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TABLE V
OpPTICAL ELECTRONEGATIVITIES FOR MF¢~ COMPLEXES
Ti v Cr Mn Fe Co Ni Cu

xopt 2.22 2,25 2.39 2.65 2.91 3.01 3.06 3.23

shown in Table V are all appreciably larger than those
deduced previously for these oxidation states. Thus,
although in principal x,p should be independent of the
nature of the ligand and of the coordination scheme,
this bears out Jgrgensen’s*? view that values obtained
from tetrahalo and other species might be somewhat too
low. The revised values incidentally greatly improve
the correlation between x,,; and the occupation number
g, which previously® showed a considerable scatter.
The plot of Xt Us. ¢ gives now a slope of 0.165 unit (ca.
5 kK), which is consistent with its interpretation?*? as
E — A, and compares with 0.15 unit (ca. 4.5 kK) for
the M(IV) series (see Figure 7).

We have elsewhere® noted the existence of a strong
connection between the optical electronegativity and
the nephelauxetic ratio and have put forward a theoret-
ical justification for this relationship. From a con-
ceptual standpoint this connection is readily understood
since both parameters essentially assess the same char-
acteristic, namely, the ease of electron accession toward
the central metal cation, and it is seen from Figure 8
that the plots of xp 5. 8 for both the M(III) and M(IV)
series for the fluoride ligand provide further evidence for
this connection. Two points not previously noted® are
worth attention. First of all, the value of xqp is ex-
tremely sensitive to small changes in 8. This is not
surprising since the essential proportionality is between
Xopt and a repulsion integral of the J(3d,3d) type, con-
taining Fy, Fo, and F; Slater-Condon integrals. Thus,
a small change in 8, which reflects the 7, and F; values,
will have a substantial effect on Fy; and hence on xopt.

(43) C. K. Jgrgensen, Mol. Phys., 6, 43 (1963).
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Figure 8 —Relationship between xop: and g for MF¢*~ and
MF¢®~ anions: O, M{III); A, M(IV).

Second, the fact that the relationship between 8 and
Xopt ONly becomes really apparent toward the end of the
3d series is also consistent: not only does the extent
of covalency become much more marked near the end
of the series, but the values of the B and the J(3d,3d)
integrals also are known to increase in this sense.

Thus the investigation of the electronic spectra of the
MFs*~ species of the 3d serjes, completed in the present
work, has confirmed the tendency for the nephelauxetic
ratio to decrease toward the end of the series® and has
provided further evidence for the dependence of
on the occupation number, ¢, of the 3d level and for the
connection between x,, and 8 previously suggested.®
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Polarized single-crystal electronic spectra of the tris-octamethylpyrophosphoramide complexes of cobalt(II), nickel(II), and
copper(I]) in the isomorphous crystals M{(OMPA);(Cl0O;), have been measured at temperatures down to 5°K. The high
energy of charge transfer and the low value of Dg combine to permit observation of all predicted spin-allowed and most spin-
forbidden transitions. Trigonal electric dipole selection rules are clearly obeyed in the spin-allowed bands with only slight

vibronic breakdown.

The Co(OMPA)2*+ and Ni(OMPA);2+ spectra at 5°K have been fitted to electrostatic ligand field

calculations with the following results: for Ni(OMPA)2*+, Dg = 0.731kK, B = 0.950 kK, C = 3.74 kK; for Co(OMPA )%™,
Dg = 0.765 XK, B = 0.855 kK, ¢ = 3.68 kK; for Cu{OMPA);2*, Dg = 1.0 kK. Trigonal splittings are apparently in-

significant in the Co(OMPA);2+ and Ni(OMPA Y32+ spectra.

The spectrum of Cu(OMPA)2* yields an apparent v of 1.0

kK, although analysis in terms of lower symmetry is suggested.

Introduction
The study of intrinsically trigonal complexes and of
(1) Abstracted in part from the Ph.D. thesis of C., R. Taylor, Duke Uni-

versity, 1971. Presented in part at the Southeast Regional Meeting of

the American Chemical Society, Richmond, Va., Nov 1969.

metal ions in trigonal sites in single crystals using po-
larized crystal spectroscopy has been extensive during
the last 10 years.? Included are the studies of trivalent

(2) N.S. Hush and R, J. M. Hobbs, Progr. Inorg. Chem., 10, 259 (1968).
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metal ions doped into guanidiniumaluminum sulfate
(GASH),%4 AICl;,%* ALO;° Al(acac)s® and NaMgAl-
(C204)s- 9H,0,7 as well as work on the pure crystals of
salts of the tris-ethylenediamine®-!® and hexaureall—13
complexes of trivalent ions. Investigations of divalent
metal ions in trigonal fields have been much less exten-
sive and include only the work on the 2,2’-bipyridine
complexes!* and tris(ethylenediamine)nickel(II) ni-
trate.’® Only in the latter of these two are the results
free from the possible complications of low site sym-
metry in the crystal and, thus, until this time there has
been no unambiguous study of a series of divalent transi-
tion metal ions in a D; ligand field. Such a series exists
in the perchlorate salts of the tris-octamethylpyro-
phosphoramide complexes of manganese(II), iron(II),
cobalt(II), nickel(II), and copper(II). This isomor-
phous series crystallizes in the trigonal space group
P3¢l with the metal ions occupying sites of Dj sym-
metry and the C; axes of the complexes aligned parallel
to the crystallographic ¢ axis.’®1” This offers a perfect
opportunity for a critical testing of the ligand field and
group theoretical predictions commonly used in justi-
fying the results of polarized single crystal spectra,
completely free of the complications of misalignment of
chromophores, low site symmetry, and complicated
birefringence effects.

We were especially interested in using the tris-OMPA
complexes to extend our work on the spectra of trigonal
nickel(I1) and copper(II) compounds.#1 In this pa-
per we report our spectral results for the perchlorate
crystals of the tris(octamethylpyrophosphoramide)-
cobalt(II), -nickel(II), and -copper(1I) complexes.

An extensive series of metal ion complexes of octa-
methylpyrophosphoramide was originally reported by
Joesten and coworkers.!®-® These complexes are of
interest, not only in trigonal field studies but also due to
their possible use as models for the study of the interac-
tion of metal ions with pyrophosphate sites in biological
systems, e.g., ATP and ADP 21—28

Experimental Section

Preparation of Complexes.—The complexes whose spectra
are reported here were all prepared by methods previously re-
ported.®'® Practical grade octamethylpyrophosphoramide (gen-
erously furnished by Pennsalt Chemical Co., Tacoma, Wash.)
was distilled at 0.1 mm and the 110-120° fraction was taken for
use. All other chemicals were standard reagent grade.

(3) I. M, Walker and R. L. Carlin, J. Chewm. Phys., 46, 3031 (1967).

(4) R.L, Carlinand I. M, Walker, ibid., 46, 3921 (1967).

(6) M., H. L. Pryce and W. A. Runciman, Discuss. Faraday Soc., 36, 34
(1958).

(6) T.S. Piper and R. L. Carlin, Inorg. Chem., 3, 260 (1963).

(7) T.S. Piper and R. L. Carlin, J. Chem. Phys., 85, 1809 (1961).

(8) S. Yamada and R. Tsuchida, Bull. Chem. Soc. Jap., 88, 98 (1960).

(9) A. G. Karipides and T. 8. Piper, J. Chem. Phys., 40, 674 (1964).

(10) R. Dingle, Chem. Commun., 304 (1965).

(11) R. Dingle, J. Chem. Phys., 80, 545 (1969).

(12) R. Dingle, P. J. McCarthy, and C. J. Ballhausen, ¢bid., 80, 1957
(1969). -

(13) R. Dingle, ¢bid., 80, 1952 (1969).

(14) R. A, Palmer and T. S. Piper, I'norg. Chem., 8, 864 (1966).

(15) R. Dingle and R. A. Palmer, Theor. Chim, Acta, 6, 249 (1966).

(18) M. D. Joesten, M. S. Hussain, P. G. Lenhert, and J. H. Venable, Jr.,
J. Amer. Chem, Soc., 90, 5623 (1968).

(17) M. D. Joesten, M. S. Hussain, and P. G. Lenhert, Inorg. Chem., 9, 151
(1970).

(18) M. D. Joesten and K. M. Nykerk, £b7d., 3, 548 (1964).

(19) C.J. Popp and M. D. Joesten, tbid., 4, 1418 (1965).

(20) M. D. Joesten and J. F. Forbes, J. Amer. Chem. Soc., 88, 5465 (1966).

(21) H. R. Mahler and E. H. Cordes, ‘‘Biological Chemistry,” Harper
and Row, New York, N. Y., 1966, p 194.

(22) M. Cohn and T. R. Hughes, Jr., J. Béol. Chem., 287, 176 (1962).

(23) R. H. Heines and M. Cohn, ¢bid., 242, 3628 (1967).
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Growth of Single Crystals.—All crystals were grown from
acetone under anhydrous conditions by slow evaporation. This
was accomplished using a small flow of nitrogen gas through a
plastic glove bag (IR Co., Cheltenham, Pa.). All crystals were
of a hexagonal prismatic habit.

Spectral Data.—All spectra were obtained using instrumenta-
tion, cryogenic equipment, and techniques previously described.24
The procedures used for the analysis of the spectral data have
also been outlined.!*?¢ Both pure crystals and Zn(OMPA);-
(ClOy); crystals doped with the chromophores were used.

Computer Calculations.—All computer -calculations were
carried out on an IBM 360 System, Model 75, at the Triangle
Universities Computation Center (TUCC), Research Triangle
Park, N. C.

Results
Tris(octamethylpyrophosphoramide)nickel(II) Per-
chlorate.—The orthoaxial crystal spectra of Ni-
(OMPA);(ClOy); at 300 and 5°K are shown in Figure 1.

Ni(OMPA) (CI0,),
Orthoaxiai Crystal Spectra
—_—

20} T

25 o) 5 7o
ENERGY (kK)

Figure 1.—Crystal spectra of Ni{OMPA );(ClO,),.

Band maxima, molar absorptivities and integrated
band intensities are summarized in Table I. The tem-
perature dependence of the intensities of some bands as
shown in Figure 1 and Table I is significant. The
bands at 23.5 and 12.6 kK in the = polarization de-
crease in intensity on the order of 30-509%, in going from
ambient to liquid nitrogen temperatures, whereas the
decrease in the s-allowed bands is less than 159,. The
band maxima and calculated energies are compared in
Table II along with the ‘‘best fit’’ parameter values for
B, C,\, and Dg.

Co(OMPA), (CIQ,),
Orthoaxial Crystal Spectra
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Figure 2.—Crystal spectra of Co(OMPA );(ClOy)..

(24) P. L. Meredith and R. A, Palmer, I'norg. Chem., 10, 1049 (1971).
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TasLE I
INTENSITY DATA FOR Ni(OMPA);(Cl04); CRYSTAL SPECTRA
————Excited state 300°K 80°K 5°K.
On D3 rmax? Eb Ib Ymax € I Ymax € I
Ty (P) E(o) 23.6 23.4 2.47 23.9 29.8 2.16 24.0 28.7 2.10
Anl(m) 23.5 4.6 0.50 23.9 3.8 0.33 24.0 3.6 0.32
3T (F) E(o) 12.3 8.5 1.58 12.6 9.7 1.36 12.7 9.7 1.35
Ag(m) 12.5 2.6 0.54 12.90 1.9 0.28 13.0 1.9 0.31
3T (F) E(s) 7.20 2.8 0.69 7.30 3.4 0.71 7.40 2.6 0.65
Ay(r) 7.25 5.3 1.38 7.35 7.5 1.36 7.45 7.4 1.34
e Unitsof kK. ? Unitsofl. mol~tem™%
TasLe 11 to 80°K and below results in a splitting of the 18.6-kK
Baxp MaxiMa OF Ni(OMPA)y(ClOs). CRYSTAL SPECTRA band in both polarizations in addition to the resolution
baeited state—— Band A K of several spin-forbidden bands and a sharpening of the
On Ds Caled® 300°K 80°K K broad, low-intensity band in the region of 14.0 kK.
() 15} 9.3 ’Ijhe assig.nmen'ts, band maxima, and calculated ener-
e 1A, ’ gies are listed in Table IV. The temperature depen-
#Tyq(P) zg 23 g 22 g gg g 338 dence of the intensities is noted to be entirely analogous
2 =2 ' ' to that for Nl(OI\/IPA)3<CIO4>2
1AL(G) 1A, 23.25 23 .4 23 .4 23 .4
E 21. 21.0 21.
"To(D) 12 211 21 .8 21.0 21 .8 CUOMPALEI0,),
'E, (D) 1y ) 14.76 14 .7 14.7 14 .7 Cﬂn.o:xiol Crystal Spectra
3 : ————
m E o we BOSS BT
s ) 120
TWE T3 D05 15 14
@ Calculated using Dg = 0.731 kK, B = 0.950 kK, C = 3.74
kK, and » = —0.265 kK (B;* = —15.4 kK, Bt = —9.16 o €
kK )? and assuming octahedral geometry.
Tris(octamethylpyrophosphoramide)cobalt(II) Per- 300' K
chlorate.—The crystal spectra of Co(OMPA)(ClO,), N o
are illustrated in Figure 2 and the band maxima, molar 5% 5 13 5
absorptivities, and integrated band intensities are ENERGY(kK)

summarized in Table III. Lowering the temperature

Figure 3.—Crystal spectra of Cu(OMPA );(C10y),.

TaBLE III
INTENSITY DATA FOR Co(OMPA );(ClO4); CRYSTAL SPECTRA
~——Excited state——- 300°K. 80°K. 5°K
Ox Ds vmax? ¢ I Ymax € I Ymex e I
¥T14(P) E(o) 18.38 26.67 3.71 18.52 32.6 3.32 18.7 37.6 3.11
Ay(r) 19.05 5.12 0.73 19.23 3.69 0.47 19.4 4.0 0.43
1T (F) E(o) 6.75 5.6 0.86 7.0 5.9 0.74 7.1 6.2 0.79
Ay(r) 6.80 4.4 0.71 7.0 3.9 0.63 7.1 4.4 0.54
@ Units of kK. ? Unitsof l. mol~!em ™2
TaBLE IV Tris(octamethylpyrophosphoramide)copper(II) Per~
Baxp Maxmua oF Co(OMPA)3(ClO4), CRvSTAL SPECTRA chlorate.—The ambient-temperature single-crystal
o Excitedstate—. | oend max KR spectrum of Cu(OMPA);(ClO,), is shown in Figure 3
O Ds Calcd® 300°K 80°K 5°K and band maxima are listed in Table V. Although the
2E,(H) ’E 26.7 27.4 27.4 27 .4
’E 26.1 26.1 TABLE V
2 24 .8
T (H) 2A, 26.1 26.1 Banp Maxrva oF Cu(OMPA );(ClO4),
’E 24.0 24.0 —~————Excited state- - Band max, kK
Tu(H) oy, 2T 240 24.0 on Dee (300°K)
E 20.7 20.7 20.7 2A,y 10.2
*T14(P) 24, 0.7 20.7 20.7 20.7 “Tos ’E 9.2
. iE 18.8 18 .4 18.5 18.7 ¢ Rhombic symmetry is suggested, but the data do not allow
T1e(P) A, : 19.0 19.2 19.4 meaningful assignments in this lower symmetry (see text).
5 7.6  17.6
2Ty (G 16.7 o . . . .
#(G) s 7.6 17.6 spectrum is that routinely expected for six-coordinate
2T (G) E 16.1 16.7 16.7 copper(II), the unusually low value of Dg and high
A 4A2 16.7 16.7 energy of charge transfer make this complex as colorless
(F) 4A2 14.5 13.8 13‘5 14.5 to the eye as its zinc analog.!®* When the temperature
“To(F) 4:11 7.1 g;g ,’78 ;} of a single crystal of Cu(OMPA);(ClO.), is lowered to

¢ Caleulated using Dg = 0.745 kK, B = 0.855 kK, C = 3.68
kK, and A = —0.165 kK. Calculated values are centers of
gravity of spin-orbit multiplets.

80°K, the crystal becomes extensively cracked and vir-
tually opaque. Although X-ray studies indicate that a
recycling of the crystal to roem temperature results in
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an apparent return to the original structure,® optical
studies at cryogenic temperatures are not feasible.
Cu(OMPA);(ClOy). is insoluble in the organic solvent
mixtures commonly used to prepare glasses for work at
liquid nitrogen temperatures.?

Discussion

Tns(octamethylpyrophosphoram1de)n1ckel(11) Per-
chlorate.—The electronic conﬁguratlon of nickel(IT)
is d® and the octahedral ground state is 3As,. The octa-
hedral spin-allowed d-d transitions are, in order of in-
creasing energy, *As, — Ty, (F), Ty, (F), Ty (P).Y
The band systems at 7.2, 12.3, and 23.5 kK are asso-
ciated with these transitions (Figure 1). With a sym-
metry about the nickel ion of D;, each of the triply de-
generate octahedral levels will be split into an A and an
E component by the trigonal field; T, = A; + E and
T, — A2 + E. The necessary electric dipole selection
rules in D; symmetry are then

A, «<— A,

A <— A,

E (L- A,
where 7 and o refer to the orientation of the electric
vector parallel and perpendiculat to the (s axis of the
molecule. The transitions can be assigned to an elec-
tric dipole mechanism from the observation that the
axial and the o spectra are coincident.?

Since the Ni(OMPA);3(ClOy), ctystal is 1somorphous
with its cobalt(II), copper(I1I), and magnesium(II)
analogs, whose complete structures have been deter-
mined,” it is reasonable to assume that the nickel(II)
ion resides at a site of exactly D; symmetry. Based on
experience with other trigonal complexes of ions with
orbitally nondegenerate ground states such as tris-
(oxalato)chromate(I1I),” a strict adherence to electric
dipole selection rules by trigonal nickel(II) might be
expected. However, in the only two complexes studied
previously in detail, Ni(bipy)s®™ !4 and Ni(en)s®*,
some breakdown of the selection rules occurs. The
metal ion in Nl(OMPA)a(ClO4)2, as in Ni(en);;(NO:;)b
has D; metal ion site symmetry and, because of the high
degree of electrostatic character of the bonding apparent
in OMPA complexes, would seem an ideal additional
test of the theory in the absence of possible w-bonding
complications, 415

The selection rules predict that absorption in the two
higher energy band systems should be allowed only
when the electric vector of the light is perpendicular to
the C; axis of the complex. The intensity observed in
the parallel components (°A;) is definitely outside ex-
perimental uncertainty and represents partial breéak-
down of the selection rules even in this apparently ideal
case. However, the extent of polarization is greater
than in the Ni(en)s?™ ¥ or Ni(bipy)s?™ 14 spectra. A re-
duction of temperature from 300 to 5°K results in a
sharpening of the bands and a shifting of band maxima
to slightly higher energies. The major source of this
breakdown is apparent from the data in Table I. The
decrease in intensity of the = components as the tem-

(25) M. D. Joesten, private communication.

(26) F. J. Smith, J. K. Smith, and 8. P. McGlynn, Rev. Sci. Insirum., 88,
1367 (1962).

(27) Y. Tanabe and S. Sugano, J. Phys. Soc. Jap., 9, 753, 766 (1954).

(28) D. S. McClure, Solid State Phys., 9, 399 (1959).
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perature is lowered is pronounced and far exceeds that
of the ¢ components. Further, whereas the ¢ com-
ponents increase in absorptivity as their half-widths de-
crease at lower temperature (typical of electronically al-
lowed transitions), the absorptivities of the = compo-
nents decrease. This clearly indicates that a vibronic
mechanism is principally to blaine for the failure of the
polarization of the Ty, manifolds to be complete ?9—3!
From the relation

Ir

hy

2krT

Where [, and I are the integrated band intensities at 0
and T°K, the appdrent frequency » of the allowing vi-
bration can be calculated.?$3 Assuming a value for
Iy to be approximated by the integrated band intensity
at liquid helium temperatures, the energy calculated for
the allowing vibration was found to be 317 cm ™.

As mentioned in connection with the lack of visible
color in the copper complex, one of the most 1nterestmg
aspects of the spectra of the tris-OMPA complexes is
the very low value of Dg coupled with high energy of
charge transfer. Undér such conditions ligand field
transitions usually unobservable should be well within
reach. Further, the low value of Dg compared to
other well-studied series should allow the confirmation
of some previously uncertaint spin-forbidden band as-
signmerits because of the unusual relative positions of
intra- and interconfigurational transitions. Energy
level calculations for the d® configuration®:3 indicate
that four singlet states ((Ey (D), A1 (G), 'Te(D),
1T, (G)) are at energies low enough to appear in the op-
tical spectrium. Three of these appear in our spectra
(Figure 1) and have been assigned in Table II. Of par-
ticular fiote in this regard is the assignment of the
IE < 3A, transition to the well-resolved sharp, weak
band at 14.65 kK. In other extensively studied sys-
tems such as Ni(H0)¢** * and Ni(bipy)s** *¢ this tran-
sition is virtually coincident with one or the other of the
spin-allowed bands and somewhat dmbiguous of as-
signment. - However, its assignment in Ni(OMPA)2F
is unmistakable. In this instance it fulfills exactly the
predictions of its intraconfigurational parentage; its
sharp (0-0) component is the most intense of a limited
but distinct progression of vibroniec components.

Actually two progressions appear distinguishable, the
first in quanta of 250 cm™1! is then repeated 1220 cm™!
higher in energy. The 250-cm~! vibration is likely a
metal-oxygen stretch, whereas the other is vety close in
energy to an overtone of the phosphorus-oxygen vibra-
tiol observed in the ir spectra of M(OMPA);(ClO,),
compounds at 1200-1230 cm—1.%

The location of the !E band just to higher energy of
the 3Ty, (F) manifold suggests that its vibronic analysis
might be used, as was that of the 'A; band in Ni(en)s? ™+,
to confirmi the vibronic mechanism as that responsible
for the breakdown of the selection rules forbidding = in-
tensity in the 3Ty, manifold. Unfortunately the (0-0)

(29) O. G. Holines and D. S. McClure, J. Chem. Phys., 56, 1686 (1957).

(30) C. J. Ballhausen, “Introduction to Ligand Field Theory,” McGraw-
Hill, New York, N. V., 1982.

(31) A. D. Liehr and C. J. Ballhausen, Phys. Rev., 106, 1161 (1957).

(32) A.J. McCaffery, J. R. Dickinson, and P. N. Schatz, Inorg. Chem., 9,
1563 (1070).

(33) A. D. Liehr and C. J. Ballhausen, Ann. Phys. (New York), 6, 134

(1959).
(34) C.K. Jgrgensen, Acta Chem. Scand., 9, 1362 (1955).
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component of 'E in Ni(OMPA);2+ appears in both po-
larizations. The temperature dependence of the = in-
tensity indicates some vibronic mixing but apparently
another mechanism is also active—perhaps spin—orbit
coupling.

Trigonal splitting in the triplet-triplet bands ap-
pears to be smaller than it is possible to observe reliably
from broad band maxima. The apparent splitting in
ST (F) < ®A,, is due, we believe, to an instrumental ar-
tifact that occurs unfortunately exactly at the energy
of the broad maximum. The small trigonal splitting is
not unexpected considering the minimal distortion
from octahedral symmetry revealed in the crystal struc-
ture.’” Because of this situation we have fit the
spectrum using an octahedral calculation.

The program used (pTwoscH) has been described
elsewhere.?*35  The bands fit were the Ty, (F), *T1,(F),
5Ty (P), 'Eg, Ty, and 'Ay,. The parameter values de-
veloped are listed in Table II. The value of N was cal-
culated from the ambient temperature magnetic sus-
ceptibility5.30,%

8VB? 4N
X 3kT(1 10Dg> T
and held constant during the fitting process at —265
cm ™! or 849, of the free ion value.
Tris(octamethylpyrophosphoramide)cobalt(I) Per-
chlorate.—Cobalt(II) in the presence of octahedral
fields has been extensively studied.?®30.3—% A com-
plete energy level diagram for the d7 electronic configu-
ration in a field of octahedral symmetry assuming non-
zero spin-orbit coupling has been published by Liehr.%
Figure 2 illustrates the results of our single-crystal
spectra of cobalt(IT) in a field of near-octahedral sym-
metry. These spectra reveal two broad, distinct mani-
folds. The first, with a maximum at 6.8 kK, may con-
fidently be assigned to bands associated with the first
spin-allowed transition for the cobalt(II) ion in an octa-
hedral field (*Ts, (F) <— T, (F)) consistent with previous
observations.?®¥ =4l 'We associate the intense band in
the o spectrum at 18.5 kK with components of the
4T (P) < “T1,(F) transition assuming a very small ap-
parent trigonal splitting. These two assignments pet-
mit the calculation of the parameters Dg and B of the
parent octahedral field.#? Taking 6.8 and 18.5 kK as
the respective band energies, we obtain Dg = —745
cm~ltand B = 855cm™L
The strong polarization of the Ty, manifold indicates
clearly that the ground state must be ‘A;.  Some of the
decrease in intensity of the = component of this band
could be due to depopulation of the higher *E compo-
nent of the ground state. If the E were lower, the po-
larization at ambient temperature would not be pre-
dicted to be very great and would decrease with lowering
temperature.
From these assignments, then, the third spin-allowed
transition, that to %A,,, should be symmetry forbidden

(85) T. W. Couch, Ph.D. Thesis, University of Tennessee, 1968,

(36) R.Schlapp and W. G. Penny, Phys. Rev,, 42, 666 (1932).

(37) J. Ferguson, J. Chem. Phys., 82, 533 (1960).

(38) J. Ferguson, D. L. Wood, and K. Knox, ibid., 89, 881 (1963).

(39) C. J. Ballhausen and C. K. Jgrgensen, Acta Chem. Scand., 9, 397
(1955).

(40) R. Pappalardo, D. L. Wood, and R. C. Linares, Jr., J. Chem. Phys.,
8B, 2041 (1961).

(41) A.D. Liehr, J. Phys. Chem., 67, 1314 (1963),

(42) J. Reedijk, W. L. Driessen, and W. L. Groeneveld, Recl. Trav. Chim.
Pays-Bos, 88, 1095 (1969).
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as well as forbidden because of its two-electron charac-
ter*® in the strong-field limit. Careful subtraction
from the Co(OMPA);(ClO,); spectrum of the spectrum
of a Zn(OMPA);(ClO.), crystal of similar thickness re-
veals a broad, very weak band at 14.5 kK. This is
almost certainly the *A,, band. Its predicted position
based on the energies of the other two spin-allowed
bands would be 14.5 kK.

For reasons discussed earlier in connection with the
discussion of the Ni(OMPA);(ClO,), spectrum, the
spectrum of Co(OMPA);(Cl0O;); should be rich in spin-
forbidden bands. 1In the absence of any evidence for
significant trigonal splitting we can assign these bands
in terms of their octahedral parentage. Of those bands
listed in Table IV only the 2T, (H), T (P), *Ty(G),
and T, (G) excited states are associated with intracon-
figurational transitions. Therefore the sharp spike at
20.65 kK should be assigned to the Ty, (P) zero-phonon
transition in rough agreement with its predicted posi-
tion.#! The structure observed in this band is essen-
tially the same as that observed in the 'E band of Ni-
(OMPA);(ClO,); and is clearly vibronic.

In addition to the bands assigned above, several
other weak bands appear in the region above 21.0 kK
and between 16 and 18 kK. 1In order to assign these
bands on a rational basis a calculation was performed
using a program (ocTAD37) written and generously
provided by Dr. J. C. Hempel. This program uses a
basis symmetry adapted to the octahedral double group.
In the absence of a direct determination of \, the empiri-
cal relationship A = 0.168B2/Dg was used.*? Assum-
ing the correctness of the assignments of the Ty, (F),
“T1,(P), and ?T,(P) transitions above, best fit values
for these bands were obtained by manually varying Dg,
B, and C. From the resulting calculated energies, as-
signments of the other transitions were made as listed in
Table IV. The assignments of the weak spin-forbidden
bands were made with consideration of the prediction
that imtraconfigurational transitions will be sharper
than interconfigurational ones. For example the ?Ty,-
(G) and T, (G) transitions were assigned to the sharp
peaks at 16.7 and 17.6 kK, respectively (Figure 2). It
must be admitted that the assignments of these weak
bands are not unambiguous. Other fits are possible,
but any other than that listed in Table IV gives unfa-
vorable results for the sharp, well-defined peak at 20.65
kK confidently assigned to the Ty, (P).

Assignment of the doublets as described above leaves
unexplained the additional structure in the major band
centered at 19-20 kK. Attempts to fit the spectrum as-
signing this structure to quartet—doublet iuteraction
were fruitless. The most likely explanation in light of
the vanishingly small trigonal splitting observed in Ni-
(OMPA)4%*is spin—orbit coupling effects. Another pos-
sibility is presumably Jahn-Teller splitting of the ex-
cited state. Similar structure is observed in almost all
six-coordinate cobalt(II) spectra,’—4

Tris(octamethylpyrophosphoramide)copper(Il) Per-
chlorate.—Copper(II) possesses a d° configuration and
in the presence of an octahedral field should have a
*E, ground state. Thus, octahedrally coordinated
copper(IT) should display only one spin-allowed transi-
tion at 10Dg. The complexes of copper(Il) have re-
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cently been reviewed by Hatfield and Whyman* and
by Hathaway and Billing.#

The complete cystal structure of tris(octamethyl-
pyrophosphoramide)copper(II) perchlorate has pre-
viously been reported,’” and the copper(II) site sym-
metry was found to be D; at room temperature, Cu-
(OMPA);(Cl0y), is the second reported example in
which the copper(II) ion resides at a site of D; sym-
metry in a crystalline compound (the other being Cu-
(en)sS0O.*#). Classically, this is equally as unexpected
as copper(II) in a pure octahedral field since in either
case the electronic ground state should be doubly de-
generate (E or E;). Analogous situations occur in the
six-coordinate complexes of ions with the d* configura-
tion. In such instances one expects to find evidence of
some static or dynamic Jahn-Teller!? distortions as a
means of removing the apparent ground-state degener-
acy.508!

Spectroscopically these trigonal d* and d° complexes
have been of interest because of the occurrence in some
of them of an electronic transition in the infrared re-
gion far below that expected for the band associated
with a basically octahedral complex with small trigonal
distortion. Davis, Fackler, and Weeks®® have re-
viewed the complexes of manganese(III) showing this
low-energy band while Palmer and Piper! and Jgrgen-
sen® have discussed the only known d° instances, Cu-
(bipy)s?*+ and Cu(phen)s*+. Explanations for these
low-energy transitions have included static Jahn-Teller
distortions (apparently excluded in the proven D,
cases), charge transfer,®® trigonal splitting,!* and =
bonding.1*

The electronic spectrum of Cu(OMPA);?*, both in
solution and in single crystals of the perchlorate salt,
exhibits a broad, slightly distorted band with a maxi-
mum at ce. 10 kK. If this is assigned as arising from
transitions to levels associated with the 2T, state in oc-
tahedral symmetry, an approximate Dg of 1.0 kK is
obtained. This would seem a reasonable assignment
in light of the very small distortions from octahedral
symmetry revealed in the crystal structure and the
vanishingly small trigonal splittings apparent in the
spectra of the cobalt(II) and nickel(IT) analogs.

A similar situation exists for the series M(bipy)s2+
in terms of small observed trigonal splittings for the
nickel(II) and cobalt(II) compounds. However, a
very prominent, well-defined low-energy band appears
in the spectra of both Cu(bipy)s?* ¢ and Cu(phen);>+.3¢
We have looked diligently in the region 3-5 kK for
some evidence of a second transition in Cu(OMPA);2+,
No second band has been detected. In this respect
Cu(OMPA);?+ appears analogous to Cu(en),?+ .5

The association of the 10-kK band with the 2Ty, <«
*E, octahedral manifold fixes Dg. The polarized single-
crystal spectra show reasonably strong-intensity anisot-
ropy in this band (Figure 3) and a difference in o-
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and w-band maxima of 1.0 kK. This splitting is out-
side experimental uncertainty and can be assigned to
trigonal splitting, yielding a v of 1.0 kK. The shoulder
at 9.2 kK is logically the ¢ component of the *E <« 2E
band. This is an order of magnitude smaller than the
apparent splitting in the Cu(bipy)s** spectrum. The
molar absorptivity of the ¢ band of 13.2 compares to 19
for Cu(en);?+,55 54,5 for Cu(bipy)s?+,**and ca. 50 for Cu-
(phen);2+,% again classing the OMPA complex with the
ethylenediamine analog. Low-temperature optical
spectra were not possible owing to the fact that the
crystal of Cu(OMPA);(ClO,),, unlike its nickel(II) and
cobalt(IT) analogs, becomes opaque at low temperature
from the development of a myriad of minute cracks.

The appearance of a second shoulder in the o spec-
trum at ca. 8.7 kK suggests the possibility that the ef-
fective symmetry is in fact lower than D;.  This would
be in keeping with the predictions of the Jahn—Teller
theorem. However, this region of the spectrum is com-
plicated by numerous ligand vibrational overtones and
polarizer absorptions making the location, and even the
existenice, of these shoulders somewhat questionable.
Because of this uncertainty, as well as because of the
multiplicity of possible splittings,'¢ more detailed anal-
ysis of the data in, for example, C; symmetry does not
seem profitable.

Because of the theoretical unlikelihood of truly trig-
onal copper(II), Joesten, Koch, Martin, and Venable2
have investigated the ambient and cryogenic epr spec-
tra of Cu(OMPA);®2* in pure single crystals. Their
data indicate that a dynamic Jahn-Teller distortion is
probably in effect with the signal becoming anisotropic
at ca. 95°K. (They found that Weissenberg photo-
graphs before and after cooling are identical in spite of
the opacity of the crystals.) Such afindingis compatible
with the axial symmetry exhibited by the optical spec-
trum in that the random distribution of the rhombic
(Jahn-Teller) distortion would produce for the optical
and X-ray diffraction experiments a time-averaged
trigonal symmetry.

Somewhat contradictory evidence is obtained from a
study of the anisotropy of the temperature factors in
the diffraction data. Joesten, et al., found that there is
essentially no difference between the vibrational ellip-
soids of the donor oxygens in the copper(II) complex
and those in the analogous cobalt(II) and magnesium-
(IT) complexes.’” A similar situation was found for the
Cu(en);SO,4 thermal ellipsoids.#® The donor nitrogen
ellipsoids were found to differ only slightly from the non-
Jahn—Teller susceptible Ni(en);SO, analog. One must
conclude from this that the distortions sensed by the
epr spectrometer either are nuclear distortions beyond
the range of detection by X-ray diffraction or involve
primarily the bonding electron density rather than the
nuclear framework. Low-temperature diffraction data
might be valuable in reaching a conclusion in this mat-
ter.

With four examples now of formally trigonal copper-
(IT) it is appropriate to ask again what promotes this
seemingly unlikely state and in particular what produces
in some of the compounds, but not in others, a second,
lower energy, electronic transition. The most obvious
difference between the @-diimine ligands on the one
hand and ethylenediamine and OMPA on the other is

(55) T.S. Piper and A. G. Karipides, Inorg. Chem., 4, 923 (1965).
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the extent of delocalized = bonding. Numerous experi-
mental techniques have illustrated the importance of de-
localized bonding in the a-diimines and even more per-
tinently in their metal complexes.®® Delocalized bond-
ing can be considered minimal in aliphatic amine ligands
such as ethylenediamine. The fact that the planarity
of the OMPA chelate ring found in Cu(OMPA);-
(ClOy): is also found in Co(OMPA)(ClO,); and Mg-
(OMPA);(ClOy), indicates a lack of significant dr-pr
bonding in this trigonal copper complex. Further, the
lengths of the bonds found in the chelate ring do not sup-
port a significant w-bonding contribution in these com-
plexes.” Tt would appear that w-bonding effects are

(66) W. W. Brandt, F. P. Dwyer, and E. C. Gyarfas, Chem. Rev., 54, 959
(1964).
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the most likely source of the appearance of low-energy
ligand field bands in the near-infrared spectrum, al-
though the exact nature of these transitions remains in
question.
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A cation hydration study of diamagnetic La(ClO,); and Zn{(ClOy); and paramagnetic Ce(Cl0O,);, Er(NO;), Fe(ClO,)., and
Ni(Cl04): in aqueous solution has been carried out by a direct proton magnetic resonance (pmr) method. The technique is
based on the ability to slow ligand and proton exchange thereby permitting the observation of separate resonance signals

for bound and bulk water molecules.

Temperatures required for study varied from —30° for Ni2* to —120° for Zn?* and
they were made possible by dilution of the aqueous solutions with acetone and, when necessary, Freon 12.

Area integrations

led to hydration numbers of 6 for all cations except Er3+ which was involved in extensive complex formation and could not be

studied in great detail.

Spectral evidence for inner-shell complex formation also was obtained in the Ce®* solutions leading

to the possibility of a greater maximum hydration number than 6 for this species.

Introduction

During recent years, direct oxygen-17!=" and proton
magnetic resonance (pmr)*~¥ methods have been
applied to cation hydration studies in aqueous solution
and aqueous solvent mixtures. The success of these
experiments lies in the ability to slow ligand and
proton exchange thereby permitting the direct observa-
tion of a resonance signal for water molecules in the
cation solvation shell. When this is possible, area
evaluations lead to accurate measurements of cation
hydration numbers,!~%¥ competitive solvation,® and
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