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Negatively Charged Water Clusters, or the First Observation of Free Hydrated Electrons

Martin Armbruster, Hellmut Haberland, and Hans-Georg Schindler
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We report the experimental observation of free negatively charged water clusters,
i.e. , (H20)„with n 8. These species have been postulated to occur in irradiated liquids
or high-density vapors —the so-called hydrated electrons —but have never been ob-
served so far in the gas phase.

PACS numbers: 36.40.+d, 31.70.Dk, 82.50.

We report in this Letter the first observation
of free, negatively charged water clusters,
(H,O)„with n ~ 8. These fragile and elusive
species have been postulated to exist in solids
and liquids, the so-called "solvated" or "hydrated'
electrons, ' but have never been observed so
far' 4 in the gas phase. Their bulk propertie8,
which resemble in many respects those of the I'
centers in alkali-halide crystals, are well stud-
ied. ' Even commercial applications are known. "

The H,O molecule itself does not have a stable
negative ion state. Electron scattering experi-
ments indicate a strong electron dipole interac-
tion, ' and the existence of a resonant or virtual
state of near zero energy. But the water dipole
moment of 0.73ea, (=1.85 D) is not strong enough
to support a bound state. A point dipole can bind
an electron' if its dipole moment is larger than
0.639eap. Garrett' has shown that the influence
of the finite size of a real molecule pushes this
value to roughly cap Although many molecules
are known which have larger dipole moments, ""
no such dipole bound states have been observed
so far unambiguously. "

Stillinger and David" calculated a dipole mo-
ment of 1.82eap for a cold, neutral water cluster
(H,O) „with n = 8, so that one can expect that a
large water cluster is able to bind an electron.
The existence of electrons bound to clusters of
dipolar molecules has been proposed" to account
for many properties of excess electrons in polar
fluids and vapors. '

Many attempts have been made to produce free,
negatively charged water clusters in the gas
phase in order to check these ideas. Electron
attachment, ' or charge transfer by alkali beams'
to water clusters, or high-pressure mass spec-
trometry4 were not successful.

Our apparatus is shown schematically in Fig. .l.
Water vapor of 100 to 1000 Torr and roughly 400
K is irradiated with electrons from a P -radio-
active "Ni foil. The electrons (F. „=66keV)
are quickly thermalized, and from all prior ex-
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FIG. 1. Schematic of the experiment. Water vapor
is irradiated with electrons from a radioactive foil
and expanded through a small hole into a vacuum.
Charged particles are accelerated by the electrically
isolated skimmer, focused by the ion optics, and mass
dispersed by two different methods.

m, 82.60.54
perience'" one knows that some solvated elec-
trons are formed. The water vapor is expanded
through a 60 p,m hole into a vacuum, Within sev-
eral microseconds the transition from a high den-
sity to free molecular flow is completed. Some of
the charged clusters either survive this rapid ex-
pansion or, more likely, are formed during it.
Because of the large pressure ratio: of 10' to 10'
no Mach disk" develops, which could destroy any
fragile species. Even without charged particles,
clustering of the water beam can be expected. "
As the dipole moment of a cluster will depend on .

its temperature, a low cluster temperature can
be expected if the electron is really dipole bound
in (H,O)„.

Charged particles are accelerated by an elec-
tronic field between nozzle and skimmer, focused
by an ion optical system, and mass analyzed by
a time-of-flight (TOP) mass spectrometer (home
built), or a quadrupole mass spectrometer (Bal-
zers QMG511). Neutral particles in the beam
can be monitored by electron impact ionization.
The total mass flux through the nozzle is roughly
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FIG. 2. Time-of-flight spectra of negatively charged
clusters from a pure water expansion for different elec-
tric fields between the nozzle and the skimmer. The
numbers on the peaks give the nominal number of water
molecules in a cluster. The strong fragmentation is
discussed in the text.

10"water molecules/sec, while only a total ion
current of 10' to 10' ions jsec is observed. Be-
cause of this extremely small charge fraction,
the free expansion is practically undisturbed. A

radioactive source, or corona discharge in a
high-pressure nozzle source, has been used pre-
viously to softly ionize large organic molecules
with extreme sensitivity. "

Figure 2 shows TOF spectra of negatively
charged ions for different electric fields between
source and skimmer. One sees a regular proces-
sion of peaks, separated by 18 atomic mass units
(u), the molecular weight of the water molecule.
The resolution is not sufficient enough to resolve
single masses, as the usual tricks" to increase-
the velocity resolution of a TOF spectrometer
were not applicable, as a result of the field be-
tween nozzle and skimmer. There is some mass
discrimination at higher masses. " The average
cluster size is very much larger than that ex-
pected for neutral clusters. " It is well known,
that clustering about ions is much more efficient
than about neutrals. " Figure 2 shows a strong
decrease of the average cluster size for increas-
ing electric field. This field accelerates the ions,

where the pressure is still quite high. They spend
less time in the expansion zone, where the clus-
ters are growing, and in addition the clusters are
fragmented because of the many collisions they
experience with particles from the neutral
beam. '4' Surprisingly these two processes yield
mainly masses near multiples of mass 18. For
pure water expansions we never observed nega-
tive ions smaller than roughly 72 u, correspond-
ing to masses near (H,O), , while for CO, ' "or
mixed CO2-H20 "'"expansions many smaller
clusters are observable. Also the mass spectra
of positively charged water clusters show many
masses below 72 u.

Figure 3 shows two scans with the quadrupole
mass sepctrometer. In Fig. 3(a) the peak corres-
ponding to eleven water molecules plus one elec-
tron has the highest intensity. We interpret this
peak at mass 198 as the first observation of free
hydrated electrons. The mass scale of the quad-
rupole was carefully calibrated before this run
and checked for zero drift afterwards. Figure
3(b) shows a. mass spectrum around 90 u, or
roughly five water molecules per cluster. Within
statistical error no (H,O), is observed in this
spectrum. Under different experimental condi-
tions a very small peak was sometimes observed
at mass 90, so that we cannot place a lower limit
on the number of water molecules sufficient to
bind an electron. But eight H,O molecules will
definitively be sufficient. A lower limit of six
water molecules has been calculated previously. '~
We purposely do not give an intensity distribution
of the negative water clusters, as this depended
sensitively on many source parameters. " The
scan of Fig. 3(b) was taken with somewhat better
resolution than that of Fig. 3(a).

The 0 and OH ions are stable, and clusters
of the form (H,O)„X,X =O, OH are well known. '
The peaks at 91 or 199 u can be interpreted as
(H,O)„H,n=5 or 11. This ion has never been
observed in the gas or liquid phase, but H has
been postulated to occur in irradiated solids. "
Peaks similar to that at M-3 (mass 87) in Fig.
3(b) were observed also for some heavier clus-
ters. The only possible interpretation seems to
be a structure of the type [(H,O),O(OH) ] . Also
the other peaks, which are labeled by their mass
only, have not been observed so far.

It would be very interesting to perform photo-
detachment experiments with a mass-selected
water cluster beam. We conjecture that the un-
structured optical absorption continuum' ob-
served in the liquid and solid phase will show
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molecules would then be nearly negligible, so
that the internuclear force field should not change
too much, if the electron is removed. Photode-
tachment from a cold, mass-selected, negative
cluster beam can therefore be expected to give
no fragmentation of the clusters. As far as we
know, no other method has so far been proposed
which would give a mass-selected neutral cluster
beam. Unfortunately, the intensities are present-
ly many orders of magnitude too low for these
kinds of experiments. We recorded only 80
counts/sec for the (H,O)» peak in Fig. 3(a).

Localized electrons in liquid helium are well
studied, "P and large He clusters (n up to 10')
have been produced. " With use of our method
one could look for some He cluster ions, with
the electron in a bubble state. '
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P. Krebs and Professor U. Schindewolf from the
University of Karlsruhe. We are especially
grateful to Professor V. Kramer, W. Konz, and
H. Erzinger of the Kristallographisches Institut
of the University of Freiburg for the generous
loan of their quadrupole mass spectrometer.
Some support of this work came from the Deutsche
Forschungsgemeinschaft.
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some structure. If the electron in (H,O)„ is
dipole bound, it will be in an extremely diffuse
orbital. " Its charge density close to the water

FIG. 3. (a) Negative-ion mass spectrum with use of
the quadrupole mass spectrometer. We interpret the
peak at mass 198 as a negatively charged cluster of
eleven water molecules. This is the first observation
of a free hydrated electron, which has so far only been
postulated to exist in liquids or high-density vapors.
The electron might be dipole bound only. The field
between nozzle and skimmer was F„,= 100 V/cm.
(b) Mass spectrum for E„~= 500 V/cm. No intensity
is observed for mass 90 corresponding to five water
molecules per cluster.

"G. Stein, Discuss. Faraday Soc. 12, 227 and 289
(1952).

' R. L. Platzmann physical and Chemical'Aspects
of Basic Mechanisms in Radiobiology (National Acad-
emy of Sciences and National Research Council, Wash-
inton, D.C., 1953), Publ. 305, pp. 22 and 34.

' Electrons in I luids —The Nature of Meta/-Ammo-
nia Solutions, edited by J. Jortner and N. R. Kestner
(Springer-Verlag, New York, 1973).

' E. Hart and M. Anbar, The Hydrated Electron
(Wiley, New York, 1970).

"A. M. Brodsky and A. V. Tsarensky, Adv. Chem.
Phys. 44, 483 (1980).

'R. N. Compton, in Proceedings of the Conference on
Electronic and Atomic Collisions, Kyoto, 1979 (North-
Holland, Amsterdam, 1980), p. 251, and references
therein.

3D. Herschbach, private communication; E. L. Quit-
evis, Ph. D. thesis, Harvard University, 1980 (unpub-
lished) .

4A. W. Castleman, private communication.
'G. Seng and F. Linder, J. Phys. 8 9, 2539 (1976).
O. H. Crawford, Proc. Phys. Soc., London 91, 279

(1967).
W. R. Garrett, J. Chem. Phys. 71, 651 (1979).
The negative ion states of some highly polar mole-

cules, e.g., LiCl, seem to be not well described by the
dipole model I.J. L. Carlsen, J. R. Peterson, and W. C.
Lineberger, Chem. Phys. Lett. 37, 5 (1976); K. J. Jor-

325



VOLUME 41, NUMBER 5 P HYSI GAL RE VI j." w LETTERS 3 AUGUST 1981

dan and W. Luken, J. Chem. Phys. 64, 2760 (1976)].
Narrow resonances in the photodetachment spectrum of
large organic molecules have been described as dipole
bound states coupled to the continuum t D. L. Jackson,
A. H. Zimmerman, and J. I. Braumann, J. Chem. Phys.
71, 2088 (1979); W. R. Garrett, J. Chem. Phys. 73,
5721 (1980)1. But the ground negative ion state of
these organic molecules is not dipole bound.

Carlsen, Peterson, I.ineberger, Ref. 8; Jordan and
Luken, Ref. 8.

Jackson, Zimmerman, Braumann, Ref. 8.
Garrett, Ref. 8.

F. H. Stillinger and C. W. David, J. Chem. Phys. 73,
3384 (1980).

J. Jortner and A. Gaathon, Can. J. Chem. 55, 1801
(1977).

P. C. Webster, in Annual Reports C of The Royal
Society of Chemistry (London), 1979 (unpublished),
p. 287.

' P. P. Wegner, Molecular Beams and Low Density
Gasdynarnics (Marcel Dekker, New cwork, 1974).

I. Dzidic, D. I. Carroll, R. N. Sti.llwell, and E. C.

Hornig, Anal. Chem. 48, 1763 (1976).
M. W. Siegel and W. L. Fite, J. Phys. Chem. 80,

2871 (1976).
4 A. M. Lovett, N. M. Rezd, J. A. Buckley, J. B.

French, and D. M. Cameron, Biomed. Mass Spectrom.
6, 91 (1979).

' W. C. Wiley and I. H. McIaren, Rev. Sci. Instrum.
26, 1150 (1955); V. I. Karataev, B. A. Mamyrin, and
D. V. Shmikk, Zh. Tekh. Fiz. 41, 1498 (1971) [Sov.
Phys. Tech. Phys. 16, 1177 (1972)1.

'6M. Armbruster, H. Haberland, and H. G. Schindler,
to be published; M. Armbruster and H. G. Schindler,
Diplomarbeit, Freiburg University, Freiburg, 1981
(unpublished) .

VA. Bernas and T. B. Truong, Can. J. Chem. 55,
2044 (1977).

'8C. E. Klots, J. Chem. Phys. 71, 4172 (1979).
'J. A. D. Stockdale, R. N. Compton, and P. W. Rein-

hardt, Phys. Rev. Lett. 21, 664 (1968).
K. W. Schwarz, Adv. Chem. Phys. 33, 1 (1975).

~ J. Gspann and H. Vollmar, J. Chem. Phys. 73, 1657
(1980).

Influence of Singlet-Triplet Mixing on the Hyperfine Structure
of Ssnd Rydberg States in s7Sr

R. Beigang, E. Matthias, and A. Timmermann
Institut fur A. tom- und FestkorPerPhysi7r, Freie Universitat Berlin, D-1000 Berlin 33, West Germany

(Received 1 June 1981)

A systematic study of the hyperfine structure of 5snaf D2 and D2 states of Sr was car-3 8'|

ried out by Doppler-free two-photon excitation. In the region of strong singlet-triplet
mixing around n =16, the hyperfine structure exhibits a marked n dependence which is
related to the amount of singlet-triplet mixing.

PACS numbers: 31.30.6s, 35.10.Fk

For excited states of. two-electron systems the
hyperfine structure (hfs) provides a sensitive
probe both for the type of coupling and for possi-
ble admixtures of other states. A typical exam-
ple is the hyperfine structure of 1snd 'D levels in
'He which has been shown to arise from admix-
ture of 'D states. ' In their recent study of the
hfs of various levels of 'He, Liao et al. ' empha-
sized the crucial role of the Fermi contact inter-
action of the. inner s electron to the electronic
structure of high-n Rydberg states. The singlet-
triplet mixing effects observed in 'He are expect-
ed to also occur in other two-electron systems.
It is therefore of interest to investigate the hfs of
Bydberg states of alkaline-earth atoms, particu-
larly in regions of the principal quantum number
n where mixing of states is indicated by other ex-
periments. The first results on a, few levels in
Ba point indeed towards strong perturbations of

the levels investigated. ' A more favorable case
is Sr, for which Esherick' has shown that strong
singlet-triplet mixing occurs in 5snd states
around n = 16, while for n ~ 10 and n & 30 the D
and 'D can be regarded as being "pure" states.
Wynne, Armstrong, and Esherick' verified that
the g factors of 5snd J =2 states accurately re-
flect the change of admixture. For the same rea-
son we expect the hfs of "Sr to vary with the prin-
cipal quantum number between n = 10 and 30. It
is the purpose of this Letter to present a first
systematic study of the hfs of 5snd Rydberg states
of "Sr for a wide range of n and to demonstrate
the drastic influence of singlet-triplet mixing on
the hfs. We expect that this will be of importance
also for other two-electron systems.

The energy difference between the ground state
and the 5snd states' in strontium can be bridged
by two-photon excitation. In our experimental
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