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Abstract

1By a slight modification of the electrospray ionization method, positively charged water clusters H (H O) can2 n

conveniently be studied by high-resolution mass spectrometry over a large range of masses (from 1 to well over 100 water
molecules). Inclusion of an ammonium ion instead of a hydronium ion in the clusters does not lead to a change in the
distribution, and this indicates similar structures for the two types of clusters. In small ammonia–water clusters the frequency
of ammonia is higher than predicted by statistics, whereas the opposite is true for large ammonia–water clusters. Similarities
in the distribution of clusters generated from pure water and from an ammonia–water mixture gives doubt about proton
delocalization on the cage surface. Instead, structures which have a central hydronium or ammonium ion are more likely. A

1 1new suggestion is made about structures of the well-known clusters H O (H O) and NH (H O) .  1997 Elsevier3 2 20 4 2 20

Science B.V.
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1. Introduction dodecahedron surrounding a hydronium or ammo-
nium ion.

1Small ions such as the hydronium ion (H O ) and We now report a facile method to study such water3
1the ammonium ion (NH ) can exist hydrogen- clusters containing positive ions by high-resolution4

bonded to a number of water molecules in clusters mass spectrometry (resolution .5000 with 10%
even in gas phase. This has been confirmed ex- valley def.) using a slightly modified electrospray
perimentally by a large number of investigations (for inlet system. In all earlier experiments it is clear that
reviews on cluster ions, see, e.g., [1,2]). Ions with a the clusters have been formed from free vapor water
certain number of water molecules are more stable molecules at low temperatures and high velocity /
and more frequent than others, and there has been a shearforces (i.e. supersonic conditions). Using
particular interest in ions that consist of twenty water electrospray it is likely that the clusters arise, con-
molecules surrounding the hydronium or ammonium trary to previous methods, from already mono-
ion [3–16]. In this regard, one should note that the charged, larger packets of water molecules evaporat-
number twenty is also the number of corners in one ing in vacuum while losing energy, until they reach
of the classical regular polyhedra, the dodecahedron. equilibrium and Boltzmann distribution. Multiply
Therefore, structures of the ions mentioned above charged droplets can split electrostatically so that
has often been discussed in terms of a shell of water singly charged units are formed. During the short
molecules in the form of a more or less distorted time of flight from the inlet into vacuum and the start

of mass separation we assume that the cluster
*Corresponding author. reaches equilibrium thermodynamically. Much larger
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cluster distributions are observed with this technique, The liquid flow was 30 ml /min using a syringe
and this indicates that our new method utilizes lower pump, Phoenix 20 (Carlo Erba, Fisons Instruments,
temperatures and energies than previous methods Italy). A 500 ml loop injector (Reodyne 2840) was
[3–16], which instead have been based on, for used for sample injections. To avoid electrical dis-
example, electron impact ionization. charge in the feeding capillary and in the pumping

line the ion concentration of the test solution, which
governs the conductivity, was limited to less than

2. Experimental 100 mM. This experimental set-up made it very easy
to obtain high-quality cluster spectra on a number of

A ZabSpec double focusing magnetic sector mass different solutions.
spectrometer equipped with an hexapole lens electro-
spray interface (VG Analytical, Fisons Instruments,
UK) was used in our studies. For water cluster ions, 3. Results
the conditions of the atmospheric part of the inter-
face were slightly changed: i.e., no bath gas flow, no In previous methods, used to generate water
heating of the spray chamber (making it cooler than cluster ions [3–17], a mixture of water vapor and
208C), and a higher velocity in combination with carrier gas was expanded adiabatically and super-
lower mass flow (20 l /h at atmospheric pressure) of sonically into high vacuum. Corona discharge [4,5],
the nebulizing gas. The latter was achieved by high electron impact [7,9], as well as laser beam or UV
gas pressure (15 bar of nitrogen) and a narrow gap photoionization [8,10,11,15,16], and thermospray
between the outlet tip of the capillary tube and the [17] have been utilized to achieve cluster ions. In
outer tube making the nebulizer gas pressure and some of these set-ups it was necessary to use a cold
temperature drop rapidly inside the interface. Fig. 1 inlet channel.
shows a schematic diagram of the interface. In the electrospray ionization chamber, liquid and

Fig. 1. Schematic diagram of the modified electrospray inlet system.
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gas are mixed under adiabatic expansion conditions gas. Of the other gases, helium did not work because
so that charged droplets or particles are given. These of problems associated with maintaining a good
are reduced in size until cluster ions are formed. vacuum, carbon dioxide worked similar to nitrogen,

To optimize the cluster ion production at least five and oxygen gave weak signals and more complex
properties of the nebulizing gas have to be consid- spectra. For the larger clusters up to a hundred times
ered, namely; higher signals were achieved with argon compared to
1. Its cooling effect while expanding. nitrogen; however, it sometimes caused electrical
2. The ability of the gas molecule to become ionized discharge in the pumping line. Previously, it was

and transfer an electron so that a charged cluster observed that argon ions do contribute to the forma-
is formed. tion of larger water clusters [5]. Therefore, a mixture

3. The ability of the gas to serve as a reagent in of nitrogen and argon could be optimal, but we used
associative and in de-excitation collision pro- nitrogen as the nebulizing gas in most of the
cesses that effect the cluster ion size distribution experiments.

1[5]. A high-resolution mass spectrum of H O (H O)3 2 n

4. The d.c.-plasma susceptibility as there are steep with 3,n,120 is shown in Fig. 2A. The ion with
potential ramps in the ion source. mass m /z573 is the base peak, and corresponds to

15. The ability of the gas to form hydrogen bonds. the H O (H O) cluster ion, previously thoroughly3 2 3

Five different gases were tested: helium, carbon investigated [18–26]. It should be noted that the
dioxide, nitrogen, oxygen and argon. Normally, maximum peak sometimes appears also at the ion
electrospray is run with nitrogen as the nebulizing with m /z555. Whether the maximum is located at

Fig. 2. High resolution mass spectrum of positively charged water clusters. Spectrum A is pure water and B is water with 0.5% NH .3
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1m /z555 or 73 depends on the setting of the inlet NH (H O) (NH ) and it seems as if ammonia4 2 20 3 3

system, and is most likely due to the temperature in would coordinate to an already existing
1the inlet channel. NH (H O) clathrate structure. This gives the idea4 2 20

1After the maximum at H O (H O) the intensity that large clusters are more like ice and prefer water3 2 3
1declines and reaches a minimum at H O (H O) , while small clusters earn energy by adding ammonia.3 2 8

and then slowly increases again. A second maximum Finally, clusters generated from water samples
is reached at m /z5379, corresponding to the well- containing either hydrazine, hydrogenperoxide or

1known H O (H O) cluster ion [3–16]. Finally, a hydroxylamine were analysed, as seen in Fig. 6.3 2 20

third and smaller bump in the intensity corresponds
1to the H O (H O) cluster ion. Thereafter, the3 2 27

intensities fall off slowly but there are also clusters at 4. Discussion
1m /z52000, e.g. H O (H O) , which give signifi-3 2 120

1cant peaks, and there are no difficulties in obtaining As observed in Fig. 2A, the H O (H O) cluster3 2 3

a high resolution also at these high mass numbers. If ion is the base peak for protonated water clusters,
ammonia or an ammonium salt at concentrations of and this ion has previously been investigated ex-
10 mM–10 mM is added to water then the positive perimentally as well as theoretically [18–26]. There-
charge is located on the ammonium ion. Clusters that by, it was concluded to have a C -symmetric struc-3

contain one and only one ammonium ion are seen in ture with a central hydronium ion hydrogen-bonded
the spectrum shown in Fig. 2B, and the peaks appear to three equally positioned H O molecules [24–26].2

at one mass unit lower than those of the corre- Wei and Salahub investigated slightly larger proton-
1sponding water clusters in Fig. 2A. ated clusters up to H O (H O) with DFT (Density3 2 5

Mixed ammonium–water clusters were investi- Functional Theory) quantum chemical methods [26]
gated in more detail and the concentration of am- (for recent reviews of DFT methods in computation-

1monia in the sample solutions was varied from 0.5 to al chemistry see, e.g., [27]), and found that H O is3

33%. Thereby, an increasing number of ammonia the central unit in all of the lowest energy structures.
molecules are allowed to incorporate into the cluster Among the first to propose a structure for the

1ions. Details from the spectra on samples containing H O (H O) ion was Kassner and Hagen, when a3 2 20
10.5%, 12.5% and 33% NH , and an analysis of the dodecahedron (H O) with a hydronium ion H O3 2 20 3

NH content in these clusters, are shown in Figs. in the interior of the cavity was suggested [4].3

3–5. The peaks of protonated clusters composed of However, there were also suggestions that the proton
80 water or ammonia molecules are expanded in Fig. resides on the surface of the dodecahedron and that it
3. Thus, the high resolution is clearly seen. Insert A rapidly jumps between different O atoms [12].
shows the measured spectra, while inserts B–E show Magnera et al. [13] found that the energy for the loss
calculated mass compositions from the natural con- of H O is larger for n520 than for n519 or 21, and2

18 2 1tent of O and H in NH (H O) to that the stability of large clusters is due to enhanced4 2 79
1NH (NH ) (H O) . possibilities for hydrogen bonding and not to electro-4 3 3 2 76

The magic number of twenty is valid only for the static interactions. However, Shi et al. [16] in
number of water molecules, and not for the total opposition stated that entropic rather than energetic
number of molecules surrounding the central ion. In effects give rise to the appearance of magic numbers.
this regard, the phrase ‘magic’ refers to a cluster ion In addition to experimental data, recent quantum
with a higher relative abundance than those of chemical investigations gave various suggestions

1comparable sizes. In Fig. 5 it is seen that about the structure of the H O (H O) cluster ion3 2 20
1NH (NH ) (H O) reaches a maximum at a total of [28,29]. According to the semiempirical ZINDO4 3 4 2 n

110–13 units, whereas NH (NH ) (H O) is most calculations performed by Khan, the proton is lo-4 3 3 2 n

frequent at 12–16 units. Clusters that contain less cated on the surface of a distorted dodecahedron
1ammonia reach maxima at sites corresponding to H (H O) and one H O molecule is enclosed in the2 20 2

1NH (H O) 1nNH where n is either 1 or 2. A central cavity [28]. It was proposed that the magic4 2 20 3

strong peak is also reached for the cluster appearance of the cluster at n520 is due to a high
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Fig. 3. High-resolution mass spectrum of positively charged ammonia–water clusters (33% NH ). Insert in figure: expanded 1440 m /z3

region (A) and isotope intensity simulation of ion composition with one (B), two (C), three (D) and four (E) ammonia /ammonium species.

1 1stability of H O (H O) instead of H O (H O) , clathrate structure is formed. However, according to3 2 19 3 2 20

and that the latter ion is formed since there is a high DFT calculations by Laasonen and Klein there are
possibility for capture of a H O molecule when the instead several low-energy structures of2
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Fig. 4. Selective parts of mass spectra of positively charged ammonia–water clusters with three different ammonia concentrations: (A) 33%,
(B) 12.5% and (C) 0.5%. The ammonia–water clusters at low concentration (C; 0.5%) contain one and only one ammonia with masses one
unit less than the corresponding water clusters.

1H O (H O) that are within 1 kcal /mol in stability the spectra in Fig. 2A and B is an indication that a3 2 20
1of each other [29]. Of these, two were distorted structure of H O (H O) with a non-classical3 2 20

1dodecahedral structures with the hydronium ion H O unit located on the surface of a dodecahedron,5 2

located close to the cage surface. such as that proposed by semiempirical calculations
1The structures of very large H O (H O) cluster [28], should be questioned since structures with a3 2 n

1ions should asymptotically approach the ice structure bridged proton are not formed between NH and4

of the bulk. Since there is no clear tendency for H O. It has been found by quantum chemical2

magic numbers in clusters with n.30 (Fig. 2A and calculations that proton jumps do not occur between
1B), it seems as if the passing from well-defined NH and H O, and a hypothetical structure with the4 2

structures to bulk structures occurs in clusters with proton on the O atom instead of the N atom is as
20–30 water molecules. much as 25 kcal /mol higher in energy at the MP4

Because of the similarity in the spectra of level of theory [30] (1 cal54.184 J). The structure of
1 1 1H O (H O) and NH (H O) cluster ions it is NH (H O) should be compared with the bridged3 2 n 4 2 n 4 2

1obvious that the two types of clusters are built in the structure of H O where the proton is symmetrically5 2
1 1same way, i.e. with NH simply replacing H O . situated between the O atoms at H–O distances of4 3

˚Another investigation of this type was previously 1.195 A [31].
undertaken by Shinohara et al. [8]. The similarity of Analysis of clusters obtained from the solutions
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1Fig. 5. A representation of relative intensities of NH (NH ) (H O) homologs with fixed n.4 3 n 2 m

with various ammonia content reveals that ammonia (III) the best combination is three ammonia rather
is not statistically distributed in the different clusters. than two ammonia and one water molecule. This rule
It is clearly more frequent in small clusters and less of thumb is supported by quantum chemical DFT
frequent in large clusters than in the original solu- calculations performed at the B3LYP/6-3111G(d,p)
tions. In clusters with the total number of heavy level ( [32,33]; calculations were performed with the
atoms being roughly 20, the distribution of ammonia quantum chemical program package Gaussian94,
is lower than expected. For example, it is seen in Revision C.3 [34]) on cluster ions containing one
Fig. 4C that the largest peak in 33% ammonia is central ammonium ion and 1–3 ammonia or water
centered at m /z5412, corresponding to ligands (Fig. 7). Total coordination energies for

1NH (NH ) (H O) . This cluster ion therefore con- these small clusters, as well as H–N and H–O4 3 2 2 20
1tains merely 13% NH /NH and not the anticipated hydrogen bond lengths, are given in Table 1. It can3 4

33%. The ammonia content in slightly smaller be seen that replacing a H O with a NH molecule2 3

clusters with 16–22 heavy atoms is at most 25%, but leads to an increase in the coordination energy by
rises in smaller clusters to finally end at 100% for 2.8–6.3 kcal /mol. The higher coordination energy of
clusters composed of 2–5 units. NH compared to H O should be due to different3 2

The spectra of these ammonium–water clusters donicities (DN(NH )559 kcal /mol and DN(H O)53 2
1can be rationalized by a few concepts: When NH 33 kcal /mol) [35], which leads to stronger hydrogen4

has only one ligand (I), it is best stabilized by bonds for ammonia.
ammonia instead of water. With two ligands (II), two However, when the number of ligands increases
ammonia molecules are preferred rather than one further and when the ligands can form a ring or take
ammonia and one water molecule. With three ligands part in hydrogen bonding to a second shell of water
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Fig. 6. Selected parts of spectra achieved with water solutions of (A) H O (3 M), (B) NH NH (65 mM), and (C) NH OH (10 mM).2 2 2 2 2
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more three-dimensional the cluster ion the less will
the ammonia content be.

With this in mind one can analyze the cluster ions
and make general proposals to their structures. As
mentioned, the central ammonium ion is first stabi-
lized by 1–3 ammonia molecules. For slightly larger
clusters water starts to intermix. The intensity drop
for cluster ions with 8–9 heavy atoms, as seen in
Fig. 2, should be due to the fact that monocyclic
structures have to be formed and these are most
likely not much more internally stabilized by hydro-
gen-bonding than are open and/or smaller structures.
We suggest that bicyclic structures can start to form

Fig. 7. Cluster ions containing one central ammonium ion and 1–3
when it is possible to form two fused five-memberedammonia or water ligands L.
rings, i.e. at m /z5144, and tricyclic structures with

or ammonia molecules then the preference for am- three fused five-membered rings at m /z5180. More-
monia is lost. This is seen in Fig. 5 since the over, we consider bicyclic and tricyclic structures
percentage content of ammonia in the clusters de- containing four-membered rings as too strained to be
creases. Most likely, the preference of ammonia is to formed, even though there are recent proposals made
avoid formation of ring- and cage-structures and that neutral (H O) is composed of five four-mem-2 20

instead form shell-like structures [36], which should bered rings stacked on each other [37].
1make the ammonia content decline in large cluster The similarities in the spectra of NH (H O) and4 2 n

1ions. The ability of water to form three-dimensional H O (H O) cluster ions can be utilized to make3 2 n

structures should be higher than that of ammonia. general statements about structural alternatives to the
With two lone-pairs and two O–H bonds the H O dodecahedron for the magic number clusters. It is2

1 1molecule is better suited as a building block in clear that H O (H O) contains a H O and not a3 2 20 3
1three-dimensional structures than ammonia with only H O unit since a difference compared to spectra of5 2

1one lone-pair and three N–H bonds. As a result, it is clusters with NH would have been observed in the4

not possible to form fused bicyclic clusters latter situation. Moreover, at high ammonia con-
1NH (NH ) completely composed of ammonia. This centrations the magic cluster is instead4 3 n

1should explain why there is a tendency not to include NH (H O) (NH ) (Fig. 4C), and it is possible4 2 20 3 2
1ammonia in caged cluster ions. Accordingly, the that this cluster consists of NH (H O) coordinated4 2 20

Table 1
1 aCalculated data at B3LYP/6-3111G(d,p) level for NH (OH ) (NH ) cluster ions4 2 m 3 n

Cluster ion Sym. Coordination energy Hydrogen bond lengths

N–H(NH ) O–H(NH )3 3

11, NH (OH ) C 22.0 1.6374 2 1
12, NH (NH ) C 28.3 1.5494 3 3 v
13, NH (OH ) C 40.1 1.7164 2 2 2

14, NH (OH )(NH ) C 44.6 1.759 1.6944 2 3 1
15, NH (NH ) C 48.5 1.7514 3 2 2
16, NH (OH ) C 55.5 1.7774 2 3 3

17, NH (OH ) (NH ) C 58.9 1.782 1.805; 1.8114 2 2 3 1
18, NH (OH )(NH ) C 61.9 1.822; 1.818 1.8344 2 3 2 1

19, NH (NH ) C 64.7 1.8524 3 3 3

a 1˚Energies in kcal /mol, and bond lengths in A. Coordination energies refer to the energy for the reaction NH 1mOH 14 2
1nNH →NH (OH ) (NH ) , m and n50–3.3 4 2 m 3 n
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by two ammonia molecules onto the outer surface. about why there is a magic number at 20 [29]. From
It should be mentioned that clusters their study it is not easy to understand why there are

1 1NH (H O) (NH ) and NH (H O) (NH ) are difficulties to enlarge the cluster so that an intensity4 2 20 3 3 4 2 20 3 4

slightly less abundant than that containing two drop is observed between 20 and 21. Accordingly,
ammonia molecules. In Fig. 5 it is clearly seen that new ideas are needed. Through this study it should
the magic numbers for clusters with n numbers of be possible to give some general guidelines to which
NH molecules appear at sizes that correspond to structures are allowed, and which are not. Moreover,3

1NH (H O) (NH ) , i.e. a central clathrate it is likely that a transfer from well-defined smaller4 2 20 3 n
1NH (H O) to which n numbers of NH molecules cluster ions to the bulk-like clusters would pass4 2 20 3

have coordinated. This observation should indicate species such as that shown in Fig. 8.
that there are specific sites to which ammonia can
coordinate. On the dodecaheder, there are no such
specific sites and it is difficult to understand why and 5. Conclusions and outlook
how the four ammonia molecules would add in this
case. The following conclusions can be drawn from the

Considering a smooth transfer to ice structure it is present investigation:
tempting to make proposals about structures resem- 1. Only a slight modification of a standard instru-
bling the hexagonal structure of ice. One such mentation for electrospray ionization is used.
proposal is that shown in Fig. 8, i.e. a structure 2. The method is suited to the study of weakly

1composed of 6-membered rings in boat conforma- bonded cluster ions such as e.g. H O (H O) .3 2 n

tions. An interesting aspect with this structure is that 3. It is possible to obtain high resolution and a high
it has specific sites where ammonia can add to form signal-to-noise ratio even at high mass (m /z.

1 1NH (H O) (NH ) and NH (H O) (NH ) . 2000).4 2 20 3 3 4 2 20 3 4

Since ammonia forms rather long hydrogen bonds it 4. Liquid samples can be injected, which enables
should be easier for ammonia than for water to analysis of any ionic solution. Accordingly, weak-
bridge between two sites of the 6-membered rings. ly bonded clusters containing metal ions could
However, the new proposal has merely 28 (or 29) easily be investigated.
hydrogen bonds, if those to the central hydronium (or 5. The method could be useful for calibration pur-
ammonium) ion are counted. Since it was shown that poses. In this case, a weak ammonia solution is
the number of hydrogen bonds is central for the injected, both gas flow and heating is shut off and
stability of the cluster [13,29], one could estimate the nebulising gas pressure is increased.
that this ion is considerably less stable than the 6. The method can be used for determination of
dodecahedral structure which has 33 (or 34) hydro- isotopic composition of N, H and O in water and
gen bonds. ammonia.

However, the structures suggested from the DFT Usage of the method was exemplified on
1 1 1calculations of Laasonen and Klein did not give hints H O (H O) , NH (H O) and NH (NH ) (H O)3 2 n 4 2 n 4 3 m 2 n

clusters ions. From the analysis it is seen that H O2

and NH have different abilities to incorporate into3

caged three-dimensional structures. Furthermore,
1 1H O (H O) and NH (H O) should have similar3 2 n 4 2 n

structures with a central hydronium or ammonium
ion.
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