Dear Editor,

We thank the reviewers for taking the time to review our manuscript and for their valuable feedback. We have
carefully considered their suggestions and made the necessary revisions to enhance the clarity and accuracy
of the manuscript. Below, we provide a detailed response to each of their comments. For your convenience,
we have marked the reviewer comments in blue, our responses in black and parts of the text reflecting changes
in the manuscript in purple. Please note that the line numbers in our responses correspond to the manuscript

with tracked changes. Thank you once again for the feedback.
Reply to Reviewer 2:

Commentl. Overall, the manuscript is well-written and presents a valuable methodology for estimating the
sensitivity of a wide range of atmospheric trace gases using the Multi-Reagent Chemical lonization Mass
Spectrometer (MR-CIMS) platform. By combining collision-limit determinations with a voltage scanning
approach, the authors address the challenges of quantifying diverse compounds in the atmosphere. The
authors identify three gaps that motivate this work: the evaluation of bromide CIMS chemistry in scanning,
the application to a new lon-Molecule Reactor (IMR) design, and the determination of the signal-to-noise
ratio (SNR) required for this approach. However, since bromide voltage scanning is fundamentally similar to
iodide chemistry and SNR requirements are often implied in previous literature, | believe that the true novelty
of this work should lie in investigating how the unique Vocus AIM IMR design and Vocus B fast-switching
capabilities influence standard voltage scanning protocols. Currently, the manuscript does not clearly
articulate the implementation of the voltage bias in the new Vocus AIM IMR or how this specific IMR
configuration changes the scanning procedure. Furthermore, the methodology as presented feels equally
applicable to a standard Vocus AIM with slower switching, potentially failing to highlight the unique electrical
and chemical challenges posed by the rapid polarity and reagent switching of the Vocus B. My major

comments are as follows:

As pointed out by the authors, one main difference between the VOCUS-AIM-IMR and the traditional CIMS
is that we can no longer change a set of voltages at the same time upstream of the BSQ. Instead, there is a
voltage bias setting. This changes a lot of the difference in how we should do voltage scanning. | think there
is still a lack of explanation on how this voltage bias changes the de-clustering, even though the authors have
a short paragraph in the supporting information Page 5 line 1-15. While | appreciate the authors explaining
the use of voltage bias in the new IMR, it's still not quite clear to me whether they change the voltage bias
between a regular sampling mode and a voltage scanning mode. | think one of the reasons for the confusion
is the use of different terminology for the same voltage setting (for example, Quad DC(bias) in Table S1 vs
voltage bias on Page 5). My understanding is that the voltage bias was adjusted at each step during scanning,
but why does the change in voltage bias not influence the transmission efficiency (i.e., reduce TIC as
suggested by Figure S3)? Also, should the voltage bias setting be different between Vocus AIM and Vocus B

during voltage scanning?

Replyl. We appreciate the reviewer’s comments and agree that the necessity and theoretical basis of the



voltage bias were not sufficiently clarified in the original manuscript. Therefore, Section S1 has been expanded
and moved into the revised main text.

First, we clarify that the voltage bias referred to in this manuscript specifically denotes the -4 V potential
(4 V for positive channels) applied at the electrode ‘Reactor back’, which is located at the pinhole between the
IMR and the first quadrupole, i.e., SQ. This voltage bias is applied only in the voltage scanning mode and
remains fixed throughout the scanning. The parameter labelled ‘Quad DC (bias)’ refers to the direct currency
(DC) potential applied to the four quadrupole rods that carry the radio frequency (RF) field of SQ, which is
unrelated to the voltage bias discussed above. To avoid misunderstanding, we use the name ‘Quad DC’ in the
revised version. We clarified this in Table S1 and also labelled their positions in Figure 1. We revised Page 4,
Line 32 — 37 as: ‘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 electrode, which controls ion extraction and
transmission efficiency across the SQ-BSQ interface. An increase in the voltage gap between the BSQ and the
region upstream of it induces ...’

Section S1 has been revised and incorporated into the manuscript to explain the voltage settings more
clearly. We revised Page 5, Line 10 to Page 6, Line 11 as:

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 relative to the grounded IMR and thus can generate a retarding electric 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 applies 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 occurring after Skimmer, which
indicates the cluster binding energy, 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 (Figure S3)
(Lopez-Hilfiker et al., 2016). In this work, a pinhole bias of —4 V in negative 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 transmission offset from IMR to pinhole, but it ensures that the subsequent
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 variations 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 dVso by that stage. The increased voltage gap between SQ and BSQ accelerates the velocity of ions.
Clusters collided with buffer gas at the entrance of BSQ, and those with higher binding energies required larger
kinetic energies to dissociate. Thus, their strengths were inferred from the voltage gaps needed for efficient
dissociation. The detailed voltage settings during the scanning are listed in Table S1.’

We revised Figure S3 as:
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Figure S3. Signal variations of total ion counts (TIC), Br and H,OBr (a) without a voltage bias and (b) with

a voltage bias during the voltage scanning.



This voltage scanning method is applicable on other instruments using Vocus AIM IMR. In order to show
this, we have also included additional data from another Vocus AIM instrument. We employed the same voltage
settings on our Vocus chemical ionization time-of-flight mass spectrometer (Vocus CI-TOF, Vocus 2R,
Tofwerk AG.). We followed the default operating pressure of Vocus CI-TOF, with its IMR and SQ maintained
at 60 mbar 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 increment. The results
obtained are comparable to those from MR-CIMS, though the absolute sensitivities of same compounds
differed between the two instruments. This is likely due to factors such as instrument tuning, microchannel
plate (MCP) settings, and pressure. 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 relative ordering of dVsy and the relationship between dVso and sensitivities was preserved. This
application is discussed in the revised version.

We revised Page 3, Line 21 — 22 as: ‘This voltage scanning method was further demonstrated to be
applicable to other CIMS using Vocus AIM IMR. To better investigate the ...’

We revised Page 10, Line 18 — 26 as: ‘“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, Tofwerk AG.). We followed the default operating
pressure of Vocus CI-TOF, with its IMR and SQ maintained at 60 mbar 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 increment. The results obtained are comparable to those from MR-CIMS,
though the absolute sensitivities of same compounds differed between the two instruments (Fig. S7). This is
likely due to factors such as instrument tuning, microchannel 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 between dV sy and sensitivities
was preserved.’.

We added Figure S7 in the supplement.
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Figure S7. Relationships between dVso of adducts and sensitivities to the oxygenated organic compounds in
Vocus CI-TOF. High sensitivity compounds, i.e., nitrophenols, are labelled. Orange and blue text indicate the
iodide and bromide channels, respectively.

Therefore, the application of voltage scanning on Vocus CI-TOF is actually very similar to that of MR-
CIMS. However, since the Vocus CI-TOF was not operated in positive ion mode, we were unable to determine
a collision limit using the same method as applied in MR-CIMS, which relies on measuring the sensitivity of

alpha-pinene in the benzene channel. Therefore, we do not fit the relationship in Figure S7.

Comment2. Page 5 Line 16-19. Rapid switching between four reagent ions at a frequency of 1 Hz is impressive
but introduces the risk of chemical interference or competition. Given that the authors indicate that benzene
and acetone dimer chemistries can overlap, | think that it is important to demonstrate whether this fast-
switching environment leads to residual "cross-talk" that might corrupt the dV50 determination for any single

reagent ion.

Reply2. A control experiment was conducted by operating each VUV lamp individually without switching.
The dVs of lactic acid retrieved from both negative channels deviated by less than 3% from values obtained
during standard operation. Therefore, the fast-switching environment does not influence the dVso
determination. We revised Page 10, Line 14 — 17 as: ‘A test experiment was conducted to confirm that fast-
switching settings of MR-CIMS do not influence the determination of dVs, for the analytes. We measured the
dVs 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 Figure S6, demonstrating that the differences

were within 3%.’
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Figure S6. Dissociation of lactic acid-reagent ion adducts during the voltage scanning, with and without fast
switching of the VUV lamps. Circles represent the iodide channel and triangles represent the bromide channel.
Signals of adducts have been normalized to the sum of reagent ions and hydrated reagent ions and to the

maximum at the start of the voltage scanning.

Comment3. Table S1. What is Quad linac? Is this specific to Vocus B? My recollection is that this setting is not
on a Vocus AIM. On Page 3 Line 42, the authors state that the MR-CIMS uses the Vocus AIM IMR. These
additional settings suggest minor differences between the AIM and Vocus B platforms that are not clearly
documented. The manuscript might be easier to follow if the methodology focused entirely on the Vocus

AlIM, as the Vocus B details increase complexity without necessarily helping to validate the scanning approach.

Reply3. We thank the reviewer for drawing attention to this point. We contacted Tofwerk to clarify the function
of this parameter and confirmed that the “Quad Linac” voltage is associated with ion mobility spectrometry—
mass spectrometry (IMS-MS) configurations. Although the same graphical user interface (GUI) is
implemented in the Vocus B software, this port is not physically connected to any electrodes in our instrument.
We further verified this experimentally by varying the “Quad Linac” voltage over its available range and
observed no measurable effect on the detected ion signals. Therefore, we revised Table S1 and deleted this
column. The voltage settings on the Vocus CI-TOF during the scanning are actually the same as those on Vocus

B, as described in Replyl.

Comment4. With over 260 compounds identified in chamber experiments, structural isomers are highly
probable, particularly as oxygen content increases. The manuscript would be strengthened by a discussion
on the capability, or inherent limitations, of this voltage scanning approach to differentiate between isomers

that share a molecular formula but possess different binding energies.

Reply4. We appreciate this suggestion. Because structural isomers share the same elemental composition, the



voltage scanning signal might represent a sum of their individual responses. If multiple isomers contribute
significantly to the ion signal and have different binding energies, the resulting 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 scanning method can
provide insight into compound functionality. As discussed above, different oxygenated functional groups have
distinct binding energies, which can be captured in their corresponding dVsy values derived from voltage

scanning.

We add the discussion on this in the Page 17, Line 14 — 18 of revised version: ‘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 resulting 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 scanning
method can provide insight into compound functionality. As discussed above, different oxygenated functional
groups have distinct binding energies, which can be captured in their corresponding dV'so values derived from

voltage scanning.’
Minor comments:

Comment5. There is a typo on Page 2, Line 68, where a double period follows the phrase "voltage scanning

methods..".
ReplyS5. Thanks a lot for reading carefully. We removed it.

Comment6. The reference to Figure S1 in Section S1 regarding Total lon Counts (TIC) appears incorrect, as

Figure S1 in the text pertains to IMR stability; the authors likely intended to reference Figure S3.
Replyé6. Sorry for this incorrect reference. We corrected it in the revised manuscript as ‘Figure S3° .

Comment7. It would be clearer if Figure 1 could be annotated to show exactly where the specific voltage
settings mentioned in Table S1 are applied within the instrument, which would clarify how the electrical

gradient differs in the AIM IMR compared to older designs

Reply7. Thanks for this suggestion. We revised Figure 1 and show the positions of relevant voltage settings.

We revised Figure 1 as:
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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 quadruple), as well as the temperature of the IMR, are labeled to
facilitate understanding of the operating conditions in MR-CIMS.

In summary, this is a strong paper that merits publication. However, | found the methodology difficult to
follow from the perspective of a user looking to implement voltage scanning on their own instrumentation.
This is partly due to the nuanced differences between the Vocus AIM and Vocus B. The manuscript would
benefit from a clearer differentiation between these two inlets/instruments, or perhaps a reorganization

specifically tailored to the implementation of voltage scanning within the Vocus AIM framework.

Reply8. We really appreciate the suggestions from Reviewer 2. We gave a better description of electrodes and
voltages in the revised manuscript and explained the voltage bias and scanning strategies from the fundamental
perspective. We also applied the voltage scanning on the Vocus CI-TOF, another CIMS employing Vocus AIM
IMR, and showed the obtained results. As mentioned above, though the absolute sensitivities varied due to a
lot of factors, a similar relationship between dVs and sensitivities can be observed by utilizing the same
voltage bias and scanning strategies. Therefore, voltage scanning is implemented using a similar strategy in

Vocus CI-TOF and Vocus B and produces consistent results.

We still want to keep this manuscript mainly discussing about the application on MR-CIMS, i.e., Vocus B
framework, but will also show the feasibility of voltage scanning on other instruments employing Vocus AIM
IMR with the same scanning methods. This is because, in previous investigations, the determination of
collision-limit sensitivity in negative channels is quite challenging. The compounds reported to be charged at

the collision limit either require complex synthesis, e.g., NoOs (Huey et al., 1995; Lopez-Hilfiker et al., 2016),



or have volatilities that are too low to establish a quantifiable gas-phase standard, e.g., levoglucosan (Aggarwal
et al., 2025). Aggarwal et al. showed that we can determine the collision limit sensitivity of negative channels
by measuring the sensitivity of alpha-pinene in the benzene channel of the same IMR (Aggarwal et al., 2025).
This is the advantage of Vocus B framework which can readily switch between positive and negative ion
modes without additional tuning or modification, thereby simplifying the experimental workflow and

presentation of the results.
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