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Abstract: For optimized molecules of free-base porphin and magnesium-porphin (at Hartree-
Fock level and 6-31G* basis set) excitation spectra were determined using severa ab initio
methods. CIS, RPA, CASSCF, and TDDFT. Obtaned values were compared with
semiempirical ZINDO method, other calculations found recently in literature and experimental
data. It was demonstrated that for qualitatively correct spectra description the AO basis must
include both the polarization and diffuse functions. The later play an important role in formation
of Rydberg MOs. Estimated energies of the spectra transitions using the CIS method remain
relatively far from the measured values. RPA method can be aready considered as a
quantitatively accurate method when sufficiently large basis set is used. For CASSCF approach,
it was shown that even the lowest energy transitions are insufficiently described in CAS
formalism and much larger active space or inclusion of more inactive orbitals in correlation
treatment would be necessary for obtaining sufficient accuracy. It can be stated that without
sufficiently large correlation contributions, the determined spectra are not able to reach
guantitative agreement with experimental data. From the methods treated in this study, only
TDDFT can be considered as a useful tool for spectra prediction, at least for calculations of
lower excited states. It is relatively fast and feasible for calculation of middle-size molecules.
ZINDO approximation is aso relatively successful for such large systems. Acceptable
predictions of experimentally observed energy transitions in the range of Q and B bands were
obtained. Until higher (UV) part of spectra is examined where the excitations to Rydberg orbital
will happen, it can be considered as a good candidate for electron spectra calculations.
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Introduction

Free-based porphin (FBP) and metalo-porphin molecules serve as test systems for practically all
methods developed for electron spectra calculations.t** Many of these studies were performed on
qualitatively different basis sets and there leaves some uncertainty in the accuracy comparison of
published results. Moreover usually not the same set of spectra transitions is compared. Authors often
concentrate on the allowed (visible) part of spectra, which facilitates the calculations. The smaller
number of spectra transitions allows to use a more extended basis sets or a larger active space and
thus, such calculations are more accurate. One of the first calculations were done by Gouterman.'516
He had used a four-orbital model within the Hickel method and by fitting parameters on
experimental data he was able to reproduce basic spectral lines of porphin molecule and many of its
derivates. It is interesting that even spectra of metalo-porphines (Cu porphin and its derivatives) were
determined in ref.’> Later, Gouterman and Zerner” published extended Hiickel calculations on Mn —
Zn metalo -porphines. Here besides spectra calculations also some other aspects were discussed. The
cornerstone in ab initio calculation of spectral properties represents work from Pople group® where
the CI-Singles method was introduced with all modern features like the analytical first derivatives
and the correlation treatment for excited states within MP2 corrections. In this work also porphin
excitation energies were computed within STO-3G till 6-31+G basis sets. The other method -
Symmetry adapted cluster (SAC-CI) was proposed and used for FBP by Nakatsuji et al.*® and later
aso for chlorine and other related molecules.’® They calculated and discussed the effect of extended
basis sets on porphin spectra in study®®, where also higher Rydberg states were included and
agreement for first four spectra transitions is very impressive — RMS=0.37 . In these calculation not
only single but also double-excitation operators were included. Two years later Similarity
transformed equation of motion (STEOM-CC) study on excited states of FBP appeared by Nooijen.?°
With the DZ character of the basis set the resulting spectrum is of the same accuracy (RMS=0.46 but
no polarization and diffuse functions). When the CCSD step is replaced by MBPT(2) approximation
STEOM-PT spectrum can be obtained as a cheaper version but substantial blue-shift (usually more
than 0.2eV) can be observed for all calculated lines. The deterioration can be expressed by RMS
value of 0.87. The same method was used with extended basis sets in study® and improved excitation
energies were obtained (RMS=0.27). Very accurate multireference Cl calculation for the lowest
singlet and triplet states was performed by Yamamoto® where especialy the first two lines are in
perfect accord (within 0.02 eV) with measured excitations and resulting RMS is 0.08. Multireference
CASPT2 gpectra calculations of porphin and Mg-porphin molecules were published by Roos and
Merchant.>1122 These calculations show similar deviation from the experiment (RMS=0.46).
However, these authors point for the first time on the discrepancy between the intensities from
calculated and expetimental results. Their results support the original spectra assignment, where the B
and N lines from the Soret band belong to two consequent pairs of B, and Bs, lines, in contrary with
assignment suggested in SAC-CI studies. Thanks to the better accuracy of modern computational
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techniques, the original spectra assignment is respected in al recent publications. The improved

virtua orbital technique was applied in combination with the CASCI approach in study of Potts et
a]_24

Recently applications of time dependent density functional theory (TDDFT) methods to porphin
spectra were published.? More accurate calculations with different functionals (Becke-exchange® +
Perdew-correlation?) were done in a study of van Gisbergen et al..»*? Their results are in accord with
above mentioned assignment of B and N lines from the Soret band.

MRCI study? of porphin spectra using RAS active space was published recently by Werner’s group.
An experimental absorption spectrum of the magnesium-porphin (PMg) in the gas phase was not
published yet. Usually for the experimental spectra comparison serve measured derivatives of PMg —
1,3,5,7-tetramethyl-2,4,6,8-tetraethylporphin-Mg (EthioPMg) * and 9,10,11,12-tetraphenylporphin-
Mg (TPPMg).3t

We decided to perform a more systematic study, which will contain some comparison on various
basis sets for some methods. The electron spectra given by semiempirical ZINDO approach were
compared with several ab initio methods. The CI-Singles, Random Phase Approximation (RPA),
TDDFT with several functional (Becke3LYP, BP86, and B3PW91), and multireference CAS
methods were chosen for this purpose. Based on these results relatively small and already sufficiently
flexible basis set was chosen for the other method used for the testing purposes.

In this work we have dealt with electron spectra of free-base porphin and Mg-porphin and compare
various approaches and the influence of the basis sets on the quality of the obtained spectra
transitions

Computational Methods.

In our study, the HF/6-31G(d) optimization of free-based porphin and Mg-porphin was performed
using Dz, and D4, point group, respectively. In the paper of AlmIof et al.®?, Lamoen et al.** and
Merchan?®, there were mentioned warning remarks on optimization of these species since a failure
occurred due to resonance structures using the HF method without imposing symmetry restrictions.
Both species are drawn Figure 1 together with the coordinate axes orientation (used later for
characterization of obtained spectra transitions).

Figure 1: Free-base porphin and Mg-porphin together with standard orientation of the coordinate axes.

For the comparison of the individual spectra transitions several different basis sets were used in
combination with various methods. The basis set dependence was examined within the configuration
interaction with single-excitations (CIS) approach and the following AO bases were examined:
Huzinaga minimal basis set MINI-3,* 3-21G,* 6-31G,* 6-31G**, 6-31+G, 6-31++G, 6-31+G* and
6-31++G** 373 The basis set dependence was verified on the electron spectra obtained with the
random phase approximation (RPA).
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Based on these calculations, sufficiently correct and still relatively small 6-31+G basis was chosen for
substantially more demanding calculations e.g., the CASSCF method.

In multireference approaches, several active spaces were tested. In the case of FBP molecule, we
started with the four-orbital model (signed as model A[4,4] with HOMO-1,...,LUMO+1 in 5by,, 2a,,
4b,,, and 4bg, irreducible representations) suggested by Gouterman.® Second investigated active
space was dightly enlarged by four virtual MOs 21a,, 18b,,, 18bs,, 15b,q (model B&[8,4]), which was
further extended by two occupied (4b,, and 3bsg) and two unoccupied orbitals (6b,, and 3a,) in model
Cb[10,8].

In previous CASSCF/CASPT2 studies'? concentrate only on visible spectral lines (B3u and B2u
symmetry). They use basis sets without diffuse functions and dea only with titype orbitals in active
space. The best published results are using 3-6b.., 2-5b,g, 2-5bs; and 2-3a, active orbitals.

We chose two ways of the next active space extension. First we investigated active space with more
Rydberg functions included, according to their eigenvalues (22 and 23a,, 19b,,, 19bs, and 16b,),
model De[17,8]). Second way used was to extend the active space only with Ttype orbitals and it was
found more important for excited states energy stabilization. Model Ec[13,10] extends the active
space Cb[10,8] by occupied 3by and virtual 6b., and 3a, MOs, model F[16, 10] further by virtual
orbitals 6byy, 6bs; and 4a.

A synoptic representation of the active spaces used in CASSCF and CASPT2 is compiled in Table 1.
A dstate-averaged wave function (density matrix) approach enables simultaneous calculation of
severa desired states (usually about 10) without substantial convergence difficulties.

ag ba by, blg b1y b3g ng du

A 2 0 O 2
B 0 O O O 2 0 O 2
c o 0 o o0 22 20 O 2
D 000 00 00 00 220 20 O 20
E O O O 0 220 20 20 20
F 0 O O 0 220 200 200 200
G 0 O O O 20 00 O 20
B|]O O O O 20 0 O 2
c|]0 O O 0 220 20 20 2

0 labelsvirtual orbital considered in givenirrep.,
2 labelsinclusion of occupied MO in given irrep.

Table 1. Active spaces used for spectracalculation at CASSCF and CASPT2 levels. FBP models are shown in the
upper part, PMg model are signed with apostrophe.

However, some additional inaccuracy is brought in the determination of individual states. Therefore,
state-specific calculations were also performed in chosen models of active spaces. In these cases,
wave function optimization of some excited states converged only with great difficulties or not at all.
Moreover, despite the apparent differences, the basic trends in shifts of spectra transitions with
various active spaces were conserved for both types of computations. CASPT2 was performed only
in the case of FBP molecule in smaller active space — labeled as model G. Additional 6 electrons
were correlated in PT2 treatment. Larger amount of electrons made the job unfeasible with our
computational equipment. In the case PMg only two active spaces were considered over four-orbital
model A[4,4] (5by, 4by,, 4bsg, and 2a,). Model B is based on extension of model A with virtual
orbitals 23ay, 19b,,, 19bs, 15b, and 7by, to [9,4] active space and the largest model C contained
additional occupied 5by,, 4b,,, and 4bs, orbitals (cf. lower part of the Table 1).
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TDDFT spectra calculations were performed using B3LYP, B3PW91 and BP86 functionals. Test
calculations with the B3LYP functional and various basis sets (6-31+G*, 6-311+G*, 6-311++G**)
gave only small difference in calculated spectra, so 6-31+G* basis set was chosen for the rest of
calculations. Spectra calculated on previously optimized (HF/6-31G* level) and DFT/6-31+G*
reoptimized structures were compared. Since the main goal of this study concerns the accuracy of the
guantum chemical methods available for calculation of electron spectra of larger-molecular models of
photosynthetic centers, the semiepmirical method ZINDO was aso included into our set of methods.
Geometry optimizations, CIS, RPA, and ZINDO electron spectra were calculated with the Gaussian
98 program package, multiconfiguration tasks were run with the Molpro program.

Transition spectra computations

Geometry optimizations, CIS, RPA, and ZINDO electron spectra were calculated with the
Gaussian 98 program package, multiconfiguration tasks were run with the Molpro program.

Free-base porphin : the molecule of FBP has 81 occupied MOs and the ground state has
electron configuration of Do, symmetry group: 20a? 17b,2 17bs? 14bi? 5by2 3bss? 3byg? 282 The
ordering of the HOMO-3 till HOMO orbitals at Hartree-Fock level is 4b,,, 3bsg, 5by, and 2a,in all the
examined bases with the Mini-3 exception where inverted order of HOMO and HOMO-1 appeared.
However, the same order is predicted for al functionals in the DFT treatment. This difference in
eigenvalues is less then 0.01 a.u. (similarly to the other basis) but with opposite sign. This exchange
has no influence on the energy order of spectral transitions since it is inverted, too. In the virtual
space, the agreement within several lowest orbitals is substantially worse as one could expect. LUMO
and LUMO+1 belong to B,y and Bgy irreps. However, the next order depends on the presence of
polarization functions (even in larger basis sets with diffuse functions). In the sets where higher
angular momentum functions are present, 4bs, MO lies lower. LUMO+2 and higher orbitals already
reflect a presence of the diffuse functions, i.e. they have Rydberg character if sufficiently flexible
basis set is used.

First, the influence of various basis sets on CIS electron spectra was examined. All spectral
energies are collected in Table 2. The smallest basis sets without any polarization and diffusion
functions exhibit remarkable blue shifts of all the calculated lines. In more extended bases, two
different trends are visible. Namely, the first two lines (1Bs, and 1B2) are more substantially
influenced by polarization functions than by diffuse ones. Thisis easy to understand, since these lines
originate from HOMO and HOMO-1 transitions to LUMO and LUMO+1. Their character is correctly
described even in smaller bases but polarization functions allow substantially higher flexibility
necessary for better description, e.g. passing from 6-31G to 6-31G(d,p) improves 1B3, by 0.07a.u.
while 2B3, by only 0.03 and for the basis set extent by diffuse function the corresponding changes are
0.01 and 0.09 a.u., respectively. In the higher states, excited electrons are not bind so tightly and thus
diffuse functions start to play more important role. Interestingly, the invisible 1B,4 line (excitation
from HOMO-2 to LUMO) is practically constant from the double-zeta character of the basis set.
From Table 2, the comparison with experimental datais also available. It can be noticed that even in
the largest basis sets the agreement is still very disappointing and poor convergence with increasing
bases can be remarked. The possible explanation can be searched in the simplicity of the electron
excitation since only single excitations are considered and as pointed by Roos et a., for higher states
the doubl et-excitation character exhibits a more important role. Moreover CIS suffers with the lack of
the correlation energy. In the last column the RMS from five lowest experimental spetrum lines is
calculated. This criterion clearly demonstrates that the predicted spectra are far from being correct.
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Even for the most extended basis set the RM S remains above 2.6.

Metho 1B; 1B 2B3 2B2 1B, 333 1B, 1B; 1B; 1B, 2B3 2B2 3B3 RMS
d Basis set u uw u u o9 1Ay w 1A 9 w uw wu u u _u
2.7 3.1 49 56 51 6.3 6.1 6.2 6.1 59(0.0 0.0 1.1 3.5 3.0/ 3.88
CIS Mini 5 0 8 1 0 6 3 1 1 8|1 1 8 9 2 9
25 27 46 49 50 58 55 6.5 6.5 6.4(0.0 0.0 1.6 3.0 2.0
3-21G 7 3 6 6 1 5 9 5 1 71 1 8 5 0 2936
25 26 46 48 50 5.7 55 6.5 6.5/0.0 0.0 1.8 3.0 1.8
6-31G 4 8 5 8 2 8 2 7 5 1 2 1 1 2 2.860
25 2.6 46 49 50 5.7 55 6.7 0.0 0.0 1.6 29 1.9 2.83
3-21G** 1 4 3 2 0 5 6 1 4 3 3 7 7 3
24 25 46 48 50 5.6 55 6.7 0.0 0.0 1.7 29 1.8
6-31G** 7 9 2 5 1 8 0 3 4 3 6 3 0 |2.767
24 25 45 48 49 56 55 0.0 0.0 1.7 29 1.8
cc-pvdz 6 7 9 2 9 5 4 4 3 4 4 2 2.763
25 2.6 45 4.7 50 56 54 54 55]0.0 0.0 2.0 3.0 1.5 2.68
6-31+G 3 6 9 6 0 7 4 4 911 2 2 1 9 7
25 26 45 47 50 56 54 5.0 5.2 52(0.0 0.0 2.0 3.0 1.5| 2.68
6-31++G 3 6 9 6 0 7 4 2 7 01 2 2 1 9 7

24 25 45 47 50 55 54 51 55 56|00 0.0 1.9 29 1.5
6-31+G* 6 7 7 3 0 6 2 9 4 O0(4 3 8 5 7 2619

24 25 45 47 49 55 54 47 50 52|00 0.0 1.9 29 1.5
6-31++G* 6 7 6 2 9 5 1 9 6 414 3 7 5 6 2605

21 25 44 47 49 6.1 56 6.1 6.0 1.1 1.8 1.0

RPA Mini 7 8 7 7 8 6 9 9 9 0 0 1 6 6 2756
19 21 41 42 49 56 5.2 0.0 0.0 1.2 15 0.6

3-21G 8 8 2 4 0 3 8 1 1 8 8 0 2.041

19 2.1 40 41 4.8 51 54 5.7 55({0.0 0.0 1.4 15 0.4 1.89

6-31+G 3 0 4 0 9 9 4 4 8|1 1 0 8 8 4

1.7 1.9 40 40 48 53 51 5.1 55 5.6(0.0 00 1.3 1.5 0.4 1.88

6-31+G* 9 4 1 6 8 5 6 9 3 0|3 2 5 4 © 3

1.7 1.9 4.0 4.0 51 4.7 5.0 5.2{0.0 0.0 1.3 1.5 0.4 1.87

6-31++G* 8 4 1 5 5 8 6 4|3 2 5 3 6 3

6- 1.7 19 40 40 48 53 51 4.7 5.0 0.0 0.0 1.3 15 0.4 1.86

311++G* 5 O O 4 6 2 4 7 3 3 2 3 2 7 8
1.7 20 35 3.6 3.8 3.6 42 45 44 44|00 0.0 20 25 1.1

ZINDO 5 8 01 2 8 2 3 3 8|4 6 1 1 5 0772
22 23 31 31 31 31 35 33 3.3 34|00 0.0 0.1 0.0 0.8

BP86 631+G* 4 7 3 7 O 5 8 8 8 2|0 0 8 7 0 0378
631+G* 21 22 29 29 28 29 34 33 3.3 33|00 0.0 0.1 0.0 0.7

(opt) 4 7 4 8 9 5 3 4 6 8|0 0 2 4 7 06l
B3PW9 23 25 34 35 35 3.7 39 40 40 41|0.0 0.0 0.5 0.8 0.6

1 631+G* 5 0 4 7 8 6 4 9 8 6|0 0 9 8 6 0544
631+G* 22 24 33 34 34 36 3.8 40 40 41|0.0 0.0 0.4 0.7 0.7

(opt) 9 5 4 8 3 1 3 7 6 4]0 0 8 4 5 0.392

23 24 34 35 35 3.7 39 41 41 41)0.0 0.0 0.6 0.9 0.6

B3LYP 631+G* 4 9 3 5 7 5 3 2 0 910 0 0 0 6 0517
23 24 34 35 35 3.7 39 41 41 41)0.0 0.0 0.5 0.8 0.3

6311+G* 3 8 2 5 6 4 2 2 0 9|10 0 9 8 3 0504
23 24 34 35 35 3.7 39 41 40 41|00 0.0 0.5 0.8 0.6

6311++G* 3 7 1 4 5 3 1 0 8 70 0 9 8 5 0491
631+G* 22 24 33 34 34 35 3.8 40 40 41|0.0 0.0 0.4 0.7 0.7

(opt) 7 2 1 5 0 8 0 7 6 3|0 0 8 5 4 0.348
19 24 33 33 3.6 0.0 0.0 1.1 <0.
Experiment 8 2 3 3 5 1 6 5 1

Table 2. Transition energies (€V) and oscillator strengths (a.u.) of the lowest excitations of FBP in dependence on the basis
sets used. Experimental data* are included for comparison.
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As to oscillator forces the situation is more satisfactory, at least a qualitative agreement was
achieved aready with smaller basis sets (cf. second part of Table 2). In these cases overlap between
given MOs is the controlling factor and the orbital shape is not so sensitive to completeness of the
basis set as the orbital energies.

The second method chosen for the confirmation of the basis set dependence was RPA. In this
method triple-zeta quality basis sets were included, too. Obtained spectra transitions are summarized
in the middle part of Table 2. RPA even with the simplest basis set gives comparable results as CIS
method with the best double zeta basis. Nevertheless, the lowest two spectral lines converge with
increasing basis functions towards too low energies (in comparison with experiment). Similarly to
discussion in CIS part, practically no influence of the diffuse functions is noticeable on these lines on
the contrary to higher state transitions. Also, passing from the double-zeta to the triple-zeta basis set
does not bring any substantial improvement for visible spectrum and only small changes are
noticeable in invisible part. Also RPA spectra still show large blue shift (larger than 0.5 eV for all the
lines except of the two lowest). The RMS criterion is improved but still cannot reach quantitative
character — the best estimation stay above 1.8. Intensities of the obtained lines are in better agreement
with experimental data than CIS approach, especially intensities of higher Bs, and By transitions.
Character of al the investigated spectra transitions at the RPA level is similar to CIS only weights of
individua MO excitations are usually dightly different.

IR E(eV) E(nm) Force fr->to w fr->to w

CIS 1 BlU 253 490.3 001 81->83 050 80->82 048 78 Bsy -0.349
2 B2U 2.66 466.2 002 81->82 052 80->83 -0.46 79 Big -0.342
3 BlU 4.59 269.9 202 80->82 043 81->83 -042 80 Bsy -0.245
4 B2U 4.76 260.3 301 80->83 051 81->82 045 81 Ay -0.236
5 B3G 5.00 247.9 000 79->82 0.66 82 Bz 0.005
6 BlU 544 227.9 159 78->82 0.58 83 Bic 0.007
7 AU 544 227.8 000 81->85 0.59 84 B 0.066
8 B3U 5.59 221.9 001 80->85 0.58 85 As 0.067
9

AG 5.67 218.5 000 81->91 051 79->83 041 91 Ay 0.103
10 BI1G 5.69 218.1 000 81->84 0.66

RPA 1 B1lU 193 641.1 001 81->83 0.71 80->82 0.68
2 B2u 210 590.1 001 81->82 069 80->83 0.63
3 BlU 404 306.7 140 80->82 040 81->83 0.37
4 B2U 410 302.2 158 80->83 044 81->82 0.35
5 B3G 489 2534 000 79->82 0.65
6 BlU 519 238.8 048 78->82 0.62
7 AU 544 228.0 000 81->85 0.59
8 B3U 558 222.2 001 80->85 0.57
9 B1G 568 218.2 0.00 81->84 0.66
10 B2G 574 216.2 000 81->86 0.61

Table 3 MO transitions and their weight factorsin the case of CIS and RPA/6-31+G electron spectra.
adefault basis set is 6-31+G

In Table 3, a comparison of individual excitation weights can be seen for the 6-31+G basis set and
ClIS and RPA methods. Visible differences are only in the highest two states. RPA has omitted the 9™
CIS state. Nevertheless, reliability of a such high-state determination is at least questionable. Some of
the most important MO’s (HF/6-31+G), which are involved in the excitation process, are drawn in
Figure 2. Unfortunately according to RMS, both CIS and RPA predicted spectra are not better than
spectrum computed by semiempirical ZINDO approach.



Int. J. Mol. Sci. 2004 5, 196-213 203

80 (b1, —0.24 7

S p//
84 (s, 0.07 &)

Figure 2. The most important MOs for interpretation of the lowest lines of electron spectra of FBP using CIS and RPA
methods with 6-31+G basis set.
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The last single-reference method is the TDDFT approach to spectra. On the contrary to RPA
and CIS, it contains inherently the electron correlation. Only three different basis sets were used here,
6-31+G*, 6-311+G*, and 6-311++G**. Moreover the influence of the geometry optimization method
(HF and DFT) on caculated spectra is evaluated within the DFT framework. Obtained spectra
transitions are summarized in the end of Table 2. With exception of the BP86 functional, spectra
calculated on the DFT optimized structure are closer to the experimental one than on HF geometry.
Also, a very promising conclusion is that TDDFT spectra represent a substantial improvement
approaching to the quantitative agreement with the experimental spectrum. All lines remain a few
tenth spread around the measured transitions. The largest deviation occurs in the lowest line, similarly
to RPA. However, a blue shift is noticeable in the TDDFT case. Also, RMS values are the best
obtained from the calculations. Even for the HF geometry, the agreement with experimental lines is
relatively good. In the contrary to lines energies their intensities are partially aggravated in
comparison with other computational approaches. This holds especially for the 2Bs, and 2By lines.

One of the best estimations of electron spectra should be expected from multireference
methods based on the CASSCF approach. However, for systems with so many valence electrons, the
active space must be drastically reduced in order to make these tasks feasible. The simplest model is
based on 4-orbital approach published by Gouterman. 16 However, al four predicted lines are more
than 1.5 eV above the experimental results.

Model® 1B, 1B,, 2Bs, 1B1g 1A, 2By 2Bay 1By 1B1y 1Bag 2B2g 2B1y 2Bsg 3Bs, 2A, 3B,, RMS

3.4 3.7 5.4 3.08
A 9 4 8 5.50 8
3.4 3.7 5.4 6.0 6.0 54 5.6 5.7 5.7 59 59 6.0 11. 6.1 11. 3.67
B 6 2 5 5 5 7538 8 4 8 2 6 2 8 8 93
35 3.7 5.1 6.1 6.1 51 5.6 5.7 5.7 3.40
Bs° 3 7 3 6 6 6 6 0 4 5
3.3 3.6 48 49 54 3.51
C 2 2 8 0 1 6.08537 570 553 576 572 595 579 5.98 5.96 6.26 6
c/3- 3.3 3.6 48 49 5.3 3.924
21++G** 3 2 7 1 7 6.11537 526 5.19 5.35 5.35 556 5.44 6.02 5.64 6.23
2.8 3.5 49 4.4 52 3.08
D 8 9 2 7 7 5.64 5.36 5.67 541 5.62 5.80 6.03 5.74 5.81 5.89 6.36 8
2.6 3.7 5.0 49 4.9 3.67
E 6 5 8 5 6 5.13 5.27 549 527 558 5.46 5.77 557 571 3
2.3 39 48 4.4 45 3.40
Fav 7 3 6 3 4 5.08512 561 538 557 581 6.00 5.80 5.82 5
2.3 39 49 4.7 45 3.51
Fs° 9 6 8 4 9 5.19 5.86 5.44 5.87 6
3.0 3.3 5.3 5.1 3.41
G 4 7 5.05 1 0 5.06 5.71 5.96 5.78 3
2.4 32 45 45 45 2.83
G-PT2 4 2 4 1 6 477 5.78 592 5.68 2
experime 1.9 24 3.3 3.3 3.6
nt 8 2 3 3 5

adefault basis set is 6-31+G
= and grey lines signs the state-specific calculations, @ means averaged-density calculations. CASPT2 contains electron
correlation corrections of three MOs 4by,, 3b24 a 3bsy from inactive space.

Table 4. Dependence of the lowest transition energies (in eV) of the FBP molecule on the model of the active space and
the basis set. For the comparison experimental values* are shown.

= and grey lines signs the state-specific calculations, @ means averaged-density calculations. CASPT2 contains electron
correlation corrections of three MOs 4by,, 3byg a 3bsy from inactive space.
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From the Table 4, it can be seen that the extension to model B brings no substantia
improvement either in the averaged density or in the single-state-specific approach. Some shifts
towards the experimental energies are visible for most of the state transitions in the active space C.
But even there, the minimal deviation is 1.2 eV. The influence of polarization functions is once more
demonstrated for the CAS method in the active space C. It can be repeated that the main impact
occurs in the spectra transitions in By, Bag, Bsg, and A, irreducible representations where an up to 0.5
eV red-shift is obtained. In the further models D, E, and F the deviation (RMS in Table 4) is slowly
decreasing, which clearly points to the fact that with sufficiently large active space the deviation will
arrive under a desired threshold. Nevertheless, from chosen models, it is evident that the convergence
is fairly dow with the increasing number of active orbitals. The importance of the inclusion of the
correlation energy is demonstrated in the last two lines of Table 4. For arelatively small active space
(G) with only four electrons, additional correlation corrections from next three lower occupied
orbitals lead to relatively reasonable energies of most of the spectral lines (the RMS drops close to
2.8 from values larger than 3.0), achieving a comparable accuracy (in comparable CPU time) as CIS
method with a substantially larger basis set. It can be remarked that the state-specific way of spectra
calculation is more elaborate and leads to a worse RMS from the known experimental values.
Moreover, many of the excited states converge with difficulties or does not converge at all as can be
seen from missing numbersin Table 4.

It is obvious that correlation contributions play the key role for obtaining acceptable accuracy for the
spectra prediction. When PT2 corrections are included or DFT method is used, despite single
reference character, a pronounced improvement of spectra quality is achieved.

For larger molecular systems, even TDDFT can be too demanding. Therefore, semiempirical
ZINDO method was regarded, too (see Table 2). The energetical order of vaence MOs is in
reasonable accord with the HF/6-31G** basis. The obtained spectrum is in a surprisingly good
coincidence with experimental values. According to the RMS criterion, ZINDO predicts spectra only
mildly worse than TDDFT methods and due to a very fortunate parameterization, which can aso
partialy include the correlation effects, it gives even better results than all examined non-correlated
calculations (including CASSCF). Transition intensities predicted by ZINDO are somewhat
overestimated. Despite the very good agreement, one should be careful in the range of higher excited
states since no Rydberg MOs are present in this semi-empirical approximation.

Mg-porphin : Analogous calculations, as for the FBP molecule, were performed also for PMg
where two protons of the opposite pyrrole rings are replaced by the Mg cation. This makes PMg
even a more symmetric species (D4 point group of symmetry). 172 electrons create the ground state
configuration: 22a2, 18b,2, 18bs2, 14by?, 6b.2, 3,2, 3bss?, and 2a2. Bx a B irreps form a two-
dimensional representation E, (x means g or u). HF calculations gave the insight into the character
and the shape of individual MOs, which were used for electron excitations (cf. Figure 3).

7
W

84 (e, -0.34 1) 85 (a,—0.23 1)
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91 (e, 0.04 &)

92 (e, 0.04 o)
Figure 3. The MOs, which plays important role in the interpretation of the lowest state transitions in the PMg species using
CIS and RPA/6-31+G.

These orbitals are very similar to MOs from FBP. The only visible exception present the first
Rydberg orbitals, which belong to four diffuse AO 3s and 3p localized on the Mg?* cation. Also, the
symmetry restrictions put together by, and bs; MOs, which are not degenerated in the FBP case and
moreover the 78 (by,) MO separates one of their pair in FBP case.
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Method basis set 1E, 2E, 1B, 2By, 3E, 1A, 1E, 1B,, 1E, 2E, 3E,

CIS Mini 3.10 5.47 5.98 6.08 6.43 6.64 0.00 2.62 0.85
3-21G 2.72 491 555 559 5.76 5.86 0.02 2.73 0.45
6-31G 2.65 4.84 554 557 5.69 5.78 0.02 2.77 0.34
3-21G** 2.69 4.85 554 558 5.71 5.84 0.01 2.67 0.35
6-31G** 2.55 4.78 5.48 5.52 5.62 5.56 0.04 2.65 0.29
cc-pvdz 2.54 476 4.58 5.17 4.92 491 0.05 2.66
6-31+G 2.61 4.73 4.86 5.10 5.08 4.85 0.02 2.87
6-31+G*  2.52 4.69 5.14 547 5.57 4.62 4.85 4.87/0.04 2.78 0.23
6-31++G** 2.52 4.68 5.56 5.36 4.81 0.04 2.78 0.23
RPA Mini 2.46 4.62 5.80 5.80 6.07 6.31 0.00 0.17 0.06
3-21G 2.17 4.25 5.44 547 5.60 5.62 0.00 0.16 0.03
6-31G 2.07 4.17 5.43 5.45 5.54 5.86 0.01 1.51 0.10
6-31G** 191 4.12 538 5.40 5.47 0.03 1.42 0.09
6-31+G 2.06 4.10 4.86 5.09 5.08 4.85 0.01 1.56
6-31+G* 1.89 4.06 5.14 5.36 4.62 4.85 4.86 0.03 1.49
6-31++G** 1.89 4.05 5.42 5.33 0.03 1.49 0.08
ZINDO 1.97 3.63 4.24 4.30 4.50 4.81 4.59 0.07 2.59 0.07
BP86 631+G* 2.32 3.34 3.40 3.43 3.41 3.45 3.86 0.00 0.22 0.54
631+G*
(opt) 2.22 3.15 3.20 3.23 3.26 3.26 3.83 0.00 0.06 0.57
B3PW9l1l 631+G* 2.44 3,56 3.90 3.94 3.92 4.06 4.57 0.00 1.02 0.03
631+G*
(opt) 2.38 3.49 3.77 3.81 3.79 3.93 4.55 0.00 0.98 0.05

B3LYP 631+G* 2.43 3.55 3.89 3.93 3.91 4.05 4.60 4.57 0.00 1.03 0.03
6311+G* 2.42 3.55 3.88 3.92 3.89 4.04 4.60 4.63/0.00 1.02 0.03

631+G*

(opt) 2.36 3.46 3.74 3.78 3.75 3.90 4.57 4.58 0.00 0.98 0.05
Experime
nt Mg-Ethio  2.14 3.18 3.82

Mg-TPP 2.07 3.04 3.96

Table 5 Transition energies (eV) and oscillator strengths (a.u.) of the lowest excitations of PMg in dependence on the basis
sets used. For the comparison experimental data of Mg-ethioporphine and Mg-TPP (Mg-tetrapyrrole porphine) are
includedst#,

CIS estimations of the electron spectrum were similarly calculated in severa chosen AO
bases. Resulted transition energies are collected in the first part of Table 5 where the role of various
types of functions is marked. Asin the previous FBP case, the first two lines are more sensitive to the
polarization functions. However, the extension with diffuse AOs leads to changes in the excited states
ordering. This reflects a more pronounced importance of the Rydberg MOs than it was in FBP
spectra. Slightly surprising is a behavior of the cc-pvdz basis set since even without augmented
diffuse functions the same effect on MOs ordering as for the 6-31+G basis set is apparent. The
analysis of transitions from the ground to excited states within the later basis sets reveals the role of
the highest occupied and first virtual MOs in the excitation process. Also, the extent of the similarity
with FBP molecule can be compared. The first two spectra transitions 1E, originate from HOMO
excitations to degenerated LUMO and LUMO+1; some portion of HOMO-1 to LUMO+1 and
LUMO, respectively, similarly to analogous transitions in FBP. Then the 1A, transition occurs, which
is mainly realized by an excitation from HOMO (2a,) to LUMO+2 - Rydberg's 89 orbital (23a; MO
which isrepresented by 3s AO of Mg). The second pair of spectra transitions 2E, exhibits inverted
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order of the weight factors in comparison with the 1E, excitation — higher weights for HOMO-1 to
degenerate 4e, virtual orbitals LUMO and LUMO+1 and lower weights for HOMO to these 4e,
orbitals. The 6" line corresponds to the By, excitation from HOMO-1 to LUMO+2 closely followed
(about 0.01eV) by Big. A quite unsatisfactory feature is evident from the last line in Table 5 with 6-
31++G** basis where further reordering of the lower spectra transitions is predicted. So, the second
set of diffusion functions located on hydrogen atoms play non-negligible role. The 6" and 7™ state
transitions are invisible Eq lines. Such a rearrangement is not confirmed by any other method and it
can be considered as a Cl-Singles break down

RPA method gives similar picture to CIS in the PMg case, too. In accord with the FBP case,
better agreement for spectra transitions is achieved with experimental data. The improvement of
excitation energies with increasing basis of AO is remarkable from second part of Table 5.
Reasonable accuracy is achieved only for the first line (smilarly to FBP). The second line remains
blue-shifted about 1 €V and the third even 1.5 eV in comparison with measurements performed on
modified PMg — Mg ethioporphine and Mg-tetrapyrrole porphine. The extension of AO basis set with
diffuse functions gives rise to qualitatively new excited states, e.g. 1A, or 1By. Also, diffuse
functions on hydrogen atoms should be regarded for proper ordering of higher excitations (round 3E,
line). The transition intensities are in substantially better accord with observed spectra than in CIS
case.

TDDFT spectra estimations for PMg led to the best agreement with measured data. BP86
gives again dightly worse results the other two functionals. Also, the importance of correct structure
is shown, DFT-reoptimized geometry influences the obtained spectra more then the treatment of
larger basis set (spectra for HF(opt)/6-311++G** versus DFT(opt)/6-31+G*). The comparable lines
are determined within a few tenth of eV (0.2-0.4), which confirms high reliability of this approach at
least for several lowest states. Several warnings appeared in literature for higher-lying states due to
wrong density limits, which represents inherent DFT problem. -4

1E, 2E, 3E, 1A, 2A, 1By 2By 1By 2By 1E, 2E, 1A, 2A,

40 361 548

A 361 549 811 526 608 494 607 500 587 508 544 468 6.21

A 352 511 5.04 4.96 5.12 4.75 |
317 522 656 469 566 455 569 442 546 467 486 427 563

B 342 520 5.06 5.11 4.45 4.78 4.39

Mg-Etio 214 318 382

Mg-TPP 207 304 3.9

Table 6 CASSCF/6-31+G calculations of electronic spectra PMg in the dependence on extension of the active space. Two
different models — both averaged-densities and single-optimized states (grey lines) were treated. Experimental data of Mg-
ethioporphine and Mg-TPP (Mg-tetrapyrrole porphine) are included for the comparison.3-+

Based on experience with FBP CASSCF calculations, only three models of active spaces were
treated in the PMg spectra predictions. These models come from 4 active electrons —model A and B’
and more extended 10-electrons model C'. Active spaces used in the models are depicted in lower
part of Table 1. The simplest 4-orbital model overshoots the excitation energies by more than 1.5 eV
(cf. Table 6). On the contrary to FBP case, the other two models of active spaces improves the
situation only marginally, leaving the smallest deviation about 1.3 €V.
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The ZINDO method was used for comparison with demanding ab initio calculations for PMg,
too. In analogy with the FBP molecule, agreement with experimental lines is very good. However,
the already mentioned drawback insisted in deficiency of diffuse orbitals is more pronounced here.
Position of the second and third transitions deviates from experiment more than 0.5 eV (cf. Table 5).
This is somehow surprising since the most important 3s and 3p (relatively diffuse) AOs are present
for the exited-states construction within ZINDO, too. The diffuse functions are more important in the
inactive spectrum part where for instance line 1A, or 1By, are completely missing. It is clear that Q
and B bands, which are dominant in the experimental spectra of PMg derivates®, are predicted with
reasonable accuracy.

Comparison with recent computations

In Table 7 some recent calculations on both molecules are collected. Here can be easily seen
that all correlated calculations are relatively close to the experimental data. For the FBP molecule, it
is interesting to notice that the highly-correlated methods like CASPT2, STEOM or SAC-CI usually
underestimates the 1% (Q,) line by ~0.2 eV. This is aso the case of RPA and ZINDO. SAC and
CASPT2 methods usually underestimate by the same deviation also 2™ line. From this Table it is
clear that double-zeta basis set character is sufficient for a reasonable agreement with the measured
gpectra. One interesting example where reasonable transition energies are presented at the CASSCF
level can be demonstrated on 17" line CASSCF.* Here the individual CASCF energies of excited
states where subtracted from the Hartree-Fock calculation of the ground state. Then very good
agreement with experimental value was obtained.
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1B3u 1BZu

ZB3u ZB2u

3B3u 3B2u 1Blg lBZQ 1B3g 1Ag 1Au 1Blu

MRSDpCI®
MRSDspCl/DZ-+2t
ClS/6-31+G!
CASPT2/DZ2

2.27

1.97

2.53
1.7

3.42
2.4
2.66
2.26
0.001 0.02

4.72
3.41
4.6
291
1.66

5.29
3.24
4.8
3.04
1.54

CASPT2/DZ*

STEOM-CC/DZ7

STEOM-CC/DZ*?

1.63 2.11
0.004 0.002
1.72 2.61
0.02
1.75 2.4
4E-04 0.01

3.08
0.91
3.66
1.03
3.47
0.69

3.12
0.70
3.77
1.42
3.62
1.20

3.42 3.53
0.46 0.83
4.284.67 3.634.084.454.084.14 4.54
0.71 0.44 0.004
4.064.353.444.214.513.954.24 4.56
0.930.42 0.002

STEOM-CC/DZ+3

SAC-CI/DZ

SAC-CI/Dz*®

SAC-CI/DZ+3

SAC-CI/4-31+G*%

CEO*

TDDFT

IVO-CASCI/3-21G*

MRMP#

1.7 2.59
0.02
2.23
0.01
2.01
0.01
2.19
0.01
2.1
0.02
1.98
0.03
2.29
0
3.5
0.02

1.75
0.001
1.77
0.003
1.7
0.002
1.81
0.002
1.54
0.025
2.16
0.01
2.83
1E-04
1.63 2.55
0.003 0.01

3.63
0.98
3.56
1.0
3.47
0.77
3.43
1.10

3.74
1.37
3.75
1.7
3.73
1.62
3.62
1.87
3.47 3.69
0.90 1.88
2.966 3.011
1.12 1.27
3.01 2.98
0.04 0.13
5.07 5.11
2.72 2.52
3.1 3.25
1.61 1.53

4.224.633.564.054.414.044.09 4.48
0.74 0.44 0.003
4.24 4.52 3.554.054.37 4.254.18 4.51
1.0 04 0.005
4.2 4.383.454.224.514.244.32 4.63
1.320.34 0.003
4.08 4.36
1.09 0.44
4.23 4.4 3.464.354.294.294.15 4.18
1.630.58 9E-04
4.034.53
0.440.14
3.41 3.47
0.900.73

CASSCF*
DFT/MRCI®

2.07 2.38
194 2.38
7E-04 0

3.41 3.95
3.07 3.17
0.48 0.66

4.134.07
3.79 3.7
0.82 0.55

Experiment* ]

98 242
0.01 0.06

3.33
1.15

3.65
0.1

Table 7 Part a Spectra transitions published for FBP recently in literature

SAC-Cl/DZ*#

CEO*

CASPT2/DZ*=

MRMP+

TDDFT®

DFT/MRCI®

Exp. Mg-Ethio*
Exp. Mg-TPP*

1E, 2E,

3Eu 1Blg 1B3g 1Ag 1Au 1Blu

2.01 3.63
0.00

2 1.99
1.79 3.09
0.058 1.22
1.66 2.66
0.04 0.82

2 3.07

4.15

0.07
4.36
0.03
3.11
0.15

3.93
0.04

0.0111.561

2.21 3.15
1E-04 0.06
2.16 3.25
0.00

2 1.27

3.25

0.58

3.63

0.03
4

3.58
0.39

2.14 3.18
2.07 3.04

3.82
3.96

Table 7 Part b Spectratransitions published for PMg recently in literature



Int. J. Mol. Sci. 2004 5, 196-213 21
Calculations available for PMg are dlightly less frequent but practically all the modern
methods were already applied, too.

In the lower part of Table 7, it is demonstrated that all presented methods give very good
results. CASPT2% stays dightly behind. In al these examples basis sets of double-zeta quality was
utilized. Similarly to FBP molecule obtained results are of a sufficient accuracy. Moreover, since
these molecules are relatively large further extension of basis set would cause computational
difficulties.

Conclusions

. Electron spectrum of FBP molecule was calculated using CIS, RPA, CASSCF, TDDFT
and ZINDO methods. It was demonstrated that for qualitatively correct spectra description
the AO bases must be extended by both the polarization and the diffuse functions. The
later play important role in the formation of Rydberg MO.

. The calculated transitionsin Bs, a By, irreps. of the FBP molecule correspond to the
experimental bands Qx, Qy, B, and N. The second two transitions 2B3, a 2B, describe (in
accordance with measurements, ref.*) the band B.

. Estimated energies of the spectra transitions using the CIS method remain relatively far
from the measured values. The main message of CIS part, arising from comparison with
other methods, dwellsin relatively slow convergence of individual spectrum line from
measurements (RMS criterion) with increasing basis sets. Moreover accordance in the
ordering of individual spectral transitions isnot good even with the largest basis set used.
This demonstrates the need to include both the correlation corrections and multiple
(double) excitations in the Cl expansion.

. RPA method can be already considered as a quantitatively accurate method when
sufficiently large basis set is used. However, this condition is very difficult to fulfill for
more extended molecular systems. RPA/6-31++G** dlightly underestimated the
transitions 1B, a 1B, for the other lines remain the energies still above the experimental
data.

Using the same AO basis, the same MO are involved in transition to excited states of the given
symmetry for both the RPA and CIS methods. On the contrary to CIS, the order of several lowest
spectra transitions remains unchanged when AO basis sets are varied. This makes the RPA method
more trustable.

. TDDFT is according to the obtained results and according to the other literature citations
the most useful tools for determination of lower excitation states. Sinceitisa“single-
determinant” method, it is aso relatively fast and feasible for calculation of middle-size
molecules.

. The CASSCF approach cannot be used even for these model structures. It was shown that
even the lowest energy transitions are insufficiently described in CAS formalism. Much
larger active space or inclusion of more inactive orbitals in the correlation treatment would
be necessary for obtaining a sufficient accuracy, then reasonable accord with the lowest
experimental bands could be obtained.*?? If not only irradiative (forbidden) part of spectra
ought to be correctly described, it isimportant to extend the active space for some virtual
MOs from irreps. Ag, Bau, Bay, and By, too.

. ZINDO approximation is very successful for such alarge systems. Acceptable predictions
of experimentally observed energy transitions in the range of Q and B bands were
obtained. It can be considered as a good candidate for electron spectra calculations until
higher (UV) part of spectrais examined where the excitations to Rydberg orbitals will

happen.
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