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Introduction

Since the first report on the synthesis and properties of or-
ganic metals based on tetracyano-p-quinodimethane
(TCNQ) electron acceptors,[1] tetrathiafulvalene (TTF) and
its derivatives have attracted extensive research interest as
strong electron donors for the development of electrical
conductors and superconductors.[2] To increase the electrical
conductivity and dimensionality of charge-transfer materials,
several chemical modifications have been carried out on the
TTF skeleton: a) replacement of sulfur by other chalcogen
atoms and introduction of more chalcogen atoms in the pe-
ripheral positions;[3] b) development of TTF analogues
(known as extended TTFs) with extended p-conjugation
bridges;[4] c) functionalization of TTF molecules with hydro-
gen- and halogen-bonding groups.[5] The aim of all of these
strategies is to enhance the intermolecular orbital overlap
by the formation of highly ordered stacks or even highly di-
mensional sheets induced by chalcogen–chalcogen interac-
tions, p–p stacking or hydrogen- and halogen-bonding inter-

actions. Besides the significant research efforts on develop-
ing molecular organic metals, TTF and its derivatives are
used as building blocks in macromolecular and supramolec-
ular systems for various applications,[6] such as chemical sen-
sors,[7] molecular switches,[8] molecular shuttles,[9] organic fer-
romagnets,[10] molecular rectifiers,[11] molecular transistors,[12]

nonlinear optical materials,[13] and photovoltaic materials.[14]

Due to the electron-donating nature of the nitrogen atom,
triarylamines are widely used as hole-transporting materials
for various applications, such as xerography, light-emitting
diodes, solar cells, organic field-effect transistors, photore-
fractive systems, and so on.[15] On the other hand, amor-
phous materials, especially amorphous organic molecular
materials, have recently attracted a great deal of attention
as a new class of materials because of their good process-
ability, transparency, and homogeneous properties. Low mo-
lecular weight species in particular are promising because of
the ease with which amorphous films can be formed, either
by vacuum deposition or by spin coating from solution.[16]

Triarylamines not only possess a particularly strong elec-
tron-donating nature, but also a three-dimensional propeller
blade structure that inherently favors an amorphous solid
state due to the existence of rotational isomers.[17] Thus,
based upon triarylamines, a variety of nonplanar “starburst”
amorphous organic molecular materials have been devel-
oped and thoroughly investigated.[18] Such molecular glasses
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are characterized by low ionization potentials of 5.0 to
5.1 eV,[16a] by reversible anodic oxidation to form stable radi-
cal cations, and by the excellent quality of their amorphous
thin films prepared by vacuum deposition or spin coating
from solution. As a result of these properties, these materi-
als are ideal for use as hole-transporting layers in electro-
optical applications.

Based on the facts that: a) TTF and its derivatives possess
an even stronger electron-donating ability than triarylamines
and that TTFs can be sequentially and reversibly oxidized to
radical cations and dications at quite low potentials;[19] and
b) triarylamines possess a unique propeller-shaped architec-
ture that allows them to be used as high-dimensional scaf-
folds, and a high reactivity at the para positions,[20] the com-
bination of TTF chemistry with arylamine chemistry could
be expected to provide an opportunity to develop high-di-
mensional molecular conductors and/or amorphous hole-in-
jection and transport molecular materials with advanced ma-
terial properties. Herein, we report a first study to introduce
TTFs in combination with triarylamines into a non-classical
but promising field of amorphous molecular materials, with
a view to potential applications of these systems as charge-
transporting materials in optoelectronic devices.

Results and Discussion

Synthesis of TTF–triarylamine conjugates : The combination
of pyrrole-annulated TTFs (1 and 8)[21] with triarylamine
units (2, 4, and 6) was realized by an N-arylation reaction of
the pyrrole moiety of 1 or 8, respectively, as outlined in
Scheme 1. Applying the copper catalyst system reported by
Buchwald,[22] we obtained compound 3 with one TTF
branch, 5 with two TTF branches, and 7 with three TTF
branches by N-arylation of 1 with compounds 2, 4, and 6, re-
spectively. Similarly, the dumbbell compound 9 with two ter-
minal arylamine units linked by the TTF skeleton was also
prepared in reasonable yield by N-arylation of 8 with two
equivalents of compound 2. 1H NMR, 13C NMR, and
MALDI MS were used to characterize the new TTF–triaryl-
amine conjugates.

Electrochemistry : The electrochemical properties of the
TTF–triarylamine conjugates 3, 5, 7, and 9 were investigated
by cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) experiments (Figure 1 and Figure 2). For com-
parison, cyclic voltammograms of intermediates 1, 8, and
bis(4-methoxyphenyl)-N-phenylamine (TAA) were also ob-
tained under the same conditions; all data are listed in
Table 1. As shown in Figure 1, conjugate 3 displays three re-
versible one-electron anodic redox couples, which corre-
spond to the sequential removal of electrons from the TTF
and triarylamine moieties to form the radical cation, dicat-
ion, and trication. Compared with the CVs of intermediates
1 and TAA, the first low-potential redox couple at �0.01 V
fits well with that of 1 (E1

1/2 = �0.02 V), suggesting that the
first electron is removed from the TTF unit and that the at-

tached arylamino group has little effect on the first oxida-
tion potential of TTF. The other two redox couples occur at
0.30 V and at 0.49 V. Here, we assign the second couple to
the oxidation of the arylamino moiety and the third one to
the formation of the dication TTF2+ . This assignment was
confirmed by chemical redox titration and spectroelectro-
chemistry as described below. Compared with the oxidation
of TAA (E1/2 = 0.35 V), the second redox couple (related to
the triarylamine unit) is at a somewhat lower potential,
which might be due to the attached electron-donating TTF+ C
moiety (which is still an electron donor ready to lose the
second electron to form aromatic TTF2+). However, com-
pared with the second oxidation of TTF 1+ C (E2

1/2 =

0.41 V), the third redox couple of 3 (E3
1/2 = 0.53 V) has a

potential slightly more positive than that of TAA+ C. Corre-
spondingly, DPV of 3 displays three one-electron oxidations
at �0.01 V, 0.29 V, and 0.47 V (Figure 2), which are compa-
rable to the corresponding E1/2 values obtained by CV. The
HOMO energy level of 3, which can be deduced from the
CV potential for the onset of oxidation, was estimated to be
�4.75 eV by taking the HOMO level of ferrocene as
�4.8 eV.[15a,23] This value is very close to that of TTF 1
(EHOMO = �4.74 eV) and much higher than that of TAA
(EHOMO = �5.03 eV),[24] indicating that the HOMO of con-
jugate 3 is mainly located on the more strongly electron-do-
nating TTF part.

With two TTF branches, conjugate 5 shows three fully re-
versible redox couples at �0.02 V, 0.42 V, and 0.61 V in its
CV. The first and second couples cover two unresolved oxi-
dation processes each, indicating that two electrons are
almost simultaneously removed from the two TTF groups to
form two TTF+ C in 52+ , and that two further electrons are
again almost simultaneously removed from the two TTF+ C
at a higher potential to form two TTF2+ in 54+ . More inter-
estingly, the first and second redox couples are at almost the
same potentials as those of intermediate TTF 1, except that
the redox couples of 5 show two-electron behavior. Based
on the above CV, there is no significant electronic communi-
cation between the two TTF branches, which is due to the
nonplanar propeller-shape of the triarylamine bridge. In
comparison with the triarylamine oxidation of 3 (E2

1/2 =

0.30 V) and of TAA (E1/2 = 0.35 V), the arylamine unit in 5
is oxidized at a much more positive potential (E3

1/2 =

0.61 V). This is not surprising given the direct p-conjugation
path between the TTF branch and the arylamine group via
the aromatic pyrrole ring. Thus, the electron-withdrawing
TTF2+ dications render the removal of an electron from the
arylamine more difficult. Similarly, the DPV investigation
also suggests that the oxidation of the triarylamine shifts to
a higher potential (0.61 V versus Fc/Fc+) due to the elec-
tron-withdrawing TTF2+ moiety. The calculated HOMO
(EHOMO = �4.76 eV) is comparable with that of intermedi-
ate TTF 1.

The CV and DPV characterize the electrochemistry of
conjugate 7 with three TTF moieties by three reversible
redox couples (E1

1/2 = 0.00 V, E2
1/2 = 0.46 V, and E3

1/2 =

0.94 V); the first two couples comprise three unresolved

Chem. Eur. J. 2006, 12, 1144 – 1155 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1145

FULL PAPER

www.chemeurj.org


redox processes, and the last one shows single-electron be-
havior. Similarly to 5, the first two three-electron couples
can be assigned to the almost simultaneous oxidation of
TTF branches as explained above for compound 5. There is
no evidence of significant electronic communication be-
tween the three TTF branches. The attachment of the
formed TTF2+ to all three blades of the triarylamine shifts
the oxidation of the arylamine center to an even more posi-

tive potential (E3
1/2 = 0.94 V) than in 5. From the potential

for the onset of oxidation, the HOMO of 7 can be estimated
to be around �4.79 eV, which is comparable to those of
TTF 1 and the conjugates 3 and 5.

The dumbbell compound 9 shows significantly different
electrochemistry. As displayed in Figure 1, the CV of 9 is
characterized by three reversible redox couples at �0.06 V,
0.30 V, and 0.58 V. The first and the third couple were found

Scheme 1. Synthesis of TTF–triarylamine conjugates 3, 5, 7, and 9. Reagents and conditions: a) CuI, K3PO4, trans-cyclohexanediamine, dioxane, 110 8C,
24 h.
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to correspond to one-electron redox processes, while the
second oxidation covers two unresolved redox processes. By
comparison with the CVs of intermediate TTF 1, 8, and con-
jugate 3, the first one-electron couple can be assigned to
TTF/TTF+ C, which is shifted towards a more negative poten-
tial due to the terminal electron-donating triarylamine units.
This trend is also reflected by the calculated higher HOMO
level (�4.70 eV). The subsequent two-electron oxidation is
ascribed to the simultaneous removal of two electrons from
the two arylamine endgroups, again indicating that there is
no significant electronic coupling between the terminal aryl-
amine units through the TTF+ bridge. The sequentially
formed TTF+ C and TAA+ C make the second oxidation of the
central TTF unit much more difficult (0.58 V) in comparison

with the corresponding redox couples of 1 (E2
1/2 = 0.41 V),

8 (E2
1/2 = 0.33 V), and 3 (E3

1/2 = 0.49 V).
As discussed above, the first low oxidation potential of all

TTF–triarylamine conjugates (3, 5, 7, and 9) is attributed to
the strongly electron-donating TTF moiety, and all of the
calculated HOMO energy levels (between �4.70 eV and
�4.80 eV) are much higher than those of arylamines (�5.0
to �5.10 eV), which have been widely reported as hole-in-
jection and transport materials.[16a] In view of the fact that
the normally used anodic indium tin oxide (ITO) possesses
a work function of around �4.70 eV, the TTF–triarylamine
conjugates 3, 5, 7, and 9 presented in this work match the
ITO work function very well and might be promising as
active molecular materials for electro-optical devices.

UV/Vis-NIR spectra of TTF-triarylamine radical cations :
The spectral properties of the neutral and oxidized com-
pounds 3, 5, 7, and 9 were analyzed by UV/Vis-NIR absorp-
tion spectroscopy using SbCl5 as the oxidant in dichloro-
methane. The spectra were compared with those of inter-
mediates 1 (shown in Figure 3), 8, and TAA. The most rele-
vant photophysical data are collected in Table 2.

Figure 3 shows UV/Vis-NIR spectra of TTF 1 treated
with increasing amounts of the oxidant SbCl5 in CH2Cl2.
The neutral 1 displays its maximum absorption at around
30600 cm�1, with a long tail extending into the visible
region. The following chemical titration experiment suggests
that TTF was first reversibly oxidized to its radical cation
(TTF+ C) and then to the dication, which was confirmed by
changes in the absorption spectra and the clear isobestic
points in Figure 3a,b. As shown in Figure 3a, with the addi-
tion of the oxidant SbCl5, the newly emerging absorption
peaks at 23100 cm�1 and 12400 cm�1, which we assign to
TTF+ C, continue to increase. The former transition is charac-
teristic of this type of TTF+ C, while the latter band is inter-

Figure 1. Cyclic voltammograms of TTFs (1 and 8), triarylamine TAA,
and conjugates 3, 5, 7, and 9 in TBAPF6/CH2Cl2 at room temperature at
a scan rate of 100 mVs�1.

Figure 2. Differential pulse voltammograms of compounds 3, 5, 7, and 9
in TBAPF6/CH2Cl2 at room temperature at a scan rate of 20 mVs�1.
Redox couples associated with oxidation of the triarylamine unit are
marked with dots.

Table 1. Oxidation potentials and HOMO energy level of TTFs (1 and
8), triarylamine (TAA), and conjugates (3, 5, 7, and 9) as determined by
CV and DPV (in parentheses).[a]

Compd E1
1/2 [V][b] E2

1/2 [V][b] E3
1/2 [V][b] Eonset [V] HOMO [eV][c]

TAA 0.35 – – 0.28 �5.08
1 �0.02 0.41 – �0.06 �4.74
8 0.00 0.33 – �0.05 �4.75
3 �0.01 0.30 0.49 �0.05 �4.75

(�0.01) (0.29) (0.47)
5 �0.02[d] 0.42[d] 0.61 �0.04 �4.76

(0.01) (0.43) (0.61)
7 0.00[e] 0.46[e] 0.94 �0.01 �4.79

(�0.02) (0.46) (0.94)
9 �0.06 0.30[d] 0.58 �0.10 �4.70

(�0.04) (0.30) (0.57)

[a] Conditions: potential versus Fc/Fc+, Bu4NPF6 (0.1m in acetonitrile),
scan rate 100 mVs�1 (for CV) and 20 mVs�1 (for DPV). [b] E1/2 deter-
mined from (Epa + Epc)/2, where Epa and Epc refer to the peak potential
in the anodic and cathodic scans, respectively. [c] The HOMO energy
level was calculated from the onset potential of oxidation according to
the empirical equation EHOMO = �e(Eonset + 4.8) V by assuming the
energy level of ferrocene to be �4.8 eV below vacuum level. [d] Two-
electron oxidation. [e] Three-electron oxidation.
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preted to be of charge-resonance type (HOMO !
SOMO).[25] Upon further addition of oxidant, the absorp-
tions due to TTF+ C start to decrease and a new absorption
peak appears at 14200 cm�1, which can be ascribed to
TTF2+ .

Compound 3, which comprises one TTF group and one
triarylamine group, exhibits maximum absorption at
29700 cm�1, with a shoulder at 32300 cm�1 in the UV region
(see Figure 4). The absorption is estimated to start at
26100 cm�1, and the corresponding HOMO–LUMO gap Eg

= 3.26 eV can be deduced from the onset absorption of
neutral 3. With increasing addition of oxidant SbCl5, the ab-
sorption of the solution of 3 decreases in the UV region. Si-
multaneously, three new absorption peaks appear at 22700,
13200, and 9100 cm�1. By comparison with the spectrum of
oxidized TTF intermediate 1 (TTF+ C, 23100 and
12400 cm�1), the absorptions at 22700 and 9100 cm�1 can
again be assigned to TTF+ . The less intense shoulder ab-
sorption at 13200 cm�1 may be due to optically induced hole

transfer from TTF+ C to the triarylamine moiety. Further ad-
dition of oxidant yields 32+ with new absorption peaks at
26300 and 13000 cm�1, which are similar to the absorptions
of the triarylamine radical cation (TAA+ C, 28000 and
14000 cm�1).[26] Finally, the second oxidation of the TTF
group was accomplished, as indicated by a decrease of the
characteristic TTF+ C absorption and an increase of the
TTF2+ absorption at 12600 cm�1. The absorption titration
investigations outlined above confirm our rational assign-
ment of the redox couples in the CV of 3.

Compound 5, with two TTF branches, displays a similar
absorption spectrum to that of 3, with the onset of absorp-
tion at 25700 cm�1 (Figure 5). Treatment with oxidant gives
two intense absorptions at 22800 cm�1 and 9800 cm�1, which
originate from the TTF+ C group. Simultaneously, a hole-
transfer band (from TTF+ C to the triarylamine) is found at
13500 cm�1. It should be noted that there is no visible inter-
valence charge-transfer band (IV-CT) that might originate
from hole transfer from TTF+ C of one branch to the neutral
TTF of the other branch, which confirms that there is no sig-
nificant electronic communication between the two TTF
branches. However, upon further oxidation, the absorption
of TTF+ C decreases while two new absorption peaks at
14100 and 8700 cm�1 intensify. These bands are typical of
TTF2+ . The same conclusion was drawn from the CV of 5
above. The simultaneous increase in the absorption at
8700 cm�1 might indicate hole transfer from TTF2+ to the
triarylamine. This hole-transfer band has a lower energy
compared with that of TTF+ C to triarylamine (13200 cm�1 in

Figure 3. Chemical oxidant titration curves of TTF 1 in CH2Cl2. From a)
to b), the absorption spectra of 1 treated with increasing amounts of oxi-
dant show three phases. The arrows indicate increasing addition of the
oxidant.

Table 2. Photophysical data from chemical oxidant titrations of TTF 1,
triarylamine TAA, and conjugates 3, 5, 7, and 9.[a]

Compd ñneu [cm�1][b] ñox1 ñox2 ñox3 Eg LUMO
(e,
104

m
�1 cm�1)

[cm�1][c] [cm�1][d] [cm�1][e] [eV] [eV][f]

TAA 33500 (2.3) 28900,
14100

– – – –

1 30600 (1.4) 23100,
12400

14200 – – –

3 32300 (3.0),
29700 (3.7)

22700,
13200,
8900

26300,
22700,
13000,
10000

27500,
12600

3.25 �1.41

5 32300 (5.4),
29700 (7.2)

22800,
13600,
9800

14100,
8700

26500,
12800

3.20 �1.47

7 32300 (5.8),
29300 (9.8)

23600,
14600,
10400

14100,
10300

–[g] 3.17 �1.58

9 32300 (4.5),
29300 (5.5)

22100,
15700,
10500,
8100

26600,
22200,
13000,
9000

26600,
13000

3.25 �1.39

[a] A solution of the compound in CH2Cl2 (2N10�5
m) was titrated with a

solution of SbCl5 in CH2Cl2. [b] The maximum absorption of the neutral
compound. [c] The maximum absorption of the oxidized compound in
the first phase of the titration. [d] The maximum absorption of the oxi-
dized compound in the second phase of the titration. [e] The maximum
absorption of the oxidized compound in the third phase of the titration.
[f] LUMO level calculated from the equation ELUMO = Eg + EHOMO.
[g] No significant change in absorption with further addition of oxidant.
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3+). Upon addition of a further amount of oxidant, the tri-
arylamine group was oxidized to the corresponding radical
cation, which is consistent with the increasing absorptions at
26500 and 12800 cm�1 (assigned to the triarylamine radical
cation) and the decreasing peak at 8700 cm�1 (hole-transfer
band from TTF2+ to triarylamine).

The neutral star-shaped compound 7 with three TTF
groups shows a comparable absorption spectrum to those of
3 and 5. As shown in Figure 6, the corresponding Eg =

3.17 eV was estimated from the onset absorption of
25600 cm�1. Upon oxidation, 7 shows two intense absorption
bands in the visible region (ñmax = 23600 cm�1) and near-IR
region (ñmax = 10400 cm�1), and one hole-transfer band at
14600 cm�1. Upon further addition of oxidant, the absorp-

Figure 4. Chemical oxidant titration curves of compound 3 in CH2Cl2.
From a) to c), the absorption spectra of 3 treated with increasing
amounts of oxidant show four phases. The arrows indicate increasing ad-
dition of the oxidant.

Figure 5. Chemical oxidant titration curves of compound 5 in CH2Cl2.
From a) to c), the absorption spectra of 5 treated with increasing
amounts of oxidant show four phases. The arrows indicate the increasing
addition of the oxidant.

Chem. Eur. J. 2006, 12, 1144 – 1155 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1149

FULL PAPERTetrathiafulvalene–Triarylamine Conjugates

www.chemeurj.org


tion associated with TTF+ C decreases while a new absorption
peak emerges at 14100 cm�1, which is related to TTF2+ .
Along with the increase in the TTF2+ absorption and de-
crease in the TTF+ C absorption, the peak at around
10400 cm�1 decreases somewhat and then appears to be un-
changed, which might be due to the overlapping TTF+ C ab-
sorption and hole-transfer (from TTF2+ to triarylamine) ab-
sorption band. In contrast to what was seen for 5, further
addition of oxidant did not result in any significant changes
in the absorptions of 7, although a further oxidation of tri-
arylamine would be expected to decrease the hole-transfer
band and to generate a triarylamine radical cation absorp-
tion band in the visible region (see spectroelectrochemistry
studies below). Taking into account the very high oxidation
potential of the arylamine group in 7 (E3

pa = 0.98 V versus

Fc/Fc+), the oxidation potential of SbCl5 might be insuffi-
cient to remove an electron from the arylamine core or the
oxidation process might be too slow to detect changes in the
spectra on our experimental time scale.

As shown in Figure 7, the spectrum of the dumbbell com-
pound 9 is characterized by a strong absorption at
29300 cm�1 with a shoulder at 32300 cm�1. An Eg of 3.25 eV,
which is comparable to that of 3, was determined from the
lower energy absorption. Upon the addition of oxidant, the
spectrum is characterized by increasing absorptions in the
visible and NIR regions. As before, the fine-structured ab-
sorption at 22100 cm�1 can be ascribed to TTF+ C. After de-
convolution into Gaussian functions, the absorptions in the
visible and NIR regions were found to comprise three peaks
at 7900, 11000, and 15800 cm�1 (Figure 8). The two lower
energy absorptions could be assigned to TTF+ C, and the
higher energy band at 15800 cm�1 might originate from a
degenerate hole transfer from the central TTF+ C to the two
triarylamine endgroups. In this way, 9+ represents a sym-
metrical mixed-valence species in which the bridge is oxi-
dized.[27] Upon further oxidation, the absorptions of TTF+ C
are found to be saturated and new absorptions of the triaryl-
amine radical cations at 13000 and 26600 cm�1 increase. It is
interesting to note that the lower energy absorption peak of
TTF+ C shifts slightly towards higher energy and its intensity
is enhanced. These changes are caused by the oxidation of
the terminal triarylamine units. Further oxidation of TTF+ C
to its dication (13000 cm�1) is responsible for the decrease
in the TTF+ C absorption. Unfortunately, the intensity of the
absorption of the fully oxidized 9 decreased because of its
low solubility in the less polar solvent (a precipitate formed
upon further addition of oxidant). During the titration, no
IV-CT band between the two terminal triarylamine redox
centers was detected, confirming that there is no significant
electronic communication between them. Again, the results
are in agreement with the assignment of the redox couples
of 9 in the CV section.

Spectroelectrochemistry studies : To complement the results
of the chemical oxidation of 7, we carried out spectroelec-
trochemistry investigations at controlled applied potentials
in TBAPF6/CH2Cl2 solution.

The spectroelectrochemical investigation of star-shaped
compound 7 provided more details than the corresponding
chemical oxidant titration study because of the limited oxi-
dation potential of the oxidant SbCl5 or the rather slow oxi-
dation rate achieved. As depicted in Figure 9, the absorp-
tions of TTF+ C appear in the lower energy region (24000,
15000, and 11100 cm�1) by applying a potential of 0.2 V
(E1

pa<E<E2
pa). When the potential is increased to 0.7 V

(E2
pa<E<E3

pa), the absorptions of TTF+ C diminish and the
spectrum is characterized by a new peak at around
14400 cm�1 with a lower energy shoulder (11700 cm�1). This
is in agreement with the results of CV and the chemical oxi-
dant titration, indicating that TTF+ C is oxidized to the corre-
sponding dication TTF2+ . Along with the increase in oxida-
tion potential to 1.1 V (> E3

pa), the corresponding hole-

Figure 6. Chemical oxidant titration curves of compound 7 in CH2Cl2.
From a) to b), the absorption spectra of 7 treated with increasing
amounts of oxidant show three phases. The arrows indicate increasing ad-
dition of the oxidant.
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transfer band at 11700 cm�1 between TTF2+ and the triaryl-
amine core disappears and a strong absorption located at
12800 cm�1 suggests that the central arylamine unit is oxi-
dized.

Taking into account the effect of the electrolyte
(TBAPF6), the results of the spectroelectrochemistry investi-
gations are consistent with those of the chemical oxidant ti-
tration experiments and prove that the missing triarylamine
radical cation signal in the chemical oxidation experiment is
due to either slow oxidation kinetics or the low oxidation
potential of SbCl5.

It should be noted that no fluorescence is observed from
these TTF–triarylamine conjugates, indicating that the TTF
moiety acts as an efficient quencher of fluorescence from
the arylamine system. In fact, this fluorescence quenching

Figure 7. Chemical oxidant titration curves of compound 9 in CH2Cl2.
From a) to c), the absorption spectra of 9 treated with increasing
amounts of oxidant show four phases. The arrows indicate increasing ad-
dition of the oxidant. Note that precipitation of 94+ in c) results in a de-
crease in absorption over the whole UV/Vis-NIR region.

Figure 8. UV/Vis-NIR spectrum of 9+ C measured in CH2Cl2 (solid line).
The spectrum was deconvoluted into Gaussian functions (line +

symbol). The sum of the symbol lines (dotted lines) matches the mea-
sured spectrum.

Figure 9. Spectroelectrochemical measurements on 5 in CH2Cl2.
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effect of TTF has been attributed to its strong electron-do-
nating properties.[28]

Differential scanning calorimetry studies : The thermal be-
havior of the TTF–triarylamine conjugates was studied by
differential scanning calorimetry (DSC). To eliminate the
thermal history of the samples, the second heating scans
were recorded; the results are presented in Figure 10. Be-

cause conjugate 3 was obtained as a thick yellow oil, only
compounds 5, 7, and 9 were investigated by DSC. As shown
in the figure, compound 5 with two rigid TTF arms shows
only a sharp, clear endothermic peak at around 115.7 8C,
which is comparable to the melt-
ing point measured using a
BBchi melting point apparatus
(m.p. 114–115 8C). The DSC
curve of conjugate 7 suggests no
glass transition, and the corre-
sponding melting point increases
to 162.6 8C (the measured melt-
ing point is 159–160 8C). Al-
though the triarylamine core
endows compounds 5 and 7 with
a three-dimensional propeller-
like structure, the large, rigid,
and planar propeller blades,
which consist of a TTF unit and
one phenyl ring of the triaryl-
amine moiety, allow the mole-
cules to crystallize. However,
this is not the case for the dumb-
bell-shaped conjugate 9. The
DSC curve shows that 9 forms a
molecular organic glass with a
clear glass transition Tg =

74.5 8C. In fact, only a strong glass transition at 66.6 8C was
seen in the first heating scan, and no crystallization transi-
tion was observed during the cooling scan. This is not too
surprising because the two bulky propeller-shaped triaryl-
amine groups prevent favorable intermolecular interactions
between the rigid TTF moieties (packing of molecules) and
hence prevent the molecule (conjugate 9) from crystallizing.

Optimized geometries and calculated HOMO energy level :
To gain insight into the conformation of the TTF-triaryl-
amine conjugates 3, 5, 7, and 9, and to elucidate their elec-
tronic structure, quantum chemical calculations were per-
formed by the semi-empirical PM3 method using Chem3D
MOPAC. The highest occupied molecular orbital was also
estimated using the PM3-optimized geometries.

As expected, the optimized geometries in Figure 11 show
that the triarylamine groups adopt a three-dimensional pro-
peller conformation in all cases. On the other hand, the
rigid TTF moiety is in each case almost coplanar with the
adjacent phenyl ring of the triarylamine forming a planar
propeller blade.

The corresponding HOMO of the TTF-arylamine conju-
gates is mainly located on the TTF part (Figure 11a,d),
which is consistent with the TTF group being most easily
oxidized.

Conclusion

Four pyrrole-bridged TTF-triarylamine conjugates (3, 5, 7,
and 9) were synthesized in reasonable yield by N-arylation
of pyrrole-annulated TTFs 1 or 8. The electrochemistry of
the conjugates has been studied by means of cyclic voltam-
metry and differential pulse voltammetry. The respective

Figure 10. Differential scanning calorimetry of 5, 7, and 9. Second heating
scans at a scan rate of 10 8Cmin�1.

Figure 11. PM3-optimized geometries of 3, 5, 7, and 9 (a) to d), respectively), and the corresponding HOMOs
of 3 (a) and 9 (d). The long octylthio side chains have been replaced by methylthio groups for clarity.
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redox processes of the TTF and triarylamine moieties are re-
versible and occur in the region 0–1.0 V versus Fc/Fc+ .
Based on the onset of oxidation, the HOMO energy levels
are estimated to be about �4.7 eV, which is identical to that
of TTF, and matches very well the work function of ITO
(�4.7 eV). Although there is no significant electronic com-
munication between the TTF moieties bridged by the tri-
arylamine group (5 and 7), the redox behavior of the triaryl-
amine group in 3, 5, and 7 is affected by the attachment of
the TTF moieties: the redox potential of the triarylamine
unit shifts to more positive values with increasing number of
TTF propeller blades (3 < 5 < 7). Similarly, the interaction
between terminal triarylamine groups is found to be very
weak; however, the electronic interaction between the
triarylamine and TTF groups is strong. The absorption spec-
tra of the corresponding radical cations were studied in
detail by chemical oxidant titration and spectroelectrochem-
ical methods. All the results from the electrochemical inves-
tigations and the absorption spectra are mutually consistent.
DSC demonstrates that compounds 5 and 7 are crystalline,
while conjugate 9 forms a molecular glass with a clear glass
transition. The PM3-optimized geometries suggest that the
TTF moiety is almost coplanar with one phenyl ring of the
triarylamine, and the large, rigid, planar blades of the pro-
peller-shaped triarylamines facilitate intermolecular interac-
tions that may result in crystalline materials. However, when
the rigid TTF is capped with two three-dimensional triaryl-
amine moieties, the interactions between the planar TTF are
hindered and an amorphous solid results. Thus, conjugate 9
has a somewhat higher glass transition temperature than
TPD (4,4’-bis(m-tolylphenylamino)biphenyl), Tg = 65 8C,[17e]

at a significantly lower IP of 4.7 eV (TPD, IP =

5.38 eV).[24b]

In conclusion, our results suggest that the morphology of
these TTF–triarylamine conjugates and the related electro-
optical properties may be tuned by variation of the chemical
structure. Further improvement of the glass transition tem-
perature might be possible by rational design of molecular
structures, for example, the introduction of more nonplanar
groups, the incorporation of bulky and structurally rigid
moieties, or increasing molecular size and weight.

Experimental Section

General : Reagents and solvents were purchased from Acros, Aldrich,
and Fluka and were used as received. Dioxane was distilled from Na/ben-
zophenone. MeCN was distilled from CaH2. All reactions were carried
out under a dry N2 atmosphere.
1H and 13C NMR spectra were measured on a Bruker 400 MHz spectrom-
eter. Chemical shifts are reported in ppm downfield from SiMe4, using
the solventOs residual signal as an internal reference. Coupling constants
(J) are given in Hz. Resonance multiplicities are described as s (singlet),
d (doublet), t (triplet), or m (multiplet). MALDI mass spectra were ob-
tained on a Bruker Daltonics Autoflex II instrument using DCTB or di-
thranol as the matrix. All electrochemical investigations were carried out
with a computer-controlled BAS CV50W potentiostat in dried and
oxygen-free MeCN using 0.1m tetrabutylammonium hexafluorophos-
phate (TBAPF6) as supporting electrolyte, a platinum disk (F = 5 mm)

as working electrode, a platinum wire as counter electrode, and an Ag/
AgCl reference electrode. Redox potentials were referenced against fer-
rocene/ferrocenium (Fc/Fc+). UV/Vis-NIR absorption spectra (in the
chemical oxidant titration and spectroelectrochemistry investigations)
were recorded with a Jasco V-750 spectrometer. In the chemical oxidant
titrations, the concentration of the compounds was 2N10�5

m in CH2Cl2;
spectra were measured from the solutions in a quartz cuvette of path-
length 1 cm after each stepwise addition of the oxidant SbCl5 in CH2Cl2.
Spectroelectrochemistry measurements were made in reflection mode
with a Jasco V-750 spectrometer using a polished platinum disk working
electrode in an electrochemical three-electrode cell controlled by a
EG&G Model 363 potentiostat. Differential scanning calorimetry (DSC)
studies of 1–2 mg samples of compounds 5, 7, and 9 in sealed Al pans
were performed on a Q1000 DSC system at a heating/cooling rate of
10 8Cmin�1 in a heat/cool/heat/cool mode. Bulk samples of compounds
for DSC were prepared by slowly precipitating the compounds (purified
by silica gel chromatography) from a mixture of petroleum ether/di-
chloromethane.

Preparation of 3 : A flame-dried Schlenk reaction tube charged with a
mixture of 2 (86 mg, 0.2 mmol), 1 (53 mg, 0.1 mmol), K3PO4 (63 mg), and
CuI (6 mg) was degassed with N2 for 10 min. After the addition of race-
mic trans-cyclohexanediamine (10 mL) and freshly distilled dioxane
(2 mL) under N2, the Schlenk tube was sealed and the reaction mixture
was stirred while heating at 110 8C for 24 h. The mixture was then al-
lowed to cool to room temperature and diluted with CH2Cl2. After suc-
cessive washings with dilute aqueous ammonium hydroxide solution and
water and drying over anhydrous MgSO4, the crude product was purified
by chromatography on silica gel using petroleum ether/dichloromethane
(3:2) as eluent. Conjugate 3 was obtained as a yellow oil (38 mg; 46%
yield). 1H NMR (400 MHz, CD2Cl2): d = 7.02 (d, J = 9.0 Hz, 2H; ArH),
6.94 (d, J = 9.0 Hz, 4H; ArH), 6.84 (d, J = 9.0 Hz, 2H; ArH), 6.76 (d, J
= 9.0 Hz, 4H; ArH), 6.73 (s, 2H; Py-H), 3.69 (s, 6H; OCH3), 2.74 (t, J
= 7.3 Hz, 4H; -SCH2), 1.55 (m, J = 7.4 Hz, 4H; -SCCH2), 1.40–1.10 (m,
20H; -SCH2), 0.79 ppm (t, J = 7.0 Hz, 6H; -CH3);

13C NMR (400 MHz,
CD2Cl2): d = 159.47, 150.58, 143.90, 132.12, 130.88, 129.81, 129.70,
124.32, 123.96, 118.00, 117.86, 58.70, 39.54, 35.09, 33.08, 32.46, 32.35,
31.78, 25.92, 17.12 ppm; MALDI-MS: m/z calcd for C44H54N2O2S6:
834.251; found: 834.209.

Preparation of 5 : A flame-dried Schlenk reaction tube charged with a
mixture of 4 (105.4 mg, 0.2 mmol), 1 (265.5 mg, 0.5 mmol), K3PO4

(233 mg), and CuI (10 mg) was degassed with N2 for 10 min. After the
addition of racemic trans-cyclohexanediamine (20 mL) and freshly dis-
tilled dioxane (2 mL) under N2, the Schlenk tube was sealed and the re-
action mixture was stirred while heating at 110 8C for 24 h. The mixture
was then allowed to cool to room temperature and diluted with CH2Cl2.
After successive washings with dilute aqueous ammonium hydroxide so-
lution and water and drying over anhydrous MgSO4, the crude product
was purified by chromatography on silica gel using petroleum ether/di-
chloromethane (3:2) as eluent. Conjugate 5 was obtained as a yellow
solid (88 mg; 33% yield). 1H NMR (400 MHz, CD2Cl2): d = 7.10 (d, J =

8.8 Hz, 4H; ArH), 7.00 (m, 6H; ArH), 6.82 (d, J = 9.0 Hz, 2H; ArH),
6.78 (s, 4H; Py-H), 6.73 (s, 2H; Py-H), 3.72 (s, 3H; OCH3), 2.75 (t, J =

7.3 Hz, 8H; -SCH2), 1.55 (m, J = 7.4 Hz, 8H; -SCCH2), 1.40–1.10 (m,
40H; -SCC(CH2)5), 0.79 ppm (t, J = 7.0 Hz, 12H; -CH3);

13C NMR
(400 MHz, CD2Cl2): d = 160.40, 149.31, 143.10, 138.08, 130.60, 126.71,
124.65, 118.17, 117.86, 58.65, 39.47, 35.00, 33.00, 32.38, 31.69, 25.83,
17.03 ppm; MALDI-MS: m/z calcd for C67H87N3OS12: 1333.350; found:
1333.357.

Preparation of 7: A flame-dried Schlenk reaction tube charged with a
mixture of 6 (62 mg, 0.1 mmol), 1 (200 mg, 0.36 mmol), K3PO4 (200 mg),
and CuI (7 mg) was degassed with N2 for 10 min. After the addition of
racemic trans-cyclohexanediamine (10 mL) and freshly distilled dioxane
(2 mL) under N2, the Schlenk tube was sealed and the reaction mixture
was stirred while heating at 110 8C for 24 h. The mixture was then al-
lowed to cool to room temperature and diluted with CH2Cl2. After suc-
cessive washings with dilute aqueous ammonium hydroxide solution and
water and drying over anhydrous MgSO4, the crude product was purified
by chromatography on silica gel using petroleum ether/dichloromethane
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(3:2) as eluent. Conjugate 7 was obtained as a yellow solid (73 mg; 40%
yield). 1H NMR (400 MHz, CD2Cl2): d = 7.16 (d, J = 9.0 Hz, 6H; ArH),
7.07 (d, J = 9.0 Hz, 6H; ArH), 6.81 (s, 6H; ArH), 2.75 (t, J = 7.3 Hz,
12H; -SCH2), 1.56 (m, J = 7.4 Hz, 12H; -SCCH2), 1.40–1.10 (m, 60H;
-SCH2), 0.80 ppm (t, J = 7.0 Hz, 18H; -CH3);

13C NMR (400 MHz,
CD2Cl2): d = 147.62, 137.95, 129.88, 127.30, 124.09, 123.51, 113.33, 38.56,
34.11, 32.09, 31.48, 31.37, 30.80, 24.94, 16.14 ppm; MALDI-MS: m/z calcd
for C90H120N4S18: 1832.449; found: 1832.432.

Preparation of 9 : A flame-dried Schlenk reaction tube charged with a
mixture of 2 (129.3 mg, 0.3 mmol), 8 (28.2 mg, 0.1 mmol), K3PO4

(106 mg), and CuI (5 mg) was degassed with N2 for 10 min. After the ad-
dition of racemic trans-cyclohexanediamine (10 mL) and freshly distilled
dioxane (2 mL) under N2, the Schlenk tube was sealed and the reaction
mixture was stirred while heating at 110 8C for 24 h. The mixture was
then allowed to cool to room temperature and diluted with CH2Cl2.
After successive washings with dilute aqueous ammonium hydroxide so-
lution and water and drying over anhydrous MgSO4, the crude product
was purified by chromatography on silica gel using petroleum ether/di-
chloromethane (3:2) as eluent. Conjugate 9 was obtained as a yellow
solid (46.2 mg; 52% yield). 1H NMR (400 MHz, CD2Cl2): d = 7.04 (d, J
= 9.0 Hz, 4H; ArH), 6.94 (d, J = 9.0 Hz, 8H; ArH), 6.85 (d, J =

9.0 Hz, 4H; ArH), 6.75 (m, 12H; ArH and Py-H), 3.69 ppm (s, 12H;
OCH3);

13C NMR (400 MHz, CD2Cl2): d = 159.35, 150.43, 143.84,
135.18, 129.70, 124.27, 124.17, 117.85, 58.61 ppm; MALDI-MS: m/z calcd
for C50H40N4O4S4: 888.193; found: 888.193.
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