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SUMMARY:
Neutral SO2 clusters of low kinetic energy (< 0.8 eV/constituent) are used to desorb complex surface molecules such as peptides or lipids for further analysis by means of mass spectrometry using an ion trap mass spectrometer. No special sample preparation is required, and real-time observation of reactions is possible.  

ABSTRACT: 
Desorption/Ionization Induced by Neutral SO2 Clusters (DINeC) is employed as a very soft and efficient desorption/ionization technique for mass spectrometry (MS) of complex molecules and their reactions on surfaces. DINeC is based on a beam of SO2 clusters impacting on the sample surface at low cluster energy. During cluster-surface impact, some of the surface molecules are desorbed and ionized via dissolvation in the impacting cluster; as a result of this dissolvation-mediated desorption mechanism, low cluster energy is sufficient and the desorption process is extremely soft. Both surface adsorbates and molecules of which the surface is composed of can be analyzed. Clear and fragmentation-free spectra from complex molecules such as peptides and proteins are obtained. DINeC does not require any special sample preparation, in particular no matrix has to be applied. The method yields quantitative information on the composition of the samples; molecules at a surface coverage as low as 0.1 % of a monolayer can be detected. Surface reactions such as H/D exchange or thermal decomposition can be observed in real-time and the kinetics of the reactions can be deduced. Using a pulsed nozzle for cluster beam generation, DINeC can be efficiently combined with ion trap mass spectrometry. The matrix-free and soft nature of the DINeC process in combination with the MSn 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 obtained1. Chemical information, however, is often limited. As an example, X-ray photoelectron spectroscopy can give quantitative 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 surface2). 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 synthesis3 or surface functionalization by attachment of biomolecules4,5 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 spectrum6. 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 ions7-9). However, fragmentation still dominates SIMS spectra of large macromolecules and biological samples10, limiting the application of SIMS in various fields. 

[bookmark: _Hlk18673158][bookmark: _Hlk18673288][bookmark: _GoBack][bookmark: _Hlk17730220]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 molecules11-17. DINeC is based on a beam of molecular clusters which consist of 103 to 104 SO2 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 impact11,18,19 (Figure 1 and Figure 2). In other words, based on the high dipole moment of SO2, 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 SO2 cluster shatters during and after surface impact11,19. As a consequence of these various aspects, cluster-induced desorption of complex molecules such as peptides, proteins, lipids, and dyes proceeds without any fragmentation of the desorbing molecules11,15; 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 + nH]n+ are observed11,15,18. For biomolecules, ionization typically takes place via uptake or abstraction of a proton at a basic or acidic functional group, respectively11. If water molecules are present in the sample, SO2 molecules from the cluster can react with these water molecules forming sulfuric acid18. 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)13,18. 

[bookmark: _Hlk17730634]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 techniques20,21. 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 chamber22 or sample temperature. The detection limit of DINeC-MS has been shown to be in the femtomole range11. 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 detected23. In this coverage regime, the signal intensity depends linearly on surface coverage and DINeC-MS can be used for quantitative analysis of the surface composition23. In the case of mixed samples, a quantitative evaluation of the sample composition is possible17,24, as no major effect of the chemical environment on the ionization probability is observed (e.g., in the case of mixed lipid/peptide samples17). 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”25,26). 

[bookmark: _Hlk17729792]In addition to surface analysis, chemical composition in the subsurface region can be probed by means of depth profiling17. With the current set-up, typical desorption rates of cluster-induced desorption of biomolecules are of the order 10-3 nm/s. A high depth resolution in the range of 1 to 2 nm has been observed for mixed lipid/peptide samples17.     

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 ESI27,28. No matrix is needed for the DINeC-MS + TLC combination either, in contrast to the coupling of TLC with MALDI27,28. 

Desorption electrospray ionization (DESI) is also a soft desorption/ionization method for MS-applications29,30. The most striking differences between DINeC and DESI are: the quantitative nature of DINeC23, its compatibility with ultra-high-vacuum (UHV) conditions, in particular the possibility to investigate samples prepared and transferred in UHV conditions without breaking the vacuum23, as well as the possibility to efficiently desorb nonpolar molecules19. 

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 trap15,31. Second, the soft nature of the DINeC process leads to desorption of intact molecules. In combination with the MSn capabilities of ion trap mass spectrometry, this allows for a most comprehensive analysis of the investigated samples15.  

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 cm2.

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 µL 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 μm (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 II, on the sample holder.

2.2. Alternative sample preparation

2.2.1. Use alternative sample preparation schemes such as electrospray ion-beam deposition (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 10-5 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 10-5 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

4.1. Prepare a mixture of approx. 3% SO2 in helium by first evacuating the gas cylinders of the gas mixing system for 10 min. 

4.2. Fill the cylinders with SO2 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 SO2, the respective safety precautions such as storing SO2 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 tn 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 10-6 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 II 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 tn between the Clear trap signal and the signal triggering the pulsed nozzle.

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. Figure4 shows the change of the mass spectrum obtained from angiotensin II when the sample is heated to approx. 140°C. When the final temperature is reached (Figure4B, Figure4E), the spectrum is characterized by an additional peak indicating the loss of an H2O entity (m/z = 1029). When keeping the sample at that temperature, further decomposition of the angiotensin II molecules is observed in (Figure4C), including the loss of one of the terminal amino acid units, aspartic acid (peak at m/z = 932, Figure4D). Quantitative analysis of the data allows to evaluate the underlying reaction kinetics (Figure4E). 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 II22 is illustrated in Figure 5. Upon exposure of the angiotensin sample to D2O in the DINeC chamber (pD2O = 10-4 mbar), the isotopic pattern of angiotensin II 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 = 0 to 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.    

[bookmark: _Hlk17729919]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 d̅ is plotted in Figure 5E as a function of time. Inspection of the experimental results (symbols) reveals three different regimes: a fast increase of d̅ 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 investigated22. 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 II 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 backbone22.   

Whereas these first two examples were measured with micrometer-thick angiotensin II samples, Figure 6 shows the results as obtained from submonolayer coverage of angiotensin II on gold samples as prepared by means of electrospray ion-beam deposition (ES-IBD)23. 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 II molecules on the gold surface. H/D exchange experiments as shown in Figure 5 were also performed with angiotensin II on gold in the submonolayer regime23.

FIGURE LEGENDS:
[bookmark: _Hlk17730395]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 SO2 clusters (yellow dots) is produced via supersonic expansion of a SO2/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 SO2 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 SO2 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 SO2 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 dipeptide which is desorbed in this fragment. This figure has been modified from reference 19.

[bookmark: _Hlk17730762][bookmark: _Hlk18049352]Figure 3: Representative mass spectrum and molecular model of angiotensin II. (A) Mass spectra (top panel: positive ion mode, bottom panel: negative ion mode) as obtained after cluster-induced desorption/ionization from an angiotensin II 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 SO2 clusters18. (B) Space-filling model and amino acid sequence of angiotensin II. White balls indicate hydrogen atoms; black: carbon; blue: nitrogen; red: oxygen. 

Figure 4: Real-time observation of thermal degradation of angiotensin II. (A-C) Mass spectra as obtained after cluster-induced desorption/ionization from an angiotensin II 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 II 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 II. (A-D) Cationic mass spectra of angiotensin II 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 d̅ as a function of time as deduced from the experiments (open dots). In addition, d̅ 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 (k1, k2, k3). (F,G) Relative signal intensities of selected degrees of deuteration of angiotensin II (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.

[bookmark: _Hlk17730074]Figure 6: Application of DINeC-MS to angiotensin II 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 II 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 demonstrated. Indeed, this allows measurements of analytes down to an amount of substance in the femtomole regime11. 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.  

[bookmark: _Hlk17729987]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 samples17,24, the ionization probability may vary from substance to substance13. 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 time23. This can be in particular of interest for so called “on-surface synthesis” which leads to the assembly of macromolecular structures on surfaces3,32-35. In the current set-up, the observation of such surface reactions is possible on surfaces with lower reactivity such as gold23 and other noble metals; the experiments are more difficult to be performed on highly reactive surfaces such as silicon surfaces36, as the base pressure in the desorption chamber is in the 10-7-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 SO2 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 probability13, DINeC efficiently makes use of the desorbed molecules. Thus, a combination of DINeC-MS and an ion-imaging detector37 seems to be highly attractive.  
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