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A. J. H. WACHTERS and D. W. DAVIES

Laboratorium voor Structuurchemie, Bloemsingel 10, Groningen, Netherlands
(Received 25 June 1964; in revised form 31 July 1964)

Abstract—A calculation by the self-consistent MO method of the UV spectra of thiophene, 2,2'-,
3,3’-, and 2,3'-dithienyl is described. For the dithienyls the local energy method developed by Longuet-
Higgins and Murrellis applied. Only the melectrons are considered explicitly and the zero differential
overlap approximation is used. Values are given for the transition energies and oscillator strengths
of thiophene, the dithienyls and some cyclopentadithiophenes, and for the angles of twist of the
dithienyls in non-polar solution. For thiophene a reasonable charge distribution is obtained and the
bond-orders lead to bond lengths in good agreement with experiment.

1. INTRODUCTION

LiTTLE theoretical work has been done on compounds consisting of two or more
conjugated heterocyclic rings. In a recent paper Sappenfield and Kreevoy! mentioned
that for a long time the development of a satisfactory theory of conjugated hetero-
cyclic molecules such as furan and thiophene was impeded by a number of difficulties,
especially the choice of appropriate integrals and parameters for the hetero atom.
Sufficient experimental data are however available for the dithienyls to enable an
adequate comparison between theory and experiment to be made. The object of the
present work was to discover, if the local energy method developed by Longuet-
Higgins and Murrell® could be used to give a satisfactory account of the UV spectra
of 2,2’-, 3,3'-, and 2,3"-dithienyl. For the application of this method a knowledge of
the self-consistent molecular orbitals (SCMO’s) and energies®* of thiophene is
indispensable and a calculation of the UV spectrum of thiophene and a comparison
with experiment is also included.

2. THE SCMO AND LOCAL ENERGY METHOD

In this section the SCMO method, used for the calculation of the SCMO’s and
orbital energies of thiophene and the local energy method will be discussed.

Full discussions of the SCMO method have been given in the literature. The
present work followed in general the basic approximations used by Pople® and by
McWeeny and Peacock.® In this simplification of the method only the m-electrons are
considered, and the SCMO’s y, may be written as a linear combination of atomic
orbitals ¢,, thus,

Y = g Cip ¢p ’ (21)

! D. S. Sappenfield and M. Kreevoy, Tetrahedron 19, 157 (1963).
* H. C. Longuet-Higgins and J. N. Murrell, Proc. Phys. Soc. A68, 601 (1955).

R. G. Parr, Quantum Theory of Molecular Electronic Structure § I1.6 and § IIL.13. W. A. Benjamin,
New York (1963).

¢ C. C. J. Roothaan, Rev. Mod. Phys. 23, 69 (1951).
* J. A. Pople, Trans. Faraday Soc. 49, 1375 (1953).
® R. McWeeny and T. E. Peacock, Proc. Phys. Soc. A70, 41 (1957).

2841



2842 A. J. H. WacuTers and D. W. Davigs

where p refers to the pth atom and for an n-atom system p, i=1,2,...,n The
molecular orbital energies ¢, are obtained from the secular equation,
Det |[Fpq — 0,80 =0 (2.2)
and the coefficients ¢;, from the corresponding set of simultaneous equations
Y i (Fpe—0,8)=0; pg=12,...,n 2.3
g
F, . the elements of the self-consistent Hamiltonian matrix F are given by,
Fpp=w, + 3P0 T+ z Pr— L) Vo r=12,...,n (24)
rsp
Foo= B2 — Py ¥5as (2.5

where {, is the number of m-electrons contributed by the rth atom and,

l
Yoe = ff‘ﬁp*(l)sﬁp(l)a%* (2) ¢,(2) de(1) dv(2)

the so-called Coulomb electronic repulsion integral. Let H"™(i) be the Hamiltonian
of an electron i in the field of the molecule stripped of the m-electrons and H,°(i) that
in the field of the pth atom, minus the =-electron(s), then w, and 0" are given by,

re
@, = § %) H(i) ¢,(i) de(i) 2.7
. = § 657 H™() (i) dv(i); p #q. (2.8)
P, the elements of the bond order matrix P are given by,
Poe=2 z CipCiq s (2.9)

where i refers to filled orbitals only. The simple form of these equations results to a
great extent from the use of the zero differential overlap approximation,®” in which
é,*(i) (i) dv(i) is taken as zero unless p = ¢ in the two-electron integrals. In the
SCMO theory®4# the molecular orbital wave function for the ground state can be
written as an antisymmetrized product,

%o = [2m)!]7 g (=12 {(p:)(@uB)(ya) - * - (B} » (2.10)

where 3 (—1)?2 is the usual antisymmetrizing summation over all permutations of
i

the electrons. If one electron is excited from a bonding MOy, to an antibonding
MOvy,, the excited state can be written as,

Layk = [22m 12 (—DZT {19 - - PP WeB) = )@ - * - (W)},

2.11)
:'k) + (ik rl

12

and the excitation energy as,

12

ki) + (ik r' ki), 2.12)

12

LAEF = &, — ¢, — (ik

7 R. Pariser and R. G. Parr, J. Chem. Phys. 21, 466 and 767 (1953).
% J. A. Pople, Proc. Phys. Soc. A68, 81 (1955).
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(.. 1
i
J ri2

where

k’) = [fp*(Dy,*Q2) é we(Du(2) di(1) du(2) (2.13)

the positive and negative sign being taken for singlet and triplet states respectively.

In the local energy method® R-S is in general a system made up of two conjugated
subsystems R and S joined by one bond. For the dithienyls R and S are the same, so
that the total system is described as R-R’. In future dashes will be used to distinguish
between the thienyl rings, e.g. x,* means the state corresponding to the excitation of
one electron from a bonding MOwy, of one ring to the antibonding MOy, of the other
ring. Let the bond between the thienyl rings R and R” be formed between atom u in
R and ' in R’, then it can be shown that the changes in the molecular orbitals are
entirely determined by the value of the resonance integral 55%, if in Eq. (2.8) ¢, and
#, are the w-atomic orbital functions of these atoms. Two cases are distinguished:
1, the rings are perpendicular to each other; 2, they lie in the same plane. The latter
can be subdivided in two cases @ and b, in which the sulphur atoms of the two thienyl
rings are in the trans- and in the cis-position respectively.

1. In this case Longuet-Higgins and Murrell assume that g5 = 0. As the
SCMO’s of thiophene are non-degenerate, see Table 1, only the singly excited states
3" and y,%" have to be considered for the two lowest bands in the UV spectra of the
dithienyls. Since the MO’s of both rings are self-consistent for the whole molecule as
well as for the separated rings, the ground state will not interact with these excited
states, so that the interaction matrix becomes,

xs' [Hys Hig

i Lk 19
where HY/is written for (1z* |H|y,). Now Hi4 = Hi & = 1AES, see Eq. (2.12),
and with the zero differential overlap approximation® Hj'3: = 2(3'4 |1/ry,| 4'3). This
integral can be easily reduced to an expression in the Coulomb electronic repulsion
integrals. The eigenvectors and eigenvalues of this matrix represent the lowest excited
states and transition energies respectively.

2. p%¢ # 0. All the interactions between xs*, x34, z3¥, xs* and y, must be
considered. As before Hg:§ = Hi:y = 'AE,%, H}% = 2(3'4|1/ry| 4'3), and HE¥
= Hy4 = &4 — &5 — (34" [1/ryy] 34").

Also HP3' = Hyj = coce, 855 HYy = HiZ = —co,e0,85%5, Hg¥, 0=
vV Ecsﬂcd,,,ﬁf,f:,e, H4 0=v2 CaCy B, and Hog = HYj = Hi, = HY =0,
where Hf, = (13* |H|'x,). Thus the interaction matrix becomes,

S0 |mu-my  mpomy o o o
s (M -HY HE 0 0 =qH.HL
S| o0 O HMGHE HIHE 0
\/'—i(x:‘-u;.) 0 0 Hyd v iy HYW ;—E(H:‘,ﬁﬂ."...)

Yo i 0 ‘/Li (HY .—Hy ) O JI_E(H:I-°+HI“.0) 0 i (2.15)
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The eigenvectors of this matrix represent the excited states as well as the ground
state, the energy of which is generally lowered, so that the transition energies can be
obtained by subtracting the eigenvalue of the ground state from the eigenvalues of

the excited states.
3. CALCULATIONS

Thiophene has the structure® shown in Fig. 1.

He

%

FiG. 1. Structure of thiophene

bond lengths angles

re = 1714 A CyS,C, = 92°10°
reg = 1:370 A §,C,Cy = 111°28'
res = 14423 A C,C,yCy = 112°27

The bond lengths and angles given above were also used for the thienyl rings, and a
length!® of 1-480 A was used for the bond between the rings. For instance, 2,2’
dithienyl has the structure shown in Fig. 2. The MQ’s were written as a linear

“ 2C

FiG. 2. Structure of 2,2"-dithienyl

combination of the 3p atomic orbital on the sulphur atom and the four 2p= atomic
orbitals on the carbon atoms. The sulphur atom contributes two w-electrons and the
carbon atoms one each, thus {g = 2 and {; = 1.

The Coulomb electronic repulsion integrals are given below in eV. They were
evaluated with the uniformly charged sphere method due to Pariser and Parr.”

For thiophene,

1190 680 520 520 680
10:70 740 562 541
Voa = 10-70 7-28 5621,
10-70 740
10-70
for 2,2'-dithienyl, y,o, =
1 2a
354 485 379 288 278 314 480 424 3:02 270
7-18 535 373 357 7-20 530 373 3-57
409 304 293 |; 369 292 300 |;
2:40 232 2:35 234
2-24 2-23

* B. Bak, D. Christensen, L. Hansen-Nygaard and J. Rastrup-Andersen, J. Mol. Spectry.7,58(1961).
1 A. Almenningen, O. Bastiansen and P. Svendsis, Acta Chem. Scand. 12, 1671 (1958).
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2b
401 4-80 340 275 2-85
7-20 530 373 3-57
454 3-18 286 |,

2-44 2-29
2:26
for 3,3'-dithienyl, y,, =
1 2a
220 2-89 3-48 2-87 230 217 279 348 297 234
412 5-38 4-07 3-07 371 531 454 322
7-14 528 375{; 7-16 522 374 |;
402 3-04 361 290
2-42 2:36

2b
223 300 348 276 226
4-59 531 3-66 3-01

716 522 374

448 319

2:47

and for 2,3'-dithienyl, y,, =
1 2

274 380 484 376 2-89 263 340 478 422 305
3-49 538 716 543 376 349 533 718 524 375
2-89 411 535 405 3:06 (; 299 4-56 528 365 292
229 305 373 303 241 233 319 372 289 2:35
222 294 3-56 291 233 220 2:86 356 292 235

The resonance integrals f57° were evaluated with a relation suggested by Carra
and Polezzo, 1
239
b0 = 2-873 Spo ¥ Wy + W), 3D

where S, is the overlap integral’? and W, W, are the ionization potentials of the pth

and gth atoms respectively. The values W, = —22-9eV and W, = —11-54 eV can

be found from the ionization potentials given by Skinner and Pritchard,’® and by

Moore.* Thus the resonance integrals are, 8%5i° = —2-51 eV, 897 = —2-47 eV,
ore — 226 €V and 01 = —2:05 eV.

w,, which can be called the Coulomb parameter for the pth atom, was treated as
an empirical parameter.® To form the F matrix defined in the Eqs. (2.4) and (2.5) it
is necessary to guess a preliminary set of values for P. This matrix was obtained by a
Hiickel method with (Hy; — Hgg)/Boe = 15, (Hag — Has)/Bec = 015 and Beg/Bec
= 0-48, where the §’s and H’s are the resonance and Coulomb integrals of Hiickel
theory. A value for the mw-electron moment was obtained from the experimental
11 8. Carra and S. Polezzo, Gazz. Chim. Ital. 88, 1103 (1958).

12 R, S. Mulliken, C. A. Ricke, D. Orloff and H. Orloff, J. Chem. Phys. 17, 1248 (1949).

1* H. A. Skinner and H. O. Pritchard, Trans. Faraday Soc. 49, 1254 (1953).
14 C. E. Moore, Atomic Energy Levels. Nat. Bur. Stand., Washington (1949).
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total dipole moment'®* and an estimated o-¢lectron moment. The Hiickel parameters
were then chosen such that the calculation gave this value for the m-electron moment.
Eq. (2.3) can be solved by finding the eigenvalues and eigenvectors of F, forming a
new P and thus a new F, and repeating until the commutator of the F matrix and the
density matrix 4P is sufficiently small. In these calculations the value was chosen
such that the Hamiltonian matrix was self-consistent to about four places of decimals.
The calculations were carried out on the X-1 computer of the Central Computing
Institute of Leiden University. The Coulomb parameters finally obtained, which also
satisfied the dipole moment criterion, were, w; = —18 eV, w, = ws = —0-5 eV
and wy = w,; = 0.

4. RESULTS

By the method outlined in section 3 the SCMO’s and energies for thiophene,
shown in Table 1, were obtained.

TaBLE 1. SCMO’S AND ENERGIES (€V) OF THIOPHENE

SCMO Form Energy
v, = 0:9047, + 0-2786(; + ¢y} + 0-1147(ds + $o) —13-432
¥y = 0:3340¢, — 0-2967(¢s — $5} — 0-5968(¢s — ¢4) —6-840
Py = 0-6035(¢g — ) + 0-3685(ds — ¢b4) —5:254
Yo = 0-2645¢, — 0-5783(h, + ) + 0-3615(dy + ) 5517
Y5 == 0-3685(¢s — ¢s) — 0-6035(d3 — $,) 7-645

%1, Yo, and y, belong to the representation a,, and ¥, and y; to the representation b,
of the symmetry group C,,. From these orbitals the charge distribution and bond
orders for thiophene can be obtained. These are given in Fig. 3.

IOIO/C \8863
1-060C 5

s'/o 306
1-860

Fi1G. 3. Charge distribution and bond orders for thiophene

With Eq. (2.12) four singlet-singlet (s.s) and four singlet-triplet (s.t) transition energies
for thiophene were calculated. They are given in Table 2 together with the experimental
values. The oscillator strengths f were evaluated with the following formula,

fio = 87495 X 10-2AE}[Q,2, (4.1)

where AE,, is the transition energy in ¢V and Qy; is the transition moment divided by
e, the absolute charge of the electron, thus,

Qe = (o 12X() '2H) = \/f(’f-’i Ir] ) = \/2_2 CixCir(Xp + ¥, + Z,), 4.2)
J p
where r(j) is the position vector of the jth electron in A.

15 R, Keswani and H, Freiser, J. Amer. Chem. Soc. 71, 218 and 1789 (1949).
1¢ B Harris, R. J. W. Le Févre and E. P. A. Sullivan, J. Chem. Soc. 1622 (1953).
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TaBLE 2. TRANSITION ENERGIES (€V) AND OSCILLATOR STRENGTHS OF THIOPHENE
B, A, A, B,

ThGOI')’ AE,! f 3¢ AE fu AEa“ f 38 AE:‘ fu
s. s Transition 5-50 0-44 685 0-51 719 0-40 818 0-08
s. t Transition 334 0 524 0 5-59 0 671 0

Experiment

s. s Transition  5:17-5-90° 01* 6:59-7-25¢

s. t Transition

3:90; 396, 05 x 1074,

¢ W. C. Price and A. D. Walsh, Proc. Roy. Soc. A179, 201 (1941).
® A, Trombetti and C. Zauli, Ann. di Chim. §3, 702 and 805 (1963),
¢ M. R. Padhye and S. R. Desai, Proc. Phys. Soc. A65, 298 (1952).

With the integrals given in section 3 the matrix elements of the Eqgs. (2.14) and
(2.15) are evaluated for 2,2"-, 3,3'-, and 2,3'-dithienyl. From the eigenvalues and
eigenvectors of these matrices the transition energies and transition moments were
obtained. The oscillator strengths f were again evaluated with Eq. (4.1). The trans-
ition energies and oscillator strengths for 2,2"-, 3,3, and 2,3"-dithienyl are given in
Table 3 together with the experimental values for 2,2’-dithienyl, cyclopenta[2,1-b;

TABLE 3. TRANSITION ENERGIES (€V) AND OSCILLATOR STRENGTHS OF DITHIENYLS

Theory B, A, A, B,
2,2’-dithienyl E f E f E f E f
perpendicular 512 0-79 5-88 0-22
planar (trans) 4-60 0-08 6-18 0-77 7-52 33 8-01 27
planar (cis) 4:60 0-07 6:18 0-05 7-51 33 8-00 2:6

Experiment®
2,2'-dithienyl 411 0-26 502 0-18
cyclopenta[2,1-b; 430 0:30 502 0-20
3,4-b’]dithiophene

Theory ) B, - A, N Ay B, o
3,3’-dithienyl E S/ E f E f E f
perpendicular 5-49 0-57 5-51 0-30
planar (trans) 5-44 0-68 547 28 x10°% 723 0-60 7-36 0-55
planar (cis) 529 013 563 0-61 7-19 0-61 7-31 0-48

Experiment®
3,3’-dithienyl 477 0-24 5:85 0-70
cyclopenta[l,2-b; 4-16 0-02 5-64 0-88
4,3-b’]dithiophene

Theory A” A" A" A"
2,3’-dithienyl E f E f E f E f
perpendicular 537 0-66 5-63 0-20
planar (trans) 529 017 552 0-55 7-29 1-5 7-59 076

Experiment®
2,3’-dithienyl 4-38 0-23 5-28 0-16

¢ H. Wynberg and A. Bantjes, J. Org. Chem. 24, 1421 (1959); H. Wynberg and A. Kraak, Ibid.
1964 (in the press).
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3,4-b')dithiophene, 3,3’-dithienyl, cyclopenta[l,2-b;4,3-b’]dithiophene and 2,3'-
dithienyl.
5. DISCUSSION

The charge distribution of thiophene (Fig. 3) gives a m-electron moment of 0:93 D,
directed from the sulphur atom to the ring. With the value of the o-electron moment
—1-49 D, given by Sappenfield and Kreevoy,! the value obtained for the dipole
moment of thiophene is 0-56 D, which is in good agreement with the experimental
values, 4 = 0-53 D¥® (in benzene) and u = 0-55 + 0-04 D'® (in gas phase). The
dipole moment obtained is directed from the ring to the sulphur atom. Sappenfield
and Kreevoy obtained, however, such a large value for the m-electron moment, that
they also got a dipole moment of thiophene in agreement with experiment, but with
the opposite direction, The dipole moment of thiophene derivatives, shown in
columns I and II of Table 4 can be obtained from the C—Cl and C—CHj bond dipole
moments for substituted benzenes, which are 1-58 D and 0-34 D respectively.1®

TABLE 4, CALCULATED AND OBSERVED DIPOLE
MOMENTS (D) OF SUSTITUTED THIOPHENES

Theory
Molecule I 11 Expt.
2-Chlorothiophene 177 1-56 1-60
2,5-Dichlorothiophene 118 012 1-12
2-Methylthiophene 0-57 0-69 0-67
3-Methylthiophene 077 0-44 0-82

The dipole moments given in column I can be obtained on the assumption that
the dipole moment of thiophene is directed from the ring to the sulphur atom, and
the dipole moments given in II can be obtained on the assumption that the dipole
moment of thiophene is in opposite direction. Table 4 supports the view that the
dipole moment of thiophene is directed from the ring to the sulphur atom. Thus,
the calculated dipole moment of thiophene agrees with experiment in magnitude as
well as direction. The charge distribution obtained here also gives a good explanation
for the larger electrophilic reactivity of the a-carbon atom compared to the S-carbon
atom, and the calculated bond orders P,; and Py, yield distances r,; = 1-36 A and
rgq = 1:43 A, which are in good agreement with the experimental values, givenin Fig. 1.

Table 2 shows that the calculated transition energies of thiophene are satisfactory.
Price and Walsh!? correlated their measured spectral band with the N-V; and N-¥,
transitions in butadiene and this assignment is confirmed in these calculations. The
only oscillator strength, for which there is an experimental value, fg, is less satis-
factory. The reason may be that in the derivation of Eq. (4.1) the assumption is made
that the wave functions are exact solutions of the Hamiltonian.

For the dithienyls there is less satisfactory agreement between theory and experi-
ment; it is possible that a fully self-consistent calculation on the dithienyls would
yield better results than the method used here. When the inverse distance approxi-
mation y,,. = R,) is used for pairs of different rings, the results are slightly modified ;

7
but the same qualitative picture is obtained. The oscillator strengths suggest that the

17 of. Ref. 9, beneath Table 2.
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angle of twist 6 for 3,3'-dithienyl is about 0°, if 8 = 0 for cis-position. The angles of
twist were also evaluated by comparing the dipole moments of the dithienyls!® and
that of thiophene.® Relations between the dipole moments of the dithienyls and the
angles of twist can be obtained from the structure of the dithienyls,®'? if the assumption
is made, that moments of the rings are independent. They are

for 2,2"-dithienyl = 0979 p,, (2 + 2 cos O)},

for 3,3"-dithienyl = 0556 pu,, (2 + 2 cos 6)}

and for 2,3'-dithienyl g == u,, (2-340 4 1-088 cos 6)1,
where uy, is the dipole moment of thiophene. The angles of twist thus obtained are
from 79°-97° and from 0°-29° for 2,2’-, and 2,3’-dithienyl respectively, and for

3,3'-dithienyl the angle is 0°. These are consistent with the values obtained from the
oscillator strengths.
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'8 H. Wynberg, Angew. Chem. 75, 453 (1963).



