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Ground and Excited States of Zinc Phthalocyanine Studied by Density Functional Methods
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The firsttime-dependent DF$tudy of the excited states of ZnPc is presented. The theoretical results provide
an accurate description of the UWis and vacuumUV spectra and prove to be in excellent agreement with
gas-phase spectra and generally in line with deconvolution analyses of solution and Ar/matrix absorption and
MCD spectra. The nature and intensity of the main spectral features are highlighted and interpreted on the
basis of the ground state electronic structure of the complex. A fragment approach where the four benzopyrrole
rings and the aza bridges are taken as building blocks has proven to be a very important tool to fully understand
the energy and composition of the MOs involved in the transitions and, from these, the excitation energies
and intensities. The Gouterman, arbital is the HOMO and the assignment of the Q band is conventional
and uncontroversial. The B band comprises fiyeekcitations, whose positions and intensities are in very
good accordance with the deconvolution of the experimental absorption band performed with the help of
MCD spectra. However, this deconvolution invokes Jahaller splitting of the E states which we have not
calculated. We find at the red edge of the B band the weaks2nd* transition and at the blue edge the
weakn—* transition which have been identified in the experiments. We do not confirm at low energy, in
the tail of the Q band (the “§’ region) an electronic origin for the band which has been suggested to arise
from the lowestz-polarizedn—* transition. This transition is predicted by our calculations to be very weak

and to lie in the B band region. The energies and intensities of the higher excitations are in excellent agreement
with the UV N and L bands and with the far UV C and X bands. The predicted level pattern of the lowest
triplet excited states fits in with phosphorescence data available and excited-state absorption spectra.

Introduction To date a number of experimental studies of the excited states
. . . of ZnPc are available, including gas ph&ghijn film,” solu-
Metallophthalocyanines (MPcs) have been studied extensively o 8.9 and argon matr® absorption spectra, solutiéf,and
since the beginning of the century. These highly stable macro- argon matri%® MCD spectra, solution luminescence speétra,

cyclic z-systems display interesting properties such as light |yminescence, and magnetic circularly polarized luminescence
stat_:)lllty and efficient light absorption in the fed and. visible (MCPL) spectra in an argon matri.

region of the spectrum that make them potential candidates for
applications in optoelectronics, photoconducting matetials,
and photosensitizers for photodynamic therapy (P view

of the possible applications, a considerable effort has been <’ -

devoteéljto the chaﬁgcterization of the excited states of metallo-"¢9'9" and wo bands_,p@n(_j %, at 180 nm (6.89 e_V) and 160
phthalocyanines, their derivatives, and assemblies thereof by aim (7.75 eV) respecgwely in the vacuum.UV region. SCMO
variety of optical spectrometric techniques including circular PPP-C calculgtloné showed that the first four lEexcneq .
dichroism (CD) magnetic circular dichroism (MCD), fluores- Statés accounting for the Q, B, N, and L bands are, unlike in
cence spectroscopy, and, in recent years, time-resolved opticaPPPhyrins, relatively pure single electron-z* transitions,
spectroscopies. Among metallophthalocyanines, ZnPc has re_Whe_reas multitransition excited states describe the higher energy
ceived special attention. The initial motivation was that znPc r€gion of the spectrum.

is ideally suited for the characterization of the excited states of ~ The first detailed band envelope deconvolution analyses of
the Pc ring. Due to thelfl configuration of the central 2h the room temperature solution absorption and MCD spectra of
ion the optical spectra of ZnPc complexes are not complicated ZnPc(L) complexes, where L is an axially coordinated cyanide,
indeed by the “additional” MLCT and LMCT bands appearing imidazole or pyridine ligand, was reported by Nyokong et al.
in the spectra of other transition metal phthalocyanines, yet thein 19878 The analyses of the spectra led to the identification
Dan symmetry of MPcs is retained. More recently, the discovery of five bands, Q, B, By, N, and L, corresponding to doubly
that Zn gives phthalocyanines valuable fluorescence and singletdegenerate states. More recently, Mack and Stilfhlarough
oxygen production properties, which allow their use in the band deconvolution of absorption and MCD spectra of
detection and treatment of tumors, has renewed the interest in(CN)ZnPc(-2) recorded at cryogenic temperatures were able
the spectroscopic properties of ZnPc and its peripherally to provide a detailed deconvolution of the complete B band into
substituted derivative®® five underlying transitions. In addition to the Q, B, and N bands
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The gas-phase spectrum of ZnPc was reported some 30 years
ago by Edwards and Gouterntdmnwho identified five bands,
Q, B, N, L, and C, in the 806200 nm (1.5-6.2 eV) UV—vis
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they identify a low intensity band at 2.05 eV (604 nm), just to are taken as building blocks of the phthalocyanine ring. This
the blue of the Q-band, which is ascribed, in agreement with approach is a powerful tool to predict the changes in energy

VanCott et all® to an n—x* transition linking the ¢ aza- and intensity of the spectral features upon variation of the
nitrogen lone pair orbital with thegd UMO. macrocycle framework, as proven in the case of the Ni(ll)
Absorption and MCD data for ZnPc isolated in a Ar/matrix tetrapyrrole series we have recently investigatet, upon the
over a very wide energy range, 76035 nm (1.779.1 eV), perturbation induced by electron donor or electron acceptor

were reported by VanCott et #l.The use of matrix isolation  peripheral substituents. Our analysis of the ground-state elec
and its accompanying low temperature afforded well-defined tronic structure is based on Koki$ham molecular orbitals of
spectra over the entire region, providing a clear characterizationDFT. As extensively discussed in a recent pa¢he Kohn-

of the energy and symmetry of many more excited states thanSham orbital model is very suitable for interpretation of the
identified in the absorption and MCD solution spectra of ZnPc €lectronic structure and elucidation of the character of the
complexes$:® The clear correlation existing between the ZnP¢/ €xcitations. The use of KohrSham orbitals affords a direct
Ar and the gas-phase spectra of Edwards and Goutermanconnection with the many LCAO-MO treatments based on

induced VanCott et al. to still retain the Q, B, N, L, Cy,)and semiempirical or HartreeFock orbitals, while having at the
Xz gas-phase band notation, with the understanding that thesesame time the advantage of the high accuracy of the TDDFT
labels indicate spectral regions rather than single bands. treatment of the excitation energies.

Although spectral band deconvolution analysis of the absorp-
tion and MCD spectra gives indications on the energy, number,
and magnetic moment of the excited states contributing to each The computational method we use is based on the time-
spectral region, accurate quantum mechanical calculations aredependent extension of density functional theory. TDDFT is
required to fully characterize the excited states. thoroughly reviewed in refs 20 and 334.

A compelling need for accurate calculations of the excited  In our implementatio>6 the solution of the TDDFT
states of ZnPc in a very wide energy range, including the still response equations proceeds in an iterative fashion starting from
theoretically unexplored vacuum UV region, has been expressedthe usual ground-state or zeroth-order KetSham (KS)
already long time ago by VanCott et.’8who could only equations® For these one needs an approximation to the usual
correlate their Ar/matrix ZnPc spectra to very old SCMPPP- static exchange-correlation (xc) potentigl. (r). After the
Cl calculations of the excited states of CUP&ince then many ordinary KS equations have been solved, the first-order density
theoretical investigations have appeared concerning the excitedchange has to be calculated from an iterative solution to the
states of MPcs, including ZnPc. Most of these studies are basedirst-order KS equations. In these first-order equations an
on semiempirical models which require the use of adjustable approximation is needed to the first functional derivative of the
parameters (see ref 14 for a review of these calculations). Thetime-dependent xc potentia (r, t) with respect to the time-
few available transition state'®and ASCF’ density functional dependent density(r', t'), the so-called xc kernét:37:38 For
theory (DFT) calculations on the excited states of MPcs do not the xc kernel, we use the Adiabatic Local Density Approxima-
account properly for the considerable configuration mixing tion (ALDA). In this approximation, the time dependence (or
occurring in these systems. The only first principles accurate frequency dependence if one talks about the Fourier transformed
calculations which have appeared to date on the excited statekernel) is neglected, and one simply uses the differentiated static
of phthalocyanines are the SAC-CI (symmetry adapted cluster LDA expression. In our case we use the Vosko-Wilk-Nusair
configuration interaction) calculations of the lowest excited parametrizatior§®

Method and Computational Details

states of free base phthalocyanine by Toyota é8 ahd our For the exchange-correlation potentials which appear in the
time-dependent density functional (TDDFT) calculations of the zeroth-order KS equations we use the recent model KS
excited states of NiP¥ exchange-correlation potentia}°" which is constructed with

With the aim to afford an accurate description of the electronic a statistical average of different model potentials for occupied
spectrum of ZnPc, we study here the excited states of this KS orbitals (SAOPf#! Specifically, the potential may be
complex using time-dependent density functional theory which written as a sum of model potentiabé"od which are each
provides a first principles method for the calculations of strongly weighted in a region where an orbital dengity) =
excitation energies and many related response properties withinn|gi(r)|2 dominates:

a density functional context.

For applications to large molecules, TDDFT methods are an SAOP/ A oce py(r) mod
excellent alternative to conventional highly correlated ab initio Ve (1) = Z —; ()
methods such as SAC-CIl, STEOM-CC (similarity transformed ™ p(r)

equation-of-motion coupled cluster), and CASPT2 (complete
active space SCF plus second-order perturbation theory) for
which calculations of the excited states of transition metal mod, \ _ . LB« _ GLLB,.\.
phthalocyanines are still a challenge. The reliability of TDDFT i "= avge (N + @A —a)ye (1)

The model potentials!™ have the form

approach in obtaining accurate predictions of excitation energies a, = exp[—2(epomo — ei)z]
and oscillator strengths is by now well documented for a wide
range of molecules, ranging from small molecéfe?' to large The ™ asymptotically have the require¢t1/r behavior

organic molecule$;% higher fullereneg! as well as, more  (which the LDA and GGA potentials lack) since they acquire
recently, metal carbonyf,*free base porphiff and transition  asymptotically the form of the LBA potenti4,which has this
metal tetrapyrrole$?3!The obtained results are competitive in  behavior. In the inner region, notably in the atomic inner shells,
accuracy with available highly correlated ab initio results. the GLLB potentiat® dominates which approximates the shape
Before dealing with the excited states of ZnPc, we elucidate of the exact Koha-Sham potential with proper steplike behavior
the ground state electronic structure of this molecule using a when going from one shell to the next inner shell. This step
fragment approach where the four indol rings and the aza bridgesbehavior is lacking in the LDA and GGA potentials. The SAOP
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Figure 1. Atom labeling scheme for ZnPc. e
TABLE 1: Optimized and Experimental Bond Distances (A) O 11byg (N, Ip)
and Angles (deg) for ZnPc -10 } 3b,
u
caled exp Say, 6eg [ ——— 9]32g
Zn—N, 2.006 1.980(2) 42y et 9CE mew eesn 100
Np—Cq 1.377 1.369(2) umm— b, u
Cu—Cs 1.463 1.455(2) u
Ci—Cs 1.415 1.400(3) -11 [ T —
Co—Np 1.335 1.331(2) lagy mesanannnan 132,
Cs—Co 1.397 1.393(3)
ee T "
m—Cm . . g
Cou—Np—Cq 124.5 123.5(2) -12 —_— — 18eq (Np Ip)
Cou—Np—Cq 109.9 109.1(2) _ =
Cs—Cu—Np 108.4 108.8(2) 10b1g
Cs—Cs—Cq 106.7 106.6(2) -
Cs—Co—Cn 117.9 117.3(2) 17ey (N, Ip)
Co—Cmn—Cn 121.1 121.5(2)

aData from ref 48. The numbers in parentheses are the estimated':igure 2. Energy level scheme qf ZnPc. Double occupancy is indi_cated
L ’ for the HOMO only. All lower lying levels are also doubly occupied.
standard deviations. The Gouterman’s four orbitals are indicated with hatched lines and
the N, lone pair orbitals of g, byg, and @ symmetry are indicated with

potential thus by construction provides a balanced description dashed lines.
of the electron exchange and correlation in both outer and inner
atomic and molecular regions. High quality results for a wide in terms of constituting fragment orbitals, the fragments have
variety of response properties of prototype molecules have beerbeen taken in exactly the geometry they have in the total
obtained using/s-°"41 More recently, this potential has been molecule. The orientation of the molecule and the atom labeling
successfully used in ground- and excited states calculations ofis shown in Figure 1. For the chemically distinctive classes of
transition metal tetrapyrrolés. bond lengths and bond angles the optimized values are reported

The calculations have been performed for the symmetry and in Table 1 together with the experimerffabnes averaged in
spin allowed A, and E, states up to 8.0 eV and for the lowest agreement wittD4, geometry.
symmetry allowed triplet states. _ )

All calculations reported in this paper have been performed Ground State Electronic Structure Analysis

with the ADF-RESPONSE moduté which is an extension of In Figure 2, the ground state one-electron levels of ZnPc are
the Amsterdam Density Functional (ADF) program systérff shown. For sake of clarity, the Gouterman four orbitals, hereafter
It has many features in common with the underlying ADF code simply denoted as “G” orbitals, are indicated with hatched lines.
and has similar scaling and parallelization characteristics. The highest N lone pair levels are given in the second column.

For the calculations we made use of the standard ADF IV The set of bridging aza @) lone pair, of ag, by and g
basis sef which is an uncontracted tripleSTO basis set, with  symmetry, are indicated with dashed lines. An atomic orbital
one 3d polarization function for the C and N and one 2p for H population analysis of these and of the Zn based orbitals, the
atoms, and a triplé-nd, (0 + 1)s basis with onen(+ 1)p very low lying 3d and the high lying 4,5 s and 4p, is also given
function for Zn. The cores (C, N: 1s; Zn: 48p) were kept in Table 2. We will first discuss the relevantlevels, and next
frozen. the aza bridge and pyrrolic nitrogen lone pairs.

The calculations have been performed for hg optimized The & Orbitals. In a recent study concerning the ground
geometry of the molecule. For the analysis of molecular orbitals and excited states of NiP (B= porphyrin), NiPz (Pz=
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TABLE 2: Percentage Contribution of Individual Atoms to MOs of ZnPc

MOs E (eV) Zn N Cu Cs Nb Co Cn H

unoccupied orbitals
Tapy —3.26 64.0 (4p 2.0 14.0 7.0 5.0 5.0 2.0 1.0
15a4 —-3.33 47.0 (4,5s) 53.0
1l4ay —3.69 68.0 (4,5s) 32.0
8¢g —5.56 6.0 5.0 12.0 3.0 54.0 17.0 3.0
GEW —5.67 5.0 (4p 3.0 6.0 6.0 5.0 56.0 16.0 3.0
4by, —=5.77 14.0 16.0 4.0 46.0 15.0 5.0
3byy, —6.00 14.0 35.0 22.0 3.0 25.0 1.0
7ey —7.40 11.0 40.0 14.0 16.0 7.0 12.0

occupied orbitals

2ay —8.78 2.0 59.0 5.0 19.0 14.0 1.0
11by —10.04 12.0 (@) 66.0(l.p.) 11.0 11.0
Iyg —10.18 12.0 10.0 4.0 74.0(1.p.)
3by —10.18 21.0 38.0 36.0 5.0
66y —10.22 24.0 2.0 35.0 2.0 3.0 34.0 -
S5ay —10.35 1.0 1.0 42.0 14.0 40.0 2.0
5¢ —-10.42 1.0 17.0 8.0 53.0 19.0 2.0
2by, —10.43 1.0 15.0 4.0 61.0 17.0 2.0
dap, —-10.51 4.0 (4p 48.0 4.0 2.0 39.0 3.0
19e, —10.59 11.0 9.0 9.0 71.0(l.p.)
lay, —10.91 17.0 25.0 46.0 10.0 2.0
13a4 —-11.22 6.0 10.0 9.0 75.0(l.p.)
4ey —11.96 20.0 31.0 7.0 22.0 8.0 12.0
18e, —12.14 7.0 (4p) 26.0(l.p.) 16.0 19.0 9.0 6.0 7.0 10.0
10byy —-12.21 4.0 6.0 30.0 14.0 17.0 29.0
17e, —12.46 7.0 (4p) 26.0(l.p.) 3.0 18.0 3.0 9.0 12.0 22.0
Thyg —16.74 18.0 (@) 8.0 13.0 3.0 16.0 19.0 23.0
5hyg —16.83 84.0 (d) 2.0 6.0 2.0 2.0 2.0 2.0
8ay —-17.22 58.0 (¢h) 6.0 9.0 2.0 10.0 7.0 8.0
lg —17.24 98.0 (d) 2.0
6bng —17.65 59.0 (@-y?) 10.0(l.p.) 4.0 9.0 4.0 6.0 8.0
Tayg —17.72 31.0 (&) 8.0 2.0 15.0 21.0 9.0 14.0

porphyrazine), NiTBP (TBR= tetrabenzoporphyrin), and NiPc  The B orbitals finally are also split by the N perturbation, but
(Pc= phthalocyanine) tetrapyrrole series, we have shown that less so than the jEset.
most of the features of the orbital level spectrum and the The next BzPy orbitals of Figure 3, the 3and 2a, have
underlying electronic structure of the ring systems can be two vertical nodal surfaces. Their character in the pyrrolic part
understood from a fragment approach where the four pyrrole is aimost unchanged compared to the Ryred g orbitals, the
(Py) or benzopyrrole (BzPy) rings and the methine or aza 2g having very large (62%) amplitude at the @osition, the
bridges are taken as building blocks. The same approach will 3b; having a nodal surface passing very close to theThere
be used here to elucidate the electronic structure of ZnPc.  is an additional nodal surface in these orbitals between the Py
Accordingly, we build up the phthalocyaninato ring using and the Bz parts accounting for the higher energy of these
BzPy rings and aza bridges as fragments. The levels and theorbitals as compared to the,"eand “e,” orbitals of Py. In fact
contour plots of the lowest orbitals of the BzPy ring system  they may be considered as antibonding combinations of fie “e
are shown in Figure 3. These orbitals have been extensivelyand “g” orbitals of Py with Bz orbitals, the lower lying 2b
discussed in ref 19 in terms of a pyrrolic electron system  and la being the Py-Bz bonding counterparts with high
perturbed by the fused benzene and here we will only briefly amplitude at the @ and G carbons. We have therefore denoted
recall their relevant features. in Figure 3 the 1aas “g "™ and 2 as “ey™" and the 2h and
The lowest BzPy orbital of Figure 3, the nodeless, & an 3b; as “g*" and “e". The next higher pair of orbitals of BzPy,
in-phase combination of the 2A0’s on the pyrrole and benzo ~ 4b1 and 3a, have in the Py part a strong resemblance to the
rings. The single-node orbitals 2and 1a are largely localized ~ “&x*-y?" and “ey” orbitals of Py.
on the benzo rings (60 and 70% respectively). They have e  The distinguishing feature of the,'eand “e,” derived orbitals
and g character on the pyrrole part respectively, and are is the different amplitude on the.Catoms to which the aza
stabilized by bonding admixture of C 2@n the benzo part. bridges will attach in the phthalocyaninato ring. As the orbital
As for the g and g notation used for the pyrrolic orbitals, we energy diagram for (BzPy)of Figure 3 displays, the j&”
refer to ref 19 for a detailed discussion. Here we simply recall derived set has the largest dispersion in (BzRy)virtue of
that the pyrrolic ring can be viewed as a cyclopentadiene (Cp) the considerable Camplitude of the 2aBzPy orbital. The
ring perturbed by the N substitution (see Figure 4), and, important consequence is that thg™ederived 2a, orbital is

according to the pertinens, nomenclature, the pyrrolier higher in energy than the yederived 13, in the (Py) cage
electron system is characterized by a lowestcAmbination, (cf. Figure 3 in ref 19).

followed by the B set of orbitals, which are no longer Coming to the interaction diagram for (BzRyijteraction
degenerate, the y&partner with amplitude on N (and on the  with (N)4 displayed in Figure 3, the interaction pattern shows
Cp carbon atoms) being more stabilized than thg fertner interesting differences with respect to the one with (€H)

with N in its nodal plane and high amplitude on thg &oms. displayed in Figure 10 of ref 19. Note that we take as electron
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Figure 3. Orbital interaction diagram for interaction between the (BzRgpe and the four N bridges. Gouterman’s four orbitalsu(2@., 56;xz

and 5gy,) are indicated with hatched lines. The orbital numbering of the Pc ring system has been adapted to the situation in metal salt.
count for the (BzPy)cage 38 electrons, the four times nime

two electrons in accordance with the2 charge of the Pc ring

electrons for the benzopyrrole rings being supplemented with is the higher electronegativity of the former resulting in an

An important difference between the aza and methine bridges

in metal salts or with the two additional electrons coming from energy of the (N)-p, orbitals compared to the (Chiyet, the

as in ZnPc, so the numbers of thg and g orbitals of Pc have

energetically lower lying set of (M), orbitals. Due to the lower
the in-plane hydrogen atoms in free base phthalocyanine. Foraza bridges will also interact to some extent with the low lying

been raised by 1, to account for the presence of the Z=a3p
the numbering of Figure 3.

3a, and 3¢ orbitals.

ease of comparison with the ZnPc levels of Figure 2, we have (BzPy) orbitals of the 1 and 2R sets, causing stabilization

and 3d-g; orbitals respectively below the orbitals of Pc in

adopted for the Pc levels of Figure 3 the same orbital numbers of the 1h-derived Pc 2a and 2g orbitals and the 2pderived

As a consequence of the stronger electronegativity (lower

orbital energies) of () compared to (CH)the final charge
distribution is on (N) more negative and on (BzRyjnore

Ricciardi et al.
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4+ g Inversion of “Gouterman”-Type a, and g -Type &. The
15 15 ol lagy difference in electronegativity between the aza and methine
o b s bridges has a major effect on the character of the two highest
al 1 occupied g, orbitals, the 4, and 5a,. Unlike in TBP where
19 19 the former is a nearly purgederived (BzPyj3a,, orbital and
30 the latter is a (CHy}lay, orbital with some admixture of the
Py (Py)4 high lying g2_y>-type (BzPy)-4a,,'° in Pc these (BzPy)and
“Csy” Coy Dy, bridge (N) orbitals strongly interact, resulting in #4eand 5a,

Figure 4. & Orbitals and orbital energies of the pyrrolic ring system. orbitals which have mixed (BzPyBay, a”{’ (N)-1&y Character:

The contributions of the individual C,atomic orbitals to the MOs, in ~ The percentages of these fragment orbitals are 36 and 34 in the
percentages based on Mulliken gross orbital populations per MO, are 5&,, and 64 and 18 in the 4a The lower lying 1a, and 2a,
indicated in the figure. Orbital levels in the (Ryjage are also given. and the higher lying 44 orbitals of the (BzPy)cage enter with

only small contributions.

positive. This shows up in a general downward shift in energy  So, the character of the faand 4a, changes on going from

of orbitals which do not interact strongly or even have a pure TBP to Pc. The mixing between (BzRy3a, and (N)-1a, is
(BzPy), character, such as thej,aand bytype orbitals. equivalent to a mixing of the TBP bgaand 4a, to give the Pc

Nevertheless, the pure BzPy localized 245" orbital is still 5&, and 4a,. As inferred from the plots of these orbitals
well above the other occupied orbitals of the Pc ring and,  displayed in Figure 5, the 4aof Pc is basically the 4g of
just as in NiTBP and NiPc, is the HOMO. TBP with an admixture of the TBP-hato the effect that almost

As for the “G” 7e, LUMOSs, they arise from antibonding all of the N, character disappears and appreciabjeharacter

interaction of the 5g“e, ™ of (BzPy), with the 1g of the (N, appears. The Pc *G”-ais basically the “G™-5g, of TBP with
cage and are stabilized by interaction with the higher lying e an out-of-phas_e admixture of .TBP.'él"a resulting in an
orbitals of the (BzPy) cage. The HOMO and LUMO are of enhanced amplitude at the pyrrolic nitrogens and somewhat

course most important for the lowest absorption band (Q), Seereduged amplitude at the bridging, kitoms. .
section 4. This change of character of the4and 5a, orbitals has as

S an important consequence that the Pgg5@st because of its

Below the HOMO 24, we find in Figue 3 a whole group  enhanced amplitude at the pyrrolic nitrogens, is so strongly
of levels, derived from thexe and g BzPy levels, which are  gtapilized by the metal 4pas to end up below the (original)
all (except for the 49 lying between—10 and—11 eV (see 45, in the metal salts. As is evident from the plots of the,5a
Figure 2) in Pc. The order of these levels can be understoodand 4a, of ZnPc and NiPc displayed in Figure 6, it is the lower
from Figure 3, except for the “Gouterman” haThe next  |ying 4a, that correlates with the “G™-5aof Pc and TBP. The
intense absorption band following the Q band will derive inten- 5g,, of ZnPc and NiPc correlates with the lower lyingodaf
sity from excitation to the LUMO 7gout of the “Gouterman”  Pc and TBP. We note in passing that in NiTBP the downshift
&y orbital which is included in the dense setolevels between of the “G™-5&, induced by the Ni-4pis not so large as to cause
—10 and—11 eV, cf. Figure 2. In view of the importance of reversal of the character of the two highest occupigdibitals
this orbital for the excitation spectrum we consider the position of the ring system (cf. Figure 6 of ref 19).



5248 J. Phys. Chem. A, Vol. 105, No. 21, 2001

Figure 6. Contour plots of the 4gand 5a, orbitals of NiPc and ZnPc.
The plane of drawing is 0.3 bohr above the molecular plane. Contour
values are 0.04:0.02,4-0.05,+0.1,40.2, £0.5 (e/boh#)*2

It is worth noting that in ZnPc and even more in NiPc, the
actual “G”-ag, orbital, the 4a,, is shifted very far down with
respect to the “G”-2g, due to the combined effect of upshift
of the 23, caused by the antibonding with the benzo rings (cf.
Figure 3) and the downshift of the “G"@caused by the orbital
mixing effects just discussed and the resulting interaction with
4p, of the metal.

As a matter of fact the 4gis so low as to come very close
to the " based la. The 4a,/1a, proximity is reminiscent of
the ayai, (near-)degeneracy in porphyrins and will receive
special attention in the discussion of the excitation spectrum of
ZnPc.

Np and N, Lone Pairs. In addition to ther levels, there are
the in plane levels associated with, Bnd N, lone pairs, see
left panel in Figure 2. In th®4, symmetry of the molecule the
four Np lone pair combinations transform aggbe,, ai, and
the four N, lone pair combinations as§ e, and ag.

The N, related ZnPc orbitals are the 1,3b17¢, and 18g¢
(the N, lone pair @ combinations get divided over these two
orbitals) and the low lying 14g(not reported in Figure 2). The
Np lone pairs of E and Ay symmetry are stabilized by
interaction with the 4pand 4s Zn orbitals respectively (cf. the
composition of the 113, 17g, and 18g reported in Table 2).

In contrast, the Nlone pair combination of B symmetry, the
11byg, is pushed up by antibonding with the Zge-d2 (see ref

17 and cfr. the composition of this orbital in Table 2) and ends
up just above the set of orbitals in the right panel of Figure
2, but still well below the HOMO. The 11pis actually the
HOMO-1 of the molecule, but a large energy gapl(l eV)
separates this orbital from the HOMO.

Unlike the pyrrolic N lone pairs, the Nlone pair orbitals
9y 19g, and 13ay are fairly close together. They point
outward and are not particularly well suited for interactions with
the metal that could increase the dispersion of this set. It is
important, in view of the later discussion of the excitations out
of these N lone pair orbitals, to note that they are lying well
below the 2@, HOMO. Since the Nlone pairs lie in the same
energy region as the orbitals associated with the;Bind B
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bands, i.e., the 5g 4a&,, and 1a,, the symmetry allowed—*
transitions are expected to contribute to the B band region rather
than to the region slightly to the blue of the Q band. This is
interesting since the possibility that an~z* transition occurs

in this region has received considerable attention in the
experimental work:1%4%Actually, because of the large HOMO/
HOMO-1 energy gap, we do not expect electronic transitions
to occur in the high energy shadow of peak Q. We will quantify
these statements in the discussion of the calculated spectrum in
the next section.

Zn 3d Orbitals. As inferred from the energy and composition
of the ZnPc MOs reported in Table 2, the Zn-3d shell remains
almost unperturbed in the low energy region of the electronic
spectrum, the only 3d orbital which interacts to some extent
with the macrocycle being, as above-mentioned, thga

Excited States and Optical Spectra

Q and B Band Region.The energies and oscillator strengths
of the dipole allowedE, andA, excited states of ZnPc through
4.0 eV are collected in Table 3 together with the experimental
band maxima obtained from gas-pha3epom-temperature
solution® cryogenic temperature vitrified solutiohand argon
matrix'? spectra.

Q-Band.The excitation energy and oscillator strength of the
1'E, state leave no doubt on the assignment of this state to the
intense Q band located at 1.88 eV (659 nm) in the gas-phase
spectrum and at 1.85 eV (670 nm) in Ar/mattxroom-
temperature solution specti@nd cryogenic temperature vitrified
solutiorf spectra of ZnPc. The (near)-degeneracy of the “G”-
a1y and a, orbitals which exists in porphyrins is lifted by the
electronic effects of the aza bridges and benzo rings, hence the
mixing of the (awy) and (awey) configurations and the
consequent cancellation of the associated transition dipole
moments occurring in the Q band of porphyrins does not occur
in phthalocyanines. Thell, is indeed a nearly pure (92%)
2a,—7¢y state and its oscillator strength is almost entirely
determined by the very large (4.17 au) transition dipole moment
of the 2a,—7¢, transition.

B1/B, Band RegionBefore discussing the /B, band region
proper, we note that there have been suggestions in the literature
that there is a very weak transition just to the red of the B
band, referred to as “2nd—n*". 145051 |t was reported for
MgPc at 2.85 eV (435 nrfy>°and suggested for ZnPc on the
basis of ZINDO calculation3 We indeed find a transition just
to the red of the Bband region, at precisely 2.87 eV. It is an
almost pure 3@—7g; transition, the low intensity is in
agreement with the,e nature of the 3k, (cf. Figure 3 and
section 3).

A considerable experimental effort has been spent to gain
insight into the nature and number of excited states contributing
to the B band. In the gas-phase spectrum reported by Edwards
and Gouterman (see Figure?the B band region is character-
ized by a broad intense and featureless absorption with the
maximum located at 3.80 eV (326 nm). A split of the B band
in By and B components was clearly distinguished by Nyokong
et al8 in the absorption and MCD room-temperature solution
spectra of ZnPc(L) (L= cyanide, imidazole, pyridine). These
authors for the first time invoked MCD spectra as an aid in the
deconvolution analysis. In the region of interest they required
for the fitting of the MCD spectra the presence of two Faraday
A terms, indicating that two degenerate excited stateg &t
B,") exist in the B band region. In the case of zinc phthalo-
cyanine with cyanide they were located at 3.21 eV (386 nm)
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TABLE 3: Calculated Excitation Energies (eV) and Oscillator Strengths €) for the Optically Allowed E, and *A,, Excited
States Contributing to the Q and B Band Region Are Compared to the Experimental Data. The Major One-Electron
Transitions Contributing to SAOP/ALDA Solution Vectors Are Also Given

exp.
state composition (%) exc. en. f assignment gas phdse solutior? solutiorf Ar matrixd
1'E, 92 (2a—7gy); 8 (4a—T7ey) 1.96 0.7356 Q 1.88 (Q) 1.85(Q) 1.85(Q) 1.85(Q)
21E, 92 (3bp—7ey) 2.87 0.0307 2na— *
3E, 66 (5a;—7gy); 16 (2bi—7e) 3.07 0.0518 3.05(By) 3.05 (B, origin)
14 (4a—Tey)
4E, 73 (2bhi—7ey); 13 (5a—7ey) 3.14 0.3032 B 3.21 (B) 3.17
6 (4a—7ey)
1A, 99 (19¢—7ey) 3.28 0.0011
5'E, 88 (2a,—8ey); 6 (2bu—7ey) 3.34 0.0446 3.30(By)
6'E, 47 (la—7ey); 39 (da—7e) 3.50 0.6572 3.56(By)
8 (5ai—7ey) 3.71(B)
7'E, 47 (lay—7ey); 31 (4a—7e) 3.81 1.1548 B 3.80 (B) 3.75 (B) 3.81(By) 3.74 (B. max)
8 (5a—7e)
'A% 99 (9brg—3by) 4.23 0.0012 4.05 3.99 @B

aData for ZnPc in gas-phase, from ref Data for (CN)ZnPc, in DMA solution, at room temperature, from ref Bata for (CN)ZnPc, in
solution, at cryogenic temperature, from ref 9, bold type is used for the Janh-Teller split components patiteE bands. Data for ZnPc in
Ar/matrix, from ref 10.
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Figure 7. Gas-phase spectrum of ZnPc from ref 12. (Top)-tiNs (CN)ZnPc, from ref 9.

region. (Bottom) Vacuum UV region. .
gion- ( ) g More recently, Mack and Stillmdrhave reported a band

and 3.75 (331 nm), respectively. A second deconvolution deconvolution analysis of the absorption and MCD spectral data
analysis of the absorption and MCD spectra of ZnPc in Ar/ of (CN)ZnPc recorded at cryogenic temperature. The UV
matrix by VanCott et al? also suggests (at least) two absorp- absorption spectrum of the B band region published by these
tions, with however different characteristics. They propose one authors with the deconvolution into five underlying bands
very broad absorption band with a maximum at 3.74 eV (332 obtained from a simultaneous fit of their absorption and MCD
nm), which they call B. The onset of this band is identified as spectra is reproduced in Figure 8. They found that in the B
an observed origin at 3.05 eV (406 nm) which is followed by band region the MCD spectrum could not be properly fitted
a progression of seven bands before the maximum at 3.74 eV.using twoA terms, as had been done in the earlier work by
They believe that an experimental band maximum positioned Nyokong et af and VanCott et al% since a considerable

at 3.71 eV (334 nm) does not fit into this pattern and correspondsresidual intensity would have not been accounted for. A
to a separate electronic transition. On the basis of the MCD satisfactory fit was obtained replacing theterms by twoB
spectrum, they ascribe the strong broad band with maximum atterms of opposite sign with a slight separation (a psetkrm),
3.74 eV and the extra weaker band at 3.71 eV to two separatewhich can be rationalized by a Jahmeller splitting of a
degenerate excited states and denote them par8l B degenerate state into two nondegenerate states which give rise
respectively. to B terms. Mack and Stillman place the energy maxima of the
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two Janh-Teller split components of the excited-state responsibleweight. The phases of the mixing coefficients of these transitions
for the B; band, which previously was assigned an energy of are such that the transition dipole moments of the2tieg
3.21 eV, at 3.05 and 3.30 eV (406 and 375 nm), see Table 3and 5a,—7¢, transitions (1.20 and 2.20 au, respectively) add
and Figure 8. Two more intense JT split components of the B up and the transition dipole moment of the#a7e, transition
band, replacing the previous degenerate state at 3.75 eV arg1.47 au) subtracts, resulting in a quite large oscillator strength
placed at 3.57 and 3.81 eV (348 and 325 nm) in the deconvo- (f = 0.3032). The 2h—7eg transition derives strength from
lution analysis. Between the two oppositely sigridéderms the g~ character that is shared by the;gland 7g involved
comprising the pseuda-fit of the B; band, an additional  orbitals leading to on-site [on (BzPy)'overlap”. Note that the
FaradayB term at 3.17 eV (391 nm) was introduced in the fit. “G” 4ay, has a considerably reduced transition dipole tg 7e
As can be seen in Table 3, there is an excellent cor- compared to the 3.25 au value in NiP, as a consequence of the
respondence between the energies of the five bands of theorbital mixings discussed in the Ground State Electronic
deconvolution of Mack and Stillman and the five calculated Structure Analysis, which have reduced its dontent to 39%
1E, transitions 3E,—71E, (we leave ther—x* 11A,, with very (cf. Table 2). The orbital mixings discussed in the Ground State
little intensity aside; see discussionrefz* bands below). The  Electronic Structure Analysis have left considerableharacter
level of agreement, closer than 0.1 eV, must be fortuitous, in 5a&u, and the 5a—7g, transition dipole is quite large. Most
although the calculations with the present method (TDDFT with important for the intensity of the'&, is however the reinforce-
SAOP Kohn-Sham potential) do attain that level of accuracy ment of the transition dipoles of the 2b-7¢; and 5a,—7e.
for the benchmark small molecules we have used to test theThe 3E, consists of the same orbital transitions as thE,4
present theoretical methd®4!It is interesting to note the present  but has much lower intensity due to the cancellation of the
agreement since this is a case where the experimental spectréfansition dipoles.
have been carefully analyzed and much more detailed inferences With respect to the Bregion, we note that predominantly
about number, intensities and energies of the transitions havethe 4a,—7¢, (Gouterman type) and 1a>7g, transitions enter,
been made than is usually available from the broad experimentalin both the 8E, and 2E,. Due to the downshifting effect of
bands for large molecules. In comparing to our calculated resultsthe aza bridges and of the Zn#phe “G” 4, is so low in
we note that the calculated intensities differ somewhat from ZnPc as to come very close to thg*&based 1a, (see Figure
the experimental ones. The & are the most intense ones, 2). This 4a,/1a, (bridge/g*) near-degeneracy is reminiscent
corresponding to the experimental higher intensity in the B of the well-known (near-)degeneracy of the highest occupied
region, but we have the relative intensities dEgand 7E, “G” orbitals of a/ay, (bridge/g) character in porphyrins and
reversed compared to the deconvolution of Figure 8. However, causes the 4g—~7eg and the Lg—7eg transitions to undergo,
our intensities are not so quantitatively reliable, they are very just as the a—e, and la,—~5g, do in metalporphyrin, a
sensitive to the density functional used and to basis set, configuration mixing resulting in thelg, and 2E, excited
geometry, etc. But it is also not clear whether a good fit of the states. The transition dipole moments of the4e’e, and
experimental spectrum is not also possible with a higher intensity 1a,—7¢, transitions are however quite different, the transition
of 7'E, rather than &,. The same holds for the three transitions  dipole moment of the 4a—7g,, although reduced from the
in the B; region, 3,4,5%,. Maybe a good fit is also possible typical “G” value in porphyrins (see above), is far larger than
with high intensity for the %, and weaker sidebands corre-  that of the 1a;—7g, (1.47 vs 0.12 au). As a result, the oscillator
sponding to 3, and SE,, as suggested by our calculations. strength of the lower lying combination where they have
Despite the good agreement between calculated and experi-opposite direction is not almost zero as in the case of the Q
mental number and energy of the bands and a reasonable, ostate of porphyrins, but it is half that of the higher lying
hopefully after refitting even good, agreement for intensities, combination where they have parallel direction. The oscillator
there is a major discrepancy between the basis of our theoreticalstrengths of the ¥, and 7E, excited states are indeed both
results, namely unsplit degenerate states, and the underlyingvery large amounting to 0.6572 and 1.1548, respectively.
assumptions of the fit to experiment, namely the JT splitting of Bz Band and the Issue of the—rr* Transitions. In this
the degenerate states so that only nondegenerate excited stategction, we will address the still debated question of the location
remain. In view of the generally very high quality of the TDDFT  of then (N, lone pairs)>=* transitions. Our electronic structure
results for this type of systen&30:3lwe consider it unlikely  calculations, which locate the set of, Mne pairs well below
that our number of states in this region (fite, and one'Az)) ~ the HOMO, already suggest that the lowest allowedz*
is not correct. The calculated intensities do assign considerabletransitions should lie in the B band region. Explicit calculations
intensity to the B and B regions and support this assumption. of the A, excited states confirm this suggestion. The lowest
Since the calculation of JT splittings is beyond the present zpolarizedn—x* excited states, thelf\,, which is dominated
investigation, we cannot make an assessment of the basiq)y the 19¢ (N, lone pairs)> 7, (LUMO) transition, and the
assumption of the fitting procedure. We are also not able to 21A,, which is a nearly pure 9h (N lone pairy~ 3byy ()
judge whether the fitting of the MCD spectrum wighterms state, are indeed computed at 3.28 and 4.23 eV, respectively.
for the degenerate states, as our results would require, can berhe theoretical prediction of the—x* 21A,, state at 4.23 eV
completely ruled out by the experimental data. It is clear (293 nm) is perfectly in line with the experimental findings.
however that, if JT splitting is significant, and experimentally = Ar/matrix experiments by VanCott et Hllocate indeed a A
visible in splitting of the bands, it will not be so large as to  zpolarizedn—x=* band labeled B to the blue of the B band
shift states out of the B region, so the fitting will then have to  main peak (B), at 3.99 eV (310 nm). Nyokong et &lalso
account for 10 nondegenerate, pairwise very close-lying, statesobserved in their solution spectra of ZnPc with cyanide and
We end this discussion of the/B, region with a description imidazole ligands a band in the vicinity of the; Bbsorption
of the electronic nature of the excited states. With respect to (at 4.13 eV for cyanide and 3.96 eV for imidazole), showing
the B, region we note that the intenség} is mainly (73%) pure FaradayB term. A weak band at 4.05 eV (306 nm)
described by the 2b—7eg transition, the 5g—7¢; and the corresponding to a pui term is also present in the deconvo-
4a—T7gy transitions contributing with a minor but not negligible  lution analysis of the B band performed by Mack and Stillrhan,
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TABLE 4: Calculated Excitation Energies (eV) and Oscillator Strengths €) for the Optically Allowed E, and 'A,, Excited
States Contributing to the N, L, and C Band Region Compared to the Experimental Data. The Major One-Electron Transitions
Contributing to SAOP/ALDA Solution Vectors Are Also Given

exp.
state composition (%) exc. en. f assignment gas phdse  solutior? Ar matrix®
3tA 99 (11hg—4hbyy) 4.31 0.0001
8'E, 94 (6g—3byy) 4.32 0.0281
9'E, 71 (6g—4byy); 16 (3—8ey) 4.50 0.0054
10'E, 58 (5¢—3bwy); 27 (2a,—9ey) 4.50 0.0243
11'E, 68 (6—6a.); 20 (3 —8gy) 4.58 0.0374
12'E, 45 (2a,—9¢y); 36 (3i—8ey) 4.64 0.0505
13'E, 66 (5—4by); 23 (5¢—6a.) 4.69 0.0150
14'E, 62 (5a—8ey); 18 (3h—8ey) 4.77 0.1402 N 4.49 (N) 4.52 (N) 4.41 (N
417, 98 (186—7¢) 4.78 ~0
15'E, 48 (5—6a.); 45 (2h—8ey) 4.81 0.0003 4.70 (Y
16'E, 85 (4a,—8&y) 4.98 0.0200 4.88 (1
5'A,, 96 (19¢—8ey) 5.05 0.0016
6'A 95 (17¢—7ey) 5.09 0.0001
17'E, 33 (1a—8ey); 28 (2hi—8ey); 5.13 0.0679 L 5.17 (L) 5.09 @)
18'E, 88 (2hhi—7ey) 5.28 0.0007 5.33 (@)
A 100 (16g—7ey) 5.50 0.0002
19'E, 15 (4a,—8e); 11 (3bb—8ey); 5.50 1.5942 C 5.63 (C) 5.62 (C

10 (6%_)4b2u); 10 (6%—>66§2u)
8'Az, 100 (13ag—6a) 5.57 0.0011
20'E, 81 (3a—7gy); 11 (la—8ey) 5.60 0.0315
21'E, 32 (la;—8ey); 13 (2hi—8ey); 5.80 0.1800 5.92 (g
11 (3a—7ey); 9 (5e—~6a)

26'E, 74 (4a—9¢); 12 (2bi—9ey); 6.23 0.1800 5.99 (§

a Data for ZnPc in gas-phase, from ref #Data for (CN)ZnPc, in DMA solution, at room temperature, from ref Bata for ZnPc in Ar/matrix,
from ref 10

although these authors could not distiguish whether this band gap separates the Q statg)(8om higher singlet excited states
was vibrational or electronic in origin. We note that the energy seems to agree with the results of recent spectroscopic studies
and intensity of this band fit very well with the energy and the by Rickmann et af3 on ZnPc(OE# (OEt= a-alkyloxy). These
oscillator strength calculated for théA, state that is indeed  authors have observed indeed an anomalous luminescence band
very low (f = 0.0012), in virtue of the9by,y|z|b; Otransition from a higher than Sexcited state, at 2.8 eV, a feature that
dipole moment being, as expected fas-ax* transition, quite gives a hint for a large separation between thea® higher
small (0.20 au). singlet excited states. We note by the way that the 2.87 eV
As for the lowesth—z* A ,, state, the 1A,,, there is a clear energy value we predict for the lowest singlet excited state above
disagreement about the location of this state between theorythe S state of ZnPc and we assign to the secontnr*
and suggestions made on the basis of Ar/matrix and cryogenictransition located by Mack et &k.to the red of B band is close
temperature vitrified solution experiments. Analysis of Shpol'ski to the maximum of this fluorescence band. Thus, our theoretical
matrix data by Huang et 4%.and of Ar/matrix data by VanCott  results, in agreement with the fluorescence experiments, suggest
et al1%suggested the presence of an additionalr* electronic that the band located in the %@ region of the spectrum of
transition at 2.08 eV, in the “g’ region of the spectrum of  ZnPc in Ar/matri¥? and cryogenic temperature soluti@xperi-
ZnPc. This band was called @nd assigned to the, é\;, lone ments, does not have an electronic origin.
pairs)— g4 (LUMO) transition. On the basis of a deconvolution N, L, and C Bands. In the relatively narrow {1.1 eV)
analysis of the absorption and MCD spectral data of a vitrified energy range spanned by the N, L, and C bands (see Figure 7),
solution of (CN)ZnPc, Mack and Stillm8nhave recently our calculations (Table 4) predict a considerable number of
supported this additionatpolarized electronic band centered closely spaced [E excited states. As inferred from their
at 2.05 eV (604 nm) in the so-called & region, and also composition, these states arise frarrsr* transitions connect-
assigned this band to the, €Ny lone pairs)— g5 (LUMO) ing the & and g* based MO levels together with the 2b
transition. (¢~ based) MO level which are very crowded in thedO to
According to our calculations the lowestpolarized state, —11 eV region (see Figures 2 and 3) to low lying levels,
the 2!A,, which is dominated by the 19€N, lone pairs)— such as the purely BzPy 4b 6a&,, 8, and the 3k, of mixed
7¢y (LUMO) n—x* transition, lies at 3.28 eV, more than 1.1 BzPy-gy and bridge-1k, character. All these transitions have
eV higher than suggested by these experiments. Such a large rather low dipole moment since they connect MOs which
error is unlikely, however, for TDDFT excitation energies. The derive from different fragment orbitals at the BzPy side and/or
energy we predict for the lowest-7* 11A,, state closely agrees  at the N, side (cf. the interaction diagram of Figure 3) and hence
with previous result$:51.52by completely independent, although have small on-site overlap. As a matter of fact, except for the
much less accurate, theoretical approaches. We also note tha€C band where a constructive interference of transitions with

the secondr—n* excited state PA,, at 4.23 eV beautifully
agrees with experiment.

In the energy regime of the ‘¢’ band, we actually do not
find any allowed excited state, the lowest dipole allowed excited
state following the Q-band, they-polarizedz—ax* 21E, state
being calculated at 2.87 eV. Our prediction that a wide energy

relatively low dipole moments occurs (see below), we calculate
little intensity in this region.

This is in agreement with both gas-ph¥sand Ar/matrix©
spectra showing in the C band region the strongest absorption
outside the B band region and in the N and L region bands,
which are relatively weak in comparison with the B band.
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TABLE 5: Calculated Excitation Energies (eV) and Oscillator Strengths €) for the Optically Allowed E, and 'A,, Excited
States Contributing to the Band Region Are Compared to the Experimental Data. The Major One-Electron Transitions
Contributing to SAOP/ALDA Solution Vectors Are Also Given

exp.
state composition (%) exc. en. f assignment gas phdse  Ar matrix® thin film¢
39'E, 35 (6g—7a.); 35 (5g—4byy); 6.95 0.4586
12 (2ky;—8ey) X1 6.89 (%) 6.89 (%) 6.94(%)
40'E, 18 (2ky—8ey); 16 (1hi—T7ey) 6.99 0.4172
12 (5g—7ay); 10 (6g—4by)
48'E, 35 (11hg—21e); 21 (3g—6a.); 7.33 0.4608
13 (19¢—12hyy); 10 (56— 7a) Xz 7.75 (%) 7.67 (%) 7.69 (%)
50'E, 32 (3g—6a); 17 (5—7a) 7.41 0.4410
51'E, 97 (21 7.47 0.1717
29'A,, 61 (2b,—10hy); 39 (6g—21e) 7.50 0.0171
52'E, 92 (19¢—10kyy) 7.67 0.1137
30tA,, 100 (5¢g—21e) 7.71 0.0256
54'F, 97 (13ag—208q) 7.82 0.1264

aData for ZnPc in gas-phase, from ref PData for ZnPc in Ar/matrix, from ref 10.Data for ZnPc in thin film, from Ref 7.

The strongest excited-state we predict in the N band region coefficients are such that the individual transition dipole
is the 14E, calculated at 4.77 eV and with oscillator strength  moments interfere constructively resulting in a large oscillator
of 0.1402. Comparison with the experimental band maxima of strength.

4.49, 4.52, and 4.41 eV obtained from gas-pHasmlution® Ar/matrix studie&® locate three bands corresponding to
and Ar/matri®0 spectra, respectively, suggests that our calcula- transitions of the typéA,4—'E, in the C region, Cat 5.62 eV
tions slightly overestimate the energy of the N band. It should (221 nm), G at 5.92 eV (209 nm), and £Cat 5.99 eV (207
be noted however that the ), state which is dominated by  nm).

the transition from the e-5a, to the g2>- ,»—8e; and which The excitation energy values of 5.50, 5.80, and 6.23 eV (225,
we assign to the N band, contributes only 50% to the intensity 214, and 199 nm) we predict for the three most intensstdes

of this band, the remaining 50% coming from the four close belonging to the C band region, the 19B1E, and 26F, are

lying ‘Ey excited states just below the 'H, i.e., the 10E,, in nice agreement with the;CC,, and G experimental band
11'E,, 12'E,, and 13E, calculated at 4.50, 4.58, 4.64, and 4.69 maxima. The calculated and the observed intensities of these
eV, respectively, for which we find a summed oscillator strength bands do not agree as well as the energies, however. The
of 0.1272, that puts our results more in line with the experiment. intensity distribution observed for the C bands follows indeed

Ar/matrix experiments by VanCott et #lidentify a second,  the order G > C, > C;, at variance with our calculations which
much weaker N band labeledh Bt 4.70 eV. According to their ~ Predict the G (19E)) state at 5.50 eV as the most intense. This
MCD data, this band originates from an electronic transition of discrepancy seems, however, to be due to matrix effects rather

the typelA,—LE,.. We associate the Aband to the very weak than to a failure of the calculations, as suggested by the excellent
15'E, state calculated at 4.81 eV. accord between our results and gas-phase spectrum of ZnPc

In the L band region, we predict only twi, states of showmg the C band maX|mu.m at 5'63 ev.
appreciable intensity, the 16, and 12E,. The latter calculated As inferred from Tzﬂe 4, in the region of the N, L, and C
at 5.13 eV (242 nm) and with oscillator strength of 0.0679 nicely bands, we find severah,, excited states. Th_ey all have very
accounts for the experimental L band maximum of 5.17 eV (240 _small _oscnlat(_)r strength an_d hence contrlb_u_te litle to the
nm) and 5.09 eV (244 nm) @ observed in gas-phageand intensity of this spectral region. The composition of fide,
Ar/matrixlolspectra respectively. The B, calculated at 4.98 states listed in Table 4 indicates that they are single transition
eV (249 nm) and \;vith oscillator. strength of 0.0200 cou.Id be States involving excitations fromg\and I, lone pair orbitals,
correlated to the | band identified at 4.88 eV (249 nm) by such as the 13g 19g, 11by, 18, and 17g, to the LUMO or

: . . to the BzPyx orbitals of the g-,2 set.

VanCott et al? in Ar/matrix absorption and MCD spectra to q . hasd Ar/ .10 and thin filn?
the red of the kL band. These authors identified also a third X Bap Region. Gas-phasé; Ar matrix, ™ and thin film
very weak L band, b, to the blue of the L band main peak, at absorption spectra of ZnPc extending to the X bands of the
5.33 eV (233 nm)’ corresponding to a negative Faraﬁe(w’ vacuum ultraviolet region show an approxima_tely constant
pseudod) term in the MCD spectra and hence arising from an absorption across the spectrum with two more intense ban_ds,
electronic transition of the typ#:4—~'E,. The very weakE, X1 and X%, centered at 6.89 and 7.75 eV (180 and 160 nm) in

. the gas-phase spectrum (see Figure 7), 6.89 and 7.67 eV (180
state, the 18, we predict at 5.28 eV (235 nm) could well and 162 nm) in the Ar/matrix spectrum, 6.94 and 7.69 eV (179
account for the k band.

) ) ) and 161 nm) in the thin film spectrum. These experimental data
According to our calculations, the I, excited state at 5.50  are gathered in Table 5 together with the theoretical excitation
eV (225 nm) is responsible for the C band centered in the gas-energies and oscillator strengths of the allowga@d A, states
phase spectrum of ZnPc at 5.63 eV (220 nm). The large (1.5942)with largest oscillator strength. Our calculations nicely describe
oscillator strength of this state fits in with the C band being the this part of the vacuum ultraviolet region. Immediately to the
strongest outside the B band region. As inferred from its blue of the C band and up to 8.0 eV, we compute indeed a
composition, the 1, shows a high degree of configuration plethora of excited states with low but not negligible intensity,
mixing, the transition with the largest weight contributing by accounting for the nearly constant absorption across the
only 15% to the composition of this state. As above-mentioned, spectrum, and two pairs of nearly degeneratstites, the 39F
although the individual transitions contributing to théHBghave 40E, at 6.95 and 6.99 eV respectively, and the 48BE, at
relatively small dipole moments, the phases of the mixing 7.33 and 7.41 eV, respectively, with large and comparable



Ground and Excited States of Zinc Phthalocyanine

TABLE 6: Excitation Energies (eV) and Composition of the
Lowest E, and Ay, Triplet States

state composition (%) exc. en. experiment
1%, 100 (2a—7e) 1.27 1.131.14
23E, 96 (Bi—7ey) 2.71
33E, 93 (ba—7ey) 2.89
4%E, 79 (2by—7ey); 17 (4ai—Tey) 2.99

53E, 80 (4a—7q); 18 (2hi—7gy) 3.03

1%A; 100 (19¢—7ey) 3.11

@ Phosphorescence sectrum of ZnPc in chloronaphthalene at 77 K,
from ref 54.° Phosphorescence spectrum of ZnPc in chloronaphthalene

at 2 K, from ref 54.

oscillator strength, accounting for the; Xand X peaks. As
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The relevant results may be summarized as follows.

(i) The breakdown of the (near-)degeneracy of thgaand
apy Gouterman orbitals known to exist in porphyrins causes the
mixing between the (g@ey) and (awgy) configurations occurring
in porphyrins to almost vanish in phthalocyanines. The cancel-
lation of transition dipoles that occurs in the low energy
combination of these configurations in porphyrins, leading to
very low intensity of the Q band, does not occur in phthalo-
cyanines. The oscillator strength of thiE]l (Q) state of ZnPc
is indeed entirely determined by the large (4.17 au) transition
dipole moment of the 2g—7¢, transition. A wide energy gap
(1.1 eV) is predicted between the Q state and higher singlet
allowed excited states, in agreement with luminescence studies

inferred from their composition, the excited states responsible by Rickmann et af® We are thus not able to identify an

for the X; and X peaks show a high degree of configuration
mixing and involve also transitions to very diffuse outer orbitals,
such as the Zn-4poased 7a, and the H-2s based 2land

124 orbitals. This fits in with the suggestion by VanCott et
all0 that some of the transitions in the vacuum-UV involve
excitations to Rydberg stateBhey observed indeed a consider-
able sharpening of thepband on going from condensed phase

electronic origin for the band located0.15 eV to the blue of

the Q band, in the “@" region, in solution and Ar/matrix
absorption and MCD spectra. The lowespolarized n—x*
transition which has been suggested to be the source of this
band is found in our calculations in the B band region. The
othern—us* transition, the 9k, (Np lone pairy— 3by, (7*) Az,

state is computed just to the blue of the B band main peak, in

(matrix and thin-film) to gas-phase absorption spectrum and a perfect agreement with the experimental assignment.

slight blue shift of this band on condensation, a behavior to be

expected for a Rydberg transition.
Triplet Excited States. In view of the relevance of triplet

(i) The actual Gouterman orbital, the Aais so low in
phthalocyanines as to come very close to the™dased 1a,
causing a configuration mixing of the Gouterman configuration

excited states for the photochemical and photophysical propertie5(4abu7eg) with the non-Gouterman (1&7e,) configuration. The

of phthalocyanines, the lowest triplet states qf &d Ap,

resulting close lying and intenséB, and 2E, excited states

symmetry have also been studied. The results are collected ingre responsible for the B band main peak)(BThe close
Table 6 together with the experimental dgta coming from the_ proximity of the higher lying g, orbital, the 5a,, with the 2k,
phosphorescence spectra. The lowest triplet state of ZnPc iscayses. in turn, the (5&e,) and the (2h,7e,) configurations

found to be the 3, state for which we compute a vertical
excitation energy ($-T,) of 1.27 eV, in agreement with the

to mix considerably in the weakB, and in the relatively intense
41E, excited state, the latter accounting for the shouldey (&

energy 1.13-1.14 eV determined from the phosphorescence ne red of the B band main peak.

spectra in chloronaphthalene glass upon excitation in the Q
band>* A large energy gap (1.44 eV) separates this state from

a set of closely spacétt, states, the 3, 3°E,, 4°E,, and 5E,,
which are located just below the lowest triplet of Aymmetry
computed at 3.11 eV. In the tripletriplet absorption spectrum
of ZnPc(OEt), Rickmann et aP3 observed a broad, intense

induced §—T, absorption band in the region between 1.9 and

2.3 eV. Taking into account the energetic position of the T

state known from their phosphorescence studies (1.08 eV), thes
authors quote the energies of the relevant higher triplet states

between 2.94 and 3.34 eV in ZnPc(OE(This is consistent

with our results on ZnPc which indicate that the higher triplet

states are located in the range 28111 eV.

Conclusions

An accurate description of the Uwis and vacuumUV

spectra of ZnPc has been provided by time-dependent density
functional calculations of the excited states of this molecule.
The theoretical results are in excellent agreement with gas-phas
spectra and generally in line with deconvolution analyses of

e

e

(iii) In the relatively narrow (1.1 eV) energy range spanned
by the N, L, and C bands, a considerable number of closely
spaced Eexcited states is predicted. The involved transitions
have a rather low dipole moment since they connect MOs which
derive from different fragment orbitals at the BzPy side and/or
at the (N) and hence have small on-site overlap. Thus, except
for the C band where a constructive interference of transitions
with relatively low dipole moments occurs, we calculate little
intensity in this region, in agreement with gas-phase and Ar/
matrix spectra showing in the C band region the strongest
absorption outside the B band region and in the N and L region
bands, which are relatively weak in comparison with the B band.

(iv) The main features of the vacuum ultraviolet region,
showing an approximately constant absorption across the
spectrum with two more intense bands, ahd X, are nicely
described by our calculations which predict in this region a
plethora of excited states with low but not negligible intensity
and two pairs of nearly degeneratg &ates, with large and
comparable oscillator strength.

(v) The predicted level pattern of the lowest triplet excited

solution and Ar/matrix absorption and MCD spectra. The nature e pred a )
and intensity of the main spectral features have been highlightedStates fits in with phosphorescence data available and excited-
and interpreted on the basis of the ground state electronicState absorption spectra.

structure of the complex. A fragment approach where the four
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