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Electrochromic Materials

- Reversibly changing color by electrochemical redox reactions
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Electrochromic Materials

- On/off switching of NIR absorptions?

Optical attenuator: device used to reduce the power level of an optical signal,

usually working by absorbing the light

Telecommunication industry: wavelengths of 1300 and 1550 nm

Both anodically and cathodically NIR-coloring materials are ideally needed

n-Conjugated organic molecules

0 o SN

.... Redox-active molecules




Wurster’s Blue
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Wurster redox system: aromatic in reduced form



Tetrathiafulvalene (TTF)
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Weitz redox system: aromatic in oxidized form



Tetrathiafulvalene
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Properties can be tuned by
introduction of w-spacer or
substituents R

Some applications of TTF:

« Redox-active unit in supramolecular chemistry
... molecular sensors, switches, and devices

« Redox-active unit in molecular electronics

« Mixed valence (TTF/TTF**) organic conductors

 Electrochromic materials

Mixed valence
conduction

[TE/TTE+



Tetrathiafulvalene (TTF)
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Radical Cation Absorptions

Gas Phase Absorption
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400 600 800 1000
Wavelength (nm)

M.-B.S. Kirketerp, L.A.E. Leal, D. Varsano, A. Rubio, T.J.D. Jgrgensen, K. Kils4,
M.B. Nielsen, S.B. Nielsen, Chem. Commun. 2011, 47, 6900-6902.



Robin and Day Classification of Two-Center Redox Systems
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Robin and Day Classification of Two-Center Redox Systems
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Robin and Day Classification of Two-Center Redox Systems
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Potential Energy Surfaces for Electron Transfer in MV Systems
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Intermolecular MV Species — TTFeI TF*
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Figure 4. Spectral changes attendant upon the addition of neutral TTF to
the 5.8 mM solution of TTF*+*CB- in CH,Cl; at 22 °C. TTF concentration
(bottom to top): 0, 44, 88, 141, 200, and 250 mM. Inset: Linear dependence

of In Kct on 1/T.

S. V. Rosokha, J. K. Kochi, J. Am. Chem. Soc. 2007, 129, 828-838.



nt-Dimer of Two TTF Radical Cations

[TTF+TTF:
Kas = 0.6 M1

Absorbance

Wavelength, nm

Figure 2. Temperature-dependent absorption of 1.3 mM solutions of
TTF*CB- in acetone, showing reversible interconversion between the
electronic spectrum of the monomer M (prevailing at room temperature)
and the dimer D (at low temperature). Temperature (in °C, from bottom to
top at 740 nm): 22, - 40, - 55, - 63, - 70, - 78, - 85, and - 90. Inset:
Low-energy range of the absorption at high concentrations of TTF+CB-
(A ) 2 mm, 22 °C). Concentration of TTF+CB- (in mM, bottom to top):
0,4.7,6.2, 9.3, 13, and 19.

S. V. Rosokha, J. K. Kochi, J. Am. Chem. Soc. 2007, 129, 828-838.
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 Redox properties?

« Optical properties of oxidized species?

* Interactions between redox centers?



Tetrathiafulvalene (TTF) — Acetylene Macrocycles

How do the TTFs interact?

R TTF-Dehydroannulene R TTF-Radiaannulene

Linearly conjugated cyclic core Cross-conjugated cyclic core



Synthesis of TTF-Dehydroannulenes

by Hay Couplings
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X-Ray Crystal Structure

No m—r stacking interactions

The molecule does not seem either to associate in solution
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Spectroelectrochemistry
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(i-P1)Si Si(i-P1)s Synthesis of TTF-Radiaannulene
X A by Sonogashira Couplings
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1512.6

Si(i-Pr)3(i-Pr)sSi

1947 1

T Lkl T f
R RN SR
T ™ T ¥
800 1000

" I
T T

\Rg v T T
1200 1400 1600 1800 2000

—

T LA F
2200 2400
miz

Size exclusion chromatography



uA

0.04-
0.02 -
0.00 -
-0.02
-0.04

-0.06

0.02

0.00

-0.02

-0.04

0.02

0.00

-0.02

-0.04

+1

+2

+2

E/NV

Cyclic Voltammograms

Si(i-Pn);

s 7
T =]
S S
X

Si(i-Pn)3



Spectroelectrochemistry
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Spectroelectrochemisty of Bis-TTFs

AA/a.u.

SBu
(i-Pr)3Si Si(i-Pr) 3
16+ Neutral
—— Neutral ——— Monocation 16 |
144 ——— Approximately monocation —— Dication :lﬂeutra .
— Dication —— Tetracation 14 D'o n?ca ion
12 —— Tetracation ca on
12 —— Tetracation
0.10
1.04 0.10 0.10+
0.08 i 10 LN .
- o 5 ot MV absorption s oesr \ MV absorption
© 5 1 Y
3 } - 0.06 L o8 5 0064 A TN
06 < 004 b < L \ = \ ™.
0.6 g 0044 ’ ‘.‘"gql
0.02 1 |
0.4 0.024
0,00 Y 044 ] g C
1500 2000 2500 3000 0,00 b ) A el
0.2 y 1500 2000 2500 3000
»lnm
0.2+ »/nm
0 0 T T T Ll T 1 0 0
1 LR | LR B LA SR ) \Bd ® T 1 T T T T L v T ™Y
200 290 1500 2000 2500 2000 500 1000 1500 2000 2500 3000 5(1)0 1()’00 1 5‘00 20100 25’()0 30‘00
/nm N
2/ nm A/nm

MV absorption: short distance or cyclic structure
BJOC 2015, 11, 930-948.



Cyclic voltammogram:

6 redox states Mixed valence state:
Anax Ca. 2250 nm
-2 K

Neutral core: NICS(r),, =-8.4 ppm
Dianion core: NICS(r),, =-33.2 ppm

mm) Gain in aromaticity (Wurster type)

-2 -1 0 1
V vs Fct/Fc

Hickel 4n+2

K. Lincke, A. E Frellsen, C. R. Parker, A. D. Bond,
O. Hammerich, M. B. Nielsen, Angew. Chem. Int. Ed.
2012, 51, 6099-6102 .




Spectroelectrochemistry — Generation of Monoanion
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 Redox properties?
« Optical properties of oxidized species?

* Interactions between redox centers?



Electrochemistry
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Potential Inversion

FEG. Brunetti, J.L. Lopez, C. Atienza, N. Matrtin,
J. Mater. Chem. 2012, 22, 4188-4205.



Intermediate radical cation
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Extended TTFs
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Spectroelectrochemistry

Relative intensities of low-energy
absorptions are concentration dependent
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J. Mater. Chem. 2014, 2, 10428-10438.
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S. V. Rosokha, J. K. Kochi, J. Am. Chem. Soc. 2007, 129, 828-838



Ottle cell

Progression from yellow to blue solution upon oxidation

(neutral to dication)



Electrocrystallization

Solvent: PhCI + counter electrolyte

Cation*PF; Cation*Dication*(BF,), s Cation*TaFg

Cation-TaFg

J. Mater. Chem. 2014, 2, 10428-10438.



Conductances of Salts

298 K 77K
Sample pl@m] [ o[Sm'] | pl@m] o[SmT]
IFTTFePF, | 0.326 3.07 2809 | 0.00035
IFTTFe(BF,), . | 772 0.13 | 556000 | 0.0000018
IFTTFeTaF, | 0.188 5.32 14173 | 0.000071

semiconductors




CAN WE ENHANCE THE CATION ASSOCIATIONS?
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Incorporation of Fused Thiophene Units
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Conclusions

TTF-Acetylene Macrocycles _

Strong charge-transfer chromophores

Multiple redox states with distinct optical
properties — molecules can both be oxidized
and reduced

Interactions between TTFs are enforced
in the cyclic structures in comparison S

R
to acyclic ones (MV absorptions of \S\/S
radical cations) R

Combined Weitz and

Wurster type redox system

Indenofluorene-Extended TTFs

Strong associations between cations
- Tectons for self-assembly

Broad UV-Vis-NIR absorptions

Thiophene units enhance donor strength
significantly when redox centers are
connected in linearly conjugated
pathway
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