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Abstract

Ethanol and isopropanol are fluids of common use in different branches of
materials science. In particular, in the ever growing field of nanoscience, they
are dispersing media for nanoparticle suspensions. The knowledge of optical
constants of these fluids is required for the characterization of optical proper-
ties of nanoparticles, besides providing insights into fundamental properties
of fluids themselves. In this work, we calculated the real refractive index n of
ethanol and isopropanol applying the Kramers-Kronig theory to the exper-
imentally obtained k spectrum over an extremely wide spectral range, from
181 to ∼54000 cm−1.

Keywords: Optical constants, Optical properties, Liquid phase, Ethanol,
Isopropanol, Nanofluids

1. Introduction

Nanotechnologies are impressively fast growing. Nanofluids (i.e. fluids
with nanosized particles in suspension) are correspondingly receiving an al-
ways increasing attention and are considered promising in a large variety of

1Corresponding author, email: elisa.sani@ino.it

Preprint submitted to Optical Materials January 27, 2017



Paper published on:
Optical Materials vol. 60 (2016) pages 137-141

DOI: 10.1016/j.optmat.2016.06.041
Numerical data associated with this paper can be found in the

online version at
http://dx.doi.org/10.1016/j.optmat.2015.06.039

applications. Even if ions to control pH or surfactants can be added to im-
prove stability, the two main ingredients of a nanofluid remain nanoparticles
and base fluid. Nanofluids are expected, and in many cases proved, to show
superior properties with respect to the pure fluid for many applications like
for instance in thermal, optical or tribological fields [1]-[4]. Nanofluid proper-
ties can be controlled and tuned by the proper combination of nanoparticles
and dispersing liquid. Nanoparticles can now be produced in a huge vari-
ety of materials, sizes and shapes, and new types are ever synthesized. The
investigation of their optical properties is an important tool to understand
their basic physics, as well as to assess their potential in all application fields
requiring interaction with optical radiation. However, according to the Mie
theory [5] optical properties of nanoparticles are influenced by those of the
dispersing medium [6], so that their dependence as a function of the sur-
rounding refractive index is an important characteristics widely investigated
in the literature [7]-[10].

Ethanol and isopropanol (2-propanol) are common dispersing media for
nanoparticle suspensions and are used also by commercial suppliers of nanocol-
loids. Their refractive index and absorption coefficient are typically known
in limited spectral ranges or even at the single wavelength of the sodium D-
line [11]-[18]. However, new nanoparticles are recently raising the attention,
with exotic absorption peaks spanning from visible to near-infrared wave-
lengths [19]-[21]. The knowledge of optical constants of the fluid surround-
ing these new kinds of nanomaterials is needed for different applications like
for instance for modelling optical properties and radiative transfer. For this
reason, in the present work we considerably extend the wavelength range of
knowledge of (k,n) optical constants of ethanol and isopropanol. This work
is a part of a project aimed at obtaining optical constants of a significant
number of fluids used in nanoparticle synthesis and characterization. The
optical constant k is experimentally obtained from 0.185 µm to about 55
µm (∼ 54000-181 cm−1) from transmittance measurements. Then, the re-
fractive index n is obtained from experimental k spectrum by means of the
Kramers-Kronig transform. It is worthwhile to note that the extremely wide
wavelength range we have explored allows the use of the Kramers-Kronig
transform technique, avoiding truncation errors over most of the spectral
range. At the bounds of the interval, a special treatment is required, as
discussed below.
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2. Experimental setup

The optical transmittance spectra of ethanol (J.T. Baker, purity≥ 99.9%)
and isopropanol (Merck, purity ≥ 99.8%) have been measured by means of
three different experimental setups: a ”Lambda 900” Perkin-Elmer disper-
sive spectrophotometer for the range ∼54054-∼3333 cm−1 (0.185-3 µm), a
Fourier transform ”Excalibur” Bio-Rad spectrometer with KBr optics for
the wavenumber range 5500-400 cm−1 (∼ 1.8-∼25 µm) and finally a Fourier
transform ”Scimitar” Bio-Rad spectrometer with polyethylene windows and
mylar beam splitter for the range 420-181 cm−1 (∼24-∼55 µm). The combi-
nation of these three instruments allows to span a spectral interval as wide
as from ∼ 54000 (0.185 µm) to 181 cm−1 (∼55 µm). Except when dif-
ferently specified, the transmittance has been measured at different sample
thicknesses using a demountable variable-path cell composed by two opti-
cal windows and by a series of calibrated spacers with 50-1130 µm thickness.
When the sample transmittance was too low to have a detectable signal at the
output (like in mid- and far-infrared), we assembled the cell without spacer
as described in the following. On the contrary, when the transmittance of
fluids was very high (e.g. in the visible range), arising in very low k values
with high relative uncertainty, we used a specially designed demountable cell
with 5, 8, 10 and 12.5 mm path length. The materials we have chosen for cell
windows in the different spectral regions have been CaF2 for the 0.185-3.00
µm range, with exception of the interval 0.25-1.40 µm, where fused silica was
used (long path cell for reducing the relative uncertainty on k, as explained
above); KBr for ∼1.8-25 µm and polyethylene for ∼24-55 µm.

3. Transmittance measurements

We obtained the spectral optical constant k from trasmittance measure-
ments using the technique described in [24] and here recalled for clarity.

Under the hypotheses of absence of scattering, negligible coherent effects
[5] and negligible multiple transmissions through the sample, the transmit-
tance T as a function of the wavenumber ν can be expressed as a simple
function of the spectral absorption coefficient α(ν) as

T (ν) = exp(−α(ν) · x) (1)

where x indicates the sample thickness. Therefore, if we acquire two trans-
mittance spectra T1 and T2 at two different thicknesses x1 and x2, α can be
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obtained from the equation:

α(ν) = − 1

x2 − x1

ln
T2(ν)

T1(ν)
= − 1

∆x
ln

T2(ν)

T1(ν)
(2)

This simple method allows to directly obtain α for the liquid sample without
requirement of a prior knowledge of optical properties (complex refractive
index) of window materials and without the need of using complex equations
like those arising from the three-layer system approach. The spectral optical
constant k(ν), i.e. the imaginary part of the complex refractive index, is
connected to α(ν) by the relationship [5]:

k =
α(ν)

4πν
(3)

In the range 0.185-3.00 µm (UV-Vis-NIR) we acquired the transmittance
spectra at several cell thicknesses from 50 to 1130 µm, and we kept as α to be
used in further calculations the value obtained by averaging the result of Eq.
2 for several couples of thicknesses (x1, x2). Moreover, as explained above,
in the spectral range from about 0.25 µm to 1.40 µm wavelength, additional
transmittance measurements were carried out to reduce the uncertainty on
k using a special cell allowing much longer millimetric path lengths, from 5
to 12.5 mm. The spectral resolution is 1× 10−3 µm in the range 0.185-0.860
µm and varies from 3 × 10−3 to 2 × 10−2 µm at longer wavelengths. The
relative uncertainty of transmittance values is 0.5%.

In Mid-Infrared (MIR) (5500-400 cm−1 wavenumbers, ∼1.8-∼25 µmwave-
length) and Far-Infrared (FIR) (420-181 cm−1, ∼24-∼55 µm) ranges, the
transmittance was zero or near to it in a large majority of the spectrum even
with the thinnest 50 µm spacer because of strong absorption bands due to
molecular stretching and bending modes [22]-[23]. Thus, we used the method
without spacer we successfully exploited in our previous work [24] and firstly
presented in [25]. The absence of the spacer in the cell allows to obtain
very thin layers of liquid. Their (unknown) thickness can be changed acting
on the tightening levels of the cell nuts. For the determination of α, Eq. 2
requires only the knowledge of the difference of thickness ∆x among two mea-
surements, which was inferred as follows: MIR region, for each considered
couple of measurements, ∆x was chosen to match, in the regions of spectral
superposition of the Mid-IR and UV-Vis-NIR instruments, the value of α
previously determined by the UV-Vis-NIR measurements; in the FIR, ∆x
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Figure 1: Comparison between measured and literature data [13] for ethanol in the visible-
near infrared.

was similarly determined imposing equality of FIR α spectrum to previously
determined MIR values, again in the region of spectral superposition of MIR
and FIR instruments. The spectral resolution of NIR and FIR measurements
is 1 cm−1. The relative uncertainty on transmittance is between 0.05% and
0.3% depending on the spectral region.

The shape of acquired transmittance curves in MIR for both liquids agree
with qualitative spectra available in the literature [22], [23]. As for quanti-
tative data, Fig. 1 compares the absorption coefficient for ethanol in the
visible-near infrared measured in this work with the only available literature
data [13], showing a fair agreement.

Once α(ν) was obtained as described, the optical constant k(ν) was cal-
culated from Eq. 3. The experimental values of k(ν) for ethanol and iso-
propanol are shown in red color in Figures 2 and 3, respectively. While the
detailed interpretation of the intricate structure of absorption bands is by
far beyond the scope of the present work and can be found in molecular
spectroscopy literature [26]-[27], looking at the plots (a) and (b) of Figs. 2-3,
we can recognize the typical vibrational bands of functional groups of alco-
hols [26], e.g. the wide OH stretching band at around 3300-3400 cm−1, CH
stretching at around 3000 cm−1 and CO stretching in the 1050-1200 cm−1

region.
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Figure 2: Optical constants n (in black, left axis) and k (in red, right axis) for ethanol. In
(d) n data from [11] are also plotted as blue circles, with exaggerated size to make them
visible. Actually they lie within our uncertainty on n.
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Figure 3: Optical constants n (in black, left axis) and k (in red, right axis) for isopropanol.
In (d) n data from [11] are also plotted as blue circles, with exaggerated size to make them
visible. Actually they lie within our uncertainty on n.
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4. Refractive index

The refractive index n(ν) and the k(ν) optical constant represent, respec-
tively, the real and imaginary part of the complex refractive index m(ν) =
n(ν) + ik(ν). Thus they are related each other through the Kramers-Kronig
relationship, which can be used to calculate n(ν) from the experimental k(ν)
spectrum:

n(ν) = n(∞) +
2

π
P

∫ ∞

0

ν ′k(ν ′)

ν ′2 − ν2
dν ′ (4)

where P identifies the Cauchy’s principal part of the integral and n(∞)
is the value of the refractive index at high wavenumbers. The integral in
Eq. 4 has been numerically computed using the Maclaurin’s formula [28].
The uncertainty on n(ν) has been calculated propagating the experimental
uncertainty on k(ν). As for the constant value n(∞) in Eq. 4, it is not
known. Generally it is indirectly obtained imposing a known value of n at a
given wavenumber.

The major technical limitation of the method based on the Kramers-
Kronig transform is that the integral in Eq. 4 should be calculated from zero
to infinity and different approaches have been discussed in the literature to
overcome this issue [29]-[31]. Even if this requirement is not experimentally
possible, n(ν) can be computed with a satisfactory accuracy if k is known
in an enough wide interval of wavenumbers around ν. Truncation errors can
occur near the boundaries of the spectral interval of known k, depending on
the (unknown) values of k outside the range available for experimental explo-
ration [29]. As discussed in [24], at the low-energy side (low wavenumbers),
in a conservative way we can estimate that, for ν larger than 300/400 cm−1,
the error ∆n due to the truncation of the integral in Eq. 4 is comparable
or smaller than the uncertainty of n due to the measurement errors. On the
other hand, at high wavenumbers (short wavelengths) a clear effect of trun-
cation appears. In fact, if we apply the Kramers-Kronig algorithm without
the extrapolation described below, i.e. if we use only the data of k in the
available experimental range, the computed values of n in the visible-near
infrared should result to be roughly independent on ν while from literature
we know that in the same range n increases with wavenumber [11]- [13].
This behavior of n is compatible with the increasing phase of the refractive
index near to a region of anomalous dispersion, corresponding to a peak of
k. Following the method already successfully exploited for ethylene glycol
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[24], for each fluid we best-fitted, with a lorentzian peak in k, the literature
values of n given in [11]. For both liquids, the best solution consists of a
peak around ∼ 100000 cm−1 (and exactly located at 97991 cm−1 and 96854
cm−1 for ethanol and isopropanol, respectively), which provides a negligibly
small value of k in the range of interest. However, this main peak is not
able to reproduce the increasing trend of the k curve at the upper energy
boundary of the experimentally available range. Thus, to check the validity
of our model, for diagnostic purposes we ascertained that the experimental
k curve in the range 54000-41600 cm−1 could be correctly reproduced by
lorentzian oscillators, and we analyzed how they impact on the known values
of n. The k spectrum was thus fitted with the minimum number of Lorentz
oscillators able to satisfactorily reproduce the experimental trend (secondary
oscillators). We verified that only the main peak set the value of n, while
(much smaller) secondary oscillators introduce variations on it much smaller
than the experimental uncertainty. It should be stressed that the k fitting
with secondary peaks has been performed only to guarantee the continuity
of the k function within the extrapolation of the main oscillator we carried
out using the Lorentz theory. Differently on the main peak, they have not
been used in the calculation of Eq. 4, because they all refer to a spectral
region where experimental data are available. In summary, main and sec-
ondary peaks together are able to fairly reproduce both n and k in the range
15000-41600 cm−1. Thus, the described extrapolation of the k spectrum is
able to correct the truncation error of the Kramers-Kronig transform at high
wavenumbers and allows the correct determination of the zero point n(∞).

Finally, for operating purposes it can be useful to give an analytical ex-
pression for n when possible. Thus we fitted the obtained refractive indexes
of both liquids with a four-parameter Sellemeier equation [32], using a least-
squares algorithm:

n2 = 1 +
B · λ2

λ2 − C
+

D · λ2

λ2 − E
(5)

We emphasize that this approach is intrinsically limited to spectral regions
without absorption bands, because, in the vicinity of absorption peaks (cor-
responding to the zeros of denominators in Eq. 5), Sellemeier polynomials
give the physically unacceptable result of diverging n values. Table 1 lists
the obtained parameters for ethanol and isopropanol in the range 0.185-2.800
µm.
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Parameter Ethanol Isopropanol
B 0.0165±0.0002 0.0107±0.0003
C 9.08±0.02 8.88±0.03
D 0.8268±0.0001 0.8702±0.0002
E 0.01039±0.00001 0.01036±0.00002

Table 1: Sellemeier parameters (Eq. 5) for the inves-
tigated liquids in the spectral range from 0.185 to 2.800
µm.

5. Conclusions

In this work we have obtained the real and imaginary parts, n and k, of
the complex refractive index of ethanol and isopropanol over an extremely
wide spectral range. k is experimentally obtained from transmittance mea-
surements, while n is calculated from k thanks to the very large spectral
range of available experimental data, using the Kramers-Kronig theory, cor-
rected with an ad-hoc technique of extrapolation to avoid truncation errors at
the edges of the experimental spectrum. For application purposes, Sellemeier
parameters are also given in the range 0.185-2.800 µm.
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