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ABSTRACT: Ammonium acetate (NHs4Ac) is a widely used solvent additive in native electrospray
ionization (ESI) mass spectrometry. NH4Ac can undergo proton transfer to form ammonia and acetic
acid (NH4" + Ac” — NH3 + HAc). The volatility of these products ensures that electrosprayed ions
are free of undesired adducts. NH4Ac dissolution in water yields pH 7, providing “physiological”
conditions. However, NH4Ac is not a buffer at pH 7 because NH4" and Ac™ are not a conjugate
acid/base pair (L. Konermann, J. Am. Soc. Mass Spectrom. 2017, 28, 1827-1835). In native ESI it is
desirable that analytes experience physiological conditions not only in bulk solution, but also while
they reside in ESI droplets. Little is known about the internal milieu of NH4Ac-containing ESI
droplets. The current work explored the acid/base chemistry of such droplets, starting from pH 7
analyte solution. We used a two-pronged approach involving evaporation experiments on bulk
solutions under ESI-mimicking conditions, as well as molecular dynamics simulations using a newly
developed algorithm that allows for proton transfer. Our results reveal that during droplet formation
at the tip of the Taylor cone, electrolytically generated protons get neutralized by Ac’, making NHs"
the net charge carriers in the weakly acidic nascent droplets. During the subsequent evaporation, the
droplets lose water as well as NH3 and HAc that were generated by proton transfer. NH3 departs
more quickly because of its greater volatility, causing the accumulation of HAc. Together with
residual Ac’, these HAc molecules form an acetate buffer that stabilizes the average droplet pH at
5.4 £ 0.1, as governed by the Henderson-Hasselbalch equation. The remarkable success of native
ESI investigations in the literature implies that this pH drop by ~1.6 units relative to the initially
neutral analyte solution can be tolerated by most biomolecular analytes on the short time scale of

the ESI process.



Introduction

Native electrospray ionization (ESI) mass spectrometry (MS) is widely used for the characterization
of proteins and other biomolecular analytes.!"'> During ESI, analyte solution is dispersed into

charged droplets. These droplets undergo evaporation and jet fission,'*!

culminating in progeny
nanodroplets that release analyte ions into the gas phase.!> ¢ Native ESI relies on the fact that, under
proper experimental conditions, gaseous biomolecular ions retain solution-like structures and
interactions.!”?° Mass analysis of these ions reveals their composition, while ion mobility
spectrometry and other techniques provide additional insights.!"?

Most native proteins are stable in aqueous solution at near-neutral pH. Addition of acid or
base may trigger unfolding and the loss of noncovalently bound ligands.?! Buffers can ensure a
suitable pH, both in living cells and in experiments.?>2* A typical solvent for traditional biochemical
assays is 50 mM aqueous phosphate buffer, with 100 mM NaCl for additional ionic strength.?!
Unfortunately, such additives are unsuitable for ESI because they are nonvolatile, causing adducts,
signal suppression, and chemical noise.?* >> Nonspecific adduction is consistent with the charged
residue mechanism (CRM)?*® where ESI nanodroplets evaporate to dryness, causing analytes to
associate with residual solutes in the vanishing droplet, thereby forming complexes that did not exist
in bulk solution.'® 127 Syb-micrometer nanoESI tips can impart a higher salt tolerance,?® %° but this
approach is not widely used.*°

Most native ESI experiments employ aqueous solutions containing ammonium acetate
(NH4Ac).!» 3 1% 3136 The popularity of this additive stems from two attributes: (1) NHsAc
decomposes into NHs and acetic acid (HAc), both of which are volatile such that the resulting
gaseous analyte ions are free of nonspecific adducts,' although some adduction can persist for

37,38

certain systems. (2) NH4Ac yields neutral pH when dissolved in water.> The second point has

lead to the misconception that NH4Ac is a neutral pH buffer.3% ** A buffer is defined as a “solution



containing appreciable amounts of both a weak acid and its conjugate weak base” *! NHsAc is not
a buffer at pH 7 because NH4" and Ac™ are not a conjugate acid/base pair.** The conjugate acid of
Ac is HAc, and the conjugate base of NH4" is NH3. Dissolution of NH4Ac in water yields a neutral
solution because pKa(HAc) = 4.76 and pKa(NH4") = 9.25, such that pH = 0.5 x (4.76 + 9.25) =
7.01.4>% Although NH4sAc is not a buffer at pH 7, it can still mitigate pH changes to some extent.
Sub-stoichiometric addition of strong acid converts NHsAc to a Ac/HAc buffer. Analogously, sub-
stoichiometric addition of strong base produces a NH3/NH4" buffer. The midpoints of these two
buffers are defined by their pKa values (4.76 and 9.25), and the range where they provide effective
pH stabilization is pKa = 1.*! The buffering capacity of both systems in neutral solution is marginal,
because both pKa values are more than two units away from pH 7 (Figure 1).!3

Inadvertent pH alterations during ESI can affect the outcome of experiments, e.g., by causing
protein unfolding or the dissociation of complexes.?” *+* We will focus on the commonly used

positive ion mode, where water oxidation
2H20 -4H +02+4¢ (1)

is the main charge-balancing reaction, resulting in acidification of the solution in the emitter and in

+99

ESI droplets.>> (We refer to protons in water as “H"”, although it would be more appropriate to

describe them as H3O", or H3O"(H20),..°®) H" produced by eq. 1 are essential for imparting ESI

droplets with their net charge, allowing for the production of gaseous [M + zH]*" analyte ions.>

Even if the nascent droplets released from the Taylor cone are only mildly acidic, progressive

solvent evaporation will continue to lower their pH,””*® in extreme cases down to pH = 1 or less.*"

59, 60

Techniques for interrogating ESI droplets include imaging,®! phase-Doppler anemometry,'*

S,62’ 63

charge detection M and optical studies.’” > 64 Unfortunately, the short lifetimes and size



heterogeneity of droplets in the ESI plume make it challenging to track their composition between
production at the tip of the Taylor cone and evaporation to dryness.!*® Particular knowledge gaps
persist for NHsAc-containing droplets. Water evaporation will tend to increase the NHsAc
concentration, but ESI droplets may also experience loss of NH4" and Ac™ (via evaporation of NH3
and HAc, respectively). The implications of these processes for the internal droplet milieu are poorly
understood. This lack of information is concerning, keeping in mind that nonnative environments
can alter the properties of biomolecular analytes prior to their release into the gas phase.?”> 4453

The current work aims to uncover the properties of NH4Ac-containing aqueous ESI droplets.
Droplet fission is an important ESI component, but solvent evaporation represents an even more
central element of the droplet evolution.!* This is particularly evident for the CRM (which is
believed to be prevalent during native ESI) where the final nanodroplets evaporate to dryness.! %
26 The importance of solvent evaporation is especially obvious for nanoESI, where nascent droplets
released from the Taylor cone are very small, such that rapid evaporation with few fission events
generates the final nanodroplets.'® ?® 67 The idea behind the experiments performed here is that
aspects of evaporating ESI droplets can be mimicked by tracking the evaporation of bulk NHaAc
solutions, using strong acid (HCI) as surrogate for electrolytically generated protons (eq. 1). This
approach allows the solution pH and composition to be measured during evaporation. Our
experimental investigations were complemented by molecular dynamics (MD) simulations of ESI
droplets, using a computational approach that for the first time considers the volatile nature of

NHasAc. We find that initially neutral NH4Ac analyte solutions undergo acidification to ~pH 5.4

during evaporation to dryness under native ESI conditions.



Experimental and Computational Methods

pH Calculations. The subsequent discussion requires a method for calculating the pH of an aqueous
solution containing an amphiprotic salt, to which a strong acid has been added. We will specifically
focus on NHsAc solutions after addition of HCI. Concentrations will be used instead of activities,
which is an acceptable approximation for the solutions considered here.** % As outlined in the SI,
the pH of a solution containing NH4Ac and HCI can be calculated from eq. 2

_ Kw Co Kw B [H*]C,

- [H*] =0 (2)

where Co is the initial NH4Ac concentration, the added HCI concentration equals [Cl] after
equilibration, Ka = Ka(NH4") = 1072° Kb = Ku(Ac) = 10?4, and Kw = 10714, Eq. 2 can also be used
for calculating pH after addition of strong base such as NaOH, by replacing [C1] with (-1) x [Na'].
A NHuACc titration curve calculated in this way is depicted in Figure 1 (solid symbols).

Eq. 2 reflects the behavior of the Ac/HAc and NH3/NH4" conjugate pairs across the entire
pH range, but its application is cumbersome. By considering NH4" and Ac” as spectator ions at pH

<7 and pH > 7, respectively, the Henderson-Hasselbalch equation provides a simpler approach:

conjugate base
pH=pKa+log[ Jus ]

(3)

[conjugate acid]

From eq. 3 it follows that the pH of a NH4Ac solution with an initial pH of 7, after addition of HCI,

can be calculated as

[Ac™]in; — [C17]
pH = pK,(HAc) + log (HACl . & [CF]

(4)

where [HAc]ini = Co (107P%% + 1) and [Ac]ini = Co - [HAC]ini. Addition of NaOH can be treated
analogously. The titration profile calculated using eq. 4 (Figure 1, solid line) is virtually identical to

the results of eq. 2, justifying the use eqs 3 and 4 throughout the rest of this work.



Mass Spectrometry. Hen egg white lysozyme (14305 Da) and all other chemicals were from Sigma
(St. Louis, MO). Native ESI mass spectra were acquired on a Synapt G2 mass spectrometer (Waters,
Milford, MA) in positive ion mode using a Z-spray source at +2.8 kV and at a solution flow rate of
5 uL min’'. All solutions were at pH 7, and the protein concentration was 5 uM. Conditions were
adjusted to minimize collisional and thermal excitation of analyte ions (source temperature 30° C,
desolvation temperature 40° C, sample cone 5 V, extraction cone 3 V, cone gas 50 L h'!, desolvation

gas 500 L h'!, trap collision energy 4 V).

Evaporation Experiments. For tracking the evaporation of bulk solution samples, NH4Ac was
dissolved in water at 100 mM or 10 mM at pH 7. To model the effects of electrolytically generated
protons in regular ESI (1500 nm initial droplet radius)® and nanoESI (150 nm initial droplet
radius),'® 2.69 x 10° M or 8.51 x 10* M HCI were added to these solutions, respectively. 25 mL
samples were placed in beakers that were open to the atmosphere and kept at 70 to 85° C in a fume
hood. Evaporation was stopped after various time periods by cooling the samples to room
temperature. The extent of evaporation was then quantified by determining the relative solution
volume (¥VreL) gravimetrically; control experiments confirmed a constant solution density of (1.008
+0.004) g mL! in the [NH4Ac] range of 10 mM to 1.0 M. Vrer = 1 corresponds to no evaporation,
whereas 90% evaporation corresponds to VreL = 0.1. Instead of removing aliquots from the
solutions, every data point was based on an independent evaporation experiment starting with VrReL
= 1. Evaporation to VreL = 0.1 took ca. 1.5 h.

H-1 nuclear magnetic resonance (NMR) spectroscopy data were acquired at 25° C on a
Bruker Neo 600 MHz spectrometer equipped with a 5 mm HX probe. Solution aliquots were spiked
with 10% v/v D20 for chemical shift locking, for a total sample volume of 400 pL. Combined [Ac

] + [HAc] concentrations were measured by integrating the methyl peak, and by comparing the



measured peak areas with calibration profiles generated using [NHsAc] reference solutions.
Calibrant plots were linear in the 10 mM to 1.0 M range with R?> > 0.99. The methyl peak moved
from 1.81 ppm at pH 7 to 1.99 ppm at pH 2.2, as a result of carboxylate protonation (Figure S1). An
AB15 glass electrode pH-meter (Fisher Scientific, Mississauga, ON) was used for pH
measurements. All experiments were conducted in triplicate with independent calibration profiles;

error bars represent standard deviations.

Computational Methods. MD simulations were conducted using Gromacs 2020, following
established methods with some modifications.'® 7! 7> Rayleigh-charged ESI droplets with an initial
3 nm radius were kept at 370 K for 50 ns, followed by 25 ns at 500 K. H-bonded ion pairs were
given the opportunity to undergo NHs" + Ac® — NH3 + HAc proton transfer in 250 ps intervals

(Figure S2 and TOC Figure). All other details can be found in the SI.

buffered

buffered

1.0 0.5 0.0 0.5 1.0
NaOH added (M) HCI added (M)

Figure 1. Calculated titration profile of aqueous NH4Ac with an initial pH of 7 and Co =1 M, upon
addition of strong acid (HCI) or strong base (NaOH). Black circles represent data calculated using
eq. 2. The solid line represents the Henderson-Hasselbalch approximation (eqs. 3 and 4). Dashed
blue and red lines indicate the regions that match the definition of a buffer (pH = pKa £ 1).



Results and Discussion

Features of NHs4Ac Solutions. The volatile nature of NH4Ac can be illustrated in simple
experiments. A concentrated aqueous NH4Ac solution was kept at 80° C in a beaker for 2 h, causing
all of the water and 93% of the NH4Ac to evaporate (Figure 2). The near-complete vaporization of

NHsAc in Figure 2 is in striking contrast to solutions of nonvolatile salts such as NaCl, where all of

the solute stays behind as solid residue after water evaporation.”

Figure 2. Demonstrating the volatile nature of NH4Ac. (A) 22 g of NH4Ac were placed in a beaker.
(B) The salt was dissolved in 50 mL of H2O/HAc at pH 5.5 (Co = 5.7 M). (C) After 2 h at 80° C,
only 1.5 g of NH4Ac remained as dry crystals. The beaker in panels B and C contains a stir bar.
Figure 3 compares the behavior of NaCl and NHsAc in native ESI-MS. Protein mass spectra
generated with NaCl show extensive peak tailing due to the formation of heterogeneous [M + zH +
n(Na - H) + m(Cl + H)]*" adducts, illustrated in Figure 3A for lysozyme. Figure 3A also shows
abundant chemical noise in the form of salt clusters.'*: 225 In contrast, ESI of lysozyme in 100 mM

aqueous NHsAc yielded clean [M + zH]*" signals with greatly reduced background noise (Figure

3B), highlighting the favorable properties of this volatile salt.!>* 1%-31-36



Electrospraying aqueous solutions without analyte is instructive as well. NaCl solution
generated a range of Na,Cl,""" clusters (Figure 3C) resulting from association of Na* and CI
during the final stages of droplet evaporation, followed by CRM release into the gas phase.”> 747
This is in contrast to spectra obtained upon electrospraying aqueous NH4Ac, where NH4Ac cluster
ions are unobservable (Figure 3D). The m/z 77 signal in Figure 3D corresponds to [M + NH4]" of
acetamide, which is a contaminant in commercially supplied NHsAc.”®

Evaporation of ESI droplets in Figure 3D proceeds many orders of magnitude faster than
under the bulk solution conditions of Figure 2, owing to the much larger surface-to-volume ratio of
the droplets.'® ESI-related events such as the formation of charged progeny droplets or the ejection
of charge carriers (e.g., solvated NH4") via the ion evaporation mechanism (IEM) cannot be expected
for electrically neutral bulk solutions.'* ! 77 Nonetheless, the bulk evaporation of Figure 2 parallels
the ESI droplet behavior in Figure 3. In both cases, most of the NHsAc enters the vapor phase as
NH3(g) and HAc(g) during evaporation of the solutions.'> We therefore suggest that semi-
quantitative insights into the behavior of evaporating NHsAc-containing ESI droplets can be

obtained by examining the evaporation of bulk NH4Ac solutions, an idea that will be explored in the

subsequent sections.

Cornerstones of ESI Droplet Behavior. Prior to conducting bulk evaporation experiments, it is
necessary to choose conditions that match the ESI droplet behavior as closely as possible. Figure 4
provides a simplified cartoon of events taking place in the ESI plume. Nascent droplets formed at
the tip of the Taylor cone shrink to dryness as the result of evaporation and fission events.®":’® We
will assume that solutes are uniformly distributed throughout the droplet (although this is not always
the case, as discussed later). Analyte involvement in titration equilibria is not considered. In this

scenario, the following conditions apply:
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(i) Droplet Size. The radius ro of nascent droplets depends on the ESI regime.”® Regular ESI,
with emitter diameters of ca. 100 pm and flow rates in the uL min™! range produces nascent droplets
with 70 = 1500 nm.® NanoESI emitters and flow rates are at least one order of magnitude smaller,
resulting in 70 = 150 nm.'* We will make reference to these two regimes, when discussing nascent
droplets in regular and nanoESI.

(i) NH4Ac Concentration. Typical native ESI experiments start with bulk solutions with an
initial pH of 7, containing Co = 10 mM to 100 mM NHasAc.!* 1%:31-36 Thus, we will focus on these
two Co values. Nascent droplets formed at the tip of the Taylor cone have not undergone extensive
evaporation yet, such their NH4Ac concentrations will be close to Co, albeit with some Ac” — HAc

conversion, see point (v).

1+ Al | Nacr C
1o+ o Na,Cl,"
Na,,Cl,;"
Na,,Cl,,"
8+ Na17C|16
7+ { l Na,,Cl,,"
.JL \\ ud L“ ““l hhhux.luu .
8+ B| |77 D
141
o+
J ‘ L._ Lk L.“Lh‘ n

500 1000 1500 2000 2500 300 600 900 1200 1500
m/z m/z

Figure 3. ESI mass spectra acquired for aqueous pH 7 solutions. (A) Lysozyme in 5 mM NaCl. (B)
Lysozyme in 100 mM NHasAc. Charge states of protein ions are indicated as 7+, 8+, etc. (C) 10 mM
NaCl. The composition of selected cluster ions is indicated. (D) 100 mM NHsAc. The samples used
for panels C and D did not contain any analytes other than the dissolved salts.
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evaporation and fission
‘\‘ — O — O — dryness
HAS H,
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HV power supply |

Figure 4. Simplified cartoon of native ESI with NH4Ac solution. Components are not shown to
scale. The analyte solution prior to ESI has pH 7. Droplets are acidified by H20 electrolysis,
converting some Ac” to HAc. The droplets then undergo evaporation of water, NH3, and HAc.
Evaporation and fission events eventually cause droplet shrinkage to dryness.

(iii) Droplet Charge. Nascent droplets are close to the Rayleigh limit (Figure S3A), where

the net number of charges is

zr = 8n/e x (&0 y1°)? (5)

with the surface water tension y=0.0712 N m™ at 30° C,*? e = 1.602 x 107" C, and the radius r (r =
ro for nascent droplets). Throughout their life cycle (Figure 4), the shrinking droplets remain close
to zr'* 1578 due to their ability to shed charge in the form of small progeny droplets, and/or by IEM
ejection of charge carriers.'> '%77 Thus, the net droplet charge can be approximated by eq. 5 not only
for nascent droplets, but for all droplets in the ESI plume.'?

(iv) Nascent Droplet pH. The net charge of the nascent droplets is caused by H' from eq.
1.1352 From eq. 5 it follows that the concentration of excess H" added to the nascent droplets is
[H'Jadded = zr Na™! Vo' (Table 1), with Avogadro’s number Na and the initial droplet volume 7o.'*

35 The pH of shrinking ESI droplets consisting of pure water (without NHsAc, for V' < Vo) is therefore

pH = -log (zr Na! 71 (6)

12



Eq. 6 predicts that nascent droplets consisting of pure water have pH 4.57 and pH 3.07 for regular
ESI and nanoESI, respectively (Table 1, Figure S3B).** How does NHsAc affect the nascent droplet
pH? The production of protons in the ESI source (eq. 1) is equivalent to addition of strong acid, such
that eq. 4 can be used for calculating the pH of the NHsAc-containing nascent droplets, by

substituting [C1] with zr Na™! Vo'! (Table 1).

Table 1. Calculated pH of nascent ESI droplets produced from solutions initially at pH 7, after
addition of electrolytically generated protons (eq. 1).

NH4Ac concentration Co regular ESI nanoESI
ro = 1500 nm ro =150 nm
[H Jadded = 0.0269 mM [H Jadded = 0.851 mM
0 mM (pure water) * 4.57 3.07
10 mM ° 6.83 5.75
100 mM ° 6.98 6.59

(a) from eq. 5; (b) from eq. 4

Table 1 reveals that acidification of the nascent droplets is much less dramatic for NH4Ac solutions
than for pure water. The capability of NH4Ac to mitigate the effects of protons from eq. 1 may seem
surprising, considering that the buffering capacity of NH4Ac in the neutral range is minimal (note
the steep slope at pH 7 in Figure 1). However, although NH4Ac is not technically a buffer at pH 7,%"

4l it reduces the extent of acidification by converting free protons from eq. 1 into the weak acid HAc.
Ac” + H* 2 HAc K = K,(HAc)"! = 5.75 x 10° (7)

(v) Charge-Carriers in NHiAc-containing ESI Droplets. Excess H from eq. 1 provide
nascent droplets with their net charge,>® but these H' get effectively removed by binding to Ac” and
forming HAc (eq. 7). Thus, NH4" ions become the excess charge carriers because their counterions
(Ac) get converted to neutral HAc. Because pH < 7, these NH4" act as spectator ions that do not

affect pH. Instead, the droplet pH is governed by the [Ac’]:[HAc] ratio via eq. 3.

13



Estimating the pH of Shrinking Droplets While Ignoring NHsAc Volatility. The above
cornerstones allow us to provide initial estimates of the droplet behavior in the ESI plume. Let us
first conduct a thought experiment that disregards the volatile nature of NHs4Ac. Under such
conditions, water evaporation will ensure a constant [Ac’]:[HAc] ratio in the shrinking droplets,
starting from the nascent conditions of Table 1. Eq. 3 dictates that under these hypothetical
conditions the droplets will maintain their nascent near-neutral pH all the way to dryness (Figure
S3C, D). Sadly, the next section reveals that this thought experiment is unrealistic because (as stated

at the outset), it neglects the implications of NH3 and HAc evaporation.

Tracking pH in Bulk Evaporation Experiments. How does the volatility of NHs4Ac affect the
droplet pH? One might naively expect that pH decreases because NH4"(aq) — NH3(g) + H'(aq)
releases protons into the droplet. On the other hand, Ac’(aq) + H"(aq) — HAc(g) might increase pH
by removing protons. Thus, in the absence of additional information, it is difficult to predict if the
pH of evaporating ESI droplets will go up or down.

To elucidate the implications of NHsAc volatility, we tracked the evaporation of bulk
samples, while ensuring that the initial solutions matched those of nascent ESI droplets (Table 1).
Experiments were conducted on 100 mM and 10 mM aqueous NH4Ac with an initial pH of 7. The
effects of electrolytically generated protons (eq. 1) were captured by adding HCI to these pH 7
solutions, prior to commencing evaporation. HCI concentrations were chosen as [H"Jadded = zrR Na™
Vol (eq. 5), where the nascent droplet volume Vo corresponds to 70 = 1500 nm (regular ESI) or ro =
150 nm (nanoESI). The resulting solution pH agreed with the predicted values of Table 1 within
0.05 units. The composition of all four solutions was then monitored during evaporation.
Intriguingly, all samples showed acidification down to pH values between 5.5 and 5.3 (Figures 5A,

C, and S4A, C). Extrapolating from these bulk solution data to NH4Ac-containing ESI droplets, we

14



conclude: (i) Electrolytically generated protons convert neutral analyte solution into mildly acidic
nascent ESI droplets. (ii) For both regular ESI and nanoESI, the evaporating droplets in the ESI

plume subsequently undergo additional acidification down to pH 5.4 + 0.1.

Acid/Base Equilibria in Evaporating NH4Ac Solutions. To understand the observed acidification

(Figures 5A, C, and S4A, C), one has to consider eqs 8 - 10, as well as their sum (eq 11):

NHa"(aq) 2 NHs(aq) + H'(aq) Ka(NHy) = 1072 @)
Ac’(aq) + H20 2 HAc(aq) + OH(aq) Kin(Ac) = 10924 ©)
H'(aq) + OH(aq) 2 H20 Kw'l=10" (10)

NHs'(aq) + Ac'(aq) < NHs(aq) + HAc(aq) Ka(NH4") Ko(Ac) Kw! =104 (11)

The listed equilibrium constants imply that NH3 and HAc form predominantly via eq 11, rather than
by water protonation or deprotonation (egs 8, 9). Eq. 11 also dictates that [NH4"(aq)] = [Ac™(aq)] for
bulk solution evaporation from pH 7. The products of eq. 11 can then leave the solution; these

processes are irreversible because the bulk solutions (and ESI droplets) are open to the atmosphere.

NH3(aq) — NHs(g) (12a)
HAc(aq) — HAc(g) (12b)
The acidification observed in our evaporation experiments implies that reaction 12a is faster than
12b, consistent with the fact that NH3 it is a gas under standard conditions, while HAc is a liquid
(albeit a volatile one, evident from its pungent smell). The slower rate of reaction 12b causes HAc
to accumulate in the droplet, such that pH = 4.76 + log [Ac (aq)]/[HAc(aq)], according to eq. 3.
NMR spectroscopy was used to track [Ac’(aq)] + [HAc(aq)] concentration by monitoring the
CH3-CO proton signal (Figure S5). During the early stages of evaporation, [Ac’(aq)] + [HAc(aq)]

closely followed the “ideal” profile that would be expected if NH4Ac were nonvolatile ([NH4AC]ideal

15



in Figure S5). However, once the relative solution volume (VreL) approached 0.1, the measured
concentrations were noticeably lower than [NH4Ac]ideal. Averaged over all four data sets, 27% of
the Ac™ had left the solution as HAc(g) via eq. 12b at VreL= 0.1 (Figure S5).

From the measured pH values (Figures 5A, 5C, S4A and S4C), one can use eq. 3 to
decompose the Figure S5 data into separate [HAc] and [Ac’] contributions, with [NH3] = 0 (eq. 3).
Also, because [HJaddded << Co, we can approximate that [NH4"] = [Ac] (eq. 11, Table 1).
Concentrations obtained in this way are depicted in Figure 5B for solutions mimicking regular ESI
with Co = 100 mM. HAc accumulation is clearly apparent in this profile. Similar observations were
made for the other three solution conditions (Figures 5D and S4B, D). Once reaching VreL = 0.1,
the [NH4"](aq) values were 40% lower on average than the corresponding [NH4Ac]ideal, implying
that 40% of the NH4" had been converted to NH3(g) via eq. 11 and left the solution via eq. 12a.

In summary, the evaporation of NHsAc solutions under native ESI-mimicking conditions
proceeds as follows: Volume changes are due primarily to water evaporation. Proton transfer from
NH4" to Ac” generates NH3 and HAc in a 1:1 ratio; for FreL = 0.1, 40% of the total NHsAc has been
converted via this process. Due to its high volatility, all of the NH3 evaporates immediately (eq.
12a). Because it is less volatile, only ~2/3 (27/40) of the HAc evaporates, while ~1/3 (13/40) of the
HAc stays behind and acidifies the solutions down to pH 5.4 + 0.1. This pH for VreL = 0.1 was

remarkably consistent for both regular and nanoESI with 10 or 100 mM NH4Ac.

16
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Figure 5. Experimentally measured solution composition during evaporation of bulk aqueous
NHasAc solutions under ESI-mimicking conditions, starting with the settings of Table 1. (A, B)
Regular ESI, o = 1500 nm, Co = 100 mM. Panel A shows pH, panel B shows solute concentrations,
with [NHs](aq) = 0. Also shown is [NH4Ac]ideal, that would be expected if NHsAc were nonvolatile.
(C, D) Same as in A and B, but for nanoESI with »o = 150 nm and Co = 10 mM.

As noted, our bulk evaporation experiments were designed to mimic nascent ESI droplets at
the Rayleigh limit, consistent with the results of several studies (Table 1).!* 1> 7® Some reports
suggested a lower droplet charge, e.g., ref.% reported an average value of zdaroplet = 0.4 X zr. Nascent

droplets will be less acidic under such zaroplet < zr conditions. For example, while Table 1 predicts

pH 5.75 for zdroplet = zr in the case of nanoESI with 10 mM NH4Ac, the corresponding pH would be
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6.13 for zdroplet = 0.4 x zr. Luckily, Figures 5 and S4 demonstrate that our key findings are valid for
a wide range of nascent pH values, because all NHsAc solutions in Table 1 (covering pH 6.98 to
5.75) converged toward pH 5.4 + 0.1 during evaporation. In other words, the validity of our findings
is not limited to conditions where Zdroplet = ZR.

In addition to the experiments of Figures 5, S4, and S5 which covered evaporative
concentration enrichment up to ~1 M NHsAc, we tested more concentrated solutions to explore the
final stages of evaporation. Figure S6 shows data for Co = 3.2 M, acidified with HAc to pH 5.5.
Evaporation could only be studied down to VreL = 0.25, where the solutions turned into a slurry of
precipitated NHsAc. Based on the solubility limit of NHsAc (~8.3 M) this precipitation should
have occurred already at VreL = 0.37, suggesting that ~33% of the NH4Ac had evaporated at VreL =
0.25. Thus, the extent of NH4Ac evaporation in highly concentrated samples is comparable to that
of the more dilute solutions examined above. Evaporation of the highly concentrated solutions
slightly increased pH from 5.5 to 6.2 (Figure S4); however, pH-meter readings under such high salt
conditions may not be reliable. Nonetheless, Figure S6 shows that evaporating NHsAc solutions do

not exhibit any unexpected “erratic” phenomena as they approach the solubility limit.

MD Simulations of NHsAc-Containing ESI Droplets. MD has become an important tool for
probing ESI mechanisms, % 81" but there appear to be no previous MD studies on the ESI behavior
of NHsAc. Proton transfer cannot be modeled using standard MD methods,’” *° although this
reaction is a key feature of NH4Ac (eq. 11). Some efforts have been made to conduct MD with
proton transfer,’! 7% 85-91:92 byt NHsAc has not been tackled yet. Here we present a strategy for MD
simulations on NH4Ac-containing ESI droplets. Our approach for the first time considers proton

transfer events according to eq. 11, i.e., NHs" + Ac® — NH3 + HAc. Implementation details are
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summarized in the SI. Neither H3O" nor OH™ were included in our MD runs, an approximation that
is justified by the extremely small equilibrium constants of egs. 8 and 9.

MD simulations were performed for aqueous droplets with an initial radius of 3 nm,
representing a size regime encountered during the final stages in the ESI plume (Figure 4)."* To
account for the concentration enhancement earlier during the droplet life cycle, the runs started with
arelatively high NH4Ac concentration of 1.6 M. Additional NH4" were inserted to bring the droplets
to the 19+ Rayleigh limit (eq. 5). Figure 5 implies that NH4Ac-containing ESI droplets have pH
values around 5.4. Accordingly, 0.3 M HAc was added to the MD droplets (eq. 3), for an initial
droplet composition of 3050 H20, 127 NH4", 108 Ac’, and 20 HAc. The droplets modeled here were
analyte-free, analogous to the experiments of Figure 3C, D. Figure 6A-D shows snapshots of a
typical droplet simulation. Water evaporation was accompanied by occasional IEM ejection of
solvated NH4".!% 167793 NH3 and HAc evaporated as individual molecules without solvation shell.
After 75 ns the droplet had vanished, leaving behind a tiny [NH3 + NH4]" ion (Figure 6D).

Figure 7 takes a closer look at time-dependent changes under the conditions of Figure 6A-
D. Water loss went to completion within ~20 ns (Figure 7A). Concomitant with this evaporation,
the droplet lost NH3(g) and HAc(g) after their production by proton transfer (Figure 7B, C).
Although these two neutrals were formed in a 1:1 ratio, the NH3 concentration remained five to ten
times lower than that of HAc, because the former showed a higher evaporation propensity (Figure
7B). The higher volatility of NH3 relative to HAc seen in these simulations is consistent with the
bulk experiments of Figure 5. Gradual solvent loss increased the NH4" and Ac™ concentrations to ~
8 M (Figure 7D), which is the solubility limit of NH4Ac.® The droplet charge oscillated around 81%
of the Rayleigh limit, resulting from the interplay of evaporative droplet shrinkage and NH4" IEM
ejection (Figure 7E). This z/zr regime is similar to previous simulation data involving H" or Na*,”!

in line with experiments.'* ® From the Ac/HAc ratio in Figure 7B, one can calculate the average
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droplet pH via eq. 3. Figure 7E illustrates that this pH stays in the range of 5.1-5.7, close to the
measured bulk value of 5.4 + 0.1 (Figure 5). We conclude that the MD strategy developed here
yields simulated data that are consistent with a wide range of experimental observations.
Inspection of the MD droplets revealed that Ac” and NH4" preferentially reside in the droplet
interior, whereas HAc underwent surface enrichment with the methyl groups pointing into the vapor
phase (Figure S7). In other words, the droplet surface has a lower Ac/HAc ratio than the interior,

implying that the surface of NH4Ac-containing ESI droplets is more acidic than the interior (eq 3).

Volatile vs. Nonvolatile Salts. One can compare the NH4Ac data of Figure 6A-D with results for a
typical nonvolatile salt such as NaCl. Figure 6E-H shows MD data for an ESI droplet containing 1.6
M NaCl. Evaporation of this droplet produced a large Na,Cl,""* CRM cluster. Details of the NaCl
droplet behavior can be found in ref. 2. Figure 6 strikingly illustrates the difference between a
volatile and a nonvolatile salt during ESI. In the former case, solvent and solutes evaporate until
there is virtually nothing left (Figure 6D), whereas the latter scenario produces large CRM clusters
(Figure 6H). These MD data mirror the experiments of Figure 3, where ESI of NaCl solution
generated adducts and clusters, whereas such interferences were absent for NH4Ac solution.

The key ingredient of our NH4Ac simulations was the implementation of a strategy that
allowed for proton transfer from NHs" to Ac’. MD runs conducted without this proton transfer
produced large NH4Ac clusters (Figure S8), akin to the NaCl behavior Figure 6E-H. Figure S8
demonstrates that neither NH4" nor Ac are volatile per se. Instead, these ions become volatile only
after converting to neutrals by proton transfer (see TOC Figure). Traditional MD methods that do

not allow for proton transfer’ are therefore unsuitable for modeling the ESI behavior of NHsAc.
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Figure 6. MD snapshots of Rayleigh-charged aqueous ESI droplets, initially containing 1.6 M salt.
(A-D) NHsAc-containing droplet with NH4" + Ac” — NH3 + HAc proton transfer. IEM ejection of
NH4", and evaporation events of NH3, HAc, and H20 are highlighted. (E-H) NaCl-containing droplet
under conditions that were otherwise identical to those of panels A-D. Coloring; Na* (blue) CI
(green), NH4" nitrogen (blue), NH3 nitrogen (cyan), Ac™ carbon (orange), HAc carbon (olive), O
(red), H (white). Solute atoms are shown as spheres, H20 as red sticks.
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Figure 7. MD-simulated changes in the composition of aqueous NHsAc droplets under the
conditions of Figure 6A-D. (A, B) Number of water and solute molecules. (C) Number of proton
transfer events per 250 ps interval. (D) Concentration of NH4" and Ac". (E) Droplet charge relative
to the Rayleigh limit. (F) pH. Note the different time range in panels A-C vs. D-F, reflecting the fact
that the properties displayed in D-F are only meaningful for aqueous solutions. All panels contain
data from triplicate MD runs; only panel C shows a single run to prevent cluttering.

Conclusions

Although NH4Ac is a standard additive in native ESI, little is known about the environment
experienced by analytes after their entrapment in nascent droplets, and during the subsequent events
in the ESI plume. The current work clears up some of these uncertainties. Ideally, biomolecular
analytes would be subjected to pH 7 up until the point when they are released from ESI nanodroplets
into the gas phase. Inadvertent acidification and other destabilizing factors can alter the properties

of analytes and affect the resulting mass spectra.?’- 4453
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The findings of this work imply that ESI droplets formed from NHsAc-containing aqueous
solution with an initial pH of 7 experience two stages of acidification. The first stage occurs when
nascent droplets formed at the tip of the Taylor cone acquire a net charge close to the Rayleigh limit
by electrolytically produced H'. More precisely, these H" appear in aqueous solution as H3O", which
represents the strongest acid that can stably exist in water.’® NH4Ac does not match the textbook
definition of a buffer,*! but it mitigates the effects of these H3O" by converting them to HAc which
is a weak acid (eq. 7). The use of relatively high NHsAc concentrations (e.g. 100 mM instead of 10
mM) will ensure that nascent ESI droplets retain a near-neutral pH (Table 1).

NH4Ac decomposes into two volatile components (NH3 and HAc), allowing the formation
of adduct-free biomolecular ions during ESL.'* The current work uncovered that this volatility has
an unanticipated flipside, as it gives rise to a second stage of acidification. The fact that NH3
evaporates from the droplet more quickly than HAc causes the latter to accumulate in the droplet.
As a result, the NH4Ac solution turns into an acetate (Ac/HAc) buffer with a pH that is governed
by eq. 3. Our data suggest that the evaporating droplets approach pH of 5.4 £+ 0.1, regardless of the
initial NH4Ac concentration for both regular and nanoESI.

Although pH 5.4 does not represent a physiological environment, many globular proteins
maintain their native conformation in bulk solution under these conditions.” *® Even for
biomolecular analytes that are unstable at this pH, one has to consider that pH-induced changes take
time. For example, protein unfolding in solution typically takes place on time scales of milliseconds
to seconds,”” while the ESI events of Figure 4 occur within a millisecond or less.'* % Thus, pH-
sensitive analytes may survive the ESI process unscathed simply because the acidic droplet
environment persists only for a short time interval®® (although the possibility of unfolding in droplets
has been demonstrated for some proteins). Overall, NH4Ac is not a perfect pH stabilizer for native

ESI, but it appears to be “good enough” for many applications, as demonstrated by the numerous
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successful studies that have used this additive.!!? Possible alternatives come with their own
problems, e.g., ammonium bicarbonate can promote protein unfolding and cross-linking.* 1%

In addition to our experimental and conceptual findings, the current work demonstrated the
viability of conducting MD simulations on NH4Ac-containing ESI droplets. For the first time, we
implemented an MD algorithm that considers the volatile nature of this salt by allowing for proton
transfer. These simulations yielded data that supported our bulk solution experiments, in particular,
the high volatility of NH3 and the formation of a Ac/HAc buffer in the evaporating droplets. We are
currently extending these simulations to ESI droplets containing proteins and other biomolecular

analytes, to obtain a truly molecular understanding of native ESI. The results of these endeavors will

be reported elsewhere.
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