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The rotational potential around the interannular bond in 2,2'-bipyrrole has 
been calculated making use of standard minimal STO-3G and split valence 
4-31G basis sets. Geometrical optimization concerning the most significant 
interannular internal parameters has been performed with both basis sets. 
The trans conformer is predicted to be more stable than the cis. The minimal 
basis set predicts the existence of a cisoid-gauche minimum which after limited 
optimization becomes very shallow and it seems to be an artifact of the rigid 
rotor approximation. At 4-31G level, both the trans and cis conformers 
represent maxima in the potential curve and two gauche minima appear at 
0 = 46.0 ~ and 0 = 147.6 ~ the latter being the absolute minimum. The absolute 
maximum of  the potential  curve corresponds to the cis conformer. 
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I. Introduction 

Recently, electrochemically synthesized polypyrrole [1] has been recognized as 
a potentially useful organic polymer, since it can be doped by electron acceptors 
(such as 12 or AsFs) to attain a conductivity which is almost comparable with 
that of metals [2-4]. Due to its high conductivity and much better environmental 
stability than other highly conducting polymers such as polyacetylene or polypara- 
phenylene, polypyrrole has been proposed in a great number of technological 
applications [5-9]. Thus, in the last years, the electronic structure of polypyrrole 
has been the subject of a variety of experimental (see [4] and [10-12] and 
references therein) and theoretical [13-18] works in order to better understand 
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Fig. 1. Cis (0 = 0 ~ and trans (0 = 180 ~ structures of 2,2'-bipyrrole. Numbering and optimized internal 
parameters (d, a) are indicated 

its electrical properties. However, present knowledge of the properties of poly- 
pyrroles, in particular the chemical and electronic structure, is far from complete. 

Until now, all theoretical works dealing with polypyrrole have chosen to model 
the polymer as a planar linear chain molecule in which the orientation of the 
individual monomeric subunits alternate as one proceeds along the chain. 
However, it is very important to note the existence of a cis-trans conformational 
isomerism which should determine the flexibility of the polymer [19] and might 
condition its conductivity properties, e.g. it is well known that cis- and trans- 
polyacetylene exhibit different conductivities [20]. The aim of  the present work 
is to study the cis-trans isomerization of the 2,2'-bipyrrole, which is usually taken 
as the unit cell for the polymer [ 13, 18], and to calculate the energy of the different 
conformeric structures using ab initio self-consistent-field method. 

The conformational properties of 2,2'-bipyrrole have been the subject of  some 
theoretical calculations at semiempirical level [21, 22]. Galasso et al. [21], using 
the EHT method, reported a very high barrier (about 9 kcal mo1-1) for the cis-trans 
interconversion with the trans conformation higher in energy. In a previous full 
geometry optimization study with the INDO approach [22], a cis minimum has 
been found 0.80 kcal tool -1 higher than the trans minimum and separated from 
it by a barrier of 4.29 kcal mo1-1 (in contrast with EHT results). Recently, a X-ray 
diffraction study has been referenced by J. M. Andr6 et al. [18]. In this study, a 
planar trans conformation is reported for 2,2'-bipyrrole. 

2. Computational method 

The starting geometry for 2,2'-bipyrrole (see Fig. 1) was that of two fused single 
pyrrole rings at their experimental microwave geometry [23] and joined along 
the C-replaced H direction as it has been reported elsewhere for similar systems 
[24]. The initial inter-ring distance was 1.47 ~ ,  and the internal rotation coordinate 
was the dihedral angle 0. 

Ab initio LCAO-MO calculations were performed using an amplified version of 
the GAUSSIAN-70 program [25] adapted to run on a SPERRY-1100/81 com- 
puter. Computations were carried out at both the minimal STO-3G [26] and the 
split valence 4-31G [27] basis set levels. To avoid a heavy full optimization, we 
have taken advantage of  the well-known fact that, in conformational studies 
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implying generalized geometry optimization, displacement along the rotation 
coordinate mainly affects the internal parameters in the environment of the 
twisting bond [28-31]. Hence, only the internal parameters shown in Fig. 1 have 
been optimized. In this way we expect to avoid the rough approximation involved 
in the rigid rotor model and computation timing can be held within reasonable 
limits. 

The energy values at 0 = 0, 30, 60, 90, 120, 150 and 180 ~ have been used to fit 
the potential function by means of a truncated Fourier expansion 

6 

V(05) = E 1/2V~(1-cos i05) 
i = 1  

In this expression V is the relative energy at the torsional angle 4) which is related 
to 0 by 05 = 180-  0 because the trans conformation (0 -- 180 ~ has been selected 
as the energy origin. This fitting allows the analytical location of the singular 
points of the potential curve [32]. The reliability of this procedure has been tested 
in the most significant cases by means of a direct location of the critical points. 

3. Results and discussion 

STO-3G basis computations 

The torsional potential energy curve obtained within the rigid rotor approximation 
is plotted in Fig. 2 (curve A). The cis conformation appears to be strongly 
unstabilized relative to the trans form, which is the absolute minimum of the 
curve. Against what was obtained in the 2,2'-bifuran system [24], the cis conformer 
corresponds to a maximum, and a shallow minimum appears at 0 =25.8 ~ 
0.187 kcal tool -1 lower in energy. The existence of the gauche minimum and the 
larger cis-trans stability difference obtained for 2,2'-bipyrrole (2.879 kcal tool -1) 
relative to 2,2'-bifuran (0.876 kcal mo1-1 at the same calculation level) [24] must 
be related to the appearance of sterical hindrance in the cis conformer of bipyrrole 
due to the presence of the hydrogen atoms bound to the heteroatoms. 

Partial optimization at STO-3G level was carried out as indicated above for 9 
different conformations. The resulting potential energy curve is plotted in Fig. 2 
(curve B) and the position and relative energies of critical points are summarized 
in Table 1. Cis and trans energies decrease 0.315 and 0.020 kcal tool -~, respectively, 
relative to its rigid rotor values. Thus, interannular geometrical relaxation affects 
much more the cis conformer, where interannular nonbonded interactions are 
stronger, and, therefore, its unstabilization relative to the trans form decreases 
(AEcis-t . . . .  = 2.584 kcal mol-1). In the same way, the stability of the perpendicular 
conformation is affected by molecular relaxation and the trans--> gauche barrier 
reduces to 4.421 kcal mol -~. The partially optimized curve B becomes very flat 
around the cis conformer and the gauche minimum almost disappears. This very 
shallow minimum, localized at 0 = 19.2 ~ results only 0.049 kcal mol -~ more stable 
than the cis disposition. If a full optimization of the geometry is carried out, it 
can be expected the minimum disappears as it occurs in systems with similar 
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Fig. 2. Plots of the STO-3G total molecular 
energy, ET, relative to the value for the trans 
partially optimized structure, as a function of the 
dihedral angle 0. Curve A: rigid rotor potential. 
Starting geometry and a 10 ~ step in 0 were used. 
Curve B: rotation potential after interannular 
parameters optimization. (See text for details) 

H - - - H  n o n b o n d e d  i n t e r a c t i o n s  such  as b u t a d i e n e  [29, 31] or  v i n y l c y c l o p r o p a n e  
[33],  for  w h i c h  a d i s a p p e a r a n c e  o f  the  c i so id -gauche  m i n i m u m  af ter  ful l  
o p t i m i z a t i o n  has  b e e n  r epor t ed .  

The  coeff ic ients  V~ were  o b t a i n e d  f rom the  c a l c u l a t e d  tota l  energ ies  a n d  are 
co l lec ted  in  T a b l e  2. As it c an  be  obse rved ,  the  S T O - 3 G  r o t a t i o n a l  ba r r i e r  is 

la rge ly  d e t e r m i n e d  b y  1,'2 a n d  V1. The  f o r m e r  reflects the  t e n d e n c y  o f  the  m o l e c u l e  

to a d o p t  a u n i p l a n a r  c o n f o r m a t i o n  in  o r d e r  to m a x i m i z e  its c o n j u g a t i v e  s tabi l i ty ,  
a n d  the  l a t t e r  e n c o m p a s s e s  the  effects o f  i n t r a m o l e c u l a r  d ipo l e  a l i g n m e n t s ,  s ter ic  

h i n d r a n c e ,  a n d  o the r  n o n b o n d e d  in t e rac t ions .  S ince  the  r e m a i n i n g  coeff icients  

are  smal l ,  V1 is c lear ly  the  dec is ive  fac tor  in  d e t e r m i n i n g  the  re la t ive  s tabi l i t ies  

Table 1. Relative energies (AE, kcal mo1-1) and torsion angles (~ for the critical points of the rotation 
potential of 2,2'-bipyrrole. AE are relative to the computed trans conformer energy. The critical 
points are obtained from a n-term fitted Fourier expansion 

Transoid- Transition Cisoid- 
Trans (180 ~ gauche state gauche Cis (0 ~ 
E (hartree) AE 0 AE 0 AE 0 AE 

STO-3G a 6 -411.324275 4.614 84.1 2.692 2 5 . 8  2.879 
STO_3Gp.o. b 6 --411.324307 4.421 8 4 . 2  2.535 19.2 2.584 
4-31G/STO-3Gp.o. c 6 -415.867106 -0.458 147.7 1.813 84.0 1.143 4 6 . 3  2.742 
4_31Gp.o .b 4 -415.867685 -0.400 146.5 1.817 86.5 1.112 5 0 . 0  2.735 

d -0.466 147.6 1.832 84.6 1.143 46.0 

a Rigid rotor approach 
b Partial optimization involving the interannular region (see Fig. 1) 
c 4-31G calculations over partially optimized STO-3G structures 
d Direct location of critical points 
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Table 2. Coefficients (kcal mol 1) of the truncated Fourier expansions 
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v~ v2 v~ v~ v~ v6 

STO-3G a 2.4543 3.2113 0 .3190  - 0 . 6 1 4 0  0 .1057 -0.0888 
STO_3Gp o. b 2.2917 3 .1670 0 .2500  --0.4863 0.0423 --0.0820 
4-31G/STO-3Gp o. c 2.3498 0.5193 0 .3380  - 1 . 1 1 8 0  0 .0542 -0.1193 
4-31Gp.o. b 2.3461 0.4315 0 .3889  --1.1283 

a,b,c See Table 1 for details 

of  the cis and trans conformations. To be sure of  the quality of  the Fourier-fitted 
potential we have achieved direct optimization of the gauche minimum and it 
has been located at 0 = 19.1 ~ and 2.528 kcalmo1-1 above the trans absolute 
minimum, in good agreement with the minimum calculated from the fitted 
potential V(~b) (see Table 1). 

In general, and unlike what happens with biphenyl-like systems [34-37], our 
previous I N D O  calculations [22] correlates quite well with the STO-3G results 
reported here. Although the former does not predict any gauche minimum, the 
shape of the potential curves are both similar. The I N D O  cis-trans stability 
difference (0.795 kcal mo1-1) is smaller than the STO-3G one, while the trans ~ cis 
potential barrier is very similar in both cases ( I N D O  value is 5.080 kcal mol-~). 
I f  one considers that the H1-- -HI '  distance is notably shorter (2.08/~) in the 
I N D O  cis-structure than in the STO-3G (2.25 ]~) one, the cis-trans stability 
differences suggest that I N D O  method underestimates, with respect to STO-3G, 
the H1- - -HI '  nonbonded interaction which plays a decisive role in determining 
the cis conformer stability. 

Finally, STO-3G calculations on 2,2'-bipyrrole have been very recently reported 
by Br6das et al. [38]. These authors only optimize the interannular bond and 
obtain a rotational barrier about 4 kcal mol -a and a cis-trans energy difference 
of 2.5 kcal mol -a. Despite the differences in the limited optimization and the 
assumed ring geometries, our results are in good agreement with theirs. 

4-31G basis computations 

The 4-31G potential calculated over the partially optimized STO-3G structures 
(4-31G/STO-3G) is plotted in Fig. 3 (curve A). The critical points and relative 
energies obtained from the Fourier-fitted potential (Table 2) are reported in 
Table 1. 

The shape of the torsional energy curve has changed drastically in comparison 
with the STO-3G curve. Now, we have a four-fold potential function. The 
4-31G/STO-3G calculations locate the absolute minimum at a transoid-gauche 
position (0 -- 147.7 ~ and the trans planar conformation at a maximum 0.458 kcal 
tool -1 above it. The shallow cisoid-gauche minimum is also predicted but it 
appears to be deeper than in the STO-3G case and shifted to a greater value of 
the dihedral angle, 0 = 46.3 ~ This second minimum lies 1.601 kcal mo1-1 above 
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Fig. 3. Plots of  the 4-31G total molecular energy, 
ET, relative to the value for the trans partially 
optimized structure, as a function of the dihedral 
angle 0. Curve A: over partially optimized STO- 
3G geometries (4-31G/STO-3G). Curve B: after 
interannular parameters optimization. ([3) indi- 
cates the critical points after direct location of 
minima and a parabolic fitting in the surround- 
ings of the transition state. (See text for details) 

the transoid-gauche minimum and it is separated from the cis position by a barrier 
of 1.599 kcal mo1-1. The transition state between these minima lies at 0 = 84.0 ~ 
it is 2.272kcalmo1-1 above the transoid-gauche minimum, and it does not 
correspond to the most energetic conformation. 

A limited geometrical optimization similar to that carried out at STO-3G level 
has been performed with 4-31G basis to test the influence of this basis change 
in the partial optimization. A four term truncated Fourier expansion was fitted 
to five optimized conformation energies and was used to get a first approach to 
the critical points. Then, a direct fitting in the surrounding of these critical points 
was performed. The results, summarized in Table 1 and Fig. 3 (curve B), show 
that the partial optimization with 4-31G basis set does not introduce significant 
changes in the shape of the curve and relative energies obtained from 4-31 G/STO- 
3G calculations and the six terms Fourier fitting. The similar shape of both curves 
in Fig. 3 agrees with the statement by De Mar~ et al. [29, 39] that even the minimal 
basis set leads to geometries which can be used with larger basis sets to obtain 
reasonable relative conformational energies. 

To summarize, an important destabilization of the cis and trans planar conforma- 
tions relative to the perpendicular form, and consequent appearance of gauche 
minima, is observed when 4-31G is used instead of STO-3G. The reason for this 
destabilization might be searched in the H---H nonbonded interactions taking 
place in planar conformers and in the inadequacy of STO-3G basis set to account 
for them properly. Hence, as it occurs in the internal rotation around single bonds 
in conjugated systems, such as butadiene [29] and longer linear polyenes [40], 
some differences arise in the description of the conformational potential in going 
from STO-3G to the split valence basis. These differences are especially significant 
in the present case because they involve not only quantitative but strong qualitative 
differences in the shape of the potential, the most important of them being the 
prediction of the absolute maximum at cis conformation. 
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Structural parameters 

The variation of the interannular bond length with 0 is shown in Fig. 4. As it is 
well known, STO-3G overestimates the length of single bonds joining conjugated 
systems by 0.02-0.03/~, while split valence calculations provide values very close 
to experiment [29, 41]. The X-ray diffraction value for d reported by J. M. Andr6 
et al. [18] is 1.448 A for the trans form, in complete agreement with our 4-31G 
distance (1.4476 A). The very short length found in 2,2'-bipyrrole for the interan- 
nular single bond in planar conformations at 4-31 G level reveals a great deloealiz- 
ation between the two conjugated rings, and hence, a polyene-like behaviour. 
Indeed, this length d is even minor than that obtained at 6-31G level for the 
related polyenic system 1,3,5,7-octatetraene (1.4588 A) [41]. Finally, the shorten- 
ing in d at values of 0 near 90 ~ when compared with the ethane single C--C 
bond length (1.523/~), must be mainly attributed to hyperconjugative effects [42]. 

The two basis sets employed give very similar values for the bond angle o~ (see 
Fig. 1) in each conformation. So, ~ gets the values of 123.26 and 121.38 ~ at 
STO-3G level and 123.35 and 121.64 ~ at 4-31G level for cis and trans conforma- 
tions, respectively. The X-ray diffraction value of a for the trans conformer is 
121.5 ~ [18]. The enlargement of this angle on going from trans to cis conformers 
can be seen as an attempt to diminish the steric hindrance and local dipole-dipole 
repulsion between the N1--H1 and NI ' - -HI '  groups. In fact, these hydrogen 
atoms lie at 4-31G level only 2.22 A apart in the cis conformer (the distance 
H3---H3' being longer, 2.60 A), while in the trans form we have two symmetric 
H---H interactions at 2.41/~. A further relaxation in the cis form of the planar 
angles concerning the N1--H1 and C3--H3 (and their counterparts) did not 
significantly change neither those H---H distances nor the relative energies. 

The influence of the alignment of the local dipoles associated with N--H bonds 
in destabilizing the cis conformer cannot be ignored [43]. The resulting 
intramolecular dipole-dipole interaction would be a strongly basis dependent 
contribution to the total energy. Thus, the inclusion of polarization functions in 
the basis set would be desirable. However, extensive conformational studies 

Fig. 4. Variation of the interannular  distance, 
d, as a funct ion of  0. 
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r e p o r t e d  f o r  s m a l l e r  c o n j u g a t e d  sys tems  w h i c h  i n c l u d e  c a l c u l a t i o n s  wi th  a n u m b e r  
o f  d i f f e ren t  bas i s  sets  s h o w  tha t  on ly  s m a l l  q u a n t i t a t i v e  d i f fe rences  c o u l d  be  
e x p e c t e d  in  r e l a t i o n  to  the  4 - 3 1 G  p o t e n t i a l  even  wi th  d o u b l e  p o l a r i z e d  bas i s  sets  
[29, 30, 44].  

4. Conclusions 

Ab initio c a l c u l a t i o n s ,  u s i n g  the  4 - 3 1 G  bas i s  set,  p r e d i c t  a f o u r - f o l d  t o r s i o n a l  
p o t e n t i a l  f o r  2 , 2 ' - b i p y r r o l e .  T w o  g a u c h e  m i n i m a  o c c u r  in  the  v i c in i ty  o f  the  p l a n a r  
c o n f o r m a t i o n s .  

T h e  d e s c r i p t i o n  o f  the  c o n f o r m a t i o n a l  b e h a v i o u r  o f  2 , 2 ' - b i p y r r o l e  p r o v i d e d  b y  
S T O - 3 G  c a l c u l a t i o n s  is s i m i l a r  to  t h a t  e x h i b i t e d  b y  l i n e a r  p o l y e n e s  fo r  the  r o t a t i o n  
a r o u n d  a c en t r a l  s ing le  b o n d .  H o w e v e r ,  t w o  i m p o r t a n t  f ea tu re s  a p p e a r s  w h e n  
sp l i t  v a l e n c e  b a s i s  se t  is e m p l o y e d  wi th  2 , 2 ' - b i p y r r o l e :  (i)  the  p r e d i c t i o n  o f  the  
cis c o n f o r m e r  as the  a b s o l u t e  m a x i m u m  o f  the  t o r s i o n a l  p o t e n t i a l  a n d  (ii)  the  
a p p e a r a n c e  o f  a t r a n s o i d - g a u c h e  m i n i m u m .  Bo th  d i f fe rences  can  be  d i r ec t l y  
r e l a t e d  to  t he  ex i s t ence  o f  r e p u l s i v e  n o n b o n d e d  i n t e r a c t i o n s  at  b o t h  s ides  o f  the  
i n t e r a n n u l a r  b o n d .  
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