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By using the PariserParr—Pople (PPP) theory, the second hyperpolarizabiliti@$ave been calculated for
various w-conjugated porphyrin arrays including “porphyrin tapes”: thesef doubly linked porphyrin
arrayDn and themese-meso —p, f—_ triply linked arrayTn. The validity of the PPP theory is checked

via a comparison with both the ab initio Hartreleock and the B3LYP theories in the case of porphyrin
monomers and dimers. It is found tHam and especiallyrn exhibit much more remarkable evolutionph

along with an increasing number of porphyrin unitsompared with the butadiyne-bridged array. As a

result, the static third-order susceptibilitig® of Dn andTn are expected to be 1 and 3 orders of magnitude
larger than that offn in the limit n — o, and these advantages of porphyrin tapes become more prominent
by taking into account geometrical relaxations of porphyrin units in the arrays. The strdptoperty
relationship in various conjugated polymers including porphyrin arrays is interpreted on the basis of the
scaling behaviors gf® andy® with the effective conjugation length (ECL) as well as the reciprocal HGMO
LUMO energy gap (E,). In particular, from the master plot @ (and everyV) versus 1, thesz-conjugation

of Tn is noted to indeed be exceptional, because its large susceptibilities cannot be expected from the scaling
behavior of ordinary one-dimensional conjugated systems. We also point out that the theory of scaling
relationship,y® ~ 1/E, is significantly improved by taking into account electreglectron interactions
based on the comparison with experiments.

I. Introduction wavelength window. The classicatconjugated polymers such

. s polydiacetyleneRDA)° and polyp-phenylene vinylene)
. Durlng thhe last lt.WO decade?, IitheOre has been a fgreaf[ deal gf(aPPV, Figure 1} exhibit fast NLO responses in the off-resonant
Interestin t Ie noln |neagopt|fa ( b)rtis;f)onsesof cc()jnjugattel condition; however, they do not offer sufficiently large non-
organic molecules and polymers both from a fundamental ;o ities Then, suitable material has yet to be convincingly

perspective and because of their potential utility in various . ; .
photonic applicationd-5 The real part of the third-order NLO demonstrated as haymg the full range of .requwed attn_butes.
In the search for improved NLO materials, porphyrins are

susceptibility y(—w; w, w, —w) gives rise to nonlinear e : .
refraction that can be utilized for all-optical signal proces$ing, Premising candidates for building-block elements because of
while the imaginary part controls two-photon absorption (TPA) their Iarge.pollarlzabler systems. From th!s, it can be inferred
which is useful for many applications such as 3-D optical that, by linking porphyrin molecules into oligomers, the
memory? optical power limitingé and photodynamic therady. ~ €xtended movement of the electrons into the neighboring
To realize these applications, sufficiently large optical nonlin- Moieties can further enhance their optical nonlinearities.
earity is essential, and especially for the former application, Butadiyne-bridged porphyrin arrays'if, Figure 1) exhibit
additional requirements should be fulfilled by the NLO material, €fficient z-electron delocalization throughout the entire back-
i.e., fast response time and transparency at the operatingtone as revealed by its progressively red-shifted Q-band
absorption that reaches approximately 850 nm=at10—1512

*To whom correspondence should be addressed. E-mail: matuzaki@ |t Was found that the/n polymer has th_e Iargest_ one-photon
re.nsc.co.jp. off-resonanty® reported for any organic materi,and an
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Figure 1. Chemical structure and axis definition for the porphyrin
arrays and the classicatconjugated polymers investigated in this work.

trans-PA

exceptionally large TPA cross-sectiontd) was measured on
the double-strand ladder complex ¥h.14

On the other hand, directly linked porphyrin arrays have been
developed starting from theeso-mesdirectly linked porphyrin
arraysZn (Figure 1)!® Although thes-electron delocalization
is disrupted inZn because of the orthogonal arrangement of
neighboring porphyrin units, they exhibit unique electrooptic
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a measure of ECL and obtained the scaling lawg/fms well
as linear susceptibility®

2~ Ly (1)

)

Since within the Huakel theory L4 is inversely proportional to
energy gajEq between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO),
these equations have been cast into

AV~ UES 3)

2~ B (4)

that are more directly accessible to measurement if an optical
gap is adopted &5,. Although several experiments have proven
the existence of such a scaling law fg#), they also found
significant deviations from eq 4, particularly, much larger
exponents {10627 than the theoretical value. Therefore, eqs
1—-4 will be reinvestigated in this study, taking into account
electron-electron interactions within the framework of the
Pariser-Par—Pople (PPP) theor§#2°Moreover, these scaling
behaviors will be utilized to characterize the electronic structures
of r-conjugated porphyrin arrays, pointing out an exceptional
feature ofTn.

3 6
X()NLd

responses at the Soret-band region as a result of the closdl. Computational Methods

proximity of adjacent macrocyclé8. Through the efficient
synthetic methodZn have been successfully transformed into
the mese-meso f—f, p—p triply linked “porphyrin tapes”
(Tn, Figure 1)1 The porphyrin tapes thus prepared are

exceptional molecules, because their Q-band absorption become:

progressively red-shifted with an increase in the number of
porphyrin moieties without indication of any saturation at least
up ton = 12. As an extreme cas@&]12 exhibits a very low
optical gap that reaches approximately 2r8. With these in
the backgroundT n is intriguing in view of potential applications
not only as moleular electric wire but also as NLO material. In
fact, a remarkable NLO response ®h is currently being
revealed, for instance, by the measurement®fon T218 and

its derivative'® Furthermore, thanesoB doubly linked por-
phyrin tapes Pn, Figure 1) have been successfully prepared
up ton = 5 in the Ni'-metalated forn?? They also exhibit a

In this study, we calculate the microscopic polarizabilities
of a single molecular chain, because they are the essential
guantities that determine the optical response of a bulk material.
When static external electric fiel is applied to a molecule, it
fhduces a dipole moment

Au(F) = oF + BF? + yF°+ ... (5)
where o, 5, and y are the linear polarizability, the first
hyperpolarizability, and the second hyperpolarizability, respec-
tively. y is responsible for the third-order NLO response and is
the quantity of major interest in this study. Theandy values
of the porphyrin arrays were calculated using the PPP method,
because it can be applied to sufficiently long arrays (Up30
in this study) that are required to assess the saturatignpef
repeating units. The accuracy of the simple PPP method was

progressive red-shift of t_he Q-band absor_p'Fion with an increase checked via a comparison with the ab initio Hartré@ck (HF)
in the number of porphyrin units, although it is not as remarkable theory and the B3LYP hybrid density functional theory (DFT)

asTn. In addition,-fused oligoporphyrins&n, Figure 1) have
been reported up to the trimé.

These porphyrin arrays constitute a new class-obnjugated
polymers that can exhibit favorable electrical and optical

in the case of porphyrin monomers and dimers. Unless otherwise
mentioned, all of the ab initio HF and B3LYP calculations were
conducted using the Gaussian 98 suite of progr&isrough-

out this study, any substituents attached on the periphery of the

properties never accessible by classical conjugated polymersporphyrin macrocycles were omitted, and the actual geometries

In this paper, we investigate the relationship between the
structure of multi-porphyrin arrays and their third-order NLO

responses, so as to provide a platform for the further develop-

of the investigated systems were determined as follows.
In the PPP calculations, the geometries of constituent por-
phyrin rings in the arrays were constrained to that of'-Zn

ment of porphyrin-based macromolecules. In this course, we tetraphenylporphyrin (ZhTPP) as revealed by X-ray crystal-

are concerned with the concept of effective conjugation length
(ECL).22 Because ECL is closely related to the extent of

lography3! For Tn, the subunits were arranged keeping@so-
mesobond length of 1.51 A as found in the X-ray structure of

m-electron delocalization, it must be a crucial quantity that zn!-T2 17awhich leads to 88— distance of 1.455 A being

determines the magnitude @) of z-conjugated polymers.

The universal scaling betweef?) and ECL has been derived
by Flytzanis and co-workers using the ¢kel theory?3-25 On
the basis of the simple bond-length alternated chain, they
introduced the delocalization length that can be regarded as

close to the experimental value of 1.44 A. In the cas®of

the subunits were arranged witimeesoe-$ bond length of 1.45
A as observed in the X-ray structure of'ND2.2%2 Although

porphyrin macrocycles adopt a ruffled conformation in the X-ray

structure of Ni-D2, we assumed a flat geometry for the sake
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Figure 2. PPP-calculated energy level of the frontier orbitals of porphyrin monomers and dimers. The orbital interactions associated with the
occupied a, (b1y) and the unoccupiedye(b,g) MOs of Z1 (Y1) are indicated by the dashed lines. The experimental first oxidation potertigls (
ref 41) and reduction potential&«gps, ref 42) are also plotted.

of simplicity. The geometries of¥n were constructed by and all of the B3LYP calculations were conducted using the
adopting the X-ray bond lengths for the butadiyne linker of finite-field (FF) method. In the FF scheme, the tensor compo-
Y2:321.429, 1.210, and 1.368 A for the,&s—C, C=C, and nents ofa andy were obtained by the numerical differentiations
C—C bonds, respectively. Although the porphyrin macrocycles of total energyE with respect to the applied electric field

in the synthesizeB3 exhibit saddled conformations due to steric

constraints from the periphery and/or c8taye assumed flat ~ o; = [30E(0) — 16{E(F) + E(—F)} + {E(2F) +

geometries forBn as an ideal case of this architecture. For E(—2F-)}]/12F-2 (6)
classical conjugated polymertsans-polyacetylenettansPA, ! '
Figure 1) andPPV, the bond lengths were fixed to be 1.45, y;; = —[56E(0) — 3Y E(F) + E(—F)} + 12{E(2F,) +

1.35, and 1.4 A, for the single, double, and aromatieCbonds, _ _ _ 4
respectively, and all the bond angles were set t0°120 B(=2F)} —{E@F) + B(=3F)}) 36F" (7)
“Traditional” PPP parametrizatiShwas employed, where the vij = —[72E(0) — 3 E(F) + E(—F,) + E(F)) +

central metal ions were treated in an implicit manner and the _ _ _
first-neighbor transfer integrals were evaluated on the basis of E( FJ)} + 2{B(2F) + B(=2F) + E(ZFJ) +E( 2Fi)} +

the assumed geometries except for thes linkages of Tn, 20{E(F;, F) + E(F;, —F) + E(-F, F)) + E(-F;, —=F)} —
which were based on the experimental bond length of 1.44 A. {E(2F,, F) + E(2F;, —F)) + E(—2F,, F) + E(—2F, —F) +
For Z2, the inter-subunit transfer integrals at the-a, f—4, o o e =

and a—pj carbon pairs (ca. 0.05 eV) were also taken into B(F;, 2F) + B(F;, —2F) + B(=F;, 25) + -
account. The intersite Coulomb interactions were evaluated E(=F;, —2F)}/72FF" (8)

using the Nishimote-Mataga formul&# All of the PPP calcula-
tions of statica and y were conducted using the coupled WhereE(F;) represents the total energy in the presence of static
perturbed HartreeFock (CPHF) schem®.In these calculations,  electric fieldF applied in thei (= x, y, 2) direction. To obtain
the number of repeating unitsin the oligomers was succes- nhumerically stabley values, the field strength was optimized
sively increased up to = 30 for Tn, 20 forDn andBn, 17 for to each system in the range of 0.0005 and 0.002 au, and the
Yn, 70 for transPA, and 26 forPPV, while only the dimer numerical accuracy of the B3LYP calculations was improved
was investigated foZn because of the essentially disrupted by using 99 radial and 590 angular points as an integration grid.
interporphyrinicst-conjugation in this case. For a comparison with experiments, the orientationally averaged
The ab initio HF and B3LYP calculations of andy were a andy values were evaluated as
conducted on a Zhmetalated series of porphyrin monomers
and dimers, because this metalation has been reported for all 0o = (04 + oy + ;)3 ©)
the diporphyrins excepB2. The geometries of these systems
were gptiﬁwiged using tﬁi B3LYPgmethod with the 6-31()3/* basis s = (Vo Vyyyy T Y222zt 2y 2022t 214225 (10)
seB837for carbon, nitrogen, and hydrogen and the [53321/5311/
41] set for Zn3® The geometry optimization was performed
under the highest possible symmetry constraibtg, for Z1, One-Electron Structure of Porphyrin Dimers. Figure 2
Do for Y1, Y2, T2, andB2, and Dg for Z2) and has been  shows the energy-level diagram for the eight frontier (the highest
confirmed to gain the minimum-energy structures by performing four occupied and the lowest four unoccupied) orbitals of
normal vibrational-mode analysis. We found bdh and C; porphyrin dimers as well as those for the Gauterman’s four
symmetry conformers fdp2, with the former being more stable  orbitals'® of their constituent monomers as obtained by the PPP
by 2 kcal/mol. Although this conflicts with the ne@r symmetry calculations. In addition, schematic illustrations of the frontier
of the X-ray structure of NiD2,2°2 we found that these  orbitals of these compounds are given in Figure 3. As can be
conformers have essentially the samnandy values, and hence,  seen from Figures 2 and 3, the eight orbitals are formed by the
only the results on th€, conformer will be reported. combinations of the monomers’ four orbitals, and their energy
The HF/6-31G* calculations ofx and vy for monomeric shifts relative to the corresponding monomer levels are consis-
porphyrins were performed using the CPHF method as imple- tent with their bonding and antibonding natures at the inter-
mented in the GAMESS cod®,while the other ab initio HF subunit linkages. These energy shifts, and hence the energy

I1l. Results and Discussion
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Figure 3. Schematic representation of the frontier orbitals of monomeric and dimeric porphyrins.

splitting among the eight orbitals, are more significant for the

directly linked diporphyrins @2 and T2) than the butadiyne-

bridged dimer ¥2), implying much more extensive-conjuga- -4.0
tion in the former. The eight orbitals &2 are also regarded as

a combination of the monomers’ four orbitals, while the
interaction of the constituenggorbital is more significant than
that of the a, orbital in contrast to the cases W2 and T2.

The first oxidation Eox1)*! and reductionErep1)*2 potentials
measured on thenesearyl-substituted Zt#+porphyrin com-
pounds are also plotted in Figure 2 for comparison with the
calculated HOMO and LUMO energies whose sign-reversed
values represent ionization potential (IP) and electron affinity
(EA), respectively, according to the Koopmans’ theorem. As
can be seen, the calculation is consistent with the experiment
regarding the magnitude of electrochemical-potential shift for
diporphyrins relative t&1, which is expressed a2 < D2 <
T2. Specifically, the most remarkable effect of dimerization is
observed in th&gep; of T2, which can be ascribed to the nature
of its LUMO that exhibits constructive in-phase interaction at
all three linkage43-45 Successful applications afelectron PPP
theory support the idea that the electrochemical properties of o
these ZH-diporphyrins are inherent in theit-electrons, and N P & 3
this would also be the case for other metalated serie’, (iti, P T T S TR
Pd'"), because they also exhibit a similar dependencEsxf 0.00 0.02 0.04 0.06
on the structure of the-conjugated frameworkl p

At this stage, we should bear in mind the quasi-degeneracy Vie A7)
of the a, and a, MOs of porphyrin, because the relative location Figure 4. Plot of PPP-calculated HOMO and LUMO energies versus
of these MOs is responsible for the precise assignment of thereciprocal chain length L for z-conjugated porphyrin arrays, where
first oxidized states of diporphyrinD@, T2, and B2). The the energies of infinite polymers were obtal_ned b)__/ the crystal orbital

. . . . Y method. The range of the number of repeating umiits the plot area
S'tu_at'on in the_ monomer'c porphyrin _'S affected by both is the same as in Figure 5. The energy levelZbandY1 are indicated
peripheral substitutions and central metal iongesearyl groups by the horizontal lines. The filled symbols show the experimental first
preferentially raise the,alevel, and the Zhion prefers a, to oxidation potentials of n (ref 17b) andDn (ref 20b), which have been
be located above @in comparison with other metal ions such  shifted to coincide with the theoretical HOMO energiesat 2.
as Cd, Ni", and Pd.464"Then, the first oxidized state @1 is
most likely attributed to théA,, state, and accordingly, that of  thex-axis (Figure 1) for the following terminal atoms: theeso
T2 should be théB, state (note that for the adiabatic ionization ~carbons forDn and Tn, the 8 carbons forBn, and the alkyne
of Z1, a pseudo-JahtTeller distortion should also be taken carbons forYn. The orbital energies of infinitely long arrays
into accourt’). We note that these experimental situations are were obtained using the crystal orbital mettfo@adopting the
well-reproduced by the present calculations despite the lack of same PPP Hamiltonian as the oligomers. As expected from the
mesearyl groups and the implicit treatment of central metal results on the dimers, both the HOMO and LUMO levels of
ions. Therefore, the present PPP parametrization is also suitedl'n (especially the latter) are remarkably shifted with an increase
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for a description of the longeFn™ and Y n*814arrays, which in the number of porphyrin units in the arradfsthe energy

have been prepared in a fashion similar to the diporphyrins; shifts fromn = 1 to are 1.21 eV for the HOMO and 1.63 eV

i.e., mesearyl substitutions and Znmetalations. for the LUMO. To clarify the advantage of the triple linkage of
One-Electron Structure of Porphyrin Arrays. In Figure Tn, we consider the hypotheticalesemeselinked arrayTn’

4, the energy levels of the HOMO and LUMO of the porphyrin that is described by the same coplanar geometry and the PPP
arrays calculated using the PPP method are plotted against 1/ parameters asn except the vanished transfer integrals for all
whereL stands for the length of the-system measured along the 5—f linkages. As seen in Figure &n' exhibits a slightly
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Figure 5. Plot of PPP-calculated HOMELUMO energy gafEg versus
reciprocal chain length IL{ for thesr-conjugated porphyrin arraysans
PA, and PPV. The E; values ofZ1 and Y1 are indicated by the
horizontal lines. The range of the number of repeating umitsalso
indicated.

pronounced shift of the frontier levels compared wim,
implying an advantage of the direct linkage over the butadiyne
bridge for conjugation. From the comparisonTaf’ andTn, it
is evident that the additiongi—/f linkages play a significant
role in extending ther-conjugation especially for the LUMO.

The experimental first oxidation potentialEdy;) of Tnl7P
and Dn2% are also plotted in Figure 4. They indicate a more
extensiverr-conjugation forTn than forDn: the Eoxi of the
pentamer is reduced relative to that of the dimer by 0.36 V in
Tn and 0.21 V inDn. Since the corresponding shifts of IP are
calculated to be 0.45 and 0.37 eV, the calculation is qualitatively
consistent with the experiment but overestimatesntuepen-
dence of the energy shifts, especially fan. This discrepancy
might be ascribed to the flat geometry BDh adopted in the
PPP calculations ignoring the ruffling of macrocycles as
observed in the X-ray structure of 'ND2.202

The data plot in Figure 4 is recast into that of HOMO
LUMO energy gapkEy in Figure 5. The reduction i along

Matsuzaki et al.

TABLE 1: Effective Conjugation Lengths (ECL) of
m-Conjugated Polymers as Determined from the Saturation
Behaviors of HOMO—-LUMO Gap Energies (Ng) and
Wavelengths N;) and yxxx Per Unit Segments {,)

NEa (l—E)b N/lc (L/l) Nyd (Ly)
0.14 eV 0.5eVv 10 nm 32 nm
constrained geometric ufit
Yn 5 (66.3) 2 (25.7) 5(66.3) 3(39.2) 2 (25.7)
Tn 12(99.2) 6(48.9) 28(233.6) 15(124.4) 23(191.6)
Dn 9(76.5) 4(32.8) 16(137.9) 8(67.7) 7 (59.0)
™ 8(65.7) 4(32.1) 13(107.6) 7(57.3) 6 (48.9)
Bn 7(59.3) 3(254) 9(76.2) 4(33.9) 4(33.9)
transPA 24 (56.9) 11(25.4) 24(56.9) 11 (25.4) 11 (25.4)
PPV 8(48.1) 4(222) 6(352) 3(15.7) 3(15.7)
relaxed geometric urit

Yn 5 (66.3) 2 (25.7) 6 (79.8) 3(39.2) 2(25.7)
Tn 15 (124.4) 7 (57.3) 2259 23(191.6) =169

Dn 10(85.2) 5(41.5) 20(172.5) 10(85.2) 9 (76.5)
™ 9(74.1) 4(32.1) 15(124.4) 8(65.7) 7(57.3)
Bn 7(59.3) 3(254) 9(76.2) 5(42.3) 4(33.9)

aECL determined by eq 11 with the thresholi&, of 0.14 and 0.5
eV.PThe values in the parentheses are the corresponding oligomer
lengths in A units¢ ECL determined by eq 12 with thresholds, of
10 and 32 nmYFor the explanation, see textThe geometries of
porphyrin units are constrained to the X-ray geometry of-ZRP.
fThe geometry relaxations of porphyrin units are taken into account
as explained in the text.Convergence could not be achieved in the
calculations fom > 25 (SCF) anch = 16 (CPHF).

of the different natures of the relevant excited states (free
electron-hole pairs in the former versus excitons in the latter).
Moreover, the calculation predicts that thg of Tn indeed
saturates at a much longer array beyond 12; i.e.,Tn is not
an intrinsic metal. In this regard, note that the calculdigd
values must be overestimated because of the lack of dynamical
electron correlations at the HF level of theory, and including
these effects, for instance, via the electronic polaron model,
results in a significant reduction iBy.5* However, we believe
our result is qualitatively correct, because there is no reason
for Tn polymer to have a partially filled energy band structure.
We determine the ECL of-conjugated polymers on the basis
of the criteria for the HOMG-LUMO energy gap

Ey(n) — E4(o) = AE, (11)
and the corresponding wavelength
Ag(®) = A4(N) = Alq (12)

whereEg(») andiy(e) are the limiting values fon — o, and

the smallesh values that fulfill eqs 11 and 12 are adopted as
ECLs that will be referred to alle and N;, respectively.Ng
reflects the saturation behaviors just as shown in Figure 5 and

with increasing array length becomes more significant as the does not depend on the absolute valugpfOn the other hand,

number of interporphyrinic linkages is increaseth( Tn' <

Dn < Tn), and the remarkable feature ®h can be largely
ascribed to the nature of its LUMO (Figure 4). As a result, the
Eg of Tn becomes much lower than those of the other porphyrin

because of the relationshify ~ 1/Eg, the criterion of eq 12
leads to a greater ECL for the narrower gap systems; N;g.,
of a narrow gap system will be larger than that of a wide gap
system even if they have samhg.

arrays. For comparison, we also investigated the representative As listed in Table 1, we applied these criteria to our

m-conjugated polymers¢ransPA andPPV, adopting the same

computational results by settinljEg to 0.14 and 0.5 eV and

PPP parametrization as the porphyrin arrays. In Figure 5, it is Alg to 10 and 32 nm. AlthougAZ was set to 1 nm in ref 52,

noted that theEy of both Dn and Tn exhibits much more
retarded saturation than thosetainsPA and PPV, implying
much greater ECL of these porphyrin arrays.

As seen in Figure 5, the theoreti& of Tn does not indicate
any saturation even at = 12 (the longest array reported), in

which corresponds to the accuracy of an ordinary spectrometer,
we adopt much larger values due to the initially small and
progressively decreasinfy of porphyrin arrays. Apparently,
only a discussion on the relative value of ECL is meaningful,
and it does not seem to be affected by the choicABf and

agreement with the experimental observations on the Q-bandAlg values as seen in Table 1. To facilitate a comparison of

energy!’® while a precise comparison is not allowed because

ECL among different systems, the andL, values (above-
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TABLE 2: Poralizabilities o (in A3) and Second
Hyperpolarizabilities y (in 10736 esu) of Porphyrin
Monomers and Dimers as Calculated Using the PPP,
HF/6-31G*, and B3LYP/6-31G* Methods
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TABLE 3: Poralizabilities a (in A3) and Second
Hyperpolarizabilities y (in 10736 esu) of Z1, T2, Y1, and Y2
as Calculated with the Extended 6-31G#*p Basis Set at the
HF and B3LYP Levels of Theory

z1 z2 D2 T2 B2 Y1 Y2 Z1 T2 Y1 Y2
PPP HF/6-31G*+p
Ol 65.02 151.95 234.73 260.27 189.88 94.66 280.24 (i 68.10 231.66 96.18 287.34
Qyy 65.02 65.01 121.73 121.04 120.73 65.19 127.45 Oy 68.10 123.78 71.51 137.91
Oz 0 65.01 0 0 0 0 0 [ 19.37 35.18 21.52 41.70
as 43.34 93.99 118.82 127.10 103.54 53.28 135.90 s 51.85 130.21 63.07 155.65
Vxxxx 14.21 90.39 2734.57 2390.06 1599.49 164.19 7780.89  y,x —5.38 595.75 57.36 2257.27
Vywy 1421 13.80 31.87 1546 55.83 19.47 37.66 Vyyyy —5.38 —-15.17 —35.92 —62.38
Vzzzz 0 13.80 0 0 0 0 0 Vzzzz 1.93 3.08 1.99 4.71
Yoy 13.13 14.30 —11.17 31.89 —38.04 —9.09 —78.29 Vxuyy 20.53 101.57 11.06 —43.28
Vxxzz 0 1430 0 0 0 0 0 Vxxzz 1.54 4.36 2.07 4.97
Vyyzz 0 —-000 © 0 0 0 0 Vyyzz 1.54 2.59 1.58 4.03
Vs 10.94 3503 54882 493.86 31585 33.09 153240 o, 7.68 160.14 10.57 426.21
ysratio 0.07 11 1 0.64 3.1
B3LYP/6-31G*p
Es? 467 4.64 .62 .37 414  4.34 .
9 6 6 3.6 33 8 3.89 Olxx 70.03 257.40 104.70 376.35
HF/6-31G* Qyy 70.03 125.80 71.34 137.45
Olxx 64.00 163.02 208.78 219.61 190.71 90.47 274.26 Oz 19.42 35.27 21.68 41.94
Olyy 64.00 73.13 114.86 116.82 117.21 66.68 129.24 Os 53.16 139.49 65.91 185.25
Olzz 1199 73.13 2744 22.70 2230 1352 26.48 Voo 8.59 601.45 70.93 10611.26
s 46.66 103.09 117.03 119.71 110.07 56.89 143.33 Yoy 8.59 12.35 7.14 14.63
Yoox  —12.12  68.48 90459 556.95 97247 37.35 2022.97 Vo222 2.13 3.52 2.25 4.60
Yy — —12.12 521 —-4.00 —21.07 21.49-33.09 76.53 Yy 6.27 25.59 2.25 —34.87
V222 017 521 052 —2.03 0.44  0.16 2.82 Vo 1.95 512 2.75 7.44
Vxxyy 15.16 44.24 —15.52  95.25-100.92  8.17 —44.20 Yyyar 1.95 316 1.93 2.85
Vxxzz —0.02 4424 -2.14 0.05 -0.26 0.10 2.42 Vs 7.93 137.01 18.83 2116.26
Ywzz ~ —0.02 10.35  0.57 —0.03 0.05 —0.04 —4.10
vs o 123 5531 17339 144.88 15843 417 40211 of 76 relative to that ofv1, while this feature also owes to the
’és ratio 641 %"(‘)3 15'218 i78 15137 6.00 2569 much more significant two-photon resonance enhancement of
B3LYP/6.31G y in Y2. Therefore, the corresponding factor of 46 obtained
e 65.18 17074 23157 24453 19299 9770 35953 usingthe PPP msthod V\_/oulld be reasonable, whefeas.that of 96
Oy 65.18 74.45 115.85 117.76 11821 66.10 127.94 gt the 'HF/6-3lG level is likely to be an overest[manon. As
Oz 12.28 7445 28.03 2321 2285 13.80 27.01 listed in Table 3, we performed further calculations on the
s 47.55 106.55 12515 12849 111.35 59.20 17149 selected systems using the extended 6-3tEbasis set, i.e.,
s ool 200y 81338 5270 gh2Al 2205 99851 the 6-31G* set augmented with diffuse p-type functions on
yyyy : : : : : : : — i = 4
s 026 258 0.42 0.46 058 026 345 carbon §p = 0.052_3) and n|trpgen§§ = 0.058_2) {i@om§. We
Yoy 340 5129 419 18.09 —7.40 —0.19 —35.86 found that these diffuse functions lead to a significant enhance-
Vxxzz 0.03 51.29 0.33 0.16 0.23 0.10 111  ment of ys for Y1, while their effects onY2 are almost
Yyyzz g-gg 92'(2)2 17%‘;% *101-%026 ](_)6%486 0-%477 151)357729 negligible. This feature is consistent with the previous result
}V/S ratio : 08 16 1 15 " les that the influence of diffuse functions on tlyevalue becomes
EZ 306 285 203 175 248 264 205 lesssignificant with an increase in the chain length of poly&hes.

aHOMO—-LUMO energy gap in eV.

mentionedL, of the Ng- andN;-mers) are also given in Table
1. Becausd; and everLg of PPV are smaller than those of
transPA, it is evident that the phenylene insertion is not
favorable to extending-conjugation. In contrast, these ECLs
of Dn, Tn, and evenn’ (constrained geometric unit models)
are much larger than those wéns-PA, clearly demonstrating
that the direct linkages of porphyrin units lead to quite extensive
m-electron delocalization beyond the classieatonjugated
polymers.

Nonlinear Optical Properties of Porphyrin Dimers. Before
applying the PPP theory to long porphyrin arrays, we check its
accuracy via a comparison with the ab initio HF and the DFT

As a result, theY2/Y1 ys ratio is reduced to 40 at the HF/6-
31G*+p level, which is close to the PPP value. On the other
hand, the statics of Y2 is enhanced at most threefold relative
to that of Y1 at both PPP and ab initio HF levels, which is
comparable to the experimental observation of sixfold enhance-
ment in the Q-band oscillator strendth.

The y values ofZ1 and Tn (n = 2, 3, 6, 8) have been
measured using the Z-scan method at the 1064-nm wavel@ngth.
In contrast to the case ofn, the incident laser is already one-
photon resonant with the,®and (1068 nm) off2, and they
values ofTn must derive from an interference of several one-
and two-photon resonances with each detuning dependent on
n. Therefore, an accurate estimation of thdependence of
in a nonresonant condition is hampered, and we are hence forced

theories as well as the available experimental data for porphyrinto check the consistency of values only within theories.

monomers and dimers. Although both the ab initio and DFT
methods have been widely adopted in investigations of NLO

Because of the basis-set dependence wdlues similar to the
case ofYn, the T2/Z1 ysratio is reduced from 118 at the HF/

responses of conjugated molecules and polymers, such studie$-31G* level to 21 at the HF/6-31G*p level. In comparison

on porphyrin compounds are limit€dThus, we hope our study
will also provide a platform for further theoretical studies on

the NLO properties of various porphyrin-based macromolecules.

The a andy values calculated by the PPP, HF/6-31G*, and
B3LYP/6-31G* methods are summarized in Table 2. According

to the DFWM (degenerate four-wave mixing) measurements at

the 1064-nm wavelengti¥,theys of Y2 is increased by a factor

with the latter, the corresponding ratio of 45 at the PPP level is
much greater, which could be mainly ascribed to an under-
estimation forZ1l based on the enhancement factor jof
proceeding from the HF/6-31G* to the PPP levelsZl (1.4),
T2 (3.1),Y1 (3.1), andY2 (3.6).

The results of the B3LYP calculations are also shown in
Tables 2 and 3. Th¥2/Y1 y ratios of 217 obtained with the
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6-31G* basis set and even 112 at the 6-31@"evel are much

larger than the corresponding values of PPP and ab initio HF
calculations as well as the experiments. This could be ascribed

to the well-known feature of conventional DFT, i.e., an
overestimation of the-dependence of as pointed out ofrans
PA5” and diphenylacetylen®. However, it seems that the
B3LYP method can be successfully applied to the multiply
linked dimersPD2 andT2, as well as the fused dimeéB2. Since

the drawback of the DFT becomes more significant as the bond-

length alternation is increased irans-PA,5’ it is noteworthy
that both diphenylacetylene alY@ comprise strongly alternated
single linkage {C=C-), whereas the other diporphyrins
contain no such fragments.

On the basis of the above considerations, the variatign in

values among diporphyrins can be correctly described even

without diffuse basis functions, i.e., at the 6-31G* level. The
relative ys values of diporphyrins with respect i are also

shown in Table 2. It can be seen that the ab initio HF and the

B3LYP theories provide similar results except for the failure
of the latter onY2, and the PPP theory is also consistent with
these high-level theories except the relatively snyatf 22
andB2. It seems that the indirect interporphyrinteconjugation

of 225 would be underestimated by the present PPP param-

etrization. The discrepancy @R is not due to the simplified

molecular geometry adopted in the PPP calculations but is
intrinsic to the PPP approximation, because essentially the same L A

results were obtained even if the B3LYP/6-31G* optimized

geometries were adopted. However, apart from this, we expect 0 5

that the PPP theory will properly describe the structymoperty
relationship fory in longer porphyrin arrays.

It is also noteworthy that the variation in values among
diporphyrins cannot be interpreted on the basis of the HGMO
LUMO energy gap g, becauseys of T2, which has the
smallestEy, is reduced from those @2 andY2 (Table 2). In
this regard, we note from the HF/6-31G* calculations that,
although yxx is the dominanty tensor component in these
systemsT2 has a relatively large and positiyg,yy value as in
the case ofZl. This suggests a somewhat two-dimensional
nature in thes-conjugation of T2 which tends to reduce
relative to the one-dimensional systériNevertheless, it will
be shown thal n exhibits a much more remarkable evolution
of y/n than the other porphyrin arrays along with an increase
in the number of porphyrin moieties.

Nonlinear Optical Properties of Porphyrin Arrays. For
the longer porphyrin arrays & 3), we focus on the longitudinal
components ofo. (o) and y (Y, because they are the
dominant components for quasi one-dimensionabnjugated
systems including the porphyrin arrays under study. We find
that Tn exhibits a dramatic evolution ofxw/n along with
increasingn. For instance, thexx{n values ofY10, T10, D10,
and B10 are calculated to be 2.05, 127, 15.0, and 1.23,
respectively, in units of 12 esu (all of the calculated,y and
yxxx Values are available in the Supporting Information).
Becauseys of these systems are dominated by theuw5
component (eq 10)yJ/n of T10 is enhanced by a factor of
23 200 with respect to thes of Z1, which is 2 orders of
magnitude greater than the corresponding ratio of 124 in
proceeding fromY1 to Y10.

Then-dependence of botin,/n andyww/n in the whole range
of nis shown in Figure 6 for each porphyrin array. In the case
of Yn (top panel), theJn values measured using the DFWM
techniqué® are also plotted after being scaled by a common
factor of 0.36 to coincide with the theoretigghux (=5ys) value
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Figure 6. Dependence ofi/n and yxw/n values on the number of
porphyrin unitsn of z-conjugated porphyrin arrays as obtained by the
PPP-CPHF calculations. The experimenfalvalues ofY n taken from

refs 48 and 14 are also plotted after being scaled by a factor of 0.36
(open triangle). The up and down arrows indicate the chain lengths at
which yxlh and oudn turn into a saturation regime (see text).

on the commonlymesearyl-substituted oligomef$and poly-

mers (L-Quin, in ref 14), and the polymer length adopted in
Figure 6 is an average of the estimated lengtm of 10—15.

As can be seen, the PPP calculation reproduces the observed
n-dependence ofg/n for Yn quite well, and it predicts that the
directly linked porphyrin array$n andTn, exhibit much more
retarded saturation of botit./n and yxw/n thanYn, while a
similar saturation behavior is the caseBi.

As pointed out in the previous theoretical studiest@ms-
PA,8061the saturation behavior gfww/n can be characterized
by the variation in its first derivative: gx/n]/dn successively
increases untih reaches critical valul,, and after that, it starts
decreasing to the thermodynamic limityg[./n]/dn = 0. This
means thag (N turns into a saturation regime mt= N,, and
we adoptN, as a measure of ECL. Thdl, values thus
determined on various-conjugated polymers are listed in Table
1 (constrained geometric unit). We find that (Lx of the N,-
mer) of Yn is close to that ofransPA, while those oDn and
Tn are increased two- and sevenfold, respectively. It is also
noteworthy thaiN, is nearly identical td\N;, which is determined
from Alg of 32 nm (eq 12) in all the systems excdpt, thus
implying the consistency of these ECLs. In sum-over-states
(SOS) languag®?©3 the discrepancy oifn would be related
to the fact thatN, reflects the saturation of transition dipole
moments associated with essential virtual transitions together
with that of 1E5 which determinedN;. An exceptional feature

atn = 1. Note that these data have been taken from experimentsof Tn is also noted from the saturation behavior @#/n:
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Figure 7. Dependence of (adLx and (b)yxxl/Lx Values on chain
length Ly of w-conjugated porphyrin arraystransPA, and PPV as
obtained by the PPPCPHF calculations. The range of the number of

repeating units (Figure 1) is indicated.

d[ox/n]/dn reaching maximum at = 6 for Tn, while oy/n is
initially (n = 2) in the saturation regime for the other conjugated

polymers.

The axx andyxxx Values of variousr-conjugated oligomers
normalized to their chain lengths are plotted in Figure 7 to
facilitate a comparison of macroscopic susceptibilitj¢s,and
¥®, among different systems, while a consideration of chain
densityo (the number of chains per unit cross-section) is also
required. We note that the variationqn./Lx in these systems
is quite similar to that of/Lx, implying the existence of a
scaling relationship between these quantities. Because of thi
feature, we confine our attention-an the following discussion.
The calculation predicts thaf®) of Yn polymer is comparable
to that oftrans-PA, taking into account a plausibly largerfor

J. Phys. Chem. A, Vol. 110, No. 14, 2006395

represent that in®). Then, it is predicted that evedd andT4
oligomers exhibit largen® than theYn polymer, and the
remarkable evolution of they® values along with an increasing
number of porphyrin moieties resultsa 3 orders of magnitude
enhancement byn and a tenfold amplification bfpn in the
limit n— c. According to recent experiments with femtosecond
laser pulses, the TPA cross-sectio® of T2 (14 000 GM}8
exceeds that ofy2 (9100 GM)% and from the present
computational results on statig, a much more dramatic
enhancement af® is expected for longefn. In addition, it is
evident from the comparison din andTn' that the remarkable
NLO responses of n are due to the cooperative contributions
of the triple linkages as in the case B

For the application as all-optical signal processing, a material
should fulfill the requirements of not only a sufficiently large
NLO response but also transparency at the telecommunications
windows near 1.3 and 1/m. In comparison with the classical
conjugated polymers such @DA, the sharpness and high
intensity of the Q-band absorption ¥ polymer around 850
nm should offer a stronger one-photon resonant enhancement
of ¥® together with good transparency at the operating
windows?2 In this regardTn will fall short of the transparency
requirement, since its Q-band extends far into the red of the
telecommunications windoW? Alternatively, Dn may be
promising for a further extension of the advantage Yof,
because it also exhibits quite sharp, intense Q-band absorption
that reaches approximately 1075 nm rat= 52% and the
calculation predicts that eve®5 has largery® than Yn
polymer. Therefore, the measurementg@{—w; w, v, —w)
on Dn at wavelengths within the telecommunications window
would be particularly valuable.

Scaling Behaviors ofy® and 4. Using the Higkel theory,

Flytzanis and co-workers have derived the scalingg®fand

@ with a kind of ECL, delocalization parametéyy or
delocalization lengtiLy (= Nga; a is the unit-cell length) (eqgs

1 and 22325 For a simple bond-length alternated chaky,

was defined afNg = (61 + p2)/(B1 — P2) in terms of the
modulated transfer integralg; (for C=C bonds) ang; (for
C—C bonds). In the course of further study on these scaling
laws, we adopt the above-mentionid as an ECL instead of

Ng, becauséN, can be determined on an arbitraryconjugated
polymer. The relationship betwed¥, and Ny is examined at

the PPP level on the basis of the same model chains as those of
Flytzanis and co-workers. With the bond-length alternation
parameted, the transfer integrals are represente@by [So(1

+ 0) andfz = Bo(1 — 6), which lead to a simple expression of
the delocalization parametédy = 1/0. The preseng; andf,
gvalues used fotrans:PA correspond t@ = —2.338 eV and

= 0.084. Other systems that have different ECLs are described
by the samej3, and variabled, where the actual geometry
required by the PPP theory is fixed in every case at that of

the latter. Although thg® of Yn has been compared with those ~StandardransPA (i.e., bond-length alternated geometry). As
of other z-conjugated polymers based on the DFWM experi- Pointed out in ref 65PDA and o-conjugated polysilaneRs)

ments!® a direct comparison o¥n and transPA was not

can be simulated by settinjto 0.15 and~0.3, respectively.

permitted, because the measurement on the former was perThe N, values of these systems are determined by the recipe
formed in the off-resonant condition, while the latter was at described above and are compared with(= 1/0) in Figure

on-resonance. The comparison of off-resongdftwas made
with PDA concluding that thg® of Yn is more than 10 times
larger than that oPDA. As will be shown in Figures 9 and 10,

8. As can be seenl\, is nearly proportional (accidentally
identical) toNg in the range of realistié (1 < 6 < 0.08), while
the discrepancy becomes largerdadecreases: in the limi

the present calculations are consistent with this observation, even— 0, Ng — o versusN, = 21. As stated below, this discrepancy

if a largero of PDA is taken into account.

Since all the porphyrin arrays are likely to have a simitar

is related to the occurrence of an off-diagonal charge density
wave (CDW) as a HartreeFock solution of metallidrans

the variation inyx/Lx among these systems may properly PA.
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20 0 value. The least-squares linear fittings have been performed
over all data points, and from the slope of these lines, we obtain
15k v - the scaling lawsguo/Lx ~ L1 andyyulLx ~L,*> which exhibit
| m 005 5 =0.03 much smaller exponents than the d¢kel values of 2 and 6.
=" Because, due to the relationship betwegn and Ny, our
10 " M0.084(trans-PA) exponents should be further decreased if we adlgphstead
o Wo-11 of L,, these discrepancies are plausibly ascribed to the influence
Wy, O19FDA) of electron-electron (e-e) interactions, which is taken into

| ‘!‘dfams) account in the PPP theory but not in thédRal theory.

[ e e Although our results would be a better description of the
5 10 15 20 25 30 35 40 scaling laws, any discussion concerning ECLs suffers from
N intrinsic difficulties. Because there is no unique definition for
d . . . . . .
_ ) _ ) o ECL, this is also the case for scaling relationships with respect
Figure 8. Relationship between effective conjugation lengtsand to ECL. For instance, we obtain quite different power depend-
N, (see text for the explanations), as evaluated using the PPP methOdencies if we adopLe as an ECL, e.g Iy ~ Le42for the
on the simple conjugated chains of various bond-length alternation . OHTE » ©-8¥0000=x E e 1
systems listed in Table 1. However, apart from these difficulties,
1000 the nice fittings in Figure 9 suggest that the asymptotic values
(a) of axdLx and yxwllLx Of any conjugated polymers could be
estimated from these plots if we determine only tigivalue.
This offers apparent computational benefits, becéNjsean be
determined with much less effort than a direct evaluation of
the asymptotic values, especially for

On the other hand, the scaling relationships of eqs 3 and 4
are well-defined and accessible to measurement. The experi-
mental study has derived the scaling relationshig®{—3w;

W, ®, ®) ~ imaX (Amax IS the wavelength of the low-energy
absorption maximum) with the exponext= 11 for various
PDA (5 =0.15) conjugated oligomers and polymers includitmigns and cis-

PA andPPV.2” Another experiment has also obtained a similar
o o ) value ofx = 10 on a series of PPV derivatives with respect to

10 100 the wavelength of the optical absorption ed§én Figure 10,
the asymptotic values afi/Lx and yxwlLx are plotted in a
double-logarithmic scale versus reciprocal HOMOJMO
energy gap H,. From the linear fit to the five simple chains,
we obtain the scaling relationships/Lx ~ 1/Eg** and yyxol
Lx ~ 1/E4*C which can be compared with egs 3 and 4 as well
as with the experiments. These exponents are much larger than
the Hickel values of 2 and 6, and that feris in much better
agreement with the experimental results ¢#. Thus, taking
into account ee interactions indeed leads to an improved
description of the scaling relationship. It is also noteworthy that
the experimentakmax is plausibly associated with an exciton,
while the theoreticaky corresponds to a free electrehole
state. The excitonic level is located beld®y by an exciton
binding energy that tends to increase with an increasifi
Accordingly, if exciton formation is taken into account, the
fitting lines in Figure 10 should be much steeper, and the
exponent will hence be much closer to the experimental values.

At this stage, note that energy gapof the simple conjugated
chain does not vanish even at= 0 (Figure 10), because the
PPP-HF solution obtained for this system corresponds to the
off-diagonal CDW67-68 The ab initio HF calculations have
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Figure 9. Double-logarithmic scale plot of PPRECPHF calculated

asymptotic values of (a)/Lx and (b)yxw{Lx Vs effective conjugation
lengthL, for various conjugated polymers. The fits to all the data points

are shown by the solid lines with their slopes. revealed that this sQIL_Jtion is more stabl_e than the metallic
solution for the equidistantrans-PA and lies on the same
In the following, we are concerned with tlg,/Ly andyyul potential energy surface as the asymmetric wave functions of

Ly values of |nf|n|te|y |Ong po|ymersy because the Sca"ng bond-length alternated chaifiSBecause the occurrence of off-
relations (egs +4) are valid for sufficiently long chains. Note  diagonal CDW within the HF model indicates a lattice dimer-
that the variation of these quantities approximately representization of transPA®"%8 as explicitly described by Peierls
those ofy™ andy®. The asymptotic values /Ly andy ol distortion®® those systems with < 0.084 are not realistic.

Ly are estimated by extrapolating the finite-chain values via a It has been pointed out that the scaling relationship®f~
fitting to the second-order polynomial ofl1/(see the Support-  Amax Obtained for a series of conjugated polymers does not hold
ing Information). In Figure 9, they are plotted in a double- in other systems that have different dimensionalityradlectron
logarithmic scale versus, (L of theN,-mer), where the simple  delocalization or substitution effectsIn other words, we can
model chains considered above (Figure 8) are indicated by eactutilize the relevant masterplot® versus 1Eg or Amay) t0



NLO Properties of Linear Porphyrin Arrays J. Phys. Chem. A, Vol. 110, No. 14, 2008397

1000 18 A (AL = 32 nm) forTn, while they are essentially the same in
(a) s the other conjugated polymers (Table 1). Because there is also
Tnm . a similar situation in the case of(Figure 10a), the exceptionally

L’ largey of Tn would result mainly from the significant charge
100 k 4/,/ separation associated with the ground to the excitgdtgre

; e transition as revealed in our previous stdéi{fhus,Tn can be
AN viewed as indeed a new type afconjugated polymer in the
masterplots due to an extremely extendedonjugation that is
established by the triple linkage of porphyrin moieties.

Influence of Geometry Relaxation of Porphyrin Units. In
all of the PPP calculations described above, the geometries of
the porphyrin units in the arrays were constrained to the X-ray
PS (5 =0.3) geometry of ZH-TPP. Therefore, it is worthwhile to consider
] . . . . . how their relaxation affects the ECLs and, hence, the NLO
0.1 0.2 0.3 04 05 06 07 properties of porphyrin arrays. For this purpose, we optimized
11 E, (eV'") the geometry of porphyrin trimers using the B3LYP/6-31G*
method and adopted the bond lengths in their central units to
E evaluate all of the intraunit transfer integrals in the PPP
107 r (b) ——— Hamiltonian. Note that the geometry relaxations are taken into

27 account by changing only these transfer integrals in the previous
i models (i.e., e-e interactions are not changed), because they
L ¢ must be the most essential parameters in describing the

¥ QD,, electronic structures of-conjugated systems.

The ECLs of porphyrin arrays after geometry relaxations are
10.1 summarized in the bottom of Table 1. The ECLsYaf andBn

are almost same as those for the constrained geometries, while
those ofDn are slightly increased ard; (Alg = 32 nm) of Tn

PPV is dramatically enhanced. Althou@h could not be determined

for Tn of relaxed geometries because of convergence problems
of CPHF calculations fom > 16, it is evident from the
n-dependence ofyx/n described below thalN, is also
significantly increased. The asymptotic values af/Lx
(yxxlLx) for the relaxed geometries were estimated for the
Figure 10. Double-logarithmic scale plot of PPRCPHF calculated porphyrin arrays excepﬂ'n using the same procedure as

ﬁijh;“optmic values O;_I,(ﬁ”/ Lxand (b)yscoolLx Vs drecilprocal HT(%M%' 4 described above, and it was found that they are increased by
energy gap or various conjugated polymers. The fille
squares represent the data obtained for constrained geometries and thf ctors of 1.1 (1.4), 1.0 (1.1), 1.4 (2.6), and 1.6 (3.9) Yar,

open triangles for relaxed geometries (note thafx of T15 has a n, Tn', andDn, respectively.

negative sign). (a) The linear fit to the data of five simple chainsis ~ ForTn, theay/n andyx{n values of the relaxed geometries
indicated. (b) The same fit as in (a) and another fit to the data of four gre compared with those of the constrained geometries in Figure
porphyrin arrays (constrained geometries) are indicated. 11a,b, respectively. As a result of geometry relaxationgn

characterize the electronic structures of new conjugated poly-iS increased by factors of 2.2 and 4.8 mt= 10 and 15,
mers such as porphyrin arrays in comparison with the typical respectively, and it does not indicate any saturation even at
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one-dimensional polymers. As shown in Figure &@/Ly of = 15. The change ify is more drasticy . becomes negative
four porphyrin arraysYn, Bn, Tn’, andDn) are scaled together @t =7, and it is enhanced by factors 6#.3 and—153 atn
with the simple chains, and even theig./Lx values exhibit a = 10 and 15, respectively, relative to those of the constrained

scaling relationship (exponent is 10.1) similar to that of simple geometries. It is noteworthy that these dramatic changes are
conjugated chains. These features would be a manifestation oféftributed largely to the triple linkage, because only slight
typical one-dimensionat-conjugation of these porphyrin arrays. ~ changes are the case fon’, which has the same unit geometries
In SOS language, the amount of charge separation associate@s Tn but only mese-mesolinkage. In comparison with the
with virtual electronic transitions is a crucial quantity that X-ray structure of ZH-TPP as well as the B3LYP/6-31G*
determines the magnitude of corresponding transition dipole Optimized structure of Zkporphin ¢1), we note that both the
moments and hence, thosecoindy 6263 Therefore, the slightly ~ Cmesa~Ca and G—Cg bonds next to the interunit linkages are
reducedy of these porphyrin arrays relative to the simple chains Ssignificantly elongated in the central unit 8 (the same trend
can be attributed to a less significant charge separation associOf the Gness~Ca bond is also the case for quinoidal porphyfjn
ated with virtual transitions between excited states, because theirThese geometrical features may be responsible for a further
a values are essentially of the same magnitude as the simpleenhancement of charge separation in the excitedt&e (i.e.,
conjugated chains. an increase i) and, hence, for the negative signpfia a

On the other hand, the largevalue of Tn cannot be expected ~ dominant contribution from the negative term of SOS expression
from those of the other porphyrin arrays along their scaling of ¥ (the second term of eq 30 in ref 5).
behavior and is even beyond the extrapolation from the simple  The data for the relaxed geometries are also plotted in the
conjugated chains. This feature is due to the extremely retardedmasterplots of Figure 10. As can be seen, the geometry
saturation ofyx.w/Lx relative to 1E5 compared with the other  relaxation of porphyrin units does not alter the trends of the
porphyrin arrays as has already been recognized from thestructure-property relationships among porphyrin arrays; rather,
comparison of two kinds of ECLN, is much greater thaN; it makes the unique features ©h more prominent under the
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As a measure of effective conjugation length (ECL), we
propose oligomer length, at whichy/n turns into a saturation
regime. It was found that, of Yn is similar to that oftrans-

PA, while those oDn andTn are increased two- and sevenfold,
respectively, and further enhancements are caused by geo-
metrical relaxations, especially farn. Both @ and y® of
various conjugated polymers are systematically described by
L,, in which the power dependencies are much lower than the
results of the Haokel theory (eqs 1 and 2) because of the
influence of electrorrelectron (e-e) interactions. In addition,
eqs 3 and 4 were reinvestigated for a series of simple conjugated
chains. Especially for the relationshig® ~ 1/Eg, the PPP
theory provides the exponentxf= 9.0, which is in much better
agreement with the experiments<€ 10—11) than the Hakel
theory & = 6), revealing a significant role of-ee interactions

on this issue.

The porphyrin arrays excepin exhibit a similar scaling

_____ " relationship x = 10.1) consistent with the quasi one-dimensional
Y nature of thesa-systems. However, the extremely lasgealue
\ of Tn cannot be expected from those of the other porphyrin
arrays or the simple conjugated chains along the scaling behavior
[ of ordinary one-dimensionat-systems. In this sensé&n is
ax10® regarded as indeed a new typemtonjugated polymer probably
r due to extremely delocalizedelectrons along the tape-shaped

6000 [

4000

adn (A2

2000

-2x10% [

———mmmmmmemd

=}

| backbone. Thus, a similar analysis based on the master plot of
-6x10° [ o %@ versus 1Eg (or the Amax Of optical absorption) would be
I useful for a systematic understanding of the structypm®perty
I (b) relationship among various quasi one-dimensional conjugated
8x10° - - polymers. In addition, from the remarkable advantage of the
S EEEEEE—— triple linkage of Tn, a question arises as to whether the same
0 5 10 o200 28 30 architecture is effective for-conjugation if other macrocycles,
Number of porphyrin units such as corrolésand N-confused porphyrind,are adopted as
Figure 11. Influence of geometrical relaxations of porphyrin units on  building block elements.
the n-dependence of (a)w/n and (b)yx/n of Tn as obtained by the
PPP-CPHF calculationsM, constrained geometry, relaxed geom- Acknowledgment. A.O. acknowledges support by Grant-
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