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Abstract 

biologists, chemists, physicists and materials 
ers, nonlinear optics, CD-R data storage, photography and organic electronics. Therefore the development of cyanine dyes and their 
applications in chemistry, engineering, 

, 
 

 based 
organic electronic devices. Despite their long presence in science, there is a lack of  

, 
 

anisms 

addressed. An efficient halide-for- mod-
ifying 

cribing 

 

n as 
thin film fabrication method. Using co-evaporation of the cyanine dye and the 60 
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General Introduction 
1.1 General Prequel to the Topic 

[1] 
-

[2] generation of electrical and chemical gradients by proton 
[3] intercalation of metal ions to proteins,[4] and energy storage[5] 

portance of this material class.  

ith inor-
ganic salts and con -

namely the 
sem-

icond aic 
thin a 

-emerging interest on 
cyanine dye salts. 

1.2 Salts 

1.2.1 The Basic Structure of Salts 
. 

[6] 
salt forming elements are in the periodic system the higher their affinity to form salts. In all cases salts contain electron poor cations 

range electrostatic interactions across all directions in 
space.[7]  

 contrary 
[8] 

[9] 

1.2.2 Molecular Salts 

 inorganic ions can 
be derived from their free acids or bases. In contrary to salts containing monoatomic ions their physical properties are not strictly 
limited to high melting points.[10] 

[11] Among these, transition metal based poly
[12] [13], organic-inorganic[14], organometallic[15] and polymer 

hybrid[16] 
[17] 

[18–20] 
taining N- [21,22] The negative charge 

[23] 
[24] 

salts incr [25] [26] paired 
[27] and electrochemistry[28,29] -

inorganic hybrid salts are n
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[30–33] 
class. Th
parts of the three research chapters. 

1.2.3 Lattice Energy and Coulomb Interactions of Salts 

 
rn and Landé.[34] 

 

= | || |
ation 1 1 – Lattice energy attraction term. 

NA -

charge,   

[35] -e2 [36] The Avogadro 
 mole of ions. 

[37] 

=
1 2 –  

 

(r0  

= | || |
1 3 –  

Defining the 
lattice energy U  

= | || | × 1 1
 

1 4 – Born-Landé  : equilibrium separation between two ions of opposite charge. 

ri-
mentally. Additionally an ion in the crystal 

the 
coordination of the ions in the crysta [38] Another limitation 

tinskii 
 [39] 
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= 2 | || | × 1 1
 

1 5 –    
  (  Al2O3 yields 5. The factor  

[40]  to the 
inter-ion distance 

 
g constants for each lattices.[39] 

ass c-
[41]  

[42–44] 
-

[45] Hereby the ion radii refers to the inverse of the 
m -

 
ader 

[46] 
 = | || | +  

1 6 –  
 

-
 and    and  represents 

kJ mol-1 nm and 51.9 kJ mol-1. Slight v
0.95- ept. 

. 
fforts to 

 fitted 
-Ray single crystal data.[47] In a first instance the description of ionic charges and their 

[48] 
 | || | = 12 = 2  

1 7 – Ionic strength term. 
ni i  

 
 

 
 = 2 =  

1 8 –  
 

 
 = 2 =  

1 9 –  . 
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F -
constant 

-1 

 
 = 2 =  

1 10 – Lattice energy derived by Glasser and Jenkins. 
 
This type of generalized 

-
still an ongoin [49–52] 
 

1.3 General Organic Semiconductor Properties 

- [53] Generally spoken 

rmed 
2 hybridization is re

2 orbital is promoted into the 2pz 
three sp2 z 120° geometry of the three orbitals relatively to each other 

z 2 orbitals facing each 
o sp2 

mation.[54] 
 [55] In polymethine 

 a planar ring forms on top and bottom of the 
cyclic carbon atoms. 

[56] 
 and  

* * anti-
bonding orbitals are formed fro

* 
* is 

 
- [57] From this energy gap 

one can estimate absorbance properties of an organic 
-

[58] 

 

= ( + 1)8  

1 11 –  

 
 

differ-
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y the 
tion of a system 

 

-particle 
consisting of an electron and a hole 

-
electron-hole pairs in 
represent the Frenkel-
tances and have a mid- -

[59] -
[60] 

-

energy 
 

- - - -
 repre-

sents the triplet state.[61] -
 

1.3.1 UV-Vis and Photoluminescence Properties of Organic Semiconductors 
-  

 =  
1 12 – General Lambert-  

 coefficient,  
 

 

 
 = log  

1 13 – Absorbance. 
 

[62] 
 log = = × ×  

1 14 – Lambert-     
 
 

 

0 1 n 
1 is the fir n 

both decay radiative. Additionally, non-
nergy or electron transfer.[63] 

to each other. The radiative S1-S0 1-
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S0 

- [64] 
-

 - and emission-
shift.[65] 

energy states. 
s the 

absorbed. Before describing the yield one needs to specify the lifetime of the emission process.[66] 
 = 1+  

1 15 – Lifetime of the emission process.    -radiative rate. 
 

-
 = +  

1 16 –  
 

time.[67] 
 =  

1 17 – . 
 

1.4 Organic Photovoltaic Properties 

1.4.1 Organic Photovoltaic (OPV) Device Architectures 
[68,69] 

-

[70] 
 dissociation 

 

ditional 
organic electron acceptor layer provided the necessary driving force for electron transfer to the electron acceptor and hence to the 
cathode.[71] [72] The electron donor layer 

t the do-
 

 and 
-

fast, i.e. in the 10-100 fs range.[73] Therefo
ears by 

adding additional interlayers [74] 
 evaporated, the metal particles tend to 

-
[74] 

king day 
and investigatio  
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[75] 
-

in a range of 10 nm is needed. Typicall
gives phase separated domains.[76] 

- -casting.[77] On a lab scale spin-
casting established as the main met

 devel-
 morphology. The proper choice of solvent and additives as co-solvent are the main prominent variables 

[78] [79] Up to 
di-

tions.[80] 

Be [81–84], 
inverted[85] and tandem[86] ork and shall be mentioned only for 

 

1.4.2 Organic Photovoltaic Device Working Principles 
Basic 

his 
 

OC SC SC
[87] An organic solar cell can be seen as a photo diode in first instance. 

tive 
-voltage diagram. It behaves like a photodetector. When the voltage is shifted 

tovol-
ing that there is no bias on the electrodes a 

SC refers 
[88] stor at the 

OC OC of a donor-
r.[89,90] 

OC BT term.  
 =  ( )  ( ) × × ln ( ) × ( )×  

1 18 – .  ( )   ( ) B

N ,p  
 

OC.[91] OC is dependent on 
 

r the 
-

[92] 
 

 = ( .)( . .) = ( .) × ( .)×  

1 19 – . 
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P  ( .) ( .)  

 
The consideration of all the three described parameters yields the overall device efficiency.[93] 
   = ( .)( ) = ( .) × ( .)( ) = × ×( )  

1 20 – . 
P  

 
-2  

1.4.3 External Quantum Efficiency (EQE) 
photon-to-

[94]  
 =           = × ×× ×  

1 21 – .   
 

 

t 
Jsc and Isc respectively.[95] -vis properties of the organic donor and 

for the photoc  
 research 

f these 
 

1.5 References 

[1]  Encyclopedia of Separation Science; Elsevier, 2000; pp. 4127–4134. 

[2]  C. C. Logisz, J. S. Hovis, Biochim. Biophys. Acta - Biomembr. 2005, 1717, 104. 

[3]  - , Nature 2007, 450, 1111. 

[4]  Proc. Natl. Acad. Sci. 1990, 87, 5648. 

[5]  Energy Environ. Sci. 2015, 8, 1905. 

[6]  A. F. Holleman, E. Wiberg, N. Wiberg, In Lehrbuch der Anorganischen Chemie –185. 

[7]  E. Riedel, Allgemeine und Anorganische Chemie  

[8]  H. Ode, In M 8: Diapirism and Diapirs 3, pp. 53–78. 

[9]  A. A. Noyes, Science 1904, 20, 577. 

[10]  G. J. Janz, C. Solomons, H. J. Gardner, Chem. Rev. 1958, 58, 461. 

[11]  Electrochim. Acta 2012, 66, 320. 

[12]  Eur. J. Inorg. Chem. 2004, 2004, 237. 



Chapter 1 – General Introduction 

25 
 

[13]  J. Mol. Liq. 2017, 227, 40. 

[14]  Chem. Rev. 2004, 104, 5203. 

[15]  Organometallics 1998, 17, 296. 

[16]  Indian J. Pharm. Sci. 2009, 71, 481. 

[17]  P. Walden, Bull. Acad. Imp. Sci. St. Petersbg. 1914, 8, 405. 

[18]  Polym. Rev. 2009, 49, 339. 

[19]  Nat. Mater. 2009, 8, 621. 

[20]  -W. Cho, Y.- Water Res. 2010, 44, 352. 

[21]  -C. Tseng, Y.- Molecules 2009, 14, 3780. 

[22]  R. Giernoth, Angew. Chemie - Int. Ed. 2010, 49, 2834. 

[23]  New J. Chem 2017, 41, 1677. 

[24]  Fluid Phase Equilib. 2004, 219, 93. 

[25]  -Garcia, Phys. Chem. Chem. Phys. 
2007, 9, 982. 

[26]  Chem. Soc. Rev 2012, 41, 
829. 

[27]  Chem. Soc. Rev. 2008, 37, 123. 

[28]  D. Wei, A. Ivaska, Anal. Chim. Acta 2008, 607, 126. 

[29]  Dalt. Trans. 2008, 2655. 

[30]  A. N. Jordan, 2013. 

[31]  - ACS Nano 2009, 3, 3854. 

[32]  RSC Adv. 2016, 6, 95273. 

[33]  -Zahab, L. Chandler, G. Nanoscale 2012, 4, 5031. 

[34]  Verh. Dtsch. Phys. Ges. 1918, 20, 210. 

[35]  Phys. Z. 1918, 19, 524. 

[36]  J. Chem. Educ. 1970, 47, 396. 

[37]  Phys. Z. 1932, 75, 1. 

[38]  D. H. Templeton, Cit. J. Chem. Phys. 1953, 21, 2999. 

[39]  Q. Rev. Chem. Soc. 1956, 10, 283. 

[40]  J. Chem. Educ. 1965, 42, 204. 

[41]  J. Math. Phys. 1985, 26, 2999. 



Chapter 1 – General Introduction 

26 
 

[42]  Z. Krist. 1933, 86, 359. 

[43]  D. W. Smith, J. Chem. Educ. 1977, 10, 283. 

[44]  J. Chem. Educ. 1979, 56, 576. 

[45]  Inorg. Chem 1984, 23, 3167. 

[46]  H. D. B. Jenkins, H. K. Roobottom, J. Passmore, L. Glasser, Inorg. Chem. 1999, 38, 3609. 

[47]  L. Glasser, H. D. B. Jenkins, J. Am. Chem. Soc. 2000, 122, 632. 

[48]  L. Glasser, H. D. B. Jenkins, J. Chem. Eng. Data 2011, 56, 874. 

[49]  Ind. Eng. Chem. Res. 2009, 48, 2290. 

[50]  L. Glasser, H. D. B. Jenkins, Phys. Chem. Chem. Phys. 2016, 18, 21226. 

[51]  2009, 9, 4834. 

[52]  J. Am. Chem. Soc. 2006, 128, 13427. 

[53]  Polym. Rev. 2012, 52, 1. 

[54]  Electron. Process. Org. Semicond. 2015, 389. 

[55]  Chem. Phys. 2006, 325, 99. 

[56]  Angew. Chemie Int. Ed. 2012, 51, 2020. 

[57]  J. L. Brédas, J. P. Calbert, D. A. da Silva Filho, J. Cornil, Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 5804. 

[58]  J. Chem. Phys. 1949, 17, 1198. 

[59]  Thin Films and Nanostructures –96. 

[60]  
Adv. Funct. Mater. 2015, 25, 150. 

[61]  Mater. Sci. Eng. R Reports 2009, 66, 71. 

[62]  J. Chem. Educ. 1962, 39, 333. 

[63]  lson, R. H. Friend, Adv. Eng. Mater. 2002, 4, 453. 

[64]  Sci. Rep. 2015, 4, 3797. 

[65]  T.- - - -B. Zhang, J. Am. Chem. Soc. 2018, 140, 7716. 

[66]  J. N. Demas, G. a. Crosby, J. Phys. Chem. 1971, 75, 991. 

[67]  , 
Chem. Phys. Lett. 1995, 241, 89. 

[68]  J. C. BERNÈDE, J. Chil. Chem. Soc. 2008, 53. 

[69]  H. Spanggaard, F. C. Krebs, Sol. Energy Mater. Sol. Cells 2004, 83, 125. 

[70]  G. A. A. Chamberlain, Sol. Cells 1983, 8, 47. 



Chapter 1 – General Introduction 

27 
 

[71]  C. W. Tang, Appl. Phys. Lett. 1986, 48, 183. 

[72]  Nat. Mater. 2011, 10, 450. 

[73]  -L. Brédas, Chem. Rev. 2007, 107, 926. 

[74]  Z. Yin, J. Wei, Q. Zheng, Adv. Sci. 2016, 3, 1500362. 

[75]  S. R. Forrest, Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2015, 373, 20140320. 

[76]  R. Jean, Acc. Chem. Res. 2009, 42, 1719. 

[77]  Chem. Rev. 2015, 115, 12666. 

[78]  F. Zhang, K. G. Jesper
O. Inganäs, Adv. Funct. Mater. 2006, 16, 667. 

[79]  F. Padinger, R. S. Rittberger, N. S. Sariciftci, Adv. Funct. Mater. 2003, 13, 85. 

[80]  . S. Sariciftci, Prog. Polym. Sci. 2013, 38, 1929. 

[81]  Sol. Energy Mater. Sol. Cells 2012, 107, 87. 

[82]  Chem. Rev. 2014, 114, 12330. 

[83]  Organic Nanomaterials –
597. 

[84]  Chem. Rev. 2010, 110, 6595. 

[85]   Chem. Soc. Rev. 2016, 45, 2937. 

[86]  Energy Environ. Sci. 2009, 2, 347. 

[87]  J. Phys. Chem. C 2018, 122, 5829. 

[88]   Appl. Phys. Lett. 2005, 87, 203502. 

[89]  J. Appl. Phys. 2008, 104, 043107. 

[90]  k, B. P. Rand, J. Genoe, Phys. Rev. B 2008, 77, 165332. 

[91]  Sci. Rep. 2015, 5, 11363. 

[92]  B. Qi, J. Wang, Phys. Chem. Chem. Phys. 2013, 15, 8972. 

[93]  Polymers (Basel). 2014, 6, 2473. 

[94]  ACS Photonics 2014, 1, 173. 

[95]  Adv. Energy Mater. 2015, 5, 1501019. 



 
 

 



Chapter 2 – Increasing Photovoltaic Performance of an Organic Cationic Chromophore by Anion Exchange 

29 
 

Increasing Photovoltaic Perfor-
mance of an Organic Cationic Chromophore by 
Anion Exchange 
 

a,f Antonia Neelsb, Sandra Jenatscha, Erwin Hackc, Stavros Athanasopoulosd, Lucas Vianie, Frank Nüescha,g and 
Jakob Heiera  

 

a. cience and Technology, Empa, Überland-
 

b. - nce and Technology, Empa, Überlandstrasse 129, 
 

c. Laboratory for Transport at Nanosc
 

d.  
e. 

 
f. EPFL, Station 6, CH-1015 

 
g. -  

E-  
 

 

 

 

 

2.1 Declaration of Contribution 
ss 

 . In all cases the idea development, 
 

-  ta 
analysis.  and  

proofreading   

 

Adv. Sci., 2018, 5, 1700496. 

 



Chapter 2 – Increasing Photovoltaic Performance of an Organic Cationic Chromophore by Anion Exchange 

30 
 

2.2 Keywords 
Cyanine dyes, organic photovoltaics, morphology, single crystals. 

2.3 Abstract 

polarizability, thermal stability, optical properties, light absorbing layer morphology and organi
- -[5-(1,3-dihydro-1,3,3-trimethyl-2H-

indol-2- -1,3-pentadien-1-yl]-1,3,3-trimethyl-3H- yst®A26 (OH- 
stand-

ategy for 
 

2.4 Introduction 
al 

leitmotif for cyanine dyes consists of a polymethine chain flanked by indolenine derivatives.[1–4] The first report on the synthesis of 
[5] Since then, 

more applications e [6,7] non-linear optics,[8,9] data storage in CD-
R,[10–12] [3,13–18]  

e, 
cted by a polymethine chain.[19,20] 

hydrazine and the corresponding 3-methyl-2- -dye.[21,22] This can then be con-

sy -dyes,[23] 
 

-
nal 

heterocycles.[4]  

The corresponding 
-, I-, ClO4-

and hard (Cl- -, ClO4-

[24] -phase [25–27] 
often r d 
organic salt.  

ero bond length 
[28–30] Beyond a certain polymethine chain length, the symmetry of the 

[31–33] 
n this 

-  

-based organic salts.[27,34–37] 
 

[13,16] -
term stability[38] cations consider the near infrared region 

ire 
halogenated solvents for thin film fabrication.  
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before in cyanine dye chemistry. 

bistriflylimide anion ne
 

2.5 Results and Discussion 

2.5.1 General Ion Exchange Pathway 
The small and hard halide ani

g ma-
terial 2-[5-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2- -1,3-pentadien-1-yl]-1,3,3-trimethyl-3H-

 Cy5O3 3SPh, Cy5O3 3SNaphth, 
Cy5TFSI (Figure 2:1  

 

2 1 
 

 

-
potentially scaled- - fo Figure 
2:1A

e crosslinked styrene-
es 

 
-

Figure 2:1B
are obtained after evaporation of all vola

. To 
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2.5.2 Anion Influence on Thermal, Optical and Electrochemical Properties 
The synthesi - 5 L mol-1 cm-1. The 

- * transitions (Figure 2:2A
pend - Figure 
2:2B -1 and spans the range from 475 to 800 nm. This broadening 

-1 
[39] 

-1 and rea
[40]  

 

2 2 - -

 

 

The Cy5O3 -aggregate 
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-band shifts, stemming from head to tail orientation of 

Figure 2:4D
- on spectra are not affected by the anion 

(Table S5
 of the chromophore in dimethylformamide 

60  -5.41± -
4.03± Table S7
state.[38] Table S5, S7  all synthe-

l. The 
r cells. All syn-

Figure S3, Table S3
- r by 10 °C compared to 

nce 

emper-
3

of N2 the 

tive decomposit reflects the increasing 
 

2.5.3 Anion Influence on Crystal Packing, and Electronic Structure 
-

r 
Cy5O3 Figure 2:3 and Figure 2:4 for clarity. 

 

Table 2 1 he R1 2 
model. 

 

 

 

 

 3

-C14b-C15b- -C7b-C8b-
Figure S13, S14, Table S11 3SPh the -conformation 

- - - - - -
 

nitrogen atoms. Cy5O3 -C14-C15- -
C7-C8-
angles C13-C14-C15- -C7-C8-

nger S-
charge is delocalised over seven atoms according to the bond lengths (Table S13
chromophore- y and charge delocalisation (Figure 2:3, Table S14  

Anion -O3SMe -O3SPh -O3SPhMe -TFSI
Crystal system monoclinic monoclinic triclinic triclinic
Space group C2/c P21/c P-1 P-1
Unit cell volume/Å3 18052 10222 1987 1650
R1/wR2/all data 0.0880/0.2821 0.1457/0.3179 0.0607/0.1777 0.0519/0.1253
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2 3 Anion coordination environment observed from single crystal data. The shortest anion-chromophore distances observed 
 3 3 3

contacts to 
the nitrogen atom 3 3SPh. In the case of Cy5O3Ph only 
the SO3- -green. 

 

3

triplet (Figure 2:3A
chromophore triplet layers. The chromophores are arranged in sheets separated by layers of anions. Within these sheets the chro-

Figure 2:4A
ariation for shortest anionic contact to a nitrogen atom (4.09-5.97 

- -
carbon-nitroge - -carbon contacts be-

Figure S14
angle of 23  carbon-carbon distances of over 6.25 Å. A 

in Cy5O3 -4.80 Å (Figure 
2:3B Figure 2:4B

3

triple °. 
6 Å 

-3.66 Å nitrogen- Figure S14
3 3 on 

3 Figure 2:3C, 2:3D
p-  Å and 4.41 
dination distance increases to 4.51 Å and 4.49 Å for N1 and N2, respectively The slight decrease in dielectric constant (Table S9

rong geomet-
n (Figure 

2:4D, Table S12
-
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length alternation from 3.3 to 0.8 rge delocalisation of the anion 
(Table S10  

 

2 4 3

Cy5O3SPh packing along c 3

-green. 

 

The terminal nitrogen -C8 and N2- -  
-C1 and N2-

 Å respectively
participate in the charge delocalisation (Table S10

-orbitals of the chromophore. 
 pm the polymethine chain of Cy5TFSI is delocalized, despite the strongest asymmetrical coordination 

of the TFSI- 
 

2.5.4 Anion Influence on Thin Film Morphology 
t-free thin films of 10 nm thickness of the dye on top of the hole transporting layer is a challenging task 

ine 
- -

1- differs 
signi ine 

Figure 2:5  
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2 5 20 m2  

 

The 2- 3  layer thickness 
3SPh and Cy5O3

st and most 
 

e, incompatibility in 
pro-

ing diagram (Figure 2:4A
- Figure 2:2B

Figure 2:5 O3SMe
e-

 

2.5.5 Anion Influence on OPV Device Performance 
All synthesized 
(Figure S15 3SPh, Cy5O3 3 -0.04 
mA cm-2 at -  (Figure 2:6B 3  cm-2 at -0.8 

OC and JSC val-
OC of Cy5O3 3
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rganic 
moiety s OC, JSC

Table 2:2
rease of 

OC, JSC 3  

 

2 6  
  

 

rge 
OC increase, like 

hore 
-

Lunt [38] 
or C60 

(Figure S20
Figure 2:6C

does inf -5 cm2 -1 s-1 
Figure S9, S10 ly 

[15] 
the Table 2:2  

Table 2 2  
 

 

 

 

as-
sembly, Table S16
spincoating.[41] 
trials 
gation of solvent additive effects. They are presented in Figure S16-S18 l 

Figure S19
hort 

 

2.5.6 Conclusion 
-[5-(1,3-dihydro-

1,3,3-trimethyl-2H-indol-2- -1,3-pentadien-1-yl]-1,3,3-trimethyl-3H-
-step halide-for-

Anion N cells Voc (V) Jsc (mA cm-2) FF (%) Eff (%)
TFSI 32 0.68 ± 0.05 6.03 ± 0.49 51.53 ± 9.31 1.96 ± 0.57
O3SNaphth 8 0.62 ± 0.05 4.94 ± 0.35 37.84 ± 1.8 1.13 ± 0.12
O3SPhMe 6 0.51 ± 0.12 4.52 ± 0.42 41.5 ± 5.29 1.22 ± 0.33
O3SPh 8 0.51 ± 0.02 4.43 ± 0.28 35.43 ± 1.62 0.98 ± 0.07
O3SMe 8 0.46 ± 0.04 4.29 ± 0.16 35.05 ± 2.32 0.68 ± 0.05
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Amberlyst®A26 (OH- 
ometry, 

 Despite asymmetrical coordination the anions maintain the ideal polymethine state 
to the 

acceptor material and hole transport laye
e 

delocalisation effect of the anion significantly  
nt cyanine dyes 

  

2.6 Experimental Section 

2.6.1 Materials and Methods 
Aldrich, VWR, FEW Chemicals, Kurt J. Lesker

Bruker AV-400 spectrometer (1H- 13C{1H}- 19F{1H}-
ical shifts ( ignal (1 13C{1 3

Leco TruSpec Micro for C, H, N, S, F and O, 
Netzsch TG 209 F1. 

2.6.2 Device Fabrication and Characterisation 
VWR VWR VWR

3 60 Tris(8-  
on 

-6 -1 
sphere. 

Figure S2, Table S2
2 

100 mW cm-2 
 -2100. 

2.6.3 Further Characterisation 
- n and k 

-

-Imaging Plate Diffractometer System 
- rmed at – -K  radiation (  = 

1 2 
1 -

eters. All non-
crystallographic data for Cy5O3 3SPh, Cy5O3 , respectively. These data can be obtained free of charge from 
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2.7 Supporting Information 

2.7.1 General Information 

2.7.2 General Notation for this Work

 

 

2.7.3 Anion Exchange Procedure 

2.7.4 General Loading of the Resin 
Amberlyst® A26 (OH-

 

lvent 
 

ed 
 

 

2.7.5 Determination of Resin Capacity

3

-  

Table S1  
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Compound NaOH MeSO3H 
Starting amount (g) 0.2014 0.1723 
Starting volume (mL) 25 - 

Starting mole (mmol) 5.04 1.79 

Volume titrant used (mL) 2.8 - 

n used (mmol) 0.564 - 

n unspent (mmol) - 0.564 

 

=  = 1.79 0.56 1 = 1.2   

Cresin = capacity of the resin, nacid  resin 
Amberlyst® A26 (OH-  

 

2.7.6 Synthesis of Cy5O3SMe x H2O 

NN
12

3

4 5

6

7

8

9

10

11

1213

S OO

O

14

 

 
-3  

-  

[C28H35N2O4S] 495.66 g mol-1 

1H NMR (400 MHz, Chloroform-d) J = 13.1 Hz, 2H, H(11  – – 7.33 (m, 2H, H(5 J = 
7.5, 0.8 Hz, 2H, (4 J J = 12.5 Hz, 1H, H(12 J = 13.7 H
2.85 (s, 3H, H(14 2  

13C NMR (101 MHz, Chloroform-d) 41.0 (C 22.20 (C5
 

Elemental analysis  

                                             

 

2.7.7 Synthesis of Cy5O3SPh 

NN
12

3

4 5

6

7

8

9

10

11

1213

S OO

O

14
15

16
17
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-3  

- l 
bottom. 

[C33H35N2O3S] 539.71 g mol-1  

1H NMR (400 MHz, Chloroform-d  8.18 (t, J = 12.9 Hz, 2H – 7.99 (m, 2H , 6H, H(3,5,17,18 J = 
7.4 Hz, 2H J = 7.9 Hz, 2H J = 12.5 Hz, 1H J = 13.7 Hz, 2H H(13
(s, 12H, ppm. 

13C NMR (101 MHz, Chloroform-d)  127.8 C(16
  125.1 (C12 22.2 (C5  

Elemental analysis  

              

 

2.7.8 Synthesis of Cy5O3SPhMe 

NN
12

3

4 5

6

7

8

9

10

11

1213

S OO

O

14
15

16
17

18
 

para methyphenyll-
-3  

-  

[C36H43N2O3S] 583.81 g mol-1 

1H NMR (400 MHz, Chloroform-d) J = 13.1 Hz, 2H, H(11 – 7.82 (m, 2H, H – 7.28 (m, 4H, H(3,5 J 
= 7.5, 0.9 Hz, 2H, H(4 J = 7.9 Hz, 2H, H(16 J = 12.5 Hz, 1H, H(12 J = 13.6 Hz, 2H, 

 

13C NMR (101 MHz, Chloroform-d) 
 

Elemental analysis  
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2.7.9 Synthesis of Cy5O3SNaphth x H2O 

NN
12

3

4 5

6

7

8

9

10

11

1213

S OO

O

14

15
16

17
18

19

20
21

22
23

 

 2-
-3  

[C37H38N2O3S] 590.78 g mol-1 

1H NMR (400 MHz, Chloroform-d) – 8.50 (bs, 1H, H(14  8.13 (dd, J  8.10 (t, J – 
7.82 (m, 2H, H(16,19 J = 7.7, 3.8 Hz, 1H, H(21 – 7.39 (m, 2H, H(18,17 J = 7.9, 1.3 Hz, 2H, H(3 J 
= 1.2 Hz, 2H, H(5 J = 7.4, 0.9 Hz, 2H, H(4 J J = 12.4 Hz, 1H, H(12 J = 13.7 Hz, 
2 2  

13C NMR (101 MHz, Chloroform-d) 44.9 (C23 128.8 
128.5 (C3 .6 (21  (C12   124.8 (C4 5

(C  

Elemental analysis  

                                           98. 

 

2.7.10 Synthesis of Cy5TFSI 

NN
12

3

4 5

6

7

8

9

10

11

1213

N
-

SS
O

O
F3C

O

O

CF3

 

-2 mbar a shin  

-  

[C29H31F6N3O4S2] 663.39 g mol-1 

1H NMR (400 MHz, Chloroform-d) J – 7.37 (m, 2H, H(3  7.37–  7.25 (d, J = 
7.5 Hz, 2H, H(4 *, J J = 12.5 Hz, 1H, H(12 J = 13.6 H

 

13C NMR (101 MHz, Chloroform-d)   
120.2 (q, J = 322 Hz, (CF3  110.4 (C2  

19F NMR (377 MHz, Chloroform-d) -78.7  

Elemental analysis  

                   -, [S] 9.72, [F] 17.20. 
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2.7.11 Thin Film Morphology and Thickness Evaluation  

2.7.12 Screening of Suitable Solvents on Glass/MoO3 Substrate 

3 3 
 

2.7.13 Determination of Resulting Film Thicknesses After Solution Spincoating 
- con-

necessary for each dye- (Figure S11, S12
is a 1 mm thick microscopic glas 3 layer. The aim is to find the right concentration for each dye that gives 
10 3  

 

Table S2. Thickness-concentration dependence for the  

c (mol L-1) Mdye (g mol-1) mdye (mg) VSolv. (mL) dfilm (nm) n 683 nm) k (683 nm) 

Cy5O3SPh*(H2O) from Ethanol 

1*10-3 558.74 0.4 0.7 4.0   

5*10-3 558.74 2.0 0.7 13.9   

7.38*10-3 558.74 2.9 0.7 24.4   

1*10-2 558.74 3.9 0.7 40.0 2.57* 1.11* 

Cy5O3SPhMe from Ethanol 

1*10-3 554.75 0.4 0.7 6.0   

5*10-3 554.75 1.9 0.7 15.4   

7.38*10-3 554.75 2.9 0.7 21.1   

1*10-2 554.75 3.9 0.7 29.3 2.57* 1.13* 

Cy5O3SNaphth*(H2O) from Ethanol 

1*10-3 608.80 0.4 0.7 4.1   

5*10-3 608.80 2.1 0.7 18.5   

7.38*10-3 608.80 3.2 0.7 20.3   

1*10-2 608.80 4.3 0.7 33.3 2.56* 1.17* 

Cy5O3SMe*(H2O) from Ethanol 

1*10-3 496.67 0.4 0.7 5.3   

5*10-3 496.67 1.7 0.7 13.1   

7.38*10-3 496.67 2.6 0.7 19.6   
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c (mol L-1) Mdye (g mol-1) mdye (mg) VSolv. (mL) dfilm (nm) n 683 nm) k (683 nm) 

1*10-2 496.67 3.5 0.7 26.0 2.58* 1.01* 

   Cy5TFSI from TFP    

1*10-3 663.69 0.5 0.7 1.4   

5*10-3 663.69 2.3 0.7 9.7   

7.38*10-3 663.69 3.4 0.7 14.4   

1*10-2 663.69 4.7 0.7 18.7 2.54* 1.24* 

 

3  

 

3  

2.7.14 Thermal Behaviour of the Dyes 

range from 20-600 °C. From 600-  
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Table S3.  

Cyanine 
Decomp. 
Temp/°C 

First step (Mid-
point) 

First step In-
tegral 

Second step 

(Mid-point) 

Second step In-
tegral 

Cy5O3SPh 

*(H2O) 
235 

235-302  

 
21 302-  51 

Cy5O3SPhMe 250 
250-286  

 
21 286-  50 

Cy5O3SNaphth*(H2O) 240 
240-280  

 
18 280-  43 

Cy5O3SMe*(H2O) 230 
230-283  

 
30 283-  41 

Cy5TFSI 260 260-305  19 305-  65 

50 100 150 200 250 300 350 400 450 500 550 600
0

10

20

30

40

50

60

70

80

90

100

TG
 (%

)

Temperature (°C)

Cy5O3SPh
 Cy5O3SNaphth
 Cy5O3SMe
 Cy5O3SPhMe
 Cy5TFSI
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Cyanine 
Decomp. 
Temp/°C 

First step (Mid-
point) 

First step In-
tegral 

Second step 

(Mid-point) 

Second step In-
tegral 

 

 

2.7.15 UV-Vis absorbance 
-4 

Table S4  

 

Table S4. Used concentrations for the g -  

Solution Compound concentration c (mol L-1) 

Cy5O3SMe 

*(H2O) 

Cy5O3SPh 

*(H2O) 

Cy5O3SPhMe Cy5O3SNaphth 

*(H2O) 

Cy5TFSI 

1 -7 -7 -7 -7 -7 

2 -6 -6 -6 -6 -6 

3 -6 -6 -6 -6 -6 

 

tive 

absorbance intensity by 10-1 cm.  
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. Concentration dependent absorbance. 

 

Table S5. Since the c
-hole pairs it, becomes clear that the optical bandgap and the electronic bandgap 

lated 
 

E ( ) = ×  

 

 

oscillator strength describes the prob-
nd the 

stronger absorbing is the dye. 

= 4.319 × 10 ( )  

( )  

 

 = 1/( 10 ) 

 

0.0 1.0x10-6 2.0x10-6 3.0x10-6 4.0x10-6 5.0x10-6
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17

 Cy5O3SMe
 Cy5O3SPh
 Cy5O3SPhMe
 Cy5O3SNaphth
 Cy5TFSI

A
bs

or
ba

nc
e

Concentration (mol L-1)
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( ) = /( ) 

-1  

 

r 
scale is reversed. 

 

S5 on coefficient  3  

 

The peak in Figure S5 - * 
the oscillator force. 

  

Table S5. Calculated data from recorded UV-Vis spectra. * Onset energy at higher wavelengths obtained from EtOH solution, ** 
obtained from thin film. 

Compound 
max  

(L mol-1 cm-1) 

max 

(nm) 

onset 

(nm) 

( )
(eV) 

 
( )

(eV) 

Cy5O3SPh* 

(H2O) 
3.56 5 641 672 1.74 1.51 1.68 

Cy5O3SPhMe 5 641 672 1.74 1.63 1.68 

Cy5O3Naphth*(H
2O) 

5 641 674 1.74 1.10 1.68 

Cy5O3SMe* 

(H2O) 
5 641 675 1.74 1.10 1.68 
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Compound 
max  

(L mol-1 cm-1) 

max 

(nm) 

onset 

(nm) 

( )
(eV)

 
( )

(eV) 

Cy5TFSI 5 641 670 1.75 1.59 1.67 

 

2.7.16 Cyclic Voltammetry for Determination of HOMO/LUMO Energy Levels 
 

Table S6  

 

Table S6  

Dye m (mg) n (mol) 

Cy5O3SPh*(H2O) 10.2 -5 

Cy5O3SPhMe 5.1 -6 

Cy5O3SNaphth*(H2O) 10.2 -5 

Cy5O3SMe*(H2O) 10.1 -5 

Cy5TFSI 9.6 -5 

 

ntials 
[3] 

-   

-0.75  

 
3  
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 E ( ) 

 level. 
By analysing the recorded spectra graphically it is possible to determine E ( ) E ( ) onset 

, so that 
the intersection onset of the corresponding pea

 

 

/ ( ) = +2  

/ ( ) -  potential,    

 

 

 

-0.8 -0.4 0.0 0.4 0.8 1.2 1.6 2.0
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-4.0E-06

0.0E+00
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C
ur
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nt
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)

Potential (V) vs. Ag/AgCl
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S8 3 3

the Ferrocene reference.  

 

The p [3] The 
 

Korr.Ferrocene=0.72- / ( ) 

 

 

( ) .  = ( ) + .  

( ) .  = ( ) + .  

 

[4] 
against NHE as described above. = ( ) .  + 4.5  = ( ) .  + 4.5  

( ) =  

 

 

Substance ( ) /V ( )/V ( )/V /eV /eV ( )/eV 

Cy5O3SPh 1.20 -0.19 1.01 -5.41 -4.02 1.39 

Cy5O3SPhMe 1.20 -0.19 1.00 -5.42 -4.03 1.39 

Cy5O3SNaphth 1.18 -0.19 1.00 -5.40 -4.03 1.38 

Cy5O3SMe 1.20 -0.18 1.00 -5.42 -4.04 1.38 
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Substance ( ) /V ( )/V ( )/V /eV /eV ( )/eV 

Cy5TFSI 1.21 -0.17 1.01 -5.42 -4.04 1.38 

 

2.7.17 Carrier Mobility using the CELIV Method 
 

= 2 + ×3 × 11 + 0.36  

t  dye C60 60 layer, /
dye and C60, 0  
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Table S8. RC acts as an indicator for the reliability of 
 

Cyanine Tmax/ RC 
(cm2 V-1 s-1) 

Cy5O3SPh*(H2O) 6.20 -6 

Cy5O3SPhMe 10.77 -6 

Cy5O3SNaphth*(H2O) 17.86 -6 

Cy5O3SMe*(H2O) 17.07 -6 

Cy5TFSI 11.09 -5 

 

2.7.18 Relative Permittivity =  
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Table S9  

Cyanine n nm  

Cy5O3SPh*(H2O) 1.88 979-1688 3.53 

Cy5O3SPhMe 1.88 975-1688 3.53 

Cy5O3SNaphth*(H2O) 1.89 965-1688 3.57 

Cy5O3SMe*(H2O) 1.88 1010-1688 3.53 

Cy5TFSI 1.86 973-1688 3.46 

 

2.7.19 Crystal Structures 

NN
N1 N2C1C2
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C4 C5

C6
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bond length. 
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Atom Anion 

O3SMe O3SPh O3SPhMe TFSI 

C9-C10 

C9b-C10b 

C9c-C10c 

 

 

 

 

 

 

  

C10-C11 

C10b-C11b 

C10c-C11c 

 

 

 

 

 

 

  

C11-C12 

C11b-C12b 

C11c-C12c 

 

 

 

 

 

 

  

C12-C13 

C12b-C13b 

C12c-C13c 

 

 

 

 

 

 

  

C13-C14 

C13b-C14b 

C13c-C14c 

 

 

 

 

 

 

  

C14-N2 

C14b-N2b 

C14c-N2c 

 

 

 

 

 

 

  

N2-C21 

N2b-C21b 

N2c-C21c 

 

 

 

 

 

 

  

BLA* 2.2 

2.5 

3.2 

1.7 

1.2 

3.3 

1.3 0.8 

 



Chapter 2 – Increasing Photovoltaic Performance of an Organic Cationic Chromophore by Anion Exchange 

57 
 

 

Atoms Anions 

O3SMe O3SPh O3SPhMe TFSI 

Plane angle between two indolenium rings 

(N conformation relatively to each other) 
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Atoms torsion angles 

O3  O3SPh O3  TFSI 

C14c-C15c-C16c-C17c   

 

 

Atoms Anion 

O3  O3SPh O3  TFSI 
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Table S14. Shortest anion-
 

Atom Anion 

O3  O3SPh O3  TFSI 

N1-O 

N1b-O 

N1c-O 

4.108 

4.626 

4.254 

4.321 

4.968 

4.342 

4.408 4.492 

N2-O 

N2b-O 

N2c-O 

4.244 

4.266 

4.092 

4.619 

4.807 

4.200 

4.129 4.424 
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-
mophore 3 3SPh. 

 

2.7.20 Organic Photovoltaic Device Fabrication 
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 and C60 
 

2.7.21 Statistics of the Cy5TFSI Cell 
• Detailed insight reveals a broad deviation in all cell parameters   

• Indication that the active layer morphology is not optimal 

 

 

 

 
N total Mean Standard Deviation Minimum Median Maximum 

Voc (V) 33 0.66 0.09 0.27 0.70 0.72 

Jsc (mA cm-2) 33 5.82 0.50 5.00 5.79 7.37 

Eff (%) 33 2.00 0.54 0.49 2.03 3.02 

FF (%) 33 50.91 7.44 32.04 53.35 59.19 

 

 

2.7.22 Optimization Trials of the Cy5TFSI Cell 

2.7.23 Vacuum Treatment of the Active Layer 

-6 
addit en 

 

 

 

 
N total Mean Standard Deviation Minimum Median Maximum 

Voc (V) 15 0.63 0.05 0.56 0.64 0.69 

Jsc (mA cm-2) 15 5.87 0.42 5.43 5.72 6.83 

Eff (%) 15 2.13 0.39 1.53 1.97 2.86 

FF (%) 15 57.05 3.92 49.24 56.05 62.50 

 

2.7.24 Thermal Annealing Followed After Vacuum Treatment 
nealing 
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2.7.25 Additive Effect  
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ers. 

 

ed. A 
ent density 

significant 
favorable effect on device parameters. 

 

2.7.26 Active Layer Thickness Variation 
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rameters dependence on active layer thickness based on data from 8 cells for each thickness. 

 

at 10 nm active layer thickn
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2.7.27 Aging behavior 
ve contri-

3SPh as electron 
donor and C60 as acceptor. Figure S20 
C60 Jsc )* AM1.5( )*e d  
obtained by integrating over EQE( ) AM1.5( )    charge 
e -2 and 2.94 mA cm-2 for fresh and aged devices, respectively. 
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2.7.28 DFT Calculations of Cyanine Dyes Based on Single Crystal Data 
ferent 

anion-chromophore pairs of Cy5O3SPh, Cy5TFSI and Cy5O3 have 
ondly, 

- -

rom 
6-

-
-chromophore pair.  

-B3 -
ble zeta polarised 6-

-  [5] 

[6]  

Figure S21 displays the Kohn- -chromophore pairs. We find that for all 
a 

af-
ot have 

-phase conditions. 

 

hn- -
- -31+G* level.  

 

Figure S22 on of each 
anion-

rm an electrostatic 
lec-

ithin the chromophore 
-anion pair in 

phore is also observed for the bistriflylimide anion.  
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- - -31+G* level. 
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3.2 Keywords 
S attice energy, organic photovoltaics. 

3.3 Abstract 
-tert- -

phase conditions to the 2-[5-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2- -1,3-pentadien-1-yl]-1,3,3-trimethyl-3H-
-

-

rdinat-
ing anion is an emerging key parameter in cyanine dye photochemistry. This approa

 

3.4 Introduction 
[1] 

matter the cation-anion interactions can never reach a non-
-phase condition”.[2,3] ecades of 

Lewis acids (B, Al, Ga, Sb, 
-

cleophilic sites.[4] 
Lewis acidic centre.[5] 

[3,4,6–11] Concerning practical applications of 
s

smaller coordinating species.[12–15] Pe
[16,17] 60- 

[18–20] 
 -tert-  

least coordinati [21]  
[22,23] To 

tors.[24] 

end.[25,26] 
 electronic, conformational and optical properties; especially in neat spin-casted films and 

organic electronic devices.[24,27–33] The single positive charge 

[34,35] 
[36] [36,37] 

and especially salts,[31] 
are prone to non-radiative recombination. On the contrary, free charge carriers at donor-

-limiting process in organic-salt-
based photovoltaics.[38] 

[39] 

of 
[40–43] 
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 classes of materials. Effects of 
-casted neat 

alts of 2-[5-(1,3-
dihydro-1,3,3-trimethyl-2H-indol-2- -1,3-pentadien-1-yl]-1,3,3-trimethyl-3H-  

ver seven 
atoms and -tert-
atoms -casted 

y 
of 
these.  

3.5 Results and Discussion 

3.5.1 Anion Exchange and Solid State Features  
The 2-[5-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2- -1,3-pentadien-1-yl]-1,3,3-trimethyl-3H- -tert-

4 Figure 3:1A r-
mation for the anion-  

- 4] crystallizes 
1

4 -separated 
Figure 3:1B  

 
3 1 4] 

4]  
d for 
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4
[43] 4 Figure 3:1C

 4]- 
investi-

gated anions (Figure 3:1C [39,41,43] Part -
Cy5O3

 
 is to 

Table S1, S2  be cor-
or prop-

[44,45] 
4] anion containing Cy5 salt.          

3.5.2 Optical and Thermal Properties 

4] 5 L mol-1 cm-1  
 optical properties; the latter being very similar to 

Figure 2A, S3, Table S5, S6 [43] -
4

-1 -1, -1 -1. 
Applying the lattice energy concept in Figure 3:2B 
tifying a  

 
3 2 - 4] - -

2

Pearson'  3 -1 3SPh (372.84 kJ mol-1

Cy5O3 -1 I (364.83 kJ mol-1 4] (319.92 kJ mol-1  
 

- Figure S4
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Figure 3:3A, B -
smooth and defect free film morphology, same light emitting chromop

s 
a benchmark, the variation of organic ce intensity by a factor of 1.5 for the -O3SNaphth anion. 

- -fold increase. When 
4]- -

Figure 3:3A  

 
e 3 3 -casted films plotted against the 

2 of 0.99 and Pearson's r of -0.99. 
3 -1 3SPh (372.84 kJ mol-1 3 -1 -1

4] (319.92 kJ mol-1  4]. The -

3+1.49*10-1 - -4.37*10-1 -1 2 of 0.99. 
 

Table S8 -fold 
m yield can be observed from -O3 4]-  

r, 
-emissive d Table S8

-absorbance and ag-

th the 
Cy5[Al(pftb 4 Figure 3:3B

 

[43] 
 stacking 

ing 1300 g mol-1 4] 

investigated salts.[43] 
(Figure 3:4  



Chapter 3 – Superweak Coordinating Anion as Superstrong Enhancer of Cyanine Organic Semiconductor Properties 

74 
 

 
3 4 4]. 

 

-
the a 

4

4]- 
 

[46] 

3.5.3 Anion Influence on Thin Film Morphology  

4]-

one ore 
4]- [2,6,9] 

ong tendency in either dendritic 
[43] salts of the pentamethine chromophore (Figure 3:5, S5  

 
3 5 -casted Cy5 4] 2O5 3 3 a dendritic crystal is observed. 

 

3  
4 - 2O5 as HTL (Figure 
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3:5, S5 -
3 2O5 -1 2O5 is more 

-1 3 -1 
-1 3 -1 

2O5 4] spin- 2O5 -1

-1 4 2O5 probably originates from an 

components.  

3.5.4 Anion Influence on OPV Device Performance 

4 Figure S6 der varia-
2O5 2O5 

4]  (Figure S7, S8, S9 fabricated yielding 
Figure 3:6 -

 

 
3 6 4] cell. 

 

-2 mA cm-2 at -
 high open 

OC SC -2 
[43] 

OC 
Table S9

4]- 
high JSC Figure S9 4] 

 

Both compo
Figure 3:6B [43] 

–[ 4] anion 
SC of 5.7 mA cm-2  

versal energy scale (Figure 3:7 OC 2

Figure 3:7  
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3 7  
Cy5O3 -1 3SPh (372.84 kJ mol-1 3 -1 (364.83 kJ mol-1

4] (319.92 kJ mol-1  Each data point for EQE, FF, Jsc oc 

red have an R2 ' - - - OC  

 

OC 
4]- -

ac [47] 

rial.[48,49] OC gain. 

 

oc  sc an
forces and 

charge trapping in the disordered fi
ore 

n phenomena. In good agreement stands also the non-
er. The FF 

[50] 
SC 4]- is employed and approach the 

higher limit [30,51] 4] the Jsc 
ion 

of aggregate formation visib - Figure 3:2A, B  
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OC is observed. A linear 
2 ergy of 319.92 kJ mol-1 4

[52]  

phore salts (Figure S12, Table S10
ability to be polarized, a drop occ 4

vice.          

The improved ab
different salts of the Cy5 chromophore (Figure 3:7 2  

 state and 
OC, EQ

 

3.6 Conclusion 

lts 
of the Cy5 chrom

di-
4]-  

ngest 
4 60 

ness. A 4]- 
OC ed 

          

3.7 Experimental Section 

3.7.1 Materials and Methods 
Aldrich, VWR, FEW Chemicals, Kurt J. Lesker

spec Bruker AV-400 spectrometer (1H- 13C{1H}- 19F{1H}-
ical shifts ( 1 13C{1 3

co
Netzsch TG 209 F1.  

3.7.2 Device Fabrication and Characterisation 
VWR VWR VWR

2O5 (99.97 60 Tris(8-  
on 

-6 -

1 -
phere. The Figure S7
over a 0.45 μm filter before spin- 2 
The sola
100 mW cm-2 
S -2100.  
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3.7.3 Further Characterisation 
- n and k 

-  in tapping mode. Contact 
n 

 II- -mono-
– -K  radiation (  

2  [53,54] 
- -

4]. 
These data can be obtained free of charge 

 

 
-

line. Time- -
- -

-correlated single photon -130-
-ID-100-20-  Abso-

-QY C11347 spectrometer from Ha-
- -lamp filtered by short-   

3.8 Supporting Information  

3.8.1 General Information 

3.8.2 General Notation for this Work 
 

 

1  
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3.8.3 Anion Exchange Procedure 

NN
12

3

4 5

6

7

8

9

10

11

1213

Al
O

O

O O

CF3F3C CF3

CF3

CF3

CF3

F3C

F3C

F3C

F3C
CF3F3C

 

-3 -tert- -[5-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-
-1,3-pentadien-1-yl]-1,3,3-trimethyl-3H-

-
 

    

 [C43H30AlF36N2O4] 1349.65 g mol-1 

1H NMR (400 MHz, Chloroform-d) J = 13.5, 12.6 Hz, 2H, H(11 , 7.41 (d, 2H, J = 8.4 Hz, H(5
J = 7.5, 0.9 Hz, 2H, H(4 J J = 12.5 Hz, 1H, H(12 J = 13.6 H

 

13C NMR (101 MHz, Chloroform-d)   
121.3 (q, J = 293 Hz, CF3 3 3    

19F NMR (377 MHz, Chloroform-d) -75.4  

 

3.8.4 Crystal Structure 

NN
N1 N2C1C2

C3

C4 C5

C6

C7

C8
C9

C10
C11

C12
C13
C15

C14

C16

C17 C18

C19

C20C21

 

  

 

[2,3] 

 

3.8.5 Overview about possible ways to access parameters describing anion-cation  

interactions in a single crystal 
 

 

cations 
and negative charges are delocalised over several atoms. Therefore the coordination dis-
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[2] 
-  

= | || | +  

 = Lattice energy, | || |  m  = slope of the 
-1  = intercept of the regression 

-1  
    

it 
cell. In case of solvate c - [3] [4] 

rdination 
Table S1   

 

 

Parameters Anion  

-O3SMe -O3SPh -O3SPhMe -TFSI [Al(pftb)4]-  

a/nm 

(°) 

4.01284 

 

1.70193 

 

  1.12248 

 

 

b/nm 

(°) 

    5.0171   

c/nm 

(°) 

3.80012 

 

2.20323 

 

  1.0425 

 

 

Z 24 12 2 2 4  

I 1 1 1 1 1  

Vm/nm3 0.609 0.663 0.675 0.726 1.279  

EL/kJ mol-1 380.57 372.84 371.24 364.83 319.92  

 

 

 

 

=  14  

  = relative permittivity of the 
material. 
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-anion contact distance variable leads to a strong 
-  

= 2  

 

 

 

Parameters Anion    

-O3SMe -O3SPh -O3SPhMe -TFSI [Al(pftb)4]- 

 3.53 3.53 3.53 3.46 3.24 

0/ F m-1 8.854×10-12 8.854×10-12 8.854×10-12 8.854×10-12 8.854×10-12 

z 1 1 1 1 1 

e/C 1.602*10-19 1.602*10-19 1.602*10-19 1.602*10-19 1.602*10-19 

r/nm 0.67 0.69 0.69 0.71 0.86 

Ec/eV 0.61 0.59 0.59 0.58 0.52 

 

-C bond 
lengths in the polymethine chain.  

Atom 

 

N1-C8 1.3606 

C8-C9 1.3847 

C9-C10 1.3987 

C10-C11 1.3757 

C11-C12 1.3857 

C12-C13 1.3787 

C13-C14 1.3907 

N2-C14 1.3566 

BLA* 1.32 
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Atoms 

Angle (°) 

C13-C14-N2-C21  

C11-C12-C13-C14  

C1-N1-C8-C9  

C6-C7-C8-C9  

C8-C9-C10-C11  

C13-C14-C15-C16  

 

3.8.6 UV-Vis absorbance 
-4 mol L-1 4

Table S5  

-  

Solution Concentration (mol L-1) 

Cy5[Al(pftb)4] 

1 8.32 × 10-8 

2 1.81 × 10-7 

3 1.09 × 10-6 

4 1.32 × 10-6 

5 1.60 × 10-6 

6 2.17 × 10-6 

7 6.08 × 10-6 

8 1.20 × 10-5 

ve 
e intensity 

by 10.  
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Table S6  
 

E ( ) = ×  

 

 

The oscillator strength describes the probability of a transitio
 

= 4.319 × 10 ( )  

( )  

 

- * 
 

 = 1/( 10 ) 

 

Then the  

 

( ) = /( ) 

-1  
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Table S6. -  

Compound 
max 

(L mol-1 cm-1) 

max 

(nm) 

onset 

(nm) 

( )  

(eV) 
 

Cy5[Al(pftb)4] 3.52 ×105 644 674 1.83 1.48 

 

3.8.7 Fluorescence 

 

- 3 
2O5 (Cy5[ 4]  
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- 3 
2O5 -tert-  

Compound Quantum yield on glass (%) Uncertainty Quantum yield on HTL (%) Uncertainty 

Cy5O3SMe 4.77×10-2 1.60×10-3 4.74×10-4 1.13×10-5 

Cy5O3SPh 4.96×10-2 2.10×10-4 4.85×10-4 3.82×10-5 

Cy5O3SPhMe 5.17×10-2 2.2×10-3 4.82×10-4 1.41×10-5 

Cy5O3SNaphth 6.04×10-2 3.90×10-3 4.80×10-4 6.85×10-5 

Cy5TFSI 9.09×10-2 3.60×10-3 6.19×10-4 2.12×10-5 

Cy5[Al(pftb)4] 3.26×10-1 1.80×10-2 1.25×10-3 1.46×10-4 

 

 

3.8.8 Active Light Absorbing Layer Morphology 

 

2O5 
3 hole transport layer.  
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3.8.9 Organic Photovoltaic Device Fabrication 

3.8.10 Used Architecture of the Organic Photovoltaic (OPV) Device 

 

 

 

3.8.11 Active Layer Thickness Adjustment 

4 2O5 hole 
tra-
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2.0x10-3 4.0x10-3 6.0x10-3 8.0x10-3 1.0x10-2 1.2x10-2
5

10

15

20

25

30

35

40

45

T
hi

ck
ne

ss
 (n

m
)

Concentration (mol L-1)

Linear (09.06.2018 22:49:19)
Equation: y = Intercept + Slope*x
Weighting: No Weighting

Value Error
Intercept 1.4375 0.34038
Slope 3472.08676 44.83161
X Intercept -4.14015E-4 1.02738E-4

Reduced Chi-Sqr 0.10966
R-Square 0.99967
Pearson's r 0.99983

 

 

 

fit. 

 

3.8.12 Determination of Optimum Hole Transport Layer (HTL) Thickness 

2O5 4] 2O5 thicknesses by 5, 
2O5  
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3.8.13 Determination of Optimum Active Light Absorbing Layer Thickness 

2O5 
thickness by depositing 5, 10, 15, 20 and 30 nm of Cy5 4] on the HTL. 
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4] 
standard deviation.   

 

-20 nm. Thicker Cy5 4] layers 
4] ghest 

 

 

3.8.14 Optimized Device Descriptive Statistics 
yer 

Cy5 4] t    3×10-3 
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Table S9. Descriptive statistics of the optimized Cy5 4] cells. 

 N Rarithm s min Rmed max 

VOC/V 21 0.86 0.02 0.82 0.87 0.89 

JSC/mA cm-2 21 6.17 0.43 5.63 6.06 7.23 

 21 3.22 0.23 2.91 3.15 3.79 

FF 21 60.41 0.97 58.48 60.28 62.15 

 

3.8.15 Short Circuit Current Density Calculation 

Jsc )* AM1.5( )*e d EQE( ) AM1.5( )  of 
 e. 

3.8.16 Relative Permittivity =  
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Table S10 4]. 

Cyanine n nm  

Cy5[Al(pftb)4] 1.64 1000-1688 2.68 
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Physical Vapor Deposition of Cya-
nine Salt and First Application in Organic Elec-
tronic Devices 

 

a,e Antonia Neelsb, Léo Duchênec, Erwin Hack,d Jakob Heiera* and Frank Nüescha,f 
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4.1 Declaration of Contribution 

the 6th of November 2018. 
In all cases, 

-Ray analysis.  -isothermal thermogravimetric 
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4.2 Keywords 
Cyanine dyes, physical vapor deposition, enthalpy of vaporization, morphology, and organic electronics. 

4.3 Abstract 

ctrostatic 

-
nditions to the cyanine chromophore. This 

ds the 
 

4.4 Introduction 
Organic electronic devices have an over 60 years long history of intense research.[1,2] 

 
[3–8] [9] is 

control over the desired film geometry. 
stack device 

fabricated via spincasting a challenging task.  film layers, high precision in 
[8,10–15]  

[16] -cyanine dyes belong to the class of 

lly 
 enables many of their attractive optical properties, 

[17–19] Since their discovery in 1856[20] 
to the scientific interest in each decade starting from photography,[20] CD-R based data storage,[21–24] life science,[25,26] non-linear 
optics[27,28] [17,29–39]  

ic 

[40,41] 

is applied.[24] 
 

e 
performance are emerging topics.[37,42] 

th the aim 
 regarding synthesis of evaporable cyanine salts, organic electronic device fabrication and opti-

er-
come present limitations and maki

deposition based fabrication method.  
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4.5 Results and Discussion 

4.5.1 From Material Synthesis to Optical and Electrochemical Properties  
-ethyl-2-[3-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2- -1-propen-1-

yl]-3,3-dimethyl-3H-
Amberlyst® A26 (OH- 

[42] For simplicity the dye shall be denoted as Cy3TFSI (Figure 4:1, S1  

 
4 1 

-   
 

-
vices (Figure 4:1, S2

-1 
 

5 L mol-1 cm-1 
Figure S3, 

Table S1 -1 for glass, 2269 cm-1 3, 3401 
cm-1 -1 2 2  
(1366 cm-1 3 (1496 cm-1

-1 -1

s in the 
-

king 

[43] 

 
Figure S4, Table S4

Figure 4:1 depicts the relative energy levels of the possible organic elec-
- -

lecting 
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4.5.2 Factors Enabling Physical Vapour Deposition 
rocess 

takes place is determined by the triple 
o-

ration process for the Cy3TFSI dye (Figure 4:2, S5  

 
4 2 Dynamic TGA (10 °C min-1  

 

 
its 
b 

[44] 
rmal 

 
its decom-

a-
[45] 

m of 
-step mass loss in dynamic TGA (Figure 4:2

-step degra-
(Figure 4:2

 

 -
-

Cy3I also the half-     

The information content 
the enthalpy of vaporisation ( ° ( ) -
isothermal TGA m [46] Figures 3, S6, S7 display the 
differences in mass loss of each isothermal step for Cy3I and Cy3TFSI.  
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4 3 

 
 

 
-linear mass loss over time. The 

-250 

- Figure S8). 

- -
Figure S8

ion only (Figure 4:3, S6, S7, S8
on 

that Cy3I forms volatile decom
decomposition species.  

° ( ) of 152.8 kJ mol-1 
range of 220-250 °C (Table S5, S6, S7, Figure S9 [46] 
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 loss to 
a decom

 

The thermal properties of an organic salt are closely linked to 
n phenom-

enon and define the lattice energy as a key parameter. 
1

12121 Figure 
4 4  

 
4 4 

shortest anion- n Cy3TFSI 
-  

 

Relative lattice energies of 359.09 kJ mol-1 for Cy3TFSI and 376.93 kJ mol-1 
Table S8, S9 [47] The estimated lattice 

ids and 
 chromophore.   

 be 
observed (Figure 4:5  
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4 5   

psoid 

. 
 

On the contrary the chromo Figure 4:5
 the 

-
rated layers as observed by the highly asymmetric iodide-chromophore coordination distance (Figure 4:4 -ordered 

-stacking or 
 

 

4.5.3 Substrate Dependent Thin Film Morphology  
The c

3 2, 

commercia -tin-
dif-

ferent g [48] 
tained (Figure 4:6  
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4 6  

 

(Figure S14). It provides 
3 provides 

 for-
ble to a 

-Krastanov.[48] When PED
forms over areas of more than 10 m2 m in diameter (Figure S14

2 
eveals spherical particles smaller than 500 nm in diameter close to 

2 2 3 the investi-
2 Figure S14  

 
4 7 Topography of coevaporated Cy3TFSI and C60 on TiO2 3  

 

-  

onsid-
[49]  the 

on elec-
tronic processes at interfaces in solar cells. 
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 60 3 and compact TiO2 
strates (Figure 4:7

m in diameter. A spinodal pattern is recognisable on 
the TiO2 

 

- [50] Here co- ap-
plication than the spincoated samples (see section   

d 

 

 

4.5.4 Proof of Concept in Organic Electronic Devices 
The Cy3TFSI salt enab
proof-of-

Table S13
 poorly 

- [51] 
cally micrometre sized pha

Table S14
evaporation has led to th  

In 

Figure 4:8 represents the best performing device of the batch.  

 
4 8 The EQE represents a sharp C60 

by an overlap of the second C60  
 

-2 at -
2

OC

OC -
and electron acceptor in the order of 10- Figure 4:7 micrometre sized phase sepa-

ion. 
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ized dendritic crystals (Figure 
S16  

sc  4.02 mA 
cm-2 , 

SC SC of 0.90 mA cm-2 from the 

OC 
stable for all 19 cells, the JSC of 1.46±0.98 mA cm-2 SC 

hin the best 
th 

components of the blend, the Cy3TFSI and the C60

60 
3 

60 prevents aggregate formation of the cyanine dye since the 
bsorbance of C60 may 

 

tacks. 
The bilayer geometry cells 

Figure S17, S18, S19, Table S14 OC in a 
 OC -casted bilayer reference device. The 

e 
sensitized solar cell approach seems to be less promising from all trials. 

4.6 Conclusion 
1-ethyl-2-[3-(1-ethyl-1,3-dihy-

dro-3,3-dimethyl-2H-indol-2- -1-propen-1-yl]-3,3-dimethyl-3H-  
o-analytical 

ed for a 

rbing 
or emitting layer. Proof of concept 

ion range.   

 

4.7 Experimental Section 

4.7.1 Materials and Methods 
Aldrich, VWR, FEW Chemicals, Kurt J. Lesker

Bruker AV-400 spectrometer (1H- 13C{1H}- 19F{1H}-
ical shifts ( 1 13C{1 3

Leco TruSpec Micro for C, H, N, S, F and O, 
rec-

orded on a Netzsch TG 209 F1  
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4.7.2 Device Fabrication and Characterisation 
VWR VWR VWR

 
2 [52] 

-1 from the C60 
-1. Finally after stabilization of the depos

3 
-1

-6 2 
deposition.  

-2 

-2100. 

4.7.3 Further Characterisation 
- n and k 

- ng mode. Cyclic 

 recorded on a 
- -monochroma-

– -K  radiation (  t methods 
2 [53] 

- [54] All non-
-anion distanc

3.9.[51] Cy3I and Cy3TFSI, respectively. These 
data can be 

 

4.8 Supporting Information  
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4.8.1 General Information 

4.8.2 General Notation for this Work 

 

2  

 

4.8.3 Anion Exchange Procedure 
[1] 

4.8.4 Synthesis of Cy3TFSI 

NN
12

3

4 5

6

7

8

9

10

11

12

13

N
-

SS
O

O
F3C

O

O

CF3

 

 bistriflylimide. After 
0-3  

-  

[C29H33F6N3O4S2] 665.71 g mol-1 

1H NMR (400 MHz, Chloroform-d) 8.44 (t, J = 13.5 Hz, 1H,  J = 7.7, 1.2 Hz, 2H, H(3  7.38 (d, J = 7.1 Hz 7.27 
(t, J = 7.5 Hz, 2H J = 7.9 Hz, 2H J = 13.4 Hz, 2H  (q, J = 7.3 Hz, 4H
1.47 (t, J = 7.2 Hz, 6H, H(13  ppm. 

13C NMR (101 MHz, Chloroform-d)  , 150.9 (C11 , 141.7 , 140.8 , 129.1 , 125.7 (C4 , 122.4 , 120.1 (q, J = 
321 Hz, (CF3 , 110.9 , 103.0 (C10 , 49.4 , 39.7 , 28.1 , 12.4  ppm. 
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19F NMR (377 MHz, Chloroform-d) -78.7 ppm. 

Elemental analysis  

                                              

4.8.5 Thin Film Evaporation  

4.8.6 Qualitative trials of Cy3TFSI evaporation 

 

3 2 3  

 

4.8.7 UV-Vis absorbance 
-4 mol L-1 a

Table S1  

 

Table S1. Used concentrations for the generation of calibration points in U -  

Solution Concentration (mol L-1) 

Cy3TFSI 

1 -8 

2 -8 

3 -7 

4 -7 

5 -6 

 

elative 
ce intensity.  
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4.  

 

Table S2 onset of the absorbance at 
 

E ( ) = ×  

 

 

The oscillator strength describes the 
 

= 4.319 × 10 ( )  

( )  

 

The peak in Figure S3 - * 
the oscillator strength. 

 = 1/( 10 ) 

 

 

 

( ) = /( ) 

-1  

data point of the spectra.  
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Table S2. -  

Compound 
max 

(L mol-1 cm-1) 

max 

(nm) 

onset 

(nm) 

( )  

(eV) 
 

Cy3TFSI 5 544 565 2.19 1.87 

 

4.8.8 Cyclic Voltammetry for Estimation of HOMO/LUMO Energy Levels 
 

Table S3  

 

Table S3  

Dye m (mg) n (mol) 

Cy3TFSI 10.0 -5 

 

ntials 
[4] efore 

nning 30 cycles from -   

r -0.75  
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 E ( ) 

 level. E ( ) E ( ) onset 
investigated dyes, so that 

 

/ ( ) = +2  

/ ( ) -    

 

 

[4] The 
 

Korr.Ferrocene=0.72- / ( ) 
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( ) .  = ( ) + .  

( ) .  = ( ) + .  

 

[5] 
against NHE as described above. = ( ) .  + 4.5  = ( ) .  + 4.5  

( ) =  

 

Table S4.  

Substance ( ) /V ( )/V ( )/V /eV /eV ( )/eV 

Cy3TFSI 1.48 -0.38 0.99 -5.71 -3.85 1.86 

 

4.8.9 Thermal Behaviour of Cy3I and Cy3TFSI 
g to 

-1. 

id.  

 

-1  

0 min; 
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7 -  

 

The mass loss of each isotherm
 

 

 

T/°C Slope R2 

200 0.0052 0.99 

220 0.01701 0.99 

230 0.0263 0.99 

240 0.04573 0.99 

250 0.14865 0.92 

260 0.09757 0.77 

270 0.01349 0.97 

280 0.00851 0.98 

 

 

 

T/°C Slope R2 

200 0.00083 0.97 

220 0.00232 0.98 

230 0.01196 0.99 
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T/°C Slope R2 

240 0.03963 0.99 

250 0.06227 0.99 

260 0.02901 0.99 

270 0.02770 0.99 

28 0.03601 0.99 

 

-250°C range to determine the enthalpy of vaporization.   

T/K T-1/K-1 105 (-dm/dt)/g min-1 ln[T1/2 (-dm/dt)] 

493.15 0.00203 1.70 -7.8813 

503.15 0.00199 2.63 -7.4355 

513.15 0.00195 4.57 -6.87247 

523.15 0.00191 1.49 -5.68398 

slope -18379.8   

R2 0.94   
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8. Plot of ln[T  (- -1  

-  

  

° ( ) =   

-1 K-1 L  (- -1 (K-1  

 

4.8.10 Crystal Structures 

NN
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All crystal [2,3] 
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-cation interactions in a single crystal 

 

cations 
sed over several atoms. Therefore the coordination dis-

 

ong 
 

.[2] 
-  

= | || | +  

 = Lattice energy, | || | = cha  m  = slope of the 
-1  = intercept of the regression 

-1 (m     

 

 

Parameters Compound 

Cy3TFSI Cy3I 

a/nm (°)   

b/nm (°)   

c/nm (°)   

Z 4 8 

I 1 1 

Vm/nm-3 0.77596 0.63372 

EL/kJ mol-1 359.09 376.93 

 

 

 

=  14  

  = relative permitivity of the 
material. 

the shortest cation-anion contact distance variable leads 
-anion distance can be replaced by the mo-
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= 2  

This modification provides more realisti  

 

 

Parameters Compound 

Cy3TFSI Cy3I 

 2.96 2.96 

0/ F m-1 8.854*10-12 8.854*10-12 

z 1 1 

e/C 1.602*10-19 1.602*10-19 

r/nm 0.729 0.63 

Ec/eV 0.67 0.77 

 

er than 
 

 

 -C bond 
 

Atom 

TFSI I 

N1-C1   

N1-C8   

C8-C9   

C9-C10   

C10-C11   

C11-C12   

C12-N2   

N2-C19   

BLA* 0.77  
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Atoms 

TFSI I 

C11-C12-N2-C19   

C11-C12-C13-C14   

C1-N1-C8-C9   

C6-C7-C8-C9   

C8-C9-C10-C11   

 

 

 

 

 

lays in-
Both chro-

- - - - - - -177° for Cy3TFSI and 175-179° for Cy3I respec-
tively. 

4.8.11 Relative Permittivity =
 

 

4 
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9.   

 

 

 S 10.  
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es over the 
 

  

Table S12.  

Cyanine n nm  

Cy3TFSI 1.72 823-1688 2.96 

 

4.8.12 Thin Film Morphology 
 

 

 

  

 

 

4.8.13 Organic Photovoltaic Device Fabrication 

-casted Bilayer Reference Device 

3 60 3 

-6 

rated. The statistics are presented in the Table S 13. 
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 N Cells Mean Standard De-
viation Min. Median Max. 

VOC/V 8 0.97 0.07 0.81 1.00 1.01 
JSC/mA cm-2 8 4.67 0.26 4.40 4.62 5.12 

Eff % 8 2.25 0.22 1.93 2.21 2.55 
FF % 8 49.48 0.95 47.87 49.92 50.33 

 

-  

The trial to spin- 3 

 

 

 

 

As can be seen from the Table 3 spin-
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60 ble  

 

 

 N Cells Mean Standard De-
viation Min. Median Max. 

VOC/V 9 -1.29E9 1.73E8 -1.55E9 -1.28E9 -1.03E9 
JSC/mA cm-2 9 -1205.3 722.75 -2221.05 -1445.34 -452.92 

Eff % 9 2.22E-4 1.54E-5 2.01E-4 2.21E-4 2.45E-4 
FF % 9 0.42 0.27 0.15 0.46 0.872 

 

Co- -  

 

 

 

2 60 active layer as co-
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cells. 

 N Rarithm s  min Rmed max 

VOC/V 19 0.63007 0.06067 11.97138 0.38763 0.64241 0.66975 

JSC/mA cm-2 19 1.46121 0.97978 27.76305 0.71976 1.03648 4.02068 

 19 0.36075 0.24836 6.85428 0.15233 0.24708 0.9573 

FF 19 38.97636 2.41159 740.55075 30.91617 39.47854 41.52454 

 

 

 

 

3 60 co- 3  

 

2 compact 60 3  

 

 

 

60 3  

oO3 60 3  
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9
mination. 
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 VOC/V JSC/mA cm-2  FF 

BL MoO3 0.06 0.23 -3 17.07 

BL PEDOT:PSS 0.06 0.24 -3 9.45 

BHJ MoO3 regular 0.30 1.12 0.10 45.11 

BL TiO2 compact inverted 0.77 1.89 0.42 29.01 

SSDSSC TiO2 mesoporous CuI as HTL -0.05 -0.00 0 0 

 

4.8.14 Sort Circuit Current Density Calculation 

Jsc )* AM1.5( )*e d  EQE( ) AM1.5( )  of 
 e. 
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 Conclusion 
5.1 General Conclusion 
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n based de-
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delocalization 
a symmetrical pentamethine 2-[5-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2- -1,3-pentadien-1-yl]-1,3,3-trimethyl-3H-
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4]-. A strong contrast 
thermal properties are 

tigated 
triflylimide as a benchmark. In 

ing 
 

 salt 
e and smooth thin film formation. The semi-

-
OC

ising in 
OC 

gy 
OC 

 the 
, EQE 

decreasing 
lattice energy of the cyanine salts.  

tors and dyes  

 
e depen-

trimethine 1-ethyl-2-[3-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2- -1-propen-1-yl]-3,3-dimethyl-3H- +

and the volatility of the organic-inorganic hybrid salt. -analytical 
-

thermal 
-isothermal TGA mea

 depend-
-

 

m formation 

olatility 
of the organic salt. The present limitation of thin film formation via spin-

rared spectral absorption range. 

5.1.1 Outlook of Future Development 
t 

limited to cyanine dye salts and can be transferred among others t
e dyes. 

Enabling fabrication of transparent devices for energy gen
ange 

of cyanine salts regarding the enthalpy of vaporisat
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-evaporation method 

-depos
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field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 



 

133 
 

Curriculum Vitae 
Personal Information

       05.03.1988 
  
  

 single 

Current Position

– present Ph.D.  

Study

–  Master thesis - Supervisor Prof. Dr. J. Sunder-
meyer. Titel N- and C-metallated Phosphoranes: Unusual  Chelatligand Templates for Transi-
tion Metals. 

–  -  

–  Bachelor thesis - Supervisor Prof. Dr. J. Sunder-
meyer. Titel Synthesis of new Bisphosphazene and Bisphosphazide Proton Sponges and their 
Application in Metal Free Hydrogen Activation.   

–  Bachelor of Science in Chemistry, Philipps-  

Vocational Training

2005 – 2007 Chemical-Technical Assistant 

Education

2003 – 2005  Adolf-  
1999 – 2003   

Internships

–   Co. Determination of 
-

 
2006  -

 

 

 

 

 



 

134 
 

Publications 

Adv. Sci. 2018, 5, 1700496. 
Adv. Funct. Mater. 2018, 28, 1705724. 

Eur. J. Inorg. Chem. 2015, 2015, 696. 
J. F. Chem. - A Eur. J. 2014, 20, 7670. 

Research Projects and Learned Methods

-
-ray, GC.     

 HeLa-  

 

 
 

-

Conferences

in Organic Electronics”, Gordon Research Conference on Solar Energy Conversion, Hong Kong, 2018. 
 

101st Canadian Chemistry Conference, Edmonton (Canada), 2018.  

Solar Cell”, Zing Conference on Organic Semiconductors, Dubrovnik (Croatia), 2016. 

Zürich, 14th of September 2018




