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ABSTRACT: It is well known that supercharging agents (SCAs) such as sulfolane enhance the 

electrospray ionization (ESI) charge states of proteins, although the mechanistic origins of this effect 

remain contentious. Only very few studies have explored SCA effects on analytes other than proteins 

or peptides. This work examines how sulfolane affects electrosprayed NaI salt clusters. Such alkali 

metal halide clusters have played a key role for earlier ESI mechanistic studies, making them 

interesting targets for supercharging investigations. ESI of aqueous NaI solutions predominantly 

generated singly charged [Nan I(n-1)]+ clusters. Addition of sulfolane resulted in abundant doubly 

charged [Nan I(n-2) Sulfolanes]2+ species. These experimental data for the first time demonstrate that 

electrosprayed salt clusters can undergo supercharging. Molecular dynamics (MD) simulations of 

aqueous ESI nanodroplets containing Na+/I- with and without sulfolane were conducted to obtain 

atomistic insights into the supercharging mechanism. The simulations produced [Nan Ii]z+ and [Nan 

Ii Sulfolanes] z+ clusters similar to those observed experimentally. The MD trajectories demonstrated 

that these clusters were released into the gas phase upon droplet evaporation to dryness, in line with 

the charged residue model. Sulfolane was found to evaporate much more slowly than water. This 

slow evaporation, in conjunction with the large dipole moment of sulfolane, resulted in electrostatic 

stabilization of the shrinking ESI droplets and the final clusters. Hence, charge-dipole stabilization 

causes the sulfolane-containing droplets and clusters to retain more charge, thereby providing the 

mechanistic foundation of salt cluster supercharging. 
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Introduction 

Electrospray ionization (ESI) mass spectrometry (MS) is an essential tool for studying a wide range 

of analytes, from atomic ions to large biomolecular complexes [1-3]. The ESI source produces 

charged droplets. Solvent evaporation and fission events reduce the droplet size to the nanometer 

radii, followed by analyte ion release into the gas phase [4]. Many facets of these analyte release 

steps remain unclear [5-16], although consensus has started to emerge regarding several core issues 

[3,4,17]. Small pre-charged analytes undergo ejection from the droplet surface, as described by the 

ion evaporation model (IEM) [6,8]. Large globular analytes such as folded proteins during native 

ESI tend to follow the charged residue model (CRM) which involves droplet evaporation to dryness 

[2,3,9]. Less commonly, folded proteins show IEM behavior [12,18]. Unfolded proteins likely 

follow the chain ejection model (CEM), which involves the gradual expulsion of stretched-out 

chains from the droplet surface [17]. CEM behavior has also been proposed for disordered synthetic 

polymers [19,20]. 

A key property of electrosprayed biomolecular ions is their charge state z. High charge states 

are often associated with beneficial features such as enhanced ion transmission [21] and 

fragmentation [22,23], high reactivity [24-26], and resolution improvements on Fourier-transform 

instruments including Orbitraps [27,28]. Not surprisingly, strategies to manipulate analyte charge 

states have attracted considerable interest, particularly for proteins and peptides [25,29-35]. 

One way to boost protein ESI charge states is to use denaturing conditions that cause 

unfolding in bulk solution [17,36,37]. A complementary approach that has attracted a lot of attention 

in recent years involves organic supercharging agents (SCAs, such as sulfolane, m-nitrobenzyl 

alcohol, and alkyl carbonates) [32,38-42]. SCAs are added at concentrations that are low enough to 

leave bulk solution protein structures unchanged [43]. The low vapor pressure of SCAs causes them 

to evaporate more slowly than water, causing the shrinking ESI droplets to undergo SCA enrichment 
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[16,43-45]. SCAs have large dipole moments, e.g., 4.7 D for sulfolane vs. 1.85 D for water [45-49]. 

In addition to at least one highly polar functional group, SCAs contain a nonpolar moiety [17,44,45]. 

Their surface tension is between methanol and water [45], and their Brønsted basicity is low [48]. 

For clarity, we emphasize that SCAs are neutral molecules. Thus, supercharging is not 

caused by the trivial adduction of analytes with charged moieties. Instead, SCAs exert their effects 

in more subtle ways by interfering with the ESI process. The exact mechanisms by which SCAs 

enhance charge states remain contentious. SCAs boost protein charge under both native [44,50] and 

denaturing ESI conditions [25,45,49]. The underlying mechanisms are likely different in these two 

scenarios [17]. Initial mechanistic ideas focused on surface tension [11], but subsequent studies 

concluded that this factor is not a major contributor [44,51]. Alternatively, it was suggested that 

native supercharging might be caused by protein unfolding in the droplet [43], a proposal that 

appears to be at odds with the observation of supercharged proteins that retain compact 

conformations and native binding interactions [38,44,52-54]. Molecular dynamics (MD) simulations 

indicated that native supercharging is caused by SCA accumulation at the droplet surface. This SCA 

surface layer suppresses the ejection of small charge carriers from the droplet (such as H+
aq and 

Na+
aq), such that CRM-produced macroions retain more charge as the droplets dry out [17]. 

Denaturing ESI supercharging experiments found that protein ions are formed via the CEM [40], 

and that supercharging involves direct protein-SCA contacts [49]. Both of these features are 

consistent with MD data that revealed the electrostatic stabilization of protonated side chains by 

SCA adducts [17]. 

The aforementioned supercharging investigations focused almost exclusively on proteins or 

peptides, while supercharging studies on other analytes are scarce [55]. The current work aims to 

contribute to a better understanding of supercharging by examining a completely different type of 

analyte, i.e., alkali metal halide clusters. Our interest in these clusters reflects the fact that these 
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species have played a central role for earlier mechanistic studies of the ESI process [10,13,56-62]. 

As a typical example, [Nan Clm](n-m)+ clusters are formed when electrospraying aqueous NaCl 

solutions. Practitioners are familiar with such clusters because of their use as mass calibrants [63,64], 

as well as a source of chemical noise for improperly desalted samples [65]. The presence of alkali 

metal halide clusters in ESI mass spectra is non-trivial, because these salts are highly soluble and 

exist as completely dissociated (single) ions in bulk aqueous solution, implying that the clusters are 

generated during ESI. Previous studies have explained this phenomenon by suggesting that the 

clusters are CRM products that form when cations/anions associate with one another while the final 

nanodroplets evaporate to dryness [10,56,66,67].  

To the best of our knowledge, it is not known how ESI-generated salt clusters respond to the 

presence of SCAs. Several questions remain unanswered. Will the charge states of salt clusters 

increase? What are the mechanisms by which SCAs affect the ESI process for salt solutions? Is 

supercharging a phenomenon that is limited to biological polymers? 

The current work focuses on ESI-generated NaI clusters because naturally occurring 23Na 

and 127I are isotopically pure [64], thereby producing relatively simple mass distributions (other salts 

tend to yield highly convoluted isotope patterns that are more difficult to interpret). The 

supercharging experiments discussed here employed sulfolane, (CH2)4SO2, a prototypical SCA that 

is widely used for proteins [17,44,45]. Our investigations employed positive ion mode, which is 

most commonly used for most ESI applications. The results obtained reveal that ESI-generated NaI 

clusters show elevated charge states in the presence of sulfolane. MD simulations suggest that the 

formation of these supercharged salt clusters results from dipole-mediated electrostatic stabilization. 
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Materials and Methods 

ESI-MS and IMS. ESI-MS experiments were performed on a SYNAPT G2 quadrupole time-of-

flight mass spectrometer (Waters, Milford, MA). Aqueous solutions containing 10 mM NaI were 

infused into the ESI source at 5 µL min-1. For supercharging, the solutions were supplemented with 

5% (v/v) sulfolane. Unless noted otherwise, gentle source conditions were used to prevent cluster 

dissociation. For this purpose, the ESI source was operated at +1.6 kV, the source and desolvation 

temperatures were 30 and 40 °C, respectively, and the cone was set to 5 V. Travelling wave ion 

mobility spectrometry (IMS) was used to separate singly and doubly charged clusters that shared 

the same monoisotopic m/z. For IMS the Triwave was enabled (trap DC entrance 0 V, trap DC bias 

15 V, trap DC -2 V, trap DC exit 1 V, IMS DC entrance 6.7 V, He cell DC 10 V, He exit -5 V, IMS 

bias 3 V, IMS DC exit 0 V, transfer DC entrance 1 V, transfer DC exit 1 V, trap wave velocity 100 

m s-1, trap wave height 1 V, IMS wave velocity 450 m s-1, IMS wave height 8 V, transfer wave 

velocity 247 m s-1, and transfer wave height 4 V). Isotope distributions were modeled using the 

Scientific Instrument Services isotopic abundance calculator (sisweb.com/mstools/isotope.htm).  

  

MD Simulations. MD simulations of ESI droplets were conducted by following established 

methods [17] using Gromacs 2019 [68] with the CHARMM36 forcefield [69] and TIP4P/2005 water 

[70]. Droplets with 3 nm radius were assembled (~2600 water or ~2300 water / 200 sulfolane 

molecules) and charged by inserting Na+ and I- ions in random positions. Different numbers of Na+ 

and I- were tested, but the initial droplet charge was always 18+, which corresponds to the Rayleigh 

limit for droplets in this size regime [4]. After energy minimization and equilibration, MD runs were 

performed for 200 ns at 370 K, followed by 100 ns at 450 K to speed up solvent evaporation, for a 

total simulation time of 300 ns. ESI charge states were determined by tallying the number of Na+ 

and I- within the final clusters. All runs were repeated five times for each type of simulation, with 
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different initial ion and sulfolane positions, and different initial atom velocities. Lennard-Jones 

parameters for Na+ were used as predefined in CHARMM36 [69], and parameters for I- were taken 

from the literature (ε = 0.656496 kJ mol-1, σ = 0.519226 nm) [71]. The resulting MD bond length of 

an isolated Na-I unit (2.9 Å) at 0 K was close to that obtained from density functional theory (2.73 

Å) [72], supporting the appropriateness of these Lennard-Jones parameters. 

 

 

Results and Discussion 

ESI-Generated NaI Clusters from Aqueous Solution. ESI of aqueous NaI solutions (without 

sulfolane) mainly generated singly charged [Nan I(n-1)]+ clusters. Close inspection of the higher mass 

range (beyond m/z 1400) also revealed doubly charged [Nan I(n-2)]2+ clusters in low abundance 

(Figure 1A). These observations are consistent with previous work [63,64]. Our data confirm that 

bare 2+ clusters can exist only above a certain size [58,73]. The smallest 2+ cluster produced from 

aqueous solution is [Na17 I15]2+ (arrow in  Figure 1A). Smaller 2+ clusters are unstable because of 

their high charge density [58,73]. 

 
 
ESI-Generated NaI Clusters from Water/Sulfolane Solution. Spiking of NaI solutions with 5% 

sulfolane resulted in ESI mass spectra with abundant [Nan Ii Sulfolanes](n-i)+ clusters, where n = 

number of Na+, i = number of I-, and s = number of sulfolane (Figure 1B, C). These spectra were 

dominated by 2+ clusters covering the range between m/z 900 and 2200. There were also 

contributions from 3+ species at m/z > 1600, and some singly charged clusters at m/z < 1000. These 

experiments demonstrate that sulfolane significantly boosts the charge states of NaI clusters, from 

mostly 1+ in water (Figure 1A) to mostly 2+ in the presence of the SCA (Figure 1B, C). In other 
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words, sulfolane causes supercharging of ESI-generated NaI clusters. It appears that this is the first 

observation of SCA-induced charge enhancement for ESI-generated salt clusters. 

 In addition to boosting charge, sulfolane also increased the NaI cluster size. For the 1+ 

clusters of Figure 1A the number of I- extends to i ≈ 14, whereas the 2+ clusters in Figure 1B, C go 

up to i ≈ 23. These size differences may reflect the lower NaI solubility in sulfolane compared to 

water [74]. Specifically, sulfolane enrichment in shrinking ESI droplets [16,43-45] could promote 

the precipitation of Na+ and I- into larger NaI clusters. This scenario raises an interesting question: 

Is NaI supercharging a trivial cluster size effect, keeping in mind that larger clusters can support 

more charge [58,73]? A closer look reveals that this explanation alone cannot account for the 

experimentally observed behavior. This becomes clear when comparing clusters of similar size 

generated with and without sulfolane. For example, all clusters with i = 9 generated from water have 

a 1+ charge (Figure 1A). In contrast, all i = 9 clusters from water/sulfolane carry a 2+ charge (Figure 

C). Analogous considerations apply for many other clusters from i = 6 to i = 14 in Figure 1. In all 

these cases sulfolane doubles the charge for any given value of i. In addition, sulfolane dramatically 

lowers the size of the smallest observable 2+ cluster, from i = 15 to i = 6 (arrows in Figure 1). We 

conclude that cluster size may contribute to the charge enhancement seen in Figure 1; however, this 

“trivial” factor is not the root cause of sulfolane-induced NaI supercharging. 

The retention of sulfolane in supercharged NaI clusters (s = 5-7 for 2+, s = 8 for 3+) indicates 

that the charge enhancement mechanism involves direct analyte/sulfolane interactions. This 

assertion is reminiscent of proposals made in the context of protein supercharging [17,49]. However, 

in contrast to the [Nan Ii Sulfolanes](n-i)+ clusters seen here, supercharged proteins tend to lose SCA 

adducts during ion sampling [17,32,38-42,49]. 
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Collisional Activation of Supercharged Clusters. The spectra of Figure 1 were acquired under 

gentle ion sampling conditions, with the cone set to 5 V Raising the cone voltage from 5 V to 100 

V caused collisional heating of the [Nan Ii Sulfolanes](n-i)+clusters. These conditions caused neutral 

loss of sulfolane, accompanied by a decrease in cluster size to roughly half their initial values (in 

terms of n and i). The products formed after this activation step were singly charged [Nan I(n-1)]+ ions 

(Figure 2). The disappearance of highly charged (2+/3+) clusters is in line with the fact that higher 

charge states are generally more prone to CID [58]. It is nonetheless interesting that the singly 

charged NaI clusters did not retain any sulfolane. The data of Figure 2 are thus consistent with the 

idea that the viability of NaI clusters with z > 1 depends on sulfolane adduction, as indicated by the 

data in the preceding section. We will examine the significance of sulfolane binding to the 

supercharged clusters in more detail below. 

 

Ion Mobility Spectrometry and Isotope Distributions. IMS was used to examine the ESI-

generated clusters of Figure 1 in more detail. Singly charged clusters produced in the absence of 

sulfolane had unimodal IMS profiles, illustrated for [Na6 I5]+ in Figure 3A. The ~100% isotopic 

purity of Na+ and I- translated into mass spectra with single isolated peaks (Figure 3B). Unimodal 

IMS profiles were also observed for many of the clusters generated in the presence of sulfolane, 

exemplified for [Na11 I9 Sulfolane6]2+ in Figure 3C. The 12/13C heterogeneity of sulfolane caused 

isotope distributions, such that the cluster charge could be determined directly from the spectra. The 

2+ species in Figure 3D had a peak spacing of Δm/z = 0.5. Interestingly, there were also instances 

of sulfolane-containing clusters with bimodal IMS profiles, exemplified in Figure 3E for species 

with a monoisotopic m/z of 982.6. Spectra extracted from the two IMS features revealed overlapping 

2+ and 1+ contributions, i.e., [Na10 I8 Sulfolane6]2+ with Δm/z = 0.5 (Figure 3F) and [Na5 I4 

Sulfolane3]+ with Δm/z = 1 (Figure 3G). 
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Overlap of 2+ and 1+ clusters is possible only for [Nan Ii Sulfolanes]2+ clusters with even-

numbered n, i, and s. Such conditions allow for the existence of a 1+ cluster with n/2, i/2, s/2 at the 

same monoisotopic m/z. In contrast, for 2+ species with one or more uneven n, i, s the existence of 

an overlapping 1+ cluster is mathematically not possible. This latter scenario applies to more than 

half of the annotated peaks in Figure 1C. In summary, the IMS data and isotope distributions 

discussed here reaffirm that sulfolane promotes the formation of doubly charged clusters, while 

spectra acquired without sulfolane are dominated by singly charged clusters. 

 

Molecular Dynamics Simulations. Previous studies have demonstrated that MD simulations of 

nanodroplets can reveal the mechanisms of gas phase ion formation under various ESI conditions 

[17,75-83]. Here we used this approach to elucidate how sulfolane causes supercharging of NaI 

clusters. Our simulations examined droplets with an initial radius of 3 nm, matching the size regime 

of late nanodroplets in the ESI plume [4]. The initial 18+ droplet charge corresponds to the Rayleigh 

limit, in line with experiments [4,9,84]. 

We will first discuss MD data for droplets that initially contained 38 Na+ and 20 I-. Typical 

trajectory snapshots are illustrated in Figure 4. The events observed with and without sulfolane 

shared a number of similarities. All droplets rapidly shrank due to solvent evaporation, culminating 

in the formation of clusters (top to bottom in Figure 4). The formation of these clusters in the MD 

runs is consistent with the observation of cluster ions in the experiments of Figure 1. [Nan Ii](n-i)+ and 

[Nan Ii Sulfolanes](n-i)+ clusters assembled during the final stages of droplet evaporation, which 

implies that they form via the CRM. This finding echoes earlier studies which also concluded that 

ESI-generated clusters are CRM products [10,56,66,67]. Early during the runs the droplets 

underwent frequent ejection of Na+ ions that were solvated by a few water or water/sulfolane 

molecules. These ion ejection events are consistent with the IEM [4,6,8,17]. Most of these IEM 
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events involved a single Na+, but there were also a few instances where two Na+ left the droplet 

together (Figure 4B, t = 0.25 ns). I- loss was uncommon, reflecting the electrostatic attraction 

between these anions and the positively charged droplets. On rare occasion, I- were ejected as 

solvated Na2I+.  

Despite these commonalities, Figure 4 also reveals significant differences for MD runs 

conducted with and without sulfolane. Water evaporated rapidly, while sulfolane departed much 

more slowly as expected from its low vapor pressure [16,43-45]. At the end of the 300 ns simulation 

window the water droplet in Figure 4A had transformed into a desolvated [Na22 I20]2+ cluster. In 

contrast, the water/sulfolane droplet of Figure 4B had evaporated into a [Na23 I20 Sulfolane23]3+ 

cluster, with a salt core and a shell of residual sulfolane molecules. 

Figure 5 takes a closer look at the temporal evolution of droplets that initially contained 38 

Na+ and 20 I-. For water droplets, Na+ were ejected while H2O evaporated (Figure 5A,B), and the 

[Nan Ii](n-i)+ clusters attained their final composition as the final H2O molecules departed. 

Water/sulfolane droplets  showed rapid water loss early during the run, but there was relatively little 

sulfolane evaporation until the temperature was raised to 450 K at t = 200 ns (Figure 5C,D). IEM 

ejection of sulfolane-bound Na+ continued after all the water had left (Figure 5D). 

 

Charge Progression in Water vs. Water/Sulfolane Droplets. The most salient feature in the MD 

data of Figure 5 is that the shrinking droplets retained a higher charge in the presence of sulfolane 

at any given time point. For example, at t = 100 ns water/sulfolane runs exhibited a charge of (7.6 ± 

0.5)+, while for the water runs the charge had dropped to (2 ± 0)+ at this point. Very similar effects 

were seen for simulations with other initial Na+/ I- compositions (Figure S1). 

The strikingly different charge loss kinetics for water vs. water/sulfolane are further 

highlighted in Figure 6. These differences were most pronounced between 100 ns and 200 ns, where 



 12 

the water/sulfolane systems retained two to three times more charge than the water runs (Figure 6A, 

B). In this range, the water droplets had already transformed into clusters that were almost solvent-

free, while more than 100 sulfolane molecules were retained for water/sulfolane runs. Subsequent 

sulfolane evaporation promoted charge loss via Na+ IEM events, thereby gradually diminishing the 

charge of the sulfolane-surrounded salt clusters. At the end of the MD runs (t = 300 ns) between 12 

and 26 sulfolane molecules remained. Most of the final sulfolane-containing clusters carried one 

additional charge compared to clusters generated from water droplets (Figure 6C). Only for runs 

with the lowest ion concentration (26 Na+/8 I-) both droplet types shared the same final charge state. 

 

Comparing Simulated and Experimental Results. Our MD data reproduce two key trends seen 

in the experiments of Figure 1. (i) Simulated sulfolane/water droplets generated NaI clusters that 

retained some sulfolane, while water droplets yielded completely desolvated NaI assemblies. (ii) 

Clusters produced from sulfolane-containing droplets were more highly charged than those formed 

from pure water droplets, i.e., sulfolane caused supercharging. It is gratifying that these 

experimentally observed trends are reproduced by the MD runs, providing the opportunity to 

examine the mechanism of sulfolane-induced supercharging (see discussion below). 

 An honest appraisal of our results, however, must acknowledge that the agreement between 

MD and experimental data is qualitative, rather than quantitative. Across the board, the MD-

generated final charge states were somewhat higher than those observed experimentally. For 

example, MD runs with 38 Na+/20 I- in water produced 2+ clusters (Figure 6C) while the 

corresponding experimental data were dominated by 1+ ions with low intensity 2+ contributions 

(Figure 1A). Water/sulfolane simulations yielded clusters with a charge state of (2.8 ± 0.4)+, 

whereas the corresponding experiments showed abundant 2+ ions and low intensity 3+ contributions 

(Figure 1B, C). It is possible that these deviations arise from the large polarizability of I- [85] which 
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is difficult to model when using classical force fields of the type employed here and for previous 

ESI simulations [17,75-83]. 

 

Mechanism of NaI Cluster Supercharging. Why does the presence of sulfolane generate NaI 

clusters with a higher net charge? Sulfolane has a very large dipole moment of 4.7 D [45-49] that 

results from the asymmetric distribution of atomic partial charges in the (CH2)4SO2 ring. The two 

oxygens possess the highest electron density and represent the negative end of the sulfolane dipole 

(Figure 7A). In the [Nan Ii Sulfolanes](n-i)+ clusters the sulfolane molecules solvate the positively 

charged cluster core by pointing their negative ends toward Na+ ions. Figure 7B zooms into these 

charge-dipole contacts for a typical MD-generated 3+ cluster at t = 300 ns. Inspection of Figure 4B 

shows that this trend also holds for shrinking droplets throughout the ESI process; in all cases the 

sulfolane molecules tend to point their oxygens toward the positively charged droplet interior. Figure 

7C illustrates this charge solvation as a simplified cartoon. 

Charge-dipole solvation is a common occurrence in many different systems. For example, 

Na+ in bulk water is tightly surrounded by a solvation shell where H2O dipoles point their oxygens 

toward the central cation [86]. Similarly, inter- and intramolecular charge solvation plays a major 

role for the behavior of gaseous proteins [87-89]. In all those examples, charge-dipole contacts exert 

a stabilizing effect that lowers the overall energy of the system. 

We scrutinized the magnitude of charge-dipole solvation in MD-generated Na+/I-/sulfolane 

droplets and clusters by calculating their total electrostatic energy Vtot according to 

 

𝑉௧௢௧ ൌ ∑ ଵ

ସగఌబ

௤೔௤ೕ
௥೔ೕ

௜வ௝   (1) 

 

where qi and qj refer to the charges of atoms and ions, and rij are the corresponding distances. The 

summation included all atoms and ions, excluding intramolecular contacts within the same sulfolane 
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molecule. The reference point for these calculations is Vtot = 0, which represents the situation where 

all Na+, I-, and sulfolanes are infinitely far apart. 

 The results of these electrostatic calculations are compiled in Figure 7D, focusing on MD 

results for droplets that initially contained 38 Na+ and 20 I-. The calculations were performed under 

two conditions, (i) for intact systems with sulfolane present (solid bars), and (ii) after removal of 

sulfolane (open bars). Figure 7D shows that sulfolane causes a dramatic electrostatic stabilization 

of late ESI droplets. For t = 100 ns and 200 ns sulfolane rendered the Na+/I-/sulfolane droplets twice 

as stable, by lowering their Vtot from roughly -10,000 kJ mol-1 to -20,000 kJ mol-1. For the final t = 

300 ns clusters this stabilizing effect was somewhat diminished because they contained less 

sulfolane, but Vtot was still lowered by ~17%. 

Overall, the Vtot calculations of Figure 7D reveal that sulfolane causes supercharging by 

stabilizing late ESI nanodroplets while they gradually transition into the final [Nan Ii Sulfolanes](n-i)+ 

clusters. Electrostatic stabilization lowers the propensity of the shrinking droplets to undergo Na+ 

IEM ejection, thereby imparting a higher net charge to the final CRM-generated cluster. 

 

 

Conclusions 

This work for the first time demonstrates that a typical “protein SCA” such as sulfolane [17,44,45] 

is also capable of inducing supercharging for alkali metal halide clusters which represent a 

completely different type of ESI-MS analyte. The physicochemical characteristics that allow 

sulfolane to cause NaI cluster supercharging are its low vapor pressure and large dipole moment. 

The former ensures that residual sulfolane remains tightly associated with the NaI cluster until the 

end of the ESI process. The latter causes electrostatic stabilization via charge-dipole solvation that 

facilitates the survival of highly charged clusters. In comparison, water cannot stabilize NaI clusters 
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to the same extent; although H2O provides excellent charge solvation [86] it departs early during the 

ESI process because it is more volatile than sulfolane. 

The NaI cluster supercharging mechanism uncovered here involves several elements that 

have previously been discussed in the context of protein supercharging models. Specifically, the 

capability of sulfolane-containing droplets to retain a large amount of charge is analogous to the 

“charge trapping mechanism” that has been proposed for native ESI supercharging of proteins [17]. 

In addition, the central role of dipole-induced charge stabilization via direct SCA-analyte contacts 

has been shown to be essential for protein supercharging under denaturing conditions [17,49]. 

Overall, this work is part of a growing number of studies from multiple laboratories that use 

MD strategies for examining mechanistic aspects of ESI and other MS-related processes. It is hoped 

that research in this exciting area will continue to promote a synergistic relationship between 

experimental and computational approaches. 
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Figure 1. ESI mass spectra of 10 mM NaI acquired under gentle ion sampling conditions (cone 
voltage = 5 V). (A) water, (B) water with 5% sulfolane. (C) Same as in panel B, but with y axis 
rescaling according to y = intensity × (m/z - m/zmin) which boosts the magnitude of low intensity 
peaks in the high mass range. [Nan Ii Sulfolanes]z+ clusters are annotated according to their charge z 
(black), number of Na+ (blue), number of I- (magenta), and number of sulfolane molecules (green). 
Arrows indicate the smallest observable 2+ cluster produced from aqueous solution (A) and from 
water/sulfolane solution (B, C).  
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Figure 2. ESI mass spectrum of 10 mM NaI in water with 5% sulfolane acquired using harsh ion 
sampling conditions (cone voltage = 100 V). Peaks are annotated as in Figure 1. 
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Figure 3. IMS arrival time profiles (drift time tD vs signal intensity, top row) and MS data (bottom 
rows) extracted from the IMS profiles for various cluster ions. (A, B) [Na5 I4]+ generated in aqueous 
solution without sulfolane. (C, D) [Na11 I9 Sulfolane6]2+ generated in the presence of 5% sulfolane. 
(E-G) Data generated for [Na10 I8 Sulfolane6]2+ and [Na5 I4 Sulfolane3]+ which share the same 
monoisotopic m/z. Dots in B/D/F/G represent modeled isotope distributions based on the elemental 
composition of the various ions. 
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Figure 4. MD simulation snapshots depicting the temporal evolution of ESI droplets with an initial 
charge of 18+ (38 Na+ and 20 I-) in (A) water and (B) water/sulfolane. Field emission events 
involving solvated Na+ are marked as “IEM”. The droplet or cluster net charge is indicated for each 
panel. Na+ (blue) and I- (magenta) are scaled according to their ionic radii, i.e. 1.02 Ẳ and 2.2 Ẳ, 
respectively. Sulfolane carbon atoms are shown in green. 
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Figure 5. MD data, depicting changes in droplet composition over time, for droplets with an initial 
ion content of 38 Na+ and 20 I-. (A, B) Water droplets. (C, D) Water/sulfolane droplets. Each profile 
represents an average of five runs. Time axes are scaled logarithmically. Abrupt downward kinks in 
panels C/D indicate where the temperature was raised from 370 K to 450 K at t = 200 ns. 

B

1 10 100

D
ro

pl
et

 C
ha

rg
e

0

5

10

15

20

S
ol

ve
nt

 R
em

ai
ni

ng

0

1000

2000

3000

Time (ns)

1 10 100

D
ro

pl
et

 C
ha

rg
e

0

5

10

15

20

0

1000

2000

3000

S
ol

ve
nt

 R
em

ai
ni

ng

0

50

100

150

200

250
D

A

Time (ns)

1 10 100

N
um

be
r 

of
 Io

ns

0

10

20

30

40

C

N
um

be
r 

of
 Io

ns

0

10

20

30

40

Na+

Na+

I-

I-

water

charge

charge

water

sulfolane



 27 

 

 

Figure 6. MD data, depicting the droplet (or cluster) charge for various conditions at (A) t =100 ns, 
(B) t = 200 ns, and (C) t = 300 ns. Results for water droplets are indicated in red, data for 
water/sulfolane shown in green. The initial number of Na+ and I- is shown along the bottom. The 
number of remaining water or sulfolane molecules is indicated above each bar. Results shown here 
are averages of five individual runs for each condition. The absence of error bars refers to conditions 
that consistently yielded the same charge state.  
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Figure 7. Sulfolane-mediated charge-dipole solvation and stabilization of NaI clusters. (A) Atomic 
charges in sulfolane (O, red; S, yellow; C, green; H, gray). (B) Close-up of sulfolane interactions 
with a 3+ cluster, corresponding to t = 300 ns in Fig. 4B. (C) Cartoon representation of sulfolane 
interactions with a positively charged NaI cluster. (D) Electrostatic energy of NaI clusters at 
different time points. Solid bars include contributions from all components (Na+, I-, and sulfolane); 
open bars exclude sulfolane contributions. 
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