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m-Conjugated polymers and oligomers have been attracting much 280 K
attention because of their potential applicability to electronic M -
devicest Under the p-doped stater-dimer formation as well as 180K
mr-stacking of the radical cation (polaron) of oligomers is known ml
to be important for the electric conductiéin this context, Miller, § M
Mann et al. first succeeded in isolation and X-ray crystal analysis =
of the m-dimer of the radical cation of a terthiophene end-capped _§
by phenyl groups.Because of the intrinsic instability of the radical @ D D D
cations in general, this work has remained as a rare example of the 0 . n Y
detailed structural study on this important spedies. 200 60C 1000 1400

wavelength (nm)

On the other hand, we have developed a technique to stabilize ] . ]
the cationic species of-conjugated systems by annelation with fg{‘é’iﬂlin lé\lgz_c"l':_,a"gnzpeDCtéirrc’efgpo:é ttr:)e tﬁg”;%”;gﬁg? :; dl'd2i<mer
bicyclo[2.2.2]octene (abbreviated as BCO) units so that even their respectively. ' '
isolation as stable single crystals has become possibiels, we
have isolated the salts of a series of cationic oligothiophenes entirely However, for the 5-times more concentrated solutio@*df(1.2
annelated with BCO unitjncluding terthiophend, and revealed x 1073 M), a spectral change became appreciable upon lowering
their properties as single molecules having no intermolecular i temperature. As shown in Figure 1, new absorptions at 490,
interactions owing to the steric effects of the BCO units. We now 762, and 1080 nm appeared at low temperature, accompanied by
report the structure and electronic interaction of the radical cation lowering of the absorptions at 618 and 931 nm of the monomeric
of terthiophene?, which lacks for steric protection at the center of ool cation. The new absorptions are assignable taritiener
the molecule so that some electronic interaction at this position (D) as judged by comparison with reported cR&ta3» This spectral

might be possible. change was reversible. The analysis of this temperature-dependent

process afforded thermodynamic parametersrfdimer formation
NS S as AH = —6.7 kcal/mol andAS = —27 eu? These values are
\S 7S Sy S A comparable to the values reported for dimerization of radical cation
1 2 of 2,5"-dimethylterthiopheneXH = —10 kcal/mol andAS= —25

) ) ) o ) eu)?2The less negative value ofH for 2 is ascribed to the lower

Terthiophene2 was synthesized in 96% yield by palladium-  gapility of thes-dimer of 2+ because of the steric repulsion of
catalyzed cross coupling of 2,5-dibromothiophene with 2-stan- bulky BCO units at both ends.
nylthiophene annelated with a BCO unit. The bvis spectrum The ESR measurements of the solution 2f in CH,Cl,
of 2in CH.Cl, showed an absorpt|o7n Bhax379 N, thatis 16 nNm 14 cted at exactly the same concentration as that for the above-
Ionger_ in wavelength_ than that df’ probably b(_ecause of better mentioned UV-vis—NIR measurements (12 10-% M) indicated
planarity of the terthiopheng-systent The cyclic voltammetry . the signal intensity clearly decreases as the temperature is
of 2in CH.Cl, exhibited reversible oxidation &y, + 0.31 Vversus |5 yered. Since ther-dimer is in the singlet state and spinless, this
Fe/Fc’, which is 0.04 V higher than that dfowing to the loss of  seryation supports the formation of thedimer at low temper-
an electron-donating BCO unit. aturel0

Upon one-electron oxidation with N*(Sfbl-'af, te_rthlophenél/vgs Recrystallization oR**SbR~ from CH,Cl, gave single crystals
cogverteq to deeply blue-colored radical-cation afSbFs™ in that are suitable for X-ray crystal structural analysis. The result of
88 A’;V‘_’h'Ch is highly stable under air. The W'S_“NlR spectrum the analysis at 100 K revealed a characteristidimer structure.
of 2" in CH,Cl; at a concentration of 2.4 10°* M showed a  aq shown in Figure 2, units of radical cati@r are paired, and
similar shape Amax 618 and 931 nm) to that of radical catian’ each cationic unit in a pair strongly interacts with each other as
(Amax 586 anoi 920 nm). At this concentration, no change in the j,qicated by mutual attraction at the central part where the steric
spectrum o2 was observed upon lowering the temperature from pinqrance is minimal. This causes the molecules to apparently
300 K down to 180 K. In our previous wofkwe have shownthat  pong. for example, the dihedral angles between the mean planes
molecules ofl**SbR~ are completely separated from each other of neighboring thiophene rings are 14.6(@nd 11.8(4).11 The
both in the crystal and solution phases based on similar observationsggsest intermolecular distances are 2.976(10) A between the two
Thus, naz-dimer formation is assumed to take place 2or as far C; atoms of the central rings, 3.091(10) A between thea®ms,
as the concentration and temperature are limited to these ranges, 4 3.779(3) A between the S atoms. Both of theCdistances

t Kyoto University. are much shorter than the sum of van der Waals radii 8fCsp

*Tokyo Metropolitan University. atoms,that is, 3.40 A. It is remarkable that such a strong attractive
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Figure 2. (a) ORTEP drawing of the-dimer moiety @**); (b) calculated
KS-HOMO using the structure determined by X-ray structural analysis.

(b)
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Figure 3. (a) An ESR spectrum d** at 400 K exhibiting a signal for a
thermally accessible triplet state @fdimer 1), and that for monomeric
radical cation2*™ (g = 2.0016). (b) A signal at a half-fieldg(= 4.0072).

@)

interaction operates between the two positively charged species.
This is taken as the clear evidence thatras interaction can
surpass the electrostatic repulsion and destabilization by structural
deformation. This strong interaction was confirmed by a single point
energy calculation for the KS HOMO of thedimer at the B3LYP/
6-31+G(d) level. As shown in Figure 2b, substantial overlap of
the SOMOs of2** is clearly observed at the central part.

In the crystal packing structure, thedimers are stacked in a
stairlike fashion and no interaction is observed between the different
pairs (see Supporting Information).

Theoretical calculations at B3LYP/6-31G(d) level on the mono-
meric form of radical catio2* indicate that the all-anti conformer
is more stable than the all-syn conformer by 1.3 kcal/mol. However,
each radical cation in the single crystal of thelimer of2°*Sbk;~
takes the all-syn conformation with the two terthiophene moieties
overlapped with sliding by a half of the thiophene molecular unit.
This is presumably ascribed to more effective MO interactions
between the all-syn conformers (for more detailed discussion, see
Supporting Information).

When the X-ray analysis & *Sbk~ was conducted at a higher
temperature (298 K), distances between the interactisgstems
were found to be slightly elongated: the distance fgrCg,
C,—C, and S-S became 3.03(2), 3.14(2), and 3.812(6) A,
respectively. Although the extent is minute, this may be taken as a
piece of evidence for the stronger association ofstkgimer at a
lower temperature.

The ESR spectrum & *Sbk~ in solid state at 300 K showed
a single-line signal ag = 2.0016. This can be ascribed to the
monomeric radical cation, which should be present in the defect

of crystal or in an amorphous phase. However, as shown in Figure
3, when the sample was heated t®40a new triplet-state signal
was observed¥ = 127 G,E = 23 G), which is assigned to a
thermally excited triplet statef the z-dimer. At a half-field § =
4.0072), a weak signal emerged at 400 K and disappeared at 300
K, in accordance with the above observation. To the best of our
knowledge, this is the first observation of the triplet state of the
radical-cationzz-dimer that was thermally generatédi!s

In summary, we have shown that the electronic interaction
between the central positions of radical cations of terthiophene end-
capped by BCO units is so strong that the considerablybealitner
is formed. The extraordinarily high stability of the radical-cation
s-dimer has enabled us to access its thermally excited triplet state
for the first time and demonstrate the utility of the present strategy
for detailed studies on this important species.
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