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not strictly analogous to the Zn{(IDP)X, type of com-
pound we studied earlier. The failure to form Zn(IDP)-
(CsH;PO;) at room temperature would seem to in-
dicate that phenylphosphonate is a stronger bridging
group than cyanide, whereas the decomposition tem-
perature of Zny(IDP)(CeHsPOs); would indicate that
both cyanide and acetate are stronger bridging groups
than phenylphosphonate, The apparent discrepancy
in the strength of the bridging by phenylphosphonate
groups can be resolved by the consideration that there
are two kinds of bridges involved which have different
strengths, one in which each oxygen is bonded to only
one zinc atom and a second in which some oxygen
atoms are shared by two zinc atoms. In the com-
pounds reported in our earlier paper this is not the case,
there being only one kind of bridge formed.

Inorganic Chemistry

Even though both Zn,(IDP)(CeH;POs); and Zn(py)-
(CeHsPO;) are probably coérdination polymers with
inorganic backbones, their decomposition temperatures
(275 and 185°, respectively) are not high enough to
make them of practical interest. It appears that
neutral codrdinating groups are not bonded strongly
enough to zinc for polymers containing such ligands
to have substantial thermal stability.
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Covalency of Metal-Ligand Bonds in Potassium Hexachloroiridate(IV) and
Hexachloroosmate(IV) Studied by the Pure Quadrupole Resonance of Chlorine
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Recetved December 21, 1962

The pure quadrupole resonance of chlorine in paramagnetic complexes, K;IrCls and Kz0sClg, was observed at liguid nitro-

gen, Dry Ice, and room temperatures.

Each of these complexes shows a single resonance line at all temperatures studied,

indicating that all chlorine atoms in each complex are crystallographically equivalent, in agreement with the results of

X-ray crystal analysis.

With the greater =-bond character of metal-ligand bonds due to vacancies in the de orbitals of

iridinm and osmium lons, the o-bond character decreases in the order of hexachloroplatinate(IV), hexachloroiridate(1V),
and hexachloroésmate(IV), whereas the ionic character remains almost constant.

Introduction

We already have observed the pure quadrupole
resonance of halogens in the hexahalo complexes of
platinum, palladium, tellurium, selenium, and tin as
well as the tetrabromo complexes of platinum and
palladitm and discussed the nature of metal-halogen
bonds in these complexes.?—® TUnlike these diamag-
netic complexes having the de orbitals of the central
atom completely filled with electrons, the hexahalo
complexes of iridium and osmium are paramagnetic’=°
owing to the presence of one and two holes, respectively,
in the de orbitals. Accordingly, it is conceivable that
partial =-bonds are formed between the dr orbitals
of the central atom and the pr orbitals of ligand atoms.

(1) The Institute of Scientific and Industrial Research, Osaka Uni-
versity, Sakai.

(2) D. Nakamura, Y. Kurita, K. Ito, and M, Kubo, J. Am. Chem. Soc.,
82, 5783 (19860).

(3) K. Ito, D. Nakamura, Y. Kurita, K. Ito, and M. Kubo, #bid., 883,
4526 (1961).

(4) D. Nakamura, K. Ito, and M. Kubo, ¢bid., 84, 163 (1962).

(5) D. Nakamura, K, Ito, and M. Kubo, Inorg. Chem., 1, 592 (1962).

(6) D. Nakamura, K. Tto, and M. Kubo, bid., 2, 61 (1963).

(7) A. H. Cooke, R. Lazenby, F. R. McKim, J. Owen, and W. P. Wolf,
Proc. Roy. Soc, (L.ondon), A280, 87 (1959).

(8) A. D. Westland and N. C. Bhiwandker, Can, J. Chem., 39, 1284
(1961).

(9) B. N. Figgis, J. Lewis, R. S. Nyholm, and R. D. Peacock, Discussions
Faraday Soc., 26, 103 (1858).

In fact, Griffiths, Owen, and others!®—13 have observed
the electron spin resonance of some hexachloroiridates
and concluded from the measurements of hyperfine
structure and g-values that the w-bond character is
involved in the metal-ligand bonds.

The present investigation of potassium hexachloro-
iridate(IV) and hexachloroésmate(IV) has been under-
taken in order to examine the nature of metal-ligand
bonds having a partial w-bond character.

Experimental

Apparatus.—The signals of pure quadrupole resonance were
displayed on an oscilloscope of a super-regenerative spectrometer
already described.?

Materials.—A commercial preparation of potassium hexa-
chloroiridate(IV) was recrystallized from a hot aqueous solution
to which a few drops of nitric acid were added in advance.'t
About 9 g. of the resulting black crystals was used. Commercial
potassium hexachlorotsmate(IV) was recrystallized from hot
dilute hydrochloric acid solution to obtain dark red crystal
grains (about 10 g.).
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Results

Measurements were made at room, Dry Ice, and
liquid nitrogen temperatures. The observed fre-
quencies for chlorine isotopes gave a frequency ratio
in agreement with the known value. Table I gives
only the data on #Cl.

TaBLE I
PURE QUADRUPOLE RESONANCE FREQUENCIES AND QUADRUPOLE
CouprLiNG CONSTANTS OF CHLORINE IN PoTASSIUM HEXACHLORO-
IRIDATE(IV) AND HEXACHLOROOSMATE(IV)

Com- Temp., Frequency, eQq,
pound °C. Me./sec. Mc./sec.
24.2 20.732 &= 0.003
K;IrClg —69 20.782 = (.002
Liquid N 20.841 £ 0.002 41.682
26.0 16.839 = 0.002
K,0sClg —~70 16.860 = 0.002
Liquid N. 16.897 &£ 0.002 33.794

Potassium hexachloroiridate(IV) showed a signal-to-
noise ratio of the *Cl resonance line equal to 3-4 at
room temperature. The S/N ratio increased with de-
creasing temperature and was about 7 at liquid nitrogen
temperature. The line was rather broad (ca. 10 ke.).
The S/N ratio of the ¥Cl resonance line of potassium
hexachlorodsmate(IV) was about 10 throughout the
temperature range of the present investigation. The
line was sharp, the line width being less than 10 kc.

A single resonance line was observed at all tempera-
tures at which the two complexes were studied, indi-
cating that all chlorine atoms in each complex are
crystallographically equivalent. This is in agreement
with the results of X-ray crystal analysis carried out
by McCullough,' who has shown that potassium hexa-
chlorodsmate(IV) forms cubic crystals of the potas-
sium hexachloroplatinate(IV) structure. Since no
data have been available on the crystal structure of
potassium hexachloroiridate(IV) in the literature, we
have taken the X-ray powder patterns by means of a
Norelco X-ray diffractometer. The analysis of the
patterns revealed that this compound also is isomor-
phous with potassium hexachloroplatinate(IV), the
lattice constant being a = 9.745 A. The isotropy of
g values in the electron spin resonance of this com-
plex'°—12 also may be noted.

Discussion

It has been believed for some time that the quad-
rupole resonance of halogens directly bonded to a
paramagnetic atom or ion escapes detection owing to
the Zeeman splitting of signals due to the magnetic
field of unpaired electron spins. Only a few para-
magnetic halides of iron group elements!® are reported
to show the pure quadrupole resonance of halogens.
No reports ever have been published on the quadru-
pole resonance of paramagnetic complexes. The fact
that the resonance lines were observed for paramag-
netic complexes in the present investigation indicates
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that the magnetic field of unpaired electron spins is
effectively averaged to zero at chlorine nuclei because
of the rapid relaxation of unpaired electron spins in
paramagnetic ions.

The observed quadrupole resonance frequencies of
potassium hexachloroplatinate(IV),? hexachloroiridate-
(IV), and hexachlorodsmate(IV), (26.0, 20.8, and 16.9
Me./sec. at liquid nitrogen temperature) are quite dif-
ferent from one another, although the first one is very
close to that of potassium hexachloropalladate(IV)3
(26.7 Mc./sec.). These compounds show crystal struc-
tures of the same type,151718 the difference in lattice
constants being at most 0.29,. Accordingly, the large
difference in the observed quadrupole frequencies must
be attributed to the difference in the electronic struc-
ture of complex ions rather than to the crystal effect.

Now, these complexes have the same formal charge
(44) on the central metal ion, the same coérdination
number (6), and practically the same electronegativity
(2.0-2.1)1*=21 of the metal elements. Therefore the
reason for the large difference between resonance fre-
quencies of the platinum, iridium, and osmium com-
plexes must be sought in the presence of a hole or holes
in the de (dw) orbitals of iridium and osmium ions,
respectively. The possibility of #-bond formation
between the dr orbital of the central ion and the px
orbital of chlorine is supported by the results of elec-
tron spin resonance studies on ammonium, sodium, and
potassium hexachloroiridates(IV) carried out by Grif-
fiths, Owen, and others,1°—13.22 who have shown that
the unpaired electron of an [IrCls]—2 ion resides partly
(about 309%,) on six chlorine atoms, indicating the
presence of w-bond character in Ir-Cl bonds to a con-
siderable extent.

Since chlorine has a spin I = 3/2, the pure quadru-
pole resonance frequency is given by

v = 31eQal(1 + 2/3)' m

where eQg denotes the quadrupole coupling constant
and n is the asymmetry parameter, which vanishes
for [IrCl]—? and [OsCls]~% having Op symmetry.
The quadrupole coupling constants calculated for the
lowest temperature studied are listed in the last
column of Table I.

According to Townes and Dailey?*? the quadrupole
coupling constant eQqg of halogens can be expressed as

eQq = Up(eQq)atom (2)

where (eQg)atom stands for the atomic quadrupole
coupling constant and U, is the number of unbalanced
p electrons defined by® eq. 3.
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U, =

M;M_M 3)

Here, N,, N,, and N, are the numbers of electrons in
3ps 3py, and 3p, orbitals of chlorine, respectively, the
z axis being taken along the direction from the central
metal ion to a chlorine atom in question,

Let the ionic character of metal-ligand bonds in a
hexachloroiridate(IV) or hexachlorodsmate(IV) ion
be denoted by 7. A covalent ¢-bond can be formed be-
- tween a central metal atom and a chlorine atom,
- when one of the 5dy26s6p® hybridized orbitals of the
metal atom overlaps with one of the sp, hybridized
orbitals of chlorine, In the light of the valence bond
method, the resulting covalent o-bond character of the
metal-ligand bond is expressed by ¢. Since there is a
vacancy in the de orbitals of an iridium or osmium ion,
w-bonds also can be formed between the two atoms in
question. Depending on whether the 3p, or 3p, or-
bital of chlorine (2p7 makes a negligible contribution
compared with 3p#!?) is involved in bond formation
with the corresponding 5de orbital (d,, or d,,) of the
central metal atom, one has covalent r-bond character,
w, Or my, for the metal-ligand bond. The Oy symmetry
of the complex ions requires that

1
= Ty = Eﬂ' (4)

Tz

where = stands for the over-all covalent w-character of
the bond. In other words, =/2 is the extent of con-
tribution of the resonance structure, in which only a
m-bond is involved in the bond formation, to the normal
state. Accordingly
i+ o+ rm=1 (5)

For this electronic structure -

Nz 2t 4+ 2¢ + 7 + 27y

N, 2w+%+2ﬁ+w}
since each of the bonding orbitals contributes a single
electron to NV, Ny, or N,. On the other hand

Ny = 2+ [(1 = 5) 4 2s]0 + 27 + 2my (6b)

(6a)

where s denotes the s character of the sp, hybridized
orbitals of chlorine. The coefficient in brackets takes
into account the sp, hybridization, by which the
bonding orbital having s character to some extent con-
tributes one electron while the pair of electrons not
participating in the bond formation acquires the cor-
responding p, character, From eq. 5 and 6, one has

Ne =2 — 7 ]
Ny=2—-my } (7

N, =2 = (1 = s)o

Owing to the bond formation, the number of electrons
in each of the 3p orbitals of chlorine is decreased from
2 for a chlorine ion by half an amount allotted to the
bonding electron pairs. Equations 2-7 yield

ng = {(1 - S)(l —-i= 7r) - 7/2}(6Qg>atom (8)

The atomic quadrupole coupling constant of ¥*Cl has
been determined? as "(ng)atomf = 109.74 Mec./sec.

(26) V. Jaccarino and J, G, King, Phys. Rev., 83, 471 (1951),

Inorganic Chemistry

Townes and Dailey?*% have estimated the extent of s
character in the sp hybridized bonding orbital of chlo-
rine as s = 159, From electron spin resonance ex-
periments carried out by Griffiths, et al.,1%1113 the
m-bond character of metal-ligand bonds in hexachloro-
iridates(IV) is estimated to be 5.3%, or /2 = 2.7%.
Similar experiments have not yet been performed on
hexachlorodsmates(IV). However, since an Os*t* ion
has two vacancies in its de orbitals rather than one
vacancy as in an Ir** ion, it is reasonable to assume
that the number of electrons migrating from a chlorine

ion to osmium through =-bonding is twice as large as

that from chlorine to iridium. In other words, = is
assumed to be equal to 10.8%, for a hexachlorodsmate-
(IV) ion.¥ Using these data, the ionic character ¢
and the o-bond character ¢ were calculated along with
the net charge p (in electronic charge units) on the cen-
tral metal ion.

p=4—=060 —6r=4—6(1—12) (9)

The results are shown in Table II, in which data for a
hexachloroplatinate(IV) ion? are included for com-
parison.

TaBLE IT

THE BonD CHARACTER OF METAL-LIGAND BONDS AND THE NET
CHARGE ON THE CENTRAL METAL ATOM IN Porasstum HExA-
CHLOROIRIDATE(IV) AND HEXACHLOROOSMATE(IV)

Tonic o-Bond mBond Net
character, character, character, charge,
Compound i a L] p
K,PtClg 0.44 0.56 0 0.64
K,IrClg .47 .48 054 .80
K,0sClg 47 .43 .108 .80

"It is 'seen that with increasing =-bond character of
metal-ligand bonds, the o-bond character decreases in
the order of hexachloroplatinate(IV), hexachloro-
iridate(IV), and hexachloroosmate(IV)., On the other
hand, the ionic character remains almost constant as
expected from nearly the same electronegativities of
platinum, iridium, and osmium. As a result, the net
charge is a positive fraction of the electronic charge
throughout this series of complexes in conformity with
Pauling’s electroneutrality principle, the increase of
the net charge on the central atom due to the decrease
in the o-bond character being compensated by the de-
crease of the charge due to the 7-bond formation. Ina
previous paper,® we have shown that the covalent char-
acter, 1 — ¢, of metal-halogen bonds M-X in hexa-
haloplatinate(IV) and hexahalopalladate(IV) plotted
against the difference, Axx — Axa, between the elec-
tronegativities of atoms involved in the bonds gives
a straight line within the reliability of the electronega-
tivity values. The present data on hexachloroiridate-
(IV) and hexachlorodsmate(IV) also conform to this
linear relation, whereas if the =-bond character is
disregarded they deviate from the straight line to a
considerable extent and the net charges on iridium and

(27) If it is assumed that = = 9-139 instead of 10.89,, one has { =
0.50-0.43, ¢ = 0.42-0.44, and p = 1.00-0.58 for a hexachlorodsmate(IV)
ion, conclusions subsequently derived being thereby unaltered.
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osmium are increased in contradiction to Pauling’s
principle. This indicates unequivocally the im-
portance of the =-character of Ir-Cl and Os~Cl bonds.

Although the present discussion is open to criticism
as to the adequacy of the assumed extent of s character
of sp hybridized orbitals, the extent of w-character of
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Os—Cl bonds in a hexachlorodsmate(IV) ion, etc., the
present authors believe that at least an interpretation
is presented which is consistent with the experimental
data obtained and assumptions made and can throw
light upon some phases of the problem of the nature
of metal-halogen bonds in complexes.
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Gas Phase Chromatography of Metal Chelates of Acetylacetone,
Trifluoroacetylacetone, and Hexafluorcacetylacetone'
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The gas phase chromatography of metal chelates of acetylacetone, trifluoroacetylacetone, and hexafluoroacetylacetone was
investigated. Chelates of the fluorine-containing B-diketones are more volatile and can be eluted at much lower column

temperatures than corresponding complexes of acetylacetone.

Trifluoroacetylacetonato complexes of beryllium(II),

aluminum(III), indium(III), chromium(III), iron(III), copper(II), rhodium(III), zirconium(IV), and hafnium(IV) were

successfully eluted in the gas phase.

Separations of multi-component mixtures of chelates were rapid and efficient. Geo-

metrical isomers of chromium(III) trifluoroacetylacetonate were separated by gas—liquid chromatography. The separa-
tion of optical iosmers by gas-liquid and gas—solid chromatography is discussed.

Introduction

Gas chromatography has enjoyed remarkable success
in the separation and analysis of countless organic com-
pounds. Extraordinary speed, power of resolution,
and sensitivity are characteristics which render the
technique attractive for separative and analytical
purposes.

Several investigations have been concerned with the
separation of anhydrous metal halides*~" by gas chroma-
tography. With a few exceptions, high column tem-
peratures are required to elute the halides and reactivity
of the compounds presents a problem in sample han-
dling and in choice of materials with which to pack the
column.® A more serious problem arises from the
polymeric, non-volatile characteristics of many metal
halides. Recent studies®® have indicated that beryl-
lium(II), aluminum(III), and chromium(III) acetyl-
acetonates are sufficiently volatile and thermally stable
to be subjected to gas chromatography. Brandt and
Heveran® have recently reported that gas chromatog-
raphy can be used for trace analysis of chromium.

This study was initiated to explore the applicability
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of gas phase chromatography to the separation of
volatile metal chelates. Gas phase chromatographic
separations of mixtures of metal chelates, of cis and
trans isomers, and of optical isomers were studied.
Metal chelates containing anions of the following 8-
diketones were investigated: 2,4-pentanedione (acac),
1,1,1-trifluoro-2,4-pentanedione (tfa), and 1,1,1,5,5,5-
hexafluoro-2,4-pentanedione (hfa).

o-

CH;——(HD—‘CHm(()—— CH; acac
O o~

CF3— (”)———CH=(|3—-CH3 tfa

e
CFe—C—CH==C—CF; hfa

Experimental

Reagents.—2,4-Pentanedione was purchased from Matheson,
Coleman and Bell and was used without further purification.
1,1,1-Trifluoro-2,4-pentanedione and 1,1,1,5,5,5-hexafluoro-2,4-
pentanedione were purchased from Columbia Organic Chemical
Co. and redistilled prior to use.

Synthesis of Chelates.—The acetylacetonates were prepared
by conventional methods and purified by recrystallization and,
in some cases, by sublimation at reduced pressure.

The trifluoroacetylacetonates were prepared by methods similar
to previously reported procedures.’%!! In most instances this
involved the addition of an aqueous solution of trifluoroacetyl-
acetone, neutralized with ammonium hydroxide, to an aqueous
solution of the metal ion, The product was separated by filtra-
tion or extraction and purified by recrystallization and, in some
instances, by sublimation at reduced pressure. The zirconium-
(IV) and hafnium(IV) complexes of trifluoroacetylacetone were

(10) A, Arch and R. C. Young, Inorg. Syn., 2, 17 (1946).

(11} E. W, Berg and J. T. Truemper, J. Phys. Chem., 64, 487 (1960).



