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The circular dichroism and absorption spectra of Co(Z-pn)2Cln + and Co(Z-pnjz( N 0 ~ ) 2 +  are reported. 
discussed. Point charge and molecular orbital models are proposed for the molecules. 
the  circular dichroism indicate tha t  virtually all of the intensity in the absorption spectra is vibronic in origin. 

The assignments are 
Electric moments calculated from 

Optical activity and in particular circular dichroism 
is beginning to provide new information about molecu- 
lar and electronic structure of coordination com- 
pounds. Recent attention has centered on predomi- 
nantly d-d transitions of trigonal complexes such as 
Co(en)3C13 in both experimental studies1b2 and theo- 
retical analyses. 2 , 3  Complexes with pseudotetragonal 
symmetry are relatively unstudied but for the early 
experimental work of Mathieu4 and a recent proposal of 
assignments for electronic transitions of trans-Co (Z- 
~ n ) ~ C l ~  based on circular dichroism and magnetic selec- 
tion ru1es.j 

Experimental 
Preparation of Compounds. I-Propylenediamine.-Propyl- 

enediamine was resolved by recrystallization of the &tartrate6 
until there was no appreciable change in the optical rotation; 
[ a ] D  -30.1". 

Anal. Calcd. for CllH22N2012.2H20: C, 32.20; H, 6.39; 
Y, 6.83. Found: C, 31.95; H, 6.33; K, 6.91. 

Solutions of Z-pn were prepared by reaction of the  dihydrate 
with the calculated amount of Ba(OH)2.8H20 in a minimum 
amount of water, followed by cooling a t  ice temperature and 
filtering. 

trans- [Co(l-pn)~Cl~] ClOj was prepared by dropwise addition of 
concentrated perchloric acid to  a cold, concentrated, aqueous 
solution of crude trans-[Co(Z-pn)2Cl2] C1. HC1.2H20,' followed by  
filtration and a rapid recrystallization by the same procedure. 

Anal. Calcd. for [ C O ( C ~ H ~ ~ S Z ) ~ C ~ Z ] C ~ O ~ :  C, 19.09; H, 
5.30; total C1, 28.18. Found: C, 18.89; H, 5.39; total C1, 
28.37. 
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trans-[Co(Z-pnj2(N02j2C1Oa was prepared by  the method of 
O'Brien, McReynolds, and Bailar.8 
trans-[Co(I-pn)(d-pn)C12] C104 was prepared by  treating a 

saturated methyl alcohol solution of the racemic chloride7 with 
concentrated HClOh and washing with methyl alcohol and 
then ether. A second crop was obtained by cooling the filtrate 
to  0". Interestingly, the  recrystallization procedure used with 
the optically active compound was not useful because of lower 
solubility. Instead, the perchlorate was converted to  the chlo- 
ride by  shaking with an excess of Dowex 2 anion-exchange resin 
in the chloride form, followed by reprecipitation of the perchlo- 
rate with concentrated perchloric acid and washing with methyl 
alcohol and then ether. 

Anal. Found: C, 18.97'; H, 5.38. 
Spectral Measurements .-Visible and ultraviolet spectra were 

determined using a Cary Model 14 spectrophotometer. The 
circular dichroism was determined using a Roussel- Jouan Di- 
chrographe with a spectral range of 2000-6000 A. Methanol 
was used as a solvent. The spectra are given in Figures 1 and 2. 
The decadic extinction coefficient in dd-1 cm.-' (e )  is used. Ae is 
the  circular dichroism e1 - e,. 

Assignments 
Before making assignments, we need to be certain our 

recorded spectra were obtained from solutions free of 
solvolysis products. We used methanol solutions be- 
cause such solutions of trans-Co(en)2C12+ are known to  
be stable to  solvolysis and isomerization.g In  water 
this cation hydrolyzes with isomerization ; the half-time 
is 3.57 h r .  at 3O0.'0 We have followed the hydrolysis of 
trans-Co(Z-pn)2Clz+ at 27' using the circular dichroism 
at 6000 A.; this cation disappears with a half-life of 3.5 
hr., in good accord with Mathieu's resu1t.l' Our 

(8) T. D .  O'Brien, J. P. McReynolds, and J. C. Bailar, Jr., J .  Am.  Chem. 

(9) D. D. Brown and R. S. Nyholm, J .  Chem. Soc., 2696 (1953). 
(10) J,-P, Mathieu, Bzdl. S O C .  chim. F r a n c e ,  3, 2152 (1936). 
(11) As the hydrolysis proceeds a new band appears a t  4780 A. which may 

At no point in the hydrolysis could 

SOC., 70, 749 (1948). 

be assigned to  cas hydrolysis products. 
we reproduce the results of ref. 5 ;  see Figure 1. 
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Figure 1.-Absorption spectrum (above) and circular di- 
chroism (below ) of trans-Co(l-pn)zClzCIOa in methanol solution. 
The vertical lines represent the dichroism maxima reported in 
ref. 5 .  The circles are da ta  of mat hie^.^ 

initial dichroism curves in water as well as those in 
methanol are in good agreement with Mathieu's points 
in the wave length region shared by the two measure- 
ments; see Figure 1. These observations assure us of 
the absence of solvolysis products. 

The first two transitions in the spectrum of Co(II1) in 
an octahedral field in order of increasing energy are 
lAI+ l T 1  and lTz which split in a tetragonal field into 
lA2 + lEa and lBz + lEb components, respectively (we 
omit g subscripts throughout for simplicity). It has 
generally been assumed that the first two bands in the 
spectra of dihalotetraamminecobalt compounds are as- 
signed to the lEa and IA2 levels in order of increasing 
energy. The splitting of the IT? band has been thought 
to be small or obscured in the spectrum by the onset of 
charge transfer in the near-ultraviolet. A detailed 
analysis of energy levels in both crystal field and 
molecular orbital models has been given by Yamatera. l2  

He has shown that the IA2 band for trans-CoAkXzf 
should have roughly the same energy as the lT1 band of 
C0AG3f. In Table I ,  we record an absorption band a t  
22,100 cm.-l which compares favorably with the value 
of 21,400 cm.-l found in this laboratory for C ~ ( p n ) ~ ~ f .  
Furthermore, for axial ligands X which are lower in the 
spectrochemical series than A, lEa should be lower in 

(12) H. Yamatera, Bull. Chem. SOL. Japan, 31, 95 (1958). Additional 
treatments of various aspects of this problem have been given by: J. S. 
Griffith and L. S. Orgel, J. Chem. Soc., 4981 (1956); C. J. Ballhausen and W. 
Moffit, J .  Inoug. Nucl. Chem., 3, 178 (1956); D. S. McClure in "Advances 
in the Chemistry of the Coordination Compounds," S. Kirschner, Ed., The 
Macmillian Co., New York, N. Y., 1961, p. 498. 
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Figure 2.-Absorption spectrum (above) and circular dichroism 
(below) of trans-Co(Z-pn)z( NO2)&lO~ in water. 

TABLE I 
ABSORPTION AND CIRCULAR DICHROISM DATA FOR 

trans-Co( Z-pn)zClz + AND trans-Co( Z-pn)z( NO& + 

-Absorption-. --Circular? 
spectra dichroism 

Max., Max., 
cm. -1 cm.-1 Excited 
X 10-3 smax X 10-3 Aemax state 

Co(Z-pn)zClz+ 16 .4  37 1 6 . V  +0 .71  1Ea 
22 .1  25 21.7 -0.10 'Az 

26.0 47 . . .  . . .  
. . . . . . 24.0d -0.07d 

e 

Co(Z-pn)z(NOz)z' 23 .1  165 21.7 -0.62' 'Az 
24.5  4-0.44' 1Ea 

a Measured in methanol. b Measured in water. c Data of 
mat hie^.^ Shoulder. e Assignment uncertain, see text. 0 Be- 
cause of finite band width and overlap these maximum and Ae 
values cannot be taken as  characteristic of the separate tetragonal 
components. 

energy than 'Az. Accordingly the band a t  16,400 cm.-l 
has been assigned to l A 1 +  lEa. 

Further support for these assignments is provided by 
data for C O ( Z - ~ ~ ) ~ ( N O ~ ) ~ + .  Since the axial substituent 
lies higher in the spectrochemical series than propyl- 
enediamine, the crystal field model leads us to expect 
the lEa band to be a t  higher energy than the 'A2 band 
a t  21,700 cm.-l. The circular dichroism does reveal 
these bands although the absorption spectrum does not 
provide clear evidence for any tetragonal splitting ; 
see Figure 2. We expect the sign of A6 of each transi- 
tion to be independent of axial substituent and there- 
fore to carry over from those of the chloro compound. 
This expectation is borne out by the circular dichroism 
curves. 

Unfortunately the crystal field model does not make 
a clear-cut prediction of the splitting of the lT2 level. 
Transitions to the IBz component of this level in D d h  are 
magnetically forbidden while transitions to the com- 
ponent lEb become allowed by admixture of lEa 
character (all traionsitns become active in the Dz field, 
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which should be considerably weaker than the D4t, 

field). In the circular dichroism there appears to be a 
weak negative shoulder a t  about 24,000 cm.-' which 
may be partially obscured by the positive band in the 
near-ultraviolet. Tk;hether this shoulder is due to the 
lEb level-the more likely possibility taking the mag- 
netic selection rules as a guide-or whether it is due to the 
IB2 level made active by spin-orbit coupling cannot be 
decided a t  this point. 

The Ligand Field 
An optically active molecule is one whose mirror 

image is not superimposable with itself. Alternately 
we may say that the molecule lacks improper symmetry 
operations: center of symmetry, plane of symmetry, 
and rotatory-reflection axis. Such molecules are often 
referred to as asymmetric or dissymmetric. The latter 
term is favored because the former indicates that  the 
molecule possesses no symmetry a t  all, whereas i t  may 
possess simple rotation axes and yet be enantiomorphous. 
Unfortunately the implications of the term dissym- 
metric are equally unclear from the word itself. Kow 
the total Hamiltonian will be dissymmetric. However, 
in crystal field theory we can distinguish between dis- 
symmetric contributions to the potential and other 
parts of higher symmetry. For greater clarity in refer- 
ring to the various contributions to the intensity, we 
will use the word amirrocentric, rather than dissym- 
metric, to refer to those terms lacking improper sym- 
metry operations. 

Consider the complex trans-Co(pn)zXY+, and let us 
find a point charge model to represent the ligand field 
retaining only those atoms in the first coordination 
sphere; that  is, in particular we neglect the NH di- 
poles, the ring and its methyl groups. The atomic 
positions from the crystal structure13 of trans- [Co(Z- 
pn)zClz]C1.HC1. 2Hz0 will serve as an excellent guide. 
The site symmetry a t  cobalt is Cz with this axis parallel 
to the C1-Co-Cl axis and the methyl groups trans to 
each other. The nitrogen atoms are displaced above 
and below the xy plane. In Figure 3, we have dis- 

X X 

Figure 3.-Enantiomorphous point charge distributions of 
DP symmetry. The dashed lines arc 45" lines. Encircled signs 
indicate the  direction of equivalent small displacements above 
and below the xy plane. 

played the arrangements of the "in-plane'' nuclei which 
give rise to the enantiomorphous isomers. Note that 
when X = W the ion has DZ symmetry. 

However, regardless of the small displacements of the 
nitrogen atoms, the crystal field remains predomi- 
nantly tetragonal, and those terms in the crystal field 
potential proportional to Y20, \'.'p, and Y4+4 + Y4-4 will 
determine the relative energies of the split components 

(13) Y .  Saito and H. Iwasaki, Buli. C h i i t .  SOC. J U ~ U T I ,  36, 1131 (1062). 

of the d orbitals. These perturbations will not change 
the g character of the orbitals and d-d transitions will 
be forbidden. 

If X # Y there will be a very large perturbation pro- 
portional to YIo  due to the acentric axial field. This 
field will mix excited odd (u) functions into the d orbi- 
tals, making d-d transitions allowed; for example pz 
will mix strongly with dzz. However, this contribution 
to the acentric field will not make the transitions op- 
tically active because the X-Co-Y grouping possesses 
planes of symmetry and C,, local symmetry. 

Now consider the contributions to the field of the four 
displaced point charges providing local symmetry Dz 
about the metal ion. The first odd term in the poten- 
tial expansion which will contribute in this symmetry 
is proportional to Y3+z - Y,-2, This term contributes 
to both the intensity and the optical activity; it is amir- 
rocentric in contrast to the YIo term which is merely 
acentric, The contribution to the intensity of this 
higher order term will be considerably smaller than that 
of YIo, provided X and Y are well separated in the 
spectrochemical series. Accordingly, in Co(pn)zXY + 

compounds it will be impossible to gauge the amirrocen- 
tric intensity from the absorption spectrum. The dif- 
ference in intensity between the centric ion Co(d-pn)- 
(Z-pn)X2+ and Co(Z-pn)zX2+ would gauge the amirro- 
centric contribution, provided it were not obscured by 
the vibronic contributions. The circular dichroism is a 
very powerful tool for obtaining the amirrocentric in- 
tensity since the vibronic mechanism is ineffective in 
circular dichroism. l 4  

Analogous considerations arise in molecular orbital 
models. We would propose displaced ligand nuclei as 
in Figure 3 with their u-orbitals directed toward the 
metal ion. hlolecular orbitals would be calculated in 
some approximation and the electric moment could 
then be expressed in terms of the various atomic orbi- 
tals. Acentric and amirrocentric contributions would 
be readily identified on symmetry grounds. An amirro- 
centric electron distribution might also arise from 
ligand m-orbitals skew to the bond axis3 Since, as we 
shall see, the amirrocentricity in these molecules is 
very small, it will be quite difficult to get conclusive 
experimental evidence on relative contributions of these 
various models. 

The Rotational Strength 
The rotational strength of a transition 0 +- n is given 

by 

R = Im(01 QI n ) .  (ni Ll O)e2/'2rvtc 

while the dipole strength is 

where Q and L are the coordinate and angular momen- 
tum operators. Matrix elements of the first two transi- 
tions of a d6 metal ion in a strong tetragonal field may be 
written in terms of empirical parameters I and 4.  

(14) U', Moilitt and A. hloscow-itz, J .  Cheitz. I'hys., 30, 648 (lSJ50). 
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and 

('A11 Q I 'A21 = ~iik 

Q I  lEaZSy) = qz,v(i,j) 

We will assume that the angular momentum parame- 
ters are isotropic and identical with gas phase values, an 
approximation which cannot be in error by more than 
20-50%.192 Then 

111 = 1 1  = 22/2 

This is readily proven from the fact that  the sum of the 
squared matrix elements of the angular momentum for 
tZG -P tZ5e is 24h2 in the approximation that the matrix 
elements are not appreciably different from those of the 
parent octahedral excited state, 'TI. The rotational 
strengths for the transition in question are then 

R ( ~ A ~  -c 1 ~ ~ )  = 22/2411~e2/2mc 

R('AI -+ 'Ea) = 4&q1Ae2/2mc 

where q1 represents the small difference in rotatory 
strength of the two components of the perpendicular 
band. 

Recalling, however, that  the rotational strength is 
obtained experimentally from the expression 

R = 22.9 X 10-40J'(Ae/h)dh 

Empirical values of 411 and qL are readily obtained 
from the experimental integrated circular dichroism 
and equations given above. These parameters in con- 
junction with the theoretical expression for dipole 
strength and the equation 

D = 3.982 X 10-20e2 f (€/A) dX 

allow computation of a quasi-theoretical value for the 
integrated band intensity of a transition. A com- 
parison with the experimental value will then aid in 
deducing the intensity mechanism for an optical transi- 
tion. 

In Table I1 we list experimental rotational strengths 
and integrated band intensities for the transitions 'A1 + 

'A2 and l E a  for Co(l-pn)zC12+. The rotational strength 
of the transition 'A1 -+ lA2 was computed with the as- 
sumption that the entire negatively rotating compo- 
nent was due to this transition, while that of the transi- 
tion lA1-+ lEa was computed from Mathieu's data from 
6000 A. to longer wave lengths, and our own data a t  
shorter wave lengths. Integrated band intensities were 
obtained from a resolution assuming symmetry about 
the band maximum. 

We also include in Table I1 empirical values of 911 and 
q1 and the quasi-theoretical values for the integrated 
band intensities. Note that the empirical q values are 
one to two orders of magnitude less than those found for 
the presumed electronically allowed transitions in 
C ~ ( e n ) ~ ~ + . ~  Note also the large disparity between ex- 

TABLE I1 
SPECTRAL DATA FOR h'cLnS-CO(~-pn)zClz+ 

IN METHANOL SOLUTION 
Rotational 
strength, Q, Integrated intensity, e unit 

Transition c.g.s. X 10'0 mii. Exptl. Calcd.'" 
'Ai+ 'Ea +2.10 $0.835 5.71 3 .52  X 10-3 
'Ai+ 'A2 -0.424 -0.337 4 .27  2.86 X 10-6 
a Calculated from the circular dichroism; L e . ,  dissymmetric 

contribution only. 

perimental and theoretical integrated band intensities. 
Both of these facts point to small electric moments ef- 
fective in the circular dichroism and thus the mechanism 
of absorption band intensity must be preponderantly 
vibronic. 

Further confirmation is found in a comparison of the 
intensities of the corresponding transitions of the cen- 
tric molecular ion trum-Co (Z-pn) (d-pn)Clz+. l5 The 
extinction coefficients (and integrated band intensities) 
are 37 (4.27) for 'A2 and 25 (5.73) for l E a .  Clearly the 
amirrocentric contribution to the intensity is negligible 
compared to the vibronic portion. This raises the 
question as to the validity of the assumption that all of 
the intensity of C0(en)3~+ is due to electronically al- 
lowed transitions. However, in this case it is clear 
that only a moderate fraction of the intensity can be 
vibronic in view of the fair but by no means exact com- 
parisons of q values from absorption band intensities and 
optical activity data. Larger q values for the trigonal 
complexes could be accounted for in terms of larger 
ligand-ligand repulsions resulting in larger displace- 
ments of ligand nuclei from the octahedral points. 

To conclude, we comment on the rotational strength 
C O ( Z - ~ ~ ) ~ ( N O ~ ) ~ + .  We cannot readily interpret 

signed contributions to the integrated circular dichro- 
ism (+0.0256 and -0.0700 e unit) because of serious 
band overlap. However, from dichroism maxima in 
Table I it would appear that rotational strengths here 
are considerably larger than for the corresponding di- 
chloro compound (as is the integrated band intensity, 
31 E units). The simple crystal field and molecular 
orbital models we have described above predict that  the 
dissymmetric electric moments ought to be constants 
characteristic of the diamine whatever the axial sub- 
stituents. The apparent breakdown of this approxi- 
mation suggests that  more detailed models should in- 
clude contributions to the electric moment from axial 
groups. lG 
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