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Abstract We report on experimental measurements of
the refractive index of twelve organic solvents at five dif-
ferent wavelengths (450, 532, 632.8, 964 and 1,551 nm)
and a temperature of 300 K. Based on these new data
visible to near-infrared dispersion relations are constructed.
Group-velocity dispersion (GVD) is theoretically calcu-
lated. Zero- and negative-GVD situations are identified for
two common solvents in near-infrared wavelengths. Via
comparison with refractive index data available in bibli-
ography, estimated values of thermo-optic coefficients are
also presented.

1 Introduction

Refractive index of organic liquids, along with its wave-
length dependence, is an important parameter for various
photonics applications that include, but are not limited to
the (a) design of novel optofluidic devices [1, 2], (b) ana-
lysis of the guiding characteristics in liquid core, or liquid
immersed, optical and photonic crystal fibers [3-6],
(c) supercontinuum generation and filamentation in liquid
media [7, 8], (d) excitation of plasmon-resonance effects
and control of the structural properties of nano-solutions/
dispersions/colloids [9-12] and (e) optimization of the
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emission characteristics of dye lasers and fluorescent
molecules [13-15]. Additionally, refractive index disper-
sion of organic liquids is used for the production of theo-
retical structure—property relation models, as well as for
correlation with other material properties [16, 17].

Despite the widespread need for refractive index data of
solvents, till date bibliography on this field remains rela-
tively poor. In specific, refractive index of liquids is typi-
cally measured and reported either at a single wavelength
(most commonly corresponding the Fraunhofer D-line) or
just a few wavelengths in the visible spectral range. As a
result of this situation, in the cases of most solvents
(a) index data in the near-infrared are nonexistent, and
(b) wavelength dispersion fits are unavailable, thus even in
the visible spectral range prediction of index values at
wavelengths other than those of measurement is not
possible.

In this article, we present experimental measurements of
the refractive index of twelve important organic solvents,
namely 1,4-dioxane, 1,5-pentanediol, 1-butanol, 1-propa-
nol, acetonitrile, amyl alcohol, benzene, carbon tetrachlo-
ride, isoamyl alcohol, isobutanol, methanol and toluene.
Analytical grade liquid samples (with purities ranging
between >99 and >99.99 %) were purchased from stan-
dard suppliers and used without further purification.
Refractive index measurements were obtained at a constant
temperature of 300 K and at five different wavelengths
covering the entire visible spectral range, as well as the
near-infrared spectrum up to the conventional telecom-
munications window. To the best of our knowledge, this is
the first time that refractive index data are presented in
such a broadband spectral region (that includes the near-
infrared) for eight out of the twelve liquids. For the
remaining four fluids under investigation (namely benzene,
carbon tetrachloride, methanol and toluene), broadband
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index data and dispersion equations have been previously
presented by other authors at temperatures other than
300 K.

Based on the available experimental data, dispersion
relations are constructed and consequently group-velocity
dispersion (GVD) is theoretically calculated. Zero- and
negative-GVD conditions are predicted—for the first time
to the best of our knowledge—for infrared wavelengths
exceeding ~ 1,320 nm (1,515 nm), in the cases of metha-
nol (1-propanol), respectively. This observation may be of
particular interest for dispersion management and pulse
compression applications. Finally, discrete experimental
data and (when available) alternative dispersion equations
at different temperatures are located in bibliography and
consequently used for the estimation of the thermo-optic
coefficients (TOC).

2 Refractive index measurements and dispersion
relations

The experimental setup used for refractive index mea-
surements is based on the prism-coupling scheme that has
been previously used with solid samples [18], with the
addition of a homemade liquid holder. The sample under
investigation is brought in direct contact with the base of a
gadolinium gallium garnet (GGG) reference prism of
known index n,,. Radiation from a continuous-wave laser is
directed upon the base of the prism at an angle of incidence
that may be controlled via a rotary table. A photodetector
monitors the beam that is reflected at the interface between
the prism and the sample. The angle of light incidence
eventually reaches a critical value (6,.) at which frustrated
total internal reflection at the prism base leads to abrupt
decrease in photodetector reading. This critical angle 0.
directly relates to the unknown index n of the sample via:

0. = arcsin(n/n,)

This apparatus is equipped with five independent laser
sources, thus permitting measurement of refractive index at
five different wavelengths with a typical resolution of
fourth decimal digit and an accuracy equal to (or better
than) +2 x 10~*. Available laser sources include three
diode lasers emitting radiation at 450, 964 and 1,551 nm,
as well as a helium—-neon laser and a frequency-doubled
YAG laser emitting radiation at 632.8 and 532 nm,
respectively. Finally, a thermocouple is employed for
reading the temperature at the prism base, which is
expected to be equal to the temperature of the liquid
sample.

Several sets of measurements were obtained for each
solvent, exhibiting excellent reproducibility. Table 1 pre-
sents measured indices for the twelve solvents under a
constant temperature of 300 K (with an accuracy of
40.5 K). Lower (higher) index value of 1.3173 (1.5144) is
observed for methanol (benzene) at 1,551 nm (450 nm),
respectively. Following a comparative evaluation of vari-
ous semi-empirical dispersion equations, the following
extended-Cauchy relation was opted for fitting the wave-
length dependence of refractive index (4 in pm):

n2(z):Ao+Al.z2+%+%+1‘—;‘ (1)
Calculated Cauchy coefficients (A¢p—A4) for the twelve
organic liquids are shown in Table 2. It should be pointed
out that theoretical index values from Eq. (1) reproduce
measured data up to the fourth decimal digit (that is, with
an accuracy equal to the resolution of the experimental
setup). Therefore, fitting error may be assumed to be
practically zero. Theoretical dispersion curves, along with
corresponding experimental data, are cumulatively depic-
ted in Fig. 1.

Table 1 Experimental refractive index values at five different wavelengths for twelve solvents at 300 K

Solvent 450.0 nm 532.0 nm 632.8 nm 964.0 nm 1,551.0 nm
1,4-Dioxane 1.4281 1.4224 1.4190 1.4149 1.4124
1,5-Pentanediol 1.4533 1.4465 1.4419 1.4355 1.4311
1-Butanol 1.4031 1.3975 1.3941 1.3891 1.3858
1-Propanol 1.3902 1.3851 1.3816 1.3770 1.3738
Acetonitrile 1.3469 1.3422 1.3393 1.3361 1.3345
Amyl alcohol 1.4152 1.4095 1.4058 1.4008 1.3977
Benzene 1.5144 1.5011 1.4925 1.4816 1.4769
Carbon tetrachloride 1.4674 1.4600 1.4551 1.4489 1.4464
Isoamyl alcohol 1.4122 1.4064 1.4029 1.3979 1.3946
Isobutanol 1.4007 1.3950 1.3917 1.3870 1.3836
Methanol 1.3330 1.3288 1.3259 1.3215 1.3172
Toluene 1.5097 1.4973 1.4890 1.4783 1.4737
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Table 2 Extended-Cauchy dispersion relation coefficients for twelve solvents at 300 K

Solvent Ag Ay A, As Ay
1,4-Dioxane 1.996073056 —0.00163203 0.00665705 6.00055 x 107> 7.70185 x 107°
1,5-Pentanediol 2.051562214 —0.00354681 0.01192405 —0.000350124 8.97124 x 1073
1-Butanol 1.917816501 —0.00115077 0.01373734 —0.00194084 0.000254077
1-Propanol 1.893400242 —0.003349425 0.004418653 0.00108023 —0.000067337
Acetonitrile 1.78207648 —0.001147808 0.003252916 0.000655275 0.000001251
Amyl alcohol 1.954280294 —0.0018197 0.00906961 —0.00016629 6.7645 x 107°
Benzene 2.170184597 0.00059399 0.02303464 —0.000499485 0.000178796
Carbon tetrachloride 2.085608282 0.00053373 0.012201206 0.000056451 0.000048106
Isoamyl alcohol 1.942931564 —0.00128447 0.01305097 —0.001683118 0.000233976
Isobutanol 1.913001067 —0.00152344 0.01303537 —0.00198394 0.000275162
Methanol 1.745946239 —0.005362181 0.004656355 0.00044714 —0.000015087
Toluene 2.161659124 0.000495188 0.02138179 0.000058838 0.000087632
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Fig. 1 Refractive index data (black circles) and theoretical dispersion curves (solid lines) for the six lower index (a) and the six higher index

(b) solvents

3 Group-velocity dispersion calculations

Group-velocity dispersion is an important parameter asso-
ciated with the propagation of ultrashort laser pulses
through transparent media. Ignoring higher-order disper-
sion effects (which is a valid approximation for pulse
durations exceeding ~ 50 fs), GVD may be considered
exclusively responsible for changes in the shape of the
temporal pulse envelope, typically leading to pulse
broadening and peak intensity reduction. By the use of the
extended-Cauchy relations presented in the previous sec-
tion, GVD of the twelve solvents may be straightforwardly
calculated (see for example [19]) via:

30
A dn(l)
vp=_~_.¢"4) 2
G 2nc? d)? )

where 4 is the central wavelength of the spectrum of the
pulse, and c is the speed of light in vacuum.

Figure 2 depicts theoretical GVD values in the spectral
band of measurement (450-1,550 nm) for the various lig-
uids. Typically, GVD in the visible range is in the order of
~100 fs*’mm and decreases down to less than ~ 50 fs%/
mm toward the conventional telecommunications window
in the near-infrared. Abnormal behavior is observed in the
case of methanol (1-propanol) which exhibits GVD < 0
in the near-infrared for wavelengths 4 > 1,320 nm
(4 > 1,515 nm), respectively. In particular, negative-GVD
values reaching —13.4 fs?/mm at 1,551 nm are calculated
for methanol. To the best of our knowledge, this is the first
prediction of zero- and negative-GVD in such common and
inexpensive liquids, indicating their potential use in dis-
persion compensation applications.

Recently, two reports on direct experimental determi-
nation of GVD in liquid samples have been published
[20, 21]. Most relevantly to the present work, authors in
Ref. [20] have determined GVD of various solvents
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Fig. 2 Theoretical values of GVD for the twelve solvents (solid lines). For comparison, experimental values of GVD for three solvents (from

Ref. [20]) are also shown (open circles)

(including methanol, carbon tetrachloride and toluene) at
various wavelengths within the 700-900 nm range.
Experimental GVD data from Ref. [20] are also shown for
comparison in Fig. 2. Excellent agreement between our
theoretical values and the experimentally determined ones
is observed. Indicatively, at a wavelength of 800 nm,
present calculations result in GVD values of 103.7, 61.2
and 30.0 fs>’mm for toluene, carbon tetrachloride and
methanol, respectively. Corresponding experimental values
from Ref. [20] are 105.7, 63.1 and 30.4 fs>/mm.

4 Thermo-optic coefficients estimates

The temperature dependence of refractive index, typically
quantified through the thermo-optic coefficient, is a nec-
essary parameter for the calculation of refractive index at
temperatures other than those of the actual measurement.
Estimating TOC values for the twelve solvents under
investigation requires comparison between the present data
(obtained at 300 K) and previously published data obtained
at different temperatures. For most of these organic liquids,
bibliographic index data are available either at only one
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wavelength (typically corresponding to the Fraunhofer
D-line, as is the case with 1,5-pentanediol) or just a few
wavelengths in the visible spectral range (as is the case
with amyl alcohol, isobutanol, etc.).

In this direction, index data (n,g) from various sources,
measured at the Fraunhofer D-line (589.2 nm) and tem-
peratures (7) other than 300 K, were located in the litera-
ture and are presented in Table 3. Corresponding
theoretical index values at 300 K (n%OOK) produced by the
extended-Cauchy equations of this work are also shown in
Table 3. From this compilation of data, the magnitude of
the TOC (dn/dT) may be straightforwardly estimated. As is
observed, TOC acquires systematically negative values
(ranging between —2.3 x 10~* and —8.3 x 10~* K™! for
isoamyl alcohol and benzene, respectively), indicating a
decrease in refractive index as temperature increases.

It should be stated that TOC estimates presented here
are associated with relatively large error margins. In an
effort to estimate this effect, one may neglect other sources
of error (such as those related to the experimental index
determination and the purity of the samples) and account
only for the propagation of temperature error. Assuming
that temperature T is measured by others with an accuracy
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Table 3 TOC estimates (at 598.2 nm) based on direct comparison
with bibliographic index data

Solvent Reference index data This TOC (K1
work
Ref. T(K) nh J00K
1,4-Dioxane [22] 293 1.4220 14202 —2.6 x 107*
1,5-Pentanediol ~ [23] 293 1.4489 14436 —7.6 x 107
1-Butanol [24] 293 1.39924 13953 —5.6 x 107*
1-Propanol [25] 298 1.3837*  1.3829 —4.0 x 107*
Acetonitrile [26] 295 1.3420°  1.3403 —3.4 x 107*
Amyl alcohol [24] 293 1.40986 14071 —3.9 x 107*
Benzene [27] 293 1.50128* 1.4956 —8.1 x 107*
Carbon [28] 293 14596 14569 —3.9 x 107
tetrachloride
Isoamyl alcohol [29] 303 1.4035 14042 —23 x 107*
Isobutanol [30] 298 1.3939 13929 =50 x 107*
Methanol [31] 298 1.3262* 13270 —4.0 x 107*
Toluene [32] 293 1.4966° 14920 —6.5 x 107*

4 Bibliographic index value computed from alternative dispersion
relation provided by other authors

similar to that of the present study (£0.5 K) leads to the
conclusion that relative TOC error is in the order of

V2 0-5/ AT (AT denotes the difference between 300 K and
T). Therefore, typical TOC errors are expected to be in the
range of 10, 15, 25 and 35 % for calculations based on
bibliographic data obtained at a temperature of 293, 295,
303 and 298 K, respectively. It is worth noting, however,
that TOC estimates presented in Table 3 exhibit reasonable
agreement with TOC values reported sparsely in literature.
For example, TOC for amyl alcohol (—3.9 x 107* K™")
and methanol (—4.0 x 107* K™ compares well with
values of —3.82 x 10™*and —3.9 x 10~* K~ reported in
[32] and [33], respectively.

To the best of our knowledge, previous reports on
refractive index dispersion relations covering the visible
and near-infrared spectral range exist only for four out of
the twelve organic solvents under investigation; more
specific, for methanol (405-2.09 um, at 298 K) in [31];
for benzene and toluene (300-2,500 nm at 293 K) in
[27]; for  carbon tetrachloride @ and  toluene
(500-1,600 nm, at 293 K) in [28]. By the use of these
relations, as well as the equations of the present work,
wavelength dispersion of TOC was calculated and plot-
ted in Fig. 3. In general, the absolute value of TOC
reduces as wavelength increases, approaching a nearly
zero value for methanol in the near-infrared. Local
extrema are observed for all solvents, either in the visi-
ble (for benzene and toluene) or in the boundary between
visible and infrared light (for methanol and carbon tet-
rachloride). This effect is not fully understood and thus
requires further investigation. Finally, it is worth noting

0 t } t } t } t } t }
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-2 4 4
—_ Carbon Tetrachloride
X
A d
<"Q 4T Benzene T
—
x
o T
E 6T Toluene |
-8 + 4
| " | " | " | " |
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Fig. 3 Dispersion of the thermo-optic coefficient for four solvents,
calculated via comparison between present dispersion relations and
those reported in refs. [27, 28, 31]

that two curves were computed for toluene, based on
comparison with two different dispersion relations that
are available in bibliography. These two curves nearly
overlap in the infrared portion of the spectrum, while
exhibiting only small discrepancies in the visible.

5 Conclusion

This study presented the experimental determination of
the refractive index of twelve organic solvents at five
different wavelengths (450, 532, 632.8, 964 and
1,551 nm) and a constant temperature of 300 K. Liquid
samples included 1,4-dioxane, 1,5-pentanediol, 1-butanol,
1-propanol, acetonitrile, amyl alcohol, benzene, carbon
tetrachloride, isoamyl alcohol, isobutanol, methanol and
toluene. Extended-Cauchy equations were constructed for
modeling the wavelength dependence of refractive index;
group-velocity dispersion was theoretically computed,
and zero-crossing points were observed for methanol
(1-propanol) in near-infrared wavelengths of 1,320 nm
(1,320 nm), respectively. The existence of negative-GVD
possibilities in the spectral region of 1.55 pm may be of
significant interest for pulse compression applications.
Finally, the thermo-optic properties of the twelve solvents
were investigated. Consistently, negative TOC values
indicate decrease in refractive index with increasing
temperature.
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