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Abstract

Liquid ionization mass spectrometry (LPI-MS) gives information about hydrogen-bonded clusters at a liquid surface. By improving the way
in which samples are introduced, mass spectra showing clusters at the liquid surface or in a gas phase were obtained for 20% (v/v) ethanol and
methanol aqueous solutions. Observed cluster ions were expressed as (ROH)m(H2O)nH+, R= CH3 or C2H5, and mass spectra gave the molar
ratios of methanol to water (M/W) or ethanol to water (E/W) close to the ratio corresponding to the concentration of the respective solution.
Binary cluster ions containing two molecules of alcohol (m = 2) were abundant for both solutions. The molar ratios calculated from the cluster
compositions,m − n, of the most abundant cluster ions were also close to the ratio corresponding to the concentration of the solution. The
results suggest that the composition distribution of cluster ions observed as LPI mass spectrum may be similar to the composition distribution
of clusters existing at the liquid surface.

The cluster compositions at the liquid surface vary very quickly due to evaporation of the liquid. The clusters in the vapor were also measured
using another device for sample introduction. The evaporation processes occurring in the nano-space at and above the liquid surface were
mainly the loss of water molecules from larger clusters. The following collisions between smaller clusters leaded to the association of alcohol
molecules accompanied with further loss of water molecules, resulting in the increase of the number of alcohol molecules in each cluster.
Even ethanol clusters, (C2H5OH)mH+, were formed from the aqueous ethanol solutions. Reasonable differences between ethanol–water
and methanol–water were observed for the mass spectra measured in the gas phase. Liquid ionization mass spectrometry gives nano-scale
information concerning the cluster compositions at the liquid surface and the evaporation processes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Studies of clusters in gas and liquid phases under atmo-
spheric pressure are very important for understanding the
properties and structures of liquids and also for understand-
ing chemical reactions in solutions. Many studies[1–6] have
been reported concerning the association and dissociation
mechanisms and the structures of clusters and cluster ions.

∗ Corresponding author. Present address: 4-37-27 Kugayama, Suginami,
Tokyo 168-0082, Japan

The theoretical calculation for the structures of clusters has
also been developed[7].

Mass spectrometry is a useful method for obtaining in-
formation about the distribution of cluster sizes (molecular
composition). Clusters in gas and condensed phases have
been investigated by mass spectrometry with several tech-
niques[1–6,8,9]. The supersonic free jet expansions have
been the most widely utilized methods for generating clus-
ters. Neutral clusters or cluster ions are produced in vacuum
by an expansion of a sample vapor mixed with inert gas
at high pressure through a molecular beam nozzle[1–6].
Another method is the adiabatic expansion of a liquid jet,
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in which a sample liquid is directly fed to a vacuum system
through an injector nozzle, and droplets explode adiabati-
cally into a high vacuum[8,9]. Resulting clusters are ionized
by electron ionization or photo-ionization. These methods
are useful in obtaining information about the stabilities
and the kinetics of association and dissociation concerning
neutral clusters and/or cluster ions.

Utilizing a laser beam, isolated clusters or cluster ions
have been studied by ultraviolet (UV) and infrared (IR)
spectrometry. The clusters just above the liquid surface have
been measured by this method[10]. Although the optical
spectrometric methods are useful for interrogating the struc-
ture of isolated clusters, they do not provide information
about the size distribution of clusters. In the previous meth-
ods involving mass spectrometric techniques, clusters have
been produced in vacuum by adiabatic expansion (low tem-
perature). Observed cluster ions for ethanol–water mixtures
have been mostly pure ethanol cluster ions (C2H5OH)mH+,
accompanied by small numbers of large binary cluster ions
(C2H5OH)m(H2O)nH+ [9]. The molar ratios of ethanol to
water calculated from observed mass spectra have been
larger than expected when compared with those calculated
from the ethanol concentrations of the sample solutions.

The cluster ion containing 21 molecules of water has been
well known as the magic number cluster of water[1,2]. It
has also been reported for alcohol–water mixtures that the
intensity distributions of (CH3OH)m(H2O)nH+ show magic
numbers,m + n = 21, 0 < m < 8, due to the enhanced
stabilities of the dodecahedral cage structures in the mixed
clusters[11]. It has been reported on the magic number clus-
ters of mixtures that methanol molecules have substitutional
interaction with water clusters, while acetonitrile molecules
have additional interaction with water clusters[12]. As de-
scribed in this paper, such magic number stabilities were
also observed for both methanol–water and ethanol–water
mixtures.

The surface compositions of ethanol–water mixtures have
been measured by sampling the binary vapor in equilib-
rium with the mixture, with the aid of a time of flight
mass spectrometer[13]. The surface mole fractions (XE)
obtained from their mass spectra have been higher than
the XE in the liquids and agreed with other methods, such
as surface tension and neutron diffraction methods. The
vapor–liquid equilibrium diagrams (isothermal) have been
measured previously for various binary systems, indicating
that the ethanol (and also methanol) concentration in vapor
is higher than that in the liquid. The mole fraction of ethanol
(XE) in the vapor at 30◦C has been reported as 0.38 for 20%
(v/v) ethanol aqueous solution (XE = 0.072 in the liquid)
[14].

1.1. Liquid ionization (LPI) mass spectrometry

We have developed a soft ionization method, termed liq-
uid ionization mass spectrometry[15–17](referred to as LPI
since 1998[17]), in which a liquid sample is ionized by

collision with excited argon atoms (Ar∗) under atmospheric
pressure. The method (LPI-MS) has been applied to stud-
ies of clusters, such as water[18–20], carboxylic acid-water
mixtures[17,21], and ethanol–water mixtures[22–25]. Re-
cently, it has become clear that the method is appropriate
to investigate hydrogen-bonded clusters, which exist at the
surface of liquids and also in a gas phase under atmospheric
pressure[17,18,24,25].

In the case of ethanol–water mixtures, abundant binary
cluster ions have been observed by LPI-MS and the follow-
ing reactions (reactions 1–3) have been assumed to occur
[17,25].

Ar∗ + (C2H5OH)a(H2O)b → (C2H5OH)a(H2O)b
+

+ e− + Ar (1)

Ar∗ + (C2H5OH)a(H2O)b → (C2H5OH)c(H2O)dH
+

+ (C2H5OH)e(H2O)f (OH)− + Ar; a, b > c, d (2)

(C2H5OH)c(H2O)dH+ + (C2H5OH)m(H2O)n

→ (C2H5OH)m′(H2O)n′H+ + (C2H5OH)c′(H2O)d′ ;
m, n > c, d; m′, n′ > c,′ d′ (3)

Although metastable Ar atoms (Ar∗) ionize clusters at the
liquid surface as shown by reaction 1, cluster ions observed
were all protonated. Therefore, reaction 2 and proton trans-
fer reactions like reaction 3 must follow to produce final
cluster ions,(C2H5OH)m′(H2O)n′H+. It is very important
to estimate how big the differences are betweenm, n, and
m′, n′ in reaction 3.

We have reported previously that if a sample liquid was
supplied directly to the needle tip (sample holder), the mo-
lar ratios of ethanol to water (E/W) calculated from LPI
mass spectra became closer to the molar ratio calculated
from its concentration of the solution[23–25]. In contrast,
if the sample was vaporized near the needle tip, mass spec-
tra showed abundant ethanol cluster ions[22,23], which
looked similar to those observed by the adiabatic expansion
method[9].

LPI mass spectral patterns are affected by several experi-
mental conditions, such as the flow rate of Ar gas, the flow
rates of a sample solution and the surface area of the liq-
uid. Large cluster ions decrease in abundance with Ar flow
rate and result in abundant smaller cluster ions containing
smaller numbers (n) of water molecules[24]. The results
indicate that evaporation occurs more rapidly with higher
Ar flow rates. The flow rate of a sample solution should
be controlled to obtain better results. The compositions of
ethanol–water clusters must vary very quickly during the
evaporation of clusters at the liquid surface. The param-
eters mentioned above affect the evaporation processes in
nano-space at the liquid surface.

Van der Waals clusters can be observed by other methods,
which utilize the adiabatic expansion in vacuum. In contrast,
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those clusters have never been observed by LPI-MS. A va-
riety of results obtained by LPI-MS indicate that all cluster
ions are produced in the ion source and the adiabatic expan-
sion does not occur in LPI-MS[17,25].

Good results have been obtained for 40% ethanol aqueous
solution, but the results for 20% ethanol aqueous solution
have been poor, which means that observed molar ratios
(E/W) were much higher than the ratio calculated from the
concentration of the solution[25]. Therefore, we improved
the device for sample introduction and good results were
obtained. This paper describes the distribution of cluster
compositions (m − n) at the liquid surface, the evaporation
phenomena and the structure of liquids.

2. Experimental

Several mass spectrometers, specially designed for LPI,
have been used for cluster studies[17,18,20,24]. Recently,
we have succeeded to modify a quadrupole mass spectrom-
eter commercially available (Hitachi M1000 LC/MS, Japan)
for measuring LPI mass spectra. A part of its ESI ion source
was modified. The voltages for ion focusing were lowered
and the interface was kept at ambient temperature[25]. A
sample holder like device (A) (shown inFig. 1) has been
used. A Teflon block covered the needle and a liquid sample
flew inside the block up to the needle tip[17,25]. Although
good results have been obtained for 40% ethanol aqueous

Fig. 1. Schematic diagram of liquid ionization (LPI) ion source with
devices (A), (B) and (C) for introducing a sample. (A) or (B) is used for
measuring clusters at liquid surface, while (C) is for measuring clusters
in a gas phase.

solution[25], it was still not easy to obtain good mass spec-
tra for 20% (v/v) ethanol aqueous solutions.

When the end of a polymer tube for introducing a sample
solution was placed close to the needle tip and the tube
was covered with a metal (aluminum) pipe as shown in
Fig. 1B(device B), good LPI mass spectra were obtained at
an adequate flow rate of the solution. The inside diameter
of the polymer tube (for HPLC) was 1 mm. The needle tip
touched only slightly with the liquid surface at an appropriate
flow rate of the solution. The flow rate was controlled using
an infusion pump (Harvard Apparatus 22, USA). In addition,
a high voltage was applied to the metal (aluminum) pipe
in order to ionize all clusters at the liquid surface prior to
evaporation. In this study, the metal pipe was connected to
the needle (sample holder), which was kept at 1.4 kV.

Another device (C) (Fig. 1C) was used for measuring clus-
ters in a gas phase in order to investigate the evaporation pro-
cesses of clusters (neutral) on the liquid surface. Although
the device (C) looks similar to the device (B), they differed
in that the needle tip was placed 3 mm above the end of the
polymer tube and the metal (Al) pipe was grounded. Be-
cause the recombination of positive ions and negative ions
(or electrons) is very rapid under atmospheric pressure[17],
cluster ions produced at the liquid surface were neutralized
at the earth potential and only neutral clusters evaporated
from the liquid surface were ionized at the needle tip, being
observed as LPI mass spectra.

The flow rate of Ar with Ar∗ was kept at 500 ml/min, be-
cause higher flow rates promoted the dissociation of clusters
due to evaporation[24] and lower flow rates made corona
discharge unstable. The voltage applied to the needle (VE)
was 1.4 kV, because mass spectral patterns were almost the
same atVE of 1.3–1.5 kV, although the ion abundance in-
creased with the voltage, but too high voltage caused a sort
of arc discharge, resulting in abundant small cluster ions.
The temperature of samples was ambient (ca. 25◦C). The
open area of the ion source (opposite to the pinhole) was
narrowed with the soft polymer plate (shown inFig. 1) in
order to obtain the maximum ion abundance.

Mass spectra were obtained by scanning the mass range
from m/z 10 to 600 in 2 s or to 1000 in 3 s, and by recording
repeatedly for 50–100 mass spectra. Each mass spectrum
shown here is the average of 50 mass spectra recorded in
succession. The experimental parameters in the detection
system related to the ion abundance were maintained as
constant as possible. Other experimental conditions were the
same as those reported previously[17,25]. If the pinhole
(diameter: 200�m) became dirty with any contamination,
large cluster ions decomposed due to the space charge on the
contamination and only small cluster ions were observed.
Therefore, the pinhole and skimmers were kept clean.

2.1. Samples

Ethanol–water and methanol–water binary mixtures (20%
v/v aqueous solutions) were prepared by mixing ethanol (or
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methanol) and pure water, all commercially available for
HPLC (Wako, Osaka, Japan).

3. Results and discussion

3.1. 20% (v/v) ethanol aqueous solution

3.1.1. Cluster composition distribution at the liquid
surface measured using the devices (A) and (B)

All cluster ions observed in the LPI mass spectra were
represented as (C2H5OH)m(H2O)nH+ (referred to asm
− n). As previously reported, LPI mass spectra of 20%
ethanol solution measured using the device (A) (Fig. 1A)
have given much higher molar ratios of ethanol to water
(E/W = 0.23–0.28) than the ratio corresponding to the con-
centration of the solution (E/W = 0.078)[24,25]. Although
better results were obtained by controlling the sample flow
rate, theE/W ratios (0.11–0.17) calculated from those mass
spectra were still higher than the ratio of the concentration.

In order to ionize the liquid surface closest to the bulk, a
new device (B) (Fig. 1B) was examined and better results
were obtained with B at the appropriate flow rates of the
sample solution. The mass spectra shown inFig. 2a gave
the lowest molar ratio of ethanol to water (E/W = 0.082 as

Fig. 2. LPI mass spectra of 20% (v/v) ethanol aqueous solution: (a) measured at the liquid surface using the device B (sample flow rate: 0.8�l/min) and
(b) measured in the gas phase using the device C (sample flow rate: 0.3�l/min).

shown inTable 1) so far obtained. The ratio is close to that of
the concentration of the solution. The base peak appearing
at m/z = 561 corresponds to the cluster ions withm − n
= 2–26 (indicated onFig. 2a).

3.1.2. Digital expression of a mass spectrum
Table 1is a digital expression of the mass spectrum shown

in Fig. 2a. The numbers in the top column (E0–E6) mean the
number of ethanol molecules (m = 0–6) in each cluster ion
and the numbers in the left end column (n) mean the number
of water molecules in each cluster ion. All figures inside
Table 1(and other tables, too) present the peak intensities
corresponding to the abundance of cluster ions with the same
composition,m − n. E2 means the cluster ions containing
two molecules of ethanol (m = 2, n = 0–n), E0 (m = 0)
means cluster ions of water, (H2O)nH+, andn = 0 means
cluster ions of ethanol, (C2H5OH)mH+. It should be noted
that no ethanol cluster ions (n = 0) were observed at the
liquid surface.

The cross sections of Penning ionization (reaction 1)
and of proton transfer reactions (reactions 2 and 3) are not
known. The ionization energies of molecular water, water
dimer and ice have been reported as 12.2, 11.5 and 11.2 eV,
respectively[26], suggesting that the cross sections of ion-
ization and of proton transfer reactions for these clusters
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Table 1
Digital expression of LPI mass spectrum (Fig. 2a) of 20% ethanol solution measured with device B; peak intensity > 640= R.I. > 1.5%, > 210= R.I.
> 0.5%, R.I.: relative ion abundance= Im − n/total ions

may be similar to each other. Because no calibration stan-
dard was available, the peak intensities of all ions recorded
by the data system (Hitachi M1000) were simply presented
in the tables.Table 1presents not only the peak intensities,
but also the composition (m − n) distribution of observed
cluster ions and the calculated molar ratioE/W.

3.1.3. Molar ratio of ethanol to water (E/W)
The sum of peak intensities of cluster ions containingm

molecules of ethanol is shown in the bottom ofTable 1,
as

∑
Im (I: peak intensity). The sum (

∑
Im) multiplied by

the numberm, which ism
∑

Im as shown in the bottom of
Table 1, is assumed to be proportional to the total number of
ethanol molecules in the cluster ions containingm molecules
of ethanol. The sum (E) of m

∑
Im (m = 0–6) calculated

from the whole mass spectrum is also assumed to be propor-

tional to the total number of ethanol molecules in all cluster
ions.

In the same way, the sum (W) of n
∑

In (n = 0–39 in
Table 1) calculated from the whole mass spectrum can be
assumed to be proportional to the total number of water
molecules in all ions. Thus, the molar ratio (E/W) calculated
from the spectrum shown inTable 1 (=Fig. 2a) is 0.082
(78039/952924).

Although 0.082 is still slightly higher than the ratio of the
concentration, the base peak appearing atm/z = 561 corre-
sponds to the cluster ions of 2–26 (m − n) and the molar ratio
calculated from the base peak composition (m/n = 2/26) is
0.077, which coincides the concentration of the solution. In
addition, it is interesting to note that the cluster ions around
the base peak, which have the molecular compositions sim-
ilar to the concentration, are abundant.
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Table 2
Digital expression of LPI mass spectrum of the 20% ethanol solution measured with device B; peak intensity > 770= R.I. > 1.5%, > 260= R.I. > 0.5%

Another mass spectrum measured at the sample flow
rate of 0.9�l/min using the new device (B) is shown in
Table 2. Although the ratio (0.086) is slightly higher than
that in Table 1, most abundant cluster ions are those con-
taining two molecules of ethanol (m = 2), as same in both
Tables. The base peak (m/z 435) corresponds to the cluster
ions of 2–19, which were often observed for 20% ethanol
solutions.

In general, ethanol solutions are thought to be uniform
from the micro-scale point of view. The concentration
(0.078) indicates that an average number of water molecules
(n) should be 13 in the case ofm = 1, 26 in the case of
m = 2 and 39 in the case ofm = 3. In addition, the com-
positions of abundant cluster ions shown inTables 1 and
2 have the molar ratios (m/n) similar to that of the con-
centration. It should be noted that the ethanol cluster ions,
(C2H5OH)mH+, and also binary cluster ions withn = 1–4
are not observed inTables 1 and 2. In contrast, those clus-
ter ions have been observed abundantly by other methods
using the adiabatic expansion.

3.1.4. Clusters in the gas phase near the liquid
surface

LPI mass spectra obtained with the device (A) have of-
ten presented the cluster ions containing three molecules of
ethanol as the most abundant ions. The increase in the num-
ber of ethanol molecules, from 2 to 3, has been considered as
the results of evaporation[24]. Therefore, LPI mass spectra
were measured using the device (C) (Fig. 1C). Clusters evap-
orated from the liquid at the end of the polymer tube were
ionized at the needle tip 3 mm above the liquid surface. An
example shown inFig. 2bandTable 3(digital expression of
Fig. 2b) presents the composition distribution of clusters in
the gas phase (vapor), that is, abundant smaller cluster ions
compared with those shown inFig. 2aandTables 1 and 2.

Table 3 clearly indicates that the numbers of water
molecules in cluster ions decreased significantly (from 8–38
to 0–16) and even pure ethanol cluster ions, (C2H5OH)mH+,
m = 2–6, appeared. In contrast, the numbers of ethanol
molecules in abundant cluster ions increased from 1–3 to
2–5.
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Table 3
Digital expression of the mass spectrum (Fig. 2b) of 20% ethanol solution measured with device C; peak intensity > 1480= R.I. > 1.5%, > 490= R.I.
> 0.5%

It is certain that these prominent changes in the cluster
compositions occur during evaporation at and above the liq-
uid surface, because no ions can evaporate from the liquid
and get through the pinhole in the LPI ion source. Only neu-
tral clusters are ionized at the needle tip to be observed as
LPI mass spectrum[17]. It is very interesting to note that
ethanol cluster ions, (C2H5OH)mH+, were observed in the
gas phase.

As a result, theE/W ratio increased to 0.50. It is also in-
teresting to note that the base peak (m/z 247) corresponding
to the cluster ions (3–6) gives the molar ratio (m/n = 0.50)
equal to the averagedE/W ratio (0.50) as shown inTable 3.
The increase of theE/W ratios in vapor phase is reason-
able, because the mole fraction of ethanol (XE) in the va-
por of 20% ethanol solution has been reported as 0.38 (E/W
= 0.61)[14].

3.2. 20% (v/v) methanol aqueous solution

3.2.1. Cluster composition distribution at the liquid surface
An example of a mass spectrum obtained from a 20%

(v/v) methanol aqueous solution measured with the device
B is shown inFig. 3a and Table 4 (digital expression of
Fig. 3a). The cluster ions containing two alcohol molecules
are also abundant in the methanol solution, although the
molar ratio (M/W = 0.111) is slightly higher than the ra-
tio (E/W = 0.078) of the ethanol solution. Therefore, clus-
ter ions containing four molecules of methanol are observed
in Fig. 3a. The distribution of cluster compositions can be
seen more clearly inTable 4, which indicates that the molar
ratio of methanol to water (M/W = 0.112) calculated from
the mass spectrum agreed well with theM/W ratio (0.111)
corresponding to the concentration of the solution. The base
peak shown inFig. 3aappearing atm/z = 407 corresponds

to the cluster ions of 2–19. The molar ratio corresponding
to the base peak (m/n = 2/19) is 0.105 and the abundant
cluster ions are observed around the base peak, showing one
round distribution of the peak intensities. Therefore, the av-
eraged molar ratio (M/W) agreed with the ratio of the con-
centration. Judging from the results of many experiments, it
seems easier to obtain LPI mass spectra giving the molar ra-
tios close to the concentration for methanol–water mixtures,
compared with the ratios for ethanol–water mixtures.

3.2.2. Clusters in the gas phase
Examples of mass spectra of the 20% methanol solution

measured with the device C are shown inFig. 3b, Table 5
(digital expression ofFig. 3b) and Table 6. These figure
and tables indicate that the number of methanol molecules
in cluster ions clearly increased, while the number of water
molecules decreased during evaporation. These tendencies
were similar to those observed for the ethanol solution. The
increase in the number of methanol molecules, however, is
observed more significantly, especially forTable 6(m = 1–4
→ 3–8), compared with the case for the ethanol solution.
In contrast, the decrease in the number of water molecules
is less significant. Only a few methanol cluster ions were
observed even in the gas phase (Table 5). Table 5was mea-
sured with the sample flow rate of 0.8�l/min andTable 6
was measured with 0.3�l/min. In the latter, the further evap-
oration may be expected to occur.

The cluster ions, 1–18 to 1–33, shown inTable 6have the
same mass numbers as those of 10–2 to 10–17. Therefore,
the latter cluster ions (m = 10) might be possible to exist,
instead of the former. In the latter case, the molar ratioM/W
would be 0.43, although main cluster ions are completely the
same for both cases. According to the vapor–liquid equilib-
rium data, the mole fraction of methanol in the vapor phase
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Fig. 3. LPI mass spectra of 20% (v/v) methanol aqueous solution: (a) measured at the liquid surface using the device B (sample flow rate: 0.5�l/min)
and (b) measured in the gas phase using the device C (sample flow rate: 0.3�l/min).

for 20% methanol solution has been reported as 0.47 (M/W
= 0.88)[27]. It seems reasonable to consider that the results
shown inTables 5 and 6present the cluster composition dis-
tributions in the gas phase near the liquid surface, although
the sizes of observed cluster ions are larger than expected.

3.3. Size and abundance distributions of cluster ions

The correlations between the relative abundances of clus-
ter ions and the number of molecules,m andn, are presented
in Figs. 4 and 5, respectively. The abscissa ofFig. 4 indi-
cates the number of ethanol molecules (m) in each cluster
ion and the ordinate indicates the relative abundance of the
sum of cluster ions containingm molecules of ethanol. Sim-
ilarly in Fig. 5, the abscissa indicates the number of water
molecules (n) in each cluster ion and the ordinate indicates
the relative abundance of the sum of cluster ions contain-
ing n molecules of water. Relative abundance was calculated
from the sum of peak intensities for all cluster ions con-
taining the same number of ethanol molecules (

∑
Im) or of

water molecules (
∑

In), respect to the total ions (the sum
of peak intensities for all cluster ions in a mass spectrum).
That is

∑
Im/

∑
(
∑

Im) in Fig. 4and
∑

In/
∑

(
∑

In) in Fig.
5.

∑
(
∑

Im) = ∑
(
∑

In).

As previously described,Fig. 4 indicates clearly that the
cluster ions containing two molecules of ethanol are the most
abundant for the 20% ethanol solution and the numbers of
ethanol molecules in clusters increased gradually to three
and four during evaporation. The difference between the
liquid surface (close to the bulk) and in the gas phase (3 mm
above the liquid surface) is relatively small. In contrast,Fig.
5 indicates that the numbers of water molecules in clusters
decreased sharply during evaporation. The reproducibility
of the number distribution of water molecules in the gas
phase was good, being almost independent from the sample
flow rate between 0.3 and 0.6�l/min. The results clearly
indicate that the main processes occurred during evaporation
is the elimination of water molecules (and clusters) from
each clusters at the liquid surface. When using wider surface
area (diameter: 2 mm), residual water clusters at the liquid
surface have been observed sometimes[25].

The abscissa ofFig. 6 indicates the number of methanol
molecules (m) and the ordinate indicates the relative abun-
dance of all cluster ions containingm molecules of methanol.
Fig. 7 indicates the same as those inFig. 5 for the methanol
aqueous solution.

Results indicate that for both alcohol solutions main pro-
cess in the initial stage of evaporation is the dissociation
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Table 4
Digital expression of the mass spectrum (Fig. 3a) of 20% methanol solution measured with device B; peak intensity > 410= R.I. > 1.5%, > 140= R.I. > 0.5%, R.I.: relative ion abundance= Im −
n/total ions
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Table 5
Digital expression of the mass spectrum (Fig. 3b) of the 20% methanol solution measured with device C; peak intensity > 1410= R.I. > 1.5%, > 470
= R.I. > 0.5%

Fig. 4. Distribution of the relative abundances of cluster ions containingm molecules of ethanol as a function of the number of ethanol molecules (m)
for the 20% ethanol solution. Relative abundance: the sum of peak intensities of al! ions containingm molecules of ethanol, respect to the total ions
(1.00) in each mass spectrum, (—�—) measured with the device A, (—�—) measured with the device B, and (- -� - -) measured with the device C.
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Table 6
Digital expression of LPI mass spectrum of the 20% methanol solution measured with device C; peak intensity > 4600= R.I. > 1.5%, > 1540= R.I. > 0.5%

of clusters through loss of water molecules. In the case of
methanol solution, the increase in the number of methanol
molecules occurred more significantly than in the case of
ethanol solution, probably because methanol and water
molecules dissolve more freely than ethanol and the fol-
lowing collisions between smaller clusters may lead to the
association of smaller clusters accompanied with the loss of
water, resulting in the increase in the number of methanol
molecules in clusters. In contrast, the main processes for
the ethanol solution are the loss of water, probably because
ethyl is more hydrophobic than methyl. It is interesting to
note that in the following processes, the association occurred
mainly between ethanol molecules with continuous loss
of water molecules, resulting in the formation of ethanol
clusters (C2H5OH)m (m = 2–6 inTable 3), while almost no
methanol clusters were observed (Tables 5 and 6).

The E/W ratios measured with the device A were higher
than that of the concentration. The reason for this was
thought to be that the thickness of liquid layer at the needle
tip was thinner in the device A compared with the device
B and thus, the evaporation of liquid occurred more rapidly
to give higher ethanol concentration. The new device B

Fig. 5. Distribution of the relative abundances of cluster ions containing
n molecules of water as a function of the number of water molecules
(n) for the 20% ethanol solution. Relative abundance: the sum of peak
intensities of all ions containingn molecules of water/total ions (1.00)
in each mass spectrum. (—�—) measured with the device A, (—�—)
measured with the device B, and (- -� - -) measured with the device C.
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Fig. 6. Distribution of the relative abundances of cluster ions containingm
molecules of methanol as a function of the number of methanol molecules
(m) for the 20% methanol solution. Relative abundance: the sum of peak
intensities of all ions containingm molecules of methanol/total ions (1.00)
in each mass spectrum. (—�—) measured with the device A, (—�—)
measured with the device B, and (- -� - -) measured with the device C.

provided better results with smallerm, largern and the molar
ratios close to the concentration. The results suggest that
ideal conditions for measuring liquids should be ionizing
whole sample at the liquid surface prior to evaporation.

3.4. Structure of clusters

The cluster ion containing 21 molecules of water (m =
21) has been well known as magic number cluster[1,2]
and such magic number clusters have been also observed
in binary systems (m + n = 21) [11,12]. LPI mass spectra
also showed such magic number cluster ions both for the
ethanol and methanol solutions as seen inTables 1, 2, 4-6
and Figs. 2a, 3a and b, in which the intense peaks such
as 1–20, 2–19, 3–18, 4–17, 5–16 and 6–15 are observed.
In addition, the cluster ions of 3–18 and 4–17 have been

Fig. 7. Distribution of the relative abundances of cluster ions containing
n molecules of water as a function of the number of water molecules
(n) for the 20% methanol solution. Relative abundance: the sum of peak
intensities of ail ions containingn molecules of water/total ions (1.00) in
each mass spectrum.

the most abundant ions for 40% ethanol aqueous solutions
[25]. Additionally, another magic number (28) of water is
also observed inFig. 2a(base peak: 2–26) and weakly in
Table 4(1–27, 2–26, 3–25 and 4–24). The results suggest
that the structures of water clusters are kept in both solutions
and water molecules in the clusters are replaced by alcohol
molecules one by one, in early stage of reactions.

The cluster ions of 2–19 are often abundant for 20% solu-
tions, because they may have similar structure to the magic
number cluster (n = 21) of water. Pentagonal dodecahedron
has been suggested as the structure of the magic number
(21) cluster of water[2]. The existence of abundant cluster
ions with smaller sizes (m + n < 21), however, suggests
that most of the clusters in the liquids may be constructed
of networks of five-membered rings and six-membered
rings.

4. Conclusion

The composition distribution of neutral clusters in the
solution may be under a sort of semi-equilibrium state, which
depends on the temperature and alcohol concentration of the
solution. The cluster (neutral) compositions, however, vary
very quickly (in the order of pico-seconds), especially at the
liquid surface, because the density of liquid is 1000 times
higher than that in a gas phase and it has been also well
known for methanol–water and ethanol–water mixtures that
the mole fraction of alcohol in vapor is much higher than
that in the liquid[14].

The averaged molar ratios (E/W andM/W) calculated from
the mass spectra measured with the device B gave the val-
ues close to the ratios corresponding to the concentrations of
the solutions. Furthermore, the abundant cluster ions were
observed around the base peak and the molar ratios calcu-
lated from the compositions (m/n) of abundant cluster ions
agreed with that of the averaged molar ratio calculated from
whole mass spectrum, even in the gas phase (Tables 3, 5
and 6). Agreement between the observed ratios and the ex-
pected ratios suggest that the observed cluster ions might be
similar to the clusters existing at the liquid surface.

It is certain that the cluster ions are produced in the LPI
ion source under atmospheric pressure at ambient tempera-
ture. All results indicate that the adiabatic condensation can
be neglected and the cluster ions are rather stable, being ob-
served without dissociation during flight from the ion source
to the collector. The results shown in all tables suggest that
the efficiencies of ionization and detection for various clus-
ters in the samples may be nearly the same and mass spectra
are likely to present the size distribution of neutral clusters
at and above the liquid surface.

It is likely that the number of alcohol molecules in clus-
ters seems to be one of the most important parameters for
estimating the cluster compositions in liquids, because these
numbers are related to the concentration of the solutions. It
is assumed that the liquid might be an aggregate of groups
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of clusters similar to those observed as the LPI mass spectra
(as shown inTables 1, 2 and 4).

The evaporation processes occurring in the nano-space
at and above the liquid surface are mainly the loss of wa-
ter molecules from larger clusters. The following collisions
between smaller clusters lead to the association of alcohol
molecules accompanied with further loss of water molecules.
The increase in the number of methanol molecules was
more significant than the case of ethanol–water, probably
because methanol and water molecules dissolve more freely
and combine more strongly than ethanol and water. The sig-
nificant loss of water with slight increase in the number of
ethanol molecules may be reasonable for the ethanol solu-
tion, because ethyl is more hydrophobic than methyl.

In previous methods utilizing adiabatic expansion, abun-
dant ethanol cluster ions accompanied by small num-
bers of large binary cluster ions have been observed for
ethanol–water mixtures[9]. It is assumed that the decompo-
sition of binary clusters occurs instantaneously to produce
abundant ethanol molecules when the sample enter into the
vacuum, and the adiabatic condensation produce abundant
ethanol clusters and small numbers of large binary clusters
in the center of the molecular beam.

LPI mass spectrometry is useful for investigating
hydrogen-bonded clusters at and above the liquid surface,
the evaporation processes and the structure of clusters in
liquids.
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