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ABSTRACT 

The quasi-line fluorescence spectra have been measured and 

analyzed in detail for the molecules of tetrabenzoporphin and its N- 
deuterated derivative in n-octane. The calculations of the normal modes 

of these molecules have been carried out with the use of the valence 

force fields of porphin and phenanthrene. Sufficiently good agreement 

of the calculated and experimental frequencies of the modes has been 

obtained without variation of the force constants. Detailed 

interpretation of the fluorescence spectra is given. 

The molecule of tetrabenzoporplun (H2TBP) is one of the 

fundamental structures in the porphin series, intermediate between 
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1750 SHKIRMAN ET AL. 

porphm and phthalocyanine. H2TBP possesses interesting spectroscopic 

properties; it was the subject of a number of investigations performed in 

the Laboratory of Luminescence of the IMAPl-'! Phthalocyanine (H2Pc) 

and its derivatives find various applications in science and technology 

which are potentially possible also for H2TBP and its close analogs. 

For the development of applications of molecular systems based on 

phthalocyanine and HzTBP, essential are the data on their niolecular 

and electronic structure which can be acquired by the methods of 

vibrational and vibronic spectroscopy. To do this, it is necessary to 

know the frequencies and the form of the normal modes of such 

molecules. 

I n  this communication the experimental data 011 the quasi-line 

vibronic fluorescence spectra of H2TBP and its deuterated at the center 

of the molecule derivative, D2TBP, are presented. With the aim of 

interpretation of the spectra the normal-coordinate analysis has been 

carried out for H2TBP and D2TBP. 

Tetrabenzoporphin, prepared by the method 5 ,  was kindly donated 

by T.F.Kachura. The quasi-line spectra (QLS) of fluorescence were 

measured for polycrystalline frozen solutions of H2TBP and D2TBP in 

n-octane at 77 K with the lab-made spectrometer assembled on the 

basis of a double nionochromator having reciprocal linear dispersion of 

7.6 A/iiim. In order to obtain D2TBP and its QLS, a sinall amount of 

CD30D was added to the 11-octane solutions of H2TBP, and the 

solution was vigorously agitated. In so doing, the two central protons of 

H2TBP were exchanged for deuterons. It was shown by special check 

experinients that small additions of methanol do not deteriorate the 

quality of the QLS and do not affect the vibrational frequencies. 

The normal mode calculations were carried out analogously to Ref. 

6 .  The geometrical parameters of the H2TBP molecule were taken from 
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VIBRONIC SPECTRA OF TETRABENZOPORPHIN 175 1 

the X-ray data for Zn phthalocyanine and somewhat corrected for 

closing the cyclic parts of the molecule, the C,'C, and C,"C, bond 

lengths being taken equal to ca. 1,38 A (the chemical structure of 

H2TBP with the designations of the atoms is shown in Fig.1). Also, 

taking into account that in passing from metal complexes to free bases 

of porphin and some of its derivatives the C,'Cd and CdCd bond 

lengths change considerably * the C i C d  bond lengths of H2TBP were 

taken equal to 1.43 A, i.e. they were shortened by 0.02 A. The CdCd 

bonds were not changed since they are parts of the benzene rings as 

well. 

The valence force field of H2TBP was formed from the force fields 
of porpllin 9 and phenanthrene lo which had been obtained by means of 

solving inverse vibrational problems. For the CdCd and Cd'Cc bonds 

whose length in H2TBP was considered equal to 1.4 A, the same force 

constants were taken as for the methine bridges. It should be noted that 

all force constants were transferred without any correction. 

The obtained fluorescence QLS of H2TBP and D2TBP are displayed 

in Fig.2. The practically "doublet" structure of the spectra is due to the 
formation of two main types of impurity centers (sites) by the HzTBP 

molecules embedded in the n-octane matrix. The differences in their 

interaction with the crystalline matrix of the solvent are associated only 

with the orientation of the NH-HN axis. For this reason, these sites are 

capable of photoinduced interconversion caused by displacement of 

central protons from one pair of nitrogen atom to another 2. 

The results of vibrational analysis for H2TBP are presented in Tables 
1 and 2 together with the results of the normal mode calculations. The 

values of vibrational frequencies from the resonance Raman spectra of 

H2TBP l1 are also included in the Tables. The experimental vibrational 

frequencies were assigned to in-plane vibrations of the Ag and Blg 
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Fig. 1 Structural formula of tetrabenzoporphiii. 

symmetry types (irreducible representations of the &h symmetry group) 

according to the data of Ref. 3 where the anisotropy of light emission by 

the HlTBP molecules in single crystals of n-octane had been 

investigated at 4.2 K. In some cases, when the data on the symmetry of 

vibrations in the ground electronic state were absent, it proved possible 

to find correspondence of theoretical frequencies with the frequencies of 

vibrations in the S1 excited electronic state froin the fluorescence 

excitation spectra (see footnote to Table 1). 

Examination of the data of Tables 1 and 2 shows that the calculated 

vibrational frequencies correspond sufficiently well to the experimental 

ones. However, in two cases two frequencies in the experimental 

spectrum correspond to one theoretical frequency: vtheor = I  10 cm-l and 

vtlleor= 1277 cni-l (according to data at 4.2 K 3). In the following we 

shall use, as in Tables 1 and 2, the designation vtheor for the theoretical 

frequencies and the designation vexp for the experimental frequencies. 
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Fig.2 Quasi-line fluorescence spectra of H2TBP (a) and D2TBP (b) in 
n-octane at 77 K and broad-band excitation. 
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T A B L E  1 
ecule Which Are 
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VIBRONIC SPECTRA OF TETRABENZOPORPHIN 1755 

T A B L E  2 
Assignment of the Blg Normal Modes of the HzTBP Molecule Which Are 
Active in the Fluorescence and Resonance Raman Spectra 

I I C,C.”’ 12 
‘Experimental assignment to symmetry species is absent. 
assignment to symmetry species was taken from the data for the S1 electronic 
state (see Ref.3). 

Experimental 

Frequency and symmetry assignment from Ref.3. 
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1756 SHKIRMAN ET AL. 

The remainding theoretical frequencies closely correspond to the 

experimental values. It is therefore very unlikely that the "extra" 

experimental frequencies may be correlated to greatly differing 

theoretical frequencies. At present we have no better explanation of the 

fact of appearance of "extra" frequencies than the Fermi resonance or 

analogous splitting. 

The normal-coordinate analysis shows that most of vibrations 

possess a complicated form and are delocalized (non-characteristic). 

Only Ag vibrations having the theoretical values of frequency 1593 cm-' 
(80% contribution of stretching C,C, displacements in the potential 

energy distribution (PED) of the mode), 1162 cm-1 (64% of stretching 

CgC; vibrations), I189 and 1194 cm-* with predominant contribution 

of changes of CCiH and CC,"H angles, respectively, are more or less 

characteristic. 
I n  common with the other porphyrins, vibrational frequencies of the 

H2TBP molecule form groups in certain regions for w h c h  certain form 

of the modes is inherent. Consider them consecutively. In so doing, for 

the elucidation of the influence of the Fusion of the benzene rings on 

the porphyrin macrocycle vibrations we shall compare the frequencies 

and forni of the modes of the molecules of porphin 9, 

octatiietliylporpliiri (H20MP) l 2  and H2TBP. 

The 70-220 cni- region. Similarly to porphn, skeletal bending 

vibrations in which large groups of atoms shift as a whole manifest 

themselves here. The most active in vibronic spectrum Ag vibration 

vcxP=220 cm-' (vtheor=206 cni-') involves the C,C,C, and C,NC, 

angles as well as the C,Cb bonds, i.e. t h s  is a deformation of the 

internal 16-membered ring with the participation of the benzene rings 

as units. I n  the lowest frequency mode vtheor=75 cm-' (Big symmetry) 

angular deformations occur with the participation of whole isoindole 

fragments. The increase in the mass of vibrating fragments leads to the 
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VIBRONIC SPECTRA OF TETRABENZOPORPHIN 1757 

lowering of the frequencies of H2TBP as compared to porphin. Indeed, 

the frequencies 66, 129 and 220 cm-1 of the H2TBP modes are lower 

than the frequencies of porphin vibrations having analogous form (109, 

157 and 309 cm-l 9>l2). 
In  the 630-810 cm-1 region also skeletal deformation vibrations are 

predominantly active. Whereas the Ag vibration of H2TBP vtheor=679 

cm-1 corresponds to the porphin mode which is higher in frequency 

(721 cm-I), the frequency of the other active vibration of H2TBP 

(vtheor=805 cm-I), on the contrary, is considerably higher than that of 

the porphin vibrations of a similar form (vtheor=722 cm-I). 

The 420-560 cm-l, 970-1230 cm-1 and 1380-1500 cm-l regions 

involve mainly vibrations localized on the benzene rings. Also, in the 

last two regions the modes with considerable contributions of the CCH 
and CNH angular deformations manifest themselves. The activity of 

vibrations in these regions of vibronic spectrum is low. It may be noted 

that the lowering of frequencies of the 6(C,H) modes by ca. 100 cm-' 

in going from porphin to H2TBP is somewhat unexpected. 

As regards the 6(NH) vibrations, the joint analysis of the 

experimental fluorescence QLS of DzTBP (Fig.2b) and the calculation 

results for this molecule has shown that the frequencies and the form of 

most of the modes are insensitive to the deuteration of the imino 

groups. The exceptions are the Blg modes of vtheor=1194, 1007, and 

899 cm-I which are juxtaposed with the vibronic quasi-lines of H2TBP 
at 1228, 1020, and 907 cm-I. In the spectrum of D2TBP we correlate 

with them the quasi-lines at 993, 1053 and 864 cm-l. Thus, the 

frequencies of three vibrations change more than by 30 cm-l on N- 
deuteration, two of them lowering and one rising. Qualitatively this 

behavior agrees with the data for porphin in whose molecule two B1, 
modes, 976 and 1226 cm-I, change in frequency by ca. 100 cm-' on 
the deuteration of the center I*. The lowering of the porphin frequency 
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1758 SHKIRMAN ET AL. 

976 cm-1 down to 907 cm-1 in the case of H2TBP leads to increased 

localization of bending displacements of the imino hydrogens in the 

second vibration, viz. 1228 cm-l, of H2TBP. This explains the greater 

change in this frequency on deuteration relative to porphin. 

By on example of H20MP it was shown earlier that the addition of 

alkyl groups at the &positions of the pyrrole rings leads to the frequency 

rise of the Ag vibrations with appreciable contributions of the C,Cb and 

c b c b  bonds 12. On the fusion of benzene rings the frequencies of modes 

involving c & b  bonds also slightly rise (by ca. 20 cm-l) whereas the 

frequencies of modes with the participation of C,Cb bonds are lowered 

(see Table 1 ) .  
In conclusion, we dwell on the mechanisms of formation of the 

vibrational structure of vibronic emission spectrum of H2TBP. The 

analysis of the spectra combined with the data on the symmetry of 

vibrations shows that quasi-lines belonging to totally symmetrical 

skeletal deforniation vibrations are the most intense in the fluorescence 

spectra. This means that the vibrational structure of the spectra is 

fonned predominantly by the Franck-Condon mechanism. However, 

among the high-frequency vibrations non-totally symmetrical RI,  modes 

are also sufficiently active; their activization may be described by the 

Herzberg-Teller mechanism. Comparison of the experimental and 

theoretical data shows that the vibrations of the pyrrole rings and 

rnethine bridges are the most active in vibronic spectra while the modes 

of the benzene r ings are of low activity. Hence it may be inferred that 

on the S l t S o  electronic transition, in the main, the bond lengths and 

angles pertaining to the internal 16-membered ring are changed, and 

the benzene rings retain their geometry. 

The work performed is only the first step in the quantitative 

investigation of the vibrational states of the benzoporphyrin macrocycles 
and does not pretend to final solution of the problem. However the 
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VIBRONIC SPECTRA OF TETRABENZOPORPHIN 1759 

acquired agreement between the calculation and experiment gives hope. 

It is anticipated that further experimental and theoretical studies with 

the variation of molecular structure and the use of isotope substitution 

will confirm the conclusions of t h s  work and clarify the features which 

remained obscure. 

REFERENCES 

1. Sevchenko A.N., Solovyov K.N., Shkirman S.F., Kac1iuraT.F. 
Quasi-line electronic spectra of tetrabenzoporphin (in Russian). Dokl. 
Akad. Nauk SSSR 1965; 161: 1313-1316. 

2. Solovyov K.N., Zalesskii I.E., Kotlo V.N., Shkirman S.F. 
Photoinduced interconversion of centers responsible for the 
"multiplicity" in the Shpol'shi effect (in Russian). Pis'nia 
Zh.Eksp.Teor.Fiz. 1973; 17: 463-466. 

3. Arabei S.M., Solovyov K.N., Tatulchenkov Yu.1. Quasi-line spectra 
of tetrabenzoporphin: effect of external factors and manifestation of 
vibronic interactions (in Russian). Opt. Spektrosk. 1992; 73: 686-693. 

4. Arabei S.M. The effect of temperature on the electronic spectra of 
tetrabenzoporphin in n-octane. (in Russian). Zh.Prikl.Specrosk. 1992; 
57: 56-61. 

5. Linstead R.P., Weiss F.T. Phthalocyanines and related compounds. 
XX. Further investigations on tetrabenzoporphine and allied substances. 
J.Chem.Soc. 1950; 2975-298 1. 

6. Gladkov L.L., Solovyov K.N. Normal coordinate analysis of porphin 
and its derivatives based on the solution of the inverse spectral problem 
for porphin and Cu porphin. III .  Interpretation of vibrational spectra of 
metal complexes of octamethylporphin and octaethylporphin. 
Spectrochim.Acta 1986; 42A 1-10. 

7. Scheidt W.R., Dow W.J. Molecular stereochemistry of 
phthalocyanatozinc (II).J.Amer.Cheni.Soc. 1977; 99: 1101-1 104. 

8. Codding P.W., Tulinsky A. Structure of tetra-n-propylporphine. An 
average structure for the free base macrocycle from three independent 
determinations. J.Amer.Chem.Soc. 1972; 94: 4151-4157. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
2
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



1760 SHKIRMAN ET AL. 

9. Gladkov L.L., Solovyov K.N. Normal coordinate analysis of porphin 
and its derivatives based on the solution of the inverse spectral problem 
for porphin and Cu porphin. I. A valence force field for in-plane 
vibrations of the porphiti molecule. Spectrochim.Acta 1985; 41A: 1437- 
1442. 

10. Altmann W., Perkampus H.-H. Calculation of the planar normal 
vibrations of phenanthrene. J.Mol.Spectrosc. 1979; 78: 156-160. 

1 1 .  Ksenofontova N. M. I~ivestigation of the resonance Raman spectra 
of macrocyclic tetrapyrrole compounds (in Russian). Cand.Sci. (Phys.& 
Math.) Dissertation. Minsk, 1978. 

12. Solovyov K.N., Gladkov L.L., Starukhin A.S., Shkirnian S.F. 
Spectroscopy of porphyriins: Vibrational states (in Russian). Minsk: 
Nauka i Tekhnika, 1985. 

Date Received: June 8, 1998 
Date Accepted: July 20,  1998 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
2
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


