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Coupled-cluster calculations of the electronic excitation spectrum
of free base porphin in a polarized basis
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Similarity transformed equation-of-motion coupled-cluster calculations on the excited states of free
base porphin are reported. These are the first calculations to use polarization functions for all of the
excited states, and the polarization functions are found to be very important for accurately
describing the optically allowed states. These calculations strongly support the traditional
interpretation of the electronic spectrum of free base porphin.1998 American Institute of
Physics[S0021-960608)01816-9

I. INTRODUCTION flexibility to describe the 8 orbitals. They also dropped
o ) ] ) some of the occupied and virtual orbitals corresponding to

Because of thelr importance in such biological Processee 2 orbitals, along with all of the 4 orbitals on the car-

as photosynthesis, electrqn transfer, and oxygen absorphcbnons and nitrogens. The result is that the basis set had lim-

and transport, the porphyrins have been extensively stddied, . . . .

As the base molecule for the porphyrins, the electronic specrfGd erX|b|I|ty, no pola_rlzatlon functlons, _and no. diffuse

trum of free base porphin has received much attention, botfNctions. The lack of diffuse and polarization functions cor-

with semiempirical(see, for example, Ref.)zand ab initio responds to the conventional viewpoint that, for at least the

methods>~8 The interesting part of the spectruisee Fig. 1 lowest states of free base porphin, polarization and diffuse

consists of, in order, two visible peaks known as the Qfunctions are not needéd.

bands, a very intense peak known as th@BSore} band, a Finally, there is a problem with the oscillator strengths.
shoulder on the B band, called the N band, and two othefThe N band appears as a shoulder to the B band, but Nakat-
small peaks, the L and M bands. suiji et al’ calculate the excitation to the'B,,, state to have

The traditional interpretation of the spectrum is that,an oscillator strength 68% larger than the excitation to the
with the molecule in thefy plane and with the two internal 2 1B, state. They argue that the N band is actually quite
hydrogens along the axis, the Iovlvest-energy band, thg Q proad, with the B band being a narrow peak on top of it. But
band, comes from exciting to the’Bg, state. The Qband it 14t s true, then the splitting between the vertical excita-
thfn comes fiom the By, with th? B bagd assigned to the tion energies for the B and N bands would be less than the
21B,, and 2'B,, states’ Nakatsujiet al,” based on their 032 eV ted® T f th i
SAC-Cl (symmetry adapted cluster-configuration interac-_ . eV reported.” 10 ansyvgr spme or these ques |qns, a
tion) calculations, reassigned the spectrum. They agreedS enes_of STEOM'CCSDS'm_'Iamy transformed equgtlon—
with the assignments of the Q bands, but they claimed tha?f-motion coypled-cluster singles and doublésexcited
the B band should be assigned to only thkB2, state, with ~ State calculations have been performed.
the N band being the 1B,, state.

However, their results have three significant weaknesses.

The first is the method used. In principle SAC-CI energies

(but not oscillator stengthscould be equivalent to EOM- Spectrum of free-base porphin
CCSD (equation-of-motion coupled-cluster singles and (L. Edwards et al., 1971)
doubles!® and coupled-cluster singles and doubles linear 200 400 600
responsg energies. In practice, though, some nonlinear
terms in the underlying ground state coupled-cluster result
are always omitted. Also, in these calculations many double
excitations were omitted, based on a perturbation selettion.
For complex organic molecules, even the untruncated EOM-
CCSD may not be sufficient. In a study of benzene and the
azabenzenes, EOM-CCSD had an average error of 0.32 eV
for the m—* states> SAC-CI should do no better than this,
unless it has some fortuitous error cancellations. )

The second criticism is the basis set used. Nakatsuji 5 4 3 2 eV
et al’ discuss the importance of rearrangement to the ex- FIG. 1. The electronic absorption spectrum of free base porphin, with the

citation energ_ies, yet their basis set Ohly haﬁ't?p_e_anq relevant bands labelddrom Edwardset al. (Ref. 13 and Nakatsuijet al.
2p-type functions on the carbons and nitrogens, giving it naRef. 7].

800 n

(a) Experimental

0021-9606/98/108(16)/6790/9/$15.00 6790 © 1998 American Institute of Physics

Downloaded 29 Sep 2005 to 128.227.192.244. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 108, No. 16, 22 April 1998 S. R. Gwaltney and R. J. Bartlett 6791

TABLE I. lonization potentialgin eV) for free base porphin.

“Digp” “Opt”

SAC-CE  STEOM-CC Dz Diffuse Polarized Dz Diffuse  Expt’®

12A,(m) 6.35 6.34 6.65 6.63 6.66 6.71 6.69 6.9
12By,() 6.09 6.16 6.46 6.43 6.68 6.48 6.46 7.2
12Bgy(m) 7.98 7.84 8.11 8.09 8.19 8.29 8.27 8.4
228, () 8.21 8.11 8.38 8.36 8.43 8.53 8.51 8.8
12A4(n) 8.65 8.50 8.78 8.76 9.18 8.96 8.94 9.1
1%B,y(m) 9.10 8.79 9.08 9.06 9.20 9.01 8.99

12B,,(n) 8.79 8.57 8.84 8.82 9.23 8.99 8.96

32B,,(m) 9.34 9.10 9.37 9.36 9.47 9.22 9.20

22B,4() 9.42 9.22 9.50 9.47 9.55 9.43 9.41

2%Bgy(m) 9.54 9.31 9.59 9.57 9.64 9.66 9.63

22A,(m) 10.85 10.43 10.71  10.69 10.72 10.76  10.74

aReference 7.
PReference 8.
‘Reference 26.

I. COMPUTATIONAL DETAILS excitations in the form of5,R and T1R, and triple excita-
A. STEOM-CC tions in the fo.rm ofS%R', T.ZR, e}nd T,S;R. Here,R is the
5 o STEOM-CC single excitation eigenvector.

In a.ST4EOM-CCSI54' calculation(i.e., a STEOM-CC Since the higher excitations and the differential correla-
palculaﬂoﬁ based on a CCS]'? ground stat two similar- - tion between the ground and excited states are described via
ity transformations are applied to the second quantizeghe S operator, it is critical that the excitation be described
Hamiltonian, such that the one- and two-body terms in theyithin the set of active orbitals chosen for the IP-EOM-CC
Hamiltonian that increase the excitation level are set to zerggnd EA-EOM-CC calculations and included$n In the cal-

This effectively blocks the Hamiltonian matrix by the exci- culations presented here, the active components of the exci-
tation level, so that the single excitations can be accuratelyations are almost always above 99% and in all singlets are
calculated with a diagonalization over just the singles—above 98%. In test calculations the energy seems to be con-

singles block. The higher excitation parts of the excited statgerged to within 0.05 eV when the active component is
wave function are then implicitly included through the simi- ggog 14

larity transformations. In this way, STEOM-CC has the same
conceptual appeal as monoexcited Cl, but now in a fullyg gasis set and geometry

correlated structure. The STEOM-CCSD method has been
implemented into ACES It/ The basis set used for the calculations presented here

The first similarity transformation, the same as income from the large ANO basis set of Widmark, Malmqyist,
EOM-CCSD involves the T amplitudes from a ground and Roos”?'This is a very large, generally contracted basis

state CCSEP calculation. The new Hamiltonian is then set. It has 149p4d3f primitives for carbon and nitrogen and
— o 8s4p3d primitives for hydrogen. From this set, the firss 3
H=e 'He'. (1 and 2p contractions were used for C and N and the farst

The next step is to solve for a set of states with one electrofontraction was selected for H. This basis set, consisting of
removed and one electron added by means of the IP-EOMZ30 functions, was the same as used by Menaiteal® It is
CCSD (ionization potential EOM-CCSP® and the EA- the same number of contracted functions as that used by
EOM-CCSD (electron attachment EOM-CCS$ methods.  Nooijen and Bartletf but their basis set had a much smaller
These involve diagonalizing: over the space of H set of primitives. This__set i7s also significantly larger than the
—2h1p and Ip—2plh determinants, respectively. These ONe used by Nakatsugt al.

eigenvectors are used to determine Sheoefficients in the | NS basis set was then extended in two different ways.
second similarity transformation First, to gauge the effect of polarization functions on the

_ excitation energies, the first contraction from the ANO set
G={e% 'H{e%}. (20 was added on the carbon and nitrogen atoms, while the sec-

The final double similarity transformed Hamiltonia® is

then diagonalized over the space of single excitations. For @agLE I1. Electron affinities(in eV) for free base porphin.

detailed description of the method, see Ref. 15.
In the current implementation the final wave function in “Dap” “Opt”

terms of G has only single excitations, limiting the method IP-EOM-CC® Dz Diffuse Polarized Dz Diffuse

to only singly excited states, but in terms of the normal—;

Hamiltonian, the wave function actually includes all possible 12829 0.50 083 081 1.07 080 078
. . . ) . e 12B, 0.37 070  0.67 0.99 078  0.76

excited determinant@vith only the singles having optimized o

coefficients. Specifically, the wave function contains double *Reference 8.
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TABLE lIl. Singlet excited states of free base porphin through 5.33 eV. Energies are in eV. Oscillator strengths
are given in parentheses below the excitation energies.

“Dygp” “Opt”
Dz Diffuse Polarized Dz Diffuse
1B, (V) 1.70 1.70 1.75 1.71 1.71
() (—) (0.000% (0.0003 (0.0004
1B, (V) 2.59 2.59 2.40 2.65 2.65
(0.018 (0.017 (0.013 (0.007 (0.008
'B1g(V) 3.57 3.56 3.44 3.77 3.78
1Bau(V) 3.64 3.63 3.47 371 3.71
(0.982 (0.981 (0.693 (1.2 (1.23
1B,y (V) 3.74 3.74 3.62 3.78 3.77
(1.39 (1.37) (1.20 (1.4 (1.48
TAy(V) 4.04 4.04 3.95 4.09 4.10
"Byg(V) 4.05 4.05 421 4.25 4.25
IALV) 4.09 4.09 4.24 4.26 4.26
1Bau(V) 4.22 4.22 4.06 4.34 4.35
0.721 (0.741 (0.931 (0.499 (0.501
"Bay(V) 4.43 4.41 4.51 4.55 4.54
'Byg(V) 4.44 4.44 4.53 4.41 4.41
1Bu(V) 4.50 4.48 4.56 4.59 4.58
(0.009 (0.003 (0.002 (0.004 (0.005
1B1u(R) 7.18 4.51 5.48 7.23 4.54
(0.008 (0.008 (0.013 (0.008 (0.009
1B,y (V) 4.63 4.63 4.35 4.65 4.66
(0.441) (0.444 (0.422 (0.239 (0.249)
TAL(V) 4.67 4.66 4.46 4.72 4.72
1IAL(R) 7.33 472 5.52 7.40 4.78
'Byy(R) 6.63 4.74 5.89 6.63 4.78
B1g(V) 4.79 4.78 4.66 4.67 4.67
'B34(R) 6.78 4.82 6.04 6.80 4.84
tAy(R) 4.89 4.94
'B34(R) 6.83 4.94 5.91 6.87 5.01
TAL(V) 5.00 4.99 4.87 5.01 5.02
'B,y(R) 6.97 5.01 6.08 7.03 5.06
AL(R) 7.14 5.07 6.62 7.14 5.09
'B14(R) 5.13 5.19
1B1u(R) 5.14 6.89 7.93 5.17
(0.0006 (0.000 003 (0.002 (0.0009
1B1u(R) 5.20 5.22
(0.001 (0.0008
1B,y (V) 5.22 5.22 5.00 5.06 5.07
0.172 (0.182 (0.153 (0.290 (0.312
1B4y(R) 5.23 5.28
(0.007 (0.010
TA4(V) 5.28 5.25 5.12 5.26 5.27
1Byg(V) 5.26 5.26 5.04 5.25 5.25
1B, (R) 5.28 7.37 5.33
(0.000 008 (0.000 02 (0.000 02
1B,,(R) 5.31 6.65 5.32
(—) (0.073 (0.002
IAU(R) 8.19 5.33 6.78 8.22 5.40
1Bau(V) 5.33 5.33 5.17 5.22 5.23
(0.400 (0.3879 (0.272 (0.479) (0.476

ond s function was added to the hydrogens. This gave aach type were used, the exact exponent chosen should not
[3s2pld] set on C and N and [@s] set on H, with a total matter significantly. In all calculations the first 24 occupied
of 364 contracted functions. In other calculations, to gaugerbitals, corresponding to theslorbitals on carbon and ni-

the effect of diffuse functions on the excited states, a set ofrogen, were left uncorrelated.

2s and 2p uncontracted functions were added to the center Two different geometries were used in this study. The
of the molecule and to the geometrical center of each ringfirst is an idealized x-ray structufé where the molecule,
The diffuse exponents were taken from Ref. 22, and havevithout the two internal hydrogens, is constrained tdhg

been used for naphthalédeand biphenyf® where they were symmetry. The internal hydrogens makéis,, . It was used
placed at the center of the molecule. Since two functions ofn several of the previous studie§and will be referred to as
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TABLE 1V. Singlet excited states of free base porphin from 5.39 to 6.23 eV. Energies are in eV. Oscillator

strengths are given in parentheses below the excitation energies.

Da “opt”
Dz Diffuse Polarized Dz Diffuse
&0 23
2u B .
(0.002 (0.00)
"Byy(R) 7.84 5.46 7.43 7.90 5.48
'B3g(R) 5.47 7.91 5.50
B3, (R) 5.50 5.55
(=) (=)
B1u(R) 5.51 5.54
(0.009 (0.00)
B2g(R) 5.53 5.55
ing(R) 5.56 5.58
A(R) 5.57 5.60
IANR) 5.61 5.64
1B3y(R) 5.65 7.50 5.71
'B,g(R) 5.66 5.68
'Byg(R) 5.66 5.72
153?(R) 5.68 5.70
A,(R) 5.69 5.72
IANR) 5.71 5.77
'B3g(R) 5.72 5.78
'B1u(R) 5.72 5.74
L (0.000 04 (0.000 07
lﬁgg% 571 5577?? 5.51 5.68 557.28
A ) )
B1u(R) 5.75 5.78
(0.00) (0.000%
B2g(R) 5.75 5.81
1B5,(R) 5.76 5.80
(0.002 (0.0005
B1g(R) 5.78 5.84
1B,,(R) 5.80 5.82
18,,(R) 580" o5
AlR) 5.82 5.84
iB3g§Rg 5.85 5.92
B,y (R 5.87 5.93
leg(R) 5.88 5.88 5.59 5.88 5.90
'B,g(R) 5.90 5.92
'B14(R) 5.90 5.96
'B34(R) 5.91 5.93
'B3g(R) 5.91 5.95
1B,y (R) 5.92 5.94
1A {R) 5.92 5.99
1B, (R) 5.93 5.99
(0.000 05 (0.000 002
iAu(R) 5.94 6.00
Ay(R) 5.95 5.98
18 (R) 5.97 6.03
. (0.009 (0.0008
15392% 7.89 55.;35) 6.73 6%:5L0
3u . .
1B,,(R) 7.94 Son 6.70 e
1 ) ) ) )
a0 g oo W
18 (R) 7.81 6.01 6.72 6.39
(0.003 (0.008 (0.020 (0.008
B.u(R) 6.04 6.06
(0.009) (0.009
B2g(R) 6.05 6.08
'B34(R) 6.08
isgg(R) 6.11
B1u(R) 6.15
(0.018
B3y(R) 6.09 6.16
1539
1B5(R) 6.10 6.16
B1.(R) 6.10 6.12
) (0.0003 (0.005
B,y(R) 6.13 6.19
24R) 6.14 6.17
'B14(R) 6.17 6.24
1B, (R) 6.19 6.21
) (0.022 (0.023
Ay(R) 6.19 6.28
'B1g(R) 6.20 6.25
1B3u(V) 6.20 6.20 6.07 6.33
(0.166 (0.160 (0.182 (0.110
IALR) 6.23 6.29
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“Dyp." With the [3s2p/1s] basis set, this geometry had a TABLE V. Triplet excited states of free base porphin through 4.92 eV.
SCF energy 0f-982.955 034 Hartrees and a CCSD energyEnergies are in ev.

of —985.154 443 Hartrees. Th8s2pld/2s] basis set gave “ D “Oopt”
a SCF energy of-983.416 854 Hartrees and a CCSD energy
of —986.676 253 Hartrees. The basis with the diffuse func- Dz  Diffuse  Polarized Dz  Diffuse
tions gave a SCF energy 6f982.967 070 Hartrees and a 3g,(v) 1.19 1.19 1.26 1.15 1.15
CCSD energy 0f-985.182 042 Hartrees. *Bau(V) 182 183 1.80 187 1.88
The other geometry is a B3PW91/6-31@ptimized szu(V) 2.02 2.02 1.85 2.07 2.07
geometry?®> which will be referred to as “Opt.” It also has 323“% 2'32 5'53 ;'gs g'gg gié
D,, symmetry. This geometry gave a SCF energy OfSB;S(V) 310 311 208 321 301
—982.964 858 Hartrees and a CCSD energy ofsAg(v) 3.49 3.48 3.33 3.61 3.61
—985.163 441 Hartrees with tHe8s2p/1s] basis set. The By (V) 3.50 3.50 3.45 3.47 3.47
diffuse basis gave a SCF energy 6882.977 085 Hartrees zAg(V) 3.81 3.81 3.64 3.82 3.82
and a CCSD energy o0f—985.191 231 Hartrees. The 3319(\/) 4.02 4.02 3.93 3.83 3.84
; Bag(V) 4.04 4.04 4.19 4.24 4.24
[3s2pld/2s] basis gave a SCF energy 6f983.430681 s "\, 4.08 4.08 3.85 3.90 3.90
Hartrees and a CCSD energy-6B86.688 179 Hartrees, put- 3a(v) 4.10 4.10 423 4.27 4.27
ting this geometry 7.5 kcal/mol below theD,” geometry.  Bsy(V) 4.15 4.14 4.29 4.27 4.26
3B1u(V) 4.20 4.18 4.33 4.28 4.27
3B,u(V) 4.23 4.24 4.07 4.29 4.31
IIl. RESULTS 3A4(V) 4.48 4.47 4.31 4.47 4.47
3B1u(R) 7.17 450 5.43 7.22 452
A. lonized and electron attached states 3a,(R) 7.29 4.71 5.49 7.36 4.77
3
In all of the current calculations, the occupied part of theggng\R/; i:% i:;i 451:23 2:22 i:;;
active space consisted of 11 orbitals. Therefore, 11 IP-EOMsBaz(R) 6.71 4.81 5.98 6.72 4.83
CCsSD states were calculated. In Table | the current resultSa,(R) 4.90 4.94
with the three basis sets, are compared with the SAC-CiBau(V) 4.92 4.92 4.74 4.83 4.83

results’ with the previous STEOM-CC resuffsand with
experiment® Because of the low resolution of the experi-
mental spectrum, it is very difficult to relate the me_asured In each of the calculations two positive electron affinities
pgaks to the calcula?ed states. Therefore, the assignmenta, o predicted. They are listed in Table Il. The other elec-
glve\slvﬁwoulgdt')e c%nsg(:fred \;ery t.entatcljve. it hange 70N atached states, even though they do not correspond to
lle adding the ditfuse functions does little to change ;o states, are still essential for the calculation of the ex-

the ionization potentials, every other time that th%e basis S€liteq states. They go into the second similarity transforma-
was enlarged, from the previous STEOM-CC restlisthe i, anq help describe the differential correlation between
DZ (the [3s2p/1s] basig results, to the polarizedthe the ground and excited states

[3s2pld/2s] basig results, the electron became more
bound. Adding the polarization functions had the most dra-
matic effect. It caused the first two states to switch and th
sixth and seventh states to switch. However, the differences The singlet excited states of free base porphin are listed
are close to an order of magnitude smaller than the errors im Tables Il and IV, and the triplet excited states are in
the calculations, so nothing can be said definitively. GoingTables V and VI. The important states will be discussed
from the “D,," geometry to the “Opt” geometry had ef- later, but some general comments can be made. The first is
fects of less than 0.2 eV. The “Opt” geometry typically had that the Rydberg states start about 4.5 eV, which is right in
larger IPs. the region of most interest. It has been hypothesized that if
Twenty-three virtual orbital§¢4ay, 2byg4, 3byg, 3b34, the Rydberg states of the related chlorophylls were low
3a,, 2by,, 3b,,, and %g,) were included in the active enough, they could participate in photosynthé&ighe sec-
space for the DZ and the polarized basis sets. For the diffusend is that the addition of the diffuse functions never
basis set several more orbitals had to be included. The diehanges the energy of the valence states by more than 0.02
fuse basis added 40 Rydberg orbitals, and most of them haeV. This has several consequences. It implies that the DZ
orbital eigenvalues very close to zero. Therefore, to includéasis set has diffuse enough tails that the diffuse functions
all of the equivalent orbitals that were included for the DZ are not needed to describe the valence region. It also means
basis, the active space needed to consist of 59 virtual orbithat there is essentially no mixing between Rydberg and va-
als. But that many orbitals caused convergence problemdence excited states. Finally, it suggests that adding diffuse
The final set included in the active space consisted of 5functions to the polarized basis would not significantly
virtual orbitals (10ay, 4b;y, 5byg, 5bsy, 3a,, 8byy, change the energetics. Adding diffuse functions might, how-
5b,,, and %5,). If an IP-EOM-CC or an EA-EOM-CC ei- ever, have an effect on the oscillator strengths. Those tend to
genvector is less than 70% singles, the code automaticallghange a little with the addition of the diffuse functions.
excludes it from the second similarity transformation. For the  In general, going from the D,,” geometry to the
diffuse basis, one of thB;, states was excluded, leaving 50 “Opt” geometry has little effect on the spectrum. The exci-
states for the similarity transformation. tation energy typically increases by about 0.1 eV. The im-

. Excited states
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TABLE VI. Triplet excited states of free base porphin from 4.93 t0 6.11 eV. portant exceptions are tHBZu state, which drops from 5.22
Energies are in eV.

“Dap” “Opt”

Dz Diffuse Polarized Dz Diffuse
3B34(R) 6.80 4.93 5.89 6.84 5.01
3A4(V) 4.98 4.97 4.76 4.97 4.97
3B,y(R) 6.50 5.01 6.05 7.00 5.06
3A4(R) 7.02 5.06 6.53 7.02 5.08
B14(R) 5.10 5.18
3B1u(R) 5.13 6.87 7.79 5.17
3B1u(R) 5.20 5.22
3By4(V) 5.24 5.24 5.23
3B4u(R) 5.24 5.27 5.28
3B1u(R) 7.34 5.28 6.70 7.37 5.33
3B,u(R) 5.30 5.32
3AU(R) 5.32 6.76 8.19 5.39
3B,u(R) 5.39 5.28 5.50
SALR) 5.39 5.45
3Byy(R) 7.74 5.45 7.80 5.48
3B34(R) 5.47 5.49
3B, (R) 5.49 5.55
3B4u(R) 5.51 5.51 5.57 5.63
3B1u(R) 5.51 5.53
3B,4(R) 5.52 5.55
3B44(R) 5.55 5.57
3B,u(R) 5.52 5.56 5.59 5.66
3A4(RIV) 5.56 5.26 5.59 5.57
3A4(R) 5.57 5.60
3A4(R) 5.64 5.66
3B34(R) 5.65 8.09 5.71
®B,4(R) 5.66 5.68
3B,4(R) 5.66 5.72
3B3y(R) 5.68 5.70
*Ay(R) 5.70 5.72
3AL(R) 5.71 5.77
3B44(R) 571 5.78
3B1u(R) 571 5.74
3AU(R) 5.72 5.75
3B,4(R) 5.75 5.80
3B,,(R) 5.75 5.78
3B, (R) 5.77 5.80
B14(R) 5.77 5.84
3B,,(R) 5.80 5.82
B14(R) 5.80 5.87
3AL(R) 5.82 5.84
3B44(R) 5.85 5.92
3B,4(R) 5.87 5.93
3B14(R) 5.88 5.95
3B34(R) 5.89 6.07
3B,4(R) 5.89 6.64 5.92
3B34(R) 5.91 5.93
3B,4(R) 5.92 5.94
SAL(R) 5.92 5.98
3B, (R) 5.93 5.99
3AL(R) 5.94 6.00
3B1u(R) 7.75 5.96 6.63 6.09
3By4(R) 5.96 6.06
3B,y (R) 5.96 6.03
3B34(R) 5.96 5.94
3A4(R) 5.97 5.99
3B,u(R) 5.97 5.97 5.77 6.05 6.07
B3, (R) 6.00 6.04
3A4(R) 6.00 6.03
3B,,(R) 6.01 6.06
3B, (R) 6.04 6.06
3B,4(R) 6.05 6.08
3B44(R) 6.08 6.11
3B44(R) 6.09 6.15
3B,4(R) 6.10 6.16
3B1u(R) 6.10 6.13
3B34(R) 6.11 6.31

to 5.07 eV, and théB,, state, which drops from 5.33 to 5.23
ev.

A note should be made about the oscillator strengths.
The oscillator strengths are calculated as

f=20,(W ol w| W) (W, | W), 3)

wherew is the excitation energy. The right-hand ground state
is the coupled-cluster wave function, the left-hand ground
state is the lambda solution from coupled-cluster thé6ry,
and the right-hand excited state is the STEOM-CC state.
Currently, several approximations are introduced when cal-
culating the left-hand excited statéThese sometimes can
cause numerical problems with the properties calculated.
When the oscillator strength is listed &s-), it means that

the approximations are too severe, and the calculated oscil-
lator strength is unreliable. Since the energies are calculated
with the right-hand excited state wave function, they are still
correct. For the polarized basis results, another approxima-
tion is made. Because the cost of calculating the ground state
lambda vector is prohibitive for that large a basis set, the
left-hand ground state is estimated with the same approxima-
tions as the excited state left-hand wave function. In a test
calculation with the DZ basis, this makes a difference in the
oscillator strengths of less than 20% in every case. Even for
the properly calculated oscillator strengths, errors of 20% or
more are possible.

The “Dy,” geometry, polarized basis results for the sin-
glet valence states from Tables Ill and IV are listed in Table
VII, along with CASPT2% SAC-CI/ previous STEOM-CG,
and EOM-CCSD results. The EOM-CCSD calculation is at
the “D4,” geometry with the DZ basis. The valence states
are numbered for convenience, but these numbers are only
accurate through 3319. After that the Rydberg states
should enter into the numbering.

The energy of the first triplet state has been measured in
frozen solvent at 77 K® The phosphorescence peak is at
1.58 eV, well above our polarized basis result of 1.26 eV.
The CASPT2 result is between the two at 1.37%V.

IV. DISCUSSION

The recent controversy over the assignment of the spec-
trum centers around how to assign the N band. The argument
of Nakatsujiet al,” essentially, is that they calculated no
other optically allowed states in the 3—4 eV range, and,
therefore, by default, the N band must bég,,. Table VII
shows the poor quality of their results. Had they used a de-
cent basis set and had they not made the approximations that
are always used in their SAC-CI calculatichtheir calcu-
lated energies would have approached the EOM-CCSD ex-
citation energies, meaning that they all would have in-
creased. At that point, it becomes impossible to draw any
meaningful conclusions about the assignment of the spec-
trum.

The CASPT3 results for the B band are too low. This
could have been caused by the size of their active space. It
has been shown several tifi&3”8that for the 2'Bg, and
2'B,, states, Gouterman’s four orbital motfef*?is not suf-
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TABLE VII. Singlet valence excited states for free base porphin. Energies are in eV. Oscillator strengths given
in parentheses below the excitation energies.

EOM- STEOM- “Dagp”
CASPTZ SAC-CP CCSD cc polarized Expt
1By, 1.70 1.75 2.15 1.72 1.75 1.98Q
(0.009 (0.0002 (0.000% =) (0.000% (0.0
1By, 2.26 2.23 2.76 2.61 2.40 242Q
(0.016 (0.0008 (0.007 (0.016 (0.013 (0.09
1'By4 3.55 3.63 3.44
2By, 291 3.56 3.89 3.66 3.47 3.33B
(1.66 (1.03 (1.00 (1.03 (0.693 (119
21B,, 3.04 3.75 4.05 3.77 3.62
(159 (1.73 (1.56 (1.42 (1.20
21A, 4.25 4.08 3.95
3'Bg, 4.24 451 4.28 4.06 3.65N
(0.979 (0.812 (0.79 (0.93) (<0.D
1By, 4.05 4.08 421
1A, 4.18 4.14 4.24
31B,, 452 4.83 4.67 4.35 4.25L
(0.350 (0.313 (0.44 (0.422 (~0.1)
1B, 4.37 4.45 451
2'By4 4.62 4.50 453
1By, 451 4.82 454 456
(0.005 (0.009 (0.009 (0.002
31A, 4.74 472 4.46
3By, 5.13 4.82 4.66
41A, 5.28 5.06 4.87
4B 5.31 5.26 5.00 4.67L
2u (0.280 0.20 (0.153 (~0.2)
41By, 5.32 5.12
51A, 5.31 5.04
4By, 5.45 5.38 5.17 5.50M
(0.35) (0.41 (0.272 (~0.3
5!B,, 6.26 6.07
(0.19 (0.182
51B,, 6.57 6.21
(0.002 (0.009

aReference 6.
PReference 7.
‘Reference 8.
YReference 13.

ficient; the 4,, orbital must also be included. Merchan further increase the calculated excitation energy, moving it
et al® did not include it in their active space. More CASPT2 toward the experimental number.
calculations, with a larger active space and vdtfunctions, The current results strongly support the original assign-
would be very informative. ment for the B band being both the'B,, and 2!B,, states.
The CASPT2 results for the B band are actually in veryThe N band is then assigned to théB,, state. If the as-
good agreement with the RPA results of Baker and Zérnersignments of Nakatsujet al. were correct, it would mean
using the INDO/S Hamiltonian. The excitation energies arehat the polarized basis STEOM-CC energies would have to
2.91 and 3.04 eV for the CASPT2 versus 2.99 and 3.03 e\We 0.19 eV too low for the first L peak and 0.32 eV too low
for the INDO/S. The INDO/S results are also low for the Q for the second L peak. Instead, this assignment pd;2
bands at 1.46 and 1.97 eV. 0.14 eV above the B peak and'B,, 0.29 eV above the B
The Q and Q bands belong to the B3, and 1'B,,  peak. The 3By, state is 0.41 eV above the N peak. Al-
states. Our results show fortuitously good agreement with théhough the 0.41 eV error is uncomfortably large, we feel it is
Qy band. For the Qband all of the methods predict too low much more likely that the STEOM-CC is overestimating the
an excitation energy. A fluorescence spectrum of free basexcitation energies than that it is consistently underestimat-
porphin taken in a supersonic jet expansiguiaced the 0-0 ing them. Also, the calculated energies of all of these states
transition for the Q band at 2.0234 eV and the 0-0 transi- dropped substantially when the polarizations functions were
tion for the Q band at 2.4653 eV, slightly higher than the added. Larger basis set calculations should further decrease
vertical excitation energies reported by Edwaetigl*®* The  these gaps.
addition of polarization functions increased theg &xcitation The intensities still present a problem. The experimental
energy by 0.05 eV, so the use of much larger basis sets mayscillator strength of the N band is less than 0.1, and the
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TABLE VIIl. User CPU time needed for the steps in the STEOM-CCSD V. CONCLUSIONS
calculation with the polarized basis.

STEOM-CCSD* calculations on free base porphin us-

Step User CPU time in seconds  jng a[ 3s2p1d/2s] basis set are presented. These are the first
Integrals 29 229 reported qalcylations on excited states above the I.owest that
Property integrals 136 use polarization functions. For the important optically al-
SCF 166 lowed excited states, the polarization functions have a sig-
'megfa: ”a”zfor_ma“o” 5491 nificant effect. These calculations support the traditional in-
'(;'tcesgga reordening 56 470454 terpretation of the spectrum, in that the intense B band is
Forming hbar 3937 assigned to both the Bg, and 2'By, states. The errors in
11 IP-EOM-CCSD states 243 excitation energies for some of the higher lying excited states
23 EA-EOM-CCSD states 9873 are still quite large, however. This suggests that even bigger
Forming G 789 basis sets are needed to truly converge the excitation ener-
84 STEOM-CC states 3016 gies

This study is possible only because the second similarity
transformation in STEOM-CCSD means that the excited
states can be represented in terms of single excitations with
respect to a highly modified Hamiltonian. Thus, it is possible

calculated oscillator strength is 0.93. Edwardsal™®> men-  to efficiently calculate many excited states at once.

tion that the shape of the B and N bands would be consistent

with the two states of the B bands being split by 1500¢m ACKNOWLEDGMENTS

and an intense N band donating intensity into the B band.

Our calculations give a splitting of 1200 crhbetween the
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