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We present a quantum-chemical analysis of the central metal ion’s effect on first hyperpolarizabilities and
two-photon absorption (TPA) cross sections at the infrared region of a series ef uisporphyrins whose
synthesis and NLO properties have been reported eadlidmni. Chem. So2005 127, 9710). The molecular
geometries are obtained via the B3LYP/6-31G(d,p) level optimization including SCRF/PCM approach, and
the NLO and TPA properties are calculated with the ZINDO/CV method including solvent effects. It is found
that the CT transition between the metal ion’s d orbital and the macroayaibitals plays an important role

on NLO and TPA properties of metal porphyrins. Our data suggest a new approach to enhance TPA properties
of porphyrin materials. We also present a quantum-chemical analysis on porphyrin dimers and trimers to
understand the relationship between structural and collective NLO properties. It has been obserfed that
values can be improved about an order of magnitude and TPA properties can be enhanced by 2 orders of
magnitude by the formation of a trimer. The importance of our results with respect to the design of photonic
and photodynamic therapy materials have been discussed.

Introduction rins are unique among organic chromophores because they
] ) possess many important properties, including large excited-state

The development of chromophores for nonlinear optics (NLO) apsorption, long triplet lifetime, intrinsic ability of photochemi-
has been driven by a multitude of important technological g switching between tautomeric forms, as well as good
applications that can be realized if suitable materials are biological compatibility. The study of TPA properties of
available. Future generations of optoelectronic devices for porphyrins have been the focus of many recent wisiis0.61.62
telecommunications, information storage, optical switching, and pecause they are suitable candidates for the pharmaceutical
signal processing are predicted to a large degree on thejndustry due to their pronounced TPA in the infrared region,
development of materials with exceptional NLO responses. A which can be exploited in the field of photodynamic therapy.
large number of organie-conjugated molecules have been Here we report a new set of engineering criteria for large TPA
inVeStigated in the last 20 yeé.T'§1 for SUItabIIIty to function responses by Varying the central metal ion in a porphyrin_based
as components in hypothetical NLO materials. A few of these structural moiety that provides significant molecular TPA
chromophores have served as components of functioningproperties. Chromophore TPA properties can be amplified
polymer-based optoelectronic devices; the physical propertiesthrough metal-to-macrocycle charge transfer along the donor-
of all these prototype materials possess one or more critical to-acceptor (D-to-A) molecular axis.

deficiencies that render commercialization of these systems |, ihis paper, we have reported a systematic study of the NLO
impractical. These facts suggest that new types of molecular 5,4 TPA properties of metal porphyrins, where=Mzn, Cu,
design are necessary if significant advances are to be realizedNi’ Co and Mg. We discussed the role played by metal electronic
We report here a new set of engineering criteria for large girycture in determining the dimension of the NLO and TPA
molecglar fjrst-order NI._O responses by varying the central properties.of pushpull metal porphyrins (Scheme 1) using a
metal ions in a porphyrin-based NLO chromophore structural ¢ompination of density functional theoretical (DFT) calculations
mqp_ty that provulie.s significant molecular f!rst hyperpolanz- with fairly extensive basis set [6-31G (d,p) ] for geometry
abilities by amplifying chromophore polarizability through ptimization and Zerner's Intermediate Neglect of Differential
metal-to-macrocycle charge-transfer character along the D-to-A Overlap/Correction Vector (ZINDO/CV) meth@t?L.26-3163for
molecular axis. calculation of NLO and TPA properties. To understand how
In recent yearsr-conjugated organic molecules with large the solvent polarity affects the structure and NLO properties of
TPA cross-section value have attracted much attention as softthe metal porphyrins, we have used self-consistent reaction field
processable optical nonlinear materials in light of their intensity- (SCRF¥* approaches with polarizable continuum model (P€&M)
dependent refractive index and nonlinear absorption properties,for geometry optimization, as implemented in Gaussiaf®03.
because these features can find versatile applications in two-To account for the solvent effects on TPA properties, we have
photon laser scanning fluorescence microscopy, optical poweradapted the ZINDO/CV technique with Onsager SCRF method.
limiting, three-dimensional optical storage, micro-fabrication,
photodynamic therapy and up-converted lasi§® These  computational Methods
applications often rely on special organic compounds, which
unite a large value of the TPA cross section at particular ~ Geometry optimizations were performed at the unrestricted
wavelength(s) with a specific molecular functionality. Porphy- Kohn—Sham level utilizing the Becke3 hybrid exchange
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SCHEME 1: Structure of Push—Pull Porphyrins Used in ZINDO calculation of first hyperpolarizabilities follows the CV
This Manuscript method as described by Ramasesha &t lal.this method, we
can obtain the NLO coefficients without resorting to the usual
procedure of explicitly solving for a large number of excited
states of the Cl Hamiltonian, followed by a computation of the
transition dipoles among these states. The first-order CV,
¢M(w), is defined by the inhomogeneous linear algebraic
equation,

(H — Eg + Ao + iD)¢M(w) = ;| GO (1)

whereH is the Cl Hamiltonian matrix in the chosen many-
body basisEg is the ground-state energy, is the frequency,
ui = wui = [G|ui|GOIs the ith component of the dipole
displacement operatar€ X, y, 2) and hI is the average lifetime
of the excited states. It can be shown tb&l(w), if expressed
in the basis of the eigenstatgR(j of the CI HamiltoniarH is
given by

R4 |1GO
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The first-order NLO coefficients can be expressed as

M = Mg, Co, Ni, Cu, Zn ,R=Me

L (wq,05) = P.. .(1) —W—® . (1) —w) 3
functional combined with the Lee, Yang, Parr correlation Bi@102) = Pyl (—or=w))luig(—0)D - (3)

functional B3LYP as implemented in GaussiaffOpackage.
The calculation has been performed with the 6-31G(d,p) basis
set for carbon, hydrogen, and nitrogen. Pseudopotential
LANL2DZ and its corresponding valence basis®set

were used for the core metal. Theoretical calculations at such
level has been shown to be able to reproduce experimental
spectroscopic properties in a number of publicati&¥8.The
optimized structure was used to calculate vibrational frequencies.
Importantly, none of the frequency calculations generated
negative frequencies; this is consistent with an energy minimum
for the optimized geometry. We have considered the lowest spin
state for each complex, chosen on the basis of experimental

where theP operators generate all permutations. This method
involves solving for the correction vectors in the basis of the
configuration functions. The Hamiltonian matrix, dipole matrix
and overlap matrix are usually constructed in the basis of
configuration function, in the CI calculation. In this ZINDO/
CV calculation, we have retained all singly and doubly excited
configurations generated from the ground-state Slater determi-
nation by considering 20 HOMOs and 20 LUMOs. The ZINDO/
CV calculation ofg thus included all the excited states of the
Hamiltonian in the restricted ClI space. The averfgealues
are then given by

data, wherever available. In other complex, we have selected =3
several multiplicities for each complex and lowest structure have i = NY(B +B. + B 4
chosen for NLO calculation. For the Mn complex, doublet, Bav ; (B + By + Bs) )

quartet and sextet spin states have been considered and last one

termed to be the ground state. The ground states of all the othefrpe TpA process corresponds to the simultaneous absorption
metal complexes correspond to the lower spin multiplicity are ¢ photons. The TPA efficiency of an organic molecule, at
triplet for Fe, doublet for Co and Cu complex and singlet for optical frequencyw/2x, can be characterized by the TPA cross-

No and Zn. To explicitly take into account the solvent polarity - sectiong)(w). The TPA cross-section is related to the imaginary
effects, we have adapted SCRREpproaches with the PCH# part of the second hyperpolarizabiliff—a:w,0,—w) by336L

in its integral equation formalism (IEF) formulation as imple-
mented in Gaussian 8. Sho?
To calculate dynamig values, we have adapted the ZINDO/ o(w) = ;"2
CV technique combined with SCRF method. We have used 2n°c
VSTO-3G*(d,f) basis set for metals in our ZINDO calculation.
The primary code for the ZINDO algorithm was developed by where fi is the Planck’s constant divided byr2n is the
Zerner and co-worker®, and the ZINDO/SOS technique has refractive index of mediunt is the speed of light. is a local
been extensively used by several authors to compufer field factor (equal to 1 for vacuum). ZINDO/CV methodology
different moleculeg:36:39.57.6Recently the ZINDO method has  is adopted here to calculate the second hyperpolarizabilities.
been combined with the correction vector (CV) technique to ~ The standard expression for thg)th component of the
obtain dynamic NLO coefficients in which the sum over all transition matrix element for TPA to the sta@Alis given
the eigen states of the chosen configuration interaction (CI) by®:33-3463
Hamiltonian is exactly includej?0.2126:3246,58.63,71\\/e have
used this technique to calculgidor the ionic and neutral weak [G|u;|RIR|w | 2A0 (6w | ROR| ;| 2A
organic acid¥’ and the theoretical values match very well with §j(w) = +
the experimental data obtained via the HRS technique. The Er—Ec—w Er—Ec—w

LY Im}y(—w;0,0,—0) ()
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The above expression can be rewritten using the first-order CV TABLE 1: Theoretical Dynamic First Hyperpolarizabilities
(in 10730 esu) for 5-[(4-(Dimethylamino)phenyl)ethynyl]-
15-[5-nitro[2,2']bithienyl-5'-ethynyl]-10,20-bis[3,5-bis((3,3-
dimethylbut-1-yl)oxy)phenyl]porphinato]zinc(ll), Calculated
Using Different Methods and Compared with Available

5 = BO(—0) | 2AH B (—w)|wl2A0  (7)

Orientational average of the TPA cross-sectdap(w), which Experimental Values
corresponds to the observed cross-section in solutions, is given experimentd!
by optimization method  f calculation method THPR value
1 B3LYP/6-31G (d,p) /PCM ZINDO/SOS/Onsager 782 690
B3LYP/6-31G (d,p) /PCM ZINDO/CV/Onsager 768
Orp= _Z(ZSiS*jj + 4sysx;) (8) _ .
304 a Experimental value has been obtained frdmAm. Chem. So2005

127, 9710.

In this study, we first optimized the molecular geometries of
all considered species at the DFT/PCM level in the presence ofcavity. To avoid resonance effect, we have used photon
appropriate dielectric for different solvents using the Gaussian- wavelength corresponding to 1907 nm for compufirtgnsors.
03 package. The optimized DFT level geometry was then usedKanis et al. have show# that ZINDO/SCRF can reproduce
as an input for ZINDO/SCRF/SOS calculation. experimental results in donemacceptor organic molecules

To compare with the experimental results, it is necessary to reasonably well. In the above case, we first optimized the
have a cross-section with the unit in (€8)/photon. The TPA geometry at the DFT/PCM level in the presence of appropriate
cross-section directly comparable with experiment can be dielectric for different solvents using the Gaussian-03 package.

defined as The optimized DFT level geometry is then used as an input for
ZINDO/SCRF/CV calculation at a photon wavelength corre-
47ay 0w g(w)d1p sponding to 1907 nm.
max ol ) To reliably estimate the TPA properties, excited-state ener-
gies, state dipoles, and transition dipole moments, we have used
whereag is the Bohr radiusg is the speed of lighiy is the fine multireference double CI (MRDCI) formalism, where single and

structure constant, antiw is the photon energy. The factor all higher (double, triple and quadruple) excitations have been
(g(w)/T) relates the theoretical results to the shape of the exciting incorporated®3146:587The self-consistent field determinants,
laser line defined by the functiog(w), andh/T is the lifetime the HOMO — LUMO, HOMO — LUMO+1, HOMO-1 —
broadening of the final state in atomic units. To make sensible LUMO, HOMO—-1 — LUMO+1, HOMO-2 — LUMO,
comparison with previous results,is set equal to 0.1 eV and HOMO — LUMO+2, singly excited determinants and the
d(w) is assumed to be a constant, set equal to 1. (HOMO, HOMO) — (LUMO, LUMO) doubly excited deter-

To account the solvent polarity effect in the ZINDO/CV minants have been taken as reference determinants in the
approach, we have used expanded self-consistent reaction fieldMRDCI formalism. The choice is based on the finding that these
(SCRF) theor§:58.72where self-consistent solute/solvent inter-  transitions dominate for one- and two-photon allowed transitions.

actions are described by multipolar terms upltes 1-12. For single excitation, the Cl active space consists of 20 occupied
According to this procedure the reaction figkdtan be defined and 20 unoccupied orbitals. For MRDCI we have used 12
as occupied and 12 unoccupied molecular orbitals to construct a

ClI space with configuration dimension about 300 000.
R= g (6)5|Myy0 (10)

whereM, is the moment of the solute charge distribution and

the proportional constantis the modified Onsager factor, which The calculated M-N bond distances in CoTPP, and NiTPP
can be defined as are all close to 1.97 A, notably shorter than in CuTPP, ZnTPP,

and MgTPP, which are around 2.05 A. The bond between the
1 (I+1DE-1) N and the C of the imidazole ring shows similar clustering,
g(e) = 2711+ ¢(l + 1) (11) with the Co and Ni derivatives about 0.01 A longer than for
a Cu, Zn and Mg. However, the remainder of the molecular
for | = 1 (dipolar term), geometry is little affected by the nature of the metal.
To calibrate our studies, we have first calculated the first
2(e — 1) hyperpolarizability of D-ZnP—A obtained by a different
(26"‘—1)303 (12) method and compared with experimental values (as shown in
Table 1) available in the literatut€ Comparing the magnitudes
of the molecular first-order hyperpolarizabilities obtained from
hyper-Rayleigh scattering (HRS) studiésloes not require the
computation off projected onto dipole moment), because
the orientation averaged value is the relevant parameter and is
evaluated directly. In the HRS experimett?1° one measures
average3? for any molecule, where

Results and Discussion

g(e) =

wheree is the dielectric constant of the solvent andisithe
radius of the spherical cavity. To find out the solvent effect in
porphyrin molecules here, we have used 1—12. The cavity
radius, as used in this ZINDO/CV/SCRF calculation was
obtained from the Gaussian 03 code by calculating the molecular
volume first, and then adding 0.5 A to account for the nearest
approach of the solvent molecules. The calculation involves the 5 5 5
determination of molecular volume inside the cavity of electron (Brrs UF Bzz7 [ Bz U (13)
density 0.001 electrons/béhrWe have increased the radius

further by 0.5-1.5 A and the results remains unchanged. Thus For a dipolar moleculeB,z20is much higher thafBxz20] so
it could be assumed that the radius calculated through Gaussiarthe main contribution arises frofzzZLF® The relation between
is sufficient enough to encapsulate the molecule inside the [Bz;20in laboratory coordinates ang@,.2Jin the molecular
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reference frame has been discussed in detail by Bershori®t al. TABLE 2: Theoretical Two-Photon Absorption

and Clays et al2 and the relation can be expressed as Cross-Section (in 10% (cm* s)/photon) for
mesoButadiyne-Linked Symmetrical Porphyrin, Calculated
Using ZINDO Methods and Comparison with Available

21 2,6 9 2
szzD: /7z:6iii + /3szﬁiii i + /3SZﬁiij + Experimental Values
I HG/ Z ﬁ,ll; 412 8. 2 (14) [dmaxIcalculation method  [dmaddmonomer [Omaxdimer
35ijkcyc| i ik 357k ZINDO/SOS/Onsager 24 4200
' ZINDO/CV/Onsager 26 4800
experimental 20 5500

Here, cyc means cyclic permutation of co-ordinate indexes. In
HRS expression, an isotropic average is made for the molecule’s 2 Experimental values have been obtained frdnfPhys. Chem. B.
all 8 tensor components, indicating that the HRS is sensitive to 2005 109, 7223.

all such elements. For ?}'pﬂ?r m.O'EC‘;'eﬁ' Wﬂere the mc;'““'*".“ TABLE 3: Theoretical (ZINDO/CV/SCRF) One-Photon
tensor components in the direction of the charge-transfer axis 5_gand Absorption Wavelength ¢y in nm), Oscillator

is the largest, the values @8zzzJand [f;.4 lare expected to be  Strength and Dynamic First Hyperpolarizabilities (in 10-3°
the same. We have calculatBgh, and 877z (using eq 14) for ~ esu) and Dipole Moment Change Between Ground and
D—ZnP—A compound. Our results indicate that,;and Szzz Excnec: I\S/Itatelsl Au in Debye) for Porphyrins with Different
values are comparable and withir-8% error. So, though in a entral Metal lons

typical HRS experiment one detects the sum of two polariza-  metal Amex f B (AuD
tions, an error of only 510% will be introduced if the other Mg 768 1.74 3600 41.2
tensor components are neglected for the pysiil chro- Co 709 .150 930 23.4
mophores we are dealing with in this manuscript. So it is (N:' 77%156 1-53%0 12‘(1)5;% 2259-%
. . u . .
appropriate to compare tifirs with our calculategbzinoorcy. Zn 762 161 340 316

Table 1 shows that our calculated ZINDO/@\Walues are in
15% agreement with the experimental value. As a result we for same donoracceptor (D-A) porphyrins dimers without any
have used ZINDO/CV method to calculate the first hyperpo- central metal. Our calculation shoy#s= 98 x 103 esu for
larizability of other metal porphyrins. nonmetal D-A porphyrins. It is interesting to note that
Calculations have been done assuming a uniform empirical metalloporphyrins with strong CT transitions in their one-photon
broadening paramet& = 0.1 eV andl’ = 0.12 eV for dimers absorption spectra haykvalues that are an order of magnitude
and T = 0.15 eV for timers which is not the case for real larger than that of the porphyrin with nonmetal. Even within
molecular systems. The point to be noted is the fact that the the transition metal porphyrins, variation of metal ions can
theoretical calculations focus on the maximum limit of the enhance the first hyperpolarizability, by at least half an order
resonant two-photon absorption cross-section, which is an of magnitude. Therefore, a well-designed metaldprophyrin
intrinsic property of the molecule. When the molecule is placed (DAP) system could be an excellent candidate for application
in a material made of a collection of molecules, the resonance in second harmonic generation as well as for electrooptic devices
peak gets smaller and broadened. Ahn €t @nd Drobizhev based on Pockels effect.
et al*2 have measured the lifetime for porphyrin and its To understand the origin of the change in hyperpolarizabilities
covalently linked dimer, trimer and tetramer. Their results show due to the variation of central metal ions, we have calculated
that lifetime decreases from monomer to covalent aggregatesimax and the change in dipole moment between ground and
and sol” should increase with aggregation. For homogeneous charge-transfer excited stai®ueg). According to the two-state
broadening to be taken into account, the natural line-widths needmodel?>~77
to be known for our system, and this is seldom the case. To 5 5
simulate the experimental inhomogeneously broadened absorp- o state. Heg Meg Weq
tion profile, one needs to perform summation of the absorption p o E 2 1- 4ol 2)(w 2 _ wz)
amplitudes over vibrational levels of the first excited electronic d o9 oY
state. Unfortunately, for a system with hundreds of vibrational
modes the problem of evaluating the generalized Franck whereuegis the transition dipole moment between the ground
Condon amplitude is not a trivial one. Because we do not have state|g0and the charge-transfer excited stigl Aueg is the
actual experimental values, to make a sensible comparison, wedifference in dipole moment anly, is the transition energy.
have used” = 0.1 eV monomer an@ = 0.12 eV for dimers The first excited state of all the compounds under investigation
andI’ = 0.12 eV for timers. is strongly associated with the HOM@Q.UMO transition. A
ZINDO/CV methodology is adopted here to calculate detailed analysis of these orbital characters should provide a
the second hyperpolarizabilities. Recently, several publica- better understanding for the behavior of the systefissx
tions!6:2531.46.5759 have shown that the ZINDO/CV or ZINDO/  oscillator strengthff and Auegvales are also listed in Table 3.
SOS model allows obtaining first hyperpolarizabilities and TPA For metal ion donoracceptor porphyrins (DAP), mixing of the
properties of porphyrin monomer and dimer that can be directly metal d and macrocycle orbitals leads to additional peaks in
compared with the outcome of the experimental measurementsthe absorption spectrum. For-IMP—A, these CT transitions
To calibrate our studies, we have first calculated (as shown in involve thes(ay,,a) orbitals of the macrocycle and the metal
Table 2) the TPA cross-section ahesebutadiyne-linked ion’s d, orbitals t — d;). These CT transitions are allowed as
symmetrical porphyrin monomer and dimer whose experimental they occur between electronic states of opposite symmetry (g
values are known. We note that our calculated ZINDO/&V  — u). Our calculation shows that Q-bahdalue is quite high
values are in 80% agreement with the experimental value andfor Mg, Cu and Zn, moderate for Ni and quite low for Co. The
the increment pattern follows nicely as we move from monomer absence of strong CT bands in the Co DAP suggests that the
to dimer. mixing of the Co ion’s d orbitals with the macrocycletsystem
Table 3 shows hoys values change with the central metal is less efficient and as a resyfltis low. Thus, comparison of
ions for porphyrin dimers. We have also calculafedalues nonlinear optical properties of Co TPP and Mg, Cu or Zn DAP

(15)

static factor dispersion factor
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TABLE 4: Theoretical (ZINDO/CV/SCRF) Single Photon acceptor side. The energies of these porphyrin MOs are sensitive
Q-band Absorption (45" in nm), Oscillator Strength, to the nature of the particular metal (as shown in Figure 1). As

_ i TPA N 3 .
$a8_gﬁgttgr? Qggg{gg’&? gi‘égiggﬁgﬁ P 'niﬂnﬂ)ir(‘)d(cw one moves across the periodic table from Mg to Zn, the energies
max

s)lphoton) and Dipole Moment Change Between Ground and  Of the metal d-orbitals tend to drop. This pattern is most evident

Excited States Au in Debye) for Porphyrins for Porphyrins and dramatic in the ,dy2 orbital. The difference in energy

with Different Central Metal lons between the HOMO and LUMO of each of the various TPP
metal )SPA f ATPA B max Au0 complexes is reported in Table 4. As one goes across the
7n 701 152 1380 8500 26.5 periodic table from Mg to Zn, _there is a fluctuating trend in
Mg 717 154 1460 21200 356 these energy gaps. The gap increases from Mg to Co, then
Cu 695 1.26 1310 7600 24.8 decreases through Ni and Cu, before rising again in the case of
Ni 678 .680 1240 6800 20.6 Zn. One- and two-photoimax, 0scillator strengthff, dmax and
Co 663 -180 1180 2200 18.7 Aueg vales are also listed in Table 4. For metal ion denor

_ ) ) acceptor porphyrins (DAP), mixing of the metal d and macro-
allows understanding the role of metal ion/macrocycle interac- cycle s orbitals leads to additional peaks in the absorption
tions on first hyperpolarizabilities of doneacceptor metal spectrum. For B-MP—A, these CT transitions involve the-
porphyrins. (a1u,200) Orbitals of the macrocycle and the metal ion;sabitals

Our calculations indicate that the increment of first hyper- (7 — d,). These CT transitions are allowed as they occur
polarizability in Mg, Cu or Zn DAP compared to Co DAP is  petween electronic states of opposite symmetry. Our calculation
due to two factors, and these are (1) the red shift and higher shows that Q-band value is quite high for Mg, Cu and Zn,
oscillator strength of the CT band, which brings it closer to the moderate for Ni and quite low for Co. The absence of strong
peak of the two-photon resonance wavelength, andA(Zy CT bands in the Co DAP suggests that the mixing of the Co
values varying about 1:41.9 times with the change of metal jon's d orbitals with the macrocycle’s system is less efficient
substituents. As we noted in Table/8yqvales follow the same  and as a resulimay is low. Thus, comparison of Co TPP and
trend with5 for D—A porphyrins with different metal substit- Mg, Cu or Zn DAP nonlinear optical properties allows
uents. This confirms thaiueg could be one of the main factors  ynderstanding the role of metal ion/macrocycle interactions on
for the effect of metal substitution on the first hyperpolariz- TPA properties of doneracceptor metal porphyrins. The
abilities of metal porphyrins. _ increase in conjugation length and the enhancement of the

Table 4 shows how central metal ions affedtsx values. strengths of the electron donor/acceptor change the appearance
We have also calculatebhax values for same doneracceptor  of the orbitals. The charge separation becomes even more
(D—A) porphyrins without any central metal. Our calculation profound. But the basic characters of these two orbitals are kept

showsdmax = 220 x 10~*° esu for nonmetal BA porphyrins.  the same as those for the BBnP—DA compound.
It is interesting to note that metalloporphyrins with strong CT  To understand the origin of high TPA properties of-B
transitions in their one-photon absorption spectra haws porphyrins, we have used two-level model where the TPA cross-

values that are more than an order of magnitude larger thansection can be defined 455358

that of the porphyrin with nonmetal. Our results explain the

:recent ex_penm_ental report by Humphrey etléIFhat metal- B 4712305%)2 MQEZA#QEZ
oporphyrins with strong CT transitions in their one-photon Op_ctate= = >
absorption spectra havevalues that are an order of magnitude 0 Ege I’
larger than those of the free base porphyrin. Our calculations

indicate that even within the transition metal porphyrins, whereayis the Bohr radiusg is the speed of the light; is the
variation of metal ions can enhance thexat least by an order  fine structure constanty is the photon energyMge is the

of magnitude. Therefore, a well-designed metalMprophyrin transition dipoles between the ground staféand a TPA state
(DAP) system could be an excellent candidate for application |el] Auge® denotes the square of the change in dipole moment
in three-dimensional optical storage, micro-fabrication and between ground and excited charge-transfer (CT) states, and

(16)

photodynamic therapy. Ege is the transition energy between the ground stgiéand a
The electronic spectra of porphyrin derivatives are usually TPA statejel] Auge values for all the B-A monomer porphyrins
interpreted using the four orbital model of Gouternfamhich are also reported in Table 4. The trend is for variation of TPA

assumes that the HOMO4#s,) and HOMG-1 (au/ap) of a properties, but\u andMge are same with the variation of central
porphyrin molecule are nearly degenerate, and the LUMO and metal ions (as shown in Figure 2). The results of our calculation
LUMO -1 (&) are rigorously degenerate. The first excited state indicate that, as the charge-transfer character of the ground
is a strong CT state, possessing intense one-photon absorptiomlectronic state increases with increasing donor strength, (i) a
Cross sections. drastic increase of change in dipole moment between ground
Our results indicate that in our donemetal porphyrin- and excited CT states occurs, (ii) the transition dipole matrix
acceptor (O-MP—A) compounds, mixing of the highest oc- elementgMcg amplitude increases monotonically, and (ke
cupied orbitals of the metal porphyrin (MP) bridge with the decreases monotonically.
donor (D) fragment leads to a nearly degenerate HOMO. Itis  To understand how the first hyperpolarizabilities and TPA
also worthy to note that the LUM®1 and LUMO+2 in properties are influenced by aggregation, we have studied the
D—MP—A become degenerate due largely to the strong mixing NLO and TPA properties of dimer and trimer of {A
of the porphyrin-based-orbital with those of the acceptor (A)  porphyrins, where porphyrin monomers are connected with each
fragment. Thus, in our BMP—A compounds, the frontier  other through two carbencarbon triple bonds. The insertion
orbitals have significant contributions from theorbitals of the of the two carbor-carbon triple bonds between two porphyrin
D and A fragments. It is noticed that the HOMO and the LUMO rings has effects on the geometrical and electronic structures
both show very strong charge separation but with opposite sign.of the molecules. The BMP—(=), —MP—A compound is
In the HOMO, the charge is mainly located on the electron donor highly planar compared to BMP—[=]—MP—A. Such conju-
side, whereas in the LUMO, it is gathered on the electron gated planar structure can increase the conjugation length of
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Mg : HOMO Mg : LUMO

Cu : HOMO Cu :LUMO

Co : HOMO Co: LUMO

Figure 1. Part 1 of 2.
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Ni : HOMO Ni : LUMO

Zn: HOMO Zn: LUMO

Figure 1. Part 2 of 2. Electron distributions of the LUMO and the HOMO of ®M—A porphyrins with M= Mg, Cu, CO, Ni and Zn.

the s electron and make the system more polarizable. Compar-least eight frontier orbitals which qualitatively describes the
ing the single photon absorption, all metal porphyrin dimers complexity of the spectrum and explains the significant inten-
show some common spectroscopic trends, when compared withsification of the lowest §— S; (Q) transition. Another possible
the monomer. First, the lowest energy Q-band is drastically reason for the intensification of the Q-transition is an extension
intensified and red-shifted, and second, the Soret (B) band splitsof conjugation length simply because of dimerization. Figure 3
over several sub-bands, whose center also shifts to the red. It isshows howp values are influenced by the central metal ions
noteworthy that the considerable amplification of the Q-band for dimers and trimers. We also added monomer values for
in dimer is one of the key factors governing the enhancement comparison. It is interesting to note that within the transition
of 8 values and TPA response in the near-IR. Our calculations metal porphyrins, variation of metal ions can enhancefthe
indicate that due to a strong electronic interaction (molecular values by at least half an order of magnitude and the effect of
orbital overlapping) between two porphyrin rings in dimer, the central metals ions is similar for all cases, monomer, dimer and
four Gouterman frontier orbitals of the monomer split into at trimer. Our calculations indicate that as thevalue increases
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Figure 2. Variation of dmay Au and Mge with change of metal
substituent for monomer.

1400000 Mg

1 7
- I di
o0 1200000 _ % :Irlirrr::l;
] B onomer o 1000000-_ %
7000 - - . 800000 /
J Z V777) dimer ] /
6000 7] trimer 600000 %
5000_' Mg 400000 /
o 4000 —' Z 7 7 200000 — %
n 0 2
3000 Cu Figure 4. Omax0f metal D-A porphyrins for (a) monomer, dimer and
1 (b) dimer and trimer.
2000 - Ni
T Co conjugated porphyrin dime#8:3441.420ur results suggest that
1000 % % maximum TPA cross section can be enhanced 2 orders of
0_' magnitude for the trimer when compared to monomer (as shown

Figure 3. Influence of metal ions of$ vales of D-A porphyrin for in Figure 4). Therefore, a WeII-deS|gned-|A prophyrin t_rlm_er .
monomer, dimer and trimer. system could be an excellent candidate for application in

biological imaging and photodynamic therapy. In fact, the largest

three times as we move from monomer to dimer and two times TPA cross-section obtained, 2.22 10f GM (Goppert-Mayer
as we more from dimer to trimer. Our calculation results can units), is the largest TPA cross-section values reported in the
explain recent experimental reports on extremely lfiglalues literature for organic or organometalic compounds. For all dimer
in conjugated porphyrin dime#8:181°0ur calculation indicates  and trimer chromophores under investigation, the first excited
that, by increasing the number of monomers, (i) change in dipole state is a CT state, possessing both strong one- and two-photon
moment between ground and excited charge-transfer (CT) statesabsorption. According to the two-state model, the transition
increases, (ii) the transition dipole matrix elemerjigey dipole moment to the CT state and dipole moment changes
amplitude increases, and (ilye decreases, as a resfilvalues between ground and CT states are the two key parameters
increases tremendously. So we have shown that by choosing aontrolling the magnitude of the TPA cross section. Our
proper central metal ion with porphyrin timers, one can enhance calculation shows that the trend of the variation of TPA
the NLO properties by about 30 times with respect to the well properties,Mqe and Au are similar. We have noted the same
studied Zn porphyrin monomer. Such amplification of chro- trend for trimer.
mophore polarizability through the engineering of metal-to-
macrocycle charge-transfer character along the D-to-A molecular concjusion
axis suggest a very good approach to enhance optical properties
of porphyrin materials and new design direction for NLO In this manuscript we have explored the role played by metal
compounds which can have several advantages. electronic structure in determining the dimension of NLO and

The two-photon absorption maxima shows high red shift TPA properties. We have demonstrated that metalloporphyrins
toward desirable wavelengths of (86R000) nm as we move  with strong CT transition band hay®values as well as TPA
from monomer to dimer to trimer. The calculatéddP” is properties that are an order of magnitude larger than those of
observed 1460 nm for Mg porphyrin monomer, 1780 nm for the porphyrin without metal. Even within the transition metal
dimer and 1960 nm for trimer. A similar red shift in maximum porphyrins, variation of metal ions enhancesfhelues about
TPA wavelength is observed for other metal porphyrins. half an order magnitude andmax by at least an order of

As shown in Figure 4, the maximum TPA cross-section magnitude. Such amplification of chromophore polarizability
increases about an order of magnitude from monomer to dimerthrough the engineering of metal-to-macrocycle charge-transfer
and about 68 times as we move from dimer to trimer. Our character along the D-to-A molecular axis suggest a very good
calculation results can explain recent several experimental approach to enhance optical properties of porphyrin materials
reports on extremely strong near-IR two-photon absorption of and new design direction for two-photon optical compounds
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which can have several advantageous. We have demonstrated (23) Dorr, M.; Zentel, R.; Dietrich, R.; Meerholz, K.; Brauchle, R.;

that the 8 values of dimer and trimer are about an order

magnitude higher than that of monomers. Therefore, a well-

designed metal BA prophyrin (DAP) system could be an

excellent candidate for application in second harmonic genera-
tion as well as for electrooptic devices based on the Pockels 45

Wichern, J.; Boldt, PMacromolecules998 31, 1454.

(24) Liakatas, A.; Cai, M.; Bosch, M.; Jager, C.; Bosshard, P.; Gunter,
P.; Zhang, C.; Dalton, L. RAppl. Phys. Lett200Q 76, 1368.

(25) Ray, P. C.; Leszczynski, @hem. Phys. LetR006 419 578.

(26) Ramasesha, S.; Shuai, Z.; Bredas, JChem. Phys. Lettl995

(27) Ray, P. C.; Ramasesha, S.; Das, PJKChem. Phys1996 105

effect. We have shown that the TPA cross-section values of gg33.

dimer and trimer are at least 2 orders magnitude higher than
that of monomers. The large enhancement of two-photon

absorption in dimer and trimer has potential for application in

(28) Ray, P. CChem. Phys. LetR004 394, 354.

(29) Ray, P. C.; Leszczynski J. Phys. Chem. 2005 109 6689.

(30) Datta, A.; Pati, S. KChem. Eur. J200§ 12, 2780.

(31) Arnbjerg, J.; Jimenez-Banzo, A.; Paterson, M. J.; Nonell, S.; Borrell,

imaging, and localized activation of photochemical processes. J. I.; Christiansen, O.; Ogilby, P. R. Am. Chem. So@007, 129, 5188.

An important consequence of the extremely high TPA cross-
section is, one can use very low laser intensity to produce a

given fluorescence signal, which can be of significance in
biological applications. We believe that pugbull porphyrin

dimer and trimers are interesting systems with potential to
increase the impact of two-photon processes in photonics,

(32) Clay, G. O.; Schaffer, C. B.; Kleinfeld, 0. Chem. Phys2007,
126, 25102.

(33) Rogers, J. E.; Slagle, J. E.; McLean, D. G.; Sutherland, R. L.; Brant,
M. C.; Heinrichs, J.; Jakubiak, R.; Kannan, R.; Tan, L-S.; Fleitz, PJ.A.
Phys. Chem. 2007 111, 1899.

(34) Kim, S.; Ohulchansky, T. Y.; Pudavar, H. E.; Pandey, R. K.; Prasad,
N.J. Am. Chem. So@007, 129, 2669.
(35) Zhang, X-B.; Feng, Ji-K.; Ren, A-M. Phys. Chem. 2007, 111,

materials processing, chemical sensing, and biological applica-1899.

tions.
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