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MOLECULAR STRUCTURES OF PCLF, PCLF,,
PCLF,, AND PF.: INFRARED AND LOW-
TEMPERATURE RAMAN VIBRATIONAL SPECTRA *+

JAMES E. GRIFFITHS, RICHARD P. CARTER, JR., and
ROBERT R. HOLMES

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey
(Received 30 March 1964)

Molecular structures of PCLF, PCLLF,, PCLF;, and PF; are derived from vapor-state infrared spectra
(2000-250 cm~"') and low-temperature liquid-state Raman displacements (Av = 50-1200 cm 1) to-
gether with qualitative polarization measurements. All of the compounds appear to have a basic trigonal
bipyramidal framework. The spectra of PCLF are best interpreted in terms of a C,, structure in which
the fluorine atom occupies an axial site; in PCLF, (D, point group) the fluorine atoms also assume
axial positions. For PCL,F,, the symmetrical D, structure is shown to be incorrect. Available evidence
supports the C,, structure in which the fluorine atoms appear in one equatorial and two axial sites.
Phosphorus pentafluoride is found to have a regular trigonal bipyramidal structure. Complete vibrational
assignments are made in terms of the normal modes and thermodynamic functions are evaluated for
PCl,, PCLF,, and PF;.

The phosphorus (v) chlorofluorides, PCLFs_,, are especially interesting because
they exist in low-temperature forms which slowly rearrange at room temperature
to solid modifications. Some evidence has been accumulated which shows that the
solid modifications are ionic and the “low-temperature” forms are molecular.!
Moreover, a study of the relative coordination tendencies shows that the low-
temperature forms behave as typical Lewis acids in molecular addition compound
formation with pyridine.?

With the recent development of suitable syntheses of the molecular forms,® a
detailed study of their structures became attractive. It was anticipated that these
substances would have trigonal bipyramidal structures similar to that observed by
electron diffraction for PCl* and PFs.5 In fact an early electron-diffraction
investigation® supports a trigonal bipyramidal structure for PCLF; in which the
fluorine atoms assume equatorial positions and the chlorine atoms occupy axial
sites. However, interpretation of recent low-temperature ’F NMR results shows
a preference for a trigonal bipyramidal structure for PCLF; wherein the chlorine
atoms are equatorial and the fluorine atoms occupy one equatorial and the two
axial sites.®

Since positional isomerization is a possibility in PCI,F and PCL,F, as well (the
synthesis of PCIF, has not been published at this time), it was felt that the complete
infrared and Raman vibrational spectra of the compounds in the series would aid

Reprinted with permission from J. Chem. Phys., 41, 863 (1964). Copyright 1964 American Institute
of Physics.

*Pentacoordinated Molecules. III. Previous paper: R. R. Holmes, W. P. Gallagher and R. P. Carter,
Jr., Inorg. Chem., 2, 437 (1963).

tPresented in part before the Division of Inorganic Chemistry, 147th National Meeting of the
American Chemical Society, Philadelphia, Pennsylvania, April 1964.
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in resolving the stereochemical aspects. Several studies of the vibrational spectrum
of PCl; exist’® but only incomplete infrared studies of PFs have been reported.®!?
To allow a more thorough correlation of the data, a study of PF;5 was included in
this work.

EXPERIMENTAL

Materials

The mixed halides PCI,F, PCLF,, and PCLF; were made by the low-temperature
chlorination of PCLF, PCIF,, and PF,, respectively,® in a Pyrex glass vacuum
system. Stopcocks and ground glass joints were lubricated with Kel-F grease. The
PCLF and PCIF, were prepared and purified according to a previous procedure.?
In the preparation of PCLF;, commercial PF; (Columbia Organic Chemicals Com-
pany) was used after fractionation and in some cases was subjected to a chemical
treatment which has been shown to remove small amounts of impurities yielding
a mass spectroscopically pure product.!! Chlorine gas (The Matheson Company)
was dried over phosphorus pentoxide coated glass beads at —78° in vacuo and
fractionated before use.

No impurities were evident in the Raman spectra of the compounds. However,
because of possible reactions of the chlorofluorides with the infrared cell windows
and the slow conversion of the samples to solid forms at room temperature, it was
expected that impurities would develop during infrared spectral measurements.
This occurred in varying degrees for all compounds except PCLF, which proved
to be remarkably stable.

Relatively pure phosphorus pentafluoride (Columbia Organic Chemicals Com-
pany) was subjected to fractional vaporization and condensation in a glass vacuum
system in which stopcocks were lubricated with Kel-F grease. Physical measure-
ments on a tensimetrically homogeneous sample gave the following results: molec.
wt. 126.3, calc. 126.0; vapor pressure at —111.6°C, 54.6 mm, lit.1?> 50.5 mm. No
impurities could be detected in the Raman spectrum of the liquid and only smali
amounts of POF; were found with infrared absorption measurements. Reaction of
PF; with the Pyrex gas cells at room temperature may account for the latter.

Raman Spectra

To record the Raman spectra of the phosphorus chlorofluorides in the liquid state
and to avoid their conversion to solid modifications it was necessary to build a low-
temperature cell. The final design, shown in Figure 1, consists of an unsilvered
Dewar form whose end tapers to fit snugly into the circular brass alignment cone
of the Cary Model 81 spectrophotometer. The extreme end of the taper has parallel
optical flats to minimize reflection losses and distortion of the scattered light.

The sample tube was made from 7-mm-o.d. Pyrex tubing and a bend served to
prevent the liquid from escaping the cooled section of the cell. Samples were
condensed in such tubes in vacuo and after sealing were stored at —78°C until
used.

In operation, the sample tube was placed in the precooled apparatus. Cooling
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FIGURE 1 Low-temperature Raman cell for a Cary Model 81 spectrophotometer.

was provided by passing dry nitrogen gas through a copper coil immersed in liquid
nitrogen and then to the nitrogen inlet of the cell assembly. By regulating the gas
flow with a flowmeter, any desired temperature could be maintained from room
temperature down to — 160°C. With this arangement temperature fluctuations could
be held to within +=1°C. No solid formation was noticed during any of the mea-
surements.

Due to the small liquid range of PF; (mp, —91.6°; bp, —84.8°C) a hazard existed
if the temperature of any part of the Raman cell rose above the boiling point during
the course of the measurement. By using a modified sample tube (Figure 2) in-
corporating a ballast bulb and a cold-storage bulb, no difficulty was encountered.
Phosphorus pentafluoride was condensed in Bulb A and sealed at B. After align-
ment in the Raman cell within the lamp housing of the spectrophotometer, Bulb
A was immersed in an ethyl acetate slush bath (~83.6°C) providing a temperature
slightly above the normal boiling point of PF;. On cooling the Raman cell to a
lower temperature (— 90°C), PFs slowly condensed until the sample tube was filled
to the hump shown in Figure 2. The temperature was then raised to —86°C and
the Raman measurements were made.

Raman displacements from the 4358 Hg line are expected to be accurate to =3
cm~' for the sharper lines. Measurements at Av < 200 cm ™! always employed

FIGURE 2 Low-temperature sample cell for liquid PF.
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single-beam operation to eliminate instrument ghosts. In all of the experiments,
however, a weak ghost appeared at about 170 cm ™' and this is attributed to the
geometry of our sample rather than to an intrinsic property of the instrument. It
could arise from the spectrophotometer seeing the walls or the rounded end of the
small-diameter sample tube. Other experiments using 19 or 22 mm o.d. sample
tubes in which the round ends were shielded from the exciting light rendered the
ghost vanishingly weak and no problems were encountered to within 35-50 ¢cm ™!
of the exciting line, even at high amplification.

Infrared Spectra

Infrared spectra were recorded in the 2000-250 cm ™! range with a Perkin-Elmer
Model 421 spectrophotometer. Frequency accuracy is better than =3 cm ! throughout
and is based upon calibrations with the known rotational bands of H,O, NH;, and
CO,."314 Samples were confined in 10-cm gas cells fitted with KBr and CsI windows
but these were subject to chemical attack by some of the compounds and had to
be frequently repolished. The effect was minimized in some cases by admixing
argon with the gas under study. The far-infrared spectrum (250-120 cm~!) of PF;
in the vapor phase was observed with a Perkin-Elmer Model 301 spectropho-
tometer. The gas was held in a glass cell with polyethylene windows and the
frequency calibration (=1 cm™!) for this measurement was done simultaneously
using the known pure rotational spectrum of HCl gas.*

RESULTS

The expected numbers of infrared- and Raman-active fundamentals - for various
molecular structures are given in Table I. Infrared and Raman spectra are shown
for PFs (Figures 3 and 4), PCLF; (Figure 5), PCL,F, (Figure 6), and PCI,F (Figure
7) and the corresponding data are summarized in Tables II, III, IV, and V. A
Raman spectrum of POCI, is shown in Figure 8 because of its importance in the
interpretation of the spectrum of PCI,F. The fundamental frequencies of each of
the molecules are collected in Tables VI (PF;), VII (PCLF,), VIII (PCLF,), and
IX (PCLF). The fundamental vibrations of PCL,F; in terms of a C,, structure are
given in Table X.

TABLE 1
Activity of fundamental modes

Point Funda- R-ir
group mentals Raman Infrared coincidences
Dy 8 6(2p) 5 3
Cu 9 9(3p)
& 8 8(4p) 8 8
Coo 12 12(5p) 11 11

(o8 12 12(8p) 12 12
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FIGURE 3 Infrared and Raman spectra of PF;. Infrared (top): (A) p = 37cm, ! = 10 cm; (B) p
1cm, ! = 10 cm; temperature 25°C. Raman (bottom): slit 10 cm~!, ampl. 3000, temperature — 86°
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FIGURE 4 Far-infrared spectrum of PF;. (PF, + HCl): p = 34.5 cm, [ = 10.0 cm, temperature
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FIGURE 5 Infrared and Raman spectra of PF;Cl,. Infrared (top): (A) p = 68 cm, (B) p = 0.4 cm,
I = 10 cm; temperature 25°C. Raman (bottom): slit 107! cm, ampl. 3000, temperature —40°C; single
beam.

Bond lengths which are used in the evaluation of moments of inertia appear in
Table XI and the thermodynamic values for the compounds appear in Table XII.
Finally, a correlation chart interrelating the fundamental frequencies is shown in
Figure 9.

SELECTION RULES AND ASSIGNMENTS

The structural framework for all of the molecules under study is most probably
the trigonal bipyramid with distortions from this being possible for some of the
mixed chlorofluoride molecules. Depending on the relative positions of the chlorine
and fluorine atoms, the molecules may belong to the Ds,, C;,, C,, or possibly the
C, point groups. The tetragonal pyramidal structure (C,, point group) is another
possibility and is considered for the PCL,F molecule. The number and activities of
the fundamentals for each of the models are listed in Table I.

Although accurate bond lengths and angles cannot be determined from the
vibrational spectra alone, the basic structures are tractable from the data on the
number, activity and polarizations of the observed fundamentals. Specific details
for individual molecules appear in the following sections.
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FIGURE 6 Infrared and Raman spectra of PF,Cl,. Infrared (top): (A) p =20 cm, ! = 10 cm; (B) p
~2cm, ! = 10 cm; temperature 25°C. Raman (bottom): slit 10 cm ~*, ampl. 3000, temperature —40°C;
single beam.

1. PF,

There does not appear to be any doubt that PF; belongs to the D5, point group.’
The two polarized lines at 817 and 640 cm~? in the Raman spectrum (Figure 3 and
Tables II and VI) clearly belong to the a; species and the depolarized line at 514
cm ! which has no counterpart in the infrared is assigned to v,(e”). It follows that
the two infrared bands at 945 and 576 cm ~ !, which are not observed in the Raman
spectrum are v;(a3) and w,(a%), respectively. The remaining lines at 1025 and 534
in the liquid-state Raman spectrum and at 1026.4, 533, and 126 cm ™! (Figure 4)
in the infrared can be confidently assigned to the e’ fundamentals vs, v, and »,.
The », fundamental was not observed in the Raman spectrum because of the
unusually high background intensity near the exciting line. The observation of an
additional lamp ghost at 145 cm ! suggested that the background intensity arose
from some undesirable construction feature in the sample tube or from an imperfect
alignment of the tube. Additional experiments with empty sample tubes and with
the arrangement shown in Figure 2 after the PF; was recondensed in Bulb A
confirmed that the line at 145 cm ! was not due to liquid PFs.

The remaining infrared bands were assigned to combinations and overtones of
the fundamentals and to four of the six fundamentals expected for the POF; im-
purity. One band at 989 cm ~! was not positively identified. In addition, slow attack
of the CsI cell windows by PF; resulted in the gradual growth of two bands.'®
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FIGURE 7 Infrared and Raman spectra of PFCl,. Infrared (top): (A) p = 10 cm, ! = 10 cm; (B) p
=~ 2cm,! = 10 cm; temperature 25°C. Raman (bottom): slit 10 cm ™!, ampl. 1000, temperature —40°C;
single beam.

1. PCLF,

Electron-diffraction results® favor the trigonal bipyramid having a D5, symmetry
for PCLF; but interpretations of low-temperature NMR measurements give pref-
erence to the trigonal bipyramid (C,, symmetry) in which the Cl atoms occupy
equatorial sites.® As Table I shows, it should be possible to distinguish readily
between the two models on the basis of the number, activities, and the Raman
depolarization ratios of the fundamentals.

A total of nine lines'” are observed in the Raman spectrum of PCLF; (Figure
5) over the temperature range —20° to —120°C and two of these at 343 and 427
cm ™! correspond in frequency to fundamentals of POF; and POCIF,, respec-
tively.>*® Samples of PCLF; were synthesized using commercial PF; which might



10: 42 29 January 2011

Downl oaded At:

PHOSPHORUS CHLOROFLUORIDE SPECTRA 19

TABLE II

Vibrational spectrum of PFs*

ir {gas)® Raman {lig.)*
cm™ I cm™? I pol. Assignment
126 m . “ee . (e
ove 145 11 . “ghost”
164 w oue . . m—v—n=157(A/+ A2+ E')
cee 169 oo “‘ghost”
205 w .o “ee vy = 207{ £}
240 w .. . aer 2y = 252(A)/+-E’)
375 Pw
388 Qw oee . sae rs—mm3IZ6(E')
397 Rw
459 Pw
473 Qw o . »3(POFy)
481 Rw
484 wsh ree ars eos »{POF;)
ee s14 13 dp w(e)
526 Pm
533 Om 534 5 (dp) re(e)
548 Xm
565 Pm
575.5 Om .o .o sen ri(ar")
584.5 Rm
. 640 14 p vi(or’)
652 Pw
666 Qw “ee sen vee vetrr=660(4,'+4s'+ E')
675 Rw
vee 87 100 p nia’)
857.5 Pw i
870.4 Qw . e va+2vy =880 (4s"'+ E")% v3(POF3)
879.2 Rw
933.8 Pys
944.8 Qvs ore v oee v(ss")
955.3 R vs
980 m . . ves ?
1019.7 Pvs
1026.4 Qvs 1025 2 (dp) w()
1034 R vs
1061 vvw vor .. oo 2ym=1066(4;'+ E')
1198 vwb wes aoe itrsry= 1203 (E)
1271 vvw oo it 20 = 1266( Ay + 44"+ 2E)
1335 P vww
1346 Q vww (X e eee »+re=1350(E’)
135§ R vww
1403 Pw
1415 ow oo .ee ces » (POFy)
1424 Rw
1457 VVW oo oo e n+n- 1459 (E')
1573
1584 Qw . ces see ritmm 1585 (4s")
1593
1665 w ves it 1666 (E')
1755 Qow v e rfrm1762(4s")
1764 Rw
1830 w vee e vos n+rn=1843 (E')
2030 W e er sen 2= 2052(Ay'+ E')

2p = polarized; dp = depolarized; s = strong; m

559 cm~? of the PF; ion.

‘Raman intensities are relative to the strongest line being equal to 100.

= medium; w = weak; v = very; sh = shoulder.
*In addition to the bands listed, two others grew on the windows and are attributed to vy(f;,) = 828 and vy(f;,) =

have contained POF; and PCIF, impurities. However, using a sample which was
purified by a method known to yield mass spectroscopically pure phosphorus tri-
fluoride,!* Raman spectra of the resulting PCL,Fyshowed no differences. Therefore,
the observed lines are considered to arise from PCLF; only.
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TABLE 111
Vibrational spectrum of PCI,F,?
ir {gas) Raman (liq.)®
cm™1 I cm™ I pol. Assignment
“ee 95 6 ene “‘ghost”
see 124 36 dp wl®), ma(bs)

.o e 145 1 s sghost"

ees ver 165 14 ves ‘ghost”

338 m 343 6 {dp) va(hy)

368 VYW 363 10 dp va{as), va(bs)

407 wsh 407 100 P vi(ay)

421 ms 427 15 dp va(d)

460 vw ore vee see n+ry=462(B))

488 s 488 20 (p) vila)

500 vwb 500 3 (dp) m(bs)

$28 wsh oes oo eee vty 531 (A1) 5wt va=531(Bs)
568 w cas cee s vo-+2v,m 586 (By) ; vyt 2y 586(B,)
665 vs 660 63 p va(a)

742 % “os “or ore vit-vem 745(b,)

747

767

m w oo vitry=775(8))

718

818 w aee ,=814(4,)

885 sh o ves vitvrt vy 889 (4;)
893 vs ay vt r=895(4,)

902 w .ee .ee ves w{m).

928 vs 924 2 dp »aids)

990 m e ves e (POF; impurity)
1025 w vee ves o (SiF, impurity)
1069 w e n+r=1072(4,)
1159 w een oes ser 2r+-ry=1152(B,)
1258 vvw ses ees vet-2v= 1261 (A3)
1307 vw oo cor one 2n+rn=1314(B,)
1335 w . . eee et ne=1332(By)
1385 w e oo oo »tnotme= 1387 (B,)
1415 w .. e oo (POF, impurity)
1502 vvw ser see nt+utre=1521(B))
1554 ms vatatrg= 1560(4y)
1590 vvw see ves one rtme=1590(B;)
1855 ms see oee 21e=1850( A1)

2p = polarized; dp = depolarized; s = strong; m = medium; w = weak; v = very; sh = shoulder.
®Raman intensities are relative to the strongest line being equal to 100. When the polarization measurement is uncertain,

‘parentheses are used.

The total number of observed lines immediately eliminates the symmetrical Dy,
model from consideration. In order to interpret the spectrum on the basis of a C,,
model, however, it is useful to start from a hypothetical D, structure. If the axial
Cl—P—Cl bonds in the D,, model are bent away from one of the equivalent
equatorial fluorine atoms bisecting the angle defined by the phosphorus atom and

-the other two fluorine atoms, and if the bisected angle is increased to a value

greater than 120°, the resulting structure belongs to the C,, point group. Moreover,
if the bisected F—P—F angle is increased to 180° and the Cl—P—CIl angle is
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TABLE IV
Vibrational spectrum of PCL,F,?

ir {gas) Raman {(lig.)®
cm™ 1 em™t I pol. Assignment
122 82 dp nle)
168 eee ves “ghost”
328 m vee es .er ve(0s™)
357 17 dp ve(e™)
387 100 p v(ay)
404 vs 408 33 dp w(e')
4“5 vw ‘s vt =450( L")
498 w 502 vw er vartwym 509 (E)
522 w e e ‘s vadrrm 526 ( Ay + Ao+ B
623 vs 609 4 dp u(e)
633 38 p w(a’)
742 w A e .- wtr=147(4/+ AL+ E)
797 m .o .eo ) vatve= 195 (E")
867 vs cee - e va(or”)
903 w ntntn=913(A+ 4y + B);
203+ =896 ( E")
1017 w y+r=1020(4,")
1255 w w+rm 1258 (L)
1382 w nriter=1380(As'+As'+ E')
1500 m witr= 1500(A44")

ap = polarized, dp = depolarized; s = strong; m = medium; w = weak; v = very.
bRaman intensities are relative to the strongest line being equal to 100, '

decreased to 120°, the structure is just that suggested by the nuclear magnetic
resonance results® and the inversion process is the one proposed by Berry!® to
account for rapid fluorine exchange in PF;.

In any case, the result of changing the structure from one of D, to one of C,,
symmetry is that the degeneracies of the e’ and e” modes in the former are removed
giving a; + b, and a, + b; modes, respectively, for the latter. This is summarized
in Table X where the twelve fundamentals of the C,, structure are listed in terms
of their species and an idealized description of the motions involved. The rela-
tionship between the species of the C,, modes to those expected for a D), model
is also given. The molecular framework is oriented so that the Cl—P—Cl atoms
are in the xz plane and therefore the axis of least moment of inertia lies in that
plane and the axis of the intermediate moment of inertia coincides with the C,(z)
axis.

The infrared band at 925 and its weak shoulder at 902 cm ~! correspond to the
weak and diffuse Raman line at 924 cm~! and may be assigned to v,o(b,) and
vy(a,), respectively (Figure 5, Table IH). The strong infrared band at 665 cm ™!
and the polarized liquid state Raman line at 660 cm ™! is confidently assigned to
v, by comparison with somewhat similar assignments made for PFs(v, = 640 cm 1)
and PCL;F,(v; = 633 cm™1). In the 500 cm ~! region of the spectrum, two lines are
evident in the Raman effect at 488 and at about 500 cm™'. In the infrared a strong
absorption occurs at 488 cm ™! but an unresolved weak band at about 500 cm ! is
less evident because of strong overlapping by the 488 cm~! band. On the basis of
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a D,, structure yg(e') is expected to occur in this frequency range and therefore
the frequencies 488 and 500 cm ™! are assigned to »;(a,) and v,,(b,), respectively,
in the C,, model.

The depolarized line at 427 cm ™! and the intense polarized line at 407 cm~! in
the Raman effect coincide with the strong band at 427 cm~! and the weak shoulder
centered at 407 cm ~ ! in the infrared spectrum and are assigned to the antisymmetric
and symmetric PCl, stretching vibrations v,;(b,) and v,(a,), respectively.

The low intensity of v, in the infrared as compared with the rather high intensity
of this fundamental in the Raman effect may be a reflection of a rather large
Cl—P—CI angle. The intensity of the infrared absorption band for this type of
vibration is expected to go to zero as the angle approaches 180°.

In keeping with our model approximation D, — C,,, we expect the remaining
fundamentals to arise from v,(a3) — vy(b,), vg(e”) — v4(a,) + vg(b,), and vy(e’)
— v5(a,) + va(b,). Since five fundamentals remain to be assigned and only three
lines are available for this, we must conclude that our model is in error or that the
expected changes in the spectra are too small to be observed. The high number of
infrared and Raman coincidences and the total number of Raman lines clearly
eliminate a structure of higher symmetry than C,,. On the other hand, the fact
that the intensity of the 500 cm~! Raman line compared with the 488 cm ! line is
very small and the observation that the 902 line was not detected in the Raman
effect offers support for the second conclusion. On this basis the weak Raman line
at 363 cm ™! (368 in the infrared) is assigned to v4(a,) and wg(h;) and the line at
343 cm~! (338 cm ! in the infrared) is attributed to vy(bh;). The remaining line at
124 cm~!, for which we have no infrared data, is considered to arise from vs(a,)
and »,(b,). It has been tacitly assumed that in going from the D,;, to the C,,
structure the frequencies of the fundamentals, in cases where the splitting of de-
generacies occurred, would not be shifted greatly. Our analysis seems to indicate
that this is a reasonable assumption.

Extra lines in the Raman effect might also arise from intermolecular interactions
in the condensed state. This does not appear to be the case, however, because we
could not detect any change in the spectrum of a pure sample of PCLF; in the
temperature range —20° to —120°C or in a solution containing 25% by volume of
PCLF; in isopentane in the range —40° to —144°C.

1. PCLF,

The Raman spectrum of PCLF, is particularly simple largely because there were
no impurities detected and the observed spectrum is fully in agreement with D5,
symmetry.

As before the polarized lines at 633 and 387 cm™! are assigned to vy(a}) and
v,(a1) and the depolarized line at 357 cm ™! which does not appear in the infrared
is assigned to vg(e”). The remaining three Raman lines at 609, 408, and 122 cm ™!
(625 and 404 cm ™ in the infrared) can be attributed to vs, v, and v;, respectively.
Two fundamentals, which appear in the infrared spectrum at 867 and 328 cm™!
but not in the Raman effect, must be assigned to »5(a3) and v,(a5), respectively.
The remaining bands in both spectra (Figure 6, Table IV) were readily assigned
to combinations of the fundamentals except for a weak band at 903 cm~! in the
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TABLE V
Vibrational spectrum of PCILF?

23

SCATTERED INTENSITY

ir (gas) Raman (liq.)®
cm™t I cm™! I pol. Assignment
. o 110 47 dp n(e)
e 167 8 ver *ghost”

eee o 265 30 p ve(a)

297 w 302 16 dp w(e)

339 s 337 20 dp rele)

388 ms 384 10 P v(a)

427 s 422 100 p nia)

oee see 485 1 ves POC); impurity

500 w yitry=m498(E)

541 w .er e ane vt+yy= 537(E)

601 vs 592 8 dp vile)

626 m 612 4 dp vitrym 604 () ; vat 20y = 608 (4,4 F)

rt2n=647{d:1+ )

686 w oty = 685(E)

728 m “ee ves vty 124(E) ; vetvr=T121(A1+ A2+ E)

778 vs T e e res (@)

867 w aee e see vy 854(a1)

902 m . ser oo wtry=898(A;+ As+ E)

937 w ribnm940(A,+ Avt E)
1025 w oee o vee vet=1026{E) or SiF,
1200 vw e e - Jyym 1204 (4, + E)

1352 m ser vor ses v:+n+n- 1350(E) -

ip = polarized; dp = depolarized; s = strong, m = medium; w = weak; v = very; sh = shoulder.
bRaman intensities are relative to the strongest line being equal to 100.

1300 1200 600 500 400 300 200 100
ay (eM™)

FIGURE 8 Raman spectrum of POCI,. Slit 10 cm~', ampl. 500, temperature 25°C; single beam.
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TABLE VI
Fundamental frequencies of PFg*

Assign-

No. Mode description Activity  Species ment

1 PF,sym. stretch R,{(p);— a 817

2  PF, sym. stretch 640

3 PF.antisym. stretch —;ir as” 945

4  PF; sym. out-of-plane 576
bend

5  PF; antisym. stretch R, (dp);ir ¢ 1026

6 PF,in plane bend 533

7  PF; antisym. axial bend 126

8 Rocking R, (dp);— ¢’ 514

® Gas-phase values are used when available,

TABLE VII
Fundamental frequencies of PCLF;*
No. Species  Freq. No.  Species  Freq.

1 a 902 7 b 427
2 o 665 8 b 368
3 (17 488 9 b] 338
4 oy 407 10 s 925
5 [13} 124 11 bz 500
6 ar 368 12 ba 124

® Gas-phase values are used when available.

infrared. Although the frequency of this is correct for the v,(e) fundamental of
POF,;, the strong v(a,) band of POF; was not observed. Tentatively, the band at
903 cm ™! is assigned to v, + v, + v; = 913 0rto 2p, + v; = 896 cm”! or to
both.

IV. PCLF

If the trigonal bipyramidal structure is retained in PCI,F, the molecule would belong
to the C5, or to the C,, point group depending on whether the fluorine atom occupies
an axial or an equatorial site. In the first structure, the equatorial chlorine atoms
may or may not be coplanar with the phosphorus atom. By analogy with SFsCl,*
one would not expect exact coplanarity but, regardless of this, the point group
would not change.

An examination of the Raman spectrum (Figure 7, Table V) reveals nine lines
(and one “lamp ghost” at 167 cm ™), one of which is extremely weak (Av = 485
cm™ ') and is identified with a POCI; impurity. Since this is the most intense line
in the spectrum of POCI,;, others are not expected to be observable (Figure 8). In
addition to the remaining eight-line spectrum, one more band at 778 cm~! in the
infrared spectrum is strong enough to be considered as a fundamental. Although
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TABLE VIII
Fundamental frequencies of PCLF,*

Assign-

No. Mode description Activity Species ment
1 Sym. PF, stretch R(p);— a’ 633
2 Sym. PCl; stretch 387
3 Antisym. PF; stretch . —;ir a,’! 867
4 Out-of-plane PCl; bend 328
g\ Antisym. PCl; stretch Rdp);ir ¢ 625
PCl, in-plane bend 404

7  PF; axial bend 122
8 Rocking R(dp);~ ¢’ 357

® Gas-phase frequencies are used when available.

this exceeds by one the number of bands expected for a C;, structure (and is short
by three the number expected for a C,, structure), the following analysis is based
upon an assumed C;, model. Consideration of the alternate C,, and C,, models is
deferred until the discussion section of this paper.

The infrared band at 778 cm ™! which lacked sufficient intensity to be observed
in the Raman effect occurs at too high a frequency to be assigned to anything
except v,(a,), the P—F stretching fundamental. The most intense Raman line which
is polarized and occurs at 422 cm ™' (427 cm ! in the infrared) is assigned to the
symmetric PCl, stretching vibration, v,(a;). At lower frequency, a moderately
intense polarized Raman line at 265 cm ™' appears to arise from the symmetric
deformation of the PCl; unit. It is perhaps significant that this frequency is close
to that observed for the similar fundamental in the spectrum of POCIl; (267 cm 1)
and suggests that in PCLF, the three equivalent chlorine atoms are not coplanar
with the phosphorus atom. The direction of the deviation from coplanarity, how-
ever, is not especially evident and therefore we do not offer speculations on the
problem at this time. The Raman line at 384 cm™! (388 cm ! in the infrared)
appears to be weakly polarized and therefore is assigned to the remaining non-
degenerate fundamental, v;(a,) which represents the axial P—ClI stretching mode.

The two low-frequency depolarized Raman lines at 302 cm ' (297 cm ! in the
infrared) and at 110 cm ™! are assigned to v;(e) and wg(e), respectively. These are
considered to represent complex rocking and bending motions, and in the absence
of an accurate structure determiniation and verification using a normal coordinate
analysis, further definition of the modes is impossible. A Raman line at 337 cm ™'
appears to be depolarized and is assigned to the degenerate PCl; deformation mode
ve(e). Much like v,(a,), the frequency of this fundamental compares favorably with
the frequency of the similar fundamental of POCI, [vs(e) = 337 cm™'].

A weak pair of lines at 592 and 612 cm ! in the Raman effect (601 and 626 cm !
in the infrared) remain to be assigned. The most intense of these at 592 cm ! is
assigned to the remaining degenerate mode vs(e) which represents the antisym-
metric PCl, stretching vibration. This also compares favorably with the frequency
of the analogous fundamental in POCl;, v,(e) = 583 cm~!. The very weak Raman
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TABLE IX
Fundamental frequencies of PCL,F*

Assign-
No. Mode description Activity  Species ment
1 P-T axial stretch R(p);ir @ 778
2 PCls sym. stretch 422
3 P-Cl axial stretch 388
4 PCl; sym. deformation 265
5  PCl antisym. stretch R(dp); ir € 601
6  PCl; antisym. deform. 339
7 Recking and bending 297
8  Rocking and bending 110
® Gas-phase frequencies are used when available.
TABLE X
Fundamental vibrations of PCL,F,*
§pecies
Mode
description® @ a, by b
PF stretching n(5) cos “ee aee
PF, stretching n(1) s oo »o(5)
PFy’ bending »3(6) “es .ao .
PF bending (y32)° ves aee vee v11(6)
PCl; stretching v, (2) ser »1(3) oee
PF bending (2z)¢ v s vs(8) e
C]zPFz' twist ces ,,‘(8) ave sea
PFy’ wagging .. ces v (4) e
PFy rocking cur ses see n2(7)
PClz bending ,,‘(7) cee see Xy

® Numbers in parentheses within the table represent the mode numbers ac-
cording to the Ds structure from which the modes In the Cy, structure are

derived. Thus, vi(e’) (D) —r1(a1)4+310(bs) (Csy).
b Primes refer to F atoms not on the Ci(s) axis.

¢ (y2) and (xs) represents bending motions in the ys and xz planes,

respectively.

TABLE XI
Bond distances of PCL,F;_, molecules

Molecule r(P-Fa) r(P-Fu) r(P-Cly) r(P-Cle)

PF; 1.57 1.57 “ee

PChLF:* 1.59 oue se 2.04

PClse ses 2.19 2.04
® From Ref. 5,

b Assumed values,
® From Rel. 4,
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TABLE XII

Thermodynamic functions for PX,Ys_, compounds

TCK) (~ED/T —(F-E/T S G
PFs
150 10.32 51.60 61.94 13.28
200 11.37 54.72 66.10 15.79
250 12.50 57.38 69.90 18.26
273.16 13.04 58.51 71.56 19.31
298.16 13.61 59.68 73.30 20.36
350 14.75 61.95 76.72 22.25
400 15.79 63.99 79.80 23.74
450 16.74 65.91 82.67 24.96
500 17.62 67.72 85.36 25.94
600 19.13 71.08 90.23  27.40
700 20.39 74.13 94.54 28.40
800 21.44 76.93 98.38  29.10
900 22.32 79.51 101.8 29.61
1000 23.07 81.90 105.0 29.99
PCI T,
150 11.36 55.34 66.71 16.57
200 13.10 58.85 71.96 19.92
250 14.74 61.95 76.71 22.52
273.16 15.44 63.29 78.75  23.49
298.16 16.15 64.68 80.85 24.40
350 17.49 67.38 84.89 25.91
400 18.62 69.79 88.43 27.00
450 19.60 72.04 91.66 27.83
500 20.46 74.16 04.63 28.47
600 21.87 78.02 99.91 29.37
700 22.99 81.48 104.5 29.95
800 23.89 84.62 108.5 30.34
900 24.62 87.48 112.1 30.63
1000 25.23 90.11 115.4 30.83
PCL
150 12.79 57.89 70.71 19.56
200 14.94 61.88 76.84 22.9
250 16.80 65.43 82.24 25.31
273.16 17.56 66.95 84.52 26.12
298.16 18.31 68.52 86.85 26.84
350 19.66 71.57 91.25  27.98
400 20.75 74.27 95.04  28.75
450 21.68 76.77 98.47 29.32
22.46 79.10 101.6 29.74
600 23.73 83.32 107.1 30.32
700 24.70 87.06 111.8 30.68
800 25.47 90.41 115.9 30.93
900 26.08 93.45 119.5 31.09
1000 26.59 96.23 122.8 31.22

27

line at 612 cm ™! must therefore be assigned as a combination band. Two possibilities
are v, + v = 604(E) and v; + 2v; = 608(A; + E) cm~! each of which is suitable.
Moreover, they are of the proper species so that their intensities could be enhanced
and their frequencies shifted upward through a Fermi resonance interaction with
the vy(e) fundamental. The previous comparison between some of the frequencies
found here and in the spectrum of POCI, may be further extended. In the Raman

spectrum of POCI;, a band weaker in intensity than v,(e) =

583 cm 1!

occurs at

608 cm~'. The combination »; + v; = 606(E) adequately explains the weaker
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band and its enhanced intensity is interpreted in terms of a Fermi resonance in-
teraction between v; + w5 and v,. This completes the vibrational analysis of the
Raman spectrum. In the infrared, where the frequency ranges overlap with the
Raman values, complete ir-R coincidences occur as required for the C;, model.
All additional infrared bands are satisfactorily interpreted in terms of combination
bands.

THERMODYNAMIC FUNCTIONS

The thermodynamic functions were evaluated at a number of convenient temper-
atures for PFs, PCL,F,, and PCl; using the usual methods of statistical mechanics.
The data contained in this work and that of Taylor and Woodward?® for PCls were
used. Bond lengths and angles which were employed in the calculations are sum-
marized in Table XI and the thermodynamics values are collected in Table XII.
Thermodynamic functions were not evaluated for PCLF; and PCLF because of the
absence of reliable structural parameters.

DISCUSSION

Of the possible structures for the molecules studied in this work, the trigonal
bipyramidal one appears to be totally consistent with all of the data. Moreover,
the relative positions of the fluorine and the chlorine atoms results from an inter-
pretation of the vibrational spectra.

Although the infrared and Raman spectra of PCL,F; are interpreted in terms of
a C,, model in a trigonal bipyramidal structure, it is recognized that an alternate
analysis could be presented in terms of a C; structure in which the fluorine atoms
occupy one axial and two equatorial sites. Since recently completed dipole mo-
ment,?! '°F nuclear magnetic resonance, and **Cl and *’Cl quadrupole resonance
studies®* do not agree with this model and are in accord with the C,, structure,
further consideration-of the least symmetrical model is not presented.

In order to establish if PCLF; exists as a mixture of isomeric forms in dynamic
equilibrium or not, the temperature dependence of the frequencies and relative
band intensities in the Raman effect was investigated. The lack of any detectable
change in the spectrum from —40° to —120°C in the pure liquid (mp —124°C) or
from —20° to" —144°C in a 25% by volume isopentane solution excluded such a
possibility.

Since the nuclear magnetic resonance results show evidence for intramolecular
fluorine exchange®?? one might expect to observe this process spectroscopically.
Conclusive evidence for a “pseudorotational process,” as postulated by Berry'® to
explain the °F nuclear magnetic equivalence in PF;, might be obtainable for PCL,F;
from a study of its pure rotational spectrum.

The spectrum of PCL,F was especially important because of the three possible
structures. Our interpretation favors the trigonal bipyramidal model in which the
fluorine atom occupies an axial site. On the other hand, the total number of
observed bands is also consistent with a tetragonal pyramidal model but the number
of ir-R coincidences tends to eliminate this possibility. The remaining C,, model
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PFs (Dan)
PC1F,
PCl2F; (sz)

PCl3Fz2 (Dan)

PCL4F (Cav)
PCls (D;h) A
L
Vs
PFy (Dah)
PClF,

PCl2F; (Cav) Vol

PCL3F2 (Dah)

PCL4F (Cav)

PCVs (Dah) 5 vy
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FIGUREY Correlation diagram for PCLF; _, molecules. (a) Nondegenerate vibrations, (b) degenerate
vibrations.

in which the fluorine atom occupies an equatorial position is not so definitely
excluded. The main difficulty with this model arises in the assignments connected
with the P—Cl stretching modes. Two of the P—CI bonds are expected to be longer
than the other two and correspondingly one Cl—P—Cl angle is expected to ap-
proach 180° and the other to approach 120°.

The two symmetric P—ClI, stretching modes could probably be assigned to the
Raman lines at 422 and 384 cm~!. The antisymmetric PCl, stretching vibration
associated with the smaller angle unit also is expected to occur in this frequency
range and can be assigned along with the symmetric mode to the 422-cm™! line
(cf. PCLF;). Because of the large C—P—CI angle in the remaining PCl, unit, the
antisymmetric stretching vibration is expected at a higher frequency. The line at
592 cm ™! seems to be too high for this by comparison with the spectrum of PCl;
where this type of vibration occurs at about 450 cm !, only 80 cm ! higher than
the symmetric mode.® Assignment of the antisymmetric stretching fundamental in
question to either the 422 or to the 384-cm~! line implies a smaller Cl-—P—Cl
angle and also means that the 592- and 612-cm~* lines must be explained in terms
of combination bands. Although the latter is a possibility, it is unlikely that both
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represent combinations. Furthermore, the total number of lines available for fun-
damentals is reduced to seven which means that there are only four lines available
for the seven unassigned fundamentals. While accidental degeneracies of the kind
required on the basis of this analysis are not without precedent, the argument
becomes progressively less convincing when compared with the one presented for
the C,, structure.

The assignments made for chlorofluorides of pentavalent phosphorus are sum-
marized in Figure 9. For added clarity the nondegenerate and degenerate vibrations
have been separated. The frequency trends established among the nondegenerate
vibrations support the assignments made for them. For example, the large frequency
changes in the mode designated v, representing an antisymmetric stretching of the
axial P—X bonds,?® in going from PFs to PCLF, reflect changes in the type of
atoms which move during the particular vibration. The lines joining mode numbers,
however, do not in all cases follow a particular type of vibration going through the
complete series. This is a consequence of the numbering system used.** The fre-
quencies of the degenerate vibrations require no special comment since anomalous
behavior is absent.

The assignments for PCls of Taylor and Woodward® were used in preference to
those of Carlson’ for two reasons. In the former, a weak band attributed to v, was
observed at a lower frequency than »; which parallels the relative intensity and
frequency observations made in this work in the spectrum of PF;. Further arguments
based on bond polarizability theory were also presented by Taylor and Woodward.
The second and more convincing argument involves the assignments of ¥ and vg.
In Carlson’s work vg > v which is difficult to accept. In all of the pertinent molecules
studied in the present work, vs > v and the reverse requires a violation of the
noncrossing rule for degenerate species.?* The Raman spectrum of PCls was not
published, however, and therefore the problem of v,, ¥, and 14 in PCls may still
be open to argument and possibly further study.

Although the vibrational spectrum of PCIF, is not reported in this series, the
correlation chart may serve as a useful guide to locating the fundamental frequen-
cies. Other independent studies of the phosphorus (v) chlorofluorides discussed in
this paper will be reported elsewhere.?!?22°
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