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Abstract. Aerosol mass spectrometry (AMS) and mid-
infrared spectroscopy (MIR) are two analytical methods for
characterizing the chemical composition of organic matter
(OM). While AMS provides high-temporal-resolution bulk
measurements, the extensive fragmentation during the elec-
tron ionization makes the characterization of OM compo-
nents limited. The analysis of aerosols collected on poly-
tetrafluoroethylene (PTFE) filters using MIR, on the other
hand, provides functional group information with reduced
sample alteration but results in a relatively low temporal res-
olution. In this work, we compared and combined MIR and
AMS measurements for several environmental chamber ex-
periments of combustion-related aerosols to achieve a better
understanding of the AMS spectra and the OM chemical evo-
lution with aging. Fresh emissions of wood and coal burning
were injected into an environmental simulation chamber and
aged with hydroxyl and nitrate radicals. A high-resolution
time-of-flight AMS measured the bulk chemical composition
of fine OM. Fine aerosols were also sampled on PTFE fil-
ters before and after aging for the offline MIR analysis. After
comparing AMS and MIR bulk measurements, we used mul-
tivariate statistics to identify the functional groups associated
the most with the AMS OM for different aerosol sources
and oxidants. We also identified the key fragment ions result-
ing from molecules containing each functional group for the
complex OM generated from biomass and fossil fuel com-
bustion. Finally, we developed a statistical model that en-
ables the estimation of the high-time-resolution functional
group composition of OM using collocated AMS and MIR

measurements. AMS spectra can be used to interpolate the
functional group measurements by MIR using this approach.
The latter allows us to better understand the evolution of OM
during the aging process.

1 Introduction

Particulate matter (PM) impacts visibility, climate, and hu-
man health (Hallquist et al., 2009). Organic matter (OM),
which accounts for an important fraction of total fine at-
mospheric PM mass, has profound effects on aerosol-related
phenomena (Turpin and Lim, 2001; Russell, 2003; Shiraiwa
et al., 2017). Characterizing the organic fraction is necessary
to reduce the uncertainties associated with the impact of PM
and can in turn affect the policies related to climate change
and air quality management (Zhang et al., 2011; Turpin and
Lim, 2001). Nonetheless, the chemical composition of OM
and its formation mechanisms have not yet been fully under-
stood due to their complexity.

Different analytical and computational techniques exist for
the determination of the chemical composition of OM and
especially secondary organic aerosols (SOAs). Modeling all
important SOA-related reactions and species is not feasible
for three-dimensional models (Jathar et al., 2015), and sim-
ple models do not always reproduce the measured concentra-
tions of OM (Volkamer et al., 2006; Theodoritsi et al., 2021).
Among the analytical techniques, aerosol mass spectrome-
try (AMS) and mid-infrared (MIR) spectroscopy are able to
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provide bulk chemical information for most of the OM mass
(Hallquist et al., 2009).

AMS provides information about the chemical composi-
tion of OM and its temporal variations in terms of ensem-
ble mass spectra acquired over short time intervals (Zhang
et al., 2011). Aerodyne Research aerosol mass spectrom-
eter (used in this work and referred to as “AMS”) is the
most widely used thermal-desorption-based mass spectrom-
eter in aerosol research. AMS is capable of quantifying non-
refractory species (e.g., sulfate, nitrate, ammonium, chloride,
and OM) by thermal vaporization (typically at 600 °C) and
electron ionization (EI; typically at 70eV) (Canagaratna et
al., 2007). In spite of the valuable information that AMS pro-
vides, the AMS OM fragment ions are not molecule-specific,
and AMS spectra are difficult to interpret due to the exten-
sive fragmentation of molecules with the high-energy elec-
tron ionization and flash vaporization. This limits the level of
molecular details that can be extracted from the AMS mass
spectra (Canagaratna et al., 2007; Kumar et al., 2018; Faber
et al., 2017; Chhabra et al., 2011). OM components can also
undergo oxidation, dehydration, and/or decarboxylation re-
actions inside the AMS ionization chamber (Canagaratna et
al., 2015). In addition, uncertainties regarding the relative
ionization efficiency (Xu et al., 2018), fragmentation tables
(Aiken et al., 2008), the gas-phase interference (Canagaratna
et al., 2015), and the collection efficiency (Frossard et al.,
2014) have been reported. There are soft ionization methods
such as electrospray ionization (ESI) and chemical ionization
(CI) that minimize the analyte fragmentation at the expense
of the variable ionization efficiency and the signal-to-noise
ratio (Lopez-Hilfiker et al., 2019; Noziere et al., 2015; Iyer
et al., 2016; Zahardis et al., 2011).

MIR spectroscopy, which is commonly performed off-line
on polytetrafluoroethylene (PTFE) filters (Maria et al., 2002;
Takahama et al., 2013; Ruthenburg et al., 2014), is used as
a complementary method to AMS in this work. This non-
destructive method gives direct functional group informa-
tion, provides measurements consistent with commonly used
instruments in monitoring networks (Boris et al., 2019), and
is capable of differentiating between the composition of dif-
ferent oxidized OMs. For example, Liu et al. (2012) observed
very similar AMS mass spectra for several SOA samples,
while the complementary MIR spectra indicated clear chem-
ical differences for these aerosols. In addition to functional
group quantification, MIR spectroscopy has been recently
used to quantify biomass burning markers in the atmospheric
aerosols (levoglucosan and lignin-like compounds; Yazdani
et al., 2021b). However, MIR spectroscopy on filters has low
temporal resolution compared to online instruments such as
AMS (Faber et al., 2017; Yazdani et al., 2021b). Moreover,
the volatilization of volatile organic compounds from PTFE
filters during or after the sampling period can affect the OM
mass and composition (Subramanian et al., 2004). Uncertain-
ties regarding the variable absorptivities of different organic
molecules (Hastings et al., 1952), peak overlaps (Pavia et al.,
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2008), light scattering by the filter membrane, and the PTFE
interference (Takahama et al., 2013) have also been reported
for this technique.

Past studies compared AMS and MIR OM, O : C, and pos-
itive matrix factorization (PMF) factors in field campaigns
(Gilardoni et al., 2009; Russell et al., 2009b; Frossard et al.,
2011; Liu et al., 2011; Corrigan et al., 2013; Frossard et al.,
2014) and reported reasonable agreement between the instru-
ments despite the aforementioned uncertainties. Two con-
trolled laboratory studies tried to understand the relationship
between fragment ions and functional groups (Faber et al.,
2017; Russell et al., 2009a) using univariate correlations. In
this work, we compare and combine AMS and MIR mea-
surements for the OM of moderate to high complexity from
biomass burning and coal combustion emissions, two ma-
jor sources of atmospheric OM, in an environmental simula-
tion chamber. We apply additional uni- and multivariate tech-
niques to further interpret the relationships between more
than 300 AMS fragment ions and 4 MIR functional groups,
as well as to provide a method to predict the high-time-
resolution evolution of functional groups using only AMS
spectra.

2 Methods

In the following sections, the experimental setup (Sect. 2.1)
and online and off-line measurement techniques (Sect. 2.2
and 2.3) are described. Thereafter, statistical methods used
for combining AMS and MIR measurements are explained
(Sect. 2.4-2.6). The experimental setup, procedure, and data
used in this work are the same as those reported by Yazdani
et al. (2021b).

2.1 Laboratory experimental setup and procedure

Briefly, we conducted four wood burning (WB) experiments
with beech wood logs and five coal combustion (CC) exper-
iments with bituminous coal using ordinary modern stoves
(Bruns et al., 2015). The emissions were diluted and then in-
jected into a 6 m> Teflon bag environmental chamber at the
Paul Scherrer Institute (PSI) in Villigen, Switzerland. The
emissions were held in the chamber for 30 min after injec-
tion to improve mixing. Thereafter, primary emissions were
chemically aged using the hydroxyl or nitrate radical in or-
der to simulate daytime and nighttime aging mechanisms, re-
spectively. For the diurnal aging simulations, the OH radical
was produced by the photolysis of HONO, and the OH ex-
posures reached (2-3) x 107 molec. cm™> h (measured using
butanol-d9; Barmet et al., 2012) corresponding to 20-30h
of aging in the atmosphere. For the nocturnal aging experi-
ments, the NO3 radical was produced by a single injection of
O3 and NO; in the chamber. The nitrate radical concentra-
tion was estimated to be (1.5-2.5) x 10’ molec. cm > for the
first hour of the aging process based on the phenol concen-
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tration decay in the gas phase. There are in total four exper-
iment categories (two different fuels and oxidants indicated
by WB_OH, WB_NO3, CC_OH, and CC_NO3) with one to
three similar experiments in each category.

2.2 Online AMS PM measurements

Non-refractory particle composition was measured with a
high-resolution time-of-flight (HR-TOF) AMS operating in
V mode (mass resolution Am/m = 2100 for m/z 200; De-
Carlo et al., 2006) with a 2.5 pm inlet aerodynamic. The raw
signal was postprocessed in Igor Pro 6.3 (Wave Metrics) us-
ing SQUIRREL 1.57 and PIKA 1.15Z routines. Elemental
ratios were estimated following the approach of Canagaratna
etal. (2015) (Fig. S1 in the Supplement). The AMS OM con-
centrations reported in this work are not corrected for the
chamber wall losses, and the measured nitrate is assumed to
be inorganic for ease of comparison with MIR.

2.3 Offline MIR measurements

Two 47 mm Teflon filters (Pall corporation) were used for
each experiment to sample the primary PM after its injection
into the chamber and the aged PM after approximately 3 to
4h of aging. The filter holder was placed downstream of a
sharp-cut-off cyclone and a silica gel denuder, and the flow
rate through the filter was maintained at 8 Lmin~'. We used
a similar naming convention for the filters to that of Yazdani
et al. (2021b). Filters were immediately stored in filter petri
dishes at 253 K after sampling and before MIR analysis to
minimize volatilization and chemical reactions. The PTFE
filters were analyzed using a Bruker Vertex 80 Fourier trans-
form infrared (FT-IR) instrument equipped with an « deuter-
ated lanthanum alanine doped triglycine sulfate (DLaTGS)
detector at a resolution of 4 cm™~!. The spectra were averaged
over 64 scans.

MIR spectral postprocessing

The MIR spectra were baseline-corrected to eliminate the
contribution of light scattering by filter membrane and par-
ticles, as well as absorption by graphitic carbon (Parks et al.,
2021). We used smoothing splines described by Kuzmiakova
et al. (2016). After baseline correction, blank subtraction was
performed to minimize the interference of PTFE C—F bands
(Yazdani et al., 2021b). The multiple peak-fitting algorithm
described by Takahama et al. (2013) was applied to obtain
functional group abundances of alcohol (aCOH), carboxylic
acid (COOH), alkane (aCH), and non-acid carbonyl (naCO)
(Fig. S1). After obtaining functional group abundances, the
O:C, H:C, and OM : OC ratios (Fig. S1) were calculated
assuming half of a C atom for aCH and aCOH bonds (Maria
et al., 2002; Russell, 2003; Reggente et al., 2019b).
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2.4 Identifying influential MIR absorbances for AMS
oM

The AMS OM estimates and the MIR spectra are combined
statistically to identify the functional groups that are the best
predictors of AMS OM mass concentration. This method is
not affected by uncertainties either in MIR peak fitting or
absorption coefficients and can be applied even when ab-
sorption coefficient data are not available for all functional
groups. It also helps us decide which functional groups are
needed to be included in the MIR peak fitting. The aver-
aged AMS OM concentrations over the filter sampling pe-
riods were regressed against the corresponding MIR spectra
using partial least squares regression (PLSR). Thereafter, the
influential absorbances in the MIR spectra for the organic
OM concentration were determined based on the variable im-
portance in projection (VIP) scores method (Fig. S2). This
procedure was applied separately for the primary and aged
aerosols of each source to highlight the compositional dif-
ferences. When regressing AMS OM concentrations against
MIR absorbances, we seek a solution of the following linear
equation for coefficients a:

y=Xa+e, €))

where X(n x p) is the MIR spectra matrix with n samples
and p independent variables (wavenumbers), y(n x 1) is the
vector of the response variable, the AMS OM concentration,
and e is the vector of residuals. In this work, the univariate
partial least squares regression (Wold et al., 1983) is used.
The univariate PLSR projects X onto P(p x k) (4 is the num-
ber of latent variables) basis with orthogonal scores T(n x h)
while maximizing the covariance between scores and the re-
sponse variable, y. In Eq. (3), b and f indicate the regression
coefficients and the vector of residuals, respectively.

X=TP' +E, )

A repeated 10-fold cross validation was applied to find
the optimal number of latent variables (LVs) for the PLSR
model. Examining loadings and coefficients directly can be
informative about the important absorbances. For instance,
the first weight vector, wy, can be a good estimate of impor-
tant bands, but it is limited to the cases in which the signal is
not dominated by other factors rather than the analyte, such
as inorganics, and filter absorption (Haaland and Thomas,
1988). In this work, we used a more general method, VIP
scores (Wold et al., 1993), to identify the important absorp-
tion bands. This metric is a root mean square of loading
weights of all  latent variables used in the model weighted
by their fraction of the captured response (Chong and Jun,
2005; Takahama et al., 2016). The VIP score of the jth
wavenumber is calculated by considering all % latent vari-
ables in the model as shown in Eq. (4). Since the average of
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squared VIP scores is equal to one, generally, the wavenum-
bers with a VIP score greater than one are considered influen-
tial due to higher-than-average contribution to estimating the
response variable. The influential functional groups are those
associated the most with the AMS OM or are the functional
groups that are the best predictors of AMS OM. In Eq. (4),
ty and wy represent the kth columns of T, score matrix, and
W(p x h), weight matrix, respectively. The relationship be-
tween T and W is described by Eq. (5) (Helland, 1988).

) S SS(hrtr) (Wi / lwil])?

VIP; = 4
’ > SS(hity)

where SS(bty) = bit] ty.

T=XWEP W) 5)

2.5 Identifying functional group—ion fragment
relationships

Covariance and correlation coefficients were used to under-
stand the connection between fragment ions (up to m/z 202
for which the signal-to-noise ratio is still significant) and
functional groups (Fig. S3a). We used normalized functional
group abundances by the MIR total OM and normalized frag-
ment ion concentrations by the AMS total OM (averaged
over filter sampling periods) and calculated covariances and
correlations between 4 functional groups and more than 300
fragment ions. The major difference between the fragment—
FG (functional group) correlation and covariance is that the
former is more informative about the fragments with low
concentrations, while the latter highlights the fragments with
higher concentrations. Data normalization was performed to
avoid correlations introduced by the changes in the total OM
mass concentration (e.g., due to SOA condensation) as oxy-
genated fragments are highly correlated before normaliza-
tion (Fig. S5). Negative correlations (anti-correlations) and
covariances were omitted as they do not show the produc-
tion of fragments from molecules containing the functional
group of interest. For example, often the aCH relative abun-
dance decreases with aging as the relative concentrations
of oxygenated functional groups such as COOH and oxy-
genated fragment ions such as CO;‘ increase, leading to a sig-
nificant anti-correlation between the aCH functional group
and the CO;r fragment. Russell et al. (2009a) and Faber et
al. (2017) have already applied the univariate fragment-FG
(correlation) analysis for different sources using unit-mass-
resolution and HR AMS data, respectively. However, their
analysis has been limited to only a few small fragment ions.

Univariate methods can be difficult to interpret when ion
fragments are associated with multiple functional groups. In
addition to the univariate methods, the VIP scores method
was used to highlight the influential spectral regions and
functional groups for major fragment ions with high con-
centrations (COYF, CHO', C,H;0™, C3Hg’) and for two
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biomass-burning-related fragment ions (CoH40, 7 for lev-
oglucosan and CgHoO»* for lignin). This multivariate ap-
proach is similar to identifying the influential MIR spectral
regions for the AMS OM as discussed in Sect. 2.4 except that
the concentrations of individual fragment ions are regressed
against the MIR spectra (Fig. S3b).

2.6 Interpolating functional group abundances using
AMS mass spectra

Functional group abundances for all filters (normalized
by the MIR total OM mass concentration), which were
calculated from peak fitting, were regressed against the
AMS spectra (normalized by the AMS total OM mass
concentration and averaged over the filter sampling pe-
riods) using PLSR. A repeated 10-fold cross validation
was applied to indicate the optimal number of latent vari-
ables. These models were then used to interpolate (high-
time-resolution) functional group compositions using the
AMS spectra and to investigate the evolution OM dur-
ing the course of oxidation when only AMS measurements
existed (Fig. S4). The contribution of oxygenated func-
tional groups to the bulk O : C ratio was calculated from
their high-time-resolution abundances (O :C = OcooHn :
Ciotal +Onaco : Crotal +OacoH : Ciotal, Wwhere Cioral = CacH +
Cacon + Cacoon + Chaco)-

3 Results and discussions

In the following subsections, bulk OM parameters from
AMS and MIR are combined and compared in Sect. 3.1.
Thereafter, fragment ion—FG relationships are investigated
in Sect. 3.2. Finally, PLSR models are developed to predict
functional group composition of OM using the AMS mass
spectra (Sect. 3.3). Our approach for combining and compar-
ing the AMS and MIR measurements is demonstrated in the
diagram of Fig. 1.

3.1 Combination and comparison of OM
measurements

Influential spectral regions of the MIR spectra and their cor-
responding functional groups are determined for the AMS
OM using VIP scores (Sect. 3.1.1). Thereafter, the OM mass
concentration and OM : OC, O: C, and H : C ratios calcu-
lated using peak fitting to MIR spectra are compared to the
average values from AMS for the primary and aged aerosols
(Sect. 3.1.2,3.1.3, and 3.1.4).

3.1.1 Influential group frequencies for total AMS OM

As can be seen from Fig. 2, carbonyl CO, and aCOH have
the highest VIP scores (greater than one) for primary wood
burning aerosols, highlighting their importance in the pri-
mary wood burning OM. The high VIP scores of aCOH
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Figure 1. Statistical relations and strategy for comparison of MIR and AMS measurements. The correlation and covariance analyses are
performed between AMS mass fragments and MIR functional group abundances from peak fitting. PLSR is performed using the AMS total
OM or individual fragment concentrations as the independent variable and the MIR absorbance spectra as the dependent variables.

is consistent with the fact that it is a major part of wood
constituents. Although v(CH2) and v(CH3) (stretching vi-
brational modes) at 28003000 cm™~! do not have high VIP
scores for primary wood burning aerosols, the VIP scores
for §(CH,) at 1470 cm™! (bending vibrations) are high, sug-
gesting the importance of aCH. The peak around 1600 cm™!
which has a greater-than-one VIP score for primary wood
burning is the result of several overlapping peaks attributed
to the organonitrates, aromatic ring v(C=C), amine §(N—H),
amide §(N—H), and carboxylate v(C=0) (Pavia et al., 2008).
These overlapping absorbances make peak assignment in this
region uncertain and complex. This peak is accompanied
by the lignin-related v(C=C) vibrations at 1515 cm~! (Yaz-
dani et al., 2021b), suggesting the abundance of lignin-like
products in primary wood burning OM as also proposed by
Bertrand et al. (2018). For the aged wood burning aerosols,
VIP scores are the highest for the broad carboxylic v(OH) ab-
sorbances at 2400-3400 cm ™! and the carbonyl v(CO) (acid
carbonyl) at 1700 cm™!, suggesting carboxylic acids to be
important contributors to the OM mass after SOA formation
(Yazdani et al., 2021b). The aCOH group does not have high
VIP scores for the aged wood burning aerosol (Yazdani et al.,
2021b).

For the primary coal combustion aerosols, v(CHy) has
the highest VIP scores, suggesting the abundance of hydro-
carbons likely from volatile compounds of coal. The aro-
matic ring v(C=C) peak at 1600 cm~!, however, has rela-
tively lower VIP scores, implying that the aromatic rings do
not constitute the majority of primary coal combustion OM.
For the aged coal combustion aerosols, which are mostly
composed of SOA, the VIP scores of v(CH,) are consider-
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ably lower. By contrast, carbonyl v(CO) and aCOH bands
(observed on the shoulder of v(N—H) peaks) have the highest
VIP scores, suggesting that the SOA is mostly composed of
carbonyls and alcohols. The out-of plane aromatic CH band,
y(CH), at 750 cm™" does not have high VIP scores, suggest-
ing that aromatic CH (rCH) is not a major constituent of the
aged aerosols. The RONO, absorption region at 1630 cm™!
does not have high VIP scores because the AMS OM con-
centrations used in this study do not consider the majority
organonitrate mass as both NO;‘ and NO™ are attributed to
inorganic nitrate.

In general, functional groups associated the most with the
AMS are the same ones targeted in past studies of atmo-
spheric aerosols (e.g., Ruthenburg et al., 2014; Russell et
al., 2009b) and are consistent with our knowledge of POAs
and SOAs related to combustion sources (e.g, Bertrand et al.,
2017, 2018; Li et al., 2020; Yazdani et al., 2021b). In ad-
dition, they provide insight into the chemical difference be-
tween the unburned fuel and the POA and SOA.

3.1.2 AMS and MIR OM mass concentrations

It was shown in the last section that four functional groups,
aCH, COOH, aCOH, and non-acid carbonyl (naCO) are the
most influential functional groups regarding OM mass. The
abundances of the mentioned functional groups were esti-
mated using peak fitting to the MIR spectra. The aromatic
C=C group (rC=C) was not quantified due to the interfer-
ence with other functional groups and the lack of absorption
coefficient data. The peak-fitting results show that the OM
concentration estimates from AMS and MIR are highly cor-
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Figure 2. VIP scores of the MIR absorbances regressed against the AMS OM concentration (averaged over the filter sampling periods)
for primary wood burning, WB_P (a), aged wood burning, WB_A (b), primary coal combustion, CC_P (c), and aged coal combustion
aerosols, CC_A (d). Blue and red regions correspond to wavenumbers with positive and negative regression coefficients in the PLSR models,
respectively. Solid curves show the average spectrum (£ 1 standard deviation shown by the shaded bands) for each category. Important
functional groups are indicated for each category. The PTFE interference regions are masked by gray rectangles.

related (Fig. 3a, R% =0.92). The slope of the MIR OM con-
centration versus that of AMS (not corrected for collection
efficiency) is 1.3. This slope is within the previously reported
range (Gilardoni et al., 2009; Russell et al., 2009a, b; Liu et
al., 2011) considering the collection efficiency of AMS (Yaz-
dani et al., 2021b; Kumar et al., 2018; Canagaratna et al.,
2007), and the aerosol volatilization artifacts from PTFE fil-
ters (Ruggeri, 2017; Subramanian et al., 2004). Yazdani et
al. (2021b) reported the AMS collection efficiency to range
between 0.7 and 1.1 for the same experiments. The OM con-
centrations estimated by both methods indicate the signifi-
cant enhancement with aging even without particle and va-
por wall loss consideration (on average 2.4 and 2.7 times by
AMS and MIR, respectively). The enhancement ratios are in
the range of values that were previously reported for SOA
formation from logwood stoves (Bertrand et al., 2017; Ti-
itta et al., 2016; Grieshop et al., 2009; Heringa et al., 2011;
Hennigan et al., 2010). Using different absorption coefficient
values for MIR functional groups (discussed by Reggente et
al., 2019a) has little effect on the correlation coefficient.

3.1.3 AMS and MIR OM : OC ratios

The OM : OC ratios calculated from the AMS mass spec-
tra were averaged over the filter sampling periods and com-
pared to those measured from peak fitting to MIR spectra.
The OM : OC estimates of these two methods agree very well
(R? = 0.82 and slope = 0.99; Fig. 3b) with an average differ-
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ence of less than 0.15 (Yazdani et al., 2021b). The correlation
coefficient of OM : OC ratios is also found to be insensitive
to the choice of absorption coefficients reported by Reggente
et al. (2019a) for MIR spectroscopy. The fact that both meth-
ods capture similar OM : OC and mass concentration trends
suggests that a similar fraction of OM is monitored by both,
and the uncertainties associated with each method are less
than variations due to fuel sources and aging processes. The
primary coal combustion aerosols are estimated to have the
lowest OM : OC ratios (1.35-1.5), justified by their strong
hydrocarbon (aCH) signatures (Fig. 2c). The primary wood
burning samples have slightly higher OM : OC ratios (1.6—
1.7 from AMS) primarily due to a relatively higher concen-
tration of aCOH (Fig. 2a). Both instruments estimate that
the aged aerosols of the two sources, regardless of the ag-
ing method, have higher OM : OC than the primary ones
(Fig. 3b). The aged wood burning aerosols have the high-
est OM : OC, ranging from 1.9 to 2.1 (from AMS), with high
concentrations of COOH. The aged coal combustion aerosols
have lower average OM : OC ratios compared to the aged
wood burning aerosols, ranging from 1.6 to 1.8. For both
emission sources, AMS and MIR show that aerosols aged
with the hydroxyl radical have higher OM : OC ratios than
those aged with the nitrate radical (Fig. 3b). Attributing the
total AMS nitrate to organics to estimate an upper bound for
OM : OC, makes this difference less prominent.
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Figure 3. Scatter plot comparing OM concentration (a) and OM :
OC (b) estimates by AMS and MIR for primary (P) and aged (A)
aerosols of wood burning (WB) and coal combustion (CC). The fit-
ted and 1 : 1 lines are solid and dashed, respectively.

3.1.4 AMS and MIR van Krevelen trajectories

The slope of the aging trajectory in the van Krevelen diagram
is informative about the changes in the functionality of OM
(Heald et al., 2010; Ziemann and Atkinson, 2012; Chhabra
et al., 2011). In the wood burning experiments, AMS oxi-
dation trajectories vary between a straight line and a con-
vex (L-shaped) curve (Fig. 4). In the first wood burning ex-
periment with the hydroxyl radical (WB_OH_1), the AMS
aging trajectory is almost a straight line, implying a mono-
tonic change in functional groups during the course of aging
(Fig. 4a). In the second experiment (WB_OH_2; similar to
the WB_OH_1 experiment) the trajectory is convex with a re-
duced slope toward the end of aging, implying an increase in
the abundance of functional groups that result in a low trajec-
tory slope, e.g., acids (Fig. 4b). This is supported by the high
concentration of the COOH group observed in the MIR spec-
tra of the corresponding aged aerosols (Yazdani et al., 2021b)
and will be investigated further in Sect. 3.3. The wood burn-
ing experiment with the nitrate radical (WB_NO3_1) has a
slope close to zero with a lower final O : C probably due to
the exclusion of organonitrates and the different SOA forma-
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tion reactions of the nitrate radical. The relatively small de-
crease in H : C with aging is supported by the prominent aCH
absorptions in the MIR spectra of wood burning aerosols that
are aged with the nitrate radical (Yazdani et al., 2021b). The
modest decrease in H : C with aging is observed to be a char-
acteristic of aging with the nitrate radical regardless of the
emission source (Fig. 4d, h, and i), suggesting a more effec-
tive H atom abstraction by OH.

The starting points of the wood burning oxidation trajec-
tories (from AMS) have H : C ratios in the range of 1.6-1.8
and O : C ratios in the range of 0.3-0.4. The ending points
have H : C ratios in the range of 1.4—1.6 and O : C ratios in
the range of 0.6-0.7. The observed values are close to that of
OM measured by Chhabra et al. (2011), the OM emissions
of logwood combustions by Tiitta et al. (2016), and ambient
OM reported by Heald et al. (2010). The average O : C and
H : C trends calculated from MIR spectroscopy are generally
consistent with that of AMS, showing a decline in H : C ratio
and increase in O : C ratio. Howeyver, there is an offset in the
absolute values; in general, H : C is estimated to be approxi-
mately 0.2 higher by MIR spectroscopy both for the primary
and aged wood burning aerosols. The positive H : C offset for
the wood burning aerosols might be due to the uncharacter-
ized carbon from aromatic rings of lignin pyrolysis products,
leading to an overestimation of H : C.

For the coal combustion experiments, AMS oxidation tra-
jectories usually start at H : C ratios around 1.7-1.9 (higher
than that of wood burning) and O : C ratios around 0.20-0.25
and end usually at H: C and O : C ratios around 1.5-1.7 and
0.35-0.55, respectively. The high H : C ratios before aging
are consistent with the high ratio of aliphatic CH to aro-
matic carbon observed in MIR spectra. In most of the experi-
ments, a positive curvature in trajectory is observed (Fig. 4e—
i), implying a change in the type of functional groups pro-
duced during the course of aging. The average slopes are
close to —1 (from AMS) in the majority of experiments and
are slightly higher than those of the wood burning experi-
ments. The average oxidation slopes that are estimated from
MIR spectroscopy are also higher for the coal combustion
experiments compared to wood burning. This observation is
supported by the formation of SOAs with higher non-acid
carbonyl abundances for coal combustion (Yazdani et al.,
2021Db), resulting in higher trajectory slopes. MIR generally
estimates higher O : C (by 0.05-0.1) and lower H : C ratios
(by approximately 0.2) for the aged coal combustion aerosols
compared to AMS.

The discrepancies between the measurements of the two
instruments might stem from the low OM mass collected on
the filters, which increases the baseline correction and peak-
fitting uncertainties in MIR analysis. The existence of func-
tional groups that are not considered in the peak-fitting algo-
rithm (e.g., ethers, polycyclic aromatic hydrocarbons, rC=C,
and rCH) and the assumption about the fractional carbon as-
sociated with each functional group might also play a role.
Sampling biases of semi-volatile compounds on PTFE filters
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(Subramanian et al., 2004) and the uncertainties in AMS ele-
mental ratio calibrations (Canagaratna et al., 2015; Aiken et
al., 2008) can also affect the results.

3.2 AMS fragment ion-MIR functional group
relationships

In Sect. 3.2.1 and 3.2.2, the connection between the AMS
fragment ions and MIR functional groups is investigated us-
ing different statistical methods (covariance, correlation, and
VIP scores). The combined summary of these analyses is
shown in Table 1.

3.2.1 Correlation and covariance analyses (univariate)

The aCH group has high covariance with CxH)x_; and
CyHy,4+1 fragments (C3H§', C3HT, C4H;r , C4HZ, and
C5H9+ ; Fig. 5). The highest correlations are between the aCH
group and C3HT, C3HT, CsHT, and C6H;r (Fig. 6). The re-
lationship of larger fragments such as C7HT3 and CgHT5 with
aCH is more prominent in the correlation analysis. These
fragments are especially abundant in the primary coal com-
bustion aerosols, suggesting these aerosols are composed of
longer-chain hydrocarbons relative to wood burning aerosols
that even after fragmentation produce relatively large frag-
ments. This observation is also supported by the MIR spectra
of these samples, which possess sharp CH, and weak CHj3
peaks (Yazdani et al., 2021a, b). Faber et al. (2017) have
previously shown the relation between C4H;r and aCH. The
m/z 57 signal in the unit-mass-resolution mass spectra (in-
cludes C4H;|r ) has been proposed to be a tracer of unburned
fuel emissions (Schneider et al., 2006). However, its correla-
tion coefficient with aCH has been shown to be quite vari-
able and sometimes negative (Russell et al., 2009a). This
discrepancy partly stems from the contribution of C3H50™
to m/z 57 (Faber et al., 2017) and partly from the fact that
molecules with different chain-lengths, degrees of branch-
ing, and heteroatoms produce different and source-dependent
fragmentation patterns for C,H{. In addition, the existence
of several highly correlated ion fragments with aCH in this
study suggests the superiority of a multi-variate approach to
obtain information about the aCH group.

The COOH group has the highest covariance with CO;,
CO™, C,H30™, and CHO™ (CO™ is estimated from CO;).
The highest correlations are with CoH30,™ and several
larger fragments with multiple oxygen atoms such as
C7Hs504, which are abundant in the aged wood burning
aerosols. The high covariance with the CO;r fragment is
supported by the fact that CO; is produced from the frag-
mentation of mono- and dicarboxylic acids (Duplissy et al.,
2011; Zhang et al., 2005). The larger fragments with mul-
tiple oxygen atoms (CxHyO;l) are also indicative of the
COOH functional group as also reported by Lambe et al.
(2012) and might be source-specific. For example, C7H5Oj{
is only detected in the wood burning aerosols and can be a
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potential wood burning SOA marker. Sun et al. (2010) re-
ported observed the C7H501r fragment in the AMS spectra
of syringol SOA. In the wood burning aerosols, the COOH
group is correlated significantly (r ~ 0.96) with CHO;‘ , the
fragment known to be produced from the o cleavage of car-
boxylic acids (Pavia et al., 2008). The C2H4Oi|r fragment
is also known to be produced from acids having y hydro-
gen through McLafferty rearrangement (Pavia et al., 2008),
and its concentration increases with the extensive aging for
the wood burning and coal combustion aerosols (Yazdani et
al., 2021b). However, the significant contribution of levoglu-
cosan to C2H40;r in wood burning aerosols makes the inves-
tigation of the COOH—C2H4O;r relation difficult. With the
help of MIR, which does not suffer from the same interfer-
ence, samples with negligible levoglucosan concentrations
were separated. For these samples, a fairly strong correlation
(r ~0.82) between COOH and C2H4O;r was observed.

The aCOH group covaries the most with CHO™, CH;07,
C3Hs0™, CoH30T, and CoH405. The CHO™ fragment
has been often interpreted as the tracer of esters, polyols,
and compounds with polyfunctional groups without the car-
boxylic COOH (Canagaratna et al., 2015). This fragment is
also known to be produced by aldehydes, but the aldehyde
C—H band is not observed in the MIR spectra of the sam-
ples under study. Faber et al. (2017) also showed that the sig-
nal ratio of Co,H307 to C4H? is linearly correlated with the
molar ratio of aCOH to aCH. The connection of CoH30%
with alcohols, however, should be treated with caution as
carbonyls can also produce the same mass fragment. The
C2H40;r fragment appears to be important for aCOH and
has been previously shown to be related to anhydrous sugars
in the biomass burning smoke (Schneider et al., 2006). The
CH;0™ fragment is produced from the « cleavage of alco-
hols (Pavia et al., 2008). The highest correlations in this work
are between the aCOH group and CoHsO™" and C3H60;r
fragments and some other fragments such as C5H'6". The
C,HsO™" fragment is also known to be produced from the
a cleavage of alcohols (Pavia et al., 2008). The C5H'6Ir frag-
ment, correlated to a lower extent with aCOH, can be pro-
duced by phenol after loosing CO (Pavia et al., 2008), which
is also abundant in wood burning emissions (Bruns et al.,
2017).

The non-acid carbonyl group (naCQO) covaries the most
with CO™, C;H30™, and COJ. Contrary to COOH, CHO™
appears to have a low covariance with naCO. The CoH30"
fragment is known to be produced by aliphatic ketones and
aldehydes (Pavia et al., 2008; Eadon et al., 1971). As dis-
cussed by Yazdani et al. (2021b), the naCO in the coal
combustion samples are believed to be mostly ketone based
on their C=0 frequency. The naCO group is highly cor-
related with some C)CH;r fragments (e.g., C4H3+, C6Hj{)
and some single-oxygen fragments (e.g, CsHO™, C;H40™,
and C7HsO™). The C7HsO™ fragment is known to be pro-
duced by aromatic ketones (Pavia et al., 2008) and CH,, OT
has been attributed to carbonyls (Lambe et al., 2012). The
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Figure 4. Comparison of AMS van Krevelen (H : C vs. O : C) aging trajectories (color circles) for wood burning (WB) and coal combustion
(CC) experiments with MIR estimates for aerosols collected on PTFE filters before and after aging (red stars). Black circles in AMS trajec-
tories correspond to the filter sampling periods for the primary and aged aerosols. The filter names are the same as Yazdani et al. (2021b).
P: primary, A: aged. There are one to three similar experiments in each category (WB_OH, WB_NO3, CC_OH, and CC_NO3).

Table 1. Summary of important fragment ions for each functional group based on the analysis method. Important fragments are shown in

bold.
FGs Covariance Correlation VIP scores Multivariate regression
CO5, CHO', C,H30™
Alkane (aCH) C.HY CiHY (e.g., C3HsY, C3Hs*t -

(e.g.. C3HT, C4HY)

C3HT, CeHY, CgHY,
large fragments: CgHi’})

Alcohol (aCOH) ~ CHOY, CH;0T, C,Hs50™, C3HO7 CHO™T,C,H 05, CHO*, CH30%
CoH40F CsHy™ (phenol) CgHyOF

Acid (COOH) COy*, CO*, CuH30F,  CH,0 | (e.g, CH305, COpF CO,t, cCHOt
CHO™ C7Hs0;)

Non-acid carbonyl ~ COJ, COT, C;H30%  C H,0f C,H30% C,H30t

(naCO) (e.g.,C7H40T)

Organonitrate - CoH30™T, C4HgNOT, CHO'1, C,H30T -

(RONO») CeH1oNOS

CoH30™ : CO; ratio is relatively higher in samples aged
with the nitrate radical or samples that have considerable
amounts of the naCO group (Fig. S5), suggesting that
C,H307 is produced mainly by molecules possessing naCO
or SOA species formed with the nitrate radical.

There are mid-infrared signatures attributed to levoglu-
cosan and lignin-like compounds that are prominent in the
primary wood burning aerosols and diminish with aging.
The correlation analysis for these signatures with the AMS
ion fragments (Fig. S6) suggest that the CgHoO™ fragment
is related to lignin-like compounds. In fact, one might at-
tribute the m/z 121 fragment to two peaks C7H50;' and
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CgHyO™ for hydroxyphenyl (H) lignin and C4H90; for gua-
iacyl (G) lignin (Li et al., 2012; Tolbert and Ragauskas,
2017). The C2H4O; and C3H502‘ fragments have high cor-
relations with MIR levoglucosan signatures. The fragment
at m/z 102 (Fig. S6) has the highest correlation with the
levoglucosan concentration measured from the MIR spectra.
This fragment might be used alternatively in case the inter-
ference of other compounds (e.g., acids) for the smaller frag-
ments related to levoglucosan is substantial.

The MIR peak attributed to RONO, has high correla-
tion coefficients with C;H3O™ and several other oxygenated
fragments such as C4H70". Nitrogenated fragments con-
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taining the nitrate and nitro groups such as C4H9NO;r and
C6H10NO§r also appear to have moderate correlation coeffi-
cients (approximately 0.6) with the RONO, peak in the MIR
spectrum (Fig. S7). The quantification of nitrogenated frag-
ments is, however, known to be complicated in the V mode.

To summarize, the high correlation coefficients of sev-
eral fragments with each functional group suggest that func-
tional group information is retained to a good degree in the
AMS spectra. We also found that multiple functional groups
are correlated with each of the major oxygenated fragments,
(COT, C,H30™, COT, and CHO™). As a result, a multivari-
ate approach should be taken to infer functional group abun-
dances from the AMS spectra.

3.2.2 VIP scores (multivariate)

As can be seen from Fig. 7, the CO;r fragment has the high-
est VIP scores for the carbonyl v(CO) and broad acid v(OH)
peaks from 2400 to 3400 cm™~!. This is consistent with pre-
vious studies (e.g., Zhang et al., 2005) and our univariate
analyses (Sect. 3.2.1). On the other hand, the v(CH) region
(2800 to 3000 cm’]), interfering with the broad acid OH
stretching band, has high VIP scores with negative regres-
sion coefficient, showing that aCH relative concentration is
anti-correlated with CO; Although some interference for
the CO;‘ fragment is expected from gas-phase CO; in the
AMS spectra, our results show that this interference is elim-
inated effectively.

The COH™ has the highest VIP scores for the RONO,
peaks and the broad alcohol v(OH) at 3400 cm™!. These re-
sults suggest that alcohols and the SOA species produced
during the aging with the nitrate radical (that can also be al-
cohols) are mostly responsible for producing this mass frag-
ment. Although the interference form the gas-phase PN!*N
can be significant for CHO™, our results show that CHO™
appears to be meaningfully indicative of alcohols after the
subtraction of the gas-phase interference.

The C,H30™ fragment has the highest VIP scores for the
carbonyl CO (likely from non-acid carbonyl) and the RONO,
peaks and also to a lesser extent for the broad acid v(OH)
peak. This observation suggests that CoH30™" is mainly
produced by fragmentation of carbonyls and SOA species
formed by aging with the nitrate radical and to a lesser ex-
tent carboxylic acids.

The C3H;r fragment was chosen for the VIP score anal-
ysis due to having high concentrations for both coal com-
bustion and wood burning aerosols. This fragment has the
highest VIP scores with positive regression coefficients for
the v(CH) (2800-3000 cm~!) and §(CH) (1300-1500cm™")
peaks, showing that this fragment is directly related to aCH
for both sources. This result has been expected but also high-
lights the fact that C XH‘V" fragments should be chosen wisely
based on the aerosol source to provide useful information
about the aCH group. For example, in this study, the C3H§r
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fragment appears to be more correlated with the aCH group
than the commonly used fragments, C4H;r .

Regarding the biomass burning markers, the CgHgO;r
fragment, which is proposed to be produced by the fragmen-
tation of lignin molecules (Li et al., 2012; Tolbert and Ra-
gauskas, 2017), has the highest VIP scores with positive co-
efficients in the aromatic v(C=C) (1515 and 1600 cm™') and
aCOH regions. This observation suggests the connection of
this fragment with aromatic compounds that have lignin-like
substitutions that generate the sharp peak at 1515cm™! and
aCOH groups. The C2H4O; fragment, which is proposed to
be produced predominantly by the fragmentation of levoglu-
cosan molecules, has the highest VIP scores with positive
coefficients in the aCOH region (3400 cm™!), suggesting the
abundance of aCOH in molecules producing this fragment.
In addition, high VIP scores with positive regression coef-
ficients are observed in the 850—1000 cm™! region. This re-
gion was previously proposed to contain levoglucosan finger-
print absorbances (Yazdani et al., 2021b).

We also performed a simple multivariate linear regres-
sion between the oxygenated functional groups (aCOH,
naCO, and COOH) and major fragments (CO+, CHO™, and
C,H30™; Fig. S8) for the experiments in which the hydroxyl
radical was used. As shown in Fig. S8, regressing CO;r
against COOH, aCOH, and naCO results in the highest re-
gression coefficient for the COOH group. In a similar regres-
sion for CHO™, the relative contribution of aCOH increases
(Fig. S8). However, a high regression coefficient for COOH
is still observed. The regression for C;H3O™ highlights a
relatively greater contribution of naCO (Fig. S8). However,
as for CHO™, a high regression coefficient for COOH is
also observed. As summarized in Table 1, different statistical
methods suggest that the major fragments are usually pro-
duced more by a certain oxygenated functional group, while
interference from other functional groups might also be sig-
nificant. This motivates the use of multivariate methods for
predicting functional group abundances using fragment ion
concentrations in the following section.

3.3 MIR functional group interpolation using AMS
mass spectra

We showed in previous sections that AMS and MIR measure-
ments are consistent. We also found that functional group
information is maintained in the AMS mass spectra, which
motivated the use of multivariate methods to access this in-
formation. For this purpose, normalized AMS spectra were
regressed against normalized functional group compositions
from MIR peak fitting. The fit quality of the developed mod-
els is reasonable (Figs. S9 and S10) with their R? ranging
from 0.71 to 0.94. These models use mass fragments to pre-
dict the functional group compositions that were found to be
important in previous sections. We used the developed PLSR
models to interpolate the functional group composition of
wood burning and coal combustion OM between the filter
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sampling periods (primary and aged) using the AMS spectra
(Fig. 8). These models are especially helpful as AMS has a
considerably better time resolution and can be used to inves-
tigate the detailed functional group evolution of OM during
the course of aging.

The interpolated functional group compositions (Figs. 8,
S11, and S12) show different functional group compositions
and trends during the course of oxidation for wood burning
and coal combustion aerosols. This is predominantly seen
in the fraction of oxygenated functional groups that emerge
with aging. For the wood burning experiments, the aCH rel-
ative abundance falls steeply as aging with the hydroxyl rad-
ical starts (Fig. 8a). This is also observed for aCOH. On the
other hand the COOH relative abundance increases signif-
icantly as soon as the aging starts and levels off after 2h
of aging. The relative abundance of naCO, however, does
not change significantly compared to other functional groups
for the wood burning experiment (Fig. 8a). There are slight
differences between different experiments of wood burning
aging with the hydroxyl radical (also observed in their van
Krevelen trajectory in Fig. 4a—c). For instance, the rela-
tively linear trajectory of the WB_OH_1 experiment (Fig. 8a)
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is concurrent with monotonic functional group composition
change (Fig. S11a). On the other hand, the curved van Krev-
elen trajectories of WB_OH_2 and WB_OH_3 (Fig. S12b-
¢) correspond to the consumption of naCO produced after
the start of aging and the gradual increase in the COOH rel-
ative abundance (Fig. S12b—c). The different SOA species
formed by oxidation with hydroxyl and nitrate radicals is also
reflected in the evolution of OM functional group composi-
tion. When aging with the nitrate radical, the decrease in the
relative abundance of aCH is much less prominent after the
start of aging compared to aging with the hydroxyl radical
(Fig. 8b), although the OM mass enhancement is compara-
ble between the two (Fig. S11a—d). This observation suggests
the formation of different SOA species with a higher relative
abundance of aCH when the nitrate radical is used. This is
also supported by the horizontal trajectory in the van Kreve-
len diagram (no decrease in H : C) (Fig. 4d). No clear differ-
ence in the composition of oxygenated functional groups (ex-
cept organonitrate) is observed between aging with the hy-
droxyl and nitrate radicals. However, when the nitrate radical
is used, the O : C ratio increases to lower levels and reaches
a plateau faster (Fig. 8e—f; also true for the coal combustion
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OM). This observation is consistent with the fact that the
nitrate radical is produced with a single injection of ozone,
but the hydroxyl radical is generated continuously through-
out the aging. It is observed that most prominent changes in
the functional group composition for both oxidants occur in
the first hour of aging when the OM mass changes the most
(Fig. S11), and only small changes are observed toward the
end of aging. Looking at the absolute abundances of func-
tional groups, we observe that the mass concentrations of all
functional groups including aCH and aCOH increase during
the course of aging (Fig. S11), and it is the different rates
of increase that change their relative abundance, as shown in
Fig. 8.

For the coal combustion experiments a different compo-
sition of functional groups emerges after the start of aging
that also evolves differently as aging continues. Like for the
wood burning experiments, the aCH relative abundance de-
creases drastically with aging (Fig. 8c), while its absolute
concentration increases only slightly with aging (Fig. S11).
The decrease in the aCH relative abundance is, however, less
prominent when the nitrate radical is used (Fig. 8d) as also
supported by the lower decrease in the H : C shown in the van
Krevelen plots (Fig. 4h—i). Unlike the wood burning experi-
ments, the relative abundance of the aCOH group increases
slightly with aging (Fig. 8c—d). The relative abundances of
naCO and COOH show more complex behaviors. The rel-
ative abundance of naCO increases sharply, and naCO be-
comes the major functional group with the start of aging
for both oxidant but decreases slightly after continued ag-
ing (Fig. 8c—d). The relative abundance of COOH decreases
initially (Fig. 8c); however, after about 1 h into the aging pro-
cess (earlier with the nitrate radical), when there is no more
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significant OM enhancement, the COOH relative abundance
starts to increase gradually. This observation is consistent
with the ripening phenomenon (Wang et al., 2018) in which
the composition of the SOA keeps changing and becomes
more oxidized, while the change in the OM mass is minimal.
This phenomenon is also observed in the L-shaped oxidation
trajectories of coal combustion OM in the van Krevelen plot
of Fig. 4e—i for both oxidants.

To summarize, the interpolated functional group compo-
sitions are supported by the van Krevelen trajectories but
provide insights into the oxidation pathways that cannot be
independently obtained from the van Krevelen plots (e.g.,
several combinations of functional groups can produce sim-
ilar slopes). For two coal combustion experiments, negative
concentrations of COOH are predicted (Fig. S12e—f). These
unphysical values are believed to be the result of uncer-
tainties in PLSR models and quantification uncertainties for
the COOH group from the MIR peak fitting. The predicted
trends, however, are still informative.

4 Concluding remarks

We combined statistically collocated AMS and MIR mea-
surements in an environmental simulation chamber and
found that AMS OM is associated the most with aCH, aCOH,
COOH, and non-acid carbonyl (naCO) functional groups for
aerosols generated from the combustion of wood and coal.
The OM mass, OM : OC, H : C, and O : C estimated from the
abundances of the mentioned functional groups were in good
agreement with those from AMS measurements and showed
clear variations across fuel types and oxidants. These func-
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tional groups are those that were used in previous studies
of atmospheric aerosols using MIR (e.g., Maria et al., 2003;
Russell et al., 2009b; Reggente et al., 2019a).

Previous studies of functional group—ion fragment rela-
tionships were limited to small fragments and did not con-
sider marker signatures in the mid-infrared spectra (Russell
et al., 2009a; Faber et al., 2017). We performed a univariate
(correlation and covariance) analysis on the four mentioned
functional groups and more than 300 fragment ions up to
m/z 212 in the AMS spectra and found several small (low
m/z) and large (m/z > 100) AMS fragment ions to be infor-
mative about the functional group composition of POA and
SOA from the combustion sources. For example, C7H6Oj{,
which was only detected in wood burning SOA and was
highly correlated with the COOH functional group, might be
used as a potential marker of biomass burning SOA in the at-
mosphere. The peaks in the FT-IR spectra that were believed
to be associated with biomass burning markers (levoglucosan
and lignin-like compounds) were also found to be highly cor-
related with the fragments related to these markers.

Our multivariate (VIP scores) analysis indicated that when
OMs with different proportions of oxygenated functional
groups (i.e., COOH, aCOH, and naCO) are fragmented in the
AMS, they produce different proportions of the major oxy-
genated fragments (i.e., CO;r ,CHO™, and C,H30™1). For ex-
amples, C,H301 was found to be associated the most with
non-acid carbonyl and SOA species formed with nitrate radi-
cal. However, each of these small oxygenated fragments does
not represent only a single functional group, and contribu-
tions from other functional groups are expected.

Finally, we developed a method to extract the high-time-
resolution functional group information from the AMS spec-
tra to better understand the evolution of the OM composition
during the course of aging. The results of this method provide
insights into the oxidation pathways that cannot be indepen-
dently obtained from the van Krevelen plot. The results of
this method, which can be easily implemented in other envi-
ronmental chamber studies, suggest the formation of moder-
ately oxygenated functional groups (e.g., non-acid carbonyl)
soon after the start of aging and the transformation of mod-
erately oxygenated functional groups to more oxygenated
functional groups (e.g., acid) with continued aging.
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