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ABSTRACT

Raman spectra of five isotopic species of HPF,BH, have been obtained in the liguid
and solid states together with infrared spectra of the same species in the gaseous and
solid states. Vibrational assignments have been made with the aid of a normal coordinate
analysis utilizing compliance constants. Both compliance and force constants are
reported. The force field is quite similar to that of PF,BH; despite the marked difference
in stability of the two compounds.

INTRODUCTION

Difluorophosphine, HPF,, is a compound with interesting chemical
properties, particularly with respect to its ability to act as a Lewis base. The
related compounds, PH; and PF,, are both extremely weak donors and
their complexes with borane, BH;, are thermally unstable and nearly com-
pletely dissociated at room temperature. In contrast, HPF,BH; is undissoci-
ated under the same conditions and stable indefinitely when protected from
the atmosphere [1]. Satisfactory explanations for this difference in behavior
are still being sought. Initial attempts to rationalize the behavior of the three
complexes in terms of structural differences and the ability of the BH;
group to approach the phosphorus atom when forming the dative bond do
not appear to be valid in the light of subsequent structural determinations
[2, 3]. The suggestion that electron density from the hydrogen atoms of
BH; is back donated to form a dn-pm bond between boron and phosphorus
likewise fails to account for the difference between PF; and HPF, and, in
fact, predicts a reverse effect.

To provide additional information which may contribute to understanding
the factors involved, HPF,BH; and several of its isotopic species have been
studied by infrared and Raman spectroscopy. The assigned fundamentals have
been subjected to a normal coordinate analysis using the compliance con-
stant basis for comparison with earlier results on PH,;BH, and PF;BH; [4].

0022-2860/82/0000-0000/$02.75 © 1982 Elsevier Scientific Publishing Company



24
EXPERIMENTAL

Difluorophosphine and the diflucrophosphine—borane adducts were pre-
pared as described in the literature [1, 5] and purified by trap-to-trap distil-
lation on the vacuum line. Isotopically substituted varieties of diborane used
to prepare the adducts were prepared by standard methods using LiAlD,
(97%D) and enriched BF; (99.4% ''B or 92% !°B). DPF, was prepared via
PD; obtained from the reaction of calcium phosphide with D,0 (99.6% D).
All materials were handled in a standard vacuum line, particular care being
paid to avoiding traces of adsorbed moisture. Purity of samples was verified
by vapor pressure measurements, mass spectra and, when available, com-
parison with vibrational spectra in the literature. Since fluorophosphine com-
pounds are quite sensitive to traces of air and moisture, all samples were
freshly distilled before being subjected to spectroscopic examination, and
cells and capillary tubes were pretreated before filling.

Infrared spectra of samples in the range from 200 to 4000 cm™ were
obtained with a Beckman IR-12 spectrometer. Gases were examined in a
standard 10 cm cell with CsI windows while solids were studied in a low
temperature cell similar to that described by Farran [6]. Raman spectra
were recorded by a Spex 1401 Ramalog spectrometer using the 6328 A line
of a He—Ne laser and the 4880 A line of an Ar* laser as the exciting radia-
tion. Samples were contained in sealed 1 mm capillaries which were posi-
tioned in the laser beam inside a vacuum jacketed tube. Cold dry nitrogen
from liquid nitrogen boil-off was passed through the tube and the temperature
monitored with a thermocouple. By adjusting the rate of flow of the nitrogen
gas, the sample temperature could be maintained within about five degrees.
The wavelength calibration of the infrared spectrometer was within about
0.2 cm™! when checked against the spectra of the usual standard substances.
The Raman spectrometer was calibrated with Ar* lines from the laser and
checked against benzene. The uncertainty in band positions is estimated to
be approximately 0.5 cm™! for well defined bands.

RESULTS AND ASSIGNMENTS

Observed infrared and Raman frequencies for five isotopic species of
HPF,BH; in the solid, liquid and gaseous states are listed in Tables 1,2 and 3.
Infrared spectra for the normal and completely deuterated species in the
gaseous and solid states are shown in Figs. 1 and 2 while the Raman spectrum
of the hydrogen compound as a solid at —150°C is displayed in Fig. 3.
Compounds prepared from the naturally occurring mixture of boron isotopes
are indicated by the symbol * B; compounds prepared from isotopically
enriched boron are designated by the usual convention for isotopes.

As an eight atom molecule with C, symmetry, HPF,BH; has eighteen
fundamental frequencies, eleven in the A’ class and five in the A”. All fre-
quencies are infrared and Raman active. To a good approximation, the
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Observed infrared and Raman frequencies of HPF, : ''BH; and HPF,: '°BH, (cm™!)

HPF,: ''BH, HPF,: !°BH, Assign.
Infrared Raman Infrared Raman
Gas Solid Liquid  Solid Gas Solid Liquid  Solid
(—196) (—150) (—196) (—150)
200.2 207.6 m 203.8 214.5m vy,
223.8 vw  227.5 vw 218.6w 2268 vw 222 vw 2259 vw v,
230.5 vw 232 sh 2305 vw 226 vw
2485w 251.7d 2470m 247 vw 2485w  253.0d 250.2m v,
253.5 w 2545 w
366 368 376.6
376 w 378.8s 3809p 3861w 376 w 377 s 380.7p 387.3 Vio
379 380
390 389
559 565.5
568 571.8s 576.8p 57245 571.5 575 wvw 5774w v, (''B?)
579 573.5
582.3 w 5829w 578.5 585 m 589.2p 5859s v,
590
721
713.0 723.8
721.5s 708.8s 7152p 7110w 7268m  716.8s 7270p 7174w v,
724.0 728.3
734.0 729.8
7325
740.3
901.0 901 sh
903.5 vs 9025vs 8988p 901.7m 9045s 901.5vs 9021p 9016w v,
905.5
912 911 913 s 916 vs
915 vs 9250s 9188 9182 m 921.8 925 vs 9234d 9181w v
980.0 w 9758 m 976.6d 977.5m 9780w 977 m 980.6d 9774 m vy,
997.0 998
1016 s 996.3s 1007.3 9961 m 1016.5s 1001 s 1010.6 999.5w v,
1024.5 1025.5
1035.3 1027
1036
1108.0 vw 1118
1118.3vw 1127.8s 11224 11239s 1132 vw 1128 1125.6 11324 m v,
1133.3m 1134.6m 1137 1138.1m v,
1143.8
2392 2369 w 23624 p 2369.6m 2400 w 2367 m 23664 p 2373.0s v,
24495 2458
2465.0s 2415 s 2413.2w 2474 s 2424 s 24352 m v,
2478.0 2476
2533 s 2436.8s 2490 2431 vw 24428 24474m v,
2407.5 2409
2424.0s 2456 s 24549 vs 2424 2456 s 24581 vs v,
24405 2435

normal modes can be grouped into those primarily associated with the HPF,
part of the molecule, those local to the BH; group, and those resulting from
the formation of the P—B dative bond. Table 4 gives the numbering scheme
for the fundamentals together with a qualitative description of each mode.
The frequencies associated with the HPF, group were relatively easy to
identify by comparison with the spectra of the free base [7]. Similarly, the
characteristic BH; group frequencies are well known [4, 8] although the



26

TABLE 2
Observed infrared and Raman frequencies of DPF, :''BH, and HPF, :"'BD, (cm™)
DPF, !''BH, HPF,."'BD, Assign.
Infrared Raman Infrared Raman
Gas Solid Liquid Solid Gas Solid Liquid Solid
(—196) (—150) (--196) (—150)
218.5 vw 214 w 198.4d 2124s 218 w 218.0 2185m vy,
224 w 222.6 w 198.5 193.5m vy,
244 m 24344 2426s 174.0 1755w v,
253
284 w 2825w ?
366 363 3685w
373 w 378.5m 379.6 3839 w 372 w 373 s 373 p 3795w v,
378 382.5 383
388
545 487.5
5495 vwvw 556 vw 561.0p 5538s 503 w 510 w 5155p 511.5m v,
557.5 513
5781 w 558 w 549 557.8 w
6399d 6449w 518 m 521.5 Vig
705
713 621
716 s 6965vs 707.2p 6964 m 627.5 m 609 vs 623 p 6095w v,
718 630
724 637.5
727
157 vw
766.3 w 740 vvw 746 d 7452w 9895w 977 s 986 981.5 Vs
7723 vw 10056 w
1025 1011 s
780 vw 781 s 783 p 7814m 1034.3m 1028 s 1026 1017 w oy,
799 w 1043
905.8 vs 901 vs 903 9014 m 930 s 926 9365 m v,
918.8 vs 919 sh 916 s 9209 9085 m vy,
921 925 sh 926 d 9202 m 923 s 922 sh
1045
1050 w 1057 m 1061 p 10577 vw 8400w 838 s 839.6 vw v,
1054 1072 vw 10735 vw
1065 1083 w
11011 vw 1124 w 11206 11252 m 828.8 m 827 s 830 8305w vy,
11135 w 1133 vw 11347 m 821 m 810 sh 812 8125 m v,
815 wvw 816.5 vw
1614 vw 2p,
1657 vw 2v,,
1672 vw 2vg
17285 w v;+ vy,
1749 p 17438 m v, + v,
1757.5 2411
17675 s 1789 m 17826p 17884 vs 24225vs 2454 m 2438 p 2456.0vs v,
1780.0 2434
2368.5 2370 w 2364.1p 23701s 1707 vvw 1705 w 1707 17039 vs v,
1718 ww 1712.5sh », '°B
2389 m
2395 m 2413 s 2410 s 24154 m 1823 s 1820.7s v,
2451 1828.5
2462 s 24325 m 2439 2436.3m 18475 m 1830 18285w vy,
24645 1851.5 18355 w
2474 5 1864 18458 w




TABLE 3

Observed infrared and Raman frequencies of DPF, :''BD, (em™)
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Infrared Raman Assign.
Gas Solid (—196) Liquid Solid (—150)
175 1737w Vig
1914 m vy,
211 d 212.2m v,
362.5
371.0 vw 372.0 m 378 »p 3799 w Vo
382
506 vw 5015w 506 503.0 m v,
508 br 510.7 sh Vi
511 br 513.7 sh
5458d 546.1 w ?
581.5 vww 572.0 w 576.1 572.6 vvw ?
616 br
627.5 m 607.5s 617.7p 607.6 w Vg
633 br
639 br
721 w 725.5d 7237w Vi,
756.3
766.3 m 7500 759.4 7499 w v
775
810 w 8145w Vg
818.5 br 814.6 8184 w
829.5 m
833.8 vw 834 m Vis
840.8 m 845 w 836.2p 839.9 v
851 br
869.5 m
912 s 922.9d 909.9 vy
923.5
930.5
934.0 vvs 931 s 9424 p 9499 w v,
941.0
947.5
1660 p 20,
1712.5 vww 1713 wvw 1713 p 17124 m v,
1716.9 sh
1754 br
1768.0 m 1790 w 1785 p 1791.9s v,
1722 m
1783 br 17974
1836 br 1821 m 1808 1819 w v,
1847.5 vw
1854 m 1831.5 sh 1835 18329 w vy,
1849.3 vvw
1871 br 1866 vvw

w = weak, s = strong, br = broad, d = depolarized, p = polarized, etc.
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Fig. 1. Infrared spectra of difluorophosphine borane as a gas and as a solid at —190°C,

Fig, 2. Infrared spectra of deutero-difluorophosphine borane as a gas and as a solid at
—190°C.
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Fig. 3. Raman spectrum of solid PF,HBH, at —150°C.

lower symmetry in the present case causes the degenerate modes to split.

In the case of the B—H stretching frequencies, this splitting amounted to
about 40 cm™ . Since it was possible to deuterate selectively either end of
the molecule, possible confusion between P—H and B—H modes could be
eliminated. Proposed assignments accompany the experimental frequencies
in Tables 1—38, and the values for the eighteen fundamentals are summarized
in Table 4. The discussion below focuses on selected frequencies for which
assignment problems existed, or for which there are features of interest.

As in the case of HPF,, relatively strong intermolecular forces appear to
exist in the condensed phases of the adduct. In particular, the P—H and P—D
stretching bands shifted to higher frequency in the transition from gas to
solid, the magnitude of the shift being some 30 cm™ in the hydrogen
species. Although the values are not quite as large as in the case of the free
base [7], they do indicate significant interactions of a non-hydrogen bonding
type involving the hydrogen on the phosphorus. The A" BH; stretching
mode (v,,) also was sensitive to the gas—solid transition but the shift was in
the customary direction. Consequently, », and v;, interchanged relative
positions in the spectrum of the solid compared to the gas spectrum.
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TABLE 4

Vibrational assignments for isotopic species of HPF,:BH, and differences between
observed and calculated frequencies (em™1)

Description HPF,:''BH; DPF,:"'BH, HPF,:**BH, HPF,:"'BD, DPF,:"'BD,
Freq. A Freq. A Freq. A Freq. A Freq. A

A’ Class

v, P—H Stretch 2455 —14 1788 11 2458 —11 2456 —13 1792 15
v, B—H' Stretch 2413 —4 2415 —1 2435 3 1821 1 1819 1
v, B—H Stretch 2370 —1 2370 —1 2373 —2 1704 —3 1712 5
v, BH, Deform. 1124 —6 1135 12 1132 —5 813 1 817 ~4
v, BH, Deform. 1076 5 1058 —8 1086 4 840 —3 840 —6
v, HPF, Deform. 996 —10 781 —7 1000 —10 1018 12 750 —1
v, P—F Stretch 9202 —2 901 -8 902 —2 937 6 947 19
vy BH; Wag 711 3 696 —5 717 0 610 0 607 4
vy P—B Stretch 572 —12 554 2 586 —6 512 4 503 8
vy, PF, Deform. 386 —6 384 — 387 —5 380 8 380 9
v,, HPF, Wag 219 —3 223 5 226 3 194 —3 191 —2
A" Class

vy, B—H Stretch 2437 4 2436 3 2447 —2 1836 0 1833 —3
v,; H'BH Deform.1135 —3 1125 —3 1138 —5 831 8 831 —2
v,s HPF Rock 978 1 745 —16 977 —2 982 —1 724 8
v,s P—F Stretch 918 4 920 1 918 4 909 —3 910 —4
v,s BH, Rock 677 —15 645 —12 687 —6 522 13 512 9
vy, PF, Rock 208 —b 212 —1 215 0 219 5 212 —1
v,y P—B Torsion 247 —2 243 —2 250 0 176 4 174 2

A = Observed — calculated.

The two P—F stretching bands were easily identified by virtue of their
infrared intensity. However, deuteration of the BH; group resulted in a
shift of the A" band to a higher frequency, opposite to the expected direc-
tion. This shift is understandable if one notes that the two A" BH; defor-
mation modes are 150—200 cm™ higher than the P—F stretch in the
hydrogen comp ound but shift to about 100 cm™ lower in the deuterated.
The repelling interaction between levels of the same symmetry apparently is
sufficient to overcome the normal mass effect and cause the shift in the
opposite direction. A secondary consequence of this interaction is the inter-
change of the relative positions of the A" and A” P—F stretching modes
between the hydrogen and deuterium species. Experimentally, the inter-
change was established by the observation that, although the two P—F
stretches were not well resolved in the Raman spectrum of the liquid, the
low-frequency side of the composite band was clearly polarized in the
spectrum of the hydrogen compounds while the high-frequency side was
polarized in the spectra of the BD; adducts. A similar interchange of the
relative position of the P—F stretches has been observed in the case of
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PF;BH; [4]. It is perhaps worth mentioning that the potential energy distri-
bution from the normal coordinate analysis shows the band assigned to the
A' P—F stretch in the BD; adducts to be much more strongly mixed than are
any of the bands assigned to P—F motions in the other isotopic species. This,
again, is in accord with the explanation proposed above. Energy level inter-
action can also be invoked in the case of the A" P—H deformation (v¢ ) which
shifts upwards from 996 cm™ in the BH; compound to 1018 cm™ in the
BD;. Here, an A’ BH; deformation mode lies only 80 cm™! above the P—H
deformation in HPF,BH; but the nearest BD; deformation is separated
nearly 180 cm™ away on the low-frequency side.

Another fundamental which gave problems in assignment was the out-of-
plane BD; rocking mode, v . Initially this mode was assigned to weak but
distinct bands in the vicinity of 545 cm™ in the spectra of the two BD,
compounds. However, the normal coordinate calculations clearly indicated
that this was not a good choice, the calculated values persistently falling in
the range 500—510 ¢cm™ . Closer inspection of the Raman spectra showed
that the strong polarized bands assigned to the P—B stretch were both
accompanied by a weak shoulder on the high frequency side which did not
change significantly in intensity between the two polarization spectra.
Assignment of these shoulders to v,¢ resulted in much better agreement in
the normal coordinate calculations and improved product rule ratios. The
weak bands originally selected are attributed to impurities, most likely
hydrogen species.

The P—B stretch is of considerable interest in the spectra of Lewis com-
plexes. As in most previous studies, it exhibited strong intensity in the
Raman spectra but was quite weak in the vapor infrared spectra. However,
there was no difficulty in identification, its intensity, polarization character-
istics and location providing unequivocal evidence.

Assignments of all bands were confirmed using the normal coordinate cal-
culations described in the next section. Comparison of isotope product rule
ratios based on the assignments of Table 4 with theoretical ratios is made in
Table 5. In general, the agreement is satisfactory although the percentage
differences for a few ratios are somewhat larger than those usually attributed
to anharmonicity effects. Considering the number of frequencies in each
class and the high likelihood of small perturbations due to Fermi resonances,
however, the data of Table 5 support the essential correctness of the proposed
assignments. The isotopic species HPF,'°BH; was used for reference in the
isotope rule ratios rather than the !B species since data for the latter were
obtained from the compounds with the natural isotope ratio and as a result,
the frequency values are slightly less reliable than those for the !°B species.

NORMAL COORDINATE CALCULATIONS

The normal coordinate analysis of the assigned vibrational frequencies was
carried out in terms of symmetry compliance constants to facilitate compari-



TABLE 5

Product rule ratios for various isotopic species of HPF ;:BH,
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Ratio A’ Class A” Class
Theor. Expt. Dev. (%) Theor. Expt. Dev. (%)
}}%%;g%: 1.066  1.104 —3.8 1.030 1.068 3.6
E-II;%—:% 2.067  2.027 1.9 1.418 1.478 —0.4
% 5.323  5.064 4.8 3.674 3.366 8.4
;—I%II:—:‘P;—%: 10.370  9.601 7.4 5.061 4.866 3.9

son with previous work on related molecules [4, 7]. Although the advantages
of the compliance constant basis for normal coordinate analyses have been
cited by several authors {9, 10], this approach has seen limited application

to date and additional treatments are much to be desired.

Details of the computational procedures have been described previously
[4] and will not be repeated here. Figure 4 displays the atom numbering

Fig. 4. Geometrical parameters and atom numbering scheme for difluorophosphine

borane,
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TABLE 6

Symmetry coordinates for PF,H-BH,

A’ Class
S, =ar,
S, =aAr,
S, =1//2(ar, + Arg)

S, =1/N2X [2BAn — A (bw, + Aw,)]
S, =1/\/X°Y + Y’X [AYAn + BY (Aw, + Aw,) —CX (Ae¢, + Ac,) —DXa¥]
S, =1//x'y + v’z [ayag + by (Aa, + Aa,) —cx(Ay, + Ay,) —dxan]
S, =1/J/2 (Ar, + Ary)
o =1/\/2Y [2Cat — D (ae, + Ac,)]
=Ar,
1/2x [2bag —a(ac, + Aas)]
182y [2can —d (ay, + A7,)]
0s =1NX + Y[AAr + B(Aw, + Aw,) + C(Ae, + Ac, ) + Dat]
0o = INZ T ¥ [adm + b(Aa, + Ac,) + c(Ay, + Av,) + dAq]

n
1]

°

°
1] 1

w o n®»
1

A" Class

S,, =1//2 (Ar, — Ar)
S, =1IN2(aw, —Aw,)
S,. =1/J/2 (a0, —Aa,)

S.s =12 (ar, —Ar;)

S = 1/\/§(A51 —Ae,)

Sy, = 1/\/§(A71 —Av,)

S, = AT

a=cosB/2sing/2

b=1/2 adp/da = sin « (cos « —cos v cos n)/sin*n

¢ =1/2adp/dy = siny (cosy —cos & cos n)/sin’n

d = a dp/dn = —2[cos @ cos y cosec n (2 cosec*n — 1) — cot n cosec’n (cos® v + cos’a)]
x =a* + 2b?

y=2c* +d?

A =cosn/2sinn/2

B=1/2 Adn/dw =sin w (cOs w — cos € cos ¢)/sin* ¢

C=1/2 Adn/de =sin e (cos e —c0s w cos ¢)/sin’¥

D =Adn/dt = —2[cos w cos e cosec § (2cosec’s — 1) — cot ¢ cosec’t (cos’e + cos’ w)]
X =A%+ 2B

Y =2C* + D?
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TABLE 6 (continued)

Internal coordinate definitions

Coordinate Description  Def. Coordinate  Description Def.

re P—F 1—8 n LH~-B—H 4—7—6

s P—H 2—8 w, (H—B—H' 4—7-5

rs B—H 4—17 v, LB—P—F 7—8—3

rs B—H’ 5—17 n LB—P—H 7—8—2

r, P—B 7—8 €, LP—B—H 8—7—4

8 (F—P—F 1—8—3 ¢ LP—B—H' 8—7—5

a, LH—P—F 2—8—3 T (H—P—B~H’ 2—8—7—5

Remaining coordinates defined by symmetry.

scheme and the structural parameters taken from the microwave work [3].
Table 6 lists the symmetry coordinates and the redundancy conditions
around the phosphorus and boron atoms, and defines the internal coordinates
in terms of atom numbers, The non-tetrahedral values for the angles around
B and P atoms together with the low symmetry of the molecule led to rather
complex expressions for the redundancy conditions and for the orthogonal
A’ symmetry coordinates involving angular coordinates. G matrix elements
were computed using the expressions of Decius [11].

Initially, most of the off-diagonal compliance constants connecting non-
adjacent coordinates were constrained to zero and removed from the
fitting process. The sensitivities and the dispersions of the remaining off-
diagonal constants were then examined with the result that several
additional off-diagonal constants were also constrained to zero. The final
fit utilized 22 constants for the A’ class and 13 for the A” and gave average
deviations of 5.7 and 4.5 cm™! , respectively. Table 4 shows the individual
differences between observed and calculated frequencies. The final sym-
metry compliance constants are given in Table 7 together with their dis-
persions. Inversion of the compliance matrices provided values for the
corresponding symmetry force constants. In contrast to the compliance
matrices, the force constant matrices contained very few zero off-diagonal
elements. However, many of these entries were relatively small and have not
been listed in Table 7. Potential energy distributions have not been tabulated
here but showed no unexpected features. With very few exceptions, the
principal contribution to the potential energy associated with each frequency
resided in the assigned symmetry coordinate. The P—B stretch in the hydro-
gen compounds could be rather clearly identified with a frequency in the
range 570—585 cm™ . The presence of deuterium in the molecule, however,
caused the P—B stretch to mix extensively with the symmetric BH; rocking
mode and its identification then became ambiguous.
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TABLE 7

Symmetry compliance and force constants for HPF,BH,

Index Compliance Force Index Compliance Force
Ot e 2 const. ~ . const,
Lonst. DIsp. Lonst. Disp.
A’ Class
1,1 0.285 0.003 3.5603 2,3 —0.004 0.016 0.040
2,2 0403 0.072 2.932 2,5 0.336 0.130 —0.638
3,8 0.330 0.045 3.191 2,6 — — 0.101
4,4 2.740 0.056 0.385 2,7 — — 0.065
5,5 1.901 0.137 0.644 2.9 — — 0.110
6,6 1.510 0.251 0.742 3,4 —0.216 0.233 0.251
7,7 0.179 0.004 5.887 4.6 —0.043 0.078 0.013
8,8 5.240 0.525 0.299 5,6 0.262 0.118 —0.121
9,9 0.394 0.025 2.566 5,7 — — —0.078
10,10 0.752 0.117 1.431 5,9 0.081 0.040 —0.131
11,11 3.185 0.171 0.505 6,7 —0.116 0.029 0.479
6,10 —0.178 0.053 0.182
7,10 — — 0.118
9,10 0.007 0.023 —0.019 8,10 — — —0.081
10,11 0.252 0.191 ~—0.174 8,11 —2.419 0.152 0.233
A" Class

12,12 0.329 0.024 3.061 12,13 0.079 0.183 —0.079
13,13 3.599 0.588 0.326 13,14 0.401 0.366 —0.073
14,14 1.948 0.411 0.571 13,16 —1.014 0.359 0.137
15,15 0.191 0.004 5.443 14,15 0.114 0.028 —0.341
16,16 2.511 0.080 0.470 14,17 —0.428 0.052 0.106
17,17 2.314 0.043 0.452 15,17 — — —0.063
18,18 4114 1.274 0.253 16,18 0.608 0.339 —0.069

aDispersions.

DISCUSSION

In order to compare data from the present work with those of other mole-
cules of interest, valence potential constants rather than symmetry constants
are desirable. These can be calculated straightforwardly in the case of bond
stretches using equations in Table 6 defining the symmetry coordinates. The
principal force and compliance constants of interest are given in Table 8
together with corresponding literature vatues for HPF, and the borane com-
plexes of PH; and PF; [4, 7]. Inspection of the table shows that the com-
pliance constants for the P—F and P—B bonds in PF,BH; and HPF,BH;
are virtually identical and the same can be said for the B—H bonds with the
exception of the single in-plane B—H bond in HPF,BH, . On the other hand,
the P—B bond in PH;BH; is clearly weaker (more compliant) than it is in the
other two molecules, which is consonant with the fact that PH;BH; is the
weakest of the three complexes.
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TABLE 8

Valence stretching force and compliance constants for various phosphine boranes (units =
md/Angstrom)

HPF,BH,? PF.,BH.P PH,BH.P
Force constants
P—F 5.665 5.40 —
P—H 3.503 — 3.39
B—H (ip) 2.932
B—H (op) 3126 3.22 3.04
P-B 2.566 2.56 1.95
PF,PF 0.222
Compliance constants
P—F 0.185 0.186 —
P—H 0.285 — 0.295
B—H (ip) 0.403
B—H (op) 0.330 0.313 0.344
P—B 0.394 0.405 0.525
PF,PF —0.006

2This work. PReference 4.

The marked similarity found in the bond compliance constants of HPF,BH;
and PF;BH; provides no insight regarding the significant difference in
stability of the two complexes. However, some comments can be made.
Staplin and Parry [12] regard the unusual stability of HPF,BH; as being due
to a specific type of interaction between the protonic hydrogen on the HPF,
group and the hydridic hydrogens of the BH; . The basis of this suggestion is
that the microwave data [3] show that the BH; group is tilted towards the
hydrogen on the phosphorus and away from the fluorines. However, the
present calculations show that the compliance constant of the P—H bond in
HPF,BH; does not differ significantly from that of the P—H bond in
PH,BH, and, moreover, is significantly less compliant than it is in free HPF,
[7]. This type of behavior is not characteristic of a proton involved in
hydrogen bonding through electrostatic interaction and suggests that the
H* - - - H intramolecular attraction may not be as important as thought.
Support for this conclusion can be found in ab initio calculations recently
carried out by Armstrong [13] which lead to the conclusion that the inter-
action of the hydrogen on the phosphorus with the BH; group, while signifi-
cant, is only one of three effects energetically all about the same magnitude.
His view is that the unexpected stability of the HPF, borane complex is due
to the cumulative effect of these effects which are not present, or are small,
in the PF, complex. Although Armstrong did not calculate force or com-
pliance constants in his work, he gave overlap populations for all bonds. If
these are considered a measure of relative bond strengths, his comparison
between HPF,BH, and PF;BHj; is quite similar to the comparison based on



36

compliance constants found here. The only disagreement is that he finds a
higher overlap population, and presumably a stronger bond, for the unique
in-plane B—H bond of the HPF, complex whereas the normal coordinate
calculations show this bond to be weaker than the other two B—H bonds.
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