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Direct Observation of Mixed-Valence and Radical Cation Dimer States of
Tetrathiafulvalene in Solution at Room Temperature: Association and
Dissociation of Molecular Clip Dimers Under Oxidative Control
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Abstract: We have observed the
mixed-valence and radical cation dimer
states of a glycoluril-based molecular
clip with tetrathiafulvalene (TTF) side-
walls at low concentration (1 mm) at

cal cation dimers, and fully oxidized
tetracationic monomers. The observa-
tion of characteristic NIR spectroscopic
absorption bands at approximately
1650 and 830nm in spectroelectro-

presence of intermediary mixed-va-
lence and radical cation dimers, respec-
tively, during the oxidation process.
The stacking of four TTF radical cat-
ions in the dimer led to the appearance

room temperature. This molecular clip
has four consecutive anodic steps in its
cyclic voltammogram, which suggests a
sequential oxidation of these TTF side-
walls to generate species existing in
several distinct charge states: neutral
monomers, mixed-valence dimers, radi-

lar machines

Introduction

Electronic communication between two (or more) associat-
ed species with different oxidation states (i.e., mixed-va-
lence states) is an important feature of electronically active
materials.! Although electronic communication had been
well established to occur between metals and in metal-con-
jugated compounds,? electronic communication between
mixed-valence states of purely organic compounds had not
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of a charge-transfer band at approxi-
mately 946 nm. Nanoelectrospray ioni-
zation mass spectrometry was used to
verify the tricationic state and confirm
the existence of other different charged
dimers during the oxidation of the mo-
lecular clip.

supports the

supramolecular

been observed prior to 1965.C Because the noncovalent in-
teractions between most organic compounds are weak, or-
ganic mixed-valence states are generally hard to detect in
solution at room temperature unless the components are
linked covalently.™ The stable radical cations and dications
of tetrathiafulvalene® (TTF, Figure 1) and its derivatives
have been widely employed in several applications, includ-
ing organic superconductors!® and electrochemically switch-
able materials.”! Nevertheless, the observation of mixed-va-
lence dimers [(TTF),]* and radical cation dimers
[(TTF),]*** in solution at room temperature remains a chal-
lenging task unless suitable hosts (e.g., cucurbituril)® or
self-assembled molecular cages” are used to bridge the TTF
units noncovalently. Recently, an elegant approach was de-
veloped to meet this challenge through the formation of a
unique TTF"CB~ salt (CB =permethylcarboranyl), which
forms mixed-valence dimers with neutral TTF and dimerizes
at high concentrations.'”! Mixed-valence dimers [(TTF),]™
and radical cation dimers [(TTF),]*** exist in solution at low
concentration only when the intermolecular interactions be-
tween the two constituents are sufficiently strong. Clip-
shaped molecules form complexes efficiently with a range of
aromatic guest units;! this feature endows them with the
potential to dimerize (Figure 1)."2 Previously, we developed
a glycoluril-based molecular clip with electron-rich TTF
units as its sidewalls;"! herein, we report that sequential ox-
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Figure 1. Cartoon representations of the mixed-valence and radical
cation-radical cation dimers of TTF and molecular clips.

idation of these TTF sidewalls generates species in several
distinct charge states: neutral monomers, mixed-valence
dimers, radical cation dimers, and fully oxidized tetracat-
ionic monomers.

Results and Discussion
Electrochemistry: Previously, we reported that the TTF-

sidewall molecular clip 1 (Scheme 1) can form quadruply
controllable macrocycle/molecular clip complexes.'* Be-
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Scheme 1. Structures of molecular clip 1 and TTF derivative 2.

cause the rich redox chemistry of TTF units provides a very
efficient tool for controlling the switching of supramolecular
assemblies between their different states, we were interested
in examining the electrochemistry of molecular clip 1. The
distance between the two almost parallel TTF sidewalls in 1
is approximately 6.8 A" therefore, electronic communica-
tion between the pair of TTF units on each clip during the
oxidation process is very unlikely. Thus, we expected to ob-
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serve two two-electron oxidation processes in the cyclic vol-
tammetry (CV) traces of 1. Interestingly, the cyclic voltam-
mogram of molecular clip 1 in CH;CN (1 mm) had four con-
secutive anodic steps at peak potentials of 430, 562, 680, and
1020 mV, respectively, versus Ag/AgCl (Figure 2 and

Current (105 A)

'20 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential (V, vs Ag/AgCl)

Figure 2. Cyclic voltammograms of 1 mwm solutions of 1 (—) and 2
(-----) in CH;CN. Supporting electrolyte: Bu,NPF¢ (0.1M), scan rate:
100 mVs™.

Table 1). The four peak currents are not equivalent: the
second and third steps proceed with relatively low values of
I, To understand this behavior, we synthesized TTF deriva-

Table 1. Redox potential (mV, vs. Ag/AgCl) from CV.1

En Ey By E, E4 Eu E, Ey
1 430 562 680 1020 84 628 518 338
2 510 910 - - 844 447 - -

[a] E;, are the nth oxidation peak potentials of the neutral compound
and E" , are the nth reduction peak potentials of the fully oxidized spe-

red
cies.

tive 2 as a reference compound (Scheme 1); as expected, it
has two successive oxidation steps in the CV trace. Thus, we
suspect that the two extra oxidation peaks in the cyclic vol-
tammogram of molecular clip 1 arose as a result of intermo-
lecular interactions.

In Figure 3, we propose that the four consecutive oxida-
tion potentials observed in the CV oxidation trace of molec-
ular clip 1 were the result of the initial oxidation of 1 and
subsequent oxidations of its various charged dimers. The dis-
tance (x6.8 A) between the two TTF sidewalls of 1 is ideal
for intercalation (7 stacking) of a guest molecule, especially
for mixed-valence interactions with a complementary elec-
tron-poor radical cation TTF, so we might suspect the initial
formation of a mixed-valence radical cation dimer [1D1]™.
It would be unlikely, however, for this mixed-valence dimer
to exist as a fully aromatic stacked form because of the de-
stabilizing effect of the stacking of two m-electron-rich TTF
units. Thus, the oxidation potential for the removal of a
second electron would most likely be indistinguishable from
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Figure 3. Graphical representation of the stepwise oxidation of the molecular clip dimer.

that of the first; indeed, we observed an initial single two-
electron oxidation at 430 mV, which led to the formation of
the diradical dication dimer [101]***.%] The favorable array
of stabilizing intermolecular interactions within dimer
[121]*** would increase the potential required for the oxi-
dation of its third TTF unit; indeed, the oxidation of
[121]*** to the triradical tricationic dimer [1D1]*** occurred
at a potential (562 mV) significantly higher than that for the
oxidation of the first two TTF sidewalls."” Likewise, the
subsequent oxidation to the tetraradical tetracation dimer
[1D1]***, which features only radical cation-radical cation
interactions (i.e., no mixed-valence interactions), occurred
at 680 mV. Finally, this dimer dissociated, which is repre-
sented by one broad peak at 1020 mV, upon removal of four
electrons simultaneously from the four stacked TTF radical
cations. The dissociation of the dimer is most likely to have
been driven by charge repulsion, as has been proposed for
other systems;m the dissociation of this molecular assembly
into fully oxidized tetracationic monomers 1** is evident by
its reduction potential being similar to that of the fully oxi-
dized dicationic TTF 2*". The low values of I, for the
second and third oxidation signals can be explained by the
dynamic equilibrium of the monomers and dimers in solu-
tion.

Because the dimers [1D1]* and [1D1]*** were stabilized
in solution mainly through mixed-valence interactions, the
dimer [1>1]*** through radical cation-radical cation interac-
tions, and the dimer [1D1]**" through both radical cation
and mixed-valence interactions, we suspected that their re-
spective absorption spectra would reveal changes in the
characteristic absorptions of their mixed-valence and radical
cation dimer states during the sequential oxidation process-
es.

Spectroelectrochemistry: In situ absorption analysis of
molecular clip 1 subjected to a gradual potential increase
from 400 to 550 mV—the range in which we would expect
oxidation to the dimer [1D1]***—revealed the growth of a
new broad absorption band in the near-infrared (NIR)
region (A, ~1650 nm; Figure 4). We observed a growing
absorption in the NIR (4,,,,~830 nm) region when the oxi-
dation potential was extended beyond 600 mV. These NIR
absorption bands are characteristic of mixed-valence and
radical cation-radical cation dimer states, respectively, for
pairs of stacked TTF units.'*"") These spectra suggest the
sequential formation of the tricationic dimer [1D1]*** (see
below) after the formation of the mixed-valence dimers
[1D1]* and [1D1]***. Increasing the oxidation potential to
800 mV enhanced the signal of the absorption of the radical
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Figure 4. In situ electronic absorption spectra of molecular clip 1 (1 mm)
at oxidation potentials in the ranges a) 0-850 and b) 900-1200 mV versus
Ag/AgCl, 0.1 Bu,NPF; in CH,CN, room temperature.

cation—radical cation systems, with a decrease in the intensi-
ty of the absorption signal for the mixed-valence states. This
behavior strongly supports our hypothesis that mixed-va-
lence interactions transformed into radical cation-radical
cation interactions upon increasing the oxidation potential.
At 800 mV, the NIR absorption of the mixed-valence state
became negligible, which suggested that the dimer [1D1]**
was the predominant species at that point. We note that the
characteristic absorption of the radical cation-radical cation
state in dimer [1D1]*** at a wavelength of 946 nm was con-
siderably higher than the value observed for the [1D1]***
dimer, which had fewer stacked TTF radical cations
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(830 nm). This observation suggests that the stacking of
more than two TTF radical cations in this dimer shifts the
absorption band toward longer wavelengths; that is, the
characteristic absorption of four continuously stacked TTF
radical cations in this system is approximately 946 nm. To
the best of our knowledge, such an absorption has never
been observed before in solution at room temperature.
Thus, these electronic absorption experiments strongly sup-
port our proposed sequential transformation of the neutral
monomer into the mixed-valence dimers [1D1]* and
[1D1]*?*, then into [1D1]***, and then into the tetracationic
dimer [1D1]**.

To extend the potential applications of this system to
redox-switchable materials, we also examined the chemical
oxidation of molecular clip 1. When using [(2,4-Br,CsH;);N]-
[SbCls]™ to oxidize 1 in CH;CN, we observed behavior in
the resulting UV/Vis/NIR spectra similar to that in the spec-
troelectrochemistry experiments. The addition of [(2,4-
Br,CsH;);N][SbCl¢] (1 equiv) to a solution of 1 in CH;CN
removed electrons (1 equiv) from the clip monomers to gen-
erate strong characteristic absorptions for the mixed-valence
species at 1630 nm together with weak signals for radical
cation-radical cation species at 830 nm (Figure 5). Increas-

Absorbance

T M T T T M T M 1
500 1000 1500 2000 2500
Wavelength (nm}
Figure 5. Electronic absorption spectra of the molecular clip 1 in CH;CN

(1 mm) in the presence of 1.0 (—), 1.5 (-=-), and 2.0 equiv (-----) of
the oxidizing agent [(2,4-Br,CsH;);N][SbCl].

ing the amount of the oxidizing agent to 1.5 equiv converted
the mixed-valence dimers [1D1]* and [1D1]*** to the radi-
cal cation dimers [121]*** and [1D1]**, as evidenced by the
decreased absorption maximum at approximately 1660 nm
and the increased signal at approximately 830 nm. After
adding 2 equiv of the oxidizing agent, the absorption at
1660 nm for the mixed-valence state disappeared completely
and one at 946 nm appeared for tetraradical tetracationic
[1D1]***. These results suggest that both the chemical and
electrochemical oxidations proceeded though the same four
intermediary dimers.”’ As expected, when we added a large
excess of [(2,4-Br,CsH;);N][SbCl¢] to the solution 1 in
CH;CN, the absorption at 946 nm for the radical cation-rad-
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ical cation dimer state disappeared and the resulting spec-
trum, which had absorptions at 440 and 598 nm, was similar
to that obtained after the oxidation of monomeric TTF de-
rivative 2 under the same conditions (Figure 6).

104

Absorbance

Wavelength (nm)

Figure 6. Electronic absorption spectra of the molecular clip 1 (—) and
the monomeric TTF derivative 2 (-—-) in CH;CN (1 mm) in the presence
of excess amounts of the oxidizing agent [(2,4-Br,C¢H;);N][SbCl].

This finding is consistent with dissociation of the clip
dimer [1D1]*** into two tetracationic monomers 1** upon
oxidation of the four complexed TTF radical cation units
into their corresponding dications, which is in good agree-
ment with our observations from the CV experiments. Thus,
the association and dissociation of these molecular clip
dimers can be controlled through simple oxidation process-
es, for example, through judicious choice of the oxidation
potential or the amount of oxidizing agent.

Nanoelectrospray mass spectrometry: We used nanoelec-
trospray ionization mass spectrometry (nanoESIMS) to con-
firm the sequential formation of the four different charged
dimers from [121]* to [1D1]*** during the oxidation of 1.
NanoESIMS analysis of a solution of 1 and [(24-
Br,CsH;);N][SbCl¢] (20:1) in CH;CN revealed a signal at m/
7 2998.7 corresponding to the singly charged dimer [1D1]*.
Tandem mass spectrometric analysis (nanoESIMS/MS) of
this signal gave two clear peaks at m/z 1498.3 and 2998.7,
corresponding to the 1% and [1D1]* ions, respectively,
which suggests that the dimer ion comprised one neutral
and one singly charged unit of 1 (Figure 7). NanoESIMS
analysis of an equimolar solution of 1 and [(2,4-
Br,C4H;);N][SbCl¢] in CH;CN displayed two doubly charged
signals at m/z 749.3 and 1499.6; nanoESIMS/MS analyses of
these signals suggested the existence of clip monomers 1>**
and dimers [1D1]*** under these conditions (see the Sup-
porting Information). Dimer [121]*** was identified through
nanoESIMS analysis of a solution of 1 and [(24-
Br,CH;);N][SbCl¢] (1:1.5) in CH;CN as a triply charged
signal at m/z 999.9; nanoESIMS/MS analysis of this peak
provided signals for the species 1>?*, [1D1]**F, and 1'* at m/
z 749.2, 999.9, and 1498.3, respectively (Figure 8). We ob-
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Figure 7. NanoESI-Q-TOF-MS/MS spectrum of the dimer [1D1]* (m/z 2998.7 in the singly charged state).
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Figure 8. NanoESI-Q-TOF-MS/MS spectrum of the dimer [1D1]*** (m/z 999.9 in the triply charged state).

served overlapping tetracationic and dicationic signals at m/
z 749.3 in the nanoESI mass spectrum of a solution of 1 and
[(2,4-Br,C¢H;);N][SbCl4] (1:2) in CH;CN, which confirmed
the existence of the intermediate [1>1]*** (see the Support-
ing Information). Thus, nanoESIMS provided evidence for
the presence of each of the four sequential intermediates

during the oxidation of 1.
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Conclusion

We have demonstrated that the
generally hard to observe
mixed-valence and  radical
cation-radical cation states of
TTF dimers can be prepared at
room temperature and low con-
centrations through the oxida-
tion of a molecular clip with
two TTF sidewalls. Gradual ox-
idation of the TTF sidewalls of
the molecular clips (neutral
monomers) led to their dimeri-
zation into three successive oxi-
dative states (mixed-valence
dimers followed by radical
cation-radical cation dimers)
and then, ultimately, dissocia-
tion (fully oxidized monomers).
Because the degree of dimeri-
zation of the molecular clip was
under oxidative control, such
molecular clips might be useful
materials for the construction
of unique supramolecular ma-
chinery, for example, molecular
goalkeepers or fences formed
from multiple molecular clips
that prevent the passage of
molecules of interest within
porous materials.

Experimental Section

Electrochemistry: The oxidation po-
tentials for molecular clip 1 and mono-
meric TTF derivative 2 were deter-
mined from CV. The electrochemical
instrumentation used consisted of a
commercially available electrochemi-
cal analyzer and a conventional per-
sonal computer. A three-electrode
configuration was applied in which Pt
wire was used as the counter elec-
trode, a commercially available Ag/
AgCl electrode was used as the refer-
ence electrode, and a Pt disk (area:

0.07 cm?) was used as the working electrode. The reference electrode was
calibrated by using Fc/Fc* before and after the experiments. The meas-
urements were performed in anhydrous solutions that were freshly dis-
tilled prior to use. The supporting electrolyte was 0.1M tetrabutylammo-
nium hexafluorophosphate (TBAPF,; Fluka, electrochemical grade). All
samples were deoxygenated with nitrogen prior to measurement.

UV/Vis/NIR Spectroscopy: All solvents were freshly distilled and deoxy-

genated with nitrogen prior to use. The oxidant, tris-(2,4-dibromophen-
yl)ammonium hexachloroantimonate, and TTF derivatives 1 and 2 were
carefully weighed in a glove box filled with nitrogen; these solutions
were prepared simultaneously. A cell with a path length of 0.1 cm was
used to acquire the spectra. All UV/Vis/NIR spectral measurements

Chem. Eur. J. 2008, 14, 6546 —6552
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were performed by using a commercially available spectrometer and a
personal computer.

Spectroelectrochemistry: Spectroelectrochemistry was performed on
samples placed within a quartz cuvette with a path length of 0.1 cm. Pt
gauze (100 mesh) was used as an optically transparent electrode. The ref-
erence and auxiliary electrodes were Ag/AgCl and a Pt wire, respectively.
UV/Vis/NIR spectra were acquired by using the same instrument as that
described above. Fixed-potential electrolysis was performed by using the
same electrochemical analyzer as that employed for CV measurements.
The sample used for spectroelectrochemistry was prepared in the same
manner as those for CV.

Nanoelectrospray quadrupole time-of-flight tandem mass spectrometry
(Nano-ESI-Q-TOF-MS/MS): High-resolution (HR) nano-ESI-Q-TOF-
MS and tandem MS were performed by using a QSTAR*" quadrupole
time-of-flight (Q-TOF) mass spectrometer (Applied Biosystems/MDS
Sciex, Foster City, CA) equipped with a nanospray source. Ionization
(ionization potential: 1.0 kV) was performed by using a coated nanospray
tip (ES380; Proxeon, Odense, Denmark). The optimum sprayer position
was typically flush with or slightly inserted (~1mm) into the curtain
chamber. The temperature of the heated laminar flow chamber was set
at 100°C. The potential of the curtain plate and the curtain gas flow rate
were set at 250 V and 1.3 Lmin~!, respectively. All other potentials were
optimized to provide maximum signal intensities and resolution. Tandem
mass spectrometry employed collision-induced dissociation (CID) at vari-
able kinetic energies, with nitrogen as the collision gas.
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units, the delocalized model was suggested by our subsequent ex-
periments. Thus, we use the notation [1D1]*** to represent this
state.

There is one other tricationic dimer that can be drawn if the positive
charges are considered as localized on specific TTF units.
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