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Solvent-Elimination Infrared Spectroscopy
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Abstract
The application of electrospray (ES) for quantitative transfer of analytes from solution to an internal reflection element for
analysis by attenuated total reflection Fourier transform infrared (ATR FT-IR) spectroscopy has been developed in this
work. The ES ATR FT-IR method is evaluated with non-volatile and semi-volatile organic and inorganic compounds
dissolved in pure organic solvents or organics in a mixture with water. The technique demonstrates the capability for
rapid solvent evaporation from dilute solutions, facilitating the creation of thin films that allow ATR FT-IR to generate
transmission-mode-like spectra. Electrospray ATR FT-IR with multiple reflections displays a linear response (R2¼ 0.95–
0.99) in absorbance with the deposited mass and instrumental detection limit< 100 ng, which demonstrates potential for
quantitative applications. The method is applicable when crystalline substances are present, even though the formation of
particles restricts the upper limit of mass loadings relative to substances forming homogeneous films. In addition to the
solvent, semi-volatile compounds can evaporate during the ES process; the magnitude of losses will depend on solution
composition and temperature.
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Introduction

Quantification of substances in solution using Fourier trans-
form infrared (FT-IR) spectroscopy poses formidable chal-
lenges on account of IR absorption by the solvent. This task
requires restricting the analysis to regions of spectra
not affected by the solvent signal or eliminating the solv-
ent altogether. The latter option is especially desirable in
multivariate analysis of environmental samples extracted in
solution, where maximizing the spectroscopically accessible
regions can improve characterization of the unknown
(and widely varying) chemical composition. One such appli-
cation area is in the quantification of molecular structures
in atmospheric particulate matter (PM),1–7 which is a
complex mixture of thousands of different types of com-
pounds.8 Based on absorption bands of vibrational modes,
the absolute abundance of organic functional groups or inor-
ganic compounds is reconstructed by spectral analysis of
multiple spectral regions simultaneously.9–17 Furthermore,
multiple regions of the spectra are considered simultan-
eously for factor analysis and source apportionment.18

Extensive spectral analysis of PM has thus far been con-
ducted using polytetrafluoroethylene (PTFE) filters, which

are sufficiently thin to permit nondestructive, transmission-
mode analysis directly, but requires advanced spectral
post-processing and imparts interferences that render
regions of the spectrum inaccessible. To reduce require-
ments for statistical post-processing, access more regions
of the spectrum, or extend the analysis to other collection
substrates, PM can be mechanically transferred to an
optically favorable substrate or matrix by pressurization
or grinding,13,17,19–23 but low reproducibility in transfer effi-
ciencies introduce high uncertainties when relating spectra
back to the original PM mass loading on the filter. An alter-
native is to transfer physically the analyte mass by extrac-
tion with a controlled volume of solvents, which is also
used as a method for polarity separation of chemical
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constituents.24–27 Therefore, development of a solvent-
elimination FT-IR method that is both quantitative in com-
position and concentration, and at the same time permits
relatively high-throughput analysis, is critical to support the
growing potential for PM analysis. In particular, low mass
loadings of analyte (micrograms) and large solvent volumes
(milliliters) required for complete immersion of the collec-
tion substrate can lead to high solvent-to-solute ratios in
the sample. In this context, we explore capabilities of exist-
ing methods and propose a new strategy for solvent-
elimination FT-IR that is suitable for PM analysis and for
other more general applications. The core concept of solv-
ent elimination is to separate the solute from the solvent by
evaporation and to subsequently immobilize it on a sub-
strate before acquiring the FT-IR spectrum.

One of the most reliable quantitative methods of FT-IR
spectroscopy is to grind dried sample residues with alkali
metal halide powder to create a pellet for transmission-
mode analysis.19 The thickness of these pellets exceeds
the wavelength of radiation and therefore can be con-
sidered to be equivalent to bulk spectra.28 Alternatively,
the solution containing analytes can be dropped or sprayed
into a cup containing a powder matrix (e.g., powder dia-
mond, KBr pellets, or KCl) and analyzed by diffuse reflect-
ance FT-IR (DRIFT).20,27,29,30 The two methods typically
achieve solvent removal by natural convection, heating,
and vacuum evaporation during the sample preparation
phase, which can take several hours. While the powder
matrix preparation procedure is considered to be simpler
than the pellet, reproducibility is difficult to achieve with
DRIFT on account of homogeneity of the sample coverage,
loads, and compactness of the powder layer.31

Transmission or reflection–absorption (R/A) analysis can
also be applied to dried films formed by direct deposition of
solution aliquots onto optically favorable surfaces. Much
of this development has been advanced by the liquid chro-
matography–infrared spectroscopy (LC/IR) community.
Aluminum mirrors are commonly used as substrates in
R/A spectroscopy because of their compatibility with aque-
ous solvents but must be handled delicately, and its use can
lead to band asymmetry and spectral distortion.32–34 Better
results are obtained with transmission/reflection spectrom-
etry where samples are deposited on IR-transparent optical
elements such as KBr and ZnSe windows. Spectra obtained
using ZnSe are very close to conventional KBr disk in trans-
mission.32 Additionally, ZnSe substrates have the advantage
of being water-resistant and almost entirely chemically inert
(except in highly acidic samples). With all such methods,
the flow rate to eliminate organics or aqueous solvents is
bound to around 5 mL min"1, mainly because the sample is
deposited on a flat surface.32

Attenuated total reflectance Fourier transform infrared
(ATR FT-IR) spectroscopy is a total internal reflection tech-
nique used for studying liquid and solid samples. In ATR
FT-IR spectroscopy, incident radiation propagates through

the internal reflection element (IRE) via a series of reflec-
tions, where a standing wave at each reflection point pene-
trates and probes the sample. The IR spectrum can be
obtained by analyzing the portions of the radiation energy
absorbed in this process.35,36 While commonly used
together with fiber optic waveguides or flow-through cells
for analysis of solutions,37,38 the solvent interference can be
avoided by depositing a membrane that selectively allows
certain analytes to penetrate to the IRE interface.39

However, when selectivity is not desired, it is also possible
to analyze thin films deposited on the surface of an IRE,40,41

which is the relevant case considered here.
Because optical elements have smooth surfaces, direct

sample deposition suffers from heterogeneous films unless
the solvent is eliminated efficiently to avoid uncontrolled
spreading and uneven drying (‘‘coffee-stain’’ effect). To
alleviate this problem, several techniques have been devel-
oped to induce rapid solvent evaporation by spraying off
the solution. Thermospray (TSP) is an approach originally
developed for LC/MC and further applied to IR spectros-
copy.42 The solution passes through a heated tube where
the expanding vapor leads to nebulization of the remaining
liquid solution, which is collected on a stainless-steel
IR-reflective tape. The working flow rates of TSP are typ-
ically in the range of 0.5–1 mL min"1 for both organic and
aqueous solvents. Although high temperatures used in TSP
facilitates liquid throughput and solvent evaporation, they
can also cause analyte losses by evaporation or thermal
degradation.32 Particle beams (PB)43,44 can be generated
by nebulizing a solution with helium and removing solvent
vaporized in an expansion chamber by momentum separ-
ation. The PB approach has strong solvent elimination cap-
acity and a moderately high flow rate (up to 0.3mL min"1)
but the low and variable analyte transfer efficiency (5–10%)
limits its applicability for quantification purposes.

Another method developed and successfully applied in
mass spectrometry is electrospray (ES) ionization, which
was explored for LC/IR analysis by Raynor et al.45 In ES, a
high electrical potential is applied to a needle through which
the solution is purged in order to generate a spray of
charged micro-droplets. Highly charged micro-droplets
break up to form smaller droplets to further facilitate the
solvent-elimination with high analyte transfer efficiency,
flow rate (1–30mL min"1), and control. Raynor et al. used
a ZnSe plate to collect analytes onto a #200 mm spot and
analyze it by IR microscopy. Promising results were
reported along with a recommendation for further investi-
gation on maintaining spray stability for high throughput of
solvents with high surface tension (i.e., water). However,
development of this method has not been continued to the
best of the authors’ knowledge.

Electrospray is widely used in many domains: to dissipate
liquid samples and ionize samples for mass spectrometry
analysis;46 and to deposit inorganic and polymeric thin films
on solid substrate.47–50 The potential to create thin films
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for IR spectroscopy analysis is thus so far underexplored.
In the present work, ES is adapted as a solvent elimination
strategy to deposit analytes onto a rectangular ZnSe IRE for
analysis by multireflection ATR FT-IR spectroscopy in the
thin-film limit. The strategy confers capability for rapid
evaporation of solvent from micro-droplets and enables
to concentrate solutes on the IRE without the need of a
solute separation step (e.g., rotary evaporator treatment).
Parameters for film deposition, quantitative capability, and
film morphology are explored in this work for organic and
inorganic compounds dissolved in aqueous and organic
solvents.

Attenuated Total Reflection Fourier Transform
Infrared Spectroscopy of Thin Films

In the thin film approximation for internal reflection spec-
troscopy, the electric field can be approximated by the
amplitude of the field E0 at the IRE–sample interface and
a linear relation between apparent absorbance A and the
physical thickness of the sample can be expected.35

The concentration of an analyte distributed through this
sample mixture can be expressed by an areal density51

of mass m distributed over area aN, giving rise to a linear
relationship between A and deposited mass m for analyte i
(Supplemental Material, Section S1):

A ¼
X

i

ei0mi
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N is the number of reflections through aN, n21¼ n2/n1 is the
ratio of the real parts of refractive indices of sample
medium (n2) to IRE (n1), y is the incident angle, and e is
the molar absorption coefficient. In the definition of the
calibration coefficient e0, the first factor in the product is
fixed according to the sampling configuration (kept con-
stant for a set of experiments), the second factor is related
to the film properties, and the last factor to the target
analyte (M is its molar mass). Nominal values for N and
aN based on IRE geometry and y are used. Equation 1
still applies for less-than-full coverage along the dimension
of beam propagation to the extent that the ratio N/aN

computed from nominal values approximates the actual
number of reflections through the deposited film per area
covered (Supplemental Material, Section S2), though best
reproducibility is achieved by covering an identical region of
the IRE in each deposition.52

n21 and E0 depend on several refractive indices. n1 is
determined by the IRE, for which ZnSe is selected on
account of its chemical resistivity and conductivity for ser-
ving as a counter electrode. The refractive index n2 of the
multicomponent film may vary according to the sample
composition and differ from that of calibration samples.

The volume fraction of substances in environmental sam-
ples are typically not known a priori, but the contribution
of this variation to the absorbance can be small if the over-
all n2 of film constituents do not vary substantially.53

The single-value effective refractive index characterizing
the optical behavior of films far thinner than the wavelength
of IR54,55 is bounded by that of its individual components.56

More representative values may be derived for some antici-
pated mixture concentrations through effective medium
theories (e.g., resistor network models57,58 or variational
principles59), but are not considered in the present work
and instead included in the calibration coefficient. Another
effect of n2 on the absorbance is imparted by its wavelength
dependence — anomalous dispersion near absorption
bands can shift the apparent peak location, which is particu-
larly pronounced in the presence of strongly absorbing spe-
cies.60,61 However, the assumption of weak absorption
(also invoked for Eq. S2) is typically expected to be valid
for a wide range of cases,62 particularly for environmental
samples consisting of dilute mixtures. The apparent absorb-
ance and hence the effective thickness E2

0d (Supplemental
Material, Section S1) for unpolarized radiation, as used in
this work, are averages of their contributions from perpen-
dicular and parallel polarizations.62,63 E2

0 corresponding to
the unpolarized form can therefore be derived from the
electric field amplitude normalized by the amplitude of inci-
dent radiation35,64 at the IRE–sample interface for each
polarization:

E2
0 ¼

2cos2y
1"n231

1 þ ð1 þ n432Þsin
2y"n231

ð1 þ n231Þsin
2y"n231

" #

ð2Þ

The terms n31¼ n3/n1 and n32¼ n3/n2 reflect the fact that
the electric field additionally depends on the refractive
index of the substance that lies beyond the film (n3¼ 1.0
for air) in the thin film limit. E2

0 varies inversely with n2 and
their multiplicative product (Eq. 1) dampens the sensitivity
of A to n2, e.g., 10% reduction in n2 from a nominal value of
1.5 leads to a reduction of only 4% in A. Numerically, the
contribution to uncertainty from n2 in the thin-film approxi-
mation is far less than in the more commonly used thick
sample limit (where the absorption varies according to
E2
0n2ðn21sin

2y"n22Þ
1=2

, for which quantitative results have
successfully been obtained for other applications.60,61

For the multi-reflection ATR hardware considered
in this work where a 4 mm-thick ZnSe IRE is used,
y¼ 45', N¼ 10, and n1¼ 2.43. n2 for organic compounds
vary only within a small range (n2¼ 1.4–1.5)65,66 and are
close to inorganic substances, e.g., 1.54 for NaCl, 1.53 for
(NH4)2SO4, 1.61 for NH4NO3, 1.56 for CaCO3, and 1.46
for SiO2, commonly found in atmospheric particles.19,67–69

Some additional uncertainty may be introduced through
film porosity resulting from the deposition process,
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but overall, the dependence of A on variations in n2 is
expected to be small. For this range of refractive indices,
the approximate dp of typical atmospheric PM constituents
is 1 mm,70 with the thin-film approximation applicable for
samples in the range of d¼ 50–100 nm.35

Thin-Film Deposition Using Electrospray

Attenuated total reflection FT-IR spectral quality and repro-
ducibility are mainly affected by the effective evaporation of
solvent, film morphology, and area coverage of the depos-
ition, which are ultimately controlled by droplet size and
spray opening. The spray process is governed by hardware
geometry (needle size and distance to the collector),
ES parameters (applied voltage and liquid feed flow rate),
and physical-chemical properties of the sprayed solution
(surface tension, dielectric constant, viscosity). While the
full process of ES formation, dispersion, and film evolution
is difficult to predict even with numerical models, it is pos-
sible to obtain some guidance on the operating parameters
of the ES based on solvent properties and hardware geom-
etry to evaluate the cone formation requirements, burst
rate, and size of the parent droplet.

When a solution is slowly purged through a conductive
needle, the liquid is held back in the needle because its
surface tension tends to minimize the energy increase
due to the enlarged surface. The application of a voltage
to the needle enriches the liquid surface with charges that
pull the liquid to form an elliptical shape. The shape of the
liquid tip results from the balance between electrical forces
and liquid surface tension. The ES takes place directly from
this liquid tip. While increasing flow rates require increasing
voltages to observe a stable spray, the current remains
stable within ranges of voltage and flow rate values.
These regions are limited by abrupt current changes that
indicate the shift towards different working mode where
spray droplets have different size.71–73

The dripping mode is observed at low voltages when the
liquid tip has still an elliptical shape. The mode is character-
ized by large droplets with uniform size. At constant flow
rates, droplet size and emission frequency depend on
the applied voltage. Higher voltages decrease the droplet
size and increase the emission frequency. Above a certain
voltage, the onset voltage Vo, the elliptical shape becomes
conical and the solution is pulled to the counter electrode
by Coulombic attraction. Vo is determined by several fac-
tors related to both solvent properties and instrumental
features such as surface tension of the solvent gs, needle
radius rn, and distance from the counter electrode dn. These
quantities are related to each other according to the fol-
lowing equation:74

Vo¼ A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gsrncosf0

!0

s

log
4dn
rn

! "
ð3Þ

where !0 is the dielectric constant in vacuum and f0 is the
half angle of the resulting cone. A is an empirical constant
that can be found experimentally and reference values can
be found in the literature.74,75

Considering an equipotential surface in a static approxi-
mation, the cone has a characteristic Taylor angle of 49.3'.
In the dynamic case, however, the cone angle is not fixed
and varies according to the flow rate of the fluid sprayed.76

Additionally, if the voltage is not sufficiently high or the flow
rate is too high, the cone tip breaks up due to axisymmetric
instabilities giving rise to a pulsating mode where the liquid
meniscus alternates between a round and conical shape.

Higher voltages stabilize the cone shape to form a liquid
filament (jet), giving rise to the single cone-jet mode. In this
mode, jet stability and length depend on several parameters
such as flow rate, solute concentration, solvent surface
tension, and viscosity.77 The single cone-jet mode is the
most studied and commonly used mode in most ES appli-
cations, such as mass spectrometry and film deposition.
In this mode, it is possible to control key parameters
such as molecule ionization efficiency, ion current, droplets
size, and film morphology.78 Further increase of voltage and
flow rate gives rise to the multi-jet mode. The cone tip
breaks up by forming multiple and smaller jets and their
number increases with the applied voltage and flow
rate.71 While the multi-jet mode results in a broader size
distribution compared with the cone-jet mode, the result-
ing smaller droplets79 (by a factor of three or more,
depending on the number of jets) allow more efficient
solute-to-solvent separation. Additionally, the higher flow
rate required by the multi-jet mode to sustain the ES plays a
favorable role in shortening solution deposition times.

We therefore operate in the multi-jet mode for our
application. For fixed rn, dn, and choice of solvent, the
applied voltage is selected such that Va> Vo (from Eq. 3)
where droplet radii fall below the Rayleigh limit and rapidly
burst to form a spray plume, with an opening angle propor-
tional to the mass eluted and the number of jets. Smaller
droplets and effective evaporation of solvent are generally
favored by greater dn and lower flow rate, or by lower
surface tension, lower viscosity, and higher electrical con-
ductivity of the solvent.80 The particle size affects the drag
force which acts against the electrostatic forces, especially
that established by the field between needle and counter
electrode;81 the resulting coverage along the long dimen-
sion of the IRE has a nonlinear dependence on dn. Once a
suitable condition is found for the ES, multiple parameters
are investigated and controlled in order to reduce variabil-
ity and improve reproducibility among different experimen-
tal conditions. The total current is a commonly used
parameter to monitor and map the spray stability.71,79,82

Alternatively, some guidance for operation under different
experimental conditions can be found in theoretical esti-
mates of droplet sizes and disintegration times available for
the cone-jet mode (Supplemental Material, Section S3).82–84
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The main principle is to find a set of parameters that results
in a similar disintegration time of the initial droplet as the
working experiment. Considering that each jet in the multi-
jet case is thinner than in the cone-jet mode on account of
mass conservation,79 estimates for the latter can provide
upper bounds on the estimated droplet sizes. The vari-
ation in voltage required to switch between the two
modes may cause variation in actual jet velocities and drop-
let sizes;79 therefore, this theory is followed only as a first
approximation.

Materials and Methods

Solvent Selection

The choice of solvent must be based on the analytes solu-
bility together with properties which enable stable spray
cone generation within not critical conditions for analytes.
A critical criterion to obtain stable ES is the surface tension
of the solvent. According to Eq. 3, the surface tension,
together with needle radius and its distance from the coun-
ter electrode, controls the minimum potential required to
observe an ES. Solvent permittivity is another important
property that needs to be considered in the solvent selec-
tion as it determines how efficiently the solution is charged
while immersed in the electric field. Solvents with lower
permittivity are preferred as their lower capacitance allows
rapid charging. Viscosity and vapor pressure are also cru-
cial, as they determine the solvent evaporation time
(Eq. S8). In this work, two different solvent solutions
were used: pure methanol for organic compounds and
methanol : water 5 : 1 in volume for inorganic salts.
Table 1 reports values for each property discussed above.
Although water is a good solvent for a large variety of
inorganic salts and polar organic compounds, its use is
not preferred for ES applications. High surface tension
and permittivity of water requires the application of large
voltages that can cause ozone formation during spray and
low vapor pressure make water droplets difficult to evap-
orates efficiently. Mixtures of water with methanol or etha-
nol are usually preferred in ES applications.

Electrospray Device

The ES device is built in-house (Supplemental Material,
Section S4) and comprises a syringe pump (Fusion 100 -
Chemyx, Inc.), 10 mL glass/Teflon syringe
(Borosilicatglass - ILS GmbH, Germany), and stainless-steel
needle with a diameter of 310 mm (Milian SA). The pump
pushes the solution to the needle through a 1 mm i.d. Teflon
capillary. The voltage is controlled by means of a National
Instrument motherboard (USB X Series 128 channel,
National Instruments) and it is further amplified by single
output high voltage module (10A12 - UltraVolt, Inc.) to
reach kilo-Volt ranges before being applied to the needle.
The needle is anchored on a motorized translation
stage (MTS50/M-Z8 - 50 mm - Thorlabs, Inc.), mounted all
together on a XYZ stage (PT3 - 25 mm, Thorlabs, Inc.),
to traverse along the length of the ZnSe crystal
(80( 10( 4 mm, 45' - ResulTec). The crystal is held in a
polymethylmethacrylate (PMMA) mask anchored on an alu-
minum board. The entire unit is housed in an enclosed
chamber and purged with compressed gas filtered with
activated carbon and HEPA capsule (Pall Gelman Corp.).
The chamber was maintained at relative humidity (RH) in
the range of 6–9% at room temperature (23 'C). The low
RH is essential to obtain a stable spray and keep high the
evaporation rate and the ionization efficiency.85

Electrospray Parameters

Parameters such as voltage Va, flow rate Q, and distance dn

were found experimentally following the procedure
described in the Thin-Film Deposition by Electrospray sub-
section and are reported in Table 1 . Onset voltages calcu-
lated according to Eq. 3 are 3 kV for methanol and 3.5 kV
for methanol : water. However, the actual voltage applied Va

was varied up to 5.5 kV for both methanol and metha-
nol : water mixture in order to work under multi-jet
spray mode. The upper limit for Va is determined by the
electrochemical stability of the solvent as well as of the
species involved in the mixture. Voltages approaching 7 kV
are not recommended in air atmosphere as ozone forma-
tion takes place in the spray zone.86,87 For Va and Q

Table 1. Electrospray solvent characteristics and operating parameters.

Solvent gs (mN m"1) !0 Ps (kPa) r (g cm"3)

MeOH 22.7 32.6 13.0 0.79

MeOH/H2O 25.5 42.6 26.0 0.84

Solvent Va (kV) Q (mL min"1) dn (cm)

MeOH 5.5 20–30 1.8

MeOH/H2O 5.5 9 1.7

MeOH : H2O denotes a 5 : 1 mixture.
MeOH, methanol.
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explored for this study, the minimum acceptable value of dn

is determined experimentally to be about 1 cm; below this
distance, droplets of solution are deposited onto the IRE as
their travel distance is too short to eliminate the solvent
efficiently. With values of Q and dn reported in Table 1
the resulting droplet disintegration time !t calculated
from Eq. S8 for methanol and methanol : water 5 : 1 mixture
were 0.25 and 0.22 ms, respectively. Solute concentrations
above the millimolar range cause the plume angle to vary
accordingly.77 In this study, however, the solute concentra-
tions explored are sufficiently low that instrument param-
eters are robust over a large range of concentrations.

Chemicals

For this work, two organic and two inorganic compounds
were selected as standards to test the technique and the
related deposition process. Docosanol (1-docosanol, Sigma
Aldrich Corp.) is a non-volatile compound with spectro-
scopically visible aliphatic C-H peaks commonly used for
calibration15,88 and cis-pinonic acid (Sigma Aldrich Corp.)
is a semi-volatile reaction product of volatile organic com-
pound oxidation in the atmosphere.89 Ammonium sulfate
and nitrate (Sigma Aldrich Corp.) are inorganic salts com-
monly found in atmospheric PM.8 The solutions for organ-
ics were prepared using analytical grade methanol (Sigma
Aldrich Corp.), whereas inorganic solutions were prepared
in a mixture 5 : 1 in volume of methanol and Milli-Q water.

Infrared Spectra

The ZnSe crystal with the deposited material is placed on a
HATR crystal plate holder (RCPlate and HATRPlus, PIKE
Technologies) and scanned using a Vertex 80 FT-IR spec-
trometer (Bruker Optics) with deuterated lanthanum
a-alanine-doped triglycine sulfate (DLaTGS) detector.
Each spectrum is acquired over mid-IR wavenumbers of
4000–400 cm"1 as an average of 64 scans. Absorbance
spectra are calculated with respect to a clean ZnSe crystal
as reference for both stacking experiments, where cumu-
lative aliquots of mass were deposited onto the crystal
and single deposition experiment. Transmission spectra
were collected on a ZnSe uncoated and flat window
(WW71050, Thorlabs Inc.) on which solutions were
sprayed by means of a plain-orifice nozzle. The chamber
is continuously purged with air treated by a purge-gas gen-
erator (Puregas GmbH) to reduce water vapor and carbon
dioxide interferences for all scans.

Results and Discussion

Deposition Area

Figure 1 shows the deposition of 50 mg of docosanol on a
ZnSe IRE. The deposition was obtained by injecting 0.83 mL

of a 60 mg mL"1 solution of the compound at a flow rate of
25 mL min"1 and applying a voltage of 4.5 kV. Over the IRE
surface area of 8 cm2, the visually detectable area covered
by the film is about 6.2 cm2. Notably, the entire short side
of the IRE is homogeneously covered, which is critical to
prevent beam filling and achieve quantitative precision.52,61

As stated above, Eq. 1 still applies in this case of partial
coverage along the dimension of beam propagation.

Deposition Characterization

Scanning electron microscopy (SEM) images of docosanol
and ammonium sulfate depositions are shown in Fig. 2a
and b, respectively. As shown in Fig. 2a, ES depositions of
docosanol are homogeneous and probably with a low
degree of crystallinity. Scanning electron microscopy
images of ammonium sulfate depositions (Fig. 2b.i b.ii)
reveal that the deposition consists of uniformly dispersed,
approximately monodisperse particles with a diameter of
2.0–3.0 mm (Fig. 2b.ii). The formation of particle deposits
during the ES process is anticipated by the high apparent
crystallinity of ammonium sulfate. The appearance in
the images is consistent with nearly spherical geometry of
ammonium sulfate crystals (shape factor of 1.02–1.07).90,91

Scanning electron microscopy images of the mixture doco-
sanol and ammonium sulfate are also reported in Fig. 2c.i
and 2c.ii (zoomed in). The film was also obtained by static
deposition and encompasses ammonium sulfate particles on
an amorphous layer of docosanol. The structure is con-
firmed by the energy dispersive X-ray (EDX) analysis
reported in Fig. 2d where regions in light blue (left) and in
red (right) contain mainly nitrogen (denoting ammonium
sulfate) and carbon (denoting docosanol), respectively.
The formation of crystal deposits is anticipated by thermo-
dynamic preference but can have implications for quantita-
tive analysis by ES ATR FT-IR for several reasons. First, the
length scale of heterogeneities in the film approaching that
of IR wavelengths invalidates the possibility to consider the
packed monolayer as a film with a single refractive index by
the effective medium approximation, which makes its optical
properties more difficult to interpret. Second, the formation

Figure 1. Example of films created by depositing docosanol dis-
solved in methanol. The visual area covered by the deposition is
about 6.2 cm2. The surface area was estimated algorithmically by
image analysis. Pixels in the deposition area were counted and
scaled from the IRE size. To enhance the contrast between the
deposition area and the background the crystal was illuminated
from the top.
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of less stable polymorphs of a crystal has been previously
reported in ES deposition,92,93 attributed to Ostwald’s rule
of stages.94,95 Given the sensitivity of FT-IR spectroscopy to
polymorphic variations,96 some discrepancies may arise
when samples and reference with different crystalline
form are compared. Finally, the thin-film regime for ATR
FT-IR analysis can be rapidly exceeded when deposited
mass is concentrated in particle form. For instance, dense
(hexagonal) packing of monodisperse spheres in a plane will
lead to a thickness approximately 1.7 times higher than the
same mass distributed as a homogeneous film (Supplemental
Material, Section S5). Exceedance of the thin-film regime can
lead to wavelength-dependent variations in apparent
absorbances (Eqs. S2 and S3).

With regards to the last point, the analysis can be kept in
a quantitative regime by operating with low mass depos-
itions and controlling the particle film morphology. The
deposition of ammonium sulfate shown in Fig. 2 was
obtained by spraying the solution continuously in a fixed
configuration, without the moving stage operating (deposit-
ing 26.9 mg of solute); subsequent analyses are performed
with moving stage at lower mass loadings and their spectra
are discussed below. An area for future investigation can be
to generate droplets with smaller diameter by using slower
flow rates and larger Va/Vo ratio (Eq. S6).

Comparison with Transmission Mode Spectra

In the following section, a qualitative assessment of ATR
spectral features of thin films related to several organics
(docosanol, cis-pinonic acid, benzoyl peroxide, and azelaic
acid) and inorganics such as ammonium sulfate and ammo-
nium nitrate obtained by ES deposition are presented.

Fourier transform IR transmission spectra of compounds
deposited on ZnSe windows are taken as qualitative refer-
ence being this technique a widespread and reliable
approach for qualitative FT-IR. Fourier transform IR nor-
malized spectra acquired in transmission (light blue) and
in internal reflection mode (orange) are compared in
Fig. 3. Overall, ATR spectra present almost identical fea-
tures compared to transmission spectra, indicating that the
application of a high voltage during the ES process does not
affect the chemical composition of samples. Attenuated
total reflection and transmission spectra for organic
compounds present only small differences. In particular,
docosanol and cis-pinonic acid in transmission present a
slightly higher peak in the region> 3000 cm"1 attributable
to –OH functional group probably due to methanol traces
still trapped in the deposited film. Azelaic acid and benzoyl
peroxide ATR and transmission spectra overlap almost
completely over the entire spectral range except
for some small differences in the fine structure in the
region of 1800–700 cm"1. Spectral overlap is also visible
for inorganic compounds investigated and in particular for
ammonium sulfate for which both the peak related to N–H
stretching ½nðNHþ4 Þ* in the region around 3000 cm"1 and
peaks related to S¼O stretching ½nðSO2"

4 Þ* in the
1300 cm"1 region present the same features for ATR and
transmission spectra in terms of relative absorbance
and broadening. For ammonium nitrate, both ATR and
transmission spectra display anomalies. The relatively
lower absorbance in ATR for the nðNHþ4 Þ band compared
to the absorbance in transmission is consistent with excee-
dances of the thin film limit, which can occur in regimes of
lower mass loadings when salt crystals are formed upon
deposition (Supplemental Material, S5). The same peak of

Figure 2. Scanning electron microscopy image of: (a) docosanol deposition on ZnSe; (b.i) ammonium sulfate deposition of ZnSe; (b.ii)
zoom-in of b.i; (c.i) docosanol in mixture with ammonium sulfate; (c.ii) zoom-in of c.i; (d) EDX imaging of c.ii for nitrogen in light blue
(left side) and carbon in red (right).
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nðNHþ4 Þ in the transmission mode is also affected by the
presence of methanol traces from the solvent as visible by
the peaks at 2800 cm"1. Additionally, the nðNO"3 Þ stretch
at 1300 cm"1 shows an asymmetric broadening towards
lower wavenumbers in comparison to literature spectra.68

An ATR spectrum of ammonium nitrate obtained by spray-
ing with a plain-orifice nozzle is shown for comparison; that
it does not display the same wavelength-dependent differ-
ence further suggests that the morphology of the electro-
sprayed film is cause for the difference. With this spectrum,
there is a redshift in the 1300 cm"1 band due to anomalous
dispersion anticipated with high refractive indices.60

Further investigations into hardware and operating param-
eters that create favorable morphology by ES deposition
for ATR analysis is needed before spectral interpretation
and quantitative analysis of samples containing ammonium
nitrate can become reliable.

Calibration

Calibration curves and estimates of a test set for docosanol
and ammonium sulfate are reported in the following para-
graphs. Electrospray depositions allow two different strate-
gies of acquiring ATR spectra. The simplest deposition
mode consists into depositing the material onto a clean
IRE crystal surface and acquire the IR spectrum of the
only sample amount deposited. An alternative deposition
mode consists of stacking additional samples of aliquots on

top of previous ones and creating a multilayer deposition.
The final result is a cumulative spectrum of all aliquots
deposited in reference to the clean IRE. The stacking
mode allows a more precise evaluation of the thin-
film limit assumption by exploring incremental changes in
spectra with successive depositions. Figure 4a shows the
evolution of the maximum absorbance for the C–H bond
stretching of docosanol (band at 2900 cm"1) when aliquots
of 4.8mg are incrementally added and deposited on an IRE
with the stacking method. The curve is the result of two
sets of experiments where different mass ranges were cov-
ered: 0.0–76.8 mg in orange; and 0.0–183.3 mg in green.
In both experiments, the absorbance increases linearly
within the mass range of 0.0–60.0 mg. In the experiment
in orange, the absorbance stays linear up to 76.8 mg.
Mass loadings above this point are explored in the experi-
ment in green. Above 100.0 mg, additional mass increments
reveal still a linearity with the maximum absorbance but at a
lower slope compared to the mass range< 100.0 mg.
The nominal film thickness of docosanol calculated assum-
ing a 0.8 g cm"3 density97 and an average surface coverage
of 7.2 cm2 is reported in the top side scale of the plot as
reference. In the assumption of a flat and homogeneous
film, mass loadings> 60.0 mg have a film thickness> 100 nm.
Above this mass loading, the resulting film thickness cannot
be neglected in comparison with the penetration depth of
the evanescent wave and the electric field of the wave can
no longer be considered constant over the film thickness.35
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1-Docosanol

Cis-Pinonic acid

Azelaic acid
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Figure 3. Comparison of FT-IR spectra of the standard compounds acquired in: ATR mode upon deposition with electrospray
(orange); transmission mode upon deposition by spray through a plain-orifice nozzle. The ATR spectrum in the dotted line for ammo-
nium nitrate was obtained by spraying the compound solution with a plain-orifice nozzle.
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Figure 4b shows the evolution of the maximum absorb-
ance for nðSO2"

4 Þ (band at 1400 cm"1) with mass loading
when aliquots of 3.9 mg are incrementally deposited on an
IRE using the stacking method. The maximum absorbance
varies linearly with respect to the mass loading also for
ammonium sulfate but within more restricted mass range
than docosanol. The deviation from linearity takes place at

mass loadings> 18 mg. Density and refractive index of
ammonium sulfate (r¼ 1.77 g cm"3 and n2¼ 1.53) are
greater than for docosanol (r¼ 0.8 g cm"3 and n2¼ 1.44
[97]). In the assumption of homogeneous depositions,
these two properties should determine for ammonium sul-
fate more compact films and larger penetration depths
implying a larger linearity mass range of the absorbance
compared to docosanol. However, as shown in Fig. 2,
ammonium sulfate depositions are characterized by par-
ticles which diameter grows with the mass loading causing
the thin-film approximation to break at lower mass loadings
than expected. The first linear portion of the curves
reported in Fig. 4 can be used as calibration curve to quan-
tify docosanol and ammonium sulfate in test depositions
within the same mass range. To evaluate the quantitative
performances of ES ATR FT-IR, the predictions for docosa-
nol and ammonium sulfate are shown in Fig. 5a and 5b,
respectively. Test sets for docosanol and ammonium sulfate
as pure compounds were composed by varying the depos-
ited volume for the same solution or varying the solution
concentration for the same volume of deposition
(Supplemental Material, Table S1). In addition to compo-
nent solutions, a mixture solution containing both docosa-
nol and ammonium sulfate (15.2 and 10.6 mg mL"1,
respectively) was also analyzed for evaluation. In contrast
to the calibration set, each mass measurement is obtained
from the deposition of a single aliquot rather than by
sequential layering (stacking). Docosanol was deposited
from solutions with concentrations in the range of
6.4–39.1 mg mL"1. Ammonium sulfate was deposited from
solutions with concentrations in the range of 10.6–
59.3 mg mL"1. The estimated mass (y-axes) is in good
agreement with the reference value (x-axes) for both com-
pounds. The effects of solution concentration on droplet
characteristics, deposited mass and deposition procedure
(stacking or not) on film morphology, and mixture effects
can potentially affect the resulting contact area and refract-
ive index, but they do not appear to affect the perform-
ance substantially over the range of conditions studied
in these experiments. Furthermore, the spectra of the
docosanol and ammonium sulfate mixture is consistent
with the expected contributions from its constituents
(Supplemental Material, Fig. S5). In general, the deviation
in mass estimates is larger for large loadings. In the case
of ammonium sulfate, high mass loadings are underesti-
mated because particle formation reduces the suitability
of Eq. 1 on which the calibrations are built.

Calibration curves are also used to evaluate the instrumen-
tal limit of detection (LOD) which was 1.42mg of docosanol.
Acquiring spectra with a more sensitive liquid nitrogen cooled
mercury cadmium telluride (MCT) detector, the LOD for
docosanol was estimated to be< 100 ng (Supplemental
Material, Section S6). This sensitivity suggests its benefits
toward analysis of crystalline compounds at low mass loadings
and more generally thin film analysis by ES ATR FT-IR.
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Figure 4. (a) Calibration curve for docosanol (n(–CH)¼
2900 cm"1) obtained by stacking 4.8 mg aliquots from a solution
of 60.3 mg mL"1 purged at Q¼ 20mL min"1 and Va¼ 4.5 kV.
R2¼ 0.99 was obtained considering all points with mass
loading< 70 mg; (b) calibration curve for ammonium sulfate
("ðSO2"

4 Þ ¼ 1410 cm"1) obtained by stacking 3.9 mg aliquots
from a solution of 49.3 mg mL"1 purged at Vf¼ 9mL min"1 and
Va¼ 5.5 kV. A resulting R2¼ 0.99 was obtained considering all
points with mass loading< 22 mg. The nominal film thickness
was calculated by dividing the mass deposited by the estimated
areal density of the compound.
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Estimates of the Molar Absorption Coefficient

Based on experimental calibration curves and Eqs. 1–2,
estimates of e for docosanol and ammonium sulfate are
considered. While there is no comparable reference value
for docosanol exists to our knowledge, the estimated value
of 1.7( 105 cm2 mol"1 at 2949 cm"1 is in good agreement
with the aliphatic C–H stretching absorption coefficients
(2.0–8.0( 105 cm2 mol"1) at the same wavenumber
reported for other hydrocarbons in gas and liquid

phases.98–100 For ammonium sulfate, the estimated value
of 2.1( 105 cm2 mol"1 at 1428 cm"1 is 53% of the value
computed from the imaginary refractive index (Eq. S5)
reported at room temperature.101 The spectra of deposited
films are similar to the transmission-mode measurements
(Fig. 3) with no strong apparent wavelength-dependent devi-
ations, so it is unlikely that violation of the thin film assump-
tion is the primary cause. Gravimetric analysis of ammonium
sulfate electrosprayed onto an aluminum foil covering the
IRE indicated that loss of mass outside of the IRE during
deposition is not likely. A porous film may lead to lower
values of density and n2 than assumed (for pure substances)
due to the presence of air, but plausible deviations from the
assumed values and the direction of bias do not account for
the difference. However, the approximation for squared
electric field amplitude (Eq. 2) may require adjustment64

for these porous films to relate the apparent absorbance
to desired optical constants.

Volatility

Solvent-elimination techniques are best suited for systems
where low-volatility compounds are dissolved in highly
volatile solvents; retention of solvent and evaporation of
semi-volatile compounds are of concern for any analysis
technique requiring their separation. Traces of unevapo-
rated solvent can lead to positive bias in quantification,
while evaporation of semi-volatile analytes can lead to nega-
tive bias. Blank tests of pure methanol revealed that up to
0.1 mg of residual per mL (1.26( 10"5 %wt) could
be detected under the same ES deposition conditions for
docosanol. While the solvent residual peak obtained by
depositing 4 mL of pure methanol is still six times smaller
than the lowest mass loading of docosanol in this study,
the influence of this residual should be investigated for
each application. Furthermore, solvent residuals in solution
may be higher due to a slower evaporation (depression of
vapor pressure according to Raoult’s law) and additional
retention via solute interactions. Environmental samples,
including atmospheric PM, can contain semi-volatile com-
pounds that partition between the gas and condensed
phase at ambient temperatures. Some fraction of these
compounds is lost following typical PM collection proto-
cols, the magnitude of which varies according to sample
composition and environmental conditions (e.g., tem-
perature and relative humidity). Losses of semi-volatile
organic compounds from filters during sampling have
been reported between a few percent to 60% under
various conditions,102–104 while ammonium nitrate losses
have been reported in the range of 10–80%.102,104,105

Nonetheless, quantification of the remaining fraction that
is extracted into solution can be hindered by partial evap-
oration during ES deposition.

To evaluate the extent of such losses, apparent absorb-
ance was recorded for increasing mass loadings of two
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Figure 5. Evaluation of prediction quality for a test set of (a)
docosanol (slope¼ 0.92, R2¼ 0.99) and (b) ammonium sulfate
(slope¼ 0.96, R2¼ 0.95) depositions from solution with single
component (in blue) and in a mixture (orange) of docosanol and
ammonium sulfate, respectively. Wavenumbers are same as those
used for calibration (Fig. 4). Points in (b) denoted with a cross are
not considered in the evaluation as they are out the expected
linear regime of calibration (> 21mg).
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semi-volatile compounds: cis-pinonic acid and ammonium
nitrate (Fig. 6). The compounds were electrosprayed
from single-solute solutions (cis-pinonic¼ 30.0 mg mL"1;
ammonium nitrate¼ 17.3mg mL"1) and from mixtures con-
taining comparable amounts of low-volatility compounds
(docosanol¼ 30.1 mg mL"1; ammonium sulfate¼
18.6mg mL"1). Observed absorbances indicate a systematic
increase in mass loading of 100% for cis-pinonic acid
and 30% for ammonium nitrate for the deposition of
their respective binary-solute mixtures. This difference
is attributed to the suppression of volatilization of these
semi-volatile species. For this application, the wavelength-
dependence of the ammonium nitrate spectrum described

previously is not expected to play a substantial role as the
absorbance at 1340 cm"1 is used for analysis. The vapor
pressure for cis-pinonic acid or dissociation constant for
ammonium nitrate of the semi-volatile compounds in
their ternary solutions (at bulk concentrations) are not
lower for either substance compared to their binary solu-
tions;106–110 the final states after deposition and solvent
evaporation should also be the same (solid phase) from
the binary and ternary mixture cases111 (Supplemental
Material, Section S8). Therefore, we anticipate that most
of the differences observed in Fig. 6 follow initial solvent
evaporation and dispersion, when differentiation in droplet
composition becomes more pronounced together with the
influence of docosanol and ammonium sulfate on the
gas/particle partitioning of their semi-volatile counterparts.
One strategy for controlling the balance of evaporation of
solvent and solute during ES is to control the temperature
in the deposition chamber or collection surface. While the
deposition plate is often heated in ES film creation to evap-
orate the residual solvent, this strategy can have an adverse
effect on semi-volatile compounds as the enthalpy of vapor-
ization is related to molar volume112 and is generally smal-
ler for typical solvents than for larger solute molecules.
As a first estimate, increasing the temperature from
23 'C to 30 'C will increase the vapor pressure of methanol
by 42%, while increasing the vapor pressure of cis-pinonic
acid by 113% and dissociation constant of ammonium
nitrate by 463%. On the other hand, reducing the tempera-
ture from 23 'C to 15 'C will reduce the vapor pressure of
methanol by 35% while reducing the vapor pressure of cis-
pinonic acid by 60% and ammonium nitrate by 88%
(Supplemental Material, S6). This is a strategy that can be
further explored if evaporative losses of semi-volatile com-
pounds in the ES process are not sufficiently suppressed by
mixture effects, though the possibility of incomplete solvent
evaporation may also have to be considered.

Conclusion

A new method for solvent elimination and thin-film depos-
ition onto an optical substrate is proposed in this work.
The method, ES ATR FT-IR, demonstrates the separation of
solute from a relatively large volume of solution to remove
usual interferences caused by the presence of the solvent
and takes advantage of the high sensitivity of the ATR FT-IR.
Additionally, it is possible to work under the thin-limit
assumption which requires no further spectral correction
to obtain qualitative and quantitative spectral information.
The integration of ATR FT-IR with ES is shown to be
reliable for quantification purposes of low-volatility
organic (R2¼ 0.99, slope¼ 0.92) and inorganic compounds
(R2¼ 0.95, slope¼ 0.96) dissolved in both organic solvents
or in their mixture with water. The mass range usable for
quantification purposes ranges from< 100 ng (using an
MCT detector) to 39.1 mg (with DLaTGS detector) for
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Figure 6. Comparison of the peak absorbance for: (a) cis-pino-
nic acid (n(–CO) ¼ 1700 cm"1); and (b) ammonium nitrate
(nðNO"3 Þ ¼ 1340 cm"1) deposited as pure compounds (red) and
in mixture (light blue) with docosanol and ammonium sulfate,
respectively.
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docosanol, which is deposited as a homogeneous film.
Compounds with high crystallinity have a lower upper-
limit on mass loading for quantification, as they tend to
form heterogeneous and sparse deposits that grow
beyond the thin-film regime. Further improvement
toward reducing the effect of particle morphology by crys-
talline compounds may be achieved by increasing the con-
trol on deposition morphology through exploration of
different needle sizes, distances, voltages, and flow rates.
While much of the ES ATR FT-IR characterization for this
work was performed with a workhorse DLaTGS detector,
the MCT detector may confer advantages for its capability
to operate with lower mass loadings of thin films, particu-
larly for cases when restricting the loading is desirable on
account of particle-forming compounds present in the
sample. We additionally evaluate the retention of semi-vola-
tile compounds, which is generally a challenge with solvent-
elimination spectroscopy. When mixed with low-volatility
compounds, the mass of semi-volatile deposited com-
pounds increased by 30–100% due to solution effects.
Reducing temperatures may also aid in semi-volatile com-
pound retention, though tradeoffs with additional solvent
retention may also have to be considered.
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S1 Calibration equation

In ATR-FTIR, the deposited film can be probed multiple times with evanescent waves generated from each
reflection at the interface between IRE and the sample. The resulting reflectance R = (1� ↵de)

N for N
reflections through a sample is a function of its linear decadic absorption coe�cient ↵,1 and the e↵ective
thickness de. A mathematical approximation can be invoked to obtain a corollary to the Lambert law
under conditions of weak absorption2–4 (↵de ⌧ 1), where the absorbance A derived from the attenuation of
radiation through a homogeneous medium is proportional to each of these variables:

A = � log10 R ⇡ N↵de . (S1)

1



de characterizes the equivalent path length through the sample that gives the same extinction by transmission
measurements, and is approximated as:2,5

de =
n21

cos ✓

Z d

z=0
E2dz where E = E0 exp

✓
� z

dp

◆
. (S2)

n21 = n2/n1 is the ratio of the real parts of refractive indices of sample medium (n2) to IRE (n1), ✓ is the
incident angle, E2 is the electric field intensity, E0 is the amplitude of the field at the IRE-sample interface,
dp is the penetration depth, and z is the distance outward from the surface of the IRE. The electric field is
integrated from the surface (z = 0) to the sample thickness d. dp is the e-folding distance (reciprocal of the

exponential decay constant) for the evanescent wave and depends on the wavelength �1 = �/n1 in the IRE:6

dp =
�1

2⇡
⇣
sin2 ✓ � n2

21

⌘1/2 . (S3)

In the limit of thick samples (semi-infinite medium, d � dp, where the evanescent field E su�ciently decays

inside the sample), the integral in Eq. S2 approaches E2
0dp/2; prompting an empirical “correction” for

ATR spectra to adjust for wavelength dependence (Eq. S3) in cases where comparison against transmission
spectra are desired. The thin film approximation can be applied at the opposite extreme when d ⌧ dp,

where the electric field can be treated as a constant E ⇡ E0.
6 The integral in Eq. S2 then approaches E2

0d,
and the e↵ective penetration depth is directly proportional to the physical thickness of the sample.

For substances in a mixture, the dependence of absorption on concentration c is described by corollary to
Beer’s law for transmission analysis, typically expressed as a relation through the linear absorption coe�cient
and molar absorption coe�cient ": ↵ = "c. The analyte concentration multiplied by the film thickness c · d
corresponds to an areal density m/aN ,7 leading to a linear relation between A and deposited mass m for
analyte i:

A =
X

i

"0imi

where "0i =

✓
N

aN cos ✓

◆⇣
n21E

2
0

⌘✓ "i
Mi

◆
.

(S4)

The linear absorption coe�cient, molar absorption coe�cient, and refractive index (k)are related by:7,8

"i⇢i/Mi = ↵i = 4⇡ki⌫̃ log10e . (S5)

⌫̃ is the wavenumber and ⇢ is the mass density.

S2 Area coverage

In this section, we provide a mathematical argument that Eq. 4 with N/aN fixed by the IRE geometry
applies even for partial sample coverage along the dimension of beam propagation. The Lambert law for a
thin film analyzed by ATR-FTIR is given by:

A = N↵de = N↵
n21E

2
0

cos ✓
d

Consider the placement of a pure substance with volumetric mass density ⇢ and molar mass M with complete
coverage along IRE widthW perpendicular to beam. Let the IRE area through whichN⇤ reflections (N⇤ = 10

2



for our configuration) nominally pass be defined as aN⇤ = W ⇥ L. In a scenario where mass m⇤ covers the
IRE completely, m⇤ = ⇢WLd⇤ and N = N⇤. The apparent absorbance is given by

A⇤ = N⇤n21E
2
0

cos ✓
↵d⇤ = N⇤n21E

2
0

cos ✓
↵

m⇤

⇢WL
=

 
N⇤n21E

2
0

cos ✓

↵

⇢ aN⇤

!
m⇤ .

For incomplete lengthwise-IRE coverage of the same mass m⇤ = ⇢W `d, the film is deposited such that `  L
(area coverage is W ⇥ `), d � d⇤ (film is thicker), and approximately N = N⇤`/L reflections pass through
the sample. Since N⇤/WL ⇡ N/W `, the apparent absorbance is remains constant (A = A⇤) for the same
mass loading as long as the thin-film approximation is not violated:

A = N
n21E

2
0

cos ✓
↵d = N⇤ `

L

n21E
2
0

cos ✓
↵

m⇤

⇢W `
=

 
N⇤n21E

2
0

cos ✓

↵

⇢ aN⇤

!
m⇤ .

This conclusion can be extended in a straightforward manner to the Beer-Lambert law by incorporating the
concentration dependence on ↵.

S3 Single cone-jet electrospray theory

In the cone-jet mode, the cone breaks up at the tip, ejecting droplets for which the size distribution depends
on the flow rate and the electrical conductivity of the purged solution.9 Theoretically, the first droplet ejected
from the cone-jet break up plays a central rule as its charge density determines the propagation speed of
the spray and ultimately, the evaporation e�ciency.10 The radius of the first droplet Re can be estimated11

from the geometry of the cone and related parameters that a↵ect its shape such as the flow rate Q, the ratio
between the applied voltage Va and the onset voltage Vo, together with the solution density ⇢:

re =

0

BB@
⇢Q2

4⇡2 tan
�
⇡
2 � �T

� ⇣Va
Vo

⌘2
� 1

�

1

CCA

1/3

(S6)

�T is the characteristic Taylor angle (49.3�). Typically, the solvent density is used in place of the solution
density (⇢ ⇡ ⇢s). The charged droplet moves towards the grounded counter electrode dragged by electrostatic
forces while shrinking due to solvent evaporation. The shrinkage causes the charge density to increase
drastically and above a critical value qR, the surface tension is not strong enough to counterbalance the
Coulomb repulsion and the droplet bursts forming daughter droplets. The critical charge density qR at
which the disintegration takes place is called the Rayleigh limit and it is given by the following equation12:

qR =
h
8⇡2✏0�s(2re)

3
i1/2

(S7)

The same process takes place also for the daughter droplets in which disintegration leads to the complete
separation of solute molecules from the solvent and their deposition on the substrate. If the shrinkage process
is limited only by evaporation (a valid approximation for small droplets), the time �t between the emission
of the first droplet and the subsequent disintegration is critical for an e↵ective solvent separation; �t is
function of solvent vapor pressure Ps and temperature T 10:

�t = �
✓

4⇢RT

↵gvPsMs

◆
�re (S8)

�re is the di↵erence between the initial droplet radius (Eq. S6) and droplet radius at disintegration (Eq.
S7). R is the gas constant, Ms is the molar mass of the solvent, ↵g is the gas accommodation coe�cient, and
v is the thermal velocity of the molecules in the gas phase. Depending on experimental conditions, the first
fission occurs in the microsecond scale and later fissions at shorter intervals10. �t can be used as a reference
parameter to estimate the solute-to-solvent separation conditions when di↵erent solvents are compared.
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S4 ES-ATR-FTIR device

Figure S1 shows the apparatus developed and used in this work. The voltage applied to the needle is
controlled by a motherboard (USB X Series 128 channel - National Instruments) which inputs a voltage
between 0 and 10 V to a voltage amplifier (10A12 - UltraVolt, Inc.). The needle position is varied along
the long direction of the crystal by a motorized stage (MTS50/M-Z8 - 50mm - Thorlabs, Inc.) anchored on
an XYZ stage (PT3 - 25 mm, Thorlabs, Inc.) used for fine vertical and plane positioning. The solution is
injected to the needle by means of a stepper motor syringe pump. The instrumentation is kept in a purged
chamber.

Motorized  
Stage PC

DAQ 
Board

Amplifier

+ 4.5 / 5.5 kV 

Crystal

Needle

Figure S1: Photograph and diagram of the electrospray apparatus.

S5 Particle morphology

In this section, we characterize the influence of film morphology (i.e., particle formation) on the ATR
absorbance spectrum. We compare two scenarios:

• Homogeneous film of thickness d

• Packed monolayer of monodisperse spheres with height 2R

For a monolayer comprised of monodisperse spheres, let us assume an optimal compact (hexagonal) circle
packing deposition. In two dimensions, the packing density ⌘h is:

⌘h =
⇡
p
3

6
⇡ 0.91

Let the areal density ⌘R scale with vertical distance z according to the projected area of a single sphere:

⌘R(z) = ⌘hfR(z) where fR(z) =
⇡[R2 � (R� z)2]

⇡R2 =

"
1� (R� z)2

R2

#
.

A substance deposited as a packed monolayer of spheres would have a height 2R = 3d/2⌘h (⇡ 1.7d) greater
than the same mass deposited over a homogeneous film of height d. This result can be obtained by mass
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balance (with mass density ⇢):

Z d

0
⇢dz =

Z 2R

0
⇢ ⌘R(z)dz

⇢ d = ⇢ ⌘h

Z 2R

0

"
1� (R� z)2

R2

#
dz

d =
4

3
⌘hR (⇡ 1.2R) (S9)

The electric field of the evanescent wave that di↵use in the sample decays as a function of z and E(z) is
given by Eqs. S2 and S3. In the thin-film approximation with film thickness d,

lim
d!0

Z d

0
E2

0 exp
�
�2z/dp

�
dz ! E2

0d .

The apparent absorbance of a homogeneous film and packed sphere monolayer relative to that for which the
thin-film appoximation applies is given by:

Homogeneous film

R d
0 exp

�
�2z/dp

�
dz

d

Packed sphere monolayer

R 2R=3d/2⌘h

0 exp
�
�2z/dp

�
⌘R(z) dz

d
. (S10)

Calculations are shown in Figure S2.
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Figure S2: Calculated ratios of expected absorbance relative to wavelength-independent
absorbance. Parameters used for calculations: ✓ = 45�, n1 = 2.4 (ZnSe), n2 = 1.5.

The wavenumber-dependence and= magnitude of discrepancy between transmission-mode and electrosprayed
ammonium nitrate spectra suggests that the di↵erence could be due to particle deposition in the ES. There-
fore, Eq. S10 is used together with Eq. S9 to estimate an e↵ective particle diameter (2R) for electrosprayed
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ammonium nitrate by an iterative search of R that leads to the observed magnitude of discrepancy with
the transmission-mode spectra. This calculation is repeated for masses of ammonium nitrate accumulated
on the IRE by stacking experiments (Figure S3). The analysis indicates that larger particles result from
increases in the mass deposition. Even below 5 µg of loading, the particle size is estimated to be greater than
100 nm, with particles generated upon deposition of about 10 µg have estimated diameters of about 200 nm.
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Figure S3: Estimated equivalent diameter of ammonium nitrate particles deposited with
electrospray.

More generally, the penetration depth for intermediate cases between packed sphere monolayer and thin film
can be written with an arbitrary packing density ⌘0 (e.g., square packing) in place of ⌘h. In the present
case, n2 was assumed constant for all cases, but porosity (density) of the substance will a↵ect its value
according to e↵ective medium theory. Furthermore, these equations are not valid beyond the point that the
length scale of heterogeneities (either 2R or pores of air) approach IR wavelengths, as this invalidates the
possibility to consider the packed monolayer as a film with a single, refractive index by the e↵ective medium
approximation.

S6 Limit of detection

The limit of detection (LOD) was experimentally evaluated by depositing cumulatively 150 ng of docosanol
by spraying 100 µL of a solution containing 1.5 µgmL�1. Spectra were recorded using a liquid nitrogen
cooled MCT detector. The calibration curve is reported in Figure S4 where the line in blue is the resulting
linear regression from which the LOD is calculated as:

LOD =
3sY |x

b
where sY |x =

sP
(ŷi � yi)

2

n� 2
.

b is the slope of the regression line and sY |x is the mean squared error of calibration calculated from the
number of samples n, and di↵erence between observed (yi) and fitted (ŷi) values. The resulting LOD is 48
ng.
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Figure S4: Calibration curve for docosanol (⌫(�CH) = 2900 cm�1) in the submicrogram
loading range 150 – 1050 ng. Spectra were recorded using a liquid nitrogen cooled MCT
detector.

S7 Experimental details - Test set

In the following section, experimental details are given on the test set for both docosanol and ammonium
sulfate in Table S1. Additionally, a mixture spectrum of docosanol and ammonium sulfate from the test set
is shown together with a spectrum reconstructed from its pure-component contributions (Figure S5).
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Figure S5: Spectra of pure docosanol (green) and ammonium sulfate (AS in red) from
the calibration set, and a mixture spectrum from the test set (violet). Calibration sample
spectra of docosanol and ammonium spectra (15.2 and 10.5 µg of loading, respectively) were
normalized to unit mass and scaled by the calibration coe�cient to obtain equivalent mass
loadings in the mixture sample. The sum of the two spectra is shown in blue.
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Table S1: Depositions performed to obtain the test dataset for both docosanol and ammonium sulfate
shown in Figure 5a and 5b. Mass loadings indicated with (*) refer to depositions performed from a
mixture solution of docosanol and ammonium sulfate.

Compound Mass loading [µg] Solution concentration
[µg/mL]

Volume [mL] Repetitions

Docosanol 6.4 6.4 1.0 3
Docosanol 11.8 11.8 1.0 3
Docosanol 16.5 16.5 1.0 3
Docosanol 25.2 25.2 1.0 3
Docosanol 34.2 34.2 1.0 3
Docosanol 39.1 39.1 1.0 3
Docosanol 4.6* 15.2 0.3 1
Docosanol 7.6* 15.2 0.5 1
Docosanol 15.2* 15.2 1.0 1
Docosanol 22.9* 15.2 2.0 1
Amm. Sulf. 7.1 59.3 0.12 1
Amm. Sulf. 14.2 59.3 0.24 1
Amm. Sulf. 21.3 59.3 0.36 1
Amm. Sulf. 25.0 25.0 1.0 1
Amm. Sulf. 26.0 26.0 1.0 1
Amm. Sulf. 28.5 28.5 1.0 1
Amm. Sulf. 3.2* 10.6 0.3 1
Amm. Sulf. 5.3* 10.6 0.5 1
Amm. Sulf. 10.6* 10.6 1.0 1
Amm. Sulf. 15.9* 10.6 2.0 1

S8 Volatility

In this section, we provide calculations which show that cis-pinonic acid and docosanol are likely phase-
separated after evaporation of methanol solvent, and estimates of vapor pressures that drive the evaporation
for initial and final states.

S8.1 Miscibility

In order to understand a priori whether cis-pinonic acid and docosanol produce a homogeneous phase or
they separate to form a film deposition with two phases, the Hansen Solubility Parameter (HSP) has been
determined using the functional group contribution method.13 We adapted the notation outlined by Ye et
al.14 in the following description. Within the Hansen solubility framework, the total solubility parameter
�t,i determines the miscibility between two organic compounds. �t,i takes into account three types of inter-
molecular forces: dispersion forces (�d,i), dipole-dipole interactions (�p,i), and hydrogen bonding (�hb,i). All
contributions are combined according to the following equation:

�2t,i = �2d,i + �2p,i + �2hb,i .

For a particular fucntional group k in a molecule i, its contribution each intermolecular force to the solubility
can be calculated from the compiled ”molar attraction constant”, Fd,k, Fp,k, and Ehb,k

14 according the
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following equations:

�d,i =
X

k

cikFd,k

Vk
; �p,i =

qP
k c

i
kF

2
p,k

Vk
; �hb,i =

vuutX

k

cikEhb,k

Vi

where cik is the number of the functional group k in the molecule i and Vi is the molecular volume of the
compound calculated as a sum of molecular volumes of all functional groups in the molecule. The �t,i gives
a qualitative estimation of organic miscibility, but each contribution can be used to calculate the Gibbs free
energy of the mixing using the Flory-Huggins equation.15,16 For cis-pinonic acid (cpa) and docosanol (doc):

�mixG = �mixH � T�mixS = RT (ncpa +mndoc)�'cpa'doc � T [�R(ncpa ln'cpa + ndoc ln'doc)]

where ncpa and ndoc are the number of moles of cis-pinonic acid and docosanol respectively, R is the gas

constant (8.2⇥ 10�5 m3atmmol�1K�1), and T is the temperature in Kelvin. Additionally:

'cpa =
ncpa

ncpa +mndoc
; 'doc =

mndoc

ncpa +mndoc
; and m =

Vdoc

Vcpa
,

and the parameter � is the Flory-Huggins parameter defined as:

� =
Vcpa

RT

⇥
(�d,cpa � �d,doc)

2 +
1

4
(�p,cpa � �p,doc)

2 +
1

4
(�hb,cpa � �hb,doc)

2⇤ .

In the experiments reported in this work, ncpa = 8.15⇥ 10�8 mol, ndoc = 4.61⇥ 10�8 mol, and T = 296.15K.

The resulting Gibbs free energy of mixing is �mixG = 2.4⇥ 10�5 J, indicating slighlty unfavorable mixing
conditions.

S8.2 Vapor pressure estimation

Considering concentrations at two extremes: that of the bulk solution and final deposited state, we calculate
di↵erences in equilibrium vapor pressure of the substances (Table S2) that drives the rate of mass transfer.
The temperature dependencies are shown in Figure S6. Calculations are shown below.

Table S2: Thermodynamic properties. “soln” indicates bulk solution composition. x is the
mole fraction and � is the activity coe�cient. p denotes the pressure for cis-pinonic acid
(cpa) and Kp is the dissociation constant for ammonium nitrate (AN). [*] liquid mixture with
docosanol is calculated for comparison.

binary mixture tertiary mixture
form x � or �2 p or Kp x � or �2 p or Kp

cpa soln 3.3⇥ 10�6 3.9 1.3⇥ 10�5p0cpa 3.3⇥ 10�6 3.9 1.3⇥ 10�5p0cpa
solute[*] p0cpa 6.4⇥ 10�1 1.4 0.9 p0cpa

AN soln 5.4⇥ 10�6 4.3 1.3⇥ 10�10KAN(aq) NH4
+=1.2⇥ 10�5

NO3
–=5.4⇥ 10�6

4.1 2.7⇥ 10�10KAN(aq)

solute KAN(s) KAN(s)
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Figure S6: Percent change in vapor pressure with respect to 23 �C, which is the nominal
temperature of current experiments. (Note logarithmic y-axis scale.) The nominal phase of
pure cis-pinonic acid at room temperature is solid, but liquid-phase vapor pressures for cis-
pinonic acid are also shown for reference as environmental organic compound mixtures can
often be anticipated exist in non-solid phases.17,18

Organic compounds [cis-pinonic acid (cpa) and methanol (MeOH)]. The gas-particle partitioning
process of cpa and methanol can be written as reversible reactions:

cpa(s) ↵ cpa(g)

cpa(l) ↵ cpa(g)

MeOH(l) ↵ MeOH(g)

The phase state of cpa is solid at room temperature (23 �C in our experiments). As shown in the previous
section, cpa is likely phase-separated from docosanol at these conditions. However, given the larger range of
compounds with which cpa can be mixed in environmental solutions, we consider the vapor pressure of cpa
in both the solid phase and vapor phase. Only the liquid phase for MeOH is considered. The equilibrium
constants19 Ki are equal to the pure component vapor pressures for solid or subcooled liquid (ideal solution
reference):

Kcpa(s) = p0cpa(s)

Ki(l) = p0i(l) =
pi
�ixi

.

x is the mole fraction and � is the activity coe�cient, and p0 is the pure-component vapor pressure. Equi-
librium vapor pressures are given as:

pcpa(s) = Kcpa(s)

pi(l) = Ki(l)�ixi .

p0cpa(l)(T = 296.15K) = 1.1⇥ 10�7 atm is calculated with the group contribution model, SIMPOL.120.

p0cpa(s)(T = 296.15K) = 0.39 p0cpa(l) = 4.3⇥ 10�8 atm is estimated from the following equations21,22 and
values in Table S3. Terms that should be considered more generally but not specifically relevant for cis-
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pinonic acid are denoted in {·}.

p0cpa(s)(T ) = p0cpa(l)(T ) exp


�fusS

m
cpa

R

✓
1�

Tm,cpa

T

◆�

�fusS
m
cpa = �fusSaah +�fusSring +�fusScorr +�fusSgroups

�fusSaah =
X

i

niGi + nCH2
CCH2

GCH2
(S11)

�fusSring = 33.4 + 3.7(n� 3) (S12)

�fusScorr =
X

i

niGi + {CH2 group terms} (S13)

�fusSgroups =
X

i

niCiGi + {total substitution terms} (S14)

The value of �fusS
m
cpa is calculated to be 52.4 Jmol�1 K�1. The Clausius-Clapeyron equation23 is used for

estimating the change in vapor pressure (T0 = 296.15K):

p0cpa(s)(T ) = p0cpa(s)(Tm,cpa) exp


�
�subH

m
cpa

R

✓
1

T
� 1

Tm,cpa

◆�

p0i(l)(T ) = p0i(l)(T0) exp

"
�
�vapH

0
i

R

✓
1

T
� 1

T0

◆#
.

The heat of sublimation is calculated as�subH
m
cpa = �fusH

m
cpa+�vapH

m
cpa where�fusH

m
cpa = �fusS

m
cpaTm,cpa.

�vapHcpa is calculated by the SIMPOL.1 model and thermodynamic data is taken from the NIST Chemistry

Webbook24 for MeOH.

Table S3: Parameter values applicable for cpa taken from Chikos et al.21 Units of G are Jmol�1 K�1. Tm,cpa =

67.85 �C for cpa.25

Eq. Group n Parameters

(S11) primary sp3 (CH3) 3 G = 17.6
secondary sp3 (CH2) 2 G = 7.1, CCH2

= 1
tertiary sp3 (CH) 1 G = �16.4

(S12) ring 1 none
(S13) cyclic tertiary sp3 (CH(R)) 1 G = �14.7

cyclic quarternary sp3 (C(R)2) 1 G = �34.6
(S14) ketone (C––O) 1 G = 4.6

carboxylic acid (COOH) 1 G = 13.4

Ammonium nitrate (AN). Gas-particle partitioning of solid or aqueous ammonium nitrate can be
written:26

NH4NO3(s) ↵ NH3(g) +HNO3(g)

NH4
+
(aq) +HNO3

-
(aq) ↵ NH3(g) +HNO3(g) .
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For ammonium nitrate in water, the volatilization is controlled by the acid-base reaction involving ammonia
and nitric acid. The equilibrium constants for these processes are given by:

KAN(s) = pNH3
pHNO3

= exp

✓
�
�fGNH3

+�fGHNO3
��fGNH4NO3

RT

◆

KAN(aq) =
pNH3

pHNO3

�2
NH4NO3

x
NH4

+x
NO3

�
= exp

 
�
�fGNH3

+�fGHNO3
��fGNH4

+ ��fGNO3
�

RT

!

with �2
NH4NO3

is the mean mixed activity coe�cient and follows the ideal-dilute solution reference for solutes.
The temperature dependence �fGi = �fGi(T ) is calculated by:

�fGi(T ) = T

"
�fG

0
i

T0
+�fH

0
i

✓
1

T
� 1

T0

◆
+ cp,i

✓
ln

T0

T
� T0

T
+ 1

◆#

with values for�fG
0
i ,�fH

0
i , cp,i correspond to T0 = 298.15K.27 The dissociation constantsKp = pNH3

pHNO3

are given by:

Kp(s) = KAN(s)

Kp(aq) = KAN(aq)�
2
NH4NO3

x
NH4

+x
NO3

�

We obtain KAN(s)(T = 296.15K) = 34.79 ppb2 and KAN(aq)(T = 296.15K) = 2.51 ppb2. While the reported

relative humidity (RH) at which aqueous ammonium nitrate crystallizes can be as low as 0%,28–30 Wu et al.31

observed solid ammonium nitrate formation at approximately 10% RH. That water absorption bands are
not detected in our spectra does not rule out the possibility that ammonium nitrate is not fully crystallized
after deposition, we have assumed that the deposited ammonium nitrate is solid for the purposes of this
comparison.
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