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Abstract. Chemical ionization mass spectrometry (CIMS)
offers high time-resolution measurements for diverse com-
pounds, but atmospheric quantification remains challenging.
Here, we combine a recently published method for deter-
mining the collision limit using a single reagent ion with
a voltage scanning approach for assessing the relative sen-
sitivities of diverse adduct ions. We used voltage scanning
in a Multi-Reagent Chemical Ionization Mass Spectrome-
ter (MR-CIMS) to assess ion—molecule adduct strength. The
sensitivities to most detectable compounds were calculated
based on this relationship using a collision-limit sensitivity
of 13.87 & 0.69 ncps pptv~" determined for a-pinene using
the benzene channel. Following previously published work,
the collision limit sensitivity of the other reagent ions used
was assumed to be equal to that of the benzene channel and
was further examined using the binding energy and mea-
sured sensitivity of nitrophenol in the bromide channel. Cal-
ibration of 13 molecules, including nitric acid, formic acid,
and oxygenated VOCs, was performed to obtain a univer-
sal relationship between the sensitivities and the voltage at
which the adduct signal halves (dVs5p). Quantification un-
certainties stayed below 20 % for compounds with sensitivi-
ties above 5.69 and 5.30 ncps pptv~! in bromide and iodide
channels, respectively. High-level quantum chemical calcu-

lations indicated that the detected compounds predominantly
form hydrogen-bonded clusters with bromide and iodide. In a
large photochemical chamber, estimated sensitivities of more
than 260 compounds were determined. Based on this, we
achieved their quantification with multiple negative reagent
ions. The quantification was validated by comparing nitrous
acid concentrations measured using MR-CIMS with those
obtained from a calibrated iterative cavity-enhanced differ-
ential optical absorption spectroscopy (ICAD) (R*>=0.891,
slope = 1.24). Six of the organic compounds were taken as
examples to show the results of this method for a daytime ox-
idation chamber experiment. The measurement uncertainties
for these pptv-level compounds ranged from 8.9 % to 39.0 %,
depending on their sensitivities and concentrations. Further
theoretical and experimental investigations showed that halo-
gen compounds can form intermolecular halogen bonds with
strength comparable to their intramolecular bonds, prevent-
ing this approach from being applied to determine their sensi-
tivities. This work highlights that voltage scanning is a useful
approach to the determination ion—molecule adduct sensitiv-
ity in CIMS.
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1 Introduction

Chemical ionization mass spectrometry (CIMS) is a power-
ful analytical method providing high time resolution mea-
surements for a wide range of compounds (Bertram et al.,
2011). It uses soft ionization to charge analytes and has the
advantage of allowing in situ measurements that preserve
the structure of the analytes (Riva et al., 2019; Zhang et
al., 2023). Among its many applications, the measurement
of organics, including volatile organic compounds (VOCs)
and their less volatile oxidation products, is one of the most
prominent and critical. This capability meets the evolving de-
mands of atmospheric chemistry research, addressing impor-
tant questions regarding the formation of secondary organic
aerosol (SOA), the cycling of atmospheric reactive nitrogen,
and the sinks and sources of atmospheric radicals (Ehn et al.,
2014; Lee et al., 2018; Yuan et al., 2017).

Quantifying detected compounds is fundamental to CIMS
but is challenging particularly in clustering ion chemistry.
This is due to two main factors: first, certain reagent ions,
e.g., iodide, and bromide, are more sensitive to oxygenated
compounds, for which commercially available and atmo-
spherically relevant standards are often lacking; second, the
sensitivities of some reagent ions, e.g., ammonium and io-
dide, span a wide range, complicating accurate quantification
(Bianchi et al., 2019; Lee et al., 2014; Rissanen et al., 2019;
Xu et al., 2022; Zaytsev et al., 2019). Over the past decades,
several investigations have sought to characterize the sensi-
tivity of CIMS to compounds for which commercial stan-
dards are unavailable. Huey et al. (1995) measured accurate
reaction rate constants for SF, and I™ with various atmo-
spheric analytes, thereby firstly validating that the detected
ions represent the target analytes rather than interferences
and establishing a quantitative link between ion-molecule
rate constants and signal responses in CIMS (Huey et al.,
1995). In addition, the community often adopts the strategy
of synthesizing target analytes for the direct calibration of
CIMS, including peroxyacetyl nitrate (Slusher et al., 2004;
Veres and Roberts, 2015), organic hydroperoxides (Crounse
et al., 2006), nitryl chloride (CINO;) and dinitrogen pentox-
ide (N;Os) (Kercher et al., 2009), peroxynitric acid (Veres et
al., 2015), chloramines (Chen et al., 2025; Wang et al., 2023),
tertiary isoprene nitrates (Vasquez et al., 2020), and biogenic
hydroxy nitrates (Robinson et al., 2024).

For analytes that are difficult to synthesize or whose
structures and functionalities are uncertain, using semi-
quantitative calibration or quantum model estimation pro-
vides a practical alternative for estimating sensitivities (Iyer
et al., 2016; Lee et al., 2014; Lopez-Hilfiker et al., 2016).
Very recently, Aggarwal et al. (2025) conducted calibrations
on 39 Tofwerk CIMS, statistically demonstrating that the col-
lision limit can be used to put constraints on sensitivity from
one ion mode polarity to another, as long as the critical pa-
rameters are held constant, with the discrepancy between the
two polarities being within 5 %. This enables the determi-
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nation of the collision limit of negative reagent ions to be
made from the positive channels, which are often easier to
complete, simplifying calibration requirements across vari-
ous reagent ion chemistries (Aggarwal et al., 2025). Under
this condition, once the distributions of relative sensitivities
to detectable compounds are obtained, the true sensitivities
can be readily calculated. To achieve that, voltage scanning
is one of the most frequently used semi-quantitative cali-
bration methods (Lopez-Hilfiker et al., 2016; Song et al.,
2024; Xu et al., 2022; Zaytsev et al., 2019). It is a proce-
dure to determine the estimated sensitivity of reagent ion
adducts by imparting energy to the ions via electric fields.
The binding energy is inferred from the change in applied
voltage at which the adduct signal drops to half of its orig-
inal intensity. This voltage change is referred to as dVsy.
Compounds’ sensitivities can be estimated once the empir-
ical relationship between binding energies and sensitivities
is established. Lopez-Hilfiker et al. (2016) was the first to
report the utilization of the voltage scanning method to con-
strain the relative sensitivities of I-CIMS to multifunctional
organic molecules. Song et al. (2024) established a compre-
hensive characterization on the relative sensitivity of I-CIMS
to multifunctional compounds. An increase in sensitivity
was observed with the addition of polar functional groups
to the compound, such as keto, hydroxyl, and carboxylic
acid groups. Semi-quantitative equations were established
for monophenols, monoacids, polyphenol or diacid species,
and species with multiple functional groups in I-CIMS. De-
spite the useful implementation of the voltage scanning tech-
nique in some works, it is still not widely adopted with CIMS
users.

Knowledge on the sensitivities of CIMS and the voltage
scanning method is still insufficient. First, this method has
not been evaluated for the many reagent ions that are used
for characterizing the range of organics of interest. The dis-
tribution of Br-CIMS sensitivities to compounds with differ-
ent functionalities, for example, is not well understood. Sec-
ond, for the sake of safety and minimizing side reactions,
some CIMS utilize a grounded flow tube ion—molecule reac-
tor (IMR), such as the newly developed Vocus AIM (adduct
ionization mechanism) IMR (Riva et al., 2024). The volt-
age scanning protocol needs to be refined for these reactors,
including the additional tuning necessary to keep transmis-
sion from the IMR to the quadrupoles constant when ap-
plying voltage scanning methods. The schematic diagram of
this process is shown in Fig. 1 and its details will be dis-
cussed more in the following sections. Third, as voltage scan-
ning essentially determines the binding energy of the adducts
through cluster dissociation, which significantly reduces the
signals of the analytes, voltage scanning is only suitable for
analytes with a sufficient signal-to-noise ratio (SNR) in the
mass spectrum. The SNR threshold required to make voltage
scanning applicable is currently unknown.

Here we present an approach to estimating sensitivities
of a wide range of compounds using multiple reagent ion
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Figure 1. Schematic of the MR-CIMS structure. Gas flow paths are indicated in red, and the electrodes/voltages adjusted during voltage
scanning are highlighted by purple dashed arrows and texts. Explanatory annotations are denoted by blue dashed arrows and words. Pressures

of the IMR, SQ (short quadrupole), and BSQ (big-segmented quadrupl
understanding of the operating conditions in MR-CIMS.

chemistries in the grounded Vocus AIM IMR. The collision
limit sensitivity of a multi-reagent ion CIMS was determined
based on the method reported by Aggarwal et al. (2025).
Based on this, sensitivities were obtained with voltage scan-
ning. We assessed the performance of the approach using a
wide range of calibrants, chamber experiments and quantum
chemical calculations. Calibration experiments were con-
ducted on a Multi-Reagent Chemical Ionization time-of-
flight Mass Spectrometer (MR-CIMS, Vocus B2, Tofwerk
AG, Switzerland) (Aggarwal et al., 2025). The MR-CIMS is
a newly developed fast-switching CIMS equipped with four
reagent ions, i.e., bromide (Br™) and iodide (I") anions, ace-
tone dimers (CgH130™) and benzene cations (C6ng) that are
each measured over a 2s cycle. This allows measurements
of a much wider range of compounds with a single instru-
ment, making it ideal for mobile measurements, such as on
an aircraft. We focus on the sensitivities and binding energies
of adducts in the two negative channels, which are widely
utilized in detecting oxygenated organic molecules, radicals,
and halogen compounds in the atmosphere (Albrecht et al.,
2019; Finkenzeller et al., 2023; Lee et al., 2014; Mohr et al.,
2019; Tham et al., 2021).

Direct calibration experiments were performed to de-
termine the relationship between the sensitivity to organ-
ics and dVsp. This voltage scanning method was further
demonstrated to be applicable to other CIMS using Vocus
AIM IMR. To better investigate the sensitivities to com-
pounds with different functionalities, quantum chemistry cal-
culations were performed at the DLPNO-CCSD(T)/def2-
QZVPPD level to determine the cluster formation enthalpies
of the ion—molecule clusters and to obtain their most sta-
ble geometries. The calculated enthalpies agreed well with
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e), as well as the temperature of the IMR, are labeled to facilitate

the experimental dVsp, except for nitric acid, where wa-
ter molecules accommodated their excess energy and thus
enhanced their sensitivities, and 4-nitrophenol, which is
charged at the collision limit. Organic compounds formed
hydrogen bonding with Br™ to generate ion—molecule clus-
ters similar to the conditions in I-CIMS reported by Iyer et al.
(2016). Both hydroxyl and carboxyl groups can form hydro-
gen bonds, while the carbonyl group can enhance molecular
polarity and thereby strengthen adjacent hydrogen bonding.

MR-CIMS was deployed in the SAPHIR-CHANEL cam-
paign during the summer of 2024, which conducted a se-
ries of oxidation experiments in the outdoor SAPHIR cham-
ber using a mix of VOCs at atmospheric concentrations, in-
cluding volatile chemical products (VCPs) (Coggon et al.,
2021; Gkatzelis et al., 2021; McDonald et al., 2018), cooking
(Coggon et al., 2024), gasoline, diesel, and biogenic VOCs.
Voltage scanning was conducted and utilized to estimate the
sensitivity of MR-CIMS to the gaseous compounds in the
chamber. The sensitivities of a total of 290 organic com-
pounds clustered with bromide and 264 organic compounds
clustered with iodide were estimated. Their dVsq distribu-
tions in relation to the oxygen content were determined.
Furthermore, the abundance range of compounds to which
the voltage scanning method was applicable in MR-CIMS
was also investigated. Based on the nitrous acid (HONO)
sensitivity derived from the voltage scanning, we calculated
the HONO concentrations measured by MR-CIMS. The re-
sults matched those from another calibrated instrument run-
ning concurrently, validating the reliability of the voltage
scanning. Additionally, we quantified several typical organic
compounds originating from various sources in a typical
multi-source chamber experiment, whose measurement un-
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certainties ranged from 8.9 % to 39.0 %, with values depen-
dent on compound sensitivities and concentrations, thereby
demonstrating the broad applicability of the voltage scanning
technique. Furthermore, halogen compounds were examined
with voltage scanning, but the similarity between their in-
tramolecular binding energies and the halogen binding en-
ergies formed with reagent ions made it difficult to obtain
meaningful dVsg values.

2 Experimental section
2.1 Instrumentation

MR-CIMS is a newly designed instrument equipped with a
bipolar time-of-flight (TOF) mass spectrometer, which can
simultaneously measure cations and anions without inner in-
terference.

The design and geometric structure of the IMR of MR-
CIMS, i.e., Vocus AIM (Adduct Ionization Mechanism)
IMR, has been discussed in detail elsewhere (Riva et al.,
2024). The IMR and short quadrupole (SQ) were operated
at pressures of around 52 and 1.50 mbar, respectively. In ad-
dition, the IMR was heated to 45°C by a high-precision
electronic heater. The time series and histograms of IMR
pressure, temperature, and SQ pressure during a represen-
tative experiment are provided in Fig. S1 in the Supple-
ment to demonstrate stability. MR-CIMS was operated with
four different reagent ions: bromide (Br~), acetone dimers
(CgH130™), iodide (I7), and benzene cations (C6ng).
These reagent ions were generated via the charging of di-
bromomethane (CH,Br;, Sigma Aldrich, > 99 %), acetone
(C3HgO, Sigma Aldrich, >99.9 %), methyl iodide (CHsl,
Sigma Aldrich, 99.8 %), and benzene (C¢Hg, Sigma Aldrich,
>99.9 %), respectively, by two Vacuum Ultra-Violet sources
(VUV) (Ji et al., 2020). These reagents, emitted from the
permeation tubes (Towerk AG, Switzerland) heated to 80 °C,
were continuously delivered to the VUV sources via two in-
dependent nitrogen flows at 250 sccm (standard cubic cen-
timeters per minute) each and were around 1:100 by vol-
ume. In each VUV source, a pair of reagents was intro-
duced: one to produce positive ions and the other to gen-
erate negative ions. Iodide and benzene cations were pro-
duced in one source, and bromide and acetone dimers in the
other. Equipped with a fast-switch high voltage mode, the
two VUV sources were alternately operated at a frequency of
1 Hz to generate one or other of the two pairs of positive and
negative reagent ions. Humidity of samples is well known to
have a significant influence on the sensitivity of CIMS (Huey,
2007; Lee et al., 2014). To avoid variations in relative hu-
midity (RH), a dopant flow ranging from 0 to 30 sccm was
directed to introduce water vapor from a heated deionized
water bottle to the IMR. The flow rate was automatically ad-
justed at a frequency of 0.5 Hz based on the H,OI™ /I~ ratio
(hereafter water ratio) measured in the iodide channel by the
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TofdaqViewer2 (Tofwerk AG, Switzerland). The target water
ratio was set as 0.60, which was around the maximum ratio
measured in the SAPHIR chamber, corresponding to a ratio
of 0.65 for HyOBr™ /Br™ in the bromide channel. Due to
this dopant flow, the RH in the IMR was constant throughout
the campaign. Humidity regulation was paused during volt-
age scanning because the dissociation of adducts changes the
water ratio. The time series and histograms of the water ratio
in the iodide and bromide channels are provided in Fig. S2
as evidence of stability.

MR-CIMS can identify analytes based on exact molecular
weight at high precision. The mass resolution, m/Am, for
cations and anions are around 5000 and 5300, respectively, at
a mass-to-charge ratio (m/z) of 200 Th. Data consist of four
segments, each corresponding to a different reagent ion, and
were recorded with a time resolution of 0.5 Hz. For data pro-
cessing, each segment was averaged by a factor of 2and thus
had an integration time of 1 s. During measurement and volt-
age scanning, measured analyte signals in counts per second
(cps) were ratioed to the total reagent ion signal in cps (de-
termined as the sum of the reagent ion and hydrated reagent
ions) and then multiplied by the standard total reagent ion
signal value of 1 million cps to yield a sensitivity in units of
normalized counts per sec (ncps).

2.2 Voltage scanning method

Voltage scanning is a method developed to experimentally
estimate the binding energy of ion—molecule adducts formed
by chemical ionization in the IMR. A schematic of the main
elements of MR-CIMS including the IMR and quadrupoles,
highlighting the region where the voltage was scanned, and
the transfer of molecular ions to the TOF MS are shown in
Fig. 1. Three electrodes/voltages were adjusted in upstream
of big-segmented quadruple (BSQ), including Reactor back,
Quad DC, and Skimmer. Reactor back is the direct currency
(DC) potential applied at pinhole between IMR and SQ,
which is set as 0 V in the routine operation. Quad DC refers
to the DC potential applied to the four quadrupole rods that
carry the radio frequency (RF) field of SQ. Skimmer voltage
corresponds to the DC potential applied to the skimmer elec-
trode, which controls ion extraction and transmission effi-
ciency across the SQ-BSQ interface. An increase in the volt-
age difference between the BSQ and region upstream of it in-
duces dissociation of the adduct. The binding energy of each
adduct can be represented by the voltage gap at which its sig-
nal decreases to half of that observed at the start of voltage
scanning (dV50). Compounds reacting with the reagent ion at
the collision limit typically possess the highest dVsq as their
ion—molecule adducts are likely to have strongest binding en-
ergy.

The Vocus AIM IMR is configured to be electrically
grounded, which differs from earlier CIMS designs (Lopez-
Hilfiker et al., 2016). For anions, an increase in the voltage
gap between SQ and BSQ will lower the potential of SQ rel-
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ative to the grounded IMR and thus can generate a reing elec-
tric field at the reactor exit. This will reflect ions back toward
the IMR because anions are decelerated when moving toward
regions of lower electric potential. A similar argument ap-
plies to cations in positive channels. This effect results in ion
repulsion, i.e., reduced ion transmission, and can result in a
decrease in ion signals. Consequently, the measured signal
decay rate reflects not only the declustering processes occur-
ring after Skimmer, which indicates the cluster binding en-
ergy, but also variations in ion transmission across the IMR—
SQ interface. Since voltage scanning is used to derive the
cluster binding energy based on the signal decay, we have to
minimize the above issue and ensure that signal decay rate is
primarily determined by cluster binding energy.

Total ion counts (TIC) serve as a useful indicator of
changes in ion transmission efficiency (Fig. S3) (Lopez-
Hilfiker et al., 2016). A pinhole bias of —4V in nega-
tive channels and +4 V in positive channels is implemented
across the IMR-SQ interface, i.e., Reactor Back, at the start
of scanning. This approach results in a fixed ion transmis-
sion offset from IMR to pinhole, but it ensures that the sub-
sequent signal decay is dominated by variations in relative
binding energies rather than by transmission artefacts from
pinhole to SQ. This behavior arises because the strong gas
expansion from IMR (~ 52 mbar) into SQ (~ 1.5 mbar) can
efficiently drive the initial transport of ions, allowing anions
to be transmitted with comparable efficiency from pinhole to
SQ. It makes ion transmission relatively insensitive to varia-
tions in the SQ potential as long as the retarding electric field
across the pinhole-SQ region remains moderate. Although
ion transmission eventually decreases as the field becomes
sufficiently strong, most clusters have already reached their
dVs5 by that stage.

The increased voltage gap between SQ and BSQ acceler-
ates the velocity of ions. Clusters collided with buffer gas
at the entrance of BSQ, and those with higher binding ener-
gies required larger kinetic energies to dissociate. Thus, their
strengths were inferred from the voltage gaps needed for ef-
ficient dissociation. The detailed voltage settings during the
scanning are listed in Table S1. The duration for each step
of a scan was 20s and the whole scan lasted for no more
than 7 min. For a certain compound, the decay of the adduct
signal during a single voltage scan was fitted with a sigmoid
function. Based on this, the dVsp was determined as the bias
voltage that was applied to decrease the signal to half its orig-
inal value. The humidity of samples can influence the dVsg
of analytes. We measured the dV5( of 3-nitrophenols, acetic
acid, propylene glycol, and butyric acid at different dopant
flow rates. A slight shift of £0.5V in dV5( can be observed
for all of these compounds when the water ratio increases
from O (at 0 sccm dopant flow) to 0.75 (at 50 sccm dopant
flow) (Fig. S4). Thus, the comparability of dVsg is ensured
only when the RH within IMR is constant between sampling
and calibration.
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Benzene reagent ions mainly charge organic compounds
through charge transfer rather than adduct formation,
whereas acetone dimers charge them with a combination of
both mechanisms. This complicates the interpretation of volt-
age scanning results in these two positive channels. There-
fore, this paper focuses on the results obtained from the bro-
mide and iodide channels.

2.3 Instrument Calibration

A series of species were calibrated with different methods to
determine the relationship between dVsg and sensitivity of
MR-CIMS to the corresponding compound. Nitric acid and
formic acid were calibrated with gravimetrically calibrated
permeation tubes (VICI, USA). Chlorine was calibrated with
a standard gas cylinder (BOC Limited, UK). Oxygenated
volatile organic compounds were calibrated with a liquid cal-
ibration system (LCS, Tofwerk AG., Switzerland). The lists
of 14 calibrants, methods, and calibration results are given in
the Supplement (Table S2).

2.4 Quantum chemistry calculations

Theoretical calculations were performed to confirm the ex-
perimentally determined binding enthalpies and to gain a
deeper understanding of the formation of ion—molecule clus-
ters. The conformers of compounds and clusters were ini-
tially generated using Avogadro software (version 1.101.0)
and pre-optimized using the Merck molecular force field
(MMFF94) (Halgren, 1996) or, when iodine or iodide was
present in the clusters, with Universal Force Field (UFF)
(Rappé et al., 1992). Geometry optimizations and vibra-
tional frequencies were performed using the long-range cor-
rected hybrid density function theory methods at the wB97X-
D3/def2-TZVPPD level with TightSCF convergence, em-
ploying the RIJCOSX approximation and def2/J auxiliary
basis, as implemented in ORCA software (version 6.0.0).
Single point electronic energy corrections were computed on
the lowest energy geometry at the DLPNO-CCSD(T)/def2-
QZVPPD level with the RIJCOSX approximation, AutoAux
basis generation, and TightSCF convergence in ORCA. We
generally followed the computation theory utilized in the pre-
vious investigation (Wang et al., 2021), with additional dif-
fuse functions employed in the single point electronic en-
ergy calculations to improve accuracy for the anions. The
cluster formation or dissociation enthalpy was computed at
298.15 K, consistent with previous studies (Iyer et al., 2016;
Wang et al., 2021). This is because, though the IMR was
heated to 45°C (343.15K), the quadrupoles and ion op-
tics, where the primary fragmentation reactions occurred, re-
mained near room temperature. Meanwhile, enthalpy values
are considerably less sensitive to temperature variations than
Gibbs free energies. The cluster formation enthalpy in the
bromide channel was calculated for the majority of the cali-
brated compounds. However, only one aromatic compound,
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4-nitrophenol, was included owing to the high computational
cost associated with aromatic systems. In the iodide channel,
the cluster formation enthalpy of CoH40;+17, CoH40317,
CoH03°I7, and Cy;HgO,°I™ were computed to validate
the modeling results reported by Iyer et al., which were
obtained by geometry optimization at the B3LYP/6-31G*
level and single-point energy calculations at the DLPNO-
CCSD(T)/def2-QZVPP level (Iyer et al., 2016).

2.5 SAPHIR-CHANEL campaign

During the summer of 2024, a series of VOC oxidation ex-
periments were conducted in the SAPHIR-CHANEL cam-
paign at Forschungszentrum Jiilich, Germany, which aims to
mimic the atmospheric evolution of VOCs from a wide range
of sources under different conditions. The SAPHIR chamber
is a large outdoor chamber and has been well described in the
previous literature (Fuchs et al., 2013).

In the SAPHIR-CHANEL experiments, different VOC
mixes were used as analogues of important compounds
emitted from different sources in inhabited areas, including
volatile chemical products (VCPs), cooking, gasoline, diesel,
and biogenic VOCs. Both single-source and mixed-source
oxidation experiments were conducted during the campaign.
To maximize the atmospheric relevance in the mixed-source
experiments, the VOC categories were combined in the same
ratio as those measured in Los Angeles (Coggon et al., 2021;
Pfannerstill et al., 2024; Stockwell et al., 2025). Gaseous
compounds were sampled from the SAPHIR chamber to the
MR-CIMS through a Teflon tube with an outer diameter of
0.5 inches, an inner diameter of 0.36in., and a length of
0.68 m, with a flow rate of ca. 1.8 L min~!. The tube extended
0.38 m outside the chamber and 0.30 m inside. Detailed ex-
periment descriptions, including other instruments and the
chemical regimes, will be provided in a separate manuscript
in preparation.

In the chamber experiment results, only the sigmoid fits
of signal decays during voltage scanning with a coefficient
of determination (R?) greater than 0.5 were retained. A total
of 36 voltage scans were conducted at different experiment
stages during the multi-source chamber experiments in the
campaign in order to cover the widest range of compounds
and the median dVs5q for each adduct was selected to repre-
sent its binding energy. Kernel density estimation (KDE) was
applied to estimate the probability density functions of dVsg
in both channels, in order to provide better visualization of
the effects of oxygen levels on dVsq (Silverman, 2018). KDE
was performed using the kdeplot function from the Seaborn
package (version 0.13.2) in Python (Waskom, 2021). We uti-
lized the Gaussian kernel and applied a factor of 0.7 to the
bandwidth estimated from Scott’s Rule to show more details
of distributions (Scott, 1979). The detailed calculation meth-
ods are provided in Sect. S1.

Since voltage scanning essentially determines cluster sta-
bility through cluster dissociation, which significantly re-
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duces the signals of the analytes, it is only suitable for ana-
lytes with a sufficient signal-to-noise ratio (SNR) in the mass
spectrum. The relationship between SNR and the applicabil-
ity of voltage scanning was studied here. We followed the
calculation principle of noise in previous research (Yan et
al., 2016), and the detailed calculation methods of SNR were
provided in Sect. S2.

3 Results and discussion
3.1 Determination of collision limit

The collision limit sensitivities of analytes in bromide and io-
dide adduct channels are difficult to determine, because the
required standards are either unavailable, expensive or ex-
hibit significant wall losses during calibration. Aggarwal et
al. (2025) determined the collision limit of a total of 39 CIMS
and statistically demonstrated that the collision-limited sen-
sitivity relative to the reagent ion remains nearly unchanged
across different ionization mechanisms, if the reactor geom-
etry and other key parameters, including reactor temperature,
pressure, and water content remain constant (Aggarwal et al.,
2025). It should be noted that although different reagent ions
share the same collision limit under identical IMR condi-
tions, the exact value must still be experimentally determined
for each individual instrument. This is because factors after
the IMR, e.g., ion optics transmission efficiency and detector
settings, can vary across instruments. We adopted their ap-
proach to determine the collision limits of the bromide and
iodide channels by measuring that of the benzene channel,
as o-pinene, which is readily available, was shown to be ion-
ized at the collision-limit sensitivity by benzene cations in the
previous study (Aggarwal et al., 2025). In our instrument, the
sensitivity of a-pinene was calibrated with a standard VOC
cylinder and was determined to be 13.87 £ 0.69 ncps pptv—".
This value was used as the upper limit with an uncertainty
of 5 % in fitting the relationship between dVsg and sensitiv-
ity. Aggarwal et al. (2025) have already demonstrated sta-
tistically that the collision-limit sensitivities of the benzene,
bromide and iodide channels are very similar (Aggarwal et
al., 2025). In addition, we further examine the binding en-
thalpy and sensitivities of the calibrants in the bromide chan-
nel, thereby confirming the validity of this choice.

3.2 Relationship between sensitivity and dVsg

Measured during the liquid calibration in the laboratory, the
variation of some typical ion—-molecule adducts’ signals in
the bromide channel during the voltage scanning are shown
in Fig. S5. Most observed signals corresponding to ion—
molecule adducts showed a sigmoidal decrease with an in-
creasing voltage gap. A similar trend was observed in the
iodide channel and will not be elaborated here to avoid re-
dundancy. The water-reagent ion clusters are known to be
among the weakest adducts in I-CIMS and Br-CIMS (Iyer
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et al., 2016). Our results support this observation, and their
dVso may serve as practical lower limits.

A series of gaseous compounds were calibrated in MR-
CIMS and their measured sensitivities show a clear corre-
lation with dVs5q (Fig. 2), Generally, iodide shows a higher
selectivity than bromide in chemical ionization. The max-
imum sensitivity experimentally determined from the ben-
zene cation channel is close to the maximum sensitivity de-
termined from the bromide channel, which supports the use
of a single value for the collision limit between different
channels as recommended by Aggarwal et al. (2025). This
offers a promising approach for the calibration of the colli-
sion limit, with the potential to significantly reduce time and
cost. We did not find suitable calibrants that have collision-
limit sensitivity in the iodide channel and can be generated
at ignorable loss by our LCS. Therefore, we used the maxi-
mum sensitivity in other channels when fitting the empirical
relationship for the iodide channel. The uncertainty in the es-
timation was defined as half the width of the 95 % confidence
interval of the sigmoid fit, divided by the corresponding fitted
value, and was also treated as a systematic error associated
with the use of this method. The uncertainty was consider-
able for compounds with low dVsg, but generally remained
below 20 % for those with dV5g greater than 8.60 and 8.52 V
in the bromide and iodide channel, respectively, correspond-
ing to sensitivities of 5.69 and 5.30 ncps pptv—".

Glyoxylic acid (C,H,03, SMILES: C(=0)C(=0)0) and
glycolic acid (CaH403, SMILES: OC(=0)CO) exhibit
higher sensitivity than acetic acid (C;H40,, SMILES:
CC(=0)O0) in both channels. The effect of the benzene ring
on sensitivity differs between the two channels, which is evi-
dent from the sensitivity of salicylic acid (C;HgO3, SMILES:
0=C(O)clcccecclO). It effectively reduces the sensitivity in
the iodide channel while having minimal impact in the bro-
mide channel.

The carbon chain structure also needs to be consid-
ered when estimating the sensitivity of the compound. Gly-
oxylic acid has a much higher sensitivity than pyruvic acid
(C3H403, SMILES: CC(=0)C(=0)O0) in both channels, and
formic acid (CH,O,, SMILES: C(=0)0) is also much more
sensitive than acetic acid. However, such a reduction in sen-
sitivity with the increasing carbon chain is not obvious for
other compounds. Acetic acid has a very close sensitivity
to butyric acid (C4HgO,, SMILES: CCCC(=0)0), whilst
ethylene glycol (CoHgO, SMILES: OCCO) is as sensitive
as propylene glycol (C3HgO,, SMILES: CC(O)CO) in both
channels, though higher uncertainty is an issue in the cali-
bration of these low sensitivity compounds. Therefore, the
influence of the carbon chain cannot be linearly correlated
with its size and requires further clarification through theo-
retical calculations.

Additionally, we also calibrated the three isomers of nitro-
phenol (2-nitrophenol, 3-nitrophenol, and 4-nitrophenol), to
investigate the difference in sensitivity caused by the struc-
tures of analytes. 3-nitrophenol and 4-nitrophenol have high
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and similar sensitivity, which are confirmed by their dV5q re-
sults. No meaningful signal corresponding to 2-nitrophenol
associated with the bromide or iodide ion was detected. How-
ever, a charged anion (C¢H4NOjy') with a modest signal was
observed, likely resulting from proton abstraction from 2-
nitrophenol.

A test experiment was conducted to confirm that fast-
switching settings of MR-CIMS do not influence the deter-
mination of dVsg for the analytes. We measured the dVsg
of lactic acid under routine operation and under conditions
where the VUV lamps were operated without switching.
The results of both negative channels are shown in Fig. S6,
demonstrating that the differences were within 3 %.

This voltage scanning method incorporating a voltage bias
is also applicable to other instruments utilizing Vocus AIM
IMR. We employed it on our Vocus chemical ionization time-
of-flight mass spectrometer (Vocus CI-TOF, Vocus 2R, Tofw-
erk AG.). We followed the default operating pressure of Vo-
cus CI-TOF, with its IMR and SQ maintained at 60 and
2.0 mbar, respectively. We set the voltage bias at its electrode
“Vocus/Reactor back” and adjusted the potential before BSQ
with its electrodes “RF DC” and “Skimmer” by the same in-
crement. The results obtained are comparable to those from
MR-CIMS, though the absolute sensitivities of same com-
pounds differed between the two instruments (Fig. S7). This
is likely due to factors such as instrument tuning, microchan-
nel plate (MCP) settings, and pressures. In addition, because
we did not have an extra dopant flow heater, the water ratio
of the Vocus CI-TOF in iodide channel and bromide channel
were 0.09 and 0.3, respectively. However, the relationship be-
tween dVsg and sensitivities was preserved.

3.3 Theoretical calculations

Quantum chemistry calculations were performed to better
understand the dependence of sensitivity on structure, espe-
cially that of Br-CIMS. The calculated formation enthalpies
were listed in Table 1. The sensitivity to lactic acid (C3HgO3,
SMILES: CC(C(=0)0)0) was not determined due to its
high background in the calibration system, but its dV5y was
obtained. Ethanol (CoHgO, SMILES: CCO) was not de-
tectable by either the iodide channel and bromide channel,
and its formation enthalpy with Br~ was calculated here for
comparison.

The theoretical formation enthalpies for Br~ showed good
linear relationship (R% = 0.744) with experimentally deter-
mined binding energies (Fig. 3), except for 4-nitrophenol
and HNOj3. 4-nitrophenol exhibited a high dVsp and a
sensitivity close to that of «-pinene in benzene channel,
which is consistent with its large cluster formation enthalpy.
Previous investigations showed that iodine can be clus-
tered by bromide at collision-limit sensitivity (Wang et al.,
2021), with a calculated cluster formation enthalpy to be
—32.15kcalmol~! at our calculation level. The cluster for-
mation enthalpy of 4-nitrophenol and bromide was calcu-
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Figure 2. Relationships between dV5q of adducts and sensitivities to the corresponding species in the (a) bromide channel and (b) iodide
channel of MR-CIMS. Fitting curves and 95 % confidence intervals of dV5q and sensitivity are shown. For comparison, the sigmoidal fit line
from the iodide channel is also plotted in panel (a) and that from the bromide channel is also plotted in panel (b). The systematic uncertainty
derived from voltage scanning is the sum of squares of 5 % uncertainty from collision limit determination and half the confidence interval of

sigmoid fit divided by the corresponding fitted value.

lated to be —32.10kcal mol~!, which was nearly identical
to that of iodine.

Although the sensitivity to HNOj3 in Br-CIMS approaches
the collision limit, the calculated cluster formation enthalpy
of BrHNO3 was only around —25.69 kcal mol~!. This dis-
crepancy can be explained by its interactions with water
molecules in the IMR. The cluster formation enthalpy for
BerO-HNO3_ was calculated to be —24.26 kcal mol !, only
slightly lower than those of the corresponding BrHNO; clus-
ters. However, the addition of water molecule can effectively
increase number of vibrational modes of small molecules and
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result in the vibrational relaxation of excess energy, which
can stabilize the BrH,O-HNOj'. Such energy accommoda-
tion can efficiently compensate for the slight reduction in
cluster formation enthalpy and enhance the sensitivity to
HNOs. This is evidenced by the rapid increase in their sen-
sitivity and the concomitant decrease in its fragmentation
with increasing RH (Fig. S8). This mechanism was previ-
ously reported for compounds with no more than 8 atoms in
the IMR of I-CIMS (Lee et al., 2014), and was investigated
through quantum Rice-Ramsperger-Kassel (QRRK) calcu-
lations by Iyer et al. (2016). It is likewise applicable here,
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Table 1. Cluster formation enthalpies and experimentally determined dV 5 of different species with bromide or iodide. The cluster geometries
were optimized at the wB97X-D3/def2-TZVPPD level at 298.15 K. The enthalpies were calculated at the DLPNO-CCSD(T)/def2-QZVPPD
level at 298.15 K. The error of dV 5 represents the standard error of the sigmoid fit.

Cluster formation pathway Cluster formation

Molecule dVs5q in

enthalpies  the corresponding

(kcalmol™!)  channel (V)
HNO3 + Br~ — HNO3Br™ —25.69 10.80+0.11
CH,0, 4+ Br~ — CHO,Br™ —28.30 9.05+0.07
CpH40, +Br~ — CoH40,Br™ —15.15 7.13+0.06
CyH,03 +Br~ — CoH03Br™ —25.39  8.99+0.06
CpH403 + Br~ — CoH403Br™ —31.89 9.43+0.05
CyHgO, +Br~ — CoHgO,Br™ —20.34  7.09+0.08
C3HgO3 + Br~ — C3HgO3Br™ —2745 851+0.12
C3H403 +Br~ — C3H403Br™ —25.13  7.67+0.06
C4HgO, + Br~ — C4HgO,Br™ —21.18 6.86+0.04
CgHsNO3 + Br~ — CgH5NO3Br™ (4-nitrophenol) —32.10 12.03£0.09
CyHgO + Br~ — CoHgOBr™ —15.24  not detected
CyH40, +17 — CoH4001 —14.37  6.63+0.06
CoyH403 +17 — CoH4O31™ —26.94 8.25+0.08
CyHyO3 +17 — CoH,031 —20.80 7.86+0.07
CyHgO, +17 — CoHgOoI™ —18.44 5.75+0.17
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Figure 3. Comparison between the cluster formation enthalpy cal-
culated at the DLPNO-CCSD(T)/def2-QZVPPD level at 298.15 K
and experimentally determined dVs(. The error of dV5( represents
the standard error of the sigmoid fit. Nitric acid was an obvious out-
lier due to the stabilization effects of water clusters. 4-nitrophenol
was clustered at the collision limit, causing its dV 5 to deviate sub-
stantially from the fitted trend of the other data points.

since both instruments employ adduct formation as the ba-
sis for ionization, albeit with different reagent ions. Despite
BrH>O+-HNO; being the dominant form of cluster formed
from HNOj3 in the IMR, the mass spectrum was character-
ized by BrHNO3 as the major peak. This can be explained
by the low fragmentation enthalpies: BrH,O-HNO5 disso-
ciating to BrHNO3 and H»O (10.26 kcal mol~1). Therefore,
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the weak binding between H,O and Br™ can be easily disso-
ciated during the transmission through the quadrupoles and
ion lens.

Meanwhile, the stabilization effect from water clustering
might also influence small organic compounds in the bro-
mide channel. As QRRK simulations exceed our compu-
tational resources, we restrict our analysis to a qualitative
comparison. The cluster formation enthalpy of C;H40;+Br™
(—15.15kcalmol~!) is comparable to that of CoHgO*Br~
(—15.24 kcal mol’]), however only C,H40,+Br~ produced
a detectable signal of in the MS and its dVs59 was even
larger than C;HgO;,+Br~, whose formation enthalpy was
—20.34kcalmol~!. This suggested that the water cluster
stabilization effect was effective for acetic acid (8 atoms)
but limited for ethanol (9 atoms) and ethylene glycol (10
atoms). Despite its cluster formation enthalpy with Br™ be-
ing 4.35 kcal mol~! more negative than that with BrH,O™,
the probability of forming BrH,O™ clusters substantially in-
creased owing to the humidified sample conditions. These
stabilization effects were inherently reflected in the experi-
mentally determined dV50, which implied the effective bind-
ing energy under real ionization conditions. This was sup-
ported by the observed sigmoid relationship between dVsg
and sensitivities.

Computational results indicated that all of the detectable
organic molecules are bound to Br~ via hydrogen bond-
ing, forming stable adducts, similar to the conditions mod-
elled in I-CIMS (Iyer et al., 2016). The optimized ge-
ometries of representative clusters, including CH>O,Br™,
CoH405Br—, CoHgO,Br—, C;H403°Br—, C3HgO3°Br™,
and C,H,03+Br~, are shown in Fig. 4.
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Figure 4. Geometries of clusters between Br~ and (a) formic acid,
(b) acetic acid, (c) ethylene glycol, (d) glycolic acid, (e) lactic acid,
and (f) glyoxylic acid. Color coding: oxygen, red; carbon, gray; hy-
drogen, white; bromine, brown. Hydrogen bond lengths were la-
beled in the plot.

Carboxyl groups (Fig. 4a, b) and hydroxyl groups (Fig. 4c)
can both form a hydrogen bond with Br~. In addition, adja-
cent hydroxyl and carboxyl groups can jointly form hydro-
gen bonds with Br™, as observed in glycolic acid (Fig. 4d)
and lactic acid (Fig. 4e). Neither carbonyl group nor alde-
hyde group can form hydrogen bonding with halogen an-
ions because they are all hydrogen bond acceptors. Con-
sequently, ketone and aldehydes cannot be effectively de-
tected in Br-CIMS. However, the sensitivity of glyoxylic
acid is much higher than acetic acid. It is because the alde-
hyde group as a whole is an electron-withdrawing functional
group, which can increase the acidity of the adjacent car-
boxyl group and enhances the partial positive (§*) character
of the carboxylic proton. This promotes hydrogen bonding
formation between the carboxylic proton and Br~. This is
corroborated by the more negative cluster formation enthalpy
of —25.39kcal mol~! of C;H,03Br~ cluster (Fig. 4f) com-
pared to that of CoH4O+Br~ (—15.15keal mol_l).

A comparable effect was also observed for alkyl substitu-
tion attached to the carboxyl group. The sensitivity of formic
acid is larger than that of acetic acid, as the electron-donating
methyl group in acetic acid decreases the §T character of the
carboxylic proton. Therefore, the cluster formation enthalpy
of CH,0,+Br~— (—28.30kcal mol~1) is more negative than
that of CoH40;+Br™, which agrees well with the experimen-
tal results.

The binding mechanism also accounted for the inability
of bromide channel to detect 2-nitrophenol. It possessed a
well-known intramolecular hydrogen bond (Borisenko et al.,
1994), which effectively inhibited the hydroxyl group from
forming a strong hydrogen bond with Br™. In contrast, such
intramolecular hydrogen bonding was absent in 3- and 4-
nitrophenol (Boll et al., 1958), enabling these isomers to be
detected with substantially higher sensitivity. This explana-
tion was also applicable for I-CIMS due to their subtly dif-
ferent but similar binding methods.
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The calculated geometries and the order of the formation
enthalpies in the iodide channel are generally consistent with
those reported by Iyer et al(2016). The only difference is that
glycolic acid was previously assumed to be charged by iodide
through hydrogen bonding with its hydroxyl group (Iyer et
al., 2016). However, our calculations suggest that the hydro-
gen bond involving the carboxyl group is energetically more
stable (Fig. S9), similar to other acids. This difference arises
from the higher level of theory employed in our calculations.
We also calculated the structure in which glycolic acid forms
two hydrogen bonds with iodide, which had a cluster forma-
tion enthalpy of —26.16kcal mol~!, but it is less stable than
the structure where iodide is bonded to the carboxyl group
(—26.94 kcal mol ). Such a difference in the adduct forma-
tion mechanisms of «-hydroxy acid in the bromide and io-
dide channel might be attributed to the greater steric effect of
iodide than the bromide.

3.4 Applications in chamber experiments

The voltage scanning conducted during the SAPHIR-
CHANEL campaign facilitated the quantification of a range
of gaseous species. As mentioned above, only sigmoid fits of
adduct signal decay with a R? larger than 0.5 were consid-
ered as successful voltage scanning results. Certain signals
exhibited insufficient intensity to reveal a distinct sigmoid
decay, whereas others showed no decay during voltage scan-
ning and were likely to be fragment ions. We will also in-
vestigate the abundance of signal intensities required to be
applicable for voltage scanning later.

The distribution density of dVsg for nitrogen-free organic
compounds is shown in Fig. 5, which illustrates that estimat-
ing sensitivity for CIMS based solely on molecular formula
would lead to significant errors without additional voltage
scanning information. For clarity, only compounds with at
least 2 oxygen atoms (C,H,O,, z > 2) are presented. In the
bromide channel, an increase of up to four oxygen atoms
generally resulted in a rise of approximately 1 V in dVsq per
additional oxygen atom for C,H,O,_4. However, estimating
the dVs of a particular molecule solely based on the number
of oxygen atoms resulted in significant errors. The trend of
increasing dVs5p with oxygen atoms was only observed for
CH; 04 in the iodide channel, but some C,H,O; showed
up with the highest dV5(. For nitrogen-free compounds with
at least 5 oxygen atoms, the distributions of dVso were
broader in both channels. This might be attributed to the in-
crease in both the number and types of oxygen-containing
functional groups, leading to greater structural diversity. The
distributions of dVsg for organonitrates were more complex.
No obvious relationship with effective oxygen atoms and
dV50 was observed in both channels (Fig. S10), which high-
lighted the complicated effect of the nitrate group on the sen-
sitivity of compounds.
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Figure 5. Probability density distributions of dV5q for compounds
CxHyO; (z > 2) detected in the (a) bromide channel and (b) iodide
channel of MR-CIMS. dV5q of water and nitric acid in each chan-
nel are shown for comparison. The number of compounds in each
category are shown in the label.

In the SAPHIR chamber experiments, the dVsy of a to-
tal of 290 and 264 organic compounds were determined in
the bromide and iodide channels respectively and thus their
sensitivities can be derived. Box and whisker plots of the dis-
tributions of 1-second integration SNRs for compounds char-
acterized with successful voltage scanning results from these
experiments in Fig. S11. The 5th and 25th percentile of the
SNRs are 1.9 and 4.0 in the bromide channel, and 1.6 and 3.7
in the iodide channels, respectively. The signals that yielded
successful voltage scanning were evaluated relative to the
widely used limit-of-detection threshold of SNR =3 (Yuan
et al., 2017), in order to understand the signal strength nec-
essary for a successful scanning. 84.7 % of compounds with
successful voltage scanning results in the bromide channel
and 82.3 % in the iodide channel exhibited SNRs large than
3. Therefore, an SNR of 3 was assumed as the thresholds for
the abundance of adduct signals applicable to voltage scan-
ning, if their dissociations were observed during the increas-
ing of electric field strength.

The reliability of this method is demonstrated by compar-
ing signals of independently calibrated techniques to those
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of MR-CIMS using voltage scanning. The HONO concen-
trations measured by the bromide channel of MR-CIMS and
a directly calibrated ICAD (iterative cavity enhanced dif-
ferential optical absorption spectroscopy) were compared in
the chamber experiments during which the voltage scan-
ning approach was applied, shown in Fig. 6a. We estimated
HONO sensitivity in the bromide channel to be around
6.53 £ 1.10ncps pptv—! based on its dVsg, and modified it
based on the weekly VOCs calibration results on the ben-
zene channel. The concentrations measured by the two in-
struments were very similar, as indicated by an orthogonal
distance regression (ODR) slope of 1.24 and an R? of 0.891.
Periods of chamber flushing or pre-humidification were ex-
cluded from fitting. The measurement uncertainty of ICAD
was estimated to be 10 % at 1 min averaging interval (o).
The total uncertainty of MR-CIMS on the estimated con-
centration was calculated with the root square sum (RSS) of
systematic uncertainty and random uncertainty, which was
around 16.8 %. Systematic uncertainty was derived from the
sensitivity estimation based on voltage scanning as illustrated
above, while random uncertainty was the noise at 1 min av-
eraging interval (lo) calculated following the method in
Sect. S3. A background experiment, conducted without any
precursor injection, was used to illustrate the measurement
results from the two instruments (Fig. 6b). The discrepancies
generally fell within the propagated uncertainties.

Other compounds were also quantified with acceptable
total uncertainties. To illustrate the utility of voltage scan-
ning approach, we present data measured by bromide chan-
nel and calibrated by the voltage scanning approach from a
multi-source chamber experiment designed to simulate day-
time oxidation in the Los Angeles atmosphere (Fig. 7). Sev-
eral precursors were injected, including gasoline, biogenic,
cooking, and VCP sources. During the oxidation experi-
ments, a series of compounds that have been previously
identified to be formed from certain precursors were de-
tected. These compounds include first-generation intermedi-
ate closed-shell products of isoprene oxidation, isoprene hy-
droxy hydroperoxides (ISOPOOH, CsH;¢pO3) (Wennberg et
al., 2018), pinonic acid (C19H1603) generated from pinene
oxidation (Lopez-Hilfiker et al., 2016), two organonitrates
generated from the oxidation of butene (C4H7NO4 and
C4H9NOy4) (Travis et al., 2023), an NO termination prod-
uct of xylene-derived bicyclic peroxy radical (CgH;;NOg)
(Bianchi et al., 2019), and an organonitrate generated from
dodecane oxidation (Cj2H23NOQOy4). All of these oxidation
products have clearly identifiable precursors as indicated by
the master chemical mechanism (MCM) (Jenkin et al., 2003;
Saunders et al., 2003). These precursor-product relationships
were also confirmed by the mass spectrometry detected in the
corresponding single-source chamber experiments.

The compounds mentioned above were detected at
varying concentrations, ranging from just a few pptv
to as high as 170 pptv. The systematic uncertainties for
CsHj9O3, CioH1603, C4H7NO4, C4H9NO4, CgH11NOg,
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Figure 6. (a) Comparison between HONO concentrations measured by the bromide channel of MR-CIMS against ICAD during the SAPHIR-
CHANEL campaign averaged at a time resolution of 10 min. The points are colored by their measured time. Fitted using an orthogonal
distance regression (ODR). (b) An example comparison of measurements in a background experiment at a time resolution of 2 min. The
shaded region indicates the measurement uncertainty. The measurement uncertainty of ICAD was estimated to be 10 %. The measurement
uncertainty of MR-CIMS for HONO was estimated to be the RSS of systematic uncertainty and random uncertainty.

and C12H23NO4 were 13.7 %, 9.3 %, 31.3 %, 20.4 %, 7.9 %,
and 13.7 %, respectively. Their random uncertainties varied
with signal intensity, with lower values observed at higher
SNR. When the chamber roof was open, their 5th to 95th
percentile total uncertainties were 13.7 %—13.9 %, 9.4 %—
10.4 %, 31.7 %-35.4 %, 20.5 %-21.7 %, 8.9 %—19.9 %, and
16.1 %-39.0 %, respectively. Therefore, they all had accept-
able total uncertainties during the daytime oxidation, though
characterized by different sensitivities and concentrations.

Atmos. Meas. Tech., 19, 4583-4599, 2026

It deserves notification that the voltage scanning signal
might represent a sum of individual responses of structural
isomers. If multiple isomers contribute significantly to the
ion signal and have different binding energies, the result-
ing voltage scanning profile cannot be well represented by
a single sigmoid fitting. This limitation motivates the use
of a sigmoid fitting quality threshold, i.e., R> > 0.5, below
which signals are not retained. In addition, the voltage scan-
ning method can provide insight into compound function-
ality. As discussed above, different oxygenated functional
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Figure 7. Measured by bromide channel, time series of ISOPOOH (C5H(O3), pinonic acid (CjgH;603), butene-derived organonitrates
(C4H7NO4 and C4HgNO,), xylene-derived organonitrate (CgH1NOg), and dodecane-derived organonitrate (Cj2H3NO4) in a multi-
source chamber experiment during SAPHIR-CHANEL campaign. The Gray shadow region indicates the periods of precursor injection.
Uncertainties were calculated by the RSS of systematic uncertainty and random uncertainty and indicated by the shaded regions around the

time series.

groups have distinct binding energies, which can be cap-
tured in their corresponding dV5o values derived from volt-
age scanning.

3.5 Halogen compounds

Chlorine was clearly detected in both negative channels, but
we only observed the dissociation of the Cly*Br~ cluster
when performing voltage scanning. This indicates that the
binding energy of Cl,+Br™ and Cl,+I™ cluster should be quite
high. However, this is in contrast with the fact that the sen-
sitivity of Cl in the bromide channel and iodide channel
were only around 11.33 4 0.37 and 3.27 £ 0.40 ncps pptv—!,
respectively, lower than the collision limit. Cly, as a small
molecule, also benefited from the stabilization effect of wa-
ter molecules, as evidenced by the concurrent increase in
sensitivity and decrease in fragmentation with rising RH
(Fig. S12). The cluster formation and fragmentation enthalpy
related to Cl, and I, with reagent ions and hydrated reagent
ions were included in Table 2. It can be shown that the frag-
mentation enthalpy of the intramolecular bond is close to, or
in the iodide channel even lower than, that of the halogen
bond formed between halogen compounds and the reagent
ions. Therefore, during the voltage scanning, after the dis-
sociation of the halogen—hydrated reagent ion cluster, the
dissociation of intramolecular and intermolecular bond was
thermodynamically competitive. As a result, the determined
dVsp of halogen compounds were likely to be inaccurate
because multiple dissociation processes occurred simultane-
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Table 2. Fragmentation reaction enthalpies of different species with
bromide ions. The cluster geometries are optimized at the ®B97X-
D3/def2-TZVPPD level at 298.15 K. The enthalpies are calculated
at the DLPNO-CCSD(T)/def2-QZVPPD level at 298.15 K.

Cluster fragmentation Fragmentation enthalpies

pathway (kcalmol~1)
ClLbBr~ — BrCl+Cl™ 21.75
ClpBr~ — Clp +Br™ 21.55
I,Br~ — IBr+1~ 33.77
LBr~ — I, +Br~ 32.15
ClhI” - ICI+CI™ 16.69

ChI” - Clh +1™ 21.99

ously. In conclusion, the voltage-scanning method may fail to
give meaningful results when the ion—molecule interaction is
dominated by a halogen bond. The fragmentation peak C1™
was not included in the discussion of sensitivity here, as both
the voltage scanning and quantum chemistry were intended
to determine the intermolecular binding energy of the cluster
formed between the reagent ions and analytes, i.e., Cly*Br™
and Clp-I™.

4 Conclusions

In this study, a voltage scanning method was conducted on
a multi-reagent ion CIMS instrument (MR-CIMS) to esti-
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4596

mate the relative binding energies of ion—molecule adducts
in the instrument’s bromide and iodide channels. The sig-
moid relationship between voltage bias at which the signal
reduced by half (dVsp) and relative sensitivities in both chan-
nels were characterized. These results, together with absolute
collision-limit sensitivities obtained via a recently published
methodology based on the equivalence of different ionization
schemes under identical CIMS operating conditions (Ag-
garwal et al., 2025), demonstrate that CIMS is capable of
quantifying gas-phase mixing ratios for a broad spectrum
of atmospheric molecules. A comprehensive understanding
of the functionality and structure dependence of bromide-
adduct formation chemical ionization was obtained with ex-
perimentally determined dVsp and theoretically calculated
binding enthalpies. For small molecules, water molecules
might effectively accommodate the excess energy of their
ion—molecule clusters and enhance their sensitivities, which
can also be manifested in their unexpectedly larger dVs.

The dVs of a series of compounds were determined dur-
ing a series of experiments conducted at the SAPHIR cham-
ber and the comparison of HONO concentrations validated
the reliability of this method. A total of 290 and 264 com-
pounds can be quantified in the bromide channel and iodide
channel in the chamber experiments, respectively. The en-
hancement in sensitivity brought about by oxygenated func-
tionalities was observed, but the specific molecular structures
also had a significant influence on sensitivity, which con-
firmed the calibration results conducted previously. A SNR
threshold of 3.0 was suggested to be applied as a threshold
for the adduct signal abundance for voltage scanning, pro-
vided that dissociation was observed with increasing elec-
tric field strength. Measurement uncertainties were discussed
for typical compounds generated from different precursors
in a daytime oxidation chamber experiment. The compara-
ble intra- and intermolecular bond energies of halogen com-
pounds inherently limit their applicability of this quantifica-
tion method. This work demonstrates that voltage scanning
holds significant potential for the quantification of gaseous
compounds and presents substantial opportunities for further
development and application.
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