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A B S T R A C T   

Electrochemical data (CV peak potentials, DPV potentials, frontier orbitals energy values and energy gap ΔEel) 
were used to characterize chromophores with isomeric indolizine donor moieties, different acceptors and 
polyene π-bridges of various length. A good correlation was found between the electrochemical ΔEel, optical 
ΔEopt and calculated ΔEqch (DFT) characteristics. Electrochemical data make it possible to determine the energies 
of frontier molecular orbitals independently, in contrast to ΔEopt one, calculated from λmax (UV-vis spectra). This 
advantage allows us to understand the origin of the chromophore energy gap changes when the nature of the 
donor, acceptor, or bridge varies. The polyene π-bridges are shown to provide better charge transfer ability 
compared to the hetarene-containing bridges; they are responsible for chromophore energy characteristics 
variation with changes in building blocks. The effect of the bridge length and the donor/acceptor end fragments 
is discussed. Indolizine donors produce NLO-chromophores with high first hyperpolarizability, β. The smallest 
ΔEel = 0.91 eV and the highest first hyperpolarizability - 1007⋅10− 30 esu are achieved for a chromophore with 1- 
methyl-2-(4-methoxyphenyl)indolizin-3-yl donor, 3-cyano-2-dicyanomethylene-5,5-dimethyl-2,5-dihydrofuran- 
4-yl acceptor and octatetraene π-bridge. The correlation between β and 1/(ΔEel)2 is nearly linear. Polyene 
π-bridges provide high sensitivity of redox potentials to the nature of the donor and acceptor compared to 
chromophores with hetarene-containing bridges.   

1. Introduction 

Organic conjugated push-pull chromophores with the electron-donor 
(D) and electron-acceptor (A) structural blocks coupled through a con
jugated π-electron bridge are widely used to develop electro-optical 
materials [1–4]. The use of heterocyclic systems with strong electron 
donating and electron-withdrawing properties as terminal fragments 
made it possible to noticeably improve the properties of nonlinear op
tical (NLO) chromophores [5–9]. The π-bridge provides conjugation 
between these D and A end groups, the actual electron transfer 
depending strongly on the nature of the bridge which is either polyene 
or heterocycle-containing one. As it turned out, bridges with heterocy
clic cores do not always support an efficient interaction between the 
terminal donor and acceptor fragments, though provide achieving low 
values of the energy gap and the corresponding high hyperpolarizability 
[10]. Here we clarify the role of the polyene bridge in direct electronic 

interaction between the donor and acceptor terminal fragments by the 
example of chromophores with isomeric indolizine donors. 

Indolizine fragments are basic structural motifs in many biologically 
active molecules, natural and synthetic ones [11–15], they are used as 
organic fluorescent molecules for biological and material applications 
[16–18], as elements in the structure of redox-active macrocycles for 
redox-switching of metal cations coupling [19–23], as blocks of conju
gated donor–acceptor polymers, which exhibit ambipolar semi
conducting behavior [24], etc. Many practical applications of indolizine 
derivatives are associated with remarkable properties of near-infrared 
absorption [25–27] and emission with increased Stokes shifts [16–18, 
28–31]. A significant π-charge on the first and third carbon atoms is a 
distinctive feature of indolizine moiety [32]. So far, indolizines have 
been studied much less than other donor blocks in NLO chromophores, 
although the first results on these chromophores showed certain ad
vantages of indolizine derivatives providing high thermal stability and 
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Table 1 
Electrochemical (CV and DPV), optical and DFT calculated data for indolizine chromophores. Electrochemical data in CH2Cl2 / 0.2 M Bu4NBF4, substrate concentration 1–2 mM. Pt working electrode, scan rate 100 mV/s, 
ref. vs Fc+/Fc, Ep

f and Ep
r are forward and return peak potentials, EHOMO/LUMO = -(EDPV

ox/red 
+ 4.8); ΔE = ELUMO-EHOMO. ΔEopt on the base of λmax in CH2Cl2.   

A(0)W A(0)X A(1)Y A(1)Y′ A(1)Z A(2)W A(2)X A(3)W A(4)Y A′(4)Y 

EDPV
ox , V 0.72 0.63 0.51 0.54 0.48 0.12 0.08 0.03 − 0.05 − 0.04 

EDPV
red ,V − 1.72 − 1.50 − 1.21 − 1.21 − 0.81 − 1.47 − 1.20 − 1.32 − 0.96 − 0.95 

Oxidation, Ep
f / 

Ep
r 

0.76/0.69 
quasirev 

0.67 
irrev. 

0.54/0.47 
rev. 

0.59/0.50 
rev. 

0.52 
irrev. 

0.16 
irrev. 

0.12 
irrev. 

0.06/− 0.03 
quasirev. 

− 0.01 
irrev. 

− 0.01/− 0.11 
quasirev 

Reduction, Ep
f / 

Ep
r 

− 1.80 
irrev 

− 1.59/ 
− 1.50 
quasirev 

− 1.30 
irrev. 

− 1.29 
irrev. 

− 0.89/− 0.81 
rev. 

− 1.56 
irrev. 

− 1.29 
irrev. 

− 1.41 − 1.04 
irrev. 

− 1.04 
irrev. 

EHOMO
el ,eV − 5.52 − 5.43 − 5.31 − 5.34 − 5.28 − 4.92 − 4.88 − 4.83 − 4.75 − 4.76 

ELUMO
el , eV − 3.08 − 3.30 − 3.59 − 3.59 − 3.99 − 3.33 − 3.60 − 3.48 − 3.84 − 3.85 

ΔEel,eV 2.44 2.13 1.72 1.75 1.29 1.59 1.28 1.35 0.91 0.91 
EHOMO

qch ,eVa − 5.63 − 5.47 − 5.34 − 5.49 − 5.46 − 5.08 − 5.02 − 4.96 − 5.05 − 5.33 
ELUMO

qch ,eVa − 2.38 − 2.51 − 2.97 − 2.92 − 3.36 − 2.57 − 2.66 − 2.67 − 3.13 − 3.44 
ΔEqch, eVa 3.24 2.96 2.37 2.57 2.10 2.51 2.35 2.30 1.92 1.89 
µ, Db 8.4 6.6 16.9 17.4 13.3 11.8 9.5 12.9 22.8 22.8 
βtot, 10–30 esub 16 21 95 83 194 176 263 373 999 1007 
ΔEopt, eV 2.59 2.36 1.95 1.94 1.62 2.15 1.82 2.00 1.59 1.57 
Ref. [el/qch/ 

opt] 
This work [33/33/33] [This work /39/ 

39] 
[34/34/34] [34/34/34] [33/33/33] [33/33/33] This work [35/32/35] [This work/38/38]  

a Calculated by DFT at B3LYP/6–31G(d) level. 
b Calculated by DFT at M06–2X/aug-cc-pVDZ level (GAUSSIAN16). 
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Table 2 
Electrochemical (CV and DPV), optical and DFT calculated data for indolizine chromophores. Electrochemical data in CH2Cl2 / 0.2 M Bu4NBF4, substrate concentration 1–2 mM. Pt working electrode, scan rate 100 mV/s, 
ref. vs Fc+/Fc, Ep

f and Ep
r are forward and return peak potentials, EHOMO/LUMO = -(EDPV

ox/red + 4.8); ΔE = ELUMO-EHOMO. ΔEopt on the base of λmax in CH2Cl2.   

B(0)W B(0)X B(1)Y B(1)Y′ B(1)Z B(2)W B(2)X B(4)Y B′(4)Y 

EDPV
ox , V 0.74 0.58 0.52 0.57 0.48 0.17 0.13 − 0.02 − 0.02 

EDPV
red ,V − 1.89 − 1.60 − 1.31 − 1.30 − 0.84 − 1.57 − 1.27 − 0.99 − 0.99 

Oxidation, Ep
f /Ep

r 0.78/ 
0.70 
quasirev 

0.62 
irrev. 

0.55/0.48 
rev. 

0.59/0.50 
rev. 

0.52 
irrev. 

0.21 
irrev. 

0.17 
irrev. 

0.02 
irrev. 

0.01/− 0.09 
quasirev 

Reduction, Ep
f /Ep

r − 1.97 
irrev. 

− 1.68/− 1.60 
rev. 

− 1.40 
irrev 

− 1.39 
irrev. 

− 0.93/− 0.84 
rev. 

− 1.65 
irrev. 

− 1.35 
irrev. 

− 1.07 
irrev. 

− 1.07 
irrev 

EHOMO
el , eV − 5.54 − 5.38 − 5.32 − 5.37 − 5.28 − 4.97 − 4.93 − 4.78 − 4.78 

ELUMO
el , eV − 2.91 − 3.20 − 3.49 − 3.50 − 3.96 − 3.23 − 3.53 − 3.81 − 3.81 

ΔEel,eV 2.63 2.18 1.83 1.87 1.32 1.74 1.40 0.97 0.97 
EHOMO

qch ,eVa − 5.0 − 5.46 − 5.51 − 5.48 − 5.46 − 5.09 − 5.00 − 5.03 − 5.33 
ELUMO

qch ,eVa − 2.6 − 2.29 − 2.78 − 2.75 − 3.26 − 2.42 − 2.50 − 3.04 − 3.35 
ΔEqch, eV a 2.43 3.17 2.73 2.73 2.20 2.67 2.50 1.99 1.98 
µ, Db 10.0 7.9 18.2 18.5 14.2 13.2 11.3 24.2 24.3 
βtot, 10–30 esub 12 25 97 88 200 158 234 923 920 
ΔEopt,eV 2.64 2.38 2.08 2.07 1.68 2.25 1.88 1.62 1.61 
Ref. 

[el/qch/opt] 
This work [33/33/33] [This work /39/39] [34/34/34] [34/34/34] [33/33/33] [33/33/33] [35/32/35] [This work/38/38]  

a Calculated by DFT at B3LYP/6–31G(d) level. 
b Calculated by DFT at M06–2X/aug-cc-pVDZ level (GAUSSIAN16). 
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the advanced first hyperpolarizability [32–35]. In the previous works we 
have studied structure-property relationship for chromophores with 
dialkylarylamino donors and π-electron bridges of various nature and 
length which include various heterocyclic cores (quinoxaline, quinox
alinone, thiophene ones), and established the effect of the composition 
of the building blocks on the characteristics of the chromophores both 
electrochemical and molecular NLO ones [10,36,37]. In this work, we 
analyze the relationship between the electrochemical data and molec
ular NLO characteristics of a number of chromophores with isomeric 
indolizine donor moieties, various acceptors (cyano-containing and 
barbituric ones) and polyene π-bridges of different length. 

2. Experimental section 

2.1. Materials and instrumentation 

The IR, NMR, UV–vis and ESI spectra were registered on the equip
ment of Assigned Spectral-Analytical Center of FRC Kazan Scientific 
Center of RAS. Infrared (IR) spectra were recorded on the Bruker Vector- 
22 FT-IR spectrometer. NMR experiments were performed with Bruker 
AVANCE- 400 (400 MHz for 1H NMR, 100 MHz for 13C NMR) spec
trometer. Chemical shifts (δ in ppm) are referenced to the solvent CDCl3. 
The ESI MS measurements were performed using an AmazonX ion trap 
mass spectrometer (Bruker Daltonic GmbH, Germany) in positive mode 
in the mass range of 200–2800. UV–vis spectra were recorded at room 
temperature on a UV-6100 Ultraviolet/Visible Spectrophotometer 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 as 
solutions in dichloromethane, chloroform, acetonitrile and dioxane with 
the concentrations ~ 2.8–3.3⋅10− 5 mol L− 1. The melting points, mp, of 
chromophores were determined by Melting Point Meter MF-MP-4. 
Organic solvents used were purified and dried according to standard 
methods. The reaction progress and the purity of the obtained com
pounds were controlled by TLC on Sorbfil UV-254 plates with visuali
zation under UV light. The static electric properties of the studied 
chromophores are calculated by the DFT in gas at the M06–2X/aug-cc- 
pVDZ level with chromophore geometry fully optimized at the B3LYP/6- 
31G(d) level. 

2.2. Electrochemical investigation 

Redox properties of chromophores and their precursors were studied 
under similar conditions in CH2Cl2/0.2 M Bu4NBF4 at Pt working elec
trode with scan rate 100 mV/s, the potentials were referred vs Fc+/Fc. 
The working potential range was within +1.35 V to − 2.7 V. Energy of 
frontier orbitals EHOMO and ELUMO were estimated from electrochemical 
data of oxidation and reduction potentials, respectively. 

2.3. General procedure for synthesis of compounds A(0)W, B(0)W and A 
(3)W 

To the stirred mixture of aldehyde-precursors (Schemes S1-S3) and 
malononitrile in pyridine, 3 drops of acetic acid were added and the 
reaction mixture was heated for 8 h at 50 C. The solvent was evaporated 
on a rotary evaporator, the residue was purified by column chroma
tography on silica gel (eluent petroleum ether – EtOAc, 20:1). 

2-((1-Methyl-2-phenylindolizin-3-yl)methylene)malononitrile (A(0)W). 
Use of aldehyde pre- A(0)W (30 mg, 0.13 mmol), malononitrile (12.6 
mg, 0.13 mmol) and pyridine (0.2 mL) in general procedure afforded the 
title compound A(0)W (24 mg, 67%) as orange powder. Mp 182–183 ◦C, 
Rf 0.17 (hexane/EtOAc 1:0.1). IR (KBr, νmax/cm− 1): 2923 (СН), 2853 
(СН), 2206 (СN), 1569 (С-N, С=С), 1500, 1462, 1435, 1373, 1356, 
1307, 1249, 1133, 1086, 907, 827. 1H NMR (400 MHz, CDCl3) δ 8.44 (d, 
J = 6.9 Hz, 1H, H5 indolizine), 7.59 (d, J = 8.7 Hz, 1H, H8 indolizine), 
7.56–7.45 (m, 3H, m,p-Ph), 7.42 (s, 1H, -CH=C(CN)2), 7.36 (dd, J = 8.7, 
6.7 Hz, 1H, H7 indolizine), 7.30 (d, J = 6.9 Hz, 2H, o-pH), 7.14 (dd, J =

6.9, 6.7 Hz, 1H, H6 indolizine), 2.27 (s, 3H, CH3). 13C NMR (100 MHz, 
CDCl3) δ 141.2 (CH), 140.8 (C), 140.2 (C), 132.3 (C), 130.4 (CH), 130.2 
(CH), 128.9 (CH), 128.6 (CH), 126.3 (CH), 119.6 (C), 117.8 (CH), 117.3 
(C), 115.3 (C), 115.2 (C), 114.4 (CH), 9.1 (CH). ESI MS for C19H14N3 
[M+H]+ 284.17. 

2-((3-Methyl-2-phenylindolizin-1-yl)methylene)malononitrile (B(0)W). 
Use of aldehyde pre- B(0)W (50 mg, 0.21 mmol), malononitrile (21 mg, 
0.21 mmol) and pyridine (0.2 mL) in general procedure afforded the title 
compound B(0)W (45 mg, 75%) as orange powder. Mp 191–192 ◦C, Rf 
0.2 (hexane/EtOAc 1:0.1). IR (KBr, νmax/cm− 1): 3108 (СН), 3055 (СН), 
2912 (СН), 2213 (СN), 1573 (С-N, С=С), 1557, 1484, 1446, 1403, 
1375, 1349, 1313, 1256, 1155, 1094, 933, 824. 1H NMR (400 MHz, 
CDCl3) δ 8.14–8.11 (m, 1H, H8 indolizine), 8.01 (d, J = 6.9 Hz, 1H, H5 
indolizine), 7.59 (s, 1H, -CH=C(CN)2), 7.53–7.41 (m, 4H, m,p-Ph, H7 
indolizine), 7.29–7.27 (m, 2H, o-Ph), 7.10 (dd, J = 6.9, 6.7 Hz, 1H, H6 
indolizine), 2.45 (s, 3H, CH3). 13C NMR (100 MHz, CDCl3) δ 151.7 (CH), 
134.5 (C), 132.2 (C), 131.5 (C), 130.8 (CH), 128.8 (CH), 128.2 (CH), 
124.9 (CH), 124.3 (CH), 122.8 (C), 121.1 (CH), 117.0 (C), 116.0 (C), 
115.0 (CH), 108.1 (C), 10.1 (CH). ESI MS for C19H14N3 [M+H]+ 284.16. 

2-((E)− 2-(5,5-Dimethyl-3-((E)− 2-(1-methyl-2-phenylindolizin-3-yl) 
vinyl)cyclohex-2-en-1-ylidene)ethylidene)malononitrile (A(3)W). Use of 
aldehyde pre-A(3)W (17 mg, 0.04 mmol), malononitrile (4 mg, 0.04 
mmol) and pyridine (0.2 mL) in general procedure afforded the title 
compound A(3)W (10 mg, 53%) as dark powder. Mp 203–205 ◦C, Rf 
0.33 (hexane/EtOAc 1:0.1). IR (KBr, νmax/cm− 1): 2949 (СН), 2926 (СН), 
2213 (СN), 1574 (С-N, С=С), 1514, 1468, 1448, 1393, 1372, 1346, 
1303, 1274, 1244, 1203, 1183, 1134, 1074, 1016, 950, 884. 1H NMR 
(400 MHz, CDCl3) 8.29 (d, J = 6.9 Hz, 1H, H-5 indolizine), 8.26 (d, J =
7.0 Hz, 4H, H-5 indolizine), 7.84 (d, J = 12.7 Hz, 1H), 7.67 (d, J = 12.8 
Hz, 4H), 7.55–7.39 (m, 20H, m,p-Ph, H-8 indolizine), 7.38–7.32 (m, 
10H, o-Ph), 7.05 (d, J = 16.0 Hz, 5H, ethene), 6.90–6.85 (m, 5H, H-7 
indolizine), 6.76–6.69 (m, 5H, H-6 indolizine), 6.50 (d, J =16.1 Hz, 1H, 
ethene), 6.47–6.39 (m, 9H), 6.24 (d, J=12.9 Hz, 1H, ethene), 6.05 (s, 
4H), 2.35 (s, 8H, CH2), 2.32 (s, 2H, CH2), 2.30 (s, 8H, CH2), 2.29 (s, 2H, 
CH2), 2.23 (s, 3H, CH3), 2.22 (s, 12H, CH3), 1.01 (s, 24H, CH3), 0.99 (s, 
6H, CH3). 13C NMR (100 MHz, CDCl3, * the presented signals correspond 
to the minor isomer) δ 157.5* (C), 157.4 (C), 154.1 (CH), 153.5* (CH), 
151.3 (C), 135.7, 134.94, 134.87*, 133.5, 131.0* (CH), 130.9 (CH), 
129.1 (CH), 129.0* (CH), 128.5 (CH), 128.1 (CH), 128.0* (CH), 125.2 
(CH), 125.0* (CH), 124.2* (CH), 124.0 (CH), 122.0 (CH), 121.6* (CH), 
121.1 (CH), 120.9* (CH), 119.7 (CH), 118.4 (CH), 116.2, 116.0*, 113.9, 
112.9 (CH), 112.1, 111.7*, 40.7* (CH), 40.4 (CH), 39.7* (CH), 39.4 
(CH), 32.2* (C), 31.9 (C), 28.9 (CH), 28.7* (CH), 9.5 (CH). ESI MS for 
C30H27N3 [M]+ 429.34. 

3. Results and discussion 

Indolizine heterocycle, being a π-excessive one, is shown to serve a 
new promising donor component in NLO chromophores [32–35,38,39]. 
Here we have studied various chromophores with polyene π-bridges of 
different length (n from 1 to 4 units), as well as the case when end D and 
A fragments are directly coupled with each other (n = 0, Tables 1 and 2). 
Donor fragments are isomeric 1(3)-methyl-2-phenylindolizin-3(1)-yl 
moieties (A and B) and their 2-methoxyphenyl analogues (A′ and B′); 
acceptor moieties are dicyanovinyl (W), 1,3-diethylthiobarbituric 
methylene (X), 3-cyano-2-dicyanomethylene-5,5-dimethyl-2,5-dihydro
furan-4-yl (Y), its 5-Ph analogue (Y′) and 4-cyano-5-dicyanomethyle
ne-2-oxo-2,5-dihydropyrrol-3-yl (Z) ones. 

New chromophores A(0)W, B(0)W and A(3)W with dicyanovinyl 
acceptor moieties have been synthesized via Knoevenagel condensation 
of corresponding aldehyde precursors and malononitrile (Schemes S1- 
S3). These aldehydes and other chromophores were obtained accord
ing to literature [33–35,38,39]. The elongation of π-bridge from n = 0 to 
n = 3 results in the bathochromic shift of absorption maximum (up to 
Δλmax 150 nm) and essential increase of positive chloroform-dioxane 
solvatochromic shift from 6 (0.03 eV) to 44 nm (0.15 eV) (Fig. S1, 
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Table S1). In case of stronger acceptor, the elongation of π-bridge by 
three vinylene units (from n = 1 to n = 4) when passing from A(1)Y to A 
(4)Y leads to greater increase of solvatochromic shift from 13 (0.04 eV) 
to 78 nm (0.19 eV) [35,39]. 

The redox properties of the studied chromophores along with the 
DFT estimations of electric properties (dipole moments and first 
hyperpolarizabilities) are presented in Tables 1 and 2; the corresponding 
redox curves are given in Fig. 1. The electrochemical data for D/A 
compounds – components of the studied chromophores, are given in 
Table S2. 

3.1. The effect of the bridge length 

The effect of the bridge length on the oxidation potential is demon
strated by the example of chromophores with dicyanovinylene accep
tors: A(0)W, A(2)W and A(3)W. The elongation of the bridge up to 3 
vinylene units results in the decrease of the oxidation potential by ~0.7 
V (app. 0.23 V per vinylene unit). However, such estimation is rather 
rough as the effect of elongation is attenuated with the increase of n: 
when passing from A(0)W to A(2)W oxidation potential decreases by 
0.6 V (app. 0.3 V per vinylene unit), while passing from A(2)W to A(3)W 
the decrease is 0.1 V. For the case of chromophores with X acceptor the 

Fig. 1. CVs (black) and DPVs (blue) of chromophores building blocks illustrating electrochemical data from Tables 1, 2 and S1.  
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elongation of the bridge by two vinylene units (from A(0)X to A(2)X) 
causes the decrease of the oxidation potential by 0.55 V (app. 0.28 V per 
vinylene unit). When chromophores with Y acceptor are considered (A 
(1)Y and A(4)Y), the effect is less pronounced: Ep

ox ox reduces from 0.54 
V to − 0.01 V (app. 0.18 V per vinylene unit). Similar picture is observed 
for relative chromophores with isomeric B donor. 

As for reduction potentials, the effect of the bridge elongation is less 
pronounced: the decrease of Ep

red is app 0.1–0.15 V per vinylene unit. 
Earlier it was shown [10] that when the bridge is elongated by vinyl
hetaryl unit, the decrease of Ered is 0.25–0.50 V depending on the nature 
of the hetaryl core (thiophene<quinoxaline<quinoxalinone). 

As the values of redox potentials correlate with LUMO/HOMO en
ergies, the effect of bridge elongation on ELUMO and EHOMO reflects the 
observed tendencies (Fig. 1): at bridge elongation by three vinylene 
units the destabilization of HOMO is greater than the stabilization of 
LUMO (0.53–0.69 eV and 0.25–0.4 V, correspondingly). These effects 
result in the notable decrease of ΔEel by 0.82–0.89 V when n changes 
from 0 to 2; the increase of the bridge from 1 to 4 produces similar 
changes in ΔEel, while the change of n from 0 to 3 provides greater 
change of ΔEel – 1.09 V. This indicates that the effect attenuates with the 
addition of each subsequent unit, i.e., there is no need for a significant 
lengthening of the bridge. 

Similar tendency in the change of energy gap is observed when ΔE is 
estimated both quantum-chemically, ΔEqch, and on the basis of UV–Vis 
experiment, ΔEopt: the elongation of the bridge results in the decrease of 
the energy gap value. As according to the two-state model (TSM) [40], 
the first hyperpolarizability depends on the difference between the 
excited and ground state dipole moments, (μee-μgg), the transition dipole 
moment μge, and the transition energy ΔEge: 

β∝
(
μee − μgg

)
μ2

ge

ΔE2
ge

,

one may note, that ΔEqch can serve as a marker providing useful 
guidelines for selection of effective NLO chromophores. 

The changes in ΔEel are accompanied by the essential growth of βtot; 
when the bridge length increases from 0 to 2, βtot becomes 10 times 
higher: in the case of X acceptor ΔEel changes from 2.13 eV to 1.28 eV, 

what correlates with the growth of βtot from 21 10–30 to 263 10–30 esu; 
for W acceptor ΔEel changes from 2.44 eV to 1.59 eV and βtot grows from 
16 10− 30 to 176 10− 30 esu. One may note that the effect of bridge 
elongation from n = 0 to n = 2 is comparable with that for the case when 
n changes from 1 to 4: for chromophores with Y acceptor the value of βtot 
increases from 95 10− 30 to 999 10− 30 esu. 

3.2. The effect of the end D/A fragments 

According to the redox characteristics of the chromophore’s donor 
groups, one may conclude that indolizine A fragment possesses higher 
electron donating ability than the B one: the oxidation potential of A is 
somewhat smaller. Thus the ΔEel of chromophores with A donor moiety 
is in all cases lower than for chromophores with B donor, and, corre
spondingly, the value of βtot is higher (Tables 1, 2). As for the acceptor 
components, they may be ranged in accordance with the values of 
reduction potential and corresponding electron withdrawing ability as 
follows: W, X, Y and Z. 

The effect of the acceptor on the reduction potential and ΔEel is 
manifested at fixed length of the bridge in accordance with the Ered of 
the compounds-acceptors W, X, Y and Z (Tables 1, 2). For these com
pounds, the lower Ered, the greater acceptor strength; thus the acceptor, 
being a component of a chromophore, affects stronger chromophore 
characteristics, in particular, the value of Ep

red; the effect on Ep
ox is 

inessential. For the case n = 0 Ep
red A(0)X/B(0)X is equal to − 1.59/ 

− 1.68 V, what is notably smaller than for A(0)W/B(0)W − − 1.80/ 
− 1.97 V; similar tendency holds for n = 2: Ep

red for A(2)X/B(2)X is equal 
to − 1.29/− 1.35 V, what is notably smaller than for A(2)W/B(2)W −
− 1.56/− 1.65 V. This is in accordance with Ep

red for the compound- 
acceptors (Table S1): for X Ep

red is − 1.82 V and for W – 2.07 V. 
The electron-withdrawing strength of Z acceptor is higher than that 

of Y [9] (compound Y), this fact manifests itself at the comparison of Ep
red 

for chromophores A(1)Z/B(1)Z and A(1)Y/B(1)Y with n = 1: Ep
red is 

equal to − 0.89/− 0.93 V and − 1.30/− 1.40 V, respectively. One may 
note that the presence of other substituent in the acceptor fragment (Ph 
instead of Me in A(1)Y′/B(1)Y′) as well as in the donor fragment 
(MeOC6H4 instead of Ph in A′(4)Y/B′(4)Y) almost does not affect the 
values of Ep

red. Similar tendencies are observed for ΔEel values; the 

Fig. 2. Dependence of the energies of the frontier orbitals calculated electrochemically from DPVs on the structure of indolizine chromophores.  
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introduction of stronger acceptor fragment causes the decrease of ΔEel 

and the increase of βtot values: for A(1)Y/B(1)Y and A(1)Z/B(1)Z ΔEel is 
equal to 1.72/1.83 eV and 1.29/1.32 eV, the values of βtot being 95 
10− 30/97⋅10− 30 esu and 194 10− 30/200⋅10− 30 esu, respectively. This 
tendency also holds for ΔEqch and ΔEopt. One may note, that the change 
of the acceptor results in the essential change of the reduction potential 
(see, for example, the data for A(1)Y and A(1)Z, A(2)W and A(2)X); 
however, it results in the smaller change of oxidation potential. As it was 
shown earlier, similar trends are observed for chromophores with 

quinoxaline moiety in the π-bridge [10], as well as for literature chro
mophores with octatetraene bridge [5] (Fig. 2). 

Keeping in mind the inverse dependence of β on ΔEge
2 , determined by 

TSM, we have considered the correlation between β and ΔEel, which is 
also shown to hold for chromophores of different nature, varying by 
donors, acceptors, and π-bridges (Figs. 3, S8). The plot of β vs ΔEel is 
approximated by an inverse quadratic function, the plot of β vs (ΔEel)− 2 

is nearly linear (Fig. 3). 
To demonstrate that the easily available electrochemical gap can be 

Fig. 3. The dependencies βtot on ΔEel for the studied chromophores and for chromophores previously described [44-46,49] (top) and βtot on 1/(ΔEel)2 (bottom) for 
the studied chromophores (red points for A-based indolizines, blue ones for B-based indolizines). 
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helpful for the choice of effective NLO chromophores, we have attracted 
literature data for various types of compounds including chromophores 
both with polyene and hetarene-containing bridges (Tables S3–S7). An 
analysis of the literature data on electrochemical gaps and calculated 
hyperpolarizabilities of various chromophores shows that in most cases 
the smaller the gap, the greater the hyperpolarizability. Interestingly, for 
the β vs. ΔEel plot the points corresponding to the data for chromophores 
of different nature, both studied in this work and literature ones, lie on 
the same curve (Fig. 3). Tables S3–S5 show the impact of chromophore 
donor [41–43], π-electron bridge [10,44–46] and acceptor moieties [45, 
47–49] on the first hyperpolarizabilities and electrochemical gaps, 
respectively. We found three types of deviations from this regularity: 
first, introduction of bulky groups containing heteroatoms or aryl frag
ments into the bridge results in breaking the tendency, however in this 
case the gap changes are very small (Table S6) [47,50]. Second, the 
electrochemically determined gap becomes drastically small, while first 
hyperpolarizability does not become outstandingly high, this case is a 
unique one (Table S3, series 3) [42]. Third violation is typical for 
isomeric chromophores, varying by the site of attachment of 
donor-vinylene moiety to the bridge hetarene moiety (Table S7) [48, 
51]. 

3.3. Composition analysis for frontier orbitals 

As HOMO and LUMO energies play a crucial role in our discussion, it 
is useful to consider how different structural components of the chro
mophores contribute into the frontier orbitals (Fig. S9). We have per
formed HOMO and LUMO composition analysis in the framework of 
MULTIWFN program (estimation of contributions by Hirshfeld method) 
[51]; the results of the analysis are presented in Tables 3, 4 for A and B 
donor-based chromophores with different acceptors and varying bridge 
length. 

According to the obtained data, HOMO is delocalized over indolizine 
donor (both for chromophores of A- and B-type, Tables 3 and 4, 
respectively) and polyene bridge, the percentage of the bridge contri
bution depending on the bridge length. The largest bridge contribution 
was obtained for A(4)W with octatetraene bridge. In the case when D 
and A are directly coupled, the contribution from D decreases with the 
increase of the acceptor strength, while contribution from acceptor in
creases (Table 3). This observation is less pronounced for chromophores 
with n = 1 and becomes inessential for longer bridges (Fig. S10). 

As for LUMO composition, it has high contribution not only from the 
acceptor but also from the bridge for all the chromophores studied here. 
Similar situation was described for molecules with triazene moiety in 
the bridge [52], as well as for D-π-A chromophores with polyene and 
thiophene-containing bridges [46,48,53–55]. 

The results of the analysis for B-based chromophores presented in 
Table 4 demonstrate similar tendencies in the changes of components 
contributions depending on the chromophore composition. 

We have considered frontier orbitals composition for chromophores 
with octatetraene bridge (n = 4) and various acceptors (Fig. 4); A4 is a 
model compound composed from donor and octatetraene bridge 
(without an acceptor). HOMO is mainly delocalized over indolizine 
donor and the bridge, these contributions decreasing with the increase 
of the acceptor strength. Interestingly, the contribution from the 
acceptor, being comparatively small, nevertheless increases with the 
acceptor strength. As for LUMO, it embraces the bridge and the acceptor, 
the latter contribution increasing with the acceptor strength. 

4. Conclusion 

In the present paper redox and NLO characteristics of two series of 
chromophores with isomeric indolizine A and B donors, polyene bridges 
of different length and electron acceptors of varying strength are 
analyzed. The effect of chromophores structural components on the 
values of Eox, Ered and ΔEel as well as on first hyperpolarizability values Ta
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is specially considered. Eox potential of A is found to be lower than that 
of B; when A and B moieties are incorporated in the chromophores, the 
values of Eox and Ered for chromophores with A donors are as a rule lower 
than those for B-based chromophores, thus producing smaller ΔEel and 
higher βtot values for A-based chromophores in all cases. Similarly, at a 
given length of polyene bridge the introduction into the chromophore 
the compound-acceptors W-Z, characterized by Ered decreasing from W 
to Z, causes the decrease of Eox, Ered and ΔEel and the growth of βtot. It is 
worth stressing that the pointed effect is most pronounced at short 
bridge. The observed tendency in the change of studied electrochemical 
and NLO characteristics holds when the π-electron bridge is elongated; 
the A(4)Y and A′(4)Y chromophores with the longest bridge and the 
most strong acceptor are characterized by the smallest ΔEel – 0.91 eV 
and the highest first hyperpolarizability values − ~1000⋅10− 30 esu. 
Measured ΔEopt and calculated ΔEqch reproduce the tendencies in ΔEel 

changes. Chromophores with indolizine donors, polyene π-bridges and 
various acceptor fragments provide higher sensitivity of redox potentials 
to the chromophore composition compared to chromophores with 
hetarene containing bridges [10]. The dependence of hyper
polarizability β on ΔEel gap is inverse quadratic (the bigger the gap, the 
smaller β). The dependence of β on (ΔEel)− 2 is nearly linear, and this 
conclusion also extends to the data for previously described literature 
chromophores of different nature. Thus, the experimentally determined 
ΔEel can provide additional evidence for NLO chromophores 
effectiveness. 
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