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Configuration interaction calculations with single excitations based on density functional theory (DFT/SCI)
provide a reasonably accurate description of the electronic spectra of prototype porphyrin-type molecules at
modest computational cost. The calculations reproduce the experimentally obseredn@rgy splitting,
differences in Q and B oscillator strengths, and the intensification, relative to porphyrin, lo&r@s of
hydroporphyrins. In all cases, the DFT/SCI results are in comparable or better agreement with experiment,
compared to recerab initio CASPT2, SAC-CI, and STEOM-CCSD calculations.

I. Introduction

In recent years, first-principles quantum chemical calculations
have illuminated diverse aspects of porphyrins and related
molecules, such as molecular structures and conformation,
photoelectron spectra and redox potentials, and ground-state
electron distribution$? However, accurate calculations of the
excited states of tetrapyrroles remain a difficult problem. The
electronic spectra of some of the more simple tetrapyrroles have
been studied with multiconfigurational second-order perturbation
theory (CASPT2§, symmetry-adapted cluster configuration
interaction (SAG-CI),* % and similarity-transformed equation-
of-motion coupled cluster theory (STEOM-CCStH)However,
these methods do not provide a sufficiently general solution to
calculations of the excited states of porphyrin-type molecules
with low symmetry and complex substitution patterns. The
CASPT2 method is computationally demanding, and significant
discrepancies have been observed between theory and experi- cis-H2 trans-IH2
ment for all these methods® We were therefore intrigued by
the possible use of density functional theory (DEBlready

extremely successful in many problems involving porphyrins, . . .
for simulating the electronic spectra of porphyrin-type mol- method described by Grimmi€.The method is based on the

ecules. Here we illustrate the performance of density functional single-excitation configuration interaction (SCI) approach with

theory based configuration interaction singles calculations (DFT/ the Cl Hamiltionian matrix elements modified and corrected

SCIY® on prototype free-base tetrapyrroles (Figure 1), viz.,, €mpirically. Molecular orbital eigenvalues are taken from
porphyrin (PH, Dap), chlorin (CH, Cy,), bacteriochlorin (B, gradient-corrected KohnSham DFT for the construction of the

Dap), and thecis (Cy,) andtrans (C¢) tautomers of isobacterio-  Cl Hamiltonian matrixt® The calculations have been performed
chlorin (IHy). The results compare well with experiment, proving  With the TURBOMOLE suite of prograntd;'2valence doublé:-

the great potential of DFT-based investigations of the rich optical Gaussian basis sets with d-polarization functions for carbon and
properties, photochemistry, and photobiology of porphyrin-type nitrogen (C, N [3s2p1d], H [2s]) (VDZP¥ and Becke’s hybrid

Figure 1. Molecules studied in this work.

molecules. exchange-correlation functional (B3LYP)15We also tested
a smaller basis set VDZ in which all polarization functions
Il. Computational Methods from the VDZP set have been discarded (C, N [3s2p], H [2s]).

We also tested a valence triplebasis set with polarization

All molecular geometries were optimized at the nonlocal f : 6 :
. ) unctions (VTZP}® for PH, (C, N [5s3p1d], H [3s]). All single
DFT/TZP level and taken from our previous wdrkAll excited- excitations from the occupied valence MOs to the virtual space

state calculations have been performed using the DFT/SCIWere included in the DET/SCI calculations. The, symmetry

- labels refer to an orientation of the porphyrin molecule in which
TNASA Ames Research Center. Fax: (650) 604-1088. E-mail: parusel@ the t t ted nit t lie al . d th
camelot.arc.nasa.gov. e two protonated nitrogen atoms lie along thex_ls and the
*University of Tromsg. Fax+47 77644765. E-mail: abhik@chem.uit.no. two unprotonated nitrogen atoms lie along thaxis.
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DFT/SCI Calculations for Porphyrin-Type Compounds

TABLE 1: Orbital Energies (eV) and Symmetries of Some
Frontier Orbitals of PH »

VDZ VDZP VTZP
LUMO +7 by, 199 a 1.98 by 1.36
LUMO +6 by 171 g 171 hy 1.35
LUMO +5  a 171 by 1.67 by 1.35
LUMO +4 by 1.63 by 161 3 1.11
LUMO +3 by, 125 b, 122 b, 1.04
LUMO+2 a -08 a -080 a —091
LUMO+1 by -239 by -237 b, —249
LUMO by —241 by, -239 by, —250
HOMO b, -525 h, ~—525 b, —537
HOMO-1 a -563 a -552 a -561

HOMO—-2 by —651 hy, -644 b, —6.55
HOMO-3 b, -665 h, -658 h, —6.68

HOMO — 4 &y —7.18 & —-7.31 by —7.41
HOMO —5 o —7.21 by —7.32 by —7.46
HOMO — 6 bzg —7.37 by —7.35 ) —7.50

HOMO — 7 b —7.42 ho —7.36 b, —7.55

Ill. Results and Discussion

(a) Basis Set EffectsTable 1 shows the orbital energies and
symmetries of 16 KohrnSham frontier orbitals of Pfor the
VDZ, VDZP, and VTZP basis sets. For all the basis sets studied,
the HOMO is b, (“azy” in Dan) and the HOMO— 1 a, (“au”
in Dg4p), in agreement with DFASCEF calculations which show
the2B,, state as the lowest ionized state of £ 1° However,
this ordering differs from that ofab initio Hartree-Fock
calculations which yield an,igHOMO and a b, HOMO — 1,
regardless of the basis $8tTable 2 presents the DFT/SCI
excitation energies and configurational composition of the nine
lowest singlet states of BHor different basis sets. It can be
seen that both the symmetries and configurational composition
of excited states are stable with respect to improvement of the
basis set on going from VDZP to VTZP, but not on going from
VDZ to VDZP, as shown in Table 2. Both Tables 1 and 2 show
that the various results are converged with respect to the size
of the basis set at the VDZP level, and accordingly, this basis
set was chosen for all other calculations in this study. The
change in the main configurations involved in going from VDZ
to VDZP (see Table 2) is due to the change in energy ordering
of the orbital symmetry of the HOMO and HOM®© 1.

(b) Excited States of Porphyrin.Table 3 presents the DFT/
SCI/DZP, CASPTZ, SAC—CI,*> STEOM-CCSD/DZP, and
gas-phase experimental singlet excitation energies for?PH
The two lowest DFT/SCI excitation energies of 2.03 and 2.29
eV are in excellent agreement with experimental Q band
energies of 1.98 and 2.42 eV. In contrast, all the other
calculations underestimate the lowest excitation energy com-
pared to experiment (see Table 3). The Soret (B and N bands)
and higher excitation energies are also well reproduced by our
calculations. The calculated oscillator strengths are consistent
with the large difference in extinction coefficients between the
Q and Soret bands.

(c) Excited States of Hydroporphyrins.Table 4 and Figure
2 present the frontier orbital energies of RICH,, BH,, cis-

IH,, andtransIH,. As known from previous theoretical stud-
ies?223 B-hydrogenation destabilizes the highegttspe MO
of PH; so that all the hydroporphyrins clearly have aptspe
HOMO. Table 5 presents the DFT/SCI, SACI, and
experimentdi-24-26 singlet excitation energies of the different
hydroporphyrins.

Experimentally, the most obvious effect of ring hydrogenation
is an intensification of the Qabsorption band’ a feature that
is reproduced in our calculations. The DFT/SCI oscillator
strength of the first excited singlet state increases from 0.0005

TABLE 2: Excitation Energies? (eV) and Configurational Compositior? of the Nine Lowest Singlet Excited States of Pifor Different Basis Sets

o
x
()

main configuration

57% (01) 42% (1-0)
51% (60) 47% (+-1)

VTZP
2.03 (0.0003)
2.28 (0.00002)
3.56 (0.6695)

main configuration

58% (01) 40% (1-0)
529 (60) 46% (+-1)

VDZP
2.03 (0.0005)
2.29 (0.00000)

3.54 (0.5451)

main configuration

59% (60) 39% (+-1)
53% (01) 45% (1-0)

VDZ
2.07 (0.0035)
2.35 (0.00037)
3.60 (0.5332)
4.01 (1.4457)
4.39 (1.8003)
4.41 (0.8063)
4.59 (0.0040)
4.88 (0.3943)

state
1BSu

1.98
4.25
4.67
5.50

N
L
M

38% (21) 36% (0-0) 19% (3-0)
49% (31) 21% (1-0) 21% (0-1)

76% (30) 10% (1-1)

579% (31) 31% (1-0) 17% (G-1)
99% (70)

90% (50)
95% (51)

3.89 (1.5269)

4.29 (1.6175)
4.33 (0.7246)
4.80 (0.0022)
4.81 (0.2859)
5.06 (0.2032)

36% (21) 33% (0-0) 24% (3-0)
45% (31) 24% (1-0) 22% (0-1)

70% (30) 12% (1-1)

99% (60)
87% (70)

529 (31) 30% (1-0) 14% (G-1)
95% (#1)

3.94 (1.3729)
4.34 (1.7562)
4.34 (0.8293)
4.71 (0.0026)

4.81 (0.3727)
5.06 (0.2145)

539% (30) 30% (+-1) 13% (G-0)
37% (21) 33% (0-1) 23%(3-1)
43% (30) 25% (1-1) 22% (0-0)

71% (31) 11% (+-0)

99% (51)
87% (#1)
95% (#0)

5.08 (0.2383)
aQOscillator strengths are given in parenthe$a3nly configurations contributing more than 10% to a particular state are included. In the descriptions of the excitations shown in parenth@$4s, t

and LUMO are represented by 0, the HOMO1 and LUMO+ 1 by 1, etc.

1By,
2Bay
2By
3Bau
3B
1B1y
4By,
4Bsy
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TABLE 3: Comparison of Excitation Energies® (eV) with DFT/SCI and Other Levels of Theory and Experiment

CASPTZ SAC-CI* SAC-CI5 STEOM-CC DFT/SCI
exptPL VDZ VDZ VDZP+Ry DZP VDZP

Q 1Ba, 1.98 (0.01) 1.70 (0.001) 1.75 (0.0001) 1.81 (0.0028) 1.75 (0.0007) 2.03 (0.0005)
Q 1B, 2.42 (0.06) 2.26 (0.016) 2.23 (0.0006) 2.10 (0.0163) 2.40 (0.0013) 2.29 (0.0002)
B 2B, 3.33 (1.15) 2.91 (1.66) 3.56 (1.03) 3.47 (0.901) 3.47 (0.693) 3.54 (0.5451)
BIN 2B, 3.04 (1.54) 3.75 (1.73) 3.69 (1.88) 3.62 (1.20) 3.94 (1.3729)
N 3Bs, 3.65 (<0.1) 4.24 (0.976) 4.23 (1.63) 4.06 (0.931) 4.34 (1.7562)

L 3Bay 4.25 (~0.1) 4.52 (0.350) 4.40 (0.578) 4.35 (0.422) 4.34 (0.8293)

L 4By, 4.67 (~0.1) 5.31 (0.280) 5.00 (0.153) 4.81(0.3727)

M 4B, 5.50 (~0.3) 5.45 (0.351) 5.17 (0.272) 5.06 (0.2145)

a Oscillator strengths are given in parentheses.

TABLE 4: Orbital Energies (eV) of the Six Frontier Orbitals of PH ,, CH,, BHy, cis-IH,, and trans-IH ,

LUMO + 2 LUMO + 1 LUMO HOMO HOMO -1 HOMO — 2
PH; —0.80 —2.37 —2.39 —5.25 —5.52 —6.44
CH; —0.03 —1.80 —2.34 —5.03 —5.23 —6.33
BH> 0.54 —1.01 —2.33 —4.55 —5.14 —6.76
cis-H, 0.56 —1.35 —2.00 —4.67 —5.10 —6.82
trans-IH; 0.57 —1.49 —1.85 —4.57 —5.25 —6.05

TABLE 5: Excitation Energies? (eV) and Configurational Compositior? of the Lowest Singlet Excited States of ChBH,
cis-lH,, and trans-IC,

symmetry exptl SAC-CI¢ DFT/SCI main configuration
CH, (24)
Q« 1B, 1.98 (0.10) 1.68 (0.0624) 2.09 (0.0647) 59%-(1) 39% (1-1)
Qy 2A; 2.29 (0.06) 2.39 (0.0080) 2.35(0.0014) 53%-() 45% (0-1)
B 2B, 3.18 (0.96) 3.58 (1.28) 3.58 (0.6800) 369%6-1) 28% (2-1) 21% (0-0)
3A; 3.74 (1.68) 3.81(0.3971) 65%<D) 14% (0-1) 13% (+-0)
4A; 4.09 (1.2760) 31% (20) 28% (0-1) 19% (1-0) 12% (0-2)
BH, (259
Q« Bau 1.6 (m) 1.47 (0.188) 2.04 (0.2487) 71%+0) 27% (+-1)
Qy Bau 2.3(m) 2.42 (0.0257) 2.42 (0.0290) 59%-Q) 40% (0-1)
B, B2y 3.1 (sh) 4.11 (1.86) 4.27 (2.1260) 54%-(D) 33% (1-0)
By Bau 3.4(s) 4.24 (2.11) 4.45 (2.5780) 70%<1) 24% (G-0)
cis-IH, (26°)
Q« 1B, 1.95 (w) 2.14 (0.0949) 63% (60) 35% (1-1)
Qy 2A; 2.38 (w) 2.47 (0.0014) 53% (10) 45% (0-1)
By 3A; 3.15 (s) 3.75(1.1697) 44% {aL) 38% (1+-0)
By 2B, 3.41 (s) 4.15 (1.4128) 45% 1) 20% (0-0) 13% (6-0) 11% (4-0)
trans-1H 269
Q 2A' 2.17 (w) 2.26 (0.0914) 46% (60) 23% (1-1) 15% (0-1) 14% (1-0)
Q 3A' 2.31 (w) 2.42(0.0724) 42% (01) 27% (1:-0) 22% (6-0) 7% (1-1)
B, 4A 3.25(s) 3.40 (0.2747) 54% £D) 22% (1-0) 17% (0-1)
By 5A 3.35(s) 3.72(0.7874) 369% A1) 19% (2-0) 12% (1-0) 12% (0-0)
BA’ 4.01 (1.0462) 23% (20) 23% (1) 12% (1-0)

a Oscillator strengths are given in parentheses. Experimental intensities in parentheses=witreak, m= medium, s= strong, and sh=
shoulder? Only configurations contributing more than 10% to a particular state are included. In the descriptions of the excitations shown in parentheses,
the HOMO and LUMO are represented by 0, the HOMQL and LUMO+ 1 by 1, etc.f In benzened Data for bacteriophorbidé.In n-octane.
f
a symmetry.

(PH,) to 0.0647 (CH) and 0.2487 in BH in qualitative 12 ,
agreement with experiment. Thus, the Btgcillator strength : 2 l/-i- alea sZn
ratio decreases from approximately 2700 for,R#125 for CH 0 4 —%
to 10 for BH. For these aromatic tetrapyrroles, the first excited 4 oLuy
singlet state is of mixed,a-b,q and k—bsg character (foDon = 2 i T Y
symmetry labels), with the weight of therab,, excitation 2 2 by, oo o a7
increasing with increasing-hydrogenation. The quasidegen- e 4] o b, by, 2
eracy of the HOMO/HOND - 1 and LUMO/LUMO + 1 for 5
PH; is relaxed for CH and further relaxed for B§ Thus, the s -
transition moments for the two main configurations contributing 8 1, a, !/'—'\v—a—fv——————-v—jv
to the S state of PH are of comparable size (58:40) for PH  © ° e 2 ¢ — *5.° *5 " oo
and cancel each other out. In contrast, the transition moments 6d & z ’ ——
for the two main configurations contributing to the Sate of T b T~ A +/ &
hydroporphyrins cancel incompletely, as originally proposed by 7

PH, CH, BH, c-H, tIH,

Weiss?® which explains the relatively intense,@eature of
hydroporphyrins. The DFT/SCI results for Bldhould not be Figure 2. Orbital energy levels and symmetry of the six frontier orbitals
compared with the experimental data in Table 5 in a straight- Of PHz, CHz, BHy, cis-IH,, andtransIH..

forward manner, because the latter refer to bacteriopheophor-is blue-shifted relative to the ;Sof cisIH, (Table 5), in
bide, not BH. The first excited singlet state {Sof transIH, qualitative agreement with experimental resifltsn the two
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tautomers whose ground states are essentially equienetyetic.  (4) Nakatsuji, H.; Hasegawa, J.; Hada, 84.Chem. Phys1996 104
Finally, the calculated Qand B-band energies also appear to 220 L
be in reasonable agreement with experiment, although it remains () Kita0, O.; Ushiyama, H.; Miura, NI Chem. Phys1999 110 2936.

. . 6) Hasegawa, J.; Ozeki, Y.; Hada, M.; Nakatsuji, HPAys. Chem.
to be explored whether DFT/MRCI calculations permit even g 159)8 102 %320_ : Y

better agreement between theory and experiment. (7) Nooijen, M.; Bartlett, R. JJ. Phys. Chem1997, 106, 66449.
(8) Gwaltney S. R.; Bartlett, R. J. Chem. Phys1998 108 6790.
V. Conclusions (9) Bauernschmitt, R.; Ahlrichs, RChem. Phys. Letl996 256, 454.

. . . (10) Grimme, SChem. Phys. Lettl996 259 128.
DFT/SCI calculations provide an economical means for  (11) Ahlrichs, R.; Ba, M.; Haser, M.; Horn, H.; Kémel, C.Chem. Phys.
calculations of the excitation energies of porphyrin-type mol- Lett. 1989 162, 165.
ecules with reasonable accuracy. The calculations reproduce the (12) Treutler, O.; Ahlrichs, RJ. Chem. Phys1995 102, 346.

; [IPER 13) Dunning, T. H.; Hay, P. J. IModern Theoretical Chemis
experimentally o_bserV(_at_:i QB energy_ splitting in tet.rapyrmle chae-)fer, H. F.g,] I, Ed,; Ple)rllum Press: New York, 1977; Vol. 3. Uy
spectra and the |nten§|f|cat|on, relative to porphynn, of the Q (14) Becke, A. D. J. Chem. Phy$993 98, 5648.
band of hydroporphyrins. In a number of instances, the DFT/ (15) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, NL J.
Cl results agree significantly better with experiment than SAC  Phys. Chem1994 98, 11623.

Cl results. Far less computationally demanding than CASPT2  (16) Schier, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 257.
calculations, DFT/SCI calculations are readily extended to larger ~ (17) Ghosh, A, Almig, J. Chem. Phys. Letl993 213 519.

. . (18) Ghosh, AJ. Am. Chem. Sod.995 117, 4691.
and more complex systems such as substituted porphyrins and (19) Ghosh. A.: Vangberg, Ttheor. Chem. Accl997 97, 143.

tran;itio_n metal porphyrins as well as to photobiological (20) Ghosh, A. Almi6, J.; Gassman, P. GChem. Phys. Lett1991
application® 186, 113.
(21) Edwards, L.; Dolphin, D. H.; Gouterman, M.; Adler, A. DNol.
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