UNIVERSITY OF PARDUBICE

FACULTY OF CHEMICAL TECHNOLOGY
Institute of Organic Chemistry and Technology

Ing. Jan Podlesny

Conjugated compounds based on condensed thiophene
derivatives

Theses of the Doctoral Dissertation

Pardubice 2019



Study program: Organic Chemistry
Study field: Organic Chemistry

Author: Ing. Jan Podlesny
Supervisor: prof. Ing. Filip Bures$, Ph.D.
Year of the defence: 2019



References

PODLESNY, Jan, Fused Thiophene Derivatives and Their Utilization
in Optoelectronics, Pardubice, 2019. 163 pages. Dissertation thesis (Ph.D.). University
of Pardubice, Faculty of Chemical Technology, Institute of Organic Chemistry
and Technology. Supervisor prof. Ing. Filip Bures, Ph.D.

Abstract

A literature search focused on synthetic pathways leading to thieno[3,2-b]thiophene,
thieno[3,2-b]thiophene and 4H-cyclopenta[c]thiophen-4,6(5H)-dione has been
performed within the scope of this dissertation work. The literature search also covers
symmetrical structural modifications of both thienothiophene isomers in the positions 2
and 5. The final part of the literature search focuses on potential applications
of the aforementioned heterocyclic compounds in various optoelectronics. Fourteen
new D-m-A push-pull chromophores divided into two series were synthesized within
the experimental part. Both series differ in used thienothiophene donor. The utilized
acceptor units were identical for both series, thus seven structurally analogous pairs
of target compounds were prepared. Tunig of the optoelectronic and thermal properties
has been realized through variation of the electron-releasing and electron-withdrawing
substituent respectively. Indan-1,3-dione, N,N-diethylthiobarbiturate,
N,N-dibutylbarbiturate, 4H-cyclopenta[c]thiophen-4,6(5H)-dione, N-butylrhodanine,
dicyano- and tricyanovinyl groups were employed as acceptor units. Structure and purity
of target chromophores were verified by thin layer chromatography, *H and **C NMR
spectroscopy, HR-MALDI mass spectrometry and elemental analysis.
Structure-property relationships were investigated by differential scanning calorimetry,
thermogravimetric analysis, electrochemistry, UV-VIS absorption spectroscopy
and SHG and THG experiments. The achieved results were also supported by theoretical
DFT calculations.
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properties, nonlinear optics



Abstrakt

V ramci této disertacni prace byla provedena literarni reSerSe zaméfena na syntetické
postupy vedouci k thieno[3,2-b]thiofenu, thieno[2,3-b]thiofenu
a 4H-cyklopenta[c]thiofen-4,6(5H)-dionu. Literarni reSerSe se dale zabyva
symetrickymi strukturnimi modifikacemi obou thienothiofenovych izomert v polohach
2 a 5. Posledni casti literarni reserSe je kapitola popisujici aplikace vySe zminénych
heterocyklickych slouc¢enin v riznych oblastech optoelektroniky. V experimentalni ¢asti
této diserta¢ni prace bylo syntetizovano celkem 14 novych D-n-A push-pull chromofort
rozdélenych do dvou sérii v zavislosti na vySe zminéném pouzitém thienothiofenovém
donoru. Aplikované akceptorni jednotky byly shodné pro obé série, tudiz vzniklo
celkem 7 strukturné analogickych part cilovych slouc¢enin. Ladéni optoelektronickych
a termdlnich vlastnosti chromoforii bylo realizovano prostfednictvim zamény
elektron-donorniho thienothiofenového resp. elektron-akceptorniho substituentu.
Mezi vyuzité akceptorni jednotky patfi indan-1,3-dion, N,N-diethylthiobarbiturova
kyselina, N,N-dibutylbarbiturova kyselina, 4H-cyklopenta[c]thiofen-4,6(5H)-dion,
N-butylrhodanin, dikyan- a trikyanvinyl. Struktura a Cistota cilovych chromofort byla
ovéfena pomoci tenkovrstvé chromatografie, 'H a 3C NMR spektroskopie, HR-MALDI
hmotnostni spektrometrie a elementdrni analyzy. Vztahy mezi strukturou a vlastnostmi
byly studovany s vyuzitim diferen¢ni skenovaci kalorimetrie, termogravimetrické
analyzy, elektrochemie, UV-VIS absorpéni spektroskopie a pomoci SHG a THG
experimentll. Ziskané vysledky byly rovnéz doplnény o teoretické¢ DFT kalkulace.

Klicova slova

thienothiofen, push-pull chromofor, elektron-donor/akceptor, optoelektronické
vlastnosti, nelinearni optika
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1. Introduction
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Figure 1. Structures of known and investigated TT-derived push-pull derivatives

Thienothiophenes (TT) represent electron-rich bicyclic systems with two annulated
thiophene rings that are frequently applied as inherent structural motif of n-conjugated
materials for optoelectronics and photonics.l! According to the sulphur atom mutual
orientation, four regioisomers can be distinguished from which thieno[3,2-b]thiophene
and thieno[2,3-b]thiophene are the most popular ones. These two heterocyclic scaffolds
were firstly mentioned in 1935 and 1886 by Challenger/Harrison?
and Biedermann/Jacobson,i®! respectively. In contrast to common single
thiophene-derived molecules, TTs brings planar and rigidified m-system that allows



enhanced intramolecular charge transfer (ICT) from/to the appended peripheral
substituents. Since thiophene molecules are especially used as semiconductors,
light-harvesting or photoluminescent substances, the molecular planarity of TT plays
an important role. In D-n-A push-pull chromophores, both thieno[3,2-b]thiophene
and thieno[2,3-b]Jthiophene may act as an auxiliary electron-releasing unit!*l
or a w-linker allowing the ICT between appended donors (D) and acceptors (A).I"-9
Moreover, TTs represent planar, extended and polarizable alternative to common
n-linkers such as 1,4-phenylene or 2,5-thienylene.l’) Due to the aforementioned
features, TTs were successfully integrated into functional polymers forming emittingt4
or hole injection layer!*? of organic light-emitting diodes (OLED) as well as in various
types of organic solar cells (OSC). Hence, TT-derived molecules are active
electron-donating substances in bulk hetero-junction (BHJ) solar cells,**%1 functional
dye in dye sensitized solar cells (DSSC)®¢ or hole transporting material in perovskite
solar cells.'718 They were also applied in organic n-type,°2° p-typel?122
or ambipolar!®! semiconductors build in organic field-effect transistors (OFET).

Over the last two decades, several reports on TT push-pull molecules A — E
with nonlinear optical (NLO) properties appeared in the literature (Figure 1).
Thieno[3,2-b]thiophene has been utilized as a central n-conjugated linker A equipped
with chalcogen electron donors and formyl, nitro and tricyanovinyl acceptors. Second
order polarizabilities 15 to 43 x 10 esu were measured by electric field-induced
second harmonic generation (EFISH).[? Andreu et al. have thoroughly investigated
thieno[3,2-b]thiophene either as aromatic (B) or quinoid (C) m-linker in push-pull
molecules with 4H-pyranylidene donor and dicyanovinyl, thiobarbituric acid
or tricyanofuran acceptors. Whereas quinoid TT derivatives showed NLO responses
ranging from 2100 to 7900 x 10-* esu, the aromatic arrangement induces slightly lower
nonlinearities with /4 product between 650 and 5100 x 1078 esu.!®! However,
push-pull chromophores with tricyanofuran (TCF] or thiobarbiturate acceptors showed
4o values ranging from 2800 to 21900 x 10 esu.l?®! Raposo et al. have focused
on 5-arylthieno[3,2-b]thiophene scaffold D and its utilization in construction
of push-pull chromophores.l?1 Variation of peripheral alkoxy/dialkylamino donors
allowed tuning two-photon absorption (TPA) cross-section (o») within the range of 82
to 836 GM. In contrast to thieno[3,2-b]thiophene central n-linker, its isomers are much
less investigated. One example shows thieno[2,3-b]thiophene incorporated
into dithiacyclophane E with enhanced hyperpolarizability to 21.6 x 10%° esu
as measured by hyper-Rayleigh scattering (HRS).[*# From the aforementioned
TT-derived NLOphores available in the literature, we can deduce:

e Thieno[3,2-b]thiophene is more investigated/popular than other TT
regioisomers.

e TTsare mostly applied as a =-linker, not standalone donor.

e There is no systematic study distinguishing electronic behaviour of particular TT
isomers.

e Also, there is no systematic study of the acceptor linked to TT.

Hence, the thesis reports herein a systematic study on two series of isomeric push-pull
chromophores derived from thieno[3,2-b]thiophene and thieno[2,3-b]thiophene electron
donors equipped with various electron-acceptor units at position 2 (Figure 1).
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Fundamental properties of TT based compounds 1a—g and 2a — g were investigated
by electrochemistry, UV-VIS absorption spectra, differential scanning calorimetry
(DSC)/thermogravimetry (TGA) and nonlinear optical SHG/THG measurements.
The experimental data is further completed and supported by DFT calculations.



2. Aims of thesis

The literature search elaboration focused on synthetic pathways, specific
structural modifications and optoelectronic applications of the fused thiophene
derivatives, specifically:  thieno[3,2-b]thiophene, thieno[2,3-b]thiophene
and 4H-cyclopenta[c]thiophen-4,6(5H)-dione

Synthesis of the systematic series of target D-n-A chromophores based
on electron-donor thienothiophenes

Structure and purity verification of all target compounds and intermediates using
all available analytical methods

Interpretation of structure-properties relationships for all target chromophores
using all measured and calculated optoeletronic and thermal data



3. Results and discussion
3.1. Synthesis

s o
IS\ POCI, s ™\ y s | s, 9 POCI, s ‘ S
N\ g DMF \ g \ Y DMF \ %
3 4(93 %) 6 (97 %) 5
NC._ _CN NC_ _CN
Al,03 1 2 1 2 Al,04
DME R{__R R{__R DMF
I DCM ~ ~ DCM |
NC” CN NG CN
NG R! R NG
S CN S R? R2 S s CN
) I =4 )4
\ s CN \ s N\ / \ 7 CN
19 (36 %) 1a-f 2a-f 29 (45 %)

S

o
CoMs |\~ C4Hg | )J\ ~C4Heg \ / »—N/
M S\% e
M o o o]

1b (94 %) 1c (97 %) 1d (67 %) 1e (74 %) 1 (81 %
2a (99 %) 2b (36 %) 2¢ (83 %) 2d (36 %) 2e (75 %) 2f (82 %)

Scheme 1. Overall synthetic route towards target TT chromophores 1a —g and 2a—g

Two series of push-pull chromophores 1a — g and 2a — g were synthesized as depicted
on Schemel. The chromophores in seriesl were built on central
thieno[3,2-b]thiophene 3, whereas thieno[2,3-b]thiophene 5 represents leitmotiv
in series 2. The optimized synthesis of parent TT isomers 3 and 5 was realized according
to methods listed in literature.[2®-331 Target molecules a — f in both series were prepared
via a two-step facile reaction sequence that utilizes Vilsmeier-Haack formylation
and subsequent Knoevenagel condensation. Both aldehydes 4 and 6 were synthesised
in high yields of 93 and 97 %, respectively. The Vilsmeier reagent had to be prepared
separately by reacting phosphorus oxychloride and N,N-dimethylformamide (DMF)
with subsequent dropwise addition to a solution of 3 or 5 in DMF. The final
Knoevenagel condensation utilized three commercially available precursors -
indan-1,3-dione (a), N,N-diethylthiobarbituric acid (b) and malononitrile (f);
N,N-dibutylbarbituric acid (c),** ThDione (d)®*! and N-butylrhodanine (e)*¢! were
prepared according to literature. The final Knoevenagel reactions were carried out using
aluminium oxide/DCM system at 25 °CE4 and provided the target chromophores
in satisfactory yields 64 — 99 %, except for 2b (36 %) and 2d (36 %) that required
repeated purification. The reaction with unsymmetrical N-butylrhodanine (e) afforded
chromophores 1e and 2e as a mixture of E/Z isomers with the estimated ratio of 1:10
(based on *H NMR). Both series were completed by chromophores 1g and 2g bearing
tricyanovinyl moiety that were introduced by reacting 3 or 5 with tetracyanoethylene
(TCNE) in DMF.I¥] These electrophilic substitution reactions provided 1g and 2g in 36
and 45 %, respectively. All attempts to react lithiated 3 or 5 (nBuLi or LDA) with TCNE
did not improve the yields.
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3.2.Thermal behaviour

Thermal properties and stability of compounds la-—g and 2a-g were studied
by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
Melting points (Tm) and temperatures of thermal decomposition (Tq) were determined
by DSC. Initial temperatures of thermal degradation (Ti) and temperatures of 5% weight
loss (Ts) were determined by TGA. A representative thermogram of chromophore 2d is
shown on Figure 2 while Tm, Tqg, Ti and Ts values for all chromophores are listed
in Table 1.

— TGA curve 2d

12 — DSC curve 2d

_14 /
16/
18/
-20/
.22/

IAIIII
SRALNON

Heat flow / mW g’

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380
Temperature / °C

Figure 2. Representative DSC and TGA curves of compound 2d

The parent unsubstituted TT isomers 3 (Tm = 56 °C)[% and 5 (Tm = 6 °C)[? differ
significantly in their melting points by 50 °C. However, the data gathered in Table 1 (Tm
and Tq) show that thermal properties of compounds la—g and 2a—g are rather
influenced by the appended electron acceptor. When considering the DSC
measurements, the following structure-property relationships can be deduced:

e The highest melting points were recorded for 1d/2d and 1g/2g derivatives bearing
ThDione or tricyanovinyl substituents (e.g. 1d/1g with Tm = 239/241 °C).

¢ Anintroduction of N-butyl chains lowers melting points by approximately 65 °C
(e.g. 2b/2c with Tm= 216/150 °C).

e TTs bearing N-butylrhodanine or malononitrile moieties proved the highest
thermal robustness in liquid phase (e.g. 2e/2f with Tq= 340/345 °C).

¢ N,N-Diethylthiobarbiturate-substituted compounds 1b and 2b showed the lowest
Tq value of 250 °C.

e TTs le and 2e with N-butylrhodanine showed relatively early melting, postponed
decomposition and thus resulting largest difference between Tm and Tq values
(142 °C and 178 °C respectively).

According to DSC results, TGA did reveal impact of TT isomer used. An average
difference in T; values of the given pair of isomers is approximately 7 °C. The following
general trends can be deduced from the measured TGA data:
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e ThDione derivatives 1d and 2d possess the highest thermal stability (Ti= 229 °C
and 236 °C, respectively).

e Cyano-substituted derivatives showed the lowest Ti values (180/168°C for 1f/2f
and 196/184 °C 1g/2g).

e Compared to DSC (Tm), the influence of N-butyl chains is less evident from TGA
data (Ti). However, compounds ¢ and e showed T; significantly higher than Tp,
which indicates their thermally stable and non-volatile liquid phase (e.g. 1c
with Ti= 226 °C and Tm = 160 °C).

e On the contrary, cyano-substituted compounds f and g decomposed prior
to melting (e.g. 1f with Ti= 180 °C and Tm = 226 °C). This holds true even for 19
and 2g with one of the highest melting points across both series.

3.3. Electrochemistry
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Figure 3. Energy level diagram of the electrochemical (black) and DFT (red) derived energies of the Enomorumo for
chromophores 1a—g and 2a—g

The electrochemical behaviour of target chromophores la—g and 2a-g was
investigated by cyclic voltammetry (CV) in DMF. All target compounds showed
irreversible reductions except for 1g and 2g whose reduction processes are reversible.
The oxidation of la—e, 2b, 2d and 2e is represented by irreversible process.
The half-wave potentials of the first oxidation (E12(ox1)) for chromophores 1f, 1g, 2a, 2c,
2f and 2g were not determined due to localization of their oxidation process out of DMF
potential window. The measured half-wave potentials of the first oxidation (Ei/2(ox1)
and reduction (E12¢edn)) as well as the corresponding HOMO (Enomo), LUMO (ELumo)
energies¥ and their differences (AE) are listed in Table 1 and visualized in the energy
level diagram shown in Figure 3 jointly with the DFT calculated values. The Enomo
ranges from —5.58 to —5.86 eV, while ELumo from —3.26 to —3.96 eV. The AE values are
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within the range of 2.02 to 2.50 eV. Based on the measured electrochemical data,
the following conclusions can be made.

e The particular chromophores in both series 1 and 2 obey the same trend (see
Figure 3).

e With diminished alternation of Exomo Vvalues (as compared for available values
for 1b/2b, 1d/2d and 1e/2e), the principal changes are seen on the LUMO level.

e The LUMO is slightly more negative/deepened for chromophores built
on thieno[3,2-b]thiophene (except for 1a/2a).

e The average HOMO-LUMO differences between both series 1 and 2 are below
0.1 V. Hence, the used TT isomer affects the electrochemical behaviour
of the resulting chromophore negligibly.

According to increasing AE (only limited -electrochemical data available),
the chromophores in series 1 can roughly be ordered as b > a > d > e > c. This order
obey decreasing electron withdrawing efficiency of the appended acceptors.®4

Table 1. Thermal, electrochemical and DFT calculated data for chromophores 1a—gand 2a—g

Compound Tm T4 T Ts E1/2ox1)  Eij2iredty  Ewomo  Erumo AE Evomo®™  Ewumo®T  AEPTT u

[°’Cl® _ [°cP [cP [°cl [V]° [V]° [eV]?  [ev] [eV] [eV]e [eV] [eV] [D]®
1a 226 300 213 254 1.30 -1.02 -5.69 -3.37 2.32 -6.29 -3.12 3.17 2.9
1b 226 250 218 248 1.26 -0.79 -5.65 -3.60 2.05 -6.37 -3.20 3.17 7.9
1c 160 290 226 254 1.46 -0.98 -5.85 -3.41 2.44 -6.35 -3.02 3.33 5.8
1d 239 280 229 266 1.43 -0.89 -5.82 -3.50 2.32 -6.29 -3.19 3.10 3.1
le 178 320 217 253 1.33 -1.09 -5.72 -3.30 2.42 -6.02 -2.99 3.03 6.7
1f 226 -f 180 206 -8 -0.99 - -3.40 - -6.48 -3.16 3.32 11.1
1g 241 305 196 219 -8 -0.43 - -3.96 - -6.70 -3.81 2.89 12.7
2a 233 295 215 255 -8 -0.98 - -3.41 - -6.39 -3.02 3.37 2.1
2b 216 250 223 247 1.19 -0.83 -5.58 -3.56 2.02 -6.39 -3.15 3.24 7.7
2c 150 285 214 248 -8 -1.02 - -3.37 - -6.47 -2.96 3.51 5.6
2d 243 280 236 268 1.47 -0.93 -5.86 -3.46 2.40 -6.39 -3.10 3.29 2.3
2e 162 340 217 255 1.37 -1.13 -5.76 -3.26 2.50 -6.10 -2.94 3.16 7.1
2f 192 345 168 197 -8 -1.05 - -3.34 - -6.61 -3.04 3.57 11.6
2g 230 270 184 211 -8 -0.52 - -3.87 - -6.85 -3.79 3.06 12.1

aDetermined by DSC in open aluminous crucibles under N2 inert atmosphere and with a scanning rate of 3 °C/min within
the range of 25— 400 °C. Melting point and temperature of decomposition were determined as intersection of the baseline
and tangent of the peak (onset point). PDetermined by TGA in open alumina crucibles under N2 inert atmosphere
and with a heating rate of 3 °C/min within the range of 25 — 400 °C. The initial temperature of degradation was determined
as the last common point of TGA curve and its first derivation (DTG curve). Temperature of 5% weight loss was determined
by gradual horizontal step on TGA curve. E1z(ox1) and Eiz(ed1) are half-wave potentials of the first oxidation and reduction
measured in DMF; all potentials are given vs SSCE. 9Recalculated from the Eupoxuredsyy according
to the equation -ExomorLumo = Evrz(oxtiredr) + 4.35 + 0.036.34 Calculated at the DFT B3LYP/6-311++G(2df,p) level in DMF.
fEvaporated at 350°C. 9The oxidation processes are localized out of the available potential window in DMF.

3.4. Linear optical properties
Fundamental optical properties of target chromophores were investigated by electronic
absorption spectra measured in DMF at concentration of 1 x 10> M. Spectra
of chromophores in series 1/2 are shown in Figure 4/Figure 5 as a dependence
of the molar extinction coefficient (¢) on the wavelength (1).Table 2 summarizes
the measured longest-wavelength absorption maxima (Amax) and corresponding molar
extinction coefficients (&). The main feature of the spectra is presence of a single band
located within the spectral range of 375 to 475 nm. The spectra shown in Figure 6

compares chromophores 1d and 2d that differ in the used TT isomer (both ThDione
acceptor). It is obvious that the spectrum of 1d is slightly bathochromically shifted,
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which holds true for all pairs of chromophores. The average difference AAma is 10 nm.
This implies slightly higher electron releasing ability of thieno[3,2-b]thiophene
(series 1) over thieno[2,3-b]thiophene (series 2). This observation is consistent
with the aforementioned electrochemical measurements.

Table 2. Optical properties of chromophores 1a—gand 2a—g

Com Amax™ & max! 0 OFT AmaZNPO SHG PISHG THG g ¥
" [nm(eV)]P  [x10*Mtcm™e  [nm(eV)]®  [nm(eV)]® [pm-Ve  [pm-V1¢  [au]t  [x10%%esu]’  [x 1025 esu]®
433 405 453
1a 40.5 1.71 2.01 7.97 76.8 2.06
(2.86) (3.06) (2.74)
446 405 468
1b 12.2 1.31 1.82 8.22 17.7 16.13
(2.78) (3.06) (2.65)
414 368 459
1c 37.5 0.71 1.02 1.59 33.1 17.51
(3.00) (3.37) (2.70)
441 415 459
1d 43.9 2.45 2.61 4.09 10.4 1.52
(2.81) (2.99) (2.70)
434 413 431
le 46.0 0.78 1.12 7.40 58.0 0.98
(2.86) (3.00) (2.88)
389 353 446
1f 36.8 0.80 1.32 7.40 25.1 0.11
(3.19) (3.51) (2.78)
445 398 467
1g 20.5 1.80 2.28 7.45 57.4 0.09
(2.79) (3.12) (2.66)
413 382 415
2a 40.1 2.03 2.31 2.44 66.1 2.27
(3.00) (3.25) (2.99)
444 390 436
2b 16.4 1.35 1.83 7.30 21.4 11.33
(2.79) (3.18) (2.84)
406 365 426
2c 29.2 0.62 0.92 1.67 31.3 12.91
(3.05) (3.40) (2.91)
430 392 422
2d 37.6 2.38 2.55 3.40 88.1 1.35
(2.88) (3.16) (2.94)
423 402 396
2e 57.0 0.80 1.31 5.60 55.6 0.90
(2.93) (3.08) (3.13)
383 408
2f 28.6 350 (3.54) 0.76 1.35 5.60 22.2 0.03
(3.24) (3.04)
430 435
2g 239 394 (3.15) 1.70 2.22 5.60 48.1 0.03
(2.88) (2.85)

aMeasured in N,N-dimethylformamide at concentration of 1 x 10-° M. Calculated at the DFT B3LYP/6-311++G(2df,p) level
in vacuum Measured with a 1064 nm source fundamental laser beam. “Photoinduced SHG. ®Measured with a 1540 nm source
fundamental laser beam. 'Calculated at the DFT B3LYP/6-311++G(2df,p) level in vacuum at 1064 nm. 9Calculated by using
the PM7 semi-empirical method implemented in MOPAC.

Figure 4 and 5 shows absorption spectra of all chromophores in series 1 and 2,
respectively. Whereas the longest-wavelength absorption maxima were found
within a spectral range of 383 — 446 nm, the corresponding extinction coefficients range
from 12 to 57 x 10 M-tcm™. Thus, the optical gap of TT push-pull molecules 1 and 2
can be tuned within a range of 3.24 — 2.78 eV by attaching various electron withdrawing
moieties. The chromophores can be arranged in the following order according to their
increasing optical gap: b > g >d > e > a > c > f. This trend further extends
the electrochemical outcomes and obeys the electron withdrawing efficiency
of the appended acceptors (N,N-diethylthiobarbiturate > tricyanovinyl > ThDione >
N-butylrhodanine > indan-1,3-dione > N,N-dibutylbarbiturate > dicyanovinyl).
As can be seen, simple O—S chalcogen replacement as in barbituric (c)
and thiobarbituric acid (b) brings considerable bathochromic shift [compare also
Thdione (d) and analogous indan-1,3-dione (a)]. Increasing number of cyano groups has
similar effect, e.g. tricyanovinyl (g) and dicyanovinyl (). Five-membered rhodanine (e)
proved to be average electron acceptor among the investigated series.
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Chromophores also considerably differ in their extinction coefficients.
Chromophores featuring the acceptors with the most extended =w-system (d and a)
as well as rhodanine (e) showed the highest & values. On the contrary, chromophores
with the strongest acceptor, thiobarbituric acid (b) and tricyanovinyl (g), possess
two- to three-times lower extinction coefficients.

50000 [—

40000 —

30000 —
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&/ mol™ dm?® em™
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Figure 4. UV-VIS absorption spectra of chromophores 1a — g measured in DMF
atc=1x10°M
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Figure 5. UV-VIS absorption spectra of chromophores 2a — g measured in DMF
atc=1x10°M
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Figure 6. Comparison of absorption spectra between isomers 1d and 2d measured in DMF
atc=1x10°M

3.5. Nonlinear optical properties

Due to their prospective application as high-speed communication modulators,°!
a significant effort is currently devoted to small organic molecules with NLO activity,*!
especially those with donor/n-linker doped with various heteroatoms.*?l Hence, beside
linear optical properties, optical nonlinearities of TTs 1 and 2 have been also
investigated, second- and third-harmonic generations (SHG and THG) in particular.
The SHG and THG measurements were carried out with 1064 nm Nd:YAG (SHG)
and 1540 nm (THG) Er:glass fundamental laser beams. The application of the 1540 nm
was caused by a necessity to avoid fundamental absorption at the third harmonic
wavelength (about 513 nm). The frequency repetition of the beam pulses was varied
within 10 to 30 Hz. The photothermal control has shown that the changes of temperature
did not exceed 2 — 3 K. The set of filters at doubled (532 nm) and tripled frequency
(513 nm) have been applied to spectrally separate the third order nonlinear optical signal
from the first order. Samples with known parameter of the nonlinear optical
susceptibilities have been used as reference specimens. The studied chromophores have
been embedded into olygoetheracrylate photopolymer matrices and were additionally
poled by dc-electric field similarly as described in literature.[*]

The principal results of the NLO measurements are given in Table 2.
The experimental second-order polarizabilities (SHG) range from 0.62 to 2.45 pm-V*!
and are clearly function of the appended acceptor. The measured SHG nonlinearities are
very close to the recently obtained parameters of second order susceptibilities for
substituted 1,3,5-triphenylpyrazolines measured by the same set-up (1.67 —2.7
pm-V-1).[4 The effect of the used TT isomer is less pronounced. The highest SHG
responses have been observed for chromophores 1d and 2d (2.45 and 2.38 pm-V1) with
ThDione acceptor followed by their structural analogues la and 2a (1.71 and
2.03 pm-V1) with indan-1,3-dione. Noticeable nonlinearities were also recorded
for tricyanovinyl-terminated TTs 1g and 2g (1.80 and 1.70 pm-V-1). Chromophores 1b
and 2b with N,N-diethylthiobarbiturate residues afforded SHG nonlinearities of 1.31
and 1.35 pm-V-L. Thus, the highest SHG responses were measured for chromophores
with either strong electron acceptors (d, g, b) or with extended m-system (a).
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Chromophores  bearing  N,N-dibutylbarbiturate  (c), N-butylrhodanine (e)
and dicyanovinyl (f) proved less efficient SHG materials. Photoinduced SHG (PISHG)
showed the same trends with the highest nonlinearities recorded for chromophores d, a
and g. However, the PISHG was principally more stable than that measured
for tetranuclear copper m-complexes with thiazolidinone ligands.[*®! So, TTs 1 and 2
seem to be well-suited organic materials for tuning SHG as their responses are
completely reversible after interrupting the process and no changes in the SHG were
encountered.

Third-order NLO activity of TTs 1 and 2 has been examined by THG. Considering
the data gathered in Table 2, it is obvious that chromophores 1c and 2c end-capped
with N,N-dibutylbarbiturate acceptors possess very weak third nonlinearities (1.59
and 1.67au.). This is in contrast to chromophores 1b and 2b
with N,N-diethylthiobarbiturate that have shown the largest THG responses 8.22
and 7.30 a.u. This again implies that O—S chalcogen replacement plays very important
role. On the contrary, replacement of fused benzene ring as in indan-1,3-dione
derivatives l1a by thiophene in 1d has detrimental effect on third order NLO activity.
However, this is in contrast to opposite TT isomer 2a vs. 2d. Rhodanine,
di- and tricyanovinyl-terminated chromophores e, f and g showed very similar THG
values around 7.40 and 5.60 a.u. for TT isomers 1 and 2, respectively. Compared
to aforementioned  1,3,5-triphenylpyrazolines and  copper  m-complexes
with thiazolidinone ligands, the measured THG responses of TTs 1 and 2 are slightly
lower.

3.6. DFT calculations
Spatial and electronic properties of all target chromophores 1la—g and 2a—g were
investigated at the DFT level by using the Gaussian® 16 software package.[*®]
The geometries of molecules la—g and 2a—g were optimized using DFT
B3LYP/6-311G(2df,p) method. Energies of the HOMO and the LUMO, their
differences and ground-state dipole moments u were calculated on the DFT
B3LYP/6-311++G(2df,p) level including DMF as a solvent (Table1). First
hyperpolarizabilities g were calculated on the DFT B3LYP/6-311++G(2df,p) level
in vacuum at 1064 nm. Second hyperpolarizabilities » were calculated by PM7
semi-empirical method implemented in MOPACI*! using DFT-optimized geometries
(Table 2). The electronic absorption spectra, longest-wavelength absorption maxima
and corresponding electron transitions were calculated using TD-DFT and ZINDO
(nstates = 8) B3LYP/6-311++G(2df,p) (Table 2). The calculated HOMO/LUMO
energies of la—g and 2a—g are within the range of —6.85 to —6.02 eV and -3.81
to —2.94 eV, respectively (Table 1). As can be seen from the energy level diagram
shown in  Figure3, the DFT-calculated Enomo/ELumo are  slightly
under- an overestimated as compared to the electrochemical values. However, the used
DFT method is clearly capable to describe trends within both series and, therefore,
it can be considered as a reasonable tool for describing electronic and spatial properties
of TTs 1 and 2. A tight correlation has been found between complete experimental
and DFT-calculated ELumo values. By comparing corresponding pairs of chromophores,
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the LUMO energies of 1 with thieno[3,2-b]thiophene is slightly lower, similarly
as found by electrochemistry.

Figure 7. HOMO and LUMO localizations in 1d

The HOMO and LUMO localizations in representative chromophore 1d are shown
in Figure 7. The HOMO is predominantly localized on the TT donor and partially also
in alternating position of the appended double bond. The LUMO is mostly spread over
the appended acceptor, partially also over the TT’s n-conjugated system. Both HOMO
and LUMO are partially separated which further confirms CT character
of chromophores 1 and 2. Derivatives 1b and 2b bearing thiobarbituric acid pendant
possess the HOMO localized on the sulphur atom of the thiobarbiturate, the LUMO is
spread over the whole m-system. This is in agreement to our recent observation!34
and also corresponds to localization of frontier orbitals reported by Khurana et al. for
thiobarbiturates with none mezomeric donor.[“8l

The calculated ground-state dipole moments range from 2.1 to 12.7 D (Table 1)
and are clearly function of the structure/symmetry. For instance, chromophores f and g
bearing dicyanovinyl and tricyanovinyl groups possess the highest values of u
(11.1-12.7 D). On the contrary, the lowest dipole moments of 2.1 — 3.1 D were found
for structural analogues a and d bearing indan-1,3-dione and ThDione.

Electronic absorption spectra of TTs 1 and 2 calculated by TD-DFT revealed one
single band appearing within the range of 350 to 415 nm. Compared to experimental
Amax values are the calculated maxima Amax'°°FT hypsochromically shifted. However,
both quantities showed tight correlation. Chromophores in series 1 showed slightly
red-shifted Amax°PFT values, which further confirms higher electron releasing ability
of thieno[3,2-b]thiophene. TD-DFT calculation is also capable to identify chromophores
with the weakest acceptors such as ¢ and f but there is no clear trend in the remaining
groups. However, ZINDO calculations confirmed the most bathochromically shifted
maxima for chromophores b, d and g. The observed single band of the spectra is mostly
generated by HOMO—LUMO and HOMO(-1)—LUMO transitions

18



The calculated NLO coefficients g and y range from 10.4 to 76.8 x 1073 esu
and from 0.03 to 17.51 x 10?° esu, respectively. The highest S coefficients were
calculated for a and d chromophores, similarly to SHG (taking value for 1d
as an outlier). For chromophores g and e with tricyanovinyl and rhodanine acceptors
were also calculated noticeable nonlinearities. Semi-empirical PM7 calculation of »
identified chromophores b and ¢ bearing (thio)barbiturate acceptors as the most active.
This is in agreement with experiment that revealed thiobarbiturate derivatives 1b
and 2b as most active THG materials. However, the results calculated for barbiturate
derivatives 1c and 2c is in a complete contradiction.

4. Conclusion

In  conclusion, we have designed small D-n-A chromophores utilizing
thieno[3,2-b]thiophene and thieno[2,3-b]thiophene as electron donors. Fourteen new
chromophores in two series were conveniently prepared via Vilsmeier-Haack
formylation and Knoevenagel condensation or substitution. The fundamental
optoelectronic properties were tuned by varying both donor and acceptor. The observed
structure-property relationships within the investigated series of thienothiophenes 1
and 2 can be generalized as follows (Figure 8):

e Despite the parent TT isomers differ considerably in melting points, thermal
properties of push-pull derivatives 1 and 2 are mostly affected by the appended
acceptor. Novel ThDione acceptor proved thermally very stable, whereas alkyl
chains of (thio)barbiturate and rhodanine acceptors bring considerably lowered
melting points but improved thermal robustness in liquid phase.

e Electrochemical measurements of TTs 1 and 2 revealed slightly improved
electron donating ability of thieno[3,2-b]thiophene.

e Linear optical properties measured by electronic absorption spectra indicated
bathochromically shifted longest-wavelength absorption maxima of TT 1 bearing
thieno[3,2-b]thiophene.

e Molar extinction coefficients of chromophores 1 and 2 primarily depend
on the mt-system extension.

e The used acceptor also strongly affects the nonlinear optical properties.

e Based on the aforementioned observations, we can order electron withdrawing
efficiency of the particular acceptors: N,N-diethylthiobarbiturate > tricyanovinyl
> ThDione > N-butylrhodanine > indan-1,3-dione > N,N-dibutylbarbiturate >
dicyanovinyl.

e As a general conclusion, appended acceptor seems to have larger influence
on the fundamental optoelectronic/thermal properties of 1 and 2 than parent TT
isomer.

e Thieno[3,2-b]thiophene-derived push-pull molecules 1d and 1b bearing either
polarizable ThDione or strong thiobarbiturate acceptors proved to be most
efficient second- and third-order NLOphores.
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Figure 8. Principal property tuning of TT derivatives 1 and 2 achieved in this work

In view of the current interest in functionalized organic conjugated molecules, | believe
that the aforementioned structure-property relationships would serve as a guide
in designing new molecules with tailored properties.
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