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the non-linearity and the strength of cation–anion interac-
tion amongst them. Therefore, such information about these 
solvents may significantly contribute to the fundamental 
understanding of their structure–property relationships.
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1  Introduction

Room temperature ionic liquids (RTILs) are a rapidly 
expanding family of condensed-phase media and are being 
considered as a potential “green” alternative to traditional 
organic solvents with important applications in synthesis, 
extraction, catalysis, and electrochemistry [1–4]. Essen-
tially, RTILs have been widely studied due to their unique 
physicochemical properties such as high polarity, negli-
gible vapour pressure, high ionic conductivity, and ther-
mal stability [1, 5, 6]. Furthermore, these liquids are also 
known as ‘designer solvents’, because alterations in the 
molecular structure of either the cation or the anion facili-
tates control over their physicochemical properties such as 
viscosity, solvation, catalytic activity, hydrophobicity, and 
melting point [1–4].

It is now an established fact that RTILs are microhetero-
geneous in nature with the co-existence of different types of 
interactions (such as coulombic, dipolar, van der Waals, and 
H-bonding), which make these fluids unique and complex 
in comparison to conventional solvents [7–9]. Essentially, 
RTILs comprise co-existing polar and non-polar domains 
i.e. the charged cationic head groups and the anions form 
a polar network, while the alkyl side chains aggregate to 
form non-polar tail domains. It is to be mentioned here that 
ILs may also exhibit liquid crystalline phase on increasing 

Abstract  Considering the impending applications of 
room temperature ionic liquids (RTILs) in various areas 
involving high optical and radiation fields, it is pertinent to 
probe the structure–property correlation of these solvents 
exposed to such conditions. Herein, femtosecond Z-scan 
technique (at high pulse repetition rate, 80  MHz) was 
employed to investigate the non-linear optical response of 
imidazolium RTILs in 3 scenarios: (1) -OH functionaliza-
tion, (2) C2 methylation, and (3) influence of high radiation 
fields. Large negative non-linear refractive values (n2) were 
observed in all the RTIL samples and have been attributed 
predominantly due to the thermal effects. In order to isolate 
and determine the contribution of electronic Kerr effect, the 
Z-scan experiments were also carried out at low pulse rep-
etition rate (i.e. 500 Hz) by means of a mechanical chop-
per. The closed aperture transmittance profile showed the 
valley-peak pattern, which signifies positive non-linearity. 
Nonetheless, the variation in the n2 values of the RTILs 
follows the same trend in low pulse repetition rate as was 
observed in case of high pulse repetition rate. The trend 
in the n2 values clearly showed the decrease in the non-
linearity in the first two cases and has been attributed to 
the weakening of the ion-pair formation, which adversely 
affects the charge transfer between the ionic moieties via 
C2 position. However, an increase in the n2 values was 
observed in case of ILs irradiated to high radiation doses. 
This enhancement in the non-linearity has been assigned 
to the formation of double bond order radiolytic products. 
These results clearly indicate a strong correlation between 
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the amphiphilic character of the cation. Ionic liquid crys-
tals contain anions and cations, and this ionic character 
differentiates them from that of conventional liquid crys-
tals. Briefly, liquid crystals are also microheterogeneous in 
nature, and well-known as strong candidates in the field of 
non-linear optics, and possess optical non-linearities 108 
times larger than CS2 [10]. Owing to such large non-linear-
ity, various non-linear optical processes (i.e. optical bista-
bility, switching, limiting) have been demonstrated [10, 11] 
in liquid crystals. Nevertheless, some preliminary studies 
exploring the non-linear optical response of RTILs have 
been carried out in the recent times. For instance, Souza 
et al. [12] investigated the non-linear optical properties of 
1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM]
[BF4]) and 1-butyl-3-methylimidazolium hexafluorophos-
phate ([BMIM][PF6]) using the Z-scan technique for two 
excitation wavelengths, 514 and 810  nm. Large negative 
values of non-linear refractive index, n2 (of the order of 
10− 8 to 10− 9  cm2/W) and thermo-optical coefficients, dn/
dT (10− 3 to 10− 5  K− 1) were obtained therein, while no 
non-linear absorption was observed. Trejo-Durán et al. [13] 
reported the anion effect on the non-linear optical proper-
ties of RTILs with same cation, [BMIM] and three different 
anions i.e. BF4, bis((trifluoromethyl)sulfonyl)imide (NTF2) 
and trifluoroacetate (CF3COO). The RTIL, [BMIM] 
[NTF2] was found to exhibit largest non-linearity amongst 
them. Santos et al. [14, 15] investigated the influence of the 
anionic and cationic parts on the non-local nature of opti-
cal non-linearity of RTILs using the Z-scan technique. The 
RTILs comprise BF4, PF6, and NTF2 as anions, while the 
cationic part was composed of five different derivatives of 
imidazolium (CnMIM, with n = 4, 6, 8, 10, and 12). Their 
results indicated that the RTILs with NTF2 (as the anion) 
exhibit lower non-linear response in comparison with other 
ILs having same cation. According to these authors, this 
trend was probably due to the ion-pairing effect, which fol-
lows the order as BF4 > PF6 > NTf2 [16, 17]. Also, a similar 
study regarding the non-local non-linear optical response of 
RTILs under violet excitation was carried out [15], where 
the authors observed an enhancement in the thermal non-
linear refractive index (n2) values by about two orders of 
magnitude higher than in the infrared region. The influ-
ence of anions and cations on the thermal lens strength 
was investigated by Nóvoa-López et al. [18]. These authors 
observed that both cation and anion significantly affect the 
thermal lens strength. Their results indicated stronger ther-
mal lens signals for the phosphonium-based RTILs as com-
pared to pyridinium-based RTILs. However, the authors did 
not observe any clear and systematic relation between the 
thermal refraction strength and the structural parameters 
of the RTILs investigated in their work. Apart from these, 
other non-linear spectroscopic techniques have also been 
applied to investigate the structure–property correlation in 

RTILs. For instance, Namboodiri et al. [19] employed fem-
tosecond time-resolved coherent anti-Stokes Raman scat-
tering (CARS) to monitor the vibrational dynamics of 1, 
3-dialkylimidazolium RTILs containing [NTf2] as anion. 
Iwahashi et  al. [20] investigated the interfaces of water/ 
RTIL by infrared–visible sum frequency generation (IV-
SFG) vibrational spectroscopy and molecular dynamics 
(MD) simulation. Giraud et al. [21] probed the ultrafast sol-
vent dynamics of RTILs by studying the effects of cation 
and anion substitution on the low frequency librational 
modes using optical heterodyne-detected Raman-induced 
Kerr effect spectroscopy (OHD-RIKES). The simultaneous 
determination of sound speed and thermal diffusivity in the 
RTIL and its mixture with organic solvents was carried out 
by Kozlov et  al. [22] using laser-induced gratings (LIGs) 
technique. Recently, systematic studies combining Raman 
and hyper-Raman have been employed to probe the nature 
and multipolar symmetry of the local structure in RTILs 
[23].

From the aforementioned literature, it is clear that RTILs 
possess a huge potential to be exploited as a non-linear 
material (with a strong non-local character) for optical 
applications. However, non-linear studies on these media 
are still in the initial phase and to the best of our knowl-
edge, the effect of functionalization or alkyl substitution of 
the cations on the non-linear optical response of imidazo-
lium-based RTILs has not been investigated so far. Besides 
these, it is a well-established fact now that the RTILs, 
especially imidazolium based, are highly radiation stable 
[24–27]. Of late, we have also reported the high radiation 
stability of flouro alkyl phosphate (FAP) based imidazo-
lium RTILs even at high radiation doses of 400–500 kGy 
[28]. The physicochemical properties of FAP imidazolium 
ILs were found to vary insignificantly on irradiation; how-
ever, the photophysical behaviour of the pre- and post-irra-
diated FAP ILs categorically pointed towards considerable 
changes in the orientations and the molecular rearrange-
ments of the ions on irradiation [29]. Since, the optical 
non-linearity of materials has a strong correlation with their 
molecular structure; it would be quite intriguing to deter-
mine the impact of high radiation fields on their non-linear 
optical properties. Moreover, considering the impending 
applications of RTILs involving high radiation fields, it is 
essential to determine the non-linear behaviour of RTILs 
exposed to such conditions. Therefore, in the present work, 
the non-linear optical response of the imidazolium-based 
RTILs was investigated using femtosecond (fs) Z-scan 
technique, with three main objectives as follows. The influ-
ence of the hydroxyl (–OH) group functionalization (in the 
alkyl side chain of the imidazolium moiety) and C2 meth-
ylation of the imidazolium cation on the non-linear optical 
response of the RTILs was investigated. Furthermore, the 
effect of high radiation doses on the optical non-linearity 
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of RTILs was also examined. The n2 values were measured 
for all the RTILs, and the differences observed have been 
correlated with their molecular structure and the bonding 
interactions existing between the ionic moieties. We believe 
that such molecular level information about these solvents 
may contribute significantly in the fundamental under-
standing of their structure–property relationships.

2 � Materials and methods

The RTILs investigated in the present work are 1-ethyl-
3-methylimidazolium tris(pentafluoroethyl) trifluo-
rophosphate ([EMIM][FAP]), 1-(2-hydroxyethyl)-
3-methylimidazolium tris(pentafluoroethyl) 
trifluorophosphate ([EOHMIM][FAP]), 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
([BMIM][NTF2]), and 1-butyl-2,3-dimethylimidazolium 
bis(trifluoromethylsulfonyl)imide ([BMMIM][NTF2]). 
[EMIM][FAP] and [EOHMIM][FAP] were obtained from 
Merck KGaA, Darmstadt, Germany, with a purity >99%.
while [BMIM][NTF2] and [BMMIM][NTF2] were 
purchased from Io-Li-Tec, Germany, with the stated 
purity >99%. The stated water content and halide ion con-
centration in the RTILs was <100 ppm. It is also supported 
by the fact that the ILs were colourless and transparent. 
Water content in the RTILs was further rechecked by Karl 
Fischer titration with the aid of Metrohm 831 KF cou-
lometer, and found to be within limits as specified by the 
manufacturer. Since these ILs are highly hydrophobic and 
the water uptake is extremely slight, they were used as such 

without further processing. The samples of RTILs were 
stored in vials furnished with an air tight septum and kept 
in vacuum tight desiccators. Extreme care has been taken to 
avoid any type of contamination while performing various 
measurements. For instance, the sample cells were properly 
cleaned and dried to avoid any sort of contamination from 
any other impurities. The structures of the RTILs studied 
are shown in Fig. 1.

The RTIL, [EMIM][FAP] was irradiated with a 7 MeV 
electron beam (FWHM ~ 2 µs) obtained from a linear accel-
erator (LINAC, in conjugation with Pulse radiolysis sys-
tem) described elsewhere [30]. The irradiation conditions 
have been reported in our earlier work [28, 29]. Briefly, the 
absorbed dose was measured using an air-saturated solu-
tion containing 5 × 10− 2 mol dm− 3 KSCN assuming Gε for 
(SCN)∙−

2
 = 2.6 ×  10− 4 m2 J− 1 at 475 nm. The absorbed dose 

per pulse was kept at 160 Gy and the samples were irradi-
ated with repeated pulses @ 50 pulses per second.

UV–Vis optical absorption studies were carried out on a 
JASCO V-650 spectrophotometer in a quartz cuvette hav-
ing a path length of 1 mm. The UV–Vis absorption spectra 
of the RTILs (along with the RTIL, [EMIM][FAP] irradi-
ated to a radiation dose of 100 and 200  kGy) are shown 
in Fig.  2. As can be seen, the unirradiated RTILs are 
transparent in the visible and near infrared regions while, 
the absorption spectra of irradiated RTILs showed a peak 
at ~300  nm accompanied by a shoulder at ~370  nm. On 
irradiation, the colourless and transparent RTIL ([EMIM]
[FAP]) become coloured and darkened with the increase in 
absorbed dose. The picture showing the colour evolution 
in the same IL on irradiation at various doses is provided 

Fig. 1   Structures of the imidazolium-based RTILs investigated
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in the inset of Fig.  2. The radiolytic products of the imi-
dazolium cation (especially, oligomers and other species 
containing multiple bond order groups) were found to be 
primarily responsible for the colour evolution and emer-
gence of peaks in the absorption spectra of the irradiated 
FAP ILs, as reported in our earlier work [28, 29].

The non-linear optical properties of the RTILs were 
investigated using the Z-scan technique [31]. The Z-scan 
setup is shown in Fig.  3 and the measurements were per-
formed using a mode-locked laser beam of 20 fs (FWHM) 
delivered by a Ti:sapphire oscillator at λ = 800 nm with a 
pulse repetition rate of 80  MHz. The beam was focused 

onto the sample using a 15 cm focal length convergent lens 
with a beam waist radius (ω0) of 31 ± 3 μm. The samples 
were taken in a quartz cuvette of 1 mm width. The cuvette 
was mounted on a motorized translation stage and moved 
around the focal point of the lens by a computer using 
Matlab-based programme. The transmitted intensity of the 
light was measured as a function of the sample position 
both in the closed aperture and open aperture configuration. 
The Z-scan setup was calibrated using CS2, and a nega-
tive non-linear refraction with n2 value of approximately 
0.2 × 10− 18  m2/W was obtained, which matches closely 
with the values reported by Ganeev et al. [32] and Novoa-
López et  al. [33] at similar experimental parameters. The 
error in n2 value is estimated to be within 15–20%.

The analysis of the Z-scan data was performed using the 
model developed by Sheik-Bahae et al. [31] i.e. the normal-
ized transmittance (T) of the sample (at the small aperture 
of the far-field detector) in the far-field condition is given 
by Eq. (1),

where X = z∕zo, z0 is the Rayleigh range and ΔΦ0 is the 
on-axis phase change given by Eq. (2).

where I0 is the on-axis irradiance at the focus, λ is 
the wavelength of the laser beam, and Leff is the effec-
tive length, given by Leff =

1−e−�L

�
, where α is the linear 

absorption coefficient. It is well known that spatial vari-
ation of the refractive index of the material takes place 
when the intensity of the laser beam interacting with 
it is high enough to introduce non-linear effects. The 

(1)T
(

z,ΔΦ0

)

≅ 1 −
4ΔΦ0X

(

X2 + 9
)

(X2 + 1)
,

(2)ΔΦ0 =
2�

�
Leffn2I0,

Fig. 2   UV–Vis absorption spectra of RTILs. Inset: picture showing 
the colour change of [EMIM][FAP] on irradiation. Doses in kGy: (1) 
0, (2) 100, (3) 200

Fig. 3   Scheme showing the 
experimental setup for the 
Z-scan measurements. Laser 
beam (λ = 800 nm) of around 
20 fs@80 MHz was sourced 
from Ti:sapphire oscillator. The 
symbols M and BS represent 
mirror and beam splitter, 
respectively
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variation in the refractive index is mainly attributed to 
either Kerr effect or thermal lens effect. The Kerr effect 
may take place due to different physical processes such 
as electronic, nuclear, or molecular orientation. All these 
processes involve different temporal responses ranging 
from few femtoseconds to picoseconds [34]. On the other 
hand, thermal effects involve slow and accumulative 
response. The efficiency of these effects strongly depends 
on the characteristics of the laser [32]. In the present 
work, considering the use of 20  fs pulses @ 80  MHz, 
the change in refractive index may be due to both elec-
tronic Kerr and thermal effects. However, the predomi-
nant effect among these two may be identified by varying 
the pulse repetition rate or their dependence on irradiance 
or fluence. Moreover, thermal effects usually prevail over 
the Kerr effect, when high pulse repetition rate lasers are 
used [18, 34]. Nonetheless, as already mentioned, the 
main objectives of this work were to determine the influ-
ence of functionalization, methylation, and high radiation 
fields on the non-linear optical response of the imidazo-
lium-based RTILs. The analysis of the Z-scan traces was 
performed using Eq.  (1). Also, an attempt was carried 
out to separate the electronic and the thermal originated 
non-linear optical response of the RTILs by reducing the 
pulse repetition rate to 500 Hz using a chopper.

It is to be mentioned here that the n2 values of the 
RTILs have been determined using irradiance (I0) values 
calculated from peak power in case of low pulse repeti-
tion rate laser. The I0 values calculated using peak power 
(labelled as I′

o
) were determined using Eq. (3) [35].

where γ and Δt are the repetition rate (500 Hz) and dura-
tion (~50 fs, FWHM) of the laser pulses, respectively. The 
only dispersive elements in the experimental setup are a 
neutral density filter used to control the laser intensity and 
the lens used to focus the beam. The group delay disper-
sion due to these elements is calculated to be ~ 290 fs2. This 
changes the originally 50 fs pulse to a pulse of width ~ 52 fs 
(FWHM). We expect that this chirp is small enough not to 
make any major contribution to the observed results.

In case of high pulse repetition rate laser (80  MHz), 
the n2 values of the RTILs were determined using I0 val-
ues (labelled as I′′

o
) calculated from the average power. 

The I′′
o

 values were determined using Eq. (4) [31].

The order of the n2 values for some of the RTILs (dis-
cussed later) calculated using I′′

o
 match closely with those 
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)

reported in earlier studies [12, 14] using similar experi-
mental parameters (such as pulse duration and repetition 
rate).

3 � Results and discussion

The closed aperture Z-scan traces of the [EMIM][FAP] 
(pre- and post-irradiated) and [EOHMIM][FAP] are shown 
in Fig.  4, while those of [BMIM][NTF2] and [BMMIM]
[NTF2] are shown in Fig. 5.

As can be seen from the transmittance curves, the peak 
is preceded by the valley, which signifies negative non-
linearity or defocusing behaviour. The fitting of the curves 
was carried out with Eq.  (1) to extract the on-axis phase 
shift, and the n2 values were obtained using Eq. (2). The n2 
values (corresponding to I′′

o
) of the investigated RTILs are 

provided in Table 1. From the negative values of the n2 val-
ues, it is apparent that the thermal effects are predominant 
behind the as observed non-linear optical response. This is 
further substantiated from the fact that the peak-valley sep-
aration (ΔZP−V) calculated from the closed aperture Z-scan 
curves of was found to be ~2.2 Z0 (i.e. >1.7 Z0).

Before, analysing these data, it is important to men-
tion some of the structural aspects and bonding interac-
tions prevailing in imidazolium-based RTILs. Although, 
cation–anion interactions in ILs are mainly dominated by 
coulombic (electrostatic) forces, additional interactions 
such as van der Waals, π–π stacking, and hydrogen bonding 
also play an important role. The extent of delocalization in 
the imidazolium cation is also of interest, which has been 
found to comprise 3-centre-4-electron configuration across 
the N1-C2-N3 moiety, a double bond between C4 and C5 
at the opposite side of the ring, and a weak delocalization 
in the central region [36]. Besides, it has been shown by 
various researchers in the earlier reports that the proton 
at C2 position (C2H) has a large partially positive charge, 
and is the most acidic proton in the imidazolium cation 
[36–40]. Therefore, in case of imidazolium-based RTILs, 
the hydrogen bonding between the cation and the anion 
is mainly determined by the hydrogen at the C2 position 
[41–43]. Furthermore, the bonding strengths between cat-
ion and anion have been observed to be considerably influ-
enced by the nature of the anions such as their size, charge 
delocalization, and basicity [41, 42]. For instance, volumi-
nous and heavy anions only weakly interact, whereas small 
and light anions provide strong interaction potential due to 
their higher surface charge density, as reported by Fumino 
et  al. [43]. Apart from this, charge transfer between the 
cation–anion ion-pair, and related partial atomic charges 
is an important descriptor for RTILs [44]. For instance, 
XPS investigations carried out by Cremer et  al. [42] into 
cation–anion interactions have indicated a degree of charge 
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transfer from anion to cation, which is correlated to the 
anion basicity. Such charge transfer is expected to be small-
est for the large and weakly coordinating anions while, for 
the smaller, basic, and strongly coordinating anions, rela-
tively higher localized charge is transferred from the anion 
to the cation, leading to a less positively charged ring. In 
fact, Hunt et  al. [36] in their theoretical investigation on 
RTIL i.e. 1-butyl-3-methylimidazolium Chloride (in gas 
phase) observed a correlation between the amount of charge 
transferred and the relative stability of ion pairs such that 

the more stable a dimer pair the more charge is transferred. 
Also, from the natural bond orbitals (NBO) analysis, it was 
found that, on forming the ion-pair, the charge transfer from 
the chloride anion to the imidazolium cation increased the 
electron density in the π-system. It is to be noted here that 
the ion-pair formation in imidazolium-based ILs involves 
two types of scenarios, which can be categorized as either 
(1) typical ion–ion interaction, with the anion interacting 
from above or below the imidazolium plane or (2) hydro-
gen-bonding interaction, with the anion interacting with 

Fig. 4   Z-scan curves of 
RTILs at 800 nm: a [EMIM]
[FAP], b [EOHMIM][FAP], 
c [EMIM][FAP] @ 100 kGy, 
d [EMIM][FAP] @ 200 kGy. 
Pavg = 60 mW. Circles cor-
respond to experimental data, 
while solid lines illustrate the 
theoretical fit

Fig. 5   Z-scan curves of RTILs 
at 800 nm: a [BMIM][NTF2], 
Pavg = 62 mW; b [BMMIM]
[NTF2], Pavg = 60 mW. Circles 
correspond to experimental 
data, while solid lines illustrate 
the theoretical fit
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the hydrogen at the C2 position of the imidazolium cation 
[45–48]. However, both types of interactions were found to 
induce similar charge transfers, as reported by Izgorodina 
et al. [45].

All these aforementioned facts regarding the electronic 
structure and the bonding interactions prevailing in the imi-
dazolium-based ILs have been used in the analysis of the 
as observed non-linear optical behaviour exhibited by the 
investigated RTILs.

From Table  1, it is shown that, on –OH functionaliza-
tion, the non-linearity decreases, which is evident from 
the decrease in the n2 values (magnitude) of [EOHMIM]
[FAP] as compared to non-hydroxyl IL ([EMIM][FAP]). 
The probable explanation for this trend in the non-linearity 
can be provided as follows. It has been reported that the 
introduction of –OH group at the end of alkyl moiety of 
imidazolium-based IL reduces cation–anion electrostatic 
interactions because of the extended distances between the 
proton at C2 position (of imidazolium moiety) and an anion 
[49, 50]. This is due to the fact that for non-hydroxyl ILs, 
the anion is located in front of the imidazolium ring, close 
to the C2H unit. On the contrary, the anions in hydroxyl ILs 
are somewhat above the imidazolium ring, moving close 
to the –OH group [50]. Besides these, –OH group exhib-
its both, electron donating as well as withdrawing effect by 
resonance and inductive effect, respectively, depending on 
its attachment to the various sites of the aromatic ring [28]. 
Substitution at the ring site (hydrogen attached to the imi-
dazolium ring) results in a direct electron donation from the 
lone pairs of the –OH group to the delocalized π-orbitals 
in the imidazolium ring, and thus the electron donating 
resonance effect dominates over the electron withdrawing 
inductive effect. When attached to the N-site (hydrogen 
on the methyl group attached to a nitrogen atom) or C-site 
(hydrogen on the alkyl group attached to the carbon atom), 
the opposite is true and the inductive effect dominates. Var-
ious sites of imidazolium ring are shown in Fig. 6.

Apparently, due to the combined effect of the reduction 
in the cation–anion electrostatic interactions (mentioned 

earlier) in –OH containing IL as well as the electron with-
drawing nature of –OH, the electron density of the imida-
zolium cation is anticipated to be less. This probably results 
in the decline in the optical non-linearity, which is reflected 
by the decrease in the n2 values (magnitude) of [EOHMIM]
[FAP] as compared to [EMIM][FAP].

As mentioned earlier, the effect of C2 methylation on 
the optical non-linearity of RTILs ([BMIM][NTF2] and 
[BMMIM][NTF2]) was investigated. The n2 values (mag-
nitude) of [BMIM][NTF2] were found to be higher than 
[BMMIM][NTF2], as shown in Table 1. This signifies the 
decrease in the non-linear optical behaviour of the imidazo-
lium IL on C2 methylation. The most probable explanation 
for this observation can be provided as follows. It is quite 
obvious that the primary difference between [BMIM]+and 
[BMMIM]+ is the termination of the ability of the latter to 
form hydrogen bond through the proton on the C2 position 
of the imidazolium ring [51]. Furthermore, C2 methyla-
tion enables the anion to move above or below the cation 
instead of co-planar with the ring near the C2 position [51, 
52]. Consequently, the interaction between the cation and 
anion decreases (in comparison to that of the non-meth-
ylated one) [51, 52], which possibly obstructs the charge 
transfer between the cation–anion ion-pair. Moreover, it 
has been confirmed from various studies (i.e. Raman, IR, 
and NMR spectra) that methylation at the C2 position of 
the imidazolium cation alters the electron density distribu-
tion and strength of the interionic interactions [53]. Essen-
tially, methylation at C2 position (of imidazolium cations) 
blocks the most important site for C2–H···anion hydrogen 
bonding. However, despite eliminating this site for hydro-
gen bonding, the C2-methylated RTIL is more viscous 
than the non-methylated one. The reason for this observa-
tion is not yet fully understood, and different explanations 
have been proposed [54, 55]. Nonetheless, other non-linear 
spectroscopic techniques such as CARS [19], 2D-IR spec-
troscopy [55], and OHD-RIKES [21] have revealed that 
the interionic interactions affect not only the vibrational 
frequencies but also their dynamics. For instance, CARS 

Table 1   Calculated non-linear refractive index values (n2, cm2/W) of 
the investigated RTILs

In case of high pulse repetition rate laser (80  MHz), the I0 values 
(labelled as I′′

o
) were calculated from the average power

RTIL n2

(

cm2 W
)

values using I′′
o

EOHMIM FAP −7.1 × 10− 9

EMIM FAP −10.0 × 10− 9

EMIM FAP, 100 kGy −3.0 × 10− 8

EMIM FAP, 200 kGy −6.2 × 10− 8

BMIM NTf2 −9.1 × 10− 9

BMMIM NTf2 −5.4 × 10− 9

Fig. 6   Imidazolium cation with various sites
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investigations [19] showed that the directional, and strong 
hydrogen bonds in non-methylated (at C2 position) RTILs 
open a possibility for vibrational energy transfer between 
the counter ions, and also act as molecular dampers lead-
ing to a faster decay in the vibrational dynamics. However, 
such scenario was not observed in case of C2-methylated 
RTILs. Indeed, this observation corroborates the findings 
of the present work.

Essentially, charge transfer is one of the fundamental 
processes which can induce significant enhancements in 
the optical non-linearity [56–58]. Taking this into account, 
the observed non-linear optical behaviour (of investi-
gated RTILs) appears to have a strong correlation with 
the strength of cation–anion interaction facilitating charge 
transfer between the two moieties. Similar proposition was 
also mentioned by Santos et  al. [14], where these authors 
related the non-linear optical response of RTILs to the ion-
pairing effect.

The influence of high radiation fields on the non-linear 
optical behaviour of RTILs was investigated considering 
their futuristic applications in areas involving high radia-
tion levels. The n2 values of [EMIM][FAP] irradiated to 
high radiation doses (100 and 200  kGy) are provided 
in Table 1. It can be observed that not only the n2 values 
(absolute) of post-irradiated [EMIM][FAP] are higher than 
the unirradiated one, they also exhibit an increasing trend 
with the radiation dose levels. This clearly signifies the 
enhancement in the optical non-linearity of [EMIM][FAP] 
on irradiation. The most probable explanation for this trend 
can be provided as follows. It has been already mentioned 
that the radiation chemical studies (carried out earlier by 
our group) have clearly indicated high radiation stabil-
ity of FAP based imidazolium RTILs even at high radia-
tion doses of 400–500 kGy [28]. The amount of radiolytic 
products formed on irradiation was very less. However, we 
were able to identify some of the possible radiolytic prod-
ucts possessing double bond units (conjugated as well as 
non-conjugated) from their mass spectrometric studies 
[28, 29]. Furthermore, the photophysical behaviour of the 
pre- and post-irradiated ILs categorically pointed towards 
considerable changes in the orientations and the molecular 
rearrangements of the ions on irradiation [29]. Besides, the 
average fluorescence lifetime of the RTILs increased with 
the rise in the absorbed dose imparted, which could be due 
to the formation of new intermolecular hydrogen bonds and 
other non-covalent bonding interactions between the radi-
olytic products and the ionic moieties (indicated from the 
vibrational studies [29]). Considering these aforementioned 
facts, the enhancement in the optical non-linearity of irradi-
ated IL i.e. [EMIM][FAP] could be attributed to the forma-
tion of radiolytic products possessing double bond units as 
well as to the stronger interionic interactions (as revealed 
from the photophysical studies reported earlier [29]).

In case of high pulse repetition rate lasers, the contri-
bution of the thermal effects is predominant. However, 
in order to determine the contribution of electronic Kerr 
effect to the non-linear refractive index, the Z-scan experi-
ments were also carried out at low pulse repetition rate (i.e. 
500 Hz). The closed aperture transmittance profile showed 
the valley-peak pattern (shown in Fig.  7), which signifies 
positive non-linearity or self-focusing behaviour. This is 
contrary to the negative non-linearity or defocusing behav-
iour (peak-valley pattern) observed for the RTILs in case 
of high pulse repetition rate laser (@ 80 MHz). The n2 val-
ues (corresponding to I′

o
 values) of the investigated RTILs 

have been provided in Table 2. As can be seen, the n2 val-
ues of the RTILs are of the order 10− 16 cm2/W. Some com-
mon organic solvents (utilized in non-linear optics) such as 
CS2, toluene, DMF exhibit n2 values of the order 10− 14 to 
10− 15  cm2/W [32, 33, 59] at similar experimental param-
eters. Therefore, it shows that the n2 values (obtained with 
low pulse repetition rate) of the RTILs are low as compare 
to these commonly used organic solvents.

It is to be noted that the peak-valley separation (ΔZP−V) 
calculated from the closed aperture Z-scan curves of RTILs 
at low pulse repetition rate (@ 500  Hz) was found to be 
~1.7 Z0. However, in case of high pulse repetition rate (@ 
80 MHz), ΔZP−V was found to be ~2.2 Z0. A peak-valley 
separation of more than 1.7 times the Rayleigh range (Z0) 
is a clear indication of predominantly thermally originated 
non-linearity. Therefore, it can be said that the investigated 
RTILs exhibited non-linear optical response primarily due 
to the electronic effects at low pulse repetition rate, while 
thermally originated non-linearity predominates in case 
of high pulse repetition rate. Nonetheless, the variation in 
the n2 values of the RTILs (on –OH functionalization, C2 
methylation, and at high radiation fields) follows the same 
trend (see Tables 1, 2) in low pulse repetition rate as was 
observed in case of high pulse repetition rate laser.

4 � Conclusions

In summary, femtosecond Z-scan technique was employed 
to investigate the non-linear optical response of the imida-
zolium-based RTILs on functionalization, alkylation, and 
irradiation. However, from the negative values of the n2 
values (at high pulse repetition rate), it is apparent that ther-
mal effects predominantly contribute towards the observed 
non-linear optical response. The trend in the n2 values 
clearly showed the decrease in the optical non-linearity 
on –OH group functionalization and C2 methylation of the 
imidazolium cation. This decrease in the non-linearity has 
been most plausibly attributed to the weakening of the ion-
pair formation, which adversely affect the charge transfer 
between the cationic and anionic moieties via C2 position. 
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However, an increase in the n2 values was observed in case 
of RTILs irradiated to high radiation doses. This enhance-
ment in the non-linearity has been attributed to the forma-
tion of radiolytic products possessing double bond units 
as well as to the stronger interionic interactions. The low 
pulse repetition rate experiments revealed positive non-
linearity. This further substantiates that the investigated 
RTILs exhibit non-linear optical response primarily due to 
the electronic effects at low repetition rate, while thermal 
originated non-linearity predominates in case of high pulse 
repetition rate. Nonetheless, the variation in the n2 values 
of the RTILs (on –OH functionalization, C2 methylation, 
and at high radiation fields) follows the same trend in low 
pulse repetition rate as was observed in case of high pulse 

Fig. 7   Z-scan curves of RTILs 
(800 nm @ 500 Hz): a [EMIM]
[FAP], b [EOHMIM][FAP], 
c [EMIM][FAP]-100 kGy, d 
[EMIM][FAP]-200 kGy, e 
[BMIM][NTF2], f [BMMIM]
[NTF2]. The pulse duration, 
average power (Pavg), and the 
pulse repetition rate in all the 
measurements were 50 fs, 
~78 µW, and 500 Hz, respec-
tively. Circles correspond to 
experimental data, while solid 
lines illustrate the theoretical fit

Table 2   Calculated non-linear refractive index values (n2, cm2/W) 
of the investigated RTILs at low pulse repetition rate (@ 500 Hz). In 
this case, the I0 values (labelled as I′

o
) were calculated from the peak 

power

RTIL n2 (cm
2∕W)

values using 
I′
o

EOHMIM FAP 1.3 × 10− 16

EMIM FAP 1.6 × 10− 16

EMIM FAP, 100 kGy 2.1 × 10− 16

EMIM FAP, 200 kGy 2.3 × 10− 16

BMIM NTf2 2.8 × 10− 16

BMMIM NTf2 2.4 × 10− 16
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repetition rate. We believe that such information may sig-
nificantly contribute in further investigation (to improve 
their priori design) and exploitation of these solvents 
in various applications, especially related to optics and 
photonics.
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