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Time-dependent density functional theory calculations are presented for the excitation energies and oscillator
strengths of the title mixed sandwich. They prove to agree very well with the experimental data, providing
that an accurate description of the salient features of the-\d% spectrum is given. The nature of the
excitations, intraligand (excitonic) or interligand (charge-resonance), is discussed and compared to previous
theoretical deductions for bisporphyrins. An experimental measurement of the first hyperpolarifabiliy;
w, w), related to a second harmonic generation, yielded a large, nedattve= 0.65 eV and, by extrapolation,
also a large, negative static value. This suggests that this complex has very interesting nonlinear optical
properties. Our calculations, however, shfwo have a pole very close to the laser frequency used in the
experiment, with large, negatiyg@values only in its vicinity. Off-resonance values@fat w < 0.6 eV are
small and positive.

1. Introduction have been assigned to the Soret bands of the subunits, on the

Tetrapyrrole sandwich complexes have attracted considerablebaSIS of their correspondence to the Soret bands in homo

interest because they are good structural and spectroscopi@andWiChegp'zzThe essential features of the electronic spectra
models of the bacteriochlorophyll “special pair” in the reaction O.f .homolepuc SandW'CheS have been |nterpreted'by semiem-
center of photosynthestsThe metal ion in a sandwich complex pirical configuration interaction (Cl) approaches using both the

; . 29 .
holds the macrocycles closer together than their van der Waalsloc?l'zeld mo:)e_::ulla,:/l(())rbléal (Ié.g)g?af?_s ?t?d It_%e gan_om;:r?l
distance, resulting in strong— interactions that mimic the molecular orbital (MO) basis: sing the asis, the

electronic interactions that occur within the special pair. These excited states of the dimer are described as linear combinations

interactions are thought to be responsible for some of the of intra- and interligand transitions, th_at s, _exciton coupling
peculiar properties of sandwich complexes, such as the ease ofEX) and charge resonance (CR) configurations. The use of a

porphyrin z-system oxidation and the low energy of the first canonlcall mcl)lecula:j orb};tall\ﬂtgs;s |nv|c_>lves the Epnstyructlopﬂ?f
singlet ¢r, 7*) excited state, as compared to corresponding sugerr'r:olvtlegu eT(f]a” W'i L ¢ ? rom mtﬁar c((j)m ms |8ns OI' €
monomeric chromophores. This latter property produces  Subuni S. 'he excited states are then described as finear

bathochromic shift in the long-wavelength absorption band and comt_)ina_tions (CI) of the exgi_ted configuratiqns obtained by
makes the dimer an effective trap for the harvested photon considering the electron transitions from occupied to unoccupied
energy supermolecule MOs. The supermolecule MO approach has also

As a matter of fact, to date, a number of synthetic sandwich been used to describe the o_ptical properties of s_trongly coupled
complexes, both homoleptic (in which the two tetrapyrroles are JTI systemgesucgl\ ﬁs aromatic hydrocarbop lexc!giiaeracy-
identicalf~7 and heteroleptic (in which the two tetrapyrroles ¢'9PNanes,”an the reaction center specia i ecause
are different)is-26 exist whose optical characteristics resemble the localized molecular orbital and canonical molecular orbital
those of the I owest excited states of the “special pair” bases are related by a unitary transformation, the two approaches

The homoleptic sandwiches have characteristic optical prop- 2'¢ Mmathematically equivalent.
erties that include (i) momomer-like ground state absorption For homoleptic complexes, a simple supermolecule MO/CI
features, the Q and B bands, the latter being slightly blue-shifted model that readily explains the steady and the time-resolved
compared to the monomer, (i) a new’ @bsorption band at  electronic spectra of neutral bisporphyrin complexes has been
higher energy and a'Qbsorption band at lower energy than Proposed by Holten et &f°
the monomer Q-bands, (iii) a broad, weakflQorescence band According to this model, the supermolecule MOs are formed
substantially red shifted from the' @bsorption maximum, and by taking bonding and antibonding linear combinations of the
(iv) a phosphorescence band significantly red-shifted from those monomer &, () and &, (r) HOMOs and g (7*) LUMOs of
of typical monoporphyrin complexés. Gouterman'’s four-orbital mod&l*°that have been so successful
The optical spectra of heteroleptic tetrapyrrole sandwiches in describing the electronic states of monoporphyrins. However,
show, besides the Q, 'Qand Q' features typical of the more accurate methods are required to achieve a detailed,
homoleptic complexes, two main features in the UV region that quantitative understandingi-*3 One electron promotion among
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Figure 1. Schematic molecular orbital diagram of the supermolecule
molecular orbitals (right side) formed from linear combinations of the
4-orbital MOs (left side) of the constituent monoporphyrin complexes.
The solid arrows denote the dipole-allowed)(&ne-electron transitions
and the dashed arrows are used for the dipole-forbiddeh diie-
electron transitions.

the eight orbitals of the sandwich (see Figure 1) results in four
E; dipole-allowed and four f£dipole-forbidden excited state
configurations in the pertineridsg symmetry. In the limit of
degeneracy of the dipole-allowed configurationse{g (a€1),
(b1&3), and (bes), diagonalization of the Cl matrix gives the
singlet eigenfunctions B Q*, CR;*, and CR*. The eigen-
functions B" and Q" are the allowed exciton states formed by
in-phase combinations of the locally excited (intraligand) B and
Q states of monomer subunits; €Rand CR™ are the allowed

charge resonance (CR) states formed by in-phase combinations
of the interligand charge-transfer configurations. These wave

functions provide a good description of the optical properties
of the porphyrin double deckers. Indeed, the pure excitbn B

and Q states account for the nearly unperturbed (with respect

to the monoporphyrin) B and Q bands, whereas the 6fates
account for the new Qband. The CR character of thé' @and
is consistent with the observed sensitivity of the energy and
intensity of this band to the ionic radius of the metal ion, that
is, to the macrocycle separation. The four dipole-forbidden E
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For the recently synthesized heteroleptic compound, Zr(OEP)-
(OEPz) (OEP= octaethylporphyrin, OEPz octaethylpor-
phyrazine), large first hyperpolarizabilitigg;HC, were measured
in an electric field induced second-harmonic generation (EFISH)
experimentl This is somewhat surprising as this molecule does
not have the strong doneecceptor structure of the puspull
porphyrinic systems, which are among the best performing NLO
materials!* and it is only slightly asymmetric (in a homoleptic
sandwich compound, the first hyperpolarizability vanishes on
symmetry grounds). It is therefore important to understand the
origin of this behavior theoretically.

In this paper, the excited states and the nonlinear optical
properties (NLO) of this compound, which is the first hetero-
leptic sandwich whose second-order nonlinear optical properties
(NLO) have been measuréglare studied using time-dependent
density functional theory (TDDFT).

Contrary to the semiempirical approaches by which these
systems have been studied before, TDDFT provides a first
principles theory, which only recently has enabled the study of
excitation energies, oscillator strengths, and (nonlinear) polar-
izabilities of systems of such size. TDDFT usually provides an
accuracy for excitation energies which exceeds that of the ClI
singles method and is often comparable in accuracy to the most
advanced other ab initio approacté4>46

Very recently, molecular frequency-dependent hyperpolar-
izabilities have also become accessible in TDOFP? The
primary aim of this ongoing project was to provide a reliable
first principles method (including the important effects of
frequency dispersion and electron correlation) that is efficient
enough to deal with molecules of the size considered here.
Alternative correlated ab initio methods are prohibitively
expensive for systems of this size. Semiempirical approaches
are computationally cheap, on the other hand, but were unable
to reproduce the experimental trends for other porphyrin
system$! An alternative method could be the time-dependent
Hartree-Fock, although handling transition metal compounds
is problematic for a method that does not include correlation
effects.

Accurate theoretical calculations of the dynamic hyperpolar-
izability next to measurements are very important in view of
the difficulties which occur on the experimental side. An
example is given by our first application of TDDFT, in which
our results on the dynamic hyperpolarizability a€Confirmed

the experimental data of Geng etZ&lwho reported values that
were orders of magnitude smaller than previous authors. Our
conclusions are also confirmed by the most recent theor&tical
and experiment&t evidence.

For small molecules, the TDDFT calculations reproduce the

. . . i 55,56
states have essentially mixed exciton and CR character. The€XPerimental trends wéfl or very well. 555 The only known

lowest in energy, which is largely derived from thees and
(age3) configurations, is associated with the low-energy Q

case in which the NLO TDDFT calculations are currently
unsatisfactor§f is, by now, well-understoddand is not believed

absorption. It has been recently shown that optical properties {0 be relevant here, as it occurs for very long linear chains. In
of porphyrin triple deckers can be understood by extending the View of the following, it is important to note that with the

supermolecule MO/CI picture developed for the double deck-
erss!

As for the heteroleptic sandwiches, their optical spectra are

usually interpreted by analogy with the corresponding homo-
sandwiches. The only theoretical investigation available is a
semiempirical Cl study in LO basis of Lu(Nc)(Pc) (Ne2,3-
naphthalocyanine; P& phthalocyanine?

An accurate description of the excited states of heteroleptic

approximations made in this work, one would expect, a priofri,
a (slight) overestimation for our theoretical hyperpolarizability
results.

2. Method and Computational Details

The computational method we use is based on the time-
dependent extension of density functional the®r§® The
solution of the TDDFT response equations proceeds in an

systems is not only of great general interest but also may shediterative fashion, starting from the usual ground-state or zeroth-
light on the nonlinear optical properties of these electronically order Kohn-Sham (KS) equations. For these, one needs an
asymmetric strongly coupled systefig?! approximation to the usual static exchange-correlation potential
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vxe(r). After the ordinary KS equations have been solved, the
first-order density change has to be calculated from an iterative
solution to the first-order KS equatiof$In these first-order
equations, an approximation is needed to the first functional
derivative of the time-dependent xc potentigh(r, t) with
respect to the time-dependent densify’t').4”485° For the
analytic determination of the first hyperpolarizabilif§y, one
additionally needs the second functional derivatiye These
so-called xc kernels, given by the equations

ov,(r, 1)
f(rrtt)=—r—" 1
XC( ) (5p(r', t:) ( )
001, 1)
Oyolr, r',r, gt t") = (2 Figure 2. Configuration and orientation of Zr(P)(Pz) sandwich.

(§p(l", t')ép(l‘”, tu)

determine the exchange-correlation part of the screening of the
externally applied electric field. Here, we use the so-called

adiabatic local density approximation (ALDA) for the kernels. the doming of the adjacent units are dictated by the necessity

Inret\t]ilc?uzlp pr;o;(rllt[ri]:r:gg afuslei!gat?cl)r:soztf *vglg)o;{t_)e;c:g::}o: dlg t::_ to minimize the steric hindrance between the two macrocycles,
P y PP ' P which are held more closely by the metal than their van der

dence (or frequency (jependence if one talks a.bOUt the I:Our'erWaaIs distance and can be traced to Pauli repulsion between
transformed kernel) is neglected, and one simply uses the

; . . . . occupied orbitals.
differentiated static LDA expression derived from the homo- P . .
- The above typical structural features are also present in the
geneous electron gas. In our case, we use the VVodkitk —

Nusair parametrizatio®t. There is strong evidene®®?that the isnan?c;/vtlﬁg ;?rrgplggtgige g;;/;;ttl)gaéiﬁl’fggoeigifgfsggﬁ Al\g)c(:ord-
approximations made fof,c and gyc are usually of minor 9 y P y ’ P

. e shows a staggering angle of 42.dnd doming that is one of
importance compared to the approximation madeufgy for - ; . . ;

- . ; ) .__the most pronounced in porphyrin sandwiches. This is consistent
which we use the generalized gradient approximated potentials

X with zirconium(IV) being one of the smallest metal ions known
(BGPGA) by Becke (for exchang¥jand Perdew (for comrelatioft}, to form porphyrin sandwiches. Some of the most relevant

All calculations reported in this paper have been performed experimental geometrical parameters of this complex and of the
with the ADF-RESPONSE modufé which is an extension of corresponding homo sandwiches, Zr(OE&d Zr(OEPz) are

X . listed in Table 1 together with the theoretical values calculated
the Amsterdam density functional (ADF) program sys&n§’ ;
For the calculations, we made use of the standard ADF IV for the model Zr(P)(Pz) complex. Because the OEP subunit

. P iy . - could not be distinguished from the OEPz subunit experimen-
basis sef; Wh!Ch IS an uncpntracted tripieSTO basis set with tally, the values reported in Table 1 are averages over the
one 3d polarization function for the C and N atoms, one 2p

S - ; ) distances for the two porphyrins and do not help to clarify how
polarization function for H, and a tripleé-nd, (n + 1)s basis .
with one 6 + 1)p function for Zr. The cores (C, O: 1s; Zr: the structural differences of the two macrocycles affect the

15-3d) were kept frozen geometrical parameters. Thus, in view of the well-documented

S . . L accuracy of DFT calculations in predicting geometrical param-
For hyperpolarizabilities and (high-lying) excitation energy eters of tetrapyrrole systeri®72 our theoretical data may

St.l:g'gifon sr];nalltmolectuleds, SU(.:Q bt?f's set:ts neeld tolbe extgnde rovide more reliable information on this topic.
wi ITUSE tunctions, to describe the outer molecular region. = »q interred from the data in Table 1, the theoretical hole sizes

However, for the systems under study, the main effects are : .
. : : . ° < 0f 4.095 A for the porphyrin and of 3.898 A for the azaporphyrin
related to ordinary bound orbitals, which are well described with fing in the mixed model sandwich fit with the experimental

the used basis sets. The addition of diffuse functpns is thereforeValues of 4.040 and 3.859 A reported for the corresponding
not expected to change our results by any significant amount. homo sandwiches Zr(OEPand Zr(OEPz), respectively. This

Thus, we expect that the errors related to ba_sls set InCOmplete'suggests that the contraction of the coordination cavity on going
ness are small compared to the errors induced by other

approximations. from porphyrin to azaporphyrin, already observed in monopor-

All calculations have been performed for tBg, optimized ggzgcvsicﬁnd in_homo sandwiches, still holds in the mixed
geometry of the model system Zr(P)(Pz)=£Rporphyrin, Pz= X

porphyrazine). The orientation of the molecule is shown in _According to our cal_cula_tions, the distances from the zirco-
Figure 2 ' nium to the four pyrrolic nitrogens of P and Pz (24,,) are

very similar, that is, 2.371 and 2.395 A. Although the distance
from the zirconium to the four pyrrolic nitrogens of the
porphyrin ring matches the experimental value of 2.383 A in
The tetrapyrrole sandwich complexes share two relevant Zr(OEP) very well, the distance from the zirconium to the four
structural features: (i) the tetrapyrrole rings adopt a staggeredpyrrolic nitrogens of the azaporphyrin ring is too large compared
orientation with a staggering angle ranging fres87° to ~45° to the value of 2.308 A in Zr(OEPz)A similar discrepancy
that makes the coordination environment of each metal cation exists between the theoretical and experimentatNMynter
a slightly distorted square antiprism; (ii) both tetrapyrroles are values. The calculated distance between the zirconium and the
domed and severely distorted, with the average dihedral anglescenter of gravity of the four coordinated pyrrolic nitrogens of
of the pyrrole rings ranging from-7° to ~11°. According to the Pz ring is indeed-0.08 A larger than in Zr(OEPz)

our quantitative energy analysis of the intradimer interactions
in large- and small-ring metallotetrapyrrole-based diners,
and in metallodithiolene-type dimefsboth the staggering and

3. Ground-State Molecular and Electronic Structure
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TABLE 1: Selected Average Bond Lengths (A) and Metrical Parameters in Crystalline Zr(OEP)(OEPz), Zr(OEP), and
Zr(OEPz), Compared with the Corresponding Theoretical, Optimized Values of the Model Zr(P)(Pz) Complex

parant Zr(OEP)(OEP? Zr(P)(Pz} Zr(OEP)® Zr(OEPZz)P
Zr—Na? 2.342 (3,5, 9, 8) 2.371, 2.395 2.383 (3, 5, 15, 8) 2.308 (3, 5, 10, 8)
N—N (hole size) 3.946 (5, 10, 20, 4) 4.095, 3.898 4.040,(10, 19, 4) 3.859 (4, 9, 18, 4)
Zr—Ngentef 1.260, 1.262 1.243, 1.350 1.271,1.260 1.270, 1.269

aFor the experimental data, the bond lengths involving the metal atom and the porphyrin core have been averaged according to the idealized
symmetry of the Zr(Pog)complex. The first number in parentheses following an average value of bond length is the root-mean-square estimated
standard deviation of an individual datum. The second and third numbers, when given, are the average and maximum deviations from the averaged
value, respectively. The fourth number represents the number of individual measurements which are included in the averayeapldata at
—60 =+ 2 °C from ref 20.¢ X-ray data from ref 109 The theoretical values of this work. The two entries for the listed geometrical parameters refer
to the P and Pz rings, respectivefyThe experimental ZrN,, values represent the average distance from the zirconium to the eight coordinated
pyrrolic nitrogens. The theoretical ZNa,y, values indicate the distance from the zirconium to the four pyrrolic nitrogens of P and Pz rings, respectively.
fThe hole size represents the distance between opposing coordinated nitrogens of a given mat#reyNlgn.:represents the distance from
zirconium to the center-of-gravity for the four coordinated pyrrole nitrogens of the porphyrinic and porphyrazinic rings. The two entries for the
experimental Z+Nceneervalues account for the presence of two distinct porphyrin ligands for each of the sandwich complexes.

TABLE 2: One-electron Energies and Percentage A
Composition (Based on Mulliken Population Analysis per
MO) of the Lowest Unoccupied and Highest Occupied
Zr(P)(Pz) Orbitals in Terms of Zr, Pz, and P Fragments 15e 31e
e (eV) Zr P Pz . (4eg) <
-_— ’— \\ \\

Unoccupied Orbitals . . 15e
23a —-1.90 79.0(4¢) 11.0(10a) 10.0 (10a) N %0e ——— (deg)
15 —1.97 100.0 (7
3le —2.76 87.0 (15€) 13.0 (15€)
30e —3.41 13.0 (15e) 87.0 (15€) .

Occupied Orbitals =
10 —4.63 59.0 (53 41.0 (5a) o
22a —4.95 4.0(4¢) 90.0 (10a) 5.0 > 0 10a 10 a2
98 —5.47 41.0 (59 59.0 (5a) g (2azu) T
2la —5.79 43.0 (99 57.0 (10a) S (lan) P27 2831 s 5a
14bh, -5.82 91.0 (7h 8hy) 9.0 = -5 —H— (1a1y)
29e —5.88 75.0 (13e, 14e)  25.0 (14€) 3
14 —5.93 100.0 (8h 7by) o N 9a, . 10a
13, -5.97 10.0 (7H) 90.0 (6b) N 1 (2300)
28e —6.19 15.0 (14e) 85.0 (13e, 14e) —f— S
27e  —6.35 13.0 87.0 (13e, 14e, 12¢) sl 9a; .- 2la o
20a —6.36 23.0 (99 77.0 (9a, 10a) (1agu) —H—Z2_ 208,
26e —6.76 84.0 (12€) 16.0 (11€) N 9 ay (1a20)
19a -6.76 7.0(4¢)  38.0 (9a) 54.0 (9a, 10a) . 19a Jibtiann Lol
18a —7.02 2.0 98.0 (83 N LSt

aThe nature of contributions of more than 10% is reported in -7}k

parentheses.

However, the experimental ZNa and ZrNcenter ge0-
metrical parameters of Zr(OEPand Zr(OEPz) are very well P Zr(P)(Pz) Pz
reproduced by our calculations on the model homo sandwichesFigure 3. Interaction diagram of the highest occupiedaad a and
Zr(P) and Zr(Pz), for which we predict Z+Nay values of 2.402 the lowest unoccupied e orbitals of tkg, P and Pz subunits in Zr-
and 2.327 A and Z#Neenter values of 1.270 and 1.284 A, (P)(Pz). The p_areriD4h names of the P and Pz fragment orbitals are
respectively’3 Thus, the above discrepancies are indicative of also reported in parentheses. The P and Pz levels have been rigidly

L . - . shifted to higher energies by 0.65 and 0.29 eV, respectively, to bring
S';r':ﬁturall peIClt,l-IlarltleS of the mixed sandwich rather than failure them into correspondence with the pure P and Pz MOs of the complex.
[0) € calculations.

Before dealing with the UV*vis spectrum of Zr(P)(Pz), we  and orbital diagram in ref 70). According to the P/Pz orbital
will discuss the ground-state electronic structure of this mol- interaction diagram in Figure 3, the fLarbitals of P and Pz
ecule, in some detail, because the energy and composition ofdo exhibit some energy mismatch, but not nearly as strongly as
the MOs are a good tool to get a first insight into the nature of the 2a, orbitals.
the excited states. To this end, we report in Table 2 the energy  Among the four highest occupied molecular orbitals, the;10a
and composition of the highest occupied and lowest unoccupied(HOMO) and the 9aare the in-phase antibonding and out-of-

MOs, in terms of Zr, P, and Pz fragment orbitals. phase bonding combinations of the, %&ay, in the D4, ground-
In discussing the orbital composition, it should be kept in state symmetry of the bare macrocycles) orbitals of the porphyrin
mind that the order and position of thejland 2a, orbitals and azaporphyrin macrocycles. The quite large/B@aenergy

change in going from P to Pz. The order depicted in Figure 1, gap (0.84 eV) is indicative of strong— interaction between
with the 2a, above and close to the idlgholds for P. The effect  the 5a = orbitals of the P and Pz subunits. This correlates with
of introducing aza bridges stabilizes all levels, but preferentially these orbitals having large amplitudes (more than 70%) on the
stabilizes the 2g, which moves to considerably below theela  C, atoms that are eclipsed at the staggering angle dfagl

in Pz. This correlates with the 2ahaving a high amplitude  well within the van der Waals contact (3.15 A in our optimized
and the 1@, having nodes on the aza bridges (cf. discussion structure) in both rings. Because the &in Pz, lower than in
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P, the bonding combination of these orbitals Jj9%as more
weight on Pz and the antibonding combination G)&s more OEPz
weight on P.

The Pz and P 1Qaorbitals (2a, in the D4, ground-state
symmetry of the bare macrocycles) are also suitable for
interaction on the basis of their spatial characteristics. They

indeed have large amplitudes on the pyrrolic nitrogens and on § OEP

the bridge atoms (see plots of the;2and 1a, orbitals in ref 3

70), and although the 45otation angle staggers the nitrogen g

atoms on opposite rings, these atoms are still in close proximity 2

(3.01 A in our optimized structure). The pyrrolic nitrogens on < Q” l

one ring and the bridge atoms on the other ring are also quite ' N

close (3.25 A in our optimized structure). However, the A Q
2g-derived orbitals of the Pz and P macrocycles of the \ X 10/”\
heteroleptic Zr(P)(Pz) sandwich do not interact. Unlike the R s N
corresponding homosandwiches, Zr(OEB)d Zr(OEP2z), in 1T 1T 1T 1T 1T 17
which we find3 that strong interactions between the monomers 300 400 500 600 700 800 900 1000 1100
result in the bonding and antibonding :Xmnd 11a pair in the
pertinentD4y symmetry point group (see the scheme of Figure Wavelength (nm)

1). The 2a,-derived 10aorbital of the porphyrin ring is found ~ Figure 4. UV—vis spectrum of Zr(OEP)(OEPz) in dichloromethane
almost purely (82%) in the 22aand the 2a-derived 10a of from ref 20.

the azaporphyrin ring is found largely (57%) in the 2:shere ) . . )

it mixes inantibondingfashion with the lower lying 9gorbital It should be noted that the interactions of occupied ring
of the porphyrin (1a in the Dy, ground-state symmetry of the orbitals with empty metal orbitals are just the interactions that
bare macrocycle), rather than with the 10ghe bonding partner ~ hold the two macrocycles together. The-x interactions

of the 21a is spread over the lower lying 19and 20a MOs, between the P and Pz subunits all consist of two-orbital four-
which also contain the }aderived 9a Pz orbital. The strong ~ €lectron destabilizing interactions. -

localization of the 2a-derived 10a orbitals on either of the A relevant point which arises from our calculations is that
two macrocycles is due to energy mismatch. on going from the bisporphyrin to the porphyrin/azaporphyrin

According to the MO compositions reported in Table 2, the mixed sandwich the energy and character of the MOs derived

lower lying occupied orbitals, except for the 1@md 20a, are from bonding and _antibonding int_ere}c_tions of th@”;.LaaQ”’ and_
strongly localized on either of the tetrapyrrolic rings, indicating ZLQJ monc_)r‘ger grdbnlals I(_:ha(;lge §|grr1]|f|_cantly.hln blsporphhynn_s, d
that the P and Pz subunits have little interaction. As a matter of !'€Y are indeed delocalized on both rings, whereas in the mixe
fact, the 14b, the 26e, and the 29e MOs have a predominantly sandwich, owing to the different elgctronlc structure Qf the
porphyrin character; the remaining MOs are mainly localized macrocyclgs, the la f”‘“d the 4@der_|ve(_j P and_ Pz orbitals

on the azaporphyrin ring. Concerning the character of the P mak(_a bondlng_and anubondmg_ combinations Wh'ph are strongly
based MOs, 144is largely a pyrrolic nitrogen (¥, Cs z orbital localized on either of the two rings, and the2derived P and
(7hy), 26e ié largely (84%) a orbital deIocaIizéd ongC Pz orbitals do not mix at all. This reflects on the nature and
and ioridging carbon (¢ atoms, and 29 is a mixture ofﬁ’the energy of the excited states involving these orbitals, as discussed
porphyrin 13e and 14e None pairs. below.

As for the Pz-based orbitals, 14ts a mixture of Np lone
pairs (8k) and the N, Cs (7by) 7 orbital. The 13b and 18a
orbitals are the hcombination of bridging nitrogen @) lone The solution UV-vis spectrum of Zr(OEP)(OEPz) (see
pairs and the acombination of Iy lone pairs, respectively.  Figure 4) shows the typical features of heteroleptic sandwich
Orbitals 27e and 28e are mixtures of the azaporphyrin ring 13e complexes?® In the normal Q-band region of monoporphyrins,

4. Excited States and Optical Spectrum

and 14e orbitals, the former beingraorbital localized on | there are two absorptions, at 2.07 and 2.25 eV, and a shoulder
and G atoms and the latter being tleecombination of the | at 2.38 eV. A weak broad band, the Gand, with a maximum
lone pairs. at 1.34 eV and a Qband at 2.88 eV appear to the red and blue

Of the virtual orbitals listed in Table 2, 30e and 31e are the of the Q set, respectively. The UV region shows two intense
out-of-phase bonding and in-phase antibonding combinationsbands, at 3.28 and 3.69 eV, the identities of which have been
of the P and Pz 15e orbitals (#én the Ds, ground-state assigned by Collman et &.on the basis of the Soret bands in
symmetry of the bare macrocycles). Because of the lower energythe corresponding homosandwiches, that is, the absorption at
of Pz levels compared to the P levels, 30e is localized on Pz 3.28 eV to the OEP subunit and the absorption at 3.69 eV to
and 31e on P. The next MO, the 15k a pure Pzz orbital. the OEPz subunit.

The highest virtual orbital reported in Table 2, the 23a a The excitation energies and oscillator strengths calculated for
nearly pure metal orbital (78% Zr-4). The remaining metal  the lowest optically allowedE and!A; states are presented in
orbitals (not shown in Table 2) lie at higher energy in the virtual Table 3 and compared with the experimental energy values
spectrum because they are pushed up by strong interactions witltletermined from the solution spectrum of Zr(OEP)(OEPz).
the rings. The g and dz_2 orbitals interact with the pyrrolic ~ Table 3 also includes the composition of the BP/ALDA solution
nitrogen 2p orbitals of porphyrin and porphyrazine rings, vectors in terms of the major one-electron MO transitions.
respectively, and are found largely (more than 60%) in thg 16b  Our theoretical approach precludes a description of the excited
and 168 virtual MOs. The ¢, and d, pairs lie at even higher  states in terms of intraligand local transitions, referred to as
energy in the virtual spectrum, because of very stroramnti- excitonic (EX), and interligand cross-excitations, referred to as
bonding interactions with the P and Pz Nne pairs. charge transfer (CT). Such a description, used extensively in
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TABLE 3: Calculated Excitation Energies (eV) and components and a broad absorption contour. This may also
Oscillator Strengths (f) for the Lowest Optically Allowed E explain the low intensity of the Qbsorption, which, unlike in
and A, Excited States of Zr(P)(Pz) Compared to the the corresponding homosandwiches, is dipole-allowed in the
Experimental Data . : .

mixed sandwich, due to the lowering of tHe,y — Ca,

Theory Experimerit symmetry. The shift of the potential energy surface relative to

state composition energy f energy assignment  that of the ground state may lead to the dispersal of intensity
1E  93%(10a—30e) 139 00056 134  'Q over higher vibronic components.
2'E  96% (22a—30e)  1.59 0.0003 In the energy regime of the’®@and, we find another excited
3'E  73% (10a—3le); 2.02 0.0110 2.07 Q state, the £, which, given its very small oscillator strength,
. jf;?gg;’gg 233 00318 225 only contributes to the broadening of this band.

23% (21a—306); Because the!E and 2E states are dominated by transitions

23% (22a—31e) which are from a delocalized orbital (the 2640MO with 59%
5'E  95% (14b—30e) 2.43 0.0026  2.38(sh) P character) and from a nearly pure porphyrin orbital (PRa
6'E  49% (21g—30e); 2.52 0.0032 a largely Pz orbital, respectively, theé Rand has a predominant

igzjz gg;ﬁ;ﬁg’); P — Pz interligand character, with a minor Pz Pz and P—

1 o P intraligand contribution. A mixed exciton and CR character
51/21 320//3 %ﬁgﬁf’ggg) §j§§ 8:888% has also been suggestddr the Q band of the bisporphyrins.
8'E  86% (145—30e) 2.63 0.00001 However, the mixed character of thé lgand has a very different
9'E  24% (20a—30e); 2.73 0.1638 2.88 Q origin in each case. While the mixed character of thieo@nd

20% (9a—31e); in the porphyrin/azaporphyrin sandwich is a direct consequence

1%‘0’ gg%;j’g?e') pf the different electronic structures of the P and .Pz supunits,
3'A; 94% (28e-30e) 291 0.0002 it was trac.eato. the nondegenergcy of th.e appropriateBisis
4'A;  96% (27e~30e) 303 0.00003 configurations in the bisporphyrins, that is, theegaand (aes)

10'E 77% (21a—31le); 3.04 0.0377 and the (ke;) and (lze;) pairs of configurations (see Figure 1).
) 120% (9a—31le) In the energy regime of the Q-band system {206 eV) we
11e 4116$ (19423119)} 3.15 0.0208 find six 'E and oné'A; excited states. The!B and 4E excited

12%2 ngrSSQ); states, calc_ulated at 2.02 and 2.33 eV, nicely account for the

10% (13h—31e) two absorptions of the Q envelope at 2.07 and 2.25 eV, whereas
12'E  32% (14b—31e); 3.17 0.0492 3.28 B the 5E, the 8E, and the 2A; excited states, calculated at 2.43,

22% (92—31e) 2.52, and 2.53 eV, respectively, account for the higher energy

17% (130 —-31e); shoulder at 2.38 eV. The very weak and nearly degenet&te 7
13E 91610/?((124?;:3310;) 319 0.0001 and 8E states, calculated at 2.60 and 2.63 eV, contribute to
5A, 90% (22a—23a) 3.24 0.0208 the broadening of the Q-band system at the border with the Q
14'E 73%(13b—31le) 3.25 0.0044 band.

; 25%(14h—31e) However, the relative magnitudes of the oscillator strengths
6'AL 90% (29e-3le)  3.26  0.0300 of the 3E and 4E excited states are calculated in reverse order
Iﬁé 36230//2 gg?fgg) gig 8:8321 with respect to the.experiment. The apsorption at 2.07 eVin
5A; 84% (28e-31le)  3.49 0.0012 the Q envelope is indeed about two times more intense than
16'E 25% (20a—30e); 3.57 0.9820 3.69 B the one at 2.25 eV.

14% (18a—30e); The discrepancy between the calculated and observed inten-

11%(21a—31e) sity ratios of the 3 and 4E states might be caused by an

17E 72% (18¢-30e); 3.68 0.1084 incorrect determination by TDDFT of the coefficients of the

19% (20a—31e) one-electron transitions, which give the major contribution to
# From ref 20. the oscillator strengths.
) ) ) It should be mentioned, however, that the composition and
previous works on double- and triple-decker sandwickés’* the oscillator strengths of these two states show a strong

Wogld require the one-electron transitions con.tributing to the geometric dependence. Using a slightly different geometry,
excited-state wavevectors to be expressed in terms of thegphiained by optimization of the molecule with a smaller basis
localized fragment orbitals, rather than in terms of supermolecule get for the ligand atoms, we find a 75% contribution of the,10a
orbitals, as they actually are expressed. — 31e and a 15% contribution of the Qa- 30e for the 3E,

Nevertheless, our fragment formalism, according to which and for the 4E we find a 46% contribution of the 21a> 30e,
the supermolecule MOs are built up from Pz, P, and Zr fragment a 33% contribution of 9a— 30e, and a 14% contribution of
orbitals with the percentages given in Table 2, will still give 22 — 31e. The oscillator strengths are 0.0172 and 0.0166 for
indications as to the intra and/or interligand nature of the one- 3'E and 4E, respectively, which are more in line with the
electron transitions that contribute to a given excited state.  observed intensities.

According to the computed excitation energies and oscillator ~ Therefore, if one considers that our calculations are performed
strengths, the very weak’' @and is assigned to théf state. on a model system and the comparison is made with a solution
This assignment accounts very well for the breadth of the Q and not with a gas-phase spectrum, the discrepancy between
absorption. Because théFlL state is largely derived from the the calculated and observed intensity ratios of tHe &d 4E
promotion of one electron from the antibonding 1@a the states is perfectly understandable.
bonding 30e, there should be a displacement along the inter- According to the composition of the excited-state wavevec-
macrocycle distance coordinate of the potential surface of thetors, the 3E, the 4E, and the & have a multitransition
1'E state, relative to the ground state, leading to a shift of the character and involve transitions from the four highest occupied
Franck-Condon intensity from the origin to higher vibronic to the two lowest unoccupied molecular orbitals.
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We find a 73% contribution for the 19a~ 31e (P, Pz>P)
one-electron transition and a 16% for the 9a 30e (Pz, P—
Pz) in the solution vector of the'B. The 21a— 30e (Pz, P~

TABLE 4: Theoretical Hyperpolarizabilities at Different
Frequencies for Zr(P)(Pz) Compared with the Experimental
Results for Zr(OEP)(OEPZz)

Pz) and 22a— 31e (P— P) transitions are strongly mixed in frequency BSHY(10-3%suyP BEOPH10730 esuyP
the 4E and 6E states, in which we also find contributions from au eV expt BP/ALDA BP/ALDA
the 92 — 30e and 9a— _31e (Pz, P~ P), respecnve]y. I_:rom . 0.000 {62+ 32y 0.450 0.450
the.wav.ev.ector composition of the excited states lying in the Q 0.005 0.136 0.475 0.458
region, it is clear that the Q-band system has a predominant 0.010 0.408 0.560 0.483
intraligand character, although there is considerable mixture with 0.020 0.544 1.433 0.606
interligand excitation. It is worth noting that there are several 0.022 0.599 2.249 0.650
excited states in the energy regime of the Q-band associated?:0238926  0.650 —834 45 4.928 0.701
ith n — z* transitions that are from Nor N, lone pairs on 0.025 0.681 16.469 0.735
with n — 7 _ Nor Np p 00255  0.694 —251.62 0.752
either of the two rings to the 30¢*. This is the case of the 5, 0.026 0.708 —14.421 0.771
7, 8'E, and 2A; excited states. 0.027 0.735 —4.880 0.810
We should mention that for the assignment of the Q envelope, 0.028 0.762 —2.741 0.855
0.817 —2.021 0.963

an alternative hypothesis is possible. The possibility is to 0.030
consider the features at 2.25 and 2.38 eV as a vibronic 2First hyperpolarizability related to Second Harmonic Generation
progression of the prominent peak of the Q envelope to which effect.” All values reported in esu units, according to convention B*
both the 3E and 4E states should belong. The remaining, much in ref 62; Conversion factor petween au anq esu units is given by 1 au
weaker, excited states would then be responsible for the = 8:639418x 10 * esu.¢ First hyperpolarizability related to Elec-
broadening of the higher energy tail of the Q-band system. trooptic Pockels effect Extrapolation to zero frequency using a two

; e h state model, ref 2@ Value extracted from EFISH experiment/at=

On the basis of the computed excitation energy and oscillator 1907 nm in solution, ref 20.
strength, the assignment of th¢’ @and at 2.88 eV to the'H
state calculated at 2.73 eV is unambiguous. This state has aEFISH technique, gave a result Bf= fyec = (—83 + 43) x
pronounced mulltitransition character. Indeed, we find large and 10-30 esu, where, for a molecule with its dipole moment along
comparable weights for the 20a> 30e (PZ'—' Ez), 9a — 3le the z-axis, Bvec is given by
(Pz, P— P), and 9a— 30e (Pz, P~ Pz) excitations and smaller
but significant weights for the 22a—~ 31e (P— P) and the
21 — 30e (Pz, P~ Pz). According to our calculations, the
Q" band has considerable excitonic character.

In the energy regime of the two B bands centered at 3.28
and 3.69 eV, we find two sets of closely spaced excited states,Assuming the validity of a simple two-state model, this was
spanning the 2.943.26 eV and 3.393.68 eV energy ranges.  extrapolated to zero frequency, giving an estimated static value
The summed oscillator strengths of 0.1630 and 1.1187 computedof fvec (0; 0, 0) = (=62 + 32) x 1073 esu. Such large
for the B, and B bands nicely agree with the experimental hyperpolarizabilities are rarely observed, with the exception of
relative intensities. the so-called “pushpull” molecules, which contain strong

However, the individual oscillator strengths indicate that it donor and acceptor groups. A further interesting outcome of
is the 16E excited-state calculated at 3.57 eV which gives most the measurement is the negative value of the observed hyper-
of the intensity to the B band centered at 3.69 eV. The intensity polarizability, implying a second-order decrease in the absolute
of the lower energy B band is dispersed over a number of excited value of the dipole moment upon laser irradiation. Molecules

1
Buec= B, = (ﬁz§§ + ﬁgzg + ﬁggz) )
352

states, namely the 3B, 11'E, and 12E and the %A; and 6A;.

As far as the character of the Bnd B bands is concerned,
our calculations show that the,Bias a dominant Pz> Pz
intraligand character.

displaying large hyperpolarizabilities usually have positive
hyperpolarizabilities. For these reasons, a detailed theoretical
investigation is called for, because such calculations can aid us
in understanding the origin of the sign and magnitude of the

Indeed, we note that the excited states with the largest hyperpolarizability of this molecule, thereby rendering it possibe

oscillator strengths, the 16 and the 1%, are dominated by
the 20a — 30e and 18a— 30e one-electron transitions that
are strongly localized on the Pz ring.

The character of the lower-lying;Band is less defined in

to reconcile the findings of the mentioned experiment with
common intuition on the relationship between molecular
structure and the magnitude of the NLO response.

In Table 4, our hyperpolarizability results are displayed at

our calculations, although the excited states with the largest different photon energies (or wavelengths). Concentrating first

oscillator strengths have a prevalentFP intraligand character.

It should be noted that beyond the — z* transitions
involving the four highest occupied and two lowest unoccupied
MOs of the molecule, we find a number of transitions in the
B-band region, a few of which contribute with large weights to
the most intense excited states, which are from lower lying
occupied MOs, such as the porphyrin 14¥, lone pair, 13b
Np lone pair, and azaporphyrin 188, lone pair. We also find
the 5A1, a ligand-to-metal charge transfer (LMCT) state in the
B1 band region, that is dominated by the 22a 23a one-
electron transition.

5. Hyperpolarizability Calculations
A measurement of the first hyperpolarizabilify(—2w; w,

on the static hyperpolarizability, we find latively small,
positive value forfyec, although the extrapolation from experi-
ment gave rise to &rge, negatie value. The origin of this
discrepancy can be understood from the results at higher
frequencies. There, the theoretical hyperpolarizability results
increase strongly as the pole ®{—2w; v, w) atw = 0.69 eV

is approached. Directly after this pole, which is quite close to
the laser frequency ab = 0.65 eV ¢ = 1907 nm) that was
usedfyecattains large and negative values, in perfect agreement
with the experimental findings. No artificial damping parameters
have been included in the calculations, which meanshat

can attain arbitrarily large positive and negative values near a
pole. Therefore, a quantitative comparison to the experimental
values in this frequency range is not meaningful. However, the

w) related to second-harmonic generation (SHG), using the generalshapeof the curve (large and positive before the pole,
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900 acknowledged in ref 20, but its significance may have been
underestimated.

In comparing theoretical and experimental hyperpolarizabili-
ties, one has to practice extreme care, as several conventions
are in use. In Table 4, we present our results in convention B*
(cf. ref 62), which is the most common convention for
experiments using the dc-SHG technique (it is assumed that
this convention was also adopted in ref 20, although the chosen
convention was not explicity mentioned in that work). The
numbers in an alternative convention, based upon a Taylor
expansion of the dipole moment (this is convention AB or T in
ref 62), are the ones most used by ab initio theoreticians working
on small molecules and can be obtained by multiplyingsall
values in Table 4 by a factor of 6. The difference in conventions
is, thus, simply a constant factor, the sign of the hyperpolariz-
ability or the steepness of its frequency dependence does not
T T T T T T T depend on the chosen convention.

60 02 04 06 08 10 12 14 With regard to the two-state model, used in ref 20 to

o (eV) extrapolate the results to zero frequency, we can say that our

results show that this procedure is not reliable because of the

10 closeness of the pole. If a few-state model is applied in this
case, one would certainly have to take into account the close-
lying Q' pole, in addition to states that are much further away
in energy, such as the"Qexcitation used in ref 20.
5 It should be emphasized that in the present work we have
calculated the electronic gas-phase hyperpolarizability. It is well-
known that vibrationdl and solvent effects are important
additional factors. Vibrational contributions can sometimes be
0 of a magnitude similar to, or even larger than, their electronic
counterparts. The influence of the solvent can be even more
drastic as it sometimes changes the sign of the hyperpolariz-
ability.” The effects of the solvent are known to be especially
-5 ) large when, as in this case, polar solvents are used.

These effects may easily double or triple the electronic values
presented here. However, our most important conclusions
concern the frequency dependence and pole structures, which

[Frequency dispersion polarizability |

850 —

700

650

Frequency dispersion pSHC|

Boo(1020 esu)

-10 T T T T are unaffected by those additional effects. The changes induced
0.0 0.2 0.4 06 038 by the solvent are often related to changes induced in the
o (eV) absorption spectrum (often the excitation energies in the solvent

are lower and the hyperpolarizabilities are larger). In our case,
the theoretical Qexcitation energy is found to be quite close
to the experimental value in the solvent. Therefore, we expect
the influence of the solvent to be relatively small in this case.
It is more difficult to make an estimate for the magnitude of
the vibrational contribution t¢.

Figure 5. Frequency-dependent polarizability comporepw) (Top)
and hyperpolarizability componem{w) (Bottom) of Zr(P)(Pz)
sandwich.

large and negative after the pole) should be trustworthy. If we

analyzefyec in terms of the individual tensor componefig, We conclude that both the sign and the magnitude of the

we find that the strong frequency dependence rear 0.69 hyperpolarizability of Zr(OEP)(OEPz) may be related to reso-
eV originates from the componengky, and Sy, which are nance effects due to the’ ®@and.
identical with respect to symmetry. The componggk on the

other hand, remains close to its zero frequency value. In Figure g conclusions
5, Bxxzis displayed as a function of the frequency, together with
the related linear polarizability componeng (which is identical

to ayy, the dipole moment being in thedirection.). As noted
above S has a pole neap = 0.69 eV. This pole is related to
the pole atw = 1.39 eV in ox From sum-over-states

expressions for the hyperpol_arizability tensor (see, fqr example, of the complex, the so-called' @, Q', B, and B bands very

ref; 48 an(iHSGQ), one |mmed|ately notes that a p‘?"* shows well. This yields further evidence of the usefulness of this
up in the>"* expression as a pole at half of this frequency. method for excitation energies, which is relatively inexpensive,
The pole ina.is due to the Qexcitation energy, for which we 1, often comparable in accuracy to the most advanced other
found a theoretical value of 1.39 eV, while the expe“mental ab initio approacheS, as proven in the case of the free base
estimate was 1.34 eV (cf. Table 3). In other words, the laser porphirf and transition metal complexés26 The nature of the
frequency ofw = 0.65 eV (1907 nm) used in the EFISH excited states has been described in terms of intraligand
experiment was quite close to half the experimental excitation (excitonic) and interligand (charge transfer) transitions and
energy of 1.34 eV (2x 0.65 eV = 1.30 eV). This was interpreted in the light of the electronic structure of the complex.

In this paper, we have investigated the linear and nonlinear
optical properties of the recently synthesized Zr(OEP)(OEPz)
mixed sandwich, using a TDDFT approach. The excited states
and oscillator strengths calculated for the model complex, Zr-
(P)(Pz), reproduce the salient features of the-t¥i6 spectrum



Heteroleptic Tetrapyrrole Sandwich Complexes

From our analysis of the excited states, it becomes evident that,

J. Phys. Chem. A, Vol. 104, No. 3, 200643

(36) Koutecky, J.; Paldus, Collect. Czech. Chem. Commu62 27,

due to the different electronic structures of the P and Pz subunits,>9°:

the origin and the character of thé,@, Q’', and B bands of

the mixed P/Pz complex are different compared to that of the ggg3°

bisporphyrin analogue.
The usefulness of the efficient implementation of TDDFT

(37) Scherer, P. O. J.; Fischer, S.Ghem. Phys1989 131, 115.
(38) Thompson, M. A.; Zerner, M.; Fajer, J. Phys. Chem1991, 95,

(39) Gouterman, MJ. Chem. Phys1959 30, 1139.
(40) Gouterman, M. IrThe Porphyrins Dolphin, D., Ed.; Academic

for response propertiéshas been demonstrated in the present Press: New York, 1978; Vol. lll, Part A, pp-i165.

theoretical investigation gf(—2w; w, w) at various values of

w. It has enabled us to identify the measured large negative

(41) Serrano-Andg L.; MercHa, M.; Rubio, M.; Roos, B. OChem.
Phys. Lett.1998 295, 195.

(42) Rubio, M.; Roos, B. O.; Serrano-Aridre..; Mercha, M. J. Chem.

pSHGatw = 0.65 eV as a special result caused by the proximity phys 1999 15, 7202.

of a pole ing (calculated at 0.69 eV).

The off-resonance values ¢f°HC are not large. At low
frequencies, including the static value (0.45.0~3C esu), they
are positive and uninterestingly small.
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