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Photoionization of Na(NH3) „and Na(H20) „Clusters: A Step Towards the Liquid Phase.
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Ionization potentials (IP's) I'or Na(HzO)„and Na(NH3)„are reported for the first time up to n =20.
As expected, for Na(NH3)„ the IP decreases more or less monotonically with decreasing (n+ I ) ' ' to a

limit consistent with the bulk value of 1.45 eV. In contrast, for Na(HzO)„we find the IP as a function

of (n+ I) ' ' to be constant at 3.17 eV for n) 4, close to the bulk value. For comparison we solve a

one-electron Schrodinger equation in a dielectrically screened Coulomb potential. While agreement

with the experiment is reasonable for small n, this one-center model fails for larger clusters, thus giving

some erst indication for the existence of two-center localized states in these microclusters.

PACS numbers: 61.90.+d, 33.80.Eh, 36.40.+d, 82.40.Dm

Solvated electrons have been studied for a long time in

liquids of polar molecules, see, e.g. , [1-4]. Recently, the
observation of isolated negative water and ammonia clus-
ters [5,6] and the progress in theoretical methods [7,8]
have focused much renewed attention on this celebrated
subject. The fascinating discussion about surface versus
bulk states [7,9] and dynamical aspects of the solvation
phenomenon [10] seems to have replaced earlier contro-
versies on the nature of the solvation process. In am-

monia, e.g. , traditionally the "solvated" electron was ob-
served in dilute solutions of alkali metals [1,2] and two

competing models were used to describe the experimental
observations: (a) the electron trapped around the cation
embedded in the dielectric and (b) the cavity model in

which the electron is separated from the cation and both
are screened individually by the surrounding dielectric
medium. Strong experimental evidence (see, e.g. , Ref.
[5]) favors the latter two-center localization model for
the bulk phase, while for isolated atoms surrounded by a
few solvent molecules we would expect the former picture
to hold. Preparation of molecular clusters in supersonic
beams allows us to study such aggregates as free species
and thus to follow the building up of the liquid phase
from its constituents. Recently, we were able to report
first measurements of the photoionization threshold for
small Na(HqO)„[11] and Na(NH3)„clusters [12].
These data were in good agreement with the available ab
tni to calculations for small Na(HqO)„; however, the max-
imum size observed was much too small to extrapolate
any trend towards the bulk value and thus a comparison
with models of the above type was not possible.

In the present work we report for the first time a mea-
surement of the photoionization potential, IP, for solvated
Na(H20)„and Na(NH3)„with n up to 20, and an upper
bound for Na(NH3)„, n (35, and we compare it with a
one-center model calculation. This allows us to relate the
measured binding energies of the electron to the bulk lim-

it and to emphasize indications of two-center eAects. We
also present an illuminating comparison with electron
amnities for the neutral solvent clusters for which

comprehensive data are now available [6]. The present
results thus oAer intriguing new insights and provide

challenging material for rigorous quantum calculations
attempting a unified treatment of the solvated electron
and metal atom.

The experimental setup for determining the ionization
potentials is essentially identical to that described previ-
ously [12]. The Na(H20)„and Na(NH3)„clusters are
prepared in a "pickup" source where an eA'usive sodium
beam is exposed to a pulsed supersonic beam of a mixture
of H20 and Ar (or neat NH3, respectively) in the high-
pressure expansion zone. The thus created cluster beam
passes through a 1.5-mm-diam skimmer and reaches the
ionization zone 15 cm downstream. We use either an
excimer-pumped dye laser or a frequency-doubled dye
laser pumped by the second harmonics of a Nd-doped yt-
trium-aluminum-garnet laser to ionize the cluster beam.
Mass separation of the ionized products occurs in a stan-
dard linear time-of-Aight spectrometer (ion energy 390
eV, field-free flight path 55 cm). Careful analysis of the
observed signals as a function of laser power ensures that
we detect the photoionization thresholds of the molecular
clusters in the linear one-photon regime.

For the Na(NH3)„system photoionization thresholds
and structure of the mass spectra show interesting pecu-
liarities, details of which will be presented in a forthcom-
ing publication. The first solvation shell at n =4 reported
for the solvated sodium cation [13] is only seen weakly
for the neutral. In contrast, the present work for
Na(HqO)„presents a much more pronounced situation.
Figure 1 shows the mass spectra for n ~ 4 at five different
photon energies hv( IP[Na(NH3)3]. The signals were
obtained for otherwise identical conditions and have been
normalized to the laser intensity. Surprisingly, these
mass spectra show a dramatic drop of the ion intensity,
almost simultaneously for n =4 to n =23, in between
hv=3. 147 and 3.108 eV. We therefore determine the
photoionization potential of Na(H20)4 to Na(H20)QQ to
be IP =3.17(5) eV. In Fig. 2 our ionization potentials for
Na(HqO)„and Na(NH3)„are shown as a function of
(n+ I ) ', the latter being roughly inversely proportion-
al to the cluster radius R, including the Na+ core. For
comparison we have also reproduced the essentials of the
measured vertical electron affinities of (HqO)„and
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FIG. l. Time-of-flight mass spectra for Na(H20)„(n~4)
at five different photon energies: 399 nm (3.108 eV), 398 nm

(3.115 eV), 394 nm (3.147 eV), 388 nm (3.196 eV), 383 nm

(3.237 eV).

(NH3)„reported by Lee et al. [6] as well as the (bulk)
ionization potential for dilute solutions of Na in ammonia
[2] (1.45 eV) and for electrons solvated in water (3.2
eV), as derived from photoconductance threshold and
width of the conduction band [6].

Several remarkable features are displayed in Fig. 2.
For Na in water, the IP decreases rapidly with cluster
size until the first solvation shell at n =4 is filled (by a to-
tal of nearly 2 eV with respect to the isolated Na atom)
and, as pointed out above, stays constant for n ~ 4. One
possibility for explaining this surprising behavior would
be to assume that the solvated Na is completely screened
by the first solvation shell. More likely, however, the
break marks the onset of a new type of state, possibly the
two-center localization mentioned above. This finding
has to be contrasted with the electron affinities (EA) of
the negative clusters [5] which show almost perfect
agreement with the dielectriC screening theory of Barnett
et al. [7] which predicts a linear increase of the EA with
[14] n 't, the experimentally observed slope being al-
most identical to the predicted value (1+I/e, ~,

—2/
e i i)/2Rws Here e,ii, and e.i„. i are the optical and static
dielectric constants and Rws the Wigner-Seitz radius of
the solvent (for H20 e,i,i =1.76, e,i,. i —78, Rws —3.8ao).

For ammonia as a solvent we do not see such a drastic
break in the experimental data. We observe again an
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FIG. 2. Experimental ionization potentials of Na(HiO)„(di-
amonds) and Na(NH&)„(squares) vs (n+1) t', the shaded

area giving an upper bound for 20 & n & 35. Experimental er-

rors correspond to the size of the symbols. The dashed line rep-

resents the calculated IP's using the model potential for dielec-

tric screening; the solid line for n ~ 5 includes the self-

consistent-field screening potential (see text). For comparison

measured electron affinitie [7] for (HoO)„and (NH3)„(dotted
lines) are also shown.

(even stronger) drop of the IP between the atom and clo-
sure of the first solvation shell at -Na(NHi)4. Howev-
er, with the addition of further NH3 the IP drops further.
Upon closer inspection of the results one does, neverthe-
less, recognize a more or less Aat region between n =10
and n =16 which might have a similar origin to that ob-
served in Na(H20)„ for n ~ 4. Eventually the ionization
potential has to decrease again in order to reach the bulk
value. Two further experimental observations are signif-
icant in this context: We have not seen cluster ions with
532 nm, providing an upper limit of the IP ~ 2.33 eV for
20 & n & 50, and we have measured photoelectron ener-
gies from clusters of (yet undetermined) larger size indi-
cating IP's of at least down to 1.9 eV [C. Nitsch et al. (to
be published)]. Thus, our observations are consistent
with a straight-line extrapolation of the IP between
n =16 and ~ as a function of (n+1) 't leading to the
bulk value of 1.45 eV [2]. This implies three different re-
gions for the decrease of the IP in Na(NHi)„ in contrast
to two regions for Na(HzO)„. For comparison, the elec-
tron affinities of (NH3)„, even though they too extrapo-
late very well and linearly with [14] n 't, exhibit a slope
which is not consistent with the simple dielectric screen-
ing prediction. The latter should be almost identical to
the one for the H20 case (only equi„. i=25 is different for
NH3). In summary, (H20)„behaves well with respect
to the dielectric screening model, while (NHi)„does
not. In contrast, the one-center screening model for the
solvated neutral Na atom appears to hold only up to
n ~ 4 with H20 molecules while for NH3 the screening
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increases further at least up to n =10.
To quantify the last statement, and lacking serious

theoretical data such as, e.g. , the quantum path-integral
method applied for the negative ions [7], we resort to a
simple one-electron one-center calculation, following the
more conventional wisdom about solvated atoms. This
should allow us to pinpoint departures from the one-
center model expected to hold for small n towards two-
center states expected for large n. We solve the one-
electron Schrodinger equation for a spherical potential
originating from the Na+ core screened by its dielectric
environment, essentially in the spirit of previous work
[15]. We use a model potential with four diA'erent re-
gions of electron distance from the Na+ nucleus: For
small 0 ~ r ~ R

~
we take V ~ (r ) = V„(r) +C ~, V, (r ) be-

ing Aymar's [16] well-established Na+ ion core which
perfectly reproduces the Na(3s) ground-state energy as
well as a number of excited states. For Rl we chose,
somewhat arbitrarily but consistent with similar earlier
assumptions, the sum of the ionic Na+ core radius and
the van der Waals radius for N or 0, respectively. This
region is followed by the first solvation shell, R] ~ r
~ R2, the so-called monomer which we take to be Na+

surrounded by four solvent molecules (for ammonia
R~ =4.66ao and Rq=7.27ao). There we assume the po-
tential to be screened as V~ (r ) +q, irn, s/r+ C2, with

n, q =n for n ~ 4 and n„g =4 for n ~ 4. The effective
screening charge q„tr is treated as a fit parameter and ad-
justed in such a manner that the calculation reproduces
the experimental value for the IP of Na surrounded by
four solvent molecules. The radius of the monomer Rq is
assumed to be R l +Rd +R H, with Rd the bond length of
the solvent molecule projected onto its symmetry axis and
RH the van der Waals radius of the H atom. From the
monomer to the cluster radius, R2 ~ r ~ R, = [Rq
+(n —4)Rws] ', we use a screened Coulomb potential
V3(r) = —I/e, i„r+C3. Finally, outside the cluster
R, ~ r we use V4(r) = —I/r The const.ants C~, C2, and
C3 are adjusted so that the potential is continuous. The
radial Schrodinger equation is solved by the Numerow al-
gorithm to obtain binding energy E = —IP and radial
wave function y(r); at r =5ao the logarithmic derivatives
of u(r) =y(r)//r are matched for integration in and out
from infinity and r =0, respectively. For n =0, this
reproduces the correct IP=5.14 eV of the atom. As an
example, Fig. 3 shows the model potential for Na(NH3) )6
together with u(r). We see that the electron extends
over a rather large range of the cluster.

The resulting IP's for the Na(NH3)„case are dis-
played along with our experimental data in Fig. 2
(dashed line). More consequently, we have to introduce
additional screening outside the monomer by allowing the
electron itself to influence the orientation of the dielec-
tric medium. This adds, as first discussed by Jortner
[17], a screening term P f[1 —q(r)]r dr with q(r)
=4mfu (r ) dr and P = (I/e, ~,

—I/e„.,&) to the potential

0

IP = 2.581 eV model potential

I
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[in our case to V3(r)]. Thus, u(r) has to be determined
in a self-consistent manner. We have applied this model
in the spirit of similar calculations for the negative clus-
ters [8] to derive IP's for n~ 5. The results are also
displayed in Fig. 2 (solid line). Considering that only one
fitting parameter, the IP of Na(NH3)4, was used, the
agreement between measurement and model calculation
is very nice up to about ten, beyond which a clear depar-
ture results. In particular, the bulk value cannot be
reproduced. We consider this observation to demonstrate
the failure of the one-center model for larger n, giving
evidence for the formation of two-center states. The
discrepancy begins at about the same n —10 where the IP
tends to flatten out, as remarked above. Repeating the
one-center calculation for Na(H20)„, we find it impossi-
ble to obtain any explanation for the measured IP's or
even a resemblance of the experimentally found trend for
n & 4. Since the parameters to be used are quite similar
to those for ammonia, one-center dielectric screening al-
ways predicts a significant and nearly linear decrease of
the IP's with decreasing (n+ 1) '~ . One would have to
make rather artificial assumptions to reconcile the experi-
mental observations with such a model. Again, we make
two-center localization responsible for the remarkable be-
havior observed experimentally. It may be noted at this
point that experimental evidence for ion-pair formation
has also been seen in strontium cations solvated in am-
monia clusters [18].

In conclusion, we see clear evidence of the departure
from localized one-center states and for the formation of
two-center states in Na(H20)„ for n )4 beyond which
the IP remains constant, supposedly up to the bulk limit.
A similar, although less clear, trend is seen in Na(NH3)„
for n & 10 where the IP appears to flatten out up to at
least n =16. For still larger n the IP will again decrease.

r/8
0

FIG. 3. Model potential used for Na(NH3)~6 and radial part
u(r) = y(r)/r of the one-electron wave function y(r) with Na+
at the origin.
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This third, large-n region might indicate again a new type
of state. Jortner [19] proposes that the I]at regions
are connected with the formation of two-center Na+-
surface-electron states, while for larger clusters pairs of
cation and interior electron states might be formed. The
different behavior of ammonia and water as a solvent
would then be closely reminiscent of the different stability
of the surface excess electron states versus bulk electron
states found for negative water and ammonia clusters
[7,9]. We note in passing that we can derive from Fig. 2
an approximate empirical relation IP —EA =5.9n ' be-
tween the measured ionization potentials of the solvated
atom if extrapolated to large n and the electron affinities
[6] of the neutral solvent clusters, for both H20 and
NH3. Comparing with the energy e /Rp needed to
separate an ion pair, a critical electron-ion distance
slightly larger than the cluster radius Rp —1.3Rwpn'
would account for that difference. This may be seen as
additional support for the two-center-state explanation.
Of course, such speculations will have to be borne out in

rigorous quantum calculation. A unified theoretical
treatment of these phenomena would thus be highly desir-
able and can now be met with suiciently crucial experi-
mental testing material.
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