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ABSTRACT: After the chemical oxidation of the neutral tetrakis-
(methylthio )tetrathiafulvalene (TMT-TTF, 1) by specific oxidation
agents with weakly coordinating anion, [Al(ORg),]” [ORg
OC(CF;);], the radical cation TMT-TTF*" (1°*) and dication
TMT-TTF** (1?*) were successfully stabilized and isolated. All the
compounds are well-soluble in some solvents and have been
systematically investigated by absorption spectra, 'H NMR, electron
paramagnetic resonance (EPR) measurements. Their crystal
structures and electronic properties have been studied in conjunction
with theoretical calculation. The synthetic approach for chemical
oxidation by specific salts of weakly coordinating anions is useful for
stable radical cations of tetrathiafulvalene (TTF) and its derivatives
in both solution and solid state, which will extend the further
research, including structure—property relations on stable radicals for
TTF derivatives and new functional materials based on them.
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B INTRODUCTION

Molecule-based materials with tunable conductive, magnetic, or
optical properties have attracted much attention from both the

dicationic TTF species due to their stability and solubility in
solution state. That is, it is still the key challenge to stabilize the
soluble radical or dicationic species for TTF derivatives.

fundamental scientific view and technological applications." As
a representative, tetrathiafulvalene (TTF) and its derivatives,
well-known sulfur-rich organic molecules, have been extensively
studied as organic conductors and molecular optoelectronic
materials owing to their unique 7-donor properties.”’ By
reacting with various organic or inorganic acceptors, these
electroactive molecules are inclined to form charge transfer
compounds, in which some species that possess unpaired
electrons, i.e., radicals, can be found. Such radical cation salts
would provide unique models to probe the structural and
electronic consequences of mixing 7 electrons and spins. More
importantly, the assembly of TTF-based radicals with metal
ions, especially paramagnetic metal ions, will construct new
functional materials with intriguing structures and interesting
properties.4

Recently, the isolation of stable organic radicals is an area of
high current interest, and their structure and electronic
properties have been extensively studied in conjunction with
theoretical calculation.**> For TTF-based organic radical
compounds, they are usually prepared by one-electron or
partially electrochemical or chemical oxidation on the neutral
molecule. **7 However, two-electron oxidation of TTE
derivatives and their stable dications in the solid state are
rarely studied.® To the best of our knowledge, it is difficult to
investigate the physical or chemical properties for the radical or
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Additionally, it is also important to fully explore novel and
stable structural motifs with successively forming both a radical
cation and a dication.

In our previous work, the weakly coordinating anion
[AI(ORg),]” [ORg = OC(CF;);] (Scheme 1, right) has been
demonstrated as an efficient tool to stabilize reactive organic

Scheme 1. Molecular Structures of
Tetrakis(methylthio)tetrathiafulvalene (TMT-TTF, 1) and
Polyfluoroalkoxyaluminate Anion [Al(ORg),]” [OR; =
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Table 1. Crystallographic Data for All of the Compounds

1 1.+ 12+
formula CioH 2S84 CioaHsALF 14404653 C,,HeAIF3,0,S,
fw 388.68 5423.26 1161.48
cryst syst monoclinic triclinic orthorhombic
space group P2,/n PT Pbca
a, A 13.876(3) 12.7865(18) 19.443(2)

b, A 7.7082(18) 18.846(3) 17.8404(19)

¢ A 15.541(4) 19.209(3) 21.047(2)

a, deg 90 88.4690(17) 90

P, deg 106.999(2) 78.0730(16) 90

7, deg 90 87.4090(16) 90

v, A 1589.6(6) 4523.7(11) 7300.6(13)

z 4 1 8

Pededy & c° 1.624 1.991 2.113

T/K 123(2) 123(2) 123(2)

u, mm™* 1.102 0.599 0.503

0, deg 2.34-25.50 1.76—25.00 2.09-26.00

F(000) 800 2660 4520

index ranges -16 <h<16 -15<h<13 -23<h<23
-9<k<7 -22<k<22 —22<k<22
-18<1<18 -13<1<L22 -25<1<16

data/restraints/params 2937/0/163 15527/1257/1285 7155/6/624

GOF (F?) 1.052 1.362 1.026

R,* wR,? [I > 26(I)]
R,* wR,” (all data)

0.0262, 0.0909
0.0314, 0.1159

“R, = YNIF — IFN/YF,l. "wR, = [Yw(Fs2 — F2)Y/ Yw(F)*]"2.

0.1003, 0.2924
0.1296, 0.3286

0.0352, 0.0880
0.0420, 0.0941

Table 2. Selected Bond Lengths (A) and Bond Angles (deg) for 1°*

bond distances (A)

C(33)-C(36) 1.393(12) C(43)—C(46) 1.400(12)
C(34)—C(35) 1.375(12) C(47)—C(48) 1.333(13)
C(37)—C(38) 1.345(13) C(44)—C(45) 1.349(11)
S(1)—C(33) 1.714(9) S(9)—C(43) 1.727(9)
S(1)—C(35) 1.747(8) S(9)—C(45) 1.733(8)
S(2)—C(33) 1.715(9) $(10)—C(43) 1.702(9)
S(2)—C(34) 1.754(8) S(10)—C(44) 1.735(8)
S(3)—-C(39) 1.805(11) S(11)—C(49) 1.837(11)
S(4)—C(40) 1.826(13) S(12)—C(50) 1.835(9)
S(5)—C(36) 1.747(8) S(13)—C(46) 1.706(8)
S(5)—C(38) 1.762(8) S(13)—C(48) 1.750(9)
S(6)—C(36) 1.695(8) S(14)—C(46) 1.735(8)
S(6)—C(37) 1.733(8) S(14)—C(47) 1.750(9)
S(7)—C(41) 1.806(12) S(15)—C(s1) 1.800(11)
S(8)—C(42) 1.811(11) S(16)—C(52) 1.797(11)
bond angles (deg)
S(1)—C(33)—C(36) 121.4(7) S(13)—C(46)—C(43) 121.9(6)
S(1)—-C(33)-S(2) 116.2(5) S(13)—C(46)—-S(14) 116.1(5)
C(33)-S(2)—-C(34) 96.2(4) C(46)—S(14)—C(47) 94.4(4)
C(33)-S(1)-C(35) 95.3(4) C(46)—S(13)—C(48) 95.3(4)
C(34)—S(3)—C(39) 101.4(5) C(48)—S(16)—C(52) 102.1(5)
C(35)—S(4)—C(40) 100.2(5) C(47)-S(15)—C(51) 103.2(5)
S(5)—C(36)—C(33) 120.1(7) $(9)—C(43)—C(46) 123.0(7)
S(5)—C(36)—-S(6) 115.6(4) S(9)—C(43)-S(10) 115.6(5)
C(36)-S(5)—C(38) 95.1(4) C(43)—S(9)—C(45) 95.4(4)
C(36)—S(6)—C(37) 96.0(4) C(43)-S(10)—C(44) 95.7(4)
C(38)-S(8)-C(42) 103.4(5) C(44)—S(11)—C(49) 98.8(4)
C(37)-S(7)—C(41) 100.8(5) C(45)-S(12)—C(50) 101.8(4)

tetrathiafulvalene (TMT-TTF, 1, Scheme 1, left), to success-
fully isolate the corresponding radical cation TMT-TTF** (1°*)

radical cations and dications.” In this paper, we choose one of
the typical TTF derivatives, tetrakis(methylthio)-
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Table 3. Selected Bond Lengths (A) and Bond Angles (deg) for 1>**

bond distances (A)

C(5)—-C(5)#1 1.427(4) C(3)-S(2) 1.711(2)
C(2)-C(3) 1.394(3) C(2)-S(3) 1.722(2)
C(5)-S(1) 1.701(2) C(3)-S(4) 1.717(2)
C(5)-S(2) 1.703(2) C(1)-S(3) 1.797(3)
C(2)-S(1) 1.710(2) C(4)-S(4) 1.796(2)
bond angles (deg)
S(1)=C(5)—-C(5)#1 122.8(2) C(1)-S(3)—-C(2) 102.22(12)
S(2)—C(5)-C(5)#1 122.5(2) C(3)-S(4)—C(4) 102.39(11)
S(1)—C(5)-S(2) 114.63(12)

“Symmetry transformations used to generate equivalent atoms: #1 —x, —y + 2, —z.

and dication TMT-TTF** (1**) by a conventional chemical
oxidation method. All the compounds have been systematically
investigated by UV—vis—NIR, 'H NMR, electron paramagnetic
resonance (EPR), and single crystal X-ray diffraction measure-
ments. Our results extend the further research on structure—
property relations for stable organic radicals of TTF derivatives.

B EXPERIMENTAL SECTION

General Information. All experiments were carried out under a
nitrogen atmosphere by using standard Schlenk techniques and a
glovebox. Solvents were dried prior to use. AgSbF¢ and NOSbF4 were
purchased from Alfa Aesar and used upon arrival. Starting materials,
TMT-TTF (1), Li[Al(OR;),], and Ag[AI(OR;),] were synthesized
according to the published methods.'®"" The 'H NMR spectra were
recorded using a Bruker DRX-500 in ppm downfield from Me,Si. EPR
spectra were obtained using a Bruker EMX10/12 variable-temperature
apparatus. UV—vis—NIR spectra were obtained with a UV-3600
spectrophotometer. Cyclic voltammetry was performed with an Im6eX
electrochemical analytical instrument by using platinum as the working
and counter electrodes, a Ag/AgCl electrode containing saturated KCI
solution as the reference electrode, and 0.1 M n-Bu,NCIO, as the
supporting electrolyte. Elemental analysis was carried out with an
Elementar Vario MICRO analyzer. Melting points were determined
with an X-4 digital micro melting point apparatus.

X-ray Crystallography. All the crystal structures were determined
at 123 K on a Bruker APEX DUO CCD diffractometer using
monochromated Mo Ka radiation (4 = 0.71073 A). Integrations were
performed with SAINT."* Absorption corrections were applied using
the SADABS program.'® The crystal structures were solved by direct
methods and refined by full-matrix least-squares based on F* using the
SHELXTL program.'* All hydrogen atom positions were calculated
geometrically and were riding on their respective atoms. Anisotropic
refinement was not performed for the disordered atoms. More details
for the data collections and structure refinements are given in Table 1.
The selected bond lengths and bond angles are listed in Tables 2, 3,
and S1 (Supporting Information) [CCDC reference numbers 991286
(1**) and 991285 (1**)].

Computational Details. All the geometry optimizations were
carried out at the (U)B3LYP/6-31G(d) level of theory. The UV—vis—
NIR absorption spectra were calculated using the TD-DFT method at
the (U)B3LYP/6-31G(d) level of theory. All calculations were
performed with the Gaussian 09 program suite.'®

Synthesis of 1°*. The reaction mixture of 1 (0.106 g, 0.27 mmol)
and Ag[AI(OR;),] (0.292 g, 0.27 mmol) in 35 mL of CH,Cl, was
stirred at room temperature overnight. The resultant brown solution
was filtered to remove the gray precipitate (Ag metal). The filtrate was
then concentrated and stored at around —10 °C for several days to
afford brown crystals. Yield: 0.215 g, 58.5%. Mp: 151—152 °C. Anal.
Calcd for CygH;,AlF;40,S (%): C, 23.03; H, 0.89. Found: C, 22.85;
H, 1.15. Selected UV—vis (CH,Cl,, A../nm): 873, 484, 458, 333, and
257.

Synthesis of 12*, The reaction mixture of 1 (0.106 g, 0.27 mmol),
NOSbFs (0.144 g, 0.54 mmol), and Li[Al(ORg),] (0.529 g, 0.54
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mmol) in 60 mL of CH,Cl, was stirred at room temperature
overnight. The resultant blue-purple solution was filtered to remove
the white precipitate (LiSbF). The filtrate was then concentrated and
stored at around —20 °C for several days to afford blue-green crystals.
Yield: 0.2305 g, 73.1%. Mp: 245-246 °C. Anal. Calcd for
CyoHpALF, 048, (%): C, 21.72; H, 0.52. Found: C, 21.43; H, 0.81.
Selected UV—vis (CH,Cl,, 4,,,/nm): 857, 489, 458, and 254. 'H
NMR (500 MHz, C,D,CL, 293 K): § (ppm) 3.11 (s, 12H, SCH,).

B RESULTS AND DISCUSSION

Synthesis and Characterization. TMT-TTF (1) was
synthesized according to a classically organic homocoupling

Table 4. Summary of Important Structural Parameters for
All of the Compounds

structural parameter 1 1* 1>
central C=C bond 1.338(3)  1.393(12), 1.400(12)  1.427(4)
distance (A)
av S—Ccy, bond distance ~ 1.808 1.815 1.796
(&)
dihedral angle for TTF 49.63(7)  6.13(11), 7.20(13) 0
core (deg

Figure 1. ORTEP diagram of 1 drawn at the 50% probability level. H
atoms are omitted for clarity (S, yellow; C, gray).

reaction. The electrochemical property has been investigated by
cyclic voltammetry (Figure S1, Supporting Information). It
exhibits two-step reversible single-electron oxidations corre-
sponding successively to the formation of a radical cation (1**)
and a dication fragment (1**), confirming its redox activities. By
using a weakly coordinating anion [AI(ORg),]”, we succeeded
in stabilizing reactive tetrathiafulvalene-based radical cation and
dication. The reaction of equimolar TMT-TTF and Ag[Al-
(ORg),] in CH,CI, resulted in the formation of TMT-TTE®",
but no corresponding dication fragment (TMT-TTF*") can be
obtained upon further oxidation with 2 equiv of Ag[AI(OR;),],
suggesting the weak oxidant ability of Ag(I) in this process. So
the stronger oxidant composition (NOSbF, and Li[Al(OR;),])
was used and we successfully achieved the conversion from
neutral TMT-TTF to a dication TMT-TTF*" in higher yield.
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C42

C40

C50

Figure 2. ORTEP diagram of 1** drawn at the 50% probability level.
H atoms and anions [Al(OR;),]” are omitted for clarity (S, yellow; C,

gr: ay) .

Figure 3. The extended structure of 1°*. H atoms and anions
[AI(ORg),]” are omitted for clarity. Blue lines represent the distance
for z-stacking of the central C=C bond, and red lines represent the
distance for shortest S---S contact (S, yellow; C, gray).

Cc4

C1A

Figure 4. ORTEP diagram of 1** drawn at the 50% probability level.
H atoms and anions [Al(ORy),]” are omitted for clarity (S, yellow; C,

gray).

All of the compounds are thermally stable as crystals under
nitrogen or argon atmosphere and can be stored for several
weeks at room temperature. Since they are well-soluble in some
organic solvents, more characterization in solution, for example,
UV-vis—NIR, EPR, and 'H NMR studies, were performed to
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Figure 5. The extended structure of 1**. H atoms and anions
[AI(OR;),]” are omitted for clarity (S, yellow; C, gray).

1
1.3383) A

1+ 1.400(12) A \
1.427(4) A

12+ .

Figure 6. Molecular planar diagram for 1, 1°%, and 1**.
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Absorbance

900 1200 1500

600
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Figure 7. Experimental and calculated UV—vis—NIR absorption
spectra for all of the compounds in CH,Cl, at room temperature.

investigate their physical and chemical properties. The X-ray
single crystal structures of all compounds are also discussed.
Crystal Structural Description. Crystals suitable for X-ray
crystallographic studies were obtained by cooling solutions of
corresponding compounds in CH,Cl,. The compounds
crystallize in the monoclinic (1), triclinic (1°*), and
orthorhombic (1**) with space group P2,/n, P1 , and Pbca,
respectively. Their important structural parameters are given in
Table 4. In order to accurately analyze all the crystal structures

dx.doi.org/10.1021/ic5006117 | Inorg. Chem. 2014, 53, 5321-5327



Inorganic Chemistry

Table 5. Selected Calculated Optical Transitions for 1°* and 1>

orbital excitation contribs (%)

1** HOMO () -» LUMO (p) 98
HOMO—4 () —» LUMO (p) 43
HOMO (a) —» LUMO+2 (a) 42
HOMO (a) - LUMO+1 (a) 6

12+ HOMO — LUMO 105
HOMO-3 — LUMO 99

A/nm (caled) oscillator strength A/nm (exp)
837 0.2332 873
381 0.2971 458, 484
823 0.6553 857
441 0.0274 458, 489

J\),J

?

o

9

%

LUMO+2 (a)
&

LUMO ()
9

) 3’
LUMO+1 () HOMO (B)
g

&

4

HOMO (o)

HOMO-4 (B)

Figure 8. Selected molecular orbitals for 1°*.

Figure 9. Selected molecular orbitals for 1%,

under the same conditions, the crystal structure of neutral
TMT-TTF (1) was determined again at 123 K, although Zhang
et al. has reported it at room temperature.'® As shown in Figure
1, the structure of neutral TMT-TTF shows a boatlike
conformation with the dihedral angle between C3—-S3—S4—
C4 and C7—S1—S2—CS8 planes of 49.63(7)°. The central C=
C bond length of the TTF core is 1.338(3) A, and the S—Ccy,

5325

experimental
simulation

3465 3468 3471 3474 3477
Magnetic field / Gauss
Figure 10. The EPR spectrum of 1** in CH,Cl, at room temperature

(4 X 107> M). The black line represents experimental spectrum and
the pink line represents simulation.

2.42

5.32

\

6.0 55 50 45 40 35 3.0 25
31

1%
5.32

6.0 55 50 45 4.0 35 3.0 25
ppm

Figure 11. "H NMR of 1 and 1** in CD,Cl,. Peaks around 5.32 ppm
are ascribed to CD,Cl,.

bond length ranges from 1.806(3) to 1.812(3) A. However, no
obvious intermolecular z---7 and shorter S-S interactions can
be observed in the packing diagram. The shortest S-S distance
between two neighboring TTF cores is 4.159(1) A (Figure S2,
Supporting Information).

For 1°*, there exist two TMT-TTF cations in the
crystallographically independent unit with two anions [Al-
(ORg),]~ (Figure 2). The central C=C distances of the TTF
units are 1.393(12) A for C33—C36, and 1.400(12) A for
C43—C46, respectively, which are consistent with that of the
similar radical compound (TMT-TTF)[BF,], as Dunbar
reported.7d The S—Ccy, bond length ranges from 1.797(11)

to 1.837(11) A. More importantly, the two five-membered
rings containing S atoms are almost coplanar with the dihedral
angles of 7.20(13)° for S1-C35—C34—S2 and S5—C38—C37—
S6 planes and of 6.13(11)° for S13—C48—C47—S14 and S9—
C45—C44—S10 planes. As illustrated in Figure 3, the extended
structure constructed by the head-to-tail stacking of each two
TMT-TTF cations forms the z-dimers with short S-S contact
[3.390(3) and 3.353(2) Al. It is obviously less than the sum of

dx.doi.org/10.1021/ic5006117 | Inorg. Chem. 2014, 53, 5321-5327
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the van der Waals radii for two S atoms (3.70 A). Additionally,
the 7 stacking of the central C=C bonds can be also observed
within the neighboring dimeric units with the distances of
3.384(1) and 3.433(2) A. The results confirm the oxidized
character of the TTF donor core compared with those
structural parameters found in the neutral TMT-TTF and the
similar TTF-derivative®* radicals.”%"”

The reaction of neutral TMT-TTEF with the stronger oxidant
composition (NOSbF; and Li[AI(ORg),]) in 1:2 ratio resulted
into the formation of dication TMT-TTF*, which is rarely
studied in TTF derivatives. The asymmetric unit of dication 1**
is based on half of the TMT-TTF molecule and one anion
[Al(ORg),]". As shown in Figure 4, the central C=C bond
(C5—CSA) length for 1** is 1.427(4) A, obviously longer than
those of 1 and 1°*. The distance S3—Cl1 is 1.797(3) A, almost
equal to the S4—C4 bond of 1.796(3) A. Moreover, the TTF
core displays perfect planarity. No intermolecular z---7 and S--
S interactions are observed for 1** in the packing structure
(Figure 5).

It is known that some structural factors, such as the central
C=C bond length and the dihedral angle of the TTF core, are
all charge-sensitive for the organic molecule including TTF
units. As shown in Table 4 and Figure 6, there is an obvious
difference for the coplanarity of the TTF core and the central
C=C bond length in 1, 1**, and 1**. It should be noted that
the HOMO of 1 is a combination of lone pair localized orbitals
of sulfur atoms and the central C=C z-bonding orbital (Figure
S$3, Supporting Information). Successive removal of one
electron from HOMO (hence mainly from the central C=C
n-bonding orbital) of neutral TMT-TTF leads to the
lengthening of the central C=C bond in the corresponding
radical cation and dication.”®

Spectroscopic Properties. The UV—vis—NIR absorption
spectra for all of the reported compounds were measured in
dichloromethane solution at room temperature (Figure 7). For
the neutral TMT-TTF (1), the electronic absorption spectrum
displays intense transitions in the range 230—400 nm, which
mainly come from the spin-allowed 7—7z* transitions."® Upon
one-electron oxidation, strong and broad absorption bands
emerge at about 873 and 458—484 nm, respectively, for 1°,
which are consistent with the results of previously reported
similar TTF**." After further oxidation, the absorption band
around 873 nm is slightly blue-shifted to 857 nm, which is
attributed to the characteristic absorption for the TMT-TTF*"
dication (1%*). TD-DFT calculations are performed to
rationalize the assignment of experimental absorption bands
for 1°* and 1**. The calculated absorptions and relevant
molecular orbitals are shown in Table S and Figures 7, 8, and 9,
respectively. For 1°%, the experimental absorption band around
458—484 nm corresponds to the predicted absorptions at 381
nm, which comes from HOMO—4 () — LUMO (), HOMO
() - LUMO+2 (a), and HOMO (a) — LUMO+1 (),
while strong absorption at 873 nm corresponds to the
calculated value of 837 nm [HOMO () — LUMO (f)].
For 1%, the absorption peak at 857 nm can be attributed to the
calculated absorptions at 823 nm with the transition from
HOMO to LUMO, and the absorption around 458—489 nm
mainly originates from &ppp = 7% prp transitions, correspond-
ing to the calculated peak at 441 nm with the transition
HOMO-3 — LUMO.

The EPR spectrum of 1** (Figure 10) was recorded in
CH,Cl, at room temperature, which can be best simulated with
hyperfine couplings to 12 equivalent protons [I = '/,, a('H) =

5326

0.025 mT] from methyl groups, four equivalent sulfurs [I = 3/,,
a(**S) = 0.42 mT] inside the TTF moiety, and two equivalent
carbon atoms [I = '/,, a(**C) = 0.58 mT] of the central double
bond. Unresolved satellite hyperfine lines from another four
sulfurs and four carbon atoms outside the TTF moiety were
detected, which may be due to their positions far from the
maximum of the electron spin density and their small natural
abundance (*3S, 0.76%; *C, 1.1%).

For 1**, no EPR spectra signal can be observed at both room
temperature and low temperature (77 K). But the room-
temperature 'H NMR spectrum shows a clear single peak at
3.11 ppm (Figure 11). It is slightly left-shifted compared with
that of neutral TMT-TTF (5 = 2.42 ppm), which confirms the
character of dication TMT-TTF>".

Bl CONCLUSIONS

Successively chemical oxidization of the neutral tetrakis-
(methylthio)tetrathiafulvalene (TMT-TTF) with suitable oxi-
dants, including a weakly coordinating anion [Al(ORg),]",
results in the formation of a radical cation TMT-TTF** and a
dication TMT-TTF*". Both TMT-TTF** and TMT-TTF**
stabilized by the weakly coordinating anion are well-soluble
in common organic solvents, which makes it is possible to
investigate their physical and chemical properties in solution, as
evidenced by UV—vis—NIR, 'H NMR, and EPR studies. Single
crystal X-ray diffraction analyses obviously show structural
differences for all of the compounds, originating from their
charge-sensitivity for this type of organic molecule involving
TTEF units. The foregoing results extend the further research on
structure—property relations for stable organic radicals of TTF
derivatives. More importantly, the synthetic method is useful
for new interesting charge transfer multifunctional molecular
materials.
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