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more stable. The need for the study of more octahedral 
complexes of differing steric requirements and contain- 
ing metals in differing oxidation states is clear. 
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Pentacoordinated Molecules. XV1I.l Molecular Structure of HPF, and H2PF, 
in the Gas, Liquid, and Solid States from Infrared and Laser Raman Spectroscopy 

BY ROBERT R.  HOLMES* AND CHARLES J.  HORA, JR. 

Receioed Deceezbe? 22, 1971 

The vapor-phase and solid-state infrared spectra (4000-33 cm-l) of HPF4 and H2PF3 are reported along with laser Raman 
spectra for these substances in the liquid and solid states. Polarization measurements were obtained on the liquid states. 
Complete analysis of the vibrational data supports the trigonal-bipyramidal conformation for the vapor state with the 
protons residing in equatorial sites for both HPF4 and HzPF~. In contrast to earlier literature on HyPFz, the data further 
suggest retention of the gas-phase structure in the liquid and solid states. The same holds true for HPFi. With the aid 
of band-shape analysis on the highly structured infrared spectra, detailed spectral assignments are made supporting the CZ, 
point group. Intramolecular exchange mechanisms consistent with the vibrational assignments are presented. 

Introduction 
A microwave study of HPFd2 has established its 

vapor-state structure as a trigonal bipyramid with an 
equatorially positioned proton. This is consistent 
with a similar structure established for CH3PF4 by 
electron diffraction3 and other monosubstituted deriva- 
tives of PFj indicated by vibrational analysis to have 
this conformation with the unique ligand in an equa- 
torial site. These derivatives are CC13PF4,4a (CH3)3- 
CPF4,4b CF3PF4,5 C1PFdj6 and CH3PF4.' 

An infrared and Raman study of HZPF~*,~  suggested 
a trigonal bipyramid for the vapor with the hydrogen 
atoms again in equatorial sites as expected. However, 
association to a fluorine bridge dimer was reportedg to 
occur in the liquid and solid states. 

In contrast to these results, 19F nmr datalo for the 
liquid a t  -46" are consistent with the structure re- 
ported for the vapor. Because of the difficulties in 
handlings,lo these highly reactive species, reproducible 
nmr spectra were not easy to obtain. Broad fluorine 
resonances in the intensity ratio of about 2 :  1 were ob- 
servedlO having a doublet character (P-F spin cou- 
pling). On the other hand the 'H and 31P splitting pat- 
terns were consistent with the presence of three equiv- 

(1) Presented in part a t  the Symposium on Raman Applications in In- 
organic Chemistry, Division of Inorganic Chemistry, 163rd National Meet- 
ing of the American Chemical Society, Boston, Mass., April 1972. Previous 
paper: R .  R. Holmes and M. Fild, I m v g .  Chem., 10, 1109 (1971). 

(2) S. B. Pierce and C. D. Cornwell, J .  Chem. Phys., 48, 2118 (1968). 
(3) L. S. Bartell and K. W. Hansen, Inovg. Chem., 4, 1777 (1965). 
(4) (a) R. R .  Holmes and M. Fild, J .  Chem. Phys., 53, 4161 (19iO); (b) 

Inorg. Chem., 10, 1109 (1971). 
(5) (a) J. E. Gri5ths,  J .  Chem. Phys. ,  49, 1307 (1968). (b) In the case of 

CFIPFI,  however, an  incomplete microwave study suggests a symmetric top  
with the CF3 group in a n  axial position: E. A. Cohen and C. D. Cornwell, 
Inorg. Chem., 7, 398 (1968). 

(6) R. R. Holmes, J .  Chem. Phys. ,  46,  3718 (1967). 
(7) A. J. Downs and R. Schmutzler, Spectrociiim. Ac ta ,  31, 1927 (1965). 
(8 )  R .  R. Holmes and R.  N .  Storey, Inoug. Chem., 5 ,  2146 (1966). 
(9) J. Goubeau, R. Baumgartner, and H. Weiss, Z. Anovg. AUg. Chem., 

(10) P. M. Treichel, R .  A. Goodrich, and S. B. Pierce, J .  Ameu. Chem. 
348, 286 (1966). 

Soc., 89, 2017 (1967). 

alent fluorine atoms and, hence, indicative of the pres- 
ence of intramolecular exchange a t  low temperature. 
At higher temperatures (- 15"), the l9F patternlo also 
pointed to the onset of positional exchange. 

In  view of the discrepancies between the vibrational 
interpretationg and the nrnr findings,IO a more detailed 
study of the structure of H2PF3 was undertaken by in- 
frared and laser Raman spectroscopy. In addition, 
clarification of the condensed-state structure is needed 
in order t o  properly interpret intramolecular exchange 
phenomena observed1° here. As with H2PF3, HPF4 
has been studied previously ;*I lo however, no definitive 
vibrational analysis has been carried out. To ascer- 
tain if HPFI  behaved analogously and as an aid in 
assignments, its spectra were also investigated in the 
gas, liquid, and solid states. 

Experimental Section 
Materials.-Both HPFa and H2PF3 were prepared a5 beforeE 

from the reaction of hydrogen fluoride with the respective phos- 
phorous acid in a copper vacuum system containing Kel-F U 
traps. The products were purified by trap-to-trap distillation. 
The starting materials, anhydrous hydrogen fluoride (Matheson, 
99.9y0) and phosphorous acid (Fisher Certified reagent, 9S.9yG), 
were used without further purification. Hypophosphorous 
acid (Fisher, purified) needed for the preparation of H2PF3 was 
purified as described previously.8 

Since the compounds are highly reactive with Pyrex and quartz, 
HzPF3 more so than HPFa, subsequent handling for spectral 
determinations made use of glass-free systems. Samples were 
fractionated just prior to use. During the course of any of the 
spectral measurements, no changes in band intensities were 
observed. It was determined that samples of HPFd contained in 
Monel infrared cells partially decomposed into HF and PF? 
during a 24-hr period. The latter were detected from their 
characteristic infrared spectra. The samples could be stored a t  
-78' in Kel-F, stainless steel, or Monel ampoules for prolonged 
periods with no noticeable decomposition. 

Spectral Measurements .-Infrared spectra were recorded with 
a Beckman I R  11-12 spectrophotometer. In all runs the instru- 
ment was purged with dry nitrogen. The far-infrared region was 
calibrated with HF, HCl, and H20 vapor. The higher region 
was calibrated with C02  and H20 vapor. Samples for gas-phase 
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Figure 1.-Infrared spectrum of HPF4. Top, vapor state at 25': 
AgCl windows, 400-2700 cm-l, polyethylene windows, 200-400 cm-". 
thickness, CsI window. 

(A) p = 10 cm, (B) p = 0.5 cm, (C) p = 1.2 cm; I = 10 cm, 
Bottom, solid film a t  - 190': (A) medium thickness, (B) low 
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Figure 2.-Raman spectrum of liquid HPFa at -63'. 

analysis were contained in 10-cm Monel metal cells fitted with 
high-density polyethylene windows for the 33-600-cm-l region 
and with Age1 windows for the 400-4000-~m-~ region. 

housing for the Monel metal cell placed in the infrared beam. 
Precooled nitrogen gas was circulated within the housing to 
obtain the desired temperature. The temperature was measured 

by means of a copper-constantan thermocouple attached to  the 
side of the gas cell. Because of the large thermal mass of the 
gas cell, it was necessary to  stabilize the cell for 30 min at a 

Low-temperature gas-phase studies employed a Plexiglas given temperature so as to be certain equilibrium had been 
reached; then the infrared spectrum was recorded. Since the 
interior of the Beckman IR-11 unit was purged with dry nitrogen 
gas, no difficulty was encountered with frost or condensation 
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Figure 3.-Fine structure of medium-intensity infrared bands 
of HPF4: p = 6.0 cm, I = 10 cm, AgCl windows. 
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assembly was vacuum tight and withstood low temperatures 
without leaking. After condensation and isolation of the sample 
in the Teflon tube a t  liquid nitrogen temperature, the sample 
cell assembly was inserted into a precooled low-temperature ac- 
cessory of the Harney-Miller type.I1 Use of the latter kept the 
sample controllably cooled down to - 100" without allowing any 
condensation to form on the sample tube. The sample tube was 
supported by perforated Teflon spacers. By careful focusing of 
the laser beam, the Raman spectrum of Teflon could be virtually 
excluded from the spectrum of the sample. After completion of 
the recording of the Raman spectra, the samples were transferred 
into a gas-phase infrared cell and were surveyed. I t  was found 
that the infrared spectra were identical with those run prior to 
the Raman work for both H ~ P F B  and HPF,. No impurities 
were found to have formed, indicating good vacuum integrity of 
the Raman cell. Spectra were recorded in both polarization 
directions for the liquid state of HPF4 and H~PFB and then the 
samples were refrozen to obtain the spectra for the solids. 

Results 
Infrared and Raman Spectra of HPFi.-The gas- 

phase infrared spectrum of HPFi is shown in Figure 1 

I I I 1 I I 
1050 I010 970 930 ago 85 0 

F R E Q U E N C Y  (cm-1)  

- 
Figure 4.-Fine structure of strong infrared bands of HPFl: p = 0.5, 0.25, and 0.5 cm, respectively, 1 = 10 cm, AgCl windows. 

forming on the cell windows. Temperatures would be main- 
tained well for periods long enough for accurate spectra to be 
run without difficulty. 

Infrared spectra of frozen films were recorded in the range 
200-2000 cm-l with the use of a Sulfrian cryostat. The sample 
was deposited from the vapor on a CsI window precooled to 77'K. 
The sampling system consisted of all metal and Kel-F parts. 
The sample passed through a precision leak valve (Granville- 
Phillips Co., Boulder, Colo.) a t  a controlled rate. The de- 
position rate was varied in order to examine the quality of the 
resulting spectra. Full-scale spectra were obtained after de- 
position periods ranging from 0.5 to 4 hr with those obtained in 
the 2-3-hr periods having the best appearance. 

By recovering the sample from the cold window after the 
spectral study, it was established by subsequent gas-phase in- 
frared surveys that no decomposition and no changes in spectra 
took place for either HPFI or H2PF3. 

Raman displacements from the 6328-A line of a Spectra- 
Physics Model 125 He-;\'e laser were obtained with an  instrument 
employing a Spex 1400 double-grating double monochromator con- 
taining 600 grooves mm. Photon-counting electronics were 
activated by a FW 130 cathode photomultiplier having S-20 
response. 
In order to obtain low-temperature Raman spectra of the liquid 

and solid phases of HPF4 and H2PF3, a special sampling device 
was used. I t  consisted of a thin-walled Teflon sample tube which 
fitted snugly over a length of l/s-in. copper tubing attached to a 
valve and standard taper for a vacuum connection. The entire 

(top), and the spectrum of the solid recorded a t  - 190" 
is displayed in the lower portion. Figure 2 shows the 
Raman spectrum of HPF4 in the liquid state. Details 
of gas-phase infrared band shapes are shown in Figures 
3 and 4. The frequencies, relative intensities, states 
of polarization, and suggested assignments are sum- 
marized in Table I for the gas- and liquid-state spectra 

symmetry 11 infrared-active 
and 12 Raman-active fundamentals are expected with 
no degeneracies. Comparison of the data in Table I 
reveals that of the 11 liquid-state Raman bands asso- 
ciated with HPF4, seven have a counterpart in the gas- 
phase infrared spectrum with no unusual shifts in fre- 
quency going from the gas to the liquid states. Con- 
sidering that HPF4 is a relatively weak scatterer whose 
spectrum was obtained in a Teflon tube, the above cor- 
respondence provides reasonably good support that no 
pronounced change in structure is occurring between 
the two states. Detailed analysis based on the known2 
CZ, gas-phase structure bears out this contention. 

of HPFi. 
For molecules of 

(11) The low-temperature unit was constructed after a design by F A 
Miller and B M Harney, Appl Spectroscs , 24, 291 (1970) 
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TABLE I 
VIBRATIONAL SPECTRUM OF HPFp  --- Ir (gas)* 

Band --Raman (1iq)O- Assignment, 
Cm -1 I type Cm-1 I Pol cm -1 

200 w (dp) vg(a1) 

(296) vw (dp) vdbz) 

336 w (dp) ve(a2) 
386 vw v4SiF~ 
478 w vsPFa 

525 s C vr(a1) 

") (A, E)  Q 314 
Q 320 m 
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Z 

537 w dp vs(bi) Q 541 s 
Q 533.5 

6" 614.5 m '  
Q' 619.5 m 
Q 629 m C 632 s P vdad 
P 637 m 
Q 650 m (A, B) vg(b1) 
R 661 m 

801 m dp vli(b8) Q 790 
Q 801 E) 
Q 882 vs C 892 s p vz(a1) 
R g92 vs 
Q 1020 vs) B 
Q 1027 vs 

1087 vw 

1205 vw 

1299 

Q 1373.5 
Q 1382 
P 1519 
Q 1527.5 
R 1537 

1682 

1792 

1921 

vw 

m 
m 
m 
m 

vw 

vw 

vw 

2173 vw 

V'i(b1) 
2vs = 1082 

(Ai ) 
P 2  + vi2 = 

1202 (B2) 
1293 w (dp) 2vg = 1300 

(Ai) 
HPOFZ im- 

purity 

(A, B) vi0  (bz) 

(All 
v7 + V8 = 

1677 (Ai) 
2va + v g  = 

1799 (El) 
vz + Y7 = 

1909 (El) 
v2 + 2v* = 

2182 (Ai) 

1582 vw 2~11 = 1602 

P 2470 m 
0 2481.5 m C 2504 w P v i  (al) 
E 2501 m 

2585d w 2586 vw p 217 + VI = 

p denotes polarized; dp, depolarized; sh, shoulder; br, 
broad; s, strong; m, medium; w, weak; v, very; ( ), uncertain. 
* Primes on Q indicate the presence of hot bands; otherwise, if 
more than one Q is listed, a split Q branch is inferred. The 
liquid-state Raman spectrum was recorded with the sample at 
-63". Band head. 

2573 (Ai) 

Further, no change in structure of any significance 
is apparent from examination of the liquid-state Raman 
spectrum (- 63') (Figure 2) and the solid-state Raman 
spectrum (-125') discussed below. Other than a 
couple of the weaker intensity bands, all of the rest 
appear in the solid with approximately the same relative 
intensity and frequency as observed for the liquid. 
The only new feature is the appearance of a very weak 
line a t  2552 cm-l, possibly a combination of a lattice 
mode with a fundamental frequency or its overtone. A 
broad rise is observed peaking near 1140 cm-I and is a 
typical occurrence resulting from fluorescence. 

A similar relation exists between the gas-state and 
solid-state (Figure 1) infrared spectra. In  the solid no 
bands above 1100 cm-l were observed other than a 
weak absorption a t  1430 cm-l, not seen in the vapor. 

Y Q& H 

Figure 5.-Coordinates for HPF4 and HzPFa. The species 
ax, bl, and b2 are shown associated with an appropriate coordinate 
axis, 

This again may be some combination involving a 
lattice mode. The spectra below 1100 cm-l are sim- 
ilar with sharper absorptions as expected in the solid. 

There is an observed alteration on going to the solid 
in the relative intensities of the P-F stretching modes 
centered a t  795 and 887 cm-l in the vapor. As dis- 
cussed below, the former is assigned to an asymmetric 
stretch and the latter to a symmetric stretch. It might 
be rationalized that solid-state effects are a t  play to 
reduce the magnitude of the dipole change for the sym- 
metric mode relative to that for the asymmetric vibra- 
tion. 

Feeling fairly confident that  we are working with the 
same molecular conformation in the vapor and liquid 
states, assignment of the bands to appropriate species is 
aided largely by the polarization data, band shapes in 
the infrared, and region expected for particular modes 
to appear. 

As 
such the three principal axes of rotation have different 
moments of inertia associated with them. With the 
coordinates as defined in Figure 5 and the parameters 
from Pierce and CornwellJ2 the axis of greatest moment 
of inertia (275.8 X g cmz) is y, that  of the inter- 
mediate moment (184.9 X g cm2), x, and the axis 
of least inertia (141.2 X Based on the 
method of Badger and Zumwalt,12 calculations show 
that vibrations of a1 species (dipole change parallel to 
the y axis) will have C-type band shapes, those of bl 
species (dipole change parallel to the x axis) will have 
B-type band shapes, and b2 species (dipole change 
parallel to the z axis) will have A-type contours. 

Since the moments associated with the x and z axes 
are fairly close, C-type bands should differ more than 
A and B types, although A-type bands should have 
more intensity in the P and R branches while C-type 
bands would tend toward the opposite, concentrating 
more intensity in the Q branch under this approxima- 
tion. Consequently, assignment of vibrations of al 
species is aided by both polarization and band contour 
analysis in this instance. 

There are three bands listed in Table I which are 
polarized and have sufficient intensity in the Raman to 
count as fundamentals. These are the 2504-cm-l 
Raman band, assignable as the P-H stretch, and the 
two strong Raman displacements in the PF stretching 
region observed a t  892 and 632 cm-l. The higher of 
the two is associated with an equatorial stretch and the 
lower with an axial stretching mode in line with similar 
assignments on related molecules4~ l a  and the inherent 
weakness of axial compared to equatorial bonds.14 

However, this point bears further study. 

HPF4 of CZ, symmetry is an asymmetric rotor. 

g cm2), z. 

(12) R. M. Badger andL. R. Zumwalt, J. Chem. Phys . ,  6 ,  711 (1938). 
(13) (a) J. E. Griffiths, R. P. Carter, Jr., and R. R. Holmes, ibid., 41, 863 

(1964); (b) R. R.  Holmes, ibid., 46, 3730 (1967). 
(14) R. R. Holmes, Accounts Chem. Res., 5, 297 (1972). 
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Figure 6.-Infrared spectrum of H2PF3. Top, vapor a t  25': (A) 9 = 3.5 cm, (B) 1.0 cm; I = 10 cm, 4gC1 windows. Bottom, 
solid film: (A) thick film at - 15So, (B) thin film at - 190'; CsI windows. 

The infrared modes also appear to have C type band 
shapes. This is most clear for the 2481.5 cm-l band 
shown in some detail in Figure 3. The composite band 
around 640 cm-I (Figure 3) is thought to be two over- 
lapping bands, one centered a t  629 cm-l, just dis- 
cussed, showing "hot" bands to the low-frequency side 
and one centered a t  650 cm-I with typical PQR struc- 
ture. The band contour for the 892 cm-l band (Figure 
4) resembles that for the 629 cm-l band. 

Two further bands serve as P-F stretches, the intense 
infrared band centered a t  1024 cm-l and the Raman 
band a t  801 cm-I of moderate intensity. The former 
band with no observable intensity in the Raman is 
assigned as the PF2 asymmetric stretch (bl species) 
while the latter band having an infrared counterpart 
exhibiting a weak intensity is assigned, consistent with 
its lower frequency, to the remaining axial P-F stretch 
of bz species. The doublet Q branch for the infrared 
band centered a t  1024 cm-I is characteristic of a B- 
type band in agreement with the species designation. 

The axial P-F bending vibrations usually appear4r1a116 
around 500 cm-l. Here as well, an absorption is found 
in this region in the infrared spectrum and a corre- 
sponding displacement in the Raman spectrum. In  
each spectrum, the band gives evidence of being a com- 
posite of two bands. In  the infrared spectrum, we 
interpret the lower frequency component a t  525 cm-1 
as a C-type and a higher frequency component cen- 
tered a t  537 cm-l with a doublet structure indicative 
of a B-type contour. These are assigned, respectively, 
as a1 and bl species. 

(15) (a) I n  view of recent electron diffraction amplitude data on trigonal- 
hipyramidal molecules of D3h symmetry [L. S.  Bartell, I l !o ig .  Chem., 9 ,  1594 
(1970) I ,  i t  appears more consistept if the equatorial in-plane and axial 
bending assignments13 are interchanged; (h) however, cmpling is indicated 
between these two motions [R, R. Holmes and J. A.  Golen, ibid., 9, 1596 
(1970) 1. 

An infrared band a t  1527.5 cm-' counts as a P-H 
bending vibration and is assigned to an out-of-plane 
bend rather than an in-plane bend based on electron 
diffraction datal5 on related trigonal-bipyramidal 
molecules indicating a large degree of in-plane arnpli- 
tude associated with a low-frequency bend compared to 
an out-of-plane amplitude. The in-plane fundamental 
is assigned to the infrared absorption appearing a t  650 
cm-l, the only remaining unassigned band of high 
enough frequency for such a vibration. Neither of 
these bands has any observable intensity in the Raman 
spectrum which is not unexpected in view of the weakly 
appearing P-H stretch in the Rarnan region 

Again consistent with established assignments based 
on electron diffraction datal5" and vibrational inter- 
p r e t a t i ~ n , ' ~ ~  the low-frequency mode a t  200 cm-l in the 
Raman is assigned as an equatorial in-plane PF2 bend 
(a1 species). The related frequency in PF5 has been 
assigned1€ a t  174 cm-l. 

The only remaining infrared band unassigned, other 
than very weakly appearing combination modes ob- 
served a t  higher frequencies, is a band centered a t  317 
cm-l. It has a weak counterpart in the Rarnan and is 
counted as a rocking vibration of bz species. A related 
mode which should be Rarnan active (a2 species) and in- 
frared inactive is assigned to the weak Raman feature 
a t  336 cm-l. This completes the spectral assignments 
in satisfactory agreement with the C2* conformation 
shown by microwave ~pectroscopy.~ Suggested a5- 
signments of combination and overtones for the very 
weakly appearing bands are listed in Table I 

Infrared and Raman Spectra of H2PF3.-The in- 
frared spectrum of H2PF3 in the gas state is shown in 
Figqre 6 (top), and that for the solid in the lower por- 

(1971) 
(16) F A hIiller and R J Capwell, Specttochzrri Acta Pait A 27, 125 
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Figure 7.-Raman spectrum of HzPFa: top, liquid a t  -28'; bottom, solid a t  -157". 
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cm-1 band, and p E 0.2 and 0.8 cm, respectively, for the lower frequency bands; I = 10 cm, AgCl windows. 
Figure &--Fine structure of infrared bands of HzPFI: p = 10.0cm for bands in the 1250-2600-cm-l region, p = 0.7 cm for the 1005- 

tion. The liquid- and solid-state Raman spectra are 
presented in Figure 7. Details of gas-phase infrared 
band shapes are shown in Figures 8 and 9. Table I1 
summarizes the pertinent vibrational data for HzPF3 
with band assignments based on the Cz, symmetry for 
which arguments will be presented. 

Comparison of the gas- and solid-state infrared spectra 
(Figure 6 )  reveals no startling differences. For the 
most part, the solid-state spectrum shows a similar dis- 
tribution of intensities with slightly lowered frequencies 
in general compared to the gas-state spectrum. Only 
the weakest infrared bands are absent for the solid. 
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-1r (solid)b- 
Cm-1 I 

344 m 
365 m 

474 m 

620 w 

658 w 

720- VS, 

765 br 

-800 s, sh 

860 m 

984 s 

1277 w 

2446 vw 

2506 vw 
2569 vw 

TABLE I1 
VIBRATIONAL SPECTRUM OF H2PFsa 
--Ir (gas)--- 

Cm-1 I 

P 319 m 
Q 335 m 
R 341 m 

P 463.5 m 
Q 472.5 m 
R 483.0 m 
P 587 w 
Q 605 w 
Q 622 w 
R 635 w 
P (645) w 
Q 659.5 w 
Q 664 w 
R (674) w 
P 758 s 
Q 767 s 

R 785 s 
P 814 vs  
Q" 822 vs 
Q! 823.5 vs 
Q 825 vs 
R 833 vs 
P 856 m 1 
R 871 

R 1012 vs  
P 1094 vw 
Q 1104 vw 
R 1117 vw 

P 1280 w 
Q 1291 w 
R 1300 w 
P 1445 
R 1458 1 
P 1718 vw 
R 1734 vw 
P 1856 vw 
R 1874 vw 

2065 vw 

P 998.5 vs m l  

P 2434 
R 2451 z )  
P 2467 m 
QI 2479 m 
Q 2482 m 
R 2492 m 

254Qd m 

Band Raman (liq)c Assignment, 
type Cm-1 I Pol cm-1 

v j  + v9 = 
1094 (BI) 

1233 w (dp) un(a1) 

uio(bz) 

VI - Y S  = 
1477 (AI) 

2ua = 1728 
(AI) 

Y8 + Y4 = 
1869 (AI) 

2 u 4  + Y1Z = 
2063 (Bd 

3n1 = 2475 
2444 vw P (Bz) 

Q p denotes polarized; dp, depolarized; sh, shoulder; br, broad; 
Sam- 

Primes on a Q branch indicate the 
Unprimed neighboring Q branches indi- 

The sample temperature for the 

s, strong; m, medium; w, weak; v,  very; ( 
ple temperature, -158". 
presence of hot bands. 
cate a split Q band shape. 
recording of the Raman spectrum was -28". 

),uncertain. 

Band head. 

Intensity enhancement appears to occur in the solid for 
the strong gas-phase band listed a t  767 cm-l relative to 
the very strong gas-phase band a t  825 cm-l. Resolu- 
tion of the related solid-state band was not achieved, 
and i t  is reported as a very intense broad band cen- 
tered a t  745 cm-l with an apparent shoulder a t  about 
800 cm-l. The solid-state spectral frequencies ob- 
served a t  -158" are included in Table I1 for compar- 
ison with the vapor-state values. From the close 
spectral similarity between these two states, the basic 
structural entity is indicated to be the same in the gas 
and solid. 

Also listed in Table I1 are the liquid-state Raman 
data determined a t  - 28". All the frequencies present 
have a counterpart in the infrared other than two 
weakly appearing bands a t  1233 and 377 ern-'. 
Further, the solid-state Raman spectrum determined a t  

n' 

I I I 
6 0 0  300 

F R E QUE N c Y ( c m  -I  1 

Figure 9.-Fine structure of low-frequency infrared bands of 
H2PF3: p = 50.0 cm for bands in the 576-700 cm-' region, AgCl 
windows; and p = 11.0 cm for bands in the 225-500-cm-1 region, 
CsI windows, 1 = 10 cm. 

- 157' (a similar temperature as the solid-state in- 
frared spectrum) shows (Figure 7 )  the same spectral 
pattern as that  for the liquid Raman region but with 
somewhat reduced frequencies. A few of the weaker 
bands are absent in the Raman spectrum for the solid in 
line with its poorer scattering qualities, a t  least for the 
samples investigated. Again, no significant structural 
changes among the various states are indicated by these 
comparisons. 

The trigonal bipyramid is the most likely structure 
for H2PF3, especially in view of the observance2 of this 
form for HPFI. However, the tetragonal pyramid is a 
possible alternative worth considering. For H2PF3 
three trigonal bipyramids are possible, one of C2, sym- 
metry and the other two possessing Dan and C, sym- 
metries. I n  the tetragonal pyramid, two C, configura- 
tions with either one apical hydrogen atom or two ad- 
jacent basal hydrogens and one CZ, molecule with al- 
ternating hydrogen and fluorine atoms in the base are 
possibilities. Table I11 lists the fundamentals to be ex- 

TABLE I11 
ACTIVITY OF FUNDAMEKTAL MODES 

Funda- Coinci- 
Point group mentals Raman Ir dences 

cs 12 12 ( 8 ~ )  12 12 
c2 21 12 12 (Ep) 11 11 
D3h 8 6 ( 2 ~ )  5 3 

pected and their activities for these symmetries. 
Examination of Table I1 shows that of the 11 Raman 

bands that may reasonably be counted as fundamen- 
tals, four are polarized and eight have infrared counter- 
parts. Eleven infrared vibrations serve as funda- 
mentals. As a general structural indicator, the latter 
evaluation clearly rules out the DSh symmetry. The 
C, symmetry is unlikely by this count also since eight 
polarized bands are expected while the symmetry 
gives the best fit. The detailed analysis supplied 
below confirms these conclusions. Even so we are still 
left with two models having CZ, symmetry, one trigonal 
bipyramid and one square pyramid. Arguments will 
be presented in the discussion based on other evidence 
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leading to the rational choice of the trigonal bipyramid 
as the favored structure for H z P F ~ .  Accordingly, the 
assignments made here are for this model. 

As with HPF4, the gas-phase infrared spectrum of 
H2PF3 shows highly structured bands (Figures 8 and 9) 
suggesting that band-shape analysis may be a signifi- 
cant aid in making assignments. Transferring the 
microwave parameters2 for HPF4 as an approximation 
for HzPF3, moments of inertia are obtained. With 
reference to Figure 5, the axis of least moment of in- 
ertia (67.3 X g cm2) is z, giving rise to A-type 
band contours for vibrations of b2 species; the inter- 
mediate inertial axis, y (163.9 X g cm2), gives 
rise to B-type contours associated with vibrations of a1 
species, the remaining axis, x, having the greatest 
moment (220.1 X g cm2), gives C-type contours 
for vibrations whose dipole changes are parallel with 
this axis, bl. 

Band shapes for b2 vibrations (A type) are calcu- 
latedI2 to have considerable intensity in the wings com- 
pared to bl vibration (C type). For vibrations of a1 
species (B type), :t doublet structure might be revealed. 
Consistent with these calculations, examination of 
band shapes shown in Figures 8 and 9 shows three basic 
groups. Those vibrations which appear most ame- 
nable to this analysis have their shapes designated in 
Table 11. 

As with HPF4, the stretching frequencies are fairly 
easy to identify. The infrared (Figure 6) and Raman 
spectra (Figure 7) show three bands in the P-H 
stretching region with all three polarized. The latter is 
not expected and suggests coupling among these modes 
with a resultant transfer of intensity. Since two P-H 
stretches are expected, the lowest frequency band ap- 
pearing on the shoulder of the infrared band centered a t  
2482 cm-I is assigned as an overtone of the most in- 
tense infrared band a t  825 cm-'. The higher of the 
two P-H stretches is listed as the asymmetric mode in 
Table 11. 

Two polarized bands of considerable intensity are 
present in the Raman spectrum in the region asso- 
ciated with P-F stretching vibrations. They are ob- 
served at  996 and 879 cm-' and have infrared 
counterparts. These are assigned, respectively, as the 
equatorial and axial stretch of a1 species. The most in- 
tense band in the infrared a t  825 cm-l with no corre- 
sponding Raman feature has a band shape indicating a 
b2 vibration. It is reasonably expected that the asy- 
metric P-F axial stretch should appear as the most in- 
tense vibration for this molecule since the equatorial 
asymmetric stretch would involve a P-H motion to 
some extent having an accompanying low dipole change. 

Two predominantly P-H bending vibrations are ex- 
pected for C2,, symmetry, an equatorial-in-plane and an 
equatorial out-of-plane vibration. Three bands are ob- 
served in this region, two in the infrared spectrum and 
one in the Raman spectrum with no counterparts. 
However, the infrared absorption centered a t  1451 
cm-I in the vapor is absent in the infrared spectrum of 
the solid obtained a t  -157'. In  view of this be- 
havior, it  is concluded that the latter frequency is a 
combination band, especially since all the other in- 
frared bands counted as fundamentals in Table I1 have 
observable absorptions in the low-temperature solid- 
state spectrum. Because of the band shape for the in- 

frared absorption a t  1291 cm-', i t  is assigned to the out- 
of-plane bend of bz species while the Raman band a t  
1233 cm-1 is associated with the in-plane motion of a1 
species. 

Only one a1 species remains unaccounted for, a P-F 
axial bend, and only one polarized Raman band re- 
mains unassigned. It is observed a t  596 cm-' with a 
corresponding infrared absorption a t  614 cm-l. The 
P-F axial bending region, usually in the 450-550-cm-' 
range,4y13115 might be expected to  be somewhat higher 
here owing to some degree of interaction with equa- 
torial P-H stretches. 

Two infrared bands lying nearby a t  472 and 767 
cm-l, both exhibiting band contours indicating bl 
species, serve as P-F bends. Both have related fre- 
quencies present in the Raman region showing depolar- 
ized bands. Since the equatorial-in-plane mode should 
have a greater participation by the hydrogen atoms 
than the mode associated with the axial bend, i t  is as- 
signed the higher frequency in Table 11. 

The remaining modes to be assigned are rocking mo- 
tions involving the molecule as a whole. One is in- 
frared inactive for the symmetry considered and of az 
species. This mode is assigned to  the weak Raman dis- 
placement recorded a t  377 cm-I with no infrared com- 
plement while the infrared absorption a t  335 cm-l is 
taken as the other rocking vibration of b2 species. It 
has a corresponding Raman frequency appearing weakly 
a t  336 cm-l, probably depolarized. 

There are left only very weak bands in the infrared. 
These are counted as combination bands and given 
appropriate assignments in Table 11. In  addition, a 
weak band a t  308 cm-l in the Raman spectrum is des- 
ignated as a difference band. For comparison, the 
fundamental frequencies for HzPF3 and HPF4 are sum- 
marized in Table IV along with mode descriptions. 

TABLE IV 
FUNDAMENTAL FREQUENCIES OF HPFl AND HzPFs 

a1 
Mode description HPFa HzPFs CH3PFt 

PH stretch 2482 2482 725 (PC) 
PF eq stretch 882 1005* 932 
PFt' axial stretch 629 864b 596 
PFz' axial bend 525 614b 514d 
Eq in-plane bend 200a 1233" 17gd 

at 
Rock 336a 3770 397 

Eq asym stretch 1024b 254gb 1009 
Eq in-plane bend 650 767 17Qd 
PF2' axial bend 637b 472 467d 

bi 

ba 
Eq out-of-plane bend 1528 1291 538 
PF2' axial asym. stretch 79Fib 825 843 
Rock 317b 335 412 

a These are Raman Erequencies. All others are gas-state 
infrared values. Band centers. Reference 23. Reassign- 
ments. see text. 

Discussion 
Analysis of the vibrational data strongly suggests 

that  the vapor-state structure of HPF4 and HZPFX is 
retained in the liquid and solid states. For HPF4 this 
structure is a trigonal bipyramid of C2, symmetry 
(Figure 5), previously established by microwave spec- 
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troscopy.2 I n  the case of H2PF3, Goubeau, et al.,9 con- 
cluded from a vibrational study that i t  was a similarly 
structured molecule of C2, symmetry in the vapor state 
(Figure 5) but underwent association in the liquid and 
solid state to a preferred fluorine bridge dimeric unit. 
In contrast, our analysis shows that if any association is 
present, the resultant effect is insufficient to give rise to 
any new spectral bands in either the infrared or Raman 
regions in the condensed states1' 

Goubeau, et U Z . , ~  were led to a dimeric formulation 
based on the decidedly different solid-state infrared 
spectrum they observed compared to their vapor-state 
results. The latter are, in general, similar to ours, al- 
though two of their most intense bands at  389 and 1026 
ern-', not present in our spectra (Table 11), are most 
likely due to SiF, as a contaminant. 

The absence of bands in the P-H stretching region 
in their solid-state infrared spectrum and the appear- 
ance of several new bands not present in the vapor, some 
admittedly doubtful in character, suggested to them 
that the rule of mutual exclusion was being followed 
and indicated a centrosymmetric structure. Their in- 
frared data are shown in Table V for comparison with 

TABLE V 
IXFRARED SPECTRUM OF GOUBEAU, et ~ l . , ~  FOR H2PF3 

Cm-1 I Cm-1 I 

2960 
2538 ms 
2465 m 

2060 

1292 m 1280 W 

1820 
1452 
1325 

___- Gas---- ----Solid----. 

3460 '"1 vw a 

2240 m )  

m a 

1187 m 1190 
1148 

1118 S 

1095 w 
1026* vs 
995 S 

960 s 
888 11' 

867 w 
820 VS 
765 m 

713 vs 
655 vw 

481 VW?C 

471 W 
448 VW? 

389b vs 
329 vw 329 VW? 

306 V W ?  
286 vw? 

a Combination or overtone bands. b Most likely due to SiF4 
0 The question marks are the authors' own designa- impurity. 

tion. 

ours in Table 11. 
We feel the lack of observance of P-H stretches is 

associated with the deposition of solid films of poor 
(17) This does not preclude the possibility of a very weak association in- 

volving an  unsymmetrical intermediate which could assist an intramolecular 
ligand exchange process. Some nmr evidence supporting mild association 
in the liquid was reported in ref 8, but some of the ambiguity in the results 
was resolved by later work on HzPFa reported in ref 10. Similar to (CH3)1- 
PF2, A. J. Downs and R.  Schmutzler, Spectrochim. Acta, Part A ,  23,  681 
(1967), the asymmetric PF axial stretch for HsPFI shows a pronounced 
downfield shift in the condensed state relative to the vapor suggestive of 
mild association. 

ROBERT R. HOLMES AND CHARLES J. HORA, JR. 

quality. Some evidence for this is seen by comparing 
our solid-state spectrum in Figure 6 below 700 cm-I 
showing relatively sharp bands of medium to weak in- 
tensity in contrast to the very weak features listed in 
Table V. The strong band reportedg at  960 cm-l in 
Table V is clearly seen a t  984 cm-1 in Figure 6, while 
the difference in frequency between the most intense 
band in the solid state they reportg a t  713 cm-l and we 
observe in the 720-765-~m-~ region is again most 
likely a function of the conditions of sample prepara- 
tion. With fast deposition rates (-0.5 hr), a skewed 
appearance is obtained for this band, indicating a lower 
frequency . 

For several of the frozen films we prepared, the 
sample temperature was raised to about -100" to 
allow possible structural rearrangement to occur. No 
changes in the infrared spectrum took place following 
this treatment. 

The retention of one structural representation for 
HlPF3 on going from the gas to the condensed state is 
consistent with 19F nmr datalo discussed in the Intro- 
duction. The fact that P-F spin coupling is retained 
on warming H2PF3 from -46" (where two fluorine 
atom environments are indicatedlO in the ratio of 2 :  1) 
to - 15' (where one fluorine atom environment is seen) 
argues against the formation of a symmetrical dimeric 
species in the liquid but is consistent with the onset of 
ligand exchange proceeding by an intramolecular ex- 
change mechanism. The latter nmr behavior is typ- 
ical of molecules of the class Y,PF3,14,18z19 such as 
(CH&PFS3 and C12PF3,1g where structures have been 
rather clearly established. In this respect, while the 
infrared and Raman data reported here show HzPF3 to 
have C2, symmetry, as pointed out in the analysis sec- 
tion above, the data do not distinguish between the 
trigonal bipyramid with equatorially positioned pro- 
tons and a square pyramid having an axial fluorine 
atom and alternating fluorine and hydrogen atoms in 
the basal positions. However, the trigonal bipyramid 
is strongly favored by analogy with the known struc- 
ture for HPFB2 as well as that  for other molecules of the 
class YZPF3. 3,14,19 

Additionally, both simple repulsion  argument^'^^^^ 
and molecular orbital calculationsz1 show that the 
trigonal bipyramid is favored in that less electronega- 
tive ligands are expected to occupy the axial position of 
a square-pyramidal structure for phosphorus com- 
pounds in contrast to that which would result for the 
C2z' square pyramid for HZPF3. 

Regarding the specific exchange mechanism, as with 
other molecules of this class,14 normal coordinate cal- 
culations suggest that the largest amplitude bending 
motions are of bl symmetry and indicate a path of the 
type I f 11. 

For HPF, the lowest frequency bending motions 
(Table IV) and largest amplitudes are of a1 species sug- 

(18) (a) E. L. Muetterties, W. hlahler, and R. Schmutzler, Inovg. Chem., 
(b) E. L. hIuetterties, W. Mahler, K. J. Packer, and R.  

(c) R.  Schmutzler, Angew. Chem., I f l l .  

(19) R. R. Holmes, R, P. Carter, J r , ,  and G. E. Peterson, Iizovg. Chem.,  

(20) (a) R. J. Gillespie, Can .  J. C h e m ,  38,  818 (1960); (b) R.  J.  Gillespie, 

(21) A. Rauk, L. C. Allen, and K. n/fislow, J .  Arne?. Chem. Sos., 94, 3035 

2 ,  613 (1963); 
Schmutzler, ibid. ,  3 ,  1298 (1964); 
Ed. En&, 4, 496 (1965). 

3, 1748 (1964). 

J. Chem. Educ., 40, 295 (1963). 

(1972). 
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I I1 

gesting that intramolecular ligand exchange indicated 
by nmr data proceeds via the Berry p r o c e s ~ . ~ ~ , ~ ~  

I11 IV 

Finally, the normal mode descriptions for HPF4 and 
H2PF3 are compared with those for CH3PF4 in Table 
ZV. The initial frequency assignments by Downs and 
Schmutzler7 for CH3PF4 have been altered in Table IV. 
I n  line with the potential field refinement23 resulting 
from electron diffraction work on more symmetric trig- 

(22) R. S. Berry, J. Chem. Phys., 32, 933 (1960). 
(23) (a) L. S. Bartell, Inovg. Chem., 9, 1594 (1970); (b) R. R. Holmes and 

J. A. Golen, ibid., 9, 1596 (1970). 
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onal bipyramids including CH3PF4, a lower frequency 
associated with an equatorial relative to an axial bend- 
ing mode is suggested. Consequently, assignments of 
the corresponding modes for both the a1 and bl species of 
CHaPF4 have been interchanged compared to  the orig- 
ina123 mode designations. On this basis, the tab- 
ulated frequencies compare favorably between HPF4 and 
CH3PF4. The effect of the introduction of the proton 
relative to the methyl group is seen as an increase in 
frequency of the equatorial in-plane and equatorial 
out-of-plane bend of bl and b2 species, respectively. 

Relative to HPF4, both the equatorial and axial PF 
stretches of a1 species of H2PF3 are a t  a considerably 
higher frequency and suggests a mode description for 
H2PF3 containing a greater degree of mixing with the 
PH stretching ‘coordinate of the same species. The 
latter seems reasonable for the more highly protonated 
fluoride. A comparison of frequency assignments for 
related molecules has been given elsewhere,24 
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The two isomers corresponding to a methyl group being positioned a t  the N’ and N” atoms in the cyclic molecule S(02)N’P- 

(C6H6)2N”P(C~H&Y have been prepared by ring-closure reactions. The compound having the methyl group on the N’ 

was obtained from iminobis(chlorodipheny1phosphonium) chloride and N,N’-dimethylsulfamide or by metathesis from 
iminobis(methylaminodipheny1phosphonium) chloride and sulfuryl chloride The other compound, with the methyl group 
on the N”, was synthesized from bis(chlorodipheny1phosphazo) sulfone and heptamethyldisilazane. 1H and SIP nmr spec- 
t ra  as well as ir spectra areutilized as structure proofs. 

L- 

Introduction 
Several six-membered ring systems, containing phos- 

phorus, nitrogen, and sulfur are k n o ~ n . ~ ! ~  Since only 
a few compounds with an endocyclic sequence S-N-P- 

N-P-N have been ~ r e p a r e d , ~ - ~  the possibility of ob- 

taining isomers of the forms I and I1 by specific ring- 
closure reactions seemed worthy of attention and con- 
stitutes the scope of the present work. 
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Experimental Section 
Materials.-All solvents used were Spectrograde quality and 

practically water free. Sulfamide (Alfa) was used as received. 
Practical grade sulfuryl chloride was redistilled before use and the 
fraction boiling a t  69-70” (757 Torr) retained. Methylamine 
(Matheson) was dried by passage over KOH pellets. The other 
starting compounds, Le. ,  N, N’-dimethylsulfarnide,S iminobis- 
(chlorodiphenylphosphonium) chloride,8 [ (CaH;)2PCl] 2N+Cl- 
(111), and heptamethy1disilazane’O were prepared according to the 
literature. Diphenyltrichlorophosphorane is best prepared as 
given below. 
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(IO) R. C. Osthoff and S. W. Kantor, Inovg .  Syn., 6, 58 (1957). 


