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Abstract The substituent and solvent effect on intramolecular charge transfer (ICT) in 5-aryli

dene-3-methyl-2,4-thiazolidinediones (series 1) and 5-arylidene-3-phenyl-2,4-thiazolidinediones

(series 2) was studied by using experimental and theoretical methodology. The effect of specific

and non-specific solvent–solute interactions on the UV–vis absorption maxima shifts was evaluated

by using the Kamlet-Taft and Catalán solvent parameter sets. Linear free energy relationships

(LFERs) have been applied to the UV–vis and 13C NMR data by using SSP (single substituent

parameter) and DSP (dual substituent parameters). Comparative LFER analysis of 10 styrenic ser-

ies was performed in order to distinguish contribution of structural and electronic substituent effect

on extent of p-polarization in a side chain (vinyl) group. Furthermore, the experimental findings

were interpreted with the aid of ab initio MP2 and time-dependent density functional (TD-DFT)

methods. TD-DFT calculations are performed to quantify the efficiency of intramolecular charge

transfer (ICT) allowing us to define the charge-transfer distance (DCT), amount of transferred

charge (QCT), and difference of dipole moments between the ground and excited states (lCT). It
was found that both substituents and solvents influence electron density shift, i.e. extent of conju-

gation, and affect intramolecular charge transfer character in the course of excitation.
� 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Thiazolidine-2,4-dione (TZD) represents an interesting scaffold

responsible for numerous pharmacological properties and biological

activities. TZD derivatives have attracted a significant research interest

because of their synthetic diversity (Barany et al., 2005; Chen et al.,

1996), and therapeutic relevance, especially since the introduction of

several glitazones into clinical use for the treatment of type 2 diabetes

mellitus in the late 1990s (Mendgen et al., 2012; Heidi, 2003; Casale

and Stokes, 2008). Diverse chemical modifications of this heterocycle

have resulted in compounds with a wide spectrum of biological activ-

ities e.g., antidiabetic (Oakes et al., 1994), antiarthritic (Wiesenberg

et al., 1998), antimicrobial (Tomašić et al., 2010; Tomašić and

Peterlin Masic, 2009; Zvarec et al., 2012), antifungal (Sortino et al.,

2007), anti-inflammatory (Ma et al., 2011; Rekha et al., 2011), anticon-

vulsant and antioxidant (Azam et al., 2012) activity. It has also been

evidenced in numerous in vitro and in vivo studies that the TZDs have

the ability to contribute to cancer therapy (Salamone et al., 2012; Kim

et al., 2006). The previous research and screening a large array of

TZDs against a number of enzymes showed that the ability to form

interactions with a variety of biological targets is clearly not related

to ‘‘unspecific” properties such as aggregation or reactivity, but rather

(as could be shown by a detailed analysis of protein-ligand structures

and the literature data on small molecules) to electronic and

hydrogen-bonding properties (Huang et al., 2005).

Because several molecular properties, particularly electronic prop-

erties of drugs used for the treatment of diabetes mellitus correlate well

with their biological activity (Maltarollo et al., 2010), future prospects

for design and development of new ones can be based on the correla-

tion between theoretical and experimental properties. Structures and

relative stabilities of the potential tautomeric forms of TZD derivatives

have also been extensively studied from both theoretical and experi-

mental points of view (Lestard et al., 2015; Roux et al., 2009;

Abbehausen et al., 2012; Enchev et al., 2002; Marković et al., 2004;

Bharatam and Khanna, 2004). Electronic spectra of these molecules

have been investigated mostly for reasons of the determination of their

acidities and basicities, as well as the energies of protonation and

deprotonation (Hilal and Osman, 1978; Spassova and Enchev, 2004).

An ab initio HF and MP2 study of static hyperpolarizability of TZD

has also been reported (Spassova and Enchev, 2004). In our previous

research (Rančić et al., 2012), solvent and substituent effects on

intramolecular charge transfer (ICT) in 5-arylidene-2,4-thiazolidine

diones were investigated. The photophysical properties of TZD deriva-

tives are mainly governed by the polarity of the medium, hydrogen

bonding and electronic substituent effects at arylidene moiety

(Rančić et al., 2013; Sarkar et al., 2009). One of the most important

phenomena during excitation is the extent of electron transfer observed

between ground and excited states. ICT usually occurs when light

absorption induces a partial electronic shift from one moiety of a mole-

cule to another, and the process strongly depends both on the bond

type present between the donor and acceptor moiety (spacer) and on

their intrinsic nature (Le Bahers et al., 2011). Recently, a simple
Scheme 1 Syntheses and structures of 3-sub
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approach was proposed to define a measure of the intensity of ICT

excitation on the basis of the total electronic density computed for

the ground and excited states (Le Bahers et al., 2011; Jacquemin

et al., 2012; Ciofini et al., 2012). This procedure allows definition of

ICT distance (DCT) as a distance between two barycenters of the den-

sity depletion and the density increment zones, amount of transferred

charge (QCT), and difference of dipole moments between the ground

and excited states (lCT).
Two series of 5-arylidene-3-methyl-2,4-thiazolidinediones (series 1)

and 5-arylidene-3-phenyl-2,4-thiazolidinediones (series 2) (Scheme 1)

were synthesized in this work. The contribution of the solvent–solute

interactions on the shifts in UV spectra was investigated by the use

of linear solvation energy relationships (LSER). The effects of solvent

dipolarity/-polarizability and solvent–solute hydrogen bonding inter-

actions were evaluated by means of the LSER model of Kamlet-Taft

(Kamlet et al., 1981), given by Eq. (1):

vmax ¼ hþ sp� þ bbþ aa ð1Þ
where mmax is the absorption maxima shifts, p* is an index of

the solvent dipolarity/-polarizability; b is a measure of the sol-
vent hydrogen-bond acceptor (HBA) basicity; a is a measure of
the solvent hydrogen-bond donor (HBD) acidity, and h is the
regression value in cyclohexane as reference solvent. The sol-

vent parameters used in Eq. (1) are given in Table S1. The
regression coefficients s, b and a in Eq. (1) measure the relative
susceptibilities of the absorption frequencies to the solvent

effect.
The effects of solvent dipolarity, polarizability and solvent–solute

hydrogen bonding interactions were evaluated by means of the linear

solvation energy relationship (LSER) model of Catalán (Catalán,

2009), given by Eq. (2):

mmax ¼ hþ aSAþ bSBþ cSPþ dSdP ð2Þ
where SA, SB, SP and SdP characterize solvent acidity, basic-
ity, polarizability and dipolarity of a solvent, respectively; and

a to d are the regression coefficients describing the sensitivity
of the absorption maxima to the different types of the sol-
vent–solute interactions. The solvent parameters used in Eq.
(2) are given in Table S2. Separation of non-specific solvent

effects, term p* in Eq. (1), into two terms: dipolarity and polar-
izability, SP and SdP in Eq. (2), contributes to advantageous
analysis of the solvatochromism of studied compounds.

Except for LSER methodology, the linear free energy relationship

(LFER) principles were applied to get an insight into factors influenc-

ing 13C NMR substituent induced chemical shifts, SCS, or mmax of the

studied compounds. The transmission of electronic substituent effects

(Scheme 1) was analyzed by using the Hammett or single substituent

parameter equation (SSP) in the form given by Eq. (3):

Y ¼ qrþ h ð3Þ
stituted-5-arylidene-2,4-thiazolidinediones.
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where Y is a substituent–dependent value: mmax or SCS, is the

proportionality constant reflecting the sensitivity of the mmax to
the substituent effects, r is the corresponding substituent con-
stant, and h is the intercept (i.e. describes the unsubstituted

member of the series) (Hansch et al., 1995). The values
(Table S3) correspond to an additive blend of polar and -
delocalization effects. In order to separate substituent elec-
tronic effects into polar (inductive/filed) and resonance compo-

nent, the further analysis of SCS is based on LFER principle
by using the dual-substituent parameter model (DSP) Eq. (4):

Y ¼ qFrF þ qRrR þ h ð4Þ
where Y are substituent-dependent values SCS, qF and qR are

the proportionality constants, reflecting the sensitivity of 13C
NMR chemical shifts to substituent field and resonance effect,
r represents the corresponding substituent constant, and h is

the intercept. In DSP equation, Y values are correlated by a
linear combination of substituent field, rF, and resonance,
rR, effect. The calculated values: q, qF, and qR are relative

measures of the extent of the transmission of overall, polar
(inductive/field) and resonance effects through the investigated
system, respectively. Even in those cases where a good correla-
tion with Eq. (3) is obtained, use of Eq. (4) gives more detailed

information about the mode of transmission of substituent
effects. Chemical properties of series 1 and 2 (Scheme 1) have
been comparatively investigated by using experimental and

theoretical methods. The computational studies include MP2
geometry optimization, NMR chemical shift determination
and Time-dependent density functional theory (TD-DFT) cal-

culations of absorption spectra, electronic transition and eval-
uation of ICT in the course of transition.

2. Experimental

2.1. Materials

Details on materials are given in Supplementary material.

2.2. Synthesis of 2,4-thiazolidinedione, 3-methyl-2,4-

thiazolidinedione, diphenylthiourea and 3-phenyl-2,4-
thiazolidinedione

Details related to syntheses of 2,4-thiazolidinedione (Jain
et al., 2009; Brown, 1961), 3-methyl-2,4-thiazolidinedione
(Macháček et al., 1981), diphenylthiourea (Yamin and

Yusof, 2003) and 3-phenyl-2,4-thiazolidinedione (Singh et al.,
1981) are given in Supplementary material.

2.3. Synthesis of 5-arylidene-3-substituted-2,4-thiazolidinedione

Two series of 5-arylidene-3-methyl-2,4-thiazolidinediones (ser-
ies 1) and 5-arylidene-3-phenyl-2,4-thiazolidinediones (series 2)

were synthesized by the Knoevenagel condensation of corre-
sponding 3-methyl- or 3-phenyl-2,4-thiazolidinediones with
the appropriate aryl aldehydes (Rančić et al., 2012).

2.4. Characterization methods

Full details of characterization methods are given in Supple-
mentary material.
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2.5. Theoretical calculations

Methods used for theoretical calculation are given in Supple-
mentary material.

2.6. Results of the characterization of series 1 and series 2

1H and 13C NMR, FTIR and elemental analysis data of
known compounds 1a–c, 1h, 2a–c, 2h and 2i are given in Sup-
plementary material, while data of newly synthesized com-

pounds are given in detail:
5-benzylidene-3-methyl-2,4-thiazolidinedione (1a). White

solid; Yield: 79%, Melting point (m.p.): 130–131 �C (lit. m.p.

133 �C (Yang et al., 2005));
5-(4-methylbenzylidene)-3-methyl-2,4-thiazolidinedione (1b).

White solid; Yield: 73%, m.p.: 148–150 �C (lit. m.p. 125–

127 �C (Chandrappa et al., 2008));
5-(4-methoxybenzylidene)-3-methyl-2,4-thiazolidinedione

(1c). Yellow solid; Yield: 88%, m.p.: 148–150 �C (lit. m.p. 145–

147 �C (Yang et al., 2005));
5-(4-bromobenzylidene)-3-methyl-2,4-thiazolidinedione (1d).

Yellow solid; Yield: 82%, m.p.: 162–166 �C; 1H NMR: 3.1
(3H, s, CH3); 7.5–7.7 (4H, dd, Ph); 7.9 (1H, s,‚CHA); 13C

NMR: 28.1 (CH3, N-CH3); 115.8 (C5, TZD); 123.4 (C40,
Ph); 128.1; 128.2 (C20, C60, Ph); 132.5; 133.0 (C30, C50, Ph);
130.4 (C6, ‚CHA); 134.5 (C10, Ph); 165.8 (C4, 4-C‚O);

166.4 (C2, 2-C‚O); IR (KBr, cm�1): 3023 (CAH stretching
of phenyl group); 1736 (C‚O stretching); 1682 (amide band
I – C2‚O and C4‚O stretching); Elemental Analysis:

Calculated: %C, 44.31; %H, 2.70; %Br, 26.80; %N, 4.70;
%O, 10.73; %S, 10.75.

Found: %C, 44.27; %H, 2.73; %Br, 26.75; %N, 4.74; %O,
10.70; %S, 10.81.

5-(4-chlorobenzylidene)-3-methyl-2,4-thiazolidinedione (1e).

Yellow solid; Yield: 89%, Melting point: 171–172 �C; 1H
NMR: 3.2 (3H, s, N-CH3); 7.3 (2H, d, Ph); 7.8 (1H, s,

‚CHA); 7.4 (2H, d, Ph); 13C NMR: 28.0 (CH3, N-CH3);
129.5 (C30, C50, Ph); 131.3 (C20, C60, Ph); 122.1 (C5, TZD);
136.6 (C6, ‚CHA); 131.6 (C10, Ph); 132.2 (C40, Ph); 166.2
(C4, 4-C‚O); 167.4 (C2, 2-C‚O); IR (KBr, cm�1): 3021
(CAH stretching of phenyl group); 1737 (C‚O stretching);
1685 (amide band I – C2‚O and C4‚O stretching); Elemen-

tal Analysis:
Calculated: %C, 52.08; %H, 3.18; %Cl, 13.97; %N, 5.52;

%O, 12.61; %S, 12.64.
Found: %C, 51.73; %H, 3.21; %Cl, 14.04; %N, 5.60; %O,

12.70; %S, 12.72.
5-(4-fluorobenzylidene)-3-methyl-2,4-thiazolidinedione (1f).

Yellow solid; Yield: 85%; m.p.: 170–171 �C; 1H NMR: 3.1

(3H, s, CH3); 7.3–7.4 (2H, m, Ph); 7.6–7.7 (2H, m, Ph); 7.9
(1H, s, ‚CHA); 13C NMR: 28.1 (CH3, N-CH3); 115.6 (C5,
TZD); 116.6; 117.0 (C30, C50, Ph); 131.4 (C6, ‚CHA); 131.7

(C10, Ph); 132.7; 132.9 (C20, C60, Ph); 160.7 (C40, Ph); 165.7
(C4, 4-C‚O); 166.0 (C2, 2-C‚O); IR (KBr, cm�1): 3024
(CAH stretching of phenyl group); 1741 (C‚O stretching);

1690 (amide band I – C2‚O and C4‚O stretching); Elemen-
tal Analysis:

Calculated: %C, 55.69; %H, 3.40; %F, 8.01; %N, 5.90; %
O, 13.49; %S, 13.52.

Found: %C, 55.70; %H, 3.37; %F, 7.97; %N, 5.93; %O,
13.51; %S, 13.52.
on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
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5-(4-dimethylaminobenzylidene)-3-methyl-2,4-thiazolidine

dione (1g). Orange solid; Yield: 92%, m.p.: 170–173 �C; 1H
NMR: 3.0 (3H, s, N-CH3); 3.1 (6H, s, CH3); 7.3–7.4 (2H, m,

Ph); 6.8–6.9 (2H, m, Ph); 7.8 (1H, s, ‚CHA); 13C NMR:
27.8 (CH3, N-CH3); 39.8 (CH3, N(CH3)2); 112.3; 117.0 (C30,
C50, Ph); 113.7 (C5, TZD); 120.0 (C10, Ph), 132.5 (C20, C60,
Ph); 134.0 (C6, ‚CHA); 151.8 (C40, Ph); 166.3 (C4, 4-
C‚O); 172.6 (C2, 2-C‚O); IR (KBr, cm�1): 3007 (CAH
stretching of phenyl group); 1732 (C‚O stretching); 1672

(amide band I – C2‚O and C4‚O stretching); Elemental
Analysis:

Calculated: %C, 59.52; %H, 5.38; %N, 10.68; %O, 12.20;
%S, 12.22.

Found: %C, 59.49; %H, 5.36; %N, 10.73; %O, 12.19; %S,
12.23.

5-(4-nitrobenzylidene)-3-methyl-2,4-thiazolidinedione (1h).

Yellow solid; Yield: 75%, m.p.: 220–222 �C (lit m.p. 222–
224 �C (Romagnoli et al., 2013));

5-(3,4-dimetoxybenzylidene)-3-methyl-2,4-thiazolidinedione

(1i). Yellow solid; Yield: 91%, m.p.: 172–175 �C; 1H NMR: 3.3
(3H, s, N-CH3); 3.5 (3H, s, OCH3); 3.6 (3H, s, OCH3) 7.2 (H,
d, CH (C0

2)); 7.4 (H, d, CH(C30)); 7.4 (H, d, CH (C60)); 8.1 (1H,

s, ‚CHA); 13C NMR: 27.8 (CH3, N-CH3); 55.9, 56.1 (CH3,
OCH3); 111.3 (C30, C50, Ph); 122.6 (C20, C60, Ph); 112.3 (C5,

TZD); 148.6 (C6,=CH-); 126.0 (C10, Ph); 149.2 (C40, Ph);
166.4 (C4, 4-C‚O); 177.6 (C2, 2-C‚O); IR (KBr, cm�1):
3019 (CAH stretching of phenyl group); 1735 (C‚O stretch-
ing); 1683 (amide band I – C2‚O i C4‚O stretching); Ele-

mental Analysis:
Calculated: %C, 55.90; %H, 4.69; %N, 5.01; %O, 22.91;

%S, 11.48.

Found: %C, 56.00; %H, 4.64; %N, 5.00; %O, 22.89; %S,
11.47.

5-benzylidene-3-phenyl-2,4-thiazolidinedione (2a). White

solid; Yield: 89%, m.p.: 209–209.8 �C (lit m.p. 208–209 �C
(Yang et al., 2008));

5-(4-methylbenzylidene)-3-phenyl-2,4-thiazolidinedione (2b).

Yellow solid; Yield: 80%, m.p.: 190–191 �C (lit m.p. 190–
191 �C (Yang et al., 2008));

5-(4-methoxybenzylidene)-3-phenyl-2,4-thiazolidinedione

(2c). White solid; Yield: 79%, m.p.: 199–201 �C (lit m.p. 200–

202 �C (Yang et al., 2008));
5-(4-bromobenzylidene)-3-phenyl-2,4-thiazolidinedione (2d).

Yellow solid; Yield: 78%, m.p.: 211–215.5 �C; 1H NMR: 7.0

(H, s, N-Ph); 7.3–7.4 (4H, m, Ph), 7.5–7.6 (4H, m, Ph), 7.8
(1H, s, ‚CHA); 13C NMR: 121.0 (C5, TZD); 122.1 (C40,
Ph), 128 (C200, C400, C600, N-Ph); 129.2 (C20, C60, Ph, C300,
C500, N-Ph); 130.1 (C20, C60, Ph); 131.3 (C100, N-Ph); 131.3
(C30, C50, Ph); 132.6 (C10, Ph); 134.6 (C6, ‚CHA); 163.4
(C4, 4-C‚O); 166.2 (C2, 2-C‚O); IR (KBr, cm�1): 3033

(CAH stretching of phenyl group); 1716 (C‚O stretching);
1644 (amide band I – C2‚O i C4‚O stretching); Elemental
Analysis:

Calculated: %C, 53.35; %H, 2.80; %Br, 22.18; %N, 3.89;

%O, 8.88; %S, 8.90.
Found: %C, 53.34; %H, 2.78; %Br, 22.20; %N, 3.87; %O,

8.90; %S, 8.91.

5-(4-chlorobenzylidene)-3-phenyl-2,4-thiazolidinedione (2e).

Yellow solid; Yield: 81%, m.p.: 203–204 �C; 1H NMR: 7.3
(H, s, N-Ph); 7.5 (4H, m, N-Ph); 7.5 (2H, m, Ph); 7.6 (2H,

m, Ph); 7.9 (1H, s, ‚CHA); 13C NMR: 121.7 (C5, TZD);
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127.2 (C200, C400, C600, N-Ph); 129.4 (C30, C50, Ph); 129.6
(C300, C500, N-Ph); 130.1 (C40, Ph); 131.4 (C20, C60, Ph); 131.7
(C100, N-Ph); 133.0 (C10, Ph), 136.8 (C6, ‚CHA); 165.5 (C4,

4-C‚O); 166.8 (C2, 2-C‚O); IR (KBr, cm�1): 3020 (CAH
stretching of phenyl group); 1738 (C‚O stretching); 1696
(amide band I – C2‚O i C4‚O stretching); Elemental

Analysis:
Calculated: %C, 60.86; %H, 3.19; %Cl, 11.23; %N, 4.44;

%O, 10.13; %S, 10.15.

Found: %C, 60.88; %H, 3.20; %Cl, 11.21; %N, 4.47; %O,
10.09; %S, 10.15.

5-(4-fluorobenzylidene)-3-phenyl-2,4-thiazolidinedione (2f).

Yellow solid; Yield: 82%, m.p.: 165–166 �C; 1H NMR: 7.0

(H, s, N-Ph); 7.1 (4H, m, N-Ph); 7.5 (4H, m, Ph); 7.8 (H, s,
‚CHA); 13C NMR: 120.82 (C30, C50, Ph); 120.98 (C5,
TZD); 124.60 (C200, C400, C600, N-Ph); 127.9 (C300, C500, N-

Ph); 129.0 (C20, C60, Ph); 120.6 (C10, Ph); 129.3 (C100, N-Ph);
136.5 (C6, ‚CHA); 154.9 (C40, Ph); 169.7 (C4, 2-C‚O);
171.4 (C2, 2-C‚O); IR (KBr, cm�1): 3052 (CAH stretching

of phenyl group); 1723 (C‚O stretching); 1637 (amide band
I – C2‚O i C4‚O stretching); Elemental Analysis:

Calculated: %C, 64.20; %H, 3.37; %F, 6.35; %N, 4.68; %

O, 10.69; %S, 10.71.
Found: %C, 64.13; %H, 3.40; %F, 6.34; %N, 4.71; %O,

10.70; %S, 10.72.
5-(4-dimethylaminobenzylidene)-3-phenyl-2,4-thiazolidine

dione (2g). Yellow solid; Yield: 85%, m.p.: 239–240 �C; 1H
NMR: 3.1 (6H, s, N(CH3)2); 6.7 (2H, d, Ph); 7.3 (1H, s, N-
Ph); 7.3 (2H, d, Ph); 7.5 (4H, m, N-Ph); 7.9 (1H, s, ‚CHA);
13C NMR: 39.9 (CH3, N(CH3)2); 111.9 (C30, C50, Ph); 120.6,
113.7 (C5, TZD); 127.4 (C10, Ph); 129.3 (C200, C400, C600,
N-Ph); 132.6 (C300, C500, N-Ph); 135.5 (C20, C60, Ph); 136.5

(C6, ‚CHA); 185.4 (C100, N-Ph); 147.8 (C40, Ph); 151.6 (C40,
Ph); 165.6 (C4, 4-C‚O); 166.2 (C2, 2-C‚O); IR (KBr,
cm�1): 3066 (CAH stretching of phenyl group); 1735 (C‚O

stretching); 1686 (amide band I – C2‚O i C4‚O stretching);
Elemental Analysis:

Calculated: %C, 66.64; %H, 4.97; %N, 8.64; %O, 9.86; %
S, 9.88.

Found: %C, 66.61; %H, 5.00; %N, 8.65; %O, 9.89; %S,
9.85.

5-(4-nitrobenzylidene)-3-phenyl-2,4-thiazolidinedione (2h).

Orange solid; Yield: 80%, m.p.: 249–250 �C (lit m.p. 238–
240 �C (Yang et al., 2008));

5-(3,4-dimetoxybenzylidene)-3-phenyl-2,4-thiazolidinedione

(2i). Yellow solid; Yield: 85%, m.p.: 208–209 �C (lit m.p. 209–
210 �C (Yang et al., 2008));

3. Results and discussion

3.1. Spectral properties of 5-arylidene-3-substituted-2,4-
thiazolidinediones

It is well known that spectral behavior of molecule, i.e. posi-
tion, intensity and shape of absorption band, depends on the

properties of solvent used. Indeed, a change of solvent is
accompanied by a variation of dipolarity/polarizability and
hydrogen bonding intermolecular solvent-solute interactions,

which means that the study of the solvent effects on the
absorption spectra allows assessment of fundamental molecu-
lar properties (Reichardt, 2003). A generally accepted concept,
on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
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concerning the relationship between molecular structure and
shift in absorption spectrum, explains that more planar struc-
ture supports higher contribution of extended p-electron delo-

calization which is reflected in bathochromic shift. Based on
this, two series of TZDs coupled with substituted benzaldehy-
des were synthesized, supposing that the obtained p-
conjugated systems could show different sensitivities toward
solvent and substituent effects. The exocyclic double bond
takes Z-configuration, as it was evidenced by higher stability

of these isomers (Section 3.3). Two factors could have favor-
able effect: lower crowdedness and appropriate contribution
of intramolecular hydrogen bonding which could exist
between C6-H hydrogen and C4‚O oxygen (Fig. S1) (Luo

et al., 2010).
The absorption spectra of the investigated compounds were

recorded in nineteen solvents of different properties, and the

characteristic spectra are shown in Fig. 1. Two absorbance
bands at 250–280 nm and at 320–380 nm, corresponding to
p–p* and n–p* (Rančić et al., 2012) transitions, respectively,

were distinctly observed. From the presented UV–vis spectra
(Fig. 1), a diversity of the spectra could be noticed, and broad
band at higher wavelength originates from n–p* transitions.

The data from Tables 1 and 2 indicate that values of absorp-
tion frequencies, mmax, depend on substituent and solvent
effect, though the absorption bands of both electron-donor
Figure 1 Absorption spectra of compounds 1a–1i in acetonitrile (a) a

(b).
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and electron-acceptor substituted derivatives appear at similar
wavelengths (in the range 10–20 nm). The absorption maxima
of 5-arylidene-3-methyl-2,4-thiazolidinediones showed batho-

chromic shift compared to parent compound in most solvents
(except 1f in 2-PrOH, 2ME, 2CE, Et2O and Pen, and 1g in
2CE; abbreviations are given in Table 1). The introduction

of electron-donor substituents produces larger bathochromic
shifts suggesting a more pronounced ICT. Low absorption
band at �400 nm, observed for 1f in AcN, could originate

from photoisomeration of more stable Z- to E-isomer
(Uchiyama et al., 2003). On the other hand, absorption max-
ima of 5-arylidene-3-phenyl-2,4-thiazolidinedione showed red
shift for all substances, and the largest one was found for

dimethylamino derivatives, i.e. 1g and 2g.

3.2. Solvent effects on the UV–Vis absorption spectra:
Correlation with multi-parameter solvent polarity scales (LSER
analysis)

The effect of various types of solvent–solute interactions on

the absorption maxima shifts was interpreted by means of
Kamlet-Taft and Catalán LSER models. The correlation anal-
ysis was carried out using Microsoft Excel software at confi-

dence level of 95%. The goodness of fit is discussed using
the correlation coefficient (R), the standard error of the
nd DMSO (b), and compounds 2a–2i in acetonitrile (c) and DMSO

on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
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Table 1 Absorption frequencies of series 1 in selected solvents.

Solvent/compound mmax � 10–3 (cm�1)

1a 1b 1c 1d 1e 1f 1g 1h 1i

Ethanol (EtOH) 30.95 29.91 29.51 30.77 30.06 30.63 23.67 28.52 28.59

Methanol (MeOH) 30.66 30.14 29.33 30.23 30.00 30.53 24.03 28.62 29.64

1-Propanol (1-PrOH) 30.69 29.67 29.59 30.34 30.46 30.50 26.63 29.51 29.46

2-Propanol (2-PrOH) 30.34 29.67 29.67 30.40 30.29 30.53 24.30 29.29 28.96

1-Butanol (1-BuOH) 30.58 30.06 29.30 29.98 30.20 30.53 24.32 29.03 28.32

2-Methylpropan-1-ol (i-BuOH) 30.50 30.22 29.47 30.24 29.89 30.58 24.23 28.96 28.93

2-Metoxyethanol (2ME) 30.47 29.51 29.46 30.41 30.46 30.79 26.20 29.19 29.78

2-Chloroethanol (2CE) 29.84 29.51 29.51 29.62 29.73 30.06 23.27 28.37 29.26

Diethyl ether (Et2O) 30.64 30.45 29.44 30.28 30.56 30.77 25.74 29.14 29.68

Diisopropyl ether (iPr2O) 30.86 30.49 29.15 30.49 30.77 30.86 25.03 29.41 29.17

Cyclohexane (Ch) 30.83 30.50 29.42 30.26 30.37 30.86 25.87 29.11 30.30

Heptane (Hp) 30.87 30.34 29.40 30.40 30.46 30.93 25.99 29.40 29.82

Pentane (Pen) 30.87 30.50 29.44 30.40 30.53 30.98 26.20 29.41 29.90

trans-1,2-Dichloroethylene (1,2-DCE) 30.50 29.91 28.92 30.12 30.07 30.42 24.64 29.36 29.04

Dioxane 29.80 29.03 28.27 29.51 29.67 29.95 23.95 27.88 28.20

Acetonitrile (AcN) 31.43 30.65 29.46 30.55 30.68 30.87 25.27 29.86 29.51

N,N-Dimethylformamide (DMF) 30.30 30.00 29.70 30.19 30.19 30.63 23.76 28.42 29.66

Dimethyl sulfoxide (DMSO) 30.34 30.12 29.78 29.50 30.15 30.58 24.33 28.42 29.43

Formamide (FA) 30.17 29.67 29.28 30.24 29.59 30.05 23.43 28.05 29.89

Table 2 Absorption frequencies of series 2 in selected solvents.

Solvent/compound mmax � 10�3 (cm�1)

2a 2b 2c 2d 2e 2f 2g 2h 2i

Ethanol 30.82 30.17 28.82 30.35 30.77 30.49 23.98 29.11 29.78

Methanol 30.96 30.30 29.03 30.44 30.96 30.58 24.21 29.24 29.86

1-Propanol 30.96 30.26 28.99 30.49 30.91 30.53 24.36 29.15 29.94

2-Propanol 30.91 30.35 28.94 30.44 30.90 30.53 24.30 29.33 28.66

1-Butanol 30.86 30.12 28.94 30.44 30.86 30.49 24.30 29.15 29.89

2-Methylpropan-1-ol 30.86 30.26 28.78 30.35 30.82 30.44 24.30 29.24 29.93

2-Metoxyethanol 30.82 30.17 28.69 30.40 30.80 30.26 24.01 28.78 29.78

2-Chloroethanol 30.49 29.81 28.41 30.03 30.43 30.17 23.82 28.69 29.55

Diethyl ether 30.96 30.58 29.28 30.58 30.90 30.67 25.03 29.33 30.25

Diisopropyl ether 30.86 30.49 29.15 30.49 30.86 30.77 25.03 29.41 30.17

Cyclohexane 31.01 30.44 29.37 30.49 30.96 30.49 24.24 29.28 29.72

Heptane 29.99 29.41 29.46 29.45 29.90 29.41 25.06 28.33 29.36

Pentane 30.03 29.50 29.46 29.37 30.01 29.50 25.22 29.46 29.53

trans-1,2-Dichloroethylene 30.67 30.12 28.99 30.12 30.58 30.26 24.72 29.03 29.09

Dioxane 30.03 29.41 28.29 29.33 29.90 29.56 24.21 28.17 29.36

Acetonitrile 30.70 30.11 29.11 29.95 30.37 30.27 24.93 28.41 27.85

N,N-Dimethylformamide 30.84 30.03 28.70 29.60 30.29 29.96 23.91 28.63 27.63

Dimethyl sulfoxide 30.65 29.83 28.40 29.45 30.14 29.38 23.63 28.36 27.38

Formamide 30.22 29.49 28.14 29.00 29.81 29.17 23.21 28.46 27.34
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estimate (sd), and Fisher’s significance test (F). The regression
values h, s, a, and b (Kamlet-Taft), and c, d, a, and b (Catalán)

fit are given in Tables 3–6, respectively.
Presented results indicate that the solvent effects on UV–

Vis spectra are complex due to diversity of contribution of

both solvent and substituent effects. It can be noticed, from
the results given in Tables 3 and 4, that in most cases non-
specific solvent effect is a factor of the highest contribution

to UV–vis spectral shifts. The negative sign of coefficient s
for most compounds, except coefficient s for 2a and 2b

(Table 4), and a coefficient for all studied compounds, indi-
cates bathochromic (red) shift with increasing solvent dipolar-
Please cite this article in press as: Rančić, M.P. et al., Solvent and substituent effect
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ity/polarizability and hydrogen-bond donating capability. This
suggests better stabilization of the electronic excited state rela-

tive to ground state with increasing solvent polarity and sol-
vent acidity. The highest absolute values of coefficient s were
found for compounds 1g and 2d, and for compounds 1g and

2b regarding coefficient a. The positive sign of coefficient b
for most compounds (Tables 3 and 4), except for 1g and 2i,
indicates a hypsochromic (blue) shift relative to increasing sol-

vent hydrogen-bond accepting capability. This suggests better
stabilization of the ground state relative to the excited state.
The highest absolute values for coefficient b were found for
compounds 1e and 2b.
on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
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Table 3 Results of the correlation analysis for series 1 according to Kamlet–Taft equation.

Comp. h � 10–3

(cm�1)

s � 10–3

(cm�1)

b � 10–3

(cm�1)

a � 10–3

(cm�1)

Ra Sdb Fc Solvent excluded from correlationd

1a 30.83 ± 0.05 �0.60 ± 0.10 0.09 ± 0.12 �0.14 ± 0.11 0.915 0.11 17 EtOH, MeOH, Dioxane, 2CE, AcN

1b 30.39 ± 0.09 �0.61 ± 0.19 0.34 ± 0.22 �0.58 ± 0.14 0.877 0.19 12 MeOH, 2 ME, Dioxane, AcN

1c 29.38 ± 0.04 �0.08 ± 0.08 0.55 ± 0.11 �0.34 ± 0.07 0.883 0.08 11 1-BuOH, Dioxane, 2CE, 2 ME, iPr2O

1d 30.33 ± 0.10 �0.60 ± 0.23 0.38 ± 0.30 �0.91 ± 0.24 0.867 0.21 8 MeOH, 1-BuOH, iPr2O, 2CE, 2 ME, AcN

1e 30.44 ± 0.07 �0.75 ± 0.14 0.64 ± 0.16 �0.57 ± 0.09 0.927 0.14 23 1-PrOH, 2 ME, Dioxane, AcN

1f 30.86 ± 0.06 �0.60 ± 0.12 0.38 ± 0.15 �0.45 ± 0.08 0.928 0.11 23 2 ME, 1,2-DCE, Dioxane, AcN

1g 25.97 ± 0.21 �1.52 ± 0.41 �0.27 ± 0.26 �1.15 ± 0.28 0.932 0.16 24 1-PrOH, 2 ME, 1,2-DCE, AcN

1h 29.37 ± 0.12 �1.23 ± 0.26 0.43 ± 0.32 �0.30 ± 0.11 0.873 0.25 11 1-PrOH, 2 ME, 2CE, Dioxane, AcN

1i 29.94 ± 0.15 �1.23 ± 0.26 0.43 ± 0.32 �0.44 ± 0.24 0.869 0.31 10 MeOH, 1-PrOH, Dioxane, 1,2-DCE, AcN

a Correlation coefficient.
b Standard deviation.
c Fisher test of significance.
d Abbreviations for the solvents are given in Table S1.

Table 4 Results of the correlation analysis for series 2 according to Kamlet–Taft equation.

Comp. h � 10�3

(cm�1)

s � 10�3

(cm�1)

b � 10�3

(cm�1)

a � 10�3

(cm�1)

Ra Sdb Fc Solvent excluded from correlation

2a 30.15 ± 0.08 0.83 ± 0.18 0.67 ± 0.18 �0.28 ± 0.14 0.926 0.14 18 Et2O, Ch, Dioxane, DMF, DMSO, FA

2b 29.63 ± 0.12 0.63 ± 0.29 1.02 ± 0.25 �0.60 ± 0.18 0.871 0.20 10 Dioxane, Ch, 1,2-DCE, DMF, DMSO,

FA

2c 29.39 ± 0.07 �11.07 ± 0.14 0.29 ± 0.16 �0.30 ± 0.11 0.925 0.16 26 Dioxane, AcN

2d 30.86 ± 0.16 �1.86 ± 0.20 0.62 ± 0.21 �0.17 ± 0.12 0.953 0.17 30 MeOH, 2 ME, Ch, Hp, Pen, Dioxane

2e 31.21 ± 0.21 �1.75 ± 0.27 0.23 ± 0.24 �0.19 ± 0.16 0.898 0.23 14 MeOH, Ch, Hp, Pen, Dioxane

2f 31.01 ± 0.06 �1.31 ± 0.10 0.66 ± 0.12 �0.14 ± 0.07 0.969 0.30 15 MeOH, 2 ME, Hp, Dioxane

2g 25.18 ± 0.09 �1.67 ± 0.16 0.36 ± 0.18 �0.53 ± 0.12 0.961 0.17 49 Ch, Dioxane, AcN

2h 29.44 ± 0.08 �1.18 ± 0.13 0.25 ± 0.16 �0.15 ± 0.12 0.935 0.15 28 2CE, Dioxane

2i 28.32 ± 0.07 �0.79 ± 0.15 �0.26 ± 0.18 –d 0.900 0.53 16 Ch, Hep, Pen, 1,2-DCE

a Correlation coefficient.
b Standard deviation.
c Fisher test of significance.
d Negligible values with high standard errors
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Results of the quantitative separation of the non-specific
solvent effect into polarizability and dipolarity term (coeffi-

cients c and d, respectively), performed by using Catalán equa-
tion, are given in Tables 5 and 6.

The results obtained by the use of Catalán equation provide
better understanding of attractive/repulsive solvent/solute

interactions, and enable an estimation of their appropriate
contribution to mmax shift. The correlation results, given in
Tables 5 and 6, imply that the solvent polarizability is the prin-

cipal factor influencing the shift of mmax, whereas solvent dipo-
larity, acidity and basicity have moderate to low contribution.
These results are in accordance with previous study related to

5-arylidene-2,4-thiazolidinediones (Rančić et al., 2012). Nega-
tive values of the coefficient c, except for compound 1i, indi-
cate higher contribution of the polarizability effect to the

stabilization of the excited state. The noticeable polarizability
indicates that the overall p-electronic density shifts take place
by two cooperative mechanisms: overall p-network and polar-
ization of localized p-unit (Fig. S1). Interaction of 3-substitu

ted-2,4-thiazolidindione moiety (TZD), which act as an
electron-acceptor, with the substituents of different electronic
properties causes variation in the mobility of the p-electrons,
Please cite this article in press as: Rančić, M.P. et al., Solvent and substituent effect
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and thus, a wide range of coefficient c values were found.
The sensitive balance of both electronic substituent effect

and p-electronic interaction in TZD moiety contributes to
highest polarizability in compound 1h (nitro substituted deri-
vate) in series 1, and compound 2i in series 2.

A greater extent of resonance interaction is operative within

p1- and p2-resonance units contributing to higher polarizability
of p-conjugated system (Fig. S1). In that context, dimethy-
lamino substituent exerts larger p-electron delocalization sup-

ported by electron-accepting TZD moiety (similar c values
were found for both 1g and 2g). The phenyl ring present at
N3 position in series 2 participates in electron delocalization

over TZD which causes electron-density shift to electron-
accepting nitro substituent present contributing to lower polar-
izability, i.e. coefficient c of �2.00 was obtained for 2h

(Table 6).
Effect of solvent dipolarity, assigned with d term, is of

lower significance and showed complex behavior, with the
highest absolute values found for compounds 1d and 2i. Dipo-

lar solvent–solute interactions lead to blue shift when a moder-
ate and strong electron-acceptor is present in the arylidene part
of the molecule in series 1. Higher contribution of the solvent
on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
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Table 5 Results of the correlation analysis for series 1 obtained by using Catalán equation.

Comp. h c d a b Ra Sdb Fc Solvent excluded from

correlation

1a 35.49 ± 0.75 �7.63 ± 1.18 0.89 ± 0.26 �0.88 ± 0.34 �0.32 ± 0.28 0.913 0.21 11 2-PrOH, Ch, DMSO, FA

1b 29.11 ± 0.79 2.06 ± 1.21 �1.07 ± 0.37 �0.71 ± 0.31 0.62 ± 0.32 0.929 0.16 16 MeOH, Dioxane, AcN

1c 33.47 ± 0.84 �6.56 ± 1.29 0.68 ± 0.25 �0.27 ± 0.34 �0.20 ± 0.26 0.903 0.18 9 MeOH, Ch, AcN, DMF,

DMSO

1d 34.23 ± 0.64 �6.34 ± 1.01 1.16 ± 0.26 �1.14 ± 0.42 1.17 ± 0.29 0.896 0.20 10 MeOH, Ch, FA

1e 32.01 ± 0.46 �2.43 ± 0.72 0.15 ± 0.19 �1.09 ± 0.23 0.15 ± 0.21 0.904 0.16 12 iBuOH, Dioxane

1f 32.14 ± 0.35 �1.93 ± 0.54 –d �0.84 ± 0.17 �0.13 ± 0.15 0.918 0.12 16 Dioxane

1g 29.34 ± 1.21 �5.28 ± 1.83 �0.32 ± 0.51 �1.90 ± 0.64 �1.18 ± 0.55 0.919 0.44 15 MeOH, 1-PrOH

1h 36.01 ± 0.96 �10.53 ± 1.45 0.80 ± 0.29 0.27 ± 0.46 �0.74 ± 0.32 0.926 0.25 15 EtOH, MeOH, DMSO

1i 28.80 ± 0.91 2.05 ± 1.42 –d �1.34 ± 0.47 �1.12 ± 0.36 0.920 0.27 11 MeOH, 1-PrOH, 2 ME,

Dioxane, FA

a Correlation coefficient.
b Standard deviation.
c Fisher test of significance.
d Negligible values with high standard errors.

Table 6 Results of the correlation analysis for series 2 obtained by using Catalán equation.

Comp. h c d a b Ra Sdb Fc Solvent excluded

from correlation

2a 31.69 ± 0.37 �2.82 ± 0.58 0.72 ± 0.16 �0.34 ± 0.19 0.87 ± 0.17 0.942 0.14 24 Ch

2b 31.75 ± 0.51 �3.71 ± 0.78 �0.89 ± 0.19 �0.43 ± 0.26 0.88 ± 0.23 0.95 0.18 14 Ch

2c 31.57 ± 0.29 �3.37 ± 0.45 �0.23 ± 0.12 �0.47 ± 0.14 �0.21 ± 0.12 0.972 0.10 53 Dioxane

2d 32.98 ± 0.60 �5.88 ± 0.94 0.38 ± 0.26 �0.18 ± 0.33 1.44 ± 0.27 0.941 0.21 21 Dioxane, 2CE

2e 33.41 ± 0.52 �6.39 ± 0.81 0.59 ± 0.22 �0.48 ± 0.29 1.37 ± 0.24 0.956 0.18 29 Dioxane, 2CE

2f 32.80 ± 0.52 �2.91 ± 0.80 �0.57 ± 0.22 0.34 ± 0.26 0.35 ± 0.23 0.904 0.18 12 Hep, Dioxane

2 g 28.44 ± 0.50 �5.27 ± 0.77 �0.12 ± 0.22 �1.06 ± 0.26 �0.37 ± 0.22 0.960 0.18 35 Ch

2 h 30.59 ± 0.27 �2.00 ± 0.42 �0.99 ± 0.12 0.54 ± 0.14 0.61 ± 0.12 0.976 0.10 57 Hep, Dioxane

2i 33.87 ± 1.14 �6.96 ± 1.31 �2.24 ± 0.46 1.52 ± 0.62 2.30 ± 0.52 0.942 0.40 22 2-PrOH, 2CE

a Correlation coefficient.
b Standard deviation.
c Fisher test of significance.
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dipolar effect, in compounds with substituent displaying low/-
moderate effect, could be due to balanced contribution of two

opposite effects: electronic effect of the substituent and TZD
moiety that cause separation of charges by creation of dipolar
structure differently oriented in space. The better stabilization

of the excited state was found mostly for electron-donor sub-
stituted compounds, including 2h, which indicates that direc-
tional shift of electronic density, causes more effective charge

separation.
Specific solvent–solute interactions realized through hydro-

gen bonding, i.e. HBD effect can be attributed mainly to the
carbonyl groups of the TZD moiety, while solvent basicity

(HBA) could be established with generated positive charge at
molecular structure. Negative values of the coefficient a found
in both series 1 and 2, except 2f, 2h and 2i, indicate moderate

to low contribution of the solvent acidity to the stabilization of
the excited state. Long-range transmission of substituent
effects, which supports the larger polarization of both carbonyl

groups, enhances hydrogen bond accepting capabilities of car-
bonyl oxygens. These observations indicate that solvent
achieves the higher extent of hydrogen bonding at nucleophilic
sites in TZD moiety.
Please cite this article in press as: Rančić, M.P. et al., Solvent and substituent effect
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3.3. LFER analysis of UV–vis data

In an attempt to assess substituent effects on ICT of the inves-
tigated compounds, the principles of liner free energy relation-
ships (LFER) were applied to the UV–vis spectral data by

using Hammett Eq. (3). The correlation results are given in
Tables 7 and 8.

The correlation results (Tables 7 and 8), obtained sepa-

rately for electron-donating and electron-accepting sub-
stituents, reflect different transmission modes of electronic
substituent effects through differently oriented p-electronic
units (Fig. S1). Obviously, the UV–vis absorption of studied
compounds is more substituent–dependent than solvent–de-
pendent (Tables 7 and 8). The introduction of an electron-

donor substituent enhances the negative solvatochromism of
both series 1 and 2 (Tables 7 and 8, respectively), and also
results in a higher susceptibility of the absorption maxima
shifts to electronic substituent effects. Somewhat higher sensi-

tivity of mmax to substituent effect was found in solvent with
higher proton-donating ability. Significantly lower sensitivity
was found for electron-acceptor substituted derivatives in both

series 1 and 2. Such behavior was explained by destabilization
on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
ttp://dx.doi.org/10.1016/j.arabjc.2016.12.013
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of the TZD moiety by electron-accepting groups (Rančić et al.,
2012, 2013), whereas the introduction of either methyl or phe-
nyl group at TZD contributes to low sensitivity to solvent

effects. The lowest sensitivities of mmax to substituent effects
in nonpolar solvents (pentane and heptane) can be explained
by the fact that, at low relative permittivity of surrounding

medium, the energy necessary to bring about charge separation
in the excited state is relatively high, which gives rise to a lower
susceptibility to substituent effects.

3.4. LFER analysis of NMR data

Furthermore, an analysis of the experimental and calculated
13C NMR chemical shifts has been performed to get a better
insight into the influence of the substituent effects on SCS
shifts. The calculated 13C NMR chemical shifts, obtained by
the use of GIAO/WP04/aug-cc-pVDZ basis set, are given in

Tables S4 and S5. Results of the intercorrelation of experimen-
tal and theoretical NMR data are good which indicates that
adequate methodology was applied for calculation of theoret-

ical NMR data (Figs. S4–S7). The general conclusion derived
from the 13C NMR chemical shifts is that all substituents influ-
ence chemical shifts of the carbon atoms of interest (C5, C6,

C10) via their electronic effects. LFER principles were applied
in the analysis of the substituent effect, defined by rp or rþ

p

substituent constants, on the SCS of the carbon atoms of inter-
est. The best correlation results obtained for C5, C6 and C10

carbons are presented in Table 9.
The observed q values for these carbons indicate different

susceptibilities of the SCS to substituent effects, and it is

apparent that chemical shifts of C5 and C10 showed normal
substituent, while reverse substituent effect was observed at
Table 7 Results of the LFER correlation analysis for series 1 obta

Comps. 1a, 1d, 1e, 1f and 1ha

Solventc m0 � 10�3 cm�1 q � 10�3 cm�1 R Sd F

EtOH 30.99 ± 0.20 �3.07 ± 0.53 0.957 0.33 33

MeOH 30.69 ± 0.06 �2.64 ± 0.16 0.994 0.10 26

1-PrOH 30.68 ± 0.05 �1.47 ± 0.14 0.986 0.09 10

2-PrOH 30.57 ± 0.11 �1.54 ± 0.30 0.948 0.18 27

1-BuOH 30.59 ± 0.06 �2.02 ± 0.16 0.990 0.10 15

iBuOH 30.57 ± 0.10 �2.08 ± 0.27 0.975 0.17 58

2ME 30.94 ± 0.02 �2.24 ± 0.05 0.999 �0.03 19

2CE 30.07 ± 0.10 �2.10 ± 0.28 0.973 0.17 55

Et2O 30.82 ± 0.11 �2.09 ± 0.29 0.973 0.18 54

iPr2O 30.98 ± 0.10 �1.95 ± 0.26 0.975 0.16 57

Ch 30.91 ± 0.08 �2.35 ± 0.19 0.994 0.10 15

Hp 30.92 ± 0.05 �1.97 ± 0.14 0.992 0.09 19

Pen 30.95 ± 0.07 �1.99 ± 0.18 0.988 0.11 12

1,2-DCE 30.47 ± 0.03 �1.45 ± 0.10 0.995 0.05 32

Dioxane 30.06 ± 0.13 �2.67 ± 0.34 0.976 0.21 61

AcN 31.05 ± 0.09 �1.58 ± 0.22 0.970 0.14 48

DMSO 30.49 ± 0.19 �2.57 ± 0.51 0.949 0.32 27

DMF 30.66 ± 0.16 �2.73 ± 0.53 0.965 0.27 40

FA 30.35 ± 0.21 �2.80 ± 0.56 0.944 0.35 25

a Electron-acceptor substituted compounds.
b Electron-donor substituted compounds.
c Abbreviations for the solvents are given in Table S1.
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C6 for both series 1 and 2. The negative sign of reaction con-
stant, q, for C6 atom means reverse behavior, i.e. the value of
SCS decreases although the electron-withdrawing ability of the

substituents, measured by rp, increases. Similar results were
obtained in a previous study related to 5-arylidene-2,4-thiazoli
dinediones (Rančić et al., 2013) (Tables S6 and S7). The

reverse substituent effect operative at C6 can be attributed to
localized p-polarization, which predominates over the
extended p-polarization (Fig. S8). The p-polarization concept

was introduced by Reynolds (Craik and Brownlee, 1983;
Reynolds et al., 1983) to explain substituent field effect opera-
tive in the side chain of para- and meta-substituted benzenes.
The field effect, induced by substituent dipole, causes sec-

ondary polarization of p-electrons in the subsequent indepen-
dent p-electronic system without net p-electron transfer.
According to Reynolds (Craik and Brownlee, 1983; Reynolds

et al., 1983), the polar effect mainly arises as a result of the
substituent dipole induced field effect, and this effect alters
the electron density at C5 by two mechanisms: (i) field-

induced polarization of the side chain vinyl group (localized
or direct p-polarization) (Fig. S8a), and (ii) field-induced p-
electron transfer (extended p-polarization) (Fig. S8b) (Rančić

et al., 2013). The second term is the major effect mainly oper-
ative in planar systems. Similar influence of substituent from
the meta- and para-positions on C5 supported Reynolds’ con-
clusion that the polar effect is rather of field than of inductive

origin (Craik and Brownlee, 1983; Reynolds et al., 1983). The
resonance interaction in the extended conjugated system of the
substituted styrene molecules in the presence of electron-

acceptor substituent has complementary effect to the polariza-
tion mechanism (Fig. S8c), and opposite is true for electron-
donor substituted compounds.
ined by using Eq. (3).

1a, 1b, 1c, 1g and 1ib

m0 � 10�3 cm�1 q � 10�3 cm�1 R Sd F

30.96 ± 0.52 8.59 ± 1.31 0.967 0.84 43

9 31.12 ± 0.30 8.31 ± 0.75 0.987 0.48 122

7 30.54 ± 0.19 4.68 ± 0.47 0.985 0.30 100

30.69 ± 0.46 7.38 ± 1.13 0.966 0.73 42

2 30.62 ± 0.56 7.41 ± 1.39 0.951 0.89 28

30.86 ± 0.48 7.73 ± 1.18 0.967 0.75 45

50 30.55 ± 0.13 5.16 ± 0.32 0.994 0.21 253

30.68 ± 0.54 8.46 ± 1.34 0.964 0.85 40

30.93 ± 0.27 6.12 ± 0.67 0.983 0.43 84

30.94 ± 0.38 7.05 ± 0.94 0.974 0.60 56

8 31.17 ± 0.20 6.29 ± 0.49 0.991 0.31 168

6 30.98 ± 0.17 5.96 ± 1.68 0.992 0.27 194

2 31.01 ± 0.20 5.75 ± 0.49 0.989 0.32 135

3 30.33 ± 0.56 7.11 ± 0.69 0.986 0.44 107

29.84 ± 0.28 7.00 ± 0.70 0.985 0.45 100

31.33 ± 0.34 7.29 ± 0.84 0.981 0. 54 76

30.97 ± 0.46 7.63 ± 1.14 0.968 0.73 45

31.07 ± 0.47 8.40 ± 1.16 0.972 0.74 52

30.96 ± 0.41 8.72 ± 1.01 0.980 0.65 74

on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
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Table 8 Results of the LFER correlation analysis for series 2 obtained by using Eq. (3).

Comps. 2a, 2d, 2e, 2f and 2h
a

2a, 2b, c, 2g and 2i
b

Solvent m0 � 10�3 cm�1 q � 10�3 cm�1 R Sd F m0 � 10�3 cm�1 q � 10�3 cm�1 R Sd F

EtOH 30.89 ± 0.05 �2.25 ± 0.13 0.995 0.08 289 31.13 ± 0.21 8.52 ± 0.53 0.994 0.34 258

MeOH 30.03 ± 0.05 �2.28 ± 0.13 0.995 0.08 308 30.47 ± 1.11 7.39 ± 2.47 0.904 1.37 10

1-PrOH 30.03 ± 0.03 �2.38 ± 0.08 0.992 0.05 785 31.23 ± 0.46 8.200.46 0.995 0.29 316

2-PrOH 30.99 ± 0.05 �2.12 ± 0.13 0.994 0.08 251 30.86 ± 0.48 7.85 ± 1.20 0.967 0.77 43

1-BuOH 30.95 ± 0.04 �2.28 ± 0.12 0.996 0.07 393 31.14 ± 0.17 8.15 ± 0.42 0.996 0.27 373

iBuOH 30.89 ± 0.03 �2.12 ± 0.09 0.997 0.05 620 31.15 ± 0.22 8.20 ± 0.54 0.993 0.35 227

2 ME 30.34 ± 0.06 �2.74 ± 0.17 0.994 0.14 262 31.10 ± 0.22 8.48 ± 0.54 0.994 0.34 246

2CE 30.61 ± 0.07 �2.42 ± 0.17 0.992 0.11 198 30.78 ± 0.20 8.32 ± 0.49 0.995 0.32 283

Et2O 31.08 ± 0.08 �2.21 ± 0.16 0.992 0.10 194 31.35 ± 0.24 7.50 ± 0.58 0.991 0.37 165

iPr2O 30.98 ± 0.10 �1.95 ± 0.26 0.975 0.16 57 31.24 ± 0.23 7.38 ± 0.58 0.991 0.37 161

Ch 31.03 ± 0.03 �2.26 ± 0.07 0.999 0.04 1036 31.34 ± 0.29 8.38 ± 0.71 0.989 0.46 139

Hp 29.96 ± 0.02 �0.58 ± 0.05 0.997 0.03 143 30.41 ± 0.32 6.18 ± 0.79 0.977 0.50 62

Pen 29.99 ± 0.03 �0.71 ± 0.09 0.975 0.06 59 30.47 ± 0.29 6.08 ± 0.72 0.980 0.46 71

1,2-DCE 30.68 ± 0.04 �2.12 ± 0.10 0.997 0.06 484 30.76 ± 0.31 7.20 ± 0.77 0.983 0.49 87

Dioxane 30.02 ± 0.06 �2.39 ± 0.16 0.993 0.10 227 30.33 ± 0.17 7.30 ± 0.42 0.995 0.27 302

AcN 30.67 ± 0.06 �2.82 ± 0.16 0.971 0.25 49 30.40 ± 0.67 6.54 ± 1.68 0.914 1.07 15

DMSO 30.53 ± 0.17 �2.57 ± 0.45 0.957 0.27 33 30.46 ± 0.71 7.88 ± 1.76 0.932 1.13 20

DMF 30.29 ± 0.19 �2.67 ± 0.51 0.950 0.31 28 30.24 ± 0.72 7.98 ± 1.79 0.932 1.14 20

FA 29.86 ± 0.22 �2.01 ± 0.57 0.897 0.35 12 29.99 ± 0.63 8.12 ± 1.56 0.949 1.00 27

a Electron-acceptor substituted compounds.
b Electron-donor substituted compounds.
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It can be noticed, from Table 9, that correlations with elec-
trophilic substituent constants, rp

+, are of better quality for C6

and C10 atoms in series 1, and C5 and C10 atoms in series 2. It
indicates higher contribution of extended resonance interac-
tion for these carbons. Introduction of the methyl or phenyl

group in series 1 and 2, respectively, decreases susceptibility
of the C5 and C10 atoms to substituent effects in comparison
with previous result (lower q) (Rančić et al., 2013), while

increased susceptibility of the C6, for both series 1 (�7.03),
and series 2 (�3.32; Table 9), was found. Sensitivity of SCS
to substituent effects is mainly determined by three factors:
conformational arrangement, substituent effects and introduc-

tion of methyl or phenyl group at N3-position of TZD which
contributes to specific shift of electronic density at the carbon
atom of interest.
Table 9 Result of correlations of the SCS values of C5*, C6* and C

obtained by using SSP equation.

Atom q

Series 1 C5 rp 9.94 ± 0.73

rþp 6.04 ± 0.76

C6 rp �7.03 ± 1.41

rþp �4.40 ± 1.53

C10 rp 12.15 ± 1.39

rþp 7.80 ± 0.51

Series 2 C5 rp 6.63 ± 0.63

rþp 4.25 ± 0.17

C6 rp �3.32 ± 0.49

rþp �1.94 ± 0.43

C10 rp 12.35 ± 1.72

rþp 7.84 ± 0.94

* C5 and C6 are equivalent to Cb and Ca, respectively, used in a previo
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To evaluate separate contributions of the polar (inductive/-
field) and resonance effects, the regression analysis according

to DSP Eq. (4), i.e. Reynold’s equation, with rF and rR
o sub-

stituent constants has been performed and the results are given
in Table 10.

The success of the fitting is not improved by using DSP
equation, but it helps in better understanding of the transmis-
sion mode of substituent effect. The positive qF and qR values

were obtained for the C5 and C10 atoms, while negative values
are obtained for C6 carbon. The positive values of qF and qR
for the C5 atom and negative values for the C6 atom show that
substituents in a different way influence the p electron density

at carbon atoms in a side chain. The negative qF value for the
C6 atom of both series is an indication of the opposite sub-
stituent effect, the so-called reverse substituent effect (RSE),
10 carbons versus rp/rp
+ substituent constants for series 1 and 2,

h R F sd

0 0.984 187 0.89

1.40 ± 0.56 0.955 63 1.50

�1.14 ± 0.48 0.912 25 1.20

�2.07 ± 0.68 0.790 8 1.79

�2.36 ± 0.60 0.963 77 1.71

�0.55 ± 0.37 0.988 236 1.00

�0.96 ± 0.28 0.974 109 0.78

0.02 ± 0.12 0.995 658 0.32

�0.62 ± 0.21 0.940 46 0.60

�1.07 ± 0.31 0.879 20 0.84

1.99 ± 0.75 0.946 51 2.12

�0.17 ± 0.69 0.959 69 1.85

us study (Rančić et al., 2012).

on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
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which is due to p-polarization. The p-polarization concept can
also explain the larger magnitude of polar effects at C6 in ser-
ies 1 (qF = –8.69), which is related to the strength of the reso-

nance interaction between the para-carbon (C10) and para-
substituent present. All k values are higher than 1, except for
C6 atoms in series 1 and 2, which means that resonance effect

predominates over field effect, and highest effect was found for
C10 carbon. The extent of resonance interaction depends on
spatial arrangement of the molecules, i.e. the values of tor-

sional angle h, and thus, the resonance substituent effect is
most effectively transmitted to C10 carbon.

Value of the term qR, i.e. the effect of p-electron delocaliza-
tion, and the term qF, attributed to the effect of substituent

induced p-polarization, significantly depends on the electronic
system present at C5 carbon. The qF value for C5 and C6
atoms reflects mainly field effect, which is the most pro-

nounced in series 1 when methyl group is present at N3 atom.
Introduction of phenyl ring at N3-position compensates for
electron-accepting power of TZD by increasing p-electron
density, and causing lower extent of extended p-electron
delocalization (qR = �2.92 and �5.20 for series 2 and 1,
respectively; Table 10).

The electron-accepting carbonyl group present in TZD
moiety tends to decrease electron density at the vinyl side chain
resulting in strong resonance interaction with para-electron–
donating substituents. Electron-donors cause the increase of

electron density in the arylidene ring which, therefore, acts as
p-donor and causes increase in resonance interaction with
the vinyl side chain. Synergism of these effects causes pro-

nounced electron density changes at the C5 atom. Oppositely,
in the case of electron-accepting substituent, balanced and
oppositely directed interactions of two electron-accepting moi-

eties determine such behavior where both parts exert appropri-
ate response to electronic demand of the rest of molecule, and
the consequence is the higher extent of localized p-polarization
at C5 atom. The net result is that the electron-accepting sub-
stituents increase the electron density on the C6 atom due to
p-polarization.

3.5. Comparative LFER analysis of SCS for C5 and C6 in
styrene series 1–10

The study of the mechanism of transmission of electronic sub-

stituent effects in an aromatic framework with a side chain, i.e.
b-substituted styrene derivatives (Fig. S9) is very useful in
order to distinguish the contribution of polar (field/inductive)

and polarization effects (Craik and Brownlee, 1983) at carbon
of interest. The substituent dipole polarizes the vinyl p-electron
resulting in separation of opposite charges at neighboring
Table 10 Correlation results of the SCS values for C5, C6 and C1

Atom qF qR

Series 1 C5 9.67 ± 1.64 10.89 ± 1.09

C6 �8.69 ± 1.94 �5.20 ± 2.05

C10 7.56 ± 2.08 14.57 ± 1.39

Series 2 C5 4.49 ± 0.93 7.76 ± 0.62

C6 �4.06 ± 1.03 �2.92 ± 0.69

C10 7.67 ± 3.07 14.82 ± 2.06

Please cite this article in press as: Rančić, M.P. et al., Solvent and substituent effect
diones: Experimental and theoretical study. Arabian Journal of Chemistry (2017), h
atoms which depends on heterocyclic system attached at C5
carbon. In order to get deeper insights into factors determining
such phenomena, a comprehensive analysis of the electronic

and structural effect was performed for series 1 and 2 and com-
pared with results obtained for eight styrene series 3–10
(Fig. S9) (Rančić et al., 2013; Reynolds et al., 1983; Hamer

et al., 1973a, 1973b; Tan et al., 1987; Krabbenhoft, 1978;
Cornelis et al., 1981). Saleh et al. (2008) have studied 19 styr-
ene series and concluded that different groups (Fig. S9) of the

side chain have significant effects on SCS of C5 carbon. Due to
this selection of a wide range of structurally different groups
present at C5 atom in series 1–10 offered a good base of data
used in a systematic LFER analysis.

Results of LFER analysis for the C5 and C6 atoms of series
3–10, in the form of SSP equation with rp or rp

+ constants,
are presented in Tables S8 and S9, respectively (Rančić

et al., 2013). Normal and reverse substituent effects were
observed at C5 and C6 atoms, respectively, for all studied com-
pounds. Two groups of correlation results could be recognized

for the C5 atom: series 3–6, including series 1 (9.94; Table 10),
and series 7–10, including series 2 (6.63; Table 10). Values of
the coefficient q for C6 are similar for series 2–10 with the

highest value of �3.34 found for series 9 (Table S9). Excep-
tionally higher q values of �7.03 for series 1 were found
(Table 9). The correlation results for the C5 atom are signifi-
cantly improved when electrophilic substituent constant rp

+

is used in correlation for series 1 and 4–9, while this does
not apply for the series 2, 3 and 10. The terminal C5 atom in
vinyl group suffers from electron deficiency, and thus SCS in

series 1 and 4–9 better correlates with rp
+. The correlation

results are of lower quality for the correlation for C6 SCS with
rp

+ indicating lower contribution of the extended resonance

interaction.
Previous results of LFER analysis for series 3–10, obtained

by using DSP model are given in Tables S10 and S11 (Rančić

et al., 2013). The magnitude of resonance coefficient, qR, for
C5 is twice (series 5) or more than twice larger (series 3 and
7–9) than the field effect emphasizing the significance of reso-
nance interaction at C5 atom. It is worth of noting a signifi-

cantly lower contribution of qR, i.e. lower k values for C6 of
series 4–8 and 10. The number of systematic studies also
revealed higher sensitivity of SCS at C5 due to the greater con-

tribution of resonance effects (Craik and Brownlee, 1983;
Reynolds et al., 1983; Hamer et al., 1973a, 1973b; Tan et al.,
1987; Krabbenhoft, 1978; Cornelis et al., 1981; Saleh et al.,

2008). The Reynolds qF values for the C5 atom reflect the pure
field effect which is most pronounced in series 3. Delocaliza-
tion of the lone electron pair in amide group (structure I;
Fig. S10) contributes to an excess of electron density and,
0 carbons for series 1 and 2 with the DSP equation.

R F sd k= qR/qF

0.984 79 0.97 1.13

0.936 14 1.15 0.60

0.984 76 0.97 1.93

0.989 113 0.55 1.72

0.948 22 0.62 0.72

0.967 36 1.83 1.93

on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
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hence, the sensitivity of the C5 atom to the field effect is
increased. Competitive resonance interaction (structures I
and II; Fig. S10) participates in a different extent in SCS

change at C5 and C6 depending on substituent present.
Electron-donors support increased contribution of structure
II (Fig. S10), oppositely, electron-acceptors suppress to some

extent extended p-delocalization favoring amide resonance
(structure I; Fig. S10). Introduction of methyl group, present
in series 1, exerts negligible effect by supporting amide group

resonance. In the other hand, the presence of phenyl ring in
series 2 contributes to aniline type n,p-resonance interaction
supporting resonance presented by structure II (Fig. S10).

The structural similarity of series 3 and 9 offers a possibility

to compare correlation results in relation to structural differ-
ence of heterocyclic structure attached at C5 atom. The corre-
lation results for the C5 and C6 atoms (Tables S10 and S11,

respectively) indicate that, not only electronic properties of
heteroatoms, but also geometrical characteristics, i.e. planar
hydantoines (Tan et al., 1990), and non-planar 5-arylidene-2,

4-thiazolidindiones (Table S12) influence their specific behav-
ior. Moreover, similar k values for the C5 (2.09 and 2.82)
and C6 (1.46 and 1.14) atom for series 3 and 9, respectively,

were found, while larger differences were observed with respect
to other series. In hydantoines there is a competitive contribu-
tion of two resonance structures (Fig. S11) depending on sub-
stituent present. According to correlation results, N1 lone pair

delocalization contributes to lower qR at C5 (7.52 versus 17.03
for series 9 and 3, respectively; Table S10). Anyway, resonance
interaction at C5 is of high contribution (k = 2.82; Table S10),

indicating significant p,p-delocalization within heterocyclic
moieties. Comparing the series 6–8 to series 4 and 5, it can
be noted that strong electron-accepting substituents, chloro

and cyano group, enhance sensitivity of C5 carbon to reso-
nance effect (Table S10), while two carbonyl groups adjacent
to the C5 atom in series 6–8 exert appreciable extent of

electron-accepting properties. Correlation results for series 6–
8 show a decrease in field and resonance effect for C5
(Table S10), while the k values are high with decreasing order
from series 4 to series 6. This order indeed reflects ability of

electronic density at the C5 carbon to interact with two neigh-
boring carbonyl groups which in turn might competitively res-
onate with lone electron pair at oxygen (series 4) or nitrogen

(series 5) and phenyl p-electrons (series 6).
A more complex situation was found for C6 because this

carbon senses the electronic effect of the substituted phenyl

ring and heterocyclic moiety; hence, no regularity of correla-
tion results was found for this carbon. There are some similar-
ity regarding qF values (Table S11), with the highest ones
found for series 1, 2, 7 and 8. However, low k values, obtained

for all series (k < 1, except for series 3 and 9), indicate a lower
contribution of resonance effect which is likely due to bal-
anced/opposed effect of the substituent and heterocyclic moi-

ety resulting in the higher contribution of the p-polarization
at this carbon.

Generally, it might be concluded that, according to results

of LFER studies (Tables 9 and 10 and S8–S11), transmission
of substituent electronic effects through defined p-resonance
units indicates that these units, behave either as isolated or

as conjugated fragments depending on substituents present in
the corresponding molecule. The significance of extended p,
p-delocalization through defined p-resonance units of series 1
(Scheme 1) is mainly operative within p-resonance units with
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high contribution of p-polarization at C5 carbon. The opposite
is true for C6 atom for series 2–8 and 10 where significant p,p-
delocalization is observed within heterocyclic moieties. Also,

Brownlee et al. (Craik et al., 1982) concluded that the differ-
ences in geometry affect the ratios of the qR values for different
styrene series, and not the ratio of the qR values for the C5 and

C6 carbons in the same series.

3.6. MP2 and TD-DFT calculations. Evaluation of electronic
transition and ICT

Theoretical calculations can complement experimental investi-
gations, i.e. to validate experimental conclusions, or even

upgrade with some confidence into experimental unexplored
area. In that context, as first step, it was necessary to perform
optimization of the geometries of the investigated molecules by
the use of ab initioMP2 method. The significant stability of the

Z isomer was obtained, and energies related optimized geome-
tries are presented in Table S13, and optimized structures of
series 1 and 2, in acetonitrile, are given in Figs. S11 and S12,

respectively. Similar results were obtained for gas phase. Ele-
ments of the optimized geometries of investigated compounds,
(Z)-5-arylidene-3-methyl-2,4-thiazolidinediones (series 1) and

(Z)-5-arylidene-3-phenyl-2,4-thiazolidinediones (series 2),
obtained by the use of MP2/6-31G(d,p) method, are given in
Tables S14 and S15.

It can be seen that geometric features of the studied TZDs

of both series follow the similar trend related to geometry
parameter change versus substituent effect. Consideration of
the torsional angles h (Fig. S1), defined by out-of-plane rota-

tion of the phenyl ring with respect to the exocyclic double
bond, and their changes (Tables S14 and S15) indicates that
introduction of substituent induces decreasing the h values.

Similar trend was found for 5-arylidene-2,4-thiazolidinediones
(Table S8) (Rančić et al., 2013). The introduction of electron-
donor substituent causes increase of N3AC4 and both car-

bonyl groups’ bond lengths, while, oppositely, decrease of
C4AC5, N3ACH3, as well as N3APh, C6AC10 and C2AN3
bond lengths was found. The most pronounced effect was
found for dimethylamino group which supports an electron

density shift from the p1-unit to the electron-accepting TZD
moiety contributing to higher planarization of molecule and
greater extent of the p,p-delocalization. This result is an addi-

tional support for the extended conjugation operative in the
p1- and p2-unit, i.e., the p-electron density shifts toward
C4‚O carbonyl group causing increase in both carbonyl

groups bond lengths.
The opposite is true for electron-acceptor substituted com-

pounds. Higher electron-acceptor ability of the substituent
causes increase in h values and C4AC5 bond length which indi-

cates that contribution of two opposite effects: electron-
accepting arylidene group and TZD carbonyl groups cause
geometry adjustment together with low sulfur positive reso-

nance participation as a response to electronic demand of
the electron deficient environment. The normal carbonyl
groups’ polarization is suppressed and causes a slight bond

length decrease.
Furthermore, it was shown that interpretation of the UV–

Vis spectra was achieved by the use of TD-DFT quantum

chemical calculations given on 1-(1-naphthoyl)-3-(halo-phe
nyl)-thioureas (Saeed et al., 2015). Mechanism of electronic
on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
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Figure 2 The HOMO/LUMO orbitals and Egap of compounds 1a–1i in acetonitrile.
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excitations and changes in the overall charge distribution in
both ground and excited states of the investigated molecules

were studied by calculation of HOMO/LUMO energies
(EHOMO/ELUMO) and Egap values in solvent acetonitrile.
Obtained results are presented in Figs. 2 and 3, and

Table S16. Generally, Egap values were lower than for unsub-
stituted compound in both series, and also lower values were
Please cite this article in press as: Rančić, M.P. et al., Solvent and substituent effect
diones: Experimental and theoretical study. Arabian Journal of Chemistry (2017), h
obtained for series 2 with the lowest ones found for com-
pounds 1g and 2g. No significant ICT could be noticed from

the structure of frontier orbitals, but it could be observed sim-
ilarity of orbital independently on the presence of methyl or
phenyl group in N3-position of studied compounds. Unsubsti-

tuted compounds have the largest energy gaps of 6.582 eV (1a)
and 6.542 eV (2a), while the lowest energy gaps were observed
on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
ttp://dx.doi.org/10.1016/j.arabjc.2016.12.013
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Figure 3 The HOMO/LUMO orbitals and Egap of compounds 2a–2i in acetonitrile.
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for compounds 1g and 2g with 5.776 and 5.727 eV, respec-
tively. This is consistent with the largest bathochromic shift
of their absorption maxima. Obviously, the ICT process is
more feasible in more planar compounds 1g and 2g due to
Please cite this article in press as: Rančić, M.P. et al., Solvent and substituent effect
diones: Experimental and theoretical study. Arabian Journal of Chemistry (2017), h
higher polarizability of excited state which can be, under influ-
ences of surrounding solvent environment, preferentially stabi-
lized with respect to the ground state (Table 11). Due to this,
the excited and ground states are closer and more rapid inter-
on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
ttp://dx.doi.org/10.1016/j.arabjc.2016.12.013
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nal conversion is permitted. Variation of substituent patterns
clearly indicates that contributions of both structural and sub-
stituent/compound donor-acceptor character are involved in

the ICT mechanism of the investigated molecules. Additional
results of TD-DFT calculations, oscillator strengths, vertical
excitation energies and electronic transitions are provided in

Table 11, since the TD-DFT results have indicated a large con-
tribution of single HOMO to LUMO excitations in ground to
first excited state transition (greater than 90% for all com-

pounds; Table 11). Only in the case of nitro substituted com-
pounds (1h and 2h), there is small participation of HOMO
to LUMO + 1 excitation (<5%). In conclusion, all com-
pounds showed bathochromic shift compared to unsubstituted

compounds in solvent acetonitrile for both series, and the low-
est Egap values were observed for compounds 1g and 2g form.
These results are consistent with experimental ones.

ICT occurs when photon absorption promotes a significant
deformation of the electronic cloud due to appropriate (par-
tial/total) electronic shift from one moiety of a molecule to
Table 11 Results of TD-DFT calculations for transitions from gr

acetonitrile.

Comp. Energy (eV) Oscillator strength Excitation C

1a 4.0390 0.6700 HOMO? LUMO 0.

1b 3.9671 0.7674 HOMO? LUMO 0.

1c 3.8494 0.8002 HOMO? LUMO 0.

1d 3.9513 0.8192 HOMO? LUMO 0.

1e 3.9647 0.7854 HOMO? LUMO 0.

1f 4.0288 0.6771 HOMO? LUMO 0.

1g 3.5452 0.9968 HOMO? LUMO 0.

HOMO � 1? LUMO 0.

1h 3.7204 0.7741 HOMO? LUMO 0.

HOMO? LUMO+ 1 �
1i 3.8294 0.7659 HOMO? LUMO 0.

2a 4.0029 0.7661 HOMO? LUMO 0.

2b 3.9305 0.8799 HOMO? LUMO 0.

2c 3.8158 0.9778 HOMO? LUMO 0.

2d 3.9167 0.9275 HOMO? LUMO 0.

2e 3.9317 0.8909 HOMO? LUMO 0.

2f 3.9951 0.7835 HOMO? LUMO 0.

2g 3.5007 1.1189 HOMO? LUMO 0.

2h 3.7054 0.8683 HOMO? LUMO 0.

HOMO? LUMO+ 1 �
2i 3.7897 0.8679 HOMO? LUMO 0.

Table 12 Calculated values of DCT, QCT, and lCT during electron

Molecule QCT (e�) DCT (Å) lCT (D)

1a 0.501 1.389 0.696

1b 0.506 1.558 0.788

1c 0.528 2.101 1.109

1d 0.501 1.548 0.776

1e 0.499 1.467 0.589

1f 0.509 1.478 0.752

1g 0.567 2.939 1.666

1h 0.737 0.989 0.729

1i 0.554 2.255 1.249

Please cite this article in press as: Rančić, M.P. et al., Solvent and substituent effect
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another. In order to quantify this phenomenon, a simple and
efficient model was used for definition/evaluation of ICT on
the basis of the overall charge distribution computed and

changes in the both ground and excited states (Le Bahers
et al., 2011; Jacquemin et al., 2012; Ciofini et al., 2012). TD-
DFT method was used for quantification of the ICT by calcu-

lations of the charge-transfer distance (DCT), amount of trans-
ferred charge (QCT), and the value of variation of dipole
moment between the ground and excited states (lCT). Excita-
tion of a molecule by a photon may cause a transfer of charges
from one part to another part of a molecule leading to confor-
mational changes in the excited state, which result in a change
of dipole moment in the excited state compared to ground

state.
Practically, the knowledge of the excited state dipole

moment is quite useful in designing nonlinear materials or

allows one to estimate the site of electrophilic or nucleophilic
attacks in some photochemical reactions. Results of calculated
distance between two barycenters of the density depletion and
ound to first vertical excited state for series 1 and 2 in solvent

I expansion coefficient % of single particle excitation contribution

69869 97.6

69741 97.3

69312 96.1

69376 96.3

69620 96.9

69764 97.3

68546 94.0

12094 2.90

67632 91.5

0.15096 4.60

68843 94.8

69803 97.4

69671 97.1

69285 96.0

69307 96.1

69557 96.8

69684 97.1

68483 93.8

67630 91.5

0.14792 4.40

68771 94.6

excitation.

Molecule QCT (e�) DCT (Å) lCT (D)

2a 0.500 1.416 0.708

2b 0.506 1.631 0.825

2c 0.531 2.139 1.136

2d 0.499 1.592 0.794

2e 0.497 1.508 0.749

2f 0.507 1.531 0.776

2g 0.566 2.980 1.687

2h 0.736 0.988 0.727

2i 0.553 2.307 1.276

on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
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Figure 4 ICT processes in compounds 1a–1i; Left images – difference between densities in excited and ground state (red and blue –

density increase and decrease upon transition, respectively); Right images – positions of barycenters describing charge loss (cyan circle)

and charge gain (violet circle) upon transition.
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the density increment zones (DCT), QCT and lCT change during

electron excitation are presented in Table 12. In general most of
ICT take place by electron density shift from TZD to arylidene
part of molecule during electronic transition. It is noticeable
that the strongest ICT occurs in 1g and 2g, i.e. dimethylamino

substituted compound, showing transfer of 0.567 e� over
2.939 Å and 0.566 e� over 2.980 Å, respectively. On the other
hand, in molecules 1h and 2h nitro substituted derivatives,

intramolecular charge transfer of 0.737 e� over 0.989 Å and
0.736 e� over 0.988 Å, respectively, is an evidently local process
which occurs within nitro substituent (Figs. 4 and 5).
Please cite this article in press as: Rančić, M.P. et al., Solvent and substituent effect
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The variation of substituent patterns indicates that contri-

butions of both conformational arrangement and donor–ac-
cepting character are involved in the ICT mechanism of the
investigated molecules (Figs. 4 and 5).

MEP (molecular electrostatic potential) analysis was used

to evaluate and visualize charge distribution over investigated
compounds, and illustrate the three dimensional charge distri-
butions overall investigated molecules. MEP potential at a

point in space around a molecule gives information about
the net electrostatic effect produced at that point by total
charge distribution (electron + proton) of the molecule and
on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
ttp://dx.doi.org/10.1016/j.arabjc.2016.12.013
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Figure 5 ICT processes in compounds 2a–2i; Left images – difference between densities in excited and ground state (red and blue –

density increase and decrease upon transition, respectively); Right images – positions of barycenters describing charge loss (cyan circle)

and charge gain (violet circle) upon transition.

Solvent and substituent effect on intramolecular charge transfer 17
correlates with dipole moments, electro-negativity, partial
charges and chemical reactivity of the molecules. It provides
a visual method to understand the relative polarity of the
molecule (Reynolds et al., 1983). An electron density isosur-

face mapped with electrostatic potential surface depicts the
size, shape, charge density and site of chemical reactivity of
the molecules. MEP shown in Figs. S13 and S14 illustrates

the three dimensional charge distributions overall investigated
molecules. The values of the electrostatic potential at the sur-
Please cite this article in press as: Rančić, M.P. et al., Solvent and substituent effect
diones: Experimental and theoretical study. Arabian Journal of Chemistry (2017), h
face are represented by different colors; red represents regions
of most electronegative electrostatic potential, it indicates the
region of high electron density, i.e. sites favorable for elec-
trophilic attack (favorable site for HBD solvent to solute inter-

actions); blue represents regions of the most positive
electrostatic potential, i.e. region of low electron density favor-
able for nucleophilic attack (preferential solvent/solute HBA

interactions), and green represents regions of zero potential.
Potential increases in the order red < orange < yellow <
on intramolecular charge transfer in 5-arylidene-3-substituted-2,4-thiazolidine-
ttp://dx.doi.org/10.1016/j.arabjc.2016.12.013
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green < blue. The blue color indicates the strong attractive
potential, region favorable for HBA solvent interactions, while
red color indicates the repulsive potential, and includes sites

favorable for HBD solvent interactions. As can be seen from
the MEP map of the molecules, negative regions are mainly
localized over the carbonyl groups from the TZD moiety

and over the nitro and metoxy substituents in the compounds
1h, 1i, 2g and 2i (Figs. S13 and S14). The positive region is
localized on the methyl and phenyl groups attached on nitro-

gen atom in TZD moiety. This effect is the least pronounced
in molecules 1g and 2g with strong electron-donating dimethy-
lamino substituent is present at phenyl ring causing shifting
electronic density to electro-accepting TZD ring. Most of

HBA capabilities of TZD molecules could be assumed to be
from 2,4-dioxo groups as strong electron-acceptor groups that
cause increase in electron density at these two sites creating

favorable interaction with proton-donating solvents. As can
be seen from the MEP map of the compounds, the regions hav-
ing the negative potential are over the electronegative atoms,

the regions having the positive potential are over the methyl
and phenyl groups attached to nitrogen atom and the remain-
ing species are surrounded by zero potential.

The experimental and theoretical study implies that the sol-
vatochromic properties are the consequence of the overall
effect of the molecule geometry influenced by the electronic
substituent effects transmitted through p-conjugated systems

and results obtained in this study help in assessing the poten-
tial application of the investigated compounds in different
homogeneous media.

4. Conclusions

The substituent and solvent effects on the UV–vis absorption maxima

shifts of TZDs were successfully evaluated from the results of LSER

and LFER correlation analysis. Solvent polarizability is the principal

factor influencing the bathochromic shift of absorption maxima indi-

cating that the excitation state is more polarizable than the ground

state. Specific interactions through hydrogen bonding were attributed

to the carbonyl groups in TZD moiety, and these interactions were

slightly affected by the substituent present in arylidene part. The

LFER correlations results obtained separately for electron-donating

and electron-accepting substituents reflect different transmission

modes of electronic substituent effects through differently oriented p-
electronic units.

The LFER analysis appears to be a straightforward method for

correlations of SCS values with the appropriate substituent constants.

The p-polarization concept, including localized and extended p-
polarization, has aided in explaining successfully the normal and

reverse substituent effect at C5 and C6 atoms, respectively. The com-

parative analysis of the correlation results for series 1 and 2 with those

obtained for eight structurally related styrene series has indicated that

specific electronic cross-interaction of substituent and heterocyclic

moieties contributed to electronic density shift.

Additionally MP2 calculations showed that optimized geometries

of investigated compounds showed that substituent induces low

decrease in torsion angle (h). Strong electron-donor (metoxy and

dimethylamino) substituent supports an electron density shift from

the p1-unit to the electron-accepting TZD moiety contributing to more

planar conformation, while larger deviation was found in electron-

acceptor substituted compounds.

Calculation of the HOMO–LUMO energy gaps contributed to

understanding the mechanism of electronic excitations. Unsubstituted

compounds have the largest energy gaps of 6.582 eV (1a) and 6.542 eV

(2a), while the lowest energy gaps were found for compounds 1g and
Please cite this article in press as: Rančić, M.P. et al., Solvent and substituent effect
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2g with 5.776 and 5.727 eV, respectively, which is consistent with their

largest bathochromic shift. Variation of substituent patterns clearly

indicates that contributions of both structural and donor-acceptor

character of studied molecule are involved in the ICT mechanism of

the investigated molecules.

TD-DFT calculations were additionally performed to define the

DCT, QCT and lCT of studied TZDs. Obtained results indicate that

the strongest ICT was found for 1g and 2g molecules, i.e. dimethy-

lamino substituted compound, with transfer of 0.567 e� over 2.939 Å

and 0.566 e� over 2.980 Å, respectively. On the other hand, in com-

pounds 1h and 2h, i.e. nitro substituted compounds, intramolecular

charge transfer of 0.737 e� over 0.989 Å and 0.736 e� over 0.988 Å,

respectively, represent a local process which occurs within nitro

substituent.
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