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ABSTRACT: Organosulfates formed from heterogeneous reac-
tions of organic-derived oxidation products with sulfate ions can
account for >15% of secondary organic aerosol (SOA) mass,
primarily in submicron particles with long atmospheric lifetimes.
However, fundamental understanding of organosulfate molecular
structures is limited, particularly at atmospherically relevant
acidities (pH = 0−6). Herein, for 2-methyltetrol sulfates (2-
MTSs), an important group of isoprene-derived organosulfates,
protonation state and vibrational modes were studied using Raman
and infrared spectroscopy, as well as density functional theory
(DFT) calculations of vibrational spectra for neutral (RO−SO3H)
and anionic/deprotonated (RO−SO3

−) structures. The calculated
sulfate group vibrations differ for the two protonation states due to
their different sulfur−oxygen bond orders (1 or 2 versus 12/3 for the neutral and deprotonated forms, respectively). Only vibrations
at 1060 and 1041 cm−1, which are associated with symmetric S−O stretches of the 2-MTS anion, were observed experimentally with
Raman, while sulfate group vibrations for the neutral form (∼900, 1200, and 1400 cm−1) were not observed. Additional calculations
of organosulfates formed from other SOA-precursor gases (α-pinene, β-caryophyllene, and toluene) identified similar symmetric
vibrations between 1000 and 1100 cm−1 for RO−SO3

−, consistent with corresponding organosulfates formed during laboratory
experiments. These results suggest that organosulfates are primarily deprotonated at atmospheric pH values, which have further
implications for aerosol acidity, heterogeneous reactions, and continuing chemistry in atmospheric aerosols.

■ INTRODUCTION
Ambient aerosols have large impacts globally due to their
significant climate and health impacts, with exposure to
particulate matter (PM) killing 8.9 million people annually.1

Aerosols also modify climate by scattering or absorbing solar
radiation, as well as nucleating cloud droplets and ice crystals,
with aerosols currently representing the largest uncertainty with
respect to Earth’s energy budget.2−4 Organic aerosol particles
are ubiquitous globally,5 with a large fraction of fine PM (PM2.5,
mass of particles < 2.5 μm in diameter) coming from secondary
organic aerosol (SOA) (20−80%). SOA results from the
oxidation of volatile organic compounds (VOCs) to form
lower volatility products that are taken up into the condensed
(particle) phase.6 Due to their role in climate change and
negative health outcomes, there is a need to better understand
formation mechanisms, composition, and properties of SOA.6−8

Isoprene has the second highest emissions of any VOC (500−
750 Tg yr−1),9,10 and its two double bonds are primarily oxidized

by the hydroxyl radical (OH) during the daytime. As shown by
Paulot et al.,11 OH-driven photochemical reactions of isoprene
produce epoxides, such as isoprene epoxydiols (IEPOX) in high
yields. Due to its lower vapor pressure (∼0.3 Pa)12 and high
Henry’s Law Constant (∼106−108 M/atm),13−17 IEPOX
rapidly forms SOA via acid-driven reactive uptake onto ambient
aerosols.11,18 Atmospheric aerosols are primarily acidic, ranging
from pH < 0 to 6,19 with pH ≈ 1−3 the most common for
particles less than 2.5 μm.19,20 Under the acidic conditions
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common in the atmosphere, the reactive uptake of IEPOX and
other epoxides is rapid.11,18,21−25

Sulfate (SO4
2−) is another ubiquitous component of

atmospheric aerosols formed from the oxidation of sulfur
dioxide (SO2) emitted from anthropogenic and natural
sources,26,27 which represents a large fraction of PM2.5 mass.28

At low pH, protonated epoxides in the presence of sulfate ions
form organosulfates via nucleophilic attack leading to a ring-
opening reaction, including diastereomeric 2-methyltetrol
sulfates (2-MTSs).29−32 2-MTSs have been identified at high
levels in ambient aerosols from numerous locations25,29−31,33−35

and were recently shown to comprise ∼13% of the total organic
mass in PM2.5 collected fromAtlanta.36 The ubiquitous presence
and high concentrations of isoprene-derived organosulfates
make understanding their molecular properties critical.
Riva et al.37 recently showed that significant fractions of

inorganic sulfate anions (40−90%) are incorporated into
organosulfates when IEPOX is exposed to acidic particles,
which will alter both the physicochemical properties and
composition of aerosols.38 Current thermodynamic models
used to calculate aerosol acidity, such as the Extended Aerosol
Inorganics Model (E-AIM)39,40 and ISORROPIA-II,41,42 are
based on the concentration of inorganic components in addition
to temperature and relative humidity. The dynamic relationship
between inorganic-to-organic sulfate conversion and protona-
tion state of organosulfates is still poorly understood.
Herein, we investigated the dependence of organosulfate

protonation on particle acidity. We report here a detailed
analysis of the molecular structure and vibrational modes of 2-
MTSs from isoprene oxidation as a case study for the behavior of
atmospherically relevant organosulfates. We then explored
sulfate vibrational modes for organosulfates formed from other
VOCs (α-pinene, β-caryophyllene, and toluene). Synthesized 2-
MTSs standards were studied using Raman microspectroscopy,
attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy, atomic force microscopy coupled with
photothermal infrared (AFM-PTIR) spectroscopy, and optical
photothermal infrared (O-PTIR) spectroscopy. Density func-
tional theory (DFT) was used to identify the lowest energy
structures and to connect modes with experimental peak
assignments from the experimental Raman and IR spectra;
specifically, vibrational modes associated with RO−SO3

− and
RO−SO3H. Organosulfate peaks were systematically explored
as a function of pH for the 2-MTSs, and at most pH values,
deprotonated organosulfates were abundant. The molecular
characterization of isoprene-derived 2-MTSs and organosulfates
from other VOCs will aid in future studies of ambient and
laboratory-generated organosulfates, which will help in under-
standing SOA formation under a broad range of atmospheric
conditions.

■ EXPERIMENTAL METHODS
Reagents. A diastereomeric mixture of racemic 2-MTSs

(racemic 2-methylerythritol sulfate ester and racemic 2-
methylthreitol sulfate ester) was synthesized following the
method described in Cui et al.43 Briefly, 2-methyltetrols were
sulfated by pyridine-SO3, after first protecting the primary and
secondary hydroxyl groups by acetylation with acetic anhydride.
The acetyl groups were removed by ammonia to yield 2-MTSs
as NH4

+ salts. The resulting 2-MTSs were 85% pure, with a 15%
impurity of (NH4)2SO4 and a trace impurity of acetamide and
were used without further purification. The identity and purity
of 2-MTSs were verified by nuclear magnetic resonance (NMR).

The pH of the synthesized 2-MTS standard was determined to
be 1.3 ± 0.3 using pH indicator paper, according to the
procedure outlined by Craig et al.44

Sample Preparation. 2-MTSs were dissolved in 18.2 MΩ
Milli-Q water to make a 14mM solution. The pH of the solution
of 2-MTSs dissolved in water is 3 as measured by an electronic
pH probe (HI2002 edge pH, Hanna Instruments). To explore
the effect of pH, H2SO4 or NH4OH was added dropwise into
aliquots of 2-MTSs solution to control the bulk solution pH at
values varying between 0 and 10. This pH range was chosen
because 2-MTSs are hydrolyzed45,46 under highly acidic
conditions (pH < 0) and break down at more basic conditions
(pH > 10). Each aliquot was well mixed, and the pH values were
measured using the pH probe.

Raman Microspectroscopy. Aqueous 2 μL droplets were
pipetted onto quartz substrates (Ted Pella Inc.) and analyzed
using a Raman microspectrometer (LabRAM HR Evolution,
HORIBA, Ltd.) at laboratory relative humidity (30−40%) and
temperature (20−25 °C). The Raman spectrometer was
equipped with a confocal optical microscope (100× SLMP
long working distance Olympus objective, 0.9 numerical
aperture) and a CCD detector. A 532 nm Nd:YAG laser source
(32 mW) passed through a neutral density filter at 100%
transmission. An 1800 groove/mm diffraction grating was used,
yielding ∼0.7 cm−1 spectral resolution. Calibrations for the
Raman spectrometer were conducted every 24 h using a silicon
wafer standard against the Stokes Raman signal of pure Si at 520
cm−1.47 Sample spectra were collected with three accumulations
at 15 s acquisition times from 500 to 4000 cm−1, during which
the droplets noticeably evaporated under the laser, but spectra
were consistent. The experimental Raman spectra shown in
subsequent figures are each an average of five spectra and
normalized by the quartz mode at 800 cm−1.

Photothermal Infrared Spectroscopy (PTIR). Atomic
force microscopy photothermal infrared spectroscopy (AFM-
PTIR; Bruker, Santa Barbara, CA) was used to collect PTIR
spectra of the 2-MTS standard on a silicon substrate (Ted Pella
Inc.). AFM-PTIR consists of an AFM integrated with a quantum
cascade laser (QCL) source with a tuning range of 880 to 1950
cm−1 and an average spectral resolution of 2 cm−1 and an optical
parametric oscillator (OPO) laser that covers the 2700−3600
cm−1 window with 4 cm−1 spectral resolution. The PTIR spectra
were collected in tapping IR mode using a gold coated
microfabricated silicon probe (Bruker, Santa Barbara, CA).
The tip had a resonance frequency of 70 kHz and spring strength
of 1−7 N. IR spectra were collected at a scan rate of 100 cm−1

s−1. We note that at the time of collection, that the third and
fourth chips of the QCL laser between 1420 and 1700 cm−1 were
either not functioning correctly, there was an alignment issue, or
there was an issue with the AFM tip resulting in limited signal in
this region of the spectrum.
To complement the AFM-PTIR results, optical photothermal

infrared (O-PTIR) spectroscopy was also used. The mIRage
infrared + Raman microscope (Photothermal Spectroscopy
Corp.) consists of a visible objective (4×, 0.13 numerical
aperture, 17.3 mm working distance, Nikon Plan Fluor), a
Cassegrain reflective objective for simultaneous use of IR and
visible lasers (40×, 0.78 numerical aperture, 8.3 mm working
distance, 55 μm × 42 μm field of view), and the same QCL laser
(880 to 1950 cm−1) and OPO laser (2700−3600 cm−1). This
instrument was recently developed and used to characterize
submicron aerosol particles without contacting the sample,48

unlike AFM-PTIR. The instrument and theory have been
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described in detail in a previous study.49 For this application,
PTIR spectra were collected at a scan rate of 100 cm−1/s for 15 s
acquisitions and averaged over three accumulations. The IR
laser repetition rate was set at 100 kHz and 300 ns per pulse, and
the IR power and visible laser were set to approximately 4−10
mW each. An average of 10 spectra were collected for each 2-
MTS sample.
Attenuated Total Reflectance-Fourier Transform In-

frared (ATR-FTIR) Spectroscopy. Bulk 2-MTS standard was
transferred to the ATR crystal and analyzed using a Thermo
Nicolet iS50 FTIR spectrometer (Thermo Scientific). An FTIR
spectrum was collected from 400 to 4000 cm−1 at a resolution of
4 cm−1 and averaged over 32 scans at ambient temperature (∼25
°C).
Density Functional Theory Calculations. Theoretical

calculations were carried out on the organosulfate species
considered in this study using the Gaussian 16 and 16W suite of
programs.50 DFT calculations used the hybrid B3LYP functional
to locate energy minima, determine structures, and calculate
vibrational spectra. Final calculations with full geometry
optimization employed the 6-311++G(3df,3pd) basis set, after
initial calculations with lower-level basis sets were run to
approximate the energy minima. This level of theory has
previously been shown to effectively reproduce organosulfate
vibrational frequencies.25 All calculated frequencies presented in
this manuscript are unscaled.

■ RESULTS AND DISCUSSION
Given the range of aerosol acidities in the atmosphere (∼0−6)19

and unknown pKa of 2-methyltetrol sulfate esters (2-MTSs),38 it
is important to understand both the neutral and deprotonated
structures. Since the synthetic standard is a racemic mixture of 2-
MTSs diastereomers (2-methylerythritol sulfate ester and 2-
methylthreitol sulfate ester), molecular structures were calcu-
lated for both. 2-MTS skeletal structural formulas without
stereochemistry are shown in Figure 1A,C for the anionic (2-
MTS−) and neutral forms (2-MTSH), respectively. Optimized
structures from DFT are shown for both protonation states of 2-
methylerythritol sulfate ester in Figure 1B,D. Corresponding
optimized structures for the anionic and neutral forms of 2-
methylthreitol sulfate ester are shown in Figure S1 in the
Supporting Information. Given a lack of appreciable differences
in the calculated structures and spectra (see below), 2-
methylerythritol sulfate ester is discussed henceforth in the
manuscript and referred to as 2-MTS.
To provide greater confidence that the calculated structure

above was the lowest energy structure, energies of multiple
rotamers of the different enantiomers of the deprotonated and
neutral 2-MTS were calculated. Different internal rotations in
these species can lead to a range of structures, particularly for
molecules such as the 2-MTSs with multiple functional groups
capable of hydrogen bonding and the potential for differing
numbers of internal hydrogen bonds. For the 2-MTS− anion,
three sample rotamers were calculated, one with no internal
hydrogen bonding, one with a single hydrogen bond, and one
with two hydrogen bonds. As expected, the rotamer with two
internal hydrogen bonds (one hydroxyl to sulfate moiety and the
two other hydroxyl groups hydrogen bonding with each other)
has the lowest energy, followed by a rotamer with two hydrogen
bonds to the sulfate moiety that is 1.8 kcal/mol higher in energy,
and a rotamer with one hydrogen bond that is 3.2 kcal/mol
higher in energy. The highest in energy was the non-hydrogen
bonded rotamer, over 12 kcal/mol higher than the lowest energy

rotamer. It is noteworthy that the calculated vibrational spectra
of the three rotamers had quite similar frequencies and
intensities, particularly for the vibrations of the sulfate moiety.
It is unlikely that there are additional prominent rotamers with
vibrational spectra that differ significantly from these three. This
provides greater confidence in analyses comparing both
experimental and calculated vibrational spectra, as well as
between protonation states.
Important distinctions between the anion and neutral

structures are evident from the bond order of the sulfur−
oxygen bonds of the sulfate groups, as well as the orientation of
the sulfate and hydroxyl groups. The 2-MTS− anion has three
equivalent sulfur−oxygen bonds of order 12/3 due to resonance,
whereas the neutral molecule has two equivalent double bonds
(S�O) as well as a single bond (S−O) between sulfur and the
protonated oxygen. The order of the other S−O bond where the
sulfate group bonds to the carbon backbone is the same between
the structures of the two protonation states.
Both 2-MTS protonation states show the sulfate group

hydrogen bonding to the hydroxyl group on the C4 terminal
carbon. However, depending on the protonation state, the
sulfate and hydroxyl groups rotate, and the hydrogen bonding
switches from the oxygen of the sulfate group and the hydrogen
of the C4 hydroxyl group for 2-MTS− (1.73 Å) to the hydrogen
of the sulfate group and the oxygen of the C4 hydroxyl group for
2-MTSH (1.67 Å), resulting in a slightly shorter H-bond,
indicative of a stronger H-bond, for the neutral structure.
Additionally, while not interacting with the sulfate groups, the
remaining two hydroxyl groups of each structure interact with
each other. For the 2-MTS anion, the hydrogen of the C1
terminal hydroxyl group hydrogen bonds to the oxygen of the
C3 hydroxyl group (1.94 Å). For the neutral 2-MTSH, the
oxygen of the C1 terminal hydroxyl group hydrogen bonds to
the hydrogen of the C3 hydroxyl group (1.89 Å). The

Figure 1. (A) Skeletal formula of the 2-MTS anion (2-MTS−) without
stereochemistry. (B) Ball-and-stick model of deprotonated 2-
methylerythritol sulfate ester, with hydrogen bonding indicated by
dashed lines. (C) Skeletal formula of neutral 2-MTS (2-MTSH)
without stereochemistry. (D) Ball-and-stick model of neutral 2-
methylerythritol sulfate ester, with hydrogen bonding indicated by
dashed lines. Geometry for both ball-and-stick models was optimized
with B3LYP/6-311++G(3df,3pd), and spheres were scaled by 75% of
their atomic radii. See Supporting Information for skeletal formulas and
ball-and-stick models of the anion and neutral of the other
diastereomer.
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orientation of these hydrogen-bonded hydroxyl groups for the
anionic and neutral forms shifts approximately 180° at the same
time the C4 terminal hydroxyl rotates based on the protonation
state of the sulfate group. As is evident from the H-bond lengths,
hydrogen bonding of the hydroxyl groups is not as strong as the
hydrogen bonding involving the sulfate functional groups. The
structural differences observed between the different molecules
illustrated in Figure 1 result in distinct differences in the Raman
and IR spectra, as discussed below.
It is important to identify the key modes in the 2-MTS Raman

spectra and correlate them with spectra calculated from the
optimized structures in Figure 1, as 2-MTSs are much more
abundant than 3-methyltetrol sulfates (3-MTS),36,37,51 which
are the other isoprene-derived organosulfates to be analyzed
with both Raman and DFT (though not previously with IR).25

Figure 2 shows an experimental Raman spectrum of the

synthetic 2-MTS standard dissolved in water at pH = 3
(green), as well as the calculated Raman spectra of the anion
(blue) and neutral (red) forms of 2-MTS. Calculated vibrational
spectra (Raman and IR) for the other diastereomer of 2-MTS
are shown in Figures S2−S5. The vibrational spectra and the
accompanying animations of vibrational motion provided by

Gaussian are used to determine peak assignments, and DFT
modes corresponding to sulfur−oxygen stretches are empha-
sized with thicker and darker lines pointed to by a vertical arrow.
Due to the similarity in frequency and relative intensity of two
major peaks between the experimental and calculated anion
spectra (1041 and 1060 cm−1 versus 1031 and 1069 cm−1,
respectively), as well as the absence of the major peak (1209
cm−1) in the calculated neutral spectra, 2-MTS likely exists
primarily in its deprotonated form at pH = 3.
The strong modes at 1041 and 1060 cm−1 are assigned to the

symmetric stretch of the sulfate group, νs(SO3
−), which is

consistent with a bond order (12/3) roughly halfway between
that of a S−O single bond (900 cm−1) and a S�O double bond
(1200 cm−1).52 While one SO3

− symmetric stretch is anticipated
for the isolated anion based on group theoretical analysis,52 two
bands are observed here in this region. This is due to strong
coupling of the SO3

− symmetric stretch to a stretching mode of
the carbon skeleton of the organic substituent in this spectral
region. This coupling leads to “borrowing or sharing of
intensity” and the presence of two bands of comparable
intensity. On the other hand, the symmetric stretch of the
HSO3 unit in the neutral molecule comes around 900 cm−1, not
near the stretching mode of the carbon skeleton. As a result,
coupling does not occur. These observations are borne out
clearly when the DFT-calculated vibrations are animated. It
should be noted that bisulfate has a vibration ∼1040 cm−1 as
well,53−56 but not at ∼1060 cm−1, making 1060 cm−1 the more
unambiguous marker for νs(SO3

−) from organosulfates.
The mode at 741 cm−1 is attributed to overlapping peaks from

a skeletal mode of the carbon backbone, δ(C−C−C−C), and
stretching of the S−Obond where the sulfate group bonds to the
carbon backbone, ν(RO−SO3

−). The mode at 1202 cm−1 is
assigned to the sulfate group antisymmetric stretch, νas(SO3

−),
which has much weaker Raman scattering than the νs(SO3

−)
mode. The peak at 1460 cm−1 corresponds to bending of the
methylene andmethyl groups, δ(CH2 and CH3), while stretches
(ν(CH2) and ν(CH3)) are observed between 2800 and 3100
cm−1. Greater deviations between experimental and calculated
spectra were observed for the C−H stretching modes due to the
anharmonic nature of the potential surface. Higher frequency
vibrations sample a higher energy portion of the potential well, a
portion which is more anharmonic than the lower energy
region.57 In contrast, Gaussian applies the harmonic oscillator
approximation to calculate vibrational frequencies, leading to
greater differences between experiment and calculation for
higher frequency modes. The weak, broad mode between 3350
and 3600 cm−1 is assigned to both stretching of the hydroxyl
groups, ν(OH), and contributions from water, with the broad
nature due to hydrogen bonding. Residual aqueous sulfate and
ammonium impurities from synthesis are present at 976 and
3113 cm−1, consistent with νs(SO4

2−)58−60 and νas(NH4
+),61

respectively. Table 1 summarizes the vibrational assignments for
the experimental and calculated Raman active peaks of 2-MTS−.
All frequencies and intensities from the DFT calculations, are
given in Tables S1 and S2, for 2-MTS− and 2-MTSH,
respectively. Tentative vibrational assignments for observed
modes not assigned to the organosulfate molecule, such as those
from inorganic residuals from synthesis and fluorescent
byproducts (discussed in more detail below), are given in
Table S3.
According to the work of Darer et al.45 and Hu et al.,46

isoprene-derived tertiary organosulfates are less thermodynami-
cally stable than isoprene-derived organosulfates with primary

Figure 2. Experimental Raman spectrum of aqueous 2-MTS droplets
initially at pH = 3 (green) and calculated Raman spectra of anion (blue)
and neutral (red) forms of 2-MTS. The experimental Raman data
shown is an average of five measurements with the light green shading
showing their standard deviation, which is small indicating the
reproducibility of the spectra. Thicker and darker lines emphasized
by vertical arrows indicate DFT modes associated with stretching of a
sulfur−oxygen bond. Due to similarities with the DFT anion spectrum,
2-MTS is likely to be deprotonated in the experimental spectrum, and
consistent assignments are labeled. Labels written in gray denote
assignments for inorganic residual species from 2-MTS synthesis. Note
that the intensity scale of the lower frequencymodes in the DFT spectra
(511−1750 cm−1) is enhanced 10× in comparison to the higher
frequency modes (2650−3600 cm−1) to improve legibility. Cross (+)
denotes fluorescence.
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and secondary sulfate groups, which leads the tertiary organo-
sulfates to undergo hydrolysis much more quickly under strong
acidic conditions (pH < 0). Nevertheless, 2-MTSs are predicted
to be stable against hydrolysis at pH > 0 on the time scale of
atmospheric particle lifetimes (1−2 days). Due to this stability,
pH effects on vibrational spectra were explored.
Figure 3 depicts aqueous phase experimental Raman spectra

of 2-MTS at pH = 0.05, 0.58, 0.96, 1.53, 1.95, 2.07, 2.41, 2.95,

3.93, 4.57, 5.22, 5.89, 6.60, 7.31, 7.84, 8.23, 8.86, 9.18, 9.70, and
10.03. In general, the spectra for pH values above 2 are very
similar to the spectrum at pH 3 shown in Figure 2. While these
spectra vary in intensity across acidities, there was no apparent
trend as a function of pH. Below pH= 2, new peaks denoted with
a cross are clearly evident at 915, 1181, 1326, and 1575 cm−1,
while the definition of the νs(SO3

−) modes decreases
significantly. Due to the simultaneous decay of modes associated
with C−H stretching between 2800 and 3100 cm−1 as well as
visible browning of our initially colorless droplets under the
more acidic conditions (see Figure S6), we hypothesize that
these peaks are the results of fluorescent degradation products
formed by photochemistry involving photons from the 532 nm

laser, potentially due to dehydration, and are a focus of future
work.
Figure 4 depicts the experimental ATR-FTIR spectrum of 2-

MTS (green) and the calculated IR spectra for deprotonated

(blue) and protonated (red) 2-MTS from DFT. Notably the
pure standard analyzed had a much lower pH (1.3 ± 0.3) than
the aqueous droplet (pH = 3) used in Figure 2. As a result, the
experimental IR spectrum suggests the presence of a mixture of
anionic and neutral forms of 2-MTSs in the standard. The
calculated infrared active modes associated with the sulfur−
oxygen stretches, emphasized with thicker and darker lines and
pointed to by a vertical arrow, are very strong. Peak fitting was
used to deconvolute overlapping peaks in the experimental
spectrum that appear as a broad peak with a shoulder, such as
those around 1200 and 1450 cm−1. Modes at 1004 and 1034
cm−1 were assigned to νs(SO3

−) and 1196 cm−1 to νas(SO3
−)

from the 2-MTS anion. Peaks at 886 and 911 cm−1 are attributed
to the antisymmetric and symmetric stretches of the neutral 2-
MTS sulfur−oxygen single bond, ν(S−O). Peaks at 1209 and
1451 cm−1 are attributed to the symmetric and antisymmetric
stretches of the neutral 2-MTS sulfur−oxygen double bond,
ν(S�O). Note that during ATR-FTIR (and AFM-PTIR)
analysis the particles are not exposed to 532 nm light, unlike for
Raman and O-PTIR analysis. This may explain the observation
of the protonated form rather than degradation products, with
photochemistry leading to browning of the sample and
fluorescent peaks.
Figure 5 compares the experimental spectra of 2-MTS

standard by ATR-FTIR (green), O-PTIR (blue), and AFM-

Table 1. Peak Assignments for Experimental and Calculated
Raman Spectra of 2-MTS Anion. Frequencies Units Are cm−1

Raman Frequencies (cm−1)

Experimental Calculated (Anion) Assignment

741 730 δ(C−C−C−C)
731 ν(RO−SO3

−)
1041 1031 νs(SO3

−)
1060 1069 νs(SO3

−)
1202 1221 νas(SO3

−)
1460 1487 δ(CH2 and CH3)
2846 2959 νs(CH2)
2894 3007 νas(CH2)
2953 3059 νs(CH3)
2988 3097 νas(CH2)
∼3350−3600 3831 ν(OH)

Figure 3. Raman spectra of 2-MTS in aqueous droplets (experimental)
normalized by quartz substrate mode. Acidity of droplet indicated by
color bar. Assignments are consistent with the deprotonated 2-MTS
shown in Figure 2. Below pH = 2, certain modes, including those
identified with a cross (+), are likely the result of fluorescent reaction
products.

Figure 4. Experimental ATR-FTIR spectrum of 2-MTS standard
(green) and calculated DFT IR spectra of anion (blue) and neutral
(red) forms of 2-MTS. Thicker and darker lines emphasized by vertical
arrows indicate DFT modes associated with stretching of a sulfur−
oxygen bond. 2-MTS is assumed to be a mixture of anion and neutral
forms in the experimental spectrum, and consistent assignments are
labeled with corresponding colors. Labels written in gray denote
assignments for inorganic residual species from 2-MTS synthesis.
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PTIR (pink). To our knowledge, these are the first PTIR spectra
of 2-MTS. As PTIR is a recently developed approach to allow IR
microspectroscopy below the diffraction limit,48 the generally
good agreement between the different techniques supports
future use of O-PTIR and AFM-PTIR for probing organo-
sulfates. The νs(SO3

−) peak assigned to 1034 cm−1 for ATR-
FTIR is observed at 1035 cm−1 for O-PTIR and at 1038 cm−1 for
AFM-PTIR. Similarly, the peak assigned to νas(SO3

−) at 1196
cm−1 for ATR-FTIR, is clearly seen with a maximum at 1221
cm−1 by both O-PTIR and AFM-PTIR, whereas the peak
assigned to νs(S�O) at 1248 cm−1 by ATR-FTIR only appears
in the AFM-PTIR spectrum at 1258 cm−1. The νas(S�O) peaks
are similar at 1430 cm−1 for ATR-FTIR, 1443 cm−1 for O-PTIR,
and 1448 cm−1 for AFM-PTIR. The apparent absence of
δ(H2O) peaks around 1650 cm−1 for AFM-PTIR can be
explained by a QCL chip performance issue when the spectrum
was collected. The agreement among the spectra affirms
confidence in using PTIR to analyze organosulfates in future
studies. Table 2 summarizes the tentative vibrational assign-
ments for the experimental and calculated IR active peaks of 2-
MTS. Tentative vibrational assignments for observed modes not
assigned to the organosulfate, such as those from inorganics, can
be found in Table S4.
While experimental microspectroscopy of organosulfate

standards provides the most reliable information about the
vibrational spectra of these molecules, authentic standards for
most atmospherically relevant organosulfates are not available.
In the absence of synthesized standards, DFT calculations are
extremely valuable. Thus, DFT calculations were performed for
several atmospherically relevant organosulfates listed in Table 3
by both their common name and IUPAC name. Therein, the
skeletal formula of the compounds and geometry-optimized
tubemodels for both the anion and neutral structures are shown.
The same organosulfates are listed in Table 4 along with their

VOC precursors: isoprene, α-pinene, β-caryophyllene, and

toluene. SOA from each of these precursors was generated in
a series of laboratory chamber experiments described in Lei et
al.,62 and the major Raman mode associated with the
organosulfate products for each are also given. Experimental
Raman measurements of the sulfur−oxygen stretches of the
available synthetic organosulfate standards, measured in this
work and previously by Bondy et al.,25 are given for the isoprene-
derived organosulfates. These modes are associated with the
symmetric sulfate stretch of the organosulfate anion. Further-
more, they are consistent with the modes of both the OS-
containing isoprene SOA mixture experimentally measured at
1052 cm−1, as well as the DFT calculations for the deprotonated
forms of these isoprene-derived OS compounds. While the
organosulfates formed from the other three precursors do not
have synthesized standards, and consequently do not have
experimentally measured Raman modes in Table 4, their
experimental SOA measurements also align well with the
symmetric stretch of the 12/3 sulfur−oxygen bonds from the
anion DFT calculations. In contrast, the calculated stretches of
the single and double sulfur−oxygen bonds of the neutral forms
of all organosulfates are 100 cm−1 or more away from the
measured SOA mixtures.
The vibrational frequencies associated with sulfur−oxygen

stretches, as calculated by DFT, are shown in Figure 6. These
modes generally do not overlap for the two protonation states
for either the Raman- or IR- active modes. Since the
organosulfate-containing SOA at atmospherically relevant pH
aligns well with the anion calculations, it is expected that
organosulfates are primarily deprotonated in ambient aerosols.

■ CONCLUSION
While organosulfates are ubiquitous globally within atmospheric
PM2.5, their vibrational modes and their pH-dependent behavior
are not well understood. Vibrational analysis of 2-MTSs was
carried out across a range of acidities (pH = 0−10) using Raman
and infrared spectroscopies (ATR-FTIR, AFM-PTIR, and O-
PTIR), and corroborated with DFT calculations using the
B3LYP functional with the 6-311++G(3df,3pd) basis set. DFT
calculations revealed that the deprotonated spectrum for 2-

Figure 5. Experimental spectra of pure 2-MTS standard collected by
ATR-FTIR (green), O-PTIR (blue), and AFM-PTIR (pink). X marks
along the x-axis indicate the QCL chip transitions for both PTIR
methods. The light pink portion of the AFM-PTIR spectrum indicates a
QCL chip performance issue or AFM tip issue and contributes to the
uneven chip transition at ∼1420 cm−1. The sharp dip in the O-PTIR
spectrum at 1700 cm−1 is also related to a chip transition. Hash symbols
(#) are for peaks assigned to δ(H2O).

Table 2. Peak Assignments for Experimental IR Spectra of the
2-MTS Standard, as Measured by ATR-FTIR, O-PTIR, and
AFM-PTIR, as Well as the Calculated IR Spectra of Anion
and Neutral 2-MTSa

Experimental IR Calculated IR

Anion Neutral

ATR-
FTIR

O-
PTIR

AFM-
PTIR Freq. Assign. Freq. Assign.

<600 - - 608 δ(SO3
−) 541 δ(SO3H)

737 - - 731 ν(RO−
SO3

−)
880 - - 886 νas(S−O)
904 - - 911 νs(S−O)
1004 n.d. n.d. 1031 νs(SO3

−)
1034 1035 1038 1069 νs(SO3

−)
1196 1221 1215 1221 νas(SO3

−)
1248 n.d. 1258 1209 νs(S�O)
1430 1443 1448 1451 νas(S�O)
3065 - - 3187 ν(OH)
3204 - - 3388 ν(OH)

aFrequencies have units of cm−1. Dashes (−) indicate out of
acquisition range, and n.d. indicates not detected.
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Table 3. Chemical Structures of Atmospherically-Relevant Organosulfates Depicted as Skeletal Formulae and Tube Modelsa

aWhere not included in name, precursor VOC added in parentheses. Geometry for the tube models were optimized with B3LYP/6-311+
+G(3df,3pd). 3-Methyltetrol sulfate structures are calculated at a higher level of theory than in Bondy et al.

Table 4. Atmospherically-Relevant Organosulfates, Their Precursors, Sulfur−Oxygen Stretches of Related OS-Containing SOA
or Synthesized Standards asMeasured Experimentally by RamanMicrospectroscopy, and Sulfur−Oxygen Stretches as Calculated
by DFT and Distinguished within Parentheses. Asterisk (*) Indicates Experimental Results from This Work

Anion Neutral

OS-containing SOA mixtures62 νs(SO3) ν(S−O) ν(S�O)

Molecule Precursor VOC Exp Exp Calc Calc Calc

2-Methyltetrol sulfate* Isoprene 1052 1041, 1060 (1031, 1069) (886, 911) (1209, 1451)
3-Methyltetrol sulfate25 1047, 1064 (1029, 1055) (822, 971) (1214, 1453)
2-Methylglyceric acid sulfate25 1053, 1066 (1031, 1092) (783, 869) (1212, 1445)
α-Pinene sulfate α-Pinene 1072 − (1004, 1022) (879, 975) (1211, 1444)
β-Caryophyllene sulfate β-Caryophyllene 1072 − (1042, 1073) (825, 845) (1195, 1399)
3-Methylphenyl sulfate Toluene 1064 − (1002, 1047) (862, 944) (1214, 1434)
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MTSs was most similar to the experimental Raman and infrared
spectra collected.
Distinct organosulfate modes were identified for 2-MTSs and

explored for organosulfates formed from other VOC precursors.
For the aqueous Raman spectra of 2-MTSs, the strongest modes
at 1041 and 1060 cm−1 were assigned to νs(SO3

−). For the
infrared spectra of the 2-MTS standard, the modes around 1034
and 1196 cm−1 were assigned to νs(SO3

−) and νas(SO3
−),

respectively. Similar sulfur−oxygen stretches were observed in
modes for other deprotonated organosulfates calculated for
isoprene (i.e., 3-methyltetrol sulfates and 3-methylglyceric acid
sulfates), as well as those derived from α-pinene, β-
caryophyllene, and toluene. These modes were consistent with
those identified for organosulfates formed from those VOC
precursors during laboratory SOA formation experiments.62

These new physical insights into organosulfate structures and
vibrations using synthesized 2-MTS and calculations of other
organosulfate vibrational modes will aid in future studies
identifying organosulfates in submicron aerosol particles during
ambient and laboratory studies. Ultimately these insights will
improve understanding of organosulfate behavior in aerosol and
guide future representations of these species and their reaction
mechanisms in atmospheric models.63
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