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The Z-scan technique is used to characterize the nonlinear refraction induced by a train of ultrashort
laser pulses (80 fs, repetition rate 80.75 MHz) for a set of ionic liquids as a function of their structural
parameters such as cation, anion type and alkyl chain length in the cation. The nonlinear refractive index
change is originated by linear absorption processes which cause a nonlocal and inhomogeneous increase
of temperature in the irradiated region of the sample that behaves as a thermal lens. The thermal
refraction, according to the thermal lens model, is mainly related to three physical properties of the
medium, which are the absorption at the excitation wavelength, the thermal conductivity and the
thermo-optic coefﬁcient. We explore the inﬂuence of anions and cations on these properties and on
the thermal lens strength. The cationic inﬂuence was the object of study for the ILs based on the 1-butyl3-methyl-imidazolium cation. The anionic inﬂuence was studied for the ILs based on the bis(triﬂuoromethylsulfonyl)imide anion. The obtained results show that both cation and anion affect signiﬁcantly
the thermal lens strength. The thermal refraction is 1.6 times higher in 1-butyl-3-methyl-imidazolium
chloride than in 1-butyl-3-methyl-imidazolium bis(triﬂuoromethylsulfonyl)imide, and 3.3 times higher
in trihexyl(tetradecyl)phosphonium bis(triﬂuoromethylsulfonyl)imide than in 1-butylpyridinium bis
(triﬂuoromethylsulfonyl)imide. Optical absorption at 810 nm is inﬂuenced by both ionic parts, whereas
the anion hardly determines the magnitude of the thermal conductivity.
& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
The term ionic liquid (IL) [1] refers to an organic salt that melts
below 100 1C, although some of them, the so-called Room Temperature Ionic Liquids (RTIL(s)), are already liquid at room temperature.
They are constituted by an organic cation, and an organic or inorganic
anion which may be mono or polyatomic. The cation deﬁnes the
family and usually contains N or P atoms and one or more linear alkyl
chains, whereas the anion nature is quite varied. They are identiﬁed by
the cation name followed by the anion name. When using shortened
notation, the cation and the anion names are usually put into brackets.
In this case, the alkyl chains are denoted as Cn, where C is the carbon
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atom symbol and n stands for the number of carbon atoms that the
alkyl chain incorporates, i.e. the alkyl chain length.
Their singular properties make them interesting for a wide set of
applications in many ﬁelds such as nuclear industry, photochemistry,
renewable energy, nanotechnology and so on [2]. These properties
may be easily tuned by an adequate anion and cation selection or
mixing two or more IL(s). Thousands of scientiﬁc works have been
published dealing with their physical and chemical properties and
different technological applications. Nevertheless, few studies have
explored their suitability for the fabrication of photonic components,
where the knowledge of optical properties, such as chromatic
dispersion, thermal refraction, linear and nonlinear absorption, and
reﬂectivity, among others, is of crucial interest for the correct
operation of a photonic device (see for example [3–5]). One of the
best known optical properties is the refractive index and its variation
with temperature, but most published studies obtain it at the yellow
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line of the sodium spectrum (λD ¼589.3 nm) [6,7]. For various optical
applications, it is essential to know the refractive index properties of
ionic liquids at other operational wavelengths, particularly those
corresponding to the emission of the most common laser sources.
Nowadays, the availability of pulsed lasers allows reaching
irradiances at a level high enough to generate nonlinear optical
effects in materials, with important applications in optical switching, beam steering and so on [8]. In isotropic and homogeneous
media, the most efﬁcient optical nonlinearity is usually the Kerr
effect, but in certain conditions other phenomena can arise, such as
the thermal lens effect [9,10]. This latter is more relevant in liquids
than in solids. Generally, in liquids, it causes a decrease of the
refractive index, proportional to the induced change in temperature.
On the contrary, the Kerr nonlinearity in transparent materials
generates an increase of the refractive index proportional to
the irradiance of the optical pulse. When these two effects coexist,
the thermal lens one usually dominates [9], in particular once the
steady state is reached. Thermal lensing becomes important if the
pulse duration exceeds several nanoseconds or, even with shorter
pulses, if the temporal interval between two consecutive pulses is
less than the thermal relaxation time of the media. Thermal effects
have been extensively studied since the 1960s and different models
have been developed to describe them [11–13]. Thermal lens
measurement has important applications in optical limiting [14]
and laser technology [15,16] but also in spectroscopy [17], calorimetry [18] and microscopy [19] where the properties of the solvent
determine, among others, the sensitivity of the measurement.
Z-scan, an experimental technique developed in 1989, is very
appropriate to determine the parameters that characterize the
nonlinear refraction of both thermal and optical origin [20]. For
an adequate interpretation of the Z-scan measurement, the key
factor is choosing the suitable theoretical model to describe the
refractive index change, since Kerr and thermo-optical effects are
triggered by different physical mechanisms [21]. The Z-scan has
been applied to the characterization of solid and liquid samples
using different laser sources, both pulsed and CW lasers. Recently,
the Z-scan has been employed to characterize the thermal refraction in some 1-methyl-imidazolium-based ionic liquids, such as
[C4C1im][BF4], [C4C1im][PF6] [22], [C2C1im][Tf2N], [C2C1im][CF3CO2],
[C4C1im][CF3CO2] [23], ionic liquids based on the [PR4] cation
combined with different metallic anions [24,2] and IL(s) of the

1-methylpirrolidine family [25]. It is well known that the refractive index change induced by high repetition lasers or CW laser is
in general a nonlocal effect. The inﬂuence on the degree of
nonlocality of the anion and of the alkyl chain length of the
cationic part in methylimidazolium-based IL(s) has been analyzed in Ref. [26] by means of Z-scan data at 820 nm. The authors
analyze the anionic inﬂuence combining the cation [C4C1im] þ
with [Tf2N]  , [BF4]  and [PF6]– anions. The effect of the cation
was studied for [Tf2N]  -based systems, varying the cation alkyl
chain length, n ([CnC1im][Tf2N], n ¼ 4,6,8,10,12). They found that
the strength of nonlocality is mainly dependent on the anion
involved in the IL and that the changes in the alkyl chain are not
signiﬁcant, at least for the set of measured IL(s). A similar study
was carried out for laser excitation tuned at 410 nm [27], where
the authors observed that the strength of the thermal refraction
was two orders of magnitude higher than that at 820 nm.
Thermal lens signals were also measured in [C4C1im][BF4], [C4C1im]
[PF6] [CnC1im][Tf2N] (n¼2,4,5,6,8) using the dual-wavelength pump/
probe conﬁguration thermal lens spectrometer [28]. Essentially, the
sample was excited by a pump beam derived from an argon laser
(λ ¼ 514.5 nm), and the photoinduced thermal lens was measured by
a He–Ne probe laser (λ ¼632.8 nm).
This work is aimed at a systematic study of the inﬂuence of
thermal lens effects in a set of ionic liquids which belong to
different families of IL(s) (methyl-imidazolium, pyridinium,
methyl-pyperidinium, methyl-pyrrolidinium, tetra-alkyl-phosphonium, and trialkyl-sulphonium families). We analyze the thermal
effect strength as a function of the cation, anion nature, and the
length of the alkyl chains present in the cation. The paper is
structured as follows: Section 2 is dedicated to the introduction to
the IL(s), which are the object of this study, as well as to the
description of the used equipment, paying special attention to the
home made Z-scan setup. In Section 3, we revisit the characteristics of light propagation in isotropic and homogeneous media
under the thin-sample approximation, when the Kerr or thermal
lens effect develops in the medium, and we stress the main
differences between them. We also revise the characteristics of
the Z-scan curves when the nonlinear refraction is generated by
one of these mechanisms. In Section 4, we present and analyze the
results of the characterization and, ﬁnally, in Section 5 we present
the conclusions derived from the analysis.

Table 1
List of ionic liquids studied together with their optical absorption coefﬁcients at 810 nm, α0 (m  1). Thermal conductivity, κ (W/mK), of some ionic liquids is also given at
298 K: (1) this work, (2) extracted from ILThermo Database, (3) extracted from [29]. The uncertainty associated with the optical absorption coefﬁcient is less than 3%. The
uncertainties for the thermal conductivity values measured in this work are about 10%.
Short name

Long name

α0

κ

[C2C1im][Tf2N]
[C2C1im][BF4]
[C2C1im][EtSO4]
[C4C1im][Tf2N]
[C4C1im][BF4]
[C4C1im][SbF6]
[C4C1im][MetSO4]
[C4C1im][MetFSO3]
[C4C1im][Cl]
[C4C1im][N(CN)2]
[C6C1im][Tf2N]
[C6C1im][BF4]
[C6C1im][Br]
[C8C1im][BF4]
[C8C1im][Br]
[C10C1im][BF4]
[C4C1Pip] [Tf2N]
[C4Py] [Tf2N]
[C4C1Pyrr] [Tf2N]
[C6C6C6C14P][Tf2N]
[C2C2C2S][Tf2N]

1-Ethyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide
1-Ethyl-3-methylimidazolium tetraﬂuoroborate
1-Ethyl-3-methylimidazolium ethyl sulfate
1-Butyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide
1-Butyl-3-methylimidazolium tetraﬂuoroborate
1-Butyl-3-methylimidazolium hexaﬂuoroantimonate
1-Butyl-3-methylimidazolium methylsulfate
1-Butyl-3-methylimidazolium triﬂate
1-Butyl -3-methylimidazolium chloride
1-Butyl-3-methylimidazolium dicyanamide
1-Hexyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide
1-Hexyl-3-methylimidazolium tetraﬂuoroborate
1-Hexyl-3-methylimidazolium bromide
1-Octyl-3-methylimidazolium tetraﬂuoroborate
1-Octyl-3-methylimidazolium bromide
1-Decyl-3-methylimidazolium tetraﬂuoroborate
1-Butyl-1-methylpiperidinium bis(triﬂuoromethylsulfonyl)imide
1-Butylpyridinium bis(triﬂuoromethylsulfonyl)imide
1-Butyl-1-methylpyrrolidinium bis(triﬂuoromethylsulfonyl) imide
Trihexyl(tetradecyl)phosphonium bis(triﬂuoromethylsulfonyl) imide
Triethylsulphonium bis(triﬂuoromethylsulfonyl)imide

17.3
8.1
2.5
4.9
1.5
3.6
5.8
4.3
58.4
8.3
5.9
0.3
5.1
o 0.3
25.8
0.3
4.5
4.3
3.9
7.4
13.6

0.130(2)
0.170(1)
0.178(3)
0.128(2)
0.176(1)
NA
NA
0.147(2)
NA
NA
0.127(2)
0.158(1)
NA
0.157(1)
NA
0.198(1)
NA
NA
0.125(2)
0.144(2)
NA
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2. Materials and experiments
The ionic liquids used in this work are listed in Table 1 as well
as the short names used throughout the present paper. They were
selected because they include some of the most common anions
and cations. In order to evaluate the inﬂuence of the chemical
structure of both the cation and anion, most of the measured ionic
liquids can be segregated in two groups deﬁned by a common ion:
one of them is characterized by the presence of the [NTf2]  anion
and the other by the [C4C1im] þ cation. Thus, the effect in the
nonlinear optical properties of changing the cation or anion may
be easily evaluated. Nevertheless, the effect of the chain length in
the methyl-imidazolium cation was also studied for [BF4]  anions.
[C6C1im][[Br], [C8C1im][Br] and [C2C1im][EtSO4] were also measured due to their importance and availability. Ionic liquids
[C6C1im][NTf2], [C4C1im][SbF6], [C4C1im][MetSO4], and [C4C1im]
[MetFSO3] were purchased from Solvent Innovation, whereas the
other ionic liquids were purchased from IoLiTec. In order to
remove volatile compounds from the liquids, all of them were
kept at 333 K under vacuum for 48 h before starting the measurements. It should be noted that the fusion temperature of [C4C1im]
[Cl] is well above room temperature about 333.15 K; nevertheless,
we could manage to measure it in liquid state because it is highly
metastable and, once melted, it remains as an undercooled liquid
for several weeks at room temperature. The purity of the IL(s) is
higher than 99% except for [C4 C1im][N(CN)2], [C6C6C6C14P] [NTf2],
[C2C1im] [BF4] and [C10C1im][BF4], which is higher than 98%.
The experiments have been conducted with a typical Z-scan
setup, as the shown in Fig. 1a, under the conditions that have been
speciﬁed in Table 2. Pulses of τ0 ¼80 fs (FWHM) are delivered by a
Ti:sapphire oscillator at λ0 ¼810 nm with a repetition rate of
80.75 MHz. The laser beam was focused by a positive lens (L) to
a Gaussian spot with a 17 μm radius (at 1/e2 intensity) measured
by the knife-edge method [29]. A linear polarizer (LP) kept ﬁxed
the polarization state of the beam. The mean optical power at the
input of the sample is varied by rotating a half wave plate (WV)
placed before the linear polarizer. A 1 mm quartz cell ﬁlled with the IL
is moved with a motorized translation platform from a position ahead
the focus towards a position behind it, with a 1 mm step. The power
transmitted through a circular aperture of 1.6 mm diameter (S) is
collected and measured by a photodiode detector (D). All measurements have been performed under the same conditions except for the
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Table 2
Conditions of the Z-scan experiment.
w0 (μm)

z0 (mm)

L (mm)

P (W)

τ0 (fs)

fr (MHz)

t (s)

17

1.1

1

0.17–1.7

80

80.75

41

input mean power that varies from 170 mW to 1.5 W to ensure that
the induced nonlinear phase meets the requirements of the Z-scan
technique. Fig. 1b shows a photograph of the experimental setup
with each labeled optical element.
The absorption coefﬁcient was calculated starting from the
transmittance data measured with a Perkin Elmer Lambda 25
spectrometer. The thermal conductivity has been measured by the
F5 Technology Lambda System 2 that uses the well-known hot
wire technique [30] and it has a reproducibility of 71%. To
regulate the sample temperature we use a Haake F3 thermostat.
The temperature of the sample is measured by an internal
thermometer calibrated with an ANTON PAAR DT 100-30, with a
resolution better than 0.11 C.

3. Theory
3.1. Nonlinear refraction
A TEM00 fundamental mode of a laser beam may be accurately
described by a Gaussian function; therefore, the electric ﬁeld may
be expressed as
Ei ðx; y; zÞ ¼ E0 e

x

2 þ y2

wðzÞ2

eiϕðx;y;zÞ

ð1Þ

z being the propagation direction, E0 the maximum value of the
Gaussian amplitude, w(z) the width of the beam along propagation
at the 1/e2 intensity, and ϕ standing for the phase accumulated by
the beam under propagation.
Under the thin sample approach, the linear diffraction and the
nonlinear refraction effects in amplitude can be neglected. This
approach is valid if the length of the medium, L, is shorter than the
Rayleigh distance of the beam deﬁned as πw20/λ0, where w0 is the
minimum width of the beam which is considered located at the input
of the medium, i.e. z¼0 [31]. Then, at the output of the medium (z¼L)
the shape of the amplitude of the electric ﬁeld remains unchanged,
except attenuation, whereas the optical beam suffers a phase change,
Δϕ. Under this condition, the ﬁeld at the output of the medium is
well described as:
α0

E0 ðx; y; LÞ ¼ Ei ðx; y; 0ÞeiΔϕðx;y;LÞ e 2 L

Δϕðx; y; LÞ ¼

2π

λ0

n'ðx; y; LÞLef f

ð2Þ
ð3Þ

where λ0 is the reference wavelength (central wavelength of the
pulse), n'(x,y,L) carries information about the linear and nonlinear
terms of the refractive index n(x,y), and Leff the effective length
deﬁned as [20]:
Fig. 1. (a) Experimental setup for the Z-scan measurement. The laser pulses are
delivered by a Ti: Sapphire oscillator; a system of lens (CLS) is used to collimate the
beam. A half wave plate (WV) followed by a linear polarizer (LP) allows varying the
input power level. Lens (L) focuses the beam, its back focal point is at F'. The
position of the cell with the ionic liquid (IL) is moved from a position ahead the
focus (F') towards a position behind by means of a translation stage (not drawn for
simplicity). A slit (S) in the far-ﬁeld selects only the central part of the beam. The
power transmitted by S is collected by the head of the detector D. (b) Picture of the
experimental setup: half wave plate (WV), linear polarizer (LP), positive lens (L),
non polarizing beam-splitter (NP-BS) for changing the direction of a portion of the
optical beam by 901, positive lens (Lc) used to ensure that all the light enters the
detector head (only in open aperture experiments), slit (S), optical density (OD) and
detector (D).The second non polarizing beam-splitter (NP-BS) is used to share the
laser source with other experiments.

Lef f ¼

1  e  α0 L

α0

ð4Þ

where α0 is the linear absorption coefﬁcient at λ0. In transparent
materials, where optical losses are negligible, Leff is equal to L.
In homogeneous, isotropic materials and at low power/irradiance, n has a value, n0, which depends only on the wavelength.
When the power and/or the irradiance of the beam are high
enough to develop nonlinear refraction effects, the medium turns
locally inhomogeneous so the refractive index may be described as
nðx; yÞ ¼ n0 þ Δnðx; yÞ

ð5Þ
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where Δn(x,y) stands for the spatial variation of the refractive
index. Its origin can be attributed to different mechanisms whose
excitation depends on the characteristics of the laser pulses. As
mentioned previously, the use of high repetition ultrashort laser
pulses can lead to the generation of these two effects, the
electronic Kerr effect and the thermal lens effect.
The electronic Kerr effect induces a variation in the refractive
index, which is proportional to the input irradiance, Ii(x,y) [9]:
nðx; yÞ ¼ n0 þ n2 jEi ðx; yÞj2 ¼ n0 þ γ I i ðx; yÞ

ð6Þ

where n2 is known as the nonlinear refractive index, γ ¼
n2/(2ε0cn0). c is the speed of light at vacuum and ε0 the permittivity of the vacuum; n2 can be positive (so that the refractive
index is higher in the irradiated region) or negative (the refractive
index decreases in the irradiated area). Due to the inhomogeneous
proﬁle of the refractive index, the medium acts as a convergent
(n2 40) or divergent lens (n2 o0) inducing self-focusing or selfdefocusing of the beam, respectively. The Kerr effect can be
originated by different physical mechanisms with different temporal responses (electronic, nuclear or molecular orientation) [9].
Under the conditions of this work, the most likely origin of the
nonlinearity is the electronic one, since the rise-up time with this
mechanism is shorter than the duration of pulses delivered by the
laser source used in the experiments. Indeed, the electronic
response of the media is considered instantaneous; the maximum
rise-up time is of few femtoseconds and the relaxation or decay
time takes values ranging from few femtoseconds to hundreds of
femtoseconds [9,34]. The nuclear response has build-up times
ranging between 10 fs and 1 ps [10], but in organic materials its
contribution is expected to be much smaller than that of the
electronic response [35]. The molecular orientation mechanism is
characterized by longer build-up times between 1 and 10 ps, so
the generated effect cannot be experienced by the generative
pulse. On the other hand, the three mechanisms (electronic,
nuclear and molecular orientation) have decay times shorter than
the temporal interval between pulses (about 12 ns), preventing
cumulative effects [34].
When the thermal lens effect is responsible for the refractive
index variation, the thermal refraction is caused by the heating of
the medium due to linear or nonlinear absorption processes. For
low absorbing materials, the variation of the refractive index is
well described by:
nðx; yÞ ¼ n0 þ Δnðx; yÞ ¼ n0 þ

dn
ΔTðx; yÞ
dT

ð7Þ

where ðdn=dTÞstands for the thermo-optic coefﬁcient and ΔT(x,y)
refers to the nonlocal temperature change which depends on the
optical ﬂuence, instead of on the optical irradiance [20]. The sign
of ðdn=dTÞ determines the focusing or defocusing of the beam as n2
or γ do.
Although apparently both effects are described by a refractive
index which depends on the spatial transversal coordinates, there
are important differences between them. The electronic Kerr
nonlinearity is local and fast. It is originated due to distortions in
the electronic cloud due to the electric ﬁeld that induces changes
in the optical susceptibility of the medium and gives rise to a
nonlinear optical polarization. The thermal effect has a slow and
accumulative response which, in general, is nonlocal due to heat
conduction. In transparent media, including liquids, the Kerr effect
is generally characterized by an n2 40. On the contrary, thermal
effects in liquids used to cause a decrease of the refractive index. If
the two effects coexist, thermal nonlinearities usually prevail over
the Kerr effect, which may be from one to several orders of
magnitude lower [9,10].
The efﬁciency of these mechanisms depends strongly on the
characteristics of the laser source which generates the train of

pulses. In this work we use a Ti:Sapphire oscillator which delivers
80 fs pulses every 12.38 ns (repetition rate of 80.75 MHz). These
conditions beneﬁt the occurrence of the two above-mentioned
effects since the temporal interval between pulses is smaller than
the thermal characteristic time of the medium, tc, given by
tc ¼

wðzÞ2 wðzÞ2 ρC p
¼
4D
4
κ

ð8Þ

w(z) being the beam width and D the thermal diffusivity of the
medium, usually with values of about 10  6 m2/s. Thermal diffusivity quantiﬁes how quickly the material conducts heat in relation
to its volumetric heat capacity given by ρCp (κ is the thermal
conductivity, ρ is the density and Cp the speciﬁc heat capacity at
constant pressure). tc measures the required time by the material
to recover its initial thermal state.

3.2. Z-scan characterization of thermal effects
The Z-scan technique, proposed by Sheik-Bahae in the late
1980s, is particularly useful for the characterization of the nonlinear refractive index change in optical materials, due to its
simplicity and accuracy [20]. It allows retrieving the parameters
that characterize the nonlinearity starting from the transmitted
power variation through a far-ﬁeld aperture as a function of the
relative distance, Δz, between the sample position and the focus of
the optical system. The transmittance curve exhibits a maximum
(peak) and a minimum (valley) whose relative position is related
to the sign of the nonlinearity. If the peak precedes the valley
nonlinearity is negative and, conversely, a valley which precedes a
peak is indicative of positive nonlinearity. To explain this behavior,
without loss of generality, let us consider a medium that originates
a negative thermal lens yielding a Δn o0. Let z¼0, the location of
focal point of the positive lens (L in Fig. 1a and b). When the
sample is far from the focus, |Δz|âª¢0, the nonlinear effects are
negligible since the ﬂuence is too low, so the beam divergence at
the slit plane transmitted power by the slit (S) are independent of
the sample position. As the sample gets close to the focus, the
ﬂuence increases and a negative thermal lens is created in the
medium. If the sample is before the focus (Δz o0) the thermal
lens shifts the focalization point of the beam towards z40.
Consequently, the beam divergence at the slit plane is lower and
therefore the transmitted power measured by the detector is
higher than the one detected in the linear case. On the contrary,
when the sample is placed after the focus, (Δz40) the negative
lens increases the divergence of the beam resulting in a decrease
of the transmitted power.
The peak-to-valley distance, ΔZpv, provides important information about the origin of the nonlinear refraction. Sheik Bahae
formalism predicts that for a Kerr nonlinearity, this value is almost
constant and close to 1.7z0, z0 being the Rayleigh length of the
beam [20]. Thermal effects give rise to higher values of ΔZpv,
depending on the strength and origin of the thermal lens as it has
been reported in the literature [13,31–33]. It has been shown that
ΔZpv changes with the irradiation time until reaching an asymptotic value depending on the order of the involved absorption
processes. The asymptotic value is achieved for irradiation times
longer than 100tc.
Different models have been developed for predicting the
behavior of the transmittance curve in the presence of thermal
effects. In this paper we adopt the model used by Falconieri in
Ref. [33], which accounts for the use of high repetition rate lasers.
Although Falconieri's model incorporates multiphoton absorption
processes as possible causes of the temperature increase, we
consider that the heating of the medium is only originated by
linear absorption processes only. Under this assumption, the
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normalized transmittance behavior is described by
"
#
2ðz=z0 Þ
TðzÞ ¼ 1 þ θ tan  1
½9 þðz=z0 Þ2 ð1 þ ðz=z0 Þ2 Þ=2τ þ½3 þ ðz=z0 Þ2 

θ is given by
Pα
dn
θ ¼  0 Lef f
λ0 κ dT

ð9Þ

where

ð10Þ

P being the laser power, and τ standing for t/tc, where t is the
irradiation time and tc the thermal characteristic time of the
medium, deﬁned in Eq. (8).
It should be mentioned that Falconieiri's model allows the
study of the temporal dynamics of the refractive index change.
Short irradiation times followed by light-off periods higher than tc,
minimize the thermal lens contribution to the Z-scan data and
allow the isolation of the fast optical nonlinearities.

4. Results and discussion
All the Z-scan curves exhibit a defocusing behavior compatible
with a negative thermo-optic coefﬁcient. Eq. (9) has been ﬁtted to
each experimental curve. These ﬁts return θ and z0. The ﬁtted value
of z0 is a 25% higher than the one shown in Table 2 calculated using
the measured value of w0. The corresponding value of w0 is 19 μm,
very close to the value given in Table 2, which is 17 μm. The peak to
valley distance, Δzpv, takes values between 571 mm, which
suggests a nonlinearity of thermal origin attending to the ratio
Δzpv/z0. Table 3 summarizes the ﬁt parameters whose relative
uncertainties are about 5% and 2% respectively, which should be
added to the uncertainty of the Z-scan measurement. As example,
some normalized transmission curves are shown in Fig. 2, together
with the ﬁtting of Eq. (9) to the experimental data.
The normalized thermal refraction, given by θ/P in Table 3, is
highly sensitive to the anionic part of the IL: the achieved values
vary from 0.49 for [Tf2N]  (practically transparent at 810 nm) to
0.85 for [Cl]  (50 times more absorbent). The linear optical
absorption coefﬁcients at 810 nm, α0, are shown in Table 1. The
inﬂuence of the cation is also studied by keeping [Tf2N]  as anion.
In this case, we have obtained values which varied from 0.3 for
[C4C1Py] [Tf2N] to 1.00 for [C6C 6C 6C 6C 14P] [Tf2N]. In Table 4, the
Table 3
Average power (P), ﬁtted values of the parameter θ of Eq. (9), corresponding to each
of the obtained Z-scan curves. The averaged ratio θ/P allows making a comparison
between the strength of the nonlinear refraction observed in the ionic liquids.
Short name

P (W)

θ

θ/P (W  1)

 dn/dT (K  1)

[C2C1im][Tf2N]
[C2C1im][BF4]
[C2C1im][EtSO4]
[C4C1im][Tf2N]
[C4C1im][BF4]
[C4C1im][SbF6]
[C4C1im][MetSO4]
[C4C1im][MetFSO3]
[C4C1im][Cl]
[C4C1im][N(CN)2]
[C6C1im][Tf2N]
[C6C1im][BF4]
[C6C1im][Br]
[C8C1im][BF4]
[C8C1im][Br]
[C10C1im][BF4]
[C4C1Pip] [Tf2N]
[C4Py] [Tf2N]
[C4C1Pyrr] [Tf2N]
[C6C6C6C14P][Tf2N]
[C2C2C2S][Tf2N]

1.05
1.08
1.07
1.08
1.08
0.39
0.3
0.38
0.68
0.41
1.06
1.48
1.06
1.1
1.08
1.03
0.39
0.39
0.59
0.42
0.36

0.67
0.65
0.52
0.53
0.55
0.22
0.21
0.22
0.58
0.25
0.55
0.88
1.28
0.89
1.09
0.86
0.24
0.12
0.30
0.42
0.14

0.64
0.60
0.47
0.49
0.51
0.57
0.70
0.58
0.85
0.61
0.52
0.60
1.21
0.81
1.01
0.83
0.60
0.30
0.5
1.00
0.39

4  10  6
1.1  10  5
2.8  10  5
1.1  10  5
4.8  10  5
NA
1.9  10  5
NA
NA
NA
0.9  10  5
2.5  10  4
NA
3.4  10  4
NA
4.5  10  4
NA
NA
1.3  10  5
1.5  10  5
NA
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IL(s) with common cation and anion have been ordered from
weaker to stronger thermal refraction strength.
Table 1 also shows the thermal conductivity at 298.3 K for some
of the IL(s) under study. Some of them, those labeled with (1) have
been measured for this work, the IL(s) labeled with (2) have been
extracted from [36] and the thermal conductivity of [C2C1im]
[EtSO4] has been obtained from [37]. The thermal conductivity of
[CnC1im] [X] ([X]: [BF4]  or [Tf2N]  ) decreases in general with the
alkyl chain length except for [C10C1im] [BF4] which has a higher
value, close to the thermal conductivity of [C2C1im] [BF4]. Such a
non-monotonic behavior of this property with the alkyl chain
length is also obtained with the data given in reference [26]
related to the [Tf2N]  . Our results conﬁrm that the nature of the
cation has only a slight inﬂuence on the thermal conductivity of
the IL, and that the anion exerts the strongest inﬂuence on this
physical property, as it has been observed in other physical
properties. In particular, [BF4]  anion gives rise to higher thermal
conductivities than [Tf2N]  when combined with the same cation.
The absorption coefﬁcient, see Table 1, seems to decrease as the
alkyl chain length increases for the [CnC1im][BF4] ionic liquids, but
we could not determine it for the [C8C1im] [BF4]. The reason is that
this family of ionic liquids is highly transparent at 810 nm and an
absorption coefﬁcient around 0.3 m  1 produces absorbance values
with path lengths of 1 cm, which are very close to the threshold of
the spectrometer. An accurate measurement should be carried out
with thicker cells, but the available spectrometer does not hold
cells thicker than 1 cm. This growth pattern has not been observed
with the [Tf2N]  , neither in the results derived from our work nor
in those shown in reference [26]. In Table 4, IL(s) with a common
cation [C4C1im] þ and IL(s) with a common anion [Tf2N]  have
been ordered from lower to higher values of optical absorption.
It is important to note that the optical absorption measurements
are very sensitive to the impurities content of the IL(s), even in very
low proportions. Even the spectra of highly pure IL(s) coming from
different synthesis processes may exhibit measurable differences,
mainly in the UV region, but the tail may reach the vis and even IR
spectral regions [38,39]. In this sense, although our samples were
carefully handled and the impurities content proved to be low, one
should take this factor as a possible contribution to the experimental
uncertainties of our results.
The thermo-optic coefﬁcient may be calculated by using the
measured values of θ, α and κ in Eq. (7). We could determine the
thermo-optic coefﬁcient only for a subset of the studied IL(s). The
thermo-optic coefﬁcient of IL(s) based on [CnC1im][BF4] seems to
increase (absolute value) as the alkyl chain does, and reaches
values similar to those observed in other liquids such as castor oil
(ðdn=dTÞ ¼  1  10  5 K  1 ) [40], CS2 (ðdn=dTÞ ¼  5  10  4 K  1 )
[41], or [C4C1im] [PF6] (ðdn=dTÞ ¼  8:1  10  5 K  1 ) [22]. When
[Tf2N]  replaces [BF4]  , this tendency is not observed, since the
thermo-optic coefﬁcient of [C6C1im][Tf2N] presents a lower value
than the one obtained with [C4C1im][Tf2N], in agreement with
previously reported results [26].
It is worth mentioning that we carried out experiments in order
to isolate the fast component of the optical nonlinearity (short
irradiation times and long light-off periods compared to tc), but the
Z-scan curve was ﬂat. This result means that, under the conditions
of our experiments, the contribution of the electronic and nuclear
optical nonlinearities to the Z-scan curves is negligible. On the other
hand, Z-scan data taken with open aperture mode show no traces of
nonlinear absorption processes in these ILs.

5. Conclusions
Thermal refraction was systematically characterized in a set of
ionic liquids by means of the Z-scan technique, which has been
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Fig. 2. Open circles: experimental Z-scan data corresponding to the ﬁve ionic liquids which differ only on the alkyl chain length [CnC1im][BF4]. Continuous line: ﬁtting of
Eq. (9) to the experimental data. The corresponding average powers are shown in Table 3.

Table 4
From left to right, anions (top) and cations (bottom) have been ordered from lower to higher values of the measured normalized peak to valley amplitude and linear
absorption coefﬁcient; available thermal conductivities are also shown.
[C4C1im] [anion]
θ/P
α (m  1)
κ (W/mK)

Tf2N (0.49)
BF4 (1.5)
(0.176)

BF4 (0.52)
SbF6 (3.6)

SbF6 (0.57)
MetFSO3 (4.3)
(0.147)

MetFSO3 (0.58)
Tf2N (4.9)
(0.128)

N(CN)2 (0.61)
MetSO4 (5.8)

MetSO4 (0.75)
N(CN)2 (8.3)

Cl (0.81)
Cl (58.4)

C2C2C2S (0.39)
C4 Py (4.3)

C4C1im (0.49)
C4C1Pyp (4.5)

C4C1Pyrr(0.51)
C4C1im (4.9)
(0.128)

C6C1im (0.52)
C6C1im (5.9)
(0.127)

C4C1Pyp (0.60)
C6C6C6C14P (7.4)
(0.144)

C2C1im (0.64)
C2C2C2S (13.6)

[Cation] [Tf2N]
θ/P
α (m  1)
κ (W/mK)

C4Py (0.30)
C4C1Pyrr (3.9)
(0.125)

carried out with a train of pulses delivered from a Ti:sapphire
oscillator. The studied IL(s) were selected according to their
molecular composition in order to ﬁnd out how much it (cation,
anion or alkyl chain length) governs the thermal phase shift
experienced by a laser beam which propagates across these IL(s).
Linear absorption and, when possible, thermal conductivity have
been measured in order to determine their thermo-optic coefﬁcient. Anion chemical nature was revealed as the factor which
determines to a greater extent the behavior of the thermal
conductivity, while absorption is dependent on both the cationic
and anionic part of these compounds. Consequently, we have

C6C6C6C14P (1.00)
C2C1im (17.3)
(0.130)

not found a clear and systematic relation between the thermal
refraction strength and the structural parameters of the IL(s).
It seems that bromide and chloride anions contribute to the
enhancement of the thermal lens effect. Our results also point
out that thermal lens signals are stronger for the phosphoniumbased IL and weaker for 1-methylpyridinium-based IL, at least for
IL(s) containing [Tf2N]  . In order to achieve conclusive results that
support a theory for predicting the thermal lens behavior of an IL,
further studies should be conducted, involving other anionic and
cationic species as well as systematically exploring other properties such as thermal expansion, packing or molecular size. Work in
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this direction is now in progress. A further rationale for the
behavior of the Z-scan measurements demands the analysis of
thermal conductivity and thermo-optic coefﬁcient. To this end,
direct measurements of the latter and an understanding of the
former within the framework of the Eyring theory [42] are
currently in progress.
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