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AQmt-The elactronr s~ruc~urc of rhrophcnc has been mvcstcgatcd usmg the Poplr Scgal Complctc- 
Ncglcc~ of Dtffereattal overlap self consts~cn~ field theory and mcluding all valena electrons The &cl 
of mc)udrng 3d, 4s and 4p orbttals on sulphur is drscusscd tn relattoa IO calculated and expertmental 
dipole moments and spm sprn couphng constants. The evtdencr IS thar mclusron of M, 4s and 4p orbttals 
has a very small cffa~ on the calculated total energy of thiophcne. but a sigxtiftcant effect on the rclatwe 
magnitude of proton-proton and directly bonded urban I3-proton couphng constants, and akulatal 
dtpole moments. 

INTRODUCTIOK 

THE role of d orbital participation in the ground state of thiophene (Fig 1) has 
interested chemists for many years. 

FIG. I Numbcrmg system and coordmrtc system for thtophcne 

The frost suggestion that d orbitais might be important in thiophcoc was put forward 
by Schomaker and Pauling,’ who on the basis of dipok moment and bond length 
data, inferred a 10% contribution from resonanoc canonicals involving d orbital 
participation on sulphur. This is based mostly on spaxlation, however. and cannot 
be considered as serious evidence for the importance of d orbital participation. 
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Longutt-Higgins showed’ theoretically that an analogy might be drawn between 
-CH=CH--- and & using 3g3d hybrids of the latter, and this model has been 

extensively used’ in Htickel type calculations on heterocyclic sulphur compounds. 
This model has been severely criticized by Zauli and his co-workers, who pointed 
out’ that hybrid oribtals built with 3p, M, and 3d,, orbitals to give the required 
bond angle. would have too high an energy to contribute effectively. 

Several SCF Par&r-Parr Pople calculations have been carried out’ a on 
thiophene, and with one notable exception* all have neglected participation of 
d orbitals on sulphur, and all to some extent or another agree with experimental 
data. The striking feature about these calculations, is the wide variation in charge 
distribution and calculated dipole moments. For example there is even disagreement 
as to the relative magnitudes of electron densities at the ring carbon atoms’-* 
On the other ha’ld the calculated electronic spectra are all very similar.‘-’ 

The paper by Bielefeld and Fitts’ is of considerable interest as it is the first to 
explicitly consider d orbital participation in thiophene. and raises some interesting 
points. Firstly the pi overlap integral between a 3d orbital on sulphur and a 2p, 
orbital on carbon adjacent was calculated to be 0.473. at a distance of l.714A. 
The distance IO the non nearest neighbour carbon (2.556 A) is still short enough for 
the overlap integral to have an appreciable value. Recent calculations’ have shown 
that inclusion of non nearest neighbour b’s has a substantial effect on charge distri- 
bution. Secondly in common with all the previous SCF treatments of thiophene, 
only the pi electrons were considered, this poses the question, if d orbitals have a 
significant effect on the pi electron distribution can the effect on u electrons be ignored? 

The importance of d orbital participation in neutral sulphur compounds has bttn 
discussed by Craig et al.“. ’ ’ on the basis of overlap integrals calculated using Slater 
orbitals. The effective nuclear charge calculated using Slater’s rules” for a sulphur 
3d orbital is small, and hence overlap integrals involving this orbital are also calculated 
to be small. This led Craig ef 01. lo. ’ ’ to suggest that sulphur needs to be attached to 
electronegative groups to allow suficient contraction of the d orbitals for effective 
overlap. However this result rests on the false premise that overlap integrals calculated 
using Slater orbitals are a good approximation to integrals calculated using SCF 
orbitals, i/Slater’s rules are used to obtain effective nuclear charges. These rules were 
devised to yield orbitals with reasonable energies. For orbitals with high principal 
quantum number, the energy is largely determined by the wave function close to the 
nucleus, whereas overlap integrals are determined by the magnitude of the wave 
function at distances further from the nucleus. This has led Burns” to produce a 
set of modified Slater’s rules, which give overlap integrals very similar to those 
obtained using SCF orbitals. 

Figures 2 4 show overlap integrals involving S and H and C using Slater orbitals 
and Bums modified Slater rules. The striking feature in Fig. 2 is the high value of the 
H(ls)-S(3d) overlap integral and its slow tailing off. The dotted lines indicate the 
overlap integrals involved in thiophene, for comparison C C overlaps involved are 
also included. Figures 24 show quite clearly that d orbital participation on S cannot 
be rejected on the grounds of overlap integrals being too small. 

It is the purpose of this paper to try and shed some new light on the electronic 
structure of thiophene and the importance of d orbitals therein, considering all the 
valence electrons in a PoplcSegal’C’6 type SCF calculation. Since the energies” 
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FIG. 3 Overlap ~a~cgrals mvolvmg P carbon 2s orbital and 3s. 3p and M orbltals on sulphur 
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of the 4s and 4p orbitals of sulphur are very similar to those of the 3d orbitals, calcu- 
lations were also carried out including the latter; 

Method o~calcularion 
In a recent series of papers Pople et al.‘C’6 have produced a new approximate 

method for calculating self-consistent molecular orbitals for all valence electrons, 
for molecules containing no atoms heavier than fluorine, i.e. excluding d orbitals, 
the so called Complctc Neglect of Diffcrcntial Overlap Method II ” The theory has 
been applied to numerous small molecules with spectacular success and it is therefore 
of considerable interest to apply this method to larger molecules, and to investigate 
the inclusion of d orbitals. 

The elements of the F matrix are given by Eqs (I) and (2) (notation Ref. 15). 

where U, = -I, -(Z, - l)Y,, 

F,, = I-%&, - )P,,Y,r, (2) 

Eq (I) neglects the penetration terms, the equations are formally similar to those 
used in the highly successful Pariser-Parr-Pople SCF theory’*.” of pi electronic 
structure of molecules. 

As in the latter theory, the main problem is the estimation of the core and repulsion 
integrals and the /I’s which occur in the off diagonal elements of the F matrix. Pople 
et al.‘” have estimated the one centre core integrals from the average of valence state 
ionization potentials and electron affinities, however, valence state ionization poten- 
tials are in general more accurately known than electron affinities so we have approxi- 
mated the core integrals as the average of valence state ionization potentials in the 
manner described by Sichel and Whitehead. ” For the 3d, 4s and 4p orbitals of 
sulphur. the core integrals were approximated to the ionization potentials” for the 
processes 

(3d) s’p’3d -. s’p’ 

(4s) s3p’4s + s2p’ 

(4p) s’p’4p + s2p’ 

The 3d orbitals are highly directional giving rise to ligand perturbation effects, 
however for neutral compounds with elements in their normal covalency such a 
perturbation by the ligands is expected to be small, hence we have neglected this 
factor. 

In their original paper Pople and S~gal’~‘~ assigned to YM the analytic value of 
the electrostatic repulsion energy of two electrons in a Slater s orbital. This does not 
allow for correlation energy, and hence we prefer to use the method due to Pariser.z’ 
which has been applied so successfully in the P-P-P SCF method, of evaluating the 
YU from Eq. (3). 

YM = I,, - A,, (3) 

where I,, is the valence state ionization potentials of atom A. 



A well conswcnl licld molecular orhltal mvcsl~ylion 2669 

A, is the valence state electron afinity of atom A. Whitehead” has investigated 
this method in detail and the parameters used here are taken from this paper. 

If the results of the CNDO approximation are to be invariant to local transforma- 
tions of the atomic orbital basis functions, then the same value of ylrA must be taken for 
s, p and d orbitals on atom A. The 3s and 3p orbitals on sulphur will undoubtedly 
be more important as far as bonding is concerned than either the 3d or 4s and 4p 
orbitals, so that the average repulsion energy should approximate the average for 
the former orbitals (9.21 eV). This is probably not too serious an approximation to 
make as the one centre repulsion integral for a 3d orbital on S, for example, may be 
estimated as around 7 eV. 

The two centre repulsion integrals yAe were calculated from the corresponding one 
centre repulsion integrals using the refined Mataga” procedure Eq (4) 

14.397 
YAI = (x2 - 

(2 x 14.397) 

AB + GJ’ 
where aAB = -. 

YM + Yss 
(4) 

Since this work was essentially completed a publication has appeared in which Santry 
and Segal, 2’ have included d orbitals on sulphur in the CNDO II method. Their 
approach differs from ours mainly in the evaluation of overlap integrals and y’s. 
They divide their ~,,a‘~ into three sets y Al (s$). Y&d) and r&M) and approximate 
each as the analytic value of the electrostatic repulsion energy of the two electrons 
in appropriate Slater s orbitals. This is necessary since the electron repulsion terms 
calculated in this way for the three sets differ considerably, so that a single value is 
no longer adequate. Their calculations therefore are not invariant to local trans- 
formations of the atomic orbital basis functions. The electron repulsion integrals 
calculated using Pariser’s approximation as modified by Sichel and Whitehead2’ 
give electron repulsion integrals which are much smalkr. and hence difierences are 
smaller. The calculations reported here correspond most closely to those using the 
basis set spd’ reported by Santry and Segal.23 

The first term in the off diagonal elements of the F matrix (j’s) were made propor- 
tional to overlap integrals (Eq 2) in the original Pople papers,‘C’6 in order to maintain 
the invariance to the transformation of atomic orbital basis functions. However, 
the core potential experienced by an electron in a d orbital is quite different from 
that experienced by an s or p electron, so that direct proportionality of the /3’s to 
overlap integrals is likely to seriously overestimate the importance of d orbitals, 
because of the relatively large overlap integrals involved. In one of the first treatments 
of compounds in which d orbitals are important Wolfsberg and Helmholtz” pro- 
posed the relationship Eq (5). 

(5) 

where I,,,, and I, are appropriate valence state ionization potentials of atoms u 
and Y. K is a constant and S,, is the overlap integral between atoms u and Y. This 
relationship has also been used extensively in calculations using extended Htickel 
theory,” and more recently in detailed calculations26 using a modified CNDO II 
method on transition metal compounds Eq (5) has been employed with considerable 
success with K = 1. In the latter paper26 the U, and y,,, were also calculated from 



2670 D T. CLARK 

spectroscopic data, in a manner analagous to that proposed by Whitehead” and 
hence we feel justified in using equation (5) at least as a starting point for estimating /?‘s. 
The values of /3 obtained using Eq (5) are quite close in magnitude on the average for 
C-C and C-H bonds to those used by Pople so the effect of introducing Eq (5) 
is to reduce quite drastically the B’s involving d (and 4s, 4p) orbitals whilst giving 
values of /?‘s for the other overlaps in line with those predicted using the Pople 
relationship. It has been pointed out I4 that strictly speaking Eq (5) is not invariant 
to a transformation of atomic orbital basis functions. However, preliminary cal- 
culations showed that this effect is negligible compared with the total energy calcu- 
lated for the molecule, and the latter should be reliable to the 2nd place of decimals. 
This is in line with calculations carried out using extended Hiickel theory.” 

TABLE. I 

One ccnlre core mtegrrls 

Ofbdd 
-. ..- 

IS 
2¶ 

2P 
3s 

3P 
M 
4s 

4P 

Atom Z *, 
._ - . 

H I.200 

C 3.150 

C 2&M 
S 5900 
s 4.551 
S Ml0 
S 1.950 
S I.300 

-1, - L’, 7, 
-. .- .-. 

1360 1360 12.85 
207 5069 IO207 
lOPI 41 53 
2077 6680 9.2 I 
I 1.98 58Ol 
x0 48a3 
3-75 49.78 
240 48.43 

Table 1 lists the parameters employed in these calculations. Calculations were 
carried out according to three models. 

Model I 3s and 3p orbitals on sulphur 
Model II 3s. 3p and 3d orbitals on sulphur 
Model III 3s. 3p, 3d and 4% 4p orbitals on sulphur. 

D orbital transformations were carried out according to the method described by 
Ballhausen.” Bond lengths and bond angles were taken from Ref. 29. 

The calculations were carried out on the University of Newcastle’s KDF9 com- 
puter using a program kindly supplied by Drs. P. G. Perkins and D. H. Wall. 
Limitations of storage capacity (16K) dictated that the initial H inatriccs should be 
calculated previously and used as input data, together with atomic co-ordinates. 
gammas and core charges. 25 iterations were sufficient to obtain density matrix 
elements selfconsistent to seven decimal places. For the largest number of orbitals 
(33) Method 111. the time taken was45 min. For the calculation of atom-atom polariz- 
abilities and spin-spin coupling constants (sa later) a separate program was written 
for the University of Durham’s Elliott 803 Computer. Overlap integrals were 
calculated from a compilation of master formulae kindly made available by Dr. P. G. 
Perkins. 
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RESULTS AND DISCUSSION 

Since the eigenfunctions are expected to be markedly dependent on the model 
chosen (I, II or III). two ground state properties have been investigated, dipole 
moments and proton-proton and directly bonded carbon 13-proton coupling 
constants. In the latter case it was not expected that quantitative agreement between 
observed and calculated coupling constants would be obtained, but rather that 
relative magnitude and trends would be discernible. By investigating these properties 
and the total energy of the molecule it was hoped that it would be possible to determine 
whether the effect of d orbital participation was being over or underestimated and 
hence allow reasonable conclusions to be drawn as to the relative importance 
of d orbital participation in the ground state of thiophene. 

The co-ordinate axes adopted are shown in Fig. 1. The orbitals available for 
bonding on sulphur are 3s. 3p.. 3p, M,, 3d,,. M,,_,a. 4s. 4p, 4p, for a bonds and 
3p, M, M,, and 4p, for x bonds. 

A. Dipole moments and charge distributions 

Tables 2 and 3 show the distribution of charge between the atomic orbitals in 
thiophene. and the total u and n charge distributions for Methods I. II and III. 

TAW 2. THF DISTRIBUTK)N W CHARGC BtTWEEN IWE ATOMIC ORBITAW IH 

T1IIOPtWbI (TW i! AXIS IS PFRPENDlCUI.AR TO THE UOLtCUtAR PLAM) 

Atom and orbItal 
---~ 

I II Ill 
_. 

H,W.) 
H,(H,) 

c,cc.i 

CAC,) 

S 

IS 
Is 

2s 
2P. 

2P, 
2P, 

2.5 
2P. 

2P, 
2P. 

3s 

3P, 

JP, 
3P. 
3d.r 
M,’ 
3d:,= 
3d” 
3d, 
4s 
JP, 
4P, 

4P, 

QWS5 09477 DWSS 
09716 09662 09649 

._-__.. 

10171 19145 lQl29 
09499 09724 09691 
I GO56 09994 l-0009 
I .0848 IO678 I0682 

_-. --_-_ - -- . .-.. _ 
lGlS3 09980 09932 
09912 09884 09885 
09949 0%98 OW92 
l-0710 I as79 IQ619 

_-... .._ .-. 

I.5689 I.5626 I.56618 
I.1434 I%)616 I4552 
I ,4657 I.4241 I.4219 
I.6884 I.6108 I 6024 

01296 Ql2n8 
0345 00333 

.- 00750 00746 
00918 oa907 

- 00458 00451 
- - 00285 

- o.0030 
- 

-. - 043015 
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Reference to Table 3, Method I shows that S is a u electron acceptor and II ckctron 
donor and overall is positively charged. The sigma inductive effect is relayed to the 
adjacent C atoms (C,, C,) both of which are u electron defiit, the non nearest 
neighbour C atoms (C,, C,) being approximately neutral as far as the a elactrons arc 
concerned. All the carbons carry an excess of pi electrons, the electron density being 
highest for the C atoms (C,. C,) adjacent lo S. An interesting point to note here is that 
the forol electron density (a + n) is largest for the C1, C, carbon atoms. As far as the 
hydrogcns arc concerned all carry a net positive charge, that for the hydrogens 
(H ,, H,) adjacent to S being the largest. 

Inclusion of d orbitals has a dramatic effect (Method II, Table 3). the S atom now 
becoming overall negatively charged. This is a result of both u and pi electron drift 
towards the S atom, the former being roughly twice as important as the latter. This 
in part answers one of the queries we started with concerning the importance of d 
orbitals in sigma and pi bonding. The evidence here is that d orbitals are at least as 
important in u bonding as in pi bonding. Reference to Table 2 shows that the u charge 
migration to S results largely from the mixing of 3pv 3p, and 3d,, orbitals with smaller 
contributions from M,, ,’ and 3d,,. The 3s orbital population remains roughly the 
fame in all three models, this is to be expected since this orbital is much lower in 
energy than the other orbitals involved. Table 2 shows quite clearly that the increased 
u electron charge on sulphur is largely at the expense of H Ir H, and C2 and C,. 

The increased pi cluztron density on sulphur is at the expense of C,(C,) and C,(C,) 
the point of interest here being that the charge migration is much smaller than that 
obtained by Bkkfeld and Fitts.” Indeed the charge migration found by the latter 
authors was solely at the expense of C,(C,), the electron densities actually being 
increased at C, and C,. This large discrepancy can be traced to the neglect of non 
nearest neighbour /l’s, some of which are quite large. 

The introduction of 4s and 4p orbitals Method III shows very little change in 
charge distribution to Method II. The orbital populations (4s, 4p) are quite small 
(Tabk 2). Hence although the core potential experienced by the 4s and 4p electrons is 
larger than that for the d orbitals their contribution is very small because of the small 
overlap integrals. 

The molecular dipole moment has three major contributions from : 

(a) The net atomic charge densities; 
(b) The atomic (sp) polarizations resulting from mixing of s and p orbitals on each 

atom ; 
(c) From the atomic (pd) polarization resulting from mixing of 3p and 3d orbitals 

on S. 

These three contributions and their total are listed for the three model calculations 
in Tabk 4. Thcsc calculations reprcscnt a rather crude approximation to the molecular 
dipole moment, nonetheless Pople1’*16 has shown that the method gives useful 
results. 

The experimental absolute value of the total dipole moment is 0550 f 0940 
Debye as determined in the gas phase by Harris, Lc Fevre and Sullivan.‘o Convincing 
arguments that the dipok moment is +ve in the sense defined above have been 
presented.6 The dipole moment calculated using Method I is fortuitously good. 
The dipole moments calculated for Methods II and 111 are considerably larger 
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largely because of the charge migration to S. This suggests that the participation of 
d orbitals may be overestimated in this treatment, however, for such a large molacule 
as this it is perhaps good enough that the predicted dipole moments have the correct 
sign and order of magnitude. 

Model 
Charge SP 
density petition pd 

-- ..-_. _- 
I - I.153 +204a oa95 
II +05a2 + 2.258 - 0947 2.258 
Ill +0706 + 2.104 - 0974 I.836 

Exptl 0550*o+ul 
-- 

’ Positive dipole moment contribution IS in the sense 

B. NM R spin coupling constants 
The Popk-santry theory’1 of nuclear spin-spin 

molecular orbitaIs has bceu used’z~36 to estimate 

m s 

coupling based on dclocaIizd 
numerical values of couplings 

with a good deal of success. In general proton-proton and protonxarbon 13 couplings 
constants are predicted to have the correct sign but are generally smalkr than those 
observcd.“-‘6 Most previous treatments have been based on extended HCkkel 
theory or tbc PoplcSantty theory both of which arc less sophisticated than the 
Popl&cgaI SCF CNDO II method. 

For spin-spin couplings involving hydrogen the most important term is the Fermi 
contact contribution, the terms involving the orbital and spin dipolar contributions 
being relatively unimportant.‘1-‘6 Eq (6) gives the PopleSantry formula” for the 
Fermi contact contribution to the spinspin coupling constants 

JAB = @yg) 8%(O)’ SdO)’ n,* .S. (6) 

where S,(O)’ and S,(O)’ are the spin densities at the nuclei A and B of the vaknct s 
orbitals ns, s, ” is the mutual polarizability of the s vaknce 0rbitaI.s dcfmcd by 

Es 
OCE ._C 

n )1” = 4 
W 

(t, - q)- I c,,c,q,qv (7) 

yA and ys arc the magnetogyric ratios for nuclei A and B 
j? is the Bohr magneton. 

Using the conversion factors based on Z.,, = 1.2 for hydrogen, calculated by 
Murrell’s and the s orbital population numbers, cigcnvalucs and cigcnfunction 
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calculated according to the three models, the coupling constants are calculated to be 
as shown in Table 5. 

The couplings are all predicted to have a positive sign, as is found experimentally,‘* 
and for the H-H couplings the trends are satisfactorily reproduced particularly by 
Model I. This is best illustrated by a graph (Fig. 5). Inclusion of d orbitals reverses the 

SO 

4.0 

3C 

Jcp 

20 

1.0 

0 

FIG 5 Calcula!nl and ohscrvcd proton-proton spm couphng consums m thlophcnc 

orders of the C-H coupling constants and the H2-H, couplings.‘This again would 
seem to suggest that the effect of d orbital participation is being overestimated. It an 
be seen that a smaller contribution from the d orbitals would reduce the magnitude 
of the H, -H, and H ,- H, couplings relative to H ,-H, and give improved agreement 
with the experimental results. This also applies to the C-H coupling constants. 

C. Totol energies 
Table 6 shows how the total energy varies as 3d. 4s and 4p orbitals arc included on S. 

The interesting feature here is the small extent to which inclusion of 3d. 4s and 4p 
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orbitals contribute to the total energy. This is in marked contrast to the effect of these 
orbitals on dipole moments, charge distribution and coupling constants. 

This emphasizes the fact that one must define carefully which property one is 
referring to, when discussing the importance of d orbital participation on sulphur. 
The dipole moment and coupling constant data taken together would seem to 
indicate that d orbital participation has been slightly overestimated in Method II. 
so that the percentage energy change (1.77%) probably represents an upper limit to 
the energy lowering on inclusion. of these orbitals. 

In the light of the foregoing discussion it seems worthwhile to modify the extent of 
the 3d, 4s and 4p orbital participation to obtain the best fit to the dipole moment and 
coupling constant data. This is most readily brought about by varying the parameter K 
Eq (5) for B’s involving M, 4s and 4p orbitals. 

TABLE 6. TOTAL ESFRGY OF 1HIOPlW.h~ ~(‘(‘OIWlffi TO THF TURF, Y~OUS IN tV 
AHD WKFMAGF OIASGE IH CNFROY OH INCLI:DINC k!. 4s and 4p ORYTAI~ 

I II III 
-. -_ . -_. - _-.. -. 

- 5C7.1483 - 516.1492 - 517.3881 

“/. change 0 l-77 2iI2 

A value of K = 05 (Method IV) gives a good overall fit to the dipole moment 
(calculated u 069 Debyc) and coupling constants (see Fig 5) Jn,-u, 2.29 c/s 
J,,. ,,, @71 c/s JJ,,_,, @45 c/s JH,_“, 018 c/s A&,-H,) - (C,-H,) + 3.4 c/s Fig. 6 
shows the u and n charge distribution. 

The percentage energy change on inclusion of 3d and 4s and 4p orbitals relative 
to Method I is 062%. 

SIOHA Cl4utGE PI CIUROE 
olsTRlWnON Ol~TAlsVllON 

FIG. 6 Sigma and pi elsrron dwributlon on thlophenc eccordlng to Model IV 
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CONCLUSIONS 

The extent of 3d. 4s and 4p orbital participation in the ground state of thiophene 
has been investigated by the PopltSegal SCF CNDO II Method. A good overall 
tit to the experimental dipole moment and relative magnitude of H-H and “C-H 
coupling constants is obtained when 3d, 4s and 4p orbitals are neglected. Inclusion 
of the latter orbitals using the constant K = 1 in the Wolfsberg-Helmholtx equation 
leads to an overestimate of the importance of these orbitals, however reducing the 
extent of participation (K = 05) leads to a significant improvement in the overall 
fit to experimental dipole moment and relative magnitude of coupling constants 
Inclusion of 3d. 4s and 4p orbitals on sulphur has a very small effect on the total 
energy of the molecule. As far as the electron distribution is concerned, inclusion of 
3d. 4s and 4p orbitals has a larger effect on the sigma system than on the pi system 
of thiophene. 
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