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Abstract;

(CN),27, and Pd(CN),*~ have been measured over the region 25-50,000 cm™!
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The magnetic circular dichroism (MCD) of room-temperature aqueous solutions of Pt(CN)*, Ni-

Pt(CN).& and Ni(CN),2~ each

show three distinct, positive 4 terms in MCD, while the Pd(CN),>~ MCD is much less clear, reflecting the great

overlapping that occurs in the absorption spectrum.

It proves essential to explicitly consider spin—-orbit coupling,

and a model is proposed which accounts semiquantitatively for the A-term patterns in Pt(CN),% and Ni(CN),*".
The previous interpretation of the Ni(CN),?~ spectrum is not basically altered, but major changes are made in the Pt-

(CN),2~ assignments.
— »?) for Pt(CN),2".

he strong absorption bands of the square-planar

tetracyanide complexes of d® transition metal ions
have been the subject of several recent articles.>=* We
have studied the magnetic circular dichroism (MCD)
spectra of Pt(CN),2~, Pd(CN),?~,and Ni(CN),2~ in hopes
of clarifying the nature of the excited states involved, a
preliminary note on Ni(CN),% having alreadyappeared. ?
The application of MCD to spectroscopic studies has
been discussed extensively in a number of previous pa-
pers.® In the present case, since the ground state is non-
degenerate ('Ayg), only 4 or B terms are possible, the 4
terms (which change sign at the absorption maximum)
arising only if the excited state is degenerate, and the B
terms (which peak at the absorption maximum) being
allowed for both degenerate and nondegenerate transi-
tions. Thus the observation of an A4 term will consti-
tute unambiguous evidence for a degenerate excited
state, and the sign and magnitude of such a term will
help considerably in delineating the nature of the transi-
tion. The analysis of the 4 terms observed in the
Pt(CN),? and Ni(CN),*~ MCD spectra will be the cen-
tral point of this paper.

Experimental Section

All spectra were run in aqueous solutions prepared from re-
crystallized samples of K:M(CN), (M = Pt, Pd, Ni). The result-
ing absorption spectra agree well with previously reported data on
these ions. MCD spectra were measured in a manner described
previously.” The results together with the corresponding absorp-
tion spectra measured on a Cary 14 are displayed in Figures 1-3.
[6]n is the molar ellipticity, defined as in natural optical activity, per
unit magnetic field in the direction of the light beam. This sign
convention is now used by most workers but is opposite to that used
in earlier magnetooptical rotation work. With our convention, the
Verdet constant of water is negative.
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Our treatment strongly suggests the d orbital order bs(xy) < e(xz,yz) & a1,(22) <K by(x?

The MCD data should be accurate to better than =109 since
the signal-to-noise ratio was very favorable and reproducibility and
base-line behavior were excellent.

Discussion

The most striking feature of the results is the appear-
ance of three clear, positive A terms for Pt(CN),*~ (Fig-
ure 3) corresponding to the absorption bands at 35,800,
39,200, and 46,100 cm~!. The explanation of this fea-
ture lies at the heart of this paper because, while other
details are left unsettled, we feel that there is only one
reasonable way of accounting for these terms, which in
turn leads to a reasonable scheme for interpreting the
spectra. The MCD of Ni(CN),2~ also shows three pos-
itive 4 terms. The one corresponding to the 35,000-
cm~! band is barely perceptible but careful measure-
ments under optimum conditions definitely show that
the MCD crosses the axis at about 35,200 cm~—!. The
Pd(CN), >~ spectrum is clearly a composite of very badly
overlapping bands and there are almost no well-resolved
features. The same applies for the MCD, and hence
our discussion will concentrate mainly on Pt and Ni.
We shall assume throughout that the ground-state sym-
metry of the ions is Dyy.

Previous attempts to interpret the absorption spec-
trum of Pt(CN);2— have neglected spin-orbit coupling
and have assigned all observed bands to spin-allowed
charge-transfer transitions. We have abandoned this
approach for several reasons. To begin with, the one-
electron spin-orbit coupling constant for the Pt atom
is 4060 cm~'2 so one would expect the spin-forbidden
bands to have quite large intensities. Also, our MCD
spectrum of Pt(CN),%~ shows three distinct, positive A4
terms which indicate, since the ground state is Ay, that
the excited state for three of the four observed bands
must be E,. Without explicitly considering spin-orbit
coupling, it is not possible to give a reasonable explana-
tion for all this degeneracy.

The recent Mason-Gray (M-G) assignments (Table
1) do not, for example, account for the 4 term we ob-
serve for band 3 (Figure 3) since !By, is a nondegenerate
state. A calculation of 4/D for band 2 by standard
methods” gives A/D = (i8/2)e,(0)lLle,0)) = (8/2) (8=
Bohr magneton) when the M-G assignment of 'A,; —

(8) D.S. McClure, Solid-State Phys., 9, 399 (1959).
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Figure 1. Absorption spectrum and MCD of Ni(CN),?~ in H;O.

[6]x is the molar ellipticity (defined as in natural optical activity in
degrees deciliter decimeter—! mole~!) per gauss in the direction of
the light beam. e is the molar extinction coefficient. The number-
ing of the bands is indicated.
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Figure 2. Absorption spectrum and MCD of Pd(CN)ﬂ‘ in H,O.
Symbols and units are as in Figure 1.

c'E [exz,yz) = an(7r*) ] is assumed. Here we neglect
two-center integrals and approximate [eg(x)> and |eg(y))
as d,, and —d,, orbitals.® (The notation is that of Figure
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Figure 3. Absorption spectrum and MCD of Pt(CN),*~ in H;O.
Symbols and units are as in Figure 1.
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Figure 4. Schematic molecular orbital energy level diagram for
Pt(CN),2~. All molecular orbitals through a,,(z?) are filled in the
ground state. The order of the levels in parentheses and those
above are highly uncertain.

4 which gives a schematic MO diagram for P{{CN].?".)
This value is somewhat low but the sign is compatible
with our MCD data (Table I). The M-G assignrnent
for band 1 as 'Aj; — d'E[by(xy) — ey (7*)] gives
A/D = (Bil2)e(m*)y|lle(r*)x), where the inte-

(9) Throughout this paper we use the Griffith conventions, functions,
and particularly Tables A16, A17, and A18, (J. S. Griffith, *“The Theory
of Transition-Metal Ions,” Cambridge University Press, Cambridge,
England, 1964.)
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Table I. Experimental Absorption and Faraday Parameters of Pt(CN)2~ and Ni(CN),2~
—————Assignment—————————
Al Ds A/Dd Mason-Gray* This paper
Vmax (108 cm™1) €max® Db (gaussian) (moments) 1A, — A —
PyCN),?~
35.8(band 3) 1,480 0.521/ 0.373 0.438¢ 1Biu[dzy = 8eu(7*)] E.3
Bi,2
39.2 (band 2) 10,700 6.221/ 0.960 0.956¢ ClEy[dsz.y: = 8au(T*)] E.2, Ag2 {
(41.3) ~(1,900) Azy[d,2 = ag ()] {
46.1 (band 1) 22,100 10.52/ 0.419 0.485¢ d1E,[d;y — eu(7*)] Agl, Eul, Byl
Ni(CN) =
(30.5) ~(460) 1Ag[d:y, —  do-,9 As, Eu4
32.4(band 3) 760 g h 1Bru[dzy = agu(7*)] B2, Eu3
35.0 (band 2) 4, 500 1.450/ i _] llAEu[dz2 g a2u(7r*)] Aiuzy Euzy Bl
37.2(band 1) 11,400 5.672/ 0.819 1.174 ClE [dzzys = aau(7*)] Agnl, Eyl
50. 5% 23,000*% d'E [d.y — eu(7*)] Same

e Molar extinction coefficient.
neton.
sian fit of absorption spectrum.
a gaussian fit. ¢ 5 (footnote d) approximated as ym,x.

gral cannot be easily approximated since |e (7*)x) is,
for example, a molecular orbital constructed from
carbon and nitrogen 2p., 2p,, 2p., and 2s orbitals and
the platinum 6p, orbital. There are numerous one-
center contributions to 4/D of both signs and varying
magnitudes and, in addition, some rather important
two-center terms. Our calculations indicate, however,
that A4/ D is probably positive with a magnitude <(!/5)8.
The actual value would, of course, depend on the exact
form of the eigenvector for le,(n*)). The M-G as-
signment for band 1 would therefore appear to predict
the correct sign for 4/ D but with a considerably smaller
magnitude than is observed experimentally (Table I);
but still, the M-G assignments leave us with no explana-
tion for the A term we observe in the MCD for band 3.

Still neglecting spin-orbit coupling, a third 4 term
might perhaps be accounted for by (1) metal-to-ligand
(M — L) transitions involving the nonbonding orbital b,,
(m*), the only ungerade ligand orbital aside from e, (7*)
and a,,(7*) conceivably in range; (2) the other 'E, transi-
tion to e, (7*), 1A, = 'E [a;(z2) — e (7*)]; (3) ligand-
to-metal (L — M) transitions; (4) d-d transitions; (5)
changes in geometry in the excited state; (6) overlap-
ping B terms. We shall argue that none of these possi-
bilities can account reasonably for the presence of three
positive 4 terms.

The first two are easily eliminated. Foran M — L
transition A = 'E[e (xz,yz) = by (7*) ], we calculate
AID = (=Bi2)e)|Llegy)) = (—B/2), while
all 4 terms observed are positive. The 'A, — 'E,
[a15(2%) — e (7*)] transition gives A/D = (—Bi/2){e,-
(7m*)yille(7*)x), which is opposite in sign but equal
in magnitude to the A/D value calculated for Ay
— 1E[by(xy) = ey(n*)]. Obviously then, both of
these transitions cannot give rise to positive 4 terms.

L — M transitions are ruled out by the observation™
that Au(CN),~ shows no absorption maxima below
54,000 cm~!. Since L — M transitions typically de-
crease in energy as the oxidation number increases, such
transitions for Pt(CN),*~ should surely be at energies
above 54,000 cm™!, j.e., well beyond our range of ob-
servation.

The ligand field (d-d) bands in Pt(CN),*~ are ex-
pected at very high energy, overlapping or lying beyond

(10) W.R.Mason, III, and H. B. Gray, Inorg. Chem., 7, 55 (1968).

b Dipole strength in units of square debye.
4 For a discussion of the method of moments, see P. J. Stephens, Chem. Phys. Letters, 2, 241 (1968).
¢ Overlapping too severe to permit reliable value.
7 Estimate not possible.

D = (9.183 X 10~%/vg) f'e dv. © A/D in units of Bohr mag-

¢ Reference 2. / From gaus-
h 4 ~ 0.054 D? 8. This is a rough value based on
k¥ Data fromref 2. ! See text.

the charge-transfer bands.? The only singlet d—-d transi-
tion which is degenerate is 'A;; — 'E Je,— b;;]. How-
ever, an A term arising from this parity-forbidden tran-
sition would not be expected to have anything like the in-
tensity of the A4 terms in bands 1 and 2. If band 3
were assigned to this transition and the order of d or-
bitals byg > by > €, 2 a,; were assumed, one would
expect the by, — bj; (d-d) transition at lower energy
where no bands are observed. Other orders for the d
orbitals such as that in Figure 4 would remove this
difficulty but would lead to problems for band 1 since
1A, — 'E[a;; — e (7*)] probably has a small negative
A/D value. (The sign of an 4 term from 'A,;, — 'E,
[e; — bi] would be determined by the symmetry of the
vibrations making the transition allowed.)

Excited-statedistortions from Dy, to D,y or C,, remove
inversion symmetry without splitting the degeneracy of
E states. However, this does not result in sign changes
for the A4 terms calculated on the basis of Dy, symmetry
for the charge-transfer transitions previously considered,
and hence introduces no new qualitative features. Such
distortions would be expected to increase the intensity
of the d—d transitions and, in particular, the intensity of
a 1Ay — 'E, transition and any 4 term associated with
it. However, we assume that such effects cannot in-
crease the intensity into the range of bands 1 and 2.

B terms arise from the mixing by the magnetic field
of each unperturbed state with all other unperturbed
states connected by a magnetic transition dipole. The
magnitude of the contribution to a B term is inversely
proportional to the energy difference of the states which
are mixed. Thus, since Ni(CN),*, Pt(CN),*, and
Pd(CN),*~ have no states close in energy to the ground
state, B terms should arise principally from the mixing
of neighboring excited states. Such mixing is allowed
in Dy, only between two E, states, or between an E, and
an A,, state. Thus no B terms would be expected for a
1A, — !B, transition to a first approximation. When
an A,, state is close to an E, state, one might wonder if
overlapping B terms could give the appearance of an
additional 4 term. It is easy to show thatif a B(*A; —
1A,,) term which results principally from the mixing of
a neighboring 'E, state by the magnetic field has one
sign, then a B('A,, — 'E,) term from the mixing in of
the same !A,, state will have the same magnitude but
opposite sign.  As the two states get close in energy, the
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Table I, Electronic States Arising from One-Electron Excitations
to the Ligand a,,(7*) Orbital from the Occupied d Orbitals®

Single group state Double group state?
(no spin-orbit (spin-orbit

Excitation coupling) coupling)

a1(2?) = an(r*) 1Agy Ay,

(8A2u) (Alu)a Eu
ey(x2,yz) — ag(T*) E, E,

(3Eu) (AIU), A2ua (Blu),

(Bw), Ey

bag(xy) = agu(7*) ('Biu) (Bw)

(aBlu) (B2u)’ Eu

¢ States to which transitions from the !'Aj, ground state are for-
bidden by symmetry are in parentheses. ° Double group states
are distinguished from single group states by the absence of a left
superscript.

B terms do approach the form of an A4 term.!! But in
D, no new A terms will arise in this way, because the
D, symmetry requires that at least one of any two states
mixing to give a B term be of E, symmetry, and E,
states, of course, give 4 terms by themselves. How-
ever, when A, — E, and A,; — A,, transitions overlap
—E4+X+Y+2Z ’—‘zﬁr

-E+Y+Z

and so are separated in energy by an amount of the
order of their band widths, the magnitude of the
“pseudo” A4 term formed by the overlapping B terms
can be of the same order of magnitude as that of the 4
term arising from the A,; — E, transition. This will be
discussed in greater detail later in this paper.

Even if we had been able to account for our three
positive 4 terms by one of the six possibilities discussed
above, we would still have been troubled by the absence
of bands in the Pt(CN),* absorption spectra below
about 34,000 cm—!. If band 3 represents a transition to
a singlet state, there clearly are lower energy transitions
possible to triplet states. With the high value of the
one-electron spin-orbit coupling constant {4 for Pt(II),
these bands should be observable in the absorption
spectrum.

Let us now consider in some detail the consequences
of spin-orbit coupling with application first to Pt(II)
where {54 is somewhere in the range 3000-4000 cm—1.512
We shall first consider M — L transitions to a,(m*),
which in Pt(CN),*~ is almost certainly the lowest lying
empty orbital. Table IT shows the states arising from
the (M — L) transitions. The key point is that with
spin-orbit coupling, four E, states arise which will mix,
and each resulting state will give rise to an 4 term; each
A g — E, transition will become electric dipole allowed
in proportion to the amount of !E, character the E,
eigenvector contains. When spin-orbit coupling is
neglected, only one allowed transition, !A;, — 'E,[e; —
asu(m*)], can produce an A term. Likewise, the A,,

(11) P. J. Stephens, private communication,
(12) D, S, Martin, M. A. Tucker, and A. J. Kassman, Inorg. Chem.,
4, 1682 (1965).
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(°E,) and A, (*A;,) states and the B, (®E,) and B,
('By) states will mix under spin-orbit coupling, but
these states are nondegenerate, and so do not directly
give rise to 4 terms. Since 'A,, — By, transitions are
dipole forbidden, the !B,, absorptions would be ex-
pected to be of much lower intensity than the 'A,, or
IE, absorptions.

The wave functions for the mixed E, states will be of
the general form

‘Eui> = a,‘Eu(lEu» + b,]Eu(3A2u)> +
¢/Ey(°Ew)) + d{E.(*Bi)) (1)

The coefficients have been determined (Table III) by
diagonalizing the spin-orbit coupling matrix after ap-
proximating the MO’s by pure d functions and sup-
plying the parameters {, X, Y, and Z. Here { is the
one-electron (d) spin-orbit coupling constant and X =
(1Eu - 3A2u)a YE(3A2U - 3Eu)s andZE(3Eu - 3Blu)
are the energy differences in the absence of spin-orbit
coupling. The upper triangle of the resulting hermitian
secular determinant is shown in (2). The spin-orbit

i I
5§ 3¢
VAR 0
2 =0 (2
1
-E+Z - 58
—E

coupling matrix elements needed here reduce to
one-electron matrix elements of the type (all,|b),
where [, is the x, y, or z component of the angular mo-
mentum operator and |a) and |b) are molecular
orbitals which are largely metal d in character. Thus,
in this case, it seems reasonable to approximate the or-
bitals as pure d functions and then reduce ¢ from its free
ion value to account for ligand orbital mixing. In all
our calculations { was therefore scaled down somewhat
arbitrarily to 0.85 of the published free ion value.

Making the same approximations, the A,, and B,
matrices can be determined. Here Y(A,) = (1A,, —
SE,) and Y(B,,) = ('B,, — °E,) must be chosen and the
resulting eigenvectors are |Ayi) = e A5 ('An)) +
fIAw(E) (Table I and |Bui) = g Bu('By)
+ A, B1(’Ey)).

The eigenvalues of the E, spin-orbit coupling matrix
give us the predicted relative positions of the four A, —
E,i bands. From the E,i eigenvectors the A term for
each A, — E,itransition can be calculated as

Az Bllalt + 200 + lef = 2dilafDels )
where |Dg|? = [('A;g|m||'E,)|2 is the dipole strength
in units of square debyes for the pure 'A;; — 'E, tran-
sition, and ('A,,|m[|'E,) is the indicated reduced matrix
element. !?

Our approach has been to ascertain, first, whether
sensible values of the parameters (¢, X, Y, Z, Y(A,),
¥(B,4)) exist which can account at least semiquantita-
tively for the observed absorption and MCD spectra,

(13) M. Tinkham, “Group Theory and Quantum Mechanics,”
McGraw-Hill Book Co., Inc., New York, N. Y., 1964,
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Table III. Mixing Coefficients for Eigenvectors Associated with the Parameters of Figures 5 and 6
E.i mixing coefficients Aqi mixing coefficients-
ai; Eu( lEu) by Eu( aAZu) cy Eu( aEu) di Eu( 3Blu) €5 A?u( l‘A2u) ft A?u( aEu)
Pt Pt
E.l 0.798 —0.425¢ —0.314 —0.289; Ayl 0.775 0.632i
E.2 —0.584 —0.384; —0.586i —0.411; Ag2 0.632 —0.775i
E.3 0.148 0.785; —0.593; —0.099;
E.4 —0.006 0.236; 0.454; —0.859
Ni Ni
E.l 0.986 —0.102/ —0.125; —0.033; Agul 0.768 0.641i
E.2 —-0.137 —0.146i —0.978; 0.065i A,2 0.641 —0.768i
E.3 —0.082 —0.984i 0.157i —0.011{
E.4 —0.041 0.005; —0.061; —0.997;

and second, whether these parameters have some degree
of uniqueness.

Figures 5 and 6 show schematically parameters which
put 4 terms at the observed frequencies and lead to rea-
sonable dipole strengths for bands 1, 2, and 3 in Pt-
(CN),*~ and Ni(CN),>~. These parameters predict

Frequency
{em™) x 1072

/[\

Figure 5. Proposed energy level scheme for Ni(CN),*~. On the
left are the states in the absence of spin-orbit coupling. To the
right are the double group states when spin-orbit coupling is in-
cluded ({54 = 530 cm~—Y). The lines indicate the main contribution
to each double-group state. On the extreme right, a sketch of the
absorption spectrum is provided with the bands numbered as in
Figure 1. The parameters used are in cm~! (see text for defini-
tions): X = 4900, Y = —2600, Z = 4500, Y(As,) = 500, Y(Bi,) =
—3000.

that band 1 and band 2 in both the Ni(CN),2~ and Pt-
(CN),2~ absorption spectra are composite Az = A,,i +
E./ bands. Here we have the situation described ear-
lier in this paper where overlapping B terms can give
rise to substantial “pseudo”-4 terms. The experimen-
tally measured quantity [4/D]; should for these bands be
compared with the sum of the 4; and the “pseudo” A4,
terms divided by the sum of the dipole strengths for the
A — Agyand A — E 7/ transitions.

The magnitude of such a pseudo-A4 term formed by
overlapping B terms can be estimated if several approxi-
mations are made. We assume that by far the largest
contribution will arise from the mixing by the magnetic
field of the nearly coincident E.j and A, states of the
composite band (A;; = Ay + E,i) and, therefore, that
we can ignore other states in our calculation. Mag-

netic dipole matrix elements are approximated by as-
suming pure d functions for le), |a,g), and by) as
in the calculation of 4, above. To obtain an upper

Frequency

em™) x 1072

AN

L 504
}B}U

Figure 6. Proposed energy level scheme for Pt(CN),2~, On the
left are the states in the absence of spin-orbit coupling. To the
right are the double group states when spin-orbit coupling is in-
cluded ({54 = 3500 cm~—Y), The lines indicate the main contribution
to each double group state. On the extreme right, a sketch of the
absorption spectrum is provided with the bands numbered as in
Figure 3. The parameters used are in cm~! (see text for definitions):
X = 5000, Y = —1000, Z = —4000, Y(As) = 3500, Y(Bi) =
7000.

limit,!! we now asume that the two transitions actually
coincide in energy, and the expression for the pseudo-4
term (A4,/(max)) becomes

A/ (max) & —Bi{ja;*e; (*Asi p|'Eu) +
e.f*a*[b{An(En)|uEu(®Asz)) +
di{ApCEu) | E(*B1o)]} (*Asglm|'Ayy) X

('Asg|m'Ep* (4)

Letting Da = (‘Agm|'Ag) and Dg = (‘A m|'Ey),
this gives

A/ (max) = Bllaf*e;(~~/6) +
e.f*a*(b/3 + d)} De*Da (5)
A/(max) and 4, can be calculated in units of Dg*DafB
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Table IV. Theoretically Calculated Values of D, 4;, and 4;’(max) Using the Parameters of Figures 5 and 6 and

the Eigenvectors of Table III¢

D; (for Ay — Aqi and A, — E,/ only)

A; (A, = Eui) Ai'(max) (— Dg* D, is positive)

PY(CN),*~
1 0.64/Dg|? + 0.60|D4)?
2 0.34|Dg|? + 0.40|D,4 |
3 0.022|Dg|*
4 0.00004| Dg|?®
Ni(CN)2~
1 0.97|Dg|® + 0.59| D4l
2 0.019|Dgl? + 0.41|D4|?
3 0.0068|Dx|?
4 0.0017|Dg|?

0.30|Dg|? 1.44 (= Dg*Dy)
0.11|Dg|? 0.73 (—~Dx*Dy)
0.018|Dg|? 0
—0.00002| Dg|? —0.0031 (— Dg*Da)
0.49|Dg/|? 1.55 (—Dz*Da)
0.0095|Dg|? 0.029 (—Dg*Da)
0.0067| Dg|? 0
0.0017|Dg|? 0

2 Dg = (lAlgHmHlEu) and Ds = (lAlgHmlllAzu>.
E.4 mixing only.

and |Dg|?8, respectively, for a given set of eigen-
vectors, |E,i) and 'A,,i). The total dipole strength
D, of the combined A,; — Ay, and A, — E,i transition
may also be estimated

D; = |a/t|Dg'® + le|?Dyl? (6

While the sign of A4, is independent of the sign of Dg
and D,, the sign of 4,/(max) is not, but we can deter-
mine the sign, if not the magnitude, of Dg*D, quite
easily.

Dg* Dy

<1AlgHmH 1Eu>*<lAlgHm” 1Az
-2 \/2)<alglmZIa2U(7r*)>< - egy‘mXIam( ™))
- (2\/2_)<dzzlmz‘a2U( 7r*)><dzr'mr'a2U( ™) (7)

In the last step we have approximated la,) and
—|egy) as pure d functions. MO calculations by the ex-
tended Hiickel method on Pt (CN),% show that!*

4
lasu(*)) = n 6p(Pt)) + rz;{ﬁpzf(c)} — s2p(N))}  (8)

where n, r, and s are all positive with s close to one, and
zis perpendicular to the molecular plane. The integrals
over the angular coordinates, # and ¢, for all terms con-
taining [6p.(Pt)) and [2p.(C)) are positive, and
since s is close to one and multicenter integrals of this
sort fall off quickly with distance, the negative contri-
butions from the —s2p.(N)) terms will be small.
Thus Dg*D, will surely be negative. It therefore fol-
lows from eq 5 that 4,/(max) will be positive if the
quantity {|a;/%e,|?4/6 —e.fi*a*(b,A/3 + d;)} is positive.

In Table IV, values of D,, 4,, and 4,/(max) are given
for the parameters shown in Figures 5 and 6, and the
associated A,,/ and E,i eigenvectors (Table III). It
must be emphasized here that A4,’(max) is the wupper
limit for the pseudo-A term, and so the actual pseudo-4
contribution to the experimental 4 term might be up to
a factor of 10 smaller than this. If for purposes of esti-
mation we assume ! that Dg = — D, (Dg* D, is negative)
and normalize D; to the scale of the observed values, it
is possible to compare (Table V) calculated values of
(4, + A,/(max))/D, and relative D; with the equivalent
observed values. We expect 4/D values calculated in
this manner for bands 1 and 2 to be larger than the ex-
perimental values, since we have used the upper limit of

(14) D. D, Shillady, private communication.

(15) The results are quite insensitive to this assumption. For ex-
ample, if we assume Dg = —2D,, the magnitudes of 4 for band 3 in
both Pt and Ni improve slightly, but other results are basically un-
changed.

b This is for A;z— E.4 only.

E.1 overlaps Ey4 (see Figure 6). < This is for Ag,1-

Table V. Comparison of Theoretical and Observed Parameters®
for Pt(CN),?~ and Ni(CN),>~ (Dg = —Da and D, is normalized
to the scale of the observed values for comparison purposes)

D; theoretical Upper limit for

(assuming A/D theo-
Arg — Agi retical =
and A, - A4: + A;'(max)
E.i only) D? exptl D; A/D exptl
Pt(CN),2~
1 10.49 10.5 1.40 0.419
2 6.26 6.22 1.15 0.956¢
3 0.19 0.52 0.79 0.438¢
4 0.00034 —0.0025¢
Ni(CN),*~
1 5.46 5.67 1.31 0.819
2 1.51 1.45 0.09 f
3 0.024 g 0.98* i
4 0.006 g —0.99% J

= When both the moment and gaussian-fit data are available, we
have chosen the value which we feel to be most reliable. In
principle, the moment method (P. J. Stephens, Chem. Phys. Let-
ters, 2, 241 (1968)) is always preferable because it requires no
assumptions regarding band shape. However, it is not appli-
cable (for individual bands) if serious overlapping occurs. In that
case, we use gaussian fits. We have found for quite a wide range of
data that A4 terms extracted from gaussian fits usually agree quite
well with those obtained by the method of moments. This is not
true for the damped oscillator model band shape. We shall discuss
this matter in some detail in a future paper. ° By gaussian fit.
¢ By method of moments: see Stephens, footnote 2. ¢ This is for
A — Eu4 only. E.l overlaps E.4 (see Figure 6). ¢ D; is that for
A —Eyl + Anl + Eu4. 7 Estimate not possible. ¢ Overlapping
too severe to permit reliable value. * This is high as D; used in the
calculation was for Ay ~> Asi + Euionly. ‘4 ~ 0.054 D2 g,
This is a rough value based on a gaussian fit. 7 B term only in
MCD.

the pseudo-4 contribution. In addition, theoretical
A/ D values will be high if there are other overlapping
transitions which contribute to the experimental dipole
strength but not to the experimental 4 or pseudo-4
terms.

The results of this rough calculation are encouraging.
Signs and approximate magnitudes of all 4 terms and
relative dipole strengths are in reasonable agreement
with experiment. The assignment of band 1 in Ni-
(CN);*~ and band 2 in Pt(CN),?~ as composite A;, —
A,y + E,i bands and the resulting pseudo-4 term con-
tribution to A4 explains the high 4/D and extremely low
B values observed experimentally for these bands. If
only ““true” A4 terms are considered, 4/D values calcu-
lated for these bands for all reasonable parameters are
consistently too low by a factor of 2 or more (Table IV).
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Values of X, Y, and Z which reproduced our band
separations and A term signs for Pt (CN),2~ placed the
E.(®B.,) state within approximately =500 cm~—! of the
E.(*E,) state and placed the E,(?A,,) and E,(°E,) states
less than 2000 cm—! apart, but quite definitely put the
latter pair about 3000 cm~' lower in energy than the
former pair. The actual order of the E.(®A,,) and E,
(°E,) states was found significant in that the chosen
order gave much better magnitudes for the 4 terms and
allowed the A,, states to be placed more reasonably.
As can be seen from Tables IV and V, our parameters
predict 4 terms of the correct signs and relative orders
of magnitude for bands 1, 2, and 3. A fourth 4 term is
predicted at 44,290 cm~! but of such low intensity that
it would not be expected to be seen experimentally, since
it falls under the A4 term for band 1. We have also indi-
cated reasonable positions for the By, and A,, states in
Figure 6. A,,2 might correspond to the peak M-G ob-
served at 38,400 cm~! in EPA at 77°K.2  We calculate
the intensity ratio A,,1/A,,2 as about 3/2 and that for
B,1/Bi2 as about 14/1.  Since the A, — By, transition
is orbitally forbidden, the intensity of even the Bl
band should be low.

Values of X, Y, and Z outside of the range suggested
above were unable to predict three positive 4 terms of
the correct orders of magnitude without predicting a
fourth negative A term of considerable intensity. In
particular, if an order of the d orbitals such as that as-
sumed by M-G is used,? a negative 4 term of easily mea-
surable intensity is predicted to fall below 32,000 cm—!
for all values of X, Y, and Z which assign positive 4
terms of correct orders of magnitude to bands 1, 2, and
3. Our X, Y, and Z parameters, therefore, have im-
plications as to the order of the e,(xz,yz), ag(z2), and
byg(xy) molecular orbitals. Clearly, the position of the
E.(®B.,) state in Figure 6 implies that the by(xy) orbital
is below the a,,(z?%) and e,(xz,yz) orbitals with the order
b >>> a1(22) 2 ey(xz,yz) > byg(xy) most likely. The
order of the a;(z?%) and e,(xz,yz) orbitals cannot, how-
ever, be specified with certainty. Previously there has
been no really sound experimental evidence in the litera-
ture supporting a particular order of the d orbitals for
Pt(CN),>~. 1In fact, the orbital orders suggested in the
past were either based on assignments of the Pt(CN),*-
spectrum which we believe our MCD data have contra-
dicted, or were chosen by analogy to the orders found
for PtCly2~. Since Cl- and CN~ act quite differently as
ligands in metal complexes, drawing conclusions for Pt-
(CN).*~ from results for PtCl,*~ is risky. There have
been a number of studies of the polarized crystal spec-
trum of Pt(CN),2-, but the bands observed differ widely
in nature and energy from those found in solution, pre-
sumably due to strong Pt-Pt interactions. We were,
therefore, not able to make use of these studies.

The simplicity of the Pt{(CN),?~ absorption and MCD
spectra lead us to conclude that what we see is largely
due to transitions to the a,,(7*) orbital. We have not,
however, assigned the shoulder at 41,300 cm~!in the Pt-
(CN).2~ absorption spectrum or the corresponding B
term in the MCD. This might be the lowest energy lig-
and field transition, 'A;; — 'Bjfa(z2) = by(x? — y?)],
though the intensity is somewhat high for a d-d transi-
tion. However, such a transition could gain significant
intensity under a vibronic perturbation by admixture
from the nearby E, states. Intensity could also be gained

if the excited state were distorted from Dy, symmetry as
discussed previously. Alternatively, the shoulder at 41,-
300 cm™! and the corresponding B term in the MCD
could be assigned to an A, — A,, transition with the
A,, state a mixture derived principally from A,,(3E,
[aig = eu(m™)]) or Awu(’Ede; = bau(m¥)]), As('Ayy
[aig = au(7®)]), and A,,(°Ee, — a(7*)]). An
E, transition arising largely from the triplet M — L
transitions to e,(7*) with an extremely small 4 term
might also fall in this region. Spin-orbit coupling will
mix states arising from transitions to e (7*) (but not
byu(7*)) with those arising from transitions to a,,(7*),
if the two states have the same symmetry and if the
transitions originate from the same molecular orbital.
This mixing should be small since here the spin-orbit
coupling matrix elements which determine the mixing
coefficients of the states reduce to matrix elements of
the type (e (m*)y|Hyla:(m*)), where |e (s*)) and
|ag(7*)) are molecular orbitals constructed largely
from ligand orbitals with only small contributions from
the platinum 6p orbitals. Of the many one- and two-
center integrals over atomic orbitals to which this ma-
trix element reduces, only the term (6p,|{s1-s|6p,)
where vy is x or y will be large, and this term is
weighted by small mixing coefficients. Ligand-ligand
terms may be neglected to a good approximation since
the relevant one-electron spin-orbit coupling constants
for nitrogen and carbon are at least an order of magni-
tude smaller than that for platinum 5d or 6p electrons.
Furthermore all two-center terms are negligible.!
Thus, although E,, states or A,, states arising from tran-
sitions to ey (7*) (but not by, (7*)) would perturb the
states calculated earlier assuming no interaction, really
major changes in our calculated band positions would
not be expected.

For Ni(CN)4>~ X and Y could be chosen easily since
the small spin-orbit coupling produces little change in
the band positions (see Figure 5). Reversing the order
of E4(®A,,) and E (°E,) would be unreasonable because
this would leave no significant energy difference be-
tween the 'A,, and 3A,, states. We calculate the inten-
sity ratio A,,1/A,,2 to be about 3/2, while the B,,2 state
has ~50 times the singlet character of the By,1 state.
A,,1 might correspond to the peak M-G observed at
36,000cm~'in EPA at 77°K.?

We assign band 2 as the composite A;; — E2 +
As.2 4+ B,,l1, but since the spin-orbit coupling is small,
the intensity is overwhelmingly contributed by A,,2.
The experimental A4 term is clearly positive, but we are
unable to estimate its value, even roughly. Similarly,
we assign the band 3 region as the composite A,, —
E.3 4+ Bi,2. Our justification for assuming that band 3
arises partially from the orbitally forbidden !A,, — !By,
transition is that its intensity seems too large to result
from an A,; — E,3 transition alone but too small to be
that of a fully allowed charge-transfer transition. We
are able to estimate the 4 term for band 3 by a gaussian
fit with the result 4 = 0.054 D2 3. Unfortunately, be-
cause of severe overlapping, there is no possibility of
estimating a corresponding D value. However, if we
compare this experimental 4 value with the theoretical
one, (0.98 D?) (0.024 8) ~ 0.024 D? 3, we note that the
agreement is quite reasonable.

(16) A. A, Misetich and T. Buch, J. Chem. Phys., 41, 2524 (1964).
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The value of Z and the position of the E,(?Byy) state
could not be specified precisely. Since band 3 appears
to be partially !'B,,, Z should be chosen to place Eq
(®B,,) somewhere below 31,000 cm~!. In fact, values
of Z that place it higher in energy with one exception?
do not lead to reasonable agreement with our MCD
data. We have chosen Z to be 4500 cm—! which
places E,4 at approximately 30,500 cm~!. The rela-
tively weak negative 4 term associated with this transi-
tion is not observed in the MCD, and we suggest that it
is obscured by Bterms observed in this region.

As in the case of Pt{(CN),?~, spin-orbit coupling will
mix states arising from transitions to ey (7*) (but not
bau(7*)) with those derived from transitions to a,(7*).
This would be expected to perturb somewhat the results
we have calculated above.

The outstanding feature of the PA(CN),?~ absorption
spectrum (Figure 2) is its obscurity. In this case, spin-
orbit coupling is large enough to give significant inten-
sity to “‘spin-forbidden” bands. The complexity of the
spectrum results perhaps from the lack of composite
bands such as those found (by our interpretation) in the
Pt(CN).*~ spectrum. Alternatively (or in addition), the
eu(m*) or by (7*) orbitals might be closer in energy to
the as(7*) orbital than in either Pt(CN),* or Ni-
(CN),*~. The rather clear dips in the MCD spectrum
at about 41,700 and 45,300 cm—!, which are not mir-
rored in absorption, are suggestive of the presence of
substantial 4 terms among the overlapping bands.
These could be respectively the E, 2 and E, 1 bands which
show up clearly in Pt and Ni. In fact, their estimated
energy separation and relative magnitudes are consis~

(17) If the parameters of Figure 5 are changed to place Ey(3Bi) =
Eu(3E,), reasonable agreement with the MCD data is possible since the
calculated 4 term for E,2 (assuming a large pseudo-4 contribution also)
could swamp the negative 4 term of E,4. With such parameters, both
E.2 and E,4 would lie under band 2, but E,1, E;3, Asul, and Az,2 would
remain much as before, The !By, state would then lie much higher than
is suggested in Figure 5, and band 3 would be assigned partially to a
d—d transition to account for its total intensity. Although this would
lead to an order for the d orbitals closer to that of Pt(CN).2-, it seems a
less attractive interpretation since there is no experimental evidence sup-
porting the assignment of band 3 as a ligand field transition,
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tent with calculations using {u = 1250 cm—! (0.85 of
the free ion value). We do not feel it worthwhile at
this point to make assignments of the numerous bands
in the Pd(CN),*~ spectrum since no unique interpreta-
tion is possible with even the order of the d orbitals so
much in doubt. This ion should be an excellent candi-
date for future study by MCD at low temperature.

Conclusions

The outstanding feature of the MCD spectra of Pt-
(CN)42~ and Ni(CN),? is the occurrence of three posi-
tive 4 terms in each, and we have argued that the only
reasonable explanation for this lies in the mixing of the
E, states under spin-orbit coupling. A simple model
using this idea accounts for the observed results semi-
quantitatively. In Ni(CN)s*, spin-orbit coupling
accounts for the small 4 terms in bands 2 and 3, but the
basic interpretation of the absorption spectrum given
previously?-3:% ijs unchanged. However, for Pt(CN),*,
substantial changes in the previous assignments are re-
quired by the MCD data, the most important of which
is the reassignment of the intense band at 46,100 cm—1,
In Pd(CN),?~, the MCD gives some hints regarding the
assignments, but the problem of overlapping bands is
very severe, and definitive assignments seem impossible
at present. It is clear that all of the spectral interpre-
tations would benefit greatly from low-temperature
MCD studies, and we hope to be able to report such
work in the future. More generally, we feel that the
present work demonstrates once again the great power
of MCD spectroscopy in clarifying the interpretation of
basic features of electronic absorption spectra.
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