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Wavenumber-Dependent Complex Refractive Indices of Synthetic
Motor Oil by Aerosol Extinction Spectra

Daniel J. Olesak*
Department of Chemistry and Biochemistry

Richard F. Niedziela, PhD; Faculty Advisor
Department of Chemistry and Biochemistry

ABSTRACT Wavenumber-dependent, complex refractive indices, or optical constants, in the midinfrared for unused Pennzoil 0W-20 motor oil have been obtained from aerosol extinction spectroscopy
at room temperature. The oil’s spectroscopy is dominated by carbon-hydrogen stretching modes similar
to those observed in spectra for pure alkanes. These same characteristic features were observed in a
previously reported motor oil study. The optical constants retrieved here are an addition to the small
number of data sets in the scientific literature for organic compounds many of which are components of
aerosols present in the lower troposphere, particularly in urban areas. Such data offer new perspectives
for remote sensing communities that are interested in the detection and characterization of particulates
in the atmosphere.

INTRODUCTION
The presence of particulate matter in the
troposphere is known to affect both health
conditions and Earth’s climate.1 These particles,
which exist as liquids, solids, or some
combination of both with diameters ranging from
tens of nanometers to several microns, may be
directly injected into the atmosphere or indirectly
as the result of condensation of gas-phase
products of chemical reactions. These particles,
often of varying composition, have been linked to
warming or cooling processes in the atmosphere.2
In other cases, these aerosols may even serve as a
catalyst in atmospheric or combustion reactions,

resulting in the release of hazardous pollution in
the environment.3,4 There is much interest in
quantifying the evolution of the chemical
composition of the atmosphere to address issues
like poor air quality and cloud formation,
particularly when it comes to aerosols. However,
their direct impact on climate is not readily
apparent.
Within the scientific literature there are limited
data available regarding the physical and optical
properties of emitted particulate matter in the
atmosphere. More specifically, secondary
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organic aerosols (SOAs), which form as a result
of other chemical or physical processes, are
poorly understood despite their large contribution
in highly populated and urban areas.5 Often these
regions are associated with an increased use of
internal combustion engines which are known to
produce contaminants critical to environmental
health. In addition to exhaust gases, these engines
may also emit particles of consumed motor oil
whose composition is chemically altered after
exposure to intense heat and pressure during the
combustion process.6 In previous work, our group
reported optical data on unused Pennzoil 5W-20
motor oil, however, within recent years many
engines are beginning to utilize pure synthetic
versions with varied chemical and physical
properties.7 The chemical interactions synthetic
motor oil particles engage in while in the
atmosphere are not fully understood due to
limited data about their optical and physical
properties.8 For climate experts and atmospheric
scientists to accurately model the effects of such
aerosols, it is vital to obtain these data.
The ability of any type of matter to extinguish
incoming radiation is dependent on its
composition, temperature and the wavenumber
(𝑣̃) of the interacting photon. Extinction is
governed by the complex refractive index, N,
given by:

N    n    ik  

(1)

where n, is the real component, and k, is the
imaginary component of the substance through
which light is passing. The real component of the
index accounts for redirecting the trajectory of a
photon upon passing through matter, and the
imaginary component dictates the extent of
absorption of the photon by the material.
Complex refractive indices cannot be measured
directly. Instead, they must be retrieved from an
inversion of experimental observation. By
knowing some basic physical parameters of the
particles like their size and number density, one
can retrieve these optical constants from an
extinction spectrum using Mie scattering theory
for spherical shaped particles.9 Conversely, with
a set of complex refractive indices and an
appropriate optical model in hand, an extinction
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spectrum can be calculated. Such studies have
been conducted to remotely determine
morphology and sizes of particles. In other cases,
the extinction spectrum of an aerosol can be
employed for compositional analyses.
In this paper, an analytical method to retrieve the
complex refractive indices in the infrared region
of Pennzoil 0W-20 motor oil at 25 °C using Mie
scattering theory is presented. The results for 0W20 motor oil will be compared to those for
squalane, a pure, long-chain alkane and 5W-20
motor oil.10, 11Our motive is to report optical
constants for a material composed of a complex
mixture of molecules to the overall scientific
community for use in analytical applications like
remote sensing.
METHODS
Temperature-Dependent Real Index
Measurement
Several key pieces of data are required for the
optical constant retrieval process. One of these is
the real component of the refractive index at the
sodium D-line (589 nm), nD, which was measured
by a Reichert Arias 500 Abbé refractometer from
15 °C to 40 °C to within ± 0.00001. The
refractometer was temperature controlled by a
Fischer Scientific Isotemp water bath flowing
through each of its two prisms. These data were
used to extrapolate the value of nD at 25 °C.
Aerosol Spectroscopy
The extinction spectra used to retrieve the
complex refractive indices of fresh Pennzoil 0W20 were measured using a vertical aerosol flow
cell described in Dohm et al.10 Aerosols were
generated by a glass vaporizer operated at
temperatures from 250 °C to 400 °C and carried
into a mixing bulb by 100 to 1,000 standard cubic
centimeter (sccm) flows of nitrogen. Once in the
mixing bulb, aerosols were met by a dilution flow
of nitrogen at rates of 100 to 1,000 sccm before
entering the cell. Radiation from an ABB Bomem
MB-104 Fourier transform infrared (FT-IR)
spectrometer passed through an evacuated optical
box and was directed through the cell sealed by
two NaCl windows. A liquid nitrogen cooled
HgCdTe detector measured the intensity of light
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passing through the cell, which was recorded
using ABB Horizon software between 750 cm-1
and 5,000 cm1.
Thin-Film Spectroscopy
A thin film absorption spectrum of 0W-20 motor
oil was measured on a Bomem DA3-02 high
resolution FT-IR spectrometer by wicking a KBr
plate with sample and measuring absorbance
from 500 cm-1 to 6,000 cm-1. This spectrum is
used to obtain an approximation of k to initiate
the retrieval process.
Mie Inversions
As mentioned previously, complex refractive
indices cannot be measured directly. In this study

optical constants are extracted by an inversion
method from measurements of aerosol extinction,
though other methods do exist. Dohm et al.
discusses the detailed procedure of the underlying
calculations for the inversion method which is
shown schematically in Figure 1 below.10
Briefly, the retrieval program alters three basic
fitting parameters: the mean geometric radius
(rg), the geometric standard deviation (g) and ,
the k scaling factor, until deviations from the
observed spectrum and one computed via Mie
scattering theory are minimized. Initial particle
size distribution parameters are not chosen
randomly but are assigned based on experience in
observing extinction spectra of similar particles.

Figure 1. Flowchart of the inversion procedure. Within the dashed box are the operations for PRAXIS, a nonlinear, least squares minimization routine.
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RESULTS
Extinction spectra with varying scattering
conditions were measured and evaluated using
the previously described Mie inversion method.
The lab-generated aerosols are assumed to have a
log-normal size distribution. The extent of
scattering by these particles is qualitatively
assigned based on the curvature of the baseline.
In general, three categories are used: small,
medium, or large. Figure 2 is a display of three
separate measurements illustrating these
characteristics.
Figure 3. Thin film spectrum for 0W-20 motor oil
with extensions.
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Figure 2. From top to bottom are three extinction
measurements made of 0W-20 oil qualitatively labeled
as large, medium and small light scatters.

Two other quantities are required to begin the
retrieval: an estimation of k from a thin film
spectrum and the value of nD at 25 °C. The
estimation of k is determined from the thin-film
extinction spectrum of 0W-20 in Figure 3. The
value of nD for 0W-20 motor oil is not available
in the scientific literature. Therefore, the value
was obtained via interpolation from a series of
temperature dependent measurements of nD
shown in Figure 4. The value of nD at 25 °C was
determined to be 1.45990 (±0.00004).
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Figure 4. Temperature dependence of nD for 0W-20
motor oil. The line is given by
n(T )  1.4692(0.0003)  3.75(0.01)  10
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An outcome of the Mie inversion process in this
study is shown in Figure 5 along with the original
extinction spectrum that was used in the retrieval
process. Qualitatively, the spectra are
indistinguishable. The spectra show the expected
alkane stretching and bending modes in the midinfrared. Significant carbon-hydrogen stretching
absorptions are observed to take place from 2,700
cm-1 to 3,000 cm-1. In addition, carbon-hydrogen
bending absorption occupies the region 1,300
cm-1 and 1,550 cm-1.
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substance, broadened features of motor oil are
present. Likewise, when the 0W-20 motor oil is
compared to 5W-20 motor oil form a previous
study, similar features are apparent (Figure 8).
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The averaged values for n and k from a total of 70
retrievals are displayed as Figures 6 and 7 along
with their uncertainties. As expected, key
absorption and scattering effects occur in similar
regions as those identified in the extinction
measurements.
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Figure 5. An observed extinction spectrum (black
line) and its calculated Mie spectrum (red dashed line).
The alkane absorption regions are expanded to expose
the detail between the calculated and observed
particles.
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Figure 7. The average value of n for 0W-20 from 750
cm-1 to 5,000 cm-1 with the variance below.
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Figure 8. Imaginary component k, for 0W-20 (red),
5W-20 (black), and squalene (blue) at 25 C.
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Figure 6. The average value of k for 0W-20 from 750
cm-1 to 5,000 cm-1 with the variance below.

Motor oils are known to be composed of a large
variety of molecules, many of which are large
alkanes. When 0W-20 particles are compared to
those of a large alkane, like squalane (C30H62),
similar absorption features are observed
throughout the imaginary component spectrum
(Figure 8). However, because motor oil is a
complex mixture and squalane is a pure
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The real component for the motor oils and
squalane are displayed in Figure 9.
The
measurement of the real component n is known to
be sensitive to density, causing the offset between
species. In Figure 9, 0W-20’s measured refractive
index lies between those of the squalane and 5W20 species, consistent with the different
compositions of these samples.
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that of the motor oils. Using squalane refractive
indices, a 5W-20 extinction spectrum was fit and
yield the same log-normal size distribution
parameters as did a fit using optical constants for
the motor oil (Figure 10). Despite slight
variations in band structure from both species,
this demonstrates the effectiveness of quantifying
particle size with complex refractive indices of a
proxy compound.

Figure 9. Real refractive index n, for 0W-20 (red),
5W-20 (black) and squalane (blue) between 750 cm-1
and 5,000 cm-1.

DISCUSSION
The complex refractive indices for Pennzoil 0W20 motor have been successfully measured and
reported. It is shown that 0W-20 motor oil shares
optical features of a pure alkane, squalane, and of
5W-20 motor oil.
Given the 0W-20 aerosols are a blend of
molecules, it is expected to possess broader
absorption bands, particularly in the infrared
fingerprint region below 1,500 cm-1 than a pure
compound. For remote sensing purposes, the
ability to characterize a complex mixture like
0W-20 motor using a data for a proxy compound
is of keen interest. Utilizing complex refractive
indices of a proxy that is related to a more
complex system in the lab can return much
information about a naturally-occurring particle’s
shape and size.
Here, the ability to characterize motor oils using
squalane as a proxy has proven successful in
regard to particle sizing. This is largely the result
of the similarity between its spectroscopy and

Figure 10. A Mie fit (red dots) of a 5W-20 aerosol
extinction spectrum (black) with a Mie fit of the same
spectrum using squalane refractive indices. Both fits
yield the same log-normal size distribution
parameters, however, there are deviations in the band
structure. The lower panel shows the fit deviations for
the 5W-20 indices (black) and the squalane indices
(blue).

The method described here has been used to
provide a new set of optical constants to the
scientific community that can be used for remote
measuring purposes or other modeling exercises.
In the future, we intend to determine the complex
refractive indices of used and traditional motor
oils.
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