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The frozen-solution X-band esr spectra have been recorded for complexes of the type rrans-[Cr(NH;), XY ]** with the XY
combinations FF, CICl, BrBr, FBr, F(H,0), Br(H,0), (H,0)(H,0), (OH)(CH), Br(ONO), and (NCS)(NCS) and for the
type trans-[Cr(py),XY]™* with the XY combinations FF, CICl, BrBr, I1, FCl, FBr, F(H,0), CI(H,0), Br(H,0), F(OH),
CI(OH), (H,O)(H,0), and (OH)(OH). Complexes with only halide or pseudohalide ligands all show tetragonal symmetry

with 1.97 < g < 1.99 and zero-field splittings 0.30 < 2D < 3.5 cm™*,

Complexes with the ligands H, O and OH™ have

rhombic symmetry. X- and Q-band spectra have been recorded for some of the halide complexes as powders diluted in the
corresponding cobalt(III) or thodium(III) complexes. These have approximately the same g and D values as the frozen

solutions but show rhombic distortions corresponding to 0 < £ < 0.04 cm™*.

The zero-field splittings have been correlated

with theoretical calculations based on all 120 states of the d* configuration and semiempirical parameters previously deter-
mined from vis-uv absorption spectra. Assuming the free-ion value of the spin-orbit coupling constant, these calculations
show satisfactory agreement with the experimental values for complexes with nonheavy ligands. Second-order perturbation
calculations including the lowest quartet and doublet states are inadequate.

Introduction

There have already been performed many correlations be-
tween the esr spectra of the ground states and the vis-uv
spectra of the nearest excited states in transition metal com-
plexes. Most of such work is, however, unsatisfactory be-
cause of an unfavorable number of parameters involved, com-
pared to the number of observables. Many of the systems
that have been studied have shown such a low symmetry that
it has been impossible to extract from the vis-uv spectra the
interelectronic repulsion parameters and all the ligand field
parameters, required by symmetry. Except for the calcula-
tions of the zero-field splittings of the ground states in
ruby®™* and for other preliminary calculations 578 computa-
tional difficulties for systems with more than one unpaired
electron have necessitated crude approximations, neglecting
most of the excited states.

It was the purpose of the present investigation to attempt to
solve these problems by studying the esr spectra of simple
systems, having a well-characterized high symmetry. Two
almost ideal series of chromium(III) complexes of the types
trans-{Cr(NH3)4XY]"* and #rans-[Cr(py)s XY 1" are now
available through the work of Glerup and Schaffer.®:1°
Within the framework of the angular overlap model the ligand
field and interelectronic repulsion parameters are rather well
known, at least to an accuracy sufficient for a good descrip-
tion of the transitions between quartet states.'®!! Carrying
out complete calculations involving repulsion, ligand field,
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spin-orbit coupling, and Zeeman effect within the d* con-
figuration was feasible in tetragonal symmetry.'®> These cal-
culations with or without Zeeman effect required diagonali-
zations of energy matrices of the orders 120 and 30, re-
spectively. Only the results of the zero-field calculations will
be mentioned here.

Experimental Section

Preparation of Complexes. All chromium complexes have kindly
been placed at our disposal by J. Glerup. Details of the preparation
of some of the ammonia complexes have already been published.®
The procedures for the preparation of the pyridine complexes will be
published later.’® As the solid solvents for the magnetic dilution of
the chromium complexes have great influence on the rhombic distor-
tions from tetragonal symmetry we give details of the preparation of
these.

trans-Dichlorotetraamminerhodium(III) nitrate was prepared by
precipitation with 4 M nitric acid from an aqueous solution of the
chloride, prepared according to Johnson and Basolo.'?

trans-Dichlorotetrakis(pyridine)rhodium(IlI) chloride hexahydrate
was prepared by Delepine.’* We used one of his original samples
after recrystallization from hot water.

trans-Dibromotetrakis(pyridine)rhodium(11I) Bromide Hexahydrate.
We tried repeatedly but unsuccessfully to prepare samples of this
complex according to the literature method.!'® All such samples con-
tained large and irreproducible amounts of chloride, partly coordi-
nated to rhodium. We therefore modified the procedure, mainly by
using a large excess of bromide. Two grams of rhodium(III) chloride
trihydrate (7.6 mmol) and 10 g of lithium bromide (0.12 mol)
dissolved in 16 ml of water were boiled for 10 min with formation of
[RhBr,}>~. The brown solution was quickly cooled in ice to 40°, and
8 ml of pyridine (0.1 mol) was added. The mixture was quickly
heated over a flame to 70° (heating too slowly gives a brown nonre-
acting and unidentified precipitate) followed by the addition of 5
drops of a 50% w/w aqueous solution of hypophosphoric acid.
Further heating nearly to boiling gave an orange solution and a heavy
brown-orange precipitate. The hot solution was filtered and the fil-
trate left overnight in a refrigerator (3°). The orange-yellow crystals
which formed were washed with ice water and recrystallized from
water by heating to 95° and then cooling to 3°. The first formed
precipitate appeared as very thin plates. By leaving these in the
mother liquor at 3° for 2 days they recrystallized into compact mono-
clinic crystals with a size suitable for X-ray studies. The results of
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the microanalyses of C, H, N, and Br agreed within 0.5% with the
values calculated for the formula [Rh(C,H,N),Br,}1Br6H,0. The
water and rhodium contents were determined by means of the thermo-
balance described previously.*® An 18.70-mg sample was heated at a
rate of 5° min~! in static air with a relative humidity of 35% at 25°.

A 14.2% portion was lost between 58 and 123° after which the sample
retained constant weight up to 200°. The calculated water content

is 14.10%. After decomposition in several steps the sample had a
constant weight from 640 to 900°, where the heating was stopped.
The residue corresponded to 16.6%. The calculated value for Rh, 0,
is 16.55%. Only a trace of chloride was detectable in the bromide.

Esr Spectra. The X-band spectra were recorded on a JEOL JES-
ME-1X spectrometer. The magnetic field range is 20-7300 G (2 X 1073-
0.73 T). The frequency was measured with a resonant cavity wavemeter
to an accuracy of 1 MHz. The field calibration below 2000 G was
performed with a Hall probe gaussmeter with an accuracy of 1 G.
Above 2000 G a sample of oxygen at 0.7 Torr was used as a reference
having very narrow peaks at small intervals throughout the whole
field range. The positions and frequency dependencies of these have
been carefully measured by Tinkham and Strandberg.!” The accuracy
of the field measurements in this range is thus determined by the
wavemeter. The Q-band spectra were kindly recorded by JEOL in
Tokyo on powdered samples at room temperature on a JES-ME-3Q
instrument in the field range 4000-14000 G. The accuracy of fre-
quency and field in these recordings is 0.5%.

Mixtures of water, dimethylformamide, and methanol in the
volume ratios 1:1:2, ethanol and methanol in the volume ratio 5:1, or
glycerol and water in the volume ratio 1:1 were used as solvents for
the frozen solutions. The pyridine complexes were measured at con-
centrations from 1072 to 107* M. They are soluble in all three sol-
vents as chlorides, bromides, and perchlorates. The ammonia complex
salts with these anions were completely insoluble in the alcohol mix-
ture. In the two other solvents we used the concentrations 1073~
10 M. The frozen-solution spectra were recorded at —150°. Pro-
cedures were carefully controlled so that no crystallization took place.
In contrast to earlier experience'® we observed in some cases con-
siderable molecular motion even at —120°. Normal 5-mm sample
tubes were suitable because of the low dielectric loss in the frozen
state.

Unless specifically mentioned all spectra were recorded by using a
100-kHz modulation field with amplitudes between 5 and 20 G.

These spectra therefore appear as first derivatives of the absorptions.
Second-derivative spectra were obtained by simultaneously modula-
ting with an 80-Hz field.

The frozen-solution spectra of salts with different anions in differ-
ent solvents were recorded. Small variations in the line widths were
observed, but the spin-Hamiltonian parameters were almost identical.
Only one spectrum of each complex will be shown in Figures 1-6.

Interpretation of the Spectra

The esr spectra of all the complexes investigated could be
accurately described in terms of the conventional spin-
Hamiltonian operator

X :gvHﬂHzSz +gLB(HxSx +HySy) +

D[S,? = 1/58(S + 1)] + E©S,2 —8,%) )

for § =3/2. The shapes of the random orientation spectra
and general diagrams for fitting of the spin-Hamiltonian
parameters are discussed in the Appendix. Our measure-
ments do not give the sign of the zero-field splitting (here-
after called zfs) which in the axially symmetric case is given
by zfs = 2D with the states described by M, = £!/2 being the
Kramers doublet with lowest energy in the absence of a
magnetic field. As discussed later, we do, however, expect
all the complexes to have positive D values. Measurements
at temperatures where k7'~ 2D might confirm this. Asit
has been discussed previously in the literature'® there is an
arbitrary choice in naming the axes x, y, and z. However,
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Figure 1, Esr spectra: A, rrans-[Cr(py),I,]* in DMF-H,O-MeOH
glass at 9.30 GHz; B, trans-[Cr(py),1,]* in trans-[Rh(py),Br,]Br:
6H,0 powder at 35.4 GHz; C, trans-[Cr(py),Br,]" in DMF-H, O-
MeOH glass at 9.30 GHz; D, trans-[Cr(py).Br,]* in trans-[Rh(py),-
Br,]Br-6H,O powder at 35.4 GHz.

Figure 2, Esr spectra: A, rrans-[Cr(py),Cl,]* in DMF-H, O-MeOH
glass at 9.211 GHz; B, computer-simulated spectrum with g =g, =
1.99,D =0.164 cm™*, E = 0, and single molecule lorentzian line
widths of 200 G; C, trans-{Cr(py),CL,}* in rrans-{Rh(py),ClL,]Cl-
6H,0 powder at 9.447 GHz; D, trans-[{Cr(py),Cl,]* in trans-[Rh(py).-
Br1,]|Br-6H,0 powder at 9.447 GHz.
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Figure 3. Esr spectra: A, trans-[Cr(py),F,]* in DMF-H, O-MeOH
glass at 9.217 GHz; B, trans-[Cr(py),FBr]* in DMF-H,0-MeOH glass
at 9.216 GHz; C, trans-[Cr(py),FCl]* in DMF-H,0-MeOH glass at
9.210 GHz; D, trans-{Cr(py),Br(H,0)}*" in DMF-H, O~MeOH glass
at 9.215 GHz; E, second derivative of Figure 3D.

only one choice leads to 0 <<3£ <<D. The esr spectra of the
axially symmetric complexes in frozen solutions do not tell
whether the magnetic fourfold symmetry axes are perpen-
dicular to the plane containing the four nitrogen ligators.
This is assumed, however, and the arguments are presented
later in this paper.

A detailed discussion of the interpretation of all the spectra
will not be given. The general procedure has been to locate
prominent peaks or points of inflection, corresponding to x,
¥, z, or intermediate orientations of the static magnetic field
relative to the molecular magnetic axes by means of the
graphs in Figures 15~17 in the Appendix. Thereby good
estimates of the spin-Hamiltonian parameters could be ob-
tained in all cases. Detailed computer simulations based on
these preliminary parameters were then performed, followed
by small adjustments of the parameters. It is essential to
realize that the presence of some very intense peaks in the
spectra cannot be explained and that accurate spin-
Hamiltonian parameters cannot be obtained without a com-
plete computer simulation of the spectra. One example of
the method of interpretation follows. The D and E param-
eters are given in Tables I and II. The g tensors were found
to be almost isotropic. Because of line widths of 50 G or
more these are not very accurately determined. The principal
values were all in the range 1.97-1.99. The anisotropies were
less than 0.01. The g tensors and their variation will not be
discussed in this paper.

Example of Parameter Fitting. The X-band spectrum of
trans-[Cr(py)aCl(H,0))*" as a frozen solution in DMF-H,0-
MeOH, recorded at 9.209 GHz, is shown in Figure 4A. The
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Figure 4. Esr spectra: A, rrans-[Cr(py),CI(H,0)]** in DMF-H, O~
MeOH glass at 9.209 GHz; B, computer-simulated spectrum with
g1=g, =199,D0=0.160 cm™', £=0.02 cm™*, and single molecule
lorentzian line widths of 200 G; C, frans-[Ct(py),F(H,0)}** in DMF-
H,0-MeOH glass at 9.251 GHz; D, trans-[Ct(py),(H,0),1** in DMF-~
H,0-MeOH glass 1 M in perchloric acid at 9.210 GHz.

solution was 0.1 M in perchloric acid. The approximate
value of the zero-field splitting zfs = 24/D? + 3E? = hy is
obvious from the position of the intense band at low field.
The weak —1/2 = /2 z transition at 3300 £25 G gives g =
1.99. The —3/2 = Y2 z transition at 6800 £ 50 G determines
the value of iDi=0.160 + 0.002 cm™, independent of £.
Assuming g, =gy this is in agreement with the position of the
intermediate orientation bands. The splitting of these into
the component in the zx plane at 3950 & 25 G and the com-
ponent in the yz plane at 4450 £ 25 G gives £ =0.020 =
0.002 cm™. These parameters now explain the position of
the y transition at 5650 £ 50 G and the apparent absence of
the corresponding x transition because of overlap with the
intermediate orientation band in the yz plane. The broad
band with a point of inflection at 2450 G is required to be a
superposition of two x and one y transitions. The point of
inflection of the y transition at 1700 £ G and the “zero-
field transitions™ at 150 + 25 G confirm the values of the
first assumed parameters. Note that the —~3/2 — 3/2 z transi-
tion has gained intensity and moved slightly upfield relative
to the spectra of complexes with £=0. The computer-
simulated spectrum, assuming the previously mentioned
parameters and individual lorentzian line widths of 200 G,
is shown in Figure 4B

Calculations of Zero-Field Splittings

The calculation of zero-field splittings of the ground states
in transition metal complexes is normally performed using
second-order perturbation theory,? including the nearest
states with the same spin multiplicity as the ground states.
For complexes with an orbitally nondegenerate ground state

(20) B. R. McGarvey, Transition Metal Chem., 3, 89 (1966).
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Figure 5. Est spectra: A, trans-{C1(py),(OH),]* in DMF-H,0~
MeOH glass 0.1 M in OH™ at 9.215 GHz; B, trans-[Cr(py),ClL(OH)}*
in DMF-H,0-MeOH glass 0.1 M in OH"™ at 9.216 GHz; C, computer-
simulated spectrum with g, =g, =g, =1.99,D0=0.105 cm™ ', E =
0.03 cm™, and single molecule lorentzian line widths of 250 G; D,
trans-{Cr(py),F(OH)]* in DMF-H,0-MeOH glass 0.1 M in OH™ at
9.20 GHz.

the spin-orbit coupling or a low-symmetry ligand field may
mix the ground state with the excited states, thus giving rise
to zfs. The influence of the low-symmetry field is sometimes
referred to as configuration interaction. This treatment,
neglecting many of the excited states and couplings between
these, requires that zfs is approximately a linear function of
the orbital splittings of the excited states included in the cal-
culation. These orbital splittings are determined mainly by
the ligand field. A d® system as Cr(III) with a *A,, ground
state in octahedral symmetry and all the excited states more
than approximately 15 kK away is expected to be one of
those which follows the predictions of the second-order
theory most accurately. For Cr(IIl) in an axial ligand field
Van Vleck?! thus calculated the zfs according to

E('A)-E('E)

2D =E{+33) — El£12) =8/ 2 X

@)
where ¢ is the one-electron spin-orbit coupling constant (§ =
273 cm™! for the gaseous Cr®" ion), E(*A) and E(*E) are the
energies of the trigonal components *A and *E of the octa-
hedral *T, states, and A is the average one-electron energy
difference between the e and t, orbitals (for { =0 A equals
the energy of the *T, states in octahedral symmetry). This
calculation includes only second-order spin-orbit coupling
effects, and for trigonal symmetry it neglects the far more
important configuration interaction between 4A, states.
Later treatments®*™** have considered this interaction and

(21) J. H. Van Vieck, J. Chem. Phys., 7, 61 (1939).
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(1955).
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Figure 6. Esrspectra: A, trans-[{Ct(NH,),Cl,]* in trans-[Rh(NH,),-
Cl,]NO; powder at 9.185 GHz; B, trans-[Cr(NH;),Cl,]* in DMF-
H,0-MeOH glass at 9.250 GHz; C, trans-[C:(NH,),CL,}* in trans-
[Rh(NH,),C},]NO, powder at 35.5 GHz.

spin-orbit coupling interactions with the doublet states.
Macfarlane’s complete calculations within the d® configura-
tion?™* gave satisfactory results for zfs of the ground states
in ruby. There seems to be an error in Macfarlane’s spin-
orbit coupling matrices. This is of minor importance for the
ground states, however, and this problem will be deferred to
a later discussion.'?

For tetragonal symmetry eq 2 has been considered a good
approximation. The importance of charge-transfer states
has been estimated.?® The inclusion of these states has
otherwise mostly been confined to the calculation of g fac-
tors 27"%

We felt that it was necessary to control the approximations
made in simple perturbation calculations within the d> con-
figuration before the introduction of more sophisticated
effects such as electron delocalization and orbital reduction
factors,?° interaction with charge-transfer states,?® anisotropic
spin-orbit coupling,?® etc. Through the work of Harnung'?
the complete interelectronic repulsion, ligand field, and spin-
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Table I. Zero-Field Splitting Parameters of Pyridine Complexes (cm™")
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Complex Medium Freq D1 iE|

trans-{Cr(py),1,1* DMF-H,0-MeOH X >0.4 <0.01

trans-{Rh(py),Br,]Br-6H,0 X >0.4 <0.01

Q 1.75 £ 0.25 <0.01

trans-[Cr(py),Br,]* DMF-H,0-MeOH X >0.4 <0.01

trans-[Rh(py),Br,]Br-6H,0 X >0.4 <0.01

Q 0.710 = 0.005 0.010 = 0.002

trans-[Cr(py),CL,]* DMF-H, O0-MeOH X 0.164 £ 0.002 <0.001

trans-[Rh(py),Cl,]Cl-6H,0 X 0.157 £ 0.002 <0.001

trans-[Rh(py),Br,]Br-6H,0 X 0.150 = 0.005 0.04 = 0.01
trans-[Cr(py),F,]* ® DMF-H,0-MeOH X 0.226 = 0.004 <0.001
trans-[Cr(py), FBr}* X 0.49 +0.02 <0.002
trans-[Cr(py),FCl1]* X 0.215 = 0.004 <0.001
trans-[Cr(py),Br(H,0)]** DMF-H,0-MeOH, 0.1 M H* X 045+ 0.02 0.010 + 0.002
trans-[Cr(py),CI(H,0)}** X 0.160 £ 0.002 0.020 + 0.002
trans-[Cr(py), F(H,0)]** X 0.185 = 0.002 0.020 = 0.002
trans-[Cr(py),(H,0),}** DMF-H,0-MeOH, 1 M H* X 0.165 = 0.002 0.008 £ 0.002
trans-[Cr(py),(OH),]* @ DMF-H,0-MeOH, 0.1 M OH" X <0.01 <0.003
trans-[Cr(py),CI(OH)]* X 0.105 £ 0.001 0.030 = 0.001
trans-[Cr(py),F(OH)]* X 0.12+0.01 0.030 + 0.005

@ This complex is very labile, especially in strongly basic solution. The solution was made by dissolving the diaqua complex at room tempera-
ture in the DMF-H, O-MeOH mixture, made slightly acidic by addition of perchloric acid. Excess base was added at —50°. This procedure
avoided dissociation of pyridine as shown by addition of excess perchioric acid, giving the usual diaquo spectrum without detectable impurities.
b The esr spectrum of this complex shows a strong medium dependence. This is also observed in the vis-uv spectra and may be ascribed to
hydrogen-bonding phenomena. This problem may account for the poor agreement with the theoretical calculations. Rapid precipitation with
perchloric acid from aqueous solutions containing 0.2-3% of this complex relative to the corresponding cobalt(11I) complex gave crystalline
powders with very small Cr:Co ratios and having very complicated esr spectra with more than 30 lines. Slower crystallizations from water con-
taining 5% of chromium relative to cobalt yielded large crystals without a trace of chromium.

Table II. Zero-Field Splitting Parameters of Ammonia Complexes (cm™")

Complex Medium Freq IDi IE|
trans-{Cr(NH,), Br,1* DMF-H,0-MeOH X >0.4 <0.01
trans-[Cr(NH,),Cl,]* X 0.160 + 0.003 <0.002

trans-[Rh(NH;),C1,]NO, X 0.157 + 0.001 0.0150 £ 0.0005
Q 0.156 + 0.001 0.0152 + 0.0005
trans-[Cr(NH,),F,]* DMF-H,O-MeOH X 0.254 + 0.008 <0.005
trans-[Cr(NH,),FBr]* X 0.47+ 0.01 <0.005
trans-[Cr(NH,) ,F(H,0)]** DMF-H,0-MeOH, 0.1 M H* X 0.24 £ 0.01 <0.02
trans-[Ct(NH;),(H,0),]** DMF-H,0-MeOH, 0.5 M H* X 0.17 £ 0.01 <0.005
trans-{Cr(NH,),(OH),]* DMF-H,0-MeOH, 0.1 M OH" X <0.01 <0.003
trans-[Cr(NH,),(NCS),]* DMF-H,0-MeOH X 0.25£0.01 <0.01
trans-[Ct(NH,),Br(ONO)]* X 0.120 £ 0.00S <0.01
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Figure 7. Calculated zero-field splittings (2D) in units of cm™! for
tetragonal d* systems, based on complete calculations within the d°
configuration. The variation of zfs as a function of the tetragonal
ligand field parameters Ae and At, for fixed values of the other
parameters: A, =19,500,8 =600, C=3000,¢=273 cm™'.

orbit coupling matrices for d* in D4 and D5 symmetry were
available. They were derived by tensor methods and there-
fore in a weak-field formalism. In D, the 120 states of d3

Figure 8. Calculated zero-field splittings (2D) in units of cm™* for
tetragonal d°® systems, based on calculations within all quartet states
of the d° configuration. The same set of parameters is used as in
Figure 7. The dashed axis gives the variation of the diagonal ligand
field splitting of the octahedral *T,.

decompose into 30 I's and 30 I'; states, each doubly degen-
erate in the absence of a magnetic field. The calculation of
zfs, that is the energy difference between the lowest I's and



1608 Inorganic Chemistry, Vol. 13, No. 7, 1974
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Figure 9. Complete calculations of zero-field splittings as functions
of Agys B =600, C=3000,¢=273: (1) ae=-3000, at, = 3000;
(2) Ae=3000, At, =3000; (3) ae =-3000, At, =—3000, (4) Ae=
3000, At, =-=3000 (all in cm™*).
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Figure 10. Complete calculations of zero-field splittings as functions
of the Racah parameter B; A,y = 19,500, C=3000,¢ =273 cm™!.
The numbers refer to the same set of parameters as in Figure 9.

I';, thus requires diagonalizations of matrices of the size 30 X
30. Spin-orbit coupling mixes % A,(t,*) with the excited
states 4T2(t22e), 2T2.(t23), 2T2 '(t22e), and 2T2N(t22e),
arranged in order of increasing energy of these states. All
direct interactions give contributions to the zfs, because all
four levels show orbital splittings in Ds. The t;%e levels
have diagonal ligand field splittings. The 2T,(t;>) level is
split only through the interaction with 2E(t,>) with lower
energy. The nondiagonal matrix element is Az;.'*  This
splitting is normally small but can be very important. An
example is trans-{Cr(NH3)4F,]" with very large Az, where
the splitting is 1.4 kK. The *T, splitting is 2.8 kK.}! The
baricenter of *T, has the approximate energy Aa,. The octa-
hedral 2T,(t,>) has the diagonal strong-field energy 5(38 + ).
In most complexes mentioned here it is close to the com-
ponents of *T,.
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Figure 11. Complete calculations of zero-field splittings as functions
of the Racah parameter C; A,y = 19,500, B =600, ¢ =273 cm™}.
The numbers refer to the same set of parameters as in Figure 9.
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Figure 12. Complete calculations of zero-field splittings as functions
of ¢%; Ay = 18,000, B = 600, C=3000 cm™'. The numbers refer to
the same set of parameters as in Figure 9.

The diagonal ligand field splitting of *T, into *E and *B,
inDy is

E*B,)— EI*E) =34 Ae — Aty (3)

This is the only important ligand field parameter together
with A,, and { in Van Vleck’s simplified calculations, eq 2.
It seems an insuperable task to illustrate the complete
seven-dimensional space, containing the zfs and the param-
eters A,,, Ae, At,, B, C, and {, included in our calculations.
However, all the important features are evident from simple
two- or three-dimensional projections, Figures 7-12. In
Figure 7 is shown the dependence of Ae and At, for A, =
19.5kK,B=0.6 kK,C=3.0kK, and { =0.273 kK. These
parameters are average values for the whole series of com-
plexes. This projection clearly illustrates the need of two
independent tetragonal ligand field parameters. The results
of a similar calculation, but neglecting the doublet states, are
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Table III. Theoretical Zero-Field Splittings, Calculated from the Free-lon Value of ¢ and Parameters Obtained from Vis-Uv Absorption Spectra®

Complex Agy Ae At, B C ¢ Zfs Sexptl
trans-[CrN,(OH),]* 20,300 -3500 -4500 675 3375 273 0.023 270
trans-{CIN,(H,0),]** 19,500 1500 -2000 675 3375 273 0.305 280
trans-[CtN, F,]* 19,900 —-1000 -3500 706 3530 273 0.196 420
trans-{CsN,CL,]* 18,800 3000 -2000 603 3015 273 0.435 - 240
trans-[CI1N,Br,]* 18,700 4500 ~1000 600 3000 273 0.511 450
trans-[CIN,I,]* 18,400 5500 —-500 586 2930 - 273 0.583 640

@ The “experimental” spin-orbit coupling constant {exp¢1 must be applied in order to obtain agreement with the experimental zfs values.
Based on crudely estimated uncertainties of the spectral parameters we estimate the uncertainties of the theoretical zfs values to be 25% or

0.02 cm™*, whichever is greater. All units are in cm™*; zfs = 2D.

Table IV, Partial Derivatives of Zfs for the Parameter Values in Table III

Complex 10%9zfs/o A,y 10%8zfs/oae  10°dzfs/pat,  10°3zfs/aB 10%3zfs/oC  10°0zfs/ag
trans-[CtN,(OH),]* -2.0 6.0 -2.3 21 ~13 0
trans-[CIN, (H,0),1** -4.5 8.0 -6.5 ‘8.3 6.6 2.3
trans-[CtN,F,1* -3.5 8.0 -5.0 13 7.3 1.4
trans-[CrN,Cl,}* -6.0 9.0 -5.5 13 9.1 34
trans-[CrN,Br,]* -7.0 9.5 -9.0 8.3 7.1 4.0
trans-[CIN,1,]* -8.0 10 ~10 8.0 7.5 4.6

shown in Figure 8. Here it is obvious that all values of Ae
and At, obeying the relation

Ae = 1.3At, + constant )]

give constant zfs. The effective parameter is thus (Ae/1.3) -
At,. This is equal to the diagonal ligand field splitting of
*T,. In the complete calculations, Figure 7, this is obviously
not a good farameter. As it has been argued for trigonal
complexes,** it might be assumed that the addition of con-
tributions to zfs from ?T,(t,>) would make a considerable
improvement to the quartet model. We isolated the contri-
butions of all doublets from the t,> configuration (*T;, Ty,
E) by setting A,, =5 X 10® kK with the other parameters
unchanged. This gives the diagonal doublet energies n(3B +
C) where n =3 for 2E and T, and n =35 for *T,. The maxi-
mum zfs value within the Ae — At, range shown in Figures 7
and 8 was 0.07 cin™!, independent of Ae as expected. The
sum of the contributions from *T, and the lowest doublets
is thus very far from approximating zfs obtained from com-
plete calculations. The variations with the other parameters
are illustrated in Figures 9-12. Zfs shows what is believed to
be an accidental independence of B. The dependence of C,
large C giving large zfs, reveals once again the influence of
the doublets, the energies of the quartet states being inde-
pendent of C. The dependence of A,, was that expected,
large A,, giving small zfs. Zfs is approximately proportional
to {2, as shown in Figure 12. This is reasonable because all
matrix elements between the ground states and the excited
states are proportional to {. Qualitatively the same depend-
ence of the parameters are observed for all values of the
parameters being reasonable for chromium(III) complexes.
Interpolations from Figures 7-12 can be performed with
good accuracy.

Within the weak-field scheme used in the calculations the
eigenvectors do not directly tell which of the excited strong-
field states are the most important in a second-order pertur-
bation language. A future discussion based on transforma-
tions to a strong-field scheme will settle this question. We
can, however, conclude that zfs consists of several partly

canceling contributions from both quartet and doublet states.

In Table III are given the results of our calculations for
each complex of the type trans-[CtN4X,]"" where N refers
to the nitrogen ligating atoms. { is not known experimen-
tally for any of these or similar complexes. We therefore
tentatively used the free-ion value. A,y, Ae, At,,and B
have been obtained by Glerup and Schaffer'®*! from

gaussian analyses of the vis-uv quartet transition spectra of
the ammonia complexes. For the difluoro complex C was
derived from the positions of the lowest doublets *E(t,>)
and *Ty(t,%). In other cases we assumed C = 5B. The vis-
uv spectra of the pyridine complexes are similar to those of
the corresponding ammonia complexes. We therefore
assumed the same parameters for both series. The param-
eters will probably undergo small changes when fitted to the
larger experimental material now available.!® The differentials
of the theoretical zfs values with respect to all parameters are
therefore included in Table IV.

Discussion of the Measurements

Symmetry. Our experimental material falls into two
classes: frozen solutions and polycrystalline powders. The
complexes generally show the highest symmetry in frozen
solutions. Here complexes with linear trans ligators (halides)
all have tetragonal symmetry within the uncertainty deter-
mined by the line widths of the esr spectra. Aquo and
hydroxo complexes have rhombic symmetry as expected for
nonlinear ligators under circumstances where the rotational
freedom is hindered. Complexes with a single water or
hydroxo ligand have the highest degree of rhombic distortion.
We take this as an experimental indication that two coordi-
nated molecules trans to each other prefer a noneclipsed
conformation. Rhombic splittings from water molecules as
ligands in solution have previously been discussed by
Schaffer.® He noticed that the vis-uv absorption spectra of
the hexaaqua ions of transition metal complexes show
stronger temperature dependence of the line widths and the
positions than complexes with linear ligators.

Almost all complexes studied in polycrystalline powders
show varying rhombic distortions, depending of the anions
and the lattice in general. #rans-[Rh(py)sBr;]Br-6H,0, for
example, crystallizes in the space group P2,/c.3? No tetrag-
onal sites are therefore available, and rrans-[Cr(py)sCl,]" in
this lattice has a strong rhombic distortion.

The line widths of the powder spectra are considerably
narrower than those of the frozen-solution spectra. This
may be due to random fluctuations of the ligand positions in
the frozen solutions as also indicated by a comparison be-
tween experimental and computer-simulated spectra. Single
molecule line widths of 20 G or less may account for the

(31) C. E. Schaffer, Struct. Bonding (Berlin), 5, 68 (1968).
{32) S. Yde-Andersen, K. J. Watson, and E. Pedersen, to be sub-
mitted for publication.



1610 [norganic Chemistry, Vol, 13, No. 7, 1974

line widths of the powder spectra. It is, however, impossible
to obtain simulated spectra completely identical with the
glass spectra by assuming equal line widths for all individual
orientations. This will make the z transitions =3/, = 3/,

and —!/2 = !/; too broad relative to the other transitions.
These are the only ones in the spectra which are completely
independent of both D and £. A typical example is the glass
spectrum of trans-[Cr(py),Cl(H,0)]**, Figure 4A, compared
with the simulated spectrum, Figure 4B, with single mole-
cule line widths of 200 G. In the simulated spectrum the
three lines between 2000 and 2700 G (those having positions
most sensitive to D and £) are too narrow compared with
Figure 4A, whereas the —3/2 = 3/, transition is too broad.

Correlations with Theory. Before a closer examination of
the agreement between experimental and theoretical zfs
values we will discuss the presence of other contributions to
zfs than those considered in our calculations. One of these
is the interaction with the lowest charge-transfer states, having
energies comparable to or smaller than the highest energy
states of the d® configuration. One attempt to estimate
this contribution has been made,?® but we feel that the
present experimental and theoretical knowledge of these
charge-transfer states is so poor that they cannot be included
in a quantitative calculation. Of less importance is the di-
polar spin-spin interaction.®* >  Another entirely experi-
mental problem in the study of magnetic properties of mole-
cules is the overwhelming importance of small deviations from
the anticipated symmetry. In the investigations of single-
crystal® and frozen-solution'® esr spectra of trans-bis(ethyl-
enediamine)chromium(IIT) complexes it was thus found that
the carbon chains were of much greater importance for the
magnitude of zfs than were the tetragonal distortions due to
the trans ligands, dominating the splittings in the vis-uv
spectra. This was explained by McGarvey®® in terms of con-
figuration interaction via the rhombic ligand field between
the ground states and one of the orbital components of
*T,(t;%e), both transforming as *B, in D, symmetry.

This low-symmetry problem seems to be absent for the two
series of complexes studied here. All dihalide complexes
have tetragonal symmetry in frozen solutions., They have
approximately the same zfs in powders, even in the presence
of small rhombic lattice distortions. Single-crystal esr
spectra® and the X-ray structure® of the trans-dibromotetra-
kis(pyridine)chromium(III) complex diluted in the corre-
sponding rhodium(III) complex as a bromide hexahydrate
show that the magnetic fourfold axes coincide with the
molecular Br-Br axes. For aqua and hydroxo complexes in
frozen solution the rhombic contributions to zfs are small
compared to the tetragonal contributions. We feel that this
set of arguments justifies a correlation between the experi-
mental zfs values and the results of calculations in tetragonal
symmetry.

In a second-order perturbation calculation where the tetrag-
onal splitting of the *T; level is the most important contri-
bution to zfs, one can expect zfs to vary according to the
positions of the trans ligands in the spectrochemical series (A)
[">Br" >ClI">H,0>F > OH". This series corresponds
to a decreasing diagonal ligand field splitting of the *T,
level. The complete calculations clearly show the individual

(33) B. R. McGarvey, J. Chem. Phys., 41, 3743 (1964).

(34) R. M. Pitzer, C. W. Kern, and W. N, Lipscomb, J. Chem.
Phys., 37,267 (1962).

(35) J. S. Griffith in *“The Theory of Transition Metal Ions,”
Cambridge University Press, London, 1961, p 330.

(36) S. Yde-Andersen and E. Pedersen, to be submitted for publi-
cation.
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importance of Ae and At,, and deviations from the above
series could be expected. The theoretical zfs values in
Table III happen to vary according to series A, although the
numerical values are far from those predicted by the quartet
model in eq 2. The experimental results in Tables I and II
give the series (B) I" >> Br™ >>F~ > (Cl” ~ H,0>> OH,
in agreement with series A except for fluoro complexes. As
mentioned in footnote b of Table I fluoro complexes have
esr spectra showing a very complicated dependence of the
surrounding medium, not alone related to hydrogen-bonding
phenomena. Some systems have very many lines. We cannot
explain this, Complexes of the type trans-[CtN4XY]"™ al-
ways have zfs values between those of trans-[CrN4X,]™" and
trans-[CTN,Y,]"" as predicted.

Except for the iodo and bromo complexes the zfs values
obtained from the complete calculations by assuming the
free-ion value of the spin-orbit coupling constant are in
satisfactory agreement with the experimental values. As
shown in Table III { > 273 cm™! must be assumed for iodo
and bromo complexes. There is other experimental evidence
for this. Linhard and Weigel®” found very large intensities
of the spin-forbidden A, = 2T,(t,3) (O symmetry) transi-
tions in the vis-uv spectra of [Cr(NH;)sBr]** and [Cr(NH3)s-
I]**. Glerup!® also observed this transition to be very in-
tense and well separated from the quartet transitions in frans-
[Cr(py)4Br,]* and trans-[Cr(py)sl,]*. The intensity can be
explained by spin-orbit coupling interaction between these
doublet states and the nearest quartet states.® The intensity
will thus be proportional to {* and inversly proportional to
the square of the energy separation to the nearest quartet.
An estimate of { in bromo and iodo complexes obtained in
this way agrees qualitatively with the values in Table III.
Within a MO calculation including the lowest quartet states2®
increased zfs values are expected in complexes with such
heavy ligands because of the large spin-orbit coupling effects
in these atoms, not necessarily because of large MO coefficients
indicating pronounced covalency.

In simplified calculations, including the lowest quartet and
doublet states, the approximate cubic magnetic symmetry of
the ground states in trans-dihydroxo complexes can only be
explained by assuming ¢ =0. This physically unreasonable
assumption is avoided in the complete calculation within the
d® configuration.
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Appendix

Computer Simulation of Random Orientation Esr Spectra.
At an early stage of this investigation it became evident that
the spectra could not be interpreted in terms of x, y, and z
transitions only. We therefore performed a computer simula-
tion based on the spin Hamiltonian, eq 1.

The eigenfunctions vy} with eigenvalues Ay are expanded
in terms of the complete set 1m)

) = Zlmgmg lvye) (5)

(37) M. Linhard and M. Weigel, Z. Anorg. Allg. Chem., 266, 49
(1951).
(38) C. K. Jorgensen, Acta Chem. Scand., 9, 1362 (1955).
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Figure 13. Computer-simulated random orientation spectra with g, =g, =g, =1.98, E=0,Av=0.31 cm™': (A) D =0.05;(B) D =0.12; (C)

D=0.16;(D)D=0.22;(E) D=0.35;(F)D=0.70 cm™'.

Single molecule spectra with lorentzian line widths of 100 G were added for every

step of 0.5° in the polar angle ®. 8 refers to intermediate orientation lines.

In matrix notation the eigenvalue problem is

HU = UA ®
where H is a 4 X 4 matrix with the elements (m,HIm"), A
is a diagonal matrix with the elements Ay, and U is a unitary
matrix with {mg vy ) as components of the column vectors.
H is generally hermitian, but real symmetric for A, =0. The
numerical diagonalization performed according to the Jacobi
procedure for real symmetric matrices required the transcrip-
tion of eq 7 giving the eigenvalues in duplicate. The super-

{H’ -H! {U’ Ut }z{U’ —Ui}{A 0 }
HiH’}UiU’ U U flo A
scripts refer to the real and imaginary parts. This procedure
was required because our computer (RC 4000 from “Regen-
centralen,” Copenhagen) was unable to operate with complex
numbers.

The transition field positions corresponding to fixed Ay

were found by an iterative procedure, giving an accuracy
better than 0.1 G. 9Ay/0H was found from

Jy o 9 .
r yil\— -—Hi[\U -U
v v oH aHH
-Ut Ut -Q—H[‘ —a-H’ Ut U

™)

oH oH
2
EA 0
) ®)
—A
oH

Figure 14. Computer-simulated random orientation spectra with
£x =8y =8,=1.98,Av=0.31 em™, and fixed zfs = 24/D* + 3&" =
0.32cm™: @)E=0,D=0.16;(b) £=0.01,D=0.159;(c) E=
0.02,D=0.156;(d) E=0.04, D=0.144, All units are in cm™*.
Single molecule spectra with lorentzian line widths of 100 G were
added for every following step in the polar angles ® and ®: (a)

A0 =0.5°,A0=0°() A0 =1°,A0=3°;(c) AO@=1°, A® =2°%;
d) A®=1° A9 =1°. The computer time for (d) was 30 hr witha
12 k process.
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Figure 15. Resonarnce field positions as functions of D; g, =g, =
8,=1.98;E=0. Lower and left-hand scales correspond to Av =
0.31 cm™; the others, to 1.18 cm™: ——, Hlz;----- JHix, v,
----- , intermediate orientation.
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Figure 16. Resonance field positions as functions of D;g, =g, =

g, =1.98. Lower and left-hand scales correspond to Av = 0.31 cm™*
and £ =0.02 cm™!; the others, to Av=1.18 cm™! and £ =0.076 ecm™":
— Hllz; ----- , intermediate orientation in the zx plane; -+«
intermediate orientation in the yz plane.

The relative transition probabilities are given by

Pon < 12 Z vy, Img) (mglirg'Slmg") (mg' v, 2 ©)
Mmging

where the operator i-g'S describes the relative Zeeman pertur-

bation from the microwave field, giving the matrix H;. Equa-
tion 9 in matrix notation is

Erik Pedersen and Hans Toftlund

ﬁr ﬁi H, i _Hli U U _¥p mnr _pmni '
o e . . =< (10)
-U U Hl1 le S U pmn1 pmnr
where

Pmn & (pmnl)2 + (pmni)z (11)

The intermediate results obtained here were found to agree
with calculations performed on ruby spectra.*

Random orientation spectra were obtained by integrating
Lorentzian functions with the positions and intensities found
over three Euler angles in space. The field positions are
independent of one of these. Typical results are shown in
Figures 13 and 14, clearly demonstrating the importance of
intermediate orientation lines. The lengthy computer calcu-
lations are condensed in the Figures 15-17. These graphs
show all features to be expected in random orientation spectra
of S =3/, systems at X and Q bands, including intermediate
orientation lines. By simple multiplications the results for
other g factors and/or frequencies can be obtained. Inter-
polations and extrapolations can be performed linearly in the
range 0 < E < 0.04 em™. A comparison with Figures 13
and 14 gives an impression of the intensities to be expected.
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Figure 17. Resonance field positions as functions of D, for the
same set of parameters as in Figure 16: — Hlix; ----- L Hly.

Registty No. trans-[Cr(py),1,]*, 51269-30-8; trans-[Cr(py),-
Br,1%, 51266-52-5; trans-[{Ct(py),Cl,1*, 51266-53-6; trans-{Cr-
(y),F,1*, 47514-84-1; trans-{Cr(py) ,FBr|*, 51266-54-7; trans-
[Cr(py),FCl]*, 51266-55-8; trans-[Cz(py),Br(H,0)]**, 51266-

56-9; trans-[Cr(py),Cl(H,0)]**, 51266-57-0; trans-[Ct(py),F (H,-
0)]%*, 51266-58-1; trans-[Cr(py),(H,0),1%**, 51266-59-2; trans-
[Cr(py),(OH),]", 51266-60-5; trans-[Cr(py),C{OH)]*, 51266-61-6;
trans-{Cr(py),F(OH)]*, 51266-62-7; trans-[Cr(NH,),Br, }*, 51266-
63-8; trans-[Cr(NH,),Cl, 1%, 2245249-9; rrans-[Ct(NH,),F, ]*, 31253-
66-4; trans-{Ct(NH,),FBr]*, 51266-64-9; trans-[Cr(NH,;),F(H,0)1**,
40029-194; trans-[Cr(NH,), (H,0),1%*, 36834-73-8; trans-[Ct-
(NH,), (OH), 1*, 51266-65-0; trans-[ Ct(NH,),(NCS), ]*, 51266-66-1;
trans-{Cr(NH,),Br(ONO)]*, 51266-67-2; pyridine, 110-86-1; trans-
[Rh(py),Br,]Br, 14267-74-4.

(39) J. H. Mackey, M. Kopp, E. C. Tynan, and T. F. Yen in
“Electron Spin Resonance of Metal Complexes,” T. F. Yen, Ed.,
Adam Hilger, London, 1969, p 33.



