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Abstract: There is growing interest in the refractive index of liquids beyond the visible and
into the short-wave infrared (SWIR) for applications such as the study of liquid-core fibers and
supercontinuum generation. However, most of the data reported is in the visible. For liquids with
a wide transmission window in the SWIR region, refractive index data are sparse. We present
a Rayleigh interferometry-based refractometer to characterize the refractive index relative to
standard materials at seven different wavelengths (543.5, 632.8, 780, 973, 1064, 1550, and 1970
nm) at a temperature of ~21.3 + 0.6 °C. We also show Sellmeier fits using our results juxtaposed
with previously published data. Our data extends previous work to the SWIR.

1. Introduction

The refractive index of liquids has been widely studied in the visible region. Nevertheless, in the
SWIR region, there is a lack of data and the dispersion of the refractive index of most liquids
is not known. The lack of both is especially true for hydrogen-free solvents, which can exhibit
wide transmission windows in the SWIR [1,2]. Some notable examples studied here include
carbon tetrachloride, tetrachloroethylene, pentafluorobenzonitrile, bromotrichloromethane, and
perfluorohexane. These solvents are good candidates for a variety of recent applications such
as in liquid-core optical fibers [3—9], supercontinuum generation [7, 10], filamentation [11],
nonlinear optics [12], and the design of optofluidic devices [13, 14].

Various techniques have been developed to measure the refractive index of liquids. One notable
method is Abbe refractometry [15—17], where a liquid is positioned between two prisms, and the
refractive index is calculated from Snell’s law by measuring the angle at which total internal
reflection at the liquid-prism interface occurs. Another technique is minimum deviation [18-22],
which involves placing a liquid in a hollow prism and determining its refractive index by
minimizing the angle between incident and deflected beams. In a similar method known as beam
displacement [23-25], a liquid is contained in a cuvette, and a position-sensitive detector in the
far field tracks the movement of the transmitted beam while the cuvette is rotated. With the
ellipsometry technique [26,27], the real and imaginary part of the refractive index can be measured
by measuring the polarization state change of light at various interfaces, such as air-liquid, prism-
liquid, or liquid-solid interfaces. A different approach involves using the Kramers-Kronig
relations to calculate the refractive index of a liquid from its absorption spectrum [28]. Finally,
there are interferometric techniques, such as Michelson interferometry [29-31] using white light,
interference between reflected and transmitted beams from the liquid [32], and interference
between a beam passing through the liquid and another passing through a material of known
index [33-36].

We report a technique for measuring the refractive index of liquids by measuring the relative
phase between two beams as a function of change in optical path length using a Rayleigh
interferometer [37]. Here, the interference is between a beam passing through a sample liquid
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with unknown refractive index and a beam passing through a reference material with a known
refractive index, both beams originating from the same source. We found this technique to be
simple to setup, accurate (depending on the choice of reference material and curve fitting), and
effective in cases of high loss due to absorption of the sample being measured. We performed
this experiment at seven wavelengths (543.5, 632.8, 780, 973, 1064, 1550, and 1970 nm) at a
temperature of ~21.3 + 0.6 °C. The dispersion is reported in the form of Sellmeier equations,
which are applicable from 543.5 nm to 1970 nm. We include both our experimental results and
values reported in the literature spanning the range from 400 nm to 2000 nm.

2. Experiment

The Rayleigh interferometer [37] used in this work is shown in Fig. 1(a). A laser source passes
through a half-wave plate (HWP) located between a pair of polarizers (P) to control the power
and polarization. The beam then passes through a spatial filter (SF) and is collimated by the first
lens (Ly) to form a Gaussian beam (the spatial profile of the 1970 nm case was good enough to
not need the spatial filter). This Gaussian beam passes through an opaque plate with two 0.5 mm
holes with a center-to-center distance of 4 ~ 1.3 mm to produce two beamlets: the reference
beam and the sample beam. For both 1550 nm and 1970 nm, a plate with 0.8 mm holes and
h ~ 2.8 mm is used. The beamlets are incident on a Starna 63-Q-10 Spectrosil quartz cuvette
with two internal chambers of 10 + 0.01 mm pathlength. One beamlet goes through the sample
liquid while the other goes through the reference liquid. In the case of using fused silica as the
reference, the Starna 29F-Q-10 cuvette has a single 10 + 0.01 mm pathlength liquid chamber and
the other side is fused silica; essentially mimicking a chamber filled with solid glass. The two
spatially and temporally coherent beamlets are then weakly focused by a second lens (L¢) of focal
length £ = 1000 mm for 1064 nm and shorter, and f = 750 mm for both 1550 nm and 1970 nm,
to create interference fringes. These fringes are measured on one of two cameras, or a detector,
depending on the wavelength as described below.

The interference pattern was recorded while the cuvette was rotated to measure the phase
difference between the reference and the sample. Since the refractive index of the reference and
the sample liquid are different, the two beamlets travel different optical paths as shown in Fig.
1(b). Hence, the relative phase difference between the beamlets can be written as:

2nL | | . [ .
Ap(0in) = /1_0 [ n%am — sin? Oin — n%ef_ sin? Oin

where 6;, is the angle of incidence, Ay is the vacuum wavelength, n,, and n,. are the sample
and reference relative refractive indices, respectively, and A¢g = % [nmm - n,ef] is included to
ensure that A¢(0°) = 0. The relative refractive index is defined as a material’s absolute refractive
index divided by the refractive index of the surrounding air, which is a measure of the material’s
refractive power in air. We follow the standard practice used in optical glass catalogs and provide
dispersion data in the form of relative refractive index values. Unless otherwise stated, all results
and tabulated coefficients refer to the presentation of relative refractive index values as a function
of vacuum wavelengths.

As the cuvette is rotated, the beamlets undergo different displacements due to refraction. These
vertical displacements, 6Yq,(6in) and 6Y,r(6;,), result in an additional pathlength, 6P (6;,),
as shown in Fig.1(b) — the additional pathlength, §P(6,,), is accounted for in Eq. 1. The
expressions for 6Yyqy, (0i,) and 6Y,.r(6;,) were derived in [23] and are given by: 6Yyun (0in) =

= Ado, 6]

2L, (1 - %) +L (1 - \/%)l sin 0;,, where Ly = 1.25 mm is the thickness of

the cuvette walls, and ng is the refractive index of Spectrosil quartz at a specific wavelength; a
similar expression where n,.r is used instead corresponds to 6Y,.r(6;y).
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(a) Top View
X JJX
% P HWP P SF . Cuvette
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Detector
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L; (c) Lens L,

Fig. 1. (a) Top view of the optical setup. (b) Side view showing how rotating the cuvette
about the x-axis changes the incident angle, 8;,. The beamlets refract at different angles
and experience different optical paths due to the refractive indices of the sample, 754,
and reference, nr. (c) Consequently, the beamlets become vertically misaligned on
the second lens, L¢, by 6Ysam and 6Y .

In Fig. 1(b) and (c), the beam separations are greatly exaggerated to show the pathlength
differences. In actuality, for a maximum incident angle, 6;, = 20°, ny, > nyr and nggy —
nrer < 0.1, the maximum change in the angle between the two beamlets within the cuvette
is ~1°. Consequently, the difference in the vertical displacement of the two beamlets is
AY (20°) = 6Y5um(20°) — 6Y,(20°) < 200 pm, as shown greatly exaggerated in Fig. 1(b) and
(c). The difference in the vertical displacement can lead to a slight xy-plane tilt of the fringes by
an angle 6, = tan~' (AY (20°)/h). This causes the spacing of the fringes to be slightly modified;
however, along the x direction, which is what is measured, the observed spacing is unchanged.
Additionally, for the lens effective f# = h/ f used in this work, ~ f/769 for the visible (up to
1064 nm) and ~ /268 for the SWIR (1550 nm and 1970 nm), we can safely ignore aberrations.

The phase difference, A¢, changes with incident angle, causing the interference fringes to
move. To verify this, we used identical index matching liquids on the cuvette, which caused
the interference pattern to stay constant in response to the cuvette rotation. This proved to us
that the relative phase was unchanged. Fig. 2 shows the interferogram between a cyclohexane
sample (which is unknown in our case) and Fused Silica Matching Liquid Code 50350 (see Data
File 1) as the known reference. Fig. 2(a) shows the cross-section of the interference fringes as a
function of position on the camera for several different incident angles. As shown in the figure,
the interference maxima move as the cuvette is rotated. Fig. 2(b) shows the positions of the
maxima (red markers) as a function of incident angle. An additional step requires converting the
experimental data from pixels (or detector scans) to phase. The unknown refractive index of
the sample liquid, ny,,, is then obtained by fitting Eq. 1 (solid black lines) to the experimental
data, where the adjustable parameters are ny,,, and the distance between consecutive interference
maxima converted from pixels (or detector scans) to phase.
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Fig. 2. (a) Cross-section of the interference fringes at five different incident angles
for cyclohexane using fused silica index matching liquid as a reference at 543.5 nm.
Gray dashed arrow represents fringe displacement. (b) Interference maxima plotted vs.
incident angle from camera image (red markers) along with fits to Eq. 1 (solid black
lines). Blue horizontal arrows of equal length represent a 10 relative phase.

Seven laser sources were used: two helium-neon lasers with central wavelengths at 543.5 nm
(Melles Griot, 05-LGR-025-S) and 632.8 nm (Melles Griot, 05-LHP-171), two diode lasers with
central wavelengths at 780 nm and 973 nm (the wavelength was measured with an Ocean Optics
spectrometer), a microchip laser (Teem Photonics, MLC-0240DR1) at 1064 nm, a laser diode
module (Thorlabs, LDM1550) at 1550 nm and a thulium fiber laser (AdValue, AP-QS-MOD) at
1970 nm. The reference materials are the 29F-Q-10 cuvette wall (Spectrosil quartz from Heraeus)
and refractive index liquids from Cargille labs loaded on the side channel of the 63-Q-10 cuvette.
Cargille labs provided the refractive indices of the reference liquids relative to vacuum. To
convert these to values relative to air, we multiplied them by 1/n,;. In contrast, the refractive
indices for the Spectrosil quartz reference were already given relative to air by Heraeus. For more
information on what reference material was used for each liquid at each wavelength, see Data
File 1. The detectors are a silicon beam profiler (Coherent, LASERCAM HR) for the shortest
five wavelengths, an InGaAs camera (Sensors Unlimited, SU640CSX) for 1550 nm, and a 20
um pinhole attached to a PbSe detector (Thorlabs, PDA20H) for 1970 nm. The silicon beam
profiler was used to generate the full fringe trajectory pattern shown in Fig. 2(b). This pattern
was generated through repeated scans at various incident angles, a process that only required
a few minutes. Similarly, employing the InGaAs camera at 1550 nm to generate equivalent
patterns also took only a few minutes. In contrast, scans with the PbSe detector at 1970 nm
took ~12 hours. For instance, when examining trichloroacetonitrile at 1970 nm, the interference
fringes were scanned across 161 detector positions for each of the 151 incident angles. For the
angular rotations, a Newport universal motion controller driver model ESP300 was used to rotate
a Micro-Controle Spectra-Physics rotation stage. The temperature is measured by an external
thermometer (Xsensior). All measurements are done at ~21.3 + 0.6 °C. All the solvents are
commercially available as referenced in Tables 1-5, and used without further purification.
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3. Results

The experimental results are presented in Tables 1-5 along with literature data. The first column
lists the sample liquids being characterized, their chemical formula, the vendors we obtained
them from, and the average temperature at which the measurements were done. In the third
column, parentheses indicate the total uncertainty (+) in the 4th decimal place, while the fourth
column’s parentheses denote both the measurement temperature and the measurement uncertainty
() in the 4th decimal place, respectively. A star (¥) in the literature column indicates that the
value is calculated from the dispersion function reported in the corresponding literature. Double
stars (**) in Ref. [28] indicate values calculated from Kramers-Kronig relations. The reference
refractive index for each sample was typically chosen to yield an index difference, |nsum — nyefl,
between ~0.01 and 0.1 to accurately fit Eq. 1 to the experimental data, such as in Fig. 2(b).
Data File 1 contains the % transmittance spectrum for each sample measured with a Cary 5000
spectrophotometer from 400 to 2000 nm. The transmittance spectrum for each sample includes
the reflection loss from the 10 mm pathlength Spectrosil quartz cuvette. The absorption of the
cuvette in this wavelength region is negligible. Data File 1 also includes the reference refractive
index liquids used at each wavelengths.



Table 1. Relative refractive index of benzene derivatives in this work and literature

Liquid and Temp. = Wavelength (nm) This work  Literature
543.5 1.5037(5)  1.4999(27) [38], 1.5055(20) [33], 1.5056(20) [39]*,
632.8 1.4964(5)  1.4925(27) [38]*, 1.495137(25) [36]*, 1.497866(20) [33]* 1.4980(20) [39]
Bé‘;ﬁ:e 780 1.4888(2)  1.4859(27) [38], 1.4908(20) [39]
Sigma-Aldrich 973 1.4843(10)  1.4815(27) [38], 1.4857(20) [39]
T=21.5+0.4°C 1064 1.4842(10)  1.4802(27) [38], 1.4814(25,1) [25]*, 1.4808(25,5) [25]*, 1.4841(20) [39]
1550 1.4797(3)  1.4769(27) [381*, 1.4789(25,3) [17], 1.4767(27) [281%, 1.4777(27) [28]+*, 1.4799(20) [39]
1970 1.4780(6)  1.4774(27) [28]+*, 1.4784(20) [39]
5435 1.4993(5)  1.4961(27) [38], 1.5009(20) [16], 1.4979(20) [34], 1.5009(20) [39], 1.4996(22) [40]
632.8 1.4914(6)  1.4890(27) [38]*, 1.4936(20) [16], 1.491218(25) [36]*, 1.495612(20) [34]*, 1.4936(20) [39], 1.4940(22) [40]
Toluene 780 1.4850(2)  1.4824(27) [38], 1.4870(20) [16], 1.4869(20) [39]
ngfg;} 973 1.4805(10)  1.4781(27) [38], 1.4825(20) [16], 1.4824(20) [39]
T=21.9+0.8°C 1064 1.4800(10)  1.4769(27) [38], 1.4812(20) [16], 1.4784(25,1) [25]*, 1.4777(25,3) [25]*, 1.4811(20) [39]
1550 1.4768(4)  1.4737(27) [38]* , 1.4778(20) [16], 1.4760(25,2) [17], 1.4735(27) [28]*, 1.4741(27) [28]**, 1.4777(20) [39]
1970 L4753(4)  1.4744(27) [28]%*, 1.4764(20) [39]
543.5 1.4976(2)
632.8 1.4915(5)
P-Xylene 780 1.4867(4)
ngggfl};;) . 973 1.4786(10)
T=21.8+0.5°C 1064 1.4800(10)
1550 1.4759(3)  1.4753(25,1) [17]
1970 1.4751(4)
5435 1.5115(6)
632.8 1.5038(6)
Pyridine 780 1.4978(3)
CgHsN
Sigma-Aldrich 973 1.4938(10)
T=21.7+0.5°C 1064 1.4923(10)
1550 1.4880(3)  1.4851(27) [28]*, 1.4857(27) [28]**
1970 1.4864(7)  1.5212(27) [28]**
543.5 1.5567(6)
632.8 1.5462(7)
Nitrobenzene 780 1.5353(5)
CeH5NO,
Sigma-Aldrich 973 -
T=21.9+0.8°C 1064 1.5264(10)  1.5262(25,2) [25]*
1550 1.5223(5)  1.4125(25) [41]
1970 1.5199(7)  1.5212(27) [28]**




Table 2. Relative refractive index of haloalkanes in this work and literature

Liquid and Temp. Wavelength(nm) This work  Literature
5435 1.4258(5)
632.8 1.4217(3)
Dichloromethane 780 1.4180(4)
CH,Cl,
Merck KGaA 973 -
T=21.6+0.5°C 1064 1.4150(10)  1.4120(6) [25]*
1550 141332)  1.4124(25,2) [17], 1.4125(25) [41]
1970 14126(4)  1.4121(25) [41]
5435 14472(2)  1.4464(20) [16], 1.4520(20) [34], 1.4485(20) [39]
632.8 1.4436(5)  1.3323(20) [16], 1.441415(20) [34]*, 1.4443(20) [39]
Ché‘;f{‘éflzrm 780 14380(4)  1.4385(20) [16], 1.4401(20) [39]
Sigma-Aldrich 973 1.4370(10)  1.4361(20) [16], 1.4371(20) [39]
T=21.6+0.8°C 1064 1.4347(10)  1.4354(20) [16], 1.4331(25.,4) [25]%, 1.4362(20) [39]
1550 14332(10)  1.4334(20) [16], 1.4321(25.1) [17], 1.4337(20) [39]
1970 143153)  1.4326(20) [39]
5435 1.4599(4)  1.4593(27) [38], 1.4621(20) [16]
632.8 1.4566(4)  1.4551(27) [38]%, 1.4579(20) [16], 1.455852(25) [36]*
Carbon ggﬁchloﬂde 780 1.4522(5)  1.4513(27) [38], 1.4539(20) [16]
Sigma-Aldrich 973 1.4510(10)  1.4488(27) [38], 1.4521(20) [16]
T=22.0+0.9°C 1064 1.4498(10)  1.4481(27, 1) [38], 1.4504(20) [16], 1.4477(25,2) [25]*, 1.4557(25) [42]
1550 1.4468(3)  1.4464(27) [381*, 1.4483(20) [16], 1.4530(25) [42]
1970 144572)  1.4530(25) [42]




Table 3. Relative refractive index of alcohols in this work and literature

Liquid and Temp. = Wavelength(nm) This work Literature

5435 1.3292(4)  1.3284(27) [38], 1.3376(20) [33], 1.3295(22) [40]
632.8 1.3270(5)  1.3259(27) [38]*, 1.326343(20) [33]*, 1.3270(22) [40]
Methanol 780 1.3224(5)  1.3234(27) [38]
CH30H
ACROS 973 1.3210(10)  1.3215(27) [38]
T=21.5+0.3°C 1064 1.3190(10)  1.3207(27) [38], 1.3198(25,3) [25]*
1550 - 1.3172(27) [38]*, 1.3174(25,1) [17], 1.4201(26) [28]*, 1.3115(26) [28]**
1970 1.3164(8)  1.3074(26) [28]**
5435 1.3627(3)  1.3631(20) [16], 1.3626(22) [40]
632.8 1.3604(3)  1.3603(20) [16], 1.358853(25) [361*, 1.3593(22) [40]
Ethanol 780 1.3580(6)  1.3575(20) [16]
CH50H
Sigma-Aldrich 973 1.3543(10) 1.3554(20) [16]
T=21.6+0.6°C 1064 1.3548(10)  1.3547(20) [16]
1550 1.3523(10)  1.3520(20) [16], 1.3503(25.,3) [17], 1.3495(26) [28]*, 1.3474(26) [28]**
1970 1.3482(6)  1.3447(26) [28]**
5435 1.3863(3)  1.3846(27) [38]
632.8 1.3828(4)  1.3941(27) [38]*, 1.397105(20) [33]*
1-propanol 780 1.3810(5)  1.3913(27) [38]
C3HgO
Siama-Aldrich 973 1.3783(10)  1.3890(27) [38]
T=21.7+0.7°C 1064 1.3783(10)  1.3883(27) [38]
1550 1.3751(10)  1.3858(27) [38]*
1970 1.3725(4)
5435 1.3999(2)  1.3970(27) [38]
632.8 1.3978(2)  1.3941(27) [38]*, 1.397105(20) [33]*
1-butanol 780 1.3950(4)  1.3913(27) [38]
C4H,00
Sigma-Aldrich 973 1.3922(10)  1.3890(27) [38]
T=21.6+0.6°C 1064 1.3916(10)  1.3883(27) [38]
1550 1.3890(10)  1.3858(27) [38]*
1970 1.3868(6)
5435 1.4305(2)
632.8 1.4273(2)
1-octanol 780 1.4235(4)
CgH 30
Sigma-Aldrich 973 1.4226(10)
T=21.7+0.6°C 1064 1.4210(10)
1550 1.4190(10)

1970 1.4163(2)




Table 4. Relative refractive index of SWIR transparent solvents

Liquid and Temp. Wavelength(nm) This work Literature
543.5 1.6319(9) 1.6373(20) [9], 1.6361(20) [16], 1.6367(20) [39]
632.8 1.6177(10) 1.6213(20) [9], 1.6211(20) [16], 1.617672(25) [36]*, 1.623977(20) [34]*, 1.6212(20) [39]
Cafboggisulﬁde 780 1.6019(11)  1.6066(20) [9], 1.6072(20) [16], 1.6069(20) [39]
2
Sigma-Aldrich 973 - 1.5968(20) [91, 1.5981(20) [16], 1.5974(20) [39]
T=21.7+0.8°C 1064 1.5950(10) 1.5939(20) [9], 1.5955(20) [16], 1.5910(25,3) [25]*, 1.5946(20) [39]
1550 1.5834(7) 1.5857(20) [9], 1.5885(20) [16], 1.5872(20) [39]
1970 1.5802(10) 1.5812(20) [9], 1.5843(20) [39]
543.5 1.4453(5)
632.8 1.4381(2)
Pentafluorobenzonitrile 780 1.4332(3)
C¢F5CN
Sigma-Aldrich 973 1.4295(10)
T=21.6+0.5°C 1064 1.4240(10) 1.4254(25,4) [25]*
1550 1.4241(4)
1970 1.4213(4)
543.5 1.5080(6)
632.8 1.5016(5)
Bromotrichloromethane 780 1.4958(2)
BrCCl3
Sigma-Aldrich 973 -
T=21.6+0.5 1064 1.4932(10)
1550 1.4895(3)
1970 1.4881(6)
543.5 1.2524(4)
632.8 1.2509(4)
Perfluorohexane 780 1.2495(6)
CeF14
Alfa Acsar 973 1.2480(10)
T=21.5+0.3 1064 1.2480(10)
1550 1.2475(10)
1970 1.2462(13)
543.5 1.5068(6)
632.8 1.5015(3)
Tetrachloroethylene 780 1.4955(3)
C,Cly
Sigma-Aldrich 973 1.4917(10)
T=21.7+£0.6°C 1064 1.4907(10)
1550 1.4879(4)
1970 1.4864(5)
543.5 1.4382(4)
632.8 1.4348(6)
Trichloroacetonitrile 780 1.4318(6)
C>CI3N
Sigma-Aldrich 973 -
T=21.5+0.5°C 1064 1.4280(10)
1550 1.4258(9)
1970 1.4265(8)
543.5 1.2708(5)
632.8 1.2685(3)
Trifluoroacetic anhydride 780 1.2661(5)
Cy4Fs03
Sigma-Aldrich 973 -
T=21.1£0.7°C 1064 1.2645(10)
1550 1.2641(9)
1970 1.2628(11)




Table 5. Relative refractive index of other common solvents

Liquid and Temp. Wavelength(nm) This work Literature
5435 1.3590(5)
632.8 1.3568(4)
Acetone 780 1.3525(5)
(C3H0)
Sigma-Aldrich 973 1.3520(10)
T=21.5+0.2°C 1064 1.3490(10)  1.3487(25,4) [25]*
1550 1.3487(10)  1.3483(25.2) [17]
1970 1.3477(6)
5435 1.3440(3)  1.3418(27) [38], 1.3438(22) [40]
632.8 1.3416(6)  1.3393(27) [381]%, 1.3408(22) [40]
Acetonitrile 780 1.3395(5)  1.3373(27) [38]
(C2H3N)
Sigma-Aldrich 973 1.3365(10)  1.3361(27) [38]
T=21.4+0.3°C 1064 1.3357(10)  1.3357(27) [38], 1.3354(25 3) [25]*
1550 1.3358(10)  1.3345(27) [381%, 1.3335(26) [28]*, 1.3337(26) [28]+*, 1.3348(25,2) [17]
1970 1.3339(7)  1.3335(26) [28]**
5435 1.37704)  1.3776(22) [40]
632.8 1.3736(3)  1.3743(22) [40]
Hexane 780 1.3712(5)
CeHig
Sigma-Aldrich 973 1.3688(10)
T=21.5+0.5°C 1064 1.3698(10)
1550 1.3670(10)
1970 1.3668(3)
5435 1.4268(3)  1.4273(22) [40]
632.8 1.4242(2)  1.4238(22) [40]
Cyclohexane 780 1.4215(4)
CoHiz 973 1.4185(10)
ACROS :
T=21.5+0.6°C 1064 1.4180(10)  1.4158(25.4) [25]*
1550 1.4158(3)  1.4147(25,11) [17]
1970 1.4147(4)
5435 1.4084(2)
632.8 1.4053(2)
Tetrahydrofuran 780 1.4025 (3 )
C4HsO 973 1.4008(10
ACROS 4008(10)
T=21.6+0.7°C 1064 1.4000(10)  1.3974(25,1) [25]*
1550 1.3983(10)  1.3969(25.3) [17]
1970 1.3961(4)
5435 1.4241(3)  1.4219(27) [38]
632.8 1.4197(5)  1.4190(27) [38]*
Lé’?{ioéane 780 141793)  1.4165(27) [38]
41182
Sigma-Aldrich 973 1.4148(10)  1.4148(27) [38]
T=21.6+0.5°C 1064 1.4150(10)  1.4143(27) [38], 1.4119(25.2) [25]*
1550 1.4123(10)  1.4124(27) [38]*, 1.4127(25, 5) [17]
1970 1.4108(4)
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The primary contributors to the uncertainty in the measured refractive indices include the
uncertainty in the index of the reference material, as provided by the manufacturer (see Data
File 1), and the fitting uncertainties. To determine the fitting error, we identified the value
of ng,, and the distance between consecutive interference maxima converted from pixels (or
detector scans) to phase that best fits Eq. 1 to the experimental data (e.g., red markers in Fig.
2(b)). We then adjusted ng,, by an offset +A that fit the experimental data adequately. The
range between the highest and lowest refractive indices that still produced adequate fits of the
data determines Anggy,, i.€., the fitting uncertainties. For most liquids, the fitting error was
Angam S 3 - 107%. The total uncertainties including the reference etc. are in Tables 1-5 but in
general are < 10 - 1074, while perfluorohexane and trifluoroacetic anhydride, the liquids with
the lowest refractive indices, exhibited maximum fitting uncertainties in the order of ~13 - 1074,
Ultimately, the total uncertainties can be reduced, i.e., the technique’s accuracy can be increased,
by choosing well-calibrated reference materials with lower uncertainty in their refractive index
and with improved curve-fitting algorithms.

We also considered uncertainties due to temperature, geometrical tolerances of the cuvette,
and laser wavelength. However, these uncertainties were smaller than the primary contributors
discussed above. Temperatures in the laboratory fluctuated by ~1% resulting in uncertainties
beyond the resolution limit set forth by the experiment. The cuvette pathlength is known to an
accuracy of 0.1% (from the manufacturer, Starna), however knowing the accuracy is redundant
due to both the sample and reference liquids being in the same cuvette. For the contribution
of the wavelength uncertainty to remain below the 2 - 10~ threshold, which is the lowest total
uncertainty reported in Tables 1-5, the maximum tolerable uncertainty for the wavelengths we
used (543.5, 632.8, 780, 973, 1064, 1550, 1970 nm) is + (0.5, 0.8, 1.6, 3.0, 3.8, 8.4, 9.2 nm),
respectively. Although the incident angle is a variable in Eq. 1, angle readout does not give an
uncertainty — it only needs to be consistent, i.e., the separation of each interference fringe needs
to be consistent. We do not need to know the absolute angle since A¢(0°) is the origin of the Eq.
1 centered at 0°. However, we do need to know the relative angle change

Despite the high loss due to absorption of some liquids at specific wavelengths, such as 1550
nm for the alcohols, the refractive index could still be measured with a fringe peak-to-minimum
contrast as low as 0.7% — corresponding to ethanol. Ideally, from the equation of interference
of two beams (assuming monochromatic plane-waves), we expect a ~20% fringe contrast for
~1% transmission through the liquid. Methanol, on the other hand, exhibits higher absorption
at 1550 nm, and thus the fringe contrast was beyond what the InGaAs camera could resolve.
In principle, a neutral density filter could be introduced in the reference arm to increase the
contrast; however, this was not needed to keep our uncertainties lower than the uncertainties in our
reference materials. We did not attempt this due to the added complexity. With acetonitrile, one
of the materials that exhibits high loss, we performed experiments at three different power levels
(25%, 50%, and 75% of max) at 1970 nm and did not observe any difference in the measured
index values that could arise from heating and thermal expansion, i.e., from the thermo-optic
effect [43].

Dispersion relations are obtained by fitting the Sellmeier equation:

Byy A2 BrA>

2
n-1=
2 2
’lz_ﬁuv /12_’111?

2

to the measured relative refractive index values. In Eq. 2, Byy and Byr are Sellmeier coefficients
and Ayy and Ajg are resonances in the UV and IR, respectively. Fits were obtained by using
Wolfram Mathematica’s “NonlinearModelFit” command with the Levenberg—Marquardt method.
The fitting algorithm automatically solved for Byy, Brr, and Ayy resonances, while A;g
resonances were manually set to the strongest molecular vibration beyond 1970 nm obtained from
NIST [44] and AIST [45]. Although some of the liquids exhibit absorption bands in the SWIR
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(2 1000 nm), their refractive indices were fit using a single UV Sellmeier term (e.g., acetone).
On the other hand, for other liquids the inclusion of an IR term was necessary to enhance fitting
accuracy at longer wavelengths (e.g., most alcohols). Table 6 shows the Sellmeier coefficients
and resonances, in nanometers (nm), obtained by only fitting the data we measured. Note that we
extended these Sellmeier fits from 543.5 nm down to 400 nm with dotted lines for comparison
with literature experimental values; the uncertainty of results extrapolated down to 400 nm is ~5
to 6 times greater than the uncertainty of the measured data. In Fig. 3 we compare our Sellmeier
fits and measured indices with data from Landolt-Bornstein [46] and from the broader literature
(see Tables 1-5 and the cited publications, excluding the starred values). We focus on literature
data at wavelengths from 400 nm to 2000 nm, and temperatures from 15 °C to 25 °C.

Table 6. Sellmeier coefficients for fits to the relative refractive index of different solvents.
Wavelengths are expressed in nm, and the temperatures at which the data for these
curves were measured are specified in Tables 1-5, ranging from 21.1 °C to 22.0 °C.

Solvent Byv  Auv Bir AIR
Benzene 1.180 138 0 -
Toluene 1.171 134 0 -
p-Xylene 1.170 133 0 -
Pyridine 1.206 135 0 -
Nitrobenzene 1.302 159 0 -
Dichloromethane 0.9923 107 0 -
Chloroform 1.047 114 0 -
Carbon tetrachloride 1.094 99.6 0.290 12900
Methanol 0.7316 119 0 -
Ethanol 0.8312 96.4 0.0192 2970
1-Propanol 0.8940 94.4 0.0158 2970
1-Butanol 0.9314 95.9 0.0137 2970
1-Octanol 1.013 96.5 0.0112 2900
Carbon disulfide 1.502 169 0.163 6520
Pentafluorobenzonitrile 1.017 140 0 -
Bromotrichloromethane 1.211 120 0 -
Perflourohexane 0.5532 90.0 0 -
Tetrachloroethylene 1.206 124 0 -
Trichloroacetonitrile 1.030 103 0 -
Trifluoroacetic Anhydride ~ 0.5939 99.7 0 -
Acetone 0.8144 108 0 -
Acetonitrile 0.7786 102 0 -
Hexane 0.8660 98.8 0 -
Cyclohexane 1.004 97.1 0.0108 3450
Tetrahydrofuran 0.9544 93.5 0.0147 3450

1,4-Dioxane 0.9937 98.2 0.0121 3450
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Fig. 3. Sellmeier fits of the relative refractive index data reported in this work and
literature. Solid and dashed portions show fits to results measured in this work and
their extrapolation, respectively. The temperatures associated with each solid curve are
specified in Tables 1-5, ranging from 21.1 °C to 22.0 °C.
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4. Conclusion

We developed a simple experimental technique to measure the refractive index of liquids relative
known materials. This Rayleigh interferometer-based refractometer measures the refractive index
by tracking the movement of the peaks of interference fringes the angle of incidence is varied. It
is simple to set up, accurate (depending on the choice of reference material and curve fitting), and
can effectively measure samples even in cases of relatively high absorption. This study presented
the refractive index measurement of 26 solvents at 7 different wavelengths (543.5, 632.8, 780,
973, 1064, 1550, and 1970 nm) and includes data from the literature. Thus, it extended the
wavelength range deeper into the SWIR for most of these materials where data was not present.
We also report the dispersion relationships for all the solvents using fitted Sellmeier equations to
the above wavelengths extended to the range from 400 nm to 2 pm juxtaposed with available
reference data taken between 15 °C to 25 °C data.
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