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Complex refractive index of vanillic acid aerosol retrieved from 270-600 nm
using aerosol extinction and solution phase absorption measurements

Vahid Hosseinpour Hashemi* @), Tyler Galpin**

, and Margaret E. Greenslade

Department of Chemistry, University of New Hampshire, Durham, New Hampshire, USA

ABSTRACT

The complex refractive index of vanillic acid, a component of biomass burning emission, in
aerosol form generated by atomization is determined from optical measurements over the
wavelength range of 270-600 nm. The aerosol extinction differential optical absorption spec-
trometer (AE-DOAS) measured the extinction spectrum. In addition, the polydisperse particle
size distribution is obtained by the differential mobility analyzer and condensation particle
counter. Experimental results combined with Mie theory are utilized to retrieve the real part
of the complex refractive index while the outcome of a complementary UV-Vis solution
phase absorption experiment is used to determine the imaginary part. The obtained values
for the real and imaginary parts across the wavelengths are in the range of 1.43-1.65 and
0.000-0.388, respectively. The dependence of vanillic acid absorption on wavelength is
strong at short wavelengths. The absorption Angstrém exponent value between 300-
500 nm is found to be 5.9+0.6, which agrees with the previously reported values for brown
carbon. Comparing the obtained n values of this work with the previously reported values
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for organic and brown carbon shows good agreement.

1. Introduction

Aerosols are liquid or solid particles suspended in a
gas. Atmospheric aerosol can directly influence the
Earth system’s energy balance and change local air
quality and visibility by scattering and absorbing elec-
tromagnetic radiation. Scattering generally cools the
system reflecting incoming solar radiation while
absorbing warms the system converting both incom-
ing solar radiation and outgoing terrestrial radiation
to heat. The uncertainty on the magnitude of scatter-
ing to absorption is a limitation in understanding and
predicting human-generated impacts on climate
change as well as local air quality, visibility, and
atmospheric photochemistry. Further, scattering is
common to all aerosol types, but absorption occurs
for only specific aerosols. In the entire ultraviolet-
visible (UV-Vis) region specific organic carbon (OC)
aerosol, especially soot (also referred to as black
carbon or BC), which is the product of incomplete
combustion at high temperatures, and some mineral
dust species absorb (Flores et al. 2014; Bond and

Bergstrom 2006; Kahnert, Nousiainen, and Raisanen
2007; Petzold et al. 2009; Myhre et al. 2013; Zhang
et al. 2021; Wiegand, Mathews, and Smith 2014).
While, only in the UV region, OC aerosol featuring
chemicals containing polycyclic-aromatic, phenolic,
and acidic functional groups, known as brown carbon
(BrC) absorb light (Dinar et al. 2008). BrC is thought
to be produced from smoldering low temperature
combustion (especially biomass burning plumes), soil
particles containing HULIS, and secondary formation
in the atmosphere (Hecobian et al. 2010; Graber and
Rudich 2006; Myhre et al. 2013; Kanakidou et al.
2005).

Biomass burning aerosol (BBA) have been shown
to be 74% of total primary OC aerosol emission
(Bond et al. 2004) and the significance of BrC absorp-
tion from biomass burning is displayed through inter-
connections between studies (Lack et al. 2013;
Washenfelder et al. 2015; Kirchstetter, Novakov, and
Hobbs 2004; Zhao et al. 2019; Zhang et al. 2021). For
example, Lack et al. (2013) demonstrated that BrC
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absorption at A =404 nm is correlated to the biomass
burning marker, levoglucosan. Tied to that,
Washenfelder et al. (2015) measured the aerosol
extinction and UV-Vis spectra of OC solutions to
quantify absorption at several discrete wavelengths
and showed BrC light absorption is related to the
amount of BBA in the southeastern US. Kirchstetter,
Novakov, and Hobbs (2004) measured the UV-Vis
absorption of OC samples in California (1=300-
1000nm) and estimated a range of 50-80% of the
total light absorption from carbonaceous compounds
was due to BrC and specifically BBA. Zhao et al.
(2019) studied the contribution of BrC to total light
absorption and found its contribution is 44%
(A=405nm). Zhang et al. (2021) performed a model-
ing study finding BrC relative to total carbonaceous is
responsible for 33-40% of the absorption (1 =440 nm)
in Thailand when biomass burning is prevalent. The
wavelength of light and location are important varia-
bles for light absorption in these cases.

BrC can further be divided into water-soluble (WS)
and water-insoluble (WI) categories and applying this
to studies of optical properties is illustrated by the fol-
lowing (Liu, Bergin, et al. 2013; Liu et al. 2014; Cheng
et al. 2016). High absorption in biomass combustion
is related to highly conjugated WI aromatic rings;
while absorption related to oxygen and/or nitrogen
polar functional groups can lead to some WS charac-
teristics (Chen and Bond 2010). Generally, the absorp-
tion of WI-BrC is shown to be greater than WS-BrC
(Zhang et al. 2013; Cheng et al. 2016; Zhu et al. 2018;
Chen and Bond 2010; Sun, Biedermann, and Bond
2007; Huang et al. 2020). For example, an investiga-
tion of BrC characteristics in Beijing, China by Cheng
et al. (2016) showed ~60% of its absorption at
365nm is from WI-OC. While over the Tibetan plat-
eau, Zhu et al. (2018) showed that WI-BrC accounted
for 1.5 times higher absorption values than WS-BrC
at a wavelength of 365nm. Furthermore, both Chen
and Bond (2010) and Sun, Biedermann, and Bond
(2007) used data from their works and works by other
groups (Havers et al. 1998; Varga et al. 2001; Hoffer
et al. 2006) to conclude WI-OC contributes up to five
times more UV-Vis absorption than WS-OC.

In addition to direct in situ measurements of aero-
sol absorption and its value as calculated from extracts
of BrC and BBA, several experimental approaches
have been used to quantify the refractive index for use
in climate modeling. The complex refractive index
(CRI) is a wavelength dependent physical property
defined as m(4) = n(l) = ik(4), where n is the real
part, which relates to scattering and k is the imaginary

part, which relates to absorption. In our work, the
aerosol extinction differential optical absorption spec-
trometer (AE-DOAS), a White-type optical cell
coupled to a UV-Vis spectrometer, is used to measure
aerosol extinction from 220 to 1050nm, and then
iterative retrieval of the real part is based on the best
fit to Mie theory.

The CRIs can be determined similarly to our work
but with different instruments or by other methods.
For instance, Jiang et al. (2019) used a White-type cell
to measure the light extinction of silica and fly ash
aerosol. While, Washenfelder et al. (2015) used broad-
band cavity-enhanced spectroscopy (BBCES) to meas-
ure the extinction of carbonaceous aerosol during a
field campaign in the Talladega National Forest in
central Alabama, and Schnaiter et al. (2003) used a
flow tube extinction spectrometer to measure the
extinction of soot aerosol. Moreover, Price, Preston,
and Davies (2022) used the single-particle (diameter
of 3 to 10 pm) levitation platform along with Mie res-
onance spectroscopy to retrieve the refractive index of
WS-chromophores at 2 =589 nm based on the model
proposed by Bain and Preston (2019). On the other
hand, Wex et al. (2009) measured the light scattered
by monodisperse, laboratory generated secondary
organic aerosol (SOA) with a white-light optical par-
ticle spectrometer and estimated the »n based on a cali-
bration to other samples. Wex et al. (2009) further
refined their results by varying n to convert the scat-
tering signal to particle diameter and comparing the
result to the mobility diameter set by a differential
mobility analyzer (DMA). Liu, Bergin, et al. (2013)
took another approach and measured the CRI for
SOA thin films using variable angle ellipsometry; it is
not clear if results from this method replicates the
characteristics of in situ particles (Laskin, Laskin, and
Nizkorodov 2015).

Some optical instruments work in a single or sev-
eral discrete wavelengths while others can cover a
wide wavelength range. Here, we highlight the work-
ing wavelengths for the instruments used to determine
refractive indices in the preceding paragraph. A single
wavelength of 638 nm over a path length of 30 m was
used by Jiang et al. (2019). The BBCES with three
LED sources employed by Washenfelder et al. (2015)
covers the wavelengths from 355 to 420 nm. The flow
tube extinction spectrometer used by Schnaiter et al.
(2003) characterizes the wavelengths from 230-
1000nm and a ~5m path length. While, the Wex
et al. (2009) white-light optical particle spectrometer
works in the wavelength range from 250 to 1000 nm,
but only a single wavelength (41=589nm) result was



reported. Liu, Bergin, et al. (2013)’s ellipsometer
works from 220 to 1200 nm. The AE-DOAS measures
extinction from 220 to 1050nm with a 19m path
length showing enhanced capability in comparison to
other instruments as described here.

Levoglucosan is a known BBA chemical marker,
but other chemical compounds, such as vanillic acid
(CgHgO,), have also been identified (Schauer et al.
2001; Gilardoni et al. 2016). Vanillic acid is found in
a variety of trees and in the smoke from forest fires
and fireplaces (Zangrando et al. 2013). The concentra-
tion of vanillic acid in aerosol is reported to be one of
the highest for aromatic acids at up to 6500ng m~>
above mixed Amazon forest litter burning, though
typical values are ~10ng m™ (Wan et al. 2019).
Interestingly, the concentration of vanillic acid is even
found to be 2-3ng m™ in urban Beijing (Ren et al.
2018). The presence of vanillic acid and ratio of vanil-
lic acid to other aromatic acids can be used for source
identification (Wan et al. 2019). The products of oxi-
dation of vanillin can absorb light (Hawthorne et al.
1989). In addition, OH oxidation of compounds like
vanillic acid can contribute to light absorbing HULIS
(Tang et al. 2020). On the other hand, vanillic acid
does not readily undergo photolysis, thus limiting
available pathways (Vione et al. 2019). Unlike levoglu-
cosan, vanillic acid does not dissolve well in water
(Zhang, Guo, et al. 2016), but is soluble in methanol
or a mixture of methanol and water and thus is con-
sidered a WI-BrC compound. Vanillic acid does not
take up water up to 95% relative humidity (Mochida
and Kawamura 2004). As such, vanillic acid in snow
and ice does not degrade and can thus be used for
historical studies (Wan et al. 2019). Further, its aero-
sol optical properties are not impacted by humidity
variation.

In most works, the extinction for size-selected,
monodisperse aerosol (Chartier and Greenslade 2012;
Galpin et al. 2017; Jordan et al. 2015; Saseendran
et al. 2020) is used to retrieve refractive indices or as
described above the values are reported in a single or
several discrete wavelengths; there are a limited num-
ber of literature reports for retrieving the refractive
index of polydisperse aerosol samples with quantified
size distributions at a range of wavelengths
(Washenfelder et al. 2015; Bluvshtein et al. 2017;
Bluvshtein et al. 2016; He et al. 2018). Another motiv-
ation for our work is to take a bottom-up approach
with laboratory control to characterizing the funda-
mental physical property of the CRI for vanillic acid
aerosol which can be used beyond climate modeling
or when combined with other information may be
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used to explain top-down measurements like those
from field campaigns. It is useful to note that chem-
ically similar compounds have similar CRI. Yet,
atmospheric aerosols are chemically complex, and
thus our results would need to be combined with
other information to fully realize a merging between
these two approaches. This is especially true because
evidence from field campaigns in Nepal, Amazonia
and Tajikistan show only 0.02%, 0.05%, and 0.16% of
the OC mass concentration is vanillic acid, respect-
ively (Wan et al. 2017; Binabas et al. 1995; Chen et al.
2022). While, Wan et al. (2017) showed levoglucosan
as the most abundant biomass burning marker they
quantified it at 2% of the OC mass concentration in
Nepal. In this work, the AE-DOAS measured broad-
band in situ extinction from 1 =270 to 600 nm of pol-
ydisperse vanillic acid aerosol generated from an
atomizer and dried. Complementary UV-Vis spec-
trometer absorption measurements for vanillic acid in
methanol solutions allow determination of the imagin-
ary part of CRI. Mie theory is utilized to replicate the
experimental extinction spectrum via best fit mini-
mization retrieval of the real part of CRI while hold-
ing the imaginary part of the CRI at the value from
the solution phase measurements. The real part of the
CRI for our vanillic acid aerosol is then compared
with the n values determined for organic aerosol
(including secondary), biomass burning aerosol, and
ambient aerosol in the overlapping wavelength range
and favorable agreement is observed. Our work com-
bines optical methods for robust determination of the
CRI for a polydisperse aerosol sample with relevancy
to biomass burning.

2. Methods

2.1. Aerosol extinction-differential optical
absorption spectrometer (AE-DOAS)

Irrespective of using absorption in the historical
name, the extinction of vanillic acid aerosol was meas-
ured using our custom AE-DOAS. The AE-DOAS
(CMS UV-5000, Cerex Monitoring Solutions, LLC
Atlanta, GA, USA), has three parts: a 100-watt con-
tinuous duty xenon (Xe) lamp source with the spectral
range of 220-1050nm; a single beam UV-Vis spec-
trometer with a resolution better than 0.5nm; and a
White-type multi-pass gas cell (Chartier and
Greenslade 2012). The gas cell is stainless-steel with
an approximate internal volume of 5.8 L. The optical
path is defined by one primary and two adjustable
secondary concave mirrors, all having the same radius
of curvature, to create the variable distance, multi-
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pass. The lamp and the spectrometer are connected to
the gas cell using fiber optic cables (Ocean Optics
QP600-2-SR-BX, Ocean Optics, Orlando, FL, USA).
More information about the AE-DOAS design is
available in Chartier and Greenslade (2012).

In this work, the wavelength range from 270 to
600nm is reported because the lamp has greater
intensity and more stability between these wave-
lengths. To have reliable results with an instrument
that depends on the light intensity, stability is critical,
thus the Xe lamp intensity is monitored. Results
showed that during the first 60 min of warm up, the
lamp intensity peak shifts to longer wavelengths, but
after an hour, it reaches a stable state. To decrease the
effect of any remaining variation in the lamp’s inten-
sity, several background measurements were taken
before introducing the sample. Further, the wave-
length calibration of AE-DOAS was tested by measur-
ing the absorbance of acetone in the range from 240-
340 nm, which shows agreement to the literature spec-
trum (Meyrahn et al. 1986).

2.2. Sample preparation and measurements

Solutions were made of 0.1% (w/w) of vanillic acid
(TCI, Tokyo Chemical Industry Co., LTD, Tokyo,
Japan, 121-34-6) in a mixture of deionized water and
methanol (Fisher Chemical, 67-56-1) with a solvent
ratio of 9:1, where the small amount of methanol sol-
ubilizes the wvanillic acid. These solutions
pumped into a Collison-type atomizer where high-
pressure, dry, particle-free nitrogen (Airgas NI 300;
4L min~') generated a polydisperse-sized aerosol
sample (May 1973; Liu and Lee 1975). A custom dryer
with Accurel® polypropylene permeable membrane
tube (6 mm ID) surrounded by a stainless-steel tube
(10mm ID) both with a length of 165cm was used.
The aerosol sample (0.3 L min~") inside the permeable
membrane flows in the opposite direction to dry, par-
ticle-free nitrogen (1L min~'); the aerosol sample
flow rate is held at 0.3L min~" through the experi-
mental set up. The design of the experimental setup,
including the aerosol generation on the left side, is
shown in Figure 1.

Following aerosol generation and drying, the poly-
disperse-sized aerosol sample entered the AE-DOAS
and the extinction was measured. The optical path
length of 19.51m was used for all experiments. The
aerosol sample was then directed to a differential
mobility analyzer (DMA, TSI model 3080L, TSI Inc.,
Shoreview, MN, USA) where size separation was
achieved based on electrical mobility diameter. The

were

DMA sample and sheath flows set in a 1:10 ratio.
Singly charged particles in diameters from 14 to
615nm were separated. Moreover, doublet and triplet
charged particles can be present; therefore, multi
charge correction is applied by the Scanning Mobility
Particle Sizer (SMPS; the DMA and condensation par-
ticle counter (CPC) combined) software to transfer
the doublet and triplet particles from the diameter bin
of the singlet particles to the related actual diameter
bins that represent the true particle diameter and thus
its optical properties. The resulting nearly monodis-
perse aerosol sample entered the CPC (TSI, model
3775, TSI Inc., Shoreview, MN, USA) where particle
number concentration was measured as the termin-
ation step. The uncertainty of DMA and CPC is +
10% (McMurry 2000).

2.3. Calculations

In this work, Mie theory was used in conjunction
with experimental measurements to determine the
complex refractive index (CRIL, m(4) = n(1) + ik(4))
of vanillic acid. Mie theory based on the measured
particle size distribution of aerosol and the complex
refractive indices can be used to calculate the extinc-
tion of particles at specific wavelengths thus generat-
ing an extinction spectrum (Chartier and Greenslade
2012). By changing the refractive index values of n
while keeping the k values at the UV-Vis determined
value (see below), a program coded in Fortran was
used to achieve the best agreement between calculated
and experimental extinction spectra.

In addition to the above closure-type refractive
index determination with Mie theory, the imaginary
part of the refractive index, k, and the absorption
Angstrom exponent were determined from UV-Vis
absorbance. Spectra were acquired for eight solutions
of vanillic acid in optically pure methanol with the
concentrations of 2.03, 2.07, 2.91, 2.96, 4.85, 4.94,
6.93, and 7.06 x 107> M or 3.43, 3.49, 4.90, 4.98, 8.16,
8.31, 11.7, and 11.9 x 10> g L™ using a Varian Cary
50 spectrometer; these are proper concentrations to
apply Beer-Lambert law. The solvent background
absorbance was subtracted. The absorption coefficient
was calculated using the following equation:

Olabs

— 1000 ln(lo)A“l"S (1)

C

where o, is the absorption coefficient in cm™, p is
the density in g cm >, A, is absorbance, ¢ is concen-
tration in g L', and [ is the optical path length in cm
(Chen and Bond 2010). There is a known solvent
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Figure 1. The experimental set up to measure aerosol extinction and size distribution. Black arrows: the direction of aerosol sam-
ple movement through the system; grey arrows within the dryer: nitrogen gas flow direction. Aerosol generation is shown (atom-
izer, dryer) on the left side. The extinction of dried, polydisperse aerosol is measured with the AE-DOAS in the middle. Then, the
size distribution of the aerosol sample is measured by DMA in size scanning mode coupled to the CPC determining aerosol num-
ber concentration on the right side. (AE-DOAS: aerosol extinction differential optical absorption spectrometer; Xe lamp: xenon
lamp; LDA: linear diode array; DMA: differential mobility analyzer; CPC: condensation particle counter).

effect in absorbance spectroscopy and thus measure-
ments of powder sample using a Varian Cary 50 spec-
trometer equipped with a Barrelino diffuse reflectance
probe (barium sulfate (BaSO,4) as background) were
also made. Using the relation o, = 4nk/A, the
absorption coefficient is used to determine the
imaginary part of the refractive index (Sun,
Biedermann, and Bond 2007). Furthermore, the wave-
length dependence of absorption can be represented
by the following equation:

Oaps = K X JAAE (2)

where o, is absorption coefficient converted to
Mm™' (averaged value obtained from 24 UV-Vis
measurement of eight different vanillic acid solutions),
K is fitting parameter and AAE is absorption
Angstrom exponent. In the present work, a linear
regression between log o, and log A in the wave-
length range 300-500nm is used to obtain AAE for
the vanillic acid solutions.

3. Results

One of the outcomes is the experimental extinction
spectrum of a distribution of vanillic acid aerosol. To
obtain the extinction, five scans of light intensities in
the presence of dry, filtered and particle-free nitrogen
gas as background intensity (Iy), and six scans of aero-
sol sample (I) are measured by AE-DOAS for each
trial. Using Equation (3) and the averaged value of I,
and I, the extinction, 0. (cm™'), for a particular
aerosol sample can be calculated by combining optical
information and pathlength of the gas cell (/) in cm:

ﬂ (3)

Oext = i

4 —

w
]

-
]

Extinction (cm-1) x10™
N
|

0IIIIIIIIIIIII'IIIIIIIIIIIIIIIIIIII

300 350 400 450 500 550 600
Wavelength (nm)

Figure 2. AE-DOAS measured extinction of a distribution of
vanillic acid aerosol, smoothed with a 5-point boxcar average
as a function of wavelength from 270-600 nm. Error bars rep-
resenting the standard deviation of six measured scans for a
trial were calculated; they are too small to be shown at
approximately 107° to 107 "%cm™".

The obtained average experimental extinction spec-
trum for one representative trial is illustrated in
Figure 2.

In Figure 2, there is an initial and maximum peak
at A=280nm, then a smooth decrease to A=294nm
followed by an increase to a secondary peak at
A =315nm. In addition, there is a fluctuation in the
spectrum at wavelengths from 347 to 358 nm related
to an instrumental artifact as it is also seen in the
background spectra. The best wavelength range of
performance for this instrument was reported from
235-700nm (Chartier and Greenslade 2012). In this
work, based on low fluctuations in the obtained back-
ground, differences between I, and I, and conse-
quently low fluctuations in the experimental
extinction, the wavelength range is narrowed to
between 270 and 600 nm.

In addition to the extinction spectrum, nine scans
of particle size distribution are measured by SMPS for
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each trial; there is a difference in the number of scans
because of a time difference for each type of measure-
ment. The average particle size distribution for one
representative trial is displayed in Figure 3.

As can be seen in Figure 3, vanillic acid particles
were quantified in the diameter range 14 to 615nm
with the maximum number concentration at the bin
with diameter of 156.8 nm. The number concentration
at the maximum is 16,000+ 2000 particles cm™> and
at the smallest and largest diameters are 5.0 0.5 and
55+ 6 particles cm >, respectively.

Mie theory is used to calculate the extinction spec-
trum from the experimental number concentration of
vanillic acid aerosol as a function of diameter, and
the CRI at each different wavelength. In the calcula-
tion, n is allowed to vary until the best match is
obtained and k is a fixed value for each wavelength
calculated from UV-Vis spectra measurements as
described in the experimental section. This retrieval
is repeated over the wavelength range 270-600 nm
in 5nm steps for each trial. The n value is reported
as the average from six trials. The averaged k values
at 5nm steps used in the calculation were determined
from 24 UV-Vis absorption spectra for eight different
vanillic acid solutions using Equation (1), which nor-
malizes for concentration differences (the online supple-
mentary information (SI) Figure S1 shows collected
UV-Vis absorbance spectra of vanillic acid in methanol
with different concentrations and Figure S2 shows
a comparison of this with the absorbance spectra
calculated from a measurement of reflectance by a pow-
der sample of vanillic acid). Figure S1 shows there is no
shift in absorbance with the change of concentration,
however Figure S2 shows the expected blue shift is
observed between powder and solution samples of

2 3 4567 2 567
10 100 1000

N
»
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Figure 3. CPC measured number concentration of vanillic acid
aerosol as a function of log of particle electric mobility diam-
eter bin controlled with a DMA. The shaded area represents
the standard deviation of nine measured scans for the repre-
sentative trial.

vanillic acid due to the polar solvent. We briefly exam-
ine the differences between the two differently collected
absorbance spectra in the caption of Figure S2. The
solution phase absorbance measurements have been
used below because aerosol samples were generated
from solution. Because of the detection limit, none of
the obtained UV-Vis spectra showed measurable
absorption for wavelengths longer than 325nm; there-
fore, the k values of vanillic acid are zero or almost
zero in these wavelengths. The averaged k values
(N=124; standard deviation of the mean) and precision-
based 95% confidence interval uncertainties in the range
of 270-600 nm are shown in Figure 4.

The k value of the CRI in Figure 4 shows the max-
imum peak at A=270nm, then a decrease to a valley
at 4=280nm and a secondary peak at /=290 nm. In
wavelengths longer than 290nm, k values decline.
Finally, k reaches zero or nearly zero over the wave-
lengths A>325nm. These imaginary CRI values are
numerically listed in Table 1.

The real part of the CRI, #n, is obtained by varying
it in Mie calculations to achieve the minimized differ-
ence between calculated and experimental extinction
at similar wavelengths (where there is a minor wave-
length shift of ~0.1nm between the two methods).
This method is applied in the range of 270-600 nm
for every 5nm. The n values are calculated for each of
six trials, and the average n value and uncertainty as a
function of wavelength is illustrated in Figure 5.

Figure 5 illustrates the highest n values in shorter
wavelengths with a general decrease as wavelength
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Figure 4. The imaginary part of the CRI, k, as a function of
wavelength calculated from absorbance spectra collected with
a Cary 50 UV-Vis spectrometer in the range of 270-600 nm.
The error bars represent the 95% confidence interval (preci-
sion) of 24 standard deviation of the mean calculated k values
from eight solutions (three scans per solution). The error bars
in the wavelengths above 325nm are +0.001. The estimated
accuracy of this method for small wavelengths is approxi-
mately 8%.
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Table 1. The retrieved real, n, and calculated imaginary, k,
parts of CRI values for vanillic acid aerosol in the wavelength
range of 270-600 nm. The reported n is the average of six
retrieved n values from best fit Mie theory calculations for six
trials. The reported k is an average of 24 calculated k values
using Equation (1) and UV-Vis measurements of eight different
vanillic acid solutions in methanol. The uncertainties on the
CRI values are the 95% confidence interval.

A(nm) n* k** Alnm) n k  Anm) n k
270 1.62(0.06) 0.388(0.008) 385 1.47 0.000 500 1.44 0.000
275 1.65(0.05) 0.285(0.008) 390 1.47 0.001 505 1.44 0.001
280 1.63(0.05) 0.271(0.008) 395 1.47 0.000 510 1.44 0.002
285 1.58(0.04) 0.309(0.010) 400 1.46 0.001 515 1.44 0.001
290 1.53(0.04) 0.335(0.009) 405 1.46 0.002 520 1.44 0.001
295 1.53(0.03) 0.315(0.008) 410 1.46 0.000 525 1.44 0.000
300 1.55(0.03) 0.217(0.005) 415 1.46 0.000 530 1.44 0.001
305 1.54 0.091(0.003) 420 146 0.000 535 1.43 0.001
310 1.54 0.023 425 146 0.000 540 1.43 0.001
315 1.56 0.005 430 1.45 0.001 545 1.44 0.001
320 1.55 0.003 435 145 0.002 550 1.43 0.001
325 1.53 0.003 440 145 0.001 555 1.43 0.001
330 1.51 0.000 445 145 0.000 560 1.43 0.001
335 1.50 0.001 450 145 0.001 565 1.43 0.001
340 1.49 0.001 455 145 0.000 570 1.43 0.001
345 1.49 0.000 460 145 0.000 575 1.43 0.000
350 oAk 0.000 465 1.44 0.001 580 1.43 0.000
355 ok 0.002 470 1.44 0.002 585 1.43 0.001
360 1.48 0.001 475 144 0.001 590 1.43 0.001
365 1.48 0.000 480 1.44 0.001 595 1.43 0.001
370 1.47 0.000 485 144 0.001 600 1.43 0.000
375 1.47 0.001 490 1.44 0.001

380 1.47 0.002 495 1.44 0.001

*The uncertainty value on n is = 0.02 for A>300nm except for 545nm
which is + 0.01.

**The uncertainty value on k is + 0.001 for A >305nm.

***The n values are excluded due to instrumental artifacts at these
wavelengths.
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Figure 5. The real part of the CRI, n, as a function of wave-
length from 270-600 nm as obtained via retrieval minimization
from fit of Mie theory calculated spectra to experimental
extinction spectra. The error bars represent the 95% confi-
dence interval of six n values from six trials. The n values at
350 and 355 nm are not reported because of instrumental arti-
facts in that region.

increases. There is a minor increase to a small second-
ary peak at A=315nm. The n values for 350 and
355 nm were excluded because of an instrumental arti-
fact which increases the uncertainty in the extinction.
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The retrieved CRI values and uncertainties are given
in Table 1.

4, Discussion & conclusions

Figure 2 demonstrates the experimental extinction
spectrum with intensity of ~1-4 x 10™*cm™" for poly-
disperse vanillic acid aerosol suspended in nitrogen
gas in the wavelength range 270-600 nm. The extinc-
tion value is higher in shorter wavelengths and
declines as energy decreases. Two distinguishable
extinction peaks can be noticed at 2=280 and
315nm and the higher energy one shows the greatest
extinction value. Besides extinction variability in
wavelengths from 347 to 358 nm related to an instru-
mental error, the spectrum has a smooth decrease to
longer wavelengths.

The imaginary, k, and real, n, parts of CRI as a
function of wavelength for the vanillic acid aerosol are
shown in Figures 4 and 5, respectively. The detailed
numerical values are presented in Table 1. In
Figure 4, the obtained k value for vanillic acid is
between 0.000 and 0.388 in the wavelength range of
270-600 nm. The absolute uncertainty on the k value
is higher in shorter wavelengths (+0.003-0.008) where
the calculated k values are higher and vanillic acid
shows significant absorption, while there is smaller
absolute uncertainty on the k value in longer wave-
lengths (+£0.001). Two k values related to the detected
peaks in the absorption spectra of vanillic acid (Figure
S1) are located at A=270 and 290nm. These two
absorption peaks are related to the n — 7* electronic
transitions in the vanillic acid molecule (Santos,
Santos, and Duarte 2016). In the wavelengths longer
than 290 nm, there is a decline in the k value reaching
its minimum value (zero or nearly zero) in wave-
lengths at and longer than 330 nm where there is also
no absorption observed in the UV-Vis spectrum.
Between wavelengths from 315 to 325 nm, the absorp-
tion is small, but it is not zero. This is similar to the
absorption behavior of BrC, which shows greater
absorption of radiation and thus, higher k value at
ultraviolet and violet region of the light spectrum with
lower or ultimately no absorption when the light
energy decreases (Kirchstetter, Novakov, and Hobbs
2004; Hoffer et al. 2006; Moosmuller et al. 2011).
Furthermore, using linear regression between log o,ps
and log 4 in the range from 300-500nm, an AAE
value is obtained to investigate the wavelength
dependence of vanillic acid absorption (see Figure S3).
The obtained AAE value is 5.9+0.6 representing a
strong wavelength dependence (AAE > 2) and a sharp
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increase of the absorption in shorter wavelengths
(Kirchstetter, Novakov, and Hobbs 2004). The
obtained AAE is comparable to 5.2-5.3 reported for
HULIS-BrC by Huang et al. (2020) in 300-500 nm,
5.7+0.5 for BrC by Jiang et al. (2021) in 330-400 nm
and 5.8-5.9 for WI-OC by Wang et al. (2020) in 300-
450nm. It is statistically comparable to the value
4.8+0.9 reported for HULIS by Jiang et al. (2020) in
330-400nm. The obtained AAE is lower than the
reported values 7.2+1.3 for WI-BrC by Ni et al
(2021) in 300-500nm and 7.10 for methanol extract
by Cheng et al. (2016) in 310-450 nm; however, it is
higher than the value 4.2+0.4 for BrC reported by
Pani et al. (2021) in 370-470 nm. We note the vari-
ability in the wavelength regions of reported AAE in
the literature in addition to the variability in AAE val-
ues. There are some limiting parameters that lead to
the reporting of AAE at a variety of wavelengths such
as presence of nitrogen containing compounds in the
sample with interfering absorption at A>500nm,
limitation in the experimental capabilities for discrete
(instead of broadband) wavelength instruments, and
selecting the wavelengths based on the linearity of
log-log plots.

As mentioned in the experimental section, the
multiply charge corrected size distribution should be
used in Mie calculations, and this correction is applied
by the SMPS’s software supplied by TSI, Inc. The sup-
plied multiple charge correction relies on the number
of particles in the bin with the largest diameter par-
ticles measured being zero; our non-zero averaged
value in the largest bin (55+6 particles cm™) can
introduce errors. We have considered the effect of
these particles on the calculated extinction values at
several wavelengths using the maximum and min-
imum retrieved n values (see Table S1). The results in
Table S1 show that the percent of extinction from the
largest bin is < 0.71%. As the number of particles in
the largest bin is only 0.01% of the total number of
particles; therefore, this bias can be neglected without
any major impact on our obtained retrievals. Not only
is the bias small, but we believe it is likely that the
optical contribution from larger particles than diame-
ters that can be counted with the SMPS would be
added, while the optical contribution from the over
counting by not performing the multiple charge cor-
rections for particles larger than ~415nm would be
subtracted and these oppositely signed measurement
limitations are similar in magnitude thus allowing a
reasonable # value to be retrieved.

In Figure 5, the real part, n, represents a normal
dispersion between 1.65-1.43 in the wavelength region

from 270 to 600 nm; in a normal dispersion, there are
higher values at ultraviolet and violet regions and
lower values in vyellow and orange wavelengths
(Bohren and Huffman 1983). Cauchy’s equation is an
empirical relation between real part of the refractive
index and wavelength for a transparent material that
describes this normal dispersion; we have calculated
the Cauchy coefficients as A =1.4275, B=0.0022
(um?) and C=0.0012 (um®*) based on a fit and show
the relationship with the n values in Figure S4. We
observe n variations in the UV region of 280-315nm
likely related to the absorption properties of vanillic
Generally, n smoothly
decreases with decreasing energy; however, an excep-
tion is seen in the region of higher absorption for
vanillic acid in the UV-Vis spectrum. This inconsist-
ency in the dispersion of n values probably is related

acid mentioned above.

to presence of absorption which leads to the limited
light transmission in comparison to the light intensity
in these wavelengths (van de Hulst 1981; Bohren and
Huffman 1983). To validate the effect of absorption
on the n values, the Kramers-Kronig relation (KK-
relation) was applied to calculate the real part of
refractive index from the imaginary part following the
procedure used by other researchers (Sai et al. 2020).
The obtained values from KK-relation are displayed in
Figure S4. The comparison between n values experi-
mentally obtained and those calculated from the KK-
relation shows generally good agreement; however,
some deviation can be seen in the wavelengths from
300-310 nm where the experimental data shows add-
itional structure (two smaller peaks) in comparison
the calculated data (single, more intense peak).
Greater uncertainty originating from larger difference
between obtained # values from each trial is found in
the ultraviolet and violet regions compared to that in
longer wavelengths. This variation in #n values can be
related to the greater lamp variability relative to the
lower intensity at shorter wavelengths, presence of
absorption at shorter wavelengths (k>0), and the
larger effect of observed variation in particle size dis-
tribution on the calculated extinction values at shorter
wavelengths. No # value is reported at A=350 and
355nm because of an instrumental artifact.

The obtained n values are compared with the litera-
ture across the wavelength range studied in this work.
Since vanillic acid is an organic molecule and can be
one of the components of biomass burning plumes,
our results are specifically compared with optical
properties of ambient aerosol, biomass burning, dry
aerosol and organic molecules (OM) or other BrC
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samples. All comparisons discussed below are graphic-
ally shown in Figure 6.

The retrieved UV-Vis optical properties of dried
ambient aerosol with likely transportation influence
were determined by Bluvshtein et al. (2016) using a
combination of instruments to measure the extinction
and absorption of aerosols in the wavelength range
from 300 to 650 nm. Three wavelengths are chosen to
make a comparison with our results. Using the data
presented in their figure for time series (nighttime
hours), the n value retrieved for this time series can
be estimated from 1.50-1.65, 1.40-1.45, and 1.35-1.43
at 4 =300, 450, and 600 nm, respectively, which show
an agreement with our retrieved 1.55%0.03,
1.45+0.02 and 1.43+0.02 values at the same wave-
lengths, respectively. On the other hand, using a sin-
gle-particle aerosol mass spectrometer equipped with
several lasers, Zhang, Bi, et al. (2016) estimated » val-
ues in the range of 1.47-1.53 for ambient aerosols
sampled in Guangzhou, China at A=532nm; these
samples may include aerosol composed of material
other than OM. For comparison, our finding at a
similar wavelength is statistically lower value of
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1.444+0.02 at 530nm. In addition, Aldhaif et al
(2018) found n values in the range of 1.50-1.53 for
eight defined air mass type samples and 1.52 for
organic aerosol over the United States, Canada, the
Pacific Ocean, and the Gulf of Mexico at the wave-
length 532nm which are statistically higher than our
reported value of 1.44+0.02 at 530 nm (our closest
wavelength).

Schmid et al. (2009) proposed a method to quantify
the real portion of the complex refractive index of
OM as one of the main carbon components of atmos-
pheric aerosols based on data from a field study of
Amazonian biomass burning, finding an averaged n
value of 1.46 £0.02 at A =550 nm for their data series.
This value from Schmid et al. is not statistically differ-
ent from the value of 1.43+0.02 determined in this
work at the same wavelength. Zhao, Li, and Zhao
(2020) calculated the n value of 1.37-1.51 at
A=525nm for the black carbon-free particles repre-
senting OM based on measurements of black carbon-
containing particles with the black carbon contribu-
tion removed; for comparison, our work retrieved the
value of 1.44+0.02 at the same wavelength. Further,

Our work
He et al. 2018
Sarpong et al. 2020
!!!!! « Bluvshtein et al. 2016
X Schmid et al. 2009
i = Bluvshtein et al. 2017
Zhao et al. 2020
----- Zhang et al. 2016

— Aldhaif et al. 2018 DA
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Figure 6. Our retrieved n values for vanillic acid over the wavelength range of 270-600 nm are shown as black solid squares.
Retrievals are from extinction measurements using the AE-DOAS where the solution phase UV-Vis absorption measurements are
used to constrain the k values. The error bars on n values represent the standard deviation of six n values from six trials. The
boxed areas represent the n values reported by He et al. (2018) and Sarpong et al. (2020) over the ranges of 400-600 and 500—
580 nm, respectively. The dotted lines illustrate the reported values by Bluvshtein et al. (2016) (only three wavelengths are selected
to make a comparison) at 300, 450, and 600 nm. The cross is reported by Schmid et al. (2009) at 550 nm. The long dashed lines
express the range of reported n values (only three wavelengths are selected to make a comparison) at 360, 430, and 580 nm by
Bluvshtein et al. (2017). The dotted-dashed line is the range of n values at 525 nm reported by Zhao, Li, and Zhao (2020). The
short dashed line shows the range of n values at 532 nm reported by Zhang, Bi, et al. (2016). The black line and diamond repre-
sent the n values for dry aerosol and organic molecules reported by Aldhaif et al. (2018) at 532 nm.
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white light-broadband cavity enhanced spectroscopy
was used by He et al. (2018) to retrieve the n value
for f-pinene and p-xylene SOA generated with differ-
ent OH exposures in the range from 1.44 to 1.60 over
the wavelengths 400 — 650 nm that covers our values
ranging from 1.43 to 1.46 from 400-600 nm. In a dif-
ferent study, Bluvshtein et al. (2017) found the broad-
band optical properties of ambient BBA in Israel in
the range of wavelengths from 350 to 650 nm. Again,
only three wavelengths are chosen to show a compari-
son with our data. Using the data they included, the »
values retrieved ranged from 1.50-1.57, 1.45-1.48, and
1.40-1.44 for freshly emitted BBA at A =360, 430, and
580 nm, respectively, to allow for comparison with our
data. These values can be compared to our values
1.48+0.02, 1.45+0.02, and 1.43+0.02 values at the
same wavelengths, respectively. In another study,
Sarpong et al. (2020) used the combination of cavity
ring-down spectroscopy and nephelometry to retrieve
refractive indices of freshly emitted African BBA. The
results showed that the n value was in the range of
1.31-1.56 over the range of wavelengths of 500-
580 nm, where our work retrieves values fluctuating
between 1.43+0.02 and 1.44%0.02 over the same
wavelength range.

These differences between our data and ambient
aerosol can be related to the composition of samples
which is a determining factor in the CRIs. Therefore,
knowing the composition of the sample can help to
improve understanding of any observed difference;
however, the complete chemical characterization of
ambient aerosols is not possible due to the complex-
ity. Yet, we observe the n values for organic molecules
with similar structures to vanillic acid are reported as
1.5101-1.5425 at 589 nm; however, vanillic acid is not
included (Haynes 2016). In addition, the Lorentz and
Lorenz equation coupled with density can be used to
calculate the n of the CRI for specific chemicals as fol-
lows (Bauer, Fajans, and Lewin 1959; Kerker 1969;
Dean 1985):

2
==L @)
(nD + 2) p

where np is the real part of refractive index at the
sodium D-line, p is density and rp specific rotation
found by dividing the molar refraction, M,p, by the
molar mass. Molar refraction is a function of the
chemical makeup of a molecule as well as the types of
bonds present. The value is calculated from a standard
reference table for atomic and group refractions in
Lange’s Handbook of Chemistry (Dean 1985). Using
Equation (4), density of vanillic acid, 1.2537 g mL ™!

(Yaws 2014) and the calculated M,p value of
40.247 cm® mol™!, the n value was calculated to be
1.51+0.01 at 589nm. It should be noted that the
Lorentz and Lorenz model was empirically derived
and previous research has shown a deviation between
model and experiment for other organic molecules
(Kerker 1969). Further, the CRI observed in this work
may be related to the presence of solvent particles in
a heterogeneous aerosol sample or solvent remaining
on the surface of individual particles. Solvent would
likely decrease the retrieved n value as methanol and
water are reported to have lower n values of 1.3288
(Haynes 2016) and 1.3329 at A= 589 nm, respectively.
Based on the above, we can estimate the amount of
solvent present as a percentage, using a simple linear
combination as: (Ouimette and Flagan 1982)

Nmix = Nsolvent X Wsolvent + Hsolute X Wsolute (5)

where, Mixs Msolvent aNd Hgopute are the n values for wet
generated aerosol sample, solvent (water 9: methanol
1) and solute (vanillic acid, here the value from the
Lorentz-Lorenz equation), respectively. The Wyoent
and wgoue represent the fraction of solvent and vanil-
lic acid in a sample, respectively. Equation (5) is used
to calculate that the percentage of solvent is
~ 55%4%. In addition, when comparing our vanillic
acid aerosols with results from the field, the chemical
complexity and mixing state of the samples from field
measurements is directly related to the optical proper-
ties including refractive index; thus, highlighting
another reason for the observed differences between
our work and the literature. Increasing drying time or
effectiveness, additional monitoring of humidity in the
system, and/or characterizing solvent content (Cai
et al. 2016) could further the sample characterization
or chemical complexity could be added to aerosol
optical property experiments performed with labora-
tory controls. In addition, future work to better char-
acterize the atomized aerosol sample could be done by
other researchers having the necessary equipment and
might include quantification of mass changes for a
sample on a filter, size changes of single particles
using optical tweezers (Bones et al. 2012; Cotterell
et al. 2014), the phase of the sample by bound factor
determination (Virtanen et al. 2010; Stein et al. 1994;
Virtanen et al. 2011; Fischer and Petrucci 2021; Jain
and Petrucci 2015), or possibly IR spectroscopy
(Cheng et al. 2021; Richards et al. 2020). Furthermore,
generating the particles without solvent present would
be another option and one we aim to pursue to
improve composition control for refractive index
determination or retrieval from laboratory-based
experiments.



In conclusion, the extinction spectrum of polydis-
perse vanillic acid aerosols with diameters from 14 to
615nm was measured using the AE-DOAS in the
wavelength range of 270-600nm. A complementary
experiment to measure the UV-Vis absorption of
vanillic acid solutions and calculate the imaginary part
of CRI was used to constrain the retrievals. Moreover,
the wavelength dependence of absorption is studied
using obtained AAE value 5.9+0.6 between 300-
500 nm, which shows a strong wavelength dependence
in shorter wavelengths similar to other BrC studies.
Mie theory was used to model and replicate the
experimental extinction spectrum. Different »n values
and a fixed k values (calculated from UV-Vis solution
phase measurements) in 5nm steps were used to min-
imize the difference between the experimental and cal-
culated extinction spectra. Good agreement between
experiment and model was obtained and the resulting
CRI values are reasonable. The CRI obtained for
vanillic acid aerosol is compared to the literature for
organic aerosol (including secondary), biomass burn-
ing aerosol, and other ambient aerosol since vanillic
acid could be present in a variety of ambient samples.
The comparisons showed a strong agreement between
the outcomes of this work with the literature.
However, some literature identified higher n values
than ours. One possible explanation for the higher lit-
erature values is the potential for presence of solvent
particles mixed in with or on the surface of generated
vanillic acid particles due to incomplete solvent
removal and we examined this possibility. In addition,
the difference in the chemical composition of samples
in different works can cause this observed variation in
reported n values. One of the motivations for this
work is to take a bottom-up approach by characteriz-
ing optical properties of a single component aerosol
with laboratory control. If multiple sets of bottom-up
data are combined, it may be possible to explain and
model top-down measurements like those from field
campaigns, especially when including our results for
regions with biomass burning. Ultimately, if research-
ers can understand the fundamental reasons for obser-
vations, then the uncertainties on the magnitude of
aerosol-light interactions can be reduced, and predic-
tion of aerosol’s influence on climate change, air qual-
ity, visibility and atmospheric photochemistry can be
improved. In addition, by performing controlled
laboratory optical studies, we are able to improve the
general knowledge of the physical and optical proper-
ties of chemicals, here for vanillic acid. Our results
demonstrate the potential of future applications for
the AE-DOAS instrument, specifically in improving
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the understanding of BBA, OC and BrC optical prop-
erties in the atmosphere through the ability to meas-
ure the extinction spectrum of in situ polydisperse
aerosols from 270 to 600 nm.
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