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monoclinic-to-tetragonal transformation of ZrO,,’8
as well as the behavior of ZrOs-rich specimens ob-
served in this work, suggest that the kinetics of the
transformation are martensitic.

Some comments are also in order conceruing the
high temperature continuous solid solution between
cubic UO; and tetragonal ZrO,. It is usually con-
sidered necessary for the existence of a continuous
solid solution that the components have the same
crystal structure. However, this does not neces-
sarily mean identity of the crystallographic sys-
tem but rather sufficient similarity of the atomic
arrangements to permit random substitution. Both
UO, and ZrO, have a fluorite-type structure, which
in the latter case is very slightly distorted to give a
tetragonal axial ratio of 1.018. Urania, being
cubic, has an axial ratio of 1.000. Obviously,
there is very little difference between the two struc-
tures, and since the ionic radius of U(IV) is only
129, larger than that of Zr(IV), a continuous solid
solution is a reasonable expectation. This phe-
nomenon has been observed in several other sys-
tems, listed in Table II1. In all these systems, the
components, although belonging to different crys-
tallographic systems, form continuous solid solu-
tions. However, where the structures are known
in sufficient detail, it is apparent that the lattice of
one component is quite similar to that of the other,
a phenomenon which one might call hidden or
krypto-isomorphism.
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Pairs or Non-1soMORPHOUS COMPOUNDS WHICH ForM
CONTINUOUS SOLID SOLUTIONS
Compd. Lattice types Ref.JCompd. Lattice types Ref.
LiCl1 FCC 18 | FesOs FCC 23
MgCl: Rhombohedral 19 | Mn3Os BC tetragonal
LiCl FCC 20 | U0 FCC (fluorite This
FeClz Rhombohedral str.) work
LiF FCC ZrOz FC tetragonal
MgF: BC tetragonal (fﬁStO"ted fluo-
(rutile struct.) rite structure)
uc FCC 21 | UsOs Orthorhombic 24
UC, FC tetragonal 22 | UOs Hexagonal
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The P-O band in the infrared spectra of solid addition compounds between phosphoryl halides and metal halides is shown

to shift to a lower frequency with respect to the pure phosphoryl halide.
Triphenylphosphine oxide—metal halide addition compounds have

bonding in the addition compounds is through oxygen.

been synthesized as models for comparison in which the bonding can be only through oxygen,

for the systems TiBr,—PBr;, POBr;—SnBrs, POCL3-SnCls.

In recent years a series of crystalline addition
compounds of phosphoryl halides with anhydrous
metal halides has been reported, notably by
Gutmann.! The bonding has been regarded as due
to halogen-bridge formation, using one of the halo-
gen atoms in the phosphorus compound. Whether
or not the crystalline addition compounds are re-
garded as covalent, it also has been postulated that
the compounds ionize upon melting or upon dis-
solution in polar solvents,.? ¢f. equation 1

POCI;-AICl; =2 POCL+AICL,— (1)

Tt is true that the acid character of polyvalent metal
halides in phosphoryl halide solvents® may be ade-
quately explained by the solvo theory of acids and
bases. The only direct evidence on structures of
such compounds is the Raman spectrum of solid

(1) V. Gutmann, Z. anorg. allgem. Chem., 289, 279 (1952).
(2) N. N. Greenwood and K. Wade, J. Chem. Soc., 1516 (19537).
(3) J. P. McReynolds, J. Chem, Educ., 17, 116 (1940).

The shift i{s interpreted as suggesting that the

Phase studies are reported

POC!;-ShClg,* which is interpreted to indicate the
presence of SbClg™ ions in the crystal. No X-ray
structure determinations have been made on any of
the compounds. Transport measurements and
conductivity studies of the compounds, either in
the liquid state or as solutes, have been offered as
support for the ionic structures.’® It is quite pos-
sible that small amounts of ions of the types POX,+
and MeCl, %, do exist in solutions of the addition
compounds, while the crystalline addition com-
pounds may be of essentially different structure
types.

The P~O bond order in compounds of the type
X,P=0"* MeX,:, would be greater than that in

" ._
compounds of the type X;P—>O0, which in turn

(4) A. Maschka, V. Gutmann and R. Sponer, Monatsh., 86, 52
(1955).

(3) V. Gutmann and R. Himml, Z. physik. Chem. N. F., 4, 157
(1955).

(6) V. Gutmann, Z. anorg. allgem. Chem., 370, 179 (1952).


Eleci.ro-

4776

would be greater than that in compounds of the

+ —

type XzP->O0-MeX,. Consequently an infrared
study of the crystalline addition compounds was un-
dertaken by us.” Comparisons of the P-O band in
an addition compouud with the P-O band in the
free phosphoryl halide should show a shift to lower
frequencies if the oxygen serves as donor or to
higher frequencies if the halogen serves as donor.
Phosphine oxide addition compounds of the same
tvpe were prepared for comparison, since it is clear
that only the oxygen atom can function as donor
in such cases.

During the course of the research it was found
that some confusion exists in the literature con-
cerning tlie existence of some of the compounds we
intended to use in the study. Accordingly, the
systents PBr;-TiBr;,, POBry-SnBr, and POCl-
SuCly were studied by the freezing point technique.

Experimental

Preparation of compounds (compounds mmarked* are not
reported elsewhere in the literature). TiCl-2POCL;,
TiCly-POCl; and SuCl;-2POCI1;.—These rather well-known
conipounds were prepared by the mixing of the components
in the appropriate molecular ratio, melting the mixture,
stirring and crystallizing.

TiBr;-2POBr;.—The crude compound was prepared by
inelting the components together, followed by cooling to
crystallize. Tt is purified by sublimiation at 120° and 5 mm.
Tlie dark red, almost black, crystals melt at 187-190°.

Anal. Caled. for TiBry-2POBr;: Br, 84.9; P, 6.6.
Found: Br, 84.0; P, 6.45.

FeBr.-2POBry* —The compound was prepared routinely
hy reacting iron(I1I) browmide (¢f. (below) with boiling plios-
plioryl bromide, the excess POBr; being washed away with
dry cycloliexane. .\ well-crystallized product was obtained
by tlie procedure of adding POBr; to a solution of iron(I11)
bromide in nitrobenzene (¢f. below). The red hexagonal
platelets melt at 217-218° and cannot be sublimed without
decomposition.

Anal.  Caled. for FeBr:-2POBr;: Br, 81.0; P, 7.85; Fe,
7.1. Tound: Br, 81.1; P, 7.65; Fe, 6.95.

All of the above addition compounds are hygroscopic.

Nitrobenzene Solution of FeBr;.—Several attempts to
prepare iron(IIT) bromide by direct syuthesis? vielded prod-
ucts wliose stoichiometry varied fromm FeBrs.ys to FeBre s;
vet the products all appeared to be well-crystallized single
substances under the microscope. The crystals are partially
soluble in nitrobenzene. The insoluble residue is iron(IT)
broniide. Cryoscopic measurements on the nitrobenzene
solution indicated that tlie molecular weight of the solute
iron bromide was 585. Fe;Brg requires 592.

TiCly-2(CeH;);PO*.—Triplienylphosphine oxide was dis-
solved in hot. excess titamiuin tetrachloride. The excess
TiCl, was pumped off, leaving the orange addition com-
pound, wlhich was sublimed at 250° and 5 mm., m.p. 340—
350°.

Anal. Caled. for TiCl-2(C¢H;);PO: Cl, 19.0; C, 57.8;
H, 4.01. Found: Cl, 18.8; C, 58.1; H, 4.22.

Y -2(CeH;); PO, where Y = SuCl*, SnBr* and FeBry*.—
Tlhese addition compounds were precipitated slowly from
absolute alcoholic solutions of tlie appropriate components.
Stirring and scratching were necessary. Anhydrous iron-
(IT) bromide appears to be somewhat soluble in hot absolute
alcoliol. However tlie solution darkens rapidly in contact
witl air, presumably due to oxidation of iron(IT) to iron (I1I).
Tle tin tetralialide addition compounds were prepared also
by lieating the triphenylphosphonium chloro-and bromostan-
nates at 110° in air for several liours.* The tin compounds

(7) While writing this communication, we received a private com-
munication from Dr. N. N. Greenwood stating that some unpublished
infrared spectra of POCL;-SnCls addition componnds exist, which cor-
roborate that reported lere.

(8 N. W. Gregory and B. A Thackrey, TuIs JournNar, 72, 3170
(19501,

{0 1 C. Sbeldon and S, Y. Tvree. jhid., 80, 2117 (1058),
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call be purified by sublimation at 150° and 5 min., but the
iron compound sublimes with considerable dissociatior.
The SnCly compound forms colorless crystals, inelting at
323-327°. The SnBry compound forms colorless crystals,
melting at 283-285°. The FeBr; compound is brown, melt-
ing at 210° with decomposition.

Anal. Caled. for SnCly-2(CeH;);PO: Cl, 17.4; Sn,
14.5; P, 7.6; C, 52.8; H, 3.67. Found: Cl, 17.4; Sn,
14.65; P, 7.54; C, 52.8; H, 3.65. Caled. for SnBry-2-
(CeH;);PO: Br, 32.1; $Sn, 11.9; P,6.25; C, 43.4; H,
3.02. Found: Br, 32.6; Sn, 12.5; P, 6.10; C, 43.6; H,
3.18. Calced. for FeBry-2(C¢H;):PO: Br,20.7; Fe, 7.25;
C, 55.8; H, 3.88. Found: Br, 20.6; Fe, 7.6; C,55.9; H,
4.08.

The triphenylphosphine oxide addition compounds are not
hygroscopic.

Freezing Point Diagrams.—The components were weighed
together and frozen. The freezing point was taken as the
temperature at which solid just disappeared under condi-
tions of very slow temperature rise. An accurate mercury
thermometer was employed for temperatures as low as —38°
and a standardized pentane thermometer for temperatures
somewhat below this. The diagrams are given in Fig. 1.

Infrared Spectra.—Tlie spectra of the solid samples were
obtained in paraffin oil mulls in a2 Baird Associates recording
spectrophotometer serial no. AB2-193. Tlie spectral data
are given in Table I. Manipulations requiring auliydrous
conditions were carried out in a dry box.

Discussion

It was once held that PCl; and PBr; gave addi-
tion compounds with TiCl; and TiBr,, respec-
tively.l® It has since been shown that ne coni-
pounds are given by PCl; and TiCl, in the absence
of oxygen and a thermal analysis of the POCI;
TiCl, system showed the existence of 1:1 and 2:1
addition compounds.!! Thus it was concluded that
the previously reported compounds were complexes
of phosphoryl chloride. It was further pointed out
that the same state of affairs exist in the bromide
system, but no details were given at that time.
Our freezing point diagram of PBry~TiBr: shows o
simple eutectic at 83.5 mole 9, PBr;, —47°, and
the compound (POBr;),- TiBr; was prepared in order
to confirm the previous findings.!! It is note-
worthy that this is the first POBr; addition com-
pound reported.

There has been sonte confusion as to the com-
pounds formed in the system POCL;-SnCl. An
early report stated that a 1:1 compound could be
prepared.!? Further workers doubted this and indi-
cated that the compound formed was 2:1.1%  Still
later workers state that the 2:1 compound prob-
ably exists, though unstable, and that a 1:1 com-
pound also can be formed.! We find that the
freezing point diagram indicates the existence of
only a 2:1 compound, m.p. 55°, ¢/. m.p. 54.5°."
It is seen from the diagram that the maximum is
very broad and indicates a significant degree of
dissociation on melting. This may be correlated
with the report!® that the 2:1 compound distils
at 118°, whereas the boiling points of POCl; and
SnCly are 107 and 114°, respectively. In the view
of those authors the compound was largely dis-
sociated in the liquid state. The freezing point
diagram of the system POBr;-SnBr, shows only a
simple eutectic at 40 mole 9 POBrs;, 4.5°. It

(10) M. G. Raeder, Kgl. Norske Videnskab Selskeb Skrifter, 8, 1
(1929); C. 4., 26, 17 (1931).

(11) W. 1. Groeneveld, J. W. Spronsen and H. W. Konwenhoven,
Ree. trav. chim., T2, 950 (19353).

(12) W. Casselman, A»zn., 91, 242 (1854); 98, 217 (1850().

(13) F B. Garner and S, $ngden, J. Chem. Sce., 1298 {19205,
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should be noted that no compounds were observed
between POCl; and SnBr,.! Tin tetrahalides do
not therefore appear to function as strong ac-
ceptors with the phosphoryl halides. Our quali-
tative tests indicate no compound of POBr; with
ZrBry or AsBrs. Zirconium bromide is insoluble
in boiling phosphoryl bromide and is apparently
unchanged by it. This may be compared with the
POC1-Zr(Cl, system which shows 1:1 and 2:1 com-
pounds.!* On contact, arsenic tribromide and
phosphoryl bromide melt together with no tempera-
ture change. The corresponding chloride system,
POCI;~AsCl;, also fails to yield compounds.?
Although liquid POBr; can be seen to react with
iron(II) bromide to give a 2:1 compound, boiling
POCI; appears to have scarcely any effect on iron-
(II) chloride. Gutmann finds FeCl, insoluble in
POCla also.l

The structures of solid phosphoryl halide com-
pounds have been inferred from chemical behavior
patterns, We believe that a discussion of this
type of indirect evidence is unprofitable. For
example, Greenwood and Wade point out that
whilst POCl; forms a compound with BCl;, it does
not with BF;? (though it may be added that (CHj),-
PO and POF; in fact do form compounds with
BF;'%5.%6) and that this would be unusual if the
oxygen were used as the donor atom consistently.
However, it can be seen from the data presented
above that there are many apparent anomalies with
regard to the existence or non-existence of phos-
phoryl halide compounds (¢f. system POCl-
FeCl,, POBr;-FeBr;; POCl:-SnCly;, POBrs-SnBry;
POCL;-ZrCl,, POBrs~ZrBry). Addition compounds
of POCY; are not restricted to metal halides, but are
formed with metal oxides and hydroxides also.!
In these cases the necessity of chlorine as a donor
is somewhat obscure, but the strongly polar P~O
group would be a suitable group for bonding
to ionic metal oxygen compounds.

Several authors already have regarded the
phosphoryl halide compounds as being due to co-
ordination of the phosphoryl oxygen to the
metal.1316 In view of the many solid addition
compounds of phosphine oxides with metal hal-
ides,16.17 there can be little doubt of the effectiveness
of the phosphoryl group as a donor. The elec-
tronic structure of the phosphoryl group has been
discussed and is best regarded as primarily a dative
g-bond from the phosphorus to the oxygen, with
some w-bond character by back-donation of p
oxygen electrons to a vacant d phosphorus orbital.
It is consistent with this picture for the phosphoryl
stretch frequency at about 1300 cm.™! to be quite
sensitive to the electro-negativity of the substit-
uent atoms or groups on the phosphorus atom,!?
as a greater withdrawal of electrons from the
phosphorus by such groups would encourage a

(14) E. M. Larsen, J. Howatson, A. M. Gammill and L. Witten-
berg, THIS JoUrNAL, T4, 3489 (1952).

(15) A. B. Burg and W. E. McKee, ¢bid., 73, 4590 (1951).

(16) H. S. Booth and J. H. Walkup, sbid., 65, 2334 (1943).

(17) W. Reppe and W. Schweckendiek, German Patent 805,642;
C. A., 47, 602 (1953); A. E. Arbuzov and K. V. Nikonorov, Zhur.
Obshchei Khim., 18, 2008 (1948); C. A., 48,3801 (1949); R. H. Pickard
and J. Kenyon, J. Chem. Soc., 262 (19086).

(18) J. V. Bell, J. Heisler, H. Tannenbaum and J. Goldenson, THis
JourNaL, 76, 5185 (1954).
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Fig. 1.—POCl&-SnCl, —A—A—; POBr;-SnBr;,, —O—0—;
PBr;-TiBry, —3—>—,

greater degree of back-donation from the oxygen
to phosphorus. The bond order then increases and
the frequency also. It is clear that donation of
electrons by the chlorine or by the oxygen atoms of
POCI; would have opposite effects on the P-O group
bond order, as the former would encourage back-
donation and the latter inhibit back-donation of
the oxygen electrons to the phosphorus atom,

In Table I are listed the phosphoryl frequency
shifts found in the solid state for the compounds
prepared in this report. In every case but SnCly-
2POC;, no band is found in the expected position
for the free phosphoryl group of the appropriate
donor, and a strong band 1s found 50 to 95 cm.~1 to
the lower frequency side of the expected position.
We believe that such a strong shift to lower fre-
quency can only be reasonably explained by as-
suming that the phosphoryl oxygen is the donor
entity in these complexes. There is little doubt in
any event that compound formation by Ph,PO
involves the oxygen atoni and it is of importance
to note that the shift observed for the phosphine
oxide compounds is of the same order as for the
phosphoryl halide complexes.

It must be noted that the phosphoryl band is
rarely shifted without some change of shape or
structure in the above spectra. The PO band is
reasonably sharp in pure POCI; and POBr;, but
appears to-have closely spaced fine structure in
Ph;PO. The PO bands of the POBrs addition
compounds appear relatively simple, that of FeBr,-
2POBr; being sharp and that of TiBrs2POBr;
somewhat broad with a barely resolved shoulder
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TABLE I
Phosphoryl
Compond frequency (cm. ™1 Shift (cm. =1)

POCl; 13007 ..
(POCl),-TiCly 1205 95
POCI; TiCl, 1205 95
(POCI;3)-SnCly 1215 85

1300, 1285
POBr; 1270 ..
(POBr3)y-TiBry 1185 83
(POBr3),-FeBr, 1220 50
PlI,PO 1180 .
(Ph3PO),-SnCly 1125 53
(Ph3PO),-SnBry 1125 53
(PhyPO),-TiCly 1130 50
(Ph3PO)y FeBr, 1125 55

@ Thin filin of liquid. ? Partially resolved doublet.

maximum on the high frequency side. The
shoulder maximum is more pronounced and re-
solved in POCl;-TiCly and TiCly-2POCI; (which have
identical spectra) and this is also true for the
spectrum of SnCl;-2POCl;. The most notable
feature of this tin(IV) chloride compound is a strong
doublet at the expected free POCl; phosphoryl
frequency. The area under this doublet is ap-
proximately two-thirds that of the shifted band.
In consideration of the similarity in shape and po-
sition between the shifted component of the PO
band in SnCl-2POC]; and that of the shifted band
in POCI;-TiCl, it must be concluded thata substan-
tial proportion of the POCl; groups are indeed
bonded to the tin in the SnCly compound. The
unchanged component may represent the absorption
of a portion of the POCl; molecules in the crystal
that are temporarily not bonded but nevertheless
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remain localized due to other crystal forces. The
instability of this compound already has been
mentioned and dissociation may well be prevalent
within the crystal at temperatures 35° below its
m.p., the temperature at which tlie spectruur was
obtained.

The shifted PO bands of the SnBr, and TiBr,
compounds of PhyPO do not reveal much fine strue-
ture, but those of the SnCly and FeBr; compounds
are clearly resolved into three submaxima. The
frequencies given in Table I refer to that of the
maximum in the proposed PO absorption band when
more than one peak is detectable in the band en-
velope. There are two very strong absorption
bands in the spectrum of PhyPO in the 1200 to 1100
cm. ™! region and both are shifted to relatively the
same extent.

In preliminary studies, we have found that the
addition compounds of aluminum chloride with
thionyl chloride!® and benzoyl chloride® also show
thionyl and carbonyl bands shifted to lower fre-
quency by about 115 and 45 cm.™, respectively.
This may be compared with the shift to higher
frequency that nitrosyl chloride undergoes on
complex formation with aluminum chloride. This
complex is undoubtedly of the structure NO*-
AlCly~ and the nitrosyl frequency in this solid
compound is 2236 cm.™! compared with the NO
frequency of 1800 cm. ™! in pure nitrosyl chloride.®!
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The kinetics of the excliange of isotopic oxygen between pliosphoric acid and water lias been studied. The rate of ex-
change increases rapidly with the phasphoric acid concentration, tlie half-time of exchange at 100° decreasing from 250 liour
at 5.9 f H3PO, to 0.20 hour at 18.3 f H;PO,. The observed rate may be expressed as a function of the HoO and H;PO;
activities aw and g, respectively, in the following manner: rate = kigiae + ka2 + ksa1*/aw. The first terin is of primary
importance at the lower phosphoric acid concentrations, and the second term is the important one at the higher concentra-
tions. The third term contributes appreciably (~109%) only in the most concentrated solutions. The proposed
mechanism involves direct replacement of oxygen in H;PO, (first term) and the reversible formation and hydrolysis of HsP,O;
and H;P;Oy, (second and third terms). Support for exchange via reversible formation and hydrolysis of H,P+Os is given by
the equivalence of the exchange rate and the rate of H,P,O; hydrolysis in the concentrated solutions. The activation energy
measured at various concentrations of phosphoric acid decreases from 28.5 keal./mole at 8.8 f H;PO, to 19.7 keal./mole at

17.8 f H;PO,.

The exchange of oxygen between water and
phosphoric acid or its salts has been studied quali-
tatively by a number of workers.*~% Some of the
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results are contradictory. This paper describes a
detailed study of the kinetics of the reaction

H2O* + H3P04 = Hgo + H3P04*

We have measured the rate of the exchange as a

function of the acid concentration and also the rate

of hydrolysis of pyrophosphoric acid in concen-

trated phosphoric acid solutions. We have at-
() E. R. S. Winter and H. V. A. Briscoe, ibid., 631 (1942).
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