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Reactions of Sodium Clusters with Water Clusters

L. Bewig," U. Buck,* S. Rakowsky; M. Reymann$ and C. Steinbach
Max-Planck-Institut fu Stromungsforschung, Bunsenstrasse 10, D-37078i&en, Germany

Receied: August 26, 1997; In Final Form: Nember 21, 1997

In a crossed molecular beam experiment, the reactive scattering of sodium clusténs<Na1) with water

clusters (HO), (m < 40) is investigated. By measuring the angular and the velocity distributions of the
scattered reaction products, direct information on the reaction mechanisms is obtained. The sodium clusters
are generated in a supersonic expansion of sodium vapor from an oven with a refilling system with argon
carrier gas. The products are detected by photoionization at wavelengths of 308 and 355 nm and mass analyzed
in a time-of-flight mass spectrometer (TOF-MS). In addition, a fast chopper with a pseudorandom sequence
modulating the sodium cluster beam allows us to determine at the same time the velocity distributions of the
products. The scattering of Na clusters witkCHclusters shows only one series of reaction products, that is,
solvated sodium atoms NafB), (m < 32) with maximum intensities ah = 4, 5, 6. For all products, the
measured angular and velocity distributions exhibit the formation of a complex that is stabilized by isotropic
evaporation of water molecules. The detected products have low translational energy. Products containing
NaOH have not been observed.

1. Introduction collision and a short time scale. In this way the results will

. ) . answer the question of which state of the reaction is reached
Alkali metal clusters belong to the best studied systems with |, qer the given conditions. We only find one type of product,
respect to their electronic structure and optical propetties. namely Na(HO), 2 < n < 32, with maximum intensity at =
contrast, the chemical reactivity is much less investigated. 4,5, 6. For more than 10 of these products we measured the
Notable exceptions are the reactions of alkali metal clusters with angular and for six of them, in addition, the velocity distribution.

oxygen?~® The well-known reaction of solid sodium with liquid  For that purpose we used the crossed molecular beam machine
water, leading to solvated NaOH :_;lnd molecular_ hydrogemd, described previousl§® To make the detection of a large

on the other hand, the fact that in the scattering of Na atoms nmper of products of a chemical reaction feasible, we replaced
with H,0 molecules no products are obseffeitus the interest e quadrupole mass filter by a time-of-flight mass spectrometer
on this reaction with cI_usters. Up to now experiments have (TOF-MS) which allows us to measure, at the same time, the
only been performed with a pulsed water cluster beam seeded,g|ocity by time-of-flight analysis using the pseudorandom

in argon anq gsodlum pickup source, an arrangement in which chopping techniqu&’ In this way we get all the products in
multiple collisions are allowed. The detected products are Na-  ;ne measurement together with their velocity. The remaining
(H20) and to a much lesser extent }é,O),. The products g estion of the specification of the reactants that start as a
Na(H,O), have further been investigated concerning their gisiribution can partly be answered by the kinematic and
ionization potentials (IP) and neutral dissociation eneryi€s.  gnergetic constraints of this well-defined experiment. Energeti-
Theoretical work has been (_:ond_ucte(1130n the complexes Na-c4|1y most of the Na cluster reactions with®lclusters leading
(H:O)r and the corresponding ioAS.** The two recent 4 Na(H,0), are endothermic so they can be excluded. Other
calculations come to the conclusion that for sines 4 the IP products have not been detected under the present size range
is nearly constant as is also found in the experimental #ata. 5y conditions. The emphasis of the present experiment wil
By the solvation of a sodium atom, the IP of the water clusters pe o, the elucidation of the reaction mechanism, the distribution
(3.2 eV for Na(HO)n, n > 4) is lowered even below thatof the ot the energy, and the size dependence of the sodium atom

Na atoms (5.14 eV). It was now our interest to perform an gqjyation. We start with a short description of the experimental
experiment in the tradition of the classical crossed molecular setup in section 2, present the results in section 3, and discuss
beams in which the reaction mechanisms are deduced from 3he implications ir; section 4. '

careful measurement of the angular and the velocity distribution

of the reaction products*® In the present paper we describe 5 Eyperiment

and analyze such a complete experiment for the scattering of _ _ )

Na, + (H20)m over a size ranga < 21, m < 40. In these The experiment was performed in a universal crossed

experiments, only products are detected that are formed in singlemolecular beams machine which is described elsewieéf
scheme is shown in ref 6. Briefly, a seeded supersonic Na
T Present address: Auer SOG Glaswerke, Hildesheimer Str. 39, D-37581_CIUSter beam was crossed af mth a pur_e _HO CIUSt_e_r beam
Bad Gandersheim. in a vacuum chamber under single-collision conditions. The
¥ Present addrlessr Robertgate-Klinik, OP 2000, Lindenberger Weg  scattered products were resolved and detected by a time-of-
80, D-13122 Berlin. i _ i -
8 Present address: Institut rflPhysik der Technischen Univerdita flight ma.ss spe(;trometgr (TOF MS) "?‘pp'Y'”g pulsed UV-laser
D-09107 Chemnitz. photoionizationt’ The ionization region is located 37.4 cm

* Corresponding author. downstream from the collision region. In addition, a quadrupole
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TABLE 1. Measured Laboratory Velocities of Water been used for photoionization at 355 nm. The compact laser

Clusters (H;0), and the Resulting Energy and the head was directly fixed at the detector unit, allowing us an easier

\C/:glrlotgg/ogl\iafzo(grm ??ta in the Collision with Na of the alignment of the laser output into the ionizing volume. To avoid
multiphoton ionization, the output of the Nd:YAG laser has been

cluster velocity,  collision - angle of cm, - velocity of cm, attenuated by a telescope to a flux of 8 mFcrRroduct size
sizen ms?  energy, meV  deg ms distributions and angular distributions have been measured and
1 1473 217 39.4 1020 compared at ionizing laser wavelengths of 308 and 355 nm,
g ig% ggg gg'é 18%% respectively, while the ionizing laser wavelength for product
4 1342 341 715 1073 velocity distributions was set at 308 nm, exclusively.
5 1317 353 74.7 1087 .
6 1302 361 77.0 1101 3. Results and Analysis
; igg? g?i ;g:g ﬁ(l)g The scattering of Na clusters withy@ clusters results in the
9 1269 374 81.1 1125 formation of Na(HO), complexes as the only reaction products
10 1260 377 81.9 1129 observed by UV-laser photoionization. Two kinds of possible
11 1241 376 82.5 1121 reactions have to be taken into account: the formation of
12 1249 381 83.2 1137 complexes that are stabilized by evaporation of water molecules
mass spectrometer equipped with an electron bombardment Na+ (H0),x — Na(H,0),, + AD
ionizer was used for the mass and velocity analysis of the direct
H,O cluster beam. Both detectors can be rotated in the plane — Na(H,0), + xH,0 (1)
defined by the sodium and water beams, enabling us to measure
the product angular distributions in an angular range fre8i and direct reactions of the type
to 92 with respect to the Na cluster beam. We note that the
TOF-MS is of crucial importance for the detection of the product Na, + (H,0),— Na(H,0), + Na_, + AD (2)

masses. In cluster reactions these are usually unknown in

advance, and in our arrangement we get them all within one The reaction energiedD are known for a number of
sequence. In addition, the measurement of the mass informatiorreactions from the calculated binding energies of the reactants
was coupled to the measurement of the velocity distributions and the product¥20-22 They range from 403 to 574 meV

of the products using a fast mechanical chopper (1000 Hz) with (exothermic) for reaction 1 and from 226 #6646 meV (mostly

a pseudorandom (PR) sequence modulating the sodium clusteendothermic) for reaction 2. In addition, the internal energies
beam. By detecting the masses in each channel of theof the clusters have to be considered. The temperature and thus
pseudorandom sequence and a subsequent deconvolution of thine internal energies of the sodium clusters can be derived from
two-dimensional array of mass and velocity information, we the mass spectrum of the direct sodium cluster beam taken at
simultaneously measure the TOF distributions for all prodticts. 308 nm. The IP’s of Ng Nas, and Na lie with 4.23 eV, 200

The sodium cluster source and the liquid metal refilling system meV above the energy of the photons. In the mass spectrum
have been described by Bewig ef&lThe sodium clusters were  Nay is hardly observed at all, whereasNa observed with an
generated in a supersonic expansion of sodium vapor from anintensity similar to mass spectra taken at 266 nm which is with
oven heated to 780 with 2 bar of argon carrier gas. To obtain  4.68 eV above its IP. Thus, the internal energy of Nan be

a stable cluster beam, the 12t diameter nozzle was kept at estimated to be the missing 200 meV, corresponding to a
a temperature sufficiently higher than the oven, typically at 980 temperature of the sodium cluster beam of 130 K. At this

°C. Under these conditions, sodium clusters, Ngh n < 21 temperature, the internal energies of the clusters, depending on
were produced. The 4@ clusters were generated in a super- their numbers of degrees of freedom, range from 0 meV for
sonic expansion of $D vapor from an oven heated to 176, the Na atoms to 600 meV for Na These energies have to be

corresponding to a pressure of 10 bar. Here therm@iameter taken into account in the energy balance of the reactions.
nozzle was kept at 228C. The water cluster source can also Similar considerations hold for the water clusters, although here
be refilled externally by excess pressure of rare gas. Therefore,only a rough estimate can be given with a temperature of about
the source needs not to be cooled before refilling it. Thus, water 80 + 40 K. This gives for (HO); 103 meV. We note that
clusters witm < 40 were produced. The velocities of the beams these clusters are solid. Because of the size distributions in
varied between 1473 nt&for H,O and 1241 mst for (H20)11 the cluster beams, the reactants leading to a specific product
and between 1413 nT&for Nag and 1305 m st for Nags. The Na(H,O), are not known a priori from the experiment and have
collision energies ranged from 0.217 eV for NaH,0 and 4.8 to be inferred from indirect conclusions that will be discussed
eV for (Nako + (H20)s0. The beam data of some selected later. Near the Na cluster beam only nonreactively scattered
clusters are sampled in Table 1. For the photoionization of the Na clusters were found, but no products. In Figure 1 the product
products at an ionizing wavelength of 308 nm a pulsed excimer ion intensities from a TOF mass spectrum recorded at a
laser (Lambda Physics EMG 103 MSC) has been used. By alaboratory scattering angle of 83with an ionizing laser
mirror fixed at the rotating detector unit, the excimer laser wavelength of 308 nm are displayed. This angle corresponds
radiation was steered into the ionizing volume of the TOF-MS as we will see later to a position not too far away from the
independent of the actual detector position. The excimer lasermaximum intensity for all product cluster sizes measured. We
was operated at a repetition rate of 70 Hz for the measurementobserve a series of complexes Nalh, (2 < n < 32) centered

of the velocity distributions, and the pulse energy at the ionizing around the main products at= 4, 5, and 6. Compared with
volume was adjusted by a focusing lens with 1000 mm focal the scattering by molecular oxygeéfthe product intensity is
length to 4 mJ/pulse, corresponding to a flux of 8 m¥lcm  an order of magnitude smaller, so we have much smaller reaction
Angular distributions of the products were obtained at a cross sections in the order of 1 /& this case.

repetition rate of 50 Hz. Later, a pulsed Nd:YAG laser For a correct interpretation of the data we have to take into
(Quantel-Brillant) with a maximum repetition rate of 50 Hz has account the ionization process. Experimentally we used dif-
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Figure 2. Newton diagram for the reaction Nia (H,O); at a collision with best-fit cm distributions of Figure 7.

energy of 0.366 eV. The large circle stands for the maximum center-
of-mass (cm) recoil velocity of the NagB), product. The small circle

g ; ; X . alternative reactions for the same product, Na(H20)s —
indicates the cm recoil velocity observed in the experiment.

Na(H0)s + Na-1 + AD, are all endoergic except for= 3
with AD = 4152 meV. Therefore, we exclude them for

ferent laser wavelengths to shed some light onto this problem.

Compared with the product ion intensities in Figure 1, ionization
with 355 nm results in a decreased intensity (relative to the

energetic reasons. For the only exothermic reaction with Na
as reactant and Naas product, the measured angular and
velocity distributions can only be fitted by extreme forward

intensity of Na(HO)s) for Na(H0)s, and Na(HO), is not scattering of the product with regard to the water cluster beam,
observed at all. With 3.50 eV these photons just reach the IP with nearly no internal but high translational energy. The latter
of Na(HO)3 (3.48 eV) and not that of Na(®), (3.80 eV). result and the small observed cross section is in contrast to the
For the products Na(®),, n > 4, the IP is 3.20 eV. Therefore, usual spectator stripping model invoked by the forward scat-
the excess energy at 355 nm ionization is only 0.30 eV, whereastering. In addition, the underlying harpooning mechanism is a
their ionic dissociation energies are sufficiently higher. Thus, very improbable event for this reaction. Therefore, we exclude
at this wavelength no ionization-induced fragmentation takes also this reaction. Similar considerations hold for all other
place. Ationization with 308 nm the same angular distributions products, and we attribute the formation of the products Na-
are measured as with 355 nm. So fragmentation of the products(H,0), to Na atoms as reactants. The internal energies of the
at 308 nm can also be excluded. A typical, most probable water clusters do not change this general behavior. The
Newton diagram is shown in Figure 2 for the reaction laboratory angular distributions for the products Ng@h, n

=4, 6, 8, and 10, at an ionization wavelength of 308 nm are
shown in Figure 3. The angular range covered in the measure-
ments is between 70and 90. Similar looking angular

Na+ (H,0), — Na(H,0), + AD

— Na(H,0), + 3H,0 (3) distributions have been obtained for all the complexes measured.
The measurement of the product intensities up tt 9here
This reaction is exothermic with a reaction eneff)y = +507 they coincide with the direct water cluster beam, is facilitated

meV, and the collision energy in the center-of-mass frame is by the high IP of the pure water clusters, which are not detected
366 meV in our experiments. Thus, the total energy of the by the wavelengths used in the experiment. Clearly, the
complex is 873 meV without and 976 meV with the internal maximum of the angular distributions falls in the direction of

energy of the water cluster. This allows the complex to the center of mass for all the products, if the formation of

subsequently evaporate three water molecules. The largecomplexes according to eq 1 is assumed. In addition, the
Newton circle drawn in Figure 2 describes the possible velocities product angular ranges are narrow, since the translational
of the product Na(KD), for zero internal excitation of the  energies of the products are only about 20 meV. With

product. The small circle stands for an appreciable internal increasing size of the complexes, the distributions become
excitation or small translational energies. The values correspondnarrower and are shifted toward the direction of the direct water
to the experimental result (see the later discussion). The cluster beam, as is the position of the center of mass. As was
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Figure 7. Figure 7.

already mentioned earlier, no difference is observed in the
angular distributions measured at an ionization wavelength of
355 nm. The narrow product angular range indicates the
formation of reaction products with only a small fraction of
the available energy in translation. The angle that corresponds
to the center-of-mass (cm) for reactants Na withb@H to 0.02
(H20)y; varies from 39.2to 82.5. These values correspond

to the angles of maximum intensity of the products, if evapora-

tion of two or three water molecules is assumed. Product time-

0.04 | 80° 81° |

of-flight distributions have been measured at laboratory scat- 3 0.00
tering angles between 7&nd 84. Figures 4, 5, and 6 depict 2
the time-of-flight distributions of Na(kD)4, Na(HO)s, and Na- %
(H2O)s at different laboratory angles. The laboratory velocity é

o
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at the maximum of the time-of-flight distribution turns out to
be almost constant for all measured laboratory angles and is
1130, 1078, and 1130 nt5for the three products with = 4,

6, and 8, within 4% identical with the velocity of the center of
mass of the most probable Newton diagrams which give 1108,
1118, and 1129 m3, respectively. For the interpretation the
laboratory angular and velocity distribution®,¢) have been
transformed to the cm coordinaté,() frame byl;,(®,v) =
lem(0,U)%U2. Because of the finite resolution of the experiment,
the analysis of the laboratory data is carried out by a forward ,

convolution over the experimental conditions of trial cm product 0 250 500 750 1000 250 500 750 1000
flux distributions of angle and translational enekgyf the form Time of Flight / us
Figure 6. Time-of-flight data of Na(HO)s for indicated laboratory
l.(6,E") =T(6) P(E") 4) angles. Open circles represent the experimental data, and the solid line
represents the distribution calculated with best-fit cm distributions of
Figure 7.

The angular and velocity divergences of the beams, the finite
scattering volume, and detector dimensions are all accountedcenter-of-mass angular distributiom@) all exhibit a constant
for. The continuous lines in Figures-® are calculated from  cross section corresponding to isotropic evaporation of the water
the best-fit cm distributions which are depicted as solid lines molecules. The center-of-mass translational energy distributions
in Figure 7 for Na(HO)4, Na(H:0)s, Na(HO)s, and Na(HO)0. exhibit again the same behavior for all products. Only a very
The averaged translational energy release is presented in Tablemall amount of energy (about 20 meV) is found in the
2 together with the reaction and the collision energies. The translational energy of the products. This is in agreement with
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T " T section 3). The fact that no 1:1 Naf®l) complexes are
observed is in agreement with the measurement of Schulz et
al® They found a strong abundance of Na(¥ and Na(HO),,
which they, however, attributed to the formation and subsequent
cooling by inelastic collisions with the argon carrier gas, whereas
they found the larger complexes to be stabilized by evaporative
cooling. Under the present single-collision conditions the former
way of stabilizing the complexes is ruled out. Although sodium
00 e — —o clusters and Water clusters were b_rought together under well-
. defined conditions, no other reaction products than solvated
CM Scattering Angle / deg . . R -
sodium atoms in water were found. In particular, reaction
T T T T products that contain NaOH have not been observed under the
S Na(HZO).- present experimental conditions. This is, in general, in agree-
ment with the result of the argerwater expansion and the
subsequent pickup of sodium atoms under multiple scattering
) conditions? It is noted here that a limitation in the search for
N\ T NaH.0) products is the IP of (NaOH(H20)m, which is probably higher
than the photon energies used in the present experiment. On
the other hand, these products should be accessible, if additional
N Na atoms are solvated. This fact will certainly reduce the
ionization potential as in the case of the pure water clusters.
e 7 Center-of duct | 4 ransiational Some spurious masses observed in ref 9 and attributed to NaOH-
jgure /. enter-or-mass proaduct angular an ransiational ener H H i i 7
cistiution for the indicated reaction products Nagpy from the (2% 1 POVIL 0 e duection. t seemme et B e
reactions Nat (H2O)n+x (for the reactants see Table 2). - o = g | .
a single collision, at least not within the cluster sizes investigated
TABLE 2: Collision Energies, Reaction Energies, here. What is known from studies of the decay of hydrated
Dissocilation Energiesﬁ and ﬁveraged Tri”‘“'?"”""' and electrons in aqueous alkaline solutions is the existence of neutral
'm”‘e‘i},?a Energies of the Products for Selected Reactions in solvated metal atoms which react according to 2Na2(H20)aq
— 2Na"aq + 20H 4q + Hp with a rate constark = 1.5 x 1¢°
_ BadH0) o M~1s71, thus confirming an earlier hypothedfs This reaction,
product reactant Eq AD 1 2 3 FEv Ein if it would proceed directly, should in principle be observable
Na(H0), (H:0); 366 507 270 290 260 26 27 in beam experiments. We note that there are two further
Na(H0)s (H20)e 371 403 260 270 (290) 21 223 (ifferences of the beam experiment compared to that in the bulk.
ma(Hzg)S (Ezg)w g;z (260) 2252 Sodium is offered as cluster, not solvated, and the water clusters
a(HOho  (HO):2 are solid, not liquid. In a recent theoretical calculation the
_ aThe internal energy of the water clusters before the reaction is not experimental findings of this work were confirmed. It turned
included. out that the direct reaction Ma+ 2H,0 — (NaOH), + H, is

the usual values of translational energies at the unimoleclar forbidden by a barrier of 1.281.56 eV depending on the

decay of 5-10 meV per evaporated molecule. Since the larger Method of calculatiof? It might well be that similar mecha-
clusters have larger moments of inertia, their angular distribu- NiSMS are also operating for the larger clusters investigated here.

tions become narrower at the same translational energies. Thesé POssibility to overcome these barriers might be to work with
findings suggest that a long-lived complex is formed, which is neutral water clusters which contain ionic parts of the type
stabilized by isotropic unimolecular evaporation of water OH (H20):HsO". Such structures have recently been calculated

molecules, until its internal energy is below its dissociation for sizes as small as five water molecules. They require,

Intensity / a.u.

——= Na(H,0),

-------------- Na(HQO)B
05/,

Intensity / a.u.

0.0

Translational Energy / meV

energy. however, an additional energy of about-8.9 eV per bond?
which might not be easy to provide experimentally. While the
4. Discussion hope of finding other types of products offering Na clusters

and HO clusters was not fulfilled, the formation process of
the solvated Na atoms in water could be clarified. In fact, the
product clusters Na(#D), are interesting species in itself. In

The only products detected are solvated Na atoms in water
clusters, Na(HO),. We note that both the angular and the
velocity distributions are quite narrow. The scattering in the . ) X
direction of the center of mass is obviously connected with the WO calculations it has been predicted that a change of the
formation of a long-lived complex that is stabilized by isotropic Pehavior occurs with the tetramer = 4, which marks the
evaporation of water molecules. This results in small transla- cOmpletion of the first solvation shell. In the calculation using
tional energy of the stable complexes which are detected. TheNonlocal pseudopotentials and local-spin-density functional
product intensities are small, thus indicating small reaction cross theory, clusters ofi > 4 show a surface delocalized behavidr.
sections in the range of 102A Judging from this result, the  In the more detailed ab initio molecular orbital study interior
reaction equations can be best interpreted by settirg2, 3 and surface states are found, with the latter ones becoming more
for the production of Na(kD), (see eq 1). Regardless of the important forn > 4. Here in the interior structure the electron
number of evaporated water molecules, we observe complexegiensity is distributed on and between sodium and the water
with small translational energy. The other interpretation, that molecules, while for the surface states the electron is localized
of a direct reaction involving Na clusters, is apparently ruled in the vicinity of Na opposite to the water moleculés.
out by the fact that they are all endoergic except fog, Mdnich Spectroscopy on these species should be able to clarify the
would result in a very improbable reaction mechanism (see situation.
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