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A theoretical study is presented on the magnetic circular dichroism (MCD) exhibited by the porphyrin complexes
MP (M = Mg,Ni,Zn), MTPP (M = Mg,Ni,Zn), and NiOEP, where P = porphyrin, TPP = tetraphenylporphyrin, and
OEP = octaethylporphyrin. The study makes use of a newly implemented method for the calculation of _¢ and <3
terms from the theory of MCD and is based on time-dependent density functional theory (TD—DFT). It is shown
that the MCD spectrum is dominated by a single positive . ¢ term in the Q-band region in agreement with experiment
where available. The band can be fully explained as the first transition in Gouterman’s four-orbital model for the
type of porphyrins studied here. For the Soret band, the experimental MCD spectrum appears as a single positive
A term. This is also what is found computationally for NiP and NiTPP, where the second transition in Gouterman’s
four-orbital model give rise to a positive . term. However, for the remaining systems, the simulated MCD spectrum
is actually due to two ¢4 terms that have the appearance of one positive pseudo ¢ term. The two ¢4 terms
appear because the second Gouterman state is coupled strongly to a second excited state (b, — 2€,) of nearly
the same energy by the external magnetic field.

1. Introduction spectra of porphyrins have also been analyzed by semiem-
pirical methods$#>*MCD measures the difference in absorp-
tion of left and right circular-polarized light of a molecule
under the influence of an external magnetic field pointing
in the direction of the propagating light. MCD is the most
important of the magneto optical activity techniques and
allows for the characterization of excited and ground state
symmetries. The fact that all of the substances are MCD
active makes it an attractive technique, and it has found many
applications in the description of biological systeffid8
MCD theory is well established, and further details can be

A recent implementation into the Amsterdam Density
Functional progranTt® based on time-dependent density
functional theory (TD-DFT) makes it possible to simulate
magnetic circular dichroism (MCD) spectr&lVe present here
the results from TB-DFT calculations on porphyrin com-
plexes. Until now, many studies have been carried out at
the semiempirical, DFT, and ab initio levels on the electronic
spectra of porphyrin complexé&st?including onePPP—-CI
study of the MCD spectra of these moleculé§he MCD
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found in reference¥:1% 23 Porphyrin complexes play an
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structure of porphyrins and their derivatives is also of

important roll in biological processes as diverse as respirationimportance for their use in optical devices.
and photosynthesis. Very often, they have been used as In spite of all of the experimental and theoretical studies,

models for chlorophylls and heme proteifi2*3*In addition,

some aspects of the MCD spectra of porphyrins and

they have long been used as dyes and pigments, and theiglerivatives are still not well understood, especially the
optica| properties have pointed to potentia| techn0|ogica| relative contributions from¢ and ¢3 terms. In the classifica-

applications such as linear and nonlinear optic$ pho-
todynamic therap§% 6 electrooptic$% 6 photonics'® 4 and
catalysis'”#® The proper description of the electronic
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tion of the absorption bands observed in porphyrins and
derivatives, it is the convention to name the lowest-energy
band as the Q band and the following one as the B band or
Soret band?® % These two bands will be the subject of the
present MCD study.

We shall begin this account by briefly discussing the basic
concepts of MCD in the section on the Theoretical Method
and Computational Details. After that, we review first in
Results and Discussion, the essential features of the molecular
orbital level diagrams for porphyrins in conjunction with their
recorded absorption UV spectrum. In the last part of Results
and Discussion, we present the simulated MCD spectra and
compare them to experimental results for porphyrins. On the
basis of these comparisons, we finally comment on previ-
ously published assignments of the Q and Soret bands. The
systems investigated here include the simple porphyrins MgP,
ZnP, NiP, as well as MgTPP, ZnTPP, NiTPP (TRP
Tetraphenylporphyrin), and NiOEP (OEP Octaethylpor-

phyrin).
2. Theoretical Method and Computational Details

2.1. Details of the CalculationsAll of the calculations were
based on the Amsterdam program package ADF and its imple-
mentation of the time-dependent density functional theory~TD
DFT).56-59 The molecular structures were optimized based on the
BP86 functional due to BecReand Perdevf* The simulation of
all of the UV and MCD spectra were based on FDFT
calculations in which use was made of the SAOP potential
(Statistical Averaging of different Orbital-dependent model
Potentialsf?-63 The SAOP potential has previously been used in
the simulation of UV absorption spectra of metal tetrapyrrétes.
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Magnetic Circular Dichroism of Porphyrins

Here,? is a proportionality constant that relates the macroscopic
electric field of the incident light with the corresponding micro-
scopic field experienced by the molecuta,(w) is the density of
states function for the transition from the ground stagto an
excited stateJ) as a function of the angular frequency of light
Further,h is the Planck constant, is the speed of lightn is the
refractive index,Ny is Avogadro’s number, angdg is the Bohr
magneton. In our simulations, use is made of a Gaussian band-
shape functiorfy(w) in place ofpasw), where

exp[—(hw — hw)?Q 3)
3 JT

andW; = hw; is the energy of the excited state J relative to the
ground state A. Furthef; is a bandwidth parameter taken from
experimental spectra. A useful empirical relation &; =
0.08,/W; with W in eV.

The _{-term parametera; in eq 1 represents a contribution to
Ae(w) for systems that have degeneracies in the ground state, the
excited state, or in both. The magnetic field can split the degenerate
states in such a way that it leads to a difference in the absorption
of left- and right-polarized ligh? at the absorption frequenay.

d) MOEP The _¢-term parameter¢a; is given by
Figure 1. Studied complexes: (a) porphyrin, (b) tetraphenylporphyrin, i
and (c) octaethylporphyrin. Apy = Z Z (D/1|L |IA'D o
3|A|
All of the symmetry and spin allowed transitions from the singlet Aa’'|L|AQD ) (Ao M [JACX DA M]ACT (4)

1A1q ground state to the singléf,, and!E, excited states were
calculated in the range of-%6 eV. We shall, in the following for ~ Here,a is a component of the possibly degenerate ground state,
the sake of brevity, omit the superscript because only singlet statesand 4 is a component of the possibly degenerate excited state.
are involved in our discussion. For the optimization of the ground Further, “.” represents a scalar vector product and & “cross”
state of these complexes, the core was frozen. Use was made of aector product In additionA| is the total degeneracy of the ground
triple- STO valence basis set for all of the elements. The core State with a value of one for the current systems. Alsds the
shells 18 of carbon, nitrogen, 282p° of magnesium, and %s dimensionless total angular momentum operator in whidhas
282323 of nickel and zinc were frozen. A set of singleSTO been omitted. Thus,
polarization functions were used as follows: 2p, 3d for hydrogen; n n n n
3d, 4f for carbop and nitrogen; 3p, 3d, aqd 4f for magnesium; 4s, | — N | = _ T ox v C=%1=—i T %V (5)
4p, and 4f for nickel; and 4p and 4f for zinc. The symmetry was Z ! Z e Z ' Z Y
assumed to be [y for the studied molecules except for the .
octaethylporphyrin, where a J symmetry was used. Figure 1 ~ Wherel; is the operator for the dimensionless one-electron orbital
displays the three different ligands studied. The routines used to angular momentum. A Cartesian component, & written asl; ,,
calculate the angular momentum integrals required in this study Of in brief form,. On the other handyl is the total electronic
were introduced in connection with the implementation of a method dipole operator.
for the calculation of the Verdet constdft. n

2.2. Magnetic Circular Dichroism. In MCD, we consider a M = Zﬂj (6)
sample perturbed by a homogeneous magnetic fieldf field
strengthB. For this sample, we measure the difference between its ~ . o ) )
molar extinction coefficiert® e of left (e_(w)) and right ¢ (o)) wherei; = —T; is the one-electron electric dipole operator in atomic
circular polarized light propagating in the direction of the magnetic Units. A Cartesian component gf is written asj,, or in brief
field with the angular frequenay divided byhw.!° The difference form . _ o
is after averaging the orientation of the molecules in the sample ~ The (-term parameteréa; in eq 1 is given by

relative to the direction of the magnetic field given'#y -@AJ=
( ) _ ( ) [KKlLlA(lD
€ (@)~ e Ae z ZKZ B\a|M|J/l[I>< LDAIM [Kke
T 3|AI A & -
hw hw
dpas(w) . Ca
Aditg (Z = Apy + | Byt —|pas@) B (1) 3A & Z Z »Z z |1\0L|M ADX [KK|M|AOL
ow kT
)
wherei®

This term represents the contributionAe(w) from the mixing of

3.0 the ground staté with all other excited statels as a result of the

_ 2Ny loge @ external homogeneous magnetic fieldd as well as the mixing
0™ 25Chcn induced byB between] and all other excited statéswith possible
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Eev), MgP NiP ZnP E(eV)y MgTPP NiTPP ZnTPP NiOEP
2e, 2e, 2e, 2%
— g - 4 2, g
-7.00 ) % — 2 2e,
- de
v 6.50
dy2,2
— day
o e A,
Tay, — la, — lay,
—_— d2
-9:30 — dud,
— —
— e — by, — e
Lay, Iy, — lay, -8.00
—_— dxy
. _;az,, _ﬂ_ 2as, lay,
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Figure 2. Molecular Orbital energy-levels diagram corresponding to MP.
—_— 11b2u " Ibyg lejg
. - l¢ - 2u — b
degenerate componentsFurther,Wa, W, W are the energies of B u
. - 1
the statesA, J, andK, respectively. The strength of the external  9s50| —— Ilax 1o
8

magnetic field is indicated bf.
The last paramet&€ Ca; in eq 1 is of importance for systems  Figure 3. Molecular orbital energy-levels diagram for MTPP and NiOEP.

with degenerate ground states where the population of the different ) _
components in the presence d& might differ as a function of. 3.1. Orbital Levels in MP, MTPP, and MOEP. Two of

The variation in the population witif will give a temperature-  the three types of complexes (MP and MTPP) studied here
dependent contribution té\e(w). This C term will not be of were considered to have agDsymmetry, in line with
importance in the present study involving porphyrins with a closed- previous experimental and theoretical works. On the other
shell ground state and is not discussed any further Yefée hand, ZnOEP was considered to havg, Bymmetry. We
expression for ¢, ¢, and ¢ are applicable for closed-shell  haye for simplicity, labeled the orbital levels according to
molecules. For open shell moleculsone has to add the p oyen for NIOEP. All of the complexes were placed in
dimensionless operatoiSZo L in the expressions far¢, ¢4, and the XY plane with the G axis pointing in the z direction.

¢, where§ is the many-electron spin operator whéréas been .
omitted. Thus, the matrix elements in egsBcontainingl, or in We found for all of the systems the lowest-unoccupied

the general casé + 25, are all dimensionless. ligand-based level to be 2-fold degenerate and represented
We finally have for the dipole strength averaged over all DYy asetofz” orbital of g symmetry (Figures 2 and 3). The
orientations. two occupied levels of highest energy are nearly degenerate

and represented by orbital of a, and a, symmetry
(Figures 2 and 3).

It follows from the level diagrams in Figures—3 that
the higher-occupied and lower-unoccupied orbitals for

We refer to the literature for the way in which time-dependent complexes of a g_iven ligand are similar in terms of energy
density functional theory (TBDFT)®5-66 is used to evaluate the — and symmetry. It is thus clear that the metal center only has

1 .
Dpy=— Z A M3, P (8)
3A| £

A2 ¢844 C 4b-4c gand % terms. a minor influence on these orbitals. Nevertheless, complexes
) ) containing a nickel center have an energy-level diagram that
3. Results and Discussion differs somewhat from the rest of the studied systems for

We shall begin our discussion of the MCD spectra of the same ligand. This difference is a consequence of the
porphyrins and their derivatives by briefly reviewing the €empty valence d orbital located below the lowest empty
orbital levels and absorption spectra of these systems. A veryligand orbital and four occupied d orbitals situated among
interesting review on this subject has recently been publishedthe highest-occupied ligand levels (Figure 2 for NiP). The
by Baerends et af The orbital levels for the systems empty dbased orbital of i symmetry has a 57% contribu-
discussed here are shown in Figures 2 (MP) and 3 (MTPPtion from dz- 2, whereas the highest-occupied d level of

+ ZnOEP). The shape of the orbitals are given in Figure 4. &gSymmetry has a contribution of 89%.dlhe next doubly
degenerate Jdevel is represented by two orbitals that have

(65) E&Jernschmitt, R.; Ahlrichs, RChem. Phys. Lettl996 256, 454 a contribution of 57% from thedand d, ,respectively,
(66) van'Gisbergen, S. J. A. Ph.D. Thesis, Vrije University, Amsterdam, whereas the |OWF..'StC.i level belonglng to th@rbpresgntatlon
The Netherlands, 1999. has a 92% contribution from the,dOf all the mentioned d

9114 Inorganic Chemistry, Vol. 46, No. 22, 2007
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Figure 4. Most important ligand orbitals for porphyrin systems.
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orbitals, the ¢ 2 is of special importance because it is represented by ligand-based orbitals. Additional transitions
involved actively in transitions located in the B band. We involve one-electron excitations from the highest-occupied
indicate the d levels in Figures-3 in terms of ¢¢— 2, d2, b,y and by, (Figures 2 and 3) levels representing ligand
etc., rather than their symmetry labelsg, &y, etc. Further- orbitals to the lowest-unoccupied ligand-basegd &&d h,
more, the d levels were not added to the numbering of the levels. It follows from the above discussion that the assign-
levels (1g, 2¢, etc.), to facilitate the comparison between ment of the Soret band varies from complex to complex, as
ML systems with different metals (M Zn, Mg, Ni). In the we shall see when we discuss the individual systems in the
section that follows, we shall refer to the lowest-unoccupied next sections in connection with their MCD spectra.

ligand orbital (2¢) as the LUMO, although the emptyed 2 3.3. Magnesium, Nickel, and Zinc Porphyrins. To

level is of lower energy for M= Ni. Also, the two functions proceed with the main objective of our work, we shall begin

spanning the grepresentation transform as.dand d, by discussing our simulations of MCD spectra for complexes

,respectively. We shall in the following refer to them gs e  containing porphyrin ligands.

and gy. 3.3.1. UV—Vis Absorption Spectra of Magnesium,
3.2. General Discussion of the UWVis Absorption Nickel, and Zinc Porphyrins. We compare, in this section

Spectra of Metal Porphyrins. The absorption spectrum of  for the sake of completeness, available experimentat-UV
metal porphyrins and their derivatives has been studiedvis absorption spectra for metal porphyrins (MP) with
extensively by experimental methods. Theoretically, they theoretical predictions, although such predictions already
have also been explored to a certain extent. It is not our have been provided and discussed by Baerf@rdsal. An
objective here to give an extensive discussion of the in-depth theoretical analysis of the corresponding MCD
absorption spectra of these molecules because it already haspectra will be introduced in the following sections.
been doné?®!2645768 Hence, before discussing their MCD  The experimental absorption spectra for the three MP
spectra, we will briefly discuss the assignments provided for systems exhibit two bands in the Q region and a single more-
the lower-energy Q and Soret bands. intense band in the Soret region of their YVis absorption
The only dipole and spin allowed transitions from thgg A spectra. The bands in the Q band have been attributed, by
singlet ground state are to thé,, andnE, singlets, of which  experimentalists, to the same electronic transition but dif-
only the Aig— nE, transitions are observed in the absorption ferent vibronic transitions (vibronic coupling) and are often
spectra. The oscillator strength of thegA> nAy, transitions referred to as g and Q. We find in agreement with this
is very close to zero in the experimental range, so the interpretation only one calculated transition in the experi-
absorption spectra will be dominated by transitions of the mentally observed range for the Q band.
former typet6%-70 The Q band of ZnP has been observed from 2.03 and up
The band of lowest energy in the absorption spectra of ato 2.23 eV, and the B band is observed from 2.95 and up to
metal porphyrin or its derivatives is termed the Q band. It 3.18 eV, depending on the experimental conditi&ré
consists in the MP, MTPP, and MOEP systems of one (Table 1). The Q band of MgP has been observed at 2.14
transition made up of two one-electron excitations from and 2.20 eV, and the Soret band is loc&tétlat 3.18 eV.
occupied orbitals of Laand la, symmetries, respectively,  NiP has a slight shift to the blue in the Q band (2.28 eV),
to the 2¢ LUMO. In MP (and to a somewhat lesser degree whereas the Soret band is observeat 3.18 eV (Table 1).
in the MTPP and MOEP systems), thg, and a, orbitals For the porphyrin complexes, the NiP has the highest-
(Figures 2 and 3) are nearly degenerate for reasons explainedalculated Q-band oscillator strength of 0.006, whereas MgP
by Goutermart?—**> and a, — 2¢, and a, — 2g, contribute  and ZnP were calculated to both be 0.001.
equally to the transition in the Q band. Furthermore, as shown The agreement between calculated and experimental
by Goutermart?"° the two one-electron excitations have absorption energies for MP is excellent (Table 1). According
equal contributions of opposite signs to the transition dipole to our calculations, only one transition contributes to the Q

that make the absorption of the Q band wéaR® band, and it is made up of the two one-electron excitations
Experimentally, the Soret or B band has been observed to2g,, — 2g, and 1a, — 2g, They have contributions to the
have from one to three sub-bands,(B,, and B). The intensity of the opposite sign that largely cancel so that the

number of resolved bands depends on the complex studiedQ band is weak. The more-intense Soret band consists,
and on the resolution of the spectroscopic technique applied.according to our calculations, of two electronic transitions
In our work and in previous studies, one-electron excitation made up of one-electron excitations fromyl@a., 1b,

of the type 1a — 2g and la, — 2g always contribute  and 1a, to 2g,

with high intensity. Here, 2gis the unoccupied doubly
degenerate level represented by ligand-based orbitals, wherea@1) Sekino, H.; Kobayashi, Hl. Chem. Phys1987, 86, 5045-5052.

; ; 72) Pileni, M. P.; Gratzel, MJ. Phys. Chem198Q 84, 1822-1825.
au and @, are the occupied levels of highest energy E?Sg Keegan, J. D.; Stolzenberg, X M.; Lu, Y.-C.; Linder, R. E.; Barth,

G.; Moscowitz, A.; Bunnenberg, E.; Djerassi, £.Am. Chem. Soc.

(67) Kobayashi, N.; Nakajima, S.; Ogata, H.; FukudaChem—Eur. J. 1982 104, 4305-4317.
2004 10, 6294-6312. (74) Canters, G. W.; Jansen, G. M.; Noort, J. H.; van der Waakhys.

(68) Nguyen, K. A.; Pachter, R. Chem. Phy=2001, 114, 1075710767. Chem.1976 80, 2253-2259.

(69) Hochstrasser, R. M.; Marzzacco, £.Chem. Phys1968 49, 971— (75) Edwards, L.; Dolphin, D. H.; Gouterman, N.Mol. Spectroscl97Q
984. 35, 90-109.

(70) Choi, S.; Phillips, J. A.; Ware, W., Jr.; Wittschieben, C.; Medforth, (76) Starukhin, A.; Shulga, A.; Waluk, £hem. Phys. Lettl997 272
C. J.; Smith, K. M.Inorg. Chem.1994 33, 3873-3876. 405-411.
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Table 1. Calculated Transition Energies (eV), Oscillator Strendh. (¢, . d %, 9%, and (8l Parameters for MP (M= Mg, Ni, Zn)
Exc. Energ. (eV)

complex  symmetry exp calcd  composition % f AN AD Bh B/D" assign.
1E, 214, 2.2 223  2a,— 2g 54.15 0.001 0.01 546 —1.25 —6.29x 1(?
lay— 2¢g 44.58
3.18 3.23 1b,— 2¢ 75.02 0.383 —2.91 —-1.80 —3.18x10®° —1.97x 103 Q
2E, lay, — 2¢g 14.11
MgP 2ap,— 26 6.69
3.30 la,— 2¢g 28.98 0.972 1.72 0.43 428 10° 1.07x 108

28y 26y 28.63

3 1oy — 26y 22.73 B?
lap,— 2¢ 16.82
1E, 2.28 237  lay—2g 50.56 0.006 0.19 5.48 0.97 27.2 Q
2ap,— 2¢y 48.24
Aoy 298 1by—de-y 99.89 0.000 0.00 0.00 -0.35 —4.69x 10°
NiP 3.18 321 2a,—2¢ 43.17 1.042 1.38 0.31 1.56 107 354 B
2E, lay, — 2¢g 41.94
ley—de-y  7.23
35, 341  1by—2g 96.02 0.000 —9.57x10° -275 -0.62 -1.78x 10*
ley— by 1.40
2.03¢2.219 228 2a,—2¢ 52.10 0.001 0.05 549 -1.30 -1.38x10* Q
1E, 2.23¢2.18
lay, — 2g 46.63
2.95¢3.09¢ 325 1b,—2g 68.44 0.496 -—-3.37 -1.62 -3.69x10®° -1.78x10° B9
2E, 3.18¢3.13
ZnP lay,— 2eyq 17.54
2ap,— 28 10.05
3.32  1lby—2g 29.88 0.943 —0.57 -0.15 4.57x 10° 1.18x 1C°
36, 28— 28y 29.31

lay,— 2¢ 27.13
lapy— 2g 10.30

aRef 69.P Ref 71.¢ Ref 70.9 Ref 72.¢ Ref 73.f Ref 74.9 B band= Soret band" Atomic units.

3.3.2. Detailed Theoretical Discussion of the MCD Band  band. To obtain a generalized equation for the Q and
Parameters.¢and .4 in Magnesium, Nickel, and Zinc Soret bands of porphyrins, all of the orbitals involved in
Porphyrins. The metal porphyrins investigated here have a the transitions in question will be taken into account. Eqs
nondegenerate # ground state, which preclude€s terms 10 and 11 expres¥(1E,) and W(1E,) respectively, in
in the MCD spectra. On the other hand, the presence ofterms of the orbitals involved in the one-electron excitations
degenerate Fexcited states is likely to give rise ta’terms (Table 1).
in the MCD spectra due to the;fp— E, transitions, and we
shall, in the following, give a detailed discussion of thé ) +

WE, ) = c,| = 1a, 2e,
terms for porphyrins¢4 terms, that are always possible, will w N2 ‘ u S

1 - +
- —=l|1a, 2e,
ﬁ‘ai“eg

be discussed later. The Q band, as seen in Table 1, always 1 2a t2e | — 1 o ~2e ) +
consists of excitations from 1aand 2a, orbitals to 2¢ C ﬁ‘ Bu <&y \/E‘ %y “&y
orbitals, whereas the Soret band also includes excitations 1 N _ 1 3 N
from 1a, and 1b, to 2g. The main difference here for the 03(72 ‘1b2u 26y |~ 72 ‘1b2u 2€, ) +
various metal centers (M Mg, Ni, Zn) is the relative weight 1 1
by which the one-electron excitations contribute to the Q 04(7 ‘162u+ 2¢,, | — 7 ‘1&12”_ Zegy+ ) (10)
and Soret bands. A general expression for.ttieJ parameter 2 2
for these systems is readily obtained from egs 4 and“8 as: 1 + - 1 - +
IIJ(Euy) =G|l—= ‘laiu z%y ——=1a, 2€‘gy -
, V2 2
= = —Im [W(1E,)|L,W(1E, )0 9 1 ton -] 1 -0 *
5 (LE,)ILW(E,) ©) Cz(?z ‘2% 20|~ ‘Zagu 26, ) n
; i ; 1 + - 1 - +
where 1E, and 1Ey are the excited states involved in the Q c3(— ‘1b2 2 S ‘1b2 2 ) —
and Soret-band transitions. V2 v V2 v
As stated before, only one-electron excitations of the kind c 1 ‘1 *oe | = 1 ‘1 “2¢ || (11
a, — 2 and a, — 2g, contribute to the Q band, so we can 4(& P S V2 B 26| (1)

express the states of eq 9 in terms of the orbitals and the

coefficients of the contribution of these orbitals to the given  An orbital diagram for MP can be found in Figure 2. Two
excited state. In addition to the transitions contributing to &, orbitals are involved, and so the prefband?2 are used
the Q band, the excitation,b— 2g, contributes to the Soret  to distinguish them (Table 1 and Figures 2 and 4).
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1.00 T - T - T T T with the available experimental data limited to ZnP. Thus,
Keegar’ et al. report a value of 4.2 fard/&, which is in
reasonable agreement with our estimate of 5.49. We note
. again that the experimental MCD spectrum for ZnP exhibits
two ¢ terms in the Q-band region, Figure 5, due to vibronic
coupling, whereas only one positive/ band is present in
our simulation where vibronic coupling is neglected (Figure
6).

The positive value calculated for the/ & parameter of
the Q band can be understood by noting that the correspond-
ing excited state (1f in agreement with the four-orbital
model of Goutermaii>° can be described by the wave

g
n
S

T

0.00 -

Normalized Intensity
[}
T

| L | L | 2 |
2.00 250 3.00 3.50 functions in egs 10 and 11, whete~c,~1/v/2, whereas;

E (eV .
_ _ V) = ¢4 = 0. As a consequence, only the first two ternis {
Figure 5. Experimental MCD spectrum for ZnP. T,) in eq 12 will contribute to the numerical value of/ .

2 2 2 2 T :
Substituting egs 10 and 11 into eq 9 affords the general 1€ termTy = —(C} + & — €5 + ¢)[Im[2eydlz|2€,] will
expression 12. contribute with a positive value becausel®®,|i,|2e,is

negative (Table 2). The contribution froify = 2c;clm-

A_ 2 2 2 2 A ®1u|Iz|ZaQuDis also positive due to the positive sign of Im-
(ﬂ_ Im((cl + C2A C3 +C4 )megx||z|AzegyD_ lﬁlu||z|2@u|:|
2¢,ca L, |28, [=2c,c a1 |18, [ Turning next to the Soret band, we note that in the
=T, +T,+T, (12) Gouterman modelc, = —c, = 1/4/2 for the second

conjugated state (2E As a consequence of eq 12, a small
a- Positive value of.¢/& would be predicted as Iﬁgx|lz|egyD
numerically is larger than Ifay,|i,|2a,[)in Table 2, andr,
andT, are of opposite sign.

A similar analysis of the MCD spectrum of zinc phth
locyanine in terms of eq 12 has previously been given by
VanCott et aP°

3.3.3. Simulation of the MCD Spectra for MP based The Gouterman model applies approximately to NiP, in
on the _¢ Term alone. We shall now try to simulate the Table 1, where we find one/ term in the Soret region as a
MCD spectra for the MP systems based solely on calculatedresult of the conjugated excited statg,= —c, = 12,

_A-term parameters. For the three porphyrin systems MP (M with a small positive value for¢/& of 0.31 and an ¢ term
= Zn, Mg, Ni), we calculate positive¢- and ./ &-term parameter of 1.38 Pat the absorption energy 3.21 eV. At
parameters for the Q band (Table 1). This is in agreementslightly higher energy (3.41 eV), another excited-state pof E

I (a) MgP ] F (b) NiP

\/\

o
W
1

Normalized Intensities
=)
=)
T
1
Normalized Intensities
=)
o
T

o
n
T

2.00 2.50 3.00 3.50
E(eV)

B x10

1 L 1

2.00 2.50 3.00 3.50
E(eV)
Figure 6. Simulated MCD spectra of MP based oriterms alone with M= (Mg, Ni, Zn).
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' ' ' ' spectrum for ZnP. A bend of the ring will reduce the
symmetry of ZnP to &, and split the thre@E, (n = 1—3)
excited states into three nearly degenerate paBs, (\Bz;
n= 1 — 3), with an energy separation for each pair\di/,

= W(nB,) — W(nB,). In planar ZnP, the ¢ term for each of
the three excited states comes from the mixing ofrig
andnE,y, components. In the bent ZnP, we describe the same
phenomenon by allowing the magnetic field to mix thig;
andnB, components with the sanme We thus get, according
to the theory outlined in the previous chapter for each
1-3, two ¢4 terms

ZnP

\ﬁ/

4
n
T

x10

g
=}
T

o
w
T

Normalized Intensity

. 1 . 1 .
2.00 2.50 3.00 3.50

E(eV)
Figure 7. Pseudo. terms calculated after applying a small geometric B (nBl) —
perturbation to the ZnP molecule. - R R R
—2 B4 |L,[nB, 1AM, |nB, [hB,|M, A, 13
m —
3 AW, (13)

Table 2. Angular Momentum Integrals Applied in the Calculation of
the /% Term for the Q and Soret Bands of MP

Zn Mg Ni and
ImC2eyi| 26,0 —2.872 -2.881 —2.810 : _
Iyl 28,0 2.616 2.587 2.651 % (nBy) =

symmetry (3E) is found for NiP, and it is entirely due to a
1b,,— 2, one-electron excitation (Table 1). This transition
has an ¢/ value of —2.75 and a small ¢-term parameter  that are equal in size but opposite in sign and separated by
of —9.57 x 10°° D2 Thus, the simulated MCD spectrum of  Aw,. They will thus appear in the MCD spectrum as pseudo
NiP in part b of Figure 6 based on only théterm exhibits ¢ terms?8 Figure 7 presents the simulated MCD spectrum
a single band with a positive/ ¢ value in the Soret region.  pased on the three pseudd terms. It is clear from a
Applying the Gouterman model to 2Bf MgP and ZnP comparison of part ¢ of Figure 6 and Figure 7 that the bend
with ¢, = —c, = 1/+/2 in the Soret region would also lead only has a minor influence. Calculations with other values
to one ¢ term in the Soret region, with a small positive for the bending angle led to a similar conclusion.
AP value if use is made of the I@eyi,|2e,l] Im- 3.3.5. Influence of & Terms on the Simulated MCD
Mayliz|2a4 and Intlayi,1aOvalues reported in Table Spectra of Planar MP. So far, we have neglected the
2. Likewise, a transition of higher energy involving theglb  magnetic coupling between excited statEsandpE,, where
— 2g, one-electron excitation (3Ewould lead to a weak  nis different fromp. Such a coupling gives rise to the general
band with a small¢ term (~102 D?). Such a picture is not  ¢-term parameter expressed in eq 7. We get for each of the
in agreement with the experimental observation because thethree excited statesk, (n = 1—3) an associateds-term
recorded MCD spectrum, Figure 5, exhibits a single positive parameter given by
A-like term in the Soret-band region.

2 [0B4| L, |nB,TA, M, nB, (B, |M, A,
Im 3 AW (14)
n

In our calculations, the conjugated second Gouterman % (nEy) = Im . R R
excited state 2Ewith (c, = —c, = 1/v/2) is very close to —4 _ [E,|L,IpE, A, [M,InE,,[TPE, My|A4 as)
3E, (1, — 28, c3 = 1) for M = Zn, Mg, with the result 3 WIOE. ) — W(NE
that 2 and 3E are mixed. The mixing gives rise to a p=n (PEay) — WINE,)
complex-simulated MCD spectrum based.afterms, alone Figure 8 displays the simulated spectrum due to the

with a negative ¢ term followed by a positive ¢ term in terms given in eq 15 for all three MP systems. THeerm

the Soret region of MgP (part a of Figure 6) and two negative ¢4 , = 1 in the Q band is very small due to the large

A terms in the Soret-band region in the case of ZnP (part ¢ separation between 1Bn the one hand and 2End 3E on

of Figure 6). The simulated spectrum for ZnP based 6n o other (Table 1). However, th@-term parameters for

terms alone (part ¢ of Figure 6) does not agree with the 5 anq 3E in the Soret region are numerically large and

recorded MCD spectrum for ZnP (Figure 5). of opposite sign because they are dominated by the magnetic
3.3.4. Influence of Porphyrin-Ring Distortions on the coupling of 2k and 3E due to the small energy separation

Simulated MCD Spectrum. It has been reported that petween the two states. The fact that they are of opposite

symmetry distortions of the porphyrin ring can have a sjgn and close in energy makes them appear as one pseudo

considerable influence on the MCD spectrtiWe have, _/term. The numerical calculation further shows that this

as a consequence, considered whether bending yof0  pseudo. ¢ term is positive.

the porphyrin ring along the NM—N axis in any way should When we finally add the ¢ terms of Figure 6 to thes

improve the agreement between the recorded and simulatederms of Figure 8, we get in Fige9 a fully simulated MCD

(77) Keegan, J. D.; Bunnenberg, E.; DjerassiSpectrochim. Acta, Part (78) Gasyna, Z.; Metcalf, D. H.; Schatz, P. N.; McConnell, C. L
A 1984 40, 287-297. Williamson, B. E.J. Phys. Chem1995 99, 5865-5872.
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Figure 9. MCD spectra of MP complexes including batll and ¢4 terms.

spectrum that is quite similar for the three systems and in corresponding orbital level diagrams for MTPP @¥IMg,
qualitatively good agreement with experiment for ZhP  Ni, Zn) and ZnOEP are displayed in Figure 3. For TPP, we
(Figure 5). Thus, we now have one dominating positive have modified the simple porphyrin ligand by replacing a

pseudo. term due to the magnetic coupling between, 2E hydrogen in the m position (Figure 10) with a phenyl group
and 3E in the Soret-band region. (Figure 1). In the case of the OEP ligand, the substitution

3.4. MCD Spectra of MTPP (N= Mg, Ni, Zn) NiOEP. involves replacing a hydrogen in tifieposition (Figure 10)
We shall now turn to a discussion of the MCD spectra of with an ethyl group (Figure 1). Neither of the substitutions
MgTPP, ZnTPP, NiTPP, and ZnOEP. Here, the TPP (tet- are seen to have any significant influence on the relative
raphenylporphyrin) and OEP (octaethylporphyrin) ligands are energies of the higher-unoccupied {Pand lower-occupied
shown in parts b and c of Figure 1, respectively. The (2a,, la., and 1k, orbitals (Figures 3 and 4).
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—
m%( 7
N

Figure 10. Positions for m ang8 substitution in porphyrin ring.

3.4.1. Detailed Discussion of Simulated MCD Spectra
for MTPP and ZnOEP in the Q-Band Region Based on
the _¢ Term Alone. The simulated MCD spectra for the Q
band of MTPP (M= Mg, Ni, Zn) and NiOEP based on the
A term alone (Figure 11) are very similar to the correspond-
ing spectra for the pure porphyrins, MP (Figures 6). Thus,
MP on the one hand (Tables 1) and MTPP and NIiOEP
(Tables 3 and 4) on the other exhibit a positiveterm with
comparable ¢/ & values. This is in agreement with experi-
mental data available for NiTP®PZnTPP!”8%and NiOEP°
(Figures 12, 13, and 14, respectively). Keegan et’ al.
reported a value of 3.52 fard/ &) of ZnTPP compared to

As for the MP systems, the first excited state (L
MTPP and NIiOEP responsible for the observation of the Q
band can be described by the wave functions in eqs 10 and
11 with C1~C2~l/\/§, in accordance with the Gouterman
four-orbital model®5% Becauses; = ¢, = 0, only the first
two terms of eq 12T, and T,, will contribute to the final
value of ¢/ &. The contribution fronT; to .7/ & is positive
because it can only be affected by the sign of the integral
Im(2e,1,|26,,[) which is negativeT; also contributes with
a positive sign because the sign oflra|i,|2a.Jas well
as the coefficients iff, are positive, Table 5.

3.4.2. Discussion of Simulated MCD Spectra for MTPP
in the Soret Region Based on¢ Terms Alone. Applying
the Gouterman model to the Soret region of the MTPP
systems would give, = —c, = 1/v/2 andcs = ¢, = 0.
The use of the Gouterman model gives rise to an intense
absorption at the 2Fstate of NiTPP withf = 2.98 and yields
a positive _¢-term parameter of 2.19 Din the Soret
region (Figure 11), with a small positiver/ & ratio of 0.33
at the absorption energy of 3.03 eV (Table 3). The calculated
positive ¢ term in the Soret region (Table 3 and Figure 11)
is in good agreement with experimeftwhere only a
single ¢ term is observed (Figure 12). An additional

the theoretical estimate of 5.17. Although the agreement is State (3F) is calculated at a higher energy (3.28 eV). It is
reasonable, the calculated value appears to be overestimatedU€ mainly to the one-electron excitation,1b- 2, (Table

It should be noted that, as in the case of MP, twderms

3). This transition has a negatives-term parameter

are observed experimentally in the Q-band MCD spectra of With .¢ = —0.18 ¥ and.{/% = —2.64 (Table 3), similar

ZnTPP and NiTPP (Figures 12 and 13). We highlight again
that the two experimental¢ terms are due to vibronic
coupling. Our simulation neglects vibronic coupling, and we
find for that reason only a single (positiveY term in the
Q-band region.

to the corresponding transition to 3 NiP (Table 2).
The simulated MCD spectrum for NiTPP based on
terms alone (Figure 11) reveals, in agreement with experi-
ment (Figure 12), only a single positive/ term as the
numerically much smaller negative/ term from 3E is

Table 3. Calculated Transition Energies (eV), Oscillator Strendh.(¢, . ¢ %, 98, and %8/ Parameters for MTPP (M= Mg, Ni, Zn)

Exc. Energ. (eV)

complex symmetry exp calcd  composition % f A AD Be B/De assign.
1E, 2.14 2a,— 2¢ 58.00 0.014 0.23 5.14 17.42 3.8410% Q
lay — 2g 40.81
3.05 la,— 2¢ 43.24 3.302 2.58 0.36 —2.23x 100 —3.12x 1(? Bd
2E, 25, 26 26.35
MgTPP 1by—2¢  17.09
3.14 1b,— 2¢ 80.41 0.754 —3.55 —2.17 3.01x 10 1.84x 108
3E, 28— 26 7.73
lay, — 2¢y 5.80
1E, 1.98 228 2a,—2¢g 52.06 0.901x 104 2.79x 10° 5.17 0.80 1.50< 1¢° Q
law— 2¢ 46.82
1A2u 2.89 1b,—de—y: 99.77 0.781x 104 0.00 0.00 —0.44 —1.20x 16
NiTPP 2K, 2.9 3.03 1la,—2¢g 4435 2.98 2.19 0.33 53.07 7.92 iB
23, 2g 38.78
3B 3.16 lg@—de-y> 96.17 0.104 0.02 0.09 0.64 2.87
4B, 328 1b,—2g 95.09 0.034 -0.18 —-2.64 19.6 2.80x10
1E, 2.05P2.1¢ 2.19 2a,— 2g 55.94 0.008 0.13 5.17 10.20 43417 Q
lay— 2¢ 42.86
2.97°2.8¢ 3.07 la,— 2g 43.66 3.352 1.94 026 —-1.92x10° —2.58x 1(? Bd
2E, 28y 2g 29.56
ZnTPP lb—2e,  15.05
3.15 1b,— 2¢ 82.32 0.708 —3.41 —2.24 2.54x 10° 1.67x 10°
3E 28y 2g 7.52
lay, — 2¢ 4.99

aRef 79.P Ref 77.¢ Ref 70.9 B band= Soret band® Atomic units.
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hidden under the large positive’ term for 2E. For nickel,

we calculate in addition a ligand to metal charge-transfer
transition corresponding to the jle> d -2 excitation at
3.16 eV. We do not count this transition in our numbering
of the nE, state for the sake of comparison with ZnTPP
and MgTPP where it is absent. The,te dy - 2 excitation
has a modest absorption intensity € 0.104) with a
small .7 term (£ = 0.02 ¥ ;.4 % = 0.09) that is buried
under the main 2Eband in the simulated MCD spectrum
of NiTPP.

For MgTPP and ZnTPP, we find again that the calculated
transition of lowest energy in the Soret region is assigned to
the conjugated Gouterman state,AE; = —c,, Table 3).
However, some mixture is observed with the one-electron

(79) Goldbeck, R. AAcc. Chem. Red.988 21, 95-101.
(80) Ogata, H.; Fukuda, T.; Nakai, K,; Fujimura, Y.; Neya, S.; Stuzhin, P.
A.; Kobayashi, N.Eur. J. Inorg. Chem2004 1621-1629.
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Figure 15. Simulated MCD spectrum of MTPP (M Mg, Ni, Zn) and NiOEP based o terms alone.
Table 4. Calculated Transition Energies (eV), Oscillator Strength (). ¢/ &, 98, and 98/ % Parameters for NIOEP
Exc. Energ.
complex  symmetry exp calcd composition % f AC AID B¢ B/D¢ assign.
1E, 2253 231 la,— 2¢ 57.97 0.034 1.07 5.25 42.89 2.1110? Q
2ap,— 26y 40.79
2E, 2.34 2g—de-y 94.42 0.000 1.1k 10> 0.44 0.07 2.94 107
la,—de -y 4.77
3E 2.56 1h,— 2¢g 99.34 0.000 -4.11x10* -2.67 -—0.66 —4.31x 10°
2Az4 2.61 Iby—de-y 99.92 0.001 0.00 0.00 0.02 59.55
288 3.05 1by— 2¢g 7787 0.366 —3.37 -2.07 —2.03x10® -1.24x1C® BP
. 4E, lay, — 2¢gy 11.15
NiOEP 20— 26, 8.89
3.12 2a,— 2¢y 4226 0920 -1.79 -0.45 2.34x 10° 5.85x 1(?
5E, lay, — 2¢gy 24.14
1bpy— 2¢y 194
3.34 la,— 2¢ 92.65 0.130 1.27 240 —4.73x10®° —8.95x 1(?
6E, dxyy Oy, — 1byy 4.91
la,— 2¢g 12.74
lay, — 2¢g 23.58

aRef 70.P B band= Soret band® Atomic units.

excitation 1b, — 2g; (cz; = 0.5). In spite of this admixture,  as in the case of NiTPP (Figure 12), a positivéband in

2E, for MgTPP and ZnTPP exhibits positive/ ¥ and . ¢ the Soret region, which we might attribute to,2However,
values similar to those obtained for 2Bf NiTPP (Table  the experimental MCD spectrum does not reveal a second
3). The second transition in the Soret band corresponds fornegative. ¢ term for ZnTPP, as predicted computationally.
NiTPP to the 3k state and it is primarily made up of the \ve shall address this discrepancy in the next section, where
by — 26 excitation with some admixture from the e discuss the influence from the term on the MCD
conjugated Gouterman state. Th&& term corresponding spectrum.

to 3E, is negative for MgTPP-2.17) and ZnTPP-{2.24)
and very similar to NiTPP-£2.64) although slightly reduced _ ) )
numerically. However, the< terms for MgTPP £3.55 [?) Spectra of MTPP and NiOEP in the Q Region It follows

and ZnTPP €3.41 ¥ are numerically much larger from our discussion of the MP systems that it is important
than for NiTPP 0.18 D?). The reason for that is the 1O include thed term into the simulation, to obtain good
larger f value for MgTPP (0.754) and zZnTPP (0.708) agreement with experiment. We shall thus discuss here the
compared to that for NiTPP (0.034), as the result of the influence of theds term on the simulated MCD spectra of
admixture of the conjugated Gouterman state intg. 36e the MTPP (M= Mg, Ni, Zn) and NiOEP systems. The
experimental MCD spectrum of ZnTPP (Figure 13) exhibits, expression for the’4 term due to the coupling between

3.4.3. Influence of & terms on the Simulated MCD
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Figure 16. Simulated MCD spectrum of MTPP (M Mg, Ni, Zn) and NiOEP based on¢ and ¢4 terms combined.

Table 5. Some of the Relevant Integrals Used to Calculate.tte/ positive pseudo.¢ term (Figure 16) in agreement with
Term for the Q and B Bands of MTPP (& Mg, Ni, Zn) and NiOEP experiment (Figure 12)_
ZnTPP MgTPP NiTPP NiOEP 3.4.5. Influence of the_¢and ¢4 Term on the Simulated
Im2eylizl2ey0  —2.758  —2.767 —2.490  —2.691 MCD Spectrum of NiOEP in the Soret Region.Turning
ImQaul|2e0  2.454 2430 2702 2543 finally to NiOEP, we find in the Soret region, two transitions

different excited statesk, andpE, by the magnetic field is with significant absorptions corresponding tgg#A~ 4E, at
given in eq 15 3.05 eV (= 0.366) and A; — 5E, at 3.12 eV { = 0.920,
As for the po.rphyrin complexes, thé term in the Q-band Table 4). The latter can be assigned to the intense transition
region of MTPP (M= Mg, Ni, Zn) end NIOEP is small due observed at 3.22 eV. The 4Etate is primarily represented
S by the 1b,— 2g, one-electron excitation, with some mixing

to the large separation between the $tate and other states ‘ H : q h
of E, symmetry (Figure 15). Thus, the Q-band region for rom t, ecconjugatE Gcf)utermaré state,Sfst asl we have.
the simulated MCD spectra of MTPP and NIOEP will be seen it for a number of MP and MTPP complexes. As in

determined by the ¢ terms when ¢ and ¢3 are combined these_caees, 4exhibits a negatwe_{ term anq an mtense
negative ¢4 term from the magnetic interaction with 5E

(Figure 16). Indeed, the Q region in the experimental spectra’ q hent and (7 bined
is dominated by an¢ term doubled by vibronic coupling (Flggres 11 and 15). W en{ar_1 /’) terms are combined,
(Figures 12-14) 4E, is dominated by the negativ& term (Figure 16). The
344 Influenee of  Terms on the Simulated MCD 5E, state corresponds to the conjugated Gouterman state. It
Spectra of MTPP in the Soret RegionFor NiTPP, we find @S @ positive.¢ term and a positive’s term from the
magnetic interaction with 4E(Figures 11 and 15). When

only modestds terms for 2k (3.03 eV) and 3E(3.28 eV
becyause the two states arE (relatively) well seEp(aratéIﬂS) the / and.% terme are combined, SHS dominateq by the
eV, Figure 15). The simulated MCD spectrum for NiTPP posmve%’.term (Figure 16). Itis cleer from the dISCUS'SIOI’.l
is, as a consequence, dominated in the Soret region by athat _the simulated MCD spectrum in the Soret region is
single positive ¢ term (Figure 16) in agreement with dorr_n_nated by a negatives term due to 4gfollowed bY a
experiment (Figure 12). positive &3 term due to SE_The two%’_ terms have combmed
The (8 terms in the Soret region for 2Bnd 3 are much the appearance of a positive term in agreement with the
larger (and of opposite sign) in the case of MgTPP and experimentgP MCD spectrum for NiOEP (Figure 14).
ZnTPP compared to NiTPP because the energy separatio .
between 2Eand 3E is smaller for M= Mg, Zn compared b Concluding Remarks
to M = Ni. The complex MCD spectra of MTPP (M Mg, We have presented a computational study on MCD
Zn) due to the ¢ term of one positive ¢ band followed by exhibited by the porphyrin complexes MP (¥ Mg, Ni,
one negative_¢ band (Figure 11) is, as a consequence, Zn), MTPP (M = Mg, Ni, Zn), and NiOEP wherd® =
overwritten by twods terms of opposite sign (Figure 15) so  porphyrin, TPP= tetraphenylporphyrin and OEPoctaeth-

that the total simulated MCD spectra appear to have a singleylporphyrin (Figure 2). The study makes use of a newly
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implemented methddor the calculation of “ and %5 terms
from the theory of MCB® 22 and is based on TBDFT 56759
Following the qualitative work by Goutermdhseveral
studies}#1567.81.82ncluding the nearly quantitative DFT
calculations by Baerents* et al., have found that the Q

= Mg, Ni, Zn) and MTPP (M= Mg, Zn) (Tables 1, 3); 2k
and 4k, respectively, for NiTPP (Table 3) and 4&nd 5E,
respectively, for NiIOEP (Table 4). The corresponding
transition energies are calculated in the range of 3t0 3.5 eV
(depending on the system), in good agreement with experi-

band representing the absorption of lowest energy for the ment.
systems studied here is due to a single electronic transition The Soret MCD spectrum can, in addition, be understood

from the A, ground state to the degenerate, B¥cited state

in terms of two approximate state functiod§g*E,) and

(Tables 1, 3, and 4). The transition is in good agreement W(hE,). The first is the conjugated Gouterman state function
with experiment, calculated to take place in the energy regionof the form given in egs 10 and 9 with, = —c, =

between 2.15- 2.30 eV (depending on the system). The
transition involves, in accordance with the four orbital model
due to Goutermaff, the two degenerate virtual orbitals of

12 andc; = ¢, = 0. The second represents the one-
electron excitation h2— 2g, and is of the form given in
egs 10 and 11 witlt; = 1 andc; = ¢, = ¢4, = 0.

2g; symmetry and the two nearly degenerate occupied The conjugated Gouterman state function affords, in line

orbitals of highest energy with,aand a, symmetry,
respectively. The two one-electron excitations,2a 2g,
and la, — 2e, contribute with about the same amplitute to
the 1Ay — 1E, transition (Tables 1, 3, and 4). Thus, the

with previous studie® a large dipole strength as the
contributions from 2a — 2¢, and 1a, — 2¢, add up. We
find on the other hand that«/(g'E)/Z(g'E) O Im-
[§"EuL|g"EyyLis small (and positive) because the contribu-

1E, state can, to a good approximation, be represented by ations from 2a,— 2e,and 1a, — 2g, interfere destructively.

Gouterman state functioW(gE,) of the form given in egs
10 and 11 where, = ¢, = 1/¥/2 andc; = ¢, = 0.

It is well-knowrf® that the Gouterman state functi®i-
(gE.) gives rise to a low oscillatory strength because the two
contributions to(gE,) from la, — 2g and 2a, — 2g,
nearly cancel. The cancellation resultsa Q band of low
intensity (Tables 1, 3, and 4). Our calculations reveal, on
the other hand, that the contributions to

AYE ) ANGE) ~
AQEN(1E) O ImaE, L1, 0(16)

from 2a, — 2¢; and la, — 2g, interfere constructively,
giving rise to a positive ¢ term with large_«/ & values in
the range of 5.5 to 5.0. However, théterm parameter itself
A(1E) ~ Im{IE,)|L1E, A9E)  (17)
is still modest because of the small oscillatory strength
I(gE) ~ Y(1E) (Tables 1, 3, and 4). The corresponding
@8 term for the Q band was calculated to be positive and
even smaller than the/ term. The small value fof4(1E,)

Finally, . /(g'E,) O Img EwL.|g E,yI/(d Ey) is large (and
positive) due to the sizable value 6f(g°'E,). On the other
hand,W(hE,) representing the one-electron excitation,1b
— 2g affords minute (10° D?) 9(hE) and _{(hE)
parameters, whereag(hE,))/ Y(hE) is negative { —1.5).

For NiP and NIiTPP, the two states aBnd bk are
represented bW (g*E,) andW(hE), respectively. Thus, the
MCD spectrum in the Soret region should exhibit a single
positive ¢ term (Figures 6 and 11) that is in agreement with
experiment (available for NiTPP only, Figure 12). Further,
as a result of the relatively large separation betweegraadt
bE, of 0.2 eV, the size of thes terms (Figures 8 and 15) as
well as their impact on the MCD spectrum in the Soret region
is modest (Figures 9 and 16).

For the remaining systems, @a@nd bE are close in
energy.05 eV), with each of the states represented by a
majority part from one of the approximate functiobl¢g*E,)
andW¥(hE,) as well as a minority of the other (Tables 1, 3,
and 4). On the basis of the( terms alone, aEand bE
exhibit a MCD pattern of one positive and one negative
term (Figures 6 and 11), in disagreement with the recorded
MCD spectra of ZnP (Figure 5), ZnTPP (Figure 13), and
NiOEP (Figure 14). However, the close proximity of the two

can be understood from eq 15 when we note that the energystates makes for two large? terms (Figures 8 and 15) as
difference between the first excited-state and subsequenthe denominator in eq 15 becomes small. The téiterms

excited statesW(1E,) — W(pE,)] in the denominator is large
(~10.000 cmY) compared to the magnetic terms in the
numerator 41 cnry) involving L,. When combined, the two
terms appear as one positivé term in the Q band region,
in agreement with experimental findingfs’°.77.79.80

of the negative (lower energy) and positive sign (higher
energy) dominate the simulated MCD spectra (Figures 9 and
16, respectively) and give the appearance of a single positive
A term in agreement with experiment. That the twWderms

are of opposite signs is readily deduced from eq 15 if we

The second (Soret) absorption band contains two excitedonly take the magnetic coupling between, afd bE into

states akand bE of importance for the MCD spectrum in
this region. They are 2Eand 3E, respectively, for MP(M

(81) Dvornikov, S. S.; Knyukshto, V. N.; Kuzmitsky, V. A.; Shulga, A.
M.; Solovyov, K. N.J. Lumin 1981, 23, 373—-392.

(82) Rubio, M.; Roos, B. O.; Serrano-Aridte..; MercHa, M. J. Chem.
Phys.1999 110, 7202-7209.

account and neglect contributions from all other excited
states.
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