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Abstract. This paper is the second of a series dealing with clusters formation
mechanism. In part 1, water clusters with the addition of an electrophilic molecule
such as ethanol were studied by Time Of Flight Mass Spectrometry (TOFMS). Mass
distributions of molecular clusters of ethanol, water and ethanol–water mixed clus-
ters, were obtained by means of two different ionization methods: Electron Ionization
(EI) and picosecond laser Photo–Ionization (PI) at a wavelength of 355 nm. In part 2,
the same experimental approach was employed to obtain mass spectra of clusters
generated by acetone-water binary mixtures with a different composition. Strong
dependence of the mass spectra of clusters with EI and PI on the acetone-water
mixing ratio was observed. It was shown that the spectral pattern changes gradually

and water-rich cluster signals become fainter while acetone-rich cluster signals become more intensive with
increasing acetone concentrations from 0.3% to 40%. Owing to the hydrogen bond acceptor character of
acetone, its self-association is discouraged with respect to ethanol. The autocorrelation function (AF) was used
to analyze the variation of the water clusters composition with the increase of the acetone concentration in terms
of fundamental periodicities. However, although acetone and ethanol present a very different hydrogen-bonding
ability, similarly to ethanol-water system, in acetone–water system the formation of water-rich clusters and
subsequent metastable fragmentation are the dominant process that determine the clusters distribution, irre-
spective of the ionization process, while the ionization process significantly affects the acetone-rich clusters
distribution.
Keywords: Acetone-water clusters, Reflectron time-of-flight mass spectrometry, Short-pulse laser, Photo–
Ionization
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Introduction

Many papers were published on water clusters, mainly
aiming at the possibility of using them as a vehicle to

study molecular properties of water systematically [1–8]. How-
ever, not all is known about the different size water clusters
formation and ionization.

In this work, water clusters were produced in a super-
sonic expansion and studied by a Time Of Flight Mass

Spectrometer (TOFMS) using an electron beam and a laser
beam as ionization sources. In order to deep the knowledge
of cluster formation, two kinds of additives were added to
water clusters: ethanol and acetone. Both additives have
higher proton affinities with respect to water (acetone more
than ethanol) and thus changing the cluster network. In-
deed, when a solvent molecule is replaced by another
molecule with larger proton affinity, the strength of all
other hydrogen bonds decreases, on the basis of the con-
cept of Banticooperativity^ through successive substitu-
tions in a mixed solvation system introduced in [8, 9].
However, both ethanol and acetone present a very different
hydrogen-bonding ability: ethanol molecules have both
H-bond acceptor and donor sites, whereas acetone
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molecules have only acceptor sites (two lone pairs). This
difference enables different water-water/ water-additive/
additive-additive interactions whose study will make it
possible to deepen the mechanisms of cluster formation.

The results obtained with ethanol are reported in a previous
paper [8], which constitutes part 1 of a 2 parts series. The results
on acetone and the comparison with ethanol-water mixed clus-
ters are reported in this paper, which is part 2.

Moreover, acetone-water mixtures constitute interesting
systems to be investigated and have been the subject of
many studies also because the acetyl radical is important in
atmospheric reactions and as it contains two equivalent C-
C bonds. A study on acetone-water clusters showed that
the lifetime of the excited acetone moiety increases sub-
stantially from less than 100 fs in the case of an acetone
molecule to a few picoseconds for both pure acetone and
mixed acetone–water clusters [10]. This indicates that the
presence of water-acetone clusters will affect the lifetime
of acetone in the atmosphere at higher altitudes and lower
temperatures. Therefore, more attention should be paid on
water-acetone binary mixtures.

In the past decade, great attention was put on the non-ideal
characteristic of binary mixtures of organic solvents, such as
methanol, ethanol, acetonitrile, etc., with water [11–15]. These
studies on the organic solvent-water clusters indicate that the
deviations from ideality are due to intermolecular interactions
in the mixture system. The incomplete mixing was suggested
for methanol-water binary mixtures on the basis of neutron
diffraction experiments by Dixit et al. [16]. They noted that
the local structure of water in a concentrated methanol-water
solution is surprisingly close to its counterpart in pure water.
Comparing the cluster structures of water–methanol, -ethanol, -
1-propanol, -1-butanol, -1-pentanol, Wakisaka et al. [12] sug-
gested that microscopic phase separation occurs in all of
alcohol-water binary mixtures and they found that if the size
of the hydrophobic group of alcohols was increased,
methyl→ethyl→butyl, the alcohol-alcohol interactions oc-
curred easily. For example, the water-butanol system with a
molar ratio of H2O:C4H9OH = 300:1 showed the same type of
mass spectrum as the water–methanol system with
H2O:CH3OH = 100:1. It means that alcohol-alcohol interac-
tions occur more easily for alcohols with a larger hydrophobic
group [12]. Wakisaka et al. [13] studied isolated clusters from
water–methanol and water-acetonitrile binary mixtures too and
suggested that the interaction of water with methanol is quite
different from the one with acetonitrile. Methanol molecules
have a substitutional interaction with water clusters, while
acetonitrile molecules have an additional interaction with water
clusters. This is why methanol can both donate and accept
hydrogen bonds, whereas acetonitrile can only accept hydro-
gen bonds. Binary mixtures of acetone-water, acetonitrile-wa-
ter, and methanol-water mixtures were investigated over the
whole composition range by Venables et al. [3]. They reported
that infrared spectra of acetone and acetonitrile mixtures with
water are similar, exhibiting a slight blue-shift as the co-solvent
is added to water, followed by a large red-shift at a high co-

solvent concentration. On the contrary, the spectra of
methanol-water mixtures are blue-shifted over their whole
composition, and that indicated a strengthening in structure in
the methanol-water binary mixture and a weakening in the
interaction between molecules in acetone-water mixture and
acetonitrile-water mixture. The hydrogen bonding in the mix-
tures was examined in greater details than previously. The
tetrahedral structure of water is lost when the co-solvent con-
centration increases, but three and two hydrogen bonded water
molecules remain over an extensive range of compositions.
Water molecules have a tendency to aggregate in all mixtures,
but in acetone and acetonitrile mixtures this tendency was
especially marked. The detailed evaluation of the static con-
nectivity of water molecules is only a first step to understand
the water hydrogen bonding network. Evaluating how the
hydrogen bonding network changes in time should make it
possible to broaden our knowledge about cooperative motions
in water. Efforts towards this end are currently being pursued.
These results indicate that the non-ideal characteristics of
mixing of organic solvents with water are general. But, this
mixing is very complex because it is affected by the molecular
structure of the solvent, mixing ratios, temperature, etc.

Photo-Ionization (PI) [including Single-Photon Ionization
(SPI) and Multi-Photon Ionization (MPI)] in combination
with Time Of Flight Mass Spectrometry (TOFMS) was dem-
onstrated to be a powerful technique to study the non-ideal
characteristics of organic solvent mixtures based on the ob-
servation and analysis of their clusters [10, 14, 15]. Multi-
Photon Ionization at 355 nm laser wavelength with a pulse
width of 10 ns was used by Wang et al. [15] to detect
acetone-water clusters with a TOF-MS. They found three
series of acetone hydrated clusters isolated from the pure
a c e t o n e , s u c h a s (CH 3COCH3 )m (H 2O )m - 2H

+ ,
(CH3COCH3)m(H2O)m-1H

+ and (CH3COCH3)m(H2O)mH
+,

and the domain series is (CH3COCH3)m(H2O)m-2H
+, while

only one series of (CH3COCH3)m (H2O)m-2H
+ can be detect-

ed for clusters isolated from the acetone-water mixture with
the volume ratio of acetone/water of 1:2. The clusters isolated
from the 5% solution of acetone and liquid water were also
detected by using a reflectron time of flight mass spectrom-
eter and a femtosecond laser system by Hurley et al. [10], and
protonated acetone clusters, acetyl-acetone clusters and ace-
tone hydrated clusters species were evidently observed. The
results of Wang et al. and Hurley et al. indicate that a
microscopic phase separation occurs in acetone-water binary
mixtures and depends on the volumetric ratio of acetone and
water and on the ionization method.

In this work clusters of acetone-water binary mixtures
in a wide range of acetone-water mixing ratios were
detected by reflectron time of flight mass spectrometer
using picosecond laser photo-ionization (PI) and electron
ionization (EI), respectively, giving a further insight into
the comprehension of the non-ideal mixing of acetone-
water mixtures.

The lifetimes of both pure acetone and mixed acetone–
water clusters are in the picoseconds time scale [10]
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therefore a pico second pulse laser is appropriate to obtain
their ionization with high efficiency, simultaneously reduc-
ing the fragmentation probability.

Experimental and Methods
The vapor samples were produced at a temperature of
28 °C, making a nitrogen gas flow bubbling in a reservoir
filled with a solution (pure water or water–acetone mixture
solution) at the entrance of the TOFMS. The TOFMS
system was described in detail in a previous paper [17]
and the experimental procedures employed in this work
were already described in the previous paper of this series
[8]. Briefly, the sampled gases enter the first chamber of
the instrument through a solenoid actuated valve (Parker
Hannifin Corporation, General Valve Division, Fairfield,
NJ, USA) equipped with a 0.8 mm aperture nozzle gener-
ating a pulsed supersonic jet. The valve was modified in
order to minimize the dead volume and to increase the
suction efficiency. The central part of the jet is extracted
by a skimmer to produce a pulsed molecular beam, which
is ionized and analyzed by a Wiley-McLaren reflectron
TOFMS instrument (Kaesdorf s.r.l., Munchen, Germany)
where different types of ionization sources can be used.

The TOFMS system can be operated with a mass filter to
deflect the lowest mass ions by a pulsed electric field so that the
saturation of the detector (a microchannel plate-MCP) due to
the very high signal intensities produced by the most abundant
low-mass ions is avoided and the dynamic range of the detector
is preserved. The use of the mass filter strongly reduces the
signals below m/z 50, hindering the overloading of the detector
by the most abundant and easily detectable lowmasses species.
This is why afterwards the mass spectra will be reported
starting from this m/z value.

For EI, the electrons are produced by a hot tungsten
loop filament and accelerated to 70 eV kinetic energy. In
the present experiments a pulse duration of 2 μs with a
repetition rate of 20 Hz was used for EI, in order to use the
same frequency of the laser for a strict comparison be-
tween the two ionization methods.

A short pulse photo-ionization (PI) was also employed
using the third harmonic of a Nd:YAG pulsed laser (Leopard
Series model D-20; Continuum, Santa Clara, CA,USA) with a
repetition rate of 20 Hz and pulse duration of 20 ps. The
maximum peak energy was 7 mJ, while the corresponding
Power Density (PD) was 2.81 × 1011 W/cm2. A focusing lens
was employed and the beam spot area was approximately 1.2 ×
10−3 cm2. Special grade (>99%) acetone was used, mixed with
purified water with different volume and mole ratios. In this
paper the acetone volumetric ratio VA/VS was defined as the
ratio between the liquid acetone volume and the volume of
solution and xA as the corresponding molar ratio (ratio between
acetone mole and total moles in water/acetone solution). The
values of VA/VS and xA employed are reported in Table 1.

Results and Discussion
Mass Spectrometric Analysis of Acetone–Water
Clusters

Mass spectra of clusters generated from acetone-water binary
mixtures with different VA/VS ratios were measured by the
TOFMS with EI and laser ionization. The mass spectra of
clusters with EI and laser ionization were strongly dependent
on the acetone-water mixing ratio.

Clusters mass spectra generated from acetone (A)-water(W)
binary mixtures at VA/VS = 0.3% and 40% through the TOFMS
system with EI are presented in Figures 1a1–b1. The clusters
with the size up tom/z 700 were observed for the acetone-water
binary mixture with different acetone solution ratio.

Figures 1a2–b2 report the cluster mass spectra with PI at the
same acetone-water volumetric ratios. Clusters mass spectra at
an intermediate concentration (VA/VS = 5%) are reported in the
Electronic SupplementaryMaterial (Figure ESM. 1). It is clear-
ly shown that the laser ionization increases the signal intensity
and extends the mass range detection of the clusters in com-
parison with EI. The based peak intensities obtained with PI are
5–10 times higher when compared with EI, and, moreover, the
highest peaks have also the increase of m/z 400–500 with the
laser ionization at the same VA/VS. The spectral pattern changes
markedly as VA/VS increases from 0.3% to 5%, and a slight
change can be observed as VA/VS increases from 5% to 40%.

The comparison with a previous work [18] reveals that
the clusters mass distribution is very similar to pure water
clusters spectra only for the case of the more diluted
solution (VA/VS = 0.3%) (Figure 1a1 and a2), where the
base peaks of the acetone–water clusters spectra are attrib-
utable to pure water clusters (peaks 73, 91 and 109, corre-
sponding to [(H2O)nH

+] with n = 4, 5 and 6). In all the
other spectra, the base peaks are typical of mixed acetone–
water clusters (peaks 101, 117, 193 and 269). These find-
ings are in agreement with those obtained for ethanol-water
clusters [8], except for the fact that at low volumetric
ratios, ethanol-water clusters distributions, obtained with
EI, were already characterized by mixed clusters, whereas
the acetone-water clusters distributions obtained with EI
are only characterized by pure water clusters. At VA/VS >
5% the mass spectra are dominated by neat acetone clus-
ters AmWnH

+, with n = 0, and mixed A–W clusters AmW-

nH
+. The clusters families at fixed A and variable W are

Table 1. Acetone Volumetric Ratios VA/VS Studied in this Work and Corre-
sponding Acetone Mole Fractions in the Liquid Solution xA

VA/VS, % xA, mol/mol VA/VS, % xA, mol/mol

0 0 10 0.0265
0.1 0.000245 15 0.0414
0.3 0.000736 20 0.0577
0.8 0.00197 25 0.0754
1.5 0.00371 30 0.0950
2.5 0.00624 35 0.116
5 0.0127 40 0.140
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grouped in the figures that show the main peak of each
family attributable to neat acetone clusters, starting from
the dimer. It can also be noticed that in the AmWnH

+

clusters families, at fixed m, monohydrated clusters show
higher intensities than those with n = 0 and n > 1. In agree-
ment with Shi et al. [19], it was also found the display of a
magic number at p = 21 (p = n + m), as in the case of pure
water clusters, which have enhanced abundance at the size
(H2O)21H+, corresponding to a clathrate structure where
(H2O)20 forms a pentagonal dodecahedral cage with an
H3O

+ ion encaged [19, 20]. The intensity distributions of
the mixed cluster size from p = 19 to p = 24, with the
number of acetone molecules m in the cluster increasing
from 3 to 5, are reported in the Electronic Supplementary
Material (Fig. ESM. 2). In the figure a maximum at p = 21
is clearly observable. The same feature was found in the
case of ethanol water clusters [8].

The changes into composition distribution of acetone–water
clusters at different acetone volumetric ratios (VA/VS = 0.3%
and 40%) with EI and PI are better observable in Figure 2. The
distributions at an intermediate concentration (VA/VS = 5%) are
reported in the Electronic Supplementary Material
(Figure ESM. 3).

In this f igure the composi t ion dis t r ibut ion of
(CH3COCH3)m(H2O)nH

+ (referred to in the following as A-

mWnH
+) clusters is sketched in a tridimensional graph, by

reporting the abundance of detected cluster ions as a function
of the number m (0–25) of acetone molecules and of the
number n (0–55) of water molecules in each cluster.

The composition distributions of acetone-water clusters
with EI are shown in Figure 2a1–b1. Owing to the great
difference in the sensitivity at low masses and at high
masses, cluster signals show rather steep intensity decreas-
ing with increasing cluster size. It is clearly shown that the
spectral pattern changed gradually and water-rich cluster
signals became fainter, while acetone-rich cluster signals
became higher with increasing acetone concentrations from
0.3% to 40%. At VA/VS = 0.3% (Figure 2a1), three similar
mass distributions of water-rich series with m = 0–2 can be
observed, and the main series can be seen as pure water
clusters, (H2O)nH

+. This means that clusters distributions
generated by acetone-water binary mixtures with very low
acetone concentration show similar results to the ones
obtained from pure water, as previously observed in stud-
ies on alcohol aqueous solutions and acetonitrile aqueous
solutions [12, 13]. These findings indicate that hydrogen
bonds between water molecules dominate the structure of
the clusters in the solvent-water binary solution with a low
solvent concentration. As VA/VS increases to 5% (see
figure ESM. 3), some other series with m = 5–10 appear,
while the maximum number of water in the clusters of each
series significantly decreases. In this figure, it is shown
that the main series are acetone hydrated clusters AmWnH

+

instead of pure water clusters, as it appears at VA/VS =
0.3%. This suggests that the water hydrogen-bonding net-
work in pure water has been removed from interaction with
acetone already at VA/VS = 5%, while, in the case of etha-
nol, this process occurred only at VE/VS ≥ 20%. In the

Figure 1. Mass spectra distribution of acetone-water clusters with different acetone/solution ratios with EI (a1) 0.3% VA/VS (b1)
40% VA/VS and with laser PI (a2) 0.3% VA/VS, (b2) 40% VA/VS. In b1–b2 AmWnH

+ are grouped. The series start from them= 2 series
with n ≥ 0 (pure acetone clusters are present too)
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acetone hydrated clusters series, the peaks following the
trend n = m − 2, such as A2H

+, A3W1H
+,A4W2H

+ etc. can
also be identified as at VA/VS = 40%. The highest signals
are attributable to clusters with n < 4 and m < 8, even
though it is noteworthy to observe that big acetone clusters
with m up to 10–15 are also formed. Due to the hydrogen
bond acceptor character of acetone, its self-association is
discouraged with respect to ethanol and the maximum
number of acetone molecules in the clusters is 12, whereas
it was 24 for ethanol.

This corresponds to the results obtained by Wang et al. and
Hurley et al. [10, 15]. They suggest a role of water in mixed
acetone-water clusters formation. Indeed, it was found, using
the ab-initio calculations [15], that it is very easy for the acetone
to form hydrogen bond clusters with water. And the protonated
(H2O)n H + is the core of the clusters, which determines the
structure of the clusters. Pure acetone clusters (n = 0) are also
present but only up to 2 acetone molecules (m = 2) at VA/VS =
0.3% (Figure 2b1) and up to 8 acetone molecules (m = 8) at
higher concentration [VA/VS = 40% (Figure 2b2)]. In literature
pure acetone clusters up to m = 4 have been reported [21, 22].

A role of Van der Waals forces in self-association of
acetone has to be claimed. In the literature [23], the inter-
action of the carbonyl groups with the methyl groups was
hypothesized in the formation of pure acetone clusters.
These weak interactions have been further confirmed by
the use of hydrogen/deuterium substitution.

The fragments of acetone clusters, including A2CH3
+

and A2CH3CO
+, are also detected at VA/VS = 5% as shown

in Figure ESM. 3. Hurley et al. also detected these frag-
ments mass spectra with femtosecond laser ionization,
while Wang et al. did not detect those with nanosecond
laser ionization. The clusters structure has a correlation
with the excess enthalpy of mixing. Acetone mixes with
water exothermically in the low acetone mole mixing ratio
(xA < 0.5), according to Benedetti et al. [24]. This indicates
that the interaction of acetone with water is energetically
favorable and forms a stable cluster. As acetone was added
to water, acetone-water interaction was promoted by the
process of hydrogen-bonding. This corresponds to the re-
sults of infrared spectra of acetone mixture with water by
Blair et al. [25], where a blue-shift occurs as acetone is

Figure 2. Composition distribution of acetone-water clusters, in terms of the number of water molecules (n) and acetonemolecules
(m) determined in each cluster, at different acetone/solution ratios with EI: (a1) 0.3% VA/VS, (b1) 40% VA/VS and with laser PI: (a2)
0.3% VA/VS, (b2) 40% VA/VS

B. Apicella et al.: Insights on Clusters Formation Mechanism 1839



added to water with low acetone mole mixing ratio (xA <
0.3). It indicates a strengthening in the structure or hydro-
gen bonding environment of liquid. The integration of the
radial distribution functions (based on Monte Carlo simu-
lations for hydrogen (water) –oxygen (acetone) site-site
interaction) gives the co-ordination number increase from
0.17 to 1.27 with increasing water mole fractions from
0.125 to 0.875, which means that the average number of
water molecules hydrogen bonded to a given acetone mol-
ecule increases as the water concentration raises [26]. It is
shown that the series of pure water clusters completely
disappear and the maximum number of water in the clus-
ters of each series is less than 5 at VA/VS = 40%. This is
due to the ability of acetone to form relatively strong
hydrogen bonds with water that would allow molecules
to be dispersed more readily in acetone-rich mixture, and,
as a consequence, there is a loss of high water connectivity
according to Venables et al. [1].

The composition distributions of acetone-water clusters
with laser ionization are shown in Figure 2a2–b2. Thanks
to the high ionization efficiency of laser, more peaks
corresponding to acetone-water clusters can be detected
with laser ionization compared to EI. The variation of mass
spectra distribution with the increase of VA/VS ratio shows
the similar trend to that with EI, and this indicates that the
microscopic phase separation for acetone-water binary
mixtures is more markedly dependent on the VA/VS ratio
than on ionization methods.

Autocorrelation Analysis of the Clusters Mass
Spectra

The autocorrelation function (AF) was introduced to analyze
the composition of the water clusters in terms of fundamental
periodicities because the acetone-water clusters mass spectra
are very complex and difficult to be interpreted. The applica-
tion of AF on mass spectra analysis has been reported in details
in previous papers [27, 28]. Briefly, AF can be defined as:

y τð Þ ¼
XM−1

0

f tð Þ f t−τð Þ

Where f(t) represents a signal of the length M, and f(t- τ)
represents the delayed version of f(t) by the time τ. The mag-
nitude of the computed correlation shows the degree of simi-
larity between the signals increasing the delay between two
points. If the magnitude of the autocorrelation function is wide,
the delayed signal will be considered to be very similar to the
original one. Otherwise, if it is close to zero, the signal will be
considered not keeping its linear relation increasing the dis-
tance between two points.

The transformed function has been evaluated as a func-
tion of m/z and reported as a function of the corresponding
periodicity. The correlation of acetone-water clusters spec-
tra at VA/VS = 0.3% and 40% with electron ionization from

m/z 50 to 500 is reported in Figure 3a1–b1. The results are
normalized and the magnitude ranges from 0 to 1. The
spectra at VA/VS = 5% are reported in the Electronic Sup-
plementary Material (Figure ESM. 4). As shown in Fig-
ure 3a1, several significant correlations (normalized AF
>0.5), such as m/z 18, 36, 54, and 72 can be observed at
VA/VS = 0.3%. The notable peaks are at 18 units and its
multiples at m/z 36, 54, 72, which represent water mole-
cules. Increasing VA/VS ratio from 0.3% to 40%, the auto-
correlation function for m/z 18 and its multiples decreases
while it increases for the peaks of m/z 58 and 76, corre-
sponding to the acetone molecule and (CH3COCH3) (H2O)
dimer (A1W1), respectively. Through the analysis of AF, it
is easy to obtain the information of the composition of the
clusters. And the significant correlation of m/z 18 and its
multiples at VA/VS = 0.3% indicates that the mass spectrum
is dominated by water-rich clusters, whereas the significant
correlations of peaks m/z 58 and 76 at VA/VS = 5% and
40% indicate that the mass spectrum is dominated by
acetone-rich clusters.

Similar results were observed for acetone-water clusters
with PI (Figure 3a2–b2 and figure ESM. 4). The achievements
were similar to those obtained with ethanol-water clusters and
demonstrate the utility of AF for the analysis of complex and
broad mass spectra.

Clusters Composition Distribution: Molar Ratio
of Acetone to Water in the Observed Clusters (RA)

The sum of peak intensities of cluster ions containing m mol-
ecules of acetone fragments is calculated as ∑Im (I: peak
intensity). The sum (∑Im) multiplied by the number m, which
is m∑Im, is assumed to be proportional to the total number of
acetone fragment molecules in the cluster ions containing m
molecules of acetone fragments. The sum (∑A) of m∑Im calcu-
lated from the whole mass spectrum is also assumed to be
proportional to the total number of acetone fragment molecules
in all cluster ions.

In the same way, indicating with In the peak intensity of
cluster ions containing n molecules of water, the sum (∑W) of
n∑In calculated from the whole mass spectrum can be assumed
to be proportional to the total number of water molecules in all
ions. So, the intensity ratio of acetone to water, in the observed
clusters, RA value, can be calculated as: ΣA/ΣW.

Figure 4 reports the intensity ratio for acetone-water
clusters with different ionization methods and con-
centrations. RA for acetone-water with EI and laser ioniza-
tions increases with increasing acetone-solution volume
ratio in all concentration range. In particular, a sharp in-
crease occurs from VA/VS = 0 to 5–10% and, then, it in-
creases gradually after VA/VS = 5–10%. These findings are
in agreement with the present mass spectrometric data as
shown in Figure 1 (and ESM. 1), where the spectral pattern
changes markedly as VA/VS increases from 0.3% to 5%,
and only a slight change can be observed as VA/VS in-
creases from 5% to 40%. Water-rich clusters signals
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become fainter when increasing acetone concentrations
over the whole composition range. The acetone concentra-
tion in the observed clusters is found to be much higher
than that in the sample solution (acetone mole fraction xA,
also reported in the figure). This indicates that the micro-
heterogeneity of the acetone-water binary mixtures should
be composed of the acetone-rich clusters and the other
water-rich part. In other words, acetone-water solutions
show incomplete mixing at the molecular level.

It clearly shows that RA strongly depends on the acetone
concentration not on the ionization methods for lower
acetone concentration solutions (VA/VS < 5–10%) and that
corresponds to the spectral pattern dominated by water-rich

clusters; while it inverses with a further rise in the acetone
concentration. These achievements mean that RA strongly
depends on the ionization method instead of the acetone
concentration for the solution at VA/VS > 5–10%; and this
is in conformity with the spectral pattern dominated by
acetone-rich clusters. For example, RA by laser ionization
is 1.3 and 2 times higher than that by EI at VA/VS = 10%
and 40%, respectively. This indicates that the ionization of
water-rich clusters depends on the solution concentration,
while the ionization of acetone-rich clusters depends on the
ionization methods. This topic will be further discussed in
part D.

Dependence of Cluster Mass Spectra on Laser
Power Density (PD)

The mass spectra of clusters for the acetone-water binary
mixtures at VA/VS = 2% and 20% with different laser power
densities are shown in Figure 5. It is clearly shown that the
signal intensities gradually decrease when the laser power
density for both binary mixtures at VA/VS = 2% and 20%
decreases.

The metastable fragment cluster ions (created in the field-
free region of TOFMS as ionization energies are higher with
respect to ionization threshold) can be easily discriminated in
the reflectron section of the TOF mass spectrometer since they
appear as satellites to the main unfragmented protonated cluster
ion peaks [8, 29].

In Figure 6 A1WnH
+ parent and metastable fragment

clusters distributions of acetone-water binary mixture so-
lution at VA/VS = 2% obtained at different laser PD (in the
range 1.20–2.81 × 1011 W/cm2, panels a1–e1) and with EI

Figure 3. Autocorrelation of water clusters spectra with different acetone/solution ratios with EI: (a1) 0.3% VA/VS, (b1) 40% VA/VS

and with laser PI: (a2) 0.3% VA/VS, (b2) 40% VA/VS. Labels for mixed acetone-water, pure water (black, bolded) and pure acetone
(magenta, bolded) clusters are reported too

Figure 4. Comparison between the intensity ratio (RA, see text
for definition), obtained for EI and PI and acetonemole fractions
in the liquid solution (xA) at different VA/VS ratios. Errors are
estimated to be about 10% for all RA values and therefore not
reported
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(panel f1) are reported. The parent clusters intensities are
much higher than those of metastable fragment clusters for
small clusters (n < 21); while the signal intensity shows no
significant difference between parent and metastable frag-
ment for larger clusters (n ≥ 21). The parent and metastable
fragment clusters distributions with laser ionization are
similar to those obtained using electron ionization as
shown in Figure 6f1. These results are very similar to the
studies on water clusters using photo-ionization [12] and
chemical ionization [30]. This suggests that the formation
of water-rich clusters and subsequent metastable fragmen-
tation is the dominant process that causes the clusters
distribution, apart from the initial ionization process. This
also suggests that A1WnH

+ clusters distributions of the
acetone water binary mixture solution with lower acetone
concentration (VA/VS = 2%) show similar characteristics
with respect to the pure water clusters distribution.

Only the An+2WnH
+ parent and metastable fragment

clusters distributions of acetone-water binary mixture so-
lution at VA/VS = 20%, obtained at different PD and with
EI, are presented in Figure 6 (series 2) since mass spectra
for such mixture concentration are dominated by the clus-
ters series An+2WnH

+. It is clearly shown that the metasta-
ble fragment clusters peak is much higher than the ones of

parent clusters for small clusters (n < 3) in all the laser
power densities other than 1.20 × 1011 W/cm2. This sug-
gests that the ionization process significantly affects the
acetone-rich clusters distribution, differently from what
occurs with water-rich clusters.

The ratio of metastable fragmentation of the A1WnH
+

clusters at VA/VS = 2% is shown in the electronic supple-
mentary material ESM. 5a1. The ratio of metastable frag-
mentation to the parent clusters intensity denoted as IM/IP,
where IM is the metastable fragment intensity and IP is the
parent clusters intensity. There are no significant differ-
ences between IM/IP in the laser power density range 1.20–
2.82 1011 W/cm2. The ratio of metastable fragmentation of
the An+2WnH

+ clusters at VA/VS = 20% is reported in the
electronic supplementary material (Fig. ESM. 5a2) and it is
clearly shown that the values of IM/IP increase when in-
creasing the laser power density. The higher value of IM/IP
at higher laser power density suggests that more metastable
fragmentation occurs in the drift region. This arises from
photo-ionization threshold, which deposits more energy
excess into the clusters. The different effect of the laser
power density on the water-rich and acetone-water clusters
might be related to the different ionization energies of
acetone and water, which are 9.703 and 12.621 eV,

Figure 5. Mass spectra of clusters for the acetone–water solutions at VA/VS = 2% (series 1) and VA/VS = 20% (series 2) with PD 2.83
(a1, a2); 1.97 (b1, b2); 1.20 (c1, c2) × 1011 W/cm2
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Figure 6. Metastable fragmentation of the the A1WnH
+ clusters at VA/VS = 2% (series 1) and AmH

+ clusters at VA/VS = 20% (series 2)
with PD 2.81 (a1, a2); 2.18 (b1, b2); 1.97 (c1, c2); 1.41 (d1, d2); 1.20 (e1, e2) × 1011 W/cm2 × 1011 W/cm2 and EI (f1, f2)

B. Apicella et al.: Insights on Clusters Formation Mechanism 1843



respectively. In the present experiments at 355 nm laser
wavelength, the absorption of three photons would deposit
a higher amount of energy (i.e. 10.5 eV) into the mixed
clusters, thus promoting the metastable fragmentation to
occur [31].

The occurrence of a three-photon ionization process has
been demonstrated by reporting in bi-log plots the laser
power density vs. signal intensity, shown in figure ESM. 6.
The plots were obtained for series of water-rich clusters
A1WnH

+ and acetone-rich clusters An+2WnH
+, respective-

ly. From the linear fit of bi-log plots it can be deduced that,
for both water-rich clusters and acetone-rich clusters, near-
ly cubic laser energy dependence was observed, thus im-
plying the occurrence of a three-photon ionization process.

Conclusions
In this paper, mass spectra of clusters generated by acetone-
water binary mixtures with different VA/VS ratios were
measured by the TOFMS with electron and laser ionization.
The mass spectra of clusters with electron and laser ioniza-
tion were strongly dependent on the acetone-water mixing
ratio. The spectral pattern changed gradually and water-rich
clusters signal became fainter whereas acetone-rich clusters
signal became more intensive increasing acetone concentra-
tions from 0.3% to 40%. Cluster distributions generated by
acetone-water binary mixture with very low acetone con-
centration were found to be similar to those generated by
pure water; while the water hydrogen-bonding network in
pure water was changed by the interaction with acetone
when acetone concentration increases.

The autocorrelation function (AF) was found to be an effi-
cient method for the analysis of the variation of water clusters
composition with the increase of the acetone concentration in
terms of fundamental periodicities.

The intensity ratio for acetone-water clusters (RA)
strongly depended on the acetone concentration instead of
ionization method for lower acetone concentration solution
(VA/VS < 5–10%). And that corresponded to the spectral
pattern dominated by water-rich clusters, while it was
inverted further increasing the acetone concentration. In-
deed, RA strongly depended on ionization method rather
than on the acetone concentration for the solution at
VA/VS > 5–10%, which was corresponding to the spectral
pattern dominated by acetone-rich clusters. This indicates
that the ionization of water-rich clusters depends on the
solution concentration, while the ionization of acetone-rich
clusters depends on the ionization methods.

The formation of water-rich clusters and subsequent meta-
stable fragmentation is the dominant process that determinates
the clusters distribution, irrespective of the initial ionization
process, while the initial ionization process significantly affects
the acetone-rich clusters distribution.
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