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The electronic spectra of imidazole chains involving one, two, and three molecules have been 
calculated within the framework of the semiempirical SCF LCAO MO CI method. The first ~--,g* 
singlet transition is in very good agreement with that known from experiment. The results indicate the 
possibility of existence of band structure, giving a bandwidth of the order of 0.6 eV. There is, however, 
no correlation between electrical parameters and the spectral data as could be expected from the 
Evans and Gergely model of delocalization of n-electrons across the hydrogen bonds. Such a delocaliza- 
tion produces only a small extra effect on the system compared with the isolated molecule. 

Die Elektronenspektren von Imidazolketten aus ein, zwei und drei Molekfilen sind im Rahmen der 
semiempirischen SCF LCAO MO CI-Methode berechnet worden. Der erste g ~ ~* Singulettfibergang 
stimmt sehr gut mit dem Experiment fiberein. Es wird auf die M6glichkeit einer Bandstruktur mit einer 
Breite yon 0,6 eV geschlossen. Allerdings besteht keine Korrelation zwischen elektrischen Parametern 
und Spektraldaten, wie es das DelokalisationsmodeU ffir g-Elektronen von Evans und Gergely er- 
warten l~iBt. Solch eine Delokalisation fiber Wasserstoffbriicken hinweg zeigt lediglich kleine R/ick- 
wirkungen auf das System mit dem isolierten Molekfil. 

Calcul du spectre 61ectronique de chaines comportant une, deux et trois mol6cules d'imidazole, 
dans le cadre de la re&bode SCF LCAO MO CI. La premi6re transition singulet g ~ *  est en tr6s 
bon accord avec celle observ6e. Les r6sultats indiquent qu'une structure de bande, de largeur 0,6 eV 
environ, est possible. II n'y a cependant aucune corr61ation entre les param~tres 61ectriques et les donn6es 
spectrales comme on aurait pu en attendre du module d'61ectrons ~ d61ocalis6s fi travers les liaisons 
hydrog6ne dfi it Evans et Gergely. Une telle d61ocalisation n'introduit qu'une faible perturbation 
darts le syst6me par rapport/t la molecule isol6e. 

The p rob lem of the possibil i ty of existence of energy bands  in hydrogen-  
bonded  molecular  solids was started by the Szent-Gy6rgyi  hypothesis [21] later 
applied by Evans  and  Gergely [5] to the pro te in  structure. They thought  that  a 
protein  macromolecule  may behave as a metal- l ike structure or a semiconductor  
so that  it is able to t r ansmi t  energy to some points  remote from the apparen t  
react ion site [20]. 

The essence of this hypothesis  is that  in such a system delocalizat ion of ~- 
electrons can occur across the hydrogen bonds.  The merging of the discrete 
re-energy levels of a great n u m b e r  of the peptide uni ts  give rise to the format ion 
of the energy bands.  According to that  model  only excitat ion of electrons to the 
empty band  should be responsible  for conduc t ing  properties of these materials.  
There is, however, no full exper imental  spectral data for those systems and  the 
energy gaps being ob ta ined  from calculat ions depend considerably  on the approx-  
imat ion  used. The mos t  t rus twor thy theoretical  results may  be obta ined  by the 
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use of more advanced quantum chemical treatments which, however, implicate 
a number of difficulties in the case of macromolecules. Moreover, there is no 
reliable experimental information concerning semiconductive properties of the 
above systems. In this case the results are strongly dependent on purity of a 
material and water traces which are difficult to remove completely from a poly- 
crystalline sample. 

It seems that a comparison between experimental or theoretical spectral data 
and the conducting properties of hydrogen-bonded molecular solids is more 
suitable when the electrical parameters for single crystals are known [18]. As a 
model substance for this purpose the imidazole molecule has been chosen. In its 
crystal lattice molecules are linked with each other by hydrogen bonds of 2.86 A 
in length, the angle between n-orbitals of the adjacent molecules being of 61.5 ~ 
[12]. Thus molecules form infinite chains extending in a crystal along the c-axis. 
The activation energy for electrical conductivity for polycrystalline pellets [3] as 
well as for single crystals [17] of finely purified imidazole by zone-melting are 
well known. The anisotropy studies [17] show that its electrical conductivity is 
larger along the hydrogen bonds than in the perpendicular directions. The 
imidazole ring being the constituent part of biologically important compounds 
like adenine, guanine, and their derivatives, is also of great interest. 

To make a correlation between electrical and spectral data, the electronic 
structure of imidazole has been calculated. The calculation was carried out for a 
isolated molecule, as well as for two molecules (dimer), and three molecules 
(trimer) situated within the imidazole chain and the respective systems were 
treated as one molecule. It will be noted that the similar situation is to be found in a 
solution where existing finite chains are built up of a number of imidazole mole- 
cules. The calculation was made in order to obtain some information on the 
effect of n-orbital interactions along the hydrogen bond direction in the electronic 
states. The proton of a hydrogen bond, at least at a first stage, was not taken into 
account. 

Method and Parametrization 

The calculation of the electronic structure of imidazole has been carried out 
within the framework of the semiempirical Pariser-Parr-Pople method [16]. 
The approach of zero differential overlap was used, the diagonal and non-diagonal 
elements of the total n-electron Hamiltonian being evaluated from the following 
relationships 

H,, = U~ + 1/2 Pu(ii[ ii) + ~ (PJ2 - nj)(iiljj) (1) 
jr 

Hij = flij - 1/2 Pij(iiljj) (2) 

respectively, nj of Eq. (1) is a number of electrons contributed by the atomj to the 
n-electron system. The Ui's are expressed by the relation 

U , = I , -  ~ ( j l i i ) -  ~,(kf i i)  (3) 
j ~ i  k 
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where the Ii's are the valence state ionization potentials and the last two terms are 
penetration integrals. Assuming more appropriate values for Ui [1] than that of 
Ui = Ii usually taken, allowance is made for penetration integrals. The resonance 
integrals fllj for a bond between i - j  atoms were calculated by the use of the Kon- 
formula [16], the terms for non-neighbouring atoms being included. For C-C  
(1.39 A), C - N  (1.34 A), and N - N  (1.33 A) bonds flij was assumed to be - 2.39 eV, 
- 2.576 eV, and - 2.35 eV respectively. The angle dependence of intermolecular 
resonance integrals was taken into account by the relation 

fli ~ = flij cos 0 (4) 

where 0 is the angle between i - j  rc-orbitals. The Coulomb repulsion integrals 
(iiljj) were evaluated by the Mataga-Nishimoto formula [13] corrected by 
Got~biewski and Parczewski [9] for non-planarity effect 

(ii ]j j) = 1/(Rij + aij ) x [(2/Rq + 2/(R~ + 4b~)) 1/2] - 1  

2 2 
x ~ ~ { R ~ + b ~ [ h ~ + ( -  1)m_hj] 2 (5) 

m = l  n = l  

+ ( -  1)". 2b~jRue~j. [ h i + ( -  1)mhj]} - 1/2 

The one-center terms (ii[ii) and the constant a~j were determined by the Mataga- 
Nishimoto method [13], the Hinze-Jaffe data [11] being used. The constant bij 
is the radius of the charged spheres calculated after the Gol~biewski-Parczewski 
procedure [9]. _eij is the unit vector connecting atoms i and j ;  R~j is the bond 
distance, h i and hj are unit vectors perpendicular to the ring planes which include 
atom i and j respectively. The other empirical parameters used in the calculation 
are listed in Table 1. The geometry of imidazole molecules was taken from X-ray 
experimental studies [12]. 

T a b l e  1. Semiempirical values of  one-center coulomb repulsion integral (ii]ii) and U i parameters [1 ]  

(in Units of  eV) used in the calculation 

A t o m  (ii[ii) U i 

C 11.13 - 9.5 
N 12.34 - 1 1 . 8  

N H  12.34 - 9.9 

The energies of the excited states of imidazole were evaluated by the superposi- 
tion of a number of singly excited configurations. Interconfigurational matrix 
elements were calculated after the McWeeny formalism [14]. Singly excited 
configurations within ca. 4 eV of the lowest excited one were included in the 
calculation. This leads to 4-th order secular equations for a monomer, 15-th order 
equations for dimer, and 33-rd order equations for trimer for each of the singlet 
and triplet states. It was found that multiply-excited configurations as well as those 
of higher energies had a negligible effect on lower-lying states. The oscillator 
strengths have been evaluated according to the procedure of Mulliken and 
Rieke [15]. 
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Results and Discussion 

The ~c-electronic energy levels calculated for isolated molecule, for dimer, 
and for trimer of the imidazole chain are listed in Table 2. The lowest n ~ c *  
transitions are given in Table 3. 

Unfortunately, there is no complete information from an experiment on the 
spectral data of imidazole. The first singlet excited state known from experiment 
I-2, 6] is in very good agreement with its relevant calculated value. According to 
the results obtained by the Mataga-Nishimoto for Coulomb repulsion integrals 
1-7] the same should be true for the higher singlet excited states. It is probable, 
however, that the first triplet excited state lies at higher energy than of our calcula- 
tion. In general, the n-orbital interactions along the chain result in a rather small 
red shift of the imidazole absorption bands. For a fuller discussion of the calculated 
spectral properties more detailed experimental studies of higher excited states as 
well as the oscillator strengths of absorption bands would be welcome. 

Table  2. Calculated n-electronic energy levels for molecules within the imidazole chain (in units of eV) 
Single molecule  D i m e r  T r i m e r  

+ 2 . 6 0 - -  + 2 . 7 4 - -  + 2.81 - -  
+ 2 . 5 4 -  

+ 2 . 3 9 -  
+ 2 . 3 3 -  

+ 1.46 - -  + 1 . 5 2 - -  
+ 1.28 - -  + 1.25 - -  

+ 1 . 0 7 -  
+ 1 . 0 1 -  

- 8 . 0 5 -  
- 8 . 1 2 -  

- 8 . 2 8 -  - 8 . 3 1 -  
- 8 . 4 7 -  

- 8 . 5 4 -  

- 9 . 1 0 -  

- 9 . 1 7  - -  
- 9 . 3 4 - -  - 9 . 3 8 -  

- 9 . 5 6 -  
- 9 . 6 3 -  

- 1 3 . 3 5  - -  
- t3.42 - -  

- 13.62 - -  - 13.61 - -  
- 1 3 . 8 1  - -  

- 1 3 . 8 8  - -  

Tab le  3. The lowest theoretical n ~ n* transitions (in units of eV) and oscillator strengths ( f)  of singlet 
states for molecules of the imidazole chain 

Single molecule  D i m e r  T r i m e r  

Singlets f Triplets  Singlets f Triplets  Singlets f Triplets  

5.95 0.145 2.91 
5.96 0.140 2.90 

5.99 0.147 2.89 5.98 0.124 2.92 
6.01 0.153 2.91 

6.01 0.213 2.93 

6.36 0.239 3.66 
6.36 0.133 3.66 

6.38 0.179 3.66 6.39 0.05l 3.66 
6.42 0.231 3.66 

6.43 0.399 3.67 

7.04 0.76" 10 -6  5.37 
6.92 0.87 �9 10 -6  5.38 

7.05 0.26" 10 -5  5.37 
7.92 0.215 5.43 7.64 0.72 �9 10 -4  5.42 7.50 0.33 �9 10 -4  5.42 
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Table 4. Comparison of the lowest electronic states of imidazole with its activation energy for electrical 
conductivity calculated by the relation tr = a o e x p ( -  E/2k T) (values in units of eV) 

n~n* transitions n~n* transitions Activation energy 

Singlet Triplet Singlet Triplet for conductivity 

5.92 [2] 5.99 [6] 2.89 ~ 4.98 [2] - -  2.2 [3] 2.0 [17] 

Calculated. 

The results of  our calculations point out the possibility of the existence of  
band structure in the imidazole crystal giving the bandwidth of the order of  0.6 eV. 
There is, however, a lack of correlation between electrical and spectral data as it 
could be expected from the Evans and Gergely model  ofdelocalization ofz~-electrons 
across the hydrogen bonds [5]. It has not  been established so far whether it is 
justified to evaluate the activation energy E for conductivity from the relation of 
a = a0 e x p ( - E / 2 k T )  instead of  a = ao e x p ( - E / k T )  [17]. It will be noticed that 
even for the first more favourable case neither the first singlet nor the first ~ ~ ~* 
triplet state agree with the thermal activation energy (Table 4). Up to now there 
have been no data in the literature on the possibility of  participation of the n ~ 7z* 
states in the dark electrical conductivity. In our case the first experimental n ~ ~* 
singlet transition lies at 4.98 eV [2] and it does not  correspond to the energy gap 

1.075C 0.879 C1.008 

/ 1 N 1.235 1.755 N 

0.927 

0.879 
1.070 C C 1.011 

0.924 
N 1 N 1.244 ~ ,~y%oOj  - 1.752 

1.751N ,~ N 1.239 
0.923 X ~ O 4 ~  c5 

1 . 0 7 4 ~ C 1 . 0 1 2  

0.879 
1.069 C C1.012 

1.752 N ,,.N 1.~226 

0.878 
1.073 C C 1.013 
J In 

0.920 ~J  3 I~ 
C 1.750 N N 1.240 

1.74~1~ 2 Nt'~249 
0.922 ~ C ~ ! ~ "  ".014 0.924 

Fig. 1. x-electron densities and bond orders calculated for the imidazole chain. The results are given 
for monomer ("1"), as well as for dimer ("1-2"), and trimer ("1-2-3") respectively 
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of conductivity. Knowing the usual magnitude of the n--* 7z* singlet-triplet splitting 
the n~rc* triplet state should not participate in the conduction mechanism of 
imidazole either. Thus, similarly to the results of the Pullman calculation [19, 20], 
our results distinctly show that the model of excitation of electrons to the empty 
band bringing about intrinsic conducting properties of biological molecular solids 
seems to be questionable. In such a case another kind of charge transport 
mechanism may be possible. It is likely to be related to the participation of protons 
of the hydrogen bonds lowering the barrier height for the charge migration [8]. 

In Fig. 1 the charge densities and bond orders of imidazole re-electrons are 
presented. The n-electron dipole moment amounts to 2.44 D, 2.40 D, and 2.35 D 
for isolated molecule, for dimer, and for trimer respectively. The dipole moment 
of imidazole including its ~r contribution [10] equals 4.35 D, 4.31 D, and 4.26 D 
for the three cases, whereas the experimental value is 3.99 D [4]. The ionization 
potential obtained from our calculation (Table 2) seems to be a reasonable value as 
well. In this case, similarly to the other electronic properties calculated for the 
imidazole chain, the n-orbital interactions along the hydrogen bond direction 
produce only a small extra effect on the system. 

All the numerical calculations have been carried out on the Elliott 803 B 
digital computer. 

Acknowledgment. The author wishes to express his indebtedness to Prof. Dr. K. Pigofi for revision 
of the manuscript. 
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