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Semi-empirical Molecular Orbital Studies of Neutral Porphin,
PH,, the Dianion P*” and the Dication PH,**

M. SUNDBOM

Institute of Theoretical Physics, University of Stockholm, Stockholm, Sweden

The = and o lone pair electron system of the porphin molecules
PH,, P* and PH2" has been studied in a modified Pariser-Parr-
Pople method. The electronic transitions of both x—a* and n—=n*
types are calculated. The calculated electronic spectrum is in satis-
factory agreement with experiment. A new interpretation of the
Soret band splitting is given.

I. INTRODUCTION AND SUMMARY

In several enzymes a porphyrin constitutes the central part of the prosthetic
group. Investigations of porphyrins and metal-porphyrins are therefore of
importance for the interpretation of their activity in the metabolism of the
living cell. The present semi-empirical MO study of the pure porphin molecule,
PH,, is a first step in an intended theoretical investigation of metal-porphyrins.
An extensive list of review articles on porphyrins can be found in Ref. 1.
The molecule PH, is a tetrapyrrole planar compound, shown in Fig. 1.
Its structure has been determined by X-ray diffraction analysis by Webb
and Fleischer.2 The two inner hydrogen atoms of PH, are attached to opposite
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Fig. 1. The porphin skeleton.
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1318 M. SUNDBOM

nitrogens and perhaps hydrogen-bonded to neighbouring nitrogens.2* The
symmetry of PH, is thus D,,. For comparison the ions P2~ and PH2* of
assumed symmetry D,, have also been studied by the present method. In
Fig. 1 the xy-plane is the plane of the molecule with the inner protons on the
z-axis. For the neutral PH, molecule the xzy-degeneracy is removed.

The simple Hiickel method has been applied to PH, by many authors,5®
but this method does not allow a satisfactory assignment of the spectrum.
Weiss, Kobayashi and Gouterman® have applied the SCF semi-empirical
Pariser-Parr-Pople method to PH, and a series of other porphyrins. They
used a few different standard sets of semi-empirical parameters and were
able to give a good overall interpretation of the spectrum up to the intense
Soret band. In order to account for the experimental fact that the visible
@, band is stronger than the (), band, they had to change their parameter
sets by introducing nonzero values of resonance integrals, f;, between next
nearest neighbours.

The present study predicts the Soret (B) band to split even more than the
visible (@) band. For both @ and B the calculated energy and intensity are
lower for the 2-polarized state than for the y-polarized state. Further the lowest
n—n* transition is predicted to be in the Soret region.

The semi-empirical method and the scheme for parameter evaluation of
the present study are briefly described in section II. The results of the investiga-
tion are presented and discussed in section III. The SCF—MO’s have been
evaluated by means of a data machine programme written by P. Eisenberger,
T. Alm and B. Roos. This programme also calculates the energy levels of
excited states by mixing all configurations obtained from single excitations.
The CDC 3600 machine at the University of Uppsala and the UNIVAC 1107
at Stadsférbundet, Stockholm, have been used for the present calculations.

II. METHOD AND DETAILS OF THE CALCULATIONS

The Pariser-Parr-Pople (PPP) method in the SCF—MO—LCAO form has
been adopted. In a series of papers 11713 from this laboratory a scheme for the
evaluation of the semi-empirical parameters of this method has been suggested
and applied to unsaturated pure hydrocarbons and to nitrogen containing
molecules. This scheme has also been applied in the present study of porphyrin.
The previously obtained parameter values are collected in Table 1. This param-
eter set is a fixed set determined from experimental data of a chosen set of
small standard molecules and it has been successfully applied in investigations
of molecules containing nitrogen atoms.?

In all calculations of the present study the molecular geometry assumed is
that published by Webb and Fleischer 2 (¢f. Table 3).

1. PH,, neutral porphin. The neutral porphin molecule has symmetry
D,,. The degree of hydrogen bonding is still a question open to discussion.
In the present investigation two extreme cases have been considered:

(a) No hydrogen bond
(b) “Very strong’ hydrogen bond: all four nitrogens have been assumed to be
equivalent, giving the molecule the symmetry D,,.
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MO STUDY OF THE PORPHIN MOLECULE 1319

Table 1. Semi-empirical parameters for heteroatomic molecules containing nitrogen.

Nitrogen 12
11,13
Carbon Pyridine-nitrogen Pyrrole-nitrogen Pyridine-nitrogen
m-parameters zm-parameters o-parameters
Rc®°= 1397A Rox’= 1338 A |Ry°= 13384
Yrn 11.97 eV Y 15.44 eV 15.44 eV Yoo 17.53 eV
Yec® 6.91 eV Yen® 7.16 6V 6.346V | yox 13.95 eV
dcr  —3.99eV/A | S  —3.99eV/A —3.99eV/A| Koz 1.57 eV
Poc® —2.42eV Box® —2.12eV —2.25eV | W, —10.96eV
dach 3.05 eV/A | dcnd 2.63eV/A 2.63 eV/A| yo1a2 7.33 6V
We®  —9.84eV Wx® —1.576V —8.52 eV
AW 0.07 eV AWx°(C) 0.14 6V 0.14 eV
SccW 9.226V/A | AW (N) 0.03 6V 0.03 eV
¥ 5.60 eV/A 5.60 eV/A

In case (a) the two nitrogen atoms bounded to hydrogen atoms have
been treated as pyrrole-nitrogens and the other two nitrogens as pyridine- .
nitrogens (¢f. Table 1). The ¢ lone pairs of the pyridine-nitrogens have been
included in the calculations for a rough estimate of the n—a* transitions.

In case (b) the ¢ lone pairs have not been included and the values of the
semi-empirical parameters of the n system have been chosen as the arithmetic
mean of pyrrole- and pyridine-type values.

Let 6 be a parameter describing the ‘“degree of hydrogen bonding”. § = 0
for no hydrogen bond and 6 = 1 for “very strong’’ hydrogen bond. The ‘“‘real”
molecule may be defined to have a splitting of the @ band equal to the experi-
mentally found splitting. The spectrum for the real case can then be obtained
by linear interpolation between the calculated spectra for cases (a) and (b).
The benzene solution spectrum of PH, measured by Rimington, Mason and
Kennard ¢ gives

AQexp = Emex(Q,)— Emax(Q,) = 2700 cm™ (1)

corresponding to a value of 6 = 0.68.

2. P*, P* has symmetry D,,. All four nitrogen atoms have been treated
as pyridine nitrogens. The values of the one-center two-electron integrals
have been chosen corresponding to a value of the charge Z, = —0.5.

3. PH2*. PH2* has been assumed to be planar with symmetry D,,.
This is of course an oversimplification because the mutual repulsion of the
central hydrogens probably results in a tilting of the pyrrole rings.

The central part of the ion has been considered to consist of two pyrrole
nitrogen atoms, two pyridine nitrogen atoms, and two protons (Fig. 2). The
parameter values, “a,’, obtained from this configuration, have then been
symmetrized in the following manner:

Xy == Og = O3 = &y = %(““1” + “ap” (2)

Acta Chem. Scand. 22 (1968) No. 4



1320

1. Molecular orbitals. The molecular orbital energies of porphin, are pre-
sented in Table 2. The vertical ionization potentials of PH, obtained from
the energy of the highest filled orbital is 6.56 eV for case (a) and 6.58 eV

M. SUNDBOM

Fig. 2. The assumed atomic arrangement
for the central part of PH2*; cf. section

$]

III. RESULTS AND DISCUSSION

for case (b). (c¢f. section II, 1).

As far as is known to the author there is no published observed ionization
potential of porphin. For phthalocyanine the ionization potential is determined

to be 7.0 4 0.5 eV from field emission microscopy.1®

Table 2. Molecular orbitals, ¢;, and orbital energies ¢ for PH,.

PH, with no hydrogen bond

(cf. section II, 1 case a.)

PH, with “outsmeared’ hydrogen bond

(cf. section II, 2 case b.)

Symmetry Dy, Symmetry Dy

oi & (au.) [ & (a.u.)
1b,, —0.4954 1 a,, —0.4905
1 by —0.4874 1 e —0.4765
1 by, —0.4721 1 by, —0.4494
2 by, —0.4508 1 by, —0.4092
1a, —0.4119 2 ¢ —0.3567
3 by, —0.3673 2 Gy, —0.3424
2 by, —0.3667 2 by, —0.3365
1 a,4(0) —0.3653 3e —0.3332
1 by,(0) —0.3653 1ay, —0.2426
2 b, —0.3606 3 ay, —0.2412
3 by —0.3535 4e, —0.0361
4 by, —0.3211 2 by, 0.0298
3 by —0.3122 3 b, 0.1118
2 a,, —0.2452 5 ¢, 0.1297
5 by —0.2417 2 a,, 0.1383
4 b, —0.0421 3 b,, 0.1773
4 by, —0.0338 6 ¢ 0.1808
3 ay, 0.0296 4 ay, 0.1843
6 by, 0.1032
5 by, 0.1173
5 by, 0.1318
4a,, 0.1354
5 a,, 0.1795
6 by, 0.1796
6 by, 0.1960
7 by 0.1962
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MO STUDY OF THE PORPHIN MOLECULE 1321
2. Bond lengths and n-eleciron densities. The following bond order-bond

length relations 13,18 have been used

Ryy(CN) = 1.458—0.180 ppy (4)

The results of the bond length calculation are collected in Table 3 where also
experimental data and the theoretical results by Weiss et al.l® are presented.
For comparison the observed bond distances for pyrrole 17 are also included
in Table 3. The obtained m-electron densities are given in Table 4.

Table 3. Calculated and observed bond distances for neutral pure porphin, PH,. All values
in A. The numbering of the atorns is given in Fig. 1. For comparison the observed bond
distances of tetraphenyl porphyrin (TPP) and pyrrole are also included.

Bond length
Bond PH, TPP Pyrrole
Cale. Cale.
Present work.| Present work.
Symmetry Dy;(Symmetry D,,| Cale.!® Obs.? Obs.2* Obs.2®
cf. section II, | cf. section II,
1, case a. 1, case b.
5— 1 1.379 1.361 1.402 1.367 a 1.374 1.374
6— 2 1.349 1.361 1.355 1.367a 1.364 —
13— 5 1.404 1.407 1.402 1.386 1.400 —
13—10 1.409 1.407 1.409 1.386 1.400 —
17— 6 1.429 1.441 1.420 1.442 1.428 1.381
18— 6 1.454 1.441 1.443 1.442 1.455 -
21—-17 1.375 1.367 1.378 1.342 1.355 1.417
22—18 1.360 1.367 1.363 1.342 1.347 —

% The arithmetic mean of the values published by Webb and Fleisher.

Table 4. n-Electron densities. The numbering of the atoms is given in Fig. 1.

n-Electron density
Atom PH, PH, Pyrrole
No. symmetry Dyylsymmetry Dy, pe- PH. 2+ from
cf. section II, | cf. section 11, ¢ previous
1 case a lcase b cale.13
1 1.673 1.457 1.202 1.728 1.656
2 1.217 1.457 1.202 1.728
5 0.968 0.948 0.997 0.983 1.072
6 0.956 0.948 0.997 0.983
13 1.057 1.068 1.099 0.968 —
17 1.051 1.039 1.103 0.919 1.099
18 1.029 1.039 1.103 0.919
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MO STUDY OF THE PORPHIN MOLECULE 1323

3. Electronic spectra. The absorption spectra of neutral pure porphin, PH,,
dissolved in benzene and in ethanol have been examined by Rimington ef al.14
As far as is known to the author there are no published data on the spectra
of the dianion, P?-, and the dication PH,2*, of pure porphin. Falk 8 in his
book “Porphyrins and Metalloporphyrins’> has published spectra of the
dications of some different porphyrins, measured by Dempsey.!®* His data
show that the Soret band of the dication is displaced to longer wavelength
in relation to the corresponding neutral porphyrin. According to Falk 18
this red shift of the Soret band is also found for the dianion.

In the present study the transition energies have been calculated by
configurational interaction including all singly excited states. The obtained
results are presented in Tables 5 and 6 together with available experimental
data. In discussing the spectra I have used the generic names introduced
by Platt 20 and Caughey, Deal, Weiss and Gouterman.” The present study
predicts the sequence of the four lowest allowed z—a=* transitions to be @,,
Q,, B,, and B, in accordance with low-temperature polarization spectral
data of porphin by Sevchenko, Solov’ev, Mashenkov and Shkirman.?? @,
is predicted to have lower intensity than @,. The absorption spectrum reported

Table 6. Calculated electronic transitions of PH, P2~ and PH,T. Observedsolution
spectrum of the free base and the dication of deuteroporphyrin IX dimethyl ester.
Transition frequencies in kK.

Calculations Observations
present work Dempsey %1 In aqueous
sodium dodecyl sulphate
Deuteropor- | Dication of
PH, P2 PH2+ phyrin IX | deuteropor-
cf. Table 5 dimethyl ester| phyrin IX
cf. Table 5 |dimethyl ester
» f v f » f vmax® log ¢ vmax® log &
n—n* 13.6 0.002 17.6 3.91
163 0.012 | 11.7 0.015 149 0012 | o507 418 18.2 4.17
26.4 0.53 25.1 5.29
309 1.8 26.2 0.94 32.9 0.37 24.9 5.60
35.2 2.5
357 0.6 34.2 1.13 34.4 3.81
40.2 1.0
424 0.5 42.3 0.09 37.3 0.001
43.3 1.11
47.0 0.5
48.7 0.05 48.3 0.50 50.5 0.006
50.9 0.04
51.2 0.10 52.7 0.13 51.6 0.006
n—n * 31.6 0.0001 | 24.4 0.006
57.4 0.0006 | 48.7 0.003

% No observations beyond 26 kK.
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1324 M. SUNDBOM

by Rimington et al.}4 verifies this prediction. Caughey et al.2! report solution
spectra of substituted metal and free base deuteroporphyrins in the region
650—250 myu. In Table 5 their data of free base deuteroporphyrin IX dimethyl
ester in chloroform solution are reproduced. Their observed band at ~31 550
cm™ may be assigned to the calculated transitions at 35 200 em™ (¥,) and
35 700 cr* (N, ). The observed band at ~37 590 cm™ may be assigned to the
calculated band at 40 200 cm™ (L,). In doing this assignment, I make the
very probable assumption that the corresponding bands in unsubstituted
porphin are only slightly shifted in comparison with deuteroporphyrin IX
dimethyl ester. The difference between calculated and observed band maxima
is thus of the order of 4000 cm™. Previous calculations 13 on large molecules
with the present method and parameter scheme show differences of the same
order of magnitude between calculated spectra and observed solution spectra.
In this context it should be noted that the calculated spectra of the present
investigation ought to be compared with vapour phase spectra, as our param-
eter sets have been determined to fit vapour phase spectra of small standard
molecules. Mullins, Adler and Hochstrasser 22 report the spectra of meso-
tetraphenylporphyrin (TPP) in benzene and in vapour. They observed the
Soret band to be red shifted by 780 em™ in going over from vapour to benzene
solution.

The present calculations show that for PH, the B band splits more than
the @ band in contradiction to the assignment made by Weiss, Kobayashi
and Gouterman.!® Their investigation gave the result that the @ band splits
much more than the B and meant that this result was experimentally verified
by the work of Rimington ef al.14 The spectrum reported by Rimington et al.14
is in the region 650— 350 myu and is thus not enough extended towards the high
energy region to allow an interpretation of the splitting of the B band. The
two observed peaks at 394.3 and 390.6 myu of PH, in ethanol at —180°C may
be interpreted as two vibrational bands belonging to B,.

In metal alkyl porphyrins Caughey ef al.2! report a "broad band (V) with
maximum between 330—320 my, while in the corresponding free base por-
phyrin this band is reduced to a shoulder or inflection. They interpret these
facts as a splitting of the B band, making it much broader in going over from
Dy, to D,, symmetry.

The calculated f-values of the four bands, B,, B,, N, and N, must not
be looked upon as very strict predictions. The relative intensitiss between
these bands may be somewhat different. With this fact in mind it is possible
to give an interpretation of the splitting of the B band in PH,:

I suggest that the B band is split to an extent comparable to the splitting
of the @ band. The narrow intense Soret band observed at 396 myu 4 in benzene
solution can be assigned as B,. If B, is a broad band at ~350 mu with a half
width comparable to the half width found for the N -band, this B, band might
be completely hidden or look like a tail of the intense narrow peak at 396 my.
This interpretation of the B, band explains why the N-band of most free
base porphyrins is reduced to a shoulder or inflection as found by Caughey
et al.2 An attempt to give a rough sketch of this interpretation is reproduced
in Fig. 3. This interpretation is also in agreement with the polarization data
by Sevchenko et al.22 For more asymmetric bands than sketched in Fig. 3
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Fig. 3. An interpretation of the splitting of the B-band for PH,, based on; the result
of the present investigation; cf. section III in text. -~

the B, band might dominate over B, in the region where Sevchenko et al.
found ‘a negative polarization.

Furthermore the vapour phase spectra of TPP and CuTPP reported by
Mullins ef al.®® confirm this interpretation of the splitting of the B band.
Their data for TPP show an intense peak at 24 700 cm™ (gmax ~4.2 X 105)
followed by a minimum at ~27 000 ecm™ (¢ ~1.72 X 10%) and then a region
with increasing optical density having a shoulder at about 27 600 cm™. No
observations beyond 29 000 cm™ (& ~2.89 X 10%) are reported. (A question
to be posed is why no such region is observed in the benzene solution spectrum
of TPP). For CuTPP no such region is observed neither in the solution spectrum
nor in the vapour phase spectrum. These facts can be interpreted as a splitting
of the B-band of TPP by 3300 cm™ or more.

No observed n—=* bands of PH, have been published as far as is known
to the author. The results of the present study show that the lowest allowed
n—a* transition appears in the Soret region and therefore it is probably
covered by intense z—an* bands.

The calculated spectrum of the dianion, P?-, shows a small red shift of the
B band compared to the B, band of PH,, in agreement with experimental
findings.18® For PH,2* this work predicts the B band to be at shorter wavelength
than the B, band of PH,, while Dempsey 1® observed a red shift of B for por-
phyrin dications in aqueous sodium dodecyl sulphate. In previous theoretical
investigations ¥ on hydrocarbons and heteroatomic molecules containing
nitrogen it was found that the location of the strong bands is particularly
sensitive to variations in the assumed geometry. In the present study the
geometry of PH 2+ has been assumed to be the same as for PH,. This assump-
tion is probably too rough to allow an interpretation of the shift of the strong
B band for PH2+ as compared to PH,. As mentioned previously there might
be a distortion from planarity in PH,2+ while PH, is found to be planar.
P2 is probably also planar and that can explain why the calculated spectrum
is in better agreement with experiment for P2~ than for PH2+.
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