Notes

the spectrum of frans-Cr(en), FBr* is the appearance of a
narrow, weak transition, superimposed on the second broad
band, at 21,400 cm™!. The position and intensity of this
spectral band suggests that it is a transition to a doublet, *E
or *B,, arising out of the *T,,(t3,,) manifold of the parent
octahedral Cr(en);** complex. Its appearance in the spec-
trum of ¢rans-Cr(en),FBr™ may be due to a combination of
large spin-orbit coupling in this complex and near degeneracy
of this transition with the *B, - %B, transition.

The spectral data for trans-Cr(NH;)4FC1* is completely
compatible with that of the corresponding ethylenediamine
complex when the slightly smaller value of the splitting
parameter 10Dg for NH; (compared to en) is taken into
account. On this basis we believe the assignment of the
trans structure to this molecule is valid. It is interesting to
note that the extinction coefficients observed for trans-
Cr(NH3)4FX"*, where X =F", CI7, or H;0, are all somewhat,
but distinctly, lower than the values for the corresponding
complexes of ethylenediamine. The data are in Table 1.
This phenomeron is also true of Cr(NHjz)s >* compared to
Cr(en); 3+ as well as a number of ¢is-CrtN, X, complexes13
in which cases the effect is more dramatic. Whether this
effect is simply a lowering of symmetry restrictions in the
ethylenediamine complexes compared to ammonia com-
plexes or arises from the nature of the vibronic combina-
tions** is not clear to us.

Registry No. #rans-[Cr(en),FCl]ClO,, 26748-18-5;
trans-[Cr(en),FH,0}(Cl04),, 15688-01-4; trans-[Cr(en),-
FBr]CIO,, 40029-15-0; trans-[Cr(NHs3)sF,] 104, 40029-
16-1; trans-[Cr(NH1),CIH,0]Cl,, 18737-53-6; trans-
[Cr(NH34),FC1]Cl04, 40029-18-3; trans- [Cr(NH5),FH,0]*,
40029-19-4.
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(12) J. R. Perumareddi, Coord. Chem. Rev., 4,73 (1969).
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In recent publications, a model based on the antibonding
properties of excited electronic states was presented which
rationalized and predicted the types of photoreactions and
relative quantum yields of chromium(III)* and cobalt(III)
and rhodium(XII)? complexes. The effects of the medium
on the model’s predictions have also been discussed.> In the

(1) J. 1. Zink, J. Amer. Chem. Soc., 94, 8039 (1972).
(2) J. 1. Zink, Inorg. Chem., 12, 1018 (1973).
(3) J. I. Zink, Mol., Photochem., 5, 151 (1973).
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case of the d® complexes, the model used quartet-state sym-
metry functions and doublet-state energy considerations
when the photoeffects of the two types of states were con-
sidered." In this note the photochemical consequences of
configuration interaction, CI, are considered in detail. The
primary importance of CI to the model is the result, derived
herein, that the fractional composition of the lowest photo-
active states vary in a regular manner. The relevance of
fractional composition to the prediction of relative quantum
yields in a series of chromium(III) complexes is discussed.

Symmetry Wave Functions

Symmetry functions for the doublet and quartet states of
a d* configuration are tabulated or may be constructed from
Table A24 in ref 4. Wave functions and energy matrices
have also been published by Perumareddi.® The quartet
states have been discussed elsewhere® and are reproduced
here for convenience.

4B1g(4A2g) ¢1 = I(xz)(yz)(xy)l (1)
"Byp(*Tag) 2 = Ix2)(y2)(x* —p?) 2
¢3 ==(1/2)I2)(xy)(x* =Dl +
ap (4 3/2 (r2)(xp) (! 3
Eg( T2g)
¢4 ==(1/2)1xp)(x2)(x* = )| -
(V3/2) 1) (xz)(z) | 4)
ATy 65 = x2)(y2)(2?)l (%)
96 =—(1/2)1(y2)xy)(z*)1 -
ap (4 (\/§/2)t(yz)(xy)(x2 _yz)l (6)
Eg( Tlg)
¢7 ==(1/2) 1) (x2)(zH)! +
(3/2) i) (xz)(x* =yl 7

The members of the lowest manifold of doublet states
with which we will be concerned are those which could lead
to photochemical activity, i.e., those which represent a sub-
stantial change in orbital population compared to the ground
state (d,,)"(dy,)"(dey)*. As has been pointed out, the
photoactive states can only involve the configurations (d,.,)*-
(dyz)1 » (dxz)l (dyz)29 (dxy)z(dxz)l , and (dxy)z(dyz)l- The
former two represent an increase in electron population in
the z direction; the latter two represent a decrease com-
pared to the ground state. The symmetry functions involving
the above four configurations are

, Vi =\/—";'" [(dxz)z(dyz)l _(dxy)z(dyz)l] (8)
BTy

_ 1 2 1_ 2 1
= [(dxy) @) —(dy0) (dxz)] ©)

- L 2 1 2 1
b= [(dxy) (dy) + () (dw)] (10)

1
w‘l = \/—T [(dxy)z(dxz)l + (dyz)z(dxz)l] (1 1)
The symmetry functions contain equal admixtures of increase
and decrease of electronic population along the z direction .
and thus could not lead to photochemical consequences.

The energies of the symmetry states are shown in Figure 1.

2E(2T2)

Configuration Interaction
For two wave functions, Y, and yy,, of the same irreducible

(4) J. S. Griffith, “The Theory of Transition Metal Ions,”
Cambridge University Press, Cambridge, U. K., 1964, pp 396-407.
(5) J. R. Perumareddi, J. Phys. Chem., 71, 3144 (1967).
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Figure 1. Correlation diag:'am for the lowest doublet states of a
d* configuration. The states *Eg and T, are accidentally de-
generate neglecting CI and are not changeg in energy under a tetra-
gonal field.

representation of the molecular point groups, the complete
energy matrix has the general form

wa l,bb
E, v
( v FEy > (12)
where v=(J,|H\y,) # 0 and E; = (y; [H ;). The eigen-
functions are
w,a \/———5\2(% + wa) (13)
Y'p= (\a ~ ) (14)

m

Assuming that W/(E, — Ep)! <€ 1, the mixing coefficient A
has the value

A=V/(E, ~ Ey) (15)

and the eigenvalues of the complete energy matrix have the
forms

2 v2
E, - Ey

Ey=Ey——— 16
I (16)
The Hamiltonian matrix may also be diagonalized exactly

to give

vom [FEETT, [ Ech “E "y, 17

E',=F, +

2¢

where € = [4v? + (E, — Ep)*]*'?
Doublet States. The appropriate matrix elements for the
doublet states are®

Wi lHIY D = HIY,) =34 — 6B +3C—(6/5)A +

7Dt = ECCE(*Ty)) (18)
(W3lHW3) =y HIY) =34 + 5C—(6/5)A + 7Dt =

ECE(’Ty) (19)
(1 HIW3) =Y, [HIY4) =—3Ds + 5Dt (20)
(W iH ) =, IHIY3) =0 ‘ Qn

(6) Reference 4, Chapter 9.

Notes

The wave functions for the lowest of the doublet states,
2E(*T), including configuration interaction are

1 1+A 1
wl_m[\/— (dxz) (dyz)

A—1
W(dxy)z(dyz)l] (22)

. 1 |:1+7\(d)(d)1
V= T | g W) (G

A—1

W(dyz)z(dxz)ﬂ (23)
Quartet States. The appropriate matrix elements are®

(03 | Hips) = (pg [HIgs) =34 ~ 158 - (1/5)A~(7/4)Dr (24)

(pe | HIpg) = {7 1H |97 =34 —3B~(1/5)A + 2Ds +

(3/4)Dt (25)
(3| H ey = —(4 |Hlpm) = (+/3/4)(Ds + 5Dr) (26)
<¢3 1H|¢7> = <¢4 |HI¢6> =0 (27)

The wave functions for the lowest *E state including config-
uration interaction with *E(*T,) are

' 1 A
§3= [\/_ (dyzdxyd 2) +

V1 + A2
-W3-1
—‘g (dysdsy d)] (28)

r 1 [—-ﬁ—)\
R 2

x‘ﬂ  (dus dxzdxz-yz)] (29)

Interaction with *E(*T,(*P)) has not been included in the
above analysis because its effect on A will be less than half
that of the *E(*T, (*F)) state.

Photochemical Consequences

In a recent paper we showed that changes in quantum
yields of ligand labilization in a series of complexes can be
explained in terms of changes in the m-bonding and anti-
bonding effects of doublet states.! The predictions based
on the simple one-electron picture required the assumption
that changes in relative population of several doublets are
caused by changing the ligands. In terms of the more exact
representation of the doublet states including configuration
interaction, we show here that the changes in quantum yields
are determined by the relative proportion of the photoactive
configuration in a populated excited doublet state.

The low- energy, potentlally photoactive doublet configura-
tions are (d2)"(dye)", (442)*(d)", (de)*(dys)', and
(dey)*(dy)'. The first pair (labeled « in ref 1) labilizes 7
bonding in the z direction and strengthens 7 bonding in the
xy direction between n-donor ligands and the metal. The
second pair (7 in ref 1) causes the opposite changes. When
configuration interaction is neglected, the lowest energy
doublet state containing the above configurations, *E(*T}),
contains equal contributions of each (eq 8, 9) and thus would
be photochemically inactive. When CI is included, the
lowest energy “E state contains as its major component the
pair of configurations which are lowest in energy (vide infra).
For example, if the energies of the one-electron d orbitals
are d.,, dyz >d, 5y (class I of ref 1), the pair of configura-
tions (d,, ) (dsz)” and (dyy)*(dy,)" are lower in energy than

(dxy dxz dz 2) +
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Figure 2. Plot of the per cent composition of the 2E(leg) state as

a function of the mixing parameter A. The 50% composition occurs
at the crossover point between class I and class II when A = 0.

(de2)?(dy,)" and (dryz)"z(dxz)l and the lowest doublet will be
mainly (d,,)*(d,,)" and (d,,)?(d,,)" in character. The re-
sults of an explicit calculation of the per cent (dm,)z(dxz)1
or (dyy)*(dy,)* character in the lowest *E state are shown
in Figure 2. In the figure, the square of the coefficient of
the above-named configurations in the *E wave function of
eq 22 and 23 (representing the per cent contribution of
them to the wave function) is plotted vs. the mixing coeffi-
cient . The 50% composition occurs exactly at the cross-
over between class I and class II, i.e., where 3Ds — 5Dt = 0.

The variation in quantum yield of ligand aquation which
occurs as the axial ligand is continuously changed from a 7
donor (class I) to a m acceptor (class II) may be explained in
terms of the continuous change of composition of the lowest
?E state. The previous assumption that the changing rela-
tive populations of several doublet states caused the varia-
tion in quantum yield is not necessary.

Consider next the quartet states which are primarily re-
sponsible for the photoactivity of six-coordinate chromium-
(III) complexes.” The per cent composition of the lowest
quartet state of all three classes, *E(*T,), is 75% d,2 not in-
cluding configuration interaction. As A increases from
~1.73 to +0.59, the per cent d,: character increases from 0
to 100%. Usingeq 15, 26, 28, and 29 and previously calcu-
lated tetragonal crystal field parameters,®*® we calculate that
for trans-Cr(en), X", when X" =F~, % d,» = 66%; when
X =Cl5,%d,» = 87%;and when X" =Br~, % d,> = 88%.

It is thus expected that populating the *E(*T>) state will re-
sult in increasing amounts of x- and y-axis labilization rela-
tive to z-axis labilization in the series Br™ = Cl™ <F~. The
trans-difluoro complex is unique in the series of trans-dihalo
complexes because it is the only one with the majority of its
labilizing character in the xp plane when the antibonding
character of a pure d,* orbital in the xy plane is taken into
account. This result, in addition to 7 stabilization discussed
in a previous publication,' explains the aquation of ethylene-
diamine in zrans-difluorobis(ethylenediamine)chromium(III)
ion.

The above calculations of configuration interaction be-
tween the excited doublet states and between the excited
quartet states of tetragonal chromium(III) complexes reveal
that the concept of per cent composition of a configuration
in a state is important when applying our ligand field model
to predict photoreactions and relative quantum yields. The

(7) N. Sabbatini and V. Balzani, J. Amer. Chem. Soc., 94, 7587
(1972), and references therein.

(8) D. A. Rowley, Inorg. Chem., 10, 397 (1971).

(9) R. L. Klein, Jr., N. C. Miller, and J. R. Perumareddi, paper
presented at the 164th National Meeting of the American Chemical
Society, New York, N. Y., 1972; submitted for publication.
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results are particularly satisfying for the doublet-state con-
siderations because they remove the necessity of assuming
that varying populations of the doublet states result in
varying quantum yields.! The populations probably do
vary in the manner suggested in the previous work when the
energy differences between the doublets are small. When
the energy differences become large because of a rapid de-
crease in “E energy, the quantum yields are governed by the
per cent composition of the lowest state.
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Although the reduction of metal-ligand systems has been
the subject of recent attention,>™ generally,’ the ligands
have not been among those recognized as being reducible in
multiple steps. We wish to report the results of some recent
investigations into the area of the reduction of coordinated
nitrosyls which demonstrate the importance of considering
both the type of metal nitrosyl undergoing reduction and the
dramatic variations in reactivity which can occur.

Nitrosyl,® as a ligand, can be reduced successively through
several stable intermediate oxidation states (NO°, NO~, N,
NH,0H"*, N,H,, NH3). Although the physical properties”®
of metal nitrosyls are under intensive investigation, their
chemical properties have received little attention. Several
years ago, Griffith® described some initial experiments on
the reduction of ruthenium nitrosyls with Sn(Il) in C1™ media.
These studies indicated that ruthenium ammines may be pro-
duced; however, Griffith concluded that none of his “formu-
lations were convincing, and, clearly, this is a field which
should be more fully investigated.”®

At the outset, the extent of the reduction of the nitrosyl
might be expected to be controlled by the metal centers and/
or the ligand environment. Three nitrosyls, Ru(NH;)sNO**,
Co(NH;3)sNO*, and CrNO**, will be discussed. We have
chosen as our common reductant Cr**. This ion has several
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