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a b s t r a c t

1,8-Naphthalimide groups containing imidazolium iodide salts of different alkyl chain length on the
imidazole group were synthesized. Hexafluorophosphate and bis(trifluoromethanesulfonyl)imide salts
were obtained by ion exchange reactions. The synthesized salts were characterized using a variety of
spectroscopic techniques. Fluorescence emission quenching of iodide and bis(trifluoromethanesulfonyl)
imide salts were studied using a ruthenium dye, whilst that of hexafluorophosphate salts were performed
using tris(8-hydroxyquinoline)aluminum. Calculatedfluorescence quenching rate constantswere as high as
1014M�1 s�1 and values of theGibbs free energy of electron transferwere [�32.04/�33.68], [�17.52/�20.74]
and [�26.50/�30.89] kcal mol�1 for the iodide, hexafluorophosphate and bis(trifluoromethanesulfonyl)
imide salts, respectively. The thermal stability of the synthesized salts was high especially in the case of bis
(trifluoromethanesulfonyl)imide salts forwhich values of 470e498 �Cwere achieved. Photostability studies
of hexafluorophosphate and bis(trifluoromethanesulfonyl)imide salts were also performed; calculated
photodegradation half-life values ranged from 19.25 to 48.12 h.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, ionic liquids (ILs) have received much attention
because of their unique characteristics such as low volatility, non-
flammability, high thermal stability, high ionic conductivity and broad
operating temperature range [1e6]. Typically, ionic liquids are liquid
at low temperature (<100 �C) and consist of a bulky, asymmetric
organic cation (e.g. imidazolium or pyridinium ions, also alkylphos-
phonium and alkylammonium ions) and a smaller inorganic anion.
The compounds possess high electrochemical stability and high
ionic conductivity [7e12]. Appropriate choices of the anion/cation
combination permit the tuning of properties of ionic liquids such as
miscibility with water and other solvents, dissolution ability, polarity,
viscosity and density.

Ionic liquids based on imidazolium salts have been studied
extensively as non-volatile electrolytes in nc-TiO2 based dye sensi-
tized solar cells (DSSCs), owing to their good stability and high
ionic conductivity [13e17]. Recently, imidazolium ionic liquids and
organic salts have been used in organic light-emitting devices
(OLEDs) as a means of enhancing the efficiency of such devices as
x: þ90 232 3886027.
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a result of improved charge injection [18,19]. It has been reported
that using imidazolium ionic liquid in thin film transistors as
an electrolyte component improves device characteristics [20];
investigations into the use of imidazolium based ILs for capacitors,
fuel cells and batteries have been carried out [4,21e25].

Naphthalimide derivatives, which are of interest in various scien-
tific and technological fields, were chosen because of their excellent
photophysical and photochemical properties. The compounds enjoy
use as dyes for organic solar cells [26], fluorescent dyes for solar
energy collectors [27], organic light-emitting diodes and organic field
effect transistors as n-type semiconductors [28,29], fluorescent
markers for medical and biological purposes [30] (such as potential
HIV drugs, cell makers, DNA-cleaving agents), laser dyes [31] and
liquid-crystal additives for electro optical displays of the guest-host
type [32,33].

This paper concern the synthesis of a series of novel imidazolium
salts with the naphthalimide functional group attached to the imi-
dazolium cation, employing iodide (I�), hexafluorophosphate (PF6�)
and bis(trifluoromethanesulfonyl)imide (TFSI�) as anions. The salts
were characterized using spectroscopic, electrochemical and
thermal methods; some of the salts can be considered as ionic
liquids since they have melting points <100 �C. The major focus of
this work was to investigate novel imidazolium salts/ionic liquids
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Fig. 1. Synthetic route of the starting material and synthesized salts.
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comprising an electron-deficient 1,8-naphthalimide group attached
to the imidazole ring. Naphthalimide groups can be use in OLEDs as
electron transfer and hole blocking material [34,35]. Together
with the ionic imidazolium group, they may form a donor-acceptor
couples and enhance charge injection in an OLED's. The I� and TFSI�

salts of the compounds may be used as electrolyte components or
solid electrolytes inDSSCs. In addition to these and abovementioned
application areas, the synthesized saltsmay find application in other
fields where naphthalimides and imidazolium salts are used; such
as, biological applications [36,37].

2. Experimental

2.1. Instruments

UVeVis and fluorescence spectra were recorded in a 1 cm path
length quartz cell by using Analytik Jena S 600 UVeVis and PTI-QM1
luminescence spectrophotometers, respectively. The infrared (IR)
spectra were obtained by using PerkineElmer, Spectrum BX-FTIR
spectrophotometer, 1HNMR,13C NMR,19F-NMRand 31P-NMR spectra
were measured on a Bruker 400 MHz spectrometer. Electrochemical
studies were carried out with a CH Instrument 660 B Model Elec-
trochemical Workstation. Thermal properties were analyzed by the
use of Perkin Elmer Pyris 6 DSC and Pyris 6 TGA. Electrospray mass
spectra were obtained using an LCT Premier Mass Spectrometer
from Micromass Technologies. Conductivity measurements were
performed by using Keithley Source-meter Model 2400 at room
temperature. Aluminum depositions were performed in a thermal
evaporator plant attached inMBRAUN200Bglove box system. Laurell
WS-400B-6NPP-LITE spin processor was used in the preparation of
the films.

2.2. Materials

The commercial reagents; 1,8-naphthalic anhydride, 1-(3-ami-
nopropyl)imidazole, alkyl iodide compounds (ethyl, n-butyl, n-hexyl,
n-octyl, n-decyl iodide), lithium bis(trifluoromethanesulfonyl)imide
salt (LiTFSI; caution: avoid oxidants and acids), ammonium haxa-
fluorophosphate salt (NH4PF6) and 1-methyl-3-propylimidazolium
iodide (PMII) were supplied from Aldrich and used without any
treatment. The organic solvents used for synthesis and spectroscopic
measurements [chloroform (CHCl3), ethanol (EtOH), acetonitrile
(MeCN), toluene, N,N-dimethylformamide (DMF)] were all of spec-
trophotometric grade. The other solvents used for purification
and crystallization processes [dichloromethane (CH2Cl2), hexane,
acetone, acetonitrile (MeCN)] were used after distillation. Aluminum
(Al) used in conductivity measurements was supplied from Aldrich.

2.3. Synthesis of the starting material, N-(3-propylimidazole)-1,8-
naphthalene monoimide, [SO]

1-(3-Aminopropyl)imidazole (6 mL, 50 mmol) and DMF (20 mL)
were added to a two-necked round-bottomedflaskfittedwith a reflux
condenser and the solution was stirred. To this stirring solution,
1,8-naphthalic anhydride (1.1 g, 5.5 mmol) was added slowly in small
pieces to prevent the aggregation. The mixture was heated to reflux
for 24 h. Then, the solvent was decanted and a light brown product
was obtained. The crude product was washed with acetone
(3 � 20 mL) to remove the unreacted starting materials and crystal-
lized from CH2Cl2/Hexane (15/20 mL) mixture. The reaction progress
was screened by TLC control over silica gel plate (CHCl3/CH3OH, 3:1).
1H NMR (dH, ppm, 400 MHz, CDCl3): 8.60e8.58 (d, 2H, J ¼ 7.2 Hz, Ar);
8.22e8.20 (d, 2H, J¼ 8.4 Hz, Ar); 7.77e7.73 (t, 2H, J¼ 7.8 Hz, Ar); 7.54
(s, 1H, Ar); 7.03e7.00 (d, 2H, J ¼ 10.8 Hz, Ar); 4.25e4.22 (t, 2H,
J¼ 7.0 Hz); 4.09e4.06 (t, 2H, J¼ 7.4 Hz); 2.30e2.22 (m, 2H, J¼ 7.2). 13C
NMR (dC, ppm, 400 MHz, CDCl3): 164.4, 137.4, 134.4, 131.8, 131.6, 129.8,
128.3, 127.2, 122.6, 118.9, 45.2, 37.9, 29.9. IR (500e4000 cm�1, KBr
pellet): 3082 (nCeH, aromatic), 1689 (nC]N), 1649 (nC]O, aromatic).
Yield: 62.78%.

2.4. Synthesis and characterization of the imidazolium iodide salts

Imidazolium iodide salts were synthesized through the
N-alkylation reaction [38] (Fig. 1) between SO molecule and cor-
responding alkyl iodide compound (RI, R ¼ ethyl, n-butyl, n-hexyl,
n-octyl, n-decyl). Synthesized iodide salts and their codes used
throughout the text are given in Table 1.

Under dry nitrogen atmosphere, SO starting material (0.61 g,
2mmol) and toluene (20mL)were added to a round-bottomed flask
fitted with a reflux condenser and alkyl iodide compound (3 mmol)
was added to the stirring solution. The mixture was heated to 90 �C,
and left to stir for approximately 2 days. After 2 days, the solvent was
decanted and yellowish powder products were obtained. SO8-I and
SO10-I compoundswere obtained as a brown gel before purification.
All products were washed with diethylether (3 � 10 mL) and crys-
tallized from CH2Cl2/Diethylether (15/20 mL) mixture.

SO2-I: 1HNMR (dH, ppm, 400MHz, DMSO): 9.18 (s,1H, Ar); 8.45 (d,
2H, J ¼ 1.6 Hz, Ar); 8.43 (d, 2H, J ¼ 2.8 Hz, Ar); 7.87e7.83 (t, 2H,
J ¼ 7.8 Hz, Ar); 7.80 (s, 1H, Ar); 7.79 (s, 1H, Ar); 4.28e4.24 (t, 2H,
J¼ 7.6Hz); 4.20e4.15 (q, 2H, J¼ 7.5Hz); 4.09e4.06 (t, 2H, J¼ 6.4 Hz);
2.27e2.21 (m, 2H, J ¼ 7.1 Hz); 1.41e1.38 (t, 3H, J ¼ 7.2 Hz). 13C NMR
(dC, ppm,100MHz, DMSO): 164.3,136.6,135.1,131.9,131.4,128.1,127.9,
123.1,122.8,122.7, 47.7, 44.9, 37.4, 29.0,15.7. IR (500e4000 cm�1, KBr
pellet): 3060 (nCeH, aromatic); 2982 (nCeH, aliphatic); 1702 (nC]O);
1659 (nC]N); 783(nCeH, aromatic). TOF MS ESþ: m/z calc. for
[C20H20N3O2]þ: 334.1556; found: 334.1526. TOFMS ES�:m/z calc. for
[I]�: 126.9045; found: 126.9042. Yield: 80%.

SO4-I: 1H NMR (dH, ppm, 400 MHz, CDCl3): 10.03 (s, 1H, Ar);
8.43e8.41 (d, 2H, J ¼ 7.2 Hz, Ar); 8.15e8.13 (d, 2H, J ¼ 8.4 Hz, Ar);
7.84 (s, 1H, Ar); 7.69 (s, 1H, Ar); 7.69e7.65 (t, 2H, J ¼ 7.8 Hz, Ar);
4.53e4.50 (t, 2H, J¼ 6.6 Hz); 4.43e4.40 (t, 2H, J¼ 7.4 Hz); 4.18e4.15
(t, 2H, J ¼ 6.4 Hz); 2.47e2.40 (m, 2H, J ¼ 6.5 Hz); 2.00e1.93 (m, 2H,
J ¼ 7.5 Hz); 1.46e1.40 (m, 2H, J ¼ 7.6 Hz); 0.99e0.95 (t, 3H,
J ¼ 7.4 Hz). 13C NMR (dC,ppm, 400 MHz, CDCl3): 164.4; 136.7, 134.5,
131.6, 131.5, 128.1, 127.2, 122.9, 122.8, 122.1, 50.3, 48.2, 37.0, 32.3,
29.3, 19.7, 13.7. IR (500e4000 cm�1, KBr pellet): 3089 (nCeH,
aromatic); 2966e2934 (nCeH, aliphatic); 1696 (nC]O); 1656; (nC]N);
784 (nCeH, aromatic). TOF MS ESþ: m/z calc. for [C22H24N3O2]þ:
362.1869; found: 362.1953. TOFMS ES�:m/z calc. for [I]�: 126.9045;
found: 126.9029. Yield: 69%.



Table 1
Synthesized salts and their codes according to alkyl chain length on the imidazole
group.

R (alkyl group) Code (I� salts) Code (TFSI� salts) Code (PF6� salts)

ethyl (eC2H5) SO2-I SO2-TFSI SO2-PF6
n-butyl (eC4H9) SO4-I SO4-TFSI SO4-PF6
n-hexyl (eC6H13) SO6-I SO6-TFSI SO6-PF6
n-octyl (eC8H17) SO8-I SO8-TFSI SO8-PF6
n-decyl (eC10H21) SO10-I SO10-TFSI SO10-PF6
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SO6-I: 1H NMR (Fig. 2) (dH, ppm, 400 MHz, CDCl3): 9.95 (s, 1H,
Ar); 8.36e8.34 (d, 2H, J¼ 6.8 Hz, Ar); 8.08e8.06 (d, 2H, J¼ 8 Hz, Ar);
7.79 (s, 1H, Ar); 7.61 (s, 1H, Ar); 7.61e7.57 (t, 2H, J ¼ 7.8 Hz, Ar);
4.46e4.43 (t, 2H, J¼ 6.6 Hz); 4.35e4.31 (t, 2H, J¼ 7.4 Hz); 4.11e4.08
(t, 2H, J ¼ 6.4 Hz); 2.38e2.35 (m, 2H, J ¼ 6.6 Hz); 1.93e1.89 (m, 2H,
J ¼ 7.4 Hz); 1.32e1.20 (m, 6H); 0.80e0.76 (t, 3H, J ¼ 7 Hz). 13C NMR
(dC, ppm, 100 MHz, CDCl3): 164.4, 136.6, 134.5, 131.6, 131.5, 128.0,
127.2, 123.0, 122.7, 122.1, 50.5, 48.1, 37.0, 31.3, 30.4, 29.2, 26.0, 22.5,
14.1. IR (500e4000 cm�1, KBr pellet): 2923 and 2862 (nCeH,
aliphatic); 1699 (nC]O); 1649 (nC]N); 782 (nCeH, aromatic). TOF MS
ESþ: m/z calc. for [C24H28N3O2]þ: 390.2182; found: 390.2190. TOF
MS ES�:m/z calc. for [I]�: 126.9045; found: 126.9058. Yield: 93.32%.

SO8-I: 1H NMR (dH, ppm, 400 MHz, CDCl3): 9.95 (s, 1H, Ar);
8.50e8.48 (d, 2H, J¼ 7.2 Hz, Ar); 8.19e8.17 (d, 2H, J¼ 8 Hz, Ar); 7.81
(s, 1H, Ar); 7.72e7.69 (t, 2H, J ¼ 7.6 Hz, Ar); 7.58 (s, 1H, Ar);
4.53e4.50 (t, 2H, J¼ 6.6 Hz); 4.40e4.37 (t, 2H, J¼ 7.4 Hz); 4.22e4.18
(t, 2H, J ¼ 6.4 Hz); 2.48e2.42 (m, 2H, J ¼ 6.4 Hz); 2.01e1.94 (m, 2H,
J ¼ 7.2 Hz); 1.39e1.25 (m, 10H); 0.86e0.83 (t, 3H, J ¼ 6.6 Hz). 13C
NMR (dC, ppm, 100 MHz, CDCl3): 164.5, 136.7, 134.6, 131.7, 128.2,
127.2, 122.9, 122.6, 122.2, 50.7, 48.2, 37.0, 35.0, 31.9, 30.4, 29.2, 29.1,
26.4, 22.8, 14.2. IR (500e4000 cm�1, KBr pellet): 3043 (nCeH,
Fig. 2. 1H NMR spectrum
aromatic); 2929 and 2856 (nCeH, aliphatic); 1697 (nC]O); 1655 (nC]
N); 789 (nCeH, aromatic). TOF MS ESþ: m/z calc. for [C26H32N3O2]þ:
418.2495; found: 418.2510. TOFMS ES�:m/z calc. for [I]�: 126.9045;
found: 126.9043. Yield: 80%.

SO10-I: 1H NMR (dH, ppm, 400 MHz, CDCl3): 10.0 (s, 1H, Ar);
8.43e8.41 (d, 2H, J¼ 6.4Hz, Ar); 8.13e8.10 (d, 2H, J¼ 8.4 Hz, Ar); 7.79
(s,1H, Ar); 7.66e7.62 (t, 2H, J¼ 7.8 Hz, Ar); 7.57 (s,1H, Ar); 4.49e4.45
(t, 2H, J ¼ 6.6 Hz); 4.37e4.33 (t, 2H, J ¼ 7.4 Hz); 4.15e4.12 (t, 2H,
J ¼ 6.4 Hz); 2.41e2.38 (m, 2H, J ¼ 6.6 Hz); 1.95e1.91 (m, 2H,
J¼ 7.2 Hz); 1.36e1.17 (m,14H); 0.81e0.78 (t, 3H, J¼ 7.2 Hz). 13C NMR
(dC, ppm,100MHz, CDCl3): 164.4,136.8,134.6,131.7,131.6,128.1,127.2,
123.0, 122.6, 122.2, 50.6, 48.2, 37.0, 32.0, 30.4, 29.6, 29.5, 29.4, 29.2,
26.4, 22.8, 14.2. IR (500e4000 cm�1, KBr pellet): 2922 and 2852
(nCeH, aliphatic); 1699 (nC]O); 1649 (nC]N); 788 (nCeH, aromatic).
TOF MS ESþ: m/z calc. for [C28H36N3O2]þ: 446.2808; found:
446.2823. TOFMS ES�:m/z calc. for [I]�: 126.9045; found: 126.9060.
Yield: 93.45%.
2.5. Synthesis and characterization of the imidazolium
bis(trifluoromethanesulfonyl) imide salts

All of the TFSI� salts were synthesized with the same reaction
route. Imidazolium iodide salt (0.2 g) was added to water (40 mL) in
a flask and heated to 70 �C. The mixture was left for stirring about
30min at this temperature. Equimolar bis(trifluoromethanesulfonyl)
imide salt of lithiumwas also dissolved inwater (20mL) and added to
the stirring solution of imidazolium iodide salt. Colour of the trans-
parent solution turned to cloudy white. The mixture left for stirring
about 24 h at room temperature to proceed the ion exchange reaction
and yellowish, sticky compound formed. CH2Cl2 was added to the
mixture and imidazolium bis(trifluoromethanesulfonyl)imide salt
of the SO6-I salt.
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extracted from the water. Then the solvent was evaporated and
yellowish gel-like compoundwere obtained. This gel-like compound
was left at room temperature and yellowish quasi-solid compound
was obtained in two week by evaporation of the whole CH2Cl2
solvent.

SO2-TFSI: 1H NMR (dH, ppm, 400 MHz, DMSO): 9.17 (s, 1H, Ar);
8.52e8.50 (d, 2H, J ¼ 7.2 Hz, Ar); 8.50e8.47 (d, 2H, J ¼ 8.4 Hz, Ar);
7.91e7.87 (t, 2H, J ¼ 7.8 Hz, Ar); 7.81 (s, 1H, Ar); 7.78 (s, 1H, Ar);
4.30e4.26 (t, 2H, J¼ 7.4 Hz); 4.21e4.16 (q, 2H, J¼ 7.2 Hz); 4.14e4.11
(t, 2H, J ¼ 6.4 Hz); 2.30e2.23 (m, 2H, J ¼ 6.9 Hz); 1.43e1.40 (t, 3H,
J ¼ 7.2 Hz). 13C NMR (dC, ppm, 100 MHz, DMSO): 164.4, 136.6, 135.1,
132.0, 131.4, 128.2, 127.9, 123.1, 122.8, 122.7, 47.7, 44.9, 37.4, 29.0,
15.63. 19F-NMR (dF, ppm, 376 MHz, DMSO): �79.14 (s, TFSI�) IR
(500e4000 cm�1, KBr pellet): 3147, 3119 (nCeH aromatic); 2994
(nCeH aliphatic); 1706 (nC]O); 1663 (nC]N); 1347 (nSO2); 1180 (nCF3);
1058 (nSNS). TOF MS ESþ: m/z calc. for [C20H20N3O2]þ: 334.1556;
found: 334.1540. TOF MS ES�:m/z calc. for [C2NO4F6S2]�: 279.9173;
found: 279.9167. Yield: 43.5%.

SO4-TFSI: 1H NMR (dH, ppm, 400 MHz, CDCl3): 8.89 (s, 1H, Ar);
8.38e8.36 (d, 2H, J ¼ 7.6 Hz, Ar); 8.09e8.07 (d, 2H, J ¼ 8.4 Hz, Ar);
7.63 (s, 1H, Ar); 7.63e7.59 (t, 2H, J ¼ 7.2 Hz, Ar); 7.45 (s, 1H, Ar);
4.34e4.31 (t, 2H, J ¼ 6.6 Hz); 4.25e4.21 (t, 2H, J ¼ 7.4 Hz); 4.14e4.11
(t, 2H, J ¼ 6.4 Hz); 2.38e2.34 (m, 2H, J ¼ 6.4 Hz); 1.94e1.86 (m, 2H,
J¼ 7.5Hz); 1.44e1.35 (m, 2H, J¼ 7.4Hz); 0.98e0.95 (t, 3H, J¼ 7.2Hz).
13C NMR (dC, ppm 100 MHz, CDCl3): 164.5, 135.8, 134.6, 131.6, 131.4,
127.9, 127.1, 122.9, 122.8, 121.9, 50.2, 48.0, 36.8, 32.0, 29.0, 19.5,
13.4. 19F-NMR (dF, ppm, 376 MHz, CDCl3): �79.42 (s, TFSI�). IR
(500e4000 cm�1, KBr pellet): 2968, 2942 (nCeH aliphatic); 1701 (nC]
O); 1659 (nC]N); 1353 (nSO2); 1198 (nCF3); 1056 (nSNS). TOF MS ESþ:
m/z calc. for [C22H24N3O2]þ: 362.1869; found: 362.1880. TOFMS ES�:
m/z calc. for [C2NO4F6S2]�: 279.9173; found: 279.9174. Yield: 96%.

SO6-TFSI: 1H NMR (dH, ppm, 400 MHz, CDCl3): 8.90 (s, 1H, Ar);
8.46e8.44 (d, 2H, J ¼ 6.4 Hz, Ar); 8.15e8.13 (d, 2H, J ¼ 7.6 Hz, Ar);
7.69e7.65 (t, 2H, J ¼ 7.2 Hz, Ar); 7.60 (s, 1H, Ar); 7.40 (s, 1H, Ar);
4.33e4.29 (t, 2H, J ¼ 6.6 Hz); 4.23e4.19 (t, 2H, J ¼ 7.4 Hz); 4.16e4.13
(t, 2H, J ¼ 6.6 Hz); 2.39e2.32 (m, 2H, J ¼ 6.5 Hz); 1.94e1.86 (m, 2H,
J ¼ 7.4 Hz); 1.37e1.26 (m, 6H); 0.88e0.84 (t, 3H, J ¼ 7.2 Hz). 13C NMR
(dC, ppm, 100 MHz, CDCl3): 164.4, 135.9, 134.6, 131.6, 131.4, 127.9, 127.1,
122.9, 122.7, 121.9, 50.4, 48.0, 36.8, 31.8, 30.2, 29.1, 26.3, 22.7, 14.1. 19F-
NMR (dF, ppm, 376MHz, CDCl3):�79.39 (s, TFSI�). IR (500e4000 cm�1,
KBr pellet): 3151 (nCeH aromatic); 2964, 2864 (nCeH aliphatic); 1701
(nC]O); 1659 (nC]N); 1354 (nSO2); 1215 (nCF3); 1056 (nSNS). TOFMSESþ:
m/z calc. for [C24H28N3O2]þ: 390.2182; found: 390.2169. TOF MS ES�:
m/z calc. for [C2NO4F6S2]�: 279.9173; found: 279.9177. Yield: 90%.

SO8-TFSI: 1H NMR (dH, ppm, 400 MHz, CDCl3): 8.91 (s, 1H, Ar);
8.42e8.40 (d, 2H, J ¼ 6.8 Hz, Ar); 8.12e8.10 (d, 2H, J ¼ 7.2 Hz, Ar);
7.66e7.62 (t, 2H, J ¼ 7.6 Hz, Ar); 7.63 (s, 1H, Ar); 7.44 (s, 1H, Ar);
4.35e4.32 (t, 2H, J¼ 6.4 Hz); 4.24e4.21 (t, 2H, J¼ 7.4 Hz); 4.15e4.12
(t, 2H, J ¼ 6.2 Hz); 2.39e2.33 (m, 2H, J ¼ 6.3 Hz); 1.93e1.88 (m, 2H,
J ¼ 7.2 Hz); 1.34e1.24 (m, 10H); 0.86e0.82 (t, 3H, J ¼ 6.8 Hz). 13C
NMR (dC, ppm, 100 MHz, CDCl3): 164.7, 136.2, 134.7, 131.7, 131.7,
128.2, 127.2, 122.8, 122.5, 122.2, 50.5, 48.0, 36.8, 31.8, 30.2, 29.2,
29.05, 29.02, 26.3, 22.8, 14.2. 19F-NMR (dF, ppm, 376 MHz, CDCl3):
�79.39 (s, TFSI�). IR (500e4000 cm�1, KBr pellet): 3152 (nCeH
aromatic); 2926, 2859 (nCeH aliphatic); 1701 (nC]O); 1659 (nC]N);
1354 (nSO2); 1216 (nCF3); 1056 (nSNS). TOF MS ESþ: m/z calc. for
[C26H32N3O2]þ: 418.2495; found: 418.2479. TOF MS ES�: m/z calc.
for [C2NO4F6S2]�: 279.9173; found: 279.9167. Yield: 87.5%.

SO10-TFSI: 1H NMR (dH, ppm, 400 MHz, CDCl3): 8.95 (s, 1H, Ar);
8.43e8.41 (d, 2H, J ¼ 6.4 Hz, Ar); 8.13e8.11 (d, 2H, J ¼ 7.2 Hz, Ar);
7.66e7.62 (t, 2H, J ¼ 8.4 Hz, Ar); 7.64 (s, 1H, Ar); 7.44 (s, 1H, Ar);
4.35e4.32 (t, 2H, J¼ 6.6 Hz); 4.25e4.21 (t, 2H, J¼ 7.4 Hz); 4.16e4.12
(t, 2H, J ¼ 6.4 Hz); 2.38e2.35 (m, 2H, J ¼ 6.6 Hz); 1.93e1.89 (m, 2H,
J¼ 7 Hz); 1.34e1.22 (m,14H); 0.86e0.82 (t, 3H, J¼ 6.8 Hz). 13C NMR
(dC, ppm, 100 MHz, CDCl3): 164.5, 136.0, 134.6, 131.6, 131.5, 128.1,
127.1, 122.9, 122.7, 122.1, 50.5, 48.0, 36.8, 32.0, 30.2, 29.6, 29.5, 29.4,
29.1, 27.1, 26.3, 22.8, 14.2. 19F-NMR (dF, ppm, 376 MHz, CDCl3):
�79.38 (s, TFSI�). IR (500e4000 cm�1, KBr pellet): 3151 (nCeH
aromatic); 2924, 2855 (nCeH aliphatic); 1701 (nC]O); 1659 (nC]N);
1354 (nSO2); 1217 (nCF3); 1055 (nSNS). TOF MS ESþ: m/z calc. for
[C28H36N3O2]þ: 446.2808; found: 446.2833. TOF MS ES�: m/z calc.
for [C2NO4F6S2]�: 279.9173; found: 279.9162. Yield: 98%.

2.6. Synthesis and characterization of the imidazolium
hexafluorophosphate salts

All of the PF6� salts were synthesized with the same reaction
route. Imidazolium iodide salt (0.2 g) and slightly excess amount of
NH4PF6 were added to MeCN solvent (20 mL) in a flask and left for
stirring at room temperature for two days. After the reaction ended,
MeCN was evaporated with rotary evaporator. The resultant
mixture was containing desired PF6� salt, by-product ammonium
iodide (NH4I) and the excess of NH4PF6. Hexafluorophosphate salt
was dissolved with CH2Cl2 and waste compounds were separated
from the mixture by filtrating. Pure products were obtained by
crystallization from the CH2Cl2/Diethylether (10/20 mL) mixture.

SO2-PF6: 1H NMR (dH, ppm, 400 MHz, DMSO): 9.17 (s, 1H, Ar);
8.51e8.49 (d, 2H, J ¼ 7.2 Hz, Ar); 8.48e8.46 (d, 2H, J ¼ 7.6 Hz, Ar);
7.91e7.87 (t, 2H, J ¼ 7.8 Hz, Ar); 7.81 (s, 1H, Ar); 7.78 (s, 1H, Ar);
4.30e4.26 (t, 2H, J ¼ 7.4 Hz); 4.21e4.16 (q, 2H, J ¼ 7.2 Hz); 4.14e4.10
(t, 2H, J ¼ 6.6 Hz); 2.30e2.23 (m, 2H, J ¼ 7 Hz); 1.43e1.40 (t, 3H,
J¼ 7.4 Hz). 31P-NMR (dP, ppm,162MHz, DMSO):�130/-156 (m, PF6�). IR
(500e4000 cm�1, KBr pellet): 3167, 3120 (nCeH aromatic); 2987 (nCeH
aliphatic); 1691 (nC]O); 1655 (nC]N); 1337 (nCeN); 838e557 (nPeF). TOF
MS ESþ: m/z calc. for [C20H20N3O2]þ: 334.1556; found: 334.1476. TOF
MS ES�:m/z calc. for [PF6]�: 144.9642; found: 144.9637. Yield: 70%.

SO4-PF6: 1H NMR (dH, ppm, 400 MHz, CD3OD): 9.03 (s, 1H, Ar);
8.58e8.56 (d, 2H, J ¼ 6.4 Hz, Ar); 8.38e8.36 (d, 2H, J ¼ 8.8 Hz, Ar);
7.85e7.81 (t, 2H, J ¼ 7.8 Hz, Ar); 7.72e7.71 (d, 1H, J ¼ 1.6 Hz, Ar);
7.63e7.62 (d, 1H, J ¼ 2 Hz, Ar); 4.35e4.32 (t, 2H, J ¼ 6.8 Hz);
4.24e4.22 (t, 2H, J¼ 6.4 Hz); 4.22e4.19 (t, 2H, J¼ 6.8 Hz); 2.42e2.35
(m, 2H, J ¼ 6.7 Hz); 1.90e1.83 (m, 2H, J ¼ 7.4 Hz); 1.44e1.35 (m, 2H,
J ¼ 7.6 Hz); 1.01e0.97 (t, 3H, J ¼ 7.4 Hz). 31P-NMR (dP, ppm, 162 MHz,
CD3OD):�135/�152 (m, PF6�). IR (500e4000 cm�1, KBr pellet): 3150,
3091 (nCeH aromatic); 2960,2877 (nCeH aliphatic); 1700 (nC]O); 1658
(nC]N); 1349 (nCeN); 838e558 (nPeF). TOF MS ESþ: m/z calc. for
[C22H24N3O2]þ: 362.1869; found: 362.1888. TOFMS ES�:m/z calc. for
[PF6]�: 144.9642; found: 144.9630. Yield: 55%.

SO6-PF6: 1H NMR (dH, ppm, 400 MHz, CDCl3): 8.91 (s, 1H, Ar);
8.59e8.57 (d, 2H, J ¼ 6 Hz, Ar); 8.24e8.22 (d, 2H, J ¼ 6.8 Hz, Ar);
7.78e7.74 (t, 2H, J ¼ 7.8 Hz, Ar); 7.56 (s, 1H, Ar); 7.28 (s, 1H, Ar);
4.33e4.30 (t, 2H, J ¼ 6.4 Hz); 4.25e4.21 (t, 2H, J ¼ 7.2 Hz); 4.23e4.19
(t, 2H, J ¼ 6.4 Hz); 2.42e2.36 (m, 2H, J ¼ 6.4 Hz); 1.97e1.90 (m, 2H,
J¼ 7 Hz); 1.37e1.32 (m, 6H); 0.91e0.87 (t, 3H, J¼ 7 Hz). 31P-NMR (dP,
ppm, 162 MHz, CDCl3):�134/�152 (m, PF6�). IR (500e4000 cm�1, KBr
pellet): 3154, 3092 (nCeH aromatic); 2956,2931,2868 (nCeH aliphatic);
1698 (nC]O); 1659 (nC]N); 1345 (nCeN); 837e558 (nPeF). TOFMS ESþ:
m/z calc. for [C24H28N3O2]þ: 390.2182; found: 390.2210. TOFMS ES�:
m/z calc. for [PF6]�: 144.9642; found: 144.9636. Yield: 78.7%.

SO8-PF6: 1H NMR (dH, ppm, 400 MHz, DMSO): 9.17 (s, 1H, Ar);
8.52e8.50 (d, 2H, J ¼ 8 Hz, Ar); 8.50e8.48 (d, 2H, J ¼ 8.8 Hz, Ar);
7.91e7.88 (t, 2H, J ¼ 8.8 Hz, Ar); 7.82 (s, 1H, Ar); 7.78 (s, 1H, Ar);
4.31e4.27 (t, 2H); 4.16e4.13 (t, 2H, J ¼ 7.2 Hz); 4.13e4.09 (t, 2H,
J ¼ 6.4 Hz); 2.29e2.22 (m, 2H, J ¼ 6.8 Hz); 1.81e1.76 (m, 2H,
J¼ 6.9 Hz); 1.26e1.24 (m,10H); 0.85e0.81 (t, 3H, J¼ 7 Hz). 31P-NMR
(dP, ppm, 162 MHz, DMSO):�130/-156 (m, PF6�). IR (500e4000 cm�1,
KBr pellet): 3154 (nCeH aromatic); 2928,2858 (nCeH aliphatic); 1695
(nC]O); 1658 (nC]N); 1336 (nCeN); 837e557 (nPeF). TOFMS ESþ:m/z
calc. for [C26H32N3O2]þ: 418.2495; found: 418.2547. TOF MS ES�:
m/z calc. for [PF6]�: 144.9642; found: 144.9645. Yield: 64%.
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SO10-PF6: 1H NMR (dH, ppm, 400 MHz, CDCl3): 8.76 (s, 1H, Ar);
8.46e8.44 (d, 2H, J ¼ 7.6 Hz, Ar); 8.12e8.10 (d, 2H, J ¼ 8 Hz, Ar)
7.68e7.64 (t, 2H, J ¼ 8 Hz, Ar); 7.57 (s, 1H, Ar); 7.34 (s, 1H, Ar);
4.32e4.29 (t, 2H, J¼ 6.8 Hz); 4.22e4.18 (t, 2H, J¼ 7.8 Hz); 4.15e4.11
(t, 2H, J ¼ 6.2 Hz); 2.38e2.31 (m, 2H, J ¼ 6.4 Hz); 1.94e1.87 (m, 2H,
J ¼ 7.2 Hz); 1.34e1.22 (m, 14H); 0.86e0.82 (t, 3H, J ¼ 6.8 Hz).
31P-NMR (dP, ppm, 162 MHz, CDCl3): �134/�152 (m, PF6�). IR
(500e4000 cm�1, KBr pellet): 2927, 2856 (nCeH aliphatic); 1701
(nC]O); 1657 (nC]N); 1344 (nCeN); 838e558 (nPeF). TOFMS ESþ:m/z
calc. for [C28H36N3O2]þ: 446.2808; found: 446.2844. TOF MS ES�:
m/z calc. for [PF6]�: 144.9642; found: 144.9620. Yield: 53.4%.

3. Result and discussion

3.1. Spectrophotometric studies

3.1.1. UVeVis absorption and fluorescence properties
UVeVis absorption spectra of the imidazolium salts have shown

two absorption bands in CHCl3. Absorption maxima and correspond-
ing molar extinction constants (å) are given in Table 2. Alternation of
the anion or alkyl chain did not change the maximum absorption
wavelengths of the compounds. All compounds have maximum
absorptionwavelengths at about337nmand351nm,originating from
the pep* transitions of the 1,8-naphthalimide groups. It is indicated
in literature that the lowest excited state is predominantly in pep*
character for 1,8-naphthalimides and fast intersystem crossing (ISC)
fromtheexcitedpep* singlet state to a close-lyingnep* triplet state is
particularly efficient in the case of the 1,8-naphthalimides [39].

Fluorescence quantum yields were calculated with reference to
the absorption and fluorescence emission spectra of anthracene in
EtOH ðFf ¼ 0:27Þ [40,41].

Absorbance values of the solutions at the excitation wavelength
were smaller than 0.2 to prevent the concentration quenching.
The calculated Ff values were corrected for the index of refraction
differences. Indexes of refraction were taken as 1.47 and 1.36 for
CHCl3 and EtOH, respectively. All of the excitations were carried out
at the wavelength that is abbreviated as ë1 in Table 2. The equation
used in calculation of fluorescence quantumyield is given in Eq. (1):

Ff ¼ Ffsx
Su
Ss
x
As

Au
x
n2u
n2s

(1)
Table 2
Absorption and fluorescence properties of the synthesized salts [absorption wave-
length, l (nm); molar extinction coefficient, 3 x 10�4 (M�1 cm�1); excitation wave-
length, l* (nm); emission wavelength, lem (nm); fluorescence quantum yield, Ff ;
radiative lifetime, s0 x 1011 (s); quenching rate constant, kq x 10�14 (M�1 s�1)] and
Gibbs free energy, DGET (kcal mol�1)].

Compound l1* 3 1 l2 32 lem Ff s0 kq DGET

SO 337 1.4 351 1.3 370, 385 0.0310 0.10 1.8 e

SO2-I 338 1.6 352 1.5 369, 384 0.0085 9.28 1.8 �33.43
SO4-I 338 1.0 351 0.9 370, 386 0.0088 13.7 2.3 �32.04
SO6-I 338 0.9 353 0.9 370, 386 0.0112 15.1 3.0 �32.27
SO8-I 337 1.7 353 1.6 371, 387 0.0112 8.22 4.2 �33.68
SO10-I 337 1.7 353 1.8 370, 386 0.0123 8.37 4.6 �32.52

SO2-TFSI 338 1.4 353 1.2 370, 386 0.1629 12.0 2.2 �26.50
SO4-TFSI 338 1.4 352 1.2 370, 386 0.1675 12.6 2.2 �26.74
SO6-TFSI 338 1.5 353 1.3 369, 386 0.1558 10.2 3.2 �29.97
SO8-TFSI 338 1.5 352 1.3 371, 386 0.1611 11.7 2.7 �30.89
SO10-TFSI 338 1.6 353 1.4 370, 386 0.1570 9.8 3.1 �30.20

SO2-PF6 337 2.0 353 1.8 368, 386 0.1608 6.84 2.6 �18.23
SO4-PF6 338 2.2 353 1.9 369, 386 0.1771 6.16 2.4 �20.74
SO6-PF6 338 2.4 353 2.1 370, 386 0.1905 5.73 2.6 �19.13
SO8-PF6 338 1.7 353 1.6 368, 386 0.1774 8.03 2.0 �19.36
SO10-PF6 338 1.4 353 1.2 368, 386 0.1856 9.63 1.9 �17.52
where, Ff is the fluorescence quantum yield, A is the absorption
intensity, S is the integrated emission band area and n is the solvent
reflective index, u and s refer to the unknown and standard,
respectively.

The fluorescence quantum yields of the synthesized compounds
were very low, because of the fast ISC property of the unsubstituted
1,8-naphthalimide groups [42]. The Ff value of the unsubstituted
1,8-naphthalimide was determined as 0.029 in the literature and
that of SO, in this study, is calculated as 0.031. This slight increase in
the Ff may indicate the donor and acceptor relation between the
imidazole and the 1,8-naphthalimide group, respectively.

Iodide salts have very low Ff values with regard to the starting
material, i.e. SO. This decrease can be explained by the heavy atom
effect of the iodide ions [43]. Heavy atoms like iodide or bromide
increase the spin-orbit coupling and therefore increase the S1 / T1
(ISC) transitions. Increased S1 / T1 transitions reduce the fluo-
rescence emission and accordingly the fluorescence quantum yield.
In the case of PF6� and TFSI� anions, higherFf values ðFfy0:2Þwere
obtained. These higherFf values may be attributed to the increased
electron donating property of the TFSI� and PF6� ions to the
1,8-naphthalimide group.

3.1.2. Fluorescence quenching studies
The quenching of fluorescence emission for I� and TFSI� salts

were studied with cis-bis(isothiocyanato) (2,20-bipyridyl-4,40-dicar-
boxylato) (2,20-bipyridyl-4,40-di-nonyl) ruthenium(II), i.e. Z907, since
these salts were planned to use as electrolyte components in DSSCs.
Quenching studies of PF6� salts were performed with tris(8-hydrox-
yquinoline)aluminum (Alq3) since these salts were synthesized for
OLED applications. Molecular structures of the Z907 dye and the Alq3
are shown in Fig. 3.

1 � 10�5 M solutions of the synthesized salts and 1 � 10�3 M
solutions of Z907/Alq3 were prepared in CHCl3. 10e20 mL Z907/Alq3
solutions were added to the solutions of the salts and the fluores-
cence intensities were recorded. The fluorescence quenching rate
constants (kq, M�1 s�1) were calculated from the SterneVolmer
equation (2) [44]:

I0=I ¼ 1þ kqs0½Q � (2)

where I0 and I represent the fluorescence intensity of imidazolium
salts in the absence and presence of quencher respectively. [Q] is
the concentration of the quencher (M) and s0 is the radiative life-
time (s) in the absence of the quencher. s0 values were calculated by
the use of Eq. (3):

s0 ¼ 3:5x108

y2max3maxDy1=2
(3)

where ymax is the wave number per centimeter (cm�1), 3max is the
molar extinction coefficient at the selected absorption wavelength
(M�1 cm�1) and Dy1=2 is the half width of the selected absorption
wave number (cm�1) where the excitation was performed.

Fluorescence quenching of I�, TFSI� and PF6� saltswere studied at
increasing concentration of Z907 and Alq3. High kq values of w1014

can be attributed to efficient electron transfer process from these
salts to Z907 and Alq3. These quenching studies show that I� and
TFSI� salts may be appropriate compounds for DSSC applications as
electrolyte and PF6� salts may be used as additives and/or electron
transport materials in OLEDs. Fluorescence quenching spectra and
SterneVolmer plots of SO6-I, SO6-TFSI and SO6-PF6 are shown in
Figs. 4 and 5, respectively. The intensity increase observed in Fig. 5
is due to the increasing emission of Alq3 (the quencher) with its
concentration in SO6-PF6 salt solution. This increase is present,
unexceptionally, in all quenching studies performed between PF6�

salts and Alq3.



Fig. 3. Molecular structures of a) Z907 dye, b) Alq3 and c) PMII.
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Quenching data can be analyzed byusing theWeller equation (4);
which is used to calculate the free energy in quenching by electron
transfer when the excited-state energy of the excited reactant and
redox potentials of both reactants are known [45],

DGET
�
kcal mol�1� ¼ 23:06

�
E
�
D*=DÞ � E

�
A=A���� E*D (4)

This equation is used to determine whether electron transfer
between an excited state and ground state is spontaneous. The
calculated DGET values were all lower than �5 kcal mol�1 (the “rule
of thumb” [46]) and may account for a favorable electron transfer
between the imidazolium salts and the quenchers. The fact that all of
the iodide salts almost have the same free energy of electron transfer
indicates that alkyl chain length does not have a considerable effect
on the electron transfer. This situation is valid for the TFSI� and PF6�

salts aswell. Computed free energies are also provided inTable 2 and
they support high kq values of around 1014 M�1 s�1.

3.1.3. Photostability studies
As far as we know photostability studies of the ionic liquids have

not been studied yet. Photostability of the compounds come into
prominence in long term applications. Especially for DSSC appli-
cations, photostability of cell components is very important.
The equation used in photostability studies is given below (Eq. (5)),
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�ln
�
I0
I

�
¼ kpt (5)

where I0 and I are the emission intensity of the compound at times
zero and t, kp the first-order rate constant (s�1). Half-lives t1/2 (s)
were calculated using Eq. (6) which was derived from Eq. (5) by
placing I with I/2.

t1=2 ¼ �lnð1=2Þ
kp

¼ 0:693
kp

(6)

Photostability experiments of I�, TFSI� andPF6� salts in solution of
CHCl3 were performed on exposure to xenon lamp of a fluorescence
spectrophotometer. The data were acquired at 338 nm for the
duration of 60 min. This wavelength corresponds to the emission
maxima of studied imidazolium salts in CHCl3. The emission inten-
sity of I� salts gave an upward intensity. Therefore, the obtained data
were analyzed only for TFSI� and PF6� salts. The photostability study
of PMII was also performed for comparison, since it is one of the
most common and efficient ionic liquid used in DSSC applications.
The molecular structure of PMII is shown in Fig. 3. According to
the emission spectra analysis, photostabilities of the synthesized
compounds were quiet high compared to the standard PMII and
half-lives change between 19 and 48 h. Results are shown in Table 3.
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Table 4
Electrochemical properties and conductivity values of synthesized compounds.

Compound E1=2ðoxÞ1 (V) E1=2ðoxÞ2
(V)

E1=2ðredÞ(V) ELUMO

(eV)
Eg
(Optical)

sσ(S/cm)

SO e e �1.39 �3.01 3.40 e

SO2-I 0.91 1.10 �0.91 �3.42 3.39 0.137
SO4-I 0.97 1.15 �0.91 �3.42 3.40 0.145
SO6-I 0.96 1.14 �0.90 �3.43 3.38 0.916
SO8-I 0.91 1.11 �0.92 �3.41 3.40 0.021
SO10-I 0.96 1.13 �0.90 �3.43 3.39 0.004

SO2-TFSI e e �1.21 �3.11 3.40 0.005
SO4-TFSI e e �1.20 �3.12 3.39 0.008
SO6-TFSI e e �1.06 �3.26 3.39 0.013
SO8-TFSI e e �1.02 �3.30 3.39 0.006
SO10-TFSI e e �1.05 �3.27 3.40 0.005

SO2-PF6 e e �1.19 �3.13 3.40 0.025
SO4-PF6 e e �1.07 �3.25 3.39 0.037
SO6-PF6 e e �1.14 �3.18 3.39 0.039
SO8-PF6 e e �1.13 �3.19 3.39 0.009
SO10-PF6 e e �1.21 �3.11 3.40 0.008
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The amphiphilic heteroleptic ruthenium complexes (e.g. Z907)
represent one of thewidely studied groups of dyes in DSSCs [47e49].
Photostability of dye and other cell components is one of the limiting
factors effecting the DSSC lifetime. Ocakoglu et al. have reported that
depending on the solvent used, the t1/2 values of ruthenium
complexes changes between 3.85 and 19.25 h [50]. The highest t1/2
value reported is equal to the lowest t1/2 value calculated for TFSI�

salts. That supports and strengthens the possibility of TFSI� salts to
be efficient electrolytes in DSSC systems. The photostability of PF6�

salts was either equal to or higher than that of the TFSI� salts with
the same alkyl chain length. The alkyl chain length seems to have an
impact on the t1/2 values. The optimized alkyl chain length can be
reported as six, as theminimum kp values are obtained for them. The
differences in three dimensional geometry of the alkyl substituents
of the synthesized molecules at the excited state may have an
influence on this result.

3.2. Electrochemical behavior

The electrochemical stability of the synthesized compounds was
determined from their cyclic voltammograms. All solutions were
purged with nitrogen before starting the measurements. The elec-
trochemical studies were performed in a cell containing Ag wire
reference electrode, glassy carbonworking electrode, Pt wire counter
electrode and 0.1 M TBAPF6 in MeCN. Ferrocene was employed as
a standard in these measurements [E�(Fc/Fcþ) ¼ 0.47 V vs. Ag in
MeCN]. Scan rate was kept as 0.2 V s�1 for all compounds. The onset
potentials of the first reduction peaks were used to determine the
lowest unoccupied molecular orbital (LUMO) energy levels depend-
ing on the value of 4.8 eV for ferrocene with respect to vacuum level
and by the use of following equation (7) [51]

ELUMO ¼ �e
�
E1=2ðred; dyeÞ � E1=2ðFcÞ þ 4:8

	
(7)
Table 3
Rate constants (kp, s�1) and half-lives (t1/2) for photodegradation of PMII, PF6� and TFSI�

PMII� TFSI�

SO2 SO4 SO6 SO8

kp � 105 5 1.0 1.0 0.4 0.6
t1/2 (h) 3.85 19.25 19.25 48.12 32.08
The redox potentials, LUMO energy levels and optical band gaps
are summarized in Table 4.

It is accepted that reduction peaks of the ionic liquids are orig-
inated from decomposition of the cation and oxidation peaks arise
from decomposition of the anion. In the imidazolium ILs, it is
assumed that reduction peaks are originated from reduction of
acidic C2 proton of the imidazolium cation [52]. The cathodic
reaction starts at or below �2.5 V for imidazolium salts with TFSI�,
PF6� and BF4� anions [53,54]. In our study, all synthesized compounds
show a reversible reduction peak originated from the electron-
deficient naphthalimide groups. The reduction of the acidic C2
proton of the imidazolium cation has not been observed in the
studied region (2 V/-2 V).

Kolthoff and Coetzee [55] have reported that electro-oxidation of
iodide ion in acetonitrile comprises two oxidation waves. The first
involvesoxidationof iodide ion to triiodide ionandthesecond involves
oxidation of triiodide ion to iodine. This process can be shown as;

6I� ¼ 2I�3 þ 4e
2I�3 ¼ 3I2 þ 2e

In this study the synthesized imidazolium iodide salts also have
two anodic peaks which belong to oxidation of the iodide ions by
two steps. However, PF6� and TFSI� salts didn't show any oxidation
peak until 2 V potential. These results are well matched with the
studies of Yeon et al. [54]. They have investigated the electro-
chemical properties of some imidazolium ILs and indicate that PF6�,
BF4� and TFSI� salts of the same imidazolium cation did not show
any oxidation peak until 3 V potential. Cyclic voltammograms of
imidazolium cation, SO10, with different anions are shown in Fig. 6.

3.3. Thermal analysis

Melting points and thermal degradation temperatures of the
synthesized salts were determined from the DSC and TGA measure-
ments, respectively. The flow rate of nitrogen was 20 mL min�1 and
salts (t1/2 values obtained in seconds were converted into hours).

PF6�

SO10 SO2 SO4 SO6 SO8 SO10

0.4 1.0 0.7 0.4 1.0 1.0
48.12 19.25 27.50 48.12 19.25 19.25



Fig. 6. Cyclic voltammograph of SO6-I (a), SO6-PF6 (b) and SO6-TFSI (c).
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the constant heating rate was 20 �C min�1 for both DSC and TGA
measurements. Sealed and unsealed alumina pans were used for DSC
and TGA measurements, respectively. DSC and TGA curves of some
imidazolium salts are given in Figs. 7 and 8.

By increasing the alkyl chain length, the melting points of imi-
dazolium iodide salts changed from 196 �C to 106 �C and generally
decreased by increasing the alkyl chain length. The trend of melting
point depression is in good agreement with the studies of Ngo et al.
[56]. They have investigated theproperties of a series of imidazolium
ILs and pointed out that larger more asymmetrical cations cause
Fig. 7. DSC scans for SO2-TFSI, SO2-I and SO2-PF6, sho
lower melting points. Alkyl chain lengthening may cause the
disruption of the symmetry and lead to lower melting points.

The melting points of PF6� salts with regard to the alkyl chain
length were not ordered. SO2-PF6, SO6-PF6 and SO8-PF6 have
higher melting points according to corresponding iodide salt, SO4-
PF6, SO10-PF6 have lower melting points as compared to the cor-
responding iodide salt. Melting points of the TFSI salts decreased
dramatically compared to the other salts. The lower melting points
of these salts are probably related to their inability to form H-bonds
and better charge delocalization of the TFSI� anion [52]. In the next
wing distinct melting points of the compounds.



Fig. 8. Characteristic decomposition curves of SO10-I, SO10-PF6 and SO10-TFSI determined by TGA measurements.
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studies, XRD analyses will be performed to understand the effect of
the molecular interactions on the melting points.

The vast majority of the ILs have a high thermal stability usually
up to 400 �C. Kosmulski et al. indicated that thermal stability of an IL
depends on the anion and the effect of the cation is rather insig-
nificant [57]. Also it is reported that, thermal stability increases with
increasing anion size [58] and decreases with its hydrophilicity [59].
Fox et al. have pointed out that nucleophilic anions reduce the
thermal stability compared to bulky fluoride containing anions and
the alkyl chain length does not have a large effect on the thermal
stability [60]. In accordance with these explanations, there is not
a significant correlation in the thermal stabilities of the synthesized
compounds with respect to the alkyl chain length. However, it is
Table 5
Thermal analysis results of the compounds.

Cations I� PF6� TFSI�

Tm (�C) Td (�C) Tm (�C) Td (�C) Tm (�C) Td (�C)

SO2 196 381 212 426 85 498
SO4 174 383 140 431 50 453
SO6 127 384 135 409 74 484
SO8 105 385 145 411 73 470
SO10 106 378 91 441 78 475

Tm: Temperature of the melting point, Td: Temperature of the thermal degradation.
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Fig. 9. Conductivity versus alkyl chain length of napthalimide imidazolium salts.
obvious that the anion has an important effect on the thermal
stabilities. Imidazolium saltswith the hydrophilic iodide anions have
lower degradation temperatures compared to the salts with hydro-
phobic anions. The thermal stabilities of the iodide salts change
between 378 and 381 �C independent from the alkyl chain length on
the imidazole group (Table 5). Synthesized PF6� salts have higher
degradation temperatures than the iodide salts and change between
409 and 431 �C. Kroon et al. [61] have investigated the degradation
mechanisms of some ILs via quantum chemical calculations and
indicate that TFSI� anion is more thermally stable than PF6� anion.
They also suggest that nucleophilic and highly proton-abstracting
halide anions decompose at much lower temperatures compared to
poorly proton-abstracting anions, such the TFSI� anion. In a good
agreement with these studies, TFSI� salts are the most thermally
stable compounds among synthesized imidazolium salts and their
stabilities approach to 500 �C.

3.4. Conductivity

The conductivity (sσ) characteristics of the synthesized
compounds were measured in a sandwich structure, according
to the literature procedure [62]. Al was vacuum evaporated on glass
substrate and the compounds were spin coated from their
concentrated solutions in DMF over the Al coatings. Six Al contacts
having the active area of 0.16 cm2 each,were deposited on the upper
surface of the film. The sσ valueswere determined from the current-
voltage characteristics of the films. Conductivities of all naph-
thalimide imidazolium salts were increased up to amaximumvalue
for six carbon alkyl chain length and then decreased with a further
increase of alkyl chain length (Table 4 and Fig. 9).Additionally, the sσ
values were decreased with the increased ion size from I� to TFSI�

which is in a good agreement with the literature [63].

4. Conclusion

In conclusion, 1,8-naphthalimides with tethered imidazolium
salts were synthesized, and their photophysical, electrochemical
and thermal properties have been studied. Quenching studies
and Gibbs free energy calculations have been performed. High
quenching rate constant and low Gibbs free energy values indicate
an efficient electron transfer from I� and TFSI� salts to Z907 dye
and from PF6� salts to Alq3 material. The synthesized compounds
showed high photostability and high thermal stability that promote
their usability in various applications. Hence, I� and TFSI� salts can
be use as electrolyte components for DSSC's and PF6� salt can be use
in OLED applications. Their further studies of interesting applica-
tions will be done in the near future.
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