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ABSTRACT

 Solid charge transfer complex of n-donor 3, 5-dimethylpyridine (3, 5-Lutidine) with  
s acceptor iodine was prepared and characterised by using elemental analysis, UV-Vis, FTIR, 1H 
NMR spectroscopy and powder XRD techniques. The electrical parameters of the prepared complex 
in the pellet form were studied at various temperatures and at wide frequency range by employing AC 
complex impedance spectroscopic technique. The Nyquist (cole-cole) plots have been successfully 
explained by employing (RC)(RC)(RC) equivalent circuit corresponding to grain , grain boundary and 
electrode contributions. The radii of the semicircular arc decrease with increase in temperature which 
suggests that the material exhibits negative temperature coefficient of resistance (NTCR) behaviour 
like semiconductors. Dielectric constant, e' and dielectric loss, e'' seems to decrease sharply with 
increase in frequency. The ac conductivity obeys the power law of frequency.

Keywords:  Charge-Transfer complex, Impedance spectroscopy, Dielectric properties.

INTRODUCTION

 Charge transfer (CT) or Donor-acceptor 
complexes are the most important and vastly studied 
organic species due to their unusual electrical, 
magnetic and optical properties1. In 1973, the 
CT complex TTF-TCNQ was reported as organic 
metal2 and after that organic CT complexes have  
greatly attracted the attention of researchers for 
several decades, aimed mainly at the discovery of 

materials with good electrical conductivity or even 
room temperature superconductivity3. Recently 
attention has been turned to technologically relevant 
properties of CT complexes due to their potential in 
the development of electronic and optoelectronic 
devices4.

 Electr ical conduction proper ty of a 
donor-acceptor complex is mainly influenced by 
(a) electronic structure of the complex and (b) 
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molecular orientation (segregated stacking and 
mixed stacking) within the molecular assembly5. The 
electronic structure of a complex, (D+d)(A-d) between 
the electron donor (D) and the electron acceptor (A), 
where d is the degree of charge transfer from D to 
A, is primarily determined by the ionization potential 
(Ip) of D and electron affinity (Ea) of A. If Ea > Ip, then 
neutral electronic ground state of d = 0 is observed 
whereas the completely ionic state corresponds 
to d = 1 is obtained when Ea < Ip. Both neutral and 
completely ionic CT complexes are insulators due 
to small number of current carriers in (D0)(A0) and 
large on-site coulomb repulsive energies in (D+1)(A-1) 
complexes. Few CT complexes exhibited metallic 
electrical conduction4 whose d values ranges from 
0.50 to 0.74. For example (TTF+0.59)(TCNQ-0.59) is 
metallic conductor2 with conductivity value 700 Scm-1. 
It is reported6 that mixed-valence CT complexes with 
segregated-stack structures generally exhibit metallic 
electrical conduction; otherwise alternating stack CT 
complexes are either semiconductor or insulator.
 
 Similar to inorganic semiconductors, the 
conduction mechanism of organic CT complexes 
has been reported7 in the light of band theory. To 
understand the transport mechanisms in a charge 
transfer complex their structural studies are of utmost 
importance. Several structural informations can be 
revealed from the dielectric properties study8 of the 
CT materials which indeed, can be useful for the 
understanding of conduction mechanism in these 
materials. Besides, the origin as well as the nature 
of the various losses happening in these materials 
can be predictable from the study of frequency and 
temperature dependence of dielectric parameters, 
particularly in the range of frequency where the 
dielectric dispersion occurs.

 Complex impedance spectroscopy (CIS) 
is a powerful technique to analyze the electrical 
properties of material having low conductivity. This 
technique involves the separation of grain, grain-
boundary and grain-electrode effect, determination 
of relaxation frequency and measurement of 
real and imaginary part of impedance for a wide 
range of frequency9. Studies in many aspects 
including electrical conductivity of charge transfer 
complexes of pyridine analogue with halogens and 
interhalogens have been reported in literatures10, 11. 
However detailed study of frequency dependence AC 

conductivity and complex impedance spectroscopy 
of this important class of compounds are unexplored. 
The aim of the present study is to investigate the 
electrical properties of CT complex between 3, 
5-dimethylpyridine with iodine using CIS.

ExPERIMENTAL

 3, 5- dimethylpyridine (98+%) purchased 
from Aldrich Chemical Co., was used without further 
purification. Iodine from Ranbaxy fine chemical Ltd., 
was purified by resublimation. Hexane (Merck) was 
used after distillation as a solvent.

Synthesis and Characterization of Complexes
 The solid CT complex of 3, 5- dimethylpyridine 
with Iodine was prepared by stirring equimolar 
quantities of the donor with acceptor in hexane, which 
on keeping for overnight resulted in precipitation 
of the complex as dark green solid. The separated 
solid was filtered and washed several times with 
minimum amount of hexane and dried under vacuum 
over anhydrous calcium chloride. The complex is 
characterised by routine technique like elemental 
analysis, powder XRD, 1H NMR, UV-Vis and FTIR 
spectroscopy. 
 
 The elemental analysis of Carbon, 
Hydrogen and Nitrogen content were performed 
by using Perkin Elmer CHN 2400 Series II. The 
total halogen contents were estimated by simple 
gravimetric method with AgNO3 solution. The 
electronic absorption spectra of the donor, acceptor 
and the resulting complex in a suitable solvent were 
recorded over a wavelength range of 200-900 nm 
using Shimadzu U-3900 spectrophotometer. The 
FT-IR spectra were recorded on a Shimadzu FT-IR 
spectrophotometer (IRPrestige-21) within the range 
of 4000-250 cm-1. The 1H-NMR spectra are recorded 
in CDCl3 solvent. Powder XRD analysis was carried 
out at room temperature by using  Co radiation  
(l = 1.7902Å)   in the range 2° ≤ 2q ≤ 70° at a scanning 
rate of 1°/min and step height of 0.05°.

Measurement of electrical properties
 For measurement of electrical properties, 
the solid complex was pressed under 10 tons press 
by using a hydraulic press into disc type pellets of 
13 mm diameter and the thickness were measured 
with a screw gauge. The thicknesses of the pellets 
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are in the range of 0.5mm to 1mm.  Graphite pasting 
was applied on the opposite faces of the pellet 
and is sandwiched between two thin flat polished 
sheets of copper electrodes. AC conductance(G), 
impedance(Z), phase angle (q), tangent loss (tan d) 
and capacitance(Cp) were measured as a function 
of frequency, at different temperatures by using 
LCR HiTester (HIOKI 3522 frequency response 
analyzer) in the frequency range 10 Hz to 100 
kHz. The impedance spectra were modelled as an 
‘equivalent circuit’ by using MEIS 3.0 software12 that 
uses LEVM fitting engine developed by James Ross 
Macdonald. LEVM is based on Complex Nonlinear 
Least Squares Method viz.; Levenberg-Marquardt 
Algorithm. The best fitted equivalent circuit has been 
determined by observing the coherence between the 
experimental and the simulated data in the complex 
impedance plots.

RESULTS AND DISCUSSION

Elemental analysis
 Elemental analyses data (C, H, N and total 
halogen) of the complex were performed and the 
obtained results are as follows;
C7H9N:I2 , Mol. Wt. 360.81; Melting point = 96°C; 
Calc. : % C, 23.28; % H, 2.49; % N, 3.88; % Halogen, 
70.35; Found: % C, 24.03; % H, 2.54; % N, 3.08, % 
Halogen, 71.12. 
It has been observed that the experimental values 
agree quite well with the calculated values for 1: 1 
complex.

UV-Vis spectroscopy
 The electronic absorption spectra of the 
donor, acceptor and the resulting complex in hexane 
were recorded over a wavelength range of 200-900 
nm. The additional absorption band at lmax

 = 432nm 
indicates the formation of CT complex. (Figure 1) 

FTIR Spectroscopy
 Due to complex formation few selected 
IR frequencies of the donor are affected in both 
intensities and wave number values as shown in the 
FT-IR spectra of the solid CT complex and the donor 
in figure 2. This could be interpreted on the basis 
of expected electronic environment change upon 
complexation. The detailed vibrational assignments 
are reported in Table 1. These are in accordance 
with earlier works13, 14.

 It is observed that the spectra of 3, 5- 
dimethylpyridine-iodine complex shows all the 
principal features for free donor. Many modes of 
3, 5- dimethylpyridine on complex formation have 
shifted to higher frequency in comparison to the 
free donor. Similar upward shifts were observed for 
metal coordinated pyridine15 and metal coordinated 
pyridine analogues16, 17, 18. The upward shift may be 
due to coupling of the internal vibrations of the donor 
molecule with the N-I stretching vibration similar to 
metal-nitrogen bond as was in metal coordinated 
pyridine and its analogues. Thus, the vibrational 
spectra of the CT complex give the direct evidence 

Fig. 1: UV-Vis spectra of 3,5-dimethylpyridine, 
Iodine and their CT complex

Fig. 2: FTIR spectra of 3,5-dimethylpyridine 
and its CT complex with iodine
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Table 1: FTIR Band Assignments of The Donor and The Complex

Donor (cm -1) Complex Assignment

3020 s 3049 s C–H stretching
2980 s 3014 s C–H stretching
2920 s 2960 vw C–H (-CH3) stretching
2866 m 2900 m C–H (-CH3) stretching
1860 vw 1865 w First overtone of  C–H vibration
1792 vw 1805 w First overtone of  C–H vibration
1585 s 1593 s C=N stretching
1458 m 1466 vw C=C stretching
1427 s 1442 s C=C stretching
1381m 1384 m Antisym. & Sym. -CH3 deformation
1234 w 1267 w Antisym. & Sym. -CH3 deformation
1166 s 1170 m The C–H in-plane bending vibrations
1141 m 1141 s C–N stretching
1039 s 1047 m C–C deformation
858 s 869 s C-H torsion
713 s  759 s C–H out of- plane bending vibrations

that the 3, 5-dimethylpyridine molecules coordinated 
with the iodine through nitrogen atom.
 
1H-NMR Spectra
 The 1H-NMR (CDCl3) spectrum of 3, 
5-dimethylpyridine-iodine gave three distinct 
signals at d=2.37 (s, 6H, -CH3 protons), d=7.61  
(s, 1H, g- ring proton), d=8.30 (s, 2H, a-ring protons). 
The corresponding signals in the free donor  
(3, 5-dimethylpyridine) are at d=2.31, 7.63 and 8.39 
respectively. The signals due to protons of pyridine 
ring at a- & g- positions were upfield which are due 
to the increase of the shielding of these protons as 
well as of the change of the magnetic environment 
on complex formation. The observed shifting of the 
chemical shifts values of the ring protons of pyridine 
is governed by two factors; (a) magnetic anisotropy 
of the N atom and (b) field associated with the 
nitrogen atomic dipole19. The displacement is more 
pronounced for the a- protons as these carbons are 
directly connected with the n-donor nitrogen atom. 
The signal of the methyl protons shifted to downfield 
on complexation which can be interpreted in terms 
of inductive effect20.

Powder xRD Analysis
 The powder XRD spectrum of CT Complex 
of 3,5- dimethylpyridine and iodine [Fig. 4] gave 

peaks at  2q= 13.95°, 21.9°, 22.53°, 24.75°,25.10°, 
26.65°, 27.30°, 29.60°, 33.10°, 33.60°and 
34.10°corresponding to the new compound formed 
and indicating semi-crystalline structure of the 
complex21. The average grain size (D) of the sample 
was calculated from the most intense x-ray diffraction 
peak by using the classical Scherer22 formula -

  ...(1)
 where l is the x-ray wavelength (for Co 
radiation q = 1.7902 Å), K is a constant (0.94 for 
Co grid), q is the Bragg diffraction angle (half the 
scattering angle) and b is the full-width at half-
maximum (FWHM) in radians of the main peak. The 
particle size of the material was found to be about 
7.2 nm (2q= 22.53°, b= 0.238 and d= 4.575). This 
value confirms that the particles of the complex are 
located within the nanoscale range. 

Impedance Studies
 Figure 5 shows the Nyquist plot for 3, 
5- dimethylpyridine -Iodine complex over a wide 
frequency range and at several temperatures. 
The impedance spectrum of the complex under 
investigation is characterised by the appearance of 
a depressed semicircle whose radius decreases with 
the rise in temperature. In general we expect three 
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Fig. 3:  1H NMR spectrum of 3,5-dimethylpyridine-iodine complex

Fig. 4: x-ray diffraction pattern of 3,5-dimethylpyridine-Iodine complex

semicircular arcs corresponding to the grain (bulk), 
grain boundary and electrode contributions. It is also 
seen that the semicircles at all temperatures are 
somewhat depressed instead of having centres on 
the real axis. The reasons for such non-Debye type23 
behaviour may be due to the distribution of relaxation 
times within the bulk material24 and distortion due to 
other relaxations25. The best fitted equivalent circuit 
for the material is composed of a series combination 
of three RC elements (fig 5a). The typical fitting 
results at various temperatures are illustrated in table 
2. The standard deviations less than 0.05 confirm the 
validity of the proposed equivalent circuit. The high 
frequency RC element corresponds to the grain; the 
medium frequency corresponds to grain boundary 

and the low frequency corresponds to electrode 
contributions. Three distinct semicircular arcs are not 
observed as the values of bulk, electrode and grain 
boundary contributions are not far away. Hence the 
semicircular pattern in the Nyquist plot is due to the 
cascading effect of the three contributions. 

 The electrical conductivity (si) is calculated 
by using the equation

 ...(2)
 
 where t is the thickness, A is the area 
of the pellet and Ri is the resistance obtain from 
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Table 2: Simulated data of the electrical parameters for the proposed equivalent circuit

T (K) Rg (Ω
-1) Cg (F) Rgb (Ω

-1) Cgb (F) Rel (Ω
-1) Cel (F) Σ Ri

303 1.00 x 105 3.27 x 10-11 2.43 x 106 2.62 x 10-11 1.03 x 106 1.88 x 10-10 3.56 x 106

313 8.37 x 104 3.14 x 10-11 1.38 x 106 2.65 x 10-11 3.23 x 105 3.79 x 10-10 1.79 x 106

323 2.57 x 104 2.97 x 10-11 4.65 x 105 4.43 x 10-11 1.51 x 105 4.39 x 10-11 6.41 x 105

333 2.09 x 104 1.88 x 10-11 1.61 x 105 2.93 x 10-11 2.99 x 104 1.07 x 10-09 2.12 x 105

Table 3: Electrical parameters of 3, 5-dimethylpyridine-iodine complex

T (K)                    Conductivity  (Ω
-1cm -1)   Relaxation time, τ (s)

 σg  σgb  σel  σtotal  τ (g) τ (gb) τ (el)

303 1.42 x 10-6 5.84 x 10-8 1.39 x 10-7 3.40 x 10-8 3.27 x 10-6 6.38 x 10-5 2.69 x 10-5

313 1.70 x 10-6 1.03 x 10-7 4.40 x 10-7 7.95 x 10-8 2.63 x 10-6 3.67 x 10-5 8.57 x 10-6

323 5.52 x 10-6 3.06 x 10-7 9.43 x 10-7 2.22 x 10-7 7.65 x 10-7 2.06 x 10-5 6.68 x 10-6

333 6.80 x 10-6 8.81 x 10-7 4.76 x 10-6 6.71 x 10-7 3.94 x 10-7 4.72 x 10-6 8.74 x 10-7

Fig. 5: Experimental (black) and Simulated (red) Nyquist plot for 3,5-dimethylpyridine-Iodine
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simulated data. It is seen that the total resistance, 
Rtotal obtained from the intercept of the semicircle on 
the low frequency side of the real axis (Z') follows 
the relation; Rg + Rgb +Rel = Rtotal ,which once again 
confirms the validity of our proposed equivalent 
circuit. Figure 6 show that si follows the well known 
Arrhenius relationship

  ...(3)

 The activation energy of conduction Ea is 
calculated from the slope of the logsi versus 1000/T 
curves and the values are Ea (g) = 0.51eV, Ea (gb) = 
0.80eV, Ea (el) = 0.98eV and Ea (total) = 0.82eV.
  

 Figure 7 shows the variation of real 
part of impedance (Z') with ac frequency at 
various temperatures. It is observed that Z' value 
decreases with the increase in frequency for 
different temperature and at higher frequencies the 
values of Z'  merges for all the temperatures. The 
merging of Z'  values in the higher frequency region 
may be an indication of the release of polarization 
effect26. In the lower frequency region, the Z'  value 
decreases with the rise in temperature. Hence, the 
material exhibits negative temperature coefficient of 
resistance (NTCR) behaviour like semiconductors. 
The effect of increasing frequency and temperature 
is to reduce the barrier potential of the material which 



1009MOHAN et al., Orient. J. Chem.,  Vol. 32(2), 1003-1014 (2016)

Fig. 7: Variation of real part of impedance with 
frequency at various temperatures

Fig. 7(a): Variation of imaginary part of 
impedance with frequency at various 

temperatures

Fig. 7(b): Normalized imaginary part of 
impedance (Z”/Z”max) as a function of 

frequency at various temperatures

is consequently responsible for the enhancement of 
AC conductivity.

 The variation of imaginary part of impedance 
(Z'') with ac frequency at various temperatures is 
shown in figure 7(a). It is observed that with rise 
in frequency the Z'' value increases first reach a 
maximum peak Z'' max and decreases again. Although 
the peaking behaviour indicates the single relaxation 
process, the relatively narrow peak at 303K just 
indicates a narrow distribution of relaxation times 
in the system. The progressive broadening of this 
peak upon heating reveals that this distribution 
gradually becomes wider. It is also observed that 
the value of Z'' decreases with temperature and 
the effect being more distinct at the peak position. 
With rise in temperature the peak i.e. value of Z'' max 

shifted to the right. This observation indicates that 

many relaxation mechanisms are present in the CT 
material one of them is the temperature dependent 
electrical relaxation phenomenon indicated by the 
asymmetric peaks pattern27. 
 
 The variation of (Z'' /Z''  max) with frequency 
at various temperatures is shown in figure 7(b). It 
is seen that there is a peak at each temperature 
with a somewhat asymmetric broadening and the 
broadening increases as temperature increases. 
The peak broadening suggests that there are various 
electrical processes with a distribution of relaxation 
times28.

 The relaxation time (t) was calculated by 
using the relation9

Fig. 6: Temperature dependance of 
conductivity of 3,5-dimethylpyridine-iodine 

complex
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Fig. 8: Arrhenius plot for elaxation times

Fig. 9: Variation of Real part of dielectric 
constant with frequency at various 

temperaatures

Fig. 9(a): Variation of imaginary part of 
dielectric constant with frequency at various 

temperatures

Fig. 10: Variation of tan δ with frequency at 
various temperatures

 ...(4)

 From table 3, it is seen that with increasing 
temperature the value of relaxation time (t) 
decreases, which indicates the semiconducting 
behaviour of the material. Further, like conductivity, 
relaxation times also follows the Arrhenius equation 
with activation energy Ea (t,g) = 0.66eV, Ea (t,gb) = 
0.72eV, Ea (t,el) = 0.94eV. (Fig. 8)

 ...(5)

Dielectric Properties
 Figure 9 depicts the variation of real 
part of permittivity (i.e. dielectric constant, e') with 

frequency at various temperatures. Figure 9(a) 
shows the variation of imaginary part of permittivity 
(i.e.  dielectric loss, e'') with frequency at various 
temperatures. It is observed that both dielectric 
constant and dielectric loss decreases sharply with 
the increase in frequency in the low frequency region 
and remains almost constant at higher frequencies 
for all temperatures under investigation. No any 
anomalous behaviour or peaking behaviour is seen 
in the sample. The observed behaviour can be best 
explained in the light of space charge polarization 
and hopping model29. The decrease of the value of e'  
with increase in frequency is a typical characteristic 
of the polar dielectrics30. All types of polarizations 
contribute in the low frequency region giving higher 
value of e' but as the frequency is increased, 
contributions from the polarizations with large 
relaxation times cease resulting in the decrease in 
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Fig. 11: Variation of AC conductivity with 
frequency at various temperatures

Fig. 11(a): Variation of frequency exponent with 
temperatures

e'. Both e'and e'' increases towards low frequencies 
reaching extremely high values that reflects the 
electrode-sample interface polarization effect which 
are further confirmed by the well-defined dc regime 
of the logs variation with logw (fig.11). A many fold 
increase in the value of e' has been observed for 
the sample at higher temperature. Therefore the 
dipolar and interfacial polarizations are present in the 
sample as these are strongly temperature dependent 
and occur prominently at low frequency region.  
The dispersion in the low frequency region can be 
attributed due to space-charge effect41. The high 
value of dielectric constant in the lower frequency 
region is due to the accumulation of charges at 
the electrode-sample interface giving a large bulk 
polarization of the material. As frequency increases 
the polarization decreases and attains a constant 
value. In high frequency region the dipoles cannot 
be able to follow changes of the field causing faster 
polarization leading to decrease even zero value  
of e'.

 The variation of tangent loss (tan d) with 
frequency at different temperatures for the sample 
is shown in fig 10. At lower frequencies tan d has 
a less prominent peak and after that the value of  
tan d decreases rapidly with rise in temperature. 
Since the higher frequency region corresponds 
to low resistivity (due to grain) a small energy is 
required for the current carriers to flow and therefore 
low value of tan d. It is further observed that the  
tan d peak shifts to higher frequency value with the 
increase in temperature. The observation of tan d 
peak at low frequency region where the conductivity 
is dominated by DC conduction indicates that the 
losses are mainly by conduction.

 With the help of Wagner theory29 the 
observed variation of dielectric loss (e'' and tan d) 
with frequency and temperature can be explained. 
The Wagner theory is based on the assumption 
that the dielectric material consists of conducting 
particles (grain) loosely distributed throughout 
a non-conducting, low-loss matrix. The applied 
external electric field causes interfacial polarization 
to the material. Beside temperature and frequency 
(of applied alternating electric field) the size, shape 
and orientation of the conducting particles has a 
decided effect on the dielectric loss. The loss factor 
is directly proportional to the volume percent of the 
conducting particles. If all the particles have the same 
conductivity, there will be a sharp loss maximum at a 
particular frequency. The presence of even very small 
quantities of a conducting material such as water can 
cause high dielectric losses. In general, increase in 
temperature tends to shorten the relaxation time, 
so the maximum (peak) dielectric loss becomes 
smaller and shifts to higher frequencies32. The effect 
of various shapes of conducting particles in non-
conducting matrix upon the loss tangent in order 
of increasing loss tangent are  flattened spheroids, 
spherical particles, elongated needle-like particles, 
and the concentric structure in which the conducting 
portion and the non-conducting portion in parallel8.

 Since, at lower frequencies, interfacial 
polarization and ionic conductance cause appreciable 
dielectric loss33 the high dielectric loss value in the 
lower frequency region is due to the ionic conduction. 
Similar mixed ionic-electronic conduction in CT 
complexes has been reported earlier5, 34, 35. The 
higher loss at low frequencies is partly due to traces 
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of moisture in the CT material. Absorbed water may 
get ionized which results in higher dielectric losses 
from interfacial polarization and ionic conductance. 
Similar pattern of the tan d vs frequency plot as those 
in fig.10 has been observed by Sillars10 for concentric 
structure; hence the structure of our CT material 
might be that of the conducting particles extending 
entirely throughout the non-conducting matrix so that 
the two portions form a parallel circuit. An increase 
in temperature particularly increases the dielectric 
losses probably because of high ionic conductance 
(ionization of the CT complex and absorbed moisture 
providing the necessary ions). Another cause for the 
high value of dielectric loss may be due to defects. 
Imperfection of the material increases at higher 
temperature and consequently the value of tan d 
increases11.

AC Conductivity study
 The variation of AC conductivity with 
frequency at different temperatures can be understood 
from the figure 11. 

 It is seen that AC conductivity increases 
with the increase in temperature for all frequencies 
which is attributed to thermal activation. At low 
frequencies conductivity is nearly frequency 
independent and in the higher frequency region, 
dispersion in conductivity has been observed. This 
pattern was attributed to non-relaxor behaviour of 
the material36. The dispersion is more prominent at 
lower temperature. These observations can be best 
explained by using the Jonscher’s universal power 
law37 -
 sac (w) = s dc + Aws ...(6)

 where, sac (w) is the AC conductivity, sdc  is 
the DC conductivity independent of frequency, w is 
the angular frequency which equals  to w = 2pf,  A is 
a constant and S is the frequency exponent having 
values between  0 and 1. The frequency exponent S 
can be obtained from the slope of the plot between 
logs versus logw and the intercept of the horizontal 
portion on the vertical axis equals to logsdc. It is 
obvious that the value of S decreases with the rise 
of temperature as shown in figure 11(a). The AC 

conduction mechanism is considered to be due to 
barrier hopping38, 39. According to this model S can 
be expressed as-

 ...(7)

 where wH is the barrier height or optical band 
gap which can be calculated by substituting the value 
of S, KB and T. It is seen that the value of optical band 
gap (or binding energy of charge carriers) is 0.22 to 
0.18 eV for the tested temperature range.

CONCLUSIONS

 Elemental analysis reveals that 3,5-
dimethylpyridine form solid 1:1 CT complex with 
iodine. Complex impedance analysis indicates 
the grains, grain boundaries and electrode are 
responsible in the conduction mechanism of the 
CT complex. Thus the electrical property of the 
material is described by three parallel RgCg , 
RgbCgb and RelCel elements connected in series. 
The conductivities of the CT complex pellet follow 
the Arrhenius law with activation energy 0.51eV, 
0.80eV, 0.98eV and 0.82eV for grain, grain boundary, 
electrode and total conductivity respectively. The 
complex shows negative temperature coefficient of 
resistance (NTCR) behaviour and exhibit temperature 
dependence relaxation phenomenon. The relaxation 
is found to be of non-Debye type and the relaxation 
time (t) decreases with increasing temperature and 
obey the Arrhenius law. Dielectric constant, e' and 
dielectric loss, e'' decreases sharply with increase 
in frequency and increases with rise in temperature. 
The high value of dielectric loss tangent may be the 
result of ionization of the complex. The frequency 
dependence AC conductivity follows the Jonscher’s 
universal power law.
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Abstract Mixed ionic and electronic conductivity of three
solid charge transfer (CT) complexes of pyridine, 4-
methylpyridine (γ-picoline) and 3,5-dimethylpyridine (3,5-
lutidine) with ICl (iodine monochloride) are reported.
Electrical parameters of the prepared complexes in the pellet
form are evaluated at various temperatures and at wide fre-
quency range by employing AC complex impedance spectro-
scopic technique. Suitable equivalent circuits for the Nyquist
plots, which provide the most realistic model of the electrical
properties of the CT complexes, have been suggested. Both
transport number measurements and impedance spectra reveal
that the conduction inγ-picoline-ICl complex is mainly due to
ions, in 3,5-dimethylpyridine-ICl complex, it is due to both
ions and electrons and in pyridine-ICl complex, it is predom-
inantly due to electrons. The a.c. conductivity measurements
of the CT complexes have been carried out in the frequency
range of 10–105 Hz within the temperature range of 303–
353 K. The variation of a.c. conductivity with frequency fol-
lows the Jonscher’s universal power law. The temperature
dependence of electrical conductivity suggests the semicon-
ducting behaviour of the materials.

Keywords CTcomplex .Mixed conduction . Impedance
spectra . Transport number

Introduction

The intermolecular interaction between electron donor D and
electron acceptor A leads to the formation of a new molecular
assembly, DA, called charge transfer (CT) complex, first in-
troduced by Mulliken [1, 2]. Organic CT complexes and salts
have extensively been investigated in various areas of chem-
istry and material sciences both from the theoretical and ex-
perimental aspects as they exhibit diverse kind of interesting
physical properties and functionalities related to optical, mag-
netic, electrical (super) conductivity and dielectric properties
[3, 4]. Since the discovery of the first metallic type CT com-
plex TTF-TCNQ in 1973 [5], attention to organic CT com-
plexes has been focussed for several decades, aimed mainly at
the discovery of materials with good electrical conductivity or
even room temperature superconductivity [6]. Later on, atten-
tion has been turned to technologically relevant properties of
CT complexes due to their potential in the improvement of
electronic and optoelectronic devices [7].

The solid organic CT complexes are one of the most im-
portant subclasses of organic semiconductors [8, 9] which
often exhibit similar conduction mechanism to inorganic
semiconductors where hole and electron conduction layers
are typical carriers separated by a band gap. CT complexes
exhibiting mixed ionic-electronic conduction have also been
reported [10–13].

Although, the electrical conductivity of charge transfer
complexes of pyridine analogue with halogens and
interhalogens has been reported in literatures [14–16]; howev-
er, the detailed studies of frequency dependence a.c. conductiv-
ity and complex impedance spectroscopy of these complexes
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are lacking. In this paper, the electrical properties of the CT
complexes obtained by the interactions of three n-donors
namely pyridine, 4-methylpyridine and 3,5-dimethylpyridine
with iodine monochloride (ICl) as σ-acceptor are reported.

Despite the fact that the electrical conduction property of a
donor-acceptor complex depends upon many factors, to man-
ifest high conductivity, the mixed valence (or partial CT state)
electronic structure and specific molecular packing architec-
ture (segregated stacking and mixed stacking) within the mo-
lecular assembly are the most essential criteria [17]. The de-
gree of charge transfer, δ from donor (D) to acceptor (A), in
the complex (D+δA-δ) is primarily governed by the ionization
potential (Ip) of D and electron affinity (Ea) of A. A neutral CT
complex with δ = 0 is obtained if Ea > Ip, whereas the
completely ionic state corresponds to δ = 1, 2..... when
Ea < Ip. Both neutral and completely ionic CT complexes are
insulators with few exceptions [18, 19]. It is reported [7, 20]
that mixed valence CT complexes within the window
0.50 < δ <0.74 with segregated stacks of the D and A compo-
nents generally exhibit metallic electrical conduction; other-
wise, alternating stack CT complexes are either semiconduc-
tors or insulators.

For the study of microstructural and electrical properties of
many electronic materials, the AC impedance spectroscopy
has long been used as a non-destructive experimental tech-
nique [21]. In this technique, a sinusoidal perturbation is ap-
plied on the test system and the AC response is analysed. The
ratio of the voltage response to the current perturbation is the
impedance which is calculated as a function of the frequency
of the perturbation. The interpretations of the impedance spec-
tra (−Z//

im vs Z/
real) are aided by analogy to physically plausi-

ble equivalent circuits involving simple components such as
capacitors and resistors connected in many modes. From this
analysis, a meaningful insight into the material behaviour can
be obtained. The analysed values of the electrical parameters
(conductivity, dielectric constant, loss, capacitance, etc.) give
explicit results when compared with those measured at arbi-
trarily selected fixed frequencies. This powerful technique is
useful for the measurement of real and imaginary part of im-
pedances for a wide range of frequency, determination of re-
laxation frequency and separation of grain, grain boundary
and grain-electrode effects [22, 23].

Experimental

Materials

Pyridine (from Ranbaxy Lab. Ltd.), 4-methylpyridine (from
Sigma Aldrich), 3,5-dimethylpyridine (from Sigma Aldrich)
and ICl (from Ranbaxy fine chemical Ltd.) were used without
further purification. Hexane (Merck) was used after distilla-
tion as a solvent.

Synthesis and characterization of complexes

The solid CT complexes of the pyridine analogue with ICl
were prepared by stirring equimolar quantities of the donor
with ICl in hexane, which resulted in precipitation of the com-
plex as light yellow solid. The separated solids were filtered
and washed several times with minimum amount of hexane
and these are dried under vacuum over anhydrous calcium
chloride. The resultant complexes were characterised by rou-
tine techniques like elemental analysis, UV-Vis, FTIR, 1H-
NMR spectroscopy and powder XRD.

The elemental analysis of the carbon, hydrogen and nitro-
gen content was performed by using Perkin Elmer CHN 2400
Series II analyzer. The total halogen contents were estimated
by a simple gravimetric method with AgNO3 solution.

The electronic absorption spectra of the donors, acceptor
and the resulting complexes in hexane were recorded over a
wavelength range of 200–900 nm using Shimadzu U-3900
spectrophotometer. The diffuse reflectance spectra of the
solids were recorded with a JASCO V-750 UV Visible spec-
trophotometer in the region 200–900 nm.

The FT-IR spectra were recorded on a Shimadzu FT-IR
spectrophotometer (IRPrestige-21) within the range of
4000–250 cm−1.

The 1H-NMR spectra were recorded in CDCl3 solvent.
Powder XRD analysis was carried out at room temperature
by using Cu radiation (λ = 1.5405 Å) in the range
2° ≤ 2θ ≤ 70° at a scanning rate of 1°/min and step height of
0.05°.

Electrical properties

The solid complexes were pelletized into discs of 13 mm di-
ameter by using a hydraulic press (Spectralab) at a pressure of
9 Kbar. The thicknesses (0.5 to 1.5 mm) were measured with a
screw gauge. Uniform graphite layer was applied on the op-
posite faces of the pellets and was sandwiched between two
thin sheets of copper electrodes with even surface. Before
recording the data, each sample was sintered at 50 °C for
30 min to ascertain the interface contact between the elec-
trodes and the sample. The electrical properties were mea-
sured by complex impedance method using LCR HiTester
(HIOKI 3522) frequency response analyser in the frequency
range from 10 Hz to 100 kHz. AC conductance (G), imped-
ance (Z) and phase angle (θ) were measured as a function of
frequency at different temperatures. The sample cell was kept
for 30 min at each measuring temperature in order to reach its
thermal equilibrium. The impedance spectra were modelled as
an ‘equivalent circuit’ by using complex non-linear least
squares fitting of both real and imaginary part of impedance.
LEVM 3.0 software [24] has been used for fitting purpose. The
best fitted equivalent circuit has been determined by observing
the coherence between the experimental and the simulated data
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in the complex impedance plots. D.C. conductance of the pel-
lets was measured at various temperatures by using Keithley
2400 source meter. Electrical conductivity was calculated
using the pellet dimensions and the measured resistance.

Determination of ionic transport number

The total ionic transport numbers, tion, were evaluated by the
standardWagner polarization technique [25]. The cell ‘SS| CT
complex |SS’ was polarized by a step potential of about 1 V
and the resulting current was monitored as a function of time
[26, 27], where SS stands for stainless steel. The SS acted as
blocking electrodes for the above cell. The tion values were
evaluated from the polarization current curve by using the
following equation:

tion ¼ ii−i fð Þ
ii

ð1Þ

where ii and if are the initial and final steady state currents,
respectively.

Results and discussion

Elemental analysis

Elemental analyses data (C, H, N and total halogen) of the
complexes were given in Table 1. It is observed that the exper-
imental values agree quite well with the calculated values for 1:1
complexes. The same stoichiometries in the solution state are
confirmed by the linearity of the Benesi-Hildebrand plots (S1).

UV-Vis spectroscopy

In the electronic absorption spectra (S2) of the resulting
complexes (in hexane), an additional absorption band at
λmax = 333.4, 316.8 and 322.4 nm for pyridine-ICl, 4-
methylpyridine-ICl and 3,5-dimethylpyridine-ICl com-
plexes, respectively, indicates the formation of CT
complexes.

In the diffuse reflectance spectra of the solid complexes
(Fig. 1), the bands at 256, 322 and 371 nm for pyridine-ICl,
at 239, 262, 301 and 361 nm for 3,5-dimethylpyridine-ICl and
at 253, 312 and 427 nm for 4-methylpyridine-ICl complexes

indicate the presence of ICl2
− ion in the solid state [28]. The

formation of ICl2
− ion is attributed to the solid state transfor-

mation of the CT complexes (e.g. 4-methylpyridine-ICl) as
follows:

2 γ−Pic−ICl→ γ−Pic2−Ið Þþ þ ICl2
−

The optical band gaps of the CTcomplexes were estimated
from the optical absorption edge of the spectrum by using the
Tauc relation [29]

Ahν ¼ hν−Eg

� �n ð2Þ

where A is the absorbance, Eg is the optical band gap corre-
sponding to a particular absorption of photon of energy hν and
n is ½ for allowed direct, 3/2 for forbidden direct, 2 for
allowed indirect and 3 for forbidden indirect transitions in
the material. It is observed that (Ahν)1/2 versus hν plots are
linear (Fig. 2) and the intercept on the energy axis on extrap-
olating; the linear portion of the curves to A = 0 gives the
indirect band gap. The values of Eg are given in Table 2.

FTIR spectroscopy

Few selected IR frequencies of the donor on complex for-
mation are affected in both intensities and wave number
values (S3a–c). This could be interpreted on the basis of
expec ted e lec t ron ic env i ronment change upon

Table 1 Elemental analysis data
of the CT complexes Complex C, % H, % N, % Halogens, %

Cal. Found Cal. Found Cal. Found Cal. Found

Py-ICl 24.86 24.36 2.07 2.12 5.80 5.62 67.26 67.05

4-MePy-ICl 28.19 28.25 2.74 3.04 5.48 5.30 63.58 63.84

3,5-DiMePy-ICl 31.18 30.60 3.34 3.37 5.19 5.24 60.28 60.33

Fig. 1 Diffuse reflectance spectra of pyridine-ICl (blue), 3,5-
dimethylpyridine-ICl (red) and 4-methylpyridine-ICl (purple) complexes
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complexation. The detailed vibrational assignments were
reported in Table 3. These assignments were in accordance
with earlier works [30, 31].

It is observed that the spectra of the CTcomplexes show all
the principal features for free donors. Many modes on com-
plex formation have been shifted to higher frequency in com-
parison to the free donor. Similar upward shifts were observed
for metal coordinated pyridine [32] and metal coordinated
pyridine analogues [33, 34]. It has been reported [35] that
iodine monochloride (ICl) has an allowed fundamental ab-
sorption at 382 cm−1 in the gas phase and the I-Cl stretching
frequency decreases on complex formation with strong donor
like pyridine. The bands at 290 cm−1 for pyridine-ICl,
265 cm−1 for 4-methylpyridine-ICl and 273 cm−1 for 3,5-
dimethylpyridine-ICl complexes have been assigned to I-Cl
stretching in the complexes [36].

1H-NMR spectra

The 1H-NMR spectra of CT complexes (S4a-c) showed the δ
values for ring and methyl group protons in the donor mole-
cules are shifted towards lower field (Table 4). The smallest
change was observed for α protons on comparing the chem-
ical shifts ofβ, γ and methyl protons; it could be explained by
the paramagnetic effect observed previously [37] in free do-
nors. The observed down-field shift for all protons is attribut-
ed to the decrease of electron density on each ring carbon as a
consequence of partial positive charge at the nitrogen atom on
complex formation.

Fig. 2 (Ahν)1/2 vs hν (photon energy) plot of A 4-methylpyridine-ICl
(red), B 3,5-dimethylpyridine-ICl (black) and C pyridine-ICl (green)
complexes

Table 2 Physical properties, optical band gap and ionic transport no. of
the CT complexes

Complex Colour m.p. (K) Eg (ev) tion

Py-ICl Light yellow 132 2.85 0.11

4-MePy-ICl Yellow 113 2.21 0.95

3,5-DiMePy-ICl Light yellow 170 2.78 0.58

Table 3 FTIR frequencies
(cm−1) of the donors and their CT
complexes

Pyridine Py-ICl 4-MePy 4-MePy-ICl 3,5-DiMePy 3,5-DiMePy
–ICl

Assignment

3074s 3093s 3066w 3139w 3020s 3049s C–H stretching

3026s 3063s 2960w 3080m 2980s 3014s C–H stretching

– – 2922m 2968vw 2866m 2900m C–H (−CH3) stretching

1923w 1845w – 1928m 1860vw 1865w overtone of C–H vibration

– – – 1836w 1792vw 1805w overtone of C–H vibration

1580s 1599s 1589s 1610vs 1585s 1593s C=N stretching

1481m 1525s 1458s – 1458m 1466vw C=C stretching

1439s 1477m – 1421s 1427s 1442s C=C stretching

– 1323w 1375w 1373w 1381m 1384m Antisym. and Sym. CH3

deformation1215s 1244m – – 1234w 1267w

1145s 1192m 1226vw 1249m 1166s 1170m The C–H in-plane bending
vibrations

1066m 1157m 1157w 1201s 1141m 1141s C–N stretching

1029m 1060s 1059w 1060s 1039s 1047m C–C deformation

991m 1014w 1031w 1020s 858s 869s C–H torsion

700m 742m 777s 810vs 713s 759s γ (C–H)

690w 684w – 707w – 692m δ ring
605m 634w – 545s – 536vw

405m 424vw – 486s – – γ ring

– 374s – 358w – 362s X-sensitive

– 290s – 265s – 273s ν I–Cl

v- very, s- strong, m- medium, w- weak
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Powder XRD analysis

The room temperature X-ray diffraction pattern of pyridine-
ICl complex (S5a) showed a good agreement with the single
crystal data [38]. The good agreement between the observed
(dobs) and calculated (dcal) inter-planar spacing (Table 5) con-
firmed that the prepared complex has a monoclinic structure,
as reported earlier, with unit cell lattice parameters
a = 4.274 Å, b = 12.319 Å, c = 14.094 Å, β = 94.99° and unit
cell volume 739.3 Å3.

For the lack of crystal structure data about 4-
methylpyridine-ICl and 3,5-dimethylpyridine-ICl com-
plexes, Powder-X software has been applied in order to
index the diffraction pattern. It is found that the diffraction
pattern of both the complexes are best fitted to a monoclin-
ic unit cell with the estimated lattice parameters

a = 8.335 Å, b = 12.830 Å, c = 18.313 Å, β = 90.03°
and V = 1958.3 Å3 for 4-methylpyridine-ICl and for 3,5-
dimethylpyridine-ICl complex are a = 6.636 Å,
b = 18.935 Å, c = 8.789 Å, β = 97.06° and
V = 1095.99 Å3. The inter-planar spacing (dhkl) values were
calculated by using Eq. (3) for monoclinic system and a
quite good agreement between the observed (dobs) and cal-
culated (dcal) values (Table 5) confirmed the estimated unit
cell parameters.

1

d2hkl
¼ h2

a2Sin2β
þ k2

b2
þ l2

c2Sin2β
−
2hlCosβ

acSin2β
ð3Þ

The average grain size (D) of the samples was calculated
from the most intense x-ray diffraction peak by using the
classical Scherer [39] formula

Table 4 1H Chemical shifts (δ
ppm) of the CT complexes and
the parent donors

Compound Hα Δα Hβ Δβ Hγ Δγ –CH3 β –CH3γ Δ–CH3

Pyridine 8.50 – 7.04 – 7.46 – – – –

Pyridine-ICl 8.67 0.17 7.47 0.43 8.02 0.56 – – –

4-methylpyridine 8.50 – 7.16 – – – – 2.41 –

4-methylpyridine-ICl 8.51 0.01 7.28 0.12 – – – 2.48 0.07

3,5-dimethylpyridine 8.25 – – – 7.27 – 2.23 – –

3,5-dimethylpyridine-ICl 8.29 0.04 – – 7.60 0.33 2.40 – 0.17

Table 5 Comparison of dobs and
dcal (Å) values of some reflections
for the CT crystals at room
temperature

Pyridine-ICl 4-methylpyridine-ICl 3,5-dimethylpyridine-ICl

h k l dobs (Å) dcal (Å) h k l dobs (Å) dcal (Å) h k l dobs (Å) dcal (Å)

0 0 2 7.049 7.073 0 1 1 10.766 10.508 1 1 1 7.788 7.872

0 1 2 6.087 6.126 0 0 4 4.588 4.578 0 3 1 6.385 6.235

0 2 1 5.605 5.675 0 1 4 4.350 4.312 0 1 3 4.523 4.552

0 2 2 4.607 4.660 1 0 4 4.032 4.013 1 0 3 4.095 4.030

0 1 3 4.361 4.407 1 2 3 3.920 3.907 0 3 3 3.877 3.875

0 3 0 4.022 4.130 1 3 2 3.510 3.514 1 4 2 3.800 3.799

0 3 1 3.949 3.965 2 1 3 3.323 3.325 0 5 2 3.587 3.588

0 2 3 3.775 3.752 2 0 4 3.079 3.082 0 0 4 3.510 3.498

0 3 2 3.697 3.567 3 1 2 2.580 2.604 3 5 0 3.088 3.086

0 0 4 3.531 3.537 1 4 4 2.509 2.506 4 4 0 2.866 2.868

0 3 3 3.084 3.107 2 1 6 2.416 2.418 0 5 4 2.685 2.682

0 4 0 3.047 3.098 1 4 5 2.315 2.318 2 5 4 2.307 2.308

0 2 4 3.000 3.071 – – – 4 3 3 2.277 2.278

0 4 1 2.955 3.026 – – – 4 4 3 2.167 2.188

0 4 2 2.859 2.837 – – – 3 5 4 2.094 2.094

0 3 4 2.753 2.686 – – – – – –

0 4 3 2.661 2.589 – – – – – –

1 0 0 2.547 2.483 – – – – – –

1 1 1 2.320 2.366 – – – – – –

1 3 1 2.072 2.082 – – – – – –

1 3 2 1.977 1.997 – – – – – –
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D ¼ K λ
β Cos θ

ð4Þ

where λ is the x-ray wavelength (for Cu-Kα radiation
λ = 1.5405 Å), K is a constant (0.90 for Cu grid), θ is the
Bragg diffraction angle (half the scattering angle) and β is the
full width at half maximum (FWHM) in radians of the main
peak. The average particle size for pyridine-ICl, 4-
methylpyridine-ICl and 3,5-dimethylpyridine-ICl complexes
was found to be 55, 45 and 61 nm, respectively.

Impedance studies

The Nyquist diagrams (−Z vs Z′) are shown in Fig. 3a–c for
pyridine-ICl at 303, 313, 318, 323, 333, 343 and 353 K; for 4-
methylpyridine-ICl at 303, 313, 318, 323, 328, 333 and 338 K
and for 3,5-dimethylpyridine-ICl at 303, 318, 323, 333, 338
and 343 K. The spectra 3a and 3c relative to pyridine-ICl and
3,5-dimethylpyridine-ICl consist of a single semicircle whose
radii decrease with the rise in temperature. The spectra 3b re-
lated to 4-methylpyridine-ICl are characterised by the appear-
ance of depressed semicircles at higher frequencies with an
inclined spike on the low frequency side. The inclined spike
on the low frequency side of the semicircles in the spectrum of
4-methylpyridine-ICl is a characteristic of polarization phenom-
ena at the electrode-material interface. Hence, conduction in 4-
methylpyridine-ICl is ascribed mainly due to ions. The absence
of inclined spike in the impedance spectrum of pyridine-ICl and
tiny spike like portion in the low frequency side of the imped-
ance spectrum of 3,5-dimethylpyridine-ICl attribute to either
electronic or mixed ionic-electronic conduction [40].

Equivalent circuit fitting

The electrical behaviour of a system can be interpreted in terms
of an equivalent circuit containing real electrical elements in
various combinations. It should be worth mentioning that a
particular electrical circuit can be customized in a variety of
combinations of simple electrical elements but at a halt results
the same overall a.c. response. Though, there is no unique
equivalent circuit for a particular system; however, an equiva-
lent circuit can be selected on the basis of the following criteria:

(i) Keeping inmind as towhat kind of impedances is probable to
be present in the system in question and how they connected.

(ii) Whether the response of the proposed circuit is consis-
tent to the experimental data.

(iii) Whether the simulated values of the circuit elements (R,
C, etc.) are realistic and their variation with temperature
is logical.

In general, an equivalent circuit used to describe the imped-
ances of polycrystalline solid materials consists of three

parallel RC elements connected in series corresponds to grain
interior, grain boundary and electrode [41]. A single parallel
RC element gives one semicircular arc passing through the
origin in the Nyquist −Z vs Z′ plot and the low frequency
intercept on the real Z′ axis corresponds to the resistance R
of the element. We expect three semicircular arcs corresponds
to the grain (bulk), grain boundary and electrode contributions.
In practice, all the semicircles may not be noticed. They may
overlap, depress or distort due to the presence of (i) distribution
in relaxation times and (ii) very small differences of the time
constants of various relaxation processes, if any. The non-ideal
nature of the experimental impedance spectrum enforced to fit
the experimental data to evaluate the contributions of various
circuit elements which otherwise cannot be worked out from
the experimental spectrum. In this paper, LEVM 3.0 software
[24] has been used for fitting purpose.

Pyridine-ICl complex Although the impedance spectrum
(Fig. 3a) seems like a single semicircle at the first sight, the
experimental data did not fit well to an equivalent circuit con-
taining a single parallel RC element. The best fit is achieved
by using an equivalent circuit comprising of three RC ele-
ments connected in series (Fig. 4a). Hence, in this complex
grain, grain boundary and electrode contributions are respon-
sible for total hindrance in the material. The values of all
parameters of the equivalent circuit, after fitting at different
temperatures, are given in Table 6. The validity of the pro-
posed equivalent circuit is confirmed by the excellent coher-
ence between the experimental and the simulated data in the
complex impedance plots. The temperature variation of the Ri
parameters (in terms of σi) obeys the Arrhenius law (Fig. 5).

4-methylpyridine-ICl complex The existence of low fre-
quency straight line indicates the presence of double layer
capacitance of electrode-material interface [42] and the semi-
circular portion corresponds to the parallel combination of
resistance and capacitance. But the angle of inclination of
the straight line and depressed semicircle indicate the presence
of distributed microscopic properties of the material, which is
called constant phase element (cpe). Hence, cpe has been in-
troduced in place of ideal capacitive circuit element. The ex-
perimental complex impedance spectrum can be best fitted to
the equivalent circuit given in Fig. 4b. The depressed semicir-
cle corresponds to the parallel combination of bulk resistance
and a constant phase element (cpe) in series with another cpe
corresponds to the inclined spike due to interfacial polariza-
tion. The inclined spike (as observed in case of a real solid
electrolyte) in the complex impedance plot indicates that 4-
methylpyridine-ICl complex is mainly ionic. However, for an
ideal solid electrolyte, one would expect a vertical straight line
(instead of inclined one) on the low frequency side followed
by a perfect semicircle (instead of depressed one) in the com-
plex impedance plot.
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3,5-dimethylpyridine-ICl complex The impedance spectra
at lower temperatures of this complex have been best fitted
to an equivalent circuit comprising of three RC elements con-
nected in series corresponding to grain, grain boundary and

electrode interface. However, at 333 K and above, a spike at
lower frequency region of the impedance spectra become
prominent indicating different conduction mechanism at
higher temperatures. Hence, similar equivalent circuit as that

Fig. 3 Nyquist plots of a
pyridine-ICl, b 4-methylpyridine-
ICl and c 3, 5-dimethylpyridine-
ICl complex
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of 4-methylpyridine-ICl complex (i.e. 4b) is appropriate for
the spectra at 333, 338 and 343 K. At higher temperatures,
ionization of the complex transforms the material from mixed
conductor to predominantly ionic conductor.

The total conductivity (σT) of the sample has been calcu-
lated using the total resistance and the dimensions of the pellet
with the following equation:

σT ¼ 1

RT
x

t

A
ð5Þ

where t is the thickness, A is the area of the pellet and RT is the
total resistance estimated from the experimental spectrum at
low frequency intercept of the semicircle with the real axis.
Similarly, the bulk conductivity (σg) has been calculated using

bulk resistance (Rg) value obtained from fit data. It is also seen
that the value ofΣRi from fit data (Table 6) equals to the value
of RTotal estimated from experimental spectrum (Table 7)
which once again confirms the validity of the proposed equiv-
alent circuits.

AC conductivity study

The frequency dependence of a.c. conductivity i.e. logσ vs
logω plots for 4-methylpyridine-ICl complex is characterised
by three distinct regimes (i) low frequency polarisation region
(ii) the medium frequency plateau region and (iii) high fre-
quency dispersion region (Fig. 6). But for pyridine-ICl and
3,5-dimethylpyridine-ICl complex, only the later two regions

Table 6 Fitted equivalent circuit parameters for the CT complexes

T (K) R1(Ω−1) C1(F) R2(Ω−1) C2(F) R3(Ω−1) C3(F) ΣR i(Ω
−1)

Pyridine-ICl

303 1.12 × 105 4.53 × 10−11 9.63 × 105 2.60 × 10−11 1.31 × 106 8.80 × 10−11 2.38 × 106

313 9.51 × 104 3.67 × 10−11 5.70 × 105 2.99 × 10−11 2.79 × 105 1.90 × 10−10 9.44 × 105

318 8.45 × 104 2.50 × 10−11 3.85 × 105 2.50 × 10−11 2.24 × 105 2.09 × 10−10 6.94 × 105

323 8.31 × 104 2.28 × 10−11 2.91 × 105 2.75 × 10−11 1.23 × 105 3.24 × 10−10 4.97 × 105

333 7.91 × 104 1.86 × 10−11 1.00 × 105 5.05 × 10−11 2.96 × 104 1.13 × 10−9 2.09 × 105

343 5.90 × 104 1.67 × 10−11 3.40 × 104 1.04 × 10−10 6.37 × 103 3.79 × 10−9 9.94 × 104

353 4.32 × 104 1.69 × 10−11 1.04 × 104 3.10 × 10−10 1.43 × 103 1.61 × 10−8 5.50 × 104

3,5-dimethylpyridine-ICl

303 7.72 × 104 3.65 × 10−11 8.26 × 105 1.51 × 10−11 4.14 × 105 1.72 × 10−10 1.32 × 106

318 5.55 × 104 2.46 × 10−11 3.72 × 105 1.61 × 10−11 1.25 × 105 5.42 × 10−10 5.53 × 105

323 3.47 × 104 6.92 × 10−12 1.36 × 105 2.00 × 10−11 3.82 × 104 1.16 × 10−9 2.09 × 105

CPE 1 R1(Ω−1) CPE 2

Ca 1 Phi 1 Ca 2 Phi 2

333 1.57 × 10−9 6.43 × 10−1 7.63 × 104 4.33 × 10−11 4.25 7.63 × 104

338 1.60 × 10−9 6.46 × 10−1 5.09 × 104 6.04 × 10−11 4.31 5.09 × 104

343 4.54 × 10−9 5.78 × 10−1 2.77 × 104 1.27 × 10−10 4.28 2.77 × 104

4-methylpyridine-ICl

303 6.71 × 10−9 6.23 × 10−1 6.42 × 103 1.43 × 10−4 5.17 × 10−1 6.42 × 103

313 5.38 × 10−9 6.81 × 10−1 4.38 × 103 2.50 × 10−4 4.85 × 10−1 4.38 × 103

323 4.99 × 10−7 3.79 × 10−1 1.57 × 103 5.93 × 10−4 7.73 × 10−1 1.57 × 103

333 2.34 × 10−6 3.12 × 10−1 7.99 × 102 5.71 × 10−4 7.88 × 10−1 7.99 × 102

a bFig. 4 Equivalent circuit a
–(RgCg)–(RgbCgb)–(RelCel)–
and b –(Rcpe)–(cpe)–
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are observed . In case of pyr id ine- ICl and 3,5-
dimethylpyridine-ICl complex, the absence of the first low
frequency regime attributed that there is no/negligible interfa-
cial polarisation. In the low frequency region, conductivity in-
creases with the increase in frequency which is attributed to the
polarization at the electrode-sample interface. Here, flow of the
charges accumulated at the interface is responsible for increase
in conductivity. In the intermediate plateau region, conductivity
is almost frequency independent and is equal to the bulk or d.c.
conductivity of the sample. The higher frequency dispersion
region can be explained by Jonscher’s universal power law [43]

σac ¼ σdc þ Aωs ð6Þ

where σac and σdc are the a.c. and d.c. conductivity, respec-
tively,ω is the angular frequency which equals to ω = 2πf, A
is a constant and S is the frequency exponent having values
between 0 and 1. From the slope of the plot between logσ
versus logω, the frequency exponent S can be obtained and
the intercept of the horizontal portion on the vertical axis
equals to logσdc.

It is seen that as temperature increases, conductivity in-
creases at all frequencies which attributes to thermal activa-
tion. It is also observed that the characteristic frequency, (the
frequency at which dispersion region started to deviate from
the d.c. conductivity plateau) at which relaxation effect begins
to appear, shifted to the higher frequency with increase in
temperature and arrived at a position beyond the measured
frequency window limit. Another interesting observation is
that the dispersion is more prominent at lower temperature,
which is reflected in the value of S which decreases with the
rise of temperature as shown in Fig. 7. All these observations

indicate that the tested materials exhibit semiconducting be-
haviour and the a.c. conduction mechanism is due to barrier
hopping [44, 45].

a

b

c

Fig. 6 Variation of a.c. conductivity with frequency for a 4-
methylpyridine-ICl, b 3,5-dimethylpyridine-ICl and c pyridine-ICl com-
plexes at various temperatures

lo
g 

σ
→

1000/T (K-1)  →

grain (Py-ICl)

grain boundary (Py-ICl)

electrode (Py-ICl)

dc (Py-ICl)

dc (3,5-Lut-ICl)

dc (γ-Pic-ICl) 

Fig. 5 Arrhenius plots of σg,σgb and σel for pyridine-ICl and σdc of the
three complexes
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Measurement of ionic transport number

From the current vs time plots (Fig. 8) at room temperature,
the total ionic transport number (tion) of the complexes were

calculated using the Eq. 1. The values of tion (Table 2) imply
that the conduction mechanism in pyridine-ICl complex (t-

ion = 0.11) is predominantly electronic, in 3,5-dimethyl-ICl
complex (tion = 0.58) is mixed ionic-electronic and in 4-
methylpyridine-ICl complex (tion = 0.95) is mainly ionic as
came across from impedance spectra.

DC conductivity measurement

The current-voltage characteristics of the samples in the pellet
form recorded at various temperatures by using Keithley 2400
source meter are shown in Fig. 9 (S6a, b). It is observed that
the I/V curves are linear indicating the ohmic behaviour. From
the slope of the I/V curve d.c. conductivity can be calculated
by using the following relation

σdc ¼ slope� t

A
ð7Þ

where t is the thickness and A is the surface area of the sample.
The d.c. conductivities measured from the I/V curves (using
source meter) are well agreement to those calculated from the
intercept of logσ versus logω plot (Table 7). Further, total
conductivity, σTotal, measured from the experimental Nyquist

Table 7 Total conductivity and
d.c. conductivity of the
complexes at various
temperatures

T (K) Rtotal(Ω
−1)

(from Nyquist
semicircle)

σT ¼ 1
Rtotal

� t
A

(Ω−1 cm−1)

σdc(Ω
−1 cm−1)

(from intercept of the
linear portion of logσac vs
logω plot by LCR meter)

σdc(Ω
−1 cm−1)

(from the slope of
the I/V plots by
source meter)

Pyridine-ICl 303 2.41 × 106 4.95 × 10−8 5.01 × 10−8 5.20 × 10−8

313 9.50 × 105 1.25 × 10−7 1.28 × 10−7 1.32 × 10−7

318 7.14 × 105 1.67 × 10−7 1.69 × 10−7 1.77 × 10−7

323 5.05 × 105 2.36 × 10−7 2.38 × 10−7 2.74 × 10−7

328 – – 3.48 × 10−7 3.76 × 10−7

333 2.11 × 105 5.64 × 10−7 5.66 × 10−7 6.25 × 10−7

338 – – 8.09 × 10−7 8.50 × 10−7

343 9.97 × 104 1.19 × 10−6 1.19 × 10−6 1.54 × 10−6

353 5.50 × 104 2.16 × 10−6 2.17 × 10−6 2.26 × 10−6

3,5-dimethylpyridine-ICl

303 1.36 × 106 1.76 × 10−7 1.80 × 10−7 2.03 × 10−7

318 5.59 × 105 4.29 × 10−7 4.30 × 10−7 4.14 × 10−7

323 2.11 × 105 1.14 × 10−6 1.11 × 10−6 1.35 × 10−6

328 1.33 × 105 1.80 × 10−6 1.79 × 10−6 2.16 × 10−6

333 7.74 × 104 3.09 × 10−6 3.01 × 10−6 3.63 × 10−6

4-methylpyridine-ICl

303 6.37 × 103 1.97 × 10−5 1.95 × 10−5 2.62 × 10−5

313 4.36 × 103 2.87 × 10−5 2.86 × 10−5 4.37 × 10−5

318 2.21 × 103 5.67 × 10−5 5.59 × 10−5 6.41 × 10−5

323 1.54 × 103 8.13 × 10−5 7.99 × 10−5 8.07 × 10−5

328 1.06 × 103 1.18 × 10−4 1.19 × 10−4 1.17 × 10−4

Fig. 7 Variation of frequency exponent(s) with temperature
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plots nearly equals to the σdc values and follows the Arrhenius
law (Fig. 5). The activation energy for d.c. conductivity, cal-
culated from the Arrhenius plots are 0.51, 0.71 and 0.86 eV
for 4-methylpyr idine-ICl , pyr idine-ICl and 3,5-
dimethylpyridine-ICl, respetively.

The increasing order of conductivity at any particular tem-
perature is pyridine-ICl < 3,5-dimethylpyridine-ICl << 4-
methylpyridine-ICl. Among the three, the highest conductiv-
ity of 4-methylpyridine-ICl complex is due to the higher
ionisation (tion = 0.95) and lower band gap (Eg = 2.21 eV);
on the contrary, pyridine-ICl complex with lower ionisation
(tion = 0.11) and higher band gap (Eg = 2.85 eV) reveals lowest
conductivity.

Conclusion

The investigations of the three charge transfer complexes
by complex impedance spectra and ionic transport num-
ber measurements confirm that 4-methylpyridine-ICl can

be considered purely ionic which originates from (γ-
Pic2-I)

+ and ICl2
− ions, while 3,5-dimethylpyridine-ICl

is a mixed ionic-electronic conductor and pyridine-ICl
is predominantly electronic in nature. The electrical prop-
erties of pyridine-ICl and 4-methylpyridine-ICl can be
described by equivalent circuits –(RC)–(RC)–(RC)– and
–(Rcpe)–(cpe)– respectively. The former circuit corre-
sponds to grain, grain boundary and electrode contribu-
tions whereas the latter circuit corresponds to bulk resis-
tance and double layer capacitance of electrode-material
interface. Interestingly, electrical properties of 3,5-
dimethylpyridine-ICl complex fits in both the equivalent
circuits. At low temperature, it corresponds to that of
–(RC)–(RC)–(RC)– and at high temperature it corre-
sponds to –(Rcpe)–(cpe)–. The nature of the variation
of d.c. conductivity with temperature suggests semicon-
ducting behaviour with activation energy 0.71, 0.51 and
0.86 eV for pyridine-ICl, 4-methylpyridine-ICl and 3,5-
dimethylpyridine-ICl complexes, respectively. The fre-
quency dependence of a.c. conductivity obeys the
Jonscher’s power law.

Fig. 8 Current vs time plots of a
pyridine-ICl, b 3,5-
dimethylpyridine-ICl and c 4-
methylpyridine-ICl complex at
303 K

Fig. 9 Current-voltage plots of
3,5-dimethylpyridine-ICl
complex at different temperatures
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a b s t r a c t

UVeVis spectroscopy has established that Pyridine substitutes form n/s* charge transfer (CT) com-
plexes with molecular Iodine. This study is a combined approach of purely experimental UVeVis spec-
troscopy, Multiple linear regression theory and Computational chemistry to analyze the effect of solvent
upon the charge transfer band of 2-Methylpyridine-I2 and 2-Chloropyridine-I2 complexes. Regression
analysis verifies the dependence of the CT band upon different solvent parameters. Dielectric constant
and refractive index are considered among the bulk solvent parameters and Hansen, Kamlet and Catalan
parameters are taken into consideration at the molecular level. Density Functional Theory results explain
well the blue shift of the CT bands in polar medium as an outcome of stronger donor acceptor interaction.
A logarithmic relation between the bond length of the bridging atoms of the donor and the acceptor with
the dielectric constant of the medium is established. Tauc plot and TDDFT study indicates a non-vertical
electronic transition in the complexes. Buckingham and Lippert Mataga equations are applied to check
the Polarizability effect on the CT band.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Solvatochromism signifies the medium dependence of elec-
tronic absorption spectrum of a system. It is an outcome of type of
electronic transition and the nature of the chromophore involved
[1]. Again the response of the molecular orbitals involved in elec-
tronic transition towards the medium is governed by their polarity.
Depending on the polarity of the solvent and the corresponding
molecular orbitals, energy reshuffling of the molecular orbitals
takes place. Energy reshuffling sometimes leads to increase in en-
ergy gap between the molecular orbitals involved in transition or it
also may lead to decease in energy gap between them. Either way
we obtain a shift of the absorption maximum of the corresponding
system in terms of blue shift or red shift [2].Moreover specific (e.g.
hydrogen bonding) and non-specific (dielectric enrichment) in-
teractions between the solute and solvent molecules result in the

variation of geometry of the complex which changes the properties
like dipole moment, molecular orientation, energy of different
molecular orbitals etc. Compounds like everyday life drugs and
dyes are medium dependent which makes solvatochromic study
very important to understand solution chemistry involved with
essential chemicals in different environment [3,4].

Pyridine substitutes, 2-Methylpyridine and 2-Chloropyridine
have wide applications in agriculture and medicinal sector [5e7].
They form n/s* charge transfer complexes with molecular iodine.
The charge transfer bands of 2-Methylpyridine-I2 and 2-
Chloropyridine-I2 are susceptible to polarity of the solvent me-
dium. A prominent blue shift of these two CT bands is observed in
solvents with higher dielectric constant values. Dielectric constant,
refractive index and polarizability are bulk properties of solvents.
Many other solvent parameters have been assigned which explain
the solute solvent interaction at the molecular level [8e13]. Hansen
parameter is a 3-dimensional solvent parameter system. In this
system solubility parameter is a vector with the components of
dispersion forces (vd), polar forces (vp), and hydrogen bonding (vh).* Corresponding author.
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Catalan further developed a four parameter solvent scale based on
specific interaction (SA and SB terms) and non specific interaction
(SP and SDP terms).

UVeVis study of many CT complexes considering the impact of
solvent parameters upon spectroscopic properties is already re-
ported [14e19]. Kamlet and Taft are the pioneers in this field [10].

The linear solvation energy relationship (LSER) as proposed by
Kamlet is given by Equation (1)

XYZ ¼ XYZ0 þ Solvent polarity or Polarizability effect þ aaþ bb

(1)

Here XYZ is any spectroscopic property. a and b are the
hydrogen bond donor acidity and hydrogen bond acceptor basicity.
In Equation (1) a and b are microscopic level parameters whereas
the polarizability term is a bulk physical phenomenon. This term
was later replaced by p* value which is a measure of the polariz-
ability of a medium. In systems like 2-methylpyridine-I2 and 2-
Chloropyridine-I2 there exists no hydrogen bonding between the
complex and the solvent and so the hydrogen bonding terms can be
neglected giving Equation (2).

XYZ ¼ XYZ0 þ sp* (2)

On the basis of Linear Solvation Energy model considering bulk
and molecular level solvent parameters we have designed some
equations to study the solvent effect upon the title charge transfer
complexes. For spectroscopic property XYZ we have substituted the
wavelength of maximum absorbance (lmax) of the CT band. Equa-
tion (3), Equation (4) and Equation (5) are designed for 2-
methylpyridine-I2 and 2-Chloropyridine-I2 complexes.

lmax ¼ l0 þ aεþ bnþ sp* (3)

lmax ¼ l0 þ vdþ vpþ vh (4)

lmax ¼ l0 þ aSP þ bSvP þ cSAþ dSB (5)

In Equation (3) ε and n are the dielectric constant and refractive
index values of the experimental solvents respectively. p* is the
corresponding polarizability value. a, b and s are the respective
coefficients showing individual contribution of each parameter
upon the observed result. Equation (4) and Equation (5) explain the
effect of Hansen and Catalan parameters upon lmax respectively.

In order to establish our proposed equations we have applied
multiple linear regression method. It helps to examine the
dependence of a parameter upon several other independent pa-
rameters considering all at a time. The validity of a regression
model can be examined by the correlation plot of the experimental
value of the parameter and the calculated value of the same, pre-
dicted by the regression model. If the correlation plot stands well
resulting in a good linear plot then the linear regression model is
valid. We have applied MLRT to check the dependence of lmax (CT)
upon various solvent parameters for 2-Methylpyridine-I2 and 2-
Chloropyridine-I2 complexes in solvents within the dielectric con-
stant range of 1.89e9.08. The regression model successfully ex-
plains the dependence of lmax (CT) upon the solvent parameters
under consideration.

Besides all these equations Buckingham equation (S1) and Lip-
pert Mataga equation (S2) (See supplementary information) also
explain the dependence of a spectroscopic property on solvent
parameters. These solvent parameters discussed so far are widely
used to study different systems like dyes, amides, drugs and fla-
vones [4,13,20e22].

Recently Density Functional Studies have beenwidely applied to
study weak donor acceptor interaction between organic n and p

donors with halogen and interhalogen acceptors. Density func-
tional theory at the B3LYP level of theory has predicted good
intermolecular distances and intermolecular interaction energy as
well [23e29]. Theoretical investigations of similar complexes have
been done to study the structure of the complex, CT transition
energy, solvent effect on polarity etc. [30e52] The experimental
blue shift of 2-Methylpyridine-I2 and 2-Chloropyridine-I2 CT band
with solvent polarity is analyzed theoretically with the help of
Density Functional Study. TDDFT study at different levels of theory
is also widely applied these days to investigate the energy states
involved in electronic transition in complexes [53].

2-Chloropyridine-ICl charge transfer complex is recently stud-
ied combining UVeVis spectroscopy and density functional study.
It gave good insight into the trend of charge transfer interaction and
bond length variation as a function of solvent dielectric constant
values [54].

2. Experimental details

UVeVisible spectra of the charge transfer complexes are
recorded in a Shimadzu UVeVisible Spectrophotometer, UV-240
with quartz cells of 1 cm path length. All the solvents used are
from Merck with percentage purity of 97e99%. 2-Chloropyridine
used is from Fluka (98%) with a density of 1.209 g=dm3. 2-
Methylpyridine is from Merck (98%) with a density of 0.9 g=dm3.
Percentage purity and density values are included in the calcula-
tions while preparing solutions of the compounds in order to
minimize errors.

Previous workers in the field are followed to prepare sample
solutions [31,55e59]. Kosower's solvent parameter [60] corre-
sponding to maximum absorption, Z value, is calculated from the
spectral data of the title compounds in each solvent system.
Different solvent parameters applied during the study are listed in
S4 and S5 (See supplementary information).

3. Computational details

2-Methylpyridine-I2 and 2-Chloropyridine-I2 are optimized us-
ing B3LYP and uB97XD [61e64] functional with 6e311þþG** basis
set for main group elements and 6-311G** for Iodine. Frequency
calculations at the same level of theory are performed to confirm
the stationary point as minimum. For the calculations in the solvent
medium the conductor like screening model (COSMO) [65] is used.
Geometry optimization and frequency calculations are performed
using GAMESS software [66]. The TD-DFT calculations are per-
formed using uB97X functional on the optimized geometries ob-
tained from uB97XD calculations [67].

4. Results and discussion

4.1. Experimental analysis

4.1.1. Formation of 1:1 charge transfer complexes of 2-
Methylpyridine-I2 and 2-Chloropyridine-I2

Appearance of a new absorption bandwith those of the acceptor
and donor bands in UVeVis spectra confirms the formation of a CT
complex. For 2-Methylpyridine, 2-Chloropyridine and molecular
Iodine absorption bands occur at 254.8 nm, 256.2 nm and 506 nm
respectively in chloroform. When molecular iodine is added to the
solution of 2-Methylpyridine a new band appears at 396 nm and
when it is added to 2-Chloropyridine appearance of a new band at
425.25 nm is observed (See Supplementary Fig. S6). These new
bands are in confirmation with the formation of charge transfer
complexes of 2-Methylpyridine-I2 and 2-Chloropyridine-I2 [57].
The formation of 2-Methylpyridine-I2 and 2-Chloropyridine-I2
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complexes in the ratio of 1:1 is confirmed from the Benesi Hil-
debrand plots [58]. (See Supplementary Fig. S7).

4.1.2. Formation of n/s* CT complex and the physical parameters
of 2-Methylpyridine-I2 and 2-Chloropyridine-I2

Iodine forms CT complexes by n/s* transition with lone pair
donors which is indicated by prominent blue shift of the CT band
in polar solvents [38,40,67,68]. Blue shift for 2-Methylpyridine-I2
and 2-Chloropyridine-I2 CT bands are seen in polar solvents
indicating charge transfer from the lone pair on nitrogen atoms of
the donors to the s* orbitals of the acceptor iodine molecule
[Table 1]. The Ionisation potential values of the donors in the
complexes match well with the values previously calculated by
electron impact method [69,70] [Table 1 & Table 4].

Table 1 lists the physical parameters associated with 2-
Methylpyridine-I2 and 2-Chloropyridine-I2 CT complexes in
different solvents. These include the position of the CT bands
(lmax), Frequency shift of the CT band from free Iodine band (Dῡ),
Ionisation potential of the donor in the CT complex (IP), Energy of
charge transfer (DECT), Dipole Moment (m), Oscillator Strength (f)
Extinction coefficients (εC), Formation constant (KC) and Gibbs free
energy change at the experimental temperature (DG) of the two
complexes in the corresponding solvents. These are calculated
using established equations given at S8 [58]. (See supplementary
information).

4.1.3. Effect of solvent parameters on the wavelength of CT band
(lmax CTÞ

Multiple Linear Regression Theory is applied using Microsoft
Excel 2007 at 95% of confidence level. MLRT is performed
considering different solvent parameters taken three at a time
(Fig. 1).

Initially regression analysis is done considering dielectric con-
stant and refractive index as independent parameters for the
dependent parameter lmaxCT It shows good correlation between
the calculated and experimental CT bands with R2 values of 0.86
for 2-Chloropyridine-I2 and 0.955 for 2-Methylpyridine-I2 com-
plex (Fig. 1a).

Successive introduction of the Kamlet parameter p* to ε and n
improves the R2 value of the lmaxCT(experimental) against lmaxCT
(Calculated) correlation plots to 0.917 and 0.979 for 2-
Chloropyridine-I2 and 2-Methylpyridine-I2 respectively (Fig. 1b).
It shows that not only dielectric constant and refractive index of
the medium but also this Kamlet parameter which is a measure of
solvent polarity-polarizability effect, affects the position of the CT
band upto a large extent.

On analyzing the dependence of lmax CT upon Hansen solubi-
lity parameter we obtained a correlation plot with R2 value of
0.830 for 2-Chloropyridine-I2. The same value obtained for 2-
Methylpyridine-I2 is 0.901 (Fig. 1c).

Consideration of Catalan parameter shows that lmaxCT also
depends on Catalan parameter. This time correlation plot of
lmax CT (Calculated) against lmax CT (Experimental) gives R2

value of 0.801 for 2-Chloropyridine-I2 and 0.989 for 2-
Methylpyridine-I2 complex (Fig. 1d).

Summarizing we can conclude that application of MLRT
strongly reveals the dependence of lmax CT upon the solvent
parameters discussed herein with considerable high R2 values
(Table 2). It is recently reported that in case 2-Chloropyridine-ICl
CT complex correlation plot of lmaxCT (Calculated) against lmaxCT
(Experimental) gives R2 value as high as 1 for Hansen solubility
parameter [54]. Ta
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4.1.4. Solvent parameter dependence of frequency shift (Dῡ) of CT
band

Frequency shift of the CT band is also studied using same

methodology in different media (Fig. 2a and b, Table 2). Dῡ value is
also strongly dependent on the bulk solvent parameters under
study as well as Hansen parameter.

Fig. 1. Multiple Linear Regression Analysis for CT band of 2-Chloropyridine-I2 & 2-Methylpyridine-I2 in different solvents (a) Calculated lmax against experimental lmax w.r.t.
dielectric constant,ε and refractive index, n (b) Calculated lmax against experimental lmax w.r.t. dielectric constant,ε, refractive index, n and p* (c) Calculated lmax against exper-
imental lmax w.r.t. Hansen Parameter (d) Calculated lmax against experimental lmax w.r.t. Catalan Parameter.

Table 2
Result of regression analysis for (A) 2-Methylpyridine-I2 and (B) 2-Chloropyridine-I2.

Dependent parameter Independent parameters Linear equation R2 Comment

A
lmax CT ε,n Linear equation R2 Comment

ε,n,p* lmax ¼ 608:23� 4:424ε� 132:119n 0.955 Regression valid
Hansen parameters lmax ¼ 419:71� 1:624ε� 1:232n� 27:443p* 0.979 Regression valid
Catalan parameters lmax ¼ 460:64� 3:001dD� 2:557dP � 1:275dH 0.901 Regression valid

Dῡ ε,n,p* lmax ¼ 470:511� 95:523SPP� 70:764SBþ 129:552SA 0.978 Regression valid
Hansen parameters Dy ¼ 14:33þ 0:098ε� 6:974n� 1:269p* 0.989 Regression valid

B
lmax CT ε,n lmax ¼ 465:88� 2:576ε� 18:947n 0.859 Regression valid

ε,n,p* lmax ¼ 453:27� 2:202ε� 9:657n� 4:674p* 0.917 Regression valid
Hansen parameters lmax ¼ 433:99� 0:005dD� 2:261dP � 0:500dH 0.83 Regression valid
Catalan parameters lmax ¼ 50:96� 26:171SPP� 34:949SB� 93:896A 0.801 Regression valid

Dῡ ε,n,p* Dy ¼ 2:161þ 0:263εþ 3:748� 1:828p* 0.888 Regression valid
Hansen parameters Dy ¼ 5:06� 0:089dDþ 0:255dP � 0:156dH 0.778 Average
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4.1.5. Validity of Buckingham equation
A 3-D plot of Dῡ against f (ε) and f (n) is drawn for 2-

Methylpyridine-I2 and 2-Chloropyridine-I2 (Table 3, Fig. 3). Since
the corresponding points in space are not coplanar, they certainly
simultaneously vary with respect to f(ε) and f(n) establishing the
validity of Buckingham equation in the considered complexes un-
der study.

4.1.6. Application of Lippert Mataga equation to correlate frequency
shift (Dῡ) and

Orientation Polarizability (Df) of the solvents Lippert Mataga
equation [71] relates frequency shift with the orientation Polariz-
ability linearly. In case of 2-Methylpyridine-I2 complex, R2 value
obtained is 0.932 while for 2-Chloropyridine-I2 the value is 0.204
(Table 3, Fig. 4).

4.1.7. Tauc plot for the complexes and type of transition involved
Electronic transitions observed in UVeVis spectroscopy may be

direct transitions or indirect. Among direct transitions we have the
direct allowed and direct forbidden. Likewise in case of indirect
transitions we have the indirect allowed and indirect forbidden
transitions. Tauc, David and Mott have given a nice relation to
determine the type of electronic transition (See supplementary
information). In case of 2-Methylpyridine-I2 and 2-
Chloropyridine-I2 complexes the transition type is Indirect
allowed as can be seen from Fig. 5.

4.2. Computational analysis

4.2.1. Equilibrium geometries of 2-Methylpyridine-I2 and 2-
Chloropyridine-I2 in different solvents

The complexes are optimized using B3LYP and uB97XD func-
tional. The optimized geometries of the two complexes at both
functional show that the I2 molecule stays away from the substit-
uent groups at a position of the Pyridine moiety (See
supplementary information, Fig: S9 and S10). It may be an outcome
of steric repulsion between eCH3 and eCl groups and the Iodine
molecule. The NeI bond distances (rN-I) in the gas phase obtained
for 2-Methylpyridine-I2 and 2-Chloropyridine-I2 are comparable to
the previously reported value for Pyridine-I2 CT complex [72]. From
Table 4 and S11 (See supplementary information) it is seen that IeI
bond distances (r IeI) in the gas phase are more than free I2
molecule. It indicates elongation of IeI bond upon complexation.
This increase in bond length lies within the range of 0.05e0.07 as
reported earlier [72].

4.2.2. Solvatochromism is an outcome of change in molecular
geometry with solvent polarity

Analysis of Lowdin population on the donor N atom shows
building up of electron density around it with the increasing po-
larity of the solvents (Table 5). Polar solvent stabilizes the charge
separation in donor acceptor molecule [Ad- Ddþ] [73]. It signifies a
stronger CT interaction in polar medium.

There is also a significant change in the bond length of bridging
atoms and the acceptor molecule. It is observed that r NeI decrease
with the polarity of the solvents while r IeI increases with it
(Table 4 and S11). It is in accordance with the earlier findings that r
NeI in such complexes decreases with increase in complexation
while that of r IeI increases [37,41]. The electric field of the solvent

Table 3
Frequency shift corresponding to Orientation Polarizability for (A) 2-Methylpyridine-I2 and (B) 2-Chloropyridine-I2.

Solvents ε f ðεÞ ¼ ðε�1Þ
ð2εþ1Þ

n f ðnÞ ¼ ðn2� 1 Þ
ð2n2þ1Þ

Df ðε; nÞ Frequency shift; Dy� 103 cm�1

A B

n-C6H14 1.89 0.186192 1.3749 0.186238 �4.59497E-05 4.85 3.56
n-C7H16 1.924 0.190594 1.3876 0.190777 �0.000182901 4.78 3.69
Cyclo-C6H14 2.023 0.202735 1.4262 0.204031 �0.001295841 4.5 3.596
Iso-C8H18 2.2 0.222222 1.3915 0.192153 0.03006959 4.63 3.88
CCl4 2.238 0.226077 1.463 0.215949 0.010128635 4.82 3.62
C6H6 2.284 0.230603 1.5011 0.2276 0.003003721 4.77 2.86
CHCl3 4.806 0.358651 1.4457 0.21043 0.148220452 5.49 3.52
CH2Cl2 9.08 0.421712 1.4235 0.203129 0.218582615 6.32 4.04

Fig. 2. Multiple Linear Regression Analysis for shift in CT band for 2-Chloropyridine-I2
& 2-Methylpyridine-I2 (a) Calculated Dῡ against experimental Dῡ w.r.t. dielectric
constant,ε, refractive index, n and p* (b) Calculated Dῡ against experimental Dῡ w.r.t.
Hansen Parameter.
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also plays a role in contraction of the NeI bond [72].
Therefore from the bond length analysis and also the electron

density analysis we can conclude that solvent polarity leads to
structural changes within the molecule, stabilizes the charge sep-
aration and leads to a stronger donor acceptor interaction. Thus the
UVeVis spectra show a prominent blue shift of the CT band in polar
medium.

4.2.3. Quantitative relation between dielectric constant of medium
and bond length

We proposed a logarithmic relation between the bond length of
the bridging atoms of donor and acceptor molecules and Dielectric
constant of the corresponding media for 2-Chloropyridine-ICl CT
complex [54]. Same logarithmic relation equally holds in these two
complexes too. It is observed from Fig. 6. Earlier it is reported that
the changes observed by solvent variation in complexes is largely
dependent on the dielectric constant upto a value of ~10. Thus we
have selected the solvents within this range and tried to find a
quantitative relation between the dielectric constant of solvents
and the bond length [74].

4.2.4. Molecular orbitals involved in transition
Although Pyridine has both p electron system and an n-pair,

Pyridine and halogens form n/s* charge transfer complex [33,39].
We have tried to visualize the molecular orbitals of the two com-
pounds after fully optimizing them in the gas phase and it is seen
that the transition in 2-Methylpyridine-I2 complex occurs from
HOMO-2 to LUMO of the complex and in case of 2-Chloropyridine-
I2 complex it occurs from HOMO-5 to LUMO of the complex
(Fig. S12). (See supplementary information).

4.2.5. TD-DFT studies
We have performed TDDFT using long range corrected func-

tional uB97X since the preference of using LC functional over other
hybrid functional has been widely discussed by previous workers
[75e77]. However both the success and failure of TDDFT in
explaining CT states have been already reported [78,79]. It is seen
from Table 5 that lmax values increase with increase in solvent
polarities, which is in contradiction with experimental values. This
contradiction can be due to either improper asymptotic behavior of
the density functional or experimental transition may not be ver-
tical. Since uB97X functional is range-separated functional with
proper asymptotic form, therefore, the main reason of this
contradiction is that experimental transition as we have already
seen while considering the Tauc plot is not vertical. Moreover, it
should be noted that the difference between theoretical and
experimental lmax is very large, which also support our conclusion
that experimental transition is not vertical.

4.3. Substituent effect

Position of the CT band from the experimental analysis, bond
length study and Lowdin population analysis strongly suggest the
substituent effect of the eCH3 and eCl groups present in the two
systems.

The experimental results show that the CT band for 2-
Methylpyridine-I2 appears at a lower wavelength as compared to
that of 2-Chloropyridine-I2 band. The positive inductive effect
methyl group on the pyridine ring increases the electron density at
the donor N atom while the chlorine atom does just the opposite.

Fig. 3. 3D plot for Dῡ, f(ε) and f(n) for Buckingham Equation.

Fig. 4. Lippert Mataga equation for 2-Methylpyridine-I2 and 2-Chloropyridine-I2.
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The lone pair on N atom in 2-Methylpyridine becomes more labile
facilitating bond formation with Iodine more than that of 2-
Chloropyridine molecule. As a whole the 2-Methylpyridine-I2
complex gets stabilized more and thus the energy gap between the
charge transfer transition states becomes more. As a result we get
lower values of l(max)CT for 2-Methylpyridine-I2 complex as
compared to the corresponding values for 2-Chloropyridine-I2 CT
complex (Table 1).

From bond distance analysis it is seen that (Table 4 and S11).

rN-I (2-Methylpyridine-I2)<rN-I (2-Chloropyridine-I2)

and

rI-I (2-Methylpyridine-I2)>rI-I (2-Chloropyridine-I2)>rI-I(Iodine
Molecule)

This clearly indicates that there is more Charge transfer inter-
action between 2-Methylpyridine and I2 molecule as compared to
2-Chloropyridine and I2 molecule.

The optimized geometries in the gas phase show that Lowdin
population on the donor N atom of 2-Methylpyridine-I2 is less than
that of donor N atom of 2-Chloropyridine-I2 complex (Table 4 and
S11). Thus we may conclude that better electron transfer occurs in
case of 2-Methylpyridine-I2 indicating stronger donor acceptor
interaction in this complex. The Binding energy values also support
this fact (S13). (See supplementary information).

5. Conclusion

Multiple linear regression method helps in establishing the
Linear solvation energy relationship and explains well the depen-
dence of lmax(CT) of the two complexes on different solvent

Fig. 5. Tauc plot for (A) 2-Methylpyridine-I2 and (B) 2-Chloropyridine-I2.

Table 4
Bond length and population analysis from theoretical data for (A) 2-Methylpyridine-I2, (B) 2-Chloropyridine-I2complex in gas phase and different solvents for uB97XD
functional.

Medium 2 rI-I
Å

DrI-I
Å

rN-I
Å

Lowdin population and charge on

In CT complex N atom I atom

Free iodine In CT complex Population Charge Population Charge

A

Gas 1 2.7035 2.7544 0.0509 2.7466 7.377956 0.377956 52.379904 0.620096
n-C6H14 1.89 2.7046 2.7686 0.064 2.6804 7.252789 �0.252789 52.720560 0.279440
n-C7H16 1.924 2.7046 2.7692 0.0646 2.6776 7.257561 �0.257561 52.705096 0.294904
Cyclo-C6H14 2.023 2.7047 2.7704 0.0657 2.6721 7.255883 �0.255883 52.713254 0.286746
Iso-C8H18 2.2 2.7048 2.7727 0.0679 2.6631 7.253512 �0.253512 52.720708 0.279292
CCl4 2.238 2.7048 2.7732 0.0684 2.6615 7.253594 �0.253594 52.720724 0.279276
C6H6 2.284 2.7049 2.7738 0.0689 2.6587 7.259191 �0.259191 52.701244 0.298756
CHCl3 4.806 2.7057 2.7889 0.0832 2.6154 7.262663 �0.262663 52.697926 0.302074
CH2Cl2 9.08 2.7061 2.8026 0.0965 2.5772 7.265322 �0.265322 52.686178 0.313822
B
Gas 1 2.7035 2.7327 0.0292 2.88 7.387995 �0.387995 52.386292 0.613708
n-C6H14 1.89 2.7046 2.7371 0.0325 2.8571 7.249224 �0.249224 52.764287 0.235713
n-C7H16 1.924 2.7046 2.7373 0.0327 2.8562 7.249349 �0.249349 52.764347 0.235653
Cyclo-C6H14 2.023 2.7047 2.7377 0.033 2.8538 7.249696 �0.249696 52.764515 0.235485
Iso-C8H18 2.2 2.7048 2.7383 0.0335 2.8504 7.250259 �0.250259 52.764786 0.235214
CCl4 2.238 2.7048 2.7384 0.0336 2.8497 7.248393 �0.248393 52.769229 0.230771
C6H6 2.284 2.7049 2.7385 0.0336 2.8491 7.246357 �0.246357 52.770331 0.229669
CHCl3 4.806 2.7057 2.7454 0.0397 2.8038 7.254425 �0.254425 52.766768 0.233232
CH2Cl2 9.08 2.7061 2.7513 0.0452 2.7676 7.256471 �0.256471 52.767736 0.232264
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parameters both at the bulk and molecular levels. Theoretical
investigation of the geometry of the complexes strongly suggests
that solvatochromism is a result of change in geometric and elec-
tronic arrangement within the complex in different media.

Molecular orbital analysis implies that electronic transition in 2-
Methylpyridine-I2 occurs from HOMO-2 to LUMO and in 2-
Chloropyridine-I2 it occurs from HOMO-5 to LUMO of the com-
plex. Thus charge transfer transition is not strictly confined to the
frontier orbitals only. A logarithmic relation between the dielectric
constant of the medium and the Donor-Acceptor bond distance is
found to exist upto a dielectric constant value of 10. Substituent
effect is seen to play an important role in the position of the CT
bands. All the results obtained propose a stronger donor acceptor

interaction in 2-Methylpridine-I2 than 2-Chloropyridine-I2 with
the increase in the solvent polarity. Tauc plot from UVeVis study
and TDDFT studies suggest an indirect allowed transition in 2-
Methylpyridine-I2 and 2-Chloropyridine-I2 charge transfer
complexes.
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Abstract 2-Chloropyridine and Iodine monochloride form 1:1 n? r* charge transfer complex

which is confirmed by Benesi Hildebrand plot using UV-vis spectroscopy. Multiple Linear Regres-

sion Technique (MLRT) shows that 2-Chloropyridine-ICl complex is susceptible to medium effect

in reference to different solvent parameters, at both the bulk and molecular levels. Dielectric con-

stant (2), refractive index (n), Hansen parameter, Catalan parameter and Kamlet’s p* values give

good linear fit equations between experimental and calculated CT bands with R2 values as high

as 1. Polarizability effect on the CT band is examined using Buckingham and Lippert Mataga equa-

tion. Formation constant of the complex in different mediais found to be linearly dependent on

Hansen solubility parameter. Computational analysis defends well the blue shift in polar medium

observed for 2-Chloropyridine-ICl. NBO, NRT, and QTAIM analyses explain a shift from ionic

character to covalent character in polar medium. It emphasises a stronger donor acceptor interac-

tion in polar medium and thereby explains the experimentally observed blue shift. A logarithmic

relation between the bond lengths of the bridging atoms and dielectric constant is proposed.
� 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

anopenaccess article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Charge transfer (CT) complexes are formed when electron transfer

occurs from one compound to another. The former compound is called

the donor (D) and the latter is called the acceptor (A) (Mulliken, 1952,

1956; Mulliken and Pearson, 1969). Appearance of a new band with

those of donor and acceptor bands in the electronic spectra of the

donor and acceptor together in solution, confirms the formation of a

new CT compound which is capable of absorbing in the UV-vis region

of the spectrum (Benesi and Hildebrand, 1949). Such bands are thus
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termed as CT bands. CT bands are formed for the electronic transition

from the ground state complex [D, A] to the dative excited state [D+,

A�] (Vasilyev et al., 2001). Depending on the type of molecular orbital

involved during the electronic transition, CT complexes are classified

accordingly (Guryanova et al., 1975). In the recent years, considerable

interest is given to charge-transfer complexes, due to their vast appli-

cation in the field of organic electronics, such as in organic solar cells

and in light-emitting diodes (Walzer et al., 2007; Gunes et al., 2007).

Halogen bonds are also a kind of electron donor-acceptor interac-

tion, in which a halogen atom X interacts with an atom, Y, with an

excess of electron charge density and are denoted by RX�X���Y�RY

formulae (Matter et al., 2009; Politzer et al., 2007, 2010; Lu et al.,

2009). One such donor acceptor interaction is observed in case of

2-Chloropyridine and Iodine monochloride. 2-Chloropyridine is an

important chemical as an insecticide, microbiocide, molluscicide,

nematicide, Insect Growth Regulator, etc (Shimizu et al., 2012). It is

also used in the preparation of antihistaminic agent pheniramines

(Botteghi et al., 1994). Iodine monochloride is basically used in deter-

mining the Iodine number of fats, fatty acids, oils and various organic

solvents by Wij’s method. Moreover it is used as an iodinating agent to

produce pharmaceuticals, in enhancing the conductivity of carbon

nanotube wires and also in the synthesis of graphene (Xiong et al.,

1999; Lahyani and Trabelsi, 2016; Janas et al., 2014; Jadaun et al.,

2013). 2-Chloropyridine-ICl CT complex is formed by the transfer of

electron from the lone pair on nitrogen atom of the pyridine ring to

the antibonding r* orbital of the ICl molecule. Formation of the CT

complex is confirmed by electronic spectroscopy.

Solvatochromism is a significant behaviour of CT complexes

observed. Many solute-solvent interaction types are held responsible

for the preferential blue or red shift observed for a CT band in polar

medium (Basavaraja et al., 2015; Taft and Kamlet, 1976; Kamlet

et al., 1979; Kamlet and Taft, 1979). Several solvent parameters are

formulated to define the type of interaction responsible for the Solva-

tochromic shift (Catalan, 2009; Hansen, 1967). Kamlet’s Linear Solva-

tion Energy Relationship is a landmark in determining the partial

effect of different parameters on the spectroscopic parameter of a

CT band. Nowadays, it is possible to analyse simultaneous effect of

different solvent parameters on the spectroscopic behaviour with the

help of Multiple Linear Regression Technique (MLRT) (Hmuda

et al., 2013).

Besides solvent effect study, recently, density functional theory

(DFT) has been extensively used in chemistry and physics to study

the ground and excited state properties of molecular systems (Kohn

and Sham, 1965). In a conventional DFT calculation, Kohn-Sham

(KS) equation is iteratively solved by using various exchange-

correlation functionals which are of LDA, GGA and hybrid types.

However, failure of conventional density functional in predicting some

ground and excited state properties is recently reported (Tozer and

Handy, 1998; Tozer et al., 1999; Dreuw et al., 2003). To overcome

the drawback of conventional density functional, range-separated den-

sity functional is developed in which the electron–electron repulsion

term is split into long-range interaction term (first term in Eq. (1))

which describes the long-range exchange interaction using the Har-

tree–Fock exchange (HF) integral and short-range interaction term

(second term in Eq. (1)) which includes the DFT exchange functional

(Savin, 1996; Leininger et al., 1997). Range-separated density function-

als are found to reproduce nonlinear optical properties, reaction bar-

rier height, charge-transfer excitation, Rydberg excitation and van

der Waals interactions (Iikura et al., 2001; Tawada et al., 2004;

Vydrov and Scuseria, 2006; Peverati and Truhlar, 2012; Sekino

et al., 2007; Tsai et al., 2013).

1

r12
¼ erfðlr12Þ

r12
þ erfcðlr12Þ

r12
ð1Þ

where l is the range–separation parameter.

We have approached both experimentally and theoretically to

study spectroscopic behaviour of 2-Chloropyridine-ICl complex in

the UV-vis region in different solvent media.

2. Experimental details

UV–Visible spectra of the charge transfer complex in different

media are recorded in a Shimadzu UV-1700 PharmaSpec
UV-vis spectrophotometer. All the five solvents Carbon
tetrachloride, Cyclohexane, n-Hexane, Chloroform and

Dichloromethane used are from Merck with percentage purity
of 97–99%. The solvents are distilled at their boiling points for
spectroscopic purpose. 2-Chloropyridine used is from Fluka

(98%) with a density of 1.209 gml�1. Iodine monochloride
(98%) is used from CDH. Percentage purity and density values
are included in the calculations while preparing quantitative
solutions of the compounds.

The sample solutions for recording UV-vis spectra are pre-
pared as reported earlier (Mckinney and Popov, 1969;
Lyatajka et al., 1977; Augdahl and Klaeboe, 1965; Subhani

et al., 2008; Refat et al., 2013).

3. Computational details

Geometries of all the stationary points are fully optimised at
gas phase and in solvent medium using LC-BLYP (Iikura
et al., 2001) functional and 6-31++G(d,p) basis set for main

group elements and LANL2DZ for I atom. This chosen basis
set is recently being used to study the charge-transfer transition
energy of the mesitylene-ICl complexes (Tiwary and

Mukherjee, 2009). Frequency calculations are performed at
the same level of theory to confirm the stationary point as min-
imum. The conductor like screening model (COSMO) is used
for the calculations in the solvent medium. Geometry optimi-

sation and frequency calculations are performed at GAMESS

Figure 1 UV-vis spectra of 2-Chloropyridine and ICl in

Chloroform at 25 �C for 1 cm cell. The concentrations of 2-

Chloropyridine (M) are (1) zero; (2) 0.1054; (3) 0.3162; (4) 0.527;

(5) 0.7378; (6) 0.9486.
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software (Schmidt et al., 1993). Moreover, natural bond orbi-
tal (NBO) and quantum theory of atom in molecule are per-
formed using NBO6 (Glendening et al., 2013) and multiwfn

suite of program respectively.

4. Results and discussion

4.1. Experimental analysis

4.1.1. Spectral properties of the acceptor, donor and the complex
formed in solution

2-Chloropyridine and ICl both are soluble in all the five sol-
vents used in this study. Solution of 2-Chloropyridine in all
the solvents is colourless while that of ICl is light brownish.

Gradual addition of 2-Chloropyridine solution to the ICl solu-
tion results in lightening of brown colour of ICl up to different

extents indicating the formation of a new compound (Refat
et al., 2013). Pure ICl absorbs at 453.2 nm and 2-
Chloropyridine absorbs at 256.2 nm in chloroform. When

these two are mixed a new band appears at 324 nm which is
neither the characteristic of ICl or of 2-Chloropyridine.
Appearance of this band confirms the formation of the charge

transfer complex between ICl and 2-Chloropyridine (Fig. 1).
Similar observations are obtained for the other four solvents
(Fig. 2). From the UV-vis spectra the stoichiometry of the

complex formed is found to be 1:1 using the modified
Benesi-Hildebrand plot which gives straight lines for all the
five solvents considered (Fig. 3).

Table 1 lists the physical data such as CT absorption band

wavelength (kmax), Extinction coefficient (emax), Formation
constant (KC), Energy of the CT band (DECT), Ionisation
Potential of the donor in the complex (Ip), Dissociation Energy

(W), Resonance Energy of the complex in the ground state

Figure 2 UV-vis spectra of 2-Chloropyridine-ICl charge transfer complex in (a) Hexane, (b) CCl4, (c) CH2Cl2 and (d) Cyclohexane at

25 �C in 1 cm cell. The concentration of ICl is kept constant and that of 2-Chloropyridine is varied. The concentrations of 2-

Chloropyridine (M) are (a) Hexane: (1) zero; (2) 0.06999; (3) 0.20997; (4) 0.34995; (5) 0.48993; (6) 0.62991. (b) CCl4: (1) zero; (2) 0.0351; (3)

0.0763; (4) 0.1053; (5) 0.1755; (6) 0.3159. (c) CH2Cl2: (1) zero; (2) 0.1054; (3) 0.3162; (4) 0.527; (5) 0.7378; (6) 0.9486. (d) Cyclohexane: (1)

zero; (2) 0.06999; (3) 0.20997; (4) 0.34995; (5) 0.48993; (6) 0.62991.
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(RN), and the Gibbs free energy change (DG) at the experimen-
tal temperature. These values are calculated with the help of

established equations (Razzaq et al., 2008). The Ionisation
potential values of the donor match nicely with the previously
calculated values by electron impact method (Basila and

Clancy, 1963).
Table 1 clearly shows the dependence of the kmax value on

the dielectric constant value of the experimental solvents. Sim-
ilarly all the parameters linked with kmax vary accordingly. It is

already reported that increasing solvent polarity affects the
Charge Transfer Energy by solvating the energy levels up to
different extents. Lowering of the LUMO in the energy axis

or stabilizing it more as compared to the HOMO, may lead
to an increase in the charge transfer transition energy (DECT).
It may occur as a result of more polar nature of the LUMO

which leads to more solvation of the LUMO and as a result
it gets stabilized to a greater extent. Moreover a blue shift of
kmax indicates n-r* transition. It establishes the formation of

the 2-Chloropyridine-ICl complex through the lone pair on
N atom as is found in case of Iodine forming compounds with
lone pair donors (Kamlet et al., 1979; Salman et al., 2004).

4.1.2. Quantitative estimation of effect of solvent parameters
upon CT band by MLRT

The solvent parameters for the solvents under study are in

Table 2. Solvatochromic study of CT band is done in a large
scale in varieties of compounds such as drugs, dyes, flavones
(Catalan, 2009; Aggarwal and Khurana, 2014; Alimmari

et al., 2015; Jovie et al., 2014; Dawoud et al., 2014). MLRT
is a recent approach to analyse the dependence of any spectro-
scopic property (kmax, D�m etc.) of a compound on various sol-

vent parameters (Hmuda et al., 2013; Alimmari et al., 2015;
Zakerhamidi et al., 2012). In this study, MLRT is applied
using Excel 2007 at the 95% confidence level. We have exam-
ined the dependence of kmax on the solvent parameters under

study. Among the solvent parameters we have selected e, n, p*-
value, Hansen parameters and Catalan parameters. e and n
determine solute-solvent interaction considering bulk environ-

ment whereas the rest three indicates solute-solvent interaction
at the molecular level. The regression plot of kmax (exp.)
against kmax (calc.) (Fig. 4) shows that Hansen parameters

have excellent correlation with the kmax value with R2 value
of 1. The result of regression analysis is shown in Table 3.

Table 3 shows that Solvatochromic shift is largely depen-

dent on solute–solvent interaction at the molecular level. Sim-
ilar Regression analysis with the Formation Constant value is
also done. Although formation constant value of a CT com-
plex is reported to show variation with the changing polarity

no specific change is reported till now (Refat et al., 2010).
Table 1 shows irregular variation in the values of Kc with
polarity. Thus we tried to check whether Kc is a multi param-

eter dependent characteristic rather than being dependent
solely upon the solvent polarity or dielectric constant value.
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Figure 3 Modified Benesi-Hildebrand plot for 2-Chloropy-

ridine-ICl complex in CHCl3.

Table 1 Spectroscopic and physical parameters of 2-Chloropyridine-ICl.

Solvent e n kmax(CT) (in

nm)

emax (in

L mol�1 cm�1)

Kc (in

L mol�1)

DECT (in

eV)

Ip (in

eV)

W (in

eV)
RN � 1012 (in

eV)

DG0

(KJ/mol)

COMPOUND: 2-Chloropyridine-ICl

n-C6H14 1.890 1.3749 340.2 269.54 6.51 3.646053 10.23 5.15 12.78 37.14

CycloC6H14 2.023 1.4262 334.0 1000.00 100.00 3.713734 10.31 5.17 48.29 570.58

CCl4 2.238 1.4630 330.4 200.00 125.00 3.754171 10.36 5.18 9.77 713.23

CHCl3 4.806 1.4457 324.0 111.11 9.00 3.828365 10.45 5.19 5.53 51.35

CH2Cl2 9.080 1.4235 322.8 333.33 37.50 3.842592 10.47 5.20 1.67 213.97

Table 2 Different solvent parameters.

Solvent kmax (nm) e n p* Hansen solubility parameter (MPa1/2) Catalan solvent parameters

dD dP dH SPP SB SA

n-C6H14 340.2 1.890 1.3749 �0.04 14.9 0.0 0.0 0.519 0.056 0.000

CycloC6H14 334.0 2.023 1.4262 0.00 16.8 0.0 0.2 0.557 0.073 0.000

CCl4 330.4 2.238 1.4630 0.28 17.8 0.0 0.6 0.632 0.044 0.000

CHCl3 324.0 4.806 1.4457 0.58 17.8 3.1 5.7 0.786 0.071 0.047

CH2Cl2 322.8 9.080 1.4235 0.82 18.2 6.3 6.1 0.876 0.178 0.040
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In case of Formation constant too Fig. 5 shows that it is
dependent on Hansen parameters with a high R2 value of

0.993 and it is completely independent of bulk parameters.
Although we have performed MLRT considering a linear

relation to exist between the Formation Constant of the CT
complex and the solvent parameters and we are obtaining

quite satisfactory result for the Hansen parameters, still we
cannot put forward a conclusive remark on that until and
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Figure 4 Calculated kmax Vs experimental kmax plots w. r. t. (a) e and n, (b) e, n, p*, (c) Hansen solubility parameters, (d) Catalan

parameters.

Table 3 Result of regression analysis for kmax and KC of CT band.

Parameter Independent parameters Linear equation R2 Comment

kmax e, n kmax = 509.43 � 1.74e � 120.68n 0.953 Regression valid

e, n, p* kmax = 448.88 � 0.52e � 79.04n � 11.48p* 0.969 Regression valid

Hansen solubility parameter kmax = 386.39 � 3.10dD + 0.18dP � 1.36dH 1.000 Excellent regression

Catalan parameters kmax = 370.80 � 67.47SPP + 43.35SB + 74.46SA 0.951 Regression valid

KC e, n KC = �1399.52 � 7.469e+ 1040.93n 0.525 Regression invalid

e, n, p* KC = �3519.03 + 35.43e+ 2498.47n � 40.99p* 0.888 Regression poor

Hansen solubility parameter KC = �697.374 + 47.397dD + 6.71dP � 27.83dH 0.993 Good regression

Catalan parameters KC = �312.509 + 739.62 SPP � 550.73 SB � 4822 SA 0.749 Regression invalid
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unless we perform similar tests with other CT complexes in dif-
ferent media. Since it is beyond the scope of this paper to
include a large number of such complexes, we propose to

examine our approach in our future works.

4.1.3. Validity of Buckingham and Lippert Mataga equation

Buckingham equation relates Spectroscopic Property (D�m in

our case) with the function of dielectric constant f(e) and the
function of refractive index, f(n) as given in Eq. (2).

XYZ ¼ XYZ0 þ c1
ðe� 1Þ
ð2eþ 1Þ þ c2

ðn2 � 1Þ
ð2n2 þ 1Þ ð2Þ

A 3D plot of D�m, f(e) and f(n) show the dependence of D�m on f
(e) and f(n) in Fig. 6.

Combination of f(e) and f(n) together is called as Orienta-

tion Polarizability. Lippert Mataga equation (Reichardt and

Welton, 2011) shows a linear correlation between Frequency
Shift (Change in position of CT band from the respective
acceptor) and the Orientation Polarizability of corresponding

solvents. Fig. 7 shows good linear correlation between fre-
quency shift and Orientation Polarizability with R2 value of
0.971.

4.2. Computational analysis

4.2.1. Molecular geometries

The optimised geometries of 2-Chloropyridine-ICl in all the
media are shown in Fig. 8 whereas selected geometrical param-

eters are tabulated in Table 4. It is seen from Fig. 8 that the Cl
atom of acceptor ICl molecule stays a bit away from the
substituent Cl atom in the donor 2-Chloropyridine molecule
with an angle greater than 1200. The reason may be the steric

Gas n-Hexane

Cyclohexane CCl4

CHCl3 CH2Cl2

Figure 8 Optimized geometries of 2-Chloropyridine-ICl.
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repulsion between the two Cl atoms. Moreover, it is seen from
Table 4 that the <C(6)N(1)I(11) angle decreases with increase

in dielectric constant of the solvent. However, this decrease in
the angle is not very large. For instance, <C(6)N(1)I(11) angle
in gas phase and CH2Cl2 solvent with dielectric constant 9.08

are 127.89� and 125.85� respectively. This observation may be
attributed to slight decrease in steric repulsion between the two
Cl atoms with solvent polarity. Moreover, inspection of N–I

and I–Cl bond length from Table 4 indicates that N–I bond
length decreases with the increasing dielectric constant of the
solvent and the I–Cl bond distance increases with the increas-
ing solvent dielectric constant. The N–I bond length in the gas

phase and the increase in the I–Cl bond length due to complex-
ation in the gas phase are close to those of previously reported
values for Pyridine-I2 CT complex (Reichardt and Welton,

2011).
Decrease in the bond length between the bridging atoms of

donor and acceptor molecules with complexation and the

increasing polarity of the mediums is already reported for sim-
ilar compounds (Tiwary and Mukherjee, 2009; Reiling et al.,
1997; Tiwary et al., 2008). From Table 4 and previous reports
we thus can conclude a stronger donor acceptor interaction in

polar medium.
We have tried to examine the probability of a quantitative

relation between the N–I and I–Cl bond length with that of

dielectric constant. Thus we made a plot of bond length
against dielectric constant values for both the selected bonds
under study. Satisfactorily we obtain a logarithmic relation

between the bond length values with the corresponding dielec-
tric constant values of the medium as seen in Fig. 9 with an R2

value of 0.997 for both the plots.

4.2.2. Natural bond orbital analysis

A single best Lewis type description of the total electron den-
sity is obtained from Natural Bond Orbital (NBO) calcula-

tions. Therefore, to understand the bonding between 2-
Chloropyridine and ICl, we have performed NBO calculation
on the complex between 2-Chloropyridine and ICl. In Table 5,

we have tabulated the electron occupancy of the lone pair (LP)
of the nitrogen and electron occupancy of valence antibond
(BD*) of N–I. Moreover, the interaction energy (E(2)) between
LP of N and BD* of N–I from second order perturbation anal-

ysis is also tabulated in Table 5. It is observed that electron
occupancy of LP of N decreases with increase in solvent polar-
ity. For instance, electron occupancy of LP of N in gas phase

and in CH2Cl2 solvent is 1.83e and 1.73e respectively. On the
other hand, electron occupancy of BD* of N–I increases with
increase in the solvent polarity. This behaviour indicates that

electron transfer from LP of N takes place and BD* of N–I
increases with the increase in solvent polarity. On inspection

of E(2) values from Table 5, it is clear that stabilization inter-
action between LP of N and BD* of N–I increases with the

increase in the solvent polarity.

4.2.3. Natural resonance theory analysis

Natural resonance Theory is performed to analyse the total

electron density in terms of a series of idealised resonance
forms. Moreover, NRT theory provides the percentage of ionic
(%ionic) and covalent (%covalent) character in a bond. The

%ionic and %covalent characters are tabulated in Table 6.
It is observed that in gas phase, the N–I bond is almost ionic
(�94%). With increase in solvent polarity, %ionic character

decreases whereas %covalent character increases. For

Table 4 Geometric parameters of 2-Chloropyridine-ICl in different media (Bond lengths are in A� and bond angles are in degrees).

Gas phase n-C6H14 (1.890) CycloC6H14 (2.023) CCl4 (2.238) CHCl3 (4.806) CH2Cl2 (9.080)

rN–I 2.620 2.540 2.530 2.520 2.410 2.340

rI–Cl in the complex 2.430 2.450 2.460 2.460 2.520 2.570

rICl in free state 2.366 2.371 2.372 2.372 2.379 2.384

DrICl 0.064 0.079 0.088 0.088 0.141 0.230

<C(6)N(1)I(11) 127.890 127.290 127.220 127.130 126.380 125.850

(a)

(b)
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Figure 9 Dielectric constant of medium against bond length, (a)

dielectric constant against rN–I, (b) dielectric constant against rI–Cl.
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instance, in hexane, %ionic and %covalent characters are
92.41 and 7.59 respectively, whereas in CH2Cl2, %ionic and

%covalent are 74.63 and 25.37 respectively. The decrease in
%ionic and increase in %covalent indicates increase in stabil-
ity of N–I bond with solvent polarity.

4.2.4. Natural energy decomposition analysis

To decompose the interaction energy (IE) to a sum of physi-
cally meaningful term, we have performed Natural Energy

Decomposition Analysis (NEDA) by Glendenning and
coworkers (Glendening et al., 2013). In Table 7, we have tab-
ulated IE, Energy of charge transfer (ECT) and Polarisation

Energy (EPOL). It is seen from Table 7 that IE in gas phase

is �47.99 kJ/mol. However, in hexane solvent with dielectric
constant 1.89, IE drastically increases to �261.75 kJ/mol and
in CH2Cl2 solvent with dielectric constant 9.08 IE increases

to �1099.09 kJ/mol. This indicates that interaction energy
increases with the increase in the solvent polarity. Inspecting
the ECT terms from Table 7, it is inferred that charge-

transfer increases with the increase in the solvent polarity. Sim-
ilar to ECT, EPOL term also increases with the increase in the
solvent polarity. However, the variation of EPOL with solvent

polarity is small, as compared to ECT. For instance, ECT and
EPOL in hexane solvent with dielectric constant 1.89 are
�283.05 and �120.33 kJ/mol respectively, whereas ECT and
EPOL in CH2Cl2 solvent with dielectric constant 9.08 are

�754.67 and �217.69 kJ/mol respectively.

4.2.5. QTAIM analysis

QTAIM analysis has been performed to analyse halogen
bonded interaction between 2-Chloropyridine and ICl. The
properties of the (3,�1) Bond Critical Point (BCP) between
two atoms indicate the types of interaction between the two

atoms. The various properties of BCP between N atom of 2-
Chloropyridine and ICl are tabulated in Table 8. According
to QTAIM, electron density (q(r)), Laplacian of electron den-

sity ðr2qðrÞÞ and electronic energy density (H(r)) at BCP are
valuable parameters for probing the nature of the bond
(Bader, 1990, 1991). Generally, for covalent interactions, q(r)
is large, while r2qðrÞ is large and negative. On the other hand,

for ionic interaction, q(r) is small, while r2qðrÞ is positive.
Moreover, the magnitude of H(r) reflects the covalence of
interaction. A negative value of H(r) indicates a significant
covalent contribution while a positive value of H(r) indicates

a significant ionic contribution. It is observed from Table 8

that in gas phase, q(r) is small, and r2qðrÞ is positive, which
indicates that the interaction between 2-Chloropyridine and
ICl is ionic. However, H(r) is negative, which indicates that
there is also covalent contribution to the interaction. As
expected, q(r) increases with increase in dielectric constant,

whereas H(r) becomes more negative with increase in dielectric
constant. This infers that, covalent contribution to the interac-
tion increases with increase in dielectric constant.

Table 5 NBO analysis.

Medium Dielectric

constant

Occupancy of

LP of

nitrogen

Occupancy

of BD* N–I

E(2)

(kJ/mol)

Gas 1.83 0.11 158.172

n-C6H14 1.890 1.81 0.14 209.244

CycloC6H14 2.023 1.80 0.14 215.964

CCl4 2.238 1.80 0.15 226.632

CHCl3 4.806 1.76 0.20 324.744

CH2Cl2 9.080 1.73 0.24 411.768

Table 6 NRT analysis.

Medium Dielectric constant %ionic %covalent

Gas 93.90 6.10

n-C6H14 1.890 92.41 7.59

CycloC6H14 2.023 92.14 7.86

CCl4 2.238 91.89 8.11

CHCl3 4.806 89.49 10.51

CH2Cl2 9.080 74.63 25.37

Table 7 NEDA results.

Medium Dielectric constant kmax(CT) nm IE (kJ/mol) ECT (kJ/mol) EPOL (kJ/mol) ES (kJ/mol)

Gas �47.99 �136.44 �93.62 �90.89

n-C6H14 1.890 340.2 �261.75 �283.05 �120.33 �619.96

CycloC6H14 2.023 334.0 �290.33 �301.08 �123.73 �678.26

CCl4 2.238 330.4 �335.05 �329.07 �129.11 �765.58

CHCl3 4.806 324.0 �737.89 �566.05 �176.86 �1385.12

CH2Cl2 9.080 322.8 �1099.09 �754.67 �217.69 �1782.61

Table 8 QTAIM analysis.

Medium Gas n-C6H14 CycloC6H14 CCl4 CHCl3 CH2Cl2

Dielectric constant 1.890 2.023 2.238 4.806 9.080

Density of all electrons [q(r)] 0.035300 0.040906 0.0415850 0.0426249 0.0513022 0.0574913

Energy density E(r) or H(r): �0.002024 �0.004557 �0.0049174 �0.0054242 �0.0115829 �0.0177615

Laplacian of electron density: ðr2qðrÞÞ 0.099036 0.103057 0.1031923 0.1037647 0.0961936 0.0804155
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5. Conclusion

Analysis of the experimental and theoretical results confirms the

dependence of the kmax (CT) upon polarity of the solvents. The blue

shift observed in the presence of polar medium explains the formation

of n? r* CT complex between 2-Chloropyridine and ICl. Multiple

Linear Regression Analysis shows that the spectroscopic parameter,

kmax (CT), depends on the solvent parameters under study and Hansen

parameter stands as the best to determine the value of kmax (CT) with

an R2 value of 1 for the plot of experimental value of kmax (CT) against

calculated value of kmax (CT). Lippert Mataga equation shows good

linear correlation between frequency shift and Polarizability term. The-

oretical analysis reveals that the bond distance between the bridging

atoms of the donor and acceptor decreases with complexation and

the ICl bond length increases. Simultaneously theoretical result also

shows that complexation increases with solvent polarity since NBO,

NRT, QTAIM, analyses show increase in IE as well as covalent char-

acter with solvent polarity. Thus more polar nature of the medium

indicates stronger donor acceptor interaction in case of 2-

Chloropyridine-ICl CT complex which explains the blue shift of kmax

(CT) in polar medium. The result that has been proposed for the first

time through this paper is the dependence of Formation constant value

upon the solvent parameters and the logarithmic relation between the

bond length and dielectric constant of the medium. Similar CT com-

plexes are under study and the authors have already proposed the log-

arithmic relation between bond length and dielectric constant of the

solvent medium in their ongoing communications.
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