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ABSTRACT 

The gas phase Raman spectrum of the v7 funda~cntal of PF5 has 

been observed under spectral resolutions 
. -1 

approaching 1 em • \Vith 

the use of a two dimensional h:1rmonic oscillation basis set and a 

potential function of the form V(p,~)=~~p 2 - b cos (3~)p3 + £ p4, 

the observed spectrum was interpreted to yield a barrier to axial

-1 equatorial fluorine atom interchange of 1371 em (3 .• 92 ~Cal/mole). 
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INTROIJUCTIO~ 

The v7 vibrational transition of the.~rigonal bipyramiqal molecule PF5 has 

been the subject of numerous investigations. In earlier \vork, 
1 

v
7 

could not be unambigously assigned to either the E~ equatorial bend 

or the. E' axial bend, or some appropriate linear combination of these modes. 

. 2-6 
More recent studies, however, clearly establish that v

7 
is pre-

dominantly the E' equatorial bending distortion. Both the low frequency 

of the v7 vibration and its role in the axial-equatorial fluorine 

la 7-9 10 
interchange process, ' prompted an investigation in which gas 

phase Raman spectra of v
7 

were measured in an effort to observe "hot" 

bands. In the Raman spectrum, Witt et. a1. 10 6bserv~d the fundamental 

at 174 em -l and an additional t.ransition at 177 em ~1 • They correctly 

reaf:ioneu that a one-dimensional anharmonic potentia:l tV'aS not consistent 

with th£. observed spectrum because a progression of other transitions 

would certainly be observed to either the high or the low energy side 

of the fundamental depending on the order (cubic and}or quartic) and 

the sign of the anharmonic term(s). They sugge3ted other possibilities 
I . . 

for the additional transition, but none were pursu~d in detail. 

One important aspect of the v
7 

vibration which has not been properly 

considered in previous work is that v
7 

is a doutly degenerate vibration; 

hence; it must be described by a two-dimensional :1otential. To the 

usual isotropic harmonic oscillator approximatior.' which gives a 

potential of Dooh symmetry, one gets evenly spaced vibration:1l levels 
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w1.th a degeneracy of (n+O. This i:; an accideutal dcr,cner<~cy because 

the maximum allowed true degeneracy under D 
1 

is two. If anharmonic 
. 00 1 

terms are added to the h<-1rmonic potential this accidental·dcgeneracy 

would be lifted; thus ·all levels with n > 2 would be split into two 

or more sublevels. We can go one step further and lower the symmetry 

of· the potential to D
3
h, t.;hich is the actual symmetry of the force 

field for a MF
5

Cn
3

h) molecule. This anisotropy is especially important 

for PF
5 

because motions along the E' bending coordinates leading to 

axial-equatorial interchange are expected to be energetically favored 

over other directions in E' bending space. Under n
3
h symmetry, which 

also has a maximum allot.;ed true degeneracy of tt-10, some of the doubly 

degenerate levels under D<»h will be further split into two components. 

In general, it is the lifting ~f the excess degeneracy of the isotrnpfc 

harmonic oscilla~or which gives rise to the extra transition observed 

by Witt et. al. In order to support this interpretation we have re-

measured the Raman spectra of the v
7 

vibration under higher instru:nental 

resolution than rrevious investigations and have found· additional 

transitions whicr are correctly predicted by this approach (i.e., a 

o3h potential). 
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EXPERU!ENTAI. 

Raman spectra of gaseous PF
5 

were observed at room temperature for 

sample pressures varying from 500-700 torr. Figure 1 displays a survey 

spectrum for v
7 

obtained with a multipass gas cell and a Jarrell Ash 

Model 400 Raman spectrophotometer equipped with an argon ion laser 

operating at 600 mw at 488.0 

-1 spectral slits of 2.0 em • 

11 nm. Survey traces were scanned \-lith 

Spect~~requiring larger chart dispersions 

-1 and narrower slit wid~hs (about 1 em ) for deter~iriing accurate ' 

frequency measurements were recorded with a Spex Raman spectrophotometer. 

Exciting radiation of about 1 w in either the 488.0 or 514.5 nm lines 

of an argon ion laser was used with the Spex spectrophotometer. For 

the higher resolution studies the sample was contained in a cylindrical 

glass cell equivped with a Teflon stopcock. Both back and forward 

scattered Raman ra.Hation from two passes of the laser beam were col-

lected with suitable spherical mirrors and an f/1 lens. Dispersed 

radiation was detected with a surface cooled ITT FW 130-520 surface 

photomultiplier. 

Commercial sattples of PF 
5 

were purified to remove N2 and CO prior to 

scanning a spectrurr •• Other impurities, such as SiF4 and POF3 , \ITere 

present in small qu~ntities; however, transitions from these species 

do not occur iri the 180 cm-l region of interest. Multiple spectral 

scans were recorded ~nder various inst~umental conditions for a number 

of sample pressures 1:0 verify the existence of weak features. Long 



-4-

integration timc·s of 10-50 IJCCOn~!t;; CO.Uplcd \-lith [;low scan SpC't.:~Js of 

0.5 cm-1/min, were used to record the spectra fr.om which the reported 

frequencies were determined. The larec chart sizes of tl1ese scans 

precludes direct journal reproduction; consequently, only a survey 

scan is presented. 
/ 

. -1 
Spectra observed with the Spex monochromator at 1 em resolution 

differ, however, from the survey scan in Fig. 1 in several respects. 

The broad peak at 165 cm-l is split into two features at 164 and 167 

-1 em 
-1 -1 The 175 em feature displays a shoulder at 173 em • A 

shoulder also appears on the high frequency side of the 178 cm-l Q 

. ·-1 -1 
branch about 180 em • Finally, in addition to the 191 em feature, 

a \..reaker transiti·~n is discerned at 194 em -l. 
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DISCUSSION 

The v7 energy levels for PF5 were computed with a pote~tial of the 

form 
• 

V(p,q,) 
1 

::-
2 

where~·~' and~ are potential constants and p and ~ are polar 

displacement coordinates which are related to the conventional symmetry 

coordinates (Slx' s7y)ll.. by the usual transformations. The advantage 

of displaying the potential .in polar displacement coordinates is to 

make it obvious that the potential has n
3

h symn1etry. The derivation 

of this potential, to be discussed in a future paper, is analogous to 

a recent formulation of the one-dimensional potential describing the 
. ( ·13 

inversion of HX~ (C~ ) molecules. Essentially, a pseudo-Jnlm-Tell~r 
. .l .lV 

effect has been used to couple the n
3

h ground electronic state to higher 

states via the axial-equatorial interchange synunetry coordinate3 

(S6' 57).12 

A mode114 has been developed which shows that the above potential 

not only represents the potential for small displacements in the 

equatorial bend coordinates but also approximates the axial-equ:ttorial 

fluorine interchange potential. Near the equilibrium structure ·the 

axial-equatorial interchange path occurs mainly along the equatcrial 

bend coordinates. 
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Approximate e~timates of the com;tants a, b and c can be obtained 

by use of this model at larce,di~plncemcnts. The r~sults are 

a = K 
0 

K 
0 b=-2S 

0 

K 
0 

c=-
8S 

2 
0 

' . (2) 

where K
0 

is the curvature of the potential at the n3h equilibrium 

geometry and S
0 

is the location of the c4v maximum along the inter

change path of lowest energy (for the$= 0°, 120°, 240° directions) 

which connects equivalent n
3

h configurations. These relations were 

derived by requiril1g the first derivative of the above potential to be 

zero at the tt.ro neighboring n
3

h configurations (i.e~, at p = 0, 2S
0

) 

and at the c4v transition intermediate (p = S
0
). In addition the 

second derivative of the potentiai was set equal to the curvature 

K at the equilibrium geometry. 
0 

The curvature ~< . 0 is estimated as the force constant in the expression 

K 
0 

-7 2. = (5.9x10 )(v7}~7 , 
-1 where v7 is 175 em and M7 is the reduced mass 

associjlted with the s7x coordinate. !-17 was calculated by the high-low 

frequency separatio115 for the E' symmetry species in which s
7 

is taken 

as the low frequency vibration. Thus K
0 

:::!- .089 mdytl/A. Geometrically, 

the c4v configuratio.1 is not unique; hence
1 

only a reasonable estimate 

of S 
0 

0 = .8 S (D
3

h) =• 1.57 A can be made. 7X . 

change in the S
7

x coordinate in moving between neighboring n3h con-
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fir,urations. Fr·om these values of .K. bnJ. S we c~tlmatc a :.: • 089 
0 0 

o o2 o3 
mdyn/A, b = .028 mdyn/A and c = .001•5 mdyn/A • If one suL~•titutes the 

above relations into the potential and evaluates the potential at the 

• c
4
v geometry (p ==5

0
), an c~.>timate of the axial-equatorial interchange 

K S 2 

barrier can be made. We find E(C
4
) = 

0 

8
° = 1371 cm-l (3.92 Kcal/ 

mole). A more detailed discussion of axial-equatorial interchange 

barriers for the entire MF5 series (PF5, AsF
5

, VF
5

, TaF5, NbF5) will 

follow in a future. paper. 

We now return to the refinement of the constants a, b and c using 

the Raman data. The constants a, b and c were chosen to reproduce the 

-1 0 + 1 (A1 ' + E') vibrational transition at 175 em , the 1+2 (E' + E') 

-1 . -1 transition Pt 178 em , and the 1+2 (E'+A
1
') transition at 164 em • 

The fit to the remaining levels, obtained with these constraints, is 

sulllluar.i~t::u ..i.u Tabl·~ 1. The values of the potential constants t-tere 

0 02 
determined to be a = .09080 mdyn/A, b = .03 mdyn/A , and c = .007 

mdyn/A3• The energy level calculation was done using a tt-to-dimensional 

harmonic oscillator basis set and the coordinate transformation methods 

16 of Gwinn et. al. A maximum N value of N = 15 was used where N = n 
X 

+ n is the total vibrational quantum number of the basis state. The 
y 

value of N = 15 yielded a total of 136 basis functions. The reduced 

mass was calculated to be M7 = 4. 901 amu using Hilson's high-low 

. . 15 
frequency approx~ation. 

Table 1 demonstrates two essential properties of the above potential. 

First it shows that one can simultaneously fit the 0 + 1, and· the two 
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1-+2 trarwitions. Secondly, ·it shows the remarkably good aGreement 

obtained for all six 2 ·+- 3 transJtions t~hile only trying to fit the 

0 -+ 1 and 1->-2 transitions. It should be mentioned that we r~fineu the 

potential parameters!!_,!_>,~ by hand only to the.point where it was 

quite clear that our o
3

h potential is an adequate representation of the 

actual potential. 

The sensitivity of the computed 1 -+ 2 transitions for various values 

of !• ~ and ~ is displayed in Figure 2. These curves were generated 

for various values of b and c "1hile the harmonic constant. a was 

always adjusted to place the 0 _,.. 1 transition at the observed value 

of 175 cm-1• There are two interesting features to these curves: 

(1) the E' -+ A
1

' transition drops off sharply tvith increasing_!!, and 

(2) the E' -+ E' tt·ansition is relatively insensitive to changes in b. 

··1 In fac·t, the 3 em difference between the 0 -+ 1 and 1 -+ 2 (E '-+E') 

transitions is lar~ely due to the quartic constant. E• These observa-

tions can be qualitatively accounted for by examining the second order 

perturbations of tl".e cubic term evaluated in the isotropic two dimen-

sional harmonic oscillator basis. 

It is well-kncwn that the wave functions of an isotropic ttvo dimen

sional oscillator can be tnoitten17 in polar coordinates as 

imA. 
'¥ = 1~ (p) e '~' 

nk 

n =lml+ 2k 

lml = 0,1,2 ••• 

k = 0,1,2 •••• 

The resulting states and their symoetry under the n
311 

point group 

~re. found in Table 2. The coti(Jr,'l) dependence of the cubic tenn t·lill 
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mix utnles with !lr.t '""+3. Fqr the A
1

' state of then= 2 level we 

sec that j_t is connl!ctc<.l by the cubic term only to std.tcs higher in 

energy, such as the t~o~o A
1

' states of the n = 3 level. To second . 
order this can only serve to lower the 1-.. 2 (E 1->A

1
.') transition with 

increasing.£ relative to 175 cm-1 • On the other }land theE' state 

of the n == 2 level is connected to the E' state directly beneath and 

the E' state directly above, which tends to cancel the second order 

effect of the cubi«: term and leavesthe 1+2 (E'+E') transition relatively 

insensitive to b. 

In addition to the frequencies assign~d in T.J.ble. 1, :~ feature 

-1 . -1 
at 173 em and, possibly, a feature at 152 em remain unassigned. 

The observed spectrum is further complicated by the vibration-rotation 

interaction expect~d for the deg~nerate E' vihrational mode. Levin3 

~n •o and Lockett ~· !1,- have shown that ~ 7 should be about -0.15. Through 

a considerati6n of the Coriolis t sum rule and the Coriolis t inter-

action constants ob~erved for "s and 10 v
6

, Hitt £!:. 2.1 computed the 

contours expected f.)r a vibration-rotation contour for -0.40 _:: r;,
7 

< 

0.30. -1 The 6v
0

p RS -.raries from 20.0 to 23.5 em for this variation 
' 

in t. -1 
tve assign th! features at 167 and 187 em as the OP and RS 

maxima associated w.tth the 175 cm-1 (0 + 1) transition. This corresponds 

-1 .· -1 
to a 6v0p RS of 20 em with an estimated uncertainty of about 2 em ; , 
that is, the 6vOP,RS splitting is consistent with a value for t between 

0.0 and -0.4. Using the form of the potential in eq. (1), the calcu1a-
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tion could be used to determine~ the nine Q branche~; for the 3 -+ 4 hot 

band transitions. On the basis of populations determined from vi

b.ration.'ll partition functions, these transitions nrc expectc~ to be 

significantlyweaker than the 0-+1, 1-+2 and 2-+3 tr:ansitions. The weak

ness of the 3->-4 trannitions coupled with their number, prevents assign

ment· of these features from traces recorded under the present instru

mental conditions. 

As one might expect the other MF5 (n3h) molecules such as AsF
5

, TaF
5 

and NbF 
5 

should shotv a v7 spectra very similar to that of PF 5 • We are 

currently studying AsF5 and find this to be the case. 
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Table 1 

-1 
Ob~1erved, computed frequencies (em ) and 
cssigrunents for Q br;mchcs in v7 J;egion 

a 
Transition 

0-+1 

1 -+ 2 

2 -+ 3 

Species 

A ' 1 
-+ E' 

E' -+ E' 

E' -+A' . 1 

E' -+ E' 

A ' ·1 
+ E' 

E' +A' 
1 

E' -+A' 
1 

A ' 1 
+A' 

1 

A ' 1 
-+A' 

1 

'V 
·calc 

175.0 

177.9 

164.6 

154.7 

'1. 

168.0° 

178.4 b 

182.0 

191.7 

195.3 

v 
obs 

175 

178 

164 

159 (tv) 

... 

180 Sh 

191 Sh 

194 

b -1 The positions of the 168.0 and 178.4 em features ~re perhaps 

obscured by the "OP" maximum and the 178 cm-1 Q branch, respectively. 

a Under n3h sym.-rnetry for an E' vibration, such as v7, all rotation-vibr<lt.i.on 

transitions arc a1lm.red in the Ranan spectrum, while in the infrared spectrum, 

only 6~~ + 1 arc allowed. 
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1~ub1c 2 

States and symmetries under n3h for an isotropic 
tl'IO dimcns ionul harmonic oscillator 

==-=-····-~='"""'·=-===·-=·-=~"""""" ~-=======..~~ ~-"C; ........ -==--·-

level (n) degeneracy lml k symmetry 

0 1 0 0 Al 
t. 

1 2 1 0 E' 

2 3 0 1 A1 t 

2 0 E' 

3 4 1 1 E' 

3 0 2A1 
t 

4 5 0 2 AI ' 
2 1 E' 

4 0 E' 

5 6 1 2 E' 

3 1 2A1 ' 
5 0 E' 
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FIGURE CAPTIONS 

Fig. 1. Survey gas-ph~S\0! Rnman spectrum for the V7 vibration 
of PF5• 

. Fig. 
. 

2. Calculated I -+2 (v7) transitions for PF5• 

0 represents the E' ->-A ' transition. 
1 

A represents the E' -+ E' transition. 

For curves A, B and C, c ~ 0.0, 0.005 and 0.010 mdyn/A3 

respectively. 
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PF5 175 
l/7 I 

165 
I 
.~ . 

178 
I 
~ 

191 -f 

I II 
n.J -· " 

225 125 
WAVENUMBER DISPLACEMENT {.6cm-1) 

Fig. 1. 



-18-

180 

···~ 

170 

- 1G5 -I. 

E 
0 -,..... 
~ 160 

155 B 

A 
150 

145~------~---~~----~----~----~--------. 

0 .01 .02 .03 .04 .05 .06 

b (mdyn/ A2 ) 

Fig. 2. 
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