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Density functional theory (DFT) electronic structure calculations were carried out to predict the structures,
energetics, and triplettriplet (T—T) spectra for the low-lying triplet states of free-base porphinjRidd its
[-octahalogenated derivativg$-PH,Xs; X = F, Cl, Br). The lowest triplet excited state of PhdS-PHXg

was found to retaimD,, symmetry with stretched 4&=-Cs and G—C,, bond distances. For free-base porphin,

the singlet-triplet (S—T,) gap obtained with the B3LYP functional was in excellent agreement with the
experimental phosphorescence value. Excitation energies computed by time-dependent DFT also provided a
fine account of the observed-TT spectrum 5-Halogenation had little effect on the singtdtiplet gaps of

porphin. The $-T; and $—T; splittings for3-PH,Xs were within 0.1 eV of the corresponding splittings in

the unsubstituted porphin. All bands in the-T spectra off-PH;Xs were predicted to be significantly (up to

0.65 eV) red-shifted in comparison to corresponding bands of the unsubstituted porphin.

I. Introduction

Porphyrins are found in a wide variety of applications that
exploit their ground- and excited-state properties. In the triplet
excited states, they participate in photoinduced energy- and
electron-transfer reactions that are important in photodynamic
therapy! Their strong triplet excited-state absorption has also
generated considerable interest in the use of porphyrin and its
derivatives for nonlinear absorption (NLAP and optical
storagé applications. Since a high transmission under regular
laser conditions and a low transmission under high-intensity laser
sources is desirable, one of the basic requirements for an NLA
chromophore is an excited-state absorption cross section much
stronger than that of its ground-state counterpart over a wide
spectral range. In porphyrins and related compounds, the
mechanisms of NLA have been shown to involve primarily the
ground-state singletsinglet and triplet-triplet (T—T) absorp-
tions, and efficient singlettriplet intersystem crossing in order  Figure 1. Labeling scheme for free-base porphin.
to maintain a sufficient triplet populatici Thus, the prediction
of photophysical properties of the triplet excited state are semiempirical calculations, an assignment®y, symmetry for
important in the understanding and design of porphyrin-based the lowest triplet state ¢ has been made on the basis of such
NLA dyes. However, the electronic structure andTTspectrum calculations and electron paramagnetic resonance (EPR) spec-
even of the parent free-base porphin @Ptare not well tra® However, a more recent electrenuclear double resonance
understood (Figure 1). There have been numerous experifiéhtal  (ENDOR) study ofPH; has concluded that the EPR interpreta-
and theoretic8l*2-14 studies aimed at unraveling the electronic tion and assignment are erronedt¥he ENDOR data pointed
structure and electronic spectrum for the triplet excited statesto Cz, instead ofD2n, symmetry for T of PH,.
of porphyrins. Previous theoretical studies of the triplet excited ~ Early theoretical work on the T absorption spectrum of
states of free-base porphifPH,) have been limited to simple  tetraphenylporphyrin predicted a large number of allowed bands.
molecular orbital (MO) levels using the ground-state geometry. Although quantitative agreement with experiment was not
In these studies, the computed energy separations between thebtained, these ParisePar—Pople (PPP) calculations by Weiss
four low-lying triplet states, obtained from the excitation et all2 revealed the complex nature of the observedTT
between Gouterman’s four orbitals (the two highest occupied spectrum. These researchers concluded that the four-orbital
MOs and the two lowest occupied virtuals), are very small and model proposed by Goutermi&ris not valid for interpreting
their relative ordering is dependent on the choice of parameters.the T-T spectra of porphyrins. Recently, semiempiricat T
Although it has been recognized that the prediction of the spectral calculations for porphin have been carried out using
electronic structure APH, cannot be made on the basis of these the ground-state geometty.Configuration interaction (CI)

singles based on the intermediate neglect of differential overlap/

* Part of the special issue “Electronic and Nonlinear Optical Materials: SPectroscopic (INDO/S) approximations grossly underestimated
Theory and Modeling”. the T-T excitation energies of porphin. However, the corre-

10.1021/jp993807q CCC: $19.00 © 2000 American Chemical Society
Published on Web 05/03/2000




Triplet States of Free-Base Porphin and Derivatives J. Phys. Chem. A, Vol. 104, No. 20, 2000749

sponding MRCISDT-CI excitation energies are in reasonable TABLE 1. Geometry Parameters (in Angstroms and
agreement with experimental dataviore recently, the versatile ~ Degrees) for thehGround and Triplet Excited States of
Kohn—Sham density functional theory (DFT) and the time- Fré€-Base Porphin

dependent DFT (TDDFT) in particular, have been quite suc- . 13Bay 2By 13Byy 2%Byy
cessful in predicting the ground-statey)8lectronic structures Ay (Bu®bi) @®bg (Bsu®brg (A D1y
and spectra of porphifr24and the larger tetraphenylporphyrin ~ Hso—Ns 1015  1.015 1.014 1.015 1.017
He p ot : N3—Co 1372 1.372 1.381 1.376 1.374
and its -octahalogenated derivativés.DFT also provides
ics of excited-state open-shell radical catfotisand N Cs 180 8z sed 1370 1871
energetics of excl Pe rac . Co—Cis 1435  1.408 1461 1438  1.432
triplets of porphyrindl-25that are in quantitative agreement with  c;—c; 1.460  1.463 1.455 1.435 1.481
experimental data. C14—Ci3 1.372 1.401 1.354 1.370 1.380
In the present study we describe the results of DFT and &5~ 1356 1353  1.363 1376 1.344
TDDET electronic struct lculati fGPH,. Th Co—C17 1394  1.428 1.372 1.391 1.410
_electronic structure calculations . These CoeCry 1400 1389 1420 1.420 1391
calculations were carried out to determine the structures, c,,—H 1.082 1.082 1.082 1.082 1.082
energetics, and spectra of low-lying triplet states forPFhe Cs—H 1.083 1.083 1.083 1.083 1.083
computed results shed light on the outstanding electronic and€i7—H 1.086  1.087 1.086 1.087 1.085

- i o(H30—Ns—Cg) 124.6  124.9 124.4 124.6 124.6
structural issues foiPH, and its observed spectral data. Good a(CoNsCr9 1109 1103 1111 1107 1107

agreement is found between the computed and observeld T (c,—N,—C;)  105.4 105.4 105.3 105.0 105.5
spectra for free-base porphin. In addition, the computed o(Ns—Co—Ci3) 106.5 107.3 106.0 106.5 106.7
structures, energetics, and-T spectra for the corresponding  @(N1-C1—Cs)  111.1 110.8 111.3 111.4 110.9
B-octahalogenated derivative$-PH,Xg; X = F, Cl, Br) which “(gg:gli_ccl“) igg-g igg-g 182-‘11 igg-i igg'g
have not yet been synthesized are presented. These halogenaté}gé@_i_d% 12565 1246 1268 1258 1251
porphyrins have much larger ionization potentials that can result o(N,—Cc,—C;7) 125.5 125.1 124.8 123.7 126.7
in greater stability toward direct photodegradations and other o(Co—C17—C1) 127.1 128.1 126.6 128.4 126.3
photoinduced reactiorfd:26 Furthermore, the triplet population =~ ®(Co=Cis—H)  124.3  124.9 1237 1242 124.3
can be effectively modulated by halogenation as reported by zEg;:gi:_HF)') ﬁgg ﬁgg ﬁgg ﬁgg ﬁg'?
Bonnet et al. for a series of free-base octaalkylporphyfiihe ' ' ' ' '
T—T spectra of these and other halogenated porphyrins, TABLE 2: B3LYP/6-31G(d) Adiabatic (So — T1) Excitation
therefore, are of interest in the design of nonlinear absorption Energies (in eV) for Free-Base Porphin

dyes. electronic states AE AHg
. 1°Boy(bsu® b 1.53 1.42

II. Computational Methods 23B;Ea?® bz;)g) 1.88 1.70
; ; 9 13B1u(bau ® bag) 1.78 1.78

The structures have been predicted using keBham (KS} PB(a ® bu) 203 194

density functional theory with the 6-31Gg8§! basis set (for
carbon, hydrogen, and fluorine). The effective core potentials  *Experimental phosphorescence value of 1.58 é\Excluding one
and basis sets of Stevens et3%}® were used for heavier imaginary freq_uentl:y of 4199i cm. ¢ Excluding one imaginary fre-
elements. DFT calculations were carried out using Becke's three-duency of 323 cm’,

parameter (B3LYP) hybrid function&t 3¢ Open-shell DFT
calculations for the triplets were carried out using the unre-

stricted self-consistent field (SC¥)formalism, while the (3Bz) symmetry with a positive definite Hessian. Among the

restricted versio¥¥ was used for the closed-shell species. As noticeable structural changes upon going frogMcST; are the
typically observed in open-shell DFT calculations, spin con- stretching (by 0.03 A) of one of the g£Cs (Ci4—Cus) or

tamination of the triplet states is lo%®.The <> values for :

all triplets are be|0V\E) 2.07. The structures were verified to be Co—Cm (Co—Cy7) bonds and the shortening of one of the
; . " ) .~ Cy—Cg (Co—Cy3) bonds by about the same amount (see Table

either minima or transition states by evaluating the appropriate 1 and Figure 1). Other bond changes involve a slight (0.01 A)

matrix of energy second derivatives (Hessian). The excitation increase and decrease in the-\C; and G—Cy- distances

energy and oscillator strength calculations were carried out usmgrespectively All $—T; shifts in bond angles are no larger th,an

time-dependent density functional theory (TDDETH* as 10 Energeti;:ally, Tlies 1.53 eV (Table 2) above,®n the

implemented in the Gaussian “98rogram. These TDDFT . ; S
; ) classical potential energy surface (PES). The & splitting is
calculations, carried out at the B3LYP structures, were done reduced to 1.42 eV, after zero point energy corrections are

with the same basis set used in the DFT structural calculations.; .
. . . included. This value, computed at the B3LYP/6-31G(d) level,
For porphin, the moig economlcasl lOGE(ILSDA) and nonhybrid compares well with the experimental phosphorescence value
functlonals_ (BPB.G;’ _e_md ngif ) have also bee_n used to of 1.58 eV reported by Gouterman and Khélithe B3LYP/
assess their applicability. In addition, calculations with the larger 6-31G(d) results appear to be converged because ¢h@:S
_ 4,45 i i
6-3114-G(2d,p}*“*Sbasis set were carried out to gauge the effect splitting is improved by only 0.03 eV at the B3LYP/6-3%G-

of basis set on the energetics. (2d,p) level. Basis set corrections, therefore, were not carried
out for other systems.

The excitation from HOMO- 1 to LUMO + 1 gives the

A. Structures and Energetics. 1. 3PH,. The search for second®Ba(a, ® byg) state which has the opposite geometric
metastable triplet states of Rlhcluded four electronic states  distortions when compared to.TThe G—Cg (C14—Cy3) bond
obtained by exciting between Gouterman’s four orbitals (the decreases by 0.02 A while the,€C (Co—Ci3) bond increases
two highest occupied MOs and the two lowest virtuals). These by 0.03 A in comparison to the corresponding bond distances
excitations give rise t&B, and 3By, electronic states. The in S (see Table 1). In addition, there is a slight increase (0.02
geometrical parameters and relative energies of these four stated) in the G—C;7 bond distance. Energetically, thég2, state
are listed in Tables 1 and 2. The Structural parameters, is only about 0.4 eV above;THowever, the 3B,, structure is

computed previously! are also included for comparison. The
lowest triplet excited-state structure was found to re@@jn

Ill. Results and Discussion
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TABLE 3: Geometry Parameters (in Angstroms and Degrees) for the Ground and Excited Triplet States of Free-Base
p-Halogenated Porphyrins

PHoFs PH.Clg PH:Brg
lAg 3B2u 3Blu lAg 3BZu 3Blu lAg 3BZu 3Blu
Hso—N3 1.015 1.014 1.014 1.015 1.015 1.015 1.016 1.015 1.015
Nz—Co 1.374 1.374 1.377 1.372 1.372 1.375 1.372 1.372 1.375
N1—Cs 1.365 1.374 1.371 1.362 1.371 1.369 1.363 1.372 1.369
Co—Ci3 1.433 1.405 1.436 1.439 1.410 1.442 1.440 1411 1.443
C—C 1.454 1.458 1.429 1.463 1.466 1.435 1.464 1.467 1.436
Cu—Cys 1.369 1.397 1.367 1.375 1.404 1.373 1.374 1.404 1.373
Cs—Cy 1.353 1.350 1.370 1.358 1.356 1.377 1.359 1.356 1.377
Co—Ci7 1.390 1.424 1.386 1.390 1.424 1.387 1.390 1.424 1.387
Ci—Cy7 1.396 1.384 1.417 1.397 1.385 1.417 1.397 1.386 1.417
CizX 1.331 1.335 1.331 1.724 1.727 1.723 1.878 1.880 1.876
Cs-X 1.336 1.335 1.341 1.729 1.727 1.733 1.882 1.881 1.886
Ci—H 1.085 1.086 1.086 1.084 1.085 1.085 1.084 1.085 1.085
o(Hz0—N3—Cy) 124.3 124.5 124.3 124.2 124.4 124.2 124.2 124.4 124.3
o(Co—N3—Cyq) 1115 1111 111.3 111.7 111.2 1115 111.6 1111 111.5
o(C1—N1—Cy) 106.0 105.9 105.8 106.4 106.3 106.0 106.5 106.4 106.1
o(N3—Co—Ci19) 105.9 106.5 105.9 106.0 106.7 106.1 106.1 106.7 106.1
o(N1—C1—Cs) 110.5 110.2 110.5 110.4 110.2 110.6 110.4 110.2 110.6
0(Co—C13—Crs) 108.3 108.0 108.4 108.1 107.7 108.2 108.1 107.7 108.2
o(C1—Cs—Cy) 106.5 106.8 106.6 106.4 106.7 106.4 106.4 106.7 106.4
o(N3—Co—C17) 126.5 125.8 126.8 126.3 125.5 126.4 126.2 125.3 126.3
o(N1—C1—Cy9) 126.4 126.0 124.8 126.2 125.8 124.6 126.0 125.7 124.5
a(Ce—Ci7—Cy) 125.8 126.6 126.9 126.6 127.5 127.7 126.9 127.8 128.0
o(Co—Ci3-X) 123.8 1249 123.6 124.8 125.7 124.7 124.7 125.6 124.6
o(C1—Cs-X) 124.4 124.0 124.9 126.0 125.6 126.2 126.1 125.7 126.2
o(Co—Ci7—H) 116.7 115.9 116.2 116.2 115.3 115.8 116.0 115.2 115.6

TABLE 4: B3LYP/6-31G(d) Adiabatic (So — T1) Excitation
Energies (in eV) for Free-Base Porphyrins

*Bay

not a minimum, but a saddle point on the PES with an imaginary
frequency of 4199i cm! whose normal mode leads toGy,
structure with inequivalent €N distances.

By

The second triplet excited statex{f porphin, £B;y(bsy ® system AE AHo AE AHo
byg), is obtained from the HOMO to LUMGH 1 excitation. PH, 1.53 1.42 1.78 1.78
This is a true metastable state with a positive definite Hessian.  3-PH,Fg 1.62 1.41 1.86 1.88
T, is predicted to lie 1.78 eV above the ground state resulting ~ S-PHCls 1.52 1.50 1.74 1.78
in a T,;—T> splitting of only 0.25 eV (Table 2). Structurally, B-PH:Brg 1.50 1.39 1.72 177

going fromT; to T, involves shortening of one & Cg (0.03

A, C1—Cs) and lengthening (0.630.04 A) of the other €—C;
(Co—Ci3) and the G—Cp, (C1—Cy7 and G—Cy7) bonds. The
stretched @—Cg (C14—C13) in 13B1y(bsy ® byg) is shortened
while the other g—Cg (Cs—C;) is lengthened (see Table 1 and
Figure 1). The secontBi(a, ® byg) state is obtained from the
HOMO - 1 to LUMO + 1 excitation. This structure, lying
2.03 eV above &with an imaginary frequency of 323i cth

is not a minimum on the PES. The imaginary frequency of
2%B1(au ® byg) also has a normal mode leading to a structure
with Cyn symmetry. Following the imaginary normal modes,
the macrocyclic ring was allowed to distort @y, symmetry. for PH,, studies of its experimental-IT spectrum are limited
The lowest energy statég) converged to the (Dzn, 1°B2y) to those reported by Sapunov ethand Radziszewski et &.
structure after geometry optimization. Other electronic states The T-T spectrum ofPH; in dimethylphthalate has five bands

found in PH. The porphyrin skeletons of the triplet states of
B-PH:Xsg, therefore, are essentially unaffecteddslgalogenation.
Energetically 5-halogenation has little effect on thg @and T,
energy levels. The STy and $—T; splittings for 5-PH:Xs
are within 0.1 eV of the corresponding splittings in the
unsubstituted PH

B. Triplet —Triplet Spectra. 1.3PH,. In the previous section,
the £B,, state was established as the lowest triplet excited state.
We now turn our attention to its T absorption spectrum.
While a number of ground-state spectral studies are reported

Ay, 2Ag, and®By) lie significantly higher in energy. Frequency

as shown in Figure 2146 The low-energy region is broad and

calculations, therefore, were not carried out for these high-energylow in intensity. Two bands with maxima at 1.56 eV (band I)

Con structures. Optimizing the triplet undé€x, also leads to a
Doy, structure (T) found earlier.

2. 38 -PHyXg. The geometrical parameters and relative
energies ofB-PH,Xg for the BB,, and £By, states are listed

and 1.65 eV (band IlI) can be identified in this region. The
higher-energy region with a maximum at 2.96 eV (band 1lI)
and a shoulder at 2.82 eV (band 1V) extends from about 2.5 to
3.1 eV. The fifth band has a maximum at 3.23 eV (band V). In

in Tables 3 and 4. The ground-state geomettiese also addition to bands reported by Sapunov et al., Radziszewski et
included for comparison. Other higher electronic states that wereal.X° recorded another transition with a maximum at 4.00 eV
unstable in3PH, were not considered fof3-PHXs. These  (not shown in Figure 2) fofPH, in an Ar matrix at 10 K.
p-halogenated porphyrins apparently undergo excited-state Our TDDFT results for the lowest 40 roots reveal 18 allowed
distortion in a fashion similar to the parent porphin system. All transitions (Table 5). It appears that the two experimental low-
B-PH:Xg are predicted to have stabl®y, structures for both energy bands at 1.65 and 1.56 eV (a shoulder) are related to
the BB,, and BBy, states. Similar t6PH,, the lowest triplet the first 3Bsg and %Aq states, respectively. ThelB,, band of
excited states for alfB-PH,Xg are of 3B,, symmetry. The 1.56 eV with an oscillator strength of 0.012 is within 0.1 eV of
structural changes in the porphyrin skeleton going franadS experiment. The3Bsyband, predicted to appear at 1.81 eV with
T, for B-PH:Xg, not surprisingly, are almost identical to those a larger oscillator strength (0.034), is overestimated by 0.16 eV.
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TABLE 5: T —T Excitation Energies (in eV) and Oscillator
Strengths for Free-Base {B,,) Porphin

excitation oscillator
transition energies strength exp
LA (7t — %) 1.65 0.0120 159
13Baq (7 — 7%) 1.81 0.0340 1.65
2%Bgq (7t — ) 2.13 0.0069
22Ag (r — 7¥) 2.29 0.0029
13Byg (r — 7*) 2.43 0.0006
3%Bag (7 — 7*) 2.62 0.0178
3FAg (T — 7¥) 2.82 0.0145
43B3q (1 — 7¥) 2.87 0.0306 2.82
5%Bag (1 — %) 3.15 0.0023
LA (T — %) 3.24 0.3253 2.986
6°Bag (1 — %) 3.54 0.5473 3.23
5%Ag (7t — 7*) 3.81 0.0002
7°Bag (1 — %) 3.93 0.0003
6°Ag (T — 7*) 3.96 0.0947
8%Bag (1 — %) 4.09 0.4769
A (T — 7*) 4.23 0.6829 4.00
9*Bag (7 — 7*) 4.29 0.1819
2%B1g (7t — ) 4.50 0.0008

aReferences 11, 46.Reference 10.

Note that the predicted oscillator strengths for bands | and |

are consistent with the observed intensity (see Figure 2 and

Table 5). The next three states at 2.13, 2.29, and 2.43 442

23Aq, and £B;g) are not observed experimentally. These bands
lie between the two more intense regions, and their intensities

are too small to be visible. The’Bsg, A, and 4Bs, states

are assigned to band Ill at 2.82 eV. Again, the predicted
oscillator strengths for these states appear to be consistent wit
the observed intensity and broadness of this band (see Figure

and Table 5). The most intense band with an observed maximu
at 2.96 eV is likely composed of theé&y with contributions

from the nearby B34 state. These assignments leave band V

at 3.23 eV to be assigned to théBg, state with a computed
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TABLE 6: Dipole-Allowed T —T Excitation Energies (in eV)
and Oscillator Strengths for -Halogenated Free-Base
Porphyrins

B-PH.Fg B-PHClg B-PHBrg
transition E f E f E f
BAg(x—x*) 126 0.0078 1.31 0.0100 1.29 0.0109
13Bgg (r —n*) 1.65 0.0036 1.56 0.0014 1.50 0.0029
2%Bgg(r—x*) 197 0.0340 1.81 0.0716 1.77 0.0812
28Aq (T — 7¥) 2.25 0.0001 215 0.0011 2.12 0.0010
PByg(r—a*) 234 0.0006 2.35 0.0005 2.32 0.0005
PBgg(r — ) 2.66 0.0127 251 0.0245 2.46 0.0320
PAg(r—a*) 2.68 0.0258 255 0.0209 2.45 0.0238
4Bgg(r — ) 2.82 0.0296 2.69 0.0238 2.66 0.0234
5%Bgg (7 — %) 293 0.0066 2.80 0.0291 2.76 0.0351
PAg(r—a*) 321 0.1765 3.06 0.3583 3.01 0.4022
6°Bsg (r —n*) 3.34 0.1320 3.19 0.2182 3.10 0.2391
5Aq(r—a*) 3.43 0.0770 3.34 0.0018 3.27 0.0001
7Bag(r—n*) 3.55 0.0022 3.34 0.0025 3.25 0.0041
6°Ag(r —x*) 356 0.0461 3.40 0.1308 3.33 0.1321
8Bsg(r —x*) 3.90 0.1868 3.61 0.2283 3.49 0.2833
PBag (T — %) 394 1.0190 3.71 09128 3.58 0.5667
TAg(r—x*) 419 0.8087

for the VI band because the differential spectrum reported by
Radziszewski et aP did not yield an absolute intensity.

2. 38-PHyXg. The computed FT excitation energies and
oscillator strengths fo3-PH.Xg are listed in Table 6. An
inspection of the excitation energies and oscillator strengths (cf.
Tables 5 and 6) reveals thathalogenation significantly changes
the T—T spectrum of porphin in both color and intensity. Most
of the dominant features in the spectra @thalogenated
porphyrins retain the assigned symmetry of the parent Phe
assigned symmetry of a few dominant bands in, BRanges
upon 3-halogenation. The most intense band in betRH,Fs
and 3-PH,Clg, for example, corresponds tGBq rather than
7°Aq (band VI) as in PH The computed excitation energy and
oscillator strength for the®8s4 band in PH are 4.29 eV and
0.18, respectively. This band is red-shifted by 0.35, 0.58, and
0.65 eV upon fluorination, chlorination, and bromination,

| respectively. The oscillator strength of théBg, band is
increased by 040.8 after halogenation. In a simil@-halo-
genation trend, the excitation energy of th#B#, state (band
V) is progressively red-shifted upon going down the periodic
table. However, in contrast to band VI, the oscillator strength
of band V is predicted to significantly (0-3.4) decrease in
magnitude. Interestingly, band VI is predicted to shift only
slightly to the red (about 0.2 eV) fg#-PH,Xg in comparison
%o PH. Fluorination is predicted to reduce the oscillator strength
f band IV by a factor of 2, while chlorination and bromination

Mincrease it slightly. In band Il of the P+spectrum, which has

contributions from the 335 and 3A, states with a gap of 0.2
eV, these states become nearly degenerafeRitbXg due to
the large red-shift of the®3 4 band upors-halogenation. When

excitation energy of 3.54 eV and a corresponding oscillator PHy is B-brominated, the energy order of théB3, and FA,
strength of 0.55. We note that the computed oscillator strength states is reversed. The oscillator strengths of #Bagand 3A,

of band V (6Bs) is larger than the oscillator strength assigned  states (band I11) are not significantly affected Balogenation.

to band IV. The observed intensity of band IV, therefore, can The |ow-energy states are also perturbed greatig4malogen

be interpreted as borrowing intensity from the lower and higher sypstituents. Energetically, the first allowed band is red-shifted
energy tranSitionS, which is consistent with the broadness of by about 0.4 eV. However, the oscillator Strengths of the first

this band. The next two states$g and 7By, have very small

excited state fors-PH,Xg are not significantly different in

oscillator strengths. Therefore, the band with a maximum at comparison to those of RBH

4.0 eV, reported by Radziszewski et ¥lis assigned to the
6°Ag, 8°Bsg, 7°B3g, and 9°Bgq states, which accounts for its
broadness. This high-energy region of the T spectrum is

C. Nonlinear Absorption. To provide an estimate of the
nonlinear absorption spectral range for the dyes, their ground-
state spectra are computed at the same level of theory. The

predicted to be the most intense, with a sum of oscillator results, summarized in Tables-8 and Figures 36, extend to

strengths of 1.44. Further experimental work on theTT
spectrum of PRwould be required to verify the TDDFT results

the higher energy region which has not been considered
previously?! In addition, the more economical local and
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TABLE 7: Dipole-Allowed Ground-State Excitation Energies (in eV) for Free-Base Porphin

staté B3LYP B3P86 BP86 PW91 LSDA BP SAC cc PT2 exp

1By, (Qy) 2.28 2.29 2.18 2.18 2.18 2.16 1.77 1.75 1.63 1.98
1By, (Qn) 2.44 2.46 2.31 2.31 2.31 2.29 2.01 2.40 2.11 2.42
2'B1u (By) 3.34 3.35 3.01 3.00 3.00 3.01 3.47 3.47 3.12 3.33
2B, (Bp) 3.51 3.52 3.04 3.04 3.04 2.98 3.73 3.62 3.08 3.33
3'Bau (Ny) 3.77 3.78 3.47 3.47 3.47 3.47 4.20 4.06 3.53 3.65
3'B1, (No) 3.87 3.88 3.54 3.54 3.54 3.41 4.38 4.35 3.42 3.65
1'Ba, 4.13 4.12 3.37 3.36 3.36 3.34 4.63 4.56

4By, (Ly) 4.36 4.37 3.80 3.78 3.80 3.77 5.15 5.00 3.96 4.25
4By, (Lp) 4.47 4.48 3.80 3.78 3.80 3.76 5.44 5.17 4.04 4.67
4181, (My) 5.19 5.20 4.38 4.37 4.37 6.07 5.50

2|n our coordinate system (IUPAC), tlyeaxis is perpendicular to innerNH bonds and/zis taken as they, plane.” Reference 47¢ Reference
50.9 Reference 49 Reference 48 Data taken in gas phase from reference 51.

TABLE 8: Dipole-Allowed Ground-State Oscillator Strengths for Free-Base Porphin

staté B3LYP B3P86 BP86 PW91 LSDA BP SACe cce PTZ2 exp
1'B1, (Qy) < 0.0001 < 0.0001 0.0011 0.0011 0.0014 0.01 0.003 <0.001 0.004 0.01
1B,y (Qn) < 0.0001 < 0.0001 0.0006 0.0006 0.0008 0.0005 0.013 0.016 0.002 0.06
2'Byy (By) 0.4188 0.4226 0.1122 0.1123 0.1048 0.1338 0.772 1.03 0.911 1.15
2'Bay (Bp) 0.6306 0.6314 0.0271 0.0272 0.0237 0.04 1.42 0.704
3'Ba2u (Ny) 0.5094 0.5073 0.8437 0.8417 0.8147 0.7293 1.620 0.71 0.458< 0.1
3'B1u (Np) 0.7768 0.7744 0.7317 0.7305 0.7072 0.8962 0.44 0.833
1B, 0.0015 0.0015 0.0008 0.0008 0.0008 0.0005 1.320 0.004
4By (L) 0.1209 0.1251 0.1567 0.1561 0.1825 0.1272 0.339 0.20 0.341~ 0.1
4'Byy (Lp) 0.1145 0.1172 0.2136 0.2165 0.2530 0.1688 0.410 0.202
4By, (My) 0.1430 0.1426 0.2540 0.2556 0.2515 0.190 ~0.3

21n our coordinate system (IUPAC), tlyeaxis is perpendicular to innerNH bonds and/zis taken as they, plane.” Reference 47¢ Reference
50. 9 Reference 49 Reference 48.Data taken in gas phase from reference 51.

TABLE 9: Dipole-Allowed Ground Excitation Energies (in F ] e
eV) and Oscillator Strengths for g-Halogenated Free-Base AT 5=
Porphyrins? 1ol ]
B-PH:Fs B-PHClg B-PH:Brg F i

states E f E f E f - PH,Fy ]
1B;,(Q) 231 00001 221 00012 219 00024 £ e b : ]
1B, (Qr) 249 0.0007 2.37 0.0067 2.34 0.0110 ' : : 1
2By (B) 3.06 0.0579 2.96 0.1221 2.90 0.1252 0.4 | ‘ 1
2By(Bn)  3.23  0.0131 3.12 0.0308 3.05 0.0278 i T 2
3By (Ny) 373  1.1493 346 1.2178 3.37 1.2443 ozt J Lg
3B (No) 3.78 1.2397 354 13717 3.45 1.4254 o et SRR -
1'B3y 415 0.0016 4.05 0.0013 3.98 0.0011 : : : — : !
4By, (L) 3.89 0.1522 368 0.2052 3.56 0.2267 00300 400 500 600 700 800 800

1

4Bu(lo) 399 00840 371 00185 358  0.0010 Figure 4. Ground (solid line) and triplettriplet (dashed line)
aThe Q, B, N, and L labels, adapted f®PH.Xs, designate energy absorption spectra @-PRH..

orders, not excitation origins.
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nm Figure 5. Ground (solid line) and triplettriplet (dashed line)
Figure 3. Ground (solid line) and triplettriplet (dashed line) absorption spectra @#-PClH..
absorption spectra of PH have been given elsewhe¥e?44” We concentrate on key

nonhybrid functionals have been used to compute the spectrumfeatures that are related to the nonlinear absorption. It is clear
of PH, in order to assess their applicability. We discuss first from Tables 7 and 8 that the excitation energies and oscillator
the effects of various functionals on the ground-state spectrumstrengths are not significantly different among the local and
of PH,, then the spectra @i-PH,Xs, and finally the nonlinear nonhybrid potentials. The values predicted by the hybrid
absorption of these compounds. ForPé#ktailed comparisons  functionals appear to be more consistent with experiment
of the TDDFT spectrum with experiment and other methods through a wider spectral range than those predicted by the
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