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Chlorine nuclear quadrupole resonance spectra determined at 77°K. and F!® n.m.r. data obtained as a function of tem-
perature for the molecular forms of PCLF, PCI;F;, and PCLF; were correlated with previous infrared and Raman spectra.
The data support the trigonal bipyramid as the structural model for the halides with fluorine atoms showing a preference

for axial positions.

The symmetry of PCLLF is Cs, and that of PCLF; is Dy,

For PCLF; the data are best interpreted in

terms of the Cy, point group. Further, the data give no evidence for any significant variation in molecular structure between

the gas, liquid, and solid states.
bonding.

Positional isomerization in the “low temperature”
forms (molecular forms?®) of the phosphorus(V) chloro-
fluorides has been the subject of a recent infrared and
low temperature Raman investigation® in this labora-
tory. Considering all likely possibilities for these
five-coordinated molecules, the spectral data! have
shown that the structure of PCLF; (Dj, symmetry) is a
trigonal bipyramid wherein the fluorine atoms assume
axial positions. The spectra® of PCLLF were best inter-
preted in terms of the Cs point group and consequently
a trigonal bipyramidal structure in which the axial
sites are occupied by a fluorine atom and a chlorine
atom. The spectra further suggested that the three re-
maining equivalent chlorine atoms are not coplanar
with the phosphorus atom; the extent or direction of
deviation, however, was not evident. For PCLF;
similar spectral analysis' ruled out the D, symmetry
corresponding to the trigonal bipyramid having all
equatorial fluorines. The latter structure had been
proposed earlier on the basis of an electron diffraction
study.* However, further analysis of the spectra did
not allow a choice to be made among the remaining tri-
gonal bipyramidal and tetragonal pyramidal models.

A chlorine nuclear quadrupole resonance investiga-
tion and a low temperature F' nuclear magnetic reso-
nance study®® were undertaken concurrently with the

(1) Pentacoordinated Molecules. IV. Previous paper: J. E. Griffiths,
R. P. Carter, Jr., and R. R. Holmes, J. Chem. Phys., 41, 863 (1964).

(2) Presented in part (n.q.r. spectroscopy, G. E. P., R. P. C., R. R. H.)
before the Inorganic Division at the 148th National Meeting of the American
Chemical Society, Chicago, Ill., Sept., 1964, and in part (bonding, R. R. H.)
at the Eighth International Conference on Coordination Chemistry, Vienna,
Austria, Sept., 1964; Proceedings, p. 116.

(3) (a) R. R. Holmes, J. Chem. Educ., 40, 125 (1963), and references
cited therein; (b) T. Kennedy and D. S. Payne, J. Chem. Soc,, 1228 (1959);
(¢) L. Kolditz, Z. anorg. allgem. chem., 284, 144 (1956); 286, 307 (1056).

(4) L. O. Brockway and J. Y. Beach, J. Am. Chem. Soc., 60, 1836 (1938).

(5) T1® n.m.r. data obtained at —15° were reported previously for phos-
phorus chlorofluorides: R. R. Holmes and W. P. Gallagher, Inorg. Chem., 3,
433 (1963). An initial discussion of »-bonding and steric effects in trigonal
bipyramids is given in the latter reference.

(6) E. L. Muetterties, W. Mahler, and R. Schmutzler, ¢bid., 3, 613
(1963), report that below —80° the F!9 spectrum of PClyFs becomes analo-
gous to F19 patterns for R;PFs compounds. (Apparently the pattern is the
same as we report here but no details are given.) The authors emphasize
that the patterns for the R,PF; compounds are consistent with a trigonal
bipyramid having Csy symmetry or a tetragonal pyramid (Cav symmetry).
Preference is given to the former model, however, and such reasoning
extends then to PCIL:Fs,

Symmetry considerations and the F¥ n.m.r. data support the presence of axial P-F -
The chlorine quadrupole data indicate a lesser importance of w-bonding in the P—Cl bonds.

infrared and Raman vibrational study! in order to
firmly establish the structures of the molecular forms of
the phosphorus(V) chlorofluorides and possibly to ob-
tain insight into some of the bonding features peculiar
to molecules possessing a coordination number of five.
The results of these additional studies are the con-
cern of the present paper.

Experimental

Materials.—The mixed halides PCL,F, PCLF;, and PCLF;
were prepared by the low temperature chlorination of PCLF,
PCIF:, and PF;, respectively, in a Pyrex glass vacuum system
using a more convenient procedure’ than that originally described.?
Stopcocks were lubricated with Kel-F grease. The PCLF and
PCIF; were prepared and purified according to an earlier proce-
dure.’ PF; (Columbia Organic Chemicals Co.) 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.8

Since all the molecular phosphorus(V) chlorofluorides do trans-
form? slowly to solid modifications at room temperature, the
purified samples were stored at —78°. No detectable change
took place with time as observed by repeating all the chlorine
quadrupole resonance measurements and the F!9 determinations
several months later,

Chlorine gas (The Matheson Co.) was dried over phosphorus
pentoxide coated glass beads at —78° 4% vacuo and fractionated
before use. Isopentane (The Matheson Co., Chromatoquality
reagent) had an analysis of 99—+ mole 9. It served as a solvent
for some of the F19 n.m.r. measurements and was stored over CaH,.

Nuclear Quadrupole Resonance Spectra.—The instrument used
for observing the quadrupole resonance signals was recently
developed in this laboratory.® It is of the superregenerative type
employing a wide-band feedback coherence control system which
allows a radiofrequency searching band width as great as 30 Mec.
Sensitivity is maintained very high and the spectrometer will
scan unattended, thus allowing for overnight searching of signals
in new substances. A full description of the circuitry and opera-
tional characteristics has been reported.®?

Sample sizes of about 1 cc. of the phosphorus(V) chlorofluorides
contained in 7-mm. diameter Pyrex glass tubing were used.
The tubes were sealed under vacuum and placed in a finger dewar
having a large liquid nitrogen reservoir. The sample coil was
wound around the outside of the finger.

(7) R. R. Holmes and R. P. Carter, Jr., to be published.

(8) R. R. Holmes and R. P. Wagner, I'norg. Chem., 2, 384 (1963).

(9) G, B. Peterson and P. M. Bridenbaugh, Rev. Sci. Iusir., 38, 608
(1964).
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F19 Nuclear Magnetic Resonance Spectra.—A Varian Associ-
ates HR-60 high resolution spectrometer operating at 56.4 Mc.
and fitted with a low temperature probe was used to record the
F19 spectra. Calibration was achieved by the audio side-band
technigque. Samples were contained in 5-mm. glass tubes sealed
under vacuum. The spectra of the pure liquid phosphorus(V)
chlorofluorides were recorded as well as those of samples diluted
with isopentane. The pure liquid samples were externally ref-
erenced with CCLF while the diluted samples were internally
referenced with CCI3F.

Results and Discussion

The C1% quadrupole resonance frequencies observed
for the phosphorus(V) chlorofluorides at 77°K. are
given in Table I. In Table II the F* nuclear magnetic
resonance data are recorded for the phosphorus(V)
chlorofluorides, (CH;):PF;® and (CHjs);PF..b

TABLE I

C1% NUCLEAR QUADRUPOLE RESONANCE FREQUENCIES AT 77°K.

Equa-
torial C18
Me./sec,

32.54¢
31.26
31.89
PCLF; 31.49

a Three closely spaced lines centered at 32.54 Me.

Axial C1%
Me./sec.

PCLF 28.99

PCl:F:

In both tables, values of resonances are listed sep-
arately for equatorial and axial halogen atoms. The
manner in which these positional assignments are ar-
rived at is outlined in the following section.

Structure.—The infrared spectra of gaseous phos-
phorus(V) chlorofluorides and the Raman spectra of
liquid phosphorus(V) chlorofluorides gave no indica-
tion of any structural change taking place on going from
the gaseous to the liquid state. From an examination
of the chlorine quadrupole data it seems reasonable to
assume that no change in structure is taking place for
these low melting chlorofluorides in going to the solid
state. The latter follows from two primary considera-
tions: (1) the interpretation of the chlorine quadru-
pole spectrum of PCLF and (2) the similarity in reso-
nance values among the various chlorofluorides.

The chlorine quadrupole resonance spectrum of
PCLF (Fig. 1) shows as a function of increasing fre-
quency, the higher intensity CI¥ line, the lower in-
tensity C1% line, and the higher intensity C1%* line.
The intensities of the lowest and highest frequency re-
flect the natural abundance of the chlorine isotopes,
CI¥:ClI% ~ 1:3. The fact that the intensity of the
lower frequency Cl% line closely approximates the in-
tensity of the CI¥ line shows the presence of nonequiva-
lent CI® environments in the ratio of 3:1. The large
frequency separation of the Cl%* resonances, 3.56 Mc.,
as well as the 3:1 intensity ratio strongly suggest that
the nonequivalence is due to the presence of positional
nonequivalence in the free molecule and not to any non-
equivalence introduced by intermolecular forces in the
lattice. The magnitude of resonance splitting caused
by intermolecular interactions in the solid for relatively
nonpolar molecules such as these is of the order of a
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Fig. 1.—Pure chlorine n.q.r. spectrum of PCLF at 77°K.

few tenths of a Mc.!® The doublet observed in the C1%
quadrupole spectrum of PCLF; with a separation of
0.63 Mc. is more realistically attributed to such an
effect. ,

Infrared and Raman vibrational spectra show that
PCIL3F, has the nonpolar trigonal bipyramidal structure
(Dsn point group).* The latter structure is supported
further by a study” of the dielectric behavior of the
pure liquid as a function of temperature. The results
showed a “zero” dipolemoment. Thus with the reason-
able assumption that the structure of PCLF; is retained
in the solid as the quadrupole data suggest, the closely
spaced CI¥ resonances are attributed to equatorial
chlorine atoms.

The only reasonable pentacoordinated structure for
PCLF having a chlorine ratio of 3:1 is the trigonal bi-
pyramidal model (Csv point group) having three equa-
torial and one axial chlorine atoms. This is also the
structure suggested by the infrared and Raman vibra-
tional spectra for this molecule.! The latter study,
however, did not definitely exclude the possibility of the
trigonal bipyramidal structure bearing an equatorial
fluorine atom (Cpv symmetry); hence in view of the
present data more confidence may be associated with
the model possessing a Csy symmetry. In terms of this
symmetry the Raman data provided some evidence that
the three equivalent chlorine atoms are not coplanar
with the phosphorus atom.! A dipole moment study!!
showed that PCLF possesses a very low value. Qualita-

(10) T. P. Das and E. L. Hahn, “Nuclear Quadrupole Resonance Spec-
troscopy,”’ Academic Press Inc., New York, N. Y., 1958, p. 98.

(11) R. R, Holmes and R. P, Carter, Jr., Abstracts, Inorganic Division,
148th National Meeting of the American Chemical Society, Chicago, Ill.,
Sept,, 1964,
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F19 NUCLEAR MAGNETIC RESONANCE DATA
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‘Temp., Chemical shift,* p.p.m. Coupling counstants, c.p.s.—
eC. oF 3F, 8Fq Jp-F Jp_Fs Jp—Fo
—144 PClLFy? —67.4 +41.5 1032 1092
—22 PClLF; —-31.1 1048
—140 PCLF, —123.0 1051
—140 PCLF —132 992
(CHj;)yPFye +4.8 +88.6 772 960
(CH;)PE° +5.8 545

@ CCLF reference. ? The Jp-y coupling is 124 c.p.s.

° Values taken from ref. 6 and adjusted to the present scale by adding 78.8

p.p.m. to take into account the chemical shift difference between CF;COOH and CCLF.
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Fig. 2.—F® n.m.r, spectra of PCLF;: (a) pure liquid; (b)
isopentane solutions, 20%, by volume at —22° and 309, by vol-
ume at the other temperatures listed.

tive agreement with the latter value is achieved if the
direction of distortion of the equatorial chlorine atoms
is away from the axial fluorine atom.

Only one CI% resonance frequency is observed in the
spectrum of PCLF; Its value of 31.49 Mec. is very
near the average C1% frequency for PCLiF;, suggesting
that here too we are “‘seeing’’ equatorial chlorine atoms
only. The infrared and Raman vibrational study! of
PCLF; was able to rule out the Dj, symmetry corre-
sponding to the symmetrical trigonal bipyramidal struc-
ture having axial chlorine atoms. The latter structure
was the one proposed on the basis of an electron diffrac-
tion study.?* That this structure is erroneous is con-

firmed further by establishing that PCLEF; possesses a
dipole moment.!! However, no decision among remain-
ing trigonal bipyramidal or tetragonal bipyramidal
models was possible on the basis of the vibrational
spectral study.! The quadrupole data suggest the tri-
gonal bipyramidal structure having two axial and one
equatorial fluorine atoms (C,, point group).

The presence of the nonequivalence of fluorine
atoms is fully demonstrated by observing the F¥
n.m.r. spectrum of PCLF; (m.p. —124°) in isopentane
solution at —143°. ", The F* spectrum as a function of
temperature® (Fig. 2b) is typical of that observed for a
molecule undergoing intramolecular exchange. Both
P-F and F.~F. coupling are present at —143°. The
low field pair of doublets arises from the axial fluorine
atoms (the splitting caused by the phosphorus and
equatorial fluorine atoms) and has an over-all intensity
of twice that of the higher field pair of triplets (the
splitting caused by the phosphorus and two axial fluo-
rine atoms). At —22° only a sharp doublét is seen,
i.e., the P-F coupling is retained. However, the
weighted average chemical shift at —143° is exactly the
same, —31.1 p.p.m., as that observed for the molecule
undergoing exchange at —22° (Table IT). Hence even
though exchange is occurring, the molecule retains at
higher temperatures the structure it possesses at —143°.
The latter is in agreement with the Raman vibrational
spectra,! which showed no detectable change from —40
to —144° in a solution containing 259, by volume of
PCLF; in isopentane or from —20 to —120° in a sam-
ple of the pure liquid PCLF;.

Taken alone the F' n.m.r. data for PCLF; are in
agreement with several likely models, the trigonal bi-
pyramid of Cyv symmetry supported by the quadrupole
data and the tetragonal pyramids having axial fluorine
atoms.® A dimer molecule containing bridging chlorine
bonds might also be considered, analogous to the struc-
ture of NbCl;, which is a trigonal bipyramid in the
vapor!? but a dimer in the solid.* To obtain agree-

crocl
a1’ ] o

Cl Cl Cl
Cl Cl

ment with the F* data in this case it would have to be
assumed that spin—spin coupling through the bridging

(12) H. A. Skinner and L. E. Sutton, Trans. Faraday Soc., 36, 668 (1940).
(13) A. Zalkin and D, E, Sands, Acta Cryst., 11, 615 (1958).
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Fig. 3.—F!? chemical shifts relative to CF;COOH vs. number of
fluorine atoms.

chlorine atoms is not observed. The latter structural
possibility was eliminated from consideration by a
cryoscopic study” in isopentane solution as a function of
concentration of PC,Fs. The data showed a monomer
formulation.

Examination of the F!® n.m.r. spectra of PCLF and
PCLF; showed simple doublets (P-F coupling) which
remained invariant in pattern and chemical shift to less
than 1 p.p.m. as a function of temperature in the range
—22 to —140°. For these molecules the F¥ spectra
would be the same whether exchange is occurring or not
since the fluorine atoms are equivalent in PCLF, and
PCLF has only one such atom. Such a process would be
expected to have a decreased rate as fluorine atoms are
replaced by heavier chlorine atoms if one envisions an
intramolecular inversion mechanism similar to that pro-
posed by Berry.!* In any event the fact that the chem-
ical shift remains unaltered as the temperature is
changed argues for the presence of one molecular species
for each. ‘

For PCL;F,, known to have axial fluorine atoms in a
symmetrical trigonal bipyramidal structure from vibra-
tional spectra® of the gas and liquid state, a chemical
shift of —123.0 p.p.m. relative to CCIF was observed.
For PCLF, suggested to have an axial fluorine atom in a
distorted trigonal bipyramidal structure from the vibra-
tional spectral study! and supported from the chlorine
quadrupole data for the solid state, a similar chemical
shift of —132 p.p.m. was observed. It then seems
reasonable to assign the higher field line, 4-41.5 p.p.m.,
representing one fluorine atom in PCLF; to an equa-
torial position and the lower field line, —67.4 p.p.m,,
representing two fluorine atoms to axial positions, thus
giving the structure supported by the quadrupole data
for the solid.

(14) S. Berry, J. Chem. Phys., 82, 933 (1960).
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Fig. 4.—C1® n.q.1. frequencies (Me.) vs. number of chlorine atoms.

An argument of this type would not eliminate from
consideration the tetragonal pyramidal models with
axial fluorine atoms. However, with all structural
evidence supporting trigonal bipyramids in molecular
PCLF and PCLF; as well as PF;»%% in the vapor and
liquid states and molecular PCL;* it seems highly un-
likely that PCLF; should assume a different structural
environment,

Bonding.—TFigure 3 shows F! chemical shift data
(relative to CFsCOOH) for a series of mixed phosphorus
halides where the phosphorus atom has coordination
numbers ranging from three to six. Some related F1°
data also are included for halides of other central
atoms.” Tigure 4 shows Cl® nuclear quadrupole
resonance data for members of the series PClLFs—,,18
POCLF;,, and PCLF;_, and some related com-
pounds.?®

The data exhibit a number of significant features:
(1) both the trends in F!® chemical shifts in the series
POCLF;_, and PCLTs_, and the trend in Cl® reso-
nance frequencies in the series PCL.Fy_, are in a direc-
tion opposite to that expected on the basis of electro-
negativity considerations; (2) F% chemical shifts for
axial fluorine atoms are found to be significantly lower

(15) O. L. Hersh, Dissertation Abstr., 24, 2286 (1963).

(16) Some evidence does exist indicating a tendency for PCls to associ-
ate, but none was found for the phosphorus(V) chlorofluorides.?

(17) The F1® values for the BCI;Fs., series are taken from T. D. Coyle
and F. G. A, Stone, J. Chem. Phys., 83, 1892 (1960). F!® data for CIFs,
8Fy, and IFs are from E, L. Muetterties and W. D, Phillips, J. 4dm. Chem.
Soc., 81, 1084 (1959), and the remainder of the data are summarized in ref. 5
of this paper,

(18) The CI1# data for PClzFs-, are unpublished results determined in
this laboratory.

(19) Values for POCLF, POCIs, AsCls, and SbCls are from R. Livingston,
J. Phys. Chem., 8T, 496 (1953). The data for CFsPCl; are from J. E. Grif-
fiths, who also has completed a vibrational study. The data support a tri-
gonal bipyramid (Csy symmetry) with the CFs groups located in an axial

position: Abstracts, Inorganic Division, 148th National Meeting of the
American Chemical Society, Chicago, Ill., Sept., 1964,



1752 R. R. HormMmEs, R, P. CARTER, JR., AND G. E. PETERSON

compared to the shift observed for the equatorial atoms
in a given molecule; (3) the CI® resonance frequency
for the axial chlorine atoms in PCLF or CF;PCl; is
several Mc. lower than that observed for the corre-
sponding equatorial chlorine atoms in these molecules,

Some of the results may be correlated adequately
from an examination of the make-up of the F*® chemical
shift expression and the related expression describing
quadrupole coupling constants.

Considering the original theory of Ramsey,® Saika
and Slichter?! concluded that the paramagnetic term
dominates F'® chemical shifts and obtained a useful
correlation with ionic character for binary halides. Re-
cently Karplus and Das??? employing a molecular
orbital wave function further divided up the F!° chem-
ical shift expression in terms of ionic character, I, hy-
bridization, S, and double bond character, =. It has
been pointed out that the contributions from other
atoms do not contribute significantly to the chemical
shift for fluorine atoms.?2—%

Specializing to the case of an axially symmetrical
cone-shaped charge distribution about the bond axis
(i.e., 7 = w, = =) the relation of Karplus and Das??
expressed in terms of the gross orbital populations on
the fluorine atom becomes

a'=0'o|:1—S——I—I—IS+7r+
?
ol + S — 19 —-*5} (1)

where ¢ (a negative quantity) may be interpreted as
the difference hetween the s hielding for the fluorine
atom in a purely covalent single bond and that for the
fluoride ion.

From the theory of Townes and Dailey® concerning
quadruple coupling constants for the bond type under
consideration one has the result expressed in terms of

the electric field gradient

¢g=q[l—S—-I+1IS—n] (2)

where ¢ is the field gradient for the atom.

If squ are terms are neglected as an approximation,
it is seen that expressions 1 and 2 are analogous except,
as pointe d out by Karplus and Das,* for the opposite
dependenc y of ¢ and g on double bonding. When con-
sidering trends in series where double bonding may be
sign ificant, F1* data should prove more readily inter-
preta ble than quadrupole coupling constants.

It was suggested previously® that increasing -
bonding p er fluorine bond as the number of fluorine
atoms decreases al ong the series PCLF; _; could account
fo r the trend in F!° chemical shifts. In view of the
structural inf ormation now accumulated showing that
axial positio ns are preferred positions for fluorine

(2 0) N. F. Ramsey, Phys. Rev. 77, 567 (1950); 78, 699 (1950).

(21) A. Saika and C. P. Slichter, J. Chem. Phys., 32, 26 (1954).

(22) M. Karplus and T. P. Das, sbid., 34, 1683 (1961).

(23) C. J. Jameson and H. S. Gutowsky, ibid., 40, 1714 (1964), extended
the chemical shift expression to include the effects of d orbital s as well as p
orbitals on the atom in guesti on.

(24) J. A. Pople, Discussions Faraday Soc ., 34, 7 (1962},
(25) Refer ence 10, p. 138,

Inorganic Chemistry

atoms in these molecules and considering the symmetry
of d orbitals in relation to the equatorial and axial posi-
tions in the trigonal bipyramid, an explanation based
on w-bonding becomes even more attractive.

As was pointed out in an early paper by Kimball,?
the d,, and d,, orbitals of the phosphorus atom are po-
tentially capable of forming strong w-bonds in the tri-
gonal bipyramid. An axially symmetrical cone-shaped
charge distribution is expected about the P-F axial
bond (regarded as coinciding with the Z axis) when
these d orbitals overlap with the occupied p, and p,
orbitals of the fluorine atom. If the d,, and d,, orbitals
are used for m-bonding with fluorine atoms in equatorial
positions, only the p, orbital of each equatorial fluorine
atom would participate effectively in #-bonding. Con-
sequently, axial m-bonding would be considerably
stronger than equatorial w-bonding. With axial =-
bonding concentrated in the d,, and d,, orbitals, equa-
torial fluorine atoms probably z-bond more favorably
with the d,, and d,.,» orbitals of the phosphorus atom
but again such bonding would not be expected to be
highly effective because of limited overlap, and, as Kim-
ball?® pointed out, the fact that these d orbitals may be
involved partially with ¢-bonding in the equatorial
plane.

On the basis of symmetry =-bonding is expected to be
greater for axial than equatorial atoms but equatorial
atoms may have some measure of w-bonding.

Although F'® shifts for axial positions in molecules
such as PCLF3, SF,, % and CIF; are lower than the shifts
for the respective equatorial positions, it is not clear that
the difference reflects greater axial w-bonding. This is
because the nature of axial s-bonding in trigonal bi-
pyramids is somewhat speculative at present, particu-
larly regarding the extent of d orbital participation of
the central atom in hybridization schemes.”® Conse-
quently, if the o-bonding to the two positions differs
significantly, the interpretation of the internal F?9
shifts becomes complex.

However, evidence that axial 74_,-bonding exists to
an appreciable extent in the phosphorus(V) chloro-
fluorides is provided more directly by comparing the
downfield trends in axial F19 shifts for the series PCl,-
Fs, with the similar downfield shifts in the series
POCLF;_. and BCL,F;_,. In the latter two series the
problem of d orbital o-bonding does not arise. The
trend in F19 shift in the BCL.F;s_, series has been inter-
preted?® in terms of increasing w-bonding per B-F bond
as x increases and appears entirely justified in view of
the accumulation of evidence® supporting the greater

(26) G. E. Kimball, J. Chem. Phys., 8, 188 (1940).

(27) In SF: there are two pairs of equivalent fluorine atoms, hence it is
not possible to decide which fluorine resonance is associated with the equa-
torial or axial positions. In line with the F19 data for the other molecules
the lower field resonance most likely results from the axial fluorine atoms,

(28) See, for example: D, P. Craig and C, Zauli, J. Chem. Phys., 87, 601
(1962); 87, 609 (1962); R, J. Gillespie, Can. J. Chem., 39, 318 (1961);
N. A. Matwiyoff and R. S. Drago, [norg. Chem., 8, 337 (1964), and references
cited therein.

{29) T. D. Coyle and F. G. A. Stone, J. Am. Chem. Soc., 82, 6223 (1960),

(30) R. R. Holmes, W, P, Gallagher, and R. P, Carter, Jr., Inorg. Chem.,
2, 437 (1963).
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importance of mp—p-bonding in B-F bonds compared to
B-Cl1bonds.

For the POCLF;_, series P-F 7-bonding has heen
considered to be more important than P-Cl r-bonding
on the basis of respective bond-shortening values.*
For molecules in a tetrahedral conformation such as
these Cruickshank3? following Kimball’s?*® method rep-
resents the d,. and d,._,. orbitals of the phosphorus
atom as the ones most favorably oriented for mq_p-
bonding.

The fact that similar trends in F!°® shifts are seen in
series whose central atoms have coordination numbers
ranging from three to six shows that the paramagnetic
shift is not peculiar to the trigonal bipyramid environ-
ment and suggests a common explanation. Thus, in
accordance with the interpretation of the chemical
shift expression for F!?, increasing importance of axial
P-F r-bonding is supported in the series PCLF; <
PCL;F, < PCLF.

The effect of the decreased electronegativity of the
methyl group compared to the chlorine atom is clearly
evident, on comparing the higher fluorine resonances
for (CH3)sPFs® compared to PCLF; (Table IT). Itis
also noteworthy that little change in F!° shift for axial
fluorine atoms is seen between (CH;),PF; and (CHs)s-
PF, assuming, as the authors® suggest, that the latter
structure is a trigonal bipyramid of Dsn symmetry.
Since a saturated carbon atom is expected to m-bond
less effectively than a chlorine atom, P-F =-bonding in
(CH,;),PF; should be maximized to a greater extent than
in PCl,Fs. Consequently, in going to (CHjs)sPF; one
expects a lower percentage change in axial P-F w-bond-
ing compared to the corresponding change in the chloro-
fluorides. Accompanied again with the greater elec-
tron-releasing ability of an added methyl group, the
similarity in axial fluorine resonances between (CHs),-
PF; and (CHj3);PF, is rationalized as a consequence of
the cancellation of the opposing influences.

The possibility of a steric effect caused by substitu-
tion of larger chlorine atoms in place of fluorine atoms
being the cause of the trend in F'° shifts in the series
PCLF;s_, has been discussed previously® and considered
of minor importance. In this regard it is interesting
to note that X-ray data have shown pentaphenyl-
phosphorus to have a trigonal bipyramidal configura-
tion, whereas the corresponding structure involving the
larger antimony atom is a square pyramid in the solid
state.3?

A parallel behavior in the available C1* quadrupole
data (Fig. 4) also is seen between the POCLF;_, and
PCLFs_, series. Apparently changes in ionic character
more nearly compensate for changes in P-Cl »-bonding
as indicated by the small variations in CI® frequencies
from member to member in each series.®* If P-Cl n-
bonding changes dominated, decreasing quadrupole

(31) J. R. Van Wazer, J. Am. Chem. Soc., 78, 5709 (1956).

(32) D. W. J. Cruickshank, J. Chem. Soc., 5486 (1961).

(33) P. J. Wheatley, ¢bid., 2206 (1964)

(34) The Cl% resouance for POCIF: recently determined by us is 28.60
Mec. at 77°K.
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resonance frequencies should be observed as the number
of chlorine atoms per molecule decreased. That this
does not occur supports the greater importance of P-F
compared to P-Cl 74 _p-bonding.

Using expressions similar to (2) for the quadrupole
coupling constant, estimations of ionic character have
been made in the past,’® usually by assuming a stand-
ard percentage S hybridization and estimating double
bond character, empirically, with the aid of bond dis-
tance values. Itis felt that such a calculation has little
validity in the present instance. There is over a
20-Mec. variation in the coupling constant for chlorine
atoms involved in the various P-Cl bonds (Fig. 4) and
no convenient way of assigning absolute w-bonding
values from series to series.

On a qualitative basis though the general variations
from series to series are understandable if it is assumed
that they are primarily a result of changes in group
electronegativities. Then the observed increase in the
magnitude of the coupling constant in going from PCl;
to POC; or PCL;F; is reasonable since the added oxygen
or fluorine atoms bond the electron pair in o-bonding
and as a consequence cause an electron drift away from
the chlorine nuclei, two fluorine atoms being more effec-
tive than a single oxygen atom in reducing the ionicity.
However, little can be said about the difference between
equatorial and axial chlorine coupling constants in
PCLF.

The PClL.F;_, series deserves some comment. The
changes in F!® shift show small variations along the
series in a direction expected from electronegativity
effects, while changes in C1®* quadrupole frequencies in
the series are in a direction opposite from that ex-
pected on the basis of electronegativity considerations.
The reasons for the observed changes are not entirely
clear. The presence of the lone electron pair as pre-
viously® pointed out is suspected to introduce consider-
ably more bond flexibility in these molecules compared
to the POCLF;_, series. However, further informa-
tion is needed in order to understand these variations.

Considering the gain in stabilization energy resulting
from the presence of greater axial P-F =-bonding com-
pared to equatorial P~-F r-bonding, a partial explana-
tion is seen for the structure of PCLF; having Civ
symmetry (for which strong support has been given)
compared to the more symmetrical Ds, model.® A
more complete explanation must await the assessment
of relative energy differences in P-F and P-Cl o-bonds
in the two positions of the trigonal bipyramidal struc-
ture. It is noteworthy that recent F!® n.m.r. data in-
dicate that fluorine atoms prefer axial positions in
molecules such as CCLPF.Cl, and CCLPF.Br,.3 It

(35) D. S. Payne, Quart. Rev. (London), 15, 173 (1961), has commented
on the lack of observable dissociation in PClyF3 up to 160° compared to the
ready dissociation of PCIsF, PCls, and SbCls into chlorine and the respective
trihalides. Perhaps the requirement for lack of reversible dissociation in-
volves the absence of axial P-Cl or Sb—Cl bonds suspected to be weaker
than the corresponding equatorial bonds (based on relative bond distance
values?is),

(88) J. F. Nixon, Chem. Ind. (London), 1555 (1963).
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would be interesting to compare F1® n.m.r. data for ad-
ditional series involving the phosphorus atom and
other electronegative ligands with the results reported
here. Reduced axial =-bonding is expected for ligands
like —OR and -NR; since these groups each may have
only one suitably oriented p orbital available for such
bonding compared to the two available for fluorine.*

Inorganic Chemisiry
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(37) Note Appep 18¥ Proor.—Recent F1° n.m.r, data [E. L. Muetterties,
W. Makhler, K. J. Packer, and R. Schmutzler, [norg. Chem., 8, 1298 (1964)]
indicate that in compounds such as [(C:Hs)eN]2PF; the apical positions of
a trigonal bipyramid are occupied by fluorine atoms in preference to the
(C2Hs)2N groups.
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The dipole moments of (SiHl;)0 and SiH;OCIH; have been meastuired in the gas phase and have been found to have the values
0.24 and 1.166 D, respectively. The dipole moments are discussed in relation to the structures and base strengths of the
related series of ethers: (SiH;),0, SiH;OCHj;, and (CH;),0.

The concept of p,—d, bonding in the linkage between
silicon and an element having at least one pair of un-
shared electrons has been used to explain many of the
physical and chemical properties of both inorganic and
organic silicon compounds.? It has been found to be
particularly useful in rationalizing the observation that
disiloxane, (SiH;),0, has a considerably greater oxygen
bond angle than its methyl analog, (CHs),O. The fact
that (SiH;),O is a much weaker base than (CHs):0,
even though silicon has a smaller electronegativity
than carbon, is also consistent with this concept and
with the observed bond angles of these ethers.

The electric dipole moments of (SiH;),O and SiHs-
OCH; were meastired in the present investigation to
ascertain whether the oxygen valency angles, base
strengths, and dipole moments of the related series of
ethers, (Sle)gO, SiHsOCHs, and (CHa)zO, are self-
consistent and in accord with the p,—d, bonding which
occurs in the Si~O linkages.

Results and Discussion

The dipole moment of gaseous (SiH;):O has been
found to have the value of 0.24 D. The existence of a
permanent moment adds to the evidence that the Si-
O-Si configuration in disiloxane is bent rather than
linear. Infrared spectroscopic studies® of disiloxane
and its completely deuterated derivative show3d that
there is a low barrier to bending through a linear con-

(1) This report is based on portions of a thesis submitted by Ravi Varma
to the Graduate School of the University of Pennsylvania in partial fulfill-
ment of the requirements for the degree of Doctor of Philosophy. This
research was supported by the Advanced Research Projects Agency, Office
of the Secretary of Defense.

(2) (a) F. G. A. Stone, “Hydrogen Compounds of the Group IV Ele-
ments,”’ Prentice-Hall Inc., Englewood Cliffs, N. J., 1862; (b} C. Eaborn,
“Qrganosilicon Compounds,” Butterworths Scientific Publications, London,
1960; (c) C. T. Mortimer, ‘“Reaction Heats and Bond Strengths,”” Pergamon
Press, New Vork, N. V., 1962; (d) E. A. V. Ebsworth, “Volatile Silicon
Compounds,” The Macmillan Company, New York, N. Y., 1963.

figuration and that the Si—O-Si angle is roughly 150°.
More recently, an electron-diffraction study* has found
that the angle is 144.1 =% 0.9° and that the Si~O bond
length is 1.634 = 0.002 A. Almenningen, et al.,*
point out that this Si—O length corresponds to a high
percentage of double-bond character in the linkage
between Si and O in disiloxane, the two lone pairs on
oxygen being each involved in p,~d, bonding to the
silicon atoms.

The bond angle 144.1 % 0.9° and the molecular

+—
moment 0.24 D. correspond to an effective H;SiO group
moment of 0.39 £ 0.01 D. in disiloxane. Such an
effective group moment is understood to contain the
contribution of the lone-pair moments.s Due to the
symmetry of the groups and of the molecule, the re-
sultant of the lone-pair moments and the resultant of
+—
the intrinsic H;Si0 group moments both lie in the same
direction along the same axis. They add, therefore,
to form the molecular moment along that axis. This
convenient situation permits combining the electron-
4—

pair moments with the intrinsic H;SiO group moments
to form the effective group moments, the component
parts of which are not individually determinable.

The moment of gaseous SiH;OCH; has been found
to have the value 1.166 D. The Si-O-C angle de-

(3) (a) R. C. Lord, D. W. Robinson, and W. C. Schumb, J. 4m. Chem.
Soc., T8, 1327 (1956); (b) R. F. Curl and K. S. Pitzer, ¢bid., 80, 2371 (1958);
(c¢) D. C. McKean, Spectrochim. Acta, 18, 38 (1958); (d) J. R. Aronson,
R. C. Lord, and D. W, Robinson, J. Chem. Phys., 83, 1004 (1960); W. R,
Thorson and I. Nakagawa, bid., 88, 994 (1960); D. W. Robinson, W. J.
Lafferty, J. R. Aronson, J. R, Durig, and R. C. Lord, #b:d., 36, 2245 (1961).

(4) A. Almenningen, O, Bastiansen, V. Ewing, X. Hedberg, and M.
Traetteberg, Acta Chem. Scand., 1T, 2455 (1963).

(5) J. W. Smith, ‘“Electric Dipole Moments,”” Butterworths Scientific
Publications, London, 1953, Chapter 5; C. A. Coulson, “Valence,” 2nd
Ed., Oxford Press, London, 1961, Chapter 8,



