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Figure 2. Variation of the observed rate constant k,.(obsd) for the
reduction of bis(sulfito-O)cobalt(I1I) with pH at 25 °C (data of Table
VII).
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if [H*]4is neglected. This situation is achieved if it is assumed
that when the metabisulfite is added to the trans-diaquo and -aquo
hydroxo equilibrium mixture, the cobalt(III) species are completely
converted to the disulfito complex Co(en),(OSO,H),. This latter
complex then takes the three equilibrium forms given in Scheme
IV, in which the monoprotonated species is the one that undergoes
reduction to cobalt(II).
Rearrangement of eq 31 gives

[H*}?

(H*] Ky, [H'] .
keaKs

kred(ObSd) - krcd kred

(32)

A least-squares fit of the experimental data to the form of eq 32
gave kg = (6.5£0.3) X 107257, Kz = (44 £0.6) X 103 M,
and Ky = (1.2 + 0.4) X 10 M. These parameters gave a very
satisfactory fit of all the experimental data as shown in Figure
2. The K values are in the range to be expected, since studies
of an analogous cobalt(II1) system?® suggested a similar order of
magnitude for K, while one would expect Kj to be at least 1 order
of magnitude smaller than Ky, due to the considerably decreased
positive charge on the monoprotonated bis(sulfito) species relative
to the diprotonated one.
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Mulliken’s theory for donor-acceptor interactions is used to rationalize the effects of aryl substituents on the intensities of the
metal-to-ligand charge-transfer absorptions that are characteristic of Cu(I) complexes with phenanthroline ligands. Depending
on the positions of the aryl substituents, the absorption intensity is enhanced or diminished with respect to the unsubstituted complex.
The analysis verifies that the transition dipole length is approximately given by the separation between the charge centroids of
the donor and acceptor orbitals. In the absence of steric complications, this means that the aryl substituent effects can be traced
to readily envisioned resonance interactions. When conjugation with the = system of the substituents extends the acceptor orbital
out away from the metal center, the transition dipole length is increased and the intensity is enhanced. Conversely, a decreased
transition dipole length results when the substituent spreads the acceptor orbital in a direction opposite to that of the optically

induced charge transfer.

Introduction

Although relatively few studies have focused on the origins of
absorption intensities, the absorption spectra of complexes of
organic ligands with transition-metal jons often show distinct
connections between intensity and ligand structure. An under-
standing of the basis of these effects would aid in the design of
more effective ligands for colorimetric analysis as well as in the

0020-1669/86,/1325-1329801.50/0

adjustment of the photochemical and photophysical properties of
the complexes themselves. For example, ligand modifications that
improve the light-gathering characteristics of a complex enhance
its potential for energy-conversion applications.

The charge-transfer (CT) absorption intensities of 1,10-
phenanthroline (phen) complexes of copper(I) and iron(II) reveal
the dramatic influence that perturbations in ligand structure can

© 1986 American Chemical Society
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Table I. CT Data for Copper(I) Phenanthrolines

Phifer and McMillin

v f e(v) dw, arbitrary

units
ligand complex Amaxs 0 €maxs M~ cm™! exptl caled

= = Cu(phen),* 435 70007 440 550
N/ N/ (phen),

N
\_ ¢\ Cu(dmp),* 455 7950° 540 500
CHs CHy

Y N4 Cu(dpp),* 441 3620¢ 290 360

= )= . b

v\ Cu(tpp), 450 6400 460 460

—— Cu(bep),* 479 142007 730 610

W,

CHs CHy

“Schilt, A. A. Analytical Applications of 1,10-Phenanthroline and Related Compounds; Pergamon: New York, 1969; pp 55-56. ¢ Dietrich-Bu-
checker, C. O.; Marnot, P. A.; Sauvage, J. P.; Kirchhoff, J. R.; McMillin, D. R. J. Chem. Soc., Chem. Commun. 1983, 513-515.

have on the electronic spectrum. For example, phenyl substituents
in the 4,7-positions of 1,10-phenanthroline lead to large en-
hancements in the absorptivity (Table I). Some years ago Smith
attributed this effect to the relatively large charges that are in-
dicated for the 4,7-positions by molecular orbital calculations of
the w-electron system.! However, comparable charges are cal-
culated for the 2,9-positions, and 2,9-phenyl substitution results
in a sharp decrease in the molar absorptivity (Table I). To account
for the reversal, Smith suggested that aryl substituents at the
2,9-positions would be likely to hinder the approach of the ligand
to the metal ion, thereby limiting the development of charge-
transfer intensity.

Some time ago, Day.and Sanders showed that Mulliken’s theory
of CT interactions®* could be used to explain the effects of methyl
substituents on the CT absorption intensities of phenanthroline
complexes.* Here we extend the analysis to aryl-substituted
systems. This extension of the model is worthwhile because it
provides convincing experimental support for the theory and
because it resolves the anomalies originally noted by Smith.'

Theory
During a metal-to-ligand CT absorption, an electron is excited
from a molecular orbital Qp, centered mainly on the metal, to an

orbital Q,, centered mainly on the ligand. Correct to first order,
the relevant wave functions are

Qp = ¢g + Aggma*
QA = 7ra* + Adad)d

(1a)
(1b)

where ¢4 is a d orbital of the metal, 7,* is a w-antibonding mo-
lecular orbital of the phenanthroline ligand, and A4 and A4, are
mixing coefficients.” The transition moment jip, is given by

fipa = (Qpl-eR|Q4)= —eRpa (2)

(1) Smith, G. F. Anal. Chem. 1954, 26, 1534-1538.

(2) Mulliken, R. S. J. Am. Chem. Soc. 1952, 74, 811-824.
(3) Murrell, J. N. Q. Rev., Chem. Soc. 1961, 15, 191-206.
(4) Day, P.; Sanders, N. J. Chem. Soc. A 1967, 1536~1541.

where €R is the dipole moment operator, and e is the charge on
the electron. Although eq 2 expands into a number of terms,
Mulliken? and others®® have shown that the transition moment
is approximately given as

(3)

where R,, is the vector between the metal nucleus, which we take
to be the origin of our coordinate system, and the mean position
of the electron in the acceptor orbital of the ligand. This result
is very intuitive: the dipole length of the CT absorption can be
taken as the distance between the centers of the orbitals involved.
It follows that changes in ligand structure that affect the extension
of the acceptor orbital will also influence the transition dipole and,
hence, the absorption intensity.

The theoretical measure of absorption intensity is the oscillator
strength, which depends on the square of fp, and on v,,, the
average transition energy.® The value of fip, is readily calculated
from eq 3 when the Wolfsberg—-Helmholtz approximation is used
to obtain A,q.* Since the oscillator strength is also proportional
to the integrated area under the absorption envelope,® we can
equate the theoretical and experimental expressions for the in-
tensity to obtain the following useful expression:

Vavfe(y) dv = KC]\JaZSMNZR.aa2

ﬁDA = _exad“ra*lR'Wa*) = _ekadRaa

(4)

Here X represents a product of numerical factors, v, is the average
transition energy, ¢(v) is the molar absorptivity at frequency »,
Cn. is the coefficient of the pr orbital of nitrogen in w,* and Sy
is the overlap integral between ¢4 and the pr atomic orbital of
nitrogen.

Application to Copper(I) Phenanthrolines

Copper(I) systems are useful in the analysis of aryl substituent
effects because the low coordination numbers and pseudotetra-

(5) van der Avoird, T.; Ros, P. Theor. Chim. Acta 1966, 4, 13-21.
(6) Calvert, J. G.; Pitts, J. N, Jr. Photochemistry; Wiley: New York, 1966;
pp 170-173.
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Figure 1. Visible absorption spectra of Cu(dmp),* (-) and Cu(dpp),*
(*~) in methylene chloride at 20 °C.

Figure 2. Schematic representation of the relative weights of the con-
stituent pr atomic orbitals in y and x, the lowest unoccupied =* orbitals
of 1,10-phenanthroline. Where shaded, the relative phases are negative.

hedral coordination geometries around copper(I) present minimum
steric complications. The bis-chelate complexes selected for de-
tailed analysis are listed in Table I. Representative CT absorption
spectra are presented in Figure 1. The relative CT intensities
are compiled in Table I and have been obtained by integration
of the experimentally measured spectra.

Although the theory outlined above pertains to a mono-ligated
metal center, it carries over to the bis-chelated systems, as dis-
cussed in Appendix I. A complication intrinsic to the phenan-
throline ligand is the fact that there are two low-lying #* molecular
orbitals involved in the CT absorption (Figure 2). The orbitals
are denoted as y and y, where  is antisymmetric with respect
to the C, operation of the free ligand and yx is symmetric with
respect to the same operation.®” The ¢ and x orbitals have similar
energies, and there is general agreement that transitions to both
orbitals occur in the visible spectra of these complexes.®® If we
include terms for both transitions, the following equation (a
generalization of eq 4) describes the integrated intensity of the
CT spectrum:

Vavfé(l/) dv = K’[CN‘szMNziéwz + CNXZSMNZEXXZ]. (5)

(7) Orgel, L. E. J. Chem. Soc. 1961, 3683~-3686.

(8) Ceulemans, A.; Vanquickenborne, L. G. J. Am. Chem. Soc. 1981, 103,
2238-2241.

(9) Hollebone, B. R.; Mason, S. F.; Thomson, A. J. Symp. Faraday Soc.
1969, 3, 146-160.

Inorganic Chemistry, Vol. 25, No. 9, 1986 1331

Table II. Calculated Results

ligand Crny Ry, A Cny R, A
phen 0.4376 2.598 0.2659 3.287
dmp 0.4135 2.654 0.2442 3.303
dpp 0.4211 2.304 0.2422 2.450
tpp 0.3927 2.823 0.2309 2.902
bep 0.3826 3.174 0.2284 3.824
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Figure 3. Graphic display of the fit of the experimental data. If there
were no errors in either theory or experiment, all points would lie on a
line with unit slope.

In this approximation »,, represents an average transition energy
of the CT envelope.

The parameter K”in eq 5 can be regarded as a scale factor that
can be estimated from a least-squares fit of the calculated and
observed intensities. The Cy; and the R;; values, where i = or
X, are available from extended-Hiickel calculations (Appendix
II). Because of the C, symmetry axis that passes through the
ligand, the only nonvanishing displacement occurs in the z di-
rection. Hence, the vector notation can be dropped. The R; values
are calculated from the extended-Hiickel output by

Ry =2Cilz+ X Zk: CiCiSplz; + zp), (6)
J J
<k}

where z; is the z component of the distance from the jth atom of
the phenanthroline derivative to the copper center, Sy is the overlap
integral between the pr orbitals of atoms j and k, and Cj; is the
coefficient of the pr orbital of the jth atom in the ith molecular
orbital. On the basis of studies of the nuclear Overhauser effect
in fluid solution'® and crystal structure data,!! the angle between
the planes of the phenyl substituents and the phen core was as-
sumed to be 45° in all cases. The quantity Sy of eq 5 is obtained
from a separate extended-Hiickel calculation. A summary of the
calculated values are presented in Tables I and I, and a graphical
representation of a fit of the experimental data is provided in
Figure 3.

Day and Sanders found that methyl groups exert an influence
on R; by a redistribution of electron density within the phenan-
throline framework.* In contrast, we find that the presence of
phenyl substituents hardly changes the distribution of the ¢ or
x orbitals within the phenanthroline core. Specifically, if the
contributions of the atomic orbitals of the phenyl groups are
ignored in the evaluation of eq 6, the transition dipole lengths R,
and R, change by no more than about 5% as compared with those
of unsubstituted phenanthroline. The sensitivity of the dipole
lengths to the presence of phenyl substituents is instead due to
the delocalization of the m system out onto the phenyl groups.

(10) Dietrich-Buchecker, C. O.; Marnot, P. A.; Sauvage, J. P.; Kintzinger,
J. P.; Maltese, P. Nouv. J. Chim. 1984, 8, 573-582.

(11) Green, B. E.; Kennard, C. H. L.; Smith, G.; Elcombe, M. M.; Moore,
F. H,; James, B. D.; White, A. H. Inorg. Chim. Acta 1984, 83, 177-189.
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Scheme 1

Phifer and McMillin

Simple geometric considerations show that the presence of phenyl
substituents at the 4,7-positions will extend the = system out away
from the metal center. This increases the transition dipole length
and enhances the absorption intensity. On the other hand, de-
localization onto pheny! substituents in the 2,9-positions decreases
the dipole length. When all four positions carry phenyl groups,
the substituent effects almost cancel each other (Table II).

Generalization of Results

The transfer term, a name applied to the right-hand side of eq
3, appears in the expression for the transition moment because
of the transfer of charge which occurs in the ground state due
to the mixing of donor and acceptor orbitals.>* Valence bond
theory can be used to understand the ground-state charge dis-
tribution,'? as illustrated by the three contributing resonance
structures depicted in Scheme I. (Note that the formal charges
resulting from coordinate—covalent bond formation are ignored.)
From such diagrams it is easy to predict whether particular aryl
groups will increase or decrease the distance between the charge
center of the ligand orbital and the metal ion. Again, an increased
separation means that the CT absorption intensity will increase.

A survey of the data in Table III, where the molar absorptivitiy
at the absorption maximum is taken as a crude measure of ab-
sorption intensity, demonstrates that this “rule of thumb” is very
useful in a qualitative sense. The last entry appears to be
anomalous, but it actually reveals an important point. A com-
parison of the two systems with trimethoxyphenyl substituents
reveals that e, is enhanced when the methoxy groups are found
in the 3”,4”,5” positions of the substituent (as expected) but that
there is no such enhancement of ¢,,, in the 2”/,4”,6"”-trimeth-
oxyphenyl derivative. We attribute the latter irregularity to steric
interactions between the 2”,6”-methoxy groups and the 3,5-hy-
drogens of the bipyridine moiety. These interactions cause the
phenyl group to rotate well out of the plane of the attached
pyridine ring, thereby destroying conjugation.

Limitations of the Model

While the present treatment provides useful insight into aryl
substituent effects, the shortcomings of the model are evident. For
example, our model predicts a greater absorption intensity for the
phen complex than for the dmp complex, in contrast with ex-
perimental results. Although our calculations predict that R,
and R, , are larger for dmp than for phen, the decrease in the Cyy
and Cy;, values is an overriding effect. In regard to the copper
series, one problem is that we have been forced to use »,, for the
absorption envelope in eq 5. As detailed in Appendix I, multiple
transitions are involved, and each has its own v,,,. Another
problem is that important structural data are lacking; thus, we
have had to assume a constant Cu—N distance and a fixed twist
angle for the phenyl substituents.

In more general terms, the wave functions are deficient even
within the context of a one-electron model. A more realistic
version of Qp is given by

Qp = ¢g + M7* + Ao + 3o, )

where 7* indicates an empty w-antibonding orbital of the free
ligand, e.g. ¥ or x, 7 is a filled m-bonding orbital of the ligand,
and ¢, is a 4p orbital of copper. An analogous expansion can be
written for 4. As discussed by Day and Sanders,* these wave
functions would give rise to metal-centered (3d — 4p), ligand-

(12) Dewar, M. J. S. J. Am. Chem. Soc. 1984, 106, 669-682.

Table III. Molar Absorptivities for Selected Metal-to-Ligand
Charge-Transfer Transitions

ligand complex  €mee, Ml cm™  ref
7]
NP RuL,* 16100 a
=N N ‘

RuL,* 6570 b
RuL,* 38400 a
N/, b / Cul,* 6570 c
HaC CHy
QCH; OCH,
OCH,
_ CuL,* 10350 c
\ 4 3 /
HyC CHy
OCH,
HyCO
+
. - ocH, Cul, 4950 c
\ r\{ }1 /
HeC CH,

4Stone, M. L.; Crosby, G. A.; Chem. Phys. Lett. 1981, 79, 169-173.
bKirchhoff, J. R.; McMillin, D. R.; Marnot, P. A.; Sauvage, J. P.; J.
Am. Chem. Soc. 1988, 107, 1138-1141. <Krohnke, F. Synthesis 1976,
1-24.

centered (w ~ 7*), and interligand charge-transfer contributions
to the absorption intensity. The latter terms could be significant
when 2,9-diphenyl substituents are present since interligand
stacking interactions are likely to occur.!’ Finally, electron—
electron interactions, orbital relaxation effects, etc., have been
ignored altogether.

Conclusions

From a systematic application of the CT model of Mulliken,
we have been able to correlate the effects of aryl substituents on
the absorption intensities of CT bands exhibited by copper(I)
phenanthrolines. In the absence of steric problems, the primary
effect of an aryl substituent arises from resonance interactions
with the phenanthroline core. The result is that the average

(13) Cesario, M.; Dietrich-Buchecker, C. O.; Guilheim, J.; Pascard, C.;
Sauvage, J. P. J. Chem. Soc., Chem. Commun. 1985, 244-247.
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Figure 4. One-electron energy levels for Cu(phen),* in Dy, and D,
symmetries. The arrows indicate the orbital excitations that carry in-
tensity from the transfer term. In D,; symmetry the state assignment
for these transitions is 'B, < 'A,. In D, symmetry it is 'B; < 'A.

displacement of a charge in the ligand acceptor orbital is either
increased or decreased in relation to the metal center, depending
on the position of substitution. In turn, this influences the dipole
length of the CT absorption. Previously the relatively low €q,,
value of Cu(dpp),* was attributed to a steric effect;' our results
show that low intensity is expected even at a “normal” Cu-N
distance. In fact, it is remarkable that good agreement between
experimental and calculated results was found even though the
compounds were artificially constrained to be alike in many ways:
e.g., Cu-N length, dihedral angles of the phenyl groups, and
phenanthroline core geometry. As shown by elementary valence
bond considerations, these conclusions can be applied to a variety
of other systems.

Acknowledgment. This work was supported by NSF Grant Nos.
CHE-2105003 and CHE-8414267. We would like to thank Daniel
L. Severance and Lawrence L. Halcomb for their valuable as-
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Appendix I

The purpose of this section is to point out some of the subtleties
that arise in the treatment of bis-chelate complexes and to justify
the use of eq 5 in correlating the oscillator strengths of these
systems. If, in the bis chelate, the CT transitions terminate on
orbitals that are localized on particular ligands, it is easy to accept
that the integrated CT intensity of the system with two ligands
should be twice that of the related mono-chelated complex. It
can be shown that this is also true, to a first approximation, if
the acceptor orbital is viewed as being delocalized over both
ligands.#!4!5  In fact, an analysis based on the method of

(14) Murrell, J. N. The Theory of the Electronic Spectra of Organic Mol-
ecules; Methuen: London, 1963; Chapter 7.
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Ceulemans and Vanquickenborne® shows that the total intensity
is independent of the value of the dihedral angle between the two
ligands.!” However, the number of transitions over which the
intensity is distributed does vary with the angle. A one-electron
energy level scheme appropriate for the D, symmetry of Cu-
(phen),* (a flattened tetrahedron) is included in Figure 4, where
arbitrary, but convenient, basis functions have been chosen to
reflect the symmetry properties of the individual levels. For this
particular basis set, only four of the five z-polarized transitions
carry intensity from transfer terms because the d,: orbital is
orthogonal to both ¢ and x. Actually, since it is likely that both
of the totally symmetric wave functions contain some d,:_,:
character, all five transitions should be allowed. In D,; symmetry
only two transitions can carry intensity from transfer terms (Figure
4). Consequently, the appearance of the CT spectra might be
quite different in the two symmetries, but the integrated absorption
intensity would be the same. It is possible that the complexes with
phenyl groups in the 2,9-positions are further removed from D,;
symmetry than the other complexes considered, because the CT
spectrum of the former is spread over a broader range of wave-
lengths.

Appendix II

A standard extended-Hiickel program was used to perform
calculations. The Cu(I) parameters were chosen as in Mehrotra
and Hoffmann.!®* The bond lengths and bond angles assumed
for the phenanthroline core were based on X-ray crystallographic
data for Cu(dmp),*.'**® Small adjustments were made to impose
C,, symmetry on the ligand framework. The substituent phenyl
groups were assumed to be hexagonal with C—C bond lengths of
1.40 A and C-H bond lengths of 1.08 A. A length of 1.46 A was
used for the C~C bond connecting the phenyl group to phenan-
throline. The phenyl substituents were rotated in a conrotatory
fashion in order to preserve the C, symmetry axis of the ligand.
The Purdue CDC 6000 series computers and Cyber 205 super-
computer were used for the calculations.

Registry No. Cu(phen),*, 17378-82-4; Cu(dmp),*, 21710-12-3; Cu-
(dpp),*, 85626-37-5; Cu(tpp),*, 85626-38-6; Cu(bcp),*, 47895-81-8;
RuL,* (L = 2,2%:6’,6"-terpyridine), 86959-71-9; RuL,* (L = 6,6”-di-
phenyl-2,2":6,6"-terpyridine), 94619-67-7; RuL,* (L = 4,4’,4”-tri-
phenyl-2,2":6",2"-terpyridine), 77759-56-9; CuL,* (L = 6,6'-dimethyl-
2,2’-bipyridine), 73017-53-5; CuL,* (L = 6,6’-dimethyl-4-(3,4,5-tri-
methoxyphenyl)-2,2’-bipyridine), 101200-22-0; CuL,* (L = 6,6’-di-
methyl-4-(2,4,6-trimethoxyphenyl)-2,2"-bipyridine), 101200-23-1.

(15) The comparison is with an idealized monoligand complex that involves
the same metal hybridization, CT energy, etc. as exhibited by the bis
chelate. In practice the monoligand complex has its own identity.!®

(16) Atkins, C. E.; Park, S. E.; Blaszak, J. A.; McMillin, D. R. Inorg. Chem.
1984, 23, 569-572.

(17) Phifer, C. C.; McMillin, D. R., unpublished results. The analysis
assumes that the average transition energy and the Cu-N distance are
independent of the dihedral angle relating the ligands.

(18) Mehrotra, P. K.; Hoffmann, R. Inorg. Chem. 1978, 17, 2187-2189.

(19) Dessy, G.; Fares, V. Cryst. Struct. Comm. 1979, 8, 507-510.

(20) Hamaéldinen, R.; Ahlgrén, M.; Turpeine, U.; Raikas, T. Cryst. Struct.
Commun. 1979, 8, 75-80.



