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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 (REDJ)H, R = CHz or C,Hs, and mass spectra gave the molar
ratios of methanol to wateM/W) or ethanol to waterH/W) close to the ratio corresponding to the concentration of the respective solution.
Binary cluster ions containing two molecules of alcomk 2) were abundant for both solutions. The molar ratios calculated from the cluster
compositionsm — 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, §8s0H),,H", 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-scal
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 The theoretical calculation for the structures of clusters has
also been developdd].

Studies of clusters in gas and liquid phases under atmo- Mass spectrometry is a useful method for obtaining in-
spheric pressure are very important for understanding theformation about the distribution of cluster sizes (molecular
properties and structures of liquids and also for understand-composition). Clusters in gas and condensed phases have
ing chemical reactions in solutions. Many studies6t] have been investigated by mass spectrometry with several tech-
been reported concerning the association and dissociatiomiques[1-6,8,9] The supersonic free jet expansions have
mechanisms and the structures of clusters and cluster ionsbeen 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
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1387-3806/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/}.ijms.2004.03.014



230 M. Tsuchiya et al./International Journal of Mass Spectrometry 235 (2004) 229-241

in which a sample liquid is directly fed to a vacuum system collision with excited argon atoms (Arunder atmospheric

through an injector nozzle, and droplets explode adiabati- pressure. The method (LPI-MS) has been applied to stud-

cally into a high vacuuniB,9]. Resulting clusters are ionized ies of clusters, such as wa{@8-20] carboxylic acid-water

by electron ionization or photo-ionization. These methods mixtures[17,21] and ethanol-water mixturg22—25] Re-

are useful in obtaining information about the stabilities cently, it has become clear that the method is appropriate

and the kinetics of association and dissociation concerningto investigate hydrogen-bonded clusters, which exist at the

neutral clusters and/or cluster ions. surface of liquids and also in a gas phase under atmospheric
Utilizing a laser beam, isolated clusters or cluster ions pressurg17,18,24,25]

have been studied by ultraviolet (UV) and infrared (IR) In the case of ethanol-water mixtures, abundant binary

spectrometry. The clusters just above the liquid surface havecluster ions have been observed by LPI-MS and the follow-

been measured by this methfitD]. Although the optical ing reactions (reactions 1-3) have been assumed to occur

spectrometric methods are useful for interrogating the struc-[17,25]

ture of isolated clusters, they do not provide information

about the size distribution of clusters. In the previous meth- Ar* + (C2HsOH),(H20), — (C2HsOH),(H20),™

ods involving mass spectrometric techniques, clusters have | ¢ 4 Ar 1)

been produced in vacuum by adiabatic expansion (low tem-

perature). Observed cluster ions for ethanol-water mixtures

have been mostly pure ethanol cluster ionsH§OH),, H, Ar* + (C2HsOH)(H20), — (CoHsOH)(H20)4H

accompanied by small numbers of large binary cluster ions 4 (CoHsOH),(H20) f(OH)™ +Ar; a,b>c,d  (2)

(CoH50H),,(H20),H™ [9]. The molar ratios of ethanol to

water calculated from observed mass spectra have been N

larger than expected when compared with those calculated(©2H50H)(H20)aH™ + (CoH50H),, (H20)n

from the ethanol concentrations of the sample solutions. — (CaH50H),, (H20),/H' 4 (CoH5OH) . (H20) 475
The cluster ion containing 21 molecules of water has been

well known as the magic number cluster of wafgy2]. It

has also been reported for alcohol-water mixtures that the Although metastable Ar atoms (Arionize clusters at the

intensity distributions of (CBOH),, (H20),H* show magic liquid surface as shown by reaction 1, cluster ions observed

numbersim + n =21, 0 < m < 8, due to the enhanced were all protonated. Therefore, reaction 2 and proton trans-

stabilities of the dodecahedral cage structures in the mixedfer reactions like reaction 3 must follow to produce final

clusterd11]. It has been reported on the magic number clus- cluster ions,(CoHs0H),, (H20),/HT. It is very important

ters of mixtures that methanol molecules have substitutional to estimate how big the differences are betwegm, and

interaction with water clusters, while acetonitrile molecules m/, i’ in reaction 3.

have additional interaction with water clust¢t®]. As de- We have reported previously that if a sample liquid was

scribed in this paper, such magic number stabilities were supplied directly to the needle tip (sample holder), the mo-

also observed for both methanol-water and ethanol-waterlar ratios of ethanol to watere(W) calculated from LPI

mixtures. mass spectra became closer to the molar ratio calculated
The surface compositions of ethanol-water mixtures have from its concentration of the solutid23—25] In contrast,

been measured by sampling the binary vapor in equilib- if the sample was vaporized near the needle tip, mass spec-

rium with the mixture, with the aid of a time of flight tra showed abundant ethanol cluster id@&,23] which

mass spectrometd3]. The surface mole fractionsXg) looked similar to those observed by the adiabatic expansion

obtained from their mass spectra have been higher thanmethod[9].

the Xg in the liquids and agreed with other methods, such  LPI mass spectral patterns are affected by several experi-

as surface tension and neutron diffraction methods. The mental conditions, such as the flow rate of Ar gas, the flow

vapor—liquid equilibrium diagrams (isothermal) have been rates of a sample solution and the surface area of the lig-

measured previously for various binary systems, indicating uid. Large cluster ions decrease in abundance with Ar flow

that the ethanol (and also methanol) concentration in vaporrate and result in abundant smaller cluster ions containing

is higher than that in the liquid. The mole fraction of ethanol smaller numbersn) of water molecule§24]. The results

(Xg) in the vapor at 30C has been reported as 0.38 for 20% indicate that evaporation occurs more rapidly with higher

(v/v) ethanol agueous solutioiXg = 0.072 in the liquid) Ar flow rates. The flow rate of a sample solution should

m,n>c,d, m,n>c'd (3)

[14]. be controlled to obtain better results. The compositions of
ethanol-water clusters must vary very quickly during the
1.1. Liquid ionization (LPI) mass spectrometry evaporation of clusters at the liquid surface. The param-

eters mentioned above affect the evaporation processes in
We have developed a soft ionization method, termed lig- nano-space at the liquid surface.
uid ionization mass spectrome{s—17](referred to as LPI Van der Waals clusters can be observed by other methods,
since 1998[17]), in which a liquid sample is ionized by  which utilize the adiabatic expansion in vacuum. In contrast,
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those clusters have never been observed by LPI-MS. A va-solution[25], it was still not easy to obtain good mass spec-
riety of results obtained by LPI-MS indicate that all cluster tra for 20% (v/v) ethanol aqueous solutions.
ions are produced in the ion source and the adiabatic expan- When the end of a polymer tube for introducing a sample
sion does not occur in LPI-M8.7,25] solution was placed close to the needle tip and the tube
Good results have been obtained for 40% ethanol agueousvas covered with a metal (aluminum) pipe as shown in
solution, but the results for 20% ethanol aqueous solution Fig. 1B (device B), good LPI mass spectra were obtained at
have been poor, which means that observed molar ratiosan adequate flow rate of the solution. The inside diameter
(E/W) were much higher than the ratio calculated from the of the polymer tube (for HPLC) was 1 mm. The needle tip
concentration of the solutiof25]. Therefore, we improved  touched only slightly with the liquid surface at an appropriate
the device for sample introduction and good results were flow rate of the solution. The flow rate was controlled using
obtained. This paper describes the distribution of cluster aninfusion pump (Harvard Apparatus 22, USA). In addition,
compositions iy — n) at the liquid surface, the evaporation a high voltage was applied to the metal (aluminum) pipe
phenomena and the structure of liquids. 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.
2. Experimental Another device (C)Kig. 10 was used for measuring clus-
ters in a gas phase in order to investigate the evaporation pro-
Several mass spectrometers, specially designed for LPI,cesses of clusters (neutral) on the liquid surface. Although
have been used for cluster stud[&§,18,20,24] Recently, the device (C) looks similar to the device (B), they differed
we have succeeded to modify a quadrupole mass spectromin that the needle tip was placed 3 mm above the end of the
eter commercially available (Hitachi M1000 LC/MS, Japan) polymer tube and the metal (Al) pipe was grounded. Be-
for measuring LPI mass spectra. A part of its ESI ion source cause the recombination of positive ions and negative ions
was madified. The voltages for ion focusing were lowered (or electrons) is very rapid under atmospheric presgifg
and the interface was kept at ambient temperaf2s¢ A cluster ions produced at the liquid surface were neutralized
sample holder like device (A) (shown ifig. 1) has been  at the earth potential and only neutral clusters evaporated
used. A Teflon block covered the needle and a liquid sample from the liquid surface were ionized at the needle tip, being
flew inside the block up to the needle f{ip7,25] Although observed as LPI mass spectra.
good results have been obtained for 40% ethanol aqueous The flow rate of Ar with A¥ was kept at 500 ml/min, be-
cause higher flow rates promoted the dissociation of clusters

Ar\ o "800V due to evaporatiof24] and lower flow rates made corona
discharge unstable. The voltage applied to the neé&d (
' _-Corona discharge was 1.4 kV, because mass spectral patterns were almost the

tube

Teflon block same atVg of 1.3-1.5kV, although the ion abundance in-

creased with the voltage, but too high voltage caused a sort
Quadrupole Vei+l. 4kV of arc discharge, resulting in abundant small cluster ions.
(Hitachi N100O SRQELUL )| |- The temperature of samples was ambient (c&2G5 The
LC/us) open area of the ion source (opposite to the pinhole) was
narrowed with the soft polymer plate (shownHhig. 1) in
order to obtain the maximum ion abundance.
Mass spectra were obtained by scanning the mass range
\ Sample‘zlnfusion from m/z10 to 600 in 2's or to 1000 in 3 s, and by recording
Needle « bump 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
Polymer tube system related to the ion abundance were maintained as
T ) constant as possible. Other experimental conditions were the
AU +1. 4kV same as those reported previoufly,25] If the pinhole
(diameter: 20Qum) became dirty with any contamination,
—— large cluster ions decomposed due to the space charge on the

Polymer tube S .
[ — contamination and only small cluster ions were observed.

—

/ A ) Therefore, the pinhole and skimmers were kept clean.
© Al pipe

Needle

(A)

R

(B) Al pipe

ll}"}

2.1. Samples

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 ~ Ethanol-water and methanol-water binary mixtures (20%

in a gas phase. 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 (ElsOH),,(H20),H™ (referred to asm
— n). As previously reported, LPI mass spectra of 20%
ethanol solution measured using the device (Rg( 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{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 showrrig. 2agave
the lowest molar ratio of ethanol to watd#/{V = 0.082 as
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shown inTable J) 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 with— n

= 2-26 (indicated orfrig. 23.

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 (EO—E6) mean the
number of ethanol moleculem(= 0-6) in each cluster ion
and the numbers in the left end colurm) fnean 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
compositionm — n. E2 means the cluster ions containing
two molecules of ethanoln{ =2, n = 0-n), EO (m = 0)
means cluster ions of water, §8),H*, andn = 0 means
cluster ions of ethanol, #sOH),,H™. It should be noted
that no ethanol cluster ions (= 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 11.2eV,
respectively{26], suggesting that the cross sections of ion-
ization and of proton transfer reactions for these clusters

2-26
100 2
3 561
3 . C,H.OH)_(H,0) H*
qumd 213 ( 2''s )m( 2 )n
surface . 2-28 o m=1
27 ’/ e m=2
E o! o N o m=3
ce
E o 1-34
3 2-10 f 3\-1 0.5.33
; \o [lo|ofe® 2-35
11 e {1 Py
E - 1AM 687073% 1-39
RN i
: 49777
a LA MM BE MR FJ T l"[[lll Iil lhl I LM MMMARI or I'l" T T )lhllll} !l,"rllrg—'!'ll T ] T
(a) 162 200 ('
D/3-G
100 — o U [ear
4 Vapor ¥ |°

o3

'S
(b)

Fig. 2. LPI mass spectra of 20% (v/v) ethanol aqueous solution: (a) measured at the liquid surface using the device B (sample flowl/raitg) &gl
(b) measured in the gas phase using the device C (sample flow rajg/rois).
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Table 1
Digital expression of LPI mass spectruiiid. 29 of 20% ethanol solution measured with device B; peak intensity >641. > 1.5%, > 210= R.I.
> 0.5%, R.l.: relative ion abundanee Im — n/total ions

n~\m EOQ E1 E2 E3 E4 E5 EB6 Zin nZin
0
1
2
3
4
5
6 103 103 618
7 51 51 357
8 113 112 81 306 2448
9 182 125 44 351 3159
10 311 291 63 49 714 7140
11 118 299 223 640 7040
12 68 797 370 76 1311 15732
13 150 890 | 211 59 1310 17030
14 181 357 274 98 810 12740
15 380 745 527 59 1711 25665
16 73 403 843 252 93 44 1708 27328
17 58 33 887 230 97 1603 27251
18 43 454 940 624 56 54 2171 39078
19 55 551 889 331 164 1990 37810
20 84 | 965 625 398 95 2167 43340
21 104 269 857 426 101 1757 36897
22 48 430 949 522 1949 42878
23 75 662 1067 423 2227 51221
24 55 665 1015 296 2031 48744
25 132 766 1056 428 58 2440 61000
26 99 856 1424 240 2619 68094
27 179 864 703 | =203 1949 52623
28 181 715 829 220 55 2000 56000
29 58 713 616 148 1535 44515
30 163 653 551 9% 1463 43890
K| 78 560 473 77 1188 36828
32 140 427 336 903 28896
33 0 455 204 47 886 29238
34 54 487 249 790 26860
35 65 325 215 605 21175
36 279 175 454 16344
37 54 166 78 298 11026
38 46 52 83 181 6878
39 79 79 3081
2 Im 1934 13024 18951 7145 1096 206 44 42400
m X im 13024 37902 21435 4384 1030 264 952924
78039 E/W=0.082

may be similar to each other. Because no calibration stan-tional to the total number of ethanol molecules in all cluster
dard was available, the peak intensities of all ions recordedions.

by the data system (Hitachi M1000) were simply presented In the same way, the sumWj of n}_In (n = 0-39 in

in the tablesTable 1presents not only the peak intensities, Table 1) calculated from the whole mass spectrum can be
but also the compositiom{ — n) distribution of observed  assumed to be proportional to the total number of water

cluster ions and the calculated molar reiV. molecules in all ions. Thus, the molar ratie/\V) calculated
from the spectrum shown ifiable 1(=Fig. 29 is 0.082
3.1.3. Molar ratio of ethanol to water (E/W) (78039/952924).
The sum of peak intensities of cluster ions containimg Although 0.082 is still slightly higher than the ratio of the
molecules of ethanol is shown in the bottom Tdble 1 concentration, the base peak appearingvat= 561 corre-

as)_Im(l: peak intensity). The sund( Im) multiplied by sponds to the cluster ions of 2—26 { n) and the molar ratio
the numbem, which ism}_ Im as shown in the bottom of  calculated from the base peak compositiodn(= 2/26) is
Table 1 is assumed to be proportional to the total number of 0.077, which coincides the concentration of the solution. In
ethanol molecules in the cluster ions containimmolecules addition, it is interesting to note that the cluster ions around
of ethanol The sum E) of m)_Im (m = 0-6) calculated  the base peak, which have the molecular compositions sim-
from the whole mass spectrum is also assumed to be propordlar 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 intensitg RI178 1.5%, > 260= R.I. > 0.5%
n~\m EO E1 E2 E3 E4 E5 E6 Zin nZin
0
1
2
3
4
5 " I 355
6 145 145 870
7 144 121 68 333 2331
8 386 68 454 3632
9 106 501 105 72 784 7056
10 178 399 90 667 6670
11 318 642 179 12 1251 13761
12 590 1009 241 127 106 2073 24876
13 110 527 1118 244 86 2085 27105
14 719 1267 329 148 89 2552 35728
15 83 789 1105 383 69 2429 36435
16 144 744 1411 349 94 66 2808 44928
17 167 1085 1562 296 3110 52870
18 190 1173 1722 465 %0 3640 65520
19 218 1209 2130 324 3881 73739
20 204 1548 1179 257 3188 63760
21 278 935 1355 390 2956 62076
22 174 | 1007 1250 322 2753 60566
23 280 1083 1146 188 2697 62031
24 226 | 1161 1047 120 2574 61776
25 282 1233 838 243 2596 64900
26 165 904 744 89 1902 49452
27 223 880 577 110 1790 48330
28 132 469 336 81 1018 28504
29 89 584 287 960 27840
30 153 308 316 70 847 25410
31 101 275 187 563 17453
32 82 183 130 395 12640
33 116 72 188 6204
34 92 92 184 6256
35 95 95 3325
Zim 3299 18311 23097 5084 708 281 209 50989
mZim 1831 46194 15252 2832 1405 1254 996399
85248 | E/W=0.086

Another mass spectrum measured at the sample flow3.1.4. Clusters in the gas phase near the liquid
rate of 0.9ul/min using the new device (B) is shown in surface
Table 2 Although the ratio (0.086) is slightly higher than LPI mass spectra obtained with the device (A) have of-
that in Table 1 most abundant cluster ions are those con- ten presented the cluster ions containing three molecules of
taining two molecules of ethanoin(= 2), as same in both  ethanol as the most abundant ions. The increase in the num-
Tables. The base peakz 435) corresponds to the cluster ber of ethanol molecules, from 2 to 3, has been considered as
ions of 2-19, which were often observed for 20% ethanol the results of evaporatid24]. Therefore, LPI mass spectra
solutions. were measured using the device (Ei 10. Clusters evap-

In general, ethanol solutions are thought to be uniform orated from the liquid at the end of the polymer tube were
from the micro-scale point of view. The concentration ionized at the needle tip 3 mm above the liquid surface. An
(0.078) indicates that an average number of water moleculesexample shown itfrig. 2bandTable 3(digital expression of
(n) should be 13 in the case of = 1, 26 in the case of  Fig. 2l presents the composition distribution of clusters in
m = 2 and 39 in the case oh = 3. In addition, the com-  the gas phase (vapor), that is, abundant smaller cluster ions
positions of abundant cluster ions shownTiables 1 and compared with those shown Fig. 2aandTables 1 and 2
2 have the molar ratiosn§n) similar to that of the con- Table 3 clearly indicates that the numbers of water
centration. It should be noted that the ethanol cluster ions, molecules in cluster ions decreased significantly (from 8—38
(C2HsOH),,H*, and also binary cluster ions with= 1-4 to 0—-16) and even pure ethanol cluster iongH§OH),,, H™,
are not observed ifiables 1 and 2In contrast, those clus- m = 2-6, appeared. In contrast, the numbers of ethanol
ter ions have been observed abundantly by other methodamolecules in abundant cluster ions increased from 1-3 to
using the adiabatic expansion. 2-5.
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Table 3
Digital expression of the mass spectruRig; 2b) of 20% ethanol solution measured with device C; peak intensity > H80l. > 1.5%, > 490= R.I.
> 0.5%

n\m EO E1 E2 E3 E 4 ES5 E6 E7 2 In n2In

0 172 1472 1579 | 432 370 4025

1 288 | 2094 1828 567 239 5016 5016
2 801 3382 2222 | a8 165 183 7221 14442
3 1242 4075 2270 692 265 8544 25632
4 1805 4968 2672 632 10077 40308
5 314 2121 5268 2522 600 10825 54125
6 332 2321 5500 2269 FAR| 11133 66798
7 513 2391 4888 1910 | 404 10106 70742
8 536 2413 3933 1284 279 8445 67560
9 510 2039 2983 1147 239 6918 62262
10 642 1652 2178 963 5435 54350
1 483 1213 1605 | a5 173 3919 43108
12 185 467 916 1123 179 2870 34440
13 429 560 572 1561 20293
14 211 232 354 414 1211 16954
15 166 173 402 41 11115
16 190 207 178 575 9200

2Im 562 4821 20897 44633 21290 5197 1039 183 98622
mZ Im 4821 41794 133899 85160 25985 6234 1281 596346
299174 E/W=0.502

It is certain that these prominent changes in the clusterto the cluster ions of 2—19. The molar ratio corresponding
compositions occur during evaporation at and above the lig- to the base peakr{n = 2/19) is 0.105 and the abundant
uid surface, because no ions can evaporate from the liquidcluster ions are observed around the base peak, showing one
and get through the pinhole in the LPI ion source. Only neu- round distribution of the peak intensities. Therefore, the av-
tral clusters are ionized at the needle tip to be observed aseraged molar ratioM/W) agreed with the ratio of the con-
LPI mass spectrurfil7]. It is very interesting to note that centration. Judging from the results of many experiments, it
ethanol cluster ions, (EsOH)mMH™, were observed in the  seems easier to obtain LPI mass spectra giving the molar ra-
gas phase. tios close to the concentration for methanol-water mixtures,

As a result, thee/W ratio increased to 0.50. It is also in- compared with the ratios for ethanol-water mixtures.
teresting to note that the base peakz247) corresponding
to the cluster ions (3—6) gives the molar ratio/if = 0.50) 3.2.2. Clustersin the gas phase

equal to the averagde/W ratio (0.50) as shown ifable 3 Examples of mass spectra of the 20% methanol solution

The increase of th&/W ratios in vapor phase is reason- measured with the device C are showrFig. 3h Table 5

able, because the mole fraction of ethangt)(in the va- (digital expression ofFig. 3b and Table 6 These figure

por of 20% ethanol solution has been reported as B8/ ( and tables indicate that the number of methanol molecules

= 0.61)[14]. in cluster ions clearly increased, while the number of water
molecules decreased during evaporation. These tendencies

3.2. 20% (v/v) methanol aqueous solution were similar to those observed for the ethanol solution. The
increase in the number of methanol molecules, however, is

3.2.1. Cluster composition distribution at the liquid surface observed more significantly, especially fable 6(m= 1-4

An example of a mass spectrum obtained from a 20% — 3-8), compared with the case for the ethanol solution.
(v/v) methanol aqueous solution measured with the device In contrast, the decrease in the number of water molecules
B is shown inFig. 3aand Table 4 (digital expression of is less significant. Only a few methanol cluster ions were
Fig. 39. The cluster ions containing two alcohol molecules observed even in the gas phaSalfle §. Table 5was mea-
are also abundant in the methanol solution, although thesured with the sample flow rate of u#min andTable 6
molar ratio M/W = 0.111) is slightly higher than the ra- was measured with 0;@/min. In the latter, the further evap-
tio (E/W = 0.078) of the ethanol solution. Therefore, clus- oration may be expected to occur.
ter ions containing four molecules of methanol are observed The cluster ions, 1-18 to 1-33, shownTiable 6have the
in Fig. 3a The distribution of cluster compositions can be same mass numbers as those of 10-2 to 10-17. Therefore,
seen more clearly iffable 4 which indicates that the molar  the latter cluster ionsnf = 10) might be possible to exist,
ratio of methanol to wate/W = 0.112) calculated from instead of the former. In the latter case, the molar rstie/
the mass spectrum agreed well with &N ratio (0.111) would be 0.43, although main cluster ions are completely the
corresponding to the concentration of the solution. The basesame for both cases. According to the vapor-liquid equilib-
peak shown irFig. 3aappearing atn'z = 407 corresponds  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 flowl/naitex 0.5
and (b) measured in the gas phase using the device C (sample flow rgi¢/m0rg.

for 20% methanol solution has been reported as QYW As previously describedsig. 4 indicates clearly that the
= 0.88)[27]. It seems reasonable to consider that the results cluster ions containing two molecules of ethanol are the most
shown inTables 5 and @resent the cluster composition dis- abundant for the 20% ethanol solution and the numbers of
tributions in the gas phase near the liquid surface, althoughethanol molecules in clusters increased gradually to three
the sizes of observed cluster ions are larger than expected.and four during evaporation. The difference between the
liquid surface (close to the bulk) and in the gas phase (3mm
above the liquid surface) is relatively small. In contr&sg.
5 indicates that the numbers of water molecules in clusters
The correlations between the relative abundances of clus-decreased sharply during evaporation. The reproducibility
ter ions and the number of moleculesandn, are presented  of the number distribution of water molecules in the gas
in Figs. 4 and 5Srespectively. The abscissa Big. 4 indi- phase was good, being almost independent from the sample
cates the number of ethanol moleculey (n each cluster ~ flow rate between 0.3 and Q.&/min. The results clearly
ion and the ordinate indicates the relative abundance of theindicate that the main processes occurred during evaporation
sum of cluster ions containing molecules of ethanol. Sim-  is the elimination of water molecules (and clusters) from
ilarly in Fig. 5, the abscissa indicates the number of water each clusters at the liquid surface. When using wider surface
molecules ) in each cluster ion and the ordinate indicates area (diameter: 2 mm), residual water clusters at the liquid
the relative abundance of the sum of cluster ions contain- surface have been observed sometifi2&§.
ing nmolecules of water. Relative abundance was calculated The abscissa dfig. 6 indicates the number of methanol

3.3. Sze and abundance distributions of cluster ions

from the sum of peak intensities for all cluster ions con-
taining the same number of ethanol moleculgsIm) or of
water molecules)_ In), respect to the total ions (the sum
of peak intensities for all cluster ions in a mass spectrum).
Thatis)_ Im/>_(Q_ Im) in Fig. 4and)_ In/>_(3_ In) in Fig.

5. (3 Im =Y. (X In).

molecules i) and the ordinate indicates the relative abun-
dance of all cluster ions containingmolecules of methanol.
Fig. 7 indicates the same as thoseHig. 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



Table 4

Digital expression of the mass spectrufig 39 of 20% methanol solution measured with device B; peak intensity >-ARI.

> 1.5%, > 140=R.l. > 0.5%, R.Il.: relative ion abundaneeIm —

n/total ions
n \.m MO M1 M2 M3 M4 M5 NB N7 Zin nXin

(o]
1
2
3

4
5
6
7 33 33 231
8 34 34 272
9 72 72 648
10 39 144 97 37 317 3170
11 50 160 o8 59 367 4037
12 122 234 208 64 62 690 8280
13 125 334 268 103 830 10790
14 180 401 256 106 47 990 13860
15 187 493 377 164 45 1266 18990
16 38 311 466 357 197 44 1413 22608
17 43 273 662 468 186 1632 27744
18 29 291 704 711 196 48 47 2026 36468
19 72 341 202 408 175 79 29 37 2043 38817
20 81 490 514 492 307 32 1916 38320
21 49 275 661 630 240 58 1913 40173
22 42 321 737 669 186 1955 43010
23 76 525 779 540 163 36 28 2147 49381
24 64 354 715 513 197 1843 44232
25 48 364 681 471 121 1685 42125
26 88 379 630 291 103 1491 38766
27 362 241 249 72 924 24948
28 66 132 280 151 61 690 19320
29 52 87 146 82 367 10643
30 32 115 103 250 7500
31 31 81 86 39 31 268 8308
32 62 60 37 159 5088
33 37 150 43 230 7590
34 37 28 65 2210
35 59 59 2065

Zim 779 5420 10404 7712 2768 419 76 97 27675

__mZim | 5420 20808 23136 11072 2095 456 679 569594
63666 MW=0.112
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Table 5

Digital expression of the mass spectrufig. 3b of the 20% methanol solution measured with device C; peak intensity > #+R0. > 1.5%, > 470
=R.l.>05%

n \m MO M1 M2 M3 M4 M5 M6 M7 M8 M9 Zin nZin
0 102 111 213
1 101 140 179 420 420
2 145 361 283 109 89 65 1052 2104
3 69 361 639 432 177 143 75 1896 5688
4 139 473 898 655 320 143 2628 10512
5 283 951 1217 816 441 218 90 81 4097 20485
6 347 1106 1400 1043 536 202 76 101 4811 28866
7 428 1330 1621 1158 681 266 116 66 5666 39662
8 770 1621 1880 1170 662 219 151 6473 51784
9 100 725 1645 1981 1392 810 306 109 7068 63612
10 82 699 1740 1974 1350 692 322 126 67 7052 70520
11 98 842 1704 1816 1283 741 348 107 6939 76329
12 128 684 1691 1829 1442 765 387 139 61 7126 85512
13 68 705 1617 1875 1374 910 as4 78 7011 91143
14 92 737 1426 1669 1325 800 263 6312 88368
15 76 573 1184 1532 1322 904 227 69 5887 88305
16 8 544 1118 1272 1085 530 151 4758 76128
17 414 999 1444 641 436 21 4145 70465
18 105 382 9598 722 621 390 184 3363 60534
19 309 433 660 545 344 2291 43529
20 78 177 394 468 361 131 61 1670 33400
21 110 218 369 298 137 1132 23772
22 133 244 282 196 76 931 20482
23 77 131 140 79 427 9821
24 142 13 255 6120
25 102 102 2550
26 64 64 1664
Zlm 0 982 9134 21835 26404 19141 10592 4035 1150 516 93789
mZim 982 18268 65505 105616 95705 63552 28245 9200 4644 W=1071775
391717 M/W=0.365

0.6

~O— E/W=0.082
—— E/W=0.086
—t—E/W=0.110
—e—E/W=0114
—o—E/W=0.118
~—a— E/W=0.132

0.5

04 ——LC/W-U1&1
—a— E/W=0.148
—a— E/W=0.165
—— E/W=0.271
- @ - E/W=0502

-& - E/W=0525
- - - EW=0552
-
-
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- E/W=0.558
- EEW=0572

m
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Fig. 4. Distribution of the relative abundances of cluster ions contaimngolecules of ethanol as a function of the number of ethanol molecoies (
for the 20% ethanol solution. Relative abundance: the sum of peak intensities of al! ions contaimotecules of ethanol, respect to the total ions
(1.00) in each mass spectrum, @—) measured with the device A, (©6—) 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="R46601.5%, > 1540= R.l. > 0.5%
n\m MO M1 M2 M3 M4 M5 M6 M7 M8 M9 Zin nZin
0
1 226 247 473 473
2 183 307 318 272 283 1363 2726
3 397 545 549 416 273 2180 6540
4 338 782 1041 856 517 435 3969 15876
5 614 1366 1456 1055 681 603 5775 28875
6 309 1082 2023 1916 1507 856 862 8555 51330
7 661 1829 2401 2299 1854 1334 848 11226 78582
8 889 2321 3306 2841 2158 1571 910 13996 111968
9 214 1199 2971 4066 3510 2831 1708 1001 17300 155700
10 324 1527 3219 4215 4305 3059 1916 1158 19723 197230
1 524 1766 3689 4735 4781 3198 2216 1277 22186 244046
12 535 2008 3940 5274 4761 3581 2352 1330 23781 285372
13 173 617 2030 4171 5305 5295 3700 2633 1313 25237 328081
14 624 2144 4115 5542 5273 4112 2095 971 24876 348264
15 574 2010 4248 5458 5471 3414 1694 894 23763 356445
16 581 2005 3724 5416 3630 2616 1626 833 20431 326896
17 706 1756 3914 3526 3141 2506 1722 571 17842 303314
18 312 674 1763 2318 3009 2879 2300 800 14055 252990
19 307 652 1102 2120 2908 2450 844 882 11265 214035
20 333 496 1038 1799 2274 1669 1211 643 9463 189260
21 463 480 970 1614 1576 771 988 393 7255 152355
22 515 540 882 1054 1300 1219 549 280 6339 139458
23 642 483 613 861 901 593 430 4523 104029
24 658 379 439 573 689 422 205 3365 80760
25 503 372 391 243 424 1933 48325
26 678 361 186 227 201 180 1833 47658
27 673 360 245 174 1452 39204
28 508 204 201 913 25564
29 488 189 677 19633
30 210 210 6300
31 426 426 13206
32 174 174 5568
33 187 187 6171
Zim 7250 9889 25889 51229 67451 60755 43641 26833 13809 | 306746
mEim 7250 19778 77667 204916 337255 364530 305487 214664 124281 W=4186234
M=1655828 M/W=0.396
of clusters through loss of water molecules. In the case of ,
methanol solution, the increase in the number of methanol Xﬁ%jggg
molecules occurred more significantly than in the case of 12 . —a—EW=0110
ethanol solution, probably because methanol and water ;‘i DN
molecules dissolve more freely than ethanol and the fol- 4 44 ‘;' } — A EW=0.132
H ol . —O0— E/W=0.141
lowing collisions between smaller clusters may lead to the f/ ;z e weois

—8— £/W=0.165
—e—E/W=0271

association of smaller clusters accompanied with the loss of 3¢
water, resulting in the increase in the number of methanol

. . - @ - E/W=0502
molecules in clusters. In contrast, the main processes forg g - - - EW=0525
the ethanol solution are the loss of water, probably because . 5%2335

- -& - E/W=0.572

ethyl is more hydrophobic than methyl. It is interesting to 4
note that in the following processes, the association occurred
mainly between ethanol molecules with continuous loss g2
of water molecules, resulting in the formation of ethanol
clusters (GHsOH),, (m= 2—6 inTable 3, while almostno g = aalubaniy
methanol clusters were observe@dles 5 and 6 O T ® N VO YR NQL QT n

The E/W ratios measured with the device A were higher
than that of the concentration. The reason for this was Fig- 5. Distribution of the relative abundances of cluster ions containing
thought to be that the thickness of quuid Iayer at the needle n molecules of water as a function of the number of water molecules

. . . . . i (n) for the 20% ethanol solution. Relative abundance: the sum of peak
tip was thinner in the device A compared with the device intensities of all ions containing molecules of water/total ions (1.00)

B and thus, the evaporation of liquid occurred more rapidly in each mass spectrum. @—) measured with the device A, (O—)
to give higher ethanol concentration. The new device B 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 contaiming

molecules of methanol as a function of the number of methanol molecules
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the most abundant ions for 40% ethanol aqueous solutions
[25]. Additionally, another magic number (28) of water is
also observed irrig. 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 clusterr(= 21) of water. Pentagonal dodecahedron
has been suggested as the structure of the magic number
(21) cluster of watef2]. The existence of abundant cluster
ions with smaller sizesnf + n < 21), however, suggests
that most of the clusters in the liquids may be constructed
of networks of five-membered rings and six-membered

(m) for the 20% methanol solution. Relative abundance: the sum of peak lNgs.

intensities of all ions containingh molecules of methanol/total ions (1.00)
in each mass spectrum. @—) measured with the device A, (S—)
measured with the device B, and @--) measured with the device C.

provided better results with smaller, largern and the molar

4, Conclusion

The composition distribution of neutral clusters in the

ratios close to the concentration. The results suggest thatsolution may be under a sort of semi-equilibrium state, which

ideal conditions for measuring liquids should be ionizing
whole sample at the liquid surface prior to evaporation.

3.4. Sructure of clusters

The cluster ion containing 21 molecules of water £
21) has been well known as magic number clu$igp]

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

and such magic number clusters have been also observeghat in the liquid[14].

in binary systemsm + n = 21) [11,12] LPI mass spectra

The averaged molar ratioB/fV andM/W) calculated from

also showed such magic number cluster ions both for the the mass spectra measured with the device B gave the val-

ethanol and methanol solutions as seeffables 1, 2, 4-6
and Figs. 2a, 3a and,bin which the intense peaks such

ues close to the ratios corresponding to the concentrations of
the solutions. Furthermore, the abundant cluster ions were

as 1-20, 2-19, 3-18, 4-17, 5-16 and 6-15 are observedobserved around the base peak and the molar ratios calcu-
In addition, the cluster ions of 3-18 and 4-17 have been lated from the compositionsr(n) of abundant cluster ions

0.10

—o— M/W=0.101
009 —— M/W=0.112
0.08 —— MW=0.112
0.07 —a— M/W=0.176
0.06 —e— M/W=0.183
005 - -e- - M/W=0365
0,04 - -m- - M/W=0396
0.03
0.02
0.01
0.00

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 containing molecules of water/total ions (1.00) in
each mass spectrum.

agreed with that of the averaged molar ratio calculated from
whole mass spectrum, even in the gas phdsblés 3, 5

and §. 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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