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direct influence of this ligand on the electronic state
used for electron transfer. A comparison of datal’ for
electron-transfer reactions between Cr.,*" and c¢is- and
trans-Cr(en);(OHy)C12*+ (en = ethylenediamine) with
the plots in Figure 2 gives good agreement for the cis-
chloroaquo complex; however, the trams complex
results are significantly different from that expected,
suggesting that chelation brings in still another factor
which must be considered in a calculation of E,. Al-
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though isotopic fractionation studies®?® suggest that
ligand motion on the oxidant is more important for
Cr(I11) than for Co(III) in the formation of the acti-
vated complex, the range of calculated E;¥ values
(0-3.3 kcal mol—') indicates that this term makes a
small but sometimes significant contribution to the
overall activation energy for Cr(1I)-Cr(III)} electron-
transfer reactions.

(26) M. Green, K. Schug, and H. Taube, Inorg. Chem., 4, 1184 (1865).
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Electron paramagnetic resonance (epr) spectra are reported for low-temperature glassy solutions of the #rans-dichloro-,

-diaquo-, -dihydroxo-, and -dithiocyanatobis(ethylenediamine)chromium(IIl) complexes.

Spin-Hamiltonian parameters

are determined from the spectra by a method applicable to other transition metal ion systems with zero-field splittings large

in comparison to 4».

It is shown that the absolute magnitude of the experimentally determined spin-Hamiltonian parameter

E for these #rans-Cr(en)A;»T complexes is proportional to the ligand field strength of the A ligands as deduced from the
visible absorption spectra of the corresponding CrAs?* complexes.

Introduction

The frans-Cr(en),A,"t complexes make up a well-
characterized series and have been the subjects of a
number of visible absorption spectral investigations.2—*
A single-crystal epr study has been carried out only for
the dichloro complex,® at least partially because of the
difficulty involved in growing suitable single crystals.
However, even when magnetically dilute single crystals
cannot be prepared, all magnetic resonance information
except the orientation of the symmetry axes can be
obtained from epr spectra of low-temperature glassy
solutions. Spectra and spin-Hamiltonian parameters
for the quartet ground-state frams-Cr(en),A,"" com-
plexes with A = SCN~—, Cl7, H,O, and OH~ are re-
ported in this paper.

The method used to analyze the epr spectra of these
quartet ground-state ions involves techniques which
are similar to those recently described by Dowsing and
coworkers in the interpretation of epr spectra of ran-
domly oriented sextet ground-state ions.5~!° Relevant
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discussions of techniques are given by Dowsing and
Gibson® and by Aasa, Falk, and Reyes.!! Because of
the greater simplicity of the experimental systems,
analysis of these quartet ground-state spectra can be
carried further than was possible for the sextet ground-
state spectra. The analyses are more quantitative
than those previously reported for chromium(III)
systems in glasses!?~ with results comparable to those
for magnetically dilute powders. 111718

Experimental Procedures

Epr spectra of frozen solutions were recorded at approximately
—120° on a Varian X-band spectrometer, Model 4502. Field
strengths were obtained using the Fieldial. The compounds
were prepared by established procedures as indicated and their
visible absorption spectra in solution agree with those of Baker
and Phillips? and of Woldbye.?
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Figure 1.—Top:

between levels 3 and 4.

trans-Dichlorobis(ethylenediamine)chromium(III) Chloride .2 —
Epr spectra were obtained for a 1:1:2 water-dimethylformamide
(DMF )-methanol solution (by volume).
trans-Dithiocyanatobis(ethylenediamine)chromium(III) Chlo~
ride.—This compound was precipitated with concentrated hydro-
chloric acid from a solution of frans-dithiocyanatobis(ethylenedi-
amine)chromium(III) thiocyanate?? in DMF. Epr spectra were
obtained for a 1:1:2 water~-DMF-methanol solution.
trans-Aquohydroxobis(ethylenediamine)chromium(III) Bro-
mide.®—As reported by Woldbye,? this compound gives rise to
trans-Cren)s(Hs0)?t in acidic solution and to #rans-Cr(en)e-
(OH);* in basic solution. Spectra of the diaquo species were ob-
tained for a 1:1 0.1 M perchloric acid-glycerol solution. Spec-
tra of the dihydroxo species were obtained for a 1:1 ethylenedi-
amine—glycerol solution.

Spectra were obtained for the designated chromium(III) com-
plexes in a variety of media and with different counterions. Epr
parameters were found to be insensitive to changes in both me-
dium and counterion, although variations in apparent line width
were observed. One example for each complex is presented
here.

Results and Discussion

Epr spectra of low-temperature glasses containing
irans-Cren)sAs"t, A = SCN—, Cl—, H,0, and OH-,
are given in Figures 1-4. They are similar to pre-
viously reported glassy spectra of transition metal
complexes with large zero-field splittings in that they
are broad and are not centered at g = 2%15:2% and are

(21) P. Pfeiffer, P. Koch, G. Lando, and A. Trieschmann, Ber., 87, 4268
(1904).

(22) C. L. Rollinson and J. C. Bailar, Inorg. Syn., 2, 198 (1946).

(23) (a) T. Castner, Jr., G. S. Newell, W. C. Holton, and C. P. Slichter,
J.Chem. Phys., 82, 668 (1960); (b) D. L. Griscom and R. E. Griscom, tbid.,
47, 2711 (1967); (c) R. Aasa, 7bid., 82, 3819 (1970).

X-band epr spectrum at —120° of trans-{Cr(en),(SCN)]Clin 1:1:2 water-DMF--methanol.
positions as a function of magnetic field orientation in the xz and yz planes.
eq 4, given assignments in Table I. Subscripts refer to transitions:

Bottom: Resonance
Spin-Hamiltonian parameters minimize the function F,
1, between two lowest energy levels; 4, between levels 2 and 3; 6,

unique in that all have a number of well-defined features
at low field.?*

Theory.—A satisfactory spin-Hamiltonian, excluding
hyperfine interactions, for chromium(III) and other
systems with a quartet ground state is?

H = gH-g-S + D[S.2 — 5/] + EI[S;2 — 5,21 (1)

At zero magnetic field the quartet ground state is split
into doublets separated by 2[D? + 3E2]"* in energy.
The low-field features of the chromium(III) spectra
considered may be described by the effective g’ tensor
for an S’ = !/, system

H = gH.¢'.S' @)

which indicates that transitions are confined to zero-
field doublets at low fields.!!:2%b

Typical absorption curves for randomly oriented S’
= 1/, systems are shown in Figure 5.267 Features of
the experimental spectra at low field are assigned on the
basis of these models as

H' = hv/Bgy/ 3)

where £ indexes the x, vy, or 2z symmetry axis of the
chromium(IIT) complex; ¢, = 1, 2 refer to the energy
levels arising from the lower zero-field doublet and ¢, j

(24) One powder spectrum of this type has been reported previously by
Aasa and coworkers!! for the compound NHsCrY « 4H20 where HiY = ethyl-
enediaminetetraacetic acid, and similar glassy spectra of chromium(III)
transferrin complexes have been observed.18

(25) (a) B. Bleaney and K. W, H. Stevens, Rep. Progr. Phys., 16, 108
(1953); (b) B. R. McGarvey, Transition Metal Chem., 8, 89 (1966).

(26) R. H. Sands Phys. Rev., 99, 1222 (1955).

(27) F. K. Kneukuhl, J. Chem. Phys., 83, 1074 (1960).
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Figure 2.—Top: X-band epr spectrum at —120° of irans-[Cr(en);Cl;]Cl in 1:1:2 water—-DMF-methanol. Bottom: Resonance
positions as a function of magnetic field orientation in the xz and yz planes. Spin-Hamiltonian parameters minimize the function F, eq
4, given assignments in Table I. Subscripts refer to transitions: 1, between two lowest energy levels; 4, between levels 2 and 3; 6,
between levels 3 and 4.

_._dﬂd/ —

—
=<
b—
N

N

N

x

~<

D=455cm™' E=0270 ¢m™ 9,79

°

2,213150 6

TTTT T T T rrrrrrrrd

1 L 1 1

5
H(kG}

n
w0

Figure 3.—Top: X-band epr spectrum at —120° of trans-Cr(en):(Hz;0)3" in 1:1 0.1 M perchloric acid-glycerol. Bottom: Res-
onarnce positions as a function of magnetic field orientation in the xz and yz planes. Spin-Hamiltonian parameters miinimize the
function F, eq 4, given assignments in Table I. Subscripts refer to transitions: 1, between two lowest energy levels; 4, between levels
2 and 3; 6, between levels 3 and 4.
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Figure 4—Top: X-band epr spectrum at —120° of trans-Cr(en)(OH)," in 1:1 ethylenediamine~glycerol. Bottom: resonance

positions as a function of magnetic field orientation in the xz and yz planes.
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Figure 5.—Theoretical curves for randomly oriented S’ = 1/,

systems. See ref 26 and 27.

= 3, 4 refer to those from the higher zero-field doublet
as calculated with the Hamiltonian of eq 1 and the
basis {{SM); S = ?/s} (Appendix).® Transitions are

(28) Closed-form expressions for the energy levels when the magnetic
field is along one of the molecular symmetry axes are given in ref 25b.

Spin-Hamiltonian parameters minimize the function F, eq
1, between two lowest energy levels; 4, between levels 2 and 3; 6

assigned according to the convention that spin-Hamil-
tonian parameters be defined in a coordinate system
that makes the ratio E/D positive and equal to or less
than !/;.2% D is assumed to be positive in all calcula-
tions. 3
Spin-Hamiltonian parameters are fitted by a minimi-
zation of the function!!
F= 2NN lES = BS| = ] (4)
L)
E;? and E;7 are the energies of levels ¢ and 7 when the
magnetic field is along the % axis.?® Summations
include only assigned transitions. Four assignments
are possible in the low-field range for each of the frans-

Cr(en),A,"* systems considered (Table I). Because

TABLE I
Low-F1eLp H;'/ FOR trans-Cr(en)oAs»+
A
~8CN-—  ——H;0—— —Cl~—— —~——OH ——
Hy, Hi'l, Htl, Hild,

¥ kG g G & G g G g
34z 1122 5.92 1112 5,97 1122 5.92 1160 5.72
12y 1622 4.00 1560 4.25 1480 4.48 1325 5.01
12 x 1748 3.80 1878 3.53 2011 3.30 2590 2.56
12z 3378 1.96 3394 1.95 3500 1.89 ... o
34 x 4400  1.50

it is possible to fit four unknowns given solutions to only
four equations, we set g, equal to g, and fit D, E, g,
gy, and g, for each system. This choice is experimen-
tally reasonable since the g tensor is often isotropic for
chromium(I1I) in an octahedral field with large rhombic

(29) vanReijenl!8 has shown that such a solution is always possible.
(30) For a method of determining the absolute sign of D, see, for example,
A. W. Hornigand J. S. Hyde, Mol. Phys., 6, 33 (1963).
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Figure 7.—Resonance positions plotted as a function of D for
the magnetic field parallel to the x or y molecular axis, £ = 0, g =
2.0, and hy = 0.310 cm~1L

distortion, and, in cases where g is not isotropic, g,
often equals or nearly equals g,.2%

Calculations.—The function / was minimized by a
combined gradient and direct search routine for the
minimization of a continuous function of several

J. C. HempeL, L. O. MoRrGAN, AND W. B. LEwIs

variables.®! As successful minimizations require good
initial parameter choices,?* preliminary calculations
were done to provide a basis for the initial choice of
spin-Hamiltonian parameters for quartet ground-state
systems. Results of those calculations were summa-
rized as plots of magnetic field positions at which a tran-
sition is possible between the four energy levels ofan S =
$/y system vs. the spin-Hamiltonian parameter D. In
each graph £, g, and v are constant and the magnetic
field is along the x, v, or z symmetry axis.?® The
parameter g equals 2.0 and Av equals (0.310 cm™1, the
experimental value, in all graphs. Examples are
given in Figures 6-10. Figure 6 shows all possible
resonance positions when the magnetic field is parallel
to the z or symmetry axis of the molecular system, £ =
0, and D is allowed to vary from 0.0 to 1.0 ecm~'. For
this special case the representation of the spin-Hamil-
tonian, eq 1, on the {[SM); S = #/,} basis is diagonal
(Appendix) and transitions can be labeled by AM
values with transitions for A3/ > 1 strictly forbidden.?
When the magnetic field is in any other direction with
respect to the symmetry axes, or when E # 0, the
representation is not diagonal and transitions cannot
be labeled by a AM value.

Because the ratio E/D characteristically varies from
system to system,®® constant £ graphs which in-
corporate results for a wide range of £/D values are
especially useful in the interpretation of experimental
spectra. Comparisons of the £ = () graphs, Figures 6
and 7, with graphs for £ = 0.04 cm™!, given in Figures
8-10, illustrate the very regular trends observed for x,
v, and g transitions as £ is varied. Working graphs
were also constructed for £ = 0.02, 0.06, 0.08, and 0.10
cm~* The graphs included in this paper may be
interpolated to estimate the effects of variation in E.
Results of similar preliminary calculations plotted with
E/D held constant have been reported by Dowsing and
coworkers,”~% by Griscom and Griscom,?® and by
Aasa?® for sextet ground-state ions and by vanReijen’®
for various transitions of quartet ground-state ioms.
However, the regularity in the behavior of the x, v, and 2
transitions of quartet ground-state ions, which is ap-
parent from constant E graphs, is not obviousfrom con-
stant E/D graphs.

Choice of Parameters.—Many initial parameter sets
were considered in the minimization procedure for each
chromium(III) system. Results indicate that the
function®! used to minimize £ is well behaved, that the
preliminary graphs are accurate, and that the low-field
features in the spectra which are described by the .S’ =
1/, spin-Hamiltonian are more sensitive to the ratio
E/D than to the magnitudes of £ and D.% It was

(31) The University of Texas Computation Center Library Function C3
UTEX MIN.

(82) TFor a discussion of fitting procedures see, for example, J. R, Kittrell,
R. Mezaki, and C. C. Watson, Ind. Eng. Chem., 5T, 19 (1965).

(83) Resonance positions were determined by a computer calculate and
search routine. FEnergy level separations were calculated and compared Lo
hv at 100-G intervals in the 0-10,000-G range for each D value.

(34) See, [or example, A. Carrington and A. DD, McLachlan, *“Introduction
to Magnetic Resonance,” Harper and Row, New York, N. V., 1967, p 21.

(35) This result is also evident from a comparison of two or more con-
stant E/D graphs. See the preceding section and ref 9.
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found that one E/D value is characteristic of each
compound in its experimental environment, although a
large number of parameter sets corresponding to that
ratio minimize the function F with summations re-
stricted to the low-field §* = 1/, features. High-field
features are very sensitive to the magnitudes of D
and E, so that comparison of predicted high-field
transitions with experimentally observed spectral
features eliminates all but a few of the minimized
parameter sets from consideration.

A single set of values can be obtained if one of the
high-field transitions is assigned and included in the
fitting procedure. However, assignment of magnetic
field positions of the very broad high-field transitions
involves more uncertainty than does assignment of the
much sharper features at low field. Therefore, when-
ever possible spin-Hamiltonian parameters are fitted
using low-field assignments and the set of parameters
which best predict high-field transitions is chosen to
describe the system. Parameters chosen in this fashion
are entered in Table II for the #rans-Cr(en),A,"+
systems of interest. Single-crystal results are included
for the dichloro complex.

A significant difference between single-crystal and
polycrystalline materials on one hand and glassy
solutions on the other lies in the spatial relationship of
counterions to the paramagnetic complex. In the
former cases, systematic orientation may result in a
significant secondary field which contributes to the
total symmetry of the field about the paramagnetic ion.
In the latter case, such an ordered relationship of the
counterions may not occur. Rather, interactions with

Inorganic Chemastry, Vol. 9, No. 9, 1970 2069
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randomly oriented counterions and solvent molecules
contribute to the widths of absorption lines. For
these reasons, epr parameters for transition metal
complexes in solution can be expected to reflect the
intrinsic symmetry of the complexes involved.
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TaBLE 11
SPIN-HAMILTONIAN PARAMETERS FOR irans-Cren )aAyt+

A
OH -, Ct-, (S H.O, SCN -,
glass® glass® single crystal? glass® glass®
D, em™t! 0.411 0.489 0.504 0.455 0.470
=+0.001
E, cm™! 0.089 0.048 0.036 0.027 0.011
+0.001
I3 1.99 1.99 1.9765 1.99 1.99
+0.0005

@ The estimated uncertainty for these parameters is =29,
corresponding to an uncertainty of between 50 and 100 G in the
assignment of one or more low-field resonance positions. ° irans-
[Cr(en)Cly]Cl-HCI-2H,0; seeref 5.

Test of Parameter Choices.—The interpretation of
spectra for randomly oriented species is complicated by
the fact that features in addition to those at resonance
positions for the magnetic field along a symmetry axis
of the system can be expected in certain situations.!®
These include transitions for which the maximum or
minimum effective g value, a ¢’ value, does not corre-
spond to the x, ¥, or zresonance position. ' A maximum
g’ value, in addition to the «x, vy, and z values, has been
observed for the AM = 2 transition of triplet states.®®
It is also possible that transitions which cannot occur
for a specific value of v when the magnetic field is
along one or more symmetry axes do occur for inter-
mediate orientations of the magnetic field with respect
to the symmetry axes. Transitions of this kind occur
for all sets of parameters reported in Table IL.37 A
plot of resonance positions predicted with the spin-
Hamiltonian parameters deduced for each #rans-Cr-
(en)sAs" T complex vs. the angle 6 is compared with the
corresponding experimental spectrum in Figures 1-4.

Resonance positions are included in the graphs for all
transitions possible between the four energy levels of an
S = 3/, system when the magnetic field is in the xz or
yz plane of the molecule-fixed coordinate system.
Resonance positions when the magnetic field is parallel
to the z axis (8 = (0°) and the x and y axes (6 = 90°) are
also indicated on the magnetic field axis of the experi-
mental spectrum. Energy levels were calculated by a
diagonalization of the representation of the spin-
Hamiltonian (Appendix), with resonance positions
determined by a computer calculate and search rou-
tine. Energy levels were ordered according to increas-
ing energy at each search step and the transitions were
labeled. Transition 1 is between levels 1 and 2,
transition 4 between levels 2 and 3, and transition 6
between levels 3 and 4. Comparison of experimental
spectra with plots of predicted resonance positions in-
dicates that a minimum corresponding to the high-field
extremum of transition 4, a feature which does not cor-
respond to an x, y, or g, transition, appears in each of the
experimental spectra (Figures 1-4). As expected, x, ¥,
and z transitions correspond to maxima, minima, or
inflection points. Note that features corresponding to

(36) P, Kottis and R. Lefebvre, J. Chem. Phys., 89, 393 (1963).
(37) Transitions of this type are also observed to occur in sextet ground-
state systems; see ref 23c.

J. C. HempEL, L. O. MORGAN. AND W. B. LEwWIS

z transitions are characteristically less intense than the
associated x and y transitions.

For these calculations, which assume D positive,30
the low-field transition designated as 1 contributes more
intense features to the spectrum than do transitions 4
and 6.'° Intensities of spectral features are functions
of (1) how the absorption lines for each paramagnetic
complex in the randomly oriented array superimpose2t.27
and (2) the relative transition probability for each tran-
sition and orientation involved. 10339

Correlation of Data.—McGarvey’s analysis® of the
magnetically dilute frans-[Cr(en),Cl,]Cl- HCl- 2H,0 sin-
gle-crystal epr spectra indicates that the principal
spin-spin interaction axis lies in the plane of the ethyl-
enediamine nitrogen atoms and bisects the open angles
in that plane. Results of crystal structure investiga-
tion* of the complex suggest an N-Cr-N bond angle in
the chelate ring of 85 % 5°, and MO calculations® based
on the epr results are most consistent with that angle
choice. The complex species considered in this work
are all expected to be similar to the dichloro complex
and, as a first approximation, may be considered to
have similar spin interaction coordinate systems. On
the basis of McGarvey’s results,” the z and y symmetry
axes of the complexes are assumed to lie in the plane of
the ligand N atoms and the x axis is assumed to lie
along the axis of the “trans’ substituents. In that
case the experimental values of D should not vary
greatly and E, as a measure of rhombic character of the
complexes, should reflect changes in the “‘irans” sub-
stituents. As that appears to be true (Table II), an
investigation of the relationship of epr results with
other observed properties of the metal-ligand bonds is
in order.

An experimental correlation can be drawn between
the absolute magnitudes of the spin-Hamiltonian
parameter E for the #rans-Crien),A,"+ complexes
studied and the ligand field strength of the A ligands as
determined from the visible absorption spectra of the
corresponding CrA¢®* complexes. The spin-Hamil-
tonian parameters D and E are defined®’ in terms of
the components of a traceless, diagonal spin—spin
interaction tensor

D = 3/’2Dzz
= _3/2[sz + Dyy] (5)
E=1/[D, — D,,]

The assumption is made that components of a diagonal
spin-spin interaction tensor, D’, are proportional to the
ligand field strengths along the x, v, and z axes of the
appropriate coordinate system and that

Dy =Dy — 1/sTr(D) ®)
where
Te(D') = D',, + D', + D', (7

(38) For the same E/D value and D negative, energy levels are inverted
but otherwise unchanged in character.

(39) M. Kopp and J. H. Mackey, J. Compui. Phys., 3, 539 (1969).

(40) S. Ooi, Y. Komiyama, and H. Kuroya, Bull. Chem. Soc. Jap., 83,
354 (1960).
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For the #rans-Cr(en):A,"+ complexes of interest,
D’,, is proportional to the ligand field strength of the A
groups and D’,, and D’,, are proportional to the ligand
field strength of ethylenediamine.*! Substituting eq 6
intoeq 5

E = 1/2[D’zz - D/w]

aR(A) - 1/2D’1/1/ <8)

It

where
R(A) == »(*T2)/»(°E)
=~ 10Dgq/21B

The experimentally determined parameter R(A) is
essentially a measure of the ligand field strength of the
CrA¢*™ complex in units of the Racah parameter B.
The energy of the transition from the *A, ground state
to the T, excited state, »(*Ty), equals 10Dg¢ while
v(*E) is approximately 215.42 R(A) has been shown
to correlate with the luminescence spectra* as well as
the absorption spectra®t of CrAg#* complexes.

If the trans-Cr(en),As"* complexes are isomorphic,
eq 8 implies that a plot of E vs. R(A) will be a straight
line with intercept at the R(en) value. A plot of
experimental E values vs. experimental R(A) values for
A = SCN-, Cl7, and H,0 does yield a straight line with
very nearly the predicted intercept and is given in
Figure 11. Predicted E and R(A) values are indicated
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Figure 11.—A plot of the spin-Hamiltonian parameter E vs.
R(A) for a number of trans-Cr(en),A,** complexes., Experi-
mental E values are indicated by circles. See Table I1I.

in Figure 11 and included in Table III. It should be
emphasized that predictions of this kind imply that the
symmetry and conformation of the complexes are
unchanged upon substitution of the A ligands.

(41) This follows from an additivity argument like that used by Ball-
hausen in his explanation of the tetragonal splitting of cis and #rans com-
plexes: C. J. Ballhausen, “Introduction to Ligand Field Theory,” McGraw-
Hill, New York, N. V., 1962,

(42) D. L. Wood, J. Ferguson, K. Knox, and J. F. Dillon, Jr., J. Chem.
Phys., 39, 890 (1963).

(43) J. C. Hempel and F. A. Matsen, J. Phys. Chem., 78, 2502 (1969).

(44) L. S. Forster, Transition Metal Chem., B, 1 (1969).
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TaABLE III

E AND R(A) VALUES® FOR trans-Cr(en);A;”* COMPLEXES

AP R(A)® E, cm~! Ab R(A)® E, ecm~!
OH~ (0.39) 0.089 H.0 1.16 0.027
Cl- 0.90 0.048 SCN- 1.36 0.011
F- 0.94 (0.044) NH, 1.40 (0.007)
antip 1.12 (0.030) end 1.46 (0.003)
Urea 1.12 (0.030) CN~- 2.14 (—0.052)

¢ Values predicted assuming all structures to be isomorphic are
enclosed in parentheses. b antip, antipyrene; en, ethylenedi-
amine. ¢ Tabulated in ref 43 and calculated from references
therein. ¢ Hypothetical complex.

Orientationof Molecular Symmetry Axes.—The rela-
tion illustrated in Figure 11 and the experimentally
determined E value for trans-Cr(en)s(OH),* suggest
that R(OH™) = !/4R(H;0). It is perhaps more
reasonable to assume® that R(OH~) = R(H,0) which
implies that the srans-Cr(en);A,"* complex with A =
OH~ behaves differently than do the complexes with
A = SCN—, Cl7, and H,O. In terms of eq 8, this
difference could be due to a variation in the proportion-
ality factor a, to a variation in D/}, or to both. Thus,
the results of this work imply that, while the symmetries
of the complexes with A = SCN-, Cl—, and H,0O are
essentially isomorphic, the symmetry of the A = OH~
complex may be significantly different. Further, the
similarity of the spin-Hamiltonian parameters for the
dichloro complex in the low-temperature glass and in the
single crystal (Table I) suggests that the orientation of
the symmetry axes is unchanged by medium and that
the orientation of the symmetry axes for the complexes
with A = SCN—, Cl—, and H,O is essentially the same
as that found for the dichloro single crystal® Pre-
liminary epr results for the mixed-ligand complex
trans-Cr(en),(OH) (H,0)2+ indicate that the parameters
D and E for the complex are averages of the correspond-
ing parameters for the trans-Cr(en),(OH),* and trans-
Cr(en)s(H,0):*+ complexes. This suggests that the
relation illustrated in Figure 11 is an experimentally
useful correlation for all four A ligands considered when
the predicted R(OH ™), regardless of its true meaning,
is retained.

Summary

Epr parameters are derived from the spectra of a
series of frans-Cr(en).A;"+ complexes in low-temperature
solutions. The experimental correlation of epr param-
eters with visible absorption spectral parameters sug-
gests that epr spectral studies of complexes in low-
temperature solutions are interesting not only as a sub-
stitute for single-crystal studies but as a probe of the
intrinsic symmetry of transition metal ions in solution.

Acknowledgments.—We wish to acknowledge helpful
discussions of some aspects of this problem with Pro-
fessors B. B. Garrett and F. A. Matsen.

Appendix
Calculation of Energy Levels.—Euler angles 6, &,
and ¥ relate a laboratory-fixed coordinate system with
the z axis along the external magnetic field direction to a

(45) The complex Cr(OH)s?~ has not been observed experimentally.
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molecule-fixed coordinate system with the 2z axis along
the symuuetry axis of the molecule. Components of
the magnetic field A in the molecular coordinate system
are®

H, = ‘H;‘ sinn O cos @

H, [Hi sin Q sin & (9)
H, = iH ‘ cos ©

Equations 9 are substituted in the general spin-
Hamiltonian given in eq 1. Exact eigenvalues and

(46) This Euler angle convention is the same as that established by Kottis
and Lefebvre.3®

M. V. OrsoN aND H. TAUBE

eigenvectors for a given set of parameters arise from a
diagonalization of the representation of the spin-
Hamiltonian on the basis {|SM); S = 3/,}, which is
defined with respect to the molecule-fixed coordinate
system. Eigenvalues, ordered according to increasing
energy, are denoted

EYH, 6, ); 1 =1,2 34 (10)
and the corresponding eigenvectors are denoted

J¢>=;CM1<H,9, ®)|3/,M);  i=1,2,3,4 (11)

foragiven D, E, g,, g,, and g, value.
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The Chromium(II) Reduction of Maleatopentaamminecobalt(III)!
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An extensive study of the stoichiometry, kinetics, and mechanism of the Cr(II) reduction of maleatopentaamminecobalt(I11)
is reported. The inner-sphere reaction gives an initial 80:20 ratio of chelated to monodentate maleate complexes of Cr(I11).
Cr(II) catalyzes the equilibration of the two Cr(I1I) complexes on a time scale comparable to that of the initial Cr(11)-

Co(111) reaction.

to the ligand is a reasonable description of the slow step.
net reduction of the maleate bridging group attends any of the electron-transfer reactions.

A comparison of the rates of these two maleate-bridged redox processes suggests that electron transfer

Stoichiometric studies show that no isomerization, hydration, or
The methylmaleatopentaammine-

cobalt(IIT) complex is reduced by Cr(II) at nearly the same rate as is the maleato complex (150 vs. 200 M ~1sec™?, 25.0°, » =

1.00 M).

Introduction

Since the first report?® in 1933 of a demonstrably
inner-sphere electron-transfer reaction, systems featur-
ing this kind of mechanism have received wide study.
The class of inner-sphere reactions in which the bridging
ligand is an organic molecule has itself developed into a
major fleld. A recent review by Gould and Taube?
indicates the scope of work in this area.

A system often touched on in earlir work is the Cr(II)
reduction of maleatopentaamminecobalt(IIT) and the
related ester complex methylmaleatopentaammine-
cobalt(III). Taube* first called attention to the rapid
rate of reduction of the maleato complex compared to
analogous reactions involving simple carboxylate bridg-
ing ligands. There followed reports on the stoichiom-
etry of the chromium(II)-maleatopentaammine-
cobalt(II1)%® and the chromium{II)-methylmaleato-
pentaamminecobalt(I11)?~7 reactions by Fraser and
Taube. These stoichiometric studies indicated sub-
stantial cis~frans isomerization of the ligand in conjunc-

(1) Abstracted from the Ph.I). thesis of M. Olson, Stanford University,
1969.

(2) H. Taube, H, Myers, and R. Rich, J. Amer. Chem. Soc., T8, 4118
(1953).

(3) H.Taubeand E. S. Gould, Accounis Chem. Res., 2, 321 (1969).

(4) H. Taube, J. Amer. Chem. So , T7, 4481 (1955).

(6) R.T.M. Fraser and H. Taube,-ibid., 81, 5514 (1959).

(68) R.T.M., Fraser and H. Taube, ¢bid., 83, 2242 (1061).

(7) R. T. M. Fraser and H. Taube, ibid., 83, 2239 (1961).

tion with both electron-transfer reactions and quanti-
tative ester hydrolysis in the latter case.

More recently Schwarz® has reported that he was
unable to reproduce Fraser and Taube's observation®®
of cis—trams isomerization in the vanadium(11)-maleato-
pentaamiminecobalt(III) reaction, and other reports®
as well have cast doubt on various aspects of the earlier
work. We have undertaken a detailed reinvestigation
of the stoichiometry of the chromium(II)-maleato-
pentaamminecobalt(IIT) and chromium(I1I)~methyl-
maleatopentaamminecobalt(III) reactions. Besides
dealing with issues raised previously, we report some
novel effects which are not touched upon in the earlier
work.

Fraser!! has published rate data for the chromium (IT)-
maleatopentaamminecobalt (I11) reaction, but Gould’s?!?
later study is in disagreement with the earlier rate law.
Kinetic studies described here support Gould’s results.
Recent experiments by Hurst and Taube,® Nordmeyer
and Taube,!® and Diaz and Taube! as well as rate

(8) W. M. Schwarz, Abstracts, 153rd National Meeting of the American
Chemical Society, Miami Beach, Fla., April 1967, No. I-36.

(9) J. K. Hurst and H. Taube, J. Amer. Chem. Soc., 90, 1178 (1968).

(10) D. H. Huchital and H, Taube, idid., 87, 5371 (1965).

{11) R.T. M. Fraser, :bid., 88, 1747 (1963).

(12) E. S. Gould, #bid., 88, 2983 (1966).

(13) F. Nordmeyer and H. Taube, tbid., 90, 1162 (1968).

(14) H. Diaz and H. Taube, submitted for publication.



