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Mass spectrometry (MS) is a major experimental technique used
in the detection of atmospheric aerosol particles. In most ioniza-
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tion methods coupled to MS, a sample of aerosol particles is com-
pletely dissolved in a solvent or is vaporized at high temperatures,
and their composition is detected without distinguishing between
the surface and bulk interior constituents. However, a coveted
goal is the development of surface-sensitive methods that can de-
tect surface molecules1–3 and even profile the particle composi-
tion as a function of depth from the surface. The surface composi-
tion is of particular interest because it plays a direct and decisive
role in chemical reactivity and interaction with living tissues, as
well as particle growth mechanisms. In this direction, a few ion-
ization methods have emerged4–6 such as extractive electrospray
ionization MS for heterogeneous solid particles7, and ionization
without an external energy source1,8–12. Even though ionization
methods without an external energy source have been successful
in detection of analytes1,12, their molecular mechanism is still un-

✶✕✶✺ ⑤ ✶
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explored. Molecular modeling is an important method that allows
us to explore the molecular details of these mechanisms. Knowl-
edge of the mechanistic details can facilitate optimization of the
ionization process by systematic search for effective substrates
and optimal conditions. Moreover, molecular modeling may assist
in unraveling the relation between the desorbed species detected
in MS and their depth from the surface of the carrier particles.

In Qin et al.,1 solid dicarboxylic acid particles comprised of
malonic acid (C3, MA), succinic acid (C4, SA), glutaric acid (C5,
GA), and adipic acid (C6, AA) were formed from direct atomiza-
tion of their aqueous solutions. Although there was no ionization
source or any external energy source present, diacid molecules
were observed as charged species by the triple quadrupole mass
analyzer. It was found that among the diacid series, GA provided
the strongest analyte signal even at room temperature1. It is
noted that the formation of ions without an external source of
energy is similar to processes and results reported by Trimpin et
al.8–13.

In this manuscript we present mechanistic studies of the later
stages of this ionization process1 using molecular dynamics.
Specifically, the questions we address here are: (a) What is the
H-bonded network in these systems that is responsible for pro-
ton transfer reactions? (b) What is the mechanism of the analyte
desorption from the diacid particles? (c) Why does GA give a
stronger signal in the mass spectra than the other experimentally
tested diacids? Our hypothesis is that under the conditions of the
later stages of the ionization process the GA particle’s external
layers may be amorphous and softened to a higher degree than
that of the other experimentally tested diacids. A softened dis-
ordered surface will facilitate analyte adsorption and charging of
the analyte.

Specifically, the experimental steps for the generation and ion-
ization of diacid particles are as follows:

1. An aqueous solution of a diacid was prepared in ∼20-30 mM
concentrations. The initial solution had pH∼ 3.

2. Droplets were formed by atomizing the solution and then
dried with diffusion dryers.

3. As the H2O evaporated, the droplets underwent a phase
transformation at 295 K, forming solid particles. Atomic
force microscopy measurements of the GA particles after
drying showed that many had oblong shapes with edges and
corners as shown in Fig. S1 in Electronic Supplementary In-
formation (ESI).

4. Then, the diacid particles were sampled at the inlet of the
mass spectrometer without any ionization source, where the
initial pressure was of the order of mbar and the tempera-
ture of the inlet was set to 30 ◦C – 150 ◦C but the measured
highest temperature was ∼60 ◦C. In this region, the particles
shrank through evaporation and ionic species were desorbed
that were subsequently detected by the mass analyzer. Fig-
ure S2 in ESI shows the temperatures that particles were ex-
posed to at atmospheric pressure just before entering the MS
over the range of source temperature set points used in Qin

et al..1 Ions were detected in positive ion mode as [GA+H]+

(protonated GA) or [GA+NH4]+ (due to trace NH3 in air)
and in negative ion mode as [GA–H]−. GA substrate, neg-
ative ions were [GA–H]− and positive ions were [GA+H]+

(protonated GA) or [GA+NH4]+ (due to trace NH3 in air).

In this study, we investigate neutral and charged GA nano-
aggregates comprised of up to several hundreds of molecules
(Re ∼ 3.3 nm, where Re denotes the equimolar radius), and a
few thousands of GA molecules (Re ∼ 6.3 nm), respectively. For
the first time the H-bond network in diacid nano-aggregates,
diffusion coefficients and the desorption mechanism of charged
species from the parent aggregates are examined. To compute
a radially dependent diffusion coefficient in finite sized systems,
where Einstein’s equation and velocity autocorrelation function
approaches cannot be applied20, a general method is presented,
that is not limited to the specific systems studied here.

Previous research investigating the structure of GA nano-
aggregates in the context of atmospheric aerosols14,15 has
pointed to the importance of intermolecular H-bonds using
molecular modeling16 and the strength of gas phase dimer for-
mation with four H-bonds of the odd diacids, such as GA and
pimelic acid (C7), using quantum chemistry methods17.

One of the questions addressed in the simulations performed
here is the selection of the system sizes that we model atom-
istically so as on the one hand they are computationally feasi-
ble, and on the other hand they are representative of the rele-
vant processes to ionization in the larger particles with diameters
of ∼ 100− 200 nm generated in the experiments. In the experi-
mental diacid particles, the bulk portion dominates, however, the
relevant chemistry in MS experiments such as charging and ion
desorption occur on the surface. Therefore, in atomistic model-
ing, which is often computationally limited by the system size,
the size selection should include both bulk-like and surface re-
gions, to be representative of the relevant processes observed in
the experiments. To choose the system size we accumulate evi-
dence from a number of studies of a variety of systems where the
transition of properties from small clusters to bulk have been ex-
amined21. For example, experiments and models on the melting
of Au and Al nanoparticles22,23 have reported that nanoparticles
with a radius of approximately less than or equal to 2.5 nm show a
rapid change with an almost infinite slope of the melting temper-
ature as a function of radius. For larger radii, the slope becomes
smaller and then slowly plateaus as the melting temperature con-
verges to its bulk value. The rapid change for radius < 2.5 nm is
attributed to the fact that in these smaller system sizes the sur-
face determines their physical properties. As the radius increases,
a bulk-like interior that gradually increases plays an ever more
important role in the melting, until it dominates over the surface
contribution. Our previous study on the structure of H2O droplets
of various sizes24 (see Table 1 in Kwan et al.24) has also shown
a non-negligible bulk-like interior for droplets of radius ∼ 3 nm.
Drawing experience from these different systems, we infer that
diacid aggregates of Re ∼ 3.3 nm to 6.3 nm that are studied here,
contain a non-negligible bulk-like interior in addition to the sur-
face and subsurface region. Regardless of the precise structure of

✷ ⑤ ✶✕✶✺
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the particle’s interior, it is the subsurface and surface that play the
key chemical role in the ionization process.

✷ ▼♦❞❡❧s ❛♥❞ ❙✐♠✉❧❛t✐♦♥ ▼❡t❤♦❞s

2.1 Pristine neutral diacid nano-aggregates

Molecular dynamics (MD) simulations of atomistically modeled
pristine diacid aggregates were performed. The majority of the
simulations were performed for GA with N = 700, where N de-
notes the number of molecules in the nano-aggregate. By visual
inspection of the MD trajectories we estimate that a N = 700 GA
aggregate has Re ∼ 3.3− 3.5 nm. For comparison of H-bonding
patterns, simulations were also performed for oxalic acid (C2,
OA), MA, GA, SA, and AA with N = 3,5,8,13,21 at temperature
(T ) equal to 300 K.

The MD simulations were performed using the software NAMD
version 2.1245. VMD 1.9.4a47 was used for the visualization of
the trajectories46. The molecular models were prepared using the
CHARMM CGenFF molecular parametrization47–49. CHARMM
CGenFF includes in its parametrization experimental heats of va-
porization and molecular volumes of the pure liquids, which are
important physical properties for the systems that we investigate.
Additional validation of the force field parameters arises from
comparisons of the radial distribution functions (rdf) of the nano-
aggregates with previous studies of gaseous phase monomeric
conformers50,51, and dimeric structures17 modeled by high level
quantum chemistry methods. These comparisons are presented
in the Results and Discussion Section.

Newton’s equation of motion for each atomic site was inte-
grated using the velocity-Verlet algorithm with a time step of
1 fs. The electrostatic interactions were treated using the mul-
tilevel summation method52. In order for the multilevel sum-
mation method to be applied the nano-aggregate was placed at
the center of a spherical volume with a radius of 10 nm, where
the spherical boundary condition was applied. For GA the tem-
perature range of 360 K-420 K was examined. The temperature
was controlled by using the Langevin thermostat with the damp-
ing coefficient set to 1/ps. Simulations were also performed at
T < 360 K. At this lower temperature the molecules were almost
immobile within the simulation time. The particles studied in the
experiments1 are considered to be solid amorphous. The mod-
eled GA nano-aggregates at T = 360− 420 K have an amorphous
mobile interface and a much less mobile amorphous interior.

For the molecular model used here, the temperature at which
mobility within the nano-aggregate is observed, is near the ex-
perimental18 melting point of GA (95-98 ◦C) and is within the
temperature range of the experiments (see Fig. S2 in ESI). This is
not expected considering the delicate relationship between phase
diagram and molecular models. Here, we elaborate on this inter-
esting coincidence. Nanoparticles with a radius of a few nanome-
ters are expected to melt at a lower temperature than the bulk be-
cause of the large ratio of surface to volume number of molecules.
Indeed, the studies of Buffat and de With showed that the melting
temperature of Au nanoparticles for diameters < 5 nm exhibit a
dramatic decrease relative to bulk21,22. For diameters 5− 6 nm
they also show21,22 that the decrease of the melting tempera-

ture is ∼ 14 − 10 % relative to the bulk. We deduce from the
above studies that a N = 700 GA nano-aggregate with diameter of
∼ 7 nm will show a decrease approximately 10 % in the melting
temperature relative to the bulk. Based on these qualitative pre-
dictions, the melting temperature of the modeled N = 700 GA is
predicted to be at 350 K. Interestingly, our simulations show an
unexpected agreement with the above predictions on the mobility
of the GA molecules at T > 350 K.

In the study of the diffusion coefficient we carried out simula-
tions of an aggregate comprised of 700 GA molecules. The ag-
gregates were set to temperatures of 360 K, 380 K, 400 K, and
420 K. The coupling with the Langevin thermostat was reduced
to a damping coefficient set of 0.1/ps. The simulation time for
an equilibrium run was 5 ns. The configurations were reoriented
every 10 ps to remove spurious rotations.

2.2 Charged GA nano-aggregates

Charged GA aggregates comprised of N = 4093 GA and 32 GA– ,
where the negative charge is carried by a carboxylate group, were
simulated at T = 420 K. This system has Re ∼ 6.3 nm. The sim-
ulation protocol was the same as that for the pristine GA nano-
aggregates as described above. The relaxation time lasted sev-
eral nanoseconds. Test simulations were performed at a range of
T > 420 K where rapid ion release was observed. At T = 420 K
single ion release after simulation time of several hundreds of pi-
coseconds was observed that was selected for analysis.

✸ ❘❡s✉❧ts ❛♥❞ ❉✐s❝✉ss✐♦♥

3.1 H-Bonding in diacid nano-aggregates

To examine the radial distribution function (rdf) between various
oxygen sites of diacid molecules within aggregates we label the O
sites as shown in Fig. 1 (a). To interpret the rdfs it is reminded
that the diacid molecules may attain many conformations. The
presence of several conformers for a single gaseous phase diacid
molecule has been reported in the literature50,51,53. The lowest
energy conformers50,51,53 of an isolated single molecule will be
present at room temperature because their energy difference is
near the thermal energy at this temperature (∼ 2.4 kJ/mol). In
aggregates comprised of even a few diacid molecules, higher en-
ergy conformers may also appear at room temperature because
of stabilization provided in the condensed phase. Figure S3 in
ESI shows that the rdfs between O1 and O2 up to a distance of
6.0 Å for N = 3− 21 SA converge when N = 21. For this reason
we use rdfs for N = 21 OA to AA (Fig.1 (b)) to examine their local
structure.

Figure 1 (b) shows the rdf between O1 and O3 for different
pristine diacid nano-aggregates with N = 21 molecules. The first
peak at ∼ 2.3 Å arises from the intramolecular O1-O3 interaction
within the same carboxyl group. The O1-O3 distance of the first
peak, which is almost the same for all the diacids, is in agreement
with the value of 2.25-2.26 Å for the conformers of a single OA
molecule calculated by Weber et al.53 as shown in their Fig. 1, us-
ing quantum density functional theory. The second broader peak
is centered at ∼ 2.85 Å and arises from intermolecular H-bonded
interactions. The O1-O3 rdf indicates that GA, SA, and AA show

✶✕✶✺ ⑤ ✸

Page 3 of 16 Physical Chemistry Chemical Physics



Page 4 of 16Physical Chemistry Chemical Physics



Page 5 of 16 Physical Chemistry Chemical Physics



Page 6 of 16Physical Chemistry Chemical Physics



Page 7 of 16 Physical Chemistry Chemical Physics



Page 8 of 16Physical Chemistry Chemical Physics



Page 9 of 16 Physical Chemistry Chemical Physics



Page 10 of 16Physical Chemistry Chemical Physics



originate from initially formed cones. Once ions are emitted, the
Rayleigh jet retracts ((IV) in Fig. 10 (a)). In minute nanodroplets,
with Re approximately less than 2.5 nm, the conical shapes may
emit only one or two ions75. Therefore, for these minute sys-
tems the ion-evaporation mechanism70–72 (IEM) of Iribarne and
Thomson becomes indistinguishable from a fission via a Rayleigh
jet75. Recall that the experiments of Iribarne and Thomson have
shown that the IEM mechanism is the fastest ion-emission path-
way for droplets of radius up to ∼ 10−15 nm, where the droplet’s
largest size depends on the nature of the ion70.

For aggregates with ε < 18, the emission of a single ion coor-
dinated by a few substrate molecules is indistinguishable from
the IEM mechanism of Iribarne and Thomson. Because of this
similarity, we suggest a broader IEM mechanism that extends in
the regime of low ε < 18 where there is no definition of a Taylor
cone angle according to analytical theory68,69 and in particles of
any size. In this mechanism ions can be emitted by independent
events from any place on the surface without the formation of
long jets. The amorphous micro-aggregates may have irregular
morphology that can have long-living corners and edges (Fig. S1
in ESI). These corners may play the role of a Taylor cone. Ions
that are in the vicinity of these irregularities may diffuse to the
corners from where they can be emitted as shown schematically
in Fig. 10 (b). We point out a difference between the emission
of ions from Rayleigh jets (Fig. 10 (a)) and the mechanism de-
scribed for the ion-desorption from the diacid nano-aggregates
(Fig. 10 (b)). In the Rayleigh jet (Fig. 10 (a)), ions may not
completely reside on the surface and they are still pulled into the
conical fluctuation. In the desorption of diacids (Fig. 10 (b)) ions
are found on the outer surface and they may transfer toward a
surface irregularity. This difference is important to be further ex-
plored in additional studies because it provides insight into the
relation of the depth of the ions from the surface of the aggregate
and their desorption mechanism.

Here, simulations of GA aggregates containing a small number
of GA– were presented. The mechanism of ion desorption when
protonated GA replaces GA– is expected to be the same because
it is the low dielectric constant of the diacids that plays a key role
in the mechanism and not the sign of the charge. Because of the
low dielectric constant of diacids, the ion desorption mechanism
shares similarities with that from liquid helium nanodroplets73–76

in that ions are emitted via single ion-release events regardless of
the droplet size. It is noted that the charge generation in the
liquid helium droplets is different from the ionization without an
external energy source, but regardless of the origin of the charge,
the low dielectric constant of the parent aggregate plays a key
role in the ion emission mechanism.

In summary, the experimental data1 and presented simulations
suggest a broader IEM mechanism that extends in the regime of
ε < 18 where there is no definition of a Taylor cone angle accord-
ing to analytical theory68,69 and for particles of any size. In this
mechanism ions are released by independent desorption events
without the formation of long jets. In amorphous particles surface
irregularities may provide corners that may also serve as places
for ion desorption.

The exact location of the charging of the analytes cannot be

readily detected in experiments or simulations. The charging
may occur on the substrate’s surface or by charge transfer be-
tween protonated GA molecules ([GA+H]+) and the analyte in
the small desorbed clusters. Here we simulated multiply charged
GA nano-aggregates, but we expect the same mechanism to hold
for the other diacids as well because of their low dielectric con-
stant.

3.4 Why do the GA aggregates give a stronger MS signal?

Some of the qualities of the substrate (if not all) to produce high
intensity signals in the mass spectra even near room tempera-
ture are abundance of charge donor sites, and mobility of the sur-
face molecules which will allow on the one hand, efficient charge
transfer and on the other hand, facile release of clusters contain-
ing the ion coordinated by substrate molecules. A moderate to
lower dielectric constant value of the substrate may also facilitate
the proton transfer when a donor and acceptor site are within the
range that proton transfer can occur.

Here we compare physical properties of diacids that are rel-
evant to the ionization process. The odd and even numbered
diacids show significant differences in physical properties as has
been discussed by Thalladi18 and Bilde et al.19. For example, the
odd and even number of carbons results in alternating lower and
higher melting points, respectively18,19. Some physical proper-
ties relevant to this study are summarized in Table 2.

❚❛❜❧❡ ✷ ❉✐❛❝✐❞ t②♣❡ ✇✐t❤ t❤❡ ♥✉♠❜❡r ✭★✮ ♦❢ ❈ ❛t♦♠s s❤♦✇♥ ✐♥ ♣❛r❡♥t❤❡✲
s❡s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ✜rst ❝♦❧✉♠♥✳ ❙❡❝♦♥❞✱ t❤✐r❞ ❛♥❞ ❢♦✉rt❤ ❝♦❧✉♠♥
r❡♣♦rt t❤❡ ♠❡❧t✐♥❣ ♣♦✐♥t✶✽✱✷✼ ✭▼P✮✱ s❛t✉r❛t✐♦♥ ✈❛♣♦r ♣r❡ss✉r❡s ♦❢ s✉✲
♣❡r❝♦♦❧❡❞ ❞✐❛❝✐❞ ❧✐q✉✐❞ ❛t ✷✾✽ ❑ ✭p0

l ✮ ❢r♦♠ ❘❡❢✳✶✾✱ ❛♥❞ pKa ✈❛❧✉❡s ✐♥
❛q✉❡♦✉s s♦❧✉t✐♦♥✷✽✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ± ♥✉♠❜❡rs ❛tt❛❝❤❡❞ t♦ t❤❡ ♥✉♠✲
❜❡r ✇✐t❤✐♥ t❤❡ ♣❛r❡♥t❤❡s❡s ✭s❛♠❡ ♥♦t❛t✐♦♥ ❛s ✐♥ ❘❡❢✳✶✾ ✐s ✉s❡❞✮ ✐♥ t❤❡
t❤✐r❞ ❝♦❧✉♠♥ ❞❡♥♦t❡ ❞❡✈✐❛t✐♦♥s ✐♥ t❤❡ ✈❛❧✉❡ ❡st✐♠❛t❡❞ ✉s✐♥❣ ❞✐✛❡r❡♥t
❡①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞s✳

Diacid type (C#) MP (◦C) p0
l (Pa) pKa1

, pKa2

MA (C3) 135 (6.2+3.2
−2.1

)×10−4 2.83, 5.09
SA (C4) 184-190 (1.3+1.5

−0.7
)×10−3 4.2, 5.6

GA (C5) 95-98 (1.0+0.3
−0.2

)×10−3 4.34, 5.22
AA (C6) 151-154 (1.8+1.0

−0.7
)×10−4 4.43, 5.41

Solid diacids from MA to AA are subject to polymor-
phism18,29,30, which indicates that they are prone to formation
of amorphous31,32 solids. Regardless of the precise structure of
the particle’s interior, it is the structure and mobility of subsurface
and surface that is of interest in the ionization process. Among
the diacids we examine here, GA has the lowest melting point
(Table 2). The lower melting point of GA may indicate higher
tendency to surface-melting33–36 relative to the other diacids in
the conical region of the mass spectrometer where the tempera-
ture of the particles may reach 60◦C (Sec. 1, Step 4). Additional
factors that lower the melting point and will facilitate surface
melting in the experimentally produced particles are, surface ir-
regularities21,37 such as edges and corners (Fig. S1 in ESI) where
molecules may be more mobile because of a lower coordination
number than other surface molecules, and the presence of foreign
species in the surface such as ions, adsorbates as well as traces of
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H2O.
The difference between the boiling (302-304 ◦C) and melting

point (95-98◦C) of GA is significantly higher than that of the other
tested diacids, which indicates that the liquid GA has the strongest
H-bonding among MA, SA and AA. The stronger H-bonding of GA
will reduce its volatility at room temperature relative to the other
diacids.

The enthalpy of sublimation of solid MA to AA reported by
Bilde et al.19 increases from 111± 15 kJ/mol to 131± 18 kJ/mol
for MA to AA, respectively, as shown in Table 2 in Ref.19. The
saturation vapor pressures19,27,38–40 of the solid MA to GA accu-
mulate around the value of 10−9 bar at 298 K and do not differ
significantly as shown in Table 2 in Ref.19. Differently, AA has
an order of magnitude lower saturation vapor pressure19. Dif-
ferences in the enthalpies of sublimation of solid diacids and the
saturation vapor pressures cannot explain the higher volatility of
GA molecules. However, the fact that evaporated charged GA
molecules have been detected in MS is a strong indication that
GA molecules evaporate easier than the other diacids.

The structure of an amorphous softened surface layer of a parti-
cle may be closer to that of a supercooled diacid liquid. The satu-
ration vapor pressures of supercooled diacid liquid19 at 298 K
(Table 2) show that the values for SA and GA are almost the
same. The enthalpies of vaporization of supercooled diacid liq-
uids shown in Table 2 in Ref.19 indicate that supercooled liquid
GA has the lowest enthalpy of vaporization in the series of MA to
AA. It is noted, however, that the reported enthalpies of vapor-
ization of MA to AA are not clearly distinguishable because are
within their error bar values. Similarity in the values of the en-
thalpy of vaporization for supercooled liquid SA and GA indicates
that the low enthalpy of vaporization alone cannot be responsible
for the distinct GA ionization capacity.

Since the values of the thermodynamic variables presented by
Bilde et al.19 for the single phase bulk diacid do not provide an
explanation for the volatility of GA, we infer that there is a dif-
ferent phase on the surface of GA particles. This difference in
volatility may arise from the local interactions of the adsorbed
species and the GA nanoparticle. Higher mobility on the surface
layer combined with a lower enthalpy of vaporization will satisfy
the conditions for a substrate that has available proton donor sites
to yield a strong MS signal. Softening of the surface of the diacid
particles will increase the diffusion ability of the diacid molecules,
and thus the proton transfer, in the particles at the temperatures
at which experiments are performed.

Another aspect to be considered in the charging mechanism is
the role of water. AA (C6) and SA (C4) have much lower solu-
bility78,79 in H2O relative to MA and GA, which may favour the
formation of crystals during the drying process. MA and GA (both
with odd number of carbons) have high solubility78 in H2O (the
solubility of MA exceeds that of GA by a few times) that may
favour the inclusion of H2O mainly in the particle’s interior. The
H2O impurities may facilitate MA and GA melting relative to AA
and SA. However, experiments1 with MA show signal intensities
over an order of magnitude lower than GA. This may indicate that
the trapping of H2O alone may not be the decisive factor in the
signal intensity.

Experiments have also been performed with self-nucleated GA
particles1. This process does not involve an atomizer and aque-
ous solutions. The signals of GA are still present, even though
weaker. This observation also supports the fact that H2O alone
will not play the key role in the presence of a signal, but still it
is not known whether it plays a role in enhancing it. The hy-
groscopicity79 of the diacid particles and the role of H2O in the
structure and mobility of amorphous diacid aggregates are topics
to be examined in future studies.

We also argue that the pK values of the examined di-acids do
not differentiate the signal intensity between GA and the other
experimentally tested diacids. With the exception of the pKa1

value of MA, all the other pKa values of the diacids in aqueous
solution are similar (Table 2), thus the pKa values in the par-
ent solution are expected to affect similarly the chemistry in the
later stages of ionization if their values are maintained. How-
ever, within the amorphous diacid particles, different structure of
the micro-environment from that in the bulk solution, variability
between surface and interior, and finite-sized effects due to pos-
sible H2O inclusions in the amorphous matrix may alter the pKa

values relative to those in the initial aqueous solution44. We spec-
ulate that the randomness in the amorphous state will smooth out
differences among the experimentally tested diacids, which may
lead to similar pKa values for all of diacids but different from their
values in the initial aqueous solution.

✹ ❈♦♥❝❧✉s✐♦♥

By using molecular modeling of nano-aggregates composed of
diacids, insights into the H-bonded network that is responsible
for proton transfer, surface mobility and desorption of ions were
gained. These insights are transferable to aggregates with diam-
eters of 100–200 nm observed in experiments.

To analyze H-bonding and diffusion, we atomistically modeled
glutaric acid (GA) nano-aggregates of size that is large enough to
encompass both surface and bulk-like interior. For comparison,
smaller pristine systems composed of up to a few tens of malonic,
adipic and succinic acid molecules were also studied. We found
that all the amorphous diacid nano-aggregates are characterized
by substantial H-bonding where the molecules form chains of sev-
eral molecules connected to one another with one and two H-
bonds, linear dimeric assemblies with one or two H-bonds, and
occasionally cyclic trimeric assemblies. The universality of these
H-bonded patterns in nano-aggregates of different size and com-
position indicates that they will also appear in the large particles
that were tested experimentally. A dense H-bonding network sim-
ilar to that of H2O cannot be formed in these systems because of
the intervening hydrocarbon chains between the carboxyl groups.
Proton transfer is facilitated during the lifetime of the H-bond
because of the diacids’ low dielectric constants62,63. A success-
ful proton transfer involves the breaking of the H-bond once the
transfer has occurred. Proton diffusion throughout the system
will be achieved by the translational and the rotational diffusion
of the proton-carrier molecules.

A general method for computing a radially dependent diffusion
coefficient in nanoparticles was developed. Throughout the tem-
perature range of 360 K to 420 K, which is near the bulk melt-
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ing point of crystalline GA, GA nano-aggregates show an order
of magnitude faster diffusion in the surface layer of thickness of
∼ 1 nm than near the center, where the molecules are almost
immobile within the simulation time. The mobility on the sur-
face leads to the facile formation of dimeric and cyclic trimeric
H-bonded assemblies, which in turn, will allow an efficient pro-
ton transfer through the surface molecules via translational and
rotational diffusion. The details of the rotational diffusion are still
to be studied in future research. The simulations of the mobility
in the surface concern nanoparticles of a radius of a few nanome-
ters. There are several other factors that increase the mobility
of the surface in the experimentally produced nanoparticles and
the simulated ones. These factors include surface irregularities
(e.g. edges and cones) that assist in the softening of the materi-
als21,37, the presence of foreign species such as ions and adsorbed
analytes in their outer layers that lower the melting point, as well
as the amorphous nature of the particles themselves due to their
inherent polymorphism.

The final step of the ionization process is the desorption of an-
alytes from the diacid substrates. We found that the desorption
occurs via small clusters where a GA– ion may be coordinated by
less than a handful of GA molecules. In simulations of charged
N = 4093 GA aggregates containing 32 GA– , a long Rayleigh jet
formation66, in which ions can enter and eject from its tip as it
was previously reported25 for H2O, was not observed. It is noted
that the Rayleigh jet is not unique to H2O, as theory68,69 predicts
a conical angle for dielectric liquids with dielectric constant > 18.
The lack of long conical deformations on the surface of GA is con-
sistent with the the fact that for materials with dielectric constant
< 18, such as the diacids, analytical theory68,69 does not predict
a cone angle for a jet. However, similarly to the Rayleigh jets,
in GA nanoparticles long-living conical surface irregularities can
attract neighboring ions, which may travel to the tip of the cone
and desorb. The simulations suggest a broader ion-evaporation
mechanism70–72 that extends in the regime of low dielectric con-
stant (< 18) for particles of any size. Studies of the desorption
mechanism and the depth of the ionic species in aerosol particles
will assist in establishing a relationship between the mass spectra
signals and the profiling of the composition of aerosol particles.

We addressed the question of why GA aggregates give a signifi-
cantly stronger signal in the mass spectra than malonic, succinic,
and adipic acids, which were compared in the experiments. Ther-
modynamic data that already existed in the literature19 comple-
mented with the molecular studies performed here suggest that
the combination of the significantly lower melting point of GA
than that of the other tested diacids with a reduced enthalpy of
vaporization of the amorphous state may be the reason that leads
to the distinctly stronger signals of GA in the mass spectra. The
reduced enthalpy of vaporization may arise from the local inter-
actions between the ionic species or analytes and surrounding GA
molecules.

There are still a number of molecular questions to investigate
in future studies but this study highlights the intricate nature of
viscous GA particles and provides a good framework to modeling
the spontaneous ionization of GA particles in a mass spectrom-
eter without an external energy source. Future studies may ex-

amine the possibility of strengthening the GA signal by lowering
its melting point using adipic acid as an additive80. Synergy of
experiments and molecular modeling can examine the ability of
GA aggregates to adsorb analytes of different size and polarity
relative to the other diacids. Local disorder and conformational
changes of the diacid substrate induced by the adsorption of an-
alytes and how this local environment affects the desorption of
small clusters containing ionic species should be further exam-
ined. Moreover, the factors that affect the minimal adsorbed con-
centration required to provide MS signals await exploration. The
depth profiling of the analytes from the surface is another criti-
cal question to be examined by co-operation of experiments and
molecular simulations. This question is intimately related to the
desorption mechanism of the ionic species and the composition
of the desorbed clusters.
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