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Introduction

Intramolecular-charge-transfer (ICT) states can be useful
for the design of low-energy-gap optical or electronic func-
tional materials based on organic molecules.[1] In this re-
spect, covalently linked donor–acceptor (D–A) systems that
contain a tetrathiafulvalene (TTF)[2] derivative as an elec-
tron donor have been investigated for potential applications
in various fields, such as molecular (opto)electronics, photo-
voltaics, and nonlinear optics.[3] It is well-known that TTF is
a strong p donor that can be reversibly transformed into its
radical cation (TTF+C) and dication (TTF2+) through oxida-
tion at easily accessible potentials, each of which are easily

identifiable by distinct electronic absorption bands.[4] Ac-
cordingly, functional molecules and supramolecular systems
that contain TTF units have been widely studied for molecu-
lar switches, logic gates, sensors, molecular machines, and
other applications.[2b, 5] In covalent TTF�A systems, an ap-
propriate choice of the acceptor and the nature of the link-
age are of paramount importance for the modulation of
their intramolecular-charge-transfer (ICT) and photophysi-
cal properties. The various TTF�acceptor systems that have
been described so far have included fused derivatives, such
as TTF�dipyridophenazine,[6] TTF�phthalocyanine,[7] TTF�
perylenediimide,[8] TTF�TCNQ,[9] and TTF�porphyrins,[10]

and derivatives with a direct covalent link between the TTF
unit and the acceptor, such as TTF�pyridinium,[11] TTF�
oxo ACHTUNGTRENNUNGphenalenoxyl,[12] and TTF�1,3,5-triazine.[13] Although
benzo ACHTUNGTRENNUNGthiadiazole (BTD)[14] is an excellent electron-accepting
chromophore,[15] which has been used extensively in the con-
struction of materials for red-light emission,[16] organic field-
effect transistors (OFETs),[17] photovoltaic cells,[18] and non-
linear optical materials,[19] over the last few decades, it has
not so far been associated with a TTF unit. Herein, we de-
scribe the synthesis, full characterization, and electrochemi-
cal and photophysical studies of two tetrathiafulvalene�ben-
zothiadiazole compounds (TTF�BTD, Scheme 1) that either
contain a direct covalent link (2) or a fused connection be-
tween the two units (3), together with theoretical calcula-
tions on both systems. Indeed, owing to the different natures
of the linkage between the donor (TTF) and acceptor units
(BTD) in compounds 2 and 3, differences in their photo-
physical properties can be expected.
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Results and Discussion

Synthesis and characterization : TTF�BTD 2 was synthe-
sized by a palladium-catalyzed Stille-type coupling reaction
between dibromobenzothiadiazole derivative 1 and TTF�
SnMe3 (Scheme 2), according to a procedure that has been

successfully employed in the synthesis of other TTF deriva-
tives.[20] With key precursor 4[21] in hand, the synthesis of
TTF�BTD systems 3 a and 3 b was accomplished through
triethyl�phosphite-mediated coupling reactions with their
corresponding 1,3-dithiole-2-thione derivatives. Good solu-
bility of all of these compounds in common organic solvents
allowed their easy purification by using standard chromato-
graphic techniques or crystallization, as well as their full
characterization. Notably, the chromatographic purification
of compound 2 had to be performed in the dark because it
was photosensitive as a solution in air (see the photophysical
study). Despite the precautions that were taken during the
work-up and, consequently, the fact that compound 2 was
analytically pure, trace amounts of a highly luminescent im-
purity that resulted from the photodecomposition of com-
pound 2 (the structure of which was also determined, see
below) were visible in its emission spectra.

Suitable single crystals (as thin needles) for X-ray analysis
were grown by slow evaporation from a solution of com-
pound 2 in toluene that was kept in the dark, as well as
from a solution of compound 3 b in CH2Cl2/n-hexane. Com-
pound 2 crystallizes in the monoclinic system, with space

group P21/n and one independent molecule in the unit cell.
The dihedral angle between the donor (TTF) and acceptor
units (BTD) is 12.58 (Figure 1), whilst the central C=C bond
in TTF (1.338(12) �), together with the C�S bonds, which
range between 1.752(9) and 1.773(8) �, are typical of neu-
tral TTFs. (for more structural parameters, see the Support-
ing Information, Figure S1 and Table S1).[22,23]

In the single crystals, the molecules form stacks along the
a direction, with a clear segregation between the donor and
acceptor groups (Figure 2); the shortest S···S intermolecular
contacts within these stacks are in the range 3.91–3.99 �.
However, short intermolecular N···S (3.12 �) and Br···S dis-
tances (3.62 �) are observed between molecules, thus form-
ing a layer in the bc plane.

An ORTEP of compound 3 b is shown in Figure 3. Com-
pound 3 b crystallizes as the solvated compound 3 b·x C6H14

in the triclinic space group P1̄. The asymmetric unit com-
prises the complete molecule; thus, all of the atoms lie in
general positions. The skeleton of the molecule is almost
planar; the rms deviation from a least-squares plane through
all of the atoms, excluding the two peripheral hexyl groups,

Scheme 1. Structures of the BTD acceptor (1) and TTF�BTD D–A sys-
tems 2 and 3.

Scheme 2. Synthetic routes to TTF�BTDs 2 and 3.

Figure 1. Molecular structure of compound 2 with atom numbering (top).

Figure 2. Packing diagram of compound 2, with an emphasis on short in-
terstacking N···S (S5···N1 (1�x, �y, 1�z), 3.12 �, yellow) and Br···S inter-
actions (Br1···S3 (0.5�x, 0.5+y, 0.5�z), 3.62 �, red) in the bc plane.
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is 0.0378 �. Similarly, a least-squares plane through the
atoms of the TTF core alone reveals a rms deviation of only
0.0373 �. The bond lengths in the TTF moiety are within
the expected range for neutral TTF derivatives.[23] Figure 4

shows a mutual arrangement of the molecules within the
crystal structure, which are oriented approximately parallel
to the (132) plane. A noticeable feature is the coplanar
head-to-head alignment of pairs of molecules, which are re-
lated by a center of inversion with two short intermolecular
N···S contacts (3.197 �) and one short N···N contact
(2.927 �). However, another two Br···S contacts (3.586 �)
are joined to a third molecule, which are again related by an
inversion center.

Notably, in both cases, two BTD rings are associated by
two antiparallel N···S contacts, thus forming a four-mem-
bered cyclic supramolecular synthon, as described in the lit-
erature.[24] However, the resulting packing motifs are quite
different. For compound 2, additional Br···S contacts, togeth-
er with the N···S contacts, result in the formation of 2D
layers of the molecules in the bc plane. For compound 3 b,
the N···S contacts result in a head-to-head dimerization of

the BTD units and the weaker Br···S contacts and the pres-
ence of hexyl groups result in the formation of continuous
slipped stacks, with TTF sitting on top of the BTD unit.

Electrochemistry : Cyclic voltammetry (see the Supporting
Information, Figure S2A, B) of compounds 2, 3 a, and 3 b
show one reversible reduction at �1.19, �1.16, and �1.14 V
versus SCE, respectively, which is attributed to the one-elec-
tron reduction of the benzothiadiazole moiety (Table 1). As

expected, all of these compounds undergo two reversible ox-
idation processes, which are assigned to the two successive
one-electron oxidations of the TTF group. In comparison
with compound 2, compounds 3 a and 3 b exhibit approxi-
mately 0.4 V higher oxidation potentials, owing to the
strong electronic interactions between the TTF and BTD
units, by virtue of a rigid p-conjugated alignment. These re-
sults indicate that the HOMO, which is localized on the
TTF subunit, is at lower energy in compounds 3 a and 3 b
than in compound 2, owing to the stronger electron-with-
drawing effect of the two bromo-substituents, whereas the
LUMOs, which are localized on the benzothiadiazole
moiety, are at similar energies. This latter result can be ra-
tionalized by the fact that, in compound 2, the donating
effect of the TTF unit is compensated for by one electron-
withdrawing Br substituent, whereas, in compound 3, which
has a more-efficient conjugation, the stronger electron dona-
tion from the TTF unit onto the BTD unit is balanced by
the effect of two Br substituents, thus leading to an overall
similar effect on the LUMO and, hence, the values of the
reduction potentials. Both assumptions are supported by
theoretical calculations (see below).

Optical absorption behavior of neutral compounds 2 and
3 a : To show the presence of donor-to-acceptor ICT in com-
pounds 2 and 3 a, UV/Vis measurements were performed in
solution (Figure 5). In comparison to the absorption spec-
trum of compound 1, the absorption spectrum of compound
2 in CH2Cl2 shows additional intense absorption bands be-
tween 25 000 and 35 000 cm�1 (400–285 nm), which can be
ascribed to the TTF unit.[25] These bands arise at similar en-
ergies as the 1pp* excited states in benzothiadiazole,[26, 27]

with extinction coefficients (e) of the order 9.1 � 103 to 1.7 �
104

m
�1 cm�1. A medium-intense band in the region 13 000–

23 000 cm�1 (780–440 nm), with a peak at 17 670 cm�1

(566 nm) and e= 3.1 � 103
m
�1 cm�1, can be tentatively attrib-

Figure 3. ORTEP of compound 3b. Ellipsoids are set at 50% probability;
hydrogen atoms and solvent molecules have been omitted for clarity. Se-
lected interatomic distances [�] and angles [8]: C7�C8 1.341(5), C8�S4
1.755(4), C8�S5 1.751(4), C7�S2 1.758(4), C7�S3 1.755(4), C4�C5
1.443(5), C9�C10 1.328(6); S2�C7�S3 115.8(2), S4�C8�S5 114.6(2), C1�
C3�C4 119.4(4), C2�C6�C5 117.9(4), C4�S2�C7 96.08(19), C5�S3�C7
95.90(19), C8�S4�C9 94.97(19), C8�S5�C10 95.40(19).

Figure 4. Crystal packing of compound 3b ; hydrogen atoms and solvent
molecules have been omitted for clarity.

Table 1. Redox potentials [V] (vs. SCE) of compounds 2 (in CH2Cl2/
MeCN) and 3 (in CH2Cl2).

Compound E ox1
1=2 E ox2

1=2 E red1
1=2

2 0.42 0.83 �1.19
3a[a] 0.79 1.14 �1.16
3b[a] 0.82 1.16 �1.14

[a] For comparison, potentials were converted into SCE by subtracting
0.04 V from the measured values (vs. Ag/AgCl).
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uted to a singlet intramolecular charge transfer (1ICT) p-ACHTUNGTRENNUNG(TTF)!p* ACHTUNGTRENNUNG(BTD) transition.
Compound 3 a shows similar absorption bands between

25 000 and 35 000 cm�1, which are likewise ascribed to the
1pp* excited states of the TTF and benzothiadiazole units.
With e= 1�104

m
�1 cm�1, the 1ICT absorption in the region

15 000–25 000 cm�1 and centered at 18 975 cm�1 (527 nm) is
stronger than that of compound 2. The increase in absorp-
tion is attributed to the rigid p-conjugated alignment of the
chromophores in compound 3 a. Consistent with the CV
data, the energy of the 1ICT state in compound 3 a is higher
than that in compound 2. The bathochromic shift of the ICT
band for compound 2 with respect to compound 3 a is also
in agreement with the DFT calculations, which show a
larger HOMO–LUMO gap in compound 3 a than in com-
pound 2 (see below).

The high solubility of compound 2 in a variety of organic
solvents allowed a detailed study of its solvatochromic be-
havior (Figure 6). Accordingly, the 1ICT absorption band is
slightly blue-shifted on moving from non-polar solvent (cy-
clohexane, nmax =17 065 cm�1, 586 nm; toluene, nmax =

17 450 cm�1, 573 nm) to moderately polar solvent (CH2Cl2,
nmax =17 670 cm�1, 566 nm; CHCl3, nmax =17 515 cm�1,
570 nm) and highly polar solvent (MeCN, nmax =18 285 cm�1,

547 nm; DMF, nmax =17 985 cm�1, 556 nm), as expected for a
1ICT transition. The overall solvatochromic behavior is less
pronounced for compound 3 a (see the Supporting Informa-
tion, Figure S3), for which the 1ICT absorption band is ini-
tially very slightly bathochromically shifted on moving from
non-polar solvent (cyclohexane, nmax =18 975 cm�1, 527 nm;
toluene, nmax =19 470 cm�1, 514 nm) to moderately polar sol-
vent (CH2Cl2, nmax = 18 975 cm�1, 527 nm; CHCl3, nmax =

18 795 cm�1, 533 nm) and hypsochromically shifted, as ex-
pected, only for highly polar solvents (MeCN, nmax =

19 645 cm�1, 509 nm; DMF, nmax =19 765 cm�1, 506 nm).[22]

This result indicates that the excited-state dipole moment
for compound 3 is substantially smaller than that for com-
pound 2, as expected from the conjugation of the directly
fused BTD to TTF.

Luminescence behavior of neutral compounds 2 and 3 a : In
accordance with other substituted BTDs,[26] the precursor
(1) is emissive in degassed CH2Cl2 at room temperature (see
the Supporting Information, Figure S4).[22] Upon excitation
at nex =28 570 cm�1 (350 nm), compound 1 shows a broad
emission centered at 23 260 cm�1 (430 nm), which is assigned
to the 1pp* excited state of the BTD unit.[26,27]

TTF�BTD derivative 2 is also emissive in degassed solu-
tions of various solvents at room temperature. In cyclohex-
ane (see the Supporting Information, Figure S5), the emis-
sion apparently strongly depends upon the irradiation wave-
length. Irradiation at nex =17 240 cm�1 (580 nm), that is, into
the 1ICT band, results in a broad emission that is centered
at 13 625 cm�1 (734 nm), with a quantum yield of 0.9 %. The
corresponding excitation spectrum, which is monitored at
the emission maximum, is identical to the absorption spec-
trum. Thus, we can safely conclude that this emission is in-
trinsic to compound 2 and, accordingly, it is assigned as a
1ICT emission. Excitation at higher energies, such as nex =

25 000 cm�1 (400 nm), results in an emission band at
20 410 cm�1 (490 nm) and the corresponding excitation spec-
trum is very different from the absorption spectrum, thus in-
dicating that this emission is more likely to be due to a
highly luminescent impurity. This conclusion is further
borne out by emission-lifetime measurements (see the Sup-
porting Information, Figure S6A, and the detailed discussion
therein). This luminescent impurity, which is present in ana-
lytically undetectable amounts in compound 2, has been de-
termined to be a BTD unit that is connected to a dithiolone
moiety (see below), which originates from the aerobic pho-
todecomposition of compound 2 during the work-up. Nota-
bly, compound 2 is also weakly emissive in CH2Cl2 (see the
Supporting Information, Figures S6B and S7) and absorp-
tion spectra of both fresh solutions of compound 2 and solu-
tions after a series of measurements are identical, thus indi-
cating that compound 2 is photostable (see the Supporting
Information, Figure S8) under anaerobic conditions and
under irradiation at energies <30 000 cm�1 (>330 nm). The
photophysical data for compound 2 are summarized in
Table 2. The emission maximum in CH2Cl2 appears at too-
high energy because of the non-negligible contribution of

Figure 5. UV/Vis absorption spectra of compounds 1, 2, and 3a in CH2Cl2

at room temperature.

Figure 6. 1ICT absorption band of compound 2 in different solvents at
room temperature.
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the luminescence of the impurity, even for irradiation at the
maximum of the 1ICT band. However, the corresponding
lifetime, which is taken as the fastest component in the
double exponential fit, corresponds to the intrinsic lifetime
of the 1ICT state.

As mentioned above, the photostability of compound 2 is
lost in non-degassed solutions and, in air, its absorption and
emission spectra change dramatically (see the Supporting
Information, Figure S9 A). Clearly, the fluorescent impurity
that is initially observed in the emission spectra of com-
pound 2 corresponds to a product of aerobic photodegrada-
tion, which is subsequently isolated from the complex reac-
tion mixture that results from the exposure of a non-de-
gassed solution of compound 2 to solar irradiation (see the
Supporting Information, Figure S9B). The corresponding
compound (6), which was identified by single-crystal X-ray
analysis (it crystallizes in the triclinic space group P1̄),
1H NMR spectroscopy, and MS (see the Supporting Infor-
mation, Figure S10 and Table S2), is a BTD�dithiolone that
is formally derived from the oxidative cleavage of the cen-
tral C=C bond of TTF. This type of photodegradation re-ACHTUNGTRENNUNGaction has previously been seen in a RuII complex of a
TTF�phenanthroline ligand.[28]

Compound 3 a is weakly emissive in non-polar or moder-
ately polar solvents. In cyclohexane (Figure 7 a), the emis-
sion maximum upon excitation at n= 18 870 cm�1 (530 nm)
is at 16 235 cm�1 (616 nm), with a quantum efficiency of
1.4 %. This emission is gradually red-shifted on increasing
the polarity of the solvent, whilst, at the same time, its inten-
sity decreases (Figure 7 b). The excitation spectra for this
emission are identical to the absorption spectra in the
region of the 1ICT band in cyclohexane, as well as in CH2Cl2

(see the Supporting Information, Figure S11).[22] Therefore,
we may safely conclude that this emission comes exclusively

from compound 3 a. For the latter solvent, the quantum effi-
ciency is 0.9 % and the corresponding luminescence-decay
time is 0.87(6) ns (Figure 8). Furthermore, the photodecom-
position of compound 3 a is slow, so this compound can be
considered to be stable when exposed to light, even in the
presence of oxygen. These luminescence lifetimes and quan-
tum yields are consistent with a radiative lifetime that corre-
sponds to the oscillator strength of the broad absorption

Table 2. Photophysical data for TTF�BTD systems 2 and 3a at room
temperature.

Compound Solvent nabs [cm�1]
(e ACHTUNGTRENNUNG[m�1 cm�1])

nemACHTUNGTRENNUNG[cm�1]
Ff t [ns]

2 CH2Cl2 32045 (16600)
30870 (17400)
27695 (9100)
17670 (3100)

15245[a] 0.0024[a] 0.11(2)[b]

cyclohexane 32150 (13500)
30775 (13700)
27480 (8000)
17065 (3100)

13625 0.0086 0.35(3)

3a CH2Cl2 32155 (17800)
30960 (18600)
28330 (10100)
18975 (9600)

13550 0.0092 0.87(6)

cyclohexane 32260 (14200)
31155 (14500)
28250 (7300)
27175 (5200)
25840 (3500)
18795 (9400)

16235 0.014 –

[a] Includes a contribution from an impurity; [b] the lifetime of the fast
component is attributed to the emission of compound 2.

Figure 7. a) Absorption, emission, and excitation spectra of compound 3 a
in cyclohexane (c=4 � 10�6

m) at room temperature; b) emission spectra
of compound 3a in different solvents (nex =18870 cm�1).

Figure 8. Emission decay of compound 3a in CH2Cl2 by using a KC18
(680 nm) cut-off filter, excitation: 20000 cm�1, detection: 13800 cm�1

(725 nm). The lifetime was determined by a mono-exponential fit by
using a convolution fitting procedure; instrument response (blue), experi-
mental data (red), and mono-exponential fit (dashed line).
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band that is centered at 18 870 cm�1 (530 nm). Therefore, to-
gether with the red shift of the emission with increasing sol-
vent polarity, we may safely conclude that the first excited
and luminescent state of compound 3 a is an ICT state. The
photophysical data for compound 3 are collected in Table 2.

Photophysical study of oxidized compounds 2 and 3 a : The
evolution of the absorption spectrum of compound 2 after
oxidation by FeCl3 in CH2Cl2 at room temperature is shown
in Figure 9. Although quasi-immediate and quantitative oxi-

dation is observed, the new intense absorption bands be-
tween 20 000 and 25 000 cm�1 and between 14000 and
20 000 cm�1 indicate the formation of the radical cation
TTF+C.[25] The same spectroscopic evolution is observed
upon chemical oxidation with NOBF4, as well as electro-
chemically (see the Supporting Information, Figure S12 A,
B). In addition to the changes in the spectroscopic region
from 12000 to 26 000 cm�1, marked changes, masked by the
absorption bands of FeCl3, are also observed at higher ener-
gies. In particular, the strong absorption band with a peak at
32 000 cm�1 is bleached upon oxidation, thus corresponding
to bleaching of the 1pp* transitions of the neutral TTF unit.
Whereas chemical oxidation with FeCl3 leads to an oxidized
form of compound 2 that is stable in solution for at least
1 h, oxidation with NOBF4 is followed by chemical degrada-
tion within about 10 min (see the Supporting Information,
Figure S13 A, B), which precludes the use of this oxidizing
agent for further luminescence studies. However, the one-
electron-oxidized species of compound 2 in degassed
CH2Cl2 did not show any additional luminescence, except
for the luminescence that was previously attributed to a
BTD-type impurity (see the Supporting Information, Fig-
ure S14).

The chemical oxidation of compound 3 a has to be per-
formed with NOBF4 because the redox potential of FeCl3 is
too low. The corresponding evolution of the absorption
spectrum of compound 3 a with the successive addition of
NOBF4 in CH2Cl2 at room temperature is shown in
Figure 10. Quantitative oxidation is observed, but not in-

stantaneously. The oxidation process is comparatively slow
and takes about 1 h to proceed to completion if three equiv-
alents of NOBF4 are added in one portion (see the Support-
ing Information, Figure S15A). The new absorption bands
that are centered at 23 000 and 12 000 cm�1 indicate the for-
mation of the radical cation TTF+C.[25] On the basis of previ-
ous observations[6a] and quantum-mechanical calculations
(see below), this latter result can be ascribed to an ICT tran-
sition in the opposite direction to that of the neutral species,
that is, from benzothiadiazole to TTF+C. In the case of com-
pound 3 a, the oxidized species is relatively stable, even after
oxidation with NOBF4 for 30 min.[22] The electrochemical
oxidation of compound 3 a in CH2Cl2 at room tempera-
ture[22] results in a spectroscopic evolution that is consistent
with the chemical oxidation study (see the Supporting Infor-
mation, Figure S15B).

The one-electron-oxidized species of compound 3 a in
CH2Cl2 at room temperature shows weak luminescence at
16 100 cm�1 (see the Supporting Information, Figure S16).
The corresponding excitation spectrum is comparable to the
absorption spectrum between 17 000 and 30 000 cm�1, which,
in principle, allows the identification of this emission as in-
trinsic to the one-electron-oxidized species of compound 3 a.
However, at this stage, it is very difficult to assign this emis-
sion, because it does not correspond to emission from the
lowest excited state.

DFT calculations : To substantiate these assignments and the
orbital nature of the electronic transitions for compounds 2
and 3 a, theoretical calculations[29] were performed at the
DFT/PBE level[30] for geometry optimizations and at the
TDDFT/PBE0[31] level for electronic excitations. All calcula-

Figure 9. UV/Vis absorption spectra of compound 2 during chemical oxi-
dation by the successive addition of FeCl3 as an oxidant in CH2Cl2 at
room temperature. Inset: Change in absorbance at different wavenum-
bers in compound 2 by the successive addition of FeCl3; * denotes un-
reacted FeCl3.

Figure 10. UV/Vis absorption spectra of compound 3 a during chemical
oxidation by the addition of NOBF4 as an oxidant in CH2Cl2 at room
temperature.
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tions were performed by using the Gaussian 09 program
package.[32]

The ground-state geometry of compound 2 was optimized
with no symmetry constraints, starting from the experimen-
tally observed X-ray structure. The resulting conformation
of the equilibrium geometry shows a slight deviation from
planarity and the bond lengths and angles are in good agree-
ment with the experimental geometry (see the Supporting
Information, Figure S17).[22] In particular, the calculated di-
hedral angle between the TTF and BTD units (48) is in
good agreement with the experimental value (12.58); this
latter value is somewhat larger owing to packing forces. The
calculated C=C and C�S bond lengths, 1.359 and 1.766/
1.779 �, respectively, are also close to the experimental
values (1.338 and 1.752/1.773 �). In agreement with the
donor and acceptor character of the TTF and BTD units, re-
spectively, the p-type HOMO is localized on the former
group, whereas the p-type LUMO is rather low in energy
(�3.024 eV) and is spread over the entire benzothiadiazole
moiety (Figure 11 a).

Notable are the p-type HOMO�1, with contributions
from both units, and LUMO+1 orbitals, which are involved
in the main low-energy transitions (see below), as well as
the value of the HOMO–LUMO gap (2.07 eV). Vertical ex-

citations were calculated on the optimized ground-state ge-
ometry of compound 2 at the time-dependent DFT level.[22]

Accordingly, the lowest-energy singlet transition, which was
predicted to be at 12 580 cm�1 (795 nm), with an oscillator
strength of f=0.097, corresponds to a pHOMO!p*LUMO tran-
sition, thus clearly indicating an intramolecular CT transi-
tion from the TTF donor to the BTD acceptor (see the Sup-
porting Information, Table S3). The next intense transitions
S3 (23 193 cm�1, 431 nm, f= 0.084) and S4 (25160 cm�1,
397 nm, f=0.112) are very close in energy to each other and
consist of combinations of HOMO�1!LUMO and
HOMO!LUMO+1 transitions; the former transition
mainly corresponds to a 1pp* excitation of the BTD unit.
The Supporting Information, Figure S19 shows an overlay of
the calculated spectrum of compound 2 (as a stick plot) with
the experimental spectrum.

The DFT-optimized ground-state geometry of neutral
compound 3 is in full agreement with the experimentally de-
termined structure, including the deviation from planarity of
the TTF unit. In comparison, the optimized structure of the
one-electron-oxidized species only shows very small devia-
tions from planarity, as demonstrated by the overlay of the
two structures in Figure 12.

As observed for compound 2, the HOMO and LUMO of
neutral compound 3 are localized on the TTF and BTD
units, respectively (Figure 11 b and the Supporting Informa-
tion, Figure S21). Also, the experimental spectrum of the
neutral species of compound 3 can be satisfactorily analyzed
on the basis of TDDFT calculations. An inspection of the
contributions to the various S0!Sn transitions (see the Sup-
porting Information, Table S4) reveals that, in particular,
the lowest excited state of the neutral species corresponds
to an almost pure intramolecular S0!S1 CT from the
HOMO (localized on TTF) to the LUMO (localized on the
BTD unit). In comparison to compound 2, the correspond-
ing oscillator strength is almost three-times higher, in ac-
cordance with the experimental data, and, with a HOMO–
LUMO gap of 2.66 eV (compared to 2.07 eV for compound
2), this result is also in accordance with the higher energy of
the ICT transition and the higher oxidation potential for
compound 3 compared to compound 2. On the other hand,

Figure 11. Frontier orbitals for the neutral forms of compounds: a) 2 and
b) 3 that are involved in the S0!Sn transitions. For a complete presenta-
tion of the molecular orbitals and optical transitions, see the Supporting
Information, Figures S18 and S21, and Tables S3 and S4.

Figure 12. Ground-state geometries of neutral (blue) and oxidized (red)
compound 3 (the alkyl groups refer to methyl groups) optimized at the
DFT/PBE level (also see the Supporting Information, Figure S20).
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the intense, higher-energy S0!S3 and S0!S4 transitions cor-
respond to 1pp* transitions that are localized on the BTD
and TTF moieties, respectively. Figure 13 shows the experi-
mental spectrum overlaid by the calculated spectrum as a
stick plot. A key feature of both spectra is a well separated,
low-energy absorption band.

For the one-electron-oxidized species of compound 3, the
singly occupied molecular orbital (SOMO) corresponds to
the a-HOMO and the b-LUMO is localized on the TTF
unit, which, in accordance with electrochemical data, corre-
sponds to a TTF+C radical (Figure 14). Likewise, the lowest-
energy excited state of the one-electron-oxidized species of
compound 3 corresponds to an intramolecular charge trans-
fer, but, this time, from the HOMO (localized on BTD) to
the SOMO (on the TTF+C radical), or, more precisely, to a
D0!D1 transition from the b-HOMO to the b-LUMO (see
the Supporting Information, Table S5). However, the more
intense band that corresponds to the D0!D2 transition at
slightly higher energy corresponds to a b-HOMO�1!b-
LUMO transition, with the b-HOMO�1 delocalized over
both subunits of the radical cation. Higher-energy transi-
tions correspond to transitions of mixed character and 1pp*
transitions that are localized on the BTD unit. Figure 13 in-
cludes an overlay of the calculated spectrum (as a stick plot)
with the experimental spectrum. Even though the agree-
ment between the experimental and calculated spectra is
not as good as for the neutral species, it satisfactorily repro-
duces the key features.

Analogous calculations on the oxidized form of com-
pound 2 (see the Supporting Information, Figure S23A, B
and Table S6) reveal that its lowest-energy absorption band
also corresponds to an ICT transition from the BTD unit to
the TTF+C radical.

Conclusion

Two covalently linked donor–acceptor systems (2 and 3),
which contain tetrathiafulvalene (TTF) donor and benzo-
thiadiazole (BTD) acceptor units, have been synthesized
and fully characterized, including by single-crystal X-ray dif-
fraction (for compounds 2 and 3 b). All of these systems
show a lowest-energy transition that corresponds to the
1ICT p ACHTUNGTRENNUNG(TTF)!p* ACHTUNGTRENNUNG(BTD) excited state. Upon excitation into
the ICT state, they show emission. Owing to the better over-
lap of the HOMO and LUMO in the fused scaffold of com-
pound 3, the intensity of the 1ICT band is substantially
higher compared to that in compound 2. This better overlap
also accounts for higher oxidation potential for compound 3
than for compound 2, which, in turn, results in a higher
energy of the 1ICT transition for compound 3 and clearly
impacts on its photochemical stability. Even though both
compounds are photostable in de-oxygenated solution, com-
pound 2 readily degrades in the presence of oxygen under
254 nm UV light or in sunlight. Chemical and electrochemi-
cal oxidation lead to the formation of the radical cation
(TTF+C). Notably, upon oxidation of compound 3 a, the con-
verse ICT transition, that is, benzothiadiazole!TTF+C, has
been observed in the near-IR region, as predicted by DFT
calculations. Whereas the emission properties of the neutral
compounds present some similarities in the sense that the
emission bands originate from the ICT bands, their energies,

Figure 13. Comparison of the experimental (line graph) and calculated
absorption spectra (stick plot) of neutral (blue) and one-electron-oxi-
dized compound 3 (red).

Figure 14. Frontier orbitals of one-electron-oxidized compound 3 that are
involved in the D0!Dn transitions. For a complete presentation of the
molecular orbitals and D0!Dn transitions, see the Supporting Informa-
tion, Figures S22 A and B, and Table S5.
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lifetimes, and efficiencies are quite different. Moreover, the
oxidized species of compound 3 a is still luminescent, whilst
in structure 2+C, the luminescence is completely quenched.

This study was driven by the search for donor–acceptor
systems with optimized absorption properties and charge-
transfer states in the visible and near-IR regions, along with
improved photochemical stabilities. Tuning the substitution
pattern of the donor unit in the covalently linked system
should allow for the modulation of its oxidation potential
and, possibly, of its photostability. The concept of annulation
of TTF directly onto acceptor units holds promise for future
development, for instance with regard to photoconductivity
studies of these molecules that are adsorbed onto surfaces
or embedded in conductive polymers, as well as for the con-
struction of organic dyes for high efficiency solar-energy
conversion.

Experimental Section

General : Reactions were carried out under an argon atmosphere in tol-
uene (HPLC grade). NMR spectra were recorded on Bruker Avance
DRX 500 (500.04 MHz for 1H, 125 MHz for 13C) and Bruker Avance
DRX 300 spectrometers (300 MHz for 1H, 75 MHz for 13C). Chemical
shifts are expressed in parts per million, downfield from TMS as an exter-
nal reference. The following abbreviations are used: singlet (s), doublet
(d), triplet (t), sextet (st), multiplet (m). MS (MALDI-TOF) spectra
were recorded on a Bruker Biflex-IIITM that was equipped with a
337 nm N2 laser. HRMS (ESI) data were obtained on a Thermo Scientif-
ic LTQ Orbitrap XL in positive mode. Elemental analysis was recorded
on a Flash 2000 Fisher Scientific Thermo Electron Analyzer.

Synthesis of TTF�BTD 2 : 4,7-Dibromo-2,1,3-benzothiadiazole (587 mg,
2 mmol), 2-(trimethylstannyl)tetrathiafulvalene (245 mg, 0.66 mmol), and
[Pd ACHTUNGTRENNUNG(PPh3)4] as catalyst (120 mg, 5% mmol) were mixed in dry toluene
(20 mL) and heated at reflux for 12 h under an argon atmosphere. The
mixture was filtered through Celite and silica gel, washed with toluene
and CH2Cl2. The combined organic phases were evaporated and purified
by column chromatography on silica gel (CH2Cl2/n-hexane, 4:1 then 1:1)
to give a black solid. Yield: 80 mg (29 %); 1H NMR (500 MHz, CD2Cl2):
d=8.19 (s, 1 H), 7.42 (d, 3J ACHTUNGTRENNUNG(H,H) =8.0 Hz, 1H), 7.27 (d, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz,
1H), 6.40 ppm (s, 2H); 13C NMR (125 MHz, CD2Cl2): d =154.2, 151.9,
132.7, 131.1, 128.5, 124.7, 124.3, 124.2, 119.7, 113.9 ppm; MS (MALDI-
TOF): m/z calcd for C12H5BrN2S5: 415.82; found: 415.90; elemental anal-
ysis calcd. (%) for C12H5BrN2S5: C 34.53, H 1.21, N 6.71; found: C 34.16,
H 1.24, N 6.40.

Synthesis of TTF�BTD 3 a : 4,8-Dibromo ACHTUNGTRENNUNG[1,3]dithiolo ACHTUNGTRENNUNG[4,5-f]-2,1,3-benzo-
thiadiazol-6-one (1.09 g, 2.84 mmol) and 4,5-bis(propylthio)-1,3-dithiole-
2-thione (905 mg, 3.20 mmol) were added into a microwave vial (capaci-
ty: 10–20 mL). Dry toluene (6 mL) and triethylphosphite (7 mL) were
added and the solution was degassed by bubbling through argon gas for
10 min. Then, the solution was heated in an oil bath for 5 min at 130 8C.
The solution was poured into MeOH (100 mL), filtered, and rinsed with
copious amounts of MeOH. The product was purified by column chroma-
tography on silica gel (CH2Cl2/n-hexane, 1:1). Yield: 0.77 g (44 %);
1H NMR (300 MHz, CDCl3): d= 2.83 (t, J =7.22 Hz, 4 H), 1.69 (st, J=

7.27 Hz, 4 H), 1.04 ppm (t, J =7.33 Hz, 6 H); 13C NMR (75 MHz, CDCl3):
d=206.8, 144.1, 128.1, 103.0, 38.4, 30.9, 23.2, 13.2 ppm; MS (ESI): m/z
calcd for C16H14Br2N2S7: 615.7563; found: 615.7545.

Synthesis of TTF�BTD 3 b : 4,8-Dibromo ACHTUNGTRENNUNG[1,3]dithiolo ACHTUNGTRENNUNG[4,5-f]-2,1,3-benzo-
thiadiazol-6-one (600 mg, 1.56 mmol) and 4,5-bis(hexylthio)-1,3-dithiole-
2-thione (859 mg, 2.34 mmol) were added into a microwave vial (capaci-
ty: 10–20 mL). Dry toluene (8 mL) and triethylphosphite (10 mL) were
added and the solution was degassed by bubbling through argon gas for
10 min. Then, the solution was then heated in an oil bath for 5 min at

90 8C. The solution was poured into MeOH (150 mL), filtered, and rinsed
with copious amounts of MeOH. The product was purified by column
chromatography on silica gel (CH2Cl2/n-hexane, 1:2). Yield: 0.49 g
(45 %); 1H NMR (300 MHz, CDCl3): d=2.85 (t, J =7.33 Hz, 4 H), 1.65
(m, 4H), 1.38 (m, 12 H), 0.90 ppm (t, J =6.90, 6H); MS (ESI): m/z calcd
for C22H26Br2N2S7: 699.8502; found: 699.8491.

X-Ray structure determination : Details regarding data collection and so-ACHTUNGTRENNUNGlu ACHTUNGTRENNUNGtion refinement are given in Table 3. X-ray diffraction measurements

for compounds 2 and 6 were performed on a Bruker Kappa CCD diffrac-
tometer in an X-ray tube with a graphite monochromator (MoKa radia-
tion, l=0.71073 �). The structures were solved (SHELXS-97) by using
direct methods and refined (SHELXL-97) by full-matrix least-square
procedures on F2.[33] All non-H atoms were refined anisotropically. Hy-
drogen atoms were introduced at calculated positions (riding model) and
were included in the structure-factor calculations but not refined. The
crystals of compounds 2 and 6 were very thin needles; therefore, the data
sets were only of medium quality.

A crystal of compound 3b was mounted with Paratone onto a glass
needle and used for X-ray structure determination at �100 8C. All meas-
urements were made on an Oxford Diffraction SuperNova area-detector
diffractometer1 by using mirror optics (MoKa radiation, l= 0.71073 �).
The unit-cell constants and an orientation matrix for data collection were
obtained from a least-squares refinement of the setting angles of 10240
reflections within the range 1.60<q<28.158. A total of 2832 frames were
collected by using w scans, a 20 s exposure time, a rotation angle of 0.58
per frame, and a crystal-detector distance of 65.0 mm. Data reduction
was performed by using the CrysAlisPro[34] program. The intensities were
corrected for Lorentz and polarization effects and an absorption correc-
tion, based on the multi-scan method, by using SCALE3 ABSPACK in
CrysAlisPro[34] was applied. Data collection and refinement parameters
are given in Table 3. The structure was solved by using direct methods
with SIR97,[35] which revealed the positions of all non-hydrogen atoms in
the host. The non-hydrogen atoms were refined anisotropically. All hy-
drogen atoms were placed at geometrically calculated positions and re-
fined by using a riding model, in which each H-atom was assigned a fixed
isotropic displacement parameter with a value that was equal to
1.2 Uequiv of its parent atom (1.5 Uequiv for methyl groups). The re-
maining electron density in the solvent-accessible voids was accounted
for by using the SQUEEZE technique in program PLATON.[36] Refine-
ment of the structure was carried out on F2 by using full-matrix least-
squares techniques, which minimized the function Sw ACHTUNGTRENNUNG(Fo

2�Fc
2)2. The

weighting scheme was based on counting statistics and included a factor

Table 3. Crystallographic data, details of data collection, and structure-
refinement parameters of compounds 2, 3b, and 6.

2 3 b 6

formula C12H5BrN2S5 C22H26Br2N2S7 C9H3BrN2OS3

Mw [g mol�1] 417.39 702.69 331.22
T [K] 293(2) 173(2) 293(2)
crystal system monoclinic triclinic triclinic
space group P21/n P1̄ P1̄
a [�] 3.9920(2) 5.41856(12) 4.0669(19)
b [�] 22.364(3) 16.2836(3) 11.499(19)
c [�] 16.384(2) 16.9824(4) 11.821(17)
a [8] 90.00 99.5460(18) 98.26(12)
b [8] 93.475(7) 91.1122(18) 92.05(6)
g [8] 90.00 92.4393(18) 97.52(8)
V [�3] 1460.0(3) 1475.80(5) 541.5(12)
Z 4 2 2
1calcd [gcm�3] 1.899 1.581 2.031
m [mm�1] 3.518 3.257 4.348
GOF on F2 1.099 1.116 1.056
final R1/wR2 [I>2s(I)] 0.0809/0.1965 0.0479/0.0934 0.0970/0.2367
R1/wR2 (all data) 0.1134/0.2096 0.0697/0.0992 0.1613/0.2757
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to downgrade the intense reflections. All calculations were performed by
using the SHELXL-97[37] program.

Electrochemical studies : Cyclic voltammetry (CV) measurements of
compound 2 were performed inside a glove box, which contained dry,
oxygen-free (<1 ppm) argon gas, by using a three-electrode cell that was
equipped with a platinum millielectrode (area: 0.126 cm2), a Ag/Ag+

pseudo-reference electrode, and a platinum-wire counter electrode. The
potentials were re-adjusted with respect to the saturated calomel elec-
trode (SCE). The electrolyte was a 0.1 m solution of (nBu4N)PF6 in THF.
All of the experiments were performed at RT at a scan rate of 0.1Vs�1.
The experiments were performed on an EGG PAR 273A potentiostat
with positive feedback compensation.

CV analysis of compounds 3 a and 3 b was performed in a three-electrode
cell that was equipped with a Pt-disk working electrode, a glassy carbon
counter electrode, and a Ag/AgCl reference electrode. The electrochemi-
cal experiments were carried out under a dry and oxygen-free at ACHTUNGTRENNUNGmo-ACHTUNGTRENNUNGsphere in CH2Cl2, with (nBu4N)PF6 (0.1 m) as a supporting electrolyte.
The voltammograms were recorded on a PGSTAT 101 potentiostat.

Photophysical studies : CH2Cl2, MeCN, cyclohexane, toluene, and DMF
(the best available quality) for the photophysical and electrochemical
analysis were purchased from commercial sources and used as received
without further purification. UV/Vis absorption spectra were measured
on a Cary 5000 spectrophotometer. Steady-state emission spectra were
recorded on a Fluorolog 3 spectrophotometer. Fluorescence-lifetime
measurements were performed on a custom-built time-correlated
photon-counting system by using a pulsed diode laser at a frequency of
1 MHz. The preparation of samples in different solvents and given con-
centrations started from a standard solution in concentrated CH2Cl2. The
proportion of CH2Cl2 in the final solution was less than 5% (v/v) in all of
the tested samples.

Samples in solution with proper concentrations were prepared by optical
dilution for steady-state photoluminescence (OD<0.1) spectroscopy and
most samples were deoxygenated for 30 min in a quartz cell (path length:
1 cm) prior to measurements by bubbling with N2 gas. Precautions were
taken to limit the exposure of the photosensitive complexes to light in
between measurements and during bubbling.

Theoretical calculations : All calculations were performed with the Gaus-
sian 09 program package.[32] Geometry optimization was carried out with
the PBE functional[30] and the TDDFT[31a] electronic excitation calcula-
tions were carried out with the PBE1PBE (i.e., PBE0) functional.[31c] The
atoms were described by using Dunning’s correlation-consistent basis sets
augmented with diffuse functions,[38] namely the aug-cc-pVDZ basis set
for the H atoms and the aug-cc-pVTZ basis set for the C, N, S, and BrACHTUNGTRENNUNGatoms.
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