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A B S T R A C T

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) has been extensively used in surface 
analysis due to its high mass resolution, sensitivity, and mass spectral imaging capabilities. Static 
ToF-SIMS has mainly been used for solid material analysis; however, its application in environ-
mental organics is limited. During SIMS spectral analysis, relative mass accuracy and measure-
ment repeatability are key factors for obtaining reliable speciation and acquiring chemical 
insights of the specimens. Herein, we provide an evaluation of four environmentally relevant 
organic systems, including glyoxal, pyruvic acid, oil-in-water emulsion, and carbon dioxide (CO2) 
capture solvent (i.e., N-2-ethoxyethyl-3-morpholinopropan-1-amine, EMMPA), to show the 
spectral measurement repeatability when using static ToF-SIMS. First, sample preparation is 
essential in acquiring accurate and reproducible results in ToF-SIMS analysis. The mass spectral 
results show that characteristic peaks observed can be distinguished with reasonable confidence 
by comparing the observed mass to charge ratios (m/z) to theoretical ones. The statistical analysis 
of peak areas indicates that the peak area and/or peak height measurement ratios are satisfactory 
among replicates. Compared with previous studies, the bismuth cluster primary ion beam, namely 
Bi3+, has less fragmentation than Bi+. Therefore, Bi3+ is deemed more suitable for organic analysis 
using static SIMS. Our results show that ToF-SIMS offers a viable approach to study environ-
mental organics including but not limited to aqueous aerosols, wastewater emulsions, and CO2 
capture solvents. It is expected that future studies will expand organic speciation with high fi-
delity due to the continued advancement of SIMS as a sensitive analysis technique.

Abbreviation

EMMPA N-2-ethoxyethyl-3-morpholinopropan-1-amine
NPL National Physical Laboratory
PCA principal component analysis
PDMS polydimethyl siloxane
RDS% relative standard deviations percentage
S.D standard deviation
SEM scanning electron microscope
SNR signal to noise ratio
SOAs secondary organic aerosols
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(continued )

ToF-SIMS time-of-flight secondary ion mass spectrometry
VOCs volatile organic compounds
VAMAS versailles project on advanced materials and standards

1. Introduction

Environmental organics have profound effects on the Earth’s ecology, human habitat, and public health. Here environmental 
organics refer to the organics that are observed in the environment and they are closely studied in environmental science and engi-
neering research due to their impact on the greenhouse gas emissions and global climate warming. For example, multiphase oxidation 
of volatile organic compounds (VOCs) is an important pathway to form secondary organic aerosols (SOAs), which can cause haze 
formation and affect the global climate’s radiative budget and human health [1,2]. The application of large-scale, efficient, and 
cost-effective carbon dioxide (CO2) capture in existing fossil fuel plants is necessary for the sustainable green chemistry [3–5]. 
However, large portions of environmental organics are difficult to analyze due to the nature of the molecular complexity and their 
presence in trace amounts. Particularly, it is the surface composition of these organics that triggers a series of heterogeneous chemical 
reactions [6–8]. Thus, to further understand the behavior between surface properties and environmental functions, it is essential to 
characterize the environmental organics surface in detail.

Among surface analysis techniques, time-of-flight secondary ion mass spectrometry (ToF-SIMS) has seen rapid growth in char-
acterization of various environmental samples due to the features of high mass resolution and sensitivity. Additionally, multimodal 
measurements of SIMS offer chemical mapping of elements, molecules, and isotopes via interactions of the primary ion beam, 
including static SIMS and in situ liquid SIMS [4,9–16]. Using static SIMS, liquid samples are usually transformed into a solid surface for 
analysis, similar to what is developed by X-ray photoelectron spectroscopy (XPS) [17]. The initial development of the static SIMS 
technique can be traced back to the 1970s [18]. The first Versailles Project on Advanced Materials and Standards (VAMAS) inter-
laboratory study on static SIMS was coordinated by the National Physical Laboratory (NPL). Their results indicated that static SIMS 
instruments could have good repeatability, better than 18 % [19]. Primary ion beams, such as C60, Ga+ and Cs+, are often used in 
polymeric and organic analysis in early days of SIMS [20,21]. With the advent of ToF-SIMS systems since the mid-1980s, Ga+ and Ar+

became popular. Most recently, giant cluster ion beams (i.e., water or carbon oxide) have shown promising results in biological 
analysis [22,23]. However, their applications in environmental organics are sparse. Most modern ToF-SIMS instruments are equipped 
with liquid metal ion beams (i.e., Bin+). The single metal ions (e.g., Bi+) may have significant surface damage and further affect 
measurement repeatability [24]. Afterwards, several new primary ion beams have emerged for the static SIMS analysis. The popular 
ion beams include Bi3+, C60

+ , Arn
+ and (H2O)n

+ that were developed by commercial corporations, such as the IONTOF GmbH, PHI, and 
Ionoptika [26]. These primary ion beams, such as Bi3+, can increase sputter yields and reduce beam damage effectively compared to 
single metal ions [24]. Static ToF-SIMS has mainly been applied to solid materials like semiconductors, polymers, or metals [20,
27–29]. Much effort has been devoted to biological research such as mammalian cells, microbial biofilms, and plants [30–35]. In 
contrast, dynamic SIMS is a preferred choice in studying material chemical distributions in three dimensions.

Recently, the effect of environmental organics has caused increased attention as a notable topic concerning interfacial processes. 
The application space includes, but is not limited to atmospheric aerosol interfacial formation, environmental pollutants, and 
greenhouse gas emission and reduction [36–39]. An important aspect of SIMS measurements is relative mass accuracy and peak 
area/height measurement ratios, which establishes the foundation for further analysis, such as principal component analysis (PCA), 
two-dimensional (2D), or 3D image analysis [40,41]. Good measurement repeatability on one sample with multiple measurements can 
boost confidence in peak identification and elucidate the key components observed at the material surface and interface [25]. We 
primarily focus on this type of repeatability comparisons in this study. Therefore, evaluation of spectral repeatability is important to 
assure the relative mass accuracy as well as subsequent spectral or image analysis. However, a summary on the spectral repeatability of 
organics of importance in the environment has not been reported to the best of our knowledge despite surging applications of SIMS in 
organics in recent years [37,38]. Additional future studies regarding interlaboratory comparisons of the same sample or comparisons 
of multiple samples of the same kind would be of interest to the development of SIMS applications.

To evaluate the spectral repeatability of environmental organics using static ToF-SIMS, we present four representative environ-
mental organic samples including glyoxal, pyruvic acid, bilgewater emulsion and a CO2 capture solvent (N-2-ethoxyethyl-3-mor-
pholinopropan-1-amine, 2-EMMPA) in this study [36–38,42]. Glyoxal and pyruvic acid are two well studied model systems that are 
known to form aqueous SOAs that could have significant implications in radiative forcing [37,43]. Oil-in-water emulsions are pol-
lutants in seawater and their interfacial physical, chemical evolutions are challenging to study using bulk techniques [36,44]. CO2 
abatement has become a hot topic in recent years. Understanding CO2 capture and conversion mechanism using green solvents using 
SIMS is an attractive approach for building net zero emission and economy [45].

The main objectives of our study are to assess spectral repeatability of environmental organics using static ToF-SIMS. Firstly, 
sample preparation steps are described to give examples for maximizing the analysis outcome. Second, relative mass accuracy, defined 
as the relative difference between the observed mass and the theoretical mass (expressed in ppm) using representative pseudo- 
molecular peaks and fragments are calculated to show measurement reliability [46,47]. Finally, statistical analysis of peak area 
and peak height is conducted to determine peak area/height measurement ratios. We also illustrate the feasibility of the static 
ToF-SIMS approach to analyze dry samples of various environmental organics of significance to organic pollutants in the Earth’s 
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atmosphere and ocean water.

2. Materials and methods

2.1. Sample preparation

2.1.1. Silicon substrate preparation
Before sample preparation using photolysis, silicon (Si) wafers were cleaned by using acetone and isopropanol mixed solution 

(volume ratio 1 to 1) and deionized DI water consecutively. Then the cleaned Si wafer was treated in a UV Ozone plasma cleaner 
(Ossila, L2002A3-US) to reduce surface contamination from organic compounds [48]. The same process was used to prepare the Si 
substrate for all organic samples in this work.

2.1.2. Glyoxal aqueous solution
Glyoxal (US 40 % wt.) and hydrogen peroxide (H2O2, 30 % wt., certified American Chemical Society, ACS solution in DI water, 

grade: electrophoresis) were purchased from Thermo Fisher Scientific (9389 Waples St., San Diego, CA 92121). The glyoxal and H2O2 
solutions were diluted and mixed into a mixture 5 mM and 20 mM, respectively, using DI water with 18.2 MΩ resistivity. DI water was 
dispensed from a Barnstead™ Nanopure™ system (Thermo Fisher Scientific). The liquid mixture was used to simulate the evaporation 
and oxidation process of aqSOA formation from glyoxal droplets in the atmosphere [49,50].

Five microliters (μL) of the solution mixture was deposited onto the clean Si wafer surface and then dried using nitrogen (N2) of 
~99 % purity in a chemical fume hood. Liquid samples were deposited three times to form a thin layer of film of several nm on the 
substrate. A mercury argon (Hg-Ar) UV lamp (ORIEL instruments, lamp model 6035, power supply model 6060, 1791 Deere Avenue, 
Irvine, CA 92606) was used for photochemical illumination [51]. The distance between the bulb and Si wafer was set at 10 cm to 
simulate atmospheric illumination based on previous studies as shown in Fig. 1a [40]. Once the desired UV illumination time was 
reached, dry samples were analyzed by ToF-SIMS immediately. A series of UV exposure times, including 15 min, 30 min, 1 h, 2 h, 4 h, 6 
h, and 8 h, were performed to simulate the photochemical reactions of glyoxal and hydroxyl radicals in the atmosphere. In this study, 
the 6 h illumination sample was used for mass spectral repeatability analysis.

2.1.3. Pyruvic acid aqueous solution
Pyruvic acid (98 %) was purchased from Sigma-Aldrich (St. Louis, MO, USA). It was diluted to a 0.1 M solution using DI water and 

used for simulating UV photolysis induced aqSOA formation. The photolysis treatment and sample drying followed the same condi-
tions and procedures as shown in glyoxal sample preparation in Fig. 1c. To study the SOA evolution from photochemical reactions of 

Fig. 1. Schematic showing a) ToF-SIMS cartoon for static analysis of dry samples, b) ToF analyzer with a reflector, c) preparation of aqueous droplet 
containing glyoxal or pyruvic acid (PA), and d) preparation of thin film of emulsion and EEMPA solvent.
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pyruvic acid and hydroxyl radicals, a series of UV exposure times such as 0.5 h, 1 h, 1.5 h, and 2 h were conducted. The 1.5 h UV 
irradiated pyruvic acid aqueous sample was used for the spectral repeatability analysis.

2.1.4. Synthetic oil-in-water bilgewater emulsion
The emulsions used in this study were synthesized using a 10 mL oil mixture (consisted by 50 % diesel fuel marine, MIL-PRF-16884 

N, 25 % 2190 TEP steam lube oil, MIL-PRF-17331K and 25 % 9250 diesel lube oil, MIL-PRF-9000L) and 1 mL detergent mixture 
(consisted by type 1 general purpose detergent, MIL-D-16791G (1), 25 % commercial detergent Tide Ultra (liquid), and 25 % 
degreasing solvent, MIL-PRF-680C, Type III). The synthetic bilgewater emulsion was prepared by a homogenizer (Omni Tissue Master, 
Model 125, 10 mm generator probe) for 2 min at 35,000 rpm and 10 min at 40 kHz sonication followed by the recommended procedure 
[52]. The oil-in-water emulsion droplets formed immediately, and the droplet size distributions were determined using a high reso-
lution optical microscope (Nikon Eclipse TE2000-U).

The freshly prepared emulsion droplets were used to simulate oil-in-water bilgewater emulsions released from shipboard in the sea. 
Ten microlieter (μL) of the mixture emulsion was deposited onto a clean Si wafer. The droplet was smeared using a blade to spread the 
material evenly across the substrate. The fresh emulsion was dried by blowing house N2 over the surface under room temperature and 
pressure (Fig. 1d).

2.1.5. CO2 capture solvent 2-EMMPA
The 2-EMMPA solvent for CO2 capture was synthesized following the procedure reported in previous studies [53,54]. Five μL of the 

solvent was deposited onto the Si wafer directly [55]. The solvent was dried using house N2 as depicted in Fig. 1d.

2.2. Static ToF-SIMS analysis

For the four environmental organics mentioned above, two parallel samples were prepared for each type of organic system, namely 
one for analysis and the other as the backup. Measurement repeatability can be affected by sample charging, topography, and the 
matrix effect [46]. The matrix effect is defined as an alteration of the analyte response due to interfering and often unidentified 
component(s) in the sample matrix. However, the matrix effect will not influence results of chemically similar samples if sample 
preparation and ToF-SIMS analysis are done properly [56,57]. Dried bilgewater emulsions, environmental VOCs samples, and 
2-EMMPA solvent were checked using an optical microscope to assure film uniformity. The optical microscope within the SIMS in-
strument was also used to confirm the sample evenness prior to SIMS analysis. The acquired two-dimensional (2D) SIMS images gave 
indication that the observed key peaks were well distributed across the surface [37,40]. As to emulsion and EMMPA, the homogeneity 
of key compounds was reasonable as shown in the 2D image in previous studies [3,36]. Selected 2D images were illustrated in Fig. S1. 
The samples were analyzed immediately after preparation to avoid possible surface interference and contamination. All measurements 
were conducted in a ToF-SIMS V instrument (IONTOF GmbH, Münster, Germany). During analysis, the pressure in the main chamber 
was maintained at ~10− 8 mbar, and it took about half an hour for the vacuum to reach to the desirable condition in the load lock 
chamber. The primary beam Bi3+ was set at 10 kHz pulsing units, 25 kV ion energy. The “high current bunched mode” (with high mass 
resolution) was used with a spatial resolution of 2–3 μm. The resolution of Si is about 5000 in both positive and negative mode because 
the environmental organic compounds covered the substrate. Their fragments and matrix complexity may influence the detection and 
resolution of Si. In contrast, the mass resolution on Si could be higher than 10,000 when a pure Si wafer is analyzed and used to 
calibrate instrument. The scanned area was 500 × 500 μm2. The ion dose was kept smaller than 1 × 1012 ion/cm2. For example, the 
dose was 2.5 × 1011 ion/cm2 for analysis of bilgewater emulsions. Data was acquired after 60 scans. During measurements, an electron 
flood gun with a filament current of 2.20 pA was used for surface charging compensation. Many replicate measurements were con-
ducted per sample during SIMS analysis. Normally, at least four to five data points were collected if the repeatability was not influ-
enced by surface topography and/or other instrument factors [58] based on visual inspection of data. Data acquisitions of each type of 
organic sample were performed in the same day. The schematic diagram of SIMS analysis setup was illustrated in Fig. 1a and b.

2.3. ToF-SIMS data analysis

The IONTOF Surface Lab software version 6.0 was used to analyze the mass spectral data. Before performing mass calibration, two 
common peaks CH3

+ and C2H− were used to check mass resolution (observed mass/difference between the observed mass and the 
theoretical mass, m/Δm) to evaluate the ability of the ToF-SIMS to distinguish masses with close m/z ratios. This value was larger than 
5000 in all samples, indicating that the adjacent peaks could be distinguished effectively using the high current bunched mode. The 
minimally degraded ions (in the four environmental organic samples that have known organic peaks) were used as the primary cri-
terion during peak calibration [46,47]. For example, for pyruvic acid, glyoxal, and bilgewater emulsions, peaks such as m/z+ 15.02 
CH3

+, m/z+ 27.02C2H3
+, m/z+ 45.03C2H5O+, m/z+ 55.05C4H7, and m/z+ 85.03C4H5O2

+ in the positive mode and m/z− 13.01 CH− , m/z−

14.02 CH2
− , m/z− 43.02C2H3O− , m/z− 157.01C6H5O5

− , and m/z− 175.02C6H7O6
− in the negative mode were used. As to the 2-EEMPA 

solvent, peaks such as m/z+ 18.03 NH4
+, m/z+ 42.00 CNO+, m/z+ 55.05C4H7

+, and m/z+ 85.03C4H5O2
+ in the positive mode and m/z−

26.00 CN− , m/z− 43.00 CNO− , m/z− 157.01C6H5O5
− , and m/z− 175.02C6H7O6

− in the negative mode, respectively, were used in 
calibration. After mass calibration, SIMS spectral data were exported, plotted, and integrated using OriginPro® (OriginLab 2018).

As discussed in the following section, three data points were used to evaluate measurement repeatability after excluding outliers 
based on the analysis of mean, variance, and covariance [59,60]. The observed m/zobs was defined as the center of mass of the related 
peaks. By calculation, the standard deviation of the center of mass among the three duplicate dataset was at the ppm level. Thus, the 
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slight variations among the three parallel samples do not affect mass accuracy. The relative mass accuracy statistical analysis of peak 
area and peak height were performed to determine measurement repeatability on one sample with multiple measurements.

3. Results and discussions

3.1. SIMS spectral analysis in the negative ion mode

It should be noted that more replicates could increase the estimate of average and standard deviation (S.D.) values based on 
replication statistics [61]. However, as a highly sensitive surface analytical instrument, the ToF-SIMS spectra repeatability can still be 
affected by subtle differences of sample charging, topography, the matrix effect, and variation in the SIMS signals due to the inherent 
challenge of exactly reproducing all conditions for SIMS measurement. This would produce one or two outlier spectra compared with 
other spectra among all detected points based on our experiences.

Replicates do not always contribute equally and independently to the measured variability and can impact the total variability in 
the analyte system. Although increasing the number of measurements could improve data reliability and decrease the uncertainty in 
obtaining the mean, the benefits may decline as the repetition increases [62]. There are not thorough repeatability studies reported on 
environmental samples using SIMS, other repeatability studies based on mass spectrometry of proteomics and other materials sug-
gested that three to four replicates can offer high repeatability and reproducibility, even for complex mixtures [62–64]. Considering 
the high costs per assay and possible evaporation of organics under vacuum, more than several replications are not a routine practice in 
static SIMS spectral collection. Therefore, generally we use three replicate measurements from all data points to reduce data after 
excluding the outlier data points. This also helps reduce the small, random instrument and sample misalignments that may influence 
the data quality.

The outlier exclusion process for environmental samples in this work normally includes the following considerations: (1) the 
spectrum with low signal to noise ratio (SNR) or deviant interference (the SNR is significantly low; or interference peaks are evident 
compared to other spectra of the same specimen from spectral overlay); and (2) the deviations of peak area/height from the mean value 
are more than 20 %. This process is helpful in peak identification and follow-up analysis. The characteristic peaks selected for the 
measurement repeatability evaluation of each sample in the negative ion mode were summarized in Table 1. We use the following 
criteria to select peaks including: 1) peaks that are pseudo-molecular peaks of the major molecules of each analyte system; 2) those 
peaks that are identified as important reactants, products, or fragments based on previous reports or our own observations [3,36–38], 
and 3) peaks that have distinctly higher intensities than adjacent peaks. Besides, we avoid interference peaks from polydimethyl 
siloxane (PDMS) and Si related peaks in peak comparison. The former is common surface contaminant, and the latter reflects signals 
from the substrate.

Table 1 
Identification of key peaks of representative organics in the negative ion mode.

System m/z−obs
a m/z−the

b Dev. (ppm)c Formula Peak assignment

Pyruvic acidd 85.030 85.028 17.641 C4H5O2
− biacetyl

113.023 113.023 1.770 C5H5O3
− 3-hydroxy-5-methylfuran-2(5H)-one

146.991 146.992 8.164 C4H3O6
− 1-hydroxy-2-oxoethyl hydrogen carbonate

175.040 175.039 2.857 C10H7O3
− oligomers

198.986 198.987 7.036 C7H3O7
− oligomers

Glyoxale 57.028 57.029 17.535 C2HO2
− glyoxal

97.013 97.013 7.216 CH5O5
− 2H2O...HCO3

158.057 158.057 3.796 C7H10O4
− oligomers

177.058 177.055 16.379 C10H9O3
− oligomers

Bilgewater emulsionf 101.058 101.060 17.811 C5H9O2
− fatty acid

104.980 104.982 14.288 C4H9O3
− dicarbonic acid

149.022 149.023 12.079 C8H5O3
− benzoylformic acid

255.230 255.232 7.836 C16H31O2
− n-hexadecanoic acid

265.152 265.157 18.857 C12H26O4P− tributyl phosphate
EMMPAg 73.015 73.016 10.135 C2H3NO2

− fragment of 2-EMMPA
110.054 110.056 18.173 CH8N3O3

− fragment of 2-EMMPA
163.058 163.059 4.906 C4H9N3O4

− fragment of 2-EMMPA
169.059 169.058 5.324 C4H11NO6

− fragment of 2-EMMPA

Footnote.
a m/z−obs: observed mass to charge ratio.
b m/z−the: theoretical mass to charge ratio.
c Dev. (ppm) = Abs (106 × (m/z−obs − m/z−the)/m/z−the).
d CH3COCOOH, molecular weight (MW) 88.06, 0.1 M solution, 1.5 h UV exposed [37].
e Mixture of 5 mM CHOCHO (MW 58.04) and 20 mM H2O2 (MW 34.01) solution, respectively, after 6 h UV exposure [43].
f synthetic oil-in-water emulsion, a 10 mL oil mixture consisted of 50 % diesel fuel marine, MIL-PRF-16884 N, 25 % 2190 TEP steam lube oil, MIL- 

PRF-17331K and 25 % 9250 diesel lube oil, MIL-PRF-9000L and 1 mL detergent mixture including type 1 general purpose detergent, MIL-D-16791G 
(1), 25 % commercial detergent Tide Ultra (liquid), and 25 % degreasing solvent, MIL-PRF-680C, Type III [44].

g (CH2)4ON(CH2)3NH(CH2)2OCH2CH3, MW 216.32 [36].
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First, five key reactant and product peaks were selected consisting of biacetyl (m/z− 85.03, C4H5O2
− ), 3-hydroxy-5-methylfuran- 2 

(5H)-one (m/z− 113.02, C5H5O3
− ), 1-hydroxy-2-oxoethyl hydrogen carbonate (m/z− 146.99, C4H3O6

− ), zymonic acid(m/z− 157.01, 
C6H5O5

− ), and oligomers (m/z− 175.02, C6H7O6
− and m/z− 198.99, C7H3O7

− ), which were related to pyruvic acid photolysis for the four 
organic systems. These peaks were used in spectral repeatability analysis. Fig. 2 gives an example. Spots 1, 2, and 3 indicates three 
consecutive measurements at three separate locations. Spectra showing the mass range that includes all observed peaks are illustrated 
in Figs. S8–S9. The relative mass accuracy was calculated to assure peak identification. Table 1 gives the summary of the selected 
peaks. The calculated relative mass accuracy is smaller than 20 ppm, suggesting that peak identification is dependable. In spectral 
comparisons, all selected peaks and other high intensity peaks could be observed with similar counts in three replicate measurements 
as illustrated in Fig. 2, S8 – S9, respectively.

It is not straightforward to do direct quantitative data analysis of ToF-SIMS spectral data due to the fact that the ion yields were 
influenced by matrix effects [56,58,65]. Thus, ToF-SIMS is generally regarded as a semi-quantitative technique. Nevertheless, it is 
essential to compare signal intensity among replicate measurements. This is because under the same operating conditions, spectral 
repeatability can reflect sample uniformity and measurement repeatability, thereby reflecting the adequacy of sample preparation and 
instrument response to a specimen. Another reason is that relative intensity is an important reference for peak identification. If the 
characteristic peaks with high intensity of each replicate plots are different, it will be difficult to distinguish the real products compared 
to the original reactants and molecular fragments in the acquired spectra. Therefore, reducing the peak intensity standard deviation 
among parallel samples could enhance the relative mass accuracy.

The summary of peak area and peak height of representative peaks is listed in Table 2. Additionally, the peak area and peak height 
ratios among key products and fragments are reproducible because sample surfaces are flat. Thus, good measurement precisions were 
obtained for peak identification of these complex organic mixtures when compared with high purity reference chemical spectra. 
Besides, peak area/height ratios of key products or fragments tend to be reproducible as long as the topographic difference is not 
significant, that is, sample surface is flat. Such parameters can provide valuable information when the analyst tries to identify organics 
in mixtures or more complex matrices, especially for samples that are prepared using step-by-step additions of compounds. It should be 
noted that surface topography and instrument efficiency (e.g., micro channel plate conditions) will influence the total ion yield. To 
further evaluate repeatability of one sample with multiple measurements, the ratios of peak areas and peak heights of four types of 
environmental samples are listed in Table 3. The ratios were normalized using the counts of the specific peak divided by total counts of 
all selected key products and fragments. The ratio was taken from each spectrum; and the variance and mean values were determined 
based on all measurements. The relative standard deviations percentage (RSD%) of most peak areas and peak heights were smaller 
than 5 % among samples. As to peak area ratios, the RSDs% are smaller than 2 %. Typically, if the RSD% is 5 % in peak areas, the 
method would be considered suitable for quantitative analysis [20]. Therefore, our results of diverse organic samples indicate that 
static ToF-SIMS spectral signal intensity has excellent repeatability. As to peak heights, the RSD% is around 5 % − 10 %, larger than 
peak area deviation. Additional results in the positive ion mode are summarized in Tables S1–S3. Using peak area for peak identifi-
cation would be more dependable in measurement evaluation because the intensity for a particular ion is spread over the mass scale 
owing to imperfect energy compensation and topography effects. Therefore, intensity should be summed. The peak height is conse-
quently a much smaller value with lower signal to noise and poorer repeatability. Thus, we focus on the peak area standard deviation in 
the subsequent discussion.

The UV treated glyoxal and hydrogen peroxide sample was used to represent the oxidized aqueous droplet surface inductive to 

Fig. 2. SIMS spectral comparison of pyruvic acid showing representative peaks in the negative mode (m/z− 50–200). Spots 1, 2, and 3 indicate 
consecutive measurements at three separate locations.
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production of aqSOAs [40,43,66]. Indeed, several key compounds including glyoxal (m/z− 57.03, C2HO2
− ), 2H2O...HCO3 anion (m/z−

97.01, CH5O5
− ), oligomers (m/z− 158.06, C7H10O4

− and m/z− 177.06, C10H9O3
− ) were identified. The replicate SIMS spectra in the mass 

range of m/z− 50 − 200 are displayed in Fig. 3; and additional spectral mass range including all observed peaks are shown in 
Figs. S10–S11. The relative mass accuracy is within 20 ppm. Moreover, the RSDs% of peak areas and the corresponding peak height 
ratios observed in glyoxal and H2O2 samples are less than 5 %. The peak area and peak height of key compounds among pure reagent 
glyoxal solution, H2O2 solution, and the mixture of glyoxal and H2O2 were compared to identify the presence of product peaks as a 
result of photolysis reactions of the mixture.

The comparison results are summarized in Table 2, and the corresponding spectra were shown in Figs. 2–3). For example, the peak 
area/height of glyoxal (m/z− 57.03) is highest in the glyoxal solution and lowest in the H2O2 solution. This indicates that glyoxal is 
consumed by H2O2 reactions. As to key products m/z− 97.01, CH5O5

− , m/z− 158.06, C7H10O4
− , and m/z− 177.06, C10H9O3

− , the signal to 
noise ratios suggest that these peaks are below S/N compared against those in the glyoxal and H2O2 alone control samples. These 
findings indicate that these compounds are indeed formed due to photolysis of the glyoxal and H2O2 solution. These results show good 
data repeatability and reliable identification when static ToF-SIMS is applied. In brief, the replicate spectral analysis results of pyruvic 
acid (Fig. 2) and glyoxal (Fig. 3) indicate good data repeatability using static ToF-SIMS. It should be noted that VOC molecules 
evaporate in vacuum over time. However, the evaporation effect is small because key organic molecules could be observed in the PA 
and glyoxal samples. Additionally, the SIMS spectral repeatability of PA and glyoxal is satisfactory. Various samples give consistent 
satisfactory results using experimental systems, simulating atmospheric VOC transformations that led to aqSOA formation.

As to bilgewater emulsion samples, the main oil and detergent components are selected as the following: fatty acids (m/z− 101.06, 
C5H9O2

− ), dicarbonic acid (m/z− 104.98, C4H9O3
− ), benzoylformic acid (m/z− 149.02, C8H5O3

− ), n-hexadecanoic acid (m/z− 255.23, 
C16H31O2

− ), and tributyl phosphate (m/z− 265.16, C12H26O4P− ). These peaks are marked in Fig. 4 and the spectra in other mass ranges 
are shown in Figs. S12–S13. As shown in Table 1, the relative mass accuracy remains within in 20 ppm. On the other hand, the standard 
deviations of peak areas and heights were slightly larger than atmospheric samples (see Tables 2–3). This might be due to the complex 
components that exist in emulsion, which may cause a slight heterogeneity at the molecular scale. However, most RSDs% of the 
observed peak area and peak height ratios among the three replicates are less than 5 %. This finding indicates that static ToF-SIMS 
analysis can offer reproducible spectral results of rather complex oil-in-water emulsion mixtures.

Table 2 
Summary of peak area and peak height of representative organic peaks in the negative ion mode.

System m/z−obs
a Peak Areab Area S.D.c Area RSD%c Peak heightd Peak height S.D.e Peak height RSD%e

Pyruvic acidf 85.030 6.43E+03 2.76E+01 0.43 % 5.62E+05 5.30E+04 9.43 %
113.023 9.64E+03 2.89E+01 0.30 % 3.60E+05 1.54E+04 4.28 %
146.991 6.28E+03 7.43E+01 1.18 % 2.11E+05 8.73E+03 4.14 %
175.040 9.84E+03 1.46E+02 1.48 % 3.23E+05 2.11E+04 6.53 %
198.986 9.04E+03 2.08E+02 2.30 % 1.38E+05 4.01E+03 2.91 %

Glyoxal + H2O2
g 57.028 4.22E+02 1.90E+01 4.50 % 3.55E+04 2.72E+03 7.65 %

97.007 4.18E+03 1.94E+02 4.65 % 2.68E+05 2.23E+04 8.33 %
158.057 2.54E+03 7.73E+01 3.05 % 1.07E+05 7.73E+03 7.19 %
177.058 4.50E+03 1.32E+02 2.93 % 1.08E+05 5.98E+03 5.55 %

Glyoxalh 57.027 4.23E+03 1.61E+02 3.80 % 4.29E+05 4.30E+04 10.02 %
97.008 1.28E+03 5.15E+01 4.01 % 8.64E+04 7.62E+03 8.82 %
158.049 < S/N – – < S/N – –
177.060 < S/N – – < S/N – –

Bilgewater emulsioni 101.058 6.78E+02 4.71E+01 6.95 % 1.26E+04 1.48E+04 12.99 %
104.980 1.36E+03 3.89E+01 2.86 % 1.55E+04 1.12E+04 3.89 %
149.022 4.07E+03 1.50E+02 3.69 % 4.20E+04 1.59E+03 3.79 %
255.230 1.95E+03 7.59E+01 3.89 % 2.40E+04 2.48E+04 7.50 %
265.152 1.36E+03 8.66E+01 4.17 % 1.43E+04 1.40E+04 14.43 %

EMMPAj 73.042 2.75E+03 2.59E+02 9.40 % 6.19E+04 8.23E+03 13.29 %
110.054 2.62E+03 1.68E+02 6.41 % 5.76E+04 8.92E+03 15.48 %
163.058 7.77E+03 7.19E+02 9.24 % 1.58E+05 1.56E+04 9.88 %
169.059 3.55E+03 1.16E+02 3.27 % 5.75E+04 1.90E+03 3.30 %

Footnote.
a m/z−obs: observed mass to charge ratio.
b average peak area of three replicate samples.
c standard deviation (S.D.) and relative standard deviation (RSD%) of peak area. Relative standard deviation (RSD%) = S.D./Average × 100 %.
d average peak height of three replicate samples.
e standard deviation (S.D.) and relative standard deviation (RSD%) of peak height.
f CH3COCOOH, molecular weight (MW) 88.06, 0.1 M solution, 1.5 h UV exposed [37].
g Mixture of 5 mM CHOCHO (MW 58.04) and 20 mM H2O2 (MW 34.01) solution, respectively, after 6 h UV exposure [43].
h 5 mM CHOCHO solution, MW58.04.
i synthetic oil-in-water emulsion, a 10 mL oil mixture consisted of 50 % diesel fuel marine, MIL-PRF-16884 N, 25 % 2190 TEP steam lube oil, MIL- 

PRF-17331K and 25 % 9250 diesel lube oil, MIL-PRF-9000L and 1 mL detergent mixture including type 1 general purpose detergent, MIL-D-16791G 
(1), 25 % commercial detergent Tide Ultra (liquid), and 25 % degreasing solvent, MIL-PRF-680C, Type III [44].

j (CH2)4ON(CH2)3NH(CH2)2OCH2CH3, MW 216.32 [36].
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Fig. 5 exhibited SIMS spectral comparison of the CO2 capture solvent 2-EMMPA in the negative mode. Additional spectral com-
parison results in other mass ranges are depicted in Figs. S14–S15. Four fragments of 2-EMMPA, namely C2H3NO2

− m/z− 73.05, 
CH8N3O3

− m/z− 110.06, C4H9N3O4
− m/z− 163.06, and C4H11NO6

− m/z− 169.06, are used for spectral repeatability analysis. Like other 
environmental organic samples, the relative mass accuracy of key peaks is less than 20 ppm. Possible contaminants and fragments, 
such as m/z− 133, show slight differences; however, the RSDs% of peak area and peak height ratios of most key compounds among the 

Table 3 
Comparisons of ratios of peak area and peak height of key products/fragments in the negative ion mode.

System m/z−obs Peak Area 
ratioa

Area ratio S. 
D.b

Area ratio RSD 
%c

Peak height 
ratiod

Peak height ratio S. 
D.e

Peak height ratio RSD 
%f

Pyruvic acidg 85.030 0.1560 0.0002 0.128 % 0.3523 0.0165 4.684 %
113.023 0.2339 0.0012 0.513 % 0.2260 0.0112 4.956 %
146.991 0.1523 0.0011 0.722 % 0.1324 0.0078 5.891 %
175.040 0.2386 0.0035 1.467 % 0.2028 0.0050 2.465 %
198.986 0.2191 0.0035 1.597 % 0.0866 0.0042 4.850 %

Glyoxal + H2O2
h 57.028 0.7280 0.0089 1.223 % 0.8144 0.0020 0.246 %

97.007 0.2209 0.0087 3.938 % 0.1644 0.0021 1.277 %
158.057 0.0062 0.0003 4.839 % 0.0054 0.0002 3.704 %
177.058* 0.0448 0.0005 1.116 % 0.0158 0.0002 1.266 %

Bilgewater 
emulsioni

101.058 0.1437 0.0118 8.212 % 0.0796 0.0034 4.271 %
104.980 0.1030 0.0046 4.466 % 0.1268 0.0014 1.104 %
149.022 0.3908 0.0147 3.762 % 0.4530 0.0020 0.442 %
255.230* 0.2235 0.0106 4.743 % 0.1973 0.0135 6.842 %
265.152 0.1391 0.0085 6.111 % 0.1433 0.0107 7.467 %

EMMPAj 73.042 0.1649 0.0108 6.549 % 0.1844 0.0176 9.544 %
110.054* 0.1574 0.0136 8.640 % 0.1719 0.0215 12.51 %
163.058 0.4651 0.0205 4.408 % 0.4722 0.0340 7.200 %
169.059 0.2126 0.0022 1.035 % 0.1715 0.0052 3.032 %

Footnote:.
a average peak area ratio between the counts of specific peaks and total counts of all key products/fragments.
b standard deviation (S.D.) of peak area ratio.
c Relative standard deviation (RSD%) = S.D./Average × 100 %, RSD of the peak area ratio.
d average peak height ratio of three replicate samples.
e standard deviation (S.D.) of the peak height ratio.
f RSD of peak height ratio.
g CH3COCOOH, molecular weight (MW) 88.06.
h 5 mM CHOCHO and 20 mM H2O2 solution, MW58.04 and 34.01, respectively.
i synthetic oil-in-water emulsion.
j (CH2)4ON(CH2)3NH(CH2)2OCH2CH3, MW 216.32.

Fig. 3. SIMS spectral comparison of the glyoxal and H2O2 mixture solution showing representative peaks in the negative mode (m/z− 50–200). 
Spots 1, 2, and 3 indicate consecutive measurements at three separate locations.
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three parallel samples are less than 10 % (as listed in Tables 2–3). Although the standard deviations of this capturing solvent are greater 
than other organic samples, the dataset’s content is still considered to have good repeatability [67]. This is because the RSDs% are 
below 10 %. This higher standard deviation may be because the observed peaks are mainly fragments. Besides, the solvent synthesis 
process contains multi-steps, such as filtration and purification over a period of time; therefore, the interferences from synthesis and 
drying effect during sample preparation are unavoidable.

In summary, spectral repeatability is reasonable when static ToF-SIMS spectral measurements are applied to investigate envi-
ronmental organics. The results are particularly impressive for the small VOC atmospheric models in the aqSOA transformation 
studies. As to other complicated organic compounds, the peak intensity seems to be influenced by the inevitable variance during 
synthesis, SIMS sample preparation, and the analysis process. Regardless, the main pseudomolecular peaks and fragment species can 
still be determined accurately.

Fig. 4. SIMS spectral comparison of synthetic bilgewater emulsion showing representative peaks in the negative mode (m/z− 100–300). Spots 1, 2, 
and 3 indicate consecutive measurements at three separate locations.

Fig. 5. SIMS spectral comparison of the CO2 capture solvent EMMPA showing representative peaks in the negative mode (m/z− 50–200). Spots 1, 2, 
and 3 indicate consecutive measurements at three separate locations.
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3.2. SIMS spectral analysis in the positive ion mode

In the positive mode, four products, including biacetyl (m/z+ 85.03, C4H5O2
+), dehydration cluster ions (m/z+ 113.03, C5H5O3

+), 4, 
5-Dioxo-4, 5-dihydro-3-furancarbaldehyde (m/z+ 125.00, C5HO4

+) and 4-Methylumbelliferone (m/z+ 176.05C10H8O3
+), were used to 

compare spectral measurement repeatability in Fig. S4. SIMS spectral comparisons in other mass ranges are illustrated in 
Figs. S16–S17. Similarly to the negative mode, the relative mass accuracy is less than 20 ppm (Table S1) and the RSDs% of peak area 
ratios were smaller than 10 % (Tables S2–S3). For example, characteristic UV-induced oxidation products are glyoxal (m/z+59.01, 
C2H3O2

+), glycolic acid (m/z+ 77.02, C2H5O3
+), glycolaldehyde (m/z+ 79.04, C2H7O3

+), and oligomers (m/z+ 153.13, C10H17O+) in 
glyoxal UV aged samples. The spectra and statistical results are provided in Table S1 and Fig. S5, respectively. Additional spectra are 
shown in Figs. S18–S19. For compounds shown in the spectra, such as peaks m/z+ 57, 69, 88 and 167, there is no appropriate 
identification related to glyoxal photochemical reactions within the uncertainty of relative mass accuracy (i.e., 20 ppm). Thus, these 
peaks were considered as molecular fragments, i.e., C2HO2

+, C4H5O+, C2O4
+ and C13H11

+ , respectively. The peak intensities show a 
greater percentage difference in the positive mode than the negative mode. However, as a surface sensitive, semi-quantitative 
analytical tool, these products could still be identified effectively in SIMS spectral analysis as shown in Table S1 and Figs. S18–S19. 
In fact, SIMS offers superior surface sensitivity compared to bulk techniques like gas chromatograph – mass spectrometry (GC-MS) or 
liquid chromatograph – mass spectrometry (LC-MS) in terms of speciation of oxidation products in SOA formation [68,69]. The 
characteristic peaks in bilgewater emulsions are phenethyl (m/z+ 107.09, C8H11

+ ), phenylpropyl (m/z+ 119.09, C9H11
+ ), hydroxytyrosol 

(m/z+ 153.06, C8H9O3
+), aminoacetate (m/z+ 191.03, C5H7N2O6

+), and fragments (m/z+ 243.10, C7H17N2O8
+). The replicate spectral 

comparison is illustrated in Fig. S6. Other supporting mass spectra are depicted in Figs. S20–S21. As shown in Table S1, the relative 
mass accuracy remains within 20 ppm; and the RSDs% of peak areas and their ratios are smaller than 10 %. Slightly larger RSDs% of 
the emulsions are likely due to the complex components that exist in the organic mixtures than those of simpler VOC systems in the 
positive mode. It is notable that peaks occurring with a Δm/z 44 amu difference starting from m/z+ 463 to m/z+ 771 (shown in 
Fig. S21). This implies that CO2 could be absorbed on the bilgewater emulsion in the form of C26+nH32O6+2nNa+ (relative mass ac-
curacy <20 ppm, n = 0–7).

For the CO2 capture solvent EMMPA, seven typical fragments are chosen for spectral repeatability analysis, including C6H14N3
+ m/ 

z+ 128.12, C8H16N3
+ m/z+ 154.13, C8H18N3O+ m/z+ 172.14, C9H18N3O+ m/z+ 184.15, C11H25N2O2

+ m/z+ 216.19, C12H25N2O2
+ m/z+

229.19, and C11H25N2O4
+ m/z+ 216.18. The spectral comparison results are depicted in Fig. S7; and other mass ranges are illustrated in 

Figs. S22–S23. Like other environmental organic systems, the relative mass accuracy of characteristic peaks is smaller than 20 ppm. It 
should be noted that the RSDs% based on peak area ratios of all EMMPA fragments are less than 10 % as shown in Tables S2–S3, smaller 
than those in the negative mode. This comparison indicates that the ion yields of positive EMMPA fragment ions are more repeatable 
than negative ones. Whereas the peak areas’ standard deviations of glyoxal, pyruvic acid, and bilgewater emulsions in the positive 
mode are all slightly greater than those in the negative mode. The different RSDs% in the positive and negative mode might be because 
these ions have different trajectories (shown in Fig. 1b), which cause intensity differences between the positive and negative mode. 
This finding suggests that both ion modes should be used when analyzing complex organics to obtain complementary data and more 
signature signals of such systems.

3.3. SIMS mass spectral repeatability

The spectral repeatability results show that the application of static ToF-SIMS is suitable to study environmental organics. It offers 
high mass relative accuracy in both negative and positive ion modes. For ToF-SIMS spectral analysis, the mass resolution and accuracy 
are directly related to the primary ion beam width as well as sputtering and extraction processes. The good repeatability reveals that 
the narrower Bi3+ beam width, for instance a pulse width of around 0.8 ns, is a desirable choice for environmental organics analysis. 
Moreover, our previous studies suggest that the beam damage induced by Bi3+ has less influence on organic samples, whereas Bi+ beam 
damage cannot be neglected [24]. Besides, the Bi3+ beam is more sensitive for macromolecules than Bi+. Such feature can enhance peak 
intensity by several orders of magnitudes. Thus, it reduces the interference caused by system noise, especially in the positive mode [10,
11,13,24,70].

The ion yields of secondary ions can significantly be influenced by sample atomic mixing, surface roughness, and uniformity 
[71–73]. The discrepancy and consistency of sample surfaces may cause peak area or height differences, thereby affecting relative mass 
accuracy and peak area/height measurement ratios. During analysis and detection, the spectral signals depend not only on their 
intrinsic attributes but also sample preparation process. Our results show that ToF-SIMS can provide strong and stable signals for both 
simple and complex mixture components of environmental significance in the negative ion mode. As to the positive mode, peak in-
tensities show a higher relative difference except for the EMMPA solvent. However, characteristic ion signals can still be detected and 
identified readily. The peak area and peak height ratios shown in Tables 3 and S3 suggest that fragments of low volatility oligomers 
formed from photochemical reactions of small atmospheric VOCs (i.e., glyoxal, pyruvic acid) are more likely to be detected using the 
Bi3+ primary ion beam. For bilgewater emulsions and EEPMA samples, more fragments and products from smaller molecules could be 
observed with higher intensity (i.e., C4H9N3O4

− m/z− 163.06, C8H18N3O+ m/z+ 172.14 in EMMPA). This finding indicates that sec-
ondary ions generated by the primary ion beam mainly consist of smaller molecular components or their fragments from organic 
mixtures.

The fact that key compounds could be identified with a less than 20 ppm relative mass accuracy indicates that environmental 
organic materials could be analyzed using static ToF-SIMS effectively. The RSDs% of peak area/height were slightly larger when 
complex components exist in organic samples. However, these products could still be identified clearly in the SIMS spectra, for instance 
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in the bilgewater case. Furthermore, identification of outliers is helpful for speciation and subsequent analysis. Compared raw in-
tensities, peak ratios of key fragments or products have smaller RSDs%, providing valuable information for identification of organic 
compounds. Based on observations of multiple systems, it is recommended that the pulsed 25 keV Bi3+ is suitable for environmental 
organic analysis. Specifically, the high mass relative accuracy of SIMS spectral analysis allows us to distinguish complex composition of 
environmental samples with reasonable confidence. Another advancement using SIMS is that the good repeatability of signal intensity 
can reduce peak identification error by comparing replicate plots.

In summary, ToF-SIMS detection, with the instrument development in recent decades, can provide more insights into components, 
dynamics, and reaction mechanisms on environmental organics by taking advantage of high mass resolution, high sensitivity, mass 
range, and good repeatability offered by static SIMS analysis. Besides instrument efficiency (e.g., micro channel plate condition), 
deviation of ion fragments generated from different kinds of molecules can be influenced by minor surface topography easily, which 
causes slightly higher RSD% than quasi-molecular ions. Appropriate sample preparation, normalization, and identification of outliers 
are helpful strategies to reduce the deviation from surface topography and instrument efficiency.

4. Conclusions

Sample preparation is crucial to acquire reliable and reproducible results in ToF-SIMS. Moreover, the sample preparation processes 
summarized in this study has turned out to offer an appropriate baseline approach for static ToF-SIMS analysis. Our results provide a 
reliable set of conditions to investigate environmental organic samples using static ToF-SIMS. To the best of our knowledge, this work 
has presented the first set of SIMS static analysis of environmental organics. Because these systems of interest are so diverse and they 
follow different reaction mechanisms, the distribution of percentage of products vs. reactants would not be the same. The Bi3+ primary 
ion beam is known to be suitable for research of organic samples such as polymers, thin films, organic electronics, and industrial 
samples [33,35]. Our results show that it is also a good choice for studying environmental organics. Additional in situ liquid SIMS 
research of these environmental systems have been performed or ongoing. More studies would be needed on organic samples using 
static and liquid ToF-SIMS to further evaluatation of spectral repeatability because there is a lack of existing literature of environ-
mentally relevant organics. With the advancement of SIMS, such as mass spectrometry (MS)-MS, giant cluster ion beam (GCIB)-SIMS, 
and liquid SIMS, it is anticipated that ToF-SIMS can play a more significant role and provide more useful information in the studies of 
environmental organics in the real world in the future.
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