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Two isomeric indolizine-based chromophores (MPI-1)-OT-TCF and (MPI-3)-OT-TCF with octatetraene sn-bridge
and tricyanofuran acceptor moieties have been synthesized and systematically investigated. Chromophores exist
as a mixture of E- and Z-isomers in low-polar dioxane and chloroform solutions, while in polar solvents only one
isomer is observed. The chromophores show excellent thermal stability with Tq > 260 °C (DSC) and small energy
gap between the frontier orbitals (about 0.8-0.9 eV) established by DPV method. The chromophores exhibit
absorption in the visible and near IR region. Solvatochromic shifts amounting to ca. 100 nm when passing from

dioxane to DMSO solutions are accompanied by appearance of an additional narrow intensive absorption band at
ca. 915-950 nm resulting from the cross of cyanine limit. For the first time electro-optic activity of composite
materials doped by indolizine based chromophores have been investigated; EO coefficient of poled (MPI-3)-OT-
TCF/PMMA film afforded value of 29 pm/V at 10 wt% load.

1. Introduction

D-ni-A chromophores with heterocyclic donor moieties exhibiting
absorption/emission in the visible and near IR region are widely used in
various fields of photonics and organic electronics. Composite materials
doped with thiophene- and pyrrole-based chromophores [1] as well as
fused heterocyclic indolylidenmethylene- [2,3], phenothiazine- [4],
phenoxazine- [4] and julolidine-based ones [5-9], containing m-ex-
panded bridge, strong tricyanofuran (TCF) acceptor moiety [10] and
various bulky groups to reduce chromophores aggregation show sig-
nificant nonlinear optical (NLO) effect to give electro-optic (EO) coef-
ficient, r33, of 23-230 pm/V. In this case, a suitable isolating groups
(including those of dendrimer type) or bulky groups with opposite ef-
fect, enhancing non-centrosymmetric chromophore ordering through
nonvalent interactions, lead to a further increase in the EO activity of
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materials [11-13]. Dye-sensitized solar cells (DSSC) based on indoline
[14-16], tetrahydroquinoline [17], carbazole [18], coumarin [19] and
cyclopentadithiophene [20] dyes achieved the good energy conversion
and incident photon to current conversion efficiency. One of the chal-
lenges emphasized by researchers in the field of design of NLO mate-
rials as well as dye-sensitized solar cells is the increase in the strength of
the chromophores donor unit. To enhance the electronic donation
ability of the aniline donor of the chromophores, additional heteroa-
toms were introduced into this moiety, usually in the orto-position to
the s-bridge [21-24]. Such modification produced both an increase in
the values of the first hyperpolarizability - molecular NLO character-
istics - and the macroscopic NLO/EO response of materials. The second
approach consists in the use of nitrogen heterocyclic donors more
planar than dialkyl/diaryl aniline ones. For example, changing the
dialkyl aniline [25,26] donor for heterocyclic julolidine one [5,25] in
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chromophore results in red shift of the lowest-energy absorption band,
which indicates a greater donor strength of julolidine moiety. A lot of
julolidine-based D-n-A chromophores exhibit outstanding NLO activity
in the guest-host materials [5-9]. Strategy for increasing the electron-
donating strength of common nitrogen-based donors including planar-
ization of nitrogen substituents and the use of heteroaromatic rings
with bridge nitrogen atom has been applied: for example, application of
chromophore with a planar indolizine moiety for DSSCs allowed in-
creasing device efficiencies up to 8% [27-29]. The bridging nitrogen
atom in the indolizine contributes to the localization of a significant -
electron density at its C1/C3 carbon atoms and at the heterocycle as a
whole [30], thus promoting the high first hyperpolarizability of in-
dolizine-based chromophores with strong acceptor moieties and ex-
tensive st-bridge [30,31]. Indolizine dyes display strong NIR absorption
and emissions and a large Stokes shift [32-34]. Alongside with appli-
cation of indolizine derivatives in DSSC devices, luminescent materials
[35,36] and macrocyclic compounds [37,38] exhibiting redox switch-
able binding of some cations have been fabricated [39,40]. Here we
present the synthesis and the study of photophysical, thermal and
electrochemical properties of chromophores with isomeric indolizine
donor and TCF acceptor moieties, coupled by m-extended octatetraene
bridge. For the first time EO activity of composite polymer materials
doped with indolizine-based chromophores is studied.

2. Experimental section
2.1. Materials and instrumentation

Acetophenone, propiophenone, 2-ethylpyridine, 2-picoline, 3-hy-
droxy-3-methyl-2-butanone and malononitrile were purchased from
Acros or Aldrich. Organic solvents used were purified and dried ac-
cording to standard methods. The melting points presented in Section
2.2 were determined on a Boetius hot-stage apparatus. Infrared (IR)
spectra were recorded on the Bruker Vector-22 FT IR spectrometer.
NMR experiments were performed with Bruker AVANCE-600,
AVANCE-500, and AVANCE-400 (600, 500 and 400 MHz for 'H NMR,
150, 125 and 100 MHz for '*C NMR) spectrometers. Chemical shifts (&
in ppm) are referenced to the solvents. The mass spectra were obtained
on Bruker UltraFlex III MALDI TOF/TOF instrument with p-nitroaniline
as a matrix. UV-vis spectra were recorded at room temperature on a
Perkin-Elmer Lambda 35 spectrometer using 10 mm quartz cells.
Spectra were registered with a scan speed of 480 nm/min, using a
spectral width of 1 nm. All samples were prepared in solution with the
concentrations of ca ~107> mol/L. The thermal stabilities of chro-
mophores (MPI-1)-OT-TCF and (MPI-3)-OT-TCF were investigated by
simultaneous thermal analysis (thermogravimetry/differential scanning
calorimetry - TG/DSC) using NETZSCH (Selb, Germany) STA449 F3
instrument. Approximately 2.7-3.8 mg samples were placed in an Al
crucible with a pre-hole on the lid and heated from 30 to 600 °C. The
same empty crucible was used as the reference sample. High-purity
argon was used with a gas flow rate of 50 mL/min. TG/DSC measure-
ments were performed at the heating rates of 10 K/min.

2.2. Synthesis methodology

2.2.1. (E)-5,5-Dimethyl-3-(2-(3(1)-methyl-2-phenylindolizin-1(3)-yl)
vinyl)cyclohex-2-en-1-ones (5a,b)

Sodium (0.40 g, 0.017 mmol) was dissolved in ethanol (10 mL) then
3(1)-methyl-2-phenylindilizine-1(3)-carbaldehede (4.00g, 0.017 mmol)
and isophorone (2.60 g, 0.19 mmol) were added. Reaction mixture was
refluxed for 18 h, cooled to room temperature and ethanol was evapo-
rated. The residue was purified by silica-gel column chromatography
(eluent: methylene chloride) to give a color product and unreacted 3(1)-
methyl-2-phenylindilizine-1(3)-carbaldehyde (2.60g (2.90g)) was re-
turned.
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2.2.1.1. (E)-5,5-Dimethyl-3-(2-(3-methyl-2-phenylindolizin-1-yDvinyl)
cyclohex-2-en-1-one (5a). Yield: 0.99g (16%). Dark red viscous oil.
R = 0.15 (hexane:ethyl acetate = 5:1) 'H NMR (400 MHz, CDCls): &
7.78 (d, J = 6.7 Hz, 1H, H-5 indolizine), 7.76 (d, J = 8.8 Hz, 1H, H-8
indolizine), 7.50-7.45 (m, 2H, m-Ph), 7.43-7.38 (m, 1H, p-Ph), 7.37-
7.33 (m, 2H, o-Ph), 7.19 (d, J = 16.2Hz, 1H, ethene), 6.94 (ddd,
J =838, 6.6, 1.1Hz, 1H, H-7 indolizine), 6.73 (ddd, J = 6.7, 6.6,
1.1 Hz, 1H, H-6 indolizine), 6.43 (d, J = 16.2Hz, 1H, ethene), 5.77
(s, 1H, —CH(CO)-), 2.37 (s, 3H, CH3), 2.36 (s, 2H, CH,), 2.24 (s, 2H,
CH,), 1.06 (s, 6H, CH3). 13C NMR (100 MHz, CDCls): § 200.0, 156.9,
135.0, 131.7, 130.7, 128.4, 128.0, 127.9, 127.2, 124.5, 123.6, 122.7,
119.8,119.3,118.0,112.0, 108.7, 51.4, 38.8, 33.2, 28.6, 9.9. IR (A\max,
cm_l, KBr): 3458 (CH), 2955 (CH), 1651 (C = 0), 1596 (C = Q).
MALDI-TOF: 356 [M+H]™*.

2.2.1.2. (E)-5,5-Dimethyl-3-(2-(3-methyl-2-phenylindolizin-1-yDvinyl)
cyclohex-2-en-1-one (5b). Yield: 1.03g (17%). Dark red viscous oil.
Ry = 0.27 (hexane:ethyl acetate = 5:1). 'H NMR (600 MHz, CDCl,): §
8.25 (d, J = 6.6 Hz, 1H, H-5 indolizine), 7.46 (dd, J = 7.7, 7.3 Hz, 2H,
m-Ph), 7.43-7.37 (m, 2H, p-Ph, H-8 indolizine), 7.33 (d, J = 7.7 Hz, 2H,
o-Ph), 7.12 (d, J = 16.2Hz, 1H, ethene), 6.86-6.79 (m, 1H, H-7
indolizine), 6.68 (ddd, J = 6.7, 6.5Hz, 1H, H-6 indolizine), 6.39 (d,
J = 16.2 Hz, 1H, ethene), 5.75 (s, 1H, —CH(CO)-), 2.33 (s, 2H, CH,),
2.23 (s, 2H, CH,), 2.20 (s, 3H, CHs), 1.05 (s, 6H, CHj). °C NMR
(150 MHz, CDCls): § 199.6, 156.1, 135.2, 133.7, 132.6, 130.4, 128.4,
127.3, 124.3, 123.6, 123.4, 121.8, 118.7, 118.5, 117.8, 112.0, 110.5,
51.3, 38.7, 33.1, 28.5, 8.9. IR (Amaxs cm_l, KBr): 3438 (CH), 2956
(CH), 1643 (C = 0), 1593 (C = C), 1573 (C = C). MALDI-TOF: 356 [M
+H]™".

2.2.2. (E,Z)-2-(5,5-dimethyl-3-((E)-2-(3(1)-methyl-2-phenylindolizin-
1(3)-yDvinyDcyclohex-2-en-1-ylidene)acetonitriles (6a,b)

To the stirred mixture of NaH (0.12g, 5.0 mmol) and dry THF
(3mL) diethyl cyanomethyphosphonate (0.87 g, 5.0 mmol) in dry THF
(1 mL) was added dropwise by syringe at 0 °C. When the solution be-
came transparent, indolizine 5 (0.70 g, 2.0 mmol) solution in dry THF
(10 mL) was added. The mixture was refluxed for 18 h, and then after
removal of the THF, the residue was purified by column chromato-
graphy (eluent: hexane/methylene chloride = 3:1—1:1).

2.2.2.1. (EZ)-2-(5,5-dimethyl-3-((E)-2-(3-methyl-2-phenylindolizin-1-yl)
vinyl)cyclohex-2-en-1-ylidene)acetonitrile (6a). Yield: 0.63g (84%). Dark
red powder, mp 74-75°C. Ry = 0.18 (hexane:ethyl acetate = 20:1). 'H
NMR (400 MHz, acetone-dg): § 7.98 (d, J = 7.0 Hz, 1H, H-5 indolizine),
7.97 (d, J = 7.0Hz, 1.4H, H-5 indolizine), 7.93 (d, J = 9.0Hz, 1H, H-8
indolizine), 7.85 (d, J = 9.0 Hz, 1.4H, H-8 indolizine), 7.53-7.47 (m, 4.8H,
m-Ph), 7.43-7.36 (m, 7.2H, o,p-Ph), 7.10 (d, J = 16.3 Hz, 1H, ethene), 7.07
(d, J = 16.3 Hz, 1.4H, ethene), 6.97-6.90 (m, 2.4H, H-7 indolizine), 6.80-
6.74 (m, 2.4H, H-6 indolizine), 6.66 (d, J = 16.3 Hz, 1H, ethene), 6.48 (d,
J =16.3Hz, 1.4H, ethene), 6.41 (s, 1H, -CH=C(R)CH(CN)-), 6.06 (s,
1.4H, -CH=C(R)CH(CN)-), 5.14 (s, 1.4H, =CH(CN)-), 5.00 (s, 1H, =CH
(CN)-), 2.39-2.37 (br, 5.8H, CH,, CHy), 2.36 (s, 4.2H, CH3), 2.26 (br, 4.8H,
CH,), 2.21 (br, 2H, CH,), 0.98 (s, 8.4H, CH3), 0.94 (s, 6H, CHs). 13C NMR
(100 MHz, acetone-dg): § 158.9, 158.7, 147.8, 146.9, 136.3, 136.2,
131.75, 131.73, 131.61, 131.58, 129.1, 128.2, 128.0, 127.8, 126.3,
126.2, 126.17, 125.7, 124.1, 123.9, 121.6, 120.3, 120.2, 119.7, 119.5,
119.0, 118.8, 118.2, 112.52, 112.46, 109.62, 109.60, 91.7, 90.2, 45.0,
42.6, 39.1, 38.9, 31.6, 31.5, 28.3, 28.2, 9.94, 9.88. IR (Amax, cm_l, KBr):
3437 (CH), 2924 (CH), 2199 (C=N), 1607 (C = C), 1572 (C =C).
MALDI-TOF: 379 [M+H]*.

2.2.2.2. (E,Z)-2-(5,5-dimethyl-3-((E)-2-(1-methyl-2-phenylindolizin-3-yl)
vinyl)cyclohex-2-en-1-ylidene)acetonitrile (6b). Yield: 0.58 g (77%). Dark
red powder, mp 65-66 °C. Rf = 0.22 (hexane:ethyl acetate = 20:1). 'H
NMR (400 MHz, CDCl5): § 8.60 (d, J = 7.0 Hz, 1H, H-5 indolizine), 8.51
(d, J = 7.1 Hz, 1.5H, H-5 indolizine), 7.55-7.47 (m, 7.5H, m-Ph, H-8
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indolizine), 7.46-7.36 (m, 7.5H, o,p-Ph), 7.15 (d, J = 16.3Hz, 2.5H,
ethene), 6.90-6.83 (m, 2.5H, H-7 indolizine), 6.78-6.71 (m, 2.5H, H-6
indolizine), 6.63 (d, J = 16.4Hz, 1H, ethene), 6.44 (d, J = 16.4Hz,
1.5H, ethene), 6.36 (s, 1H, -CH=C(R)CH(CN)-), 6.02 (s, 1.5H,
-CH=C(R)CH(CN)-), 5.20 (s, 1.5H, =CH(CN)-), 5.06 (s, 1H, =CH
(CN)-), 2.40 (s, 1.5H, CH,), 2.39 (s, 1.5H, CH,), 2.32 (s, 3H, CH,), 2.31
(s, 2H, CH,), 2.25 (s, 1H, CH,), 2.24 (s, 1H, CH,), 1.00 (s, 9H, CHs),
0.96 (s, 6 H, CHs). 13C NMR (100 MHz, CDCl5): § 158.1, 157.8, 146.1,
145.5, 135.5, 135.3, 133.3, 133.0, 132.0, 131.4, 130.6, 130.5, 128.4,
128.3, 127.2, 127.1, 125.4, 125.1, 124.6, 123.7, 123.1, 122.5, 119.8,
119.1, 119.0, 118.9, 118.8, 118.0, 117.8, 117.78, 117.72, 117.65,
111.9, 111.7, 110.1, 109.8, 91.5, 90.0, 44.8, 42.1, 38.49, 38.46, 31.2,
31.0, 28.2, 28.1, 9.00, 8.97. IR (Amax, cm_l, KBr): 3050 (CH), 2917
(CH), 2198 (C=N), 1608 (C = C), 1567 (C = C). MALDI-TOF: 379 [M
+H]".

2.2.3. (E,Z)-2-(5,5-Dimethyl-3-((E)-2-(3(1)-methyl-2-phenylindolizin-
1(3)-yDvinyDcyclohex-2-en-1-ylidene)acetaldehydes (7a,b)

To the stirred and cooled to —78 °C solution of indolizine 6 (0.37 g,
1 mmol) in dry toluene (8 mL), diisobutylaluminium hydride (1.3 mL,
1.56 mmol) was added dropwise by syringe, then the mixture was
stirred for 2h at —78°C and for 1h at room temperature. Saturated
aqueous NH,4CI solution (5 mL) was added to quench the reaction, and
mixture was stirred for 20 min at room temperature. Organic layer was
separated and washed with water. Toluene was evaporated and the
residue was purified by column chromatography (eluent: methylene
chloride).

2.2.3.1. (E,Z)-2-(5,5-Dimethyl-3-((E)-2-(3-methyl-2-phenylindolizin-1-yl)
vinyl)cyclohex-2-en-1-ylidene)acetaldehyde (7a). Yield: 0.22g (58%).
Dark red powder, mp 75-77°C. Ry=0.33 (hexane:ethyl
acetate = 10:3). 'H NMR (600 MHz, acetone-dg): 8 10.15 (d,
J=8.0Hz, 1H, CHO), 10.02 (d, J = 8.2Hz, 2.5H, CHO), 7.98 (d,
J=6.8Hz, 1H, H-5 indolizine), 7.97 (d, J= 6.8Hz, 2.5H, H-5
indolizine), 7.89 (d, J=9.0Hz, 1H, H-8 indolizine), 7.87 (d,
J = 9.0 Hz, 2.5H, H-8 indolizine), 7.53-7.48 (m, 7H, m-Ph), 7.43-7.39
(m, 3.5H, p-Ph), 7.39-7.36 (m, 7H, o-Ph), 7.09 (d, J = 16.3Hz, 1H,
ethene), 7.14 (s, 1H, -CH=C(R)CH(CHO)-), 7.08 (d, J = 16.3 Hz, 3.5H,
ethene), 6.94 (dd, J = 9.0, 6.7 Hz, 3.5H, H-7 indolizine), 6.76 (dd,
J=6.8, 6.7Hz, 3.5H, H-6 indolizine), 6.69 (d, J = 16.3Hz, 1H,
ethene), 6.57 (d, J=16.3Hz, 2.5H, ethene), 6.07 (s, 2.5H,
-CH=C(R)CH(CHO)-), 5.72 (d, J = 8.2Hz, 2.5H, =CH-CH(O)-), 5.55
(d, J=8.0Hz, 1H, =CH = C(0)-), 2.68 (br, 5H, CH,), 2.37 (s, 3H,
CHs5), 2.36 (s, 7.5H, CH3), 2.28 (s, 5H, CH,), 2.26 (s, 2H, CH,), 2.24 (br,
2H, CH,), 1.00 (s, 15H, CH3), 0.96 (s, 6 H, CH3). *C NMR (150 MHz,
acetone-dg): § 190.1, 189.3, 157.2, 156.8, 148.1, 147.9, 136.2, 136.1,
131.8, 131.6, 129.1, 128.3, 128.1, 127.8, 127.0, 126.6, 126.1, 126.0,
125.7, 124.1, 124.0, 120.3, 120.1, 120.0, 119.6, 119.0, 118.9, 112.5,
109.7, 46.6, 39.5, 39.3, 39.2, 31.5, 31.4, 28.44, 28.37, 9.9. IR (Amax,
em ™!, KBr): 3452 (CH), 2948 (CH), 1645 (C = 0), 1566 (C = C).
MALDI-TOF: 382 [M+H]*.

2.2.3.2. (E,Z)-2-(5,5-Dimethyl-3-((E)-2-(1-methyl-2-phenylindolizin-3-yl)
vinyl)cyclohex-2-en-1-ylidene)acetaldehyde (7b). Yield: 0.30g (81%).
Dark red powder, mp 75-77° C. R;=0.42 (hexane:ethyl
acetate = 10:3).

'H NMR (500 MHz, acetone-dg): § 10.10 (d, J = 7.9 Hz, 1H, CHO),
10.03 (d, J = 8.1 Hz, 2.5H, CHO), 8.55 (d, J = 7.0Hz, 1H, H-5 in-
dolizine), 8.54 (d, J = 7.0Hz, 2.5H, H-5 indolizine), 7.54-7.48 (m,
10.5H, m-Ph, H-8 indolizine), 7.45-7.43 (m, 3.5H, p-Ph), 7.42-7.38 (m,
7H, o-Ph), 7.15 (d, J=16.3Hz, 3.5H, ethene), 7.09 (s, 1H,
-CH=C(R)CH(CHO)-), 7.15 (d, J = 16.3 Hz, 3H, ethene), 7.10 (s, 2.5H,
-CH=C(R)CH(CHO)-), 6.86 (dd, J = 8.9, 6.5 Hz, 3.5H, H-7 indolizine),
6.74 (dd, J = 7.0, 6.5 Hz, 3.5H, H-6 indolizine), 6.64 (d, J = 16.3 Hz,
1H, ethene), 6.52 (d, J= 16.3Hz, 2.5H, ethene), 6.04 (s, 2.5H,
-CH=C(R)CH(CHO)-), 5.73 (d, J = 8.1 Hz, 2.5H, =CH-CH(O)-), 5.58
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(d,J = 7.9Hz, 1H, =CH = CH(0)-), 2.72 (s, 2.5H, CH,), 2.71 (s, 2.5H,
CH,), 2.35 (s, 5H, CH,), 2.33 (s, 2H, CH,), 2.28 (s, 1H, CH,), 2.27 (s,
1H, CH,), 2.21 (s, 3H, CHs), 2.20 (s, 7.5H, CHs), 1.02 (s, 15H, CHs),
0.98 (s, 6 H, CH;). *C NMR (100 MHz, acetone-de): § 190.3, 189.2,
156.8, 156.3, 147.5, 147.4, 136.5, 136.4, 133.7, 132.0, 131.3, 131.2,
129.18,129.16, 128.2, 127.9, 126.8, 126.7, 125.5, 124.6, 124.5, 121.1,
119.9, 119.8, 119.6, 118.71, 118.67, 118.3, 112.6, 110.6, 110.4, 46.5,
39.4, 39.10, 39.06, 31.5, 31.4, 28.4, 28.3, 9.1, 9.0. IR (Appay, cm ™1,
KBr): 3457 (CH), 2924 (CH), 1651 (C = 0), 1561 (C = C). MALDI-TOF:
382 [M+H]".

2.2.4. (EEEE)/(EEZE) 2-(3-Cyano-4-(-3-(5,5-dimethyl-3-(2-(3(1)-
methyl-2-phenylindolizin-1(3)-yl)vinyD cyclohex-2-en-1-ylidene)prop-1-en-
1-yD-5,5-dimethylfuran-2(5 H)-ylidene)malononitriles ((MPI-1)-OT-TCF,
(MPI-3)-OT-TCF)

To solution of aldehyde 7 (0.20 g, 0.52 mmol) in dry ethanol (5 mL)
solution of Me-TCF (0.10g, 0.50 mmol) in dry ethanol (1 mL) was
added, and combined solution was refluxed for 8 h. After removing the
solvent the residue was purified by column chromatography (eluent:
methylene chloride).

2.2.4.1. (EEEE)/(EEZE) 2-(3-Cyano-4-(3-(5,5-dimethyl-3-(2-(3-methyl
-2-phenylindolizin-1-yl)vinyl) cyclohex-2-en-1-ylidene)prop-1-en-1-yl)-5,5-di-
methylfuran-2(5 H)-ylidene)malononitrile ((MPI-1)-OT-TCF). Yield:
0.16 g (56%). Black powder. Ry = 0.3 (hexane:ethyl acetate = 2:1). 'H
NMR (600 MHz, DMSO-de): & 8.22 (d, J = 6.8 Hz, 1H, H-5 indolizine),
8.09 (d, J = 8.9Hz, 1H, H-8 indolizine), 7.96 (dd, J~14, 13Hz, 1H,
=CH-CH = CH-TCF), 7.54 (dd, J = 7.6, 7.4Hz, 2H, m-Ph), 7.46 (dd,
J=7.4, 7.4Hz, 1H, p-Ph), 7.36 (d, J = 7.6 Hz, 2H, o-Ph), 7.29 (d,
J = 15.9 Hz, 1H, ethene), 7.16 (dd, J = 8.9, 6.7 Hz, 1H, H-7 indolizine),
6.96 (dd, J = 6.8, 6.7 Hz, 1H, H-6 indolizine), 6.53 (d, J = 15.9 Hz, 1H,
ethene), 6.41 (d, J ~13 Hz, 1H, ethene), 6.39 (d, J~ 14 Hz, 1H, ethene),
6.27 (br, 1H, -CH= C(R)CH(CH = CHTCF)-), 2.41 (s, 2H, CH,), 2.34 (s,
5H, CHa, CHs), 1.66 (s, 6H, CHs), 0.95 (s, 6H, CHs). '3C NMR (150 MHz,
DMSO-dg): § 177.0, 172.8, 156.1, 151.5, 143.7, 134.4, 132.6, 130.4,
128.4, 128.1, 127.3, 127.1, 124.9, 124.6, 121.5, 121.6, 118.2, 114.1,
113.7, 113.1, 112.9, 112.8, 109.9, 97.3, 90.1, 49.9, 38.3, 31.0, 27.9,
25.7, 9.6. 'H NMR (400 MHz, CDCl;): § 8.20 (dd, J~14, 14 Hz, 1H,
=CH-CH = CH-TCF), 7.99 (dd, J~14, 14Hz, 3.3 H, =CH-CH = CH-
TCF), 7.84-7.79 (m, 8.6H, H-5,8-indolizine), 7.53-7.48 (m, 8.6H, m-Ph),
7.46-7.40 (m, 4.3H, p-Ph), 7.38-7.34 (m, 8.6 H, 0-Ph), 7.17 (d, J ~16 Hz,
1H, ethene), 7.16 (d, J = 15.9 Hz, 3.3H, ethene), 7.04-6.98 (m, 4.3 H, H-
7 indolizine), 6.81-6.77 (m, 4.3H, H-6 indolizine), 6.56 (s, 1H,
-CH=C(R)CH(CH = CHTCF)-), 6.53 (d, J =16.1Hz, 4.3 H, ethene),
6.26 (d, J=12.5Hz, 3.3H, ethene), 6.15 (d, J=14.4Hz, 4.3 H,
ethene), 6.11 (s, 1H, -CH=C(R)CH(CH = CHTCF)-), 6.01 (d, J~12Hz,
1H, ethene), 2.39 (s, 6.6H, CH,), 2.38 (br, 12.9 H, CHs), 2.32 (s, 6.6H,
CH,), 2.29 (br, 4H, CH,), 1.68 (s, 6H, CH3), 1.65 (s, 19.8 H, CH3), 1.02 (s,
19.8H, CH3), 0.99 (s, 6H, CHj). 13C NMR (100 MHz, CDCls): § 176.5,
173.0, 172.6, 156.3, 155.7, 151.0, 150.2, 144.1, 143.2, 135.0, 134.9,
132.4, 132.3, 130.8, 128.5, 128.4, 128.1, 127.6, 127.5, 127.4, 127.1,
125.8, 125.6, 124.5, 123.1, 123.0, 120.8, 120.5, 120.3, 120.2, 118.3,
118.2, 114.1, 113.5, 113.1, 113.0, 112.6, 112.4, 112.3, 112.2, 110.1,
109.9, 96.5, 96.3, 92.6, 92.1, 53.9, 53.4, 47.1, 39.9, 39.5, 39.1, 31.7,
31.4, 28.5, 28.2, 26.6, 9.9. IR (Amaw cm !, KBr): 3506 (CH), 2219
(C=N), 1562 (C = C). MALDI-TOF: 563 [M+H]"*.

2.2.4.2. (E,E,EE)/(E,E,ZE) 2-(3-Cyano-4-(3-(5,5-dimethyl-3-(2-(1-methyl
-2-phenylindolizin-3-yl)vinyl) cyclohex-2-en-1-ylidene)prop-1-en-1-yl)-5,5-di-
methylfuran-2(5 H)-ylidene)malononitrile ((MPI-3)-OT-TCF). Yield:
0.20g (71%). Black powder. Ry = 0.42 (hexane:ethyl acetate = 2:1).
'H NMR (400MHz, DMSO-dg): 8 8.81 (d, J=7.1Hz, 1H, H-5
indolizine), 7.92 (dd, J~14, 14Hz, 1H, =CH-CH = CH-TCF), 7.60 (d,
J = 8.9Hz, 1H, H-8 indolizine), 7.54 (dd, J = 7.8, 7.5Hz, 2H, m-Ph),
7.50-7.44 (m, 1H, p-Ph), 7.38-7.35 (m, 2H, 0-Ph), 7.34 (d, J~ 16 Hz, 1H,
ethene), 7.06 (dd, J = 8.9, 6.8 Hz, 1H, H-7 indolizine), 6.89 (dd, J~7.1,
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6.8 Hz, 1H, H-6 indolizine), 6.42-6.35 (m, 3H, ethene), 6.11 (br, 1H,
-CH=C(R)CH(CH = CH-TCF)-), 2.40 (s, 2H, CH,), 2.39 (s, 2H, CH,),
2.14 (s, 3H, CHj), 1.66 (s, 6H, CH3), 0.96 (s, 6H, CHs). *C NMR
(100 MHz, DMSO-dg): § 176.9, 172.5, 155.2, 150.7, 143.3, 134.8, 134.6,
132.3, 130.0, 128.6, 127.6, 127.5, 125.1, 124.7, 121.1, 121.0, 120.5,
117.7, 114.5, 113.7, 113.0, 112.9, 112.7, 112.2, 97.3, 90.4, 50.1, 38.2,
30.9, 27.9, 25.7, 8.7. 'H NMR (600 MHz, CDCl,): & 8.35 (d, J~7 Hz, 1H,
H-5 indolizine), 8.29 (d, J = 6.9 Hz, 3.5H, H-5 indolizine), 8.23 (dd,
J~15, 12Hz, 1H, =CH-CH = CH-TCF), 7.98 (dd, J~14, 13 Hz, 3.5H,
=CH-CH = CH-TCF), 7.50 (dd, J = 7.8, 7.5Hz, 9H, m-Ph), 7.45-7.41
(m, 9H, p-Ph, H-8 indolizine), 7.35 (d, J = 7.8 Hz, 9H, o0-Ph), 7.14 (d, J
~16 Hz, 1H, ethene), 7.06 (d, J = 16.1 Hz, 3.5H, ethene), 6.93-6.88 (m,
4.5H, H-7 indolizine), 6.80-6.76 (m, 1H, H-7 indolizine), 6.74 (dd,
J~6.9, 6.7Hz, 3.5H, H-6 indolizine), 6.60 (br, 1H, -CH=C(R)CH
(CH = CHTCF)-), 6.46 (d, J=16.1Hz, 3.5H, ethene), 6.43 (d, J
~16Hz, 1H, ethene), 6.25 (d, J = 12.5Hz, 3.5H, ethene), 6.16 (d,
J = 14.5Hz, 3.5H, ethene), 6.11 (d, J ~15Hz, 1H, ethene), 6.08 (s,
3.5H, -CH=C(R)CH(CH = CHTCF)-), 6.02 (d, J~12Hz, 1H, ethene),
2.39 (s, 7H, CH,), 2.30 (s, 7H, CH,), 2.29 (s, 2H, CH,), 2.25 (s, 2H, CH,),
2.22 (s, 13.5H, CH3), 1.67 (s, 6H, CH3), 1.65 (s, 21H, CHs), 1.02 (s, 21H,
CHs), 0.98 (s, 6H, CH3). *C NMR (150 MHz, CDCls): § 176.4, 176.3,
172.8, 172.6, 155.4, 155.1, 149.8, 149.5, 143.8, 143.0, 135.2, 134.9,
134.8, 133.2, 133.1, 130.5, 129.3, 128.5, 127.6, 127.5, 125.0, 124.8,
124.5, 124.0, 123.8, 121.0, 120.8, 120.5, 120.3, 120.3, 119.7, 119.5,
118.0, 117.8, 114.5, 113.6, 113.0, 112.8, 112.6, 112.4, 112.3, 112.1,
112.0, 111.9, 96.5, 96.4, 92.6, 54.2, 46.9, 39.8, 39.0, 31.6, 31.4, 28.4,
28.2, 26.5, 9.0. IR (A\max cm_l, KBr): 2925 (CH), 2221 (C=N), 1561
(C = C). MALDI-TOF: 563 [M+H]*

2.3. Computational details

All density functional theory (DFT) calculations were performed
with the Gaussian 16 program package [41]. In general the spherical
def2-TZVP atomic orbital (AO) basis set was used [42,43]. All the
structures were optimized with the use of long-range corrected CAM-
B3LYP [44] functional. The nature of Sy—S; transitions has been
characterized by the analysis of the frontier molecular orbitals. Sta-
tionary points were characterized as minima by frequency analysis.
Solvent effects on the photophysical properties have been taken into
accounts using the polarizable continuum model (PCM) [45-49] within
linear-response (LR) implemented in Gaussian 16 software. Time-de-
pendent density functional response theory (TD-DFT) [45-52] has been
employed to compute the vertical excitation energies (absorption wa-
velengths) and oscillator strengths on the ground state (GS) S, equili-
brium geometries, each optimized in the gas phase as well as with the
use of PCM model with standard parameters for dimethylsulfoxide
(DMSO) as a solvent. All the excitations energies have been red-shifted
by an error factor computed as the difference between Egy_.s; and
corresponding experimental A,y (0.6 €V) in order to better match the
experimental spectral curves. Simulated electronic absorption spectra,
calculated as 20 vertical excitations at the optimized ground state (GS)
geometries were empirically broadened by single Gaussian type func-
tions with full-width at half maximum (FWHM) equal to 0.4 eV. The
dipole length representation is used to calculate oscillator strengths
discussed in the present paper.

2.4. Fabrication and preparation of samples for determining the electro-
optic characteristics

To determine the EO characteristics of composite materials, films
with a thickness of 1.5-2 ym were fabricated. Films were spin-cast on
glass substrates coated with an ITO layer from 20% PMMA solutions in
cyclohexanone, containing the calculated amount (10 and 15 wt%) of
the chromophore, at a centrifuge rotation speed of 5000 rpm for 45s.
To remove residual solvent two modes of samples drying were used.
First: the samples were kept in a vacuum oven at room temperature for
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10-16 hours. Second: the samples were first kept in a vacuum oven at
room temperature for 10-16 h, and then at 60 °C for 2.5 h. To achieve
noncentrosymmetric structure of the material, poling was performed,
during which the chromophores were oriented along the direction of
the applied dc electric field. In the case of the studied polymer films,
poling was carried out in the corona discharge field at the hand-made
corona triode; the so-called “positive corona” was used. The voltage on
the corona electrode (tungsten needle) was equal to 8 kV, the distance
from the grid to the cathode was 10 mm, the voltage on the grid was
1.2kV. The corona field was applied to samples heated to a temperature
Tp,, which is slightly higher than the glass transition temperature Ty of
the polymer. In this state the sample was kept for 20 min, then cooled to
room temperature during one hour, after that the field was turned off.
The quality of orientation was controlled by the absorption change in
UV-vis spectra detected before and after poling, and characterized by
order parameter, n, calculated by the following formula:

n=1-A/A,

where A and A, are the absorptions of the polymer films after and
before poling. After poling, a second silver or aluminum electrode with
a diameter of (D) 6 mm and a thickness of ~ 50 nm was deposited on
the surface of the polymer by thermal spraying. The role of the first
electrode is played by the ITO layer.

3. Results and discussion
3.1. Synthesis, NMR study and thermal properties

The synthetic procedures for the title chromophores are shown in
Scheme 1. Isomeric 3(1)-methyl-2-phenylindolizine-1(3)-carbaldehydes
(4a,b) [31,53,54] have been synthesized in four steps starting from
acetophenone (1a) and propiophenone (1b). Further three steps con-
sisting of condensation of aldehydes 4 with isophorone, reaction of
ketones 5 with diethyl cyanomethylphosphonate and reduction of ni-
triles 6 by diisobutylaluminium hydride lead to n-extended aldehydes
7. Final Knoevenagel condensation of aldehydes 7a and 7b with Me-
TCF [55] results in chromophores ((MPI-1)-OT-TCF and (MPI-3)-OT-
TCF, respectively. Ketons 5 are trans-isomers, while the compounds
6a,b are cis/trans-isomer mixture, E/Z (Z/E) = 1 : ~1.5. The ratio of
the Z : E isomers for the compounds 7a,b calculated by 'H NMR spectra
is 1 : 2.5. A similar trend has been observed in 'H NMR spectra in
chromophores with aniline [56] or julolidine [8] donors with the same
ni-bridge and acceptor. Chromophores ((MPI-1)-OT-TCF and (MPI-3)-
OT-TCF) exist in two forms in CDCl; solution, according to NMR data.
However, there are no doubling of proton and carbon signals in the 'H
and '3C NMR spectra of chromophores ((MPI-1)-OT-TCF and (MPI-3)-
OT-TCF) in DMSO-d¢ as well as in DMF-d,.

More detailed 'H NMR study was performed for the chromophore
(MPI-3)-OT-TCF. In all polar solvents such as DMSO-ds, DMF-d,, and
CD3CN one chromophore isomer has been observed. Two isomers exist
in solvents with low polarity, in dioxane-d;o and CDCl; giving almost
doubling of all signals except the signals of the phenyl group and other
1-2 signals. Solvent polarity increase up to moderately polar CD,Cl,
results in the doubling of only two signals: these are proton signals at 6
and 7 carbon atoms of ni-bridge (Scheme 1) which appear as broadened
ones. As for the ratio of isomers, it varies slightly and is equal to 2.7:1,
3.5:1 and 4:1 in dioxane, chlorophorm and dichlorometane, corre-
spondingly (Fig. 1). Thus for solutions of chromophores ((MPI-1)-OT-
TCF and (MPI-3)-OT-TCF), two isomers degenerate with the polarity
increase, turning into one isomer. This behavior of chromophores
((MPI-1)-OT-TCF and (MPI-3)-OT-TCF) is quite different from that of
their precursors 6a,b and 7a,b, for which the ratio of two isomers is
constant and does not change with solvent. It should be noted that after
removing chloroform-d and re-recording the '"H NMR spectrum in di-
methylformamide-d,, the spectrum corresponds to a single isomer.
Conversely, removal of dimethylformamide and re-recording the H
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X=C,Y =N (3a-7a); X=N,Y = C (3b-7b)

Scheme 1. Synthesis of two isomers ((MPI-1)-OT-TCF and (MPI-3)-OT-TCF) of indolizine-based chromophores with octatetraene m-bridge and tricyanofurane

acceptor.

NMR spectrum again in chloroform leads to both isomers occurrence
with the same (3.5:1) ratio.

The indolizine-based chromophores have high thermal stability: the
decomposition temperatures at which 5% mass loss occurs at heating
are above 270 °C (values T4® in Table 1, Fig. 2). This agrees well with
temperatures of thermal decomposition, detected by DSC (values T4 in
Table 1, Fig. 3) and data of the first derivative (values T4 in Table 1).
The chromophores appeared as highly crystalline compounds with a
melting point at 255 °C and 262 °C for (MPI-1)-OT-TCF and (MPI-3)-
OT-TCF, respectively (Fig. 3).

3.2. Photophysical properties

None of the synthesized compounds demonstrates detectable emis-
sion in solutions. The electronic absorption spectra of solutions of the
synthesized compounds in organic solvents of different polarity are
presented in Fig. 4.

In the spectra of both systems in the least polar dioxane solutions

broad, symmetric and highly intensive (extinction coefficients ¢ ~
3-610* LMol " cm™) the lowest-energy absorption bands with
maxima (Apax) at ~690-800 nm dominate, with the edges spreading up
to 1000 nm (Fig. 4, Table 2). A replacement of MPI-1 fragment of (MPI-
1)-OT-TCF by MPI-3 results in the red-shift of A, of (MPI-3)-OT-TCF
by 0.05 eV, similar to the case of previously described closely related
systems [31,57,58]. The spectra registered in moderately polar di-
chloromethane and chloroform solutions demonstrate a rather large
positive solvatochromic shift and the strongest absorption band
broadening relative to that in dioxane solutions. These effects are ac-
companied by appearing of shoulders at ca. 880-950 nm. For solutions
in more polar acetonitrile an opposite, negative solvatochromic shift
takes place, and the shoulder at longer wavelengths becomes more
evident. In the spectra of the most polar DMF and DMSO solutions, the
shoulder transforms into a separate narrow band (Acyan), best resolved
from the main peak in the case of DMSO solution. It should be noted
that, in contrast to acetonitrile solution, maximum of the strongest band
(Amax) in the spectra of both compounds in DMF and DMSO undergoes
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Fig. 1. 'H NMR (6.0-8.8 ppm) spectra of (MPI-3)-OT-TCF) in dioxane-d;o (a), chloroform-d (b), dichloromethane-d; (c), dimethylsulfoxide-dds(d). The numbering of

protons is made according to Scheme 1.

Table 1
Thermal properties of the studied chromophores.

Chromophore (MPI-1)-OT-TCF (MPI-3)-OT-TCF
T4, °C 270 273
T, °C 262 268
T4, °C 288 280
Tod, °C 255 262

Tq - decomposition temperature:  TGA, temperature at which 5% mass loss
occurs at heating, b psc, © dTGA, T,, - melting point (from DSC data).

positive solvatochromic shift (Table 2).

Such inversion of solvatochromism from positive upon transition
from dioxane to chloroform (methylene chloride) to negative upon
transition from chloroform (methylene chloride) to acetonitrile (DMF)
is rather typical for many D-n-A chromophors. The value of positive

solvatochromism for chromophores with a TCF acceptor fragment and
with the octatetraene si-bridge is noticeably greater than the value of
the negative solvatochromic effect [59,60]. The same pattern is found
for (MPI-1)-OT-TCF and (MPI-3)-OT-TCF: positive solvatochromism
upon transition from dioxane to chloroform (88-91 nm or 0.19eV)
significantly prevails over negative (37-38 nm or 0.09-0.12eV) upon
transition from chloroform) to acetonitrile. A stronger negative solva-
tochromic effect (but not superior to positive) is demonstrated by
chromophores with a thiophene [61,62] or quinoxaline-2-one cores in
si-bridge [63]. Chromophores with an aromatic quinoxaline moiety are
even characterized by the predominance of a negative solvatochromic
effect over a positive [64].

According to the published works, the Ay, band could be ascribed
to the so-called “cyanine limit” structure (CLS) with a vanishing bond-
length alternation (BLA) upon a certain ratio between the electron-
donating and withdrawing motifs. CLS is characterized by sharp,
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Fig. 2. TGA curves for (MPI-1)-OT-TCF and (MPI-3)-OT-TCF.
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Fig. 3. DSC curves for (MPI-1)-OT-TCF and (MPI-3)-OT-TCF.

intense absorption band shifted toward red-NIR spectral region [65]. In
particular, it was shown that increasing the solvent polarity for the
push-pull molecules with large values of ground-state dipole moments
may lead to the cross of cyanine limit [66]. Other strategies to reach the
cyanine limit are based on the chemical modifications of donor/
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acceptor strength or lengthening of conjugated skeleton. In the inter-
mediate case the coexistence of two forms ascribed to symmetrical and
asymmetrical distributions of charge density takes place [66].

It should be noted that indolizine-based compounds (MPI-1)-OT-
TCF and (MPI-3)-OT-TCF demonstrate a presence of CLS in acetonitrile
and probably even in dichloromethane and chloroform solutions, while
related systems with julolidine donor fragment [7,9] do not reveal any
sign of CLS under the same conditions. This feature, as well as red shift
of electronic absorption bands of the considered systems compared to
their aniline analogs [56,67], indicates better donating properties of
indolizine unit as mentioned earlier [28].

To better understand the origin of electronic absorption spectra of
(MPI-1)-OT-TCF and (MPI-3)-OT-TCF, quantum chemical calculations
within DFT and time-dependent DFT (TD-DFT) approach have been
performed. According to our experience, [68-70], both hybrid PBEO
[71,72] and long-range corrected CAM-B3LYP [73] functionals are
suitable for electronic spectra simulation of D-ni-A systems related to
present compounds. CAM-B3LYP simulations, in spite of systematic
overestimation of vertical excitations energies, typically reproduce re-
lative intensities of absorption bands in spectra of such systems [74]
better. For this reason CAM-B3LYP functional was used for simulation
of spectra of isolated molecules (MPI-1)-OT-TCF and (MPI-3)-OT-TCF,
which are compared to the experimental spectra of the least polar di-
oxane solutions of the compounds in Fig. 5.

The simulated spectra match their experimental counterparts quite
well, demonstrating that the strongest absorption band should be as-
sociated with the only So—S; electronic transition. This transition from
the highest occupied (HOMO) to the lowest unoccupied (LUMO) mo-
lecular orbitals has the largest value of oscillator strength (f ~ 2.0-2.5)
over all the calculated transitions shown in Fig. 5. Intramolecular
charge-transfer character of the HOMO-LUMO transition is seen from
Fig. 6: electronic density migrates from electron-donor indolizine
moiety to TCF acceptor simultaneously involving n-bridging motifs.

Effect of high polarity of solvent on characteristics of (MPI-1)-OT-
TCF and (MPI-3)-OT-TCF has been simulated with the use of polariz-
able continuum model (PCM) [75-77] with standard parameters im-
plemented in Gaussian 16 for DMSO. HOMOs and LUMOs obtained
using this implicit solvation model (Fig. S1 in ESI) practically coincide
with the corresponding gas-phase orbitals shown in Fig. 6, the former
HOMOs being only slightly more delocalized over the molecular
backbone than the latter. Lengths of single and double CC bonds
forming m-bridge, dipole moments (u) and parameters of the lowest-
energy electronic transition (So—S;) calculated for the molecules, both
isolated in vacuum and embedded in DMSO treated implicitly via PCM

12
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081 — pMso
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Fig. 4. Electronic absorption spectra of solutions of the considered systems ((MPI-1)-OT-TCF, (MPI-3)-OT-TCF in 1,4-dioxane (Dioxane), dichloromethane (CHCl,),
chloroform (CHCl5), acetonitrile (CH3;CN), N,N-dimethylformamide (DMF) and dimethylsulfoxide (DMSO). Presented relative absorption intensities were normalized

to unity for the most intensive and broadest bands.
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Table 2
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Experimental photophysical data on the maxima positions of the strongest and broadest electronic absorption band (Amayx) and additional absorption band in the near-
IR region (Acyan) appearing in polar solvents, the corresponding transitions energies (E), and extinction coefficients (¢) measured for solutions of (MPI-1)-OT-TCF and
(MPI-3)-OT-TCF in 1,4-dioxane, dichloromethane, chloroform, acetonitrile, DMF and DMSO.

chromophore Solvent
Dioxane CHCl, CHCl3 CH3CN DMF DMSO
(MPI-1)-OT-TCF Amax,’ DM 688 765 769 731 760 785
E, eV 1.80 1.62 1.61 1.70 1.63 1.58
e, LMol ™" cm™? 43000 51000 51000 35000 31500 40000
Acyan,” M - 883 875 913 914 915
E, eV - 1.40 1.42 1.36 1.36 1.36
(MPI-3)-OT-TCF Amax,” M 704 782 792 735 777 801
E, eV 1.76 1.59 1.57 1.69 1.60 1.55
e, LMol ™ "cm- 51500 51500 56500 40000 39000 42000
Acyan,” M - 915 900 944 948 951
E, eV - 1.36 1.38 1.31 1.31 1.30

? — Amax is ascribed to the lowest-energy electronic absorption band.
b

DMF and DMSO and ascribed to the presence of the cyanine limit structure.

approximation, are summarized in Table 3. As seen from the table, C—C
and C=C bonds tend to be equalized in DMSO, which is reflected in ca.
50% reduced BLA values. Furthermore, the calculated ground-state
dipole moments (i in Table 3) strongly increase with solvent polarity.
This may lead to the cross of cyanine limit in polar solvents, what was
observed experimentally. Our calculations do not demonstrate absolute
equalization of single and double CC bonds in DMSO, but this effect is
extremely difficult to be reproduced by quantum chemical computa-
tions [78]. Nevertheless, absorption wavelength computed for the
structure optimized with the use of PCM model A = 937/969 nm for
both (MPI-1)-OT-TCF/(MPI-3)-OT-TCF matches reasonably well ex-
perimental Acyan = 915/951 nm.

Thus quantum-chemical calculations for isolated molecules show
the presence of one form in non-polar dioxane solutions, while the
analysis of the pronounced charge-transfer character of the first singlet
excitations, the predicted large values of dipole moments notably in-
creasing in highly polar media accompanied by bond length equaliza-
tion, are in good agreement with the typical markers of CLS revealed in
polar solvents for the systems under study. Simultaneous presence of
sharp NIR absorptions, which should be assigned to the CLS, and broad
strong bands similar to those registered in dioxane solutions strongly
suggests a coexistence of two types of structures in polar media.

According to NMR data (vide supra), form I (with large BLA values)
exists in low-polar dioxane and may be present even in chloroform
solutions as a mixture of E- and Z-isomers. The solvent polarity increase
leads to the realization of the CLS form II, which may be accompanied
by the zwitter-ionic form III (Fig. 7). The former should be

—— absorption in dioxane
——gas CAM-B3LYP

(MP1-1)-OT-TCF
2,54

2,0 H

0,5

0,0

T T T T T T
500 600 700 800 900 1000 1100

A, nm

— Acyan corresponds to the position of shoulder at Ayay absorption band appearing in solutions CH3CNCH,Cl,, CHClg, or of a sharp separate band appearing in

characterized by low barriers for E/Z isomerization, while for the latter
both Z and E structures represent simple conformers (rotamers). In any
case, the signals of possible Z and E structures of II and III forms un-
dergoing fast mutual transformations would be averaged in the NMR
spectra recorded in acetonitrile, dimethylformamide and di-
methylsulfoxide and would be indistinguishable from single isomeric
structure. Thus, NMR spectroscopy data on isomeric composition of
both compounds in polar media strongly suggest that two forms re-
vealed by the UV-vis spectra analysis are II (CLS) and III (zwitter-ionic
structure) ones.

3.3. Electrochemical study

The studied chromophores are characterized by irreversible oxida-
tion and reduction waves. The estimations of the redox properties of the
NLO chromophores studied by cyclic and differential pulse voltamme-
tries (CV and DPV) are presented in Table 4 and Fig. 8. Oxidation
proceeds very easily, practically at zero potentials (with refer to Fc*/©).

To estimate the HOMO-LUMO energy gaps according to electro-
chemistry data we used recently proposed approach [79], where the
oxidation and reduction potentials are shown to be closely related to
the energies of the HOMO and LUMO levels of organic NLO chromo-
phore. Due to irreversibility or low reversibility of redox processes we
used potential values obtained by the DPV method (as the ones most
close to the standard oxidation and reduction potentials) to calculate
the frontier orbitals energy [79,80]:

Enomo= — (Elbpvsox vs. Fe+/ el + 4.8)(eV),
, 5|~ absorption in dioxane (MPI-3)-OT-TCF
¥ | —— gas CAM-B3LYP
2,0
o 154
1,04
0,54
0,0 n I

T T T T T T
300 400 500 600 700 800 900 1000 1100

A, nm

Fig. 5. Simulated (red) and experimental (black) absorption spectra of (MPI-1)-OT-TCF (left) and (MPI-3)-OT-TCF (right). Experimental spectra are registered for
dioxane solutions. Simulated spectra are computed at CAM-B3LYP/def2-TZVP level. All the calculated electronic transitions are systematically red-shifted by 0.6 eV.
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Compound

(MPI-3)-OT-TCF

(MPI-1)-OT-TCF
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LUMO

Fig. 6. HOMO and LUMO calculated for the optimized ground-state structures (gas phase).

Erumo= — (Elppvred vs. e+, £l + 4.8)(eV).

The following regularities were found: the studied chromophores
have a low value of the difference in the energies between the frontier
orbitals (about 0.8-0.9 eV), which is close to that for the best world
analogues [1]; the energy gaps AE for compounds (MPI-1)-OT-TCF and
(MPI-3)-OT-TCF are very close to each other in both solvents (CH,Cl,
and DMSO), what indicates that they have close polarizabilities; the
dependence of the reduction potentials of the chromophores on the
solvent is revealed, so, in DMSO, the reduction potentials are lower, and
the change of solvent does not affect the oxidation potentials. This is
reflected in AE values, that is, the difference in AE is determined by
different reduction potentials in DMSO and CH,Cl,. So, the solvato-
chromic effect is confirmed by the experimental values of redox po-
tentials. The estimation of the effect of the solvent (DMSO and CH,Cl,)
on AEgc (the energy gap) performed from electrochemical data is ca.
0.15 eV, what is close to solvatochromic effect ~ 0.21 eV determined
on the basis of the absorption band shift.

3.4. EO performance

EO measurements were performed by ellipsometric Teng-Man
technique [81]. EO coefficients, r33, were calculated on the basis of
measurements and set-up parameters according to the following for-
mula [82].

. 3V2 1 Un (n? —sin?6)2
3 ar Vy O n?sin?0 @))

~ max
where U, = UCZ — constant component of the output signal, A —

wavelength of the laser beam, V,, — modulating voltage applied to the
film; n - refraction index; 6 —angle of beam incidence on the sample.
The value of r3; is obtained from the results of measurements of U,, and
f}, the corresponding dependence has the form of an ellipse recorded
with the fixed experimental parameters (A, V,,, 6) and characteristics of
the EO material (n); the length of its vertical axis (aperture) is pro-
portional to the magnitude of the EO coefficient (Fig. 9); accuracy of
determining the EO coefficient does not exceed 10%.

The samples were spin-cast on glass substrates covered with ITO,
playing the role of the foot electrode, the upper electrode being either
Ag or Al thermally sprayed on the film surface. Samples with 10 and
15 wt% chromophore content were prepared and poled in the corona-
discharge field; the conditions of poling, mainly the poling temperature
were chosen to be slightly higher than the materials Ty = 95 °C. The
results of the EO coefficient measurements are presented in Table 5.
The obtained results demonstrate the essential effect of the sample
preparation on the r33 values. After spin-casting the films were dried in
vacuum desiccator to remove residual solvent; two procedures were
used: the films were dried either at room temperature for 10-16 h or at
60 °C switching on vacuum twice for 80 min.

The best results were obtained for the case when poling temperature
was about 20 °C higher than T,; the smaller was the Tj, value, the lower
was rs3. Surprisingly, the material (MPI-3)-OT- TCF/PMMA with
chromophore content 10 wt% exhibited somewhat higher values of EO
coefficient than those with 15wt% of the chromophore, though one
could expect the opposite situation keeping in mind the data for the
guest-host CLD-1/PMMA material [56] with chromophore differing
from (MPI-3)-OT-TCF by the donor group. Thus the presence of phenyl
substituent in heterocyclic donor moiety of (MPI-3)-OT-TCF seems to
result in the hindrance of reorientation during poling. The modification



A.A. Kalinin, et al.

Table 3

Journal of Photochemistry & Photobiology A: Chemistry 386 (2020) 112125

Selected structural and photophysical parameters of (MPI-1)-OT-TCF and (MPI-3)-OT-TCF calculated for isolated molecules in vacuum (gas) and in polarizable

continuum (DMSO).

NC
\

C.
0. 1~
><\cz// CN
|
=c
ciCs
L en
T

(MPI-3)-OT-TCF

Ci

_d
a 7

7 x=NY=C

(MPI-1)-OT-TCF

cﬁcs ((MPI-3)-OT-TCF)
/Cﬁc" X=C,Y=N

y x/ci’ ((MP1-1)-OT-TCF)
-0

gas DMSO Agas-DMSO gas DMSO Agas-DMSO

Bond length A Bond length A
Cl=C2 1.362 1.380 —-0.018 1.362 1.381 —-0.019
C2-C3 1.443 1.424 0.019 1.442 1.422 0.020
C3=C4 1.363 1.384 —-0.021 1.364 1.387 —0.023
C4-C5 1.422 1.398 0.024 1.421 1.396 0.025
C5=C6 1.354 1.372 —-0.018 1.355 1.375 —0.020
C6-C7 1.422 1.401 0.021 1.421 1.398 0.023
C7=C8 1.358 1.376 —-0.018 1.359 1.378 -0.019
C8-C9 1.434 1.418 0.016 1.433 1.416 0.017
C9=C10 1.352 1.364 —0.012 1.353 1.366 —0.013
C10-C11 1.442 1.432 0.01 1.443 1.431 0.012
Cl1=C12 1.346 1.354 —0.008 1.345 1.354 —0.009
C12-C13 1.432 1.420 0.012 1.437 1.425 0.012
BLA ° 0.077 0.044 0.033 0.077 0.041 0.036
Characteristics of So—8; vertical excitation
E® (eV) 2.34 1.88 0.46 2.41 1.92 0.49
A € (nm) 530 659 -129 514 646 -132
4 2.21 2.68 -0.47 2.37 2.77 —0.40
Dipole moments (i), D

20.2 33.8 13.6 22.1 36.7 14.6

2 The bond length alternation parameters (BLA) defined as a difference between the averaged bond lengths of single and double bonds presented in the table;

energy; © wavelength; ¢ oscillator strength.

first type of form |

trans-trans-trans-trans isomer (E isomer)

second type of form |

NC

trans-trans-cis-trans isomer (Z isomer)

first type of form Il

trans-trans-cis-trans conformer (E conformer)

first type of form Il

trans-trans-cis-trans conformer (Z conformer)

Fig. 7. Two isomer (conformer) forms and different resonance forms of chromophore (MPI-3)-OT-TCF.

of the indolizine donor group may eliminate the problem and permit
increase of the chromophore content, what will result in higher EO
coefficients. This assumption is supported by the fact that for CLD-1/
PMMA material the optimal chromophore content is as high as 32 wt%
and it results in rather high r33 value 85 pm/V [56], besides according
to theoretical estimations performed at the M06-2X/aug-cc-pVDZ' level

10

(MPI-3)-OT- TCF demonstrated somewhat higher (by 5%) values of
first hyperpolarizability than CLD-1 [30]. This assumption is in ac-
cordance with rather low values of order parameter (Fig. 10) for the
case of the films with chromophore content 15 wt% in comparison with
the case of 10 wt%.

These data motivate us to optimize poling conditions for (MPI-3)-
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Table 4
Electrochemical data (CV peak potentials, DPV potentials) for oxidation-reduction of chromophores and calculated frontier orbitals energy values.
Chromophore Cyclic votammetry (E, V) DPV potentials (V) Exowmos ELumos AEgc,
eV eV eV
Oxidation Reduction Oxidation Reduction
in CH,Cl,
(MPI-3)-OT-TCF Epf= -0.01; Epf= -1.04; —0.05 —0.96 —4.75 —3.84 0.91
irrev. irrev.
(MPI-1)-OT- TCF E,f = 0.02; Eyf=-1.07; -0.02 -0.99 —-4.78 -3.81 0.97
irrev. irrev.
in DMSO
(MPI-3)-OT- TCF Epf: -0.01; Epf: -0.91; —0.06 —-0.82 —4.74 —3.98 0.76
irrev. irrev.
(MPI-1)-OT- TCF Epf = 0.02; Epf= -0.94; —0.03 —0.85 —4.77 —3.95 0.82

irrev. irrev.

Conditions: CH»Cl,/0.2 M BuyNBF, or DMSO/0.1 M Bu4NBF4, Pt working electrode; AgNO; reference electrode, substrate concentration 1-2 mM. Abbreviations:

irrev.-irreversible; Epf - forward peak potential; AEgc = Erymo -Enomo-

OT-TCF/PMMA films, so as to improve the order parameter for the film
with chromophore content of 15wt% and to examine the effect of its
further increase in future.

4. Conclusion

Chromophores with isomeric 1-methyl-2-phenylindolizin-3-yl and
3-methyl-2-phenylindolizin-1-yl donor and tricyanofuran acceptor end
moieties linked by octatetraene m-bridge have been synthesized and
systematically characterized by NMR, MS and electronic absorption
spectra. The chromophores exhibit absorption in the visible and near IR
region. Solvatochromic shifts amounting to ca. 100 nm when passing
from dioxane to DMSO solutions are accompanied by appearance of an
additional narrow intensive absorption band at ca. 915-950 nm re-
sulting from the cross of cyanine limit and coexistence of two chro-
mophor forms. In low-polar dioxane and chloroform solvents, when one
form is manifested, there exists a mixture of EEEE and EEZE-isomers,
while in polar solvents (when two forms are displayed) one isomer is
observed resulting from the transformation of configurational isomers
into conformers. Small energy gaps of ca. 0.8-0.9 eV between chro-
mophore ground and excited states were determined. For the first time
electro-optic activity of indolizine based chromophores was studied:
poled film (MPI-3)-OT-TCF/PMMA with 10 wt% chromophore load
gives r33 value of 29 pm/V.

5 uA

MPI-3)-OT-TCF

MPI-1)-OT-TCF

T T T |
150 200 250 300

U, mv

. T
0 50 100

Fig. 9. EO ellipsometric measurement obtained at A = 1310 nm for 6 = 42° for
poled (MPI-3)-OT-TCF/PMMA film (15 wt%), V,,, = 14 V.

(MP1-3)-OT-TCE

(MPI-1)-OT-TCF

— CH,CI, —— CH.CI,
—— DMSO —— DMSO
T~ 7T T~ T T 7T T 7 7 T 17 T 17T T 11
02 00 -02 -04 -06 -08 -10 -1.2 02 00 -02 -04 -06 -08 -10 -12
Potential (V vs. Fc'/Fc) Potential (V vs. Fc'/Fc)
a b

Fig. 8. Cyclic voltammograms of studied chromophores in CH,Cl,/0.2 M BuyNBF, (blue) and DMSO/0.1 M BuyNBF, (red), scan rate 100 mV/s (a); differential pulse
voltammograms of studied chromophores in CH,Cl,/0.2 M BuyNBF, (blue) and DMSO/0.1 M BuyNBF, (red).
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Table 5
EO coefficients of PMMA/(MPI-3)-OT-TCF.
Sample Chromophore content, wt% Sample drying Tp, °C Electrode material n 33, pm/V
1 10 At room temperature 119 Ag 0.35 29
2 15 at 60 °C 105 Al 0.18 10
3 15 110 Al 0.27 21
4 15 115 Ag 0.17 22
5 15 At room temperature 119 Ag 0.17 24
18 28 -
—— before poling before p_ollng
1,6 after poling Y after poling
14
2,04
c 127 c
) S
5 1,0 5 164
o o
0 (723
® 08 | 124
0,6
0,84
0,4
024 0,4+
T T T T T T T T T : T T T T
400 500 60O 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
A, nm
a b A, nm

Fig. 10. UV-Vis electronic absorption spectra registered before and after poling for (MPI-3)-OT- TCF/PMMA films with chromophore load 10 wt% (a) and 15 wt%

(b).
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