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24 SUMMARY:
25  Neutral SO; clusters of low kinetic energy (< 0.8 eV/constituent) are used to desorb complex
26  surface molecules such as peptides or lipids for further analysis by means of mass spectrometry
27  using an ion trap mass spectrometer. No special sample preparation is required, and real-time
28  observation of reactions is possible.
29
30 ABSTRACT:
31 Desorption/lonization Induced by Neutral SO, Clusters (DINeC) is employed as a very soft and
32 efficient desorption/ionization technique for mass spectrometry (MS) of complex molecules and
33  their reactions on surfaces. DINeC is based on a beam of SO; clusters impacting on the sample
34  surface at low cluster energy. During cluster-surface impact, some of the surface molecules are
35 desorbed and ionized via dissolvation in the impacting cluster; as a result of this dissolvation-
36 mediated desorption mechanism, low cluster energy is sufficient and the desorption process is
37 extremely soft. Both surface adsorbates and molecules of which the surface is composed of can
38 be analyzed. Clear and fragmentation-free spectra from complex molecules such as peptides and
39 proteins are obtained. DINeC does not require any special sample preparation, in particular no
40 matrix has to be applied. The method yields quantitative information on the composition of the
41  samples; molecules at a surface coverage as low as 0.1 % of a monolayer can be detected. Surface
42  reactions such as H/D exchange or thermal decomposition can be observed in real-time and the
43  kinetics of the reactions can be deduced. Using a pulsed nozzle for cluster beam generation,
44  DINeC can be efficiently combined with ion trap mass spectrometry. The matrix-free and soft
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nature of the DINeC process in combination with the MS" capabilities of the ion trap allows for
very detailed and unambiguous analysis of the chemical composition of complex organic samples
and organic adsorbates on surfaces.

INTRODUCTION:

Surface sensitive analysis techniques are often based on particle probes such as low energy
electrons, atoms, or ions which strongly interact with solid samples. As a consequence, they show
high surface sensitivity and detailed information on surface structure can be obtained?. Chemical
information, however, is often limited. As an example, X-ray photoelectron spectroscopy can give
guantitative information on the atomic composition and on the average chemical environment
of a given species (e.g., the carbon atoms in an organic molecule adsorbed on a surface?).
However, more detailed information on complex, surface-adsorbed molecules, such as their
detailed structure or binding sites, is difficult to be obtained with standard surface analysis
techniques. On the other hand, the need for such information is growing with the increasing
interest in surface functionalization by means of organic molecules. The expanding fields of on-
surface synthesis® or surface functionalization by attachment of biomolecules®*> are two
prominent examples. In all these fields, fundamental questions on substrate-adsorbate and
adsorbate-adsorbate interactions are investigated in order to better understand the systems. For
these investigations, a maximum of information on the adsorbed molecules is desirable.

In part, secondary ion mass spectrometry (SIMS) can give such information. First, SIMS is highly
surface sensitive. Second, as the sputtered adsorbates and their fragments are detected by
means of MS, information well beyond atomic composition is obtained. Depending on the nature
of the chemical species adsorbed on the surface, it can be identified by its molecular mass and
fragment pattern observed in the mass spectrum®. The fragments induced by the primary ions
indeed can help for the identification of the analyzed material. On the other hand, if primary-ion
induced modification (fragmentation, ion-induced reactions, mixing) of the sample is too strong,
most information on the original state of the sample is lost. Thus, major efforts have been
undertaken to reduce fragmentation in SIMS (e.g., using charged molecular clusters as primary
ions’?). However, fragmentation still dominates SIMS spectra of large macromolecules and
biological samples'?, limiting the application of SIMS in various fields.

As an alternative, we have shown desorption/ionization induced by neutral clusters (DINeC) to
be a soft and matrix-free ionization method which has been successfully employed for mass
spectrometric analysis of complex molecules!''’. DINeC is based on a beam of molecular clusters
which consist of 103 to 10* SO, molecules (Figure 1). When the clusters impact on the sample,
they interact in various ways with the molecules on and in the surface: first, a part of the cluster’s
kinetic energy is redistributed and activates desorption. Similarly important, the desorbing
molecule is dissolved in the cluster during cluster-surface impact>81° (Figure 1 and Figure 2). In
other words, based on the high dipole moment of SO, the clusters very efficiently serve as a
transient matrix for polar analytes. As a result, desorption of the analyte molecules takes place
at cluster energies as low as 1 eV/molecule and below. The soft nature of the desorption process
is further supported by rapid cooling of the system when the SO, cluster shatters during and after
surface impact!*®. As a consequence of these various aspects, cluster-induced desorption of

Page 1 of 14



89

90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

complex molecules such as peptides, proteins, lipids, and dyes proceeds without any
fragmentation of the desorbing molecules>*>; typical mass spectra show the dominant peak at
the m/z value of the intact molecule ([M+H]* or [M-H]’, Figure 3). Depending on the number and
nature of functional groups in the molecule, multiple charged cations of the form [M + n-H]"* are
observed!¥'>18 For biomolecules, ionization typically takes place via uptake or abstraction of a
proton at a basic or acidic functional group, respectively!!. If water molecules are present in the
sample, SO, molecules from the cluster can react with these water molecules forming sulfuric
acid!®, The latter can act as an efficient proton source which further promotes the ionization
process in case of ionization via proton uptake (positive ion mode)*3,

DINeC can be applied to any sort of solid sample which is compatible with high-vacuum
conditions. No special sample preparation is required, in particular no matrix has to be applied
prior to DINeC-MS measurements, in contrast to matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry and related techniques?®?%, This enables real time measurements of
chemical changes of the sample with varying experimental conditions such as background
pressure of reactive species in the vacuum chamber?? or sample temperature. The detection limit
of DINeC-MS has been shown to be in the femtomole range!!. When applied to the analysis of
biomolecules adsorbed on solid surfaces in the submonolayer regime, a surface coverage as low
as 0.1% of a monolayer was detected?3. In this coverage regime, the signal intensity depends
linearly on surface coverage and DINeC-MS can be used for quantitative analysis of the surface
composition?3. In the case of mixed samples, a quantitative evaluation of the sample composition
is possible!”?4, as no major effect of the chemical environment on the ionization probability is
observed (e.g., in the case of mixed lipid/peptide samples’). This is in clear contrast to SIMS, for
which the ionization probability of a given species is typically strongly influenced by the presence
of different chemical components (the so-called “matrix effect”2>26),

In addition to surface analysis, chemical composition in the subsurface region can be probed by
means of depth profiling!’. With the current set-up, typical desorption rates of cluster-induced
desorption of biomolecules are of the order 10 nm/s. A high depth resolution in the range of 1
to 2 nm has been observed for mixed lipid/peptide samples?’.

A further field of application is the combination of DINeC-MS with thin layer chromatography
(TLC). Conventional TLC plates can be directly analyzed by means of DINeC-MS. Position-
dependent mass spectra can be acquired from the TLC plates and thus mass-specific
chromatograms can be obtained from the TLC plates. No re-elution of the separated analytes is
necessary, different to TLC in combination with ESI>”?8, No matrix is needed for the DINeC-MS +
TLC combination either, in contrast to the coupling of TLC with MALDI?7/28,

Desorption electrospray ionization (DESI) is also a soft desorption/ionization method for MS-
applications?>3°. The most striking differences between DINeC and DESI are: the quantitative
nature of DINeC?3, its compatibility with ultra-high-vacuum (UHV) conditions, in particular the
possibility to investigate samples prepared and transferred in UHV conditions without breaking
the vacuum?3, as well as the possibility to efficiently desorb nonpolar molecules®.
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In principle, DINeC as desorption/ionization source can be coupled to any type of mass
spectrometer. However, the combination with ion trap mass spectrometry features two main
advantages: first, the pulse width and repetition rate of a typical pulsed cluster beam correspond
very well to the discontinuous accumulation time as well as the spectral rate of the ion trap>3.
Second, the soft nature of the DINeC process leads to desorption of intact molecules. In
combination with the MS" capabilities of ion trap mass spectrometry, this allows for a most
comprehensive analysis of the investigated samples®>.

PROTOCOL:

NOTE: The protocol can be paused at any time.

1. Preparation of substrates

1.1.  For standard samples, cut the substrates from silicon wafers (thickness of approx. 0.5 to
1 mm) in pieces of 1 x 1 cm?.

1.2.  Clean the Si substrates in an ultrasound bath of ethanol and acetone for 15 min each.
1.3.  Dry the substrates in a stream of dry nitrogen gas.

2. Preparation of samples

2.1. Standard sample preparation

2.1.1. For standard samples, prepare the solution containing the analyte molecules according
to the scientific question to be addressed. Concentration of the analyte should be at least 1 x 10
10 mol/L.

2.1.2. Drop-cast 5 to 30 pL of the sample solution on the substrate. Depending on vapor
pressure of the solvent, let the sample dry under ambient conditions or in a desiccator until all
solvent has been evaporated and a dry film has been formed. Depending on the amount of
substance applied, the thickness of the film can be between several ten um (visual inspection

possible) and the monolayer to sub-monolayer regime (thus not detectable by eye).

2.1.3. Mount the samples on the sample holder (e.g., using sticky tape or clamps tightened by
screws, depending on the samples and vacuum conditions required).

2.1.4. If possible, additionally mount a reference sample such as a micrometer-thick-film of
angiotensin Il, on the sample holder.

2.2.  Alternative sample preparation
2.2.1. Use alternative sample preparation schemes such as electrospray ion-beam deposition
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(ES-IBD) in vacuum or dip coating in a respective solution if applicable.

2.2.2. Mount samples which are to be prepared and transferred in vacuum on the DINeC sample
holder prior to the preparation steps.

2.2.3. Ensure that dip-coated samples are dry after the final preparation step.

2.2.4. Consider the simplest preparation scheme. As an example, for the investigation of
highlighter ink, just draw a dot on the substrate surface.

3. Transfer of samples into DINeC mass spectrometer

3.1.  Transfer of samples from ambient conditions into the evacuated DINeC chamber
3.1.1. Vent the load-lock system.

3.1.2. Open the load-lock and mount the sample holder.

3.1.3. Close the load-lock and pump down the load-lock chamber to a pressure below 1 x 10~
mbar.

3.1.4. Open the valve to the DINeC chamber and transfer the sample holder with the wobble
stick to the main manipulator. Attach the sample holder to the manipulator.

3.1.5. Retract the wobble stick and close the valve between load-lock and DINeC chamber.

3.2.  Transfer of samples from vacuum into the evacuated DINeC chamber

3.2.1. Use a transportable vacuum container, which can be attached to the CF40 flange of the
DINeC chamber. Transfer the samples, which were prepared in vacuum, with this container
without breaking the vacuum. Ensure that the samples are mounted on a sample holder

compatible with the manipulator used in the DINeC system.

3.2.2. Attach the transportable vacuum container to the CF40 flange and pump down the
volume between container and DINeC chamber.

3.2.3. Once the pressure has dropped below 1 x 10 mbar, open the gate valves to the DINeC
chamber and the transportable vacuum container and transfer the sample into the DINeC
chamber onto the manipulator using a wobble stick or another transfer system with more than
50 cm linear movement.

3.2.4. Retract the transfer system and close the two gate valves.

4. Preparation of gas mixture
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4.1. Prepare a mixture of approx. 3% SO; in helium by first evacuating the gas cylinders of the
gas mixing system for 10 min.

4.2.  Fill the cylinders with SO, until a pressure of 1 bar is reached.
4.3.  Further fill the cylinders with helium until a total pressure of 30 bar is reached.

CAUTION: When using SO, the respective safety precautions such as storing SO, cylinders in
designated gas cabinets have always to be fulfilled.

5. Preparation of DINeC mass spectrometer

5.1.  Adjust the pressure of the SO2/He gas mixture at the outline of the gas mixing system to
15 bar. Open the valve between the gas cylinder and the nozzle.

5.2. Set the position of the manipulator to the reference sample’s position.

5.3. For measuring cationic mass spectra, set the sample and grid bias to +40 and +7 V,
respectively.

5.4. To drive the pulsed nozzle and the ion trap mass spectrometer, set the external function
generator to 2 Hz. With the delay generator, set the time delay At, between the Clear trap signal
from the ion trap and the trigger signal for the pulsed nozzle to 5 ms.

5.5. In the control software, adjust the following parameters by pressing the respective
buttons or typing the respective values in the Mode page of the main dialogue window: Scan
Mode: Enhanced resolution, Range: m/z 50 — 3000, Accu-time: 0.1 ms, Average: 10 cycles,
Polarity: positive for the measurement of cationic mass spectra

NOTE: For measuring anionic spectra, the sample and grid bias have to be negative with respect
to ground, Polarity has to be switched to Negative in the control software.

6. Measurement of mass spectra

6.1. Once a pressure below 3 x 10® mbar has been reached in the DINeC chamber, the
measurement can be started. Start the measurement by first pressing Stand by and then pressing
Operate in the control software. Start recording the measurements pressing the Play button.

6.2. Measure a test spectrum from a reference sample such as angiotensin Il for about 300 s.
Follow the time dependence of the signal using the Chromatogram set to the respective m/z
value. Optimize signal intensity by adjustment of the time delay At, between the Clear trap signal
and the signal triggering the pulsed nozzle.
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6.3. Move the manipulator to the position of the sample to be measured. Optimize signal
intensity by adjustment of the sample position within the sample holder plane.

6.4. Acquire mass spectra over the time span of interest. Modify the experimental parameters
such as sample temperature or background pressure in the chamber according to the details of
the experiment. Continue to take mass spectra when varying the experimental parameters.

7. Data evaluation

7.1. After the measurement is finished, load the respective data set in the Data Analysis
program. Select the time span of interest in the chromatogram with the right button of the
mouse. The averaged spectrum will be displayed in a separate window.

7.2.  Export the spectrum as a data file for further processing in a program of choice.

REPRESENTATIVE RESULTS:

In the following, two examples for the real time application of DINeC-MS are presented. Figure 4
shows the change of the mass spectrum obtained from angiotensin Il when the sample is heated
to approx. 140 °C. When the final temperature is reached (Figure 4B, Figure 4E), the spectrum is
characterized by an additional peak indicating the loss of an H,O entity (m/z = 1029). When
keeping the sample at that temperature, further decomposition of the angiotensin Il molecules
is observed in (Figure 4C), including the loss of one of the terminal amino acid units, aspartic acid
(peak at m/z =932, Figure 4D). Quantitative analysis of the data allows to evaluate the underlying
reaction kinetics (Figure 4E). In particular, Figure 4E demonstrates that the entity with m/z=1029
is an intermediate which further decomposes into smaller fragments as the intensity first
increases and then decreases. The concomitant rate constants are thus in the same order of
magnitude.

As a second example, the investigation of hydrogen/deuterium exchange in angiotensin 1122 is
illustrated in Figure 5. Upon exposure of the angiotensin sample to DO in the DINeC chamber
(pp20 = 10* mbar), the isotopic pattern of angiotensin Il is broadened and shifted towards higher
m/z values indicating exchange of H by D atoms. The process is fast during the first 60 s but
significantly slows down in the further course of the experiment: The isotope pattern in Figure
5B covers a wide m/z range (approx. 15 m/z units). When we define the degree of deuteration d
as the number of exchanged H atoms in a molecule, values of d between d =0to d =13 can be
extracted from the spectrum. In Figure 5C, the isotope pattern is again reduced in width. This
observation can be attributed to the strongly reduced intensity of the peaks which are associated
with the lowest degrees of deuteration. In Figure 5D, the spectrum is shown for even longer
reaction times. The covered m/z range remains almost the same but the center of mass of the
spectrum still shifts slowly towards increasing m/z values. For long exposure times, a part of the
molecules reaches the highest degree of deuteration, dmax = 17. It corresponds to the maximum
number of exchangeable H atoms, given by the number of H atoms bound to functional groups
such as carboxylic acids or amine groups.
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Already from the temporal evolution of the spectra, it can be deduced that H/D exchange takes
place with different rate constants. For a quantitative description of this observation, the mean
degree of deuteration d is plotted in Figure 5E as a function of time. Inspection of the
experimental results (symbols) reveals three different regimes: a fast increase of d operative for
t <50 s, an intermediate regime for 50 s < t < 200 s, and a slow but almost continuous increase
for t > 200 s. The experimental results were simulated by means of Monte Carlo simulations;
pseudo-first-order reaction kinetics with reaction constants ki were assumed for the H/D
exchange at the functional groups of the molecules investigated??. A good agreement between
simulations and experimental results in all three regimes was only obtained when at least three
different rate constants ki for the H/D exchange in angiotensin Il molecules were applied. In
Figure 5F,G, the kinetics as deduced from fitting the experimental isotope patterns by the sum
of isotope patterns for different degrees of deuteration (Figure 5A vs Figure 5D) are shown. The
good agreement between experimental data and simulations as well as the very different
exchange rates for low and high degrees of deuterations are clearly observed. By comparison
with different oligopeptides such as hexaglycine, the fast exchange rates were attributed to the
explicit functional groups, whereas the slow exchange rates were associated with the amide
groups of the peptide’s backbone??.

Whereas these first two examples were measured with micrometer-thick angiotensin Il samples,
Figure 6 shows the results as obtained from submonolayer coverage of angiotensin Il on gold
samples as prepared by means of electrospray ion-beam deposition (ES-IBD)?3. A linear
dependence of the signal intensity on amount of substance is observed over 3 orders of
magnitude, the lowest amount of substance detected corresponds to 0.1% of a monolayer of
angiotensin Il molecules on the gold surface. H/D exchange experiments as shown in Figure 5
were also performed with angiotensin Il on gold in the submonolayer regime?3.

FIGURE LEGENDS:

Figure 1: Schematic illustration of cluster-induced desorption/ionization and experimental set-
up. Cluster-induced desorption/ionization is performed in a high-vacuum vessel. A beam of SO»
clusters (yellow dots) is produced via supersonic expansion of a SO,/He gas mixture from a pulsed
nozzle. During cluster-surface impact, surface molecules are desorbed and ionized. Molecular
ions (red/orange dots) are transferred via a biased grid, a dual ion funnel inlet, and octopolar ion
guides into the ion trap for mass spectrometry. Typical mass spectra show dominant peaks at
m/z values of the intact molecules, here: M1 (orange) and M2 (red) in positive ion mode. Blow
up: During cluster surface impact, the desorbed molecules are dissolved in the impacting cluster
or one of its fragments. Further shattering and evaporation of SO; molecules then lead to the
bare, intact molecular ion as detected in the mass spectrometer. See also Figure 2.

Figure 2: Snapshots of molecular dynamics simulations illustrating cluster-induced desorption
via dissolvation. (A) An SO cluster (300 molecules) approaches the surface with 1250 m/s
perpendicular to the surface on which a dipeptide (aspartic acid-arginine, ASP-ARG) is adsorbed.
(B) During cluster-surface impact, the cluster shatters. The adsorbed dipeptide interacts with the
surrounding SO, molecules leading to its dissolvation in one of the cluster fragments. (C) The
cluster fragments are repelled from the surface. The labelled fragment (blue circle) carries the
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dipeptide which is desorbed in this fragment. This figure has been modified from reference 19.

Figure 3: Representative mass spectrum and molecular model of angiotensin Il. (A) Mass
spectra (top panel: positive ion mode, bottom panel: negative ion mode) as obtained after
cluster-induced desorption/ionization from an angiotensin Il sample. The sample was prepared
by drop-casting the respective solution on a Si wafer (covered by its natural oxide). The main
peaks are assigned to the intact biomolecule, [M+H]* and [M-H]; no fragmentation patterns are
observed. Dimers ([2M+H]*, arrow) further indicate the soft nature of the desorption process.
The positive ion signal is more intense due to the influence of the SO, clusters'®. (B) Space-filling
model and amino acid sequence of angiotensin Il. White balls indicate hydrogen atoms; black:
carbon; blue: nitrogen; red: oxygen.

Figure 4: Real-time observation of thermal degradation of angiotensin Il. (A-C) Mass spectra as
obtained after cluster-induced desorption/ionization from an angiotensin Il sample. (A) Fresh
sample at RT. (B) Sample heated to approx. 140 °C. In addition to the peak at m/z = 1047, which
is associated with the intact molecule [M+H]*, peaks at m/z = 932, 1012, and 1029 appear
(indicated by arrows). (C) The latter peaks increase and the main peak decreases with time when
keeping the sample at elevated temperature. (D) Structural formula of angiotensin Il indicating
the fragment (brown brackets) which leads to the appearance of the peak at m/z = 932 by loss of
one amino acid unit (aspartic acid). (E) Time dependence of sample temperature and the intensity
of the main peaks indicated in the plots (A) to (C). Solid lines are guides to the eye.

Figure 5: Real-time observation of H/D exchange in angiotensin Il. (A-D) Cationic mass spectra
of angiotensin Il as obtained by means of DINeC-MS. Due to H/D exchange, the isotope pattern
broadens and shifts towards higher m/z values in (B) to (D) when compared to the isotope
pattern of the undeuterated species shown in (A). Red lines are data, dashed cyan lines are fits
to the data taking into account different degrees of deuteration. (E) Average degree of
deuteration d as a function of time as deduced from the experiments (open dots). In addition, d
as a function of time deduced by means of Monte Carlo simulations are shown. Black dashed
curve: simulations taking into account one rate constant (k1); red curve: taking into account three
rate constants (ki, k2, k3). (F,G) Relative signal intensities of selected degrees of deuteration of
angiotensin Il (symbols + solid lines) as a function of time together with the corresponding results
of the Monte Carlo simulations (dashed lines). This figure has been modified from reference 22.

Figure 6: Application of DINeC-MS to angiotensin Il on gold in the submonolayer regime. (A)
Schematic representation of the combination of ES-IBD for deposition and DINeC-MS for mass
spectrometry of isolated angiotensin Il molecules in the submonolayer regime. (B) Dependence
of signal intensity on amount substance deposited on the sample as obtained from two
independent sets of data (filled and open symbols). Insets: DINeC mass spectra as obtained from
samples on which an amount of substance was deposited as indicated. This figure has been
modified from reference 23.

DISCUSSION:
In many studies performed so far, a high sensitivity of DINeC-MS on various substances has been
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demonstrated. Indeed, this allows measurements of analytes down to an amount of substance
in the femtomole regime!l. Due to this high sensitivity, sample preparation, in particular
substrate cleaning, has to be performed with highly pure chemicals in order to avoid
contamination in the DINeC mass spectra. As it is the case for many analysis techniques, a proper
background measurement from a blank substrate helps to separate peaks from the analyte and
peaks which have their origin in substrate/sample preparation.

Although we have shown that the ionization probability of a given analyte molecule is not
strongly influenced by the presence of co-adsorbates or co-constituents in mixed samples!’:?4,
the ionization probability may vary from substance to substance!®. Thus, it is even more
important to work under clean conditions as contaminants, depending on their ionization
probability, may contribute to the signal much stronger than the analyte. Preformed ions (e.g.,
as found in the case of many dye molecules), or molecules with functional groups which show a
clear tendency towards proton uptake or deprotonation (i.e., bases or acids), typically show high
ionization probability in DINeC-MS. If no such functional group is present in the analyte,
ionization probability can be low. The samples then may be treated by ionizing agents such as
trifluoro acid (e.g., by exposure of the sample to the vapor pressure of the ionizing agent).

The representative results discussed in Figure 4 and Figure 5 demonstrate the applicability of
DINeC-MS for real-time investigations of chemical reactions by means of mass spectrometry.
Figure 6 illustrates the submonolayer-sensitivity of the method. If the two properties are
combined, chemical reactions on surfaces and their products can be followed in real time?3. This
can be in particular of interest for so called “on-surface synthesis” which leads to the assembly
of macromolecular structures on surfaces®323>, In the current set-up, the observation of such
surface reactions is possible on surfaces with lower reactivity such as gold?® and other noble
metals; the experiments are more difficult to be performed on highly reactive surfaces such as
silicon surfaces®®, as the base pressure in the desorption chamber is in the 107-mbar-range.
Current activities address this limitation and a UHV-compatible DINeC apparatus is being built
up. In the case of reactive surfaces, the interaction between SO; and the substrate surface has to
be tested prior to the measurements of surface adsorbates and surface reactions.

As the cluster beam is neutral, it cannot be focused. Beam size on the sample is thus given by the
geometry of the set-up and orifice of the skimmer in use; typical values for the beam diameter
on the sample is one to several millimeters. As a result, imaging by scanning the sample is possible
only with very low resolution. On the other hand, given by the high ionization probability'3, DINeC
efficiently makes use of the desorbed molecules. Thus, a combination of DINeC-MS and an ion-
imaging detector3” seems to be highly attractive.
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612542.6  For questions, please contact us at submissions@jove.com or +1.617.945,9051,
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discretion, elect not take any action with respect to the
Article until such time as It has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JOVE has scle discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12, Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author's or the Author's institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, viclations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
proceduras or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilizatian, lack of cleanliness or by contamination due to
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the making of a videc hy JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shallinclude JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connecticn with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees, To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment Is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author, Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of flilming, production and publication of the
Materials will be suspended until payment is received.

14, Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVFE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may he executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A sighed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreemant is required per submission.

CORRESPONDING AUTHOR

Name: Michael Diirr

Department: [ |nstitute of Applied Physics

Institution: Justus Liebig University Giessen

Title: Prof. Dr.

Signature: ////é;ﬁ/’zgﬂ/{/%‘::’

Date: 06/2,6{/ /3

Please submit "éigned and dated copy of this license by one of the following three methods:
1. Upload an electranic version an the JeVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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Resubmission of our manuscript entitled “Analysis of complex molecules and their reactions on
surfaces by means of cluster-induced desorption/ionization mass spectrometry”

Dear Dr. Wu,

Thank you and the reviewers for the overall very positive response and helpful comments on our
manuscript entitled “Analysis of complex molecules and their reactions on surfaces by means of
cluster-induced desorption/ionization mass spectrometry”.

We addressed all issues raised by the reviewers

as listed in detail below (point by point). We also

addressed all editorial comments. All changes are highlighted in cyan in the resubmitted manu-
script. With these changes, we hope that the manuscript is now suitable for further processing and

publication in JOVE.
Yours sincerely

Michael Durr (on behalf of all co-authors)

P.S.: We also updated the ppt-file with material available for production of the video article.

I+


https://www.editorialmanager.com/jove/download.aspx?id=1103738&guid=e4df70bb-b10c-4449-808e-18e4b5006ef3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1103738&guid=e4df70bb-b10c-4449-808e-18e4b5006ef3&scheme=1

Response to the reviewers’ reports / list of changes:

Reviewer #1:

Comment: Page 2, Line 117-121: The explanations of these sentences seem to be ambiguous.
How low is the SO2 cluster induced desorption? The authors should describe these points clearly.

Answer: We now explicitly give the missing information.
Changes: Starting line 124, we write:

“With the current set-up, typical desorption rates of cluster-induced desorption of biomolecules
are of the order 103 nm/s. A high depth resolution in the range of 1 to 2 nm has been observed for
mixed lipid/peptide samples’’.”

kkkkkkkkkkkkkkkkkkhhkkkkkkhkkkkkkhkhkhkkkkkkkkhkkkkkkhkhkkkkkhkhkkkkkhkkhkkkkkkhkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

Comment: Page 8, Line 334-341: In Fig. 5(E), the simulated curves of the "Sim k1" and "Sim k1,
k2, k3" are shown, but the explanations for the rate constants "k" are not enough. For example, "k"
is not described both in the text and the figure caption. The authors should carefully explain "k" in
the text or figure caption. In addition, what is the reason why at least three rate constants are
needed, or provide evidence that the two rate constants are not enough?

Answer: We explain k; and the reason why three different values are necessary.
Changes: Starting line 330, we write:

“Inspection of the experimental results (symbols) reveals three different regimes: a fast increase of
d operative for t < 50 s, an intermediate regime for 50 s < t < 200 s, and a slow but almost continu-
ous increase for t > 200 s. The experimental results were simulated by means of Monte Carlo
simulations; pseudo-first-order reaction kinetics with reaction constants ki were assumed for the
H/D exchange at the functional groups of the molecules investigated??. A good agreement be-
tween simulations and experimental results in all three regimes was only obtained when at least
three different rate constants k; for the H/D exchange in angiotensin Il molecules were applied.”

*kkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkhkhkkkkkkhkhkkkkkhkhkkkkkhkhkkkkkkhkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

Comment: Page 11, Line 441-442: The explanations of these sentences seem to be ambiguous.
How do you use trifluoro acid (TFA)? Is TFA added to the SO2 cluster? Or is it mixed with the
sample as a matrix?

Answer: We clarified this statement.

Changes: Starting line 440, we write:

“The samples then may be treated by ionizing agents such as trifluoro acid, e.g., by exposure of the
sample to the vapor pressure of the ionizing agent.”



kkkkkkhkkkkkkkhkhkkkkkhkkhkkkkhkkhkkkkkhkhkhkkkkhkhkhkkkkhkhkkkkkhkhkkkkkkkhkkhkkkkkhkkhkhkkkkkkkhkhkkkkkkkhkhkkkkkkhkhkhkkkkkkhkkkkkx

Comment: Figure 6 (B): What is the difference between open red circles and filled red circles? The
authors should better explain it in the figure caption.

Answer: We added the information in the figure caption of Fig. 6.
Changes: Starting line 418, we write:

“...as obtained from two independent sets of data (filled and open symbols).”

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkhkkkkkkkkkkkkkhkkkkkkhkhkkkkkkhkkkkkkhkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkx
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Reviewer #2:

Comment: Authors claimed that the protonation is due to sulfuric acid forming from SO2 and H20.
How are the desorption and ionization take place? They have do more efforts to give a clear
mechanism. Negative mechanism is also missed.

Answer: We explain in more detail and more precisely the respective mechanisms.
Changes: Starting line 90, we write about the desorption:

“When the clusters impact on the sample surface, they first provide the energy necessary for
desorption. In addition, due to the high dipole moment of SO,, they also serve as a transient ma-
trix in which the desorbing molecule is dissolved during the desorption process!'*¥1° (Figs. 1 and
2).”

Starting line 99, we write about the ionization:

“For biomolecules, ionization typically takes place via uptake or abstraction of a proton at a basic
or acidic functional group, respectively!!. If water molecules are present in the sample, SO, mole-
cules from the cluster can react with these water molecules forming sulfuric acid*®. The latter can
act as an efficient proton source which further promotes the ionization process in case of ioniza-
tion via proton uptake (positive ion mode)*>18.”

In line 385, we added in the figure caption of figure 3:

“The positive ion signal is more intense due to the influence of the SO, clusters'®.”

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk
Comment: Schematic representation for the method is required to be easy for following.

Answer: We improved the schematic representation of our method and set-up in Fig. 1. We added
information in the figure caption of Fig. 1.



Changes: Starting line 359, we write:

“Cluster-induced desorption/ionization is performed in a high-vacuum vessel. A beam of SO; clus-
ters (yellow dots) is produced via supersonic expansion of a SO,/He gas mixture from a pulsed
nozzle. During cluster-surface impact, surface molecules are desorbed and ionized. Molecular ions
(red/orange dots) are transferred via a biased grid, a dual ion funnel inlet, and octopolar ion
guides into the ion trap for mass spectrometry.”

kkkkkkkkkkkkkhkkkkkhkhkkhkkkkhkkhkkkkkhkhkhkkkkkkhkhkhkkkkkhkhkkhkkkkhkhkkkkkkkhkkhkkkkkkhkkhkhkkkkkhkhkhkkkkkkhkhkkkkkkhkhkhkkkkkkhkkkkkkx

Comment: Molecular dynamics simulations of cluster-induced desorption is not working.

Answer: The animation of the MD simulations works in the ppt-file we provided in addition to the
main manuscript. It does not work when the file has been converted, e.g., to pdf. It will for sure
work in the professionally produced video article in JoVE.

kkkkkkhkkkkkkkkkkkkhkhkkkkkkkkkkkkkkhkhkkkkkhkhkkkkkhkhkkkkkhkhkkkkkkhkkkkkkkhkkkkkkkkhkhkhkkkkkkkhkkkkkhkhkkkkkkkkkkkkx

Comment: Authors discussed SIMS, desorption electrospray ionization (DESI) in introduction.
They have to include also other methods such as MALDI-MS (TrAC Trends in Analytical Chemistry
2017, 89, 68-98), SALDI-MS (Microchimica Acta 2018, 185 (3), 200), matrix assisted ionization
vacuum (MAIV) (Anal. Chem., 85 (2013), pp. 2005-2009), Anal. Chem., 86 (2014), pp. 6208-6213).

Answer: We compare DINeC with MALDI and related techniques in the introduction of our article.
We added two references.

Changes: Starting line 108, we write:

“DINeC can be applied to any sort of solid sample which is compatible with high-vacuum condi-
tions. No special sample preparation is required, in particular no matrix has to be applied prior to

DINeC-MS measurements, in contrast to matrix-assisted laser desorption/ionization (MALDI) mass

spectrometry and related techniques?%21.”

kkkkkkkkkkkkkhkhkkkkhkhkkhkkkkhkkhkkkkkkhkhkhkkkkhkhkhkkkkhkhkkkkkhkhkkhkkkkhkkhkkkkkhkkhkhkkkkkkhkhkkkkkkhkhkkkkkkhkhkkkkkkhkkkkkkx

Comment: Positive mode and negative mode should used instead of cation and anions in Fig-
ure 3.

Answer: We changed the figure and figure caption accordingly.
Changes: Starting line 379, we write:

“Mass spectra (top panel: positive ion mode, bottom panel: negative ion mode) as obtained after
cluster-induced desorption/ionization from an angiotensin Il sample.”

kkkkkkkkkkkkkhkkkkkhhkkhkkkkhkkhkkkkkhkhkhkkkkhkhkhkkkkhkhkkkkkhkhkkkkkkhkkhkkkkkkhkkhkhkkkkkhkhkhkkkkkkhkhkkkkkkhkhkhkkkkkkkkkkkx



Comment: Language should be revised carefully. Several sentences are very long for 3-5 lines.
Authors should make the sentence shorter.

Answer: We shortened sentences longer than 3 lines.

*k*% *k*% *% *k*% *kk*k *k*% *kk*k *k*% *k*k *k*% *k*k *% *k*% *kk*k *k*k *kk*k *k*%

Comment: Minor Concerns: There are several typos.

Answer: We carefully proofread the article.

kkkkkkhkkkkkkkkkkkkkkkkkkkkhkkkhkkkkkhkhkhkkkkkhkhkkkkkhkhkkkkkhkhkkkkkkhkkhkkkkkhkkhkkkkkkhkhkkkkkhkhkkkkkkkkhkkkkkkkkkkkx
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Editorial comments:

Comment: Please obtain explicit copyright permission to reuse any figures from a previous publi-
cation. Explicit permission can be expressed in the form of a letter from the editor or a link to the
editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your
Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This
figure has been modified from [citation].”

Answer: If applicable, we introduced the respective sentence in the figure captions. The submis-
sion is accompanied by the files Copyright Fig2.pdf and Copyright_Figs5+6.pdf in which the re-
spective sentences are labelled yellow.

kkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkhkhkkkkkhkhkkkkkhkhkkkkkhkhkkkkkkhkkhkkkkkhkkkkkkkhkhkkkkkkhkhkkkkkkkkkkkkkkkkkkkkx

Comment: Unfortunately, there are a few sections of the manuscript that show significant overlap
with previously published work. Though there may be a limited number of ways to describe a tech-
nique, please use original language throughout the manuscript. Please rewrite lines 62-94, 322-
326, 335-338.

Answer: We rewrote the respective lines (62-96, 314-321, and 329-333 in the revised manuscript).

*kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkhkkkkkkhhkkkkkhhkkkkkkkkkkkkkhkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

Comment: Please use superscript arabic numerals to cite references in text. Please remove the
brackets before and after the reference number.

Answer: We changed the style to cite references in the text.
*kkkkkkkkkkkkkkkhkkkkkkkkkhkkkkkkhkkkkkkkkkkkkkhkkkkkkkkhkkkkkhkkkkhkkkhkkkkhkkkhkkkkkkkkhkkkkhkkkhkkkhkkkkkkkkhkkkkkkhkkkkkkkkhkkx
Comment: Step 2.2.1: Please write this step in the imperative tense.

Answer: This step is now written in imperative tense.



kkkkkkhkkkkkkkhkhkkkkkhkkhkkkkhkkhkkkkkhkhkhkkkkhkhkhkkkkhkhkkkkkhkhkkkkkkkhkkhkkkkkhkkhkhkkkkkkkhkhkkkkkkkhkhkkkkkkhkhkhkkkkkkhkkkkkx

Comment: Please do not abbreviate journal titles for references.

Answer: Full journal titles are now given.



description additional material Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Additional_material_video.docx

Additional material available for the video component of the paper:

Analysis of complex molecules and their reactions on surfaces by means of cluster-induced
desorption/ionization mass spectrometry

by Bomhardt et al.
Among others, the following material is available for the production of the video article:

e Movie of cluster- surface impact as obtained from molecular dynamics simulations (compare
Fig. 2)

e Video screen shot of operating the control program with the important steps mentioned in
the protocol

e Slide with schematic description of the triggering scheme as described in the protocol

e Animation of how the spectra change as a function of time for angiotensin |l degradation
(compare Fig. 4)

e Animation of how the spectra change as a function of time for H/D exchange in angiotensin I
(compare Fig. 5)

Some of the material is shown in the ppt-slides “DINeC_JoVE_transparencies.pptx”
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additional material for video production Click here to access/download;Supplemental File (Figures, Permissions, :
etc.);DINeC_JoVE_transparencies_v2.pptx

Molecular dynamics simulations of cluster-induced desorption
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subject to Crown Copyright. I represent and warrant that I have received authorization to publish the work
from the Crown Copyright and Licensing Section of Government of Canada Publishing. I am submitting a
license agreement for AIP Publishing LLC's execution (Must be uploaded as an Alternate Copyright License
Form during Submission or Revision stages only);

Australian Crown Copyright (Crown retains copyright grants nonexclusive license) - The work is
subject to Crown Copyright. I represent and warrant that I have received authorization to publish the work
from the Australian Commonwealth Department or other agency responsible for the work. I am submitting a
license agreement for AIP Publishing LLC's execution. (Must be uploaded as an Alternate Copyright License
Form during Submission or Revision Stages Only);
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EUROfusion Consortium: Authors whose work was carried out within the framework of the EUROfusion
Consortium are now able to accept AIP Publishing's standard license to publish and should select the Regular
option above. Please refer to the joint announcement issued by AIP Publishing and EUROfusion.

Authgzr Sglggt / Qpﬁn AQQQSS (for Open Access only)

Creative Commons Attribution 4.0 International (CC BY 4.0) license - By choosing Author
Select/Open Access you understand and agree that you must pay the open-access fee of $2200 prior to
publication of your article. You will retain copyright but must agree to apply the Creative Commons
Attribution 4.0 International (CC BY 4.0) license to your work. The CC BY 4.0 license applies only in the
case of open access and cannot be chosen in conjunction with Regular Publication or without the payment of
the open-access fee.

Authors choosing Author Select/Open Access also grant AIP Publishing a license to publish the article and to
be acknowledged as the publisher of record (original publisher) of the work. In granting this license to AIP
Publishing the authors also represent and warrant that the article is original and does not infringe any
copyright or violate any other right of any third parties.

Acting in the above capacity, you agree that in consideration of acceptance of the Work for publication, you
do hereby either agree to pay the fees associated with making your work Open Access, or you grant to AIP
Publishing LL.C an exclusive license to publish the electronically attached/submitted work as specified in the
AIP Publishing License to Publish Agreement above, which you have read.

Please check one of the checkboxes below:

@ T accept this form in accordance with the form of publication and copyright type that I have chosen.
I am unable to accept this form and an alternate copyright license file has been uploaded.

Please type your FULL First and Last Names (no initials) in the boxes below.

First Name: Michael Last Name: Diirr

You must provide assent to either the Author Select/Open Access option or the License to Publish Agreement,

or provide an appropriate alternate license form, in order for the AIP Publishing LLC to publish your paper.

Send requests for further information to the Office of Rights and Permissions, AIP Publishing LLC, Suite 300,
1305 Walt Whitman Road, Melville, NY 11747-4300, USA; Phone: 516-576-2268; Fax: 516-576-2450;

Email: rights@aip.org.

Please review your selection and make any changes, if necessary, before submitting this form.
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(http://pubs.acs.org/ethics); the Author should secure written confirmation (via letter or email) from the respective ACS
journal editor(s) to avoid potential conflicts with journal prior publication**/embargo policies. Appropriate citation of the
Published Work must be made. If the thesis or dissertation to be published is in electronic format, a direct link to the
Published Work must also be included using the ACS Articles on Request author-directed link (see
http://pubs.acs.org/page/policy/articlesonrequest/index.html).

Authors also may reuse the Submitted, Accepted, or Published work in printed collections that consist solely of the Author’s
own writings; if such collections are to be posted online or published in an electronic format, please contact ACS at
copyright@acs.org to inquire about terms for licensed electronic use.

2. Reuse of Figures, Tables, Artwork, and Text Extracts in Future Works: Authors may reuse figures, tables, artwork,
illustrations, text extracts of up to 400 words, and data from the Author’'s Submitted, Accepted, or Published Work in which
the ACS holds copyright for teaching or training purposes, in presentations at conferences and seminars, in subsequent
scholarly publications of which they are an Author, and for posting on the Author’s personal website, university networks, or
primary employer’s institutional websites, and conference websites that feature presentations by the Author(s) provided the
following conditions are met:

- Appropriate citation to the Published Work is given

- Modifications to the presentation of previously published data in figures and tables are noted and distinguished from
any new data not contained in the Published Work, and

< Reuseis not to illustrate news stories unrelated to the Published Work

« Web posting by the Author(s) is for non-commercial purposes.

To reuse figures, tables, artwork, illustrations, and text from ACS Published Works in general, ACS requests that interested
parties use the Copyright Clearance Center Rightslink service. For information see
http://pubs.acs.org/page/copyright/rightslink.html

General ACS permission information can be found at http://pubs.acs.org/page/copyright/permissions.html.

3. Reuse in Teaching or In-House Training: In order to preserve the integrity of the scientific record, the Author(s) are
encouraged to link to the Published Work using the ACS Articles on Request author-directed link as applicable for teaching
and in-house training and this use is subject to the conditions identified below (see
http://pubs.acs.org/page/policy/articlesonrequest/index.html). Regardless, the Author(s) may reproduce their Submitted,
Accepted, or Published Work for instructional use in courses as a stand-alone handout, as part of a packet, or electronically
for use by students enrolled in the course the Author is teaching as long as the following conditions are met:

« Proper credit must be given to the Published Work and a link to the Published Work must be included using the ACS
Articles on Request author-directed link (see http://pubs.acs.org/page/policy/articlesonrequest/index.html). The
following notice should either be posted with or printed on all uses of the Accepted Work described in this clause:

“This material is excerpted from a work that was [accepted for publication/published]in [JournalTitle], copyright
© American Chemical Society after peer review. To access the final edited and published work see [insert ACS
Articles on Request author-directed link to Published Work, see
http://pubs.acs.org/page/policy/articlesonrequest/index.html].”

< Electronic access must be provided via a password-protected website only to students enrolled in the course (i.e. not
the general public). Availability to students should terminate when the course is completed.

- If afee for distributed materials is charged for the use of Published Work in connection with the instructional use,
prior written permission from the ACS must be obtained.

4. Presentation at Conferences: Subject to the ACS’ “Ethical Guidelines to Publication of Chemical Research”
(http://pubs.acs.org/ethics) and written confirmation (via letter or email) from the appropriate ACS journal editor to resolve
potential conflicts with journal prior publication**/embargo policies, Authors may present orally or otherwise display all or part
of the Submitted, Accepted, or Published Work in presentations at meetings or conferences. Authors may provide copies of
the Submitted and Accepted Work either in print or electronic form to the audience.

**Prior publication policies of ACS journals are posted on the ACS website at http://pubs.acs.org/page/policy/prior/index.html
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Sharing of the Published Work with conference attendees is permitted if it is done either via the ACS Articles on Request
author-directed link (see http://pubs.acs.org/page/policy/articlesonrequest/index.html) or in print. Audience recipients should
be informed that further distribution or reproduction of any version of the Work is not allowed.

5. Share with Colleagues: Subject to the ACS’ “Ethical Guidelines to Publication of Chemical Research”
(http://pubs.acs.org/ethics), Authors may send or otherwise transmit electronic files of the Submitted or Accepted Work to
interested colleagues prior to, or after, publication. Sharing of the Published Work with colleagues is permitted if it is done via
the ACS Articles on Request author-directed link (see http://pubs.acs.org/page/policy/articlesonrequest/index.html). The
sharing of any version of the Work with colleagues is only permitted if it is done for non-commercial purposes; that no fee is
charged; and that it is not done on a systematic basis, e.g. mass emailings, posting on a listserv, etc. Recipients should be
informed that further redistribution of any version of the Work is not allowed.

Authorized users of the ACS Publications website (http://pubs.acs.org/) may also email a link to the Author’s article directly to
colleagues as well as recommend and share a link to the Author’s article with known colleagues through popular social
networking services such as Facebook, Twitter, or CiteULike (see http://pubs.acs.org/sda/63224/index.html for more
information).

6. Posting Submitted Works on Websites and Repositories: A digital file of the unedited manuscript version of a
Submitted Work may be made publicly available on websites or repositories (e.g. the Author’s personal website, preprint
servers, university networks or primary employer’s institutional websites, third party institutional or subject-based
repositories, and conference websites that feature presentations by the Author(s) based on the Submitted Work) under the
following conditions:

< The posting must be for non-commercial purposes and not violate the ACS’ “Ethical Guidelines to Publication of
Chemical Research” (see http://pubs.acs.org/ethics).
- If the Submitted Work is accepted for publication in an ACS journal, then the following notice should be included at
the time of posting, or the posting amended as appropriate:
“This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for
publication in [JournalTitle], copyright © American Chemical Society after peer review. To access the final edited
and published work see [insert ACS Articles on Request author-directed link to Published Work, see
http://pubs.acs.org/page/policy/articlesonrequest/index.html].”

Note: It is the responsibility of the Author(s) to confirm with the appropriate ACS journal editor that the timing of the posting
of the Submitted Work does not conflict with journal prior publication/embargo policies (see
http://pubs.acs.org/page/policy/prior/index.html)

If any prospective posting of the Submitted Work, whether voluntary or mandated by the Author(s)’ funding agency, primary
employer, or, in the case of Author(s) employed in academia, university administration, would violate any of the above
conditions, the Submitted Work may not be posted. In these cases, Author(s) may either sponsor the immediate public
availability of the final Published Work through participation in the fee-based ACS AuthorChoice program (for information
about this program see http://pubs.acs.org/page/policy/authorchoice/index.html) or, if applicable, seek a waiver from the
relevant institutional policy.

7. Posting Accepted and Published Works on Websites and Repositories: A digital file of the Accepted Work and/or the
Published Work may be made publicly available on websites or repositories (e.g. the Author’s personal website, preprint
servers, university networks or primary employer’s institutional websites, third party institutional or subject-based repositories,
and conference websites that feature presentations by the Author(s) based on the Accepted and/or the Published Work)
under the following conditions:

< Itis mandated by the Author(s)’ funding agency, primary employer, or, in the case of Author(s) employed in
academia, university administration.

- If the mandated public availability of the Accepted Manuscript is sooner than 12 months after online publication of
the Published Work, a waiver from the relevant institutional policy should be sought. If a waiver cannot be obtained,
the Author(s) may sponsor the immediate availability of the final Published Work through participation in the ACS
AuthorChoice program—for information about this program see
http://pubs.acs.org/page/policy/authorchoice/index.html.

- If the mandated public availability of the Accepted Manuscript is not sooner than 12 months after online publication
of the Published Work, the Accepted Manuscript may be posted to the mandated website or repository. The
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following notice should be included at the time of posting, or the posting amended as appropriate:
“This document is the Accepted Manuscript version of a Published Work that appeared in final form in
[JournalTitle], copyright © American Chemical Society after peer review and technical editing by the publisher.
To access the final edited and published work see [insert ACS Articles on Request author-directed link to
Published Work, see http://pubs.acs.org/page/policy/articlesonrequest/index.html].”
< The posting must be for non-commercial purposes and not violate the ACS’ “Ethical Guidelines to Publication of
Chemical Research” (see http://pubs.acs.org/ethics).
< Regardless of any mandated public availability date of a digital file of the final Published Work, Author(s) may make
this file available only via the ACS AuthorChoice Program. For more information, see
http://pubs.acs.org/page/policy/authorchoice/index.html.

Author(s) may post links to the Accepted Work on the appropriate ACS journal website if the journal posts such works.
Author(s) may post links to the Published Work on the appropriate ACS journal website using the ACS Articles on Request
author-directed link (see http://pubs.acs.org/page/policy/articlesonrequest/index.html).

Links to the Accepted or Published Work may be posted on the Author’s personal website, university networks or primary
employer’s institutional websites, and conference websites that feature presentations by the Author(s). Such posting must be
for non-commercial purposes.

SECTION IlII: Retained and Other Rights

1. Retained Rights: The Author(s) retain all proprietary rights, other than copyright, in the Submitted Work. Authors should
seek expert legal advice in order to secure patent or other rights they or their employer may hold or wish to claim.

2. Moral Rights: The Author(s) right to attribution and the integrity of their work under the Berne Convention (article 6bis) is
not compromised by this agreement.

3. Extension of Rights Granted to Prior Publications: The rights and obligations contained in Section II: Permitted Uses
by Author(s), Section Ill: Retained and Other Rights, and Appendix A, Section I: Author Warranties and Obligations of this
agreement are hereby extended to the Author(s) prior published works in ACS journals.

SECTION IV: Works-for-Hire

If the Submitted Work was written by the Author(s) in the course of the Author(s) employment as a “Work-Made-for-Hire” as
defined under U.S Copyright Law, the Submitted Work is owned by the company/employer which must sign the Journal
Publishing Agreement (in addition to the Author(s) signature). In such case, the company/employer hereby assigns to ACS,
during the full term of copyright, all copyright in and to the Submitted Work for the full term of copyright throughout the world
as specified in Section |, paragraph 1 above.

In the case of a Work-Made-for-Hire, Authors and their employer(s) have the same rights and obligations as contained in
Section II: Permitted Uses by Author(s), Section lll: Retained and Other Rights, and Appendix A, Section I: Author Warranties
and Obligations.

Any restrictions on commercial use in this agreement do not apply to internal company use of all or part of the information in
the Submitted, Accepted, or Published Work.

Upon payment of the ACS' reprint or permissions fees, the Author(s) employers may systematically distribute (but not re-sell)
print copies of the Published Work externally for promotional purposes, provided that such promotions do not imply
endorsement by ACS. Although printed copies so made shall not be available for individual re-sale, they may be included

by the employer as part of an information package included with software or other products the employer offers for sale or
license. Posting of the final Published Work by the employer on a public access website may only be undertaken by
participation in the ACS AuthorChoice option, including payment of applicable fees.
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APPENDIX A: Author Warranties, Obligations, Definitions, and General Provisions

SECTION I: Author Warranties and Obligations

1. ACS Ethical Guidelines: By signing this agreement, Author(s) acknowledge they have read and understand the ACS’ “Ethical
Guidelines to Publication of Chemical Research” (http://pubs.acs.org/ethics).

2. Author Warranties: By signing this agreement the Corresponding Author and all co-authors (and in the case of a Work-Made-for-
Hire, the Author(s) employer(s)) jointly and severally warrant and represent the following:

e  The Submitted Work is original.

- The Submitted Work does not contain any statements or information that is intentionally misleading or inaccurate.

= All Authors have been informed of the full content of the Submitted Work at, or prior to, the time of submission.

- The Submitted Work has not been previously published in any form (except as permitted in Section II: Permitted Uses by
Author(s)).

- The Submitted Work is not being considered for publication elsewhere in any form and will not be submitted for such
consideration while under review by ACS.

< Nothing in the Submitted Work is obscene, defamatory, libelous, or otherwise unlawful, violates any right of privacy or
infringes any intellectual property rights (including without limitation copyright, patent, or trademark) or any other human,
personal. or other rights of any kind of any person or entity, and does not contain any material or instructions that might
cause harm or injury. Any unusual hazards inherent in the chemicals, equipment, or procedures used in an investigation are
clearly identified in the Submitted Work.

« Nothing in the Submitted Work infringes any duty of confidentiality which the Author(s) may owe to another party or violates
any contract, express or implied, that the Author(s) may have entered into, and all of the institutions where the work, as
reflected in the Submitted Work, was performed have authorized publication.

- Permission has been obtained and included with the Submitted Work for the right to use and authorize use in print and
online formats, or of any format that hereafter may be developed for any portions that are owned or controlled by a third
party. Payments, as appropriate, have been made for such rights, and proper credit has been given in the Submitted Work
to those sources.

- Potential and/or relevant competing financial or other interests that might be affected by publication of the Submitted Work
have been disclosed to the appropriate ACS journal editor.

The Author (and, in the case of a Work-Made-for-Hire, the Author(s)’ employer(s)) represent and warrant that the undersigned has
the full power to enter into this Agreement and to make the grants contained herein.

The Author(s) (and, in the case of a Work-Made-for-Hire, the Author(s)’ employer(s)) indemnify the ACS and/or its successors and
assigns for any and all claims, costs, and expenses, including attorney’s fees, arising out of any breach of this warranty or other
representations contained herein.

3. General Author Obligations: If the Submitted Work includes material that was published previously in a non-ACS journal,
whether or not the Author(s) participated in the earlier publication, the copyright holder’s permission must be obtained to republish
such material in print and online with ACS. It is the Author’s obligation to obtain any necessary permissions to use prior publication
material in any of the ways described in Section II: Permitted Uses by Author(s). No such permission is required if the ACS is the
copyright holder.

All uses of the Submitted, Accepted, or Published Work made under any of activities described in Section II: Permitted Uses by
Author(s) must include appropriate citation. Appropriate citation should include, but is not limited to, the following information (if
available): author, title of article, title of journal, volume number, issue number (if relevant), page range (or first page if this is the only
information available), date, and Copyright © [year] American Chemical Society. Copyright notices or the display of unique Digital
Obiject Identifiers (DOIs), ACS or journal logos, bibliographic (e.g. authors, journal, article title, volume, issue, page numbers) or other
references to ACS journal titles, Web links, and any other journal-specific “branding” or notices that are included by ACS in the
Accepted or Published Work or that are provided by the ACS with instructions that such should accompany its display, should not be
removed or tampered with in any way.

SECTION II: Definitions

Accepted Work: The version of the Submitted Work that has been accepted for publication in an ACS journal that includes, but is
not limited to, changes resulting from peer review but prior to ACS' copy editing and production.

ACS Articles on Request: A link emailed to Corresponding Authors upon publication of their article in an ACS journal that provides
free e-prints of the Published Work. For more information, see: http://pubs.acs.org/page/policy/articlesonrequest/index.html.

ACS AuthorChoice: A fee-based program that allows ACS Authors or their funding agencies to provide immediate or deferred,
unrestricted online access to the Published Work from the ACS website. Under this program Authors may also post the Published
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Work on personal websites and institutional repositories of their choosing. For more information, see
http://pubs.acs.org/page/policy/authorchoice/index.html.

Author: An individual who has made significant scientific contributions to the Submitted Work and who shares responsibility and
accountability for the results and conclusions contained therein. For further clarification of the criteria for participation in authorship,
see ACS’ “Ethical Guidelines to Publication of Chemical Research” at http://pubs.acs.org/ethics.

Commercial Use: Use of the Submitted, Accepted, or Published Work for commercial purposes (except as provided for employers
in the case of a Work-Made-for-Hire; see Section IV: Works-for-Hire) is prohibited or requires ACS’ prior written permission. Examples
of prohibited commercial purposes or uses that require prior permission include but are not limited to:

- Copying or downloading of the Submitted, Accepted, or Published Work, or linking to postings of the Submitted, Accepted,
or Published Work, for further access, distribution, sale or licensing, for a fee;

- Copying, downloading, or posting by a site or service that incorporates advertising with such content;

- The inclusion or incorporation of the Submitted, Accepted, or Published Work in other works or services (other than as
permitted in Section Il: Permitted Uses by Author(s)) that are then available for sale or licensing, for a fee;

- Use of the Submitted, Accepted, or Published Work (other than normal quotations with appropriate citation) by a for-profit
organization for promotional purposes, whether for a fee or otherwise;

-  Systematic distribution to others via email lists or list servers (to parties other than known colleagues), whether for a fee or
for free;

- Sale of translated versions of the Submitted, Accepted, or Published Work that have not been authorized by license or other
permission from the ACS.

Corresponding Author: The Author designated by any co-author(s) to transmit the Submitted Work on their behalf and who receives
and engages in all editorial communications regarding the status of the Submitted Work (including its reviews and revisions), and who
is responsible for the dissemination of reviewers’ comments and other manuscript information to co-authors (as appropriate). The
Corresponding Author authorizes all revisions to the Submitted and Accepted Work prior to publication and is the primary point of
contact after publication of the Version of Record. In some instances, more than one co-author may be designated as a
Corresponding Author.

Published Work: The version of the Submitted Work as accepted for publication in an ACS journal that includes but is not limited to
all materials in the Submitted Work and any changes resulting from peer review, editing, and production services by ACS.

Submitted Work: The version of the written manuscript or other article of intellectual property as first submitted to ACS for review and
possible publication. The Submitted Work consists of the manuscript text or other contribution including but not limited to the text
(including the abstract or other summary material) and all material in any medium to be published as part of the Submitted Work,
including but not limited to figures, illustrations, diagrams, tables, movies, other multimedia files, and any accompanying Supporting
Information.

Supporting Information: Ancillary information that accompanies the Submitted Work and is intended by the Author to provide
relevant background information for evaluation of the Submitted Work during the peer review process, or that is made available as a
further aid to interested readers of the Published Work, but is not considered essential for comprehension of the main body of the
Submitted, Accepted, or Published Work. Supporting Information may also be material that is deemed by the Editor to be too lengthy
or of too specialized and limited interest for inclusion in the main body of the Accepted or Published Work. Examples of Supporting
Information include but are not limited to: computer software program code, machine-readable data files or other background
datasets, supporting applications and derivations, and complex tables, illustrations, diagrams, and multimedia files (e.g. video, audio,
animation, 3D graphics, or high-resolution image files).

SECTION llI: General Provisions

ACS shall have the right to use any material in the Submitted, Accepted, or Published Work, including use for marketing,
promotional purposes, and on publication covers, provided that the scientific meaning and integrity of the content is not
compromised.

When the ACS is approached by third parties for permission to use, reprint, or republish entire articles the undersigned Author's or
employer's permission may also be sought at the discretion of ACS.

The American Chemical Society or its agents will store the information supplied in connection with the Submitted Work within its
electronic records. Information about ACS activities, products, and services may be sent to ACS Authors by mail, telephone, email,
or fax. Authors may inform ACS if they do not wish to receive news, promotions, and special offers about our products and
services. No personal information will be shared with third parties.

Headings contained in this Agreement are for reference purposes only and shall not be deemed to be an indication of the meaning of
the clause to which they relate.
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