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The Raman spectra were measured for the complete series of cobalt(III) complexes, [Co(gly).(0x),~
(en),]@-=-20+ where gly, ox, and en denote glycinate, oxalate, and ethylenediamine, respectively, and x-+
¥+z is equal to 3, in aqueous solution in the skeletal vibration region to deduce their structure-spectra re-

lation.

The spectra could be classified into four categories: polarized bands in the 610—520 cm~! region

due to a totally symmetric stretching vibration mode, depolarized bands in the 520—400 cm—! region due
to Co-O and Co-N stretching vibration modes, depolarized bands in the 400—300 cm~! region due to the
metal-ligand skeletal bending deformation mode, and polarized bands in the 300—200 cm—! region due to

the chelate ring deformation mode.

The depolarized bands due to the stretching vibration mode could be

- used for the differentiation of Gy-cis and G,-cis isomers of [Co(N),(O).] and [Co(N),(O),] type complexes.

Elucidation of the spectra-structure relations of coor-
dination compounds is of practical importance for the
study of their stereochemistry. The Raman spectros-
copy in the skeletal vibration region of cobalt(III)
complexes has produced several studies on their spec-
tral characteristics,1~13) which were found to be avail-
able for differentiation of some of their geometrical
isomers, such as c¢is and trans ones of [Co(a)(b)-
(NH,)],*® [Co(a)(b)(en),],® and [Co(a)(b)(tn)]'®
type complexes, where a and b stand for unidentate
ligands and en and tn denote ethylenediamine and
trimethylenediamine, respectively.

The present study was attempted to deduce more
general information on the relation between geomet-
rical structure and the Raman spectra in the skeletal
vibration region of cobalt(III) complexes. A series
of [Co(gly),(ox),(en),]®-=-29)+ complexes, where gly
and ox denote glycinate and oxalate and x+y-+z is
equal to 3, were chosen as a typical example and
their Raman spectra were measured in the 610—200
cm™! region in aqueous solution in order to avoid
contribution of lattice vibrations observed in the solid
state.

Experimental

Complexes. The complete series of [Co(gly)(ox),-
(en),]®-*-29)+ complexes were prepared and characterized
according to standard literature procedures; [Co(en)s]Cl,-
3H,0, [Co(gly)(en),]I,-H,O,'» [Co(ox) (en),]Cl-H;0,1%
Cy-¢is(0)-[Co(gly) 5 (en) JC1- 3H,0,'" Cy-cis(0)-[Co(gly)(en) ]-
Cl1-0.5H,0,*" trans(0)-[Co(gly),(en)]C1-H,O,'®  mer(N)-
[Co(gly) (0x) (en)],'® mer(N)-[Co(gly),]-1.5H,0,' fac(N)-
[Co(gly)s]-HyO,'»  fac(N)-[Co(gly)(ox)(en)],*®  trans(N)-
K[Co(gly)s(0x)], Cy-cis(N)-Na[Co(gly)y(0x)],*? Cy-cis(N)-
Na[Co(gly),(0x)],}? Na[Co(ox),(en)]-2.5H,0,) Na,[Co-
(gly) (0x),]-2H,0,202) and K,[Co(ox),]-2H,0.22  [Co-
(NH,;)4]Cl; was also prepared according to the literature
procedure.??)

Measurements. The Raman spectra were recorded on
a JASCO Laser Raman Spectrometer, which was con-
structed specially from a double monochromator, model
CT-25, a He-Ne laser, model NEC GLS-8500, and a data
processor, model DP-500 as the main components. The
sample solution was excited at 632.8 nm and the Raman
spectra were calibrated with indene.

Results and Discussion

General Aspect. Raman spectral data of [Co-
(gly) 5(ox),(en),]@-==2")+ complexes are summarized in
Table 1. The Raman spectra of [Co(NHjy)]3+, [Co-
(en);]3+, and [Co(ox)z]3~ shown in Fig. 1 clearly
demonstrate that [Co(en);]3+ and [Co(ox)g]3~ give the
same spectral characteristics; a polarized band in the
610—520 cm™! region(depolarization ratio: =0), two
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Fig. 1. Raman spectra of [Co(NH;)¢]%t, [Co(en)g]3+,
[Co(ox);]%~, trans(0)-[Co(gly)s(en)]*, and trans(N)-
[Co(gly)s(0x)]-. Numbers in parentheses correspond
to those in Table 1.
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depolarized bands in the 520—400 cm—! and 400—
300 cm™! regions(depolarization ratio: =0.75), and a
polarized one in the 300—200 cm—! region(depolariza-
tion ratio: 0.12—0.16). Furthermore, it is evident
that the Raman bands of [Co(en)s]3t can well be
correlated to those of [Co(NH,)¢]3* having an O,
symmetry®) except the polarized one in the 300—200
cm™! region, which relates to the en chelate ring.

It has been pointed out that, based on the depolar-
ization characteristics and the comparison with [Co-
(NHj)]%*, [Co(en)s]3t has an effective symmetry®) of
O, for the skeletal vibrations. This simplified treat-
ment can be supported by two depolarized bands in
the 520—400 cm~! region of trans(0)-[Co(gly)s(en)]+
and of trans(N)-[Co(gly)s(ox)]~ (¢f- Fig. 1) having
the effective symmetry of Dy, (Co—O and Co-N stretch-
ing vibration modes(except totally symmetric one):
A, +B,,) rather than the true symmetry of C,. (Po-
larized bands in the 610—520 cm~! region show a
peculiar aspect(¢f. Table 1) and will be treated sep-
arately.) Hence we may expect that, so far as the
skeletal vibrations of the octahedral tris(bidentate)co-
balt(III) complexes with five-membered chelate rings
are concerned, the Raman spectra are treated in terms
of the effective symmetry which is mainly specified
by arrangement of coordinated atoms around the cen-
tral metal atom. Accordingly, the polarized band in
the 610—520 cm~! region, the depolarized bands in
the 520—400 cm™! region, and the depolarized band
in the 400—300 cm~! region can be assigned to totally
symmetric metal-ligand stretching, Co-O and Co-N
stretching, and metal-ligand skeletal bending deforma-
tion modes,1~4:6:8:9) respectively. The polarized band
in the 300—200 cm~! region with the depolarization
ratio of 0.12-—0.16 can be assigned to the chelate ring
deformation mode which is totally symmetric.%1% The
contribution of the totally symmetric stretching char-
acter of the metal-ligand to this has been pointed
out by Flint and Matthews?!) based on vibronic spectra
in the d-d transition region(A,—'T,,(O,)) of [Co-
(en),]?+.

It is interesting to note that the intensities of the
polarized bands of [Co(ox)3]3~, [Co(gly)(ox),]?~, and
trans( N )-[Co(gly),(ox)]~ decreased when the first ab-
sorption band(*A,,—T;,(0,)) of the complexes is in
the proximity of the excitation wavelength (632.8 nm)
(¢f. Table 1). This de-enhancement of the Raman
intensities may be due to a sort of anti-resonance
Raman effect.?

Polarized Bands in the 610—520 cm™' Region.
Figure 2 depicts the spectra-structure relation of [Co-
(gly),(0x), (en),] E-=—2¥)+ complexes in the totally sym-
metric stretching vibration region. It is noteworthy
that mer(N)- and fac(N)-[Co(gly);] show only one
Raman band and that the Raman bands of [Co(en),]3+
and [Co(ox)4]®*~ as well as mer(N)- and fac(N)-[Co-
(gly)s] become doublets for [Co(gly),(ox),]®-2-20)+,
[Colgly)(en),]16-=*, and [Co(ox),(en),|6“™+ and
triplets for [Co(gly)(ox)(en)] irrespective of the geom-
etry. These splittings of the Raman bands may be
caused by relaxation of the selection rule with respect
to the effective symmetry of the complexes. It is
evident from Table 1 that the coordinated en, ox,

Toshihide F. MaArRuvamA, Ken-ichi Okamoro, Jinsai Hipaka, and Hisahiko Emnaca

[Vol. 56, No. 9

(16)
) (15y\/y
(8)
(14) (13)
(6) /\/\ Q1 2)/\/\/
(3)
() (10)
) @ <7>/N\

600 500 600 500 600 500

Wave number/cm—!

Fig. 2. Raman spectra of [Co(gly),(ox),(en),] ®-=-21)+
complexes in the totally symmetric stretching vibra-
tion region. Numbers in parentheses correspond to
those in Table 1.

and gly ligands have characteristic bands in the regions
542—521 cm~1, 570—564 cm~!, and 608—584 cm™,
respectively. Inconsistency in metal-coordinated atom
bond strengths and totally symmetric stretching fre-
quencies of coordinated en relative to gly and ox
reflects the contribution of rigidity of the framework
of the chelate ring. These results demonstrate that
the coordinated bidentate ligands with five-membered
chelate rings behave, for the totally symmetric stretch-
ing vibration, as a unit, owing to restrictions by the
chelate rings. The Raman bands in this region are
characteristic of coordinated ligands for the tris(biden-
tate)cobalt(IIT) complexes with five-membered chelate
rings.

Depolarized Bands in the 520—400 cm=' Region.
Unlike those in the 610—520 cm™ region, the Raman
bands in this region show some unique aspects: the
Co-N stretching mode lies as a general rule in the
region below 460 cm~! and the Co—O stretching mode
above 470 cm™1, respectively,?) and numbers of the
Raman bands reflect the effective symmetry of [Co-
(gly),(ox),(en),]®-*-2)+ complexes. [Co(N)g] and
[Co(O)s] type complexes with the effective symmetry
of O, give only one band, which becomes a doublet
for trans(0)-[Co(N)4(O),] and trans(N)-[Co(N)y(O),]
complexes with that of D,,. The doublet for [Co-
(N)5(O)] and [Co(N)(O);] type complexes, [Co(gly)-
(en),]2t and [Co(gly)(ox),]?~, with that of C,,(Co-O
and Co-N stretching vibration modes(except totally
symmetric one): A;+B,;+E) may be explained by
correlation of the E mode to the Raman inactive E,
mode of the D, symmetry, whereas the A, and B,
modes of the former correspond to the A,, and B,,
modes of the latter, respectively. Thus the E mode
may be almost undetectable!? in the Raman spectra
of the complexes with the effective symmetry of C,,.

Figures 3 and 4 show the spectra-structure relations
of [Co(N),(O),] and [Co(N),(O),] type complexes and
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Fig. 3. Raman spectra of irans, Cy-cis, and C,-cis iso-
mers of [Co(gly),(en)]* and [Co(gly),(ox)]~ and of
[Co(ox)(en),]+ and [Co(ox),(en)]~ in the Co-O and
Co-N stretching vibration region. Numbers in pa-
rentheses correspond to those in Table 1.
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Fig. 4. Raman spectra of mer and fac isomers of [Co-
(gly)s] and [Co(gly) (ox) (en)] in the Co-O and Co-N
stretching vibration reglon Numbers in parentheses
correspond to those in Table 1.

of [Co(N)3(O)s] type complexes, respectively. C,-
cis(0) and Cy-cis(N) isomers of [Co(gly),(en)]t and
[Co(gly)s(ox)]~ give doublets, which however split into
quartets on going from the Cy-cis to Cj-cis isomers.
Here, the configuration of the chelate rings comes to
play a role in the effective symmetry because both
of the isomers belong to C,, symmetry for the arrange-
ment of the coordinated atoms. [Co(ox)(en),]* and
[Co(ox)s(en)]~ with the effective symmetry of C,,
also give doublet in this region. Analogously, the fac
isomers of [Co(gly)s] and [Co(gly)(ox)(en)] with the
higher effective symmetry give doublets, whereas the
mer isomers with the lower symmetry give triplets.
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In the latter isomers, the middle bands of 476 cm™!
for mer(N)-[Co(gly)(ox)(en)] and 496 cm~? for mer(N)-
[Co(gly)s] (¢f Table 1) may have a largely Co-O
stretching character.

These results, together with considerations on num-
bers of the Raman active stretching vibrations for
[Co(a)g_n(b),] and [Co(AB),] type complexes, reveal
that the effective symmetry of the [Co(gly),(ox),-
(en),]-2-20)+ complexes is higher than the true sym-
metry. In fact, the fac(N) isomers of [Co(gly)s;] and
[Co(gly)(ox)(en)] can be treated uniformly as fac(N)-
[Co(N)3(O),] type with the effective symmetry of Cs,
and likewise the mer(N) isomers can be treated as
having C,, -type effective symmetry.

In summary, the Raman bands in this region are
characteristic of the geometry of the [Co(N),(O),] and
[Co(N)4(O),] type complexes and of [Co(N)4(O),] type
complexes. They can be used for the differentiation
of the fac and mer isomers of the latter and of the Cy-cis
and Cj-cis isomers of the former. This is considered
to be of practical importance, although the differen-
tiation by comparison of the d-d transition energies
and the molar absorptivities in the first (1A;—'T,,-
(O,)) and the second absorption band(*A;,—2T,,-
(Oy)) may also be possible.1?)

Depolarized Bands in the 400—300 cm™ Region.
The Raman spectra in the metal-ligand skeletal bend-
ing deformation region show only one band, except
for [Co(ox),(en),]®-2¥)+, which gives a major band
accompanied with a very weak one in its lower wave-
length side. Numbers of the Raman bands depend
neither on the composition nor on the geometry of
the complexes, indicating that N-Co-N, N-Co-O,
and O-Co-O bending deformation modes are mostly
degenerate. However, correlation was noticed be-
tween an increase in the Raman shift and an increase
in the d-d transition energies in the first and the second
absorption bands, as is readily deduced from Table
1. This means that the bending deformation mode
reflects coordinate bond strength.

Polarized Bands in the 300—200 cm™' Region. A
polarized Raman band is observed in this region for
[Co(en),]*+, [Co(ox)s]*~, and [Co(gly)s], and for all
the mixed-ligand complexes as well. Hence, the to-
tally symmetric chelate ring deformation modes of
en, ox, and gly are considered to be degenerate. The
same correlation as that found in the skeletal bending
deformation was noticed for the chelate ring defor-
mation.
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