diglyme rings occupy relatively large holes in the
structure. 26 When corrected for thermal motion, the
bond lengths in the diglyme molecule approach or ex-
ceed expected C-C and C-O bond lengths, depending
upon the model chosen.?
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Magnetic circular dichroism (MCD) spectra of tetrahedral cobalt(Il) ions, Co(NCS),*~, Co(TBPO),**,
Co(Ph3P0O),?+, Co(Ph;iP);Xs, and Co(Ph3;PO). X, (X = Cl, Br, I, SCN), have been measured in solution.

A clear

assignment of almost all bands of Co(Ph;PQ):Br; is made by analysis based on the assumption that the cobalt(II)
ion is in the tetrahedral ligand field whose properties are a numerical average of those of the actual ligands. The
temperature-dependence experiments have proved that the major contribution to MCD is derived from the C term.
This is consistent with the previous studies on the MCD of tetrahalide cobalt(II) ions and also with the present

assignment.

It seems that the effect of low symmetry components in the ligand field upon the MCD is smaller

than the effect of the spin-orbit coupling upon the MCD., We extend the assignment to the other cobalt(Il) com-

plexes.

he magnetic circular dichroism (MCD) spectra

of a number of transition metal complexes have
been measured and analyzed, and the MCD technique
has been found useful in clarifying spectroscopic assign-
ment and characterizing the symmetry of transitions. =3
The MCD of tetrahalide complexes of cobalt(II) has
been studied in detail by many investigators.6~1* The
signs and magnitudes of the MCD were used to make

* Author to whom correspondence should be addressed: Ramsay
Fellow.
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a clear assignment of bands. The source of the MCD
was found to be the temperature-dependent C term
whose origin lies in the Zeeman splitting of the ground
state.10.13 At the present time it appears that the ap-
plication of the MCD studies to the other tetrahedral
complexes of cobalt(IT) would be of great interest.
Absorption spectra and magnetic susceptibilities
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tetrahedral complexes of cobalt(II) of the type CoL,,
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Figure 1. MCD and absorption spectra of Co(NCS),?~ in CH;Cl,
at room temperature, [6]x is the molar ellipticity per unit magnetic
field. eis the molar extinction coefficient.
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Figure 2. MCD and absorption spectra of Co(TBPO).** in
CH,C]; at room temperature.
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Figure 3. MCD and absorption spectra of Co(Ph;PO),** in
CH,Cl; at room temperature.

absorption spectra measured at room temperature
using mulls and solutions are handicapped by poor
resolution. However, the MCD spectrum through

Co(ph3P0O),Br,
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Figure 4. MCD and absorption spectra of Co(Ph;PQO)Br; in
CH;Cl; at room temperature.
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Figure 5. MCD and absorption spectra of Co(Ph;PO)Cl; in
CH_;Cl; at room temperature.
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Figure 6. MCD and absorption spectra of Co(Ph;PO)R(NCS):
in CH,Cl; at room temperature.

an absorption band can provide information not avail-
able from the absorption spectrum. In the case where
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Figure 7. MCD and absorption spectra of Co(Ph;PO).I, in CH,Cl; at room temperature.
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Figure 8. MCD and absorption spectra of Co(Ph;P)Br;~ in CH,Cl; at room temperature.

the ground state is spin-degenerate and orbitally non-
degenerate, the spin-forbidden transitions are expected
to show huge MCD,*24%5 and the assignment of these
transitions is greatly facilitated. In the present paper,
we will report new MCD data for some cobalt(II) com-
plexes of the type CoL,, CoL:;X;, CoLX; and CoX;
and discuss the electronic structures. It is also inter-
esting to see the change of the MCD spectra accom-
panying the departures of the ligand symmetry from T%.

Experimental Section

The following compounds used in this study were prepared and
recrystallized according to previously reported procedures: bis-
(triphenylphosphine oxide)dihalocobalt(Il), Co(Ph,PO).X, (X =
Cl, Br, 1,26 NCS¥); bis(triphenylphosphine)dihalocobalt(Il), Co-
(PhsP):X, (X = Cl, Br, I,!* SCN#); tetrakis(triphenylphosphine
oxide)cobalt(Il) perchlorate, Co(Ph;P0O)«(ClOy),;?" tetrakis(tri-»-
butylphosphine oxide)cobalt(II) perchlorate, Co(TBPQO),(ClOy).;!*

(24) A. J. McCaffery, P. J. Stephens and P. N. Schatz, Inorg. Chem.,
6, 1614 (1967).

(25) H. Katd, J. Chem. Phys., 59, 1732 (1973).

(26) F. A, Cotton, R. D. Barnes, and E. Bannister, J. Chem. Soc.,
2199 (1960).

(27) E. Bannister and F. A. Cotton, ibid., 1878 (1960).

tetramethylammonium tetrathiocyanatocobaltate(II), [(CH;):NJ.-
[Co(NCS).];2 tetraethylammonium tribromo(triphenylphosphine)-
cobalt(I), [(C:H;):N]J[Co(Ph;P)Br;]. 1?

The absorption and MCD spectra at room temperature were
measured by the techniques described in detail in earlier papers.5. 2
The results are presented in Figures 1-12. In order to show the
signal-to-noise ratio of a dichrometer, the observed MCD spectra
are shown just asis, In order to measure the absorption and MCD
spectra of a sample in solution at lower temperatures, we used a
simple cryostat, It is shown in Figure 13, The sample was poured
into a quartz cell with a 2.5-mm optical path, and the cell was fixed
to the dewar at the upper end. The outside of the cell, the inside of
the dewar, was filled with toluene whose melting point is higher than
that of the solvent of the sample. It was cooled by adding liquid
nitrogen, and the temperature was measured by a thermoelectric
thermometer. The values of the temperature have a precision of
+1°K. We measured the MCD of a solution without solute first,
the trace provides the MCD base line, and then we measured the
MCD with solute at room temperature. Then, with paying much
attention not to move the cryostat, we measured the MCD at low
temperatures. The absorption spectra were also measured in the
same manner. The results for Co(Ph;PO),Br; are presented in Fig-
ures 14and 15.

Discussion

The absorption bands corresponding to the transi-
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Figure 9. MCD and absorption spectra of Co(Ph;P)(SCN). in
CH.Cl; at room temperature.
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Figure 10. MCD and absorption spectra of Co(Ph;P).Cl: in
CH:Cl; at room temperature.
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Figure 11. MCD and absorption spectra of Co(Ph;P).Br.in
CH:Cl; at room temperature.

tion ‘A, — *T(P) of various tetrahedral cobalt(II)
ions occur in the 13,000~18,000-cm~! region with molar
extinction coefficients of the order of magnitude 100—
1000. The ordering of ligands according to the relative
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Figure 12. MCD and absorption spectra of Co(Ph;P)l; in
CH,Cl; at room temperature.
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Schematic diagram of the cryostat used in our ex-
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Figure 14. Temperature dependence of the MCD and absorpton
spectra of Co(Ph;PO),Br; in CH:Cl;, spin-allowed transition
A, — Ty(P).

strengths of their contributions to ligand fields has been
given as!®!® [- < Br~ < -SCN~ < CI= < PhPO <
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Figure 15. Temperature dependence of the MCD and absorption
spectra of Co(PhsPO).Br. in CH:Cl,, spin-forbidden transitions.
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Figure 16. Schematic diagram of the spin-orbit splitting of *T,
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Ph;P ~ —NCS-. The spectrum of Co(TBPO),t
shows the position of TBPO as -NCS— < TBPO. The
MCD and absorption spectra of the ions CoX,* (X
= Cl, Br, I) were measured in the region of the transi-
tion *A, — *Ty(P), and the source of the MCD and the
assignment of the spectra were made clear.®® The
MCD spectra of the tetrahedral ions Co(NCS),2,
Co(TBPO),?*, and Co(Ph;PO),2+ (Figure 1-3) are very
similar to those of tetrahalocobalt(Il) ions. The main
features of these spectra arise from the spin—orbit split-
ting of the upper state *T,(P) in the tetrahedral field,
and the major MCD at room temperature comes from
the temperature-dependent C term whose origin lies
in the Zeeman splitting of the ground-state *A,.

In the case of complexes of the type CoL.X., the site
symmetry of the cobalt(Il) ions is C,,, and the excited
state *T; in 7, symmetry is decomposed into *B, 4+ A,
+ *B,. The splitting pattern is schematically shown
in Figure 16. Let us first assume that the effect of the
field of lower symmetry is very small compared with
the spin-orbit splitting, and the complex will be treated
as though it contained identical ligands whose prop-
erties are a numerical average of those of the actual
ligands (average ligand field approximation). The
energy-level diagram for the cobalt(II) ion in a field
of T, symmetry is shown in Figure 17, which is obtained
by diagonalizing the matrix given by Tanabe and Su-
gano.® We have determined the values of Dg by iden-

(28) Y. Tanabe and S. Sugano, J. Phys. Soc. Jap., 9, 753 (1954);
9, 766 (1954).
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Figure 17. The energy-level diagram for the cobalt(Il) ion in a
field of T4 symmetry. The value of B is assumed to be 75%, of
the free ion and the value of C/B to be that of the free ion. The
smaller values of B and C than those of the free ion were suggested
by Tanabe and Sugano in ref 28.
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Figure 18. MCD and absorption spectra of Co(PhsP).Cl: in
various melia.

tifying the absorption spectra with our calculated en-
ergy-level diagram (Figure 17). The results are Dg(for
Co(Ph;PO),2*+) = 455, Dg(for CoCl,#) = 325, Dg(for
CoBr,?™) = 285, and Dg(for Col,*) = 240 cm—1.
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The MCD and absorption spectra of Co(Ph;PO),Br,
(Figure 4) are in the highest resolution and seem to
give us much information. Therefore, we first attempt
the assignment of the d-d transitions of Co(Ph;PO),Br,
and discuss the electronic structure. According to the
average ligand field approximation, which was pro-
posed by Cotton and his coworkers,!® the Dg value for
Co(Ph;P0O), X, complexes is supposed to be the numer-
ical average of Dg values for CoX,2~ and Co(Ph;PO),2+,
The Dg value for Co(Ph3;PO),Br, is 370 cm~!, Then,
the calculated transition energy for ‘A, — *‘Ty(P) is
15,600 cm~!, which is in good agreement with the ob-
served one. The MCD spectrum in the region of 600~
700 nm is very similar to that observed for the CoCl,2
ion.1 Therefore we can assign the bands at 600, 620,
650, and 690 nm to the E’, 3/2U’, E’/, and 5/2U’ com-
ponents of *T,(P), respectively, which are split by the
spin—orbit coupling.

The most complete study of the MCD spectra for the
spin-forbidden transitions of CoCly?~ was reported
by Stephens and his coworkers.!! Using their the-
oretical prediction on the sign of the MCD of each
spin-forbidden transition, we shall now try to assign
the MCD of the weak absorption bands between 300
and 550 nm of Co(Ph;PO),Br,. Because of the pres-
ence of very high-intensity bands in the higher energy
region than 300 nm and of our instrumental restriction,
we cannot detect two doublet states 2T,(5) and 2E(4)
which are expected to lie in the neighborhood of 200
nm. The positive MCD band at 305 nm is assigned
to *A: — 2Ty(5) and the negative MCD band at 315
nm is assigned to *A; — 2Ty(4), 2A,. The absorption
band at 375 nm may be assighed to ‘A, — 2E(3), al-
though the corresponding MCD band was not detected
clearly. The negative MCD band at 405 nm is as-
signed to ‘A; — ?Ty(3), the positive MCD band at 440
nm is assigned to *A; —> ?Ty(4), and the positive MCD
band at 480 nm is assigned to ‘A, — ?T1(3). The band
corresponding to *A; — 2E(2), whose [6]x is theoreti-
cally predicted to be negative, is not detected clearly
but this band will lie at the 490~500-nm region. The
positive MCD band at 520 nm is assigned to ‘A, —
*T1(2). The negative MCD bands at 540 and 560 nm
are assigned to *A; — ?Ty(2) and *A, — 2T,(l), respec-
tively. The other lower energy transitions are prob-
ably overcome by the spin-allowed ‘A; — *Ty(P) band.

As we have seen in above, almost all bands of Co-
(Ph;PO),Br, are clearly assigned by the signs of the
MCD. It is worth notice that the predicted theoretical
signs of the MCD of the tetrachlorocobaltate(Il) ion
in T, symmetry are in good agreement with the ob-
served ones of Co(Ph;PO),Br,. The transition energies
of Co(Ph;PO),Br; are also in good agreement with the
calculated ones for the cobalt(Il) ion in a field of T,
symmetry (at Dg = 370 cm~!in Figure 17).

Next let us assume that the effect of the field of lower
symmetry is large compared with the spin—-orbit splitting
and the spin-orbit coupling can be treated as a per-
turbation on the C;, symmetry field, i.e., the right-hand

side of Figure 16. We consider a cobalt(II) ion sur-
rounded by four ligands; two point charges —Z,e are
at distance R, along the [111] and [111] directions, and
the other two point charges —Z,e are at distance Ry
along the [111] and [111] directions. According to
ligand field theory, the energies of the 3d electron in the
field of these charges are given by solving the secular
equation 1 with definitions given in eq 2-5 where ()

Dg® = (Zo/Rs® + Zu/Rp¥)eXr*)/27 )
X = 2Z.JR* — Zu/Ru¥)e¥rd))7 (3)
= 10(Zs/Rs® — Zu/Rv2)er*)/189 (4)
€0 = €5 + 2eAZ./Ry + Zn/Ry) (5)

represents the average with respect to the radial part
of the 3d function and e; is the energy of 3d electron of
the unperturbed cobalt(I) ion. The bases of the sec-
ular matrix are arranged in the order 3d,, 3d,, 3d,, 3d.,
and 3d,. The values of (r?) and (%) are calculated by
using an analytical SCF function for the cobalt atom
obtained by Clementi;?® (r%couay = 4.869 a¢?, (oo
= 1.495 3002- The bond distanoces are assumed as R%o_o
= 1.95 A,® Roo-c1 = 2.28 A3 Rgoo_nr = 2.43 A,32
Roowt = 2.63 A,%® which were determined by X-ray
studies or other considerations. By using these values
and the relationship Dg = (2Z./27R.%)e(r%), which is
the crystal field splitting due to the electrostatic field
created by four point charges in T, symmetry, we can
evaluate the matrix elements in eq 1. Then, the excita-
tion energies to *B,, A, and *B, states, which are split
from *Ty(P) in 7, symmetry by the lower symmetry
field, are respectively 16,600, 15,900, and 15,100 cm—*
for Co(Ph;PO),Cl,; 16,500, 15,600, and 14,700 cm™!
for Co(Ph;PO),Br,; 16,600, 15,300, and 14,100 cm™!
for Co(Ph;PO),l,. The magnitudes of these energy
separations are satisfactory for explaining the splittings
of the observed spectra.

Let us next calculate the MCD parameters for the
transitions to 4B, *A., and “B; states split from *T(P).
The excited states *Bs, ‘A, and B, are further split by
the spin-orbit coupling, 7.e., each state splits into two
states, T'/(X) and T’/(X), where X = ‘B,, *A,, *B;. As-
suming the spin—-orbit coupling constant { = 500 cm™?,
and diagonalizing the spin-orbit coupling matrices
of *T, of t,%(*T,)e® we have calculated the excitation
energies and wave functions of Co(Ph;PO).Br.. The
resulting excitation energies are 16,590, 16,530, 15,640,
15,540, 14,670, and 14,630 cm~! for the transitions to
T/(*By), T'"'(*By), T'(*As), T/ (*A;), T/(*By), and T'//(“By),
respectively. The MCD C terms are then calculated
by using the resulting wave functions, and the C/D
values for each component are found to be —0.27 us,

(29) E. Clementi, J. Chem. Phys., 41,295 (1964).

(30) H. A. Weakliem, ibid., 36, 2117 (1962).

(31) 3. R, Wiesner, R, C. Srivastava, C, H. L, Kennard, M. DiVaira,
and E. C. Lingafelter, Acta Crystallogr., 23, 565 (1967).

(32) P. Day and C. K. Jorgensen, J. Chem. Soc., Suppl. 2, 6226
(1964).

(33) T.I. Malinovskii, Kristallografiya, 3, 364 (1958).
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—0.21 us, 0.03 us, —0.03 ug, 0.24 up, and 0.15 ug,
where up is the Bohr magneton, for the transitions
to T’/(“By), T//(*By), T'(*Ay), T’/(*Az), T'(“B,), and
T'’’(“B;), respectively. These values are smaller than
the C/D values —?/, up, — 1 us, 3/2 us, and 3/; us. which
were predicted respectively for E’, 3/2U’, E’’, and
5/2U’ components of *Ty(P) in the field of T, symmetry
and were found to be the dominant contribution to the
MCD of tetrahalide cobalt(IT) complexes. 113

In order to compare the theoretical predictions with
the observed MCD, it will be further necessary to evalu-
ate the intrastate B terms, B’, arising from ‘B, ‘A,
B, interaction. The values of B’/D for the transitions
to “B., *As, and *B; states are calculated to be 1/\{6(6E1
+ 8Ey) + 1/NV/6(3Ey), —1/V/6(3E, + 8E2) — 1/V/6(3Ey),
and —1/A/6(8E\) + 1/A/6(8E,), respectively, in units
of us(*T/{/||*T\)/i% (cm~'). 8E; is the energy separa-
tion between “B, and “A,, and 0F; is the energy separa-
tion between *A, and *B;,. These values of B’/D are
also smaller than the intrastate B terms predicted for
E’, 3/2U’,E’’, and 5/2U’ components. 1°

As we have seen in above, we can not explain the signs
and magnitudes of the MCD spectra if we assume that
the effect of the field of lower symmetry is larger than
that of the spin-orbit coupling. On the other hand,
we have been able to yield a clear assignment of almost
all of the bands of Co(Ph;PO),Br, on the basis of the
assumption that the cobalt(Il) ion is in the tetrahedral
ligand field whose properties are numerical average of
those of the actual ligands. The MCD spectra of Co-
(Ph;PO).Br; in both regions of the transition *A, —
*Ty(P) and the spin-forbidden transitions (Figure 14
and 15) show a remarkable variation with temperature
in comparison with the absorption spectra. It is there-
fore evident that the dominant contributions to the
MCD come from C terms, and this fact is consistent
with the previous studies on the MCD of tetrahalido-
cobaltate(II) ions.'-1* The effect of low symmetry
components in the ligand field upon the MCD seems
to be small in comparison with that of the spin-orbit
interaction.

By using the similarity of the band shapes and the
signs of MCD between Co(Ph;PO),Br, and the other
cobalt(I) complexes, we can intuitively extend the as-
signment to the other cobalt(Il) complexes. For Co-
(PhsPO),Cl, (Figure 5), the positive MCD bands at
435, 470, and 515 nm and the negative MCD bands at
530 and 560 nm are assigned as the transitions to ?T,(4),
Ti(3), *Ti(2), *Ty2), and *2Ts(l), respectively. The
positive MCD bands of Co(Ph;PO),(NCS), (Figure 6)
at 430, 460, and 495 nm are assigned as the transitions
to ?Ty(4), 2Ty(3), and *Ty(2), respectively. The negative
MCD bands of Co(Ph;PO).l, (Figure 7) at 420, 560,
and 590 nm are assigned as the transitions to 2Ty(3),
2Ty(2), and ?2T,(1), respectively. The positive MCD
bands of Co(NCS).>~ (Figure 1) at 430, 460, and 495
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nm are assigned as the transitions to 2Ty(4), 2Ty(3), and
®T,(2), respectively. The positive MCD bands of Co-
(Ph;PO),2+ and Co(TBPO),2+ (Figures 2 and 3) at 480
nm are assigned to ‘A, — 2Ty(2). The MCD of Co-
(Ph;P)Br;~ (Figure 8) shows the apparent similarity
with the MCD of Co(Ph;PO),Br,, and we may assign
the negative MCD band at 415 nm and positive MCD
bands at 430, 500-515, and 560 nm as the transitions to
2Ty(3), 2T1(4), *T1(3), and ?T1(2), respectively.

The MCD spectra of the bands corresponding to
spin-allowed transition *A; — *Ti(P) of Co(Ph;PO).X,
are very similar to those of CoX,*. However, there
are some differences between the MCD spectra of Co-
(Ph;P).X, complexes (Figure 9-12) and those of Co-
(Ph;PO),X, or CoX,>~ complexes. The splitting of
the band corresponding to *A; — *T(P) in Co(Ph;P).X,
is larger than those of Co(Ph;PO),X;, and the effect of
low symmetry components in the ligand field upon the
transition energies seems to be important. In spite of
this fact, we can not explain the MCD of Co(Ph;P).X,
by the analysis based on the assumption that the effect
of the lower symmetry field is larger than the spin-orbit
coupling, as we have seen above. It seems rather better
to regard the change of the MCD as a result of larger
separation between E’’ and 5/2U".

The spectra of compounds Co(Ph;P).X, showed a
significant variation from solvent to solvent. The
MCD and absorption spectra of Co(Ph;P),Cl, in sol-
vents such as acetone, dichloromethane, nitromethane,
and dimethylformamide (DMF) are shown in Figure 18.
It seems that the triphenylphosphine compounds are
very sensitive to their environment. The spectra of the
other compounds in organic solvents of relatively weak
basicity were essentially the same with those of the
solids. Cotton and his coworkers studied the visible
spectra of Co(Ph;P),X; and observed no significant dif-
ference between reflectance spectra and the absorption
spectra of the solution in dichloromethane.!® There-
fore, we used dichloromethane as a solvent for all co-
balt(IT) compounds appeared in this article.

MCD spectra of the charge transfer transitions in
CoBr,?~ and Col,*~ were reported by Bird and his co-
workers.® We have also observed the MCD spectra
of the charge transfer transitions in Co(Ph;PO),l,, Co-
(Ph3P)2(SCN)2, CO(Ph;gP)QIQ, and CO(Ph3P)Br3—. Some
of these MCD spectra are very similar to those observed
in tetrahalide cobalt(II) complexes, but some are dif-
ferent in the sign of [#]u. It seems that the MCD spec-
tra will provide us with valuable information about
the charge transfer transitions and will be useful to ob-
tain the precise assignment. However, more theoreti-
cal work and the spectra over a wide range of temper-
ature are needed.
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