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We report on the study of the electrochemically targeted complexation/expulsion of a metal cation (Ba2+) by
a crown ether tetra(thiomethyl)tetrathiafulvalene derivative (crown-TTM-TTF). Real time, in situ FTIR
spectroelectrochemistry was used to obtain spectroscopic evidence of this electrochemically triggered
phenomenon. Density functional theory calculations allowed the spectral information collected to be assigned.
Both experimental and theoretical results clearly show that neutral crown-TTM-TTF complexes well Ba2+.
Complexation is evidenced by a significant downshift of the frequency corresponding to the asymmetric
stretching of the C-O-C ether groups. Concerning the cation crown-TTM-TTF, the spectroscopic signal of
the complex form was difficult to identify, first because of the rather low value of the complexation constant
and second because the vibration modes involving the oxygen atoms (which are the most affected by the
complexation) were found by calculation to occur in the lower spectral region (<1000 cm-1), which is not
accessible in our experimental conditions. In the case of the dication crown-TTM-TTF, it is now clear that
the complex form does not exist, which means that the electrochemical formation of the dication necessarily
involves the expulsion of the barium ion.

1. Introduction

The discovery of crown ethers by Pedersen in 1962 opened
new possibilities for complexing metal cations.1 In particular,
much effort has been dedicated to develop molecular assemblies
incorporating these receptors with the additional possibility of
controlling the complexation process: molecular systems made
up of a macrocyclic receiver combined with an electroactive
unit. Among redox-active compounds, tetrathiafulvalene (TTF)
has emerged as an alternative electroactive system in the design
of redox-responsive ligands. TTF and its derivatives have been
widely investigated,2 and have been the focus of a great number
of studies in the field of materials chemistry.3 TTF derivatives
are versatile building blocks that are used in the preparation of
cation sensors, liquid crystals, shuttles and switches, redox
polymers, photovoltaic materials, etc.4 Most of these applications
are related to the redox properties of TTF. It is an excellent
π-electron donor and can be successively oxidized into ther-
modynamically stable radical cation and dication species, in a
totally reversible way.

The synthesis of crown ether derivatives incorporating the
TTF unit has been exploited with the aim of creating compounds
that would be able to complex metal cations and so that this
complexation could be monitored electrochemically. To ensure
a good communication between the chelating unit (the crown
ether) and the redox moiety (the TTF core), the functionalization
of the TTF moiety has been undertaken following different

strategies of synthesis.3a,c,d,e,5In a recent study, the synthesis
and properties of the crown ether derivative of tetra(thiomethyl)-
tetrathiafulvalene (TTM-TTF) displayed in Figure 1 have been
described.6 This molecule (hereafter referred to as “crown-TTM-
TTF”) is able to complex the barium metal cation. The
electrochemical study performed by cyclic voltammetry (CV)
revealed that the molecule keeps the redox properties of TTF;
i.e., it oxidizes in two successive, fully reversible steps (EOX

1

) 0.53 V andEOX
2 ) 0.73 V vs Ag/AgCl).6a The complexation

with the barium cation affects the electrochemical behavior.
Progressive additions of barium perchlorate cause an anodic shift
of 100 mV of the first oxidation wave (EOX

1), while the second
oxidation wave (EOX

2) remains unchanged. The anodic shift of
EOX

1 is taken as the electrochemical signature of the complex-
ation of Ba2+ by crown-TTM-TTF, and it is attributed to an
inductive electrostatic effect of the crown ether bound metal
cation, which determines a decrease of the electronic density
on the TTF moiety. On the other hand, the second oxidation
wave is neither shifted nor modified, which seems to indicate
that, at this point, crown-TTM-TTF is in its “free” (not
complexed) dication form. The repulsive electrostatic interaction
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Figure 1. Chemical structure of crown-TTM-TTF.
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caused by the double positive charge has already expelled the
metal cation from the cage. The CV values of the complexation
constants obtained for the crown-TTM-TTF/barium system were
K0 ) 1.9 × 104 for the neutral state,K+ ) 2.4 × 102 for the
radical cation, andK2+ ≈ 0 for the dication.6

In this paper, we aim to provide a spectroscopic signature of
the complexing ability of crown-TTM-TTF by using in situ,
real time vibration spectroelectrochemistry. This technique
allows the potential to be controlled, while returning salient
structural information about the species formed during the
experiment through the observation of the absorption frequen-
cies.7 The technique was developed by Gaillard et al., who
worked out a cell suited for both UV-vis and Raman
spectroscopy.8 The applicability of this cell was recently
extended to IR9 and fluorescence.10 To get a deeper understand-
ing of the experimental observations, the spectroelectrochemistry
study was complemented with density functional theory (DFT)
calculations. In a recent study on TTF and TTM-TTF,11 this
approach has been shown to be a powerful tool in interpreting
the experimental trends obtained from FTIR spectroelectro-
chemistry.

2. Experimental and Computational Details

Spectroelectrochemical Measurements.The spectroelec-
trochemical cell has been described elsewhere, and its opera-
tional ability was checked with the well-known, two-step
reduction of tetracyano-p-quinodimethane (TCNQ).9 The optical
window used for FTIR measurements is CaF2, which is IR-
transparent down to ca. 1111 cm-1, although it is possible to
observe IR signals down to ca. 1000 cm-1. Because of the
energy attenuation in the range 1100-1000 cm-1, the signals
observed in this range have to be taken into account with due
care.

Spectroelectrochemical measurements were carried out with
a Bruker Tensor 27 FTIR instrument equipped with an MCT
detector cooled with liquid nitrogen. This spectrometer allows
collection of two spectra per second. The electrochemical (cyclic
voltammetry) part of the experiment was run with an Autolab
PGSTAT 100 potentiostat. Measurements were carried out in
thin layer conditions to ensure total electrolysis conditions of
the probed sample, which implies low scan rates (1-5 mV‚s-1),
and to keep the absorption of the IR peaks below a value of ca.
0.8. In all cases, a compromise had to be found, and typically,
the thickness of the layer (i.e., the optical path) was kept below
100 µm. We always managed to collect about 100 infrared
spectra along the electrochemical scanning range (0-1 V and
back), i.e., over the total duration of the experiment.

The series of spectra collected contained rather complex
information: strong signals due to both the solvent and the
supporting electrolyte and much weaker signals due to the solute
(crown-TTM-TTF). Accordingly, considering the remarkable
stability of the infrared spectrometer and to evidence the changes
undergone upon oxidation, the first spectrum recorded at the
starting potential (0.0 V) was systematically subtracted from
all the others. All the resulting “difference spectra” were then
assembled in a 3D plot (variation of absorbance/applied
potential/wavenumber) called a “difference spectroelectrogram”.
The data are raw and have been neither corrected nor smoothed,
which further demonstrates the excellent quality of the experi-
mental setup and signal-to-noise ratio.

The solutions studied were 10-3 M in crown-TTM-TTF in
acetonitrile/dichloromethane (50:50 mixture, Merck, spectro-
scopic grade), containing 0.1 M tetrabutylammonium hexafluo-
rophosphate (TBAPF6; supporting electrolyte, Fluka). The

equimolar mixture of solvents was chosen because the metal
cation is soluble in CH2Cl2 and the crown ether is better
dissolved in CH3CN. These rather harsh conditions were
necessary because a higher concentration of crown ether can
cause the formation of aggregates.12

The working electrode was a 5 mmplatinum disk, and the
reference electrode was Ag+/Ag in CH3CN-TBAPF6. The
counter electrode was a broad piece of platinum foil. All
solutions were prepared and the cell was filled in a glovebox
flushed with dry (H2O contents<0.1 vpm), deoxygenated argon
(O2 contents<0.1 vpm).

Computational Details. DFT calculations were carried out
using the GAUSSIAN 03 program package13 running on SGI
Altix computers and IBM RS/6000 workstations. All calcula-
tions were performed using Becke’s three-parameter B3P86
exchange-correlation functional,14 together with the 6-31G**
basis set.15 The B3P86 functional is recognized to provide
equilibrium geometries for sulfur-containing compounds in
better agreement with experimental data and ab initio post-
Hartree-Fock (HF) calculations than the more widely used
B3LYP functional.16 The 6-31G** basis set was chosen as a
compromise between accuracy in predicting molecular geom-
etries and computational cost. Geometry-optimization calcula-
tions were very expensive in computing time due to the high
flexibility of the polyether chain. Calculations without symmetry
restrictions took more than 100 optimization cycles to achieve
convergence criteria. The LANL2DZ basis set,17 which incor-
porates quasirelativistic effective core potentials (ECPs), was
used for the Ba atom. The radical cations of both metal-free
and Ba2+-complexed systems were treated as open-shell systems
and were computed by using spin-unrestricted DFT wave
functions (UB3P86). No significant spin contamination was
obtained for these systems.

The calculated harmonic vibrational frequencies were scaled
down uniformly by a factor of 0.96, as suggested by Scott and
Radom.18 Accordingly, all theoretical vibration data quoted in
the text are scaled values. The theoretical infrared spectra were
obtained by convoluting the scaled frequencies with Gaussian
functions (10 cm-1 half-width). The height of the Gaussians
was determined from the intensities calculated for the infrared-
active normal modes.

3. Results and Discussion

IR Spectroelectrochemistry. Free Crown-TTM-TTF.The
difference spectroelectrogram obtained for free crown-TTM-
TTF is presented in Figure 2. Only the part of the spectral range
where a signal was recorded (1600-1000 cm-1) is displayed.
It should be noted that in the range 1600-1420 cm-1 the solvent
used (CH3CN/CH2Cl2, 50:50) absorbs strongly. Consequently,
the difference spectrum affords relevant information only in the
range 1420-1000 cm-1. The solvent also displays strong
absorption bands at 1037, 1265, and 1375 cm-1. Overall, as is
always the case in “normal” spectroscopic experiments, salient
information will only be available within the solvent’s “win-
dows”, in our case 1260-1050, 1370-1270, and 1420-1380
cm-1. In Figure 2, the absorption peaks assigned to the solvent
are marked with an asterisk and the peaks corresponding to the
disappearance (∆A < 0) of the neutral species and to the
formation (∆A > 0) of the cation and dication are clearly
identifiable. It should be stressed that the maximum variation
of absorbance is lower than 0.02, which is weaker than what
was obtained for TTM-TTF (0.06) in identical conditions.11 This
shows that the experimental setup used is of good quality and
yields a good signal-to-noise ratio.
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The wavenumbers of the absorption peaks observed for the
different redox species of crown-TTM-TTF are listed in Table
1. The values previously obtained for TTF and TTM-TTF are
also included to compare their spectroelectrochemical behavior.
A negative peak, necessarily corresponding to the disappearance
of the neutral species, is located at 1103 cm-1. The formation
of the radical cation determines the appearance of two well-
resolved peaks at 1322 and 1398 cm-1. The dication presents
two small features at 1074 and 1195 cm-1 and an intense band
composed of three peaks at 1295, 1315, and 1332 cm-1.

The IR spectroelectrochemical behavior observed for crown-
TTM-TTF therefore appears to be very close to that recorded
for the TTM-TTF molecule.11 As observed in Table 1, the
number of peaks and their wavenumbers are about the same
for both systems. This suggests that grafting a polyetheroxide
chain onto TTM-TTF does not disturb too much the molecular
structure of that moiety. The spectroelectrochemical differences
observed between TTF and TTM-TTF were much more
important: the addition of thiomethyl groups to the TTF core
involved drastic changes in the resulting spectra.11

Barium Complex of Crown-TTM-TTF.FTIR spectroelectro-
chemistry measurements were carried out on a solution of
crown-TTM-TTF prepared in the same conditions and contain-
ing increasing amounts of barium perchlorate. Due to the small
crown ether concentration used and to the values of the
complexation constants recorded for crown-TTM-TTF and its
oxidized species, a barium concentration range of 0-50 equiv
had to be covered to obtain a concentration of complexed species
compatible with spectroscopic detection. The electrochemical
behavior of crown-TTM-TTF upon addition of barium repro-
duces what was described before.6

The wavenumbers recorded for the neutral, radical cation,
and dication absorbing species are listed in Table 2 for different
amounts of barium added (0, 12, 16, and 50 equiv). Compared
to that of the free molecule, the negative peak corresponding
to the neutral species is downshifted by 24 cm-1 (from 1103 to
1079 cm-1). Indeed, it is rather remarkable to observe this shift
for the first additions of barium (<12 equiv), considering that
the peak of the complexed neutral species (1079 cm-1, negative
peak) and that of the dication (1074 cm-1, positive peak) are
located very close to each other. Moreover, the peaks located
in this region have an absorbance smaller than 0.01.

For the radical cation, a small peak (A ≈ 0.001) appears
systematically at 1345 cm-1, starting from 16 equiv. Since the
complexation constant is 100 times lower than that of the neutral
species, a large excess of barium should be added to the solution
to be able to observe spectroscopically the complexed cation.
From 16 equiv, an appreciable part of the crown-TTM-TTF
radical cation is complexed with barium (7.8× 10-4 M) and
the signals of both the metal-free and the complexed radical
cation can be observed.

As for the dication, even with 50 equiv of barium added, no
spectroscopic difference is observed. Considering the very low
value of the corresponding complexation constant (∼0), it seems
obvious that the signal corresponding to the complexed dication
cannot be observed, because this species is simply not present
in the solution.

With the aim of looking further into the results obtained, DFT
calculations were carried out on the crown-TTM-TTF molecule
in its various states of oxidation, both in metal-free and in
complexed forms.

Theoretical Calculations.Free Crown-TTM-TTF.The mo-
lecular structure of crown-TTM-TTF was fully optimized using
the B3P86 functional and the 6-31G** basis set. Owing to the
flexibility of the polyether chain, calculations lead to a number
of close-energy structures that mainly differ in the conformation
of the crown subunit. Figure 3a displays two different views of
the minimum-energy structure afforded by the calculations. The
structure presents a conformation that strongly resembles that
observed in the solid state from X-ray crystallography.6 The

Figure 2. Difference FTIR spectroelectrogram of free crown-TTM-
TTF (10-3 M) under thin layer conditions in 0.1 M TBAPF6-(CH3-
CN/CH2Cl2, 50:50). The asterisk denotes absorption peaks of the
solvent.

TABLE 1: FTIR Wavenumbers (cm-1) Measured for TTF,
TTM-TTF, and Free Crown-TTM-TTF upon Oxidation

TTFa TTM-TTFa
free

crown-TTM-TTF

neurtal 1103
none

1530
cation 1319 1322

1402 1398
1477
1508

dication 1091 1074
1195

1294 1295
1310 1315
1334 1332

1435

a Values from ref 11.

TABLE 2: FTIR Wavenumbers (cm-1) Measured for
Crown-TTM-TTF in Its Neutral, Cation, and Dication States
upon Addition of Different Amounts of Barium

0 equiv 12 equiv 16 equiv 50 equiv

neutral 1079 1079 1079
1103 1103 1103 1103

cation 1322 1322 1322 1322
1345 (w) 1345 (w)

1398 1400 1400 1400

dication 1074
1195 1195 1195 1195
1295 1295 1295 1295
1315 1315 1315 1315
1332 1332 1332 1332
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TTF moiety is folded in a boatlike form due to the bending of
the dithiolylidene rings along the S‚‚‚S axes. The average
bending angle calculated (20.4°) is larger than that observed in
the crystal (5.1°). The polyether chain is positioned upward and
shows an orientation of the oxygen lone pairs toward the center
of the cavity that is appropriate for complexation purposes. The
dimensions predicted for the cavity (7.8× 8.8 Å) are similar
to those observed in the crystal (7.8× 8.4 Å).19 Figure 3b
presents a theoretical structure in which the TTF moiety is more
planar and the polyether chain is less expanded. This structure
is calculated 1.53 kcal mol-1 higher in energy and shows a
conformation less appropriate for metal coordination. Two
symmetrizedCs structures showing conformations similar to that
depicted in Figure 3a were also generated and optimized, but
they were found to be 1.93 and 2.37 kcal mol-1 higher in energy.
The results presented below therefore correspond to those
obtained for the lowest energy structure depicted in Figure 3a.

Figure 4 displays the atomic orbital composition calculated
for the highest occupied molecular orbital (HOMO) of crown-
TTM-TTF. The electronic density in the HOMO is mainly
located over the TTF moiety with small contributions of the
thiomethyl sulfurs. This topology suggests that oxidation will
mainly affect the structure of the TTF moiety. This is exactly
what was obtained when the molecular structures of the cation
and dication of crown-TTM-TTF were theoretically optimized.
As depicted in Figure 5, the TTF moiety, including the SCH3

groups, becomes fully planar for the cation, while the polyether
chain remains almost unaffected (see Figures 3a and 5). For
the dication, the crown ether preserves its conformation but folds
down due to the twisting of the SCH2 units that tend to be
coplanar with the TTF moiety. These structural changes are
similar to those previously obtained for the TTM-TTF molecule
upon oxidation.11 Neutral TTM-TTF presents a boatlikeC2V
structure with the four methyl groups pointing upward, while
the dication exhibits a planarD2h structure in which the four
SCH3 groups lie within the TTF plane.

Figure 6 summarizes the bond lengths and net atomic charges
calculated for the TTM-TTF environment in the different
oxidation states of crown-TTM-TTF. Atomic charges were

obtained by using the natural population analysis (NPA)
algorithm.20 For the sake of simplicity, data in Figure 6 are
averaged over bonds/atoms that are chemically equivalent in
TTM-TTF. In passing from the neutral crown ether to the
dication, the central C1-C2 bond lengthens from 1.349 to 1.403
Å, the lateral C3-C4 and C5-C6 bonds elongate from 1.355
to 1.398 Å, and the S-C bonds involving the TTF core shorten
by 0.03-0.04 Å. These changes are identical to those previously
calculated for the TTM-TTF molecule,11 and confirm that
oxidation mainly affects the TTF moiety. On average, the bonds
forming the polyether chain undergo changes smaller than 0.01
Å and those located far from the TTF core remain mainly

Figure 3. (a) Two different views of the lowest energy molecular
conformation calculated for crown-TTM-TTF at the B3P86/6-31G**
level. Atomic numbering corresponds to that used in ref 6. (b) A higher
energy theoretical structure.

Figure 4. Isodensity representation of the HOMO of crown-TTM-
TTF.

Figure 5. B3P86/6-31G**-optimized structures of the cation (a) and
dication (b) of crown-TTM-TTF.

Figure 6. Optimized bond lengths (Å) and NPA net atomic charges
(e) calculated for crown-TTM-TTF in its neutral, cation, and dication
states.
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unaffected. The net atomic charges calculated for crown-TTM-
TTF support this result since 0.95 e are extracted from the TTF
environment in the radical cation and 1.72 e in the dication.

Figure 7 sketches the IR spectra calculated for crown-TTM-
TTF in neutral, cation, and dication states. The spectrum of the
neutral species is displayed separately in Figure 7a because of
the relatively low intensity of the peaks calculated for this
species. The most intense feature corresponds to a multiple-
peak structure that originates in a set of normal vibrations
associated with the asymmetric stretching motion of the
C-O-C ether groups coupled with the rocking of the CH2

groups. The peak of maximum intensity (I ) 467 km mol-1) is
calculated at 1137 cm-1 and mainly involves the motion of the
O1 and O5 oxygens. The second peak structure centered at 1329
cm-1 is due to the umbrella-like motion of the CH2 and CH3

groups. The third structure in the 1400-1460 cm-1 range mainly
results from CH2 and CH3 δ deformations. Finally, a low-
intensity peak (I ) 17 km mol-1) is found at 1502 cm-1. This
peak arises from the normal modes depicted in Figure 8, which
are associated with the in-phase (1500 cm-1) and out-of-phase
(1504 cm-1) stretchings of the lateral C3dC4 and C5dC6
double bonds. These vibrations were calculated at almost
identical frequencies (1502 and 1506 cm-1, respectively) for
the TTM-TTF molecule.11 A third mode mainly involving the
stretching of the central C1dC2 bond is obtained at 1569 cm-1

with a negligible intensity (I ) 3 km mol-1).
The IR band calculated at 1144 cm-1 for the crown-TTM-

TTF cation (Figure 7b) has the same nature (C-O-C asym-
metric stretching) as the structure centered at 1137 cm-1 of the
neutral system. The upshift of 7 cm-1 of the maximum intensity
peak is due to a greater participation in the associated normal

vibration of the C-O1-C group, which is surrounded by shorter
C-C bonds. The most intense feature in the spectrum of the
cation is calculated at 1399 cm-1 (I ) 1473 km mol-1) and
corresponds to the out-of-phaseν(CdC) vibration sketched in
Figure 8b. Oxidation to the cation therefore causes a downshift
of 105 cm-1 (from 1504 to 1399 cm-1) for that vibration and
produces a huge increase of its intensity. This value is
comparable to that obtained for TTM-TTF, for which the
vibration shifts from 1506 cm-1 in the neutral system to 1393
cm-1 in the cation. In the crown-TTM-TTF cation, the in-phase
ν(CdC) vibration depicted in Figure 8a mixes with theδ
deformations of the CH2 and CH3 groups and appears as a
shoulder on the high-energy side of the 1399 cm-1 peak and as
a small peak at 1441 cm-1.

The IR spectrum calculated for crown-TTM-TTF2+ presents
a very intense band structured in three peaks at 1297, 1315,
and 1331 cm-1. The most intense peak (I ) 3137 km mol-1) is
due, as for the cation, to the out-of-phaseν(CdC) vibration of
the TTF moiety (Figure 8b). The other two peaks result from
different vibrations coupling the in-phaseν(CdC) stretching
depicted in Figure 8a with the umbrella motions of the CH2

and CH3 groups. The lower intensity band around 1420 cm-1

results from theδ deformations of the CH2 and CH3 groups.
The most relevant changes calculated upon oxidation in the

1000-1600 cm-1 region of the IR spectrum of crown-TTM-
TTF are therefore those associated with the asymmetric stretch-
ing of the lateral C3dC4 and C5dC6 bonds of the TTF unit.
As oxidation takes place, this vibration undergoes a frequency
downshift (neutral, 1504 cm-1; cation, 1399 cm-1; dication,
1297 cm-1) and an intensity increase (neutral, 8 km mol-1;
cation, 1437 km mol-1; dication, 2995 km mol-1). The
frequency downshift is due to the lengthening of the C3dC4
and C5dC6 bonds which change from 1.355 Å in the neutral
molecule to 1.398 Å in the dication (Figure 6). The intensity
increase is due to the electrical dipolar moment induced by the
vibrational motion that is expected to augment with the oxidation
state due to the increase in the atomic charges (Figure 6). For
the dication, two additional intense peaks merge at 1315 and
1331 cm-1 due to the in-phase stretching of the C-C bonds of
the TTF unit. It should be noted that the same trends and almost
identical frequencies were obtained for the optimizedCs

structures for which the IR spectra were also calculated.
To make easy the comparison with the experimental results

(Figure 2 and Table 1), the IR spectrum calculated for neutral
crown-TTM-TTF was subtracted from the spectra obtained for
the cation and dication, and the resulting difference spectra are
displayed in Figure 9. Calculations predict a negative peak
structure centered around 1137 cm-1 in the difference spectra

Figure 7. B3P86/6-31G** IR spectra calculated for crown-TTM-TTF
in its (a) neutral and (b) cation and dication states.

Figure 8. B3P86/6-31G** eigenvectors associated with the in-phase
(a) and out-of-phase (b) stretchings of the C3dC4 and C5dC6 bonds
calculated for neutral crown-TTM-TTF.
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of the cation and dication due to the disappearance of the neutral
species. This peak can be correlated with the negative band
observed experimentally around 1103 cm-1 and is due to the
asymmetric stretching of the C-O-C groups as assigned above.

The theoretical difference spectrum of the cation presents two
positive peaks at 1144 and 1399 cm-1. The former peak results
from the shift of the C-O-C stretching in passing to the cation
and is not detected in the experimental spectrum. Indeed, the
appearance of this peak depends on the conformation of the
polyether chain, and it is not predicted when the more symmetric
Cs structures are used in the calculation of the IR spectra. The
intense peak at 1399 cm-1 matches perfectly the experimental
peak observed at 1398 cm-1, which is thus assigned to the out-
of-phase stretching of the C3dC4 and C5dC6 bonds. The
experimental peak at 1322 cm-1 was assigned to the umbrella-
like vibrational motion of the CH3 groups in TTM-TTF (1319
cm-1).11 For the crown-TTM-TTF cation, these vibrations are
calculated around 1320-1330 cm-1 and remain almost unaf-
fected in passing from the neutral system to the cation.
Therefore, no prominent peak is obtained in the theoretical
difference spectrum.

For the dication, the intense three-peak structure calculated
at 1297, 1315, and 1331 cm-1 accounts for the experimental
band structured in three peaks observed at 1295, 1315, and 1332
cm-1 (see Table 1). As discussed above, these peaks correspond
to CdC stretchings of the TTF moiety that shift down upon
oxidation. Theδ deformations of the CH2 and CH3 groups
calculated in the 1400-1420 cm-1 range are not detected in
the experimental spectrum. This was also the case for TTM-
TTF2+.11

We have therefore shown that IR spectroelectrochemistry can
be safely used to monitor the various redox steps in the oxidation
process of crown-TTM-TTF. Although the experimental peaks
have a very low intensity, the maximum variation of absorbance
is lower than 0.02, and the technique clearly identifies the
distinctive peaks that characterize each species. The neutral
species is recognized by the negative peak around 1100 cm-1.
The signature of the cation is the intense band at 1398 cm-1

associated with the stretching of the lateral CdC bonds of the
TTF moiety. This band can also be used to identify the dication
because it downshifts by approximately 100 cm-1 and forms a
well-resolved, three-peak intense structure.

Barium Complex of Crown-TTM-TTF.The molecular struc-
ture of the complex formed by crown-TTM-TTF and Ba2+ was
fully optimized starting from the conformation depicted in
Figure 3a and from the more symmetricCs conformations after
insertion of a barium cation into the middle of the polyether

chain. The most stable structure now corresponds to theCs

conformation displayed in Figure 10, which is calculated to be
3.30 kcal mol-1 lower in energy than that resulting from the
asymmetric conformation of Figure 3a. Compared to that of
the metal-free system, the polyether chain folds down over the
TTF moiety, forming a cavity in which the Ba2+ cation is
embedded at almost equal distances from the five oxygen atoms
(2.76-2.87 Å). The TTF moiety preserves its boat conformation,
showing an average bending angle of 18.5° along the S‚‚‚S axes.
The conformation predicted for the complex is, however,
significantly different from that observed in the crystal, in which
the polyether chain is more extended.6 The difference comes
from the fact that the coordination of Ba2+ in the solid is ensured
by the five oxygen atoms forming the polyether chain, and also
by solvent molecules (H2O/CD3CN) and counterions (CF3SO3

-),
giving rise to a 10-fold coordination sphere. Calculations lead
to a more compact structure, in which the barium cation is more
effectively surrounded by the crown ether (Figure 10), because
only the coordination by the polyether oxygens is taken into
account. The calculation of the equilibrium structure of the
complex including the counterions (ClO4

-) and the solvent
molecules (CH3CN/CH2Cl2) involved in the spectroelectro-
chemistry experiment is precluded by the size of the system
and because the actual coordination of the Ba2+ cation in the
solution is unknown. Despite these limitations, the Ba‚‚‚O
distances predicted theoretically (2.76-2.87 Å) are rather close
to those observed by X-ray diffraction (2.88-2.92 Å).6

The structures of the radical cation and dication were
calculated starting from the optimized structure of the neutral
complex and are depicted in Figure 11. As oxidation takes place,
the polyether chain spreads out and gives rise to more extended
structures, in which the barium cation moves away from the
TTF core. The distance from the Ba2+ ion to the S1 and S3
atoms changes from 3.87 Å in the neutral system to 6.30 Å in
the radical cation and 5.98 Å in the dication. In contrast, the
average distance between the Ba2+ ion and the oxygen atoms

Figure 9. B3P86/6-31G** IR difference spectra calculated for crown-
TTM-TTF in its different oxidation states.

Figure 10. B3P86/6-31G**-optimized, lowest energy structure of the
Ba2+-crown-TTM-TTF complex (Cs symmetry): (a) frontal view; (b)
lateral view.

Figure 11. B3P86/6-31G**-optimized structures of the radical cation
(a) and dication (b) of the Ba2+-crown-TTM-TTF complex (Cs

symmetry).
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of the polyether chain remains almost constant (neutral, 2.82
Å; cation, 2.81 Å; dication, 2.86 Å).

Calculations clearly show that oxidation mainly affects the
TTF moiety. In passing to the dication, the bond lengths undergo
changes similar to those collected in Figure 6 for the metal-
free molecule. The central C1dC2 bond lengthens from 1.357
to 1.406 Å, the lateral C3dC4 and C5dC6 bonds increase from
1.354 to 1.405 Å, and the C-S bonds shorten by 0.03-0.06 Å.
The NPA net atomic charges calculated for the different species
indicate that the electrons are mainly removed from the TTF
environment. The total charge extracted from this environment
is 0.95 e for the radical cation and 1.94 e for the dication. This
latter value is higher than that obtained for the noncomplexed
system (1.72 e) and indicates a higher accumulation of the
positive charge on the TTF core due to the repulsive electrostatic
effect of the Ba2+ cation.

The stability of the Ba2+-crown-TTM-TTF complex was
estimated as the difference between the total energies of the
noncomplexed and complexed systems. The binding energy
calculated at the B3P86/6-31G** level for the Ba2+-crown-
TTM-TTF complex is 162.30 kcal mol-1, thus supporting the
complexation ability of neutral crown-TTM-TTF. Upon oxida-
tion, the binding energy decreases to 53.14 kcal mol-1 for the
cation and becomes negative (-38.18 kcal mol-1) for the
dication. These energies suggest that the Ba2+ ion remains
complexed when the crown-TTM-TTF ligand is oxidized to the
radical cation but is expelled when the dication is formed.
Calculations therefore reinforce the experimental evidence
indicating that the formation of the dication implies the
expulsion of barium from the cage of the crown ether.

The IR spectrum of the complexed system was thus calculated
only for the neutral and radical cation states of the crown ether.
The comparison of the theoretical spectra with the experimental
spectra is not straightforward because the former are obtained
for isolated systems and do not include the solvent molecules
and the counterions that surround the Ba2+ ion in solution.
Despite this limitation, clear correlations between the theoretical
results and the experimental data can be established. For the
neutral ligand, the complexation with Ba2+ generates a theoreti-
cal displacement toward lower frequencies (from 1137 to 1094
cm-1) of the negative peak appearing in the difference spectrum.
This displacement correlates with the downshift observed in the
experimental spectra from 1103 to 1079 cm-1 (see Tables 1
and 2). As discussed above, the peak was due to the asymmetric
stretching motion of the C-O-C ether groups and involves
the deformation of the polyetheroxide chain. The peak shifts
down because the incorporation of the Ba2+ cation determines
an elongation of the C-O bonds from∼1.41 Å in the metal-
free system to∼1.43-1.44 Å in the complexed crown ether.
These results therefore support that the experimental peak
observed at 1079 cm-1 is the signature of the complexed state
of neutral crown-TTM-TTF.

As for the radical cation, calculations predict that the
complexed system shows a very intense peak (I ) 1574 km
mol-1) at 1371 cm-1. The peak has the same nature (the out-
of-phaseν(CdC) stretching sketched in Figure 8b) as the intense
peak calculated at 1399 cm-1 for the metal-free system (see
Figure 7b), and it shifts down due the lengthening of the C3d
C4 and C5dC6 bonds (∼0.01 Å) caused by Ba2+ complexation.
The frequency predicted for the peak lies in one of the zones
where the solvent presents a strong absorption (1375 cm-1) and
the peak is not experimentally observed because it is probably
masked by the solvent. The weak feature observed at 1345 cm-1

in the experimental spectra of the cation (Table 2) can be

attributed to the normal modes associated with the umbrella-
like vibrations of the CH2 and CH3 groups calculated around
1330 cm-1. These vibrations increase their intensity with
complexation and give rise to a small feature (I ) 154 km
mol-1) in the difference spectrum. This intensity increase was
not obtained for the metal-free system, and the spectral feature
observed at 1345 cm-1 can be taken as a signature of the
complexation of the crown-TTM-TTF radical cation.

The theoretical difference spectrum calculated for the com-
plexed radical cation shows more intense features in the spectral
region 970-1070 cm-1. These features correspond to vibrational
modes involving the oxygen atoms of the polyether chain and
are more sensitive to the presence of the Ba2+ cation in the
cage. Unfortunately, they are experimentally obscured by the
absorption of the solvent and by the optical window. Indeed,
the CaF2 window used in the experiment cuts off at 1111 cm-1;
i.e., the energy of the beam decreases considerably between 1100
and 1000 cm-1, and no more signal can be detected below 1000
cm-1. Therefore, to be able to reach the spectral range between
900 and 1000 cm-1, one could use IRTRAN (zinc selenide,
ZnSe, 20000-454 cm-1). However, in our experimental con-
figuration (incidence of the beam 30° relative to the normal),
the specular reflection is very intense because of the high
refractive index of ZnSe (n ) 2.4), which will strongly degrade
the signal-to-noise ratio. In view of this, the observation of the
zone below 1000 cm-1 seems to be quite difficult to obtain.

4. Conclusion

Crown ethers are cyclic polyethers that have the property of
complexing metal cations. By grafting electroactive moieties
onto such molecules and taking care of achieving an optimal
coupling between the two components of the assembly, it is
possible to control electrochemically the complexation/decom-
plexation process. In this family of new molecules, a crown-
TTF has been studied. It keeps the electrochemical properties
of TTF and has a good affinity toward the barium metal cation.
A previous electrochemical study had shown that the formation
of the radical cation involves a partial decomplexation, whereas
the formation of the dication causes the full expulsion of the
cation from the crown-TTF cage.

An in situ, real time FTIR spectroelectrochemistry study has
been undertaken to obtain the spectroscopic signature of this
expulsion phenomenon. DFT modeling has been carried out on
both the free and the complexed molecules in their various
oxidation states. The theoretical IR spectra have allowed a full
interpretation of the changes observed upon oxidation in the
experimental difference spectroelectrogram, showing that IR
signals can be used as structural signatures to identify the
different oxidation states. The results obtained and presented
in this work ascertain the fact that the neutral crown-TTF
derivative is able to complex barium: the presence of the metal
cation inside the cage induces a 24 cm-1 downshift of the
corresponding absorbance peak. The spectroscopic signature of
the radical cation of the complexed crown-TTF was more
difficult to identify, but the results obtained were enforced by
DFT calculations: a new peak is formed at 1345 cm-1. Due to
the fact that the amount of complexed species is lower than
that of the free species, this peak could only be detected for an
addition of 16 equiv of barium. Additionally, both experimental
and theoretical studies evidenced that the complexed form of
the dication does not exist. In view of this, it is possible to
confirm that the complexation/decomplexation of the crown-
TTF can be triggered electrochemically.
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