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Abstract: The reactions of water cluster anions (H.0),, n = 30—70, with hydrogen chloride have been
studied by Fourier transform ion cyclotron resonance (FT—ICR) mass spectrometry. The first HCI taken up
by the clusters is presumably ionically dissolved. The solvated electron recombines with the proton, which
is thereby reduced to atomic hydrogen and evaporates from the cluster. This process is accompanied by
blackbody radiation and collision induced loss of water molecules. Subsequent collisions lead to uptake of
HCI and loss of H;0, yielding mixed clusters CI~(HCI),(H20), until they are saturated with HCI. Those
saturated clusters lose H,O and HCI in a characteristic sequence. The final stage of the reaction, involving
clusters with m = 0—4 and n = 0—6, is studied in detail with density functional theory calculations. The
CI=(HCI)4(H20)s cluster represents an example for supramolecular self-organization in the gas phase: it
consists of a tetrahedral CI~(HCI),, connected on one side of the tetrahedron to a compact water hexamer.

Introduction of electron solvation and kinetics of their chemical reactions

. by monitoring the appearance of their spectrum and of its
Solvated electrons have already been observed in the very y g bp P

v d f chemist | £ 200 It took. h subsequent decay, as well as the appearance of their reaction
early days of chemistry, aimos years ago. 100K, NOWEVET, g, cts in a variety of pumpprobe experimentss
almost a century of research, among others by Wégfore ) i .
the early observation by Humphrey Davy of a deep blue color Such reactions of electrons in solution are not only of purely

appearing when liquefied Nftame in contact with sodium or academic interest, but also, in fact, of considerable practical,
potassium was correctly interpreted by Kraus as being due tc)technical, and industrial importance. For example, one important
electrons solvated by the ammofia field of application lies in the purification of water. The

?xtensive use of polychlorinated biphenyls, chlorinated aliphatic

The fact that solvated electrons can also be generated, at lea
. . . . ydrocarbons, and other halogenated compounds represents a
transiently, in water is a much more recent discovery. They can ~ . . . . .
major environmental problem, since many are highly toxic, and

be produced by a variety of methods, and their properties havethey often have a very long lifetime in the environment. Many

become the main subject of what is called radiation chentistry. . . .
. . . .2 . of these species can be very efficiently dechlorinated by means
In one type of such experiments, pulsed radiolysis, the liquid ) . . . .
of radiolysis, followed by reactions involving hydrated

samples, mostly aqueous solutions, are irradiated by intense 1
i X . electrons

pulses of energetic electrons, with energies of several MeV. . .

Another, more recently introduced alternative is to generate the N recent decades, it was demonstrated that besides bulk

electrons by multiphoton ionization using short, intense fs laser Solutions, electrons solvated in small, finite clustérs' can

pulses® These methods allow investigations of the dynamics also be prepared in experiments with cold, supersonic beams.
Their spectroscopy and dynamics have been studied in &etdll,
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starting with the photoelectron spectroscopy work by Bowen reactions of water cluster anions as models for solution phase

and co-worker3? Also available is a large number of sophis-
ticated theoretical investigatiork.?3

solvated electron®.Using formic acid as a reactattthydrogen
elimination was observed only with a branching ratio of 10%,

We have been using a very efficient laser Vaporization Wh”e, in 90% of the cases, the electron was solvated and
sourcé*27to produce and study a variety of hydrated igh$2 stabilized by formic acid molecules. A thermochemical analysis
Employing Fourier transform ion cyclotron resonance-(fCR) showed that hydrogen elimination is endothermic in this case.
mass spectrometry, we were able to store and mass select th&lowever, formic acid is not strongly dissociated in aqueous
hydrated electron clusters, {8),”, and investigate their stability ~ solution, and this motivated us to reinvestigate this reaction with
and the competition between their gradual fragmentation and HCI. While our experiments, in which the proton is introduced
the electron detachment induced by the absorption of infrared into the water cluster anion by ionic dissolution of HCI,
blackbody radiatiod® Such finite clusters can, however, also unambiguously show that the fundamental recombination of the
be a very convenient medium for the studies of chemical Proton with the electron really occurs in the cluster, the
reactions. Since the FTICR measurements yield unambiguous Secondary reactions proved to be even more exciting. The major
information about the elemental composition of the clusters, part of this manuscript therefore describes the reactions of
the effects of impurities which always plague experiments in CI~(H20)n, which are formed as primary reaction products, with
bulk solutions can be completely eliminated. Reactions with further molecules of HCI.
acetonitrile, carbon dioxide, oxygen, and other species revealed
a number of interesting properties of the chemistry of the
hydrated electrof}=37 building on the pioneering flow-tube The experiments were performed using a 4.7 T Bruker/Spectrospin
experiments by Johnson, Viggiano, and co-work&e8In the CMS47X FT-ICR mass spectrometer equipped with an APEX Il Data
present manuscript, we examine the behavior of the hydratedStation, a Bruker infinity cell, and a home-built laser vaporization source
electron clusters in the presence of hydrogen chloride as reagentdescribed in detail previousfy?®**Hydrated electrons were generated

by laser vaporization of a rotating metal target, followed by supersonic
Recombination of a solvated electron with a proton may be
. . . expansion of the hot plasma in a @8 gas pulse of helium seeded
viewed as the simplest and most fundamental electrochemical

Experimental Details

reaction. In bulk solution, however, it proved difficult to follow
this reaction directly. Hardly anybody will doubt that this

with water vapor83334The charged clusters are accelerated, guided
by electrostatic lenses, transferred through four stages of differential
pumping, decelerated, and finally trapped in the ICR cell at a

reaction actually takes place in solution, and it is routinely background pressure of 2 1071° mbar. In the present investigation
described in radiation chemistry literature as the primary decay we have used a target made from pressed Zn powder (Aldrich, 99.9%
pathway of the hydrated electron, unless strongly basic buffers Due to the negative electron affinity of Zn, the formation of@&®O),~

are used®4!Yet, the first reports on its observation sparked a

heated debat® 45 The goal of our recent research is to use
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K. H.; Ludewigt, C.; Haberland, H.; Worsnop, D. R.Chem. Physl990
92, 3980-3982.
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(26) Dietz, T. G.; Duncan, M. A.; Powers, D. E.; Smalley, RJEChem. Phys.
1981, 74, 6511-6512.
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61, 3686-3693.
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118 7386-7389.
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4086

(30) Bondybey, V. E.; Beyer, M. Kint. Rev. Phys. Chem2002 21, 277—306.

(31) Fox, B. S.; Balaj, O. P.; Balteanu, L.; Beyer, M. K.; Bondybey, V. E.
Chem—Eur. J.2002 8, 5534-5540.

(32) Fox, B. S.; Beyer, M. K.; Bondybey, V. H. Am. Chem. So002 124,
13613-13623.

(33) Beyer, M. K.; Fox, B. S.; Reinhard, B. M.; Bondybey, V. E.Chem.
Phys.2001, 115 9288-9297.

(34) Balaj, O. P.; Balteanu, |.; Fox-Beyer, B. S.; Beyer, M. K.; Bondybey,
V. E. Angew. Chem., Int. E®003 42, 5516-5518.

(35) Balaj, O. P.; Siu, C. K.; Balteanu, I.; Beyer, M. K.; Bondybey, V. E.
Chem—Eur. J.2004 10, 4822-4830.

(36) Balaj, O. P.; Siu, C. K.; Balteanu, L.; Beyer, M. K.; Bondybey, V.
J. Mass SpectronR004 238 65—74.

(37) Reitmeier, S. J.; Balaj, O. P.; Bondybey, V. E.; Beyer, MIK. J. Mass
Spectrom2006 249, 106-111.

(38) Posey, L. A; Deluca, M. J.; Campagnola, P. J.; Johnson, M. Rhys.
Chem.1989 93, 1178-1181.

is avoided, which results in an intense, clean distribution of hydrated
electrons (HO),~, essentially free of other anionic specfés’®

The reactant gas hydrogen chloride (Aldrich;+98) is introduced
into the ultrahigh vacuum region through a needle valve, adjusted to
raise the pressure in the analysis cell to the desired value, typically
6.0 x 107° mbar. The mass spectra of the species accumulated in the
ICR cell are taken at the end of the trapping cycle, and then after various
reaction delays, in order to monitor the progress of the reaction, decay
of the pure electron clusters, and the formation of products. The vacuum
chamber enclosing the ICR cell was kept at a constant temperature of
290 + 6 K by water flowing through a cooling jacket.

Computational Details

We have employed the Becke three-parameter hybrid functional and
the Lee-Yang—Parr correlation functional (B3LYP) together with the
6-311++G** basis set, implemented in the Gaussian03 progfain,
optimize the geometry and compute the harmonic frequencies of clusters
CI=(HCl)n(H20)m.

The Vienna Ab Initio Simulation Packatfe>° was used to find low
lying isomers of Ct(HCl)4(H20)s. The details of the molecular
dynamics simulations are similar to that in our recent woiRriefly,

(39) Arnold, S. T.; Morris, R. A.; Viggiano, A. A.; Johnson, M. A. Phys.
Chem.1996 100, 2900-2906.
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PA, 2003.
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" i ' " " i i " " that the mass of #Cl is equal to that of 2 K. The resolution
F a)t=0s 7 of ICR mass spectrometry is in principle sufficient to resolve
n=50 the small mass difference of 0.05 u, but in the presence of a
[ — (HO), ] reaction gas, it is significantly reduced, so that the lines of an
Lo CI(H0), ] (H20),~ solvated electron would not be clearly separated from
that of an (HCI)(HO),—>~ at the same nominal mass. THEI
isotope, however, with a natural abundance of 25%, allows
unambiguous identification of the reaction products. The mass
. 62 spectrum after 1.75 s in Figure 1b suggests that the primary
} 1 T reaction step is the uptake of HCI, with, on the time scale of
- . : , , lj " - the ICR instrument, immediate elimination of an H atom. Due
450 550 650 750 850 950 1050 1150 1250 to the overlap with H80, a minor contribution of very short-
m/z lived (HCI)(H0),™ as a primary reaction product, which quickly
T T releases hydrogen to form@H;0),, cannot be rigorously ruled
42 . out but seems unlikely.

Figure 2 shows an experiment where the@s~ cluster at
a nominal mass of 630 u was mass selectegH40), hydrated
: ion clusters fragment due to absorption of room-temperature
blackbody radiatiot2-5° The rates of this fragmentation are to
a fair approximation independent of the specific nature of the
E central species X but are roughly proportional to the number
of ligandsn.54-5560%In the range around = 35 the fragmentation
rate is around 773, and this makes it experimentally difficult

! L I I L 1 to mass select a single peak. Due to this process, there are

550 650 750 850 950 1050 already some 15% @D)34~ at mass 612 u present in

m/z Figure 2a, at a nominal time= 0 s.
Figure 1. Mass spectra of the reaction of {Bl),~ with HCI. (a) At nominal In Ei 2b ding t 0.1 tion ti
t=0s, the clusters have been accumulated du2is in the ICReell, and n Figure 2Zb, corresponading to a 0.1 s reaction time, one

some of them have already reacted by elimination of an H atom and observes a considerable growth of the= 34 fragmentation
formation of CI' (H2O)x. (b) After an additionat = 1.75 s, most of the Jproduct at 612 u, with two additional peaks appearing, a stronger
clusters have already taken up a second HCI molecule, as evidenced by th t 611 d barelv visible at 613 If the HCI
isotope pattern of C{HCl)q(H20), (¥), whereq = 1,2. o_ne a ) uan . one barely V'S'_ €a u. ) e V‘_/as
simply dissolved in the cluster, with three water ligands being
vaporized by the heat of the reaction, then a peak due to clusters
the density functional theory with the PerdeWang gradient correc-  containing H*Cl should be at a nominal mass of 612 u, identical
tion was used. The pseudopotentials for the core elctrons of the atomstg that of then = 34 fragmentation product. The corresponding
were construpted by the _projector augmented wave (PAW) met_hod. peak due to FICI, however, is expected at 614 u, but none is
The electronic wavefunction was described by a planewave basis Setobserved, and the £O component of the reactant ions was

with a cutoff energy of 280 eV. The molecular dynamics of the ion in tlv eiected. Absolut t istent
a cubic box with a dimension of 18 A was simulated with an integration resonantly ejected. Absolute mass measurements are consisten

Relative intensity

p=41

F b)t=175s

r —— (H0),
[—— CI(HCI)(H,0),

Relative intensity

time step of 0.5 fs. with the assignment that the 611 u and 613 u product species
. . correspond to clusters with an elemental composition of
Results and Discussion 35CI~(H,0)s2 and3’Cl—(H,0)a,, respectively. Since the ¢0)ss~

FT—ICR Mass Spectrometric Studies of Reactions of  réactant must be responsible for the growth of these products,
(H,0),~ with HCI. Our cluster source yields @), water the following reactions are apparently taking place:
cluster anions witm values extending from about 15 to nearly

100. As we have previously shown, the low end limit is due to (H,0)ss +hv—(H,0);, +H,O (1)
rapid electron detachment from small clusters, while at the upper B 3
end the distribution is limited by the increasing rates of room- (H0)35 +HCl—CI'(H0);, + H+3H,0  (2)

temperature blackbody radiation induced fragmentaiiarhe

range in a specific experiment depends on the conditions of (51) Siu, C.-K.; Fox-Beyer, B. S.; Beyer, M. K.; Bondybey, V.Ehem—Eur.
At ; i J. 2006 12, 6382-6392.

the laser vaporization source and th.e tlme-qf-fllght pgrametgrs (52) Dunbar, R. CJ. Phys. Chem1994 98, 87058712,

between the source and the cell, with a typical distribution in (53) Dunbar, R. C.; McMahon, T. BSciencel998 279, 194-197.

)
one of our experiments being exemplified in Figure 1a, where ® F9X B. 5. Beyer, M. K.; Bondybey, V. B. Phys. Chem. 2001, 105

the clusters extend over the range= 30—70. (55) Schindler, T.; Berg, C.; Niedner-Schatteburg, G.; Bondybey, \CHem.
: . . . Phys. Lett.1996 250, 301—308.
Figure 1a shows the measured distribution at a nominal time (se) schnier, P. D.; Price, W. D.; Jockusch, R. A.; Williams, EJRAm. Chem.

= i i S0c.1996 118 7178-7189.
t 0 .S' The clusters prOduced in the pmsed S.Upersomt.: (57) Sena, M.; Riveros, J. MRapid Commun. Mass Spectrob994 8, 1031~
expansion are accumulated over 20 pulses or 2 s. Since HClis™ ~ 1034.

present in the cell at a constant pressure, the reaction proceed&8) Thdmann, D.; Tonner, D. S.; McMahon, T. B. Phys. Chem1994 98,

; . ” 2002-2004.
during the accumulation, and some products of the composition (59) weis, P.; Hampe, O.; Gilb, S.: Kappes, M. hem. Phys. Let200Q
- ; 321, 426-432.
Cl (HZO)" are t_herefore detected e_llready at _nc_)mlnaHyO S- (60) Fox, B. S.; Balteanu, |.; Balaj, O. P.; Liu, H. C.; Beyer, M. K.; Bondybey,
The interpretation of the spectra is made difficult by the fact V. E. Phys. Chem. Chem. Phy2002 4, 2224-2228:
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[ a)t=0s n=35 —— (H,0), 1
I B *CI(H,0),,

- 34 u

C b)t=01s ]

Relative intensity

570 580 590 600 610 620 630 640 650
miz

Figure 2. Mass spectra of the reaction of size-selectegd)(Js5~ with HCI after a (a) 0 s, (b) 0.1 s, and (c) 0.25 s reaction delay. The main fraction of the
clusters fragment due to heating by blackbody radiation to forp®fkd—, while some collide with HCI and form C{H20)s>.

Here reaction 1 corresponds to the blackbody radiation which was performed in the case of formic aéldo a number
induced dissociation. In reaction 2, the hydrogen chloride with an uncertainty of 3.6 0.5 evaporating water molecules
molecule is taken up by the hydrated electron clusters, andis assumed. Evaporation of a water molecule is equivalent to a
besides evaporation of most likely three water ligands, also areaction enthalpy of 38 + 2 kJ/mol3739.66which amounts to
hydrogen atom is lost, but the present data do not give an enthalpy ofAH(reaction 2)= —114 4+ 19 kJ/mol for the
information about the exact sequence of events involved in gquivalent reaction for the charged species in a finite hydra-
reaction 2. We know from our previous studies of other ionic tjon environment. Literature thermochemistry allows the cal-

water clusters that hydrogen chloride is ionically dissolved in - 1ation of the enthalpy of the corresponding reaction in bulk
the clusters?31.6¥65 |t js natural to assume that also, in the solution:

present case, the dissolution and ionization of HCl in the large
hydration shell, giving rise to aqueous tnd CI ions, is the
first reaction step. Subsequently the electron would recombine
with the proton, yielding a neutral hydrogen atom which Clg)+e(g) — CI(g) AH = -354.81 kJ/mol” “
interacts only weakly with the water solvation shell and
evaporates from the cluster on a time scale which cannot be
resolved in the ICR, i.e., faster than 1 ms. An alternative course ¢-(aq) Selg) AH = +171.943.8 kJ/mol®® (6)
of the reaction would be a rapid and direct transfer of the
electron to the hydrogen chloride prior to its dissociation on
the cluster surface, yielding HCI This unstable anion would
then nearly instantly dissociate to yield a chloride anion and a  The enthalpies of reaction 5 and 6 relate to a hydration
hydrogen atom, which would again evaporate from the surface. enthalpy of the proton of-1090 kJ/mol, which is currently
Apparently the entire reaction, i.e., the dissolution of hydrogen under debate. However, in the overall calculation this value
chloride followed by the reduction of the hydrogen ion, is suffi- cancels out, so that the error given for the enthalpy of reaction
ciently exothermic to evaporate three molecules of water from 7 is not affected. The number of evaporated water molecules
the cluster, together with a thermochemically unfavorable hydro- in reaction 2 reflects the thermochemistry of the reaction,
gen atom. Unfortunately, the number of evaporating water mole- illustrated by the accidentally excellent numerical agreement.
cules could not be obtained more accurately, since the overlap ofThis suggests that “cluster phase” experiments indeed offer a
the reactant and product species together with theunfavorablegirect route to condensed phase thermochemistry by counting
isotope pattern of chlorine did not allow the quantitative analysis the number of evaporating water molecules, as outlined previ-
(61) Schindler, T.; Berg, C.: Niedner-Schatteburg, G.: Bondybey, \CHem. ously by Arnold et al3® complementary to the more elaborate

Phys. Lett1994 229, 57—64. scheme put forward by CS8.
(62) Berg, C.; Beyer, M.; Achatz, U.; Joos, S.; Niedner-Schatteburg, G.;
Bondybey, V. E.Chem. Phys1998 239 379-392.
(63) Beyer, M.; Achatz, U.; Berg, C.; Joos, S.; Niedner-Schatteburg, G.; (66) Shi, Z.; Ford, J. V.; Wei, S.; Castleman, A. \W.Chem. Phys1993 99,

HCl(g) — H(g) + Cl(g) AH = +431.96 kJ/mol®’ 3)

CI(e) — CI'(aq) AH = -364 kJ/mol” )

HCI(g) + e'(aq) — Cl'(aq) + H(g) AH = -115 + 4 kJ/mol 7

Bondybey, V. EJ. Phys. Chem. A999 103 671-678. 8009-8015.
(64) Fox, B. S.; Balaj, O. P.; Balteanu, |.; Beyer, M. K.; Bondybey, V. E.  (67) Atkins, P. W.Physikalische Chemj&/CH: Weinheim, 1990.

J. Am. Chem. So@002 124, 172—-173. (68) Shiraishi, H.; Sunaryo, G. R.; Ishigure, K.Phys. Chen994 98, 5164~
(65) Fox, B. S.; Beyer, M. K.; Achatz, U.; Joos, S.; Niedner-Schatteburg, G.; 5173.

Bondybey, V. EJ. Phys. Chem. A2200Q 104 11471151. (69) Coe, J. Vint. Rev. Phys. Chem2001, 20, 33-58.
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topes with natural abundances occurring in a ratio of about 3:1,

CI(HCI),(H,0); CI(HCI);(H,O),

CIHC).(H,0), and one can therefore from th(_e pattern of each multiplet easily
(=9s | ’ ‘ | | determine the number of chlorine _at_oms prgsent in th(_a product
e A N P A A A cluster. Thus, for a cluster containing a single chlorine, two
f \ 821 331 358 368 . lines in a ratio of 3:1 are expected, two chlorine atoms should
3 58 5.1 give roughly a 9:6:1 triplet, three should give a 27:27:9:1 quartet,
2 \ \ and so on. These isotopic multiplets then provide fingerprints
2 4,3/ 212 from which the elemental composition of each cluster size can
§ 47, -HCI Ee,u easily be inferred. Calculated exact isotope patterns are shown
L i \6,13 i in the top right panel of Figure 3 for the clusters with five and
a6 »\ six chlorine atoms.
' 6,14 The experiment started with a distribution of much larger
315‘3/'6_,40. \5,15 (H20),~ clusters,n = 30—70. Since the collisional rate is of
‘\.\ the order of 1 sl, after 9 s, these clusters are essentially
saturated with HCI. Subsequently, they only lose ligands, either
250 300 350 400 450 500 550 due to the above-mentioned blackbody radiation or collisions.
m/z One should expect that, at each stage, the most weakly bound
Figure 3. Mass spectrum of the reaction of {B),”, n = 28-57, with ligand is most likely to be lost.
HCI after a reaction delay of 9 s. The clusters are almost completely . . . .
saturated with HCI. Collisionally and blackbody radiation induced dis-  |f On€ now examines the spectra with this in mind, an

sociation lead to evaporation o8 or HCI, depending on the cluster size.  interesting pattern emerges, with a cluster of a given number
HCItlc_)ssthpretferer_ltiﬁlly occurs hat =6, ? and 15 HO mcile(‘iulez- fThe " of water molecules containing a characteristic number of HCI
et in e op MG somer sho lsotope patens Sakuted 191 1 molecles 10 form mixed clusters, GHC(H:O), denoted
measurements confirm the peak assignment. by the indexesm,n] in the following discussion. At a reaction
delay of 9 s, we observe compositions offi] with m= 6 and

n = 12—17 for the largest clusters. For lighter ions, one finds
m = 5 and withn = 8—13 remaining water molecules) = 4
andn = 6—8 water ligands, and, finally, clusters with = 3
and n = 5—6 water molecules. Interestingly, these ranges
differing by the value ofm, that is, by the number of HCI

Over the entire range af values, we did not observe any
products of the composition (HC)@®),, that is, clusters
where the HCI was dissolved, without loss of a hydrogen atom.
This is in contrast to our earlier experiment with formic acid,

where only 15% of the reactions lead to hydrogen formation. lecul learl ted b h luster si
This is most likely due to the less favorable thermochemistry; molecules, are clearly separated by gaps, where one cluster size
or one of the chlorine multiplets seems to be missing or almost

only one water molecule evaporates in the equivalent of reaction ™.~
237 Obviously, the intracluster charge-transfer processes, the M'SSING- ] S ] )
reduction of the proton, and elimination of atomic hydrogen  The order in which individual ligands are lost can be nicely
must be very fast compared with the time scale of the followed in Figure 3. Starting, for instance, from an
experiment. The reaction products observed in Figure 2b canlMn] = [6,15] cluster, it will gradually lose water ligands, one
react and fragment further, as can be seen in panel 2¢,by one. When the num_ber_of water molecules has dropped from
corresponding to a reaction time of 0.25 s. Here only about " = 15 ton =12 resulting in the [6,12] cluster, one of the HCI
25% of the (HO)ss~ reactant is left, while (bD)ss~ is now by molecqles is appareqtly more weakly bounq than thg remaining
far the strongest peak, and its consecutive fragmentationwater ligands and will evgporate preferentially. T_h|$ yields a
productsn = 33 andn = 32 can be seen. Also seen, although [5,12] _clust_er_ and results in the Ipss of 36 u, leaving a gap or
weak, are thé’Cl~(H,0)s redox reaction product and analogous intensity minimum ata mass which would have corresponded
clusters with 31 and even 30 water ligands. to the loss of a single water ligand, 18 u. This gap corresponds
The primary products C(H,O), collide with additional HCI 0 @ [6,11] cluster, which is not observed. However, a small
molecules, and further reactions take place. Examination of @mount of [5,13] is observed in its place, which is probably
products at longer times reveals that the water clusters can takedue to large clusters which have only taken up 5 HC, i.e., which
up additional HCI molecules, but such subsequent steps are@® not yet fully saturated. In this way the fragmentation
conceptually different from the first one. Even though the continues, with the cluster at each point shedding the most
additional HCI molecules might again dissociate ionically to Weakly bound ligand, either 4 or HCI.
form the H™ and CI ions, the cluster now no longer contains ~ After a 20 s reaction delay, Figure 4a, the most intense peak
a free electron, so that no reduction of the proton can take place.groups in the spectrum correspond to the presence of only three
As the reaction is allowed to run further, the uptake of HCI and four chlorine atoms, such as “QHiCl)2(H.0),-s and
proceeds concurrently with cluster fragmentation, and the overall CI~(HCI)3(H20)s 6. The fragmentation now slows down, since
distribution of the clusters continuously shifts to smaller sizes the remaining small clusters absorb blackbody radiation at a
and smaller values af. One finds, however, that after a certain ~ significantly reduced rate due to the reduced number of
time only the fragmentation takes place, with the clusters no Vvibrational modes. At this point also ligand exchange becomes
longer being able to take up additional HCl molecules. Such a competitive with fragmentation. Since only HCI is present in
situation is exemplified in Figure 3, which shows the products the ICR cell, this can proceed only in one direction and results
after a 9 sreaction delay. Each of the original, single peaks in a gradual exchange of the remainingQHwith HCI.
corresponding to the specific §B),~ clusters is replaced by a The remaining ligands in the small clusters are all relatively
multiplet of several lines. As noted above, chlorine has two iso- strongly bound, and the nearly thermoneutral, or even slightly
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Figure 4. Mass spectra of the reaction of {B),~, n = 28—57, with HCI than 5 kJ/qu (<10 %) OnAE tested by the counterpoise method,

after (a) 20 s and (b) 40 s. The last time HCl is evaporated from a mixed &€ sum'marlzed in Table 1. _

cluster occurs from the [3,5] to the [2,5] species, as shown in spectrum a.  The simplest [1,0] compound is of course the well-known,

(T:flle&f'ecrgaining[ [2(1)]] Speciez Uzderﬁpﬁflot\a/ |i9i’cmd eﬁéTaniqtﬁ-tLeSl;!tinlg i linear centrosymmetric bichloride ion [EH—CI]~, with one

- or ImuU}, m = Z2—4, WNIC| urther lose unti e Tnal ) :

m = 2 cluster is reached, as indicated in spectrum b. of the strongest known hygrogen bonds. Further coordination
by molecular HCI results in very stable QHCI), = [2,0],

Lo . . CI~(HCl); = [3,0], and even CI(HCIl); = [4,0] ions. In
endothermic, ligand exchanges result ultimately in complete Iossgeneral, our results are in good agreement with the previous
of water, so that after a 40 s reaction delay, the only observable\;p5/5.31 4-G** studies although there are some slight dif-
mass peaks are due to the GICl), 4. The mostintense group  terances. While our DFT calculations predicCa, symmetry
of five peaks corresponds to the= 3, Cs, CI~(HCI)3 complex for [3,0] and aTy symmetry for [4,0], the MP2/6-314G**

ion, as can be seen in Figure ‘_lb' In _agreement with the optimized structures yieldeDBs, and distortedly symmetries,
theoretical computations, which will be discussed below, this respectively, for [3,0] and [4,0P2

ion cluster then only very reluctantly loses HCI, to form the g chjoride anion forms stronger hydrogen bonds with HCI
m = 2, Gz, CI"(HCI), cluster. Again consistent with the 5, with O as clearly evidenced by the CLH distances.
calc_u_lat|ons, this cluster ion is too strongly bound to lose an g, instance, the hydrogen-bonding distances are 1.577 A and
additional HCI molecule. 1.896 A for [1,0] and, [2,0], respectively. The distances are much

Den§it¥ Func.tional Thepry Studies of Cr(HCI) m(H20)n. longer tha 2 A for both [0,1] and, [0,2], reflecting the disruptive
To assist in the interpretation of the last reaction stage, we haveggact of the ionic hydrogen bonds on the water network

carried out a series of density functional theory (DFT) computa- jp<aned in infrared spectroscofy74 This can be understood,
tions on the structure of mixed QHCHm(H0) clusters — ginee the dipole moment of HCI always points along the
[mn] = [1-4,0-6]. The "pure” clusters, CIHCl)m [m,0]"°2 direction of the hydrogen bond Cl.HCI resulting in maximum
and CF(H0), [0,n],7® have of course been investigated j ieraction. While HCI can of course form only a single
previously, as well as neutral mixed species (HE)O)n n hydrogen bond with Cl, H,O can form two donor hydrogen
=1, 2, 4% In order to understand the fragmentation and ligand bonds with the clusters. However, for example, in [1,1], [2,1],

exchange reactions observed in the mass spectrometer, WTS,l], and [1,2], a HO molecule bridges two Cl atoms via its
carried out quantum chemical calculations for both pure clusters, 5_ 4 honds. but the interaction is very weak with distances
[m,0] and [On], and the mixed solvent clustersnj], with m longer than '2_4 A

= 1-4 andn = 1, 2. The most stable structures obtained in The relative strength of the hydrogen bonding of CHCI

our calculations are shown in Figure 5, and their ligand binding 5,4 CF...H,0 can also be seen by comparing the binding ener-
energies, with a basis set superposition error (BSSE) of less

(72) Choi, J. H.; Kuwata, K. T.; Cao, Y. B.; Okumura, Nl.. Phys. Chem. A

(70) (a) Chandler, W. D.; Johnson, K. E.; Fahlman, B. D.; Campbell, J. L. E. 1998 102, 503-507.
Inorg. Chem1997, 36, 776-781. (b) Xantheas, S. 8. Phys. Chenil996 (73) Ayotte, P.; Weddle, G. H.; Johnson, M. A.Chem. Phys1999 110 7129~
100, 9703-9713. 7132.

(71) Chaban, G. M.; Gerber, R. B.; Janda, K.JCPhys. Chem. 2001, 105, (74) Ayotte, P.; Weddle, G. H.; Kim, J.; Johnson, M. A. Am. Chem. Soc.
8323-8332. 1998 120, 12361-12362.

J. AM. CHEM. SOC. = VOL. 129, NO. 11, 2007 3243



ARTICLES Siu et al.

Table 1. Binding Energy (in kd/mol), Including Zero-Point Corrected (ZPC) Energies, Thermal Enthalpies (AH), and Thermal Free Energies
(AG) at Ambient Conditions, of a Ligand (HCI or H20) in CI=(HCI)»(H20), [m,n]2

binding energy (kJ/mol),
[m,n] — [m = 1,n] + HCl or [m,n] — [m,n — 1] + H,0

AE AEBSSE AE+AZPC AHZQsKJatm AGZBBK,lalm

CI=(HCl)(H,0), [m,n] and symmetry ligand caled caled caled caled® expt caled® expt
Cl~...(HCI) [1,0] Dooh —HCI 104.8 102.6 106.7 111.1(103.4) 99%:63.4° 80.4 (72.5) 67
Cl~.. .(HCl} [2,0] Cyo, —HCI 64.5 62.2 56.7 59.2 (57.5) 58.6 31.3(30.2) 331
Cl~...(HCl) [3,0] Cs, —HClI 53.0 50.6 47.3 48.0 (51.9) 49.0 19.0 (21.4) 19.9
Cl~.. .(HCl), [4,0] Ty —HCI 43.7 40.8 38.6 38.9 (41.8) 431 6.2 (21.2) 9.8
Cl~...(H.0) [0,1] Cs —Hx0 62.1 60.8 57.2 60.5 61 36.7 39
Cl~. . .(H0), [0,2]1C, —HO 60.5 57.4 49.9 53.0 53 17.3 28
Cl~.. .(HCI)(H0) [1,1]Cs —HCI 90.7 87.7 90.1 93.2 669 59.0 39.F7
Cl~. . .(HCI)(H,0) [2,1]Cy —HCI 56.5 54.2 48.7 49.5 5185 21.6 25.4
Cl~. . .(HCl)3(H20) [3,1] Cs —HCI 47.3 445 42.0 42.4 11.3
Cl~. . .(HCI)(Hx0) [1,1]Cs —H0 48.0 45.9 40.6 42.7 439 15.2 20.6
Cl~. . .(HCI)(H20) [2,1]Cy —Hy0 40.1 37.8 32.6 329 32 5.5 13
Cl~. . .(HCl)3(H20) [3,1] Cs —Hy0 34.4 31.8 27.3 27.3 0.1
Cl~. . .(HCI)(H0). [1,2]C, —HCI 77.3 72.9 78.3 79.8 544 50.6 27.3
Cl~. . .(HCI)(H0). [1,2]C, —H,0 47.0 42.7 38.0 39.7 40 8.9 14.5

aThe energies are evaluated based on the optimized geometries for the most stable isomer at each clus@ngitee Gaussian 03 program at the
B3LYP/6-31H-+G** level of theory.” The numbers in parentheses are the MP2/6+33% results from ref 70a¢ Reference 75¢ Reference 762 Upschulte,
B.L.; Evans, D.H.; Keesee, R.G.; Castleman, A.W. Unpublished results, referred to in fét&férence 78.

gies of the Iigands, HCI and 40, for the various mn] clus- Table 2. Energy (in kJ/mo!), Including Zero-Point Corrected (_ZPC)
ized in Table 1. In most cases. the current DFTEnergles, Thermal Enthalpies (AH), and Thermal Free Energies

ters, as Summar'ze n - >t (AG) at Ambient Conditions, of Ligand Exchange?
results agree with the experimental values within 4 kJ/mol, as ,

. . L . energy of ligand exchange (kJ/mol)
well as with the previous ab initio calculations. The only CI=(HCI)(Hz0), + HCl — CI=(HCl) 1(H;0)—1 + H,0
exceptions are the [d], clusters, in which DFT calculations seem CFHC)AH:0)  AEvame
to overestimate the HCI binding energies. However, in these
cases the reliability of the experimental value cannot be
determined, since the original data are unpublished. Interestingly,
in those cases also the zero-point corrected binding energy is
higher than the equilibrium energy, which is quite unusual.
However, when the last HCl is lost, the frequency of the HCI
V'br_at'on goes from around 800 crhin t_he (CFH_CD__ aThe energies are calculated based on the binding energies listed in
moiety of the cluster up to almost 3000 chin free HCI. This Table 1.
effect overcompensates the loss of vibrational degrees of

freedom with a very low frequency. cluster have been performed (Table 3 and Supporting Informa-
Despite this uncertainty, as one could expect for all types of tion). This particular cluster size was chosen because it is the
clusters the binding energies significantly decrease with their |argest cluster that is treatable with the computing resources
size. The strong hydrogen bonds between @hd the HCl  available to us and gives an idea about the structural motifs
ligands found theoretically are in good agreement with our operative in the larger, saturated species. Ab initio molecular
experimental observation, that, after a 40 s reaction delay, only dynamics simulations at 100 and 200 K were undertaken on
the clusters of ip,0] type with m = 2—4 remain in the ICR low lying isomers, and the lowest-energy structure from these
cell, Figure 4b. The ligand exchange reactions which contribute simulations was reoptimized at the B3LYP/6-31£G** level
to their formation, fn,n] + HCI — [m+ 1,n — 1] + H20, are of theory. For these species, obviously sixdHmolecules are
indeed calculated to be slightly exothermic, as summarized in not sufficient to ionically dissolve four HCl molecules, and also
Table 2. Such a ligand exchange reaction of [0,1] forming [1,0] in the larger saturated clusters it is to be expected that some
was previously observed in a flow-tube reactor mass spectrom-HC| and HO coexist as covalent species in the cluster. Quite
eter’® surprisingly, the lowest energy isomer of the [4,6] clusters
In order to gain more insight into the final stage of the consists of a distorted tetrahedral"GHiCl), unit, bound to a
fragmentation, calculations for various structures of the [4,6] water hexamer in a modified book geomet?yOnly slightly
higher in energy is a similar structure with a planar water

AHagsk 1aim AGagsi 1am

caled caled expt caled expt

—49.5 —50.5 —23.0 —43.7 —19.1
—16.1 —16.6 —19.5 —16.1 —12.4
—14.8 —15.1 —13.6
—11.3 —11.6 —6.1

—40.2 —14.4 —41.7 —12.8

oOwNRO|S3
NRRRR|S

(75) Caldwell, G.; Kebarle, RCan. J. Chem1985 63, 1399-1406. i

(78) Yamdaghi, R.. Kobarle, Roan. 3. Chem1974 52, 2449-2453, hexamgr attached to a regular tetrahedron [4,6]a. Other isomers

(77) Keesee, R. G.; Castleman, A. WPhys. Chem. Ref. Dal#86 15, 1011~ containing a water tetramer and a water dimer [4,6]b, or two
1071. water trimers [4,6]c, are also local minima on the overall

(78) Meot-Ner, M. M.; Lias, S. G. Binding Energies Between lons and X . . .
Molecules, and The Thermochemistry of Cluster lonsNIBT Chemistry potential surface, but they are considerably higher in energy
WebBook, NIST Standard Reference Database NumbgeiiBStrom, i P P
P. J., Mallard, W. G., Eds.; National Institute of Standards and Technol- Table 3. The isomer with all six water molecules evenly
ogy: Gaithersburg MD, 20899, 2005.

(79) Amelynck, C.; Arijs, E.; Schoon, N.; Van, Bavel, A. Rit. J. Mass (80) Steinbach, C.; Andersson, P.; Melzer, M.; Kazimirski, J. K.; Buck, U.;
Spectrom1998 181, 113-121. Buch, V.Phys. Chem. Chem. PhyZ004 6, 3320-3324.
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Table 3. Relative Energy and Evaporation Energy of a Ligand 60
(HCI or H20) from [4,6] Including Zero-Point Corrected (ZPC) ]
Energies, Thermal Enthalpies (AH), and Thermal Free Energies ]
(AG) at Ambient Conditions, of the Isomers of [4,6]2 50 -
; ] [4,5] +H,0
relative energy (kJ/mol) 1
AE AEinzpc AHsg8¢ 12tm AGagsi 1am 40 _ ’ ‘\‘
[4,6] 0.0 0.0 0.0 0.0 = HAY [3.6] + HCI
[4,6]a 13.5 8.5 11.3 0.1 g 30 P N /
[4,6]b 36.1 28.2 33.0 16.3 3 ¥ o2 ® / e @,
[4,6]c 73.0 58.2 67.8 42.2 = N Y 3 / ﬁ’,_ s P
[4,6]d 132.8 95.3 117.9 32.7 x 20 :ﬁiﬁ' \ I SO W
< ] v & % ? 1 ‘?‘ W
- ] + RN FAAE Y
evaporation energy (kJ/mol) 10 ] \‘ H &{ / ay
1 . ot H L
AE AE:azec AHoggk 1atm AGaggk 1atm ] [ ‘\ ," ‘35 / +
] A e /
[4,6] — [4,5] + HO 51.9 38.4 42.8 -3.6 0 - R =
[4,6] — [3,6] + HCI 35.0 30.7 30.4 4.3 ] [4,6]
aAll energies (in kJ/mol) are relative to the isomer [4,6], the structure -10 -
of which is shown in Figure 6 and the [4,6}d isomers are shown inthe  Figure 6. Potential energy surface for the elimination of HCI angOH
Supporting Information. from [4,6]. HCl loss is favored by 12.4 kJ/mol and is the only dissociation

pathway observed in the experiment.

distributed over a4 [4,0] ionic core [4,6]d is the least stable ] ]
isomer. These results seem to be at odds with the ionic structuretlUSter, €ach bD is bound via at least three hydrogen bonds,
of (HCI)4(H,0)s found by Chaban et &k However, the presence  Which makes loss of HCI preferred over®lL
of CI~ certainly has a dominant influence on the cluster struc-
ture. Moreover, Chaban et al. investigated only two isomers in
which the heavy Cl and O atoms sit in the corners of a distorted Reactions of hydrated electron clusters @,
cube, while phase-separated isomers have not been consideresh. = 30—70, with gaseous hydrogen chloride have been
The calculated [4,6] structure suggests that we have observednvestigated using Fourier transform ion cyclotron resonance
a spontaneous phase separation in the gas phase. From & T—ICR) mass spectrometry. The proton, which is presumably
different point of view, one can see [4,6] as a self-assembled formed by HCI dissolution, is reduced by the hydrated electron,
supramolecular structure of soft matter. Phase separation in thewith the weakly bound hydrogen atom evaporating from the
gas phase was recently observed for N&{)#(CsFe)n™ by cluster. The resulting C(H,O), clusters can then in subsequent
Patwari and Lisy via infrared photodissociation spectroséépy. ~collisions take up additional HCI molecules, a process in which
In the present case, it is quite intriguing that, in the presence of three stages can be distinguished.
six water molecules, no HCI seems to be dissolved, although In the first stage, the clusters fragment, while additional HCI
four water molecules are sufficient to dissolve one HCl in an molecules are taken up by the clusters until they are saturated
overall neutral cluste28 The evaporation pattern in Figure ~ Wwith HCI. In the second stage, the clusters lose ligands, both in
3 suggests that two to four additional,® molecules are collisions and by absorbing the ambient infrared radiation. At
required to stabilize an additional HCI for clusters larger than €ach point the ligand whose evaporation faces the smallest bar-
[4,6]. One may very well speculate that those additional HCI rier, either HCI or HO, depending on the cluster composition,
molecules are ionically dissolved in the cluster. In other words, evaporates from the cluster, with clusters in specific size ranges
a CI(HCNn(H20), cluster withm > 4 may consist of a containing specific numbers of dissolved HCI molecules. Finally,
tetrahedral CI(HCI), unit, while (m — 4) HCI would be in the third stage the fragmentation of the smaller clusters slows
ionically dissolved. down, and further reactions are dominated by ligand exchange

The decay pathways of this species yields insight into the of HCI for the remaining two to four water molecules, leaving
selective loss of bD vs HCI: experimentally, loss of HCl and ~ eventually Ct(HCI),-4 clusters. The final product, the GHCI).
formation of the [3,6] cluster is observed. The calculations for Ccluster, is too tightly bound to fragment in ambient temperature
the most stable isomer [4,6] and its potential decay products collisions, so that its further fragmentation to tBe, proton
[3,6] and [4,5] show that the enthalpy AH,q, = 42.8 kd/mol bound bihalide anion CIHClis not observed.
for the loss of HO is 12.4 kJ/mol higher than that needed to ~ The CI'(HCI)4(Hz0)s cluster consists, according to the results
evaporate HCIAH,q, = 30.4 kJ/mol (Figure 6). In the [4,6] of our calculations, of a distorted tetrahedral"@1Cl)s unit

and a booklike water hexamer connected to one side of the
(81) Patwari, G. N.; Lisy, J. MJ. Phys. Chem. 2003 107, 9495-9498. tetrahedron. The water hexamer is stabilized by a high number

(82) Q’g{flt’ fi;aséﬁjgiesvégz' C.; Moszynski, R.; Wormer, P. EJ5Chem. Phys.  of hydrogen bonds, which makes loss of HCI preferential for

Conclusions

(83) Bacelo, D. E.; Binning, R. C.; Ishikawa, ¥. Phys. Chem. A999 103 this cluster size. Interestingly, this structure forms in the gas-
4631-4640. o - : ;
(84) Smith, A.; Vincent, M. A.; Hillier, I. H.J. Phys. Chem. A999 103 1132- phase in binary collisions with HCl and needs only the &tion
1139. _ as a structural anchor. Although four,® molecules are
(85) {Qoesi gyfgg‘?“ra’ Y.; Suzuki, Y.; Schaefer, HJFChem. Phys1998 sufficient to dissolve one HCI molecule, no dissolution of HCI
(86) Planas, M.; Lee, C.; Novoa, J.JJ.Phys. Chenl996 100, 16495-16501. takes place in this cluster.
(87) Lee, C. T.; Sosa, C.; Planas, M.; Novoa, J1.J.Chem. Phys1996 104,
7081-7085. ; ;
(88) Amirand, C.; Maillard, D.J. Mol. Struct.1988 176, 181—201. Acknowledgment. Financial support by the Deutsche For-
(89) Ault, B. S.; Pimentel, G. CJ. Phys. Chem1973 77, 57—61. schungsgemeinschatft, the Fonds der Chemischen Industrie, the
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