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A series of amorphous stibonic acids, RSbO3;H,, one stibinic acid, (p-CH3Ph),SbO,H, and Ph;SbO have been studied by
1215h Mdssbauer spectroscopy. The isomer shift, 8, decreases almost linearly with increasing number of R groups. Both
the stibonic and stibinic acids have appreciable values of # as well as quadrupole coupling constants on the order of 10
mm s™!, Using an additive model to obtain orbital populations along the Sb ligand bonds for various assumed geometries,
it is concluded that the typical Sb site in the amorphous acids has approximately trigonal-bipyramidal geometry with bridging
oxygens in apical positions. The orbital population along the equatorial Sb—OH bond, ooy, is appreciably larger than the

apical OOH in Ph4SbOH

Introduction

In an earlier paper,! we have developed a method for using
Mossbauer isomer shifts and quadrupole splittings to obtain
electron populations in the hybrid atomic orbitals used by
Sb(V) to form bonds. The method was applied primarily to
compounds of the type Phs.,SbCl,, x = 1-4. It was assumed
that a localized molecular orbital ¢; along a given Sb-L bond
was a linear combination of an Sb hybrid atomic orbital hy,
and a ligand orbital x, ¢1 = c;hy + ¢ox1, where hy is fixed
by the Sb geometry. The Sb orbital population in h; is then
oL = 2¢,%. These results indicated the method was of general
applicability to organoantimony(V) halides at least. Con-
cerning bonding in these compounds, a marked trend was
observed in the population along the Sb—Ph bonds, opy, in-
creasing as the number of electronegative groups bonded to
Sb increased. Also the relative 5s character of the apical and
equatorial bonds in the trigonal-bipyramidal structures was
shown to be about equal. ‘

In the present work we apply this method to organo-
antimony(V) compounds containing oxygen. A distinct
difference from the previous work is that little structural
information is available on the stibonic, RSbO;H.,, and stibinic
acids, R,SbO,H, as these compounds are amorphous, insoluble,
and presumably -polymetic materials.? Thus, the method
cannot be expected to give orbital populations with even the
limited precision of the earlier study. However, it will be shown
that certain reasonable assumptions about the orbital popu-
lations can lead to structural information about the average
Sb site in these amorphous materials. The application of
Maéssbauer spectroscopy to amorphous materials is proving
to be one of its more useful applications,’ as it is primarily the
short-range order which determines the Mossbauer parameters
of a solid. The orbital population method, at least in the
present case, enables a more detailed interpretation of the
structural implications of the Mossbauer parameters.

Experimental Section

Our cryostat, spectral procedures, and data analysis have been
described.!* The 4 K spectra were obtained with a Niy;Sn,Bg(**!Sb)
source and the conversion 1.65 mm s~ added to obtain the isomer
shift relative to InSb.! Méssbauer parameters obtained in the present
work are given in Table I.  For convenient reference several Sb(V)
oxygen compounds reported previously have also been listed. An
interesting feature of the present series is the large value of  obtained
in many cases, 7 being the quadrupole asymmetry parameter. For
the */,-7/, transition of 12'Sb, # cannot be obtained with precision
due to overlap of the various line components. However 7 = 0 gives
a very unsymmetrical spectrum (unlike the *'Fe case) and as n —
1 the spectrum becomes more symmetrical.?

A typical spectrum is shown in Figure 1. It should be noted that
alternate fits to the data have been considered. The curve is much
too broad and flat to be a single peak, even if some line broadening

Table 1. Mossbauer Parameters of Sb(V) Compounds®

Inten-
sity, T,+0.1 §,+0.05 e%Q,=+1 n,
Compd % mms? mms?! mms?!'  £0.2
§b,0,2 3.5 8.78
PhSbO,H, 32 29 677 9.5 0.7
m-CH,PhSbO,H, 40 2.8 6.79 8.7 0.9
p-CH,PhSbO,H, 3 29 685 9.8 0.7
p-CH,0,CPhSb- 40 2.8 6.80 10.7 0.6
O,H,H,0

(p-CH,Ph),SbO,H 36 2.8 6.01 -9.5 0.9
Ph,SbO 38 2.8 5.27 -10.6 0
Ph,Sb(OCOCH,),¢ 28 3.7 -218  <0.3
Ph,SbOH° 29 44 -5.3 0

@ Isomer shifts, §, relative to InSb. Line width, T, at half-maxi-
mum. All new samples contained about 10 mg of Sb cm™2 and
were measured at 4 K. Reference 5. Absorber and source at
77 K. Sb(V)peak only. ¢ Reference 6. Absorber at 9 K, source
at 77 K. Isomer shift converted from BaSnQ, by adding 8.5 mm
s (ref 7).

due to the amorphous nature of the material is allowed. If the data
are assumed to indicate two distinct sites, the fit is reasonably good
but the two lines are separated in isomer shift by about 2 mm s™ and,
while somewhat broader than known single-line spectra, the two lines
would each have almost no quadrupole splitting. This would indicate
two very symmetrical sites for Sb of almost (but not exactly) equal
intensity, each of which is quite different in ligand electronegativity.

- The stoichiometry makes this highly unlikely. The fit to one site with

eXqQ and n gives similar line width to spectra of known structures
and isomer shifts varying in reasonable fashion with the number of
organic groups per Sb. The line width indicates all Sb sites are similar
in this material.

Powder x-ray diffraction patterns were taken of all the new samples
reported in Table I. Of these, only Ph;SbO showed any sign of
crystallinity.  Its powder pattern was quite complex but indicated a
highly crystalline material.

These compounds have been previously described and were prepared
by known methods. The crude stibonic and stibinic acids® were
converted to the corresponding pyridinium arylchloroantimonates for
recrystallization from which the free acids were regenerated.” The
triphenylantimony oxide was prepared by refluxing tetraphenyl-
stibonium hydroxide in xylene as given by Briles and McEwen'® and
had a melting point of 221 °C. Antimony was determined for all of
the preparations and was found to be within £0.1% of theoretical;
in addition C and H were determined for triphenylantimony oxide.
Anal. Caled: C, 58.58; H, 4.10. Found: C, 58.79; H, 4.17.

Results and Conclusions

Since the stibonic and stibinic acids are polymeric, oxygen
bridging between antimonys is likely an important feature of
the geometry. The Mdssbauer data suggest each compound
has only one Sb site or at least in all sites the local symmetry
is similar. The purpose of our analysis is to find a regular
geometry to describe this site, one which gives reasonable
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Figure 1. Mdssbauer spectrum of p-CH;PhSbO;H, at 4 K fit with
both e?¢gQ and n. The parameters used are given in Table I except
_the velocity scale is relative to the Niy; Sn,By source, 1.65 mm s™ more
positive than InSb.

orbital populations along the antimony-ligand bonds. The two
geometries we consider are octahedral and trigonal bipy-
ramidal. The appropriate hybrid orbitals and their contri-
butions to the total Ss electron density, n,, and Sp electron
density, n,, have been given.! The components of the field
gradient tensor can be expressed in terms of the orbital
populations o; and a scale factor K = e%¢c|Q|(r?),/E,, taken
as 37 mm s as justified earlier.! The acids have three
different ¢’s: og along the organic ligand bond, ooy, and ogg
along the oxygen bridging bond. For an assumed geometry
the nonzero values of ¢’qQ and 7 allow two of the o’s to be
expressed in terms of the third. The isomer shift calibration’

5=17.3-n4233-2.0n,) (1)

then allows assignment of values to all three ¢’s. We have
assumed here, as discussed earlier,! that the s—d mixing pa-
rameter cos’ § = 0.4 for trigonal-bipyramidal geometry, which
gives equal contributions to », from apical and equatorial
orbitals. Any other choice would affect the magnitude of the
o’s but not their differences, which are determined by e?qQ
and 7.

It should be noted that while chemical intuition requires og
to be greater than ooy or oog, the relative values of these latter
two are not so clear. In the halogen case,’ bridging Cl had
a larger ¢ and a smaller effective scale factor K’/K = 0.7.
However, the bridging C1-Sb bond distance is appreciably
longer than nonbridging in Ph,SbCl;.!! The O-Sb bond
distance in both Ph,SbOH and Ph,SbOCHj is 2.06 A,'2!3 just
slightly /onger than in a typical bridged inorganic oxide such
as Sb,O,, which has 1.96-1.99 A for O-Sb(V).!* It should
be noted that since oxygen is divalent, it is bridging in Sb-O-H
as well as in Sb—O-Sb and really different from Cl in this
regard. Thus, another objective of the analysis is to clarify
the relative values of ooy and ogp.

The compound Ph,SbOH is known to have trigonal-bi-
pyramidal geometry about Sb,'2 with the OH in an apical
position. The apical C-Sb bond distance is slightly longer than
the equatorial. Since these two populations cannot be sep-
arately determined, we assume an average oy and obtain

Vie=—¢°qQ = (2/5)K(0g — 0ox)
ng=(1/5)oon + (4/5)og )
ny=(1/2)oon + (5/2)og

The measured values for ¢2gQ and 6% (see Table I) give,
from eq 2 and 1 above, og = 0.74 and ooy = 0.38. In
comparison Ph,SbCl gave o = 0.83, o¢; = 0.38." The large
increase in o upon substituting a second electronegative group
in Ph;SbCl, (og = 1.07') is observed also in the trigonal-
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Table II. Orbital Populations in Sb(V) Oxo Compounds
According to Trigonal-Bipyramidal Geometry (See Figure 3)

Compd OR GOoH g0B
Ph,SbOH 074 038
Ph,SbO 0.76 0.40
(p-CH,Ph),Sb0,H 080 0.1 0.38
PhSbO,H, 0.89 0.52 0.37
p-CH,PhSbO,H, 0.89 0.1 0.36
m-CH,PhSbO,H, 084 053 0.35
p-CH,0,CPhSbO,H,-H,0  0.92  0.49 0.35
A(l” A(2) c(2)
c B(2)
\Sb/ B‘Sb — (1) B_—JD — A
7 ‘ ) J 3 , 'R l
[ [
a b, c

Figure 2. Geometries of general interest: (a) octahedral, (b) and
(c) trigonal bipyramidal.

OH{z) Ol'i(z)
R R~
., —R St ——R
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Figure 3. Assumed geometry for Sb(V) oxo compounds (see Table
II). (a) Ph,SbOH, (b) Ph;SbO, (¢) R,SbO,H, (d) RSbO;H,.

bipyramidal Ph;Sb(OCOMe),,® which gives og = 1.02, socome
= (.29, calculated in a similar manner.

The compound Ph;SbO, whose structure is not known, has
very different Mdssbauer parameters from the latter com-
pound, its ¢2gQ being considerably smaller and & more positive.
If its structure is also assumed to be trigonal bipyramidal, with
bridging oxygens in the apical positions, then oog — og must
be the same as gy — og in Ph,SbOH due to the fact that e’gQ
is almost exactly twice as large. The isomer shift then gives
absolute values of gg = 0.76, gop = 0.40. The orbital pop-
ulation results are tabulated in Table II. It should be pointed
out that no octahedral configuration with three R and three
O bridges will satisfy the experimentally observed negative
e’qQ and zero 7, and the proposed trigonal bipyramid seems
the only simple one to fit the data. Thus, unlike the corre-
sponding halides or Ph;Sb(OCOMe),, the ¢’s hardly differ
between Phy,;SbOH and Ph;SbO.

There is an almost linear trend of § with number of R groups
in the series Ph,SbOH, Ph,SbO, R,SbO,H, and RSbO;H,.
This relationship suggests that the amorphous acids have a
trigonal-bipyramidal Sb site also, although with bridging
oxygens, octahedral geometry cannot be ruled out on this basis
alone. There is no simple trend in e?¢Q, but both stibinic and
stibonic acids have large values of #.

Consider first the one stibinic acid studied, (p-
CH;Ph),SbO,H. About each Sb we assume two R groups,
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one OH, and the rest bridging oxygens OB. Possible structures
are shown in Figure 2 (A being OH) and the field gradient
components are given in the Appendix for each. Experi-
mentally, in units of (2/5)K, V,, = +0.64 and 4V, = V,, -
V,, = 0.58. The positive V, requires electronegative groups

" along the z axis, while the large 7 indicates the two R groups

have their largest component along the y axis. Thus for the
octahedral structure Figure 2a, B is the organic R group and
axis (2) is the y axis. For structure 2b, B must be the R group
(as the two C’s are on separate axes). For structure 2¢, B or
C could be R. The main criterion for a reasonable fit is that
oR > 6og ~ 0op. The two experimental numbers give two
¢’s in terms of the third. ’

For the octahedral structure 2a with (2) as y and (1) as z:
or = ooy + 0.64 and oo = ooy + 0.45. For structure 2b
the best choice for the z axis is (2), which gives og = ooy +
0.54, oo = ooy + 0.25. For structure 2¢ with B = R and
(2) as the z axis, og = oo + 0.42, oo = oop + 0.13. 1If,
however, C = R and (1) is z, or = goi + 0.53 and oop = oon
+ 0.34. Using the fit which minimizes the difference between
oou and oop gives a marked preference to structure 2¢ with
B =R and (2) as z. It could be that part of the field gradient
interaction comes from deviation from regular geometry, but
since x-ray structure determination cannot be carried out in
these amorphous materials, the geometry is unknown. It is
not proposed that the Sb sites are truly as in structure 2c, only
that the actual sites look more like that than any other simple
configuration. It is noted that the bridging oxygens in the
preferred structure are on opposite sides of Sb, which is
geometrically reasonable. Substituting for #; and n, in terms
of oo, the isomer shift equation (1) can be used to obtain
values of all three ¢’s as tabulated in Table II. While oqp is
about the same as in Phy,SbO, gy is considerably larger than
in Ph,SbOH. This difference between equatorial and apical
OH is independent of the s—d mixing parameter and indicates
a less ionic Sb—OH bond in the equatorial plane.

The various stibonic acids studied all have similar Mdssbauer
parameters: positive e2gQ, large 1, and é more positive than
for the stibinic acid. For illustration we take PhSbO;H, with,
in units of (2/5)K, V,, = —0.64 and 4V,, = -0.45. We again
choose axes for the field gradient to make og > 6oy ~ ooB.
In each general structure in Figure 2 this requires A = Ph and
the z axis to lie on the Sb~Ph bond. In the octahedral structure
2a B must be OH, but it is impossible in structure 2b or 2¢
to determine which is OH, B, or C or which is larger ooy or
oos. Thus we pick B = OH and ooy > 60p, to be in agreement
with (p-CH,Ph),SbO,H above. The appropriate field gradient
relations (see Appendix) give for structure 2a, oog = oop +
0.15, Oph = O0OB + 0.79. For 2b OOoH = 00OB + 0.22 and Oph
= ooB + 0.94. For 2¢ O0H = O0OB + 0.15 and Opy = 00B + 0.52.
In 2a and 2b op, appears much larger than oo compared to
the previous compounds, and therefore 2¢ is the preferred
geometry. It is gratifying that again the trigonal-bipyramidal
structure with bridging oxygens along the apical bonds gives
the most consistent set of ¢’s. The isomer shift can be used
to calculated all three ¢’s, as listed in Table II. The one
hydrated stibonic acid studied, p-CH;0,CPhSbO;HH,0, has
Mossbauer parameters very similar to those of the others,
indicating the water doés not markedly alter the local envi-
ronment about Sb.

Looking at the overall trend in orbital populations in Table
I, .o increases slightly with increased substitution of elec-
tronegative groups but not nearly as much as the halogen
series. Among the substituted stibonic acids, the ¢’s probably
should be considered constant within experimental error. The
bridging oxygens, assumed to be apical, have oqg in the range
0.35~0.40, similar to the apical ooy in Ph,SbOH and to ogg
in the octahedral Sb,Oy, which is calculated from the isomer
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shift® (Table I) as oo = 0.41, However, the orbital population
ooy in an equatorial position is appreciably larger at ~0.52,
It should be mentioned that in five-coordinate Sn(IV) com-
pounds, the equatorial ¢ tends to be Jower than apical for a
given ligand,!” although OH as ligand was not studied.

In summary, a description of the average Sb site geometry
in the amorphous stibonic and stibinic acids consistent with
their Méssbauer parameters has bridging oxygens on opposite
sides of Sb and approximately trigonal-bipyramidal geometry,
with either OH or R groups in the equatorial plane. The
orbital population analysis favors this arrangement over al-
ternate octahedral or trigonal-bipyramidal geometries. The
equatorial Sb—-OH bonds are more covalent than apical
Sb—-OH or Sb-O-Sb. This conclusion is in agreement with
the relative acidity of the stibonic and stibinic acids? compared
to the basic OH in Ph,SbOH. Tt would be of considerable
interest to have a structure determination of the crystalline
Ph,SbO, since agreement with our proposed structure would
make application of the orbital method to amorphous com-
pounds more certain.
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Appendix

In Figure 2 are shown the geometries we consider for both
stibonic acids (A = R group) and stibinic (A = OH). Since
7n is' nonzero and since we do not know in advance which is
the z axis, we need to consider all three components of the field
gradient tensor. The term nV,, = V,, — V,,, so that given the
z axis, x and y can be interchanged to make n positive. For
the additive model, in units of (2/5)K, the components for
these geometries are the following:

(a) V“ =-0p +o0p Vair— = —3UB + 30’0
Va2 = 104 — 208 + */20¢ Vs = Vi =3/204 — 3/20¢
V33=‘/20A+UB_3/20C V, =

by ¥V,
V.

=-3/,05 + 3og — 3/10¢
11 =—20pg + 20¢
=3/204 — g — Y20¢

1,0 + /305 — 5/s0¢
—ap + 4/30p = /s0¢

»

2

33 = /204 — 3308 + s0g

Vv

(C) V“ :'—4/30A + 1/303 + ac
V.= %304 + %305 — 20¢
Via=2/s04 ~ 5/308 + oC

Because of equal number of B and C, structures (b) and (¢)
are the only unique trigonal bipyramids. In structure (a) to
maximize the difference between axes (2) and (3) we place
both B’s on one axis. The alternative with one B on axis (3)
would have n = 0. The alternative with one B on axis (1)
would have smaller n than the structure shown.

Registry No. PhSbO,H,, 535-46-6; m-CH;PhSbO;H,, 65275-99-2;
p-CH;PhSbO,H,, 5450-68-0; p-CH;0,CPhSbO;H,, 65275-98-1;
(p-CH;Ph),SbO,H, 5430-43-3; Ph,SbO, 4756-75-6; Ph,SbOH,
19638-16-5.
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The Reaction of PF; with H,S and SO,!
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Phosphorus trifluoride reacts with sulfur dioxide and hydrogen sulfide at increased pressure. The reaction yields within
24 h are greatly influenced by pressure. The sulfur dioxide reaction forms sulfur and OPF; in a 4% yield at 150 °C (670
atm) and 84% yield at 150 °C (4000 atm). The hydrogen sulfide interaction leads to a 3% yield of SPF; and hydrogen
at 200 °C (1350 atm) and a 35% yield at 200 °C (4000 atm). When longer reaction times are used, both reactions become
nearly quantitative which indicates pressure is changing the rate of the reaction. This rate increase supports a mechanism
in which the rate-determining step involves a bond formation rather than an initial decomposition of sulfur dioxide or hydrogen

sulfide.

Phosphorus trifluoride has been shown to react at increased
pressure with sulfides and oxides.>* For example, when PF;
was combined with nickel(II) oxide, Ni(PF;), and OPF; were
obtained, and when it reacted with carbon dioxide, OPF; and
C or CO were formed. In this investigation, phosphorus
trifluoride has been found to react with sulfur dioxide at 130
°C (3000 atm) and with hydrogen sulfide at 150 °C (4000
atm).

Results and Discussion

Tables I and II summarize the experimental results when
the samples are at the given conditions for 24 h. When the
reaction period is longer, the quantity of material reacting
increases and the reactions become essentially quantitative.
Therefore the temperature and pressure changes are indicative
of a rate change rather than a shift in equilibrium.

Sulfur dioxide is a well-known reducing agent. It has also
been shown to oxidize (CH;)3P, (C¢Hs),P, and PBr; at 185
°C in sealed silica tubes® and PCl; at 550 °C in a flow reactor.
In this study sulfur dioxide was found (Table I) to oxidize PF,
at the minimum conditions 130 °C (3000 atm), 150 °C (670
atm), and 200 °C (335 atm) forming OPF; and sulfur:

2PF, + SO, - 20PF, + $

The lack of SPF; in all of the experiments was surprising, since
phosphorus trifluoride readily reacts with sulfur at increased
pressure? to form SPF;. The relative amounts of SO, and PF;
were varied in experiments additional to those listed in Table
I at pressures up to 4000 atm and at temperatures up to 500
°C in an attempt to isolate SPF;, but none was detected. It
was found, however, at the mildest conditions where SO, and
PF, interact, SPF; reacts with SO, to form OPF, and sulfur:

2SPF; + SO, — 20PF, + 38

The lack of SPF; can therefore be explained if the rate of its
reaction with SO, is greater than the rate of the reaction of
PF; with sulfur.

It is reasonable to postulate that the overall reaction of PF;
with SO, is a two-step process:

PF, + SO, — OPF, + SO
280+ SO, + §

Since this reaction shows pressure dependence at relatively low
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Table I, Sulfur Dioxide Reactions
% Amt of reac-  Amt of material out,?
con-  tants, mmol mmol
P, T, ver-
atm °C sion®* PF, SO, PF, SO, OPF,
4000 100 0.81 075 080 0.74
2000 130 0.81 082 080 0.80
3000 130 14 0.83 0.84 071 0,78 0.12
4000 130 14 0.84 0.83 072 077 012
335 150 0.84 085 0.83 0.83
670 150 4 091 089 0.87 0.87 0.04
1350 150 10 0.87 0.85 0.78 0.82 0.09
4000 150 84 0.83 0.84 0.13 049 0.70
335 200 6 082 082 077 0.80 0.05
2670 200 80 L.13 090 0.23 0.54 0.90
4000 200 88 0.82 0.86 0.10 048 0.72

% Based on mmol of PF, consumed. All experiments were for
24 h, P The amount of sulfur can be calculated from the materi-
al balance.

Table II. Hydrogen Sulfide Reactions

7% Amt of reac-  Amt of material out,b

CON-  tants, mmol mmol

P T, ver-

atm °C sion®* PF, H,S PF, H,S SPF,

2000 150 0.66 0.65 0.65 0.64
4000 150 3 074 078 072 076 0.02

670 200 092 091 092 091
1350 200 3 087 084 0.84 0.81 0.03
4000 200 35 075 077 049 049 0.28
670 500 32 Li11 L19 075 0.85 0.34
3300 500 40 0.86 0.87 0.52 052 0.35

@ Based on mmol of PF, consumed. All experiments were for
24 h. Y The amount of hydrogen can be calculated from the
material balance.

pressures and temperatures and since we have no evidence for
any thermal decomposition of the SO, at the same conditions,
it is most reasonable that the reaction takes place via a co-
ordinated intermediate rather than by an initial thermal
decomposition of sulfur dioxide.

The reactions with H,S are summarized in Table IT. At
conditions above 150 °C (4000 atm) or 200 °C (1350 atm)
the reaction is

PF, + H,S— H, -+ SPF,

© 1978 American Chemical Society





