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Abstract

An experimental nanocalorimetric study of mass selected proto(tat€j,H" and deprotonated
(H20),.1OH water clusters is reported in the size ramge20-118. Water laster’s heat capacity
exhibit a change of slope at size dependent temperatures varying from 90 towtHiBHs ascribed
to phase or structural transition. For both anionic and cationic species, thesetrdasifieratures

strongly vary at small sizes, with higher amplitude for protonated than fortdeated clusters, and

change more smoothly above rougimy35. There is a correlation between bonding energies and

transition temperatures, which is split in two components for protonated clustees omhjl one
component is observed for deprotonated clusters. These features are tentativegtedtergerms of

structural properties of water clusters.

I ntroduction



The complex behavior of bulk water is still far to be fully understood tlagroperties of water
clusters at the molecular scale remain even more widely unknown. It is of fem@éhnmterest to
investigate the properties of water in the molecular size range: On thkaode it is a unique
benchmark to put to the test the descriptions of water molecules inctidereon the other hand,
knowing the properties of small water clusters is intrinsically uséfige they are expected to play a
crucial role in ubiquitous physical phenomena, from droplets nucleation [1@,8fuid/solid

transition in the bulk phase [4].

A great deal still has to be done to know comprehensthielyproperties of water clusters of more
than a few molecules. The complex intermolecular interactions at play (in particelao hydrogen
bonding [5]) makes the computations particularly cumbersome and the predictions hagléy m

dependent [6], which restricts reliable calculations to very small clusters.

Experimentally, the physical properties of water clusters were mainly investif@ough size-
dependent abundance study in mass spectra of both positively charged [7,8] and negatively ¢harged [9
species, through infrared (IR) spectroscopy [10] and using photoelectron spectrdddo@jectron
diffraction experiments performed in the 1980°s suggested that water clusters become crystalline in the
size range 200-1000 molecules [12]. This result was confirmed by vibrational IR speptro
experiments on pure water and Na-doped clusters [10,13], which saggestet of crystallization at
abou 275 water molecules [13]. Computer simulations support the assumption of amaigphous-
crystalline transition occurring above 200 molecules [14]. On the other hand, 21-maledate
clusters and sizes slightly above are likely to form more or less deforrgedstaccture; thus, a
transition from cage to amorphous structures is expected to occur somewhere between 21 and 275

molecules.

Since the pioger work by Haberland’s group [15] and the development of related methods
[16,17,18, nanocalorimetric studies of a few atomic (Tin [18&llium [20, aluminum [21]) and
molecular (sodium chloridg22]) clusters have been performed by recording their caloric gurves

which allows identifying phase transitions or any temperature-dependent phenomersalatéht



heat. The first order phase transitions can be identified without ambiduéty thie associated peak in
the caloric curves can be recorded over a sufficiently broad temperature rand@].[16-
Nanocalorimetry of water clusters is still poorly documented. In the expetsnmecently devoted to
water clusters [23,17,24], no melting transition can be clearly identified suagoration occurs too
close to the transition, which prevents from observing a whole peak that would bedéwable
signature of a first order phase transition; however, the change of slope olisealeadloric curves
can be ascribed to the lower edge of a phase transition. These experimentsicted rest limited
size range and to a single charge state, either positive [17] orveef#28i24], which @l not bring
reliable information about the size evolution of caloric curves nor akbovesnprehensive comparison

between anions and cations.

The present work completes previous studies and allows a comprehensive comparison of
protonated and deprotonated clusters over an extended size range. All data being recugdbe u
same experimental setup and all heat capacities being extracted from raw lddke \8dime method

[18] enhances the robustness of the comparisons from size to size and between anions and cations.

Experimental determination of water cluster’s caloric curves

A method based on clusters-atoms/molecules collisions was developed in our group to study the
phase transitions of mass selected clusters through the observation of their caloricl&limas [
method has already been successfully used to study the melting phase transition of sodium clusters
[18] and more recently to measure the caloric curves of deprotonated water clusters [24f& he s

method is again applied here to study both protonated and deprotonated water clusters.

The experimental setup and the data processing method used to extract caloric curthres dede
collected in our collision experiment were described in details in previous pubiEdi24,18
Protonated or deprotonated water clusters are produced in a gas aggregation source and ionized in a
discharge. They can be thermalized between 25 K and ambient temperaturetibaithéihen, they

are mass-selected, focused in energy, and slowed down before entering a aalisammtaining
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water vapor. The collisional products are mass analyzed in a second time of 8gghspectrometer;

the mass spectra consist of several peaks corresponding to the intact parestaciddie clusters that

have undergone attachment and/or evaporation of water molecules. The heat capacity is extracted from
these spectra using the method detailectierence [24] andeference [18]. The basic idea is to take
advantage of the correlation (due to the relation between unimolecular evapmatgiamd internal

energy) between the barycenter of the final mass distributi@n cluster’s internal energy. A
differential method is used: A mass spectrum is recorded at a given clusteratemgdgrand a given

collision energyE.;; a second mass spectrum is recorded at higher collision eBgrdy..+ oE, and

the cluster temperatufB=T-ST is set so that the barycenters are identical in both experiments. The

fulfillment of this condition indicates that the internal energy decreasa Trpto T, has been

compensated by collision energy increaséE (i is the average number of collisions). The heat

capacity C(T) is deduced from these two experiment@(ié)z i_ﬁE/ oT . A more rigorous treatment

gives the following expression of the heat capacity [24]:

c(T)z_i[u o’n / aﬁjﬁ W)

atéi/ o1 ) oT

Where n is the barycenter of the mass distribution, &fds the temperature shift that gives the
same barycenter aty, E.;) and (I, Ec). 0E; is given bydE; = yoECc+ ax(1 — y)oE., wheredE.= E, —
E.. Measurements of attachment cross sections on water molecules onto wétes blange shown
that only a pary of the collisions, which variewith cluster’s size and collision energy, leads to
attachmenty is the ratio of the attachment cross section to the collision cross section) [25,26]. For the
other inelastic collisions, only a fractiom of thecollision energy is converted into cluster’s internal
energy. The fraction of collision energy transferred to the cluster cartilates in the frame of the
impulsive collision model [27,28which gives the valuex = 1/2. We have taken the experimental

values of y from Ref.[25].



The experimental conditions are chosen in order to minimize noise and overall uncertanuags.

typical working pressures in the collision cell (between 34dfd 9 1¢ mbar), the average number of

collisionsi varies from 1 to 6 and the barycentewaries within a few units (in 4 mass units) with
respect to the parent cluster. The couples of clusters kinetic endfgi€s,X were chosen between
10eV and 38eV in the laboratory frame, wWih-E,; of the order of 6eV. The corresponding collision
energies in the center of mass (CM) fralBgeandE.,, which depend on the size considered, are thus

kept below 1eV.

The evolution of the barycenter is plotted in figure 1 as a function of the numbelisibns for
(H20)11¢H" colliding with water molecules at a CM collision energy of 0.32 eV. €kfgeriment was
performed at different initiatluster’s temperature§y,. Such curves are used to determine at which
pressure one should work to measure caloric curves. Two main aspects are usetl tteessorking
pressure. Firstly, one should work at pressure high enough so that evaporataredds set in.
Evaporation manifests itself in these curves when the barycenter does not arigcnease linearly
with the number of collisions. As the initial temperature of the clusters imsettse number of

collisions needed to induce evaporation becomes smaller and smaller. The other point to iconside

choosing the pressure is to minimize the teﬁ?ﬁﬂ in equation (1). Assuming a constant derivative
aToi

with respect to temperature over the range considereds thrm is evaluated as

0% _ on/6iTue)-on/0i(T,,)

: (see figure 1 and referenca8]). In the experiment oifH,0);1H"
oioT Tth2 _Tthl

presented in figure L‘aiis about 10 leading to a correction i6(T) that varies between -1 and -4%
oToi

over the whole temperature range. All along the experiments presented in thisitphps been

carefully checked that the ter[ﬁzr[ N introduces a correction of at most +5%@(T); such a
oToi/ oT

correction is smaller than the overall uncertainty and it significantheases the noise [18], seew

chose to neglect it here.



The way in which heat capaciity extracted from raw data is exemplified in figure 2 in the case of
(H:0)ssH™. In order to check the robustness of experimental observations, several experimsental run
were performed for each sizéll heat capacities presented here were averaged over several
experiments. Following the same procedure as in reference [24], the onset of evapwest
measured at every size in order to define the range of validity of owumesents (see for example

the inset in figure 2).

Results

In water clusters, unimolecular evaporation occurring at temperatures closeing teehperatures
prevents from recording the heat capacity over a sufficiently broad tempeeatges $0 no complete
peak - which would unambiguously denote a first order phase transition - can beedd2&].
However, all heat capacities of water clusters observed so far, by other groupsd23y&H as in our
lab [24], exhibit a noticeable change of slope at some “transition” temperature that depends on the size
and of the charge state. No information is experimentally available concerningytheatue of this
transition, which may be either melting transitions, glass transitions, or stdusnlid-solid transition
[17,24]. Theoretical works suggest that the transition from solid to liquidatér clusters proceeds
through a succession of solid-solid structural transitions spread over a broad tempenage
[29,30]. In this paper, we prefer tall “transition temperatures”, rather than “melting temperatures”,
the temperatures at which the heat capacities start increasing noticeably, tapnsideagreement
with other studiesZ3,17], that this feature is likely to be the lower edge of a structural ehang
Identifying the transition temperature as the change of slope underestimiatetentperature.
Moreover, the sharpness of the transition is size-dependent and is also likelywatlvahe structure
of clusters. Thus, we will focus on the onset of the phase transition, whiehdaly robust paramete
available from our experiments that allows comparing the properties of slérgter size to size and
from one charge state to the other. Our analysis of experimental data deal mtinthewsize

evolutions of the transition temperatures thus defined and with their variations from arcatisrs.



Heat capacity of protonated water clusters

The heat capacities of protonated water clustes®)kbo.1:4H" are displayed in figure 3. The noise
level is responsible for small features such as small secondary peakstetnimevature that must be
considered with caution. The absolute value of the heat capacities might be imedeestor
underestimated by a factor 2 [2@]luster’s evaporation was taken into account in data processing as it
has been done previously [24], namely we do not analyze the heat capacities above aaiven siz
dependent temperature from which evaporation dominates. Only reproducible featuchsyere

confirmed by recording each curve several times, are analyzed below.

At low temperature, the heat capacities, which are lower than bulk valuga$3bf deprotonated
clusters p4]) steadily increase. Between 78 K and 136 K, depending on size, the heat capaciies
or less suddenly increase. The transition is cleanf80,21 and above~35, whereas it is smoother
in the size range~22-35. Betweem=22 andn=35, the maximum value reached by the heat capacity

is, on average, lower than for other sizes.

At the highest temperatures investigated here, the heat capacities of waters clustdepeading
on their size, between abouts5nd 10 k. These values are higher than in bulk ice at the same
temperature (around 2.5/knolecule [31]); they are also higher than the bulk value for glassy water
(of the order of 3 ¥molecule) or liquid water, whose putative heat capacity is almost the same as the
one of glassy water at this temperature [32]. The fact that around 150K the heat capagtigrithhn
the bulk liquid value might hint towards a peak in the caloric curve, indicating a meltingjdrans
However, solid-solid structural transitions also give rise to peaks in the caloric curves dflusites
[29], and no conclusion concerning the very nature of the phase transition can actually be drawn from

the possible existence of a peak in the heat capacities.

The transition temperatures, deduced as shown in figure 2 from the calods,ane presented in
figure 4. Our transition temperatures present an evolution similar to thepomasusly measured,

despite slightly lower values [17]. This might be partially explainedhbydifferent way transition
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temperatures are extracted in both works: in references [17] and [23], thiéidratemperature is
determined from the caloric cun&(T), whereas in our case it is extracted from its deriva@i{/g),
which underestimates this temperaturhese difference reduces the disagreement with the results of
Schmidt and coworkers [17] but increases the difference between the transition terepevétu

(H20)n1 clusters and the ones@®f,0), clusters measured by Hock and coworkers [23].

Below n=35 roughly, they strongly vary from one size to another. The highest transitinpeitature

(136 K) is reached at=21 and no global trend can be identified in this size range. Alpe8& on the
contrary, the size-evolution of the transition temperatures becomes more reqadar:fram an
accident near the magic sizeeb5, they steadily increase, as expected from simple mesoscopic
capillary models [33]. It is worthwhile noting that the size evolution ahdition temperatures is
correlated, to some extent (once removed the smooth contribution of the latent of evaporation [34,35])
to the one of dissociation energies (see bottom panel in figure 4), whichticulpa, do no longer

significantly vary above~40 [8].

Local maxima of the transition temperatures are observed at the “magic sizes” (H,O)»H" and
(H,O)ssH'. These sizes have high cohesive energies, but their dissociation energies aressatihec
the highest local onesthe dissociation energy of §8),;H" is higher than the one of §8),,H", for
instance. Nevertheless, a positive correlation between the stability of clustetheimdnelting
temperature is observed in most cases - even though no simple relation cawréndhe general

cas€36].

The transition temperatures are plotted in figure 5.a) as a function of expetimissbciation
energies [8]. The correlation between both parameters can be split in two parts: A¥8birtdere is a
dramatic break in the curvg,=f(Eqs) and a change in its slope, which is much higher aloe2®
than below. (HO),H" departs from the general tendency since it has particularly high dissociation

energy in regards to its transition temperature.



Heat capacity of deprotonated water clusters

The heat capacity of deprotonated water cluster©O)YHOH was measured using the same
apparatus and the same data processing method than in the case of protonatedstesterSgveral

examples of the heat capacities of deprotonated clusters that we measured aie sifevance [24].

In figure 4, the size evolution of the transition temperatures of deprotonated water clusters isccompare

with the results obtained for protonated clusters. For both positively and edgatiarged clusters,
the size evolution is more regular at large size (roughly, abe®®) than at small sizes and a singular
behavior is observed around55 in both cases. However, the amplitude of the variations bet8%

is less marked for deprotonated species than for protonated ones.

The transitions temperatures of deprotonated water clusters are globahwalwweary with higher
amplitude at small sizes than at large sizes. The correlation between dmsoeisrgies and
transition temperature is weaker than for protonated clusters. As for protahateats, a positive
correlation between the binding energies of deprotonated water clusters andrahsition
temperatures is shown in figure 5.b). Only one component is visible for deprotohsteds, whereas

this correlation was split in two parts for protonated clusters.

Discussion

Positively charged water clusters

At least in the size range considered here, the large majority of the pgsihesiged water
clusters observed in laboratory experiments are protonated sfiggi®sH". In the few theoretical
studies devoted to the thermodynamics of water clusters [36,29,30], the sdntaddric curves of
protonated water clusters show an increase of the heat capacity as in the expediltmenigh(
calculations give transition temperatures slightly higher than experim&uesgral kinds of phase

transitions were proposed to account for this: transition from cage structures to “flower” structures,



from flower to ring or treelike structures [29], onset of delocalizatiothefH ion - that is to say, a
gradual transition as the temperature increases from Eigéi)(kb Zundel (HO---H---OH) form

[30].

The very nature of the phase transitions revealed here remains unknowmnitiexffects are not
expected to play a major role here, and the transitions are certainly due to atrlinges. They
may be either a glass transition, solid-solid structural transitions or a gengltivggriransition [17].

Let us briefly recall what is known about the structure of protonated water clusters.

Clathrate-like cage structure are suggested to explain the well-known partatability of
(HO)H" and (HO),sH™ [10,3629,4,37,38,39,40,41,42,43,44H,0),,H" is probably a pentagonal
dodecahedron {8, with the hydronium ion kD" occupying a surface state [42,43,30,45], and

(H,0)gH* is thought to be a hexakaidecahedrdre[4].

Single cage are no longer the most stable structures above about 35-molecule wlosterare
expected to have more disordered geometries, or to be made of face sharing multialie dates
with one or several water molecules or ions inside [37,46]. Putative glob@&hanifound using
empirical potentials show a transition arouns87 from (more or less distorted) single cage structures
to geometries with a small structured inner core [6]. There is so far no definitigrusdl explanation
of the high abundance of {8)ssH". Itis not necessarily due to its particularly high stability, but might
be due to the instability of ¢g@)seH™ [8]; the high transition temperature of £B)ssH*, however, is not
expected to depend on the stability of the neighboring sizes, and suggests thisccheste either a

higher stability or an entropic advantage in comparison to its neighbors.

Size-selected IR vibrational spectroscopy contributed to shed light on the structure of watar cluster
in the last decade. By analyzing the band corresponding to 3-coordinated molecules, avtyplices
signature of cage structures, IR vibrational spectra support the hypothesiooamodtwater clusters
having a clathrate-like cage structures at least in the size resje27 [38,39,40], with a variable
number of water molecules inside. These structures are generally not favdred large energy

advantage, and entropic effects are also likely to play a role [47]. Although some authoseduppo
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cage structures to occur around n=15 [29,48], the most recent IR spectroscopy experiments suggest
that the appearance of cage structure rather oeturs21, since the free OH peak ascribed to 2-
coordinated water band, still rather intensenaR0, becomes suddenly much weakernaRl

[10,39,49].

Let us examine now what information may be brought by the present work abotrutters of
water clusters, bearing in mind that it is necessarily a speculative approsaidcextent, since no

direct information about clusters structure is available from nanocalorimetry expatiment

The most visible feature of the correlation between dissociation energiestrargition
temperatures displayed in figure 5.a) is its splitting in two componentssponding to small and
large sizes, respectively. This feature depending on the dissociationesnesdiose behavior
simultaneously changes around35, might induce a biased correlatidhis also well known that
many properties of clusters evolve from highly size-dependent at smaltsirese monotonous at

larger sizes [50]. However, a correlation clearly appears on the graph and deserves to lladdress

An attempted explanation can be proposed, which rests on a change of structural progbsies of
clusters around~35, through the following rough analysis. First, one makes the hypothesis (#hich i
actually not directly supported by our experimental results) that thererss arfier phase transition at

the transition temperatures defined above. Within this assumption, first-orderidratesibperatures

T,..{n) , entropy changes\S(n), and latent heats.(n) are related by the well-known expression

trans

Ttrans(n):]/AS(n)x L(n). The latent heatsL(n) are positively correlated with the dissociation

energiedD(n) [51,52], which do not show any abrupt variations araw+®5 (847). Therefore, within
the frame of this rough model, the slope of the clUiyg=f(D) is expected to vary agAS and the
break at~35 could be linked to a sudden decrease of the transition emtBpience, such behavior
may come from an evolution from ordered to less ordered solid structures whose entlopgr to
the one of the liquid state (or to any less ordered structure), thus retheitignsition entropy. The
same rationale addresses the peculiarity @OjdH", which is then expected to be more disordered
than cage-lik¢H,0),,H".
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Negatively charged water clusters

Very few studies were devoted, both experimentally and theoretically, to negatively charged water
clustersascompared to positively charged ones. Since their first observation in 1981 [$jntigoof
anionic water clusters are currently produced in laboratory experiments, nan@)yBH [8,53,24
and (HO), [9,11,23]. In deprotonated species@)}, ;OH, the charge is assumed to be carried locally

by a OH sub-unit, whereas in @), clusters, the electron is more likely solvated.

In the low size range, deprotonated and protonated water clusters behave quite diffeirentf
all, the very strong magic number observed=#1 for protonated water clusters does not appear at all
for negatively charged clusters, which means that negatively charged and postiaeded water
clusters have different structures at this size. The data we provide here shpporpothesis that
protonated water clusters may have different structures than deprotonatedlusiézs at low sizes.
The less rugged profile of the transition temperature size dependence suggests weaker variations of the
cluster structure from size to size. Furthermore, and contrary to widtsésved for protonated
clusters, the size dependence of the cluster binding energies exhibits only gomeaimsupporting
the idea that deprotonated clusters do not undergo a size-dependent transition, as protormated do a
n~35. In addition, the slope of the correlation observed for deprotonated clusterbeowdrole size
range (fromn=20 to 70) is close to the one observed for large protonated clusters which were
suggested to have disordered geometries. Grouping these three facts togethertheatiggothesis
that deprotonated clusters may have different and less ordered structures483advan protonated

species.

For larger sizes, the temperature dependences of transition temperatures is ratheirsotot as
deduced from the reduced number of measurements, except in the vicimityzofAs for protonated
species, there is a sharp local increase, although with moderate amplitude, oc&ntigorir
temperatures around 55 molecules. This brings and additional proof, if thereweera need, of the

peculiarity of 55 molecules water clusters, but no reason for this can be deduced from ourexperim
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Conclusion

The heat capacity of size-selected protonated and deprotonated water wlastersasured, for
the first time, in an extended size range, betweerk~&0d ~140 K. Well-defined peaks, signature of
first order phase transitions, cannot be observed in water clusters. Nevertheless, for both charge states,
the heat capacity of water clusters shows the same feature: A slow incrdagetamperatures
followed by a sharper increase at a size dependent temperature at whiss erestikely to undergo
a phase or structural transitidduch a behavior of water cluster’s caloric curves was also qualitatively
observed in theoretical works; however, no comprehensive and reliable theoreti¢el ccalaes are
available in the size range investigated in the present work, whose analysithenefire rely on

speculative hypothesis.

The main features of the phase transitions observed in protonated water clusteessummed up
as follows (lay stress on~35 not referring here to an exact value but to a size range of a few
molecules around=35): i) Belown~35, the size evolution of transition temperatures does not follow
any marked global trend. The large fluctuations from size to size are signatordsred structures.
i) Around n~35, there is a break in the relation between transition temperatures and dissociation
energies. This break is possibly related reduction of transition entropyi) Above n~35, the size-
evolution of transition temperatures is much smoother than below and shows a global intresese.
experimental features lead us to draw up the following hypothesis: from&buond 35 molecules,
protonated water clusters have low entropy ordered structures, probably nhess distorted cage
structures with one or two molecules inside, whereas water clusters etimorabout 35 molecules

have generally a more marked amorphous character.

Contrary to protonated water clusters, the heat capacities of deprotonatedtlustens do not
provide indicationof a size-dependent structural transition. In the size rar@8-35, our results
suggest that deprotonated water clusters are less structured than protonteedsohe®i) there is no

magic sizes ah=21, ii) the correlation between binding energies and transition temperatures looks
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like the one of unstructured protonated clusters,ii@nthe variations of both transition temperatures

and dissociation energies are weaker than for protonated clusters.
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Figure captions

Figure 1. Barycentern plotted as a function of the number of coIIisid:n$bottom scale) or water
vapor pressure in the collision cell (top scale). The data are obtained by sizegéle®);H"

clusters at a kinetic energy of 33 eV in the laboratory frame, correspondingMocallision energy
E.=0.32 eV. The experiment was repeated at different initial temperatures otishers|(T=47, 97
and 127 K, respectively, from top to bottom). The number of collisions isnebtdrom the water

vapor pressure assuming a geometric cross-section. The vertical line intdtieatesking pressure in

the experiments used to determine the caloric curves@jiiH" . The derivativesin/si(T,,) and

on/ ai('l'thz) are used to evaluate the corrective term in relation (1) (see text).

Figure 2. Raw data used for determining the heat capacity of mass selectedcluaters, here
exemplified for (HO)ssH": The barycenter of the mass distribution, (see text) is plotted as a
function of clustek initial temperature at two CM collision energies, nant&ly0.64eV (squares) and
E.=0.73eV (circles) here. Slightly smoothed interpolation of experimental @antinuous lines),
were used for calculating the heat capacity shown in the inset using relatiorhéljvaier vapor
pressure in the collision cell is here 4%¥fbar, each cluster undergoes on averag@ collisions.
Inset: Heat capacityC(T) and transition temperature extracted from the two curves above. In the
hatched area, the values@©fT) are unreliable owing to the evaporation of clusters before they enter

the collision cell Dotted line: Heat capacity of bulk ice (taken from [B1

Figure 3. Size-evolution of the heat capacity plotted as a function of temperature of pedtorzer

clusters (HO).H".
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Figure 4. Top: Transition temperatures as a function-ef-disseciation-enesigiesor protonated (full
squares) and deprotonated (open circles) water clusters. Also representaxbudts previously
released by Schmiet al [17] for protonated clusters and Hoekal [23] for (H,O), clustersBottom:

dissociation energies (taken from reference [8]) of protonated (full squaredepratonated (open

circles) water clusters.

Figure5. Transition temperatures plotted as a function of dissociation energies (taken fremaefer
[8]) for a) protonated and) deprotonated water clusters. The slopes (dashed lines) are drawn only as
visual guide. The numbers inside squares and circles indicate the size of the clustpne ki fi

squares and circles distinguish sma#0) and large (n>35) clusters, respectively.
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