectrum of air, especially the 60 cm™ line. The solid
phase studies were carried out with a cell similar to the one described by
Miller and Harney [9]. The sealed capillary which was also used for the
liquid phase studies, was inserted into a vacuum-jacketed tube and was cooled
with dry, cold nitrogen. The nitrogen flow and, therefore, the temperature
was controlled by the adjustment of the current through a nichrome resistor
immersed in a liquid nitrogen Dewar. In all low-temperature Raman studies,
the temperature was monitored with an iron—constantan thermocouple
referenced to 0°C. The gas phase studies were carried out with the Cary
multipass, gas-cell accessory. Samples were condensed via a vacuum system
into multipass quartz cells approximately 2 inches in length which were
equipped with paralleled Brewster-angle quartz windows. The laser beam
typically makes a minimum of ten passes through the cell with critical
adjustment sometimes permitting a considerably larger number. When too
high a vapor pressure is present in the cell, an ‘“‘aerosol effect’’ occurs which
appears to condense the sample in a visible dispersion. The cell must then
be pumped out and a lower pressure of sample introduced.

Dimethylchlorophosphine was prepared by the reaction of [(CH;).PS}],
with phenyldichlorophosphine under a nitrogen atmosphere. After being
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heated to ~200°C, the yellow solution was distilled at reduced pressure. A
small amount of yellow amorphous solid, not previously reported, was
observed to distil with the clear liquid. Further purification by trap-to-trap
distillation yielded a clear, colorless liquid whose boiling point, 76°C, and
melting point, —1°C, agreed well with the literature values [10]. The tetra-
methyldiphosphinedisulfide was prepared by the reaction of the Grignard of
methyl chloride with PSCI; in ethyl ether at 0°C. The product was washed
with a 10% sulphuric acid solution in ice and dried at 60°C after washing
with a small amount of ethanol. This material was recrystallized from a 3:1
toluene-ethanol mixture until long prisms (M.P. 227°C) were obtained.

RESULTS

The interpretation of both the infrared and Raman spectra of the gaseous
and liquid states was relatively straightforward since the symmetry is expected
expected to be C,, with the plane bisecting the CPC angle and containing the
P—Cl bond. The normal vibrations span the 13a" + 11a’’ representation. Only
the interpretation of the low-frequency modes is difficult. However, when
the sample is crystallized, the region below 1000 em™! undergoes drastic
change. There are approximately twice the number of bands found in the
infrared spectrum of the solid (see Fig. 1) in the region expected for the
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Fig. 1. Infrared spectrum of solid Me,PCl, 3500—200 em™: (A) initial deposit, glass
phase, (B) partially annealed sample, (C) further annealing, (D) completely annealed
sample. All spectra recorded at —190°C.
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methyl rocking, carbon—phosphorus stretching and phosphorus—chlorine
stretching modes.

The latter mode undergoes the most severe perturbation resulting in two
bands each being approximately 60 cm™! removed from the original band in
the gaseous state. It is interesting to note that a considerable perturbation is
also observed in the liquid state for this mode with the band being shifted to
a frequency 20 cm™ lower than that found in the spectrum of the gas. By
itself, this would have not been so surprising; however, considered with the
fact that there is evidence of interaction in the “‘glass” or non-crystalline
solid phase, these observations indicate that relatively strong intermolecular
association is occurring which is not totally dependent on the crystal
structure. As seen in Table 1, the spectrum of the crystalline state has been
interpreted in terms of an in-phase (I-P) and out-of-phase(Q-P) vibration for
those modes in which splitting is evident. Such an assignment requires that
the molecules be oriented in a dimeric or higher polymeric form. Since the
simplest model is preferable and can best explain the observed results, a
dimeric structure has been proposed. There are several types of dimeric
structures possible. If a center of symmetry were present, there should be
mutual exclusion of the in-phase and out-of-phase vibrations of the dimer.
However, it will be shown that all observed modes have corresponding
frequencies in both the infrared and Raman spectra.

Since the same normal mode is involved in both the in-phase and out-of-
phase vibrations, the magnitude of the splitting gives an indication of how
effectively the environment about the bond alters the potential energy of the
mode. Therefore, it is expected that the splittings will be different for the
various modes. As can be seen in Table 1, the carbon—hydrogen stretching
and deformational modes show little evidence of in-phase and out-of-phase
behavior, although there are noticeable frequency differences in the various
physical states. This lack of splitting for the higher-frequency modes is not
surprising, especially in view of the similarity of the molecular motions and
accidental or ‘‘hidden’’ degeneracy which often occurs.

VIBRATIONAL ASSIGNMENT

CH Stretches

Just as in the case of dimethylphosphine [11], four antisymmetric and
two symmetric CH; stretches are expected. The antisymmetric modes are
considered to be the highest frequency fundamentals and are often found to
be accidentally degenerate. The complex contour in the infrared spectrum
of the gas between 2970 and 3000 cm™! indicates two bands. This is verified
in the other phases in both the infrared and Raman spectra. The fact that
both bands are depolarized strengthens their assignment as antisymmetric
modes. The higher-frequency band, 2959 cm™ in the infrared spectrum of
the polycrystalline solid, is thought to correspond to v,s and v\s of a"’
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symmetry, whereas the band at 2942 ecm™' is probably v, and v, of a’
symmetry although these assignments could be reversed. The two remaining
symmetric stretches, v; and v,,, are also probably degenerate. The fact that
the very strong band at 2901 cm™! in the Raman spectrum of the liquid is
polarized indicates that the symmetry of the methyl group may be localized.
This problem has recently been treated theoretically [12]. It has been shown
that the vibrational spectrum of the localized modes is not determined by
the spatial arrangement of the symmetry equivalent groups alone, but is
fundamentally influenced by the nature of the interaction of the groups with
each other and with the immediate environment. When the molecule is in
the crystalline state, there appears to be a significant change in the potential
field surrounding the methyl groups. The strength of the infrared band
decreases markedly and shifts to 2005 ecm™!, whereas a stronger band is found
at 2877 cm™'. Bands of nearly equal relative intensity are found in the
Raman spectrum. The higher-frequency band is tentatively assigned as the v;
mode on the basis that the totally symmetric mode is expected to be less
intense in the infrared than in the Raman spectrum.

CH  Deformations

As is usually found with these vibrations, the antisymmetric modes result
in a series of overlapping band contours in the gas phase. All four of the
vibrations, two a’ and two a’’, are assigned to bands betweeen ~1400 and
1450 em™!. The only recognizable band contour is the B-type centered at
1406 cm™!. This corresponds to strong bands in the infrared spectra of the
“glass” and polycrystalline states and a relatively weak band in the Raman
spectrum of the latter state. Thus, it is assigned as an a’’ mode. Only two
distinct bands remain in the Raman spectrum of the solid in this region.
Appearing at 1450 and 1427 cm™!, they are assigned as v, and v, respectively.
A difficult problem now arises since only the 1427 cm™' Raman band has a
corresponding infrared band. This would leave two infrared bands of signif-
icant intensity at 1437 and 1406 cm™! with only one fundamental, v 5, left
to be assigned. The probability of in-phase and out-of-phase components and
of possible overtones of the phosphorus—carbon stretching modes makes
this a relatively insoluble problem. Tentatively the remaining a’’ mode, v,,
is assigned to the 1405 cm™! band. The 1435 cm™! band may be associated
with v; even though the frequency split is large.

The symmetric deformations are assigned with more certainty. Again,
overlapping gas-phase contours are observed in the infrared spectrum of the
gas. However, the higher-frequency C-type band with a Q branch at 1293
cm™! and the B-type band centered at 1279 cm™ are clearly recognizable.
Since the Raman band at 1291 cm™! is definitely polarized, this clearly
indicates that the higher-frequency band is the v4, a' mode. The a'’ mode, v s,
is expected to be weaker than the a’ mode in the Raman spectrum and, in
fact, is found only in the crystalline phase. Beyond this, neither of these



411

modes seems affected by conversion to the postulated dimeric structure,
although there is some frequency shift upon the change in physical state.
The frequencies assigned to these deformations are virtually identical with
those assigned to the same modes in dimethylphosphine [11].

CH, Rocks

The rocking modes are the methyl vibrations that are expected to be the
most sensitive to a change in environment about the methyl groups since
these motions usually mix with the heavy atom skeletal modes. The infrared
spectrum of the gas phase is almost a classic of simplicity with B—C type
hybrid bands with Q branches at 949 and 881 cm™' and B-type bands
centered at 852 and 817 cm™'. These correspond to lines at 952, 881, 853
and 882 cm™’, respectively, in the Raman spectrum of the liquid. Whereas
the line at 881 cm™ is definitely polarized, the 952 cm™ appears depolarized.
This latter fact, however, does not forbid the assignment of both of these
bands to a’ modes, v4 and v, respectively. The bands at 853 and 822 cm™
are associated with the a'’ modes, v, and v,,, respectively. The order of the
vibrations, i.e. both higher-frequency modes assigned to the a’ vibrations, is
again consistent with the assignments for the corresponding motions in the
dimethylphosphine assignment [11].

The assignment becomes complex when the molecules are annealed to the
crystalline state. Initial experimental data in the mid-infrared region, for
example, scans similar to Fig. 1B, were thought to indicate decompositon or
some irreversible polymerization. However, when the samples were sealed in
capillaries and studied in the Raman effect as crystalline solids, drastic
changes in the spectra were also observed (see Fig. 2). When the samples
were returned to 25°C, the spectrum was unchanged from that recorded
previous to the crystallization. Further study of the infrared spectrum made
it evident that the frequency shifts were not artifacts but were caused by
changes in the potential forces with crystallization.

In the region between 800 and 1000 cm™' where there are four strong
bands in the infrared spectrum of the glass, eight pronounced bands are
clearly discernible in the infrared spectrum of the crystalline material. The
easiest way to assign these eight bands is to assume that each of the four
rocking modes is split in the crystalline material by the proposed dimeriza-
tion (see Table 1). Such an assignment requires a significant increase in the
frequency of each of these normal modes with crystallization. For example,
v,, which is found at 953 cm™! in the spectrum of the “glass” (952 cm™ in
the Raman spectrum of the liquid) would have its out-of-phase and in-phase
components at 983 and 971 cm™, respectively. Similarly, vs which is found
at 879 cm™! in the ‘‘glass’ would have its two components in the crystalline
solid at 944 and 903 cm™! which represents a considerable shift plus a large
splitting between the in-phase and out-of-phase motions. An alternative
assignment could be given where the two components of vy were assigned to
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Fig. 2. (A) Raman spectrum of gaseous Me,PCL, 3000—10 cm™, at various sensitivities.
No bands were observed in regions not shown. (B) Raman spectrum of liquid Me,PCl,
25°C. The numbered scans indicate increased sensitivities for comparison of relative
intensities. (C) Raman spectrum of polycrystalline Me,PCl, —150°C. The numbered
scans indicate increased sensitivities.

the 903 and 893 cm™! bands and one of the three higher-frequency bands of
983, 971 and 944 would be assigned as a combination band in Fermi
resonance with v,. This latter assignment would also necessitate that v,, has
only one component in the solid phase at 837 cm™ unless the next lower-
frequency band at 776 cm™! is considered a rocking mode. There is no way
of distinguishing among the various alternatives for the assignment of the CH;
rocking modes in the solid but it is clear that there is some splitting for some
of the modes. Although one or two components might be reassigned, it is

felt that there is sufficient evidence to warrant assignment as in-phase and -
out-of-phase components of a dimer which does not have a center of sym-
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metry or a dimer with a symmetry center but occupying a site of C,, C; or C,
symmetry.

CP Stretches

The two carbon—phosphorus stretching modes are found very close to the
frequencies assigned for the corresponding modes in dimethylphosphine {11]}.
The antisymmetric mode, v, is found at ~700 cm™ with a Q branch at
703 cm™ in the infrared spectrum of the gas phase. Upon crystallization, a
strong band at 736 cm ! and a weaker band at 776 cm™' are observed in the
infrared spectrum while bands of comparable intensity were found in the
Raman spectrum. These are assigned as the out-of-phase and in-phase com-
ponents of the a”’ mode. The symmetric mode is found as a relatively strong
band at 675 cm™! in the non-crystalline states. When the compound is
crystallized, there is a decrease in its intensity relative to the antisymmaetric

mode and the two components are assigned at 716 and 670 cm™'.

PC! Stretch

The most dramatic change in the entire spectrum is the virtual disappear-
ance of the strongest band in the infrared spectrum of the gas and ‘‘glass™
states when the sample is crystallized. The same result is observed in the
Raman spectrum. The P—ClI stretching mode is initially found at 481 cm™
in the infrared spectrum, and 485 cm™' in the Raman spectruin in good
agreement with earlier assignments [4] . In the Raman spectrum of the liquid
phase, the band is shifted ~20 cm™' lower in frequency. Upon crystallization,
two bands are observed which in the infrared spectrum are at 551 and 423
cm™! and in the Raman are at 542 and 420 cm™'. The higher-frequency band
is stronger in the infrared spectrum whereas the lower-frequency one is
slightly stronger in the Raman spectrum. It should be pointed out that both
Raman bands are quite strong. Only a vestige of the original band is found in
either spectrum. In accordance with the assignment of the rocking modes,
the bands are assigned to the out-of-phase and in-phase components of the
P—Cl stretching mode.

1

Low-Frequency Modes

There are five remaining fundamental modes to be assigned. These are the
two R—CI bending modes, v,; and v,3, the CPC symmetric deformation, v,,,
and the two torsional modes, v,;; and v,;. Since all these modes are expected
to be of similar energy with the torsions being the lowest frequency, the
problem of mixing of the vibrations is expected to be quite severe. In fact,
the designation of the bending modes as one or another motion is only to
indicate the probable major contribution to the vibration. Thus, the P—Cl
bending modes will have large contributions from the R—C deformation and
vice versa. It is simplest to consider first the Raman spectra of the gaseous
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(Fig. 2A) and liquid (Fig. 2B) states. In each case, bands at ~300, ~245 and
~233 em™! are found. The two-higher-frequency bands are found to be
polarized. Therefore, these two bands must be considered as symmetric
modes. This also does not leave any alternative but to assign the higher P—Cl
bending vibration as the symmetric mode since only the lowest band is not
polarized. This is the reverse of what is usually found for low-frequency
bending modes. In methyldichlorophosphine, bands at 202, 243 and 288
cm™! have been assigned [13, 14] to the PCl. deformational, twisting and
wagging motions, respectively. To decide between the 300 and 245 cm™
bands for assignment to the CPC and PCl symmetric deformations is much
more difficult. The CPC bending was found at 267 cm™! in the Raman
spectrum of liquid dimethylphosphine {11]. It is possible that, in the
isolated molecule, the chlorine will interact repulsively with the carbons
more than the hydrogen does, thus raising the energy necessary to deform
the CPC bond. By this reasoning, the CPC deformation is assigned to the
higher frequency band at ~300 cm™'. The P—CI symmetric deformation must
be assigned at ~245 cm™' whereas the antisymmetric mode is at 233 cm™!.
No evidence of the torsional modes is found in either the spectra of the gas
or liquid. The shoulder at 223 cm™! could be the in-phase methyl torsion, v,;.

The spectra are much more complicated in the crystalline state. To
interpret either the Raman or infrared spectrum would be more difficult
than to explain both simultaneously. Both spectra contain a relatively sharp
band at 282 cm™ with a broad band at approximately 293 cm™! along with
a pronounced band at 333 cm™!. It is most likely that two of these features
correspond to the CPC bending mode and are related as out-of-phase and in-
phase components and we have chosen the two higher-frequency bands. It is
possible that the broad band, 293 cm™!, is associated with the non-bonded
interaction between the phosphorus and chlorine or with some other motion
of the skeletal bend of the postulated dimer.

The C—P—Cl bending modes, although found as two bands at 248 and
235 cm™! in the infrared spectrum of the “glass’’, are present as only a broad,
single band at 258 cm™ in the infrared spectrum of the crystalline state,
unless one assumes that the 282 cm™ band is associated with these motions.
In the Raman spectrum of the crystalline solid, bands at 248 and 256 along
with the 282 cm~! band are found with the lowest-frequency one being the
strongest. It is therefore probable that in the crystalline state that the skeletal
bending modes of the dimer are sufficiently different from the C—P—Cl
bending modes in the monomer that out-of-phase and in-phase motions are
not good descriptions of the actual motions. One would expect the low-
frequency skeletal motions to show some of the largest effects with dimerization.

Aside from the low-frequency lattice modes, only the torsional modes
remain to be assigned. In the Raman spectrum of the solid, a band is found at
165 cm™! whose frequency appears to be insensitive to temperature changes.
In the infrared spectrum two bands are found, 167 and 193 cm™!, which shift
only 1 to 2 cm™ when the crystal is warmed. Therefore, it appears that
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these two bands are not high-frequency lattice modes but molecular vibra-
tions of the dimer. In dimethylphosphine, only a single frequency of 182
cm™' was observed [11] in this spectral region and it was assigned as the
methyl torsion. If one assumes that the two bands at 167 and 193 cm™! are
methyl torsions, then a periodic barrier [1] of 2.08 kcal mol™! is calculated.
This barrier value appears to be too low compared with the corresponding
value of 2.15 kcal mol™ for dimethylphosphine [11] in the solid state since
it has been found that the methyl barriers increase with the replacement of
a hydrogen atom by a chlorine atom [1]. Also, these two bands appear to be
too strong for methyl torsional modes. Thus, we have chosen an alternative
assignment of these modes being in-phase motions of the C—P—Cl bending
modes or more appropriately just skeletal bending modes of the dimer. It is
quite probable that the methyl torsions are obscured by the skeletal bending
modes in the 200—250 cm™ region.

CONCLUSIONS

The analysis of the vibrational spectrum leads to the conclusion that the
molecule is a non-centrosymmetric dimer in the crystalline state or a centro-
symmetric dimer occupying C,, C, or C, sites. The rocking modes,
phosphorus—carbon and the phosphorus—chlorine stretching modes show
the greatest effect with in-phase and out-of-phase components assigned.
Additionally, the three low-frequency bending modes are no longer discern-
ible in the solid state but instead seven well-pronounced bands are found in
the similar region of the spectrum of the crystalline solid. It is clear that an
X-ray diffraction of this crystal would be most interesting.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the financial assistance given this work
initially by the National Institute of Arthritis and Metabolic Diseases by
Grant 1-RO1-AM-13295-05 and more recently by the National Aeronautics
and Space Administration by grant NGL-41-002-003.

REFERENCES

1 J. R. Durig, S. M. Craven and W. C. Harris, ‘“‘Determination of torsional barriers from
far infrared spectra’’, in J. R. Durig (Ed.), Vibrational Spectra and Structure, Vol. 1,
Dekker, N. Y., 1972.

2 J. R. Durig and J. M. Casper, J. Phys. Chem., 75 (1971) 1956.

3 T. Kojima, E. L. Breig and C. C. Lin, J. Chem. Phys., 35 (1961) 2139.

4 V. J. Goubeau, R. Baumgartner, W. Koch and U. Muller, Z. Anorg. Chem., 337 (1965)
174.

5 R.T. Hall and J. M. Dowling, J. Chem. Phys., 47 (1967) 2454; 52 (1970) 1161.

6 IUPAC, Tables of Wavenumbers for the Calibration of Infrared Spectrometers,
Butterworth, Washington, D.C., 1961.

7 F. G. Baglin, S. F. Bush and J. R. Durig, J. Chem. Phys., 47 (1967) 2104.



416

8 The Raman spectrophotometer was purchased with funds from a National Science
Foundation Grant, GP-28068.
9 F. A. Miller and B. M. Harney, Appl. Spectrosc., 24 (1970) 291,
10 G. W. Parshall, J. Inorg. Nucl. Chem., 12 (1960) 372.
11 J. R. Durig and J. E. Saunders, to be published (1975).
12 W. F. Edgell, J. Phys. Chem., 75 (1971) 1343.
13 J. E. Griffiths, Spectrochim, Acta, 21 (1965) 1135.
14 J. R. Durig and J. M. Casper, J. Mol. Struct., 10 (1971) 427.



