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Transition Assignments in the Ultraviolet—Visible that takes i.nto account the. structure of the porphyrin or
Absorption and Magnetic Circular Dichroism phthalocyanine ring. The orbital angular momentum (OAM)
Spectra of Phthalocyanines associated with pairs of orbitals in the inner perimeter 16 atom,

18 s-electron aromatic ring system follows from the assignment
of the molecular orbitals of a cyclic polyene aromatic ring in
terms of wave functions in an ascending energy sequence where
Department of Chemistry, University of Western Ontario, M. = 0 +1, 42, ..., 7, 8. The HOMO has aML vaIu_e of
London, Ontario N6A 5B7, Canada j:_4, while the LUMO has a_ valut_a of£5. Ir_l _th|s relatively
simple scheme, there are four possible transitions between these
: two levels involving changes in orbital angular momentum
Receied August 30, 2000 1Y of =1 and-£9. The allowed 41) and forbidden £9)

In a recent paper, Mussleman and co-workévee refer to nature of the B and Q bands, respectively, of metal porphyrin
this paper as HFFM throughout) proposed a revised band (MP) complexes is reflected in the significantly different molar
assignment scheme for the optical spectr®gf metal phtha- extinction coefficientsAM, values can be derived experimen-
locyanine complexes (M(I)Pe{2)), known systematically as  tally from the Ai/Dg MCD parameter, which is proportional to
tetraazatetrabenzporphyrins, based on an analysis of a polarizethe OAM difference between the ground and excited steftés?
specular reflectance spectrum oDa, model complex, Fel- The observedy/Do values were found to be in close agreement
dtpy).4THF, and comparison with theoretical calculations with those predicted by Gouterman’s calculations. Despite the
reported previously.Finally, HFFM use spectral data obtained obvious simplicity of Gouterman’s model, it provides a remark-
from an earlier study of partially oxidized (I)CuPc single crystals ably good description of the experimental spectral data of main
(iodine was present as an axial ligand) to provide support for group MP{-2) and MPc{-2) complexes.
this proposaf. HFFM state that that their data are inconsistent  In the case of MP{2) complexes, Gouterman’s MO calcula-
with Gouterman'’s four-orbital LCAO modélwhich along with tions® have indicated that thg @and a, HOMOs are accidently
its later modificationshas been used very widely and success- degenerate but the Q (or) band at ca. 600 nm and the B (or
fully to describe the optical spectra of both metal porphyrin Soret) band at ca. 420 nm retain their respective forbidden and
and metal phthalocyanine complexes over the past 4 detdtes. allowed character. In the case of MP&) complexes, Gout-
Because the proposed band assignment scheme put forward bgrman proposed that the aza linkages and fused benzenes break
HFFM would radically change the basis for spectral analysis the accidental degeneracy of thg and a, orbitals significantly,
of a very wide range of compounds and could lead to resulting in less mixing between the two excited states such
considerable confusion, we feel it appropriate to carefully that the previously forbidden Q transition gains significant
reconsider the spectroscopic and theoretical evidence for Gou-intensity; the Q band is actually observed as an intense band
terman’s four-orbital model. with a molar extinction coefficient of about 1@ear 670 nntP

The four-orbital model is based on a theoretical treatment The Ay/Dg ratios obtained from moments analysis of the ZnPc-
that unites a cyclic polyene modélwith a Huckel calculation (—2) Q spectral regions of the MCD and WVisible absorption
data are greater than 3.0, indicating that there is still considerable
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Figure 1. Molecular orbital and state level diagrams of ZnP2j
showing the transitions that are predicted to give rise to absorption
bands in the 3061000 nm range. Analysis of the MCD spectra
observed for MPc{2) complexes has identified seven separate A terms
in the 256-800 nm region arising from transitions to doubly degenerate
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calculations reported by Henriksson et'alvho are said to have
predicted multiple electronic transitions for both the Q and Soret
regions. It should be noted that both of these models were, in
fact, based on five major — z* bands referred to as Q, B, N,

L, and C in terms of ascending energy (the B1/B2 assignment
postdated the theoretical work) and that the calculated energies
and assignments for these bands in both calculations are very
similar. The major point of disagreement between the models
of GoutermaPf and Henriksson et &kwas related to the energy

of the n— z* bands associated with the aza nitrogen lone pair
orbitals of the phthalocyanine ring. Gouterman and co-wobkers
calculated that the lowestifi excited state had an energy similar

to that of the Q transition. They postulated that significant band
broadening observed in the Soret region of MPZ) spectra
relative to analogous MP{2) complexes was due to the
presence of underlyingart excited states and pointed to the
fact that Hochstrasser and Marzzaabserved this broadening
effect empirically in a study of the optical spectra of a variety
of aromatic and heteroaromatic molecules. In contrast, Hen-
riksson et al! proposed that the - 7* bands sit within the B

excited states. The associated bands are referred to in the sequence Qor Soret) region spectral envelope. It was Gouterman rather
2ndz — 7%, B1, B2, N, L, and C in ascending energy and have been than Henriksson et alltherefore, who proposed that there could

identified through spectral deconvolution studi&son the basis of
Gouterman’s modée® A recent ZINDO calculation of the absorption
spectrum of ZnPcf2) predicted the presence of a much weaker 2n
m — n* transition (la, — 2g*), which had not previously been
associated with an identifying lett&tAn n — z* transition is placed
between the Q and B1 transitions in energy on the basis of a spectral
deconvolution analysis of the absorption and MCD spectra of (CN)-
ZnPc(-2)°® recorded at cryogenic temperatures. The orbital ordering
on the left is based on the results of the ZINDO calculation.

d

and ZINDO calculations has subsequently resulted in the
identification of a very weak band slightly to the red of the B1
band that is believed to arise from a 2me s* transition into

the 2¢* orbital of MPc(—2) 8 (Figure 1).

We turn now to the evidence offered in the paper by HEFM
to support their proposal that Gouterman’s band assignment
scheme should be changed. In their work, they analyze the
spectral reflectance data of thBig, symmetry model compound

and use their conclusions to interpret the solid-state optical data

reported previousR/for a partially oxidized CuPc species. They
identify a weak band at 555 nm to the blue of the main Q band
at 660 nm as a second — x* band. HFFM state that this
band is associated with the,a> eg* transition (the B transition

in Gouterman’s four-orbital scheme), basing their proposal on
the results of an MO calculation reported in a previous paper
by Musselman and co-worketdHdFFM! refer to this peak as
the R band and state that the observed intensity in the B (or
Soret) region is due to an, e~ by* transition, which was not
included in Gouterman’s assignment scheme. No comparison
data are provided with the exception of a table aligning the
original Gouterman four-orbital assignments with their new
proposed assignment scheme. HFFM state that the much large
AHOMO in the case of MPef2) molecules completely

eliminates the Cl between the Q and B excited states and that

this leads to a complete lifting of the forbidden nature of the Q
band. The authors make no reference to any of the available
MCD spectral da® or to more recent ZINDO MO calculations
that have been reported for a range of MP2) complexes,
which provide no support for this conclusion.

HFFM! claim that Gouterman assigned the entire Q spectral
envelope (506720 nm) and the entire Soret region (25000
nm) to electronic and vibrational bands arising from only the
Q and B transitions, respectively. The authors state that there
is an alternative interpretation for these regions according to

be multiple spin-allowed electronic transitions in the Q spectral
region. Significantly and in contrast with the paper of HFEM,
neither model contained multiple spin-allowad— z* bands

in the Q region. Henricksson et #lpredicted the presence of

a number of triplet excited states at energies similar to that of
the Q transition, but these are spin-forbidden and are not relevant
in terms of the electronic absorption spectrum.

The nature of the spectral envelope in the Q region has since
been extensively studied by different optical spectroscopic
techniques at high resolution and over a wide range of
temperaturé®®In HFFM's! proposed assignment scheme, two
separater — sr* transitions are said to give rise to bands in the
Q spectral region. Since both these transitions involve doubly
degenerate excited states, this should result in a pair of intense
Xy polarized derivative-shaped A terms in the MCD specttéim.
Our recent spectral deconvolution analysis of the-tisible
and MCD spectra of ZnPe(2) Q spectral regiot recorded at
cryogenic temperatures indicates that the bands to the blue of
the main @y at 670 nm are all Gaussian shaped B terms. The
energies of the vibrational bands identified by spectral decon-
volution were in good agreement with those reported in the
Shpol'skii matrix emission studies of Huang et'&lThese
authors proposed that there iszgolarized transition at 604
nm that gives rise to a second set of weak vibrational bands to

(11) (a) Henricksson, A.; Sundbom, Ntheor. Chim. Actd 972 27, 213.

(b) Henricksson, A.; Roos, B.; Sundbom, Wheor. Chim. Actd 972

27, 303.
(12) Hochstrasser, R. M.; Marzzacco, £.Chem. Phys1968 49, 971.
(13) The MCD signal arises from the same transitions as those seen in the
UV —visible absorption spectrum, but the selection rules are different
because the intensity mechanism depends on the magnetic dipole
moment in addition to the electric dipole moment, which normally
determines UV-~visible absorption intensity. MCD spectroscopy is,
therefore, complementary to UWisible absorption spectroscopy
because it can provide ground and excited state degeneracy information
essential in understanding the electronic structure of molecules of high
symmetry. The specificity of the MCD technique arises from three
highly characteristic spectral features, the Faraday A, B, and C térms.
The derivative-shaped Faraday A term is temperature-independent and
identifies degenerate excited states, while the normally Gaussian
shaped C term is highly temperature-dependent and identifies an
orbitally degenerate ground state. Gaussian shaped, temperature-
independent B terms arise from mixing between closely related states
linked by a magnetic dipole transition moment.
(14) (a) Huang, T. H.; Reickhoff, K. E.; Voight, E. Ml. Chem. Phys.

1982 77, 3424. (b) Huang, T. H.; Reickhoff, K. E.; Voight, E. M.

Phys. Chem1981, 85, 3322.
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Figure 2. Spectral deconvolution analysis of the Q spectral region
ZnPc(CN). The same bandwidths and centers are used to fit MCD and

Notes

broad B term at around 510 nm that is a characteristic feature
observed within the MCD spectra of [MPe{)]" specie$c.d8ash
We have recently assigned this band teqaolarized n— z*
transition due to the apparent nondegenerate excited %3tate.
Other author® have proposed, on the basis of MO calculations,
that this band is due to axy-polarizedz — x transition into
the partially filled HOMO. Neither of these proposals appears
to have been taken into account the papers by Musselman and
co-workerst—3

HFFM! state that th®,, symmetry of their model compound
allows them to observe spectral features hitherto unavailable
in the case ofD4, complexes. It should be noted that MCD
spectroscopy readily provides significantly more information
for complexes of all symmetries than can be obtained from solid-
state polarized specular reflectance spectra. Data are obtained
at dramatically greater signal to noise ratios providing informa-
tion about ground and excited-state degeneracies and band
polarizations. Since MCD spectra can be recorded in solution,
there are far fewer experimental problems associated with the
technique, such as the Davydov splitting effects and the
difficulty in obtaining accurate intensities via Kramet#§ronig
transformation, which greatly complicate the analysis of specular
relectance spectra. The authors have omitted the extensive
literature that exists on the MCD spectroscopy of hbthand
lower symmetry MP{2) and MPc{2) complexes from a
number of different research group%9.16

In summary, we propose that the four-orbital model of

UV —visible absorption spectra recorded at cryogenic temperatures onGouterman should continue to form the basis of the assignments

the same 5:2 dimethylformamide/dimethylacetamide vitrified solution.

of the optical spectra of boths, and lower symmetry MP(2)
and MPc(-2) complexes. The spectral deconvolution analyses

the blue of the Q transition because the fluorescence excitationof MCD spectral data for the Q spectral envelope of ZrPc(

and emission spectra deviated significantly from the anticipated
mirror image pattern. Our deconvolution anal§&igigure 2)
identified four intense B terms in &/—/+/+ pattern in order
of ascending energy labeled ¢Q, which is followed by a
second set oft-/—/+/+ bands 700 cm! to the blue labeled
“Qoz’. Huang et alt* proposed that this second repeating set of

Quib bands are overtones of the first sequence that arise from a
second quantum of vibrational energy from a totally symmetric .

ayg vibrational mode. At the high-energy edge of theg!

sequence there is a marked difference in the energies of the

main absorption and MCD intensity at ca. 600 nm at the energy
of Huang et al.’s proposed+ z* band. The bands to the blue
of the negative B term at 604 nm are all positive B terms and
are significantly broader than the,Qbands to the red. Under
D4 symmetry this is the pattern that would be expected for
bands arising from thepolarized n— z* transition out of the
aza nitrogen lone pair orbitals proposed by Huang ét al.
Michlb¢d has demonstrated that even when the symmetry is
reduced belovD4, the derivative-shapexly-polarized A terms
are replaced by intense coupled pairs of oppositely sigrned
andy-polarized Gaussian shaped B terms. No second pair of

intense coupled B terms has been observed in the MCD spectra

of Do complexes of phthalocyanines at the wavelength predicted
for HFFM’s R transition: The authors do not make it entirely
clear whether the partially oxidized CuPc spetthat is referred

to is a neutral complex or a cation radical. If it is a cation radical

species, then their R transition could correspond to an intense

2)°b shown in Figure 2 provides definitive evidence that there
is no second, allowed — x* band in the Q spectral region
arising from the 1a — 1e* transition. There is instead a weak

n — m* band associated with the aza nitrogen lone pairs, as
Huang et al* and Gouterman and co-worke&taave previously
predicted.
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