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Recently, the search for new organic materials with enhanced Scheme 1. Synthesis of Thiophene [n]Mers 1—4

nonlinear optical effects has been driven by the formation of novel  su pu By au By B
building block motifs! Redox-active nanorings have attracted °HC@\M‘°H°

considerable attention for their single-molecule electronics, nano- Bd B 5 B B ?"E o ,
fabrication, and unusual electronic and optical propefti&siong TiCly, Zn =
them, giant macrocycles composed of thiophene, acetylene, and Pyridine .
ethylene building blocks are regarded as an infiniteonjugated THF ;

system with a large inner cavity, and hence their physical properties

are strongly affected by their structures in solution and in the solid reflux
state? Macrocyclic thiophenen-mers1—-4 (n = 12, 18, 24, and

30, respectively) have both moderate molecular rigidity and

flexibility with 21—60 A inner diametefs* and can change their .

conformation according to an external parameét&ince these &
m-expanded oligothiophenes possess similar molecular shape, .,
important information can be obtained related to their ring size and .. /-
functional properties, including evidence of cooperative enhance- .}
ment in their nonlinear optical responses. In this contribution we *
investigate the two-photon properties of cyclic thiophehed with
varying sizes and number of building block chromophores.
The synthesis of large cyclic thiophengs4 was carried out K )
by a McMurry coupling reaction ob with low-valent titanium AT
(Scheme 1). Cyclic oligomers—4 obtained as a mixture can be
Separated eas”y by ge| permeation Chromatography on po|ystyreneTab/e 1. AbSOfptiOﬂ Coefficients, FIu_orescence Quantum Yields,
with toluene or chloroform as an eluent. All the giant macrocycles g?ghgfgﬂgfh;":’eophomn Cross Sections of 14 in
presented possess key stability and oxidative charactefistics

necessary for use in molecular electronics as a result of being very absorption fluorescence

stable in the crystalline state in air at room temperature and having ~ compd Ama € Amax R TPACS?

fairly low oxidation potentials&L,, = 0.31-0.33 V; E2y, = 0.50— [rmer (om]  M~em™ (nm] X102 Onai[GM]

0.52 V vs Fc/Ft), denoting low-lying HOMG-LUMO band gaps %[i;l i?g ‘2122 888 ggg 282 1; . (132 %88

and therefqre inherent conductivity. _ . . 3 E24} 478 528 000 550’ 600 0 82 600
As seenin Table 1, the longest absorption maxima of giant cycles 430 480 618 000 559, 600 9.5 107 800

1-4 show an expectéded shift and increasing extinction coef-
ficient, €, with an increasing number of thiophene units. There is _a_Fluoreﬁc?n_ce gtéa,\r)ltum yie(lghp() \(/)vesrle dberegxined by cotmpgison with
a nonlinear relationship between the longest absorption maxma?n”égg‘:resg ii (teeltrr]aﬁydro?:;%;(lFGM icr)S.O e chﬂzﬁosr?f_ ionj were
(eV) and 1h (Supporting Information), suggesting considerable

cyclic conjugation inl—4 with saturation of the absorption maxima
in rings3 and4 and therefore an effective conjugation limit (EGL)
of 18 thiophene units. Coincidentally, with a 2.5-fold increase in
chromophore density frorhto 4 there is a 2.1-fold increase in the
one-photon absorbance efficieneycorresponding to the decreas-
ing energy of ther—s* excitation energy gap. Similar to giant
macrocycles previously reportédne-photon fluorescence emission
spectra ofl—4 show a nearly identical emission with two major
emission bands and possess fluorescence quantum efficiedges (

of approximately 10%, which is much lower than the 30% ef-
ficiency reported for the linear,a’-bisphenyl end-capped derivative
of 5.2

A single crystal ofl suitable for X-ray analysis was obtained
from chloroform-decane. The X-ray structure is shown in Figure
1.9 In our previous study the corresponding macrocycle composed
of ten thiophene units showed a nearly round shape structure with
all thiophene units in cisoid form, and the solvent heptane molecules
were incorporated in the central cavity. In the present case, however,
 University of Michigan. two thiophene units are in a transoid form to fill the center of the
*Tokyo Metropolitan University. cycle. The resultant two small cavities are occupied with butyl
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Figure 1. ORTEP drawing showing an X-ray structure bf
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Figure 2. Two-photon cross-section spectrumdofvith maximum TPACS
values ofl—4 per thiophene shown at 710 nm (inset).

and efficient electronic coupling. Besides the number of thiophene,
acetylene, and ethylene units within this entry of a new class of
TPA materials1—4 also have different molecular symmetry with
D2, D3, D4, and D5 respective symmetries. Interestingly, macro-
cycle 2 is the only D3 symmetrical ring and has shown the most
enhancement of the two-photon cross section.

Transoid arrangement @fin its crystal structure is a consequence
of ring strain since cisoid arrangement is observed in the less
congested 10-thiophene derivative previously repcttétie D2
symmetry ofl conveniently allows a “ring flip” of the thiophenes
adjacent to flexible double bonds to relieve strain. Macrocy8les
and 4 should therefore be more flexible due to the availability of
more degrees of freedom from additional double bonds and larger
spatial arrangement, resulting in less effectiveverlap throughout
the rings possibly due to a loss in planarity. MacrocyZlemains
strained yet does not have the required symmetry for rapid “ring
flip” of all available inflection points. Transient absorption mea-
surements (Supporting Information) confirm that upon excitation
enough energy enters into the ring systen2dbr the essential
rotation and achievement of planarity resulting in a growth in
stimulated emission. The addition of strong donor and acceptor
groups on2 would further optimize these optical properties and
provide octupolar-type enhancement of the two-photon properties
as a result of the molecular symmetry in the Z08njugated
systemt1a
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groups of adjacent molecules. As a result, the single crystal doesReferences

not involve any solvent molecules, ahdhas a slightly bent chairlike
structure.

The two-photon properties for the four macrocycles were
investigated. Increasing ring size anetharacter froml (72r) to
2(108r), 1—3 (144r), and1—4 (180r) show a 4.4-, 5.5-, and 7.1-
fold amplification of the maximum two-photon absorption cross
section (TPACS), respectively (Table 1) which were measured
according to the two-photon excited fluorescence (TPEF) method
using femtosecond-pulsésThese large increases ih with an
incremental addition of monomer uni are clear evidence of
intramolecular interactioAsamong these giant macrocycles. The
maximum TPACS observed per thiophene unit is shown in the inset
of Figure 2. The largest cross-section enhancement relatile to
was observed ir2. Furthers-conjugation beyond the 168ring
size reveals a saturated maximdavalue for rings3 and 4.

The excitation laser wavelength dependence, as showshifor
Figure 2, shows that the maxima are in the visible spectral region
in the range from 710 to 750 nni—4 have the largest known

cross sections for an all-thiophene system compared to those

observed for the @[T-DA] cyclic series of compoundsdfax =
1470 GM}9 previously studied by our group and for pd&/¢dmax
= 38 GM) and oligothiophené%(dmax = 181 GM) presented in
recent studies by others at approximately 800 nm.

Efficient delocalization gives rise to the immense magnitude of
the TPA cross sections for macrocycleand2. Saturation in one-
photon absorbance and TPACS reveal macroc¥elg the optimal
thienylene-acetylene-ethylene ring for both effective conjugation
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