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The geometric and electronic structures of oligothiophene dications (with 6 to 12 monomers) have been
revisited using the spin-unrestricted broken symmetry hybrid density functional B3LYP method. It is found
that there exists a transition region of bipolaron to two-polaron structure conversion in the moderately sized
oligomers, as that had been reported earlier in an AM1-ClI calculation. According to our calculation, the
transition region should be from hexamer to octamer. TD-DFT simulation led to a different rationalization of
the experimental UV/visible spectra, which suggested the coexistence of bipolaron and two-polaron state in
the transition region.

1. Introduction number was up to twelve!® The most recent evidence

The thorough understanding of the properties of the cation SUPPorting the above arguments was an experiment using cyclic
and dication of organic oligomers is a fundamental step toward voltammetry and variable-temperature UV/visible/near-IR spec-
the understanding of the electric conductivity of the doped {r0SCopy made by Apperloo et#. ,
conjugated organic polymets3 For example, people paid much At the same time, the ESR nonactivity was interpreted by
attention to the study of the thiophene oligomers in order to the @ssumption of the interchain polaron dimerization, which
probe the mechanism of the conductivity for the charg-doped Was called th_e “p|-d|me_r2.?v21zlt was al_so r(_agarded as the origin
polythiophene. Unfortunately, whether it has a spinless polarons©f the electric conductivity? A detailed mterprtzetatlon could
structure (radical) or bipolaron (nonradical) structure in high- P€ found in a very recent work by Beljonne etal.
doped polythiophenes is still being debatel. The semiempirical AM1-ClI calculations done by Tol on the

The high-charge-doped polythiophene had been regarded aStability of the two-polaron state over the bipolaron state
a bipolaron structure for a long time. The two electronic confirmed that there should exist a transition region in oligo-
adsorption bands in UV/visible/near-infra spectra and the ESR thiophenes; when the oligomers are longer, the two-polaron state
nonactivity had seemed to strongly support this judgrieht. should be more stable, while the shorter oligomers prefer the

Most early theoretical computations had been focused on thePiPolaron state. He predicted this transition crossover to be at
bipolaron electronic staf®-14 However, there existed some the dodecamer after taking into consideration both theoretical

. . . . . i ,25 i
inconsistencies between the experimental and theoretical ex-and experimental facts:*>However, when the counterions were

pectations. For example, according to the FBC model, if the taken into account, such as in the works of Irle ef&f:? who
bipolaron structure were the dominant structure, the second®MPloyed the TCSCF and spin-unrestricted DFT to investigate

transition should have been far less intense, which is contradic-the Pipolaron to two-polaron transitions, reversed conclusions

tory to the similar intensities of both bands in UV/visible Were reached surprisingly.
absorption spectrk:16 Actually, the dispute has not come to an end. Some more
Owing to the above inconsistency, more recent works tended recent experimental and theoretical works still claimed that the
to accept the polaron structure as the dominant structure inPiPolaron struc;u;ge was likely the main species in doped
polythiophene. The doubly oxidized sexithiophene(§;Twhich polythiophenes®* For example, Silva employed the SSH
was regarded as the bipolaron structure, showed only one strond"0d€l combined the PariseParr—Pople model and Brazovskii-
absorption band, unlike what happened in charge-doped poly-Kirova symmetry breaking interaction to find that the plpolaron
thiophenes, where two similar intensity bands were observed. State is more stable than the polaron state at low dopimigus,
Meanwhile, two strong absorption bands were observed in the MOre experimental gnd _theoretlcal work should be done before
singly oxidized sexithiophene (6]. Thus Furukawa et al.  Se€lting an end to this dispute. _ _
concluded that the charge defects of the doped polythiophenes = This work presented a DFT calculation on the geometric and
were more likely polarons rather than bipolardh&’ Further- electronic properties of the thiophene oligomer dications. The
more, van Haare et al. carefully compared the optical properties SPin-restricted and spin-unrestricted ground stated &f (n is
of 6T, 9T, and 12T in the oxidized processes and concluded from 2 to 12) were computed simultaneously, to make it clear

that two separate polarons instead of one bipolaron more likely Whether the polaron or the bipolaron structure is more likely
existed in the thiophene oligomer dications, when the monomer the dominant structure in the oligomers. The electronic absorp-

tion bands of 67", 9T2", and 12F" were also evaluated using
* Author to whom correspondence should be addressed. Phone: 86-25-the TD-DFT method, which were compared with experimental
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2. Computational Method 1 a5 . . . . . .

It is known that the broken-symmetry solutions often have 1 4«
lower energies than the corresponding symmetrical solutions
for the lowest singlet state of radica&fs:3® For the broken- ]
symmetry method, the HOMO and LUMO orbitals are mixed .
to destroy thex~f spatial symmetry in the initial guess of the
molecular orbitals. In our work, both the spin-restricted (close- ]
shell) and the spin-unrestricted broken-symmetry (open-shell) , .
DFT method were employed to get corresponding optimal
geometries and electronic structures. ] 8T?"

Very accurate calculation of electronic transitions for open-
shell species is a difficult job. Time-dependent density functional
theory (TD-DFT) had been shown very efficient in calculating ] —°
the electron transitions for a variety of molecular speéies.
Because of the spin contamination problem in spin-unrestricted
computation, its application to open-shell species was very
uncommon. However, some more recent works showed that this T J J T J T
method could also give results in good agreement with the "7 10T2%"
electronic absorption spectta?! Thus we would try to apply 2
the TD procedure on the optimized structures for both the open- 142 1 JA g

6T

N 1

1.42

1.42 o

1.38 -5

0

shell and the close-shell state wfF2" (n = 6, 9, 12). It could

be seen that the coincidence between the computational and .+ -

experimental results is very encouraging. 1’ ;
All the computations were carried out with the hybrid density 5. 4

functional method B3LYP using the Gaussian 98 pacKage;

the geometry optimization and the electronic properties calcula- . .. |

2+
tion were all done at the basis set of 6-31G*. ] 127 )}
3. Results and Discussion ] R f )
All the structures of the dications [HCsH.S)—H]?", R = T
denoted asT?*, for n equals 2 to 12, were optimized with two ] ]
constraints: only the all-anti conformations were treated, and '**] §

the structures were kept planar.

It was found that for short oligomers up to 5T spin-
restricted wave functions were stable, which means that small Figure 1. The bond length (A) versus the- bond number of the
oligomer dications should exist in a bipolaron form. This 'ghthalf of thenT=" (n = 6, 8, 10, and 12) at RB3LYP/6-31G)

LT - . and UB3LYP/6-31G* Q) levels.
conclusion is in accordance with the common view that the
bipolarons exist in the short oligothiophefie** however, for (estimate from Figure 1 in ref 25). According to our calculation,
6T2" and longer oligomers, the restricted ground state becomesthe bipolaron state to two-polaron state transition region might
unstable, and the unrestricted singlet ground state turns out tobe extended from the hexamer to the octamer. Further discussion
be stable. This transformation will be analyzed in detail in the based on the electronic transition computation will be given in
following sections. For simplicity, we illustrate only the situation Section 3.4.
of even number oligomers below. 3.2. Geometry.The spin-restricted state geometries and other

3.1. Ground-State Energy.When the monomer number is  properties of the dications had been elucidated earlier using
less than six, the spin-restricted and spin-unrestricted methodssemiempirical methods (AM1, PM3), ab inito SCF methods and
actually result in the same ground state. Afterward, the energy pure DFT method43-46 In our calculations, the geometries of
difference between the two methods appears and goes uphis state are coincident with those obtained by the pure DFT
gradually asn increases, which implies that the two-polaron methods BLYP**
structure becomes more and more stable than the bipolaron The computed lengths of successive-C bonds in the
structure as the oligomer length increases. Far gthis energy conjugatedr system of the oligomensT2* (n = 6, 8, 10, and
difference AE = E(bipolaran) — E(polaron)) is only around 12), which were optimized using the B3LYP method, are shown
0.18 kcal/mol. When the monomer number increases to nine, itin Figure 1. It could be found that the spin-restricted and spin-
increases to 3.08 kcal/mol. While the number is up to twelve, unrestricted ground-state geometries showed different trends
this difference is as large as 4.24 kcal/mol, and the difference when the monomer number increases. The most significant
does not show any evidence of convergence at that length. ltchange is in the central-most inter-ring-C bond. For 67",
implies that the bipolaron structure would be the energetically this bond length (1.400 A) of the spin-unrestricted state is
preferred structure in the short oligomers, and there might be aslightly longer than that of the restricted state (1.392 A), both
bipolaron to two-polaron state transition when the monomer of which have shown double-bond property obviously. As the
number increases. In this respect, our result is coincident to themonomer number increases, the central-most inter-rinrgcC
AM1-CI calculation of Tol?> But it seems that the semiempirical  bond length of the spin-unrestricted state quickly becomes longer
calculation overestimated the energy difference; for example, than the neighboring inner-ring-€C bond length, while the
our calculation showed th&E is 1.62 kcal/mol for the octamer  spin-restricted state does not show this trend. For four thiophene
and 3.2 kcal/mol for the decamer, compared to around 5 kcal/ rings in the center of a 12T chain, the average inter-ring-
mol and 10 kcal/mol, respectively, from AM1-Cl calculation bond length is 1.429 A and 1.415 A from the unrestricted and

C-C bond number
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Figure 2. The bond length (A) versus the-€S bond number of the ~ Figure 3. Charge per ring profile for half theT>* (n = 6, 8, k10,
right half of thenT2* (n = 6, 8, 10, and 12) at RB3LYP/6-31GY)] and 12) at RB3LYP/6-31G*@) and UB3LYP/6-31G* [0) levels.
and UB3LYP/6-31G* [J) levels.
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inflexibility is possible. The G-S bond length converged in the

restricted B3LYP calculations, respectively. The average inner- central part of these oligomers for both methods (for neutral
ring C—C and G=C bond length is 1.399 A and 1.395 A from 12T, it converged to 1.758 A; for 12T, 1.76 A in the spin-
UB3LYP calculation and 1.389 A and 1.404 A from RB3LYP restricted state and 1.757 A in the spin-unrestricted state).
calculation, respectively. The central four rings of the unre- However, there still exists one obvious discrepancy; from Figure
stricted state of 124" show some marked benzenoid property, 2, one could easily find that the trend of the bond length
while those of the restricted state do not. Meanwhile we noticed variation in the spin-restricted state is the reverse of that of the
that the central €C bond length increased to 1.431 A in the spin-unrestricted state in the centra-most four rings.
UB3LYP calculation, which is transformed into a single bond 3.3. Charge Distribution. In this section, the conventional
from the double bond. This situation indicates that the longer Mulliken population analysis method was adopted to calculate
doubly oxidized oligothiophene chain is divided into two the total net charges per thiophene ring. The results were
separate parts with the quinoid structure, each of which illustrated in Figure 3. In the spin-restricted state, except for
possesses one polaron. These two parts are separated by thibe largest positive charges of the two outer rings, the inner
benzenoid thiophene rings in the middle of the chain. For this rings have almost equal charges, which means that the doped-
reason, the spin-unrestricted state is called the “two-polaron charges distribute averagely in the whole chain. On the other
state”, corresponding to the “bipolaron state” for the restricted hand, in the spin-unrestricted state, the charge per ring reduced
state. gradually from the end to the middle of the chain. Since the

The evolution of the €S bond lengths in the seried?2" spin-unrestricted state is the dominant structure in long oligo-
oligomers are shown in Figure 2. Experimental investigation mers, this property indicated that the two polarons tend to exist
had shown that €S bond lengths in poly(3-methyl-thiophene) separately near the two ends of the chain, while the rings in the
does not change upon dopiffgOur calculation proved that such  middle are more or less like the structure in neutral species. It
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TABLE 1: Calculated and Observed Electronic Transitions 4;
(eV) for Doubly Oxidized Oligothiophenes
oligomer TD-RB3LYP/6-31G* TD-UB3LYP/6-31G* observed 3.5
6T 1.31 (0.2238) 3t
1.58 (2.6113) 1.54 (1.8110) 1.28 Sgl
1.87 (0.5250) 1.42 :
2.76 (0.1907) 2.81(0.1317) 2.35 of
9T?+ 1.02 (3.4590) 0.95 (2.0368) 0.82
1.13 (0.1356) 0.95 151
2.32 (0.7669) 1.66 (1.5028) 1.59
1.85 (0.3868) 1}
1272+ 0.77 (4.1933) 0.75 (2.4764) 0.88
1.94 (1.3728) 1.60 (2.7085) 1.75 0.5}

a Oscillator strength in parentheséskef 18.
1 2 3 4

can be.fou.nd that our result IS. dlfferept from the AMl_Cl Figure 4. The TDDFT absorption spectra of 8T composed of the
calculation in the charge values in the middle of the chain. For e _shell and closed-shell state with same proportion. The peak is a

example, for the two-polaron state of decamer, the DFT shows convolution of the calculated transition energies with 0.5 eV full width
that the lowest charge of the inner rings is 0.16 and the highestat half-maxium Gaussian function.

charge of the end rings is 0.25, while the AM1 shows that the

lowest charge of the inner rings is 0.06 and the highest charge .

of the next end rings is 0.29.Even at the dodecamer level, band at 0.82 eV with a shoulder at 0.95 eV and another band

the central-most ring still has some charges; the DFT calculation & 1-589 eV, seems more likely attributed to the two-polaron
implies that the two polarons are not entirely independent of State:® We also calculated the absorption spectra of @fd
each other. found a strong absorption at 1.47 eV with a shoulder at 1.55

3.4. The Electronic Transitions. The time-dependent DFT ~ €V, Very close to the second absorption band of‘9Trhat 1
calculation of the electronic absorption spectra of the oligo- Might be the reason the second band was ignored in Apperloo’s

thiophene dications is tabulated in Table 1. It can be found that StePwise oxidizatiod? o
the number and the locations of the absorption peaks of the When the number of thiophene rings increases to twelve, we
spin-unrestricted state are very close to the observed speét found two strong bands with similar intensity at 0.71 eV and

The TD calculation showed that the closed-shell (bipolaron) 1-56 €V in the two-polaron state, compared to the one strong
6T2* has one strong absorption peak at 1.58 eV and a very weakband at 0.77 gv and one weaker band at 1.94 eV in the bipolaron
absorption peak at 2.76 eV. It is in good agreement with the State. According to the experimental results that’t2Tas two
experiment that there are two obvious absorption peaks in 1.2g2Psorption bands of similar intensity at 0.75 eV and 1.60 eV,
eV and 2.35 eV, except for a “minor” inconsistency, a shoulder the two-polaron state should be more reasongble.
at 1.42 eV had always been found in the experimental
observed®1848This “shoulder” was attributed to the vibrational
coupling. Accordingly, 6%~ was classified as a bipolaron. In this paper, we use the hybrid DFT method B3LYP to revisit
However, for 67", the ground-state energy difference of the the structures of the doubly oxidized oligothiophenes. It is found
spin-unrestricted and the spin-restricted state is very small, andthat the closed-shell bipolaron should be the primary ground
it is reasonable to assume that these two species exist simul-state for the short oligothiophenes, which is in agreement with
taneously. Here we would like to suggest a different interpreta- the experimental results performed earlier. While the number
tion of the spectra. Let us concentrate on the open-shell (two of the monomer increases, the open-shell two-polaron state will
polarons) 6F". There exist more absorption peaks, the strongest be more stable, replacing the close-shell structure, and gradually
peak is at 1.54 eV, and the quite strong peak is at 1.87 eV, becomes the dominant state. Comparing the previous conclusion
while the other two weak peaks are at 1.31 eV and 2.81 eV. that the transition crossover happens at the dodectieour
When we added both spectra (closed-shell and open-shell) intocomputational results of energy values shorten the transition
a new one in Figure 4, which was obtained by a convolution of region predicted and find that the bipolaron state and two-
the calculated transition energies with 0.5 eV full widths at half- polaron state may coexist from the hexamer to octamer. When
maximum Gaussian function, the spectra showed the strongesthe ring number increases, the two-polaron state becomes
absorption band appeared at around 1.56 eV, with a shoulderdominant. Our calculated absorption bands are in good agree-
at 1.87 eV, and a weak absorption peak at 2.80 eV, i.e., the ment with the experimental spectra. Thus the quinonoid structure
shoulder is not contributed from the vibrational coupling, but that has been widely accepted exists only in the limited length
from the second electronic absorption band of the two-polaron oligomers dications and disappears in the longer oligothiophenes
structure. dications, or charge-doped polythiophene.

For 972", besides the one strong absorption band with a
shoulder found at around 0.9 eV, van Haare et al. found another Acknowledgment. We are grateful to the referees for their
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is composed of two absorption bands with the stronger peak at
1.66 eV and the much weaker peak at 1.85 eV. In the bipolaron References and Notes
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4. Summary and Conclusion
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