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The sodium molecules Na,, Na4, and Nag have been isolated in argon matrixes at 15 K and characterized for the
first time by Raman spectroscopy. The vibrational frequencies are compared with density functional (DFT) calculations.
The Nay cluster possesses a rhombic structure (Do) with calculated d(Na—Na) = 307.2 and 347.4 pm, respectively.
For octasodium, a hypertetrahedral structure (Tq) is predicted in which each side of an inner tetrahedron with
d(Na—Na) = 331.5 pm is capped by sodium atoms with a distance of d(Na—Na) = 348.7 pm. The green octasodium
cluster is the first example of a matrix-isolated magic number cluster. Its formation from blue tetrasodium is discussed
on the basis of the observed sequence of cluster growth.

Introduction than one might think at first sight, since the sum of the
individual effective core potentials forming the positive
background is indeed a rather smooth funcfi®Another

| icular. th f thei - ond q point is the assumption of sufficiently delocalized electrons,
n particular, the appearance of their surprising size-depend-y i, |imits the model to the first and second group and to

ent properties gave rise 1o the developmgnt of thgor_etical some extent to the 11th group of elements. Despite these
models Incorporating these features. The f|r§t descrlptllon of limitations, the jellium model is justified, since appropriate

a_sellf-é:ons_lstent !ell_lumlmoderl] f(()jr clusters usmg %seg|glgs— calculations can account qualitatively, and in some cases
sical density-variational method was reported by Cini in guantitatively, for many experimental observations, especially

5 i - . .
1975'_ This was fpllowed by a parameter-free model th"?‘t the occurrence of magic number clusters in metal cluster
was introduced independently by Ekardt and Beck in .. g1

6o . .
19§4.' IThe .].e||lur|r31 rr|1(odel (;escrlbe.s_the cluster as a  Tpa term magic numbercame up before the spherical

Sp ebrlca fpolsmve afc groun I_cor_ltalnllr_}? adn appropr_lateje"ium model was introduced, following the most obvious
number of electrons for neutralization. This dramatic Sim- way of modeling the cluster geometry by dissection of the

plification |gr’1\lor|ng hthle 'Omﬁ §trltjcture v(\j/als_ an Obj_eCt_fod crystalline bulk material into small pieces. According to this
controversy. Nevertheless, the jellium model is more justifie simple procedure, one can obtain for certain atom numbers

- ; : — polyhedra that are almost spherical in shape and have surface
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The observation of several unique properties of clusters
attracted the interest of scientists during the last 2 decades.
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numbers 2, 8, 20, 40, 58, and 92 for sodium and potassium
clusters was explained by closed electron shells in the jellium

model. These experiments, as well as quantum mechanical

calculations' indicated that the simple picture of modeling
the cluster geometry in analogy to the bulk cannot be applied
to small alkali metal clusters.

Despite considerable recent efforts, the structures of small
atomic metal clusters remain largely unexplotédlhe

sodium clusters are one of the main subjects for cluster beam

experiments and theoretical work, but the characterization

is restricted to a few spectroscopic methods, and these are

difficult or impossible to correlate with the cluster geom-

etries. Several attempts have been made to employ the matrix

isolation technique for studies on sodium clusters, but the
spectroscopic methods were limited to absorption spectra.
These allow the detection of atomic and diatomic species,

but the assignment of the broad absorption bands to larger

clusters remained speculative, as described by the adthtrs.
Moreover, this method do not yield any information about
the cluster geometries.

In this paper we report the isolation of sodium clusters in

noble gas matrixes and their Raman spectroscopic charac-

terization, which provide a reliable way to determine the
cluster geometry from quantum mechanical calculations.

Experimental Section

Apparatus and Materials. The apparatus for multichannel
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Figure 1. Raman matrix spectra of sodium in argon at 15 K at different
stages of cluster formation (experimental conditions: Afi0layer; laser
wavelength 514.5 nm, laser power 125 mW, resolution 1.2%m

calculated vibrational frequencies are not scaled by any empirical
factor, as this was not found to be needed.

Raman matrix isolation spectroscopy and the general procedure haVéResuIts and Discussion

been described elsewhéefeThe spectra were recorded with an
Instruments SA T64000 Raman spectrometer equipped with a
Spectra Physics Ar laser. Sodium was purifed by vacuum
distillation. Argon was dried by passing it through a column filled
with P4O0. Krypton and xenon were used without further purifica-
tion.

Sodium vapor was prepared using a Knudsen cell heated with
an external heater jacket to 12GC. The metal vapor was
cocondensed with argon (estimated dilution 1:1000) with a continu-
ous flow rate (16-50 cn#/h) on the copper cold tip (15 K) of the
cryostat. The pressure in the area between the Knudsen cell an
the cold surface was in the range of 2®a. The average thickness
of the formed layers was 100m. Annealing was carried out by
frequently warming the layer to 40 K over a period of 2 min and
cooling to 15 K.

Computational Methods. The appropriate theoretical method
for the calculation of alkali metal clusters was chosen by us after
comparison of different methods for the alkali metal dinf@risor
sodium, the SVWN® method along with the 6-31G* basis set
employing the Gaussian 94 program package was Hs&tie
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91, 1035.
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(18) Welker, T.; Martin, T. PJ. Chem. Phys1979 70, 5683.
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(21) Kornath, A.J. Raman Spectros¢997, 28, 9.

(22) Kornath, A.; Ludwig, R.; Zoermer, AAngew. Cheni998 110 1620;
Angew. Chem., Int. Engl. EA998 37, 1575.

(23) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.
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Matrix Isolation and Raman Spectra. The experiments
were carried out with an apparatus consisting of a regular
Knudsen cell connected to our Raman-matrix-isolation
setup?! The metal sample was evaporated at ca.X2@nd
codeposited with argon on a cold surface, keeping the argon
pressure below 16 Pa. Afte 1 h of deposition a purple
layer was formed. During warm-up cycles of the matrix layer,
a diffusion-controlled clustering process occurred, which was

Jnonitored by Raman spectroscopy. Three relatively stable

clusters were observed in the rare gas matrixes.

At first we observed a single line in the Raman spectrum
(Figure 1) of the purple matrix at 160.0 cfy which was
assigned to diatomic sodium. The fundamental frequency is
in excellent agreement with the value obtained from gas-
phase experiments (159.1 ch¥® as well as density func-
tional calculations with the SVWNSmethod (159.7 cnt),
which was found to produce data for alkali clusters, in fair
agreement with experimental measuremétitdie formation
of disodium can be achieved during matrix deposition by
keeping the pressure at 70Pa or below to prevent further
clustering in the gas phase. It should be noted that such
mixtures of disodium and rare gases can be passed through
glass tubes of 50 cm length without any observable formation
of a sodium mirror on the walls, when the pressure is kept
below 10! Pa. Increasing the pressure to 1 Pa by a higher
flow rate of the diluting argon leads to the formation of
sodium mirrors within a few minutes.

(25) Demtroeder W.; Stock, Ml. Mol. Spectroscl975 55, 476.
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Table 1. Experimental and Calculated Raman Frequencies {cand Vibration Modes for Na Nay, and Na

species DF¥ exptl assignment species DFT exptl assignment

Nao 159.7 160.0 v g Nag 133.6 134.7 V1 A1
Nay 49.2 54.2 V2 Ag 143.8 Ve F2
103.4 105.4 V3 Bsg 152.9 vo+ vg F2

163.1 164.0 2 Ag 159.0 27 F
Nag 17.9 Va4 E 168.1 2/2 A1
34.0 2/4 E 212.8 V1 + v7 Al
66.8 66.0 Vg F 240.5 23 A1

84.5 81.3 V7 F2 255.0 V1 + V3 E
89.2 86.2 Vv A1 264.4 1 A1

120.0 121.4 V3 E

a Density functional (DFT) calculations with the Slater’'s exchange and the local spin density correlation functional of Vosko, Wilk, and NusaB)SVWN
and the basis set 6-31G% Frequencies are not scaled.

During further clustering processes of matrix layers
containing disodium we observed a rapid decrease of the
160 cn1? line along with a change in color from purple to
blue and the simultaneous appearance of three new lines,
which are in satisfactory agreement with DFT-calculated
values for tetraatomic sodium (Table 1). Furthermore, the
relative intensities of these lines are similar to the recently
matrix-isolated tetrapotassium clustérThe absence of

trisodium in the Raman spectra during this clustering step gnecyroscopic features. Further, using harsher conditions, such
is surprising. Matrixes of (_jl_sodlu_m should conta!n a con- .o rapid deposition, high rare gas pressure{E®), or high
siderable amount of remaining single atoms, which would g,pqtrate/matrix ratios, the green matrix layer was formed
react with disodium to form trisodium. Similar experiments during matrix deposition.

on potassium have shown that tripotassium is formed during The observed fundamental frequencies of the green species
such reactions, but only as an intermediate species that react§;e summarized in Table 1. DET calculations. which are

further to form the tetraatomic species. The existence of discussed later, give a hypertetrahed) (structure for
trisodium molecules was already demonstrated by Lindsay octasodium. Consequently, 18 fundamentals, which due to
et al. on the basis of electron spin resonance (ESR) spectrgy o high-symmetry degenerate to eight modes, @/&E +
of matrix-isolated sodium vapdf.Although this method is F, + 3F), are expected. Seven modes (specigskA and

viery sen.snrl]ve, It Is re_strlctfedh to Tpgmes with “”Pa"edf F,) are Raman active, whereas only specigssHisible in
electrons; thus, estimation of the relative concentrations of y o ‘intrared and species, s inactive in both the Raman

trisodium and diamagnetic species is difficult. Trisodium may and infrared spectra. The assignments for the observed

have been a relatively minor constituent in the ESR study. frequencies of Newere made by comparison with the DFT
During a series of m:?ltrix-.isolation experiments, we were ot calculated frequencies. The seven Raman-active vibrations,
able to observe trisodium by Raman Spectroscopy in qphich six are observed in the spectrum, occur in the region
considerable amounts. These observations support the asgqaiow 150 cml. The missingvs vibration is probably

sumption that trisodium is relatively unstable compared to o jaig by the nearby intense and broadnode, which is
di- and tetrasodium and appears therefore only in oW yho hreathing mode of the cluster. There is excellent
concentrations. agreement between DFT-calculated and observed frequen-

di During gnneahngf experm(;t_ents on dn:jelltrlé—.lsolatedftetraaso- cies; only in case of the, andv; mode are somewhat higher
lum or mixtures of tetrasodium and disodium, we found & qeyiations of 3 cm® observed. Furthermore, the mode

third cluster speqies, which i_s enprmo_usly stable. The Ramanexpected to be the strongest, the totally symmetric
lines of tetrasodium (and disodium, if present) dlsappeareds,[retching mode, is the strongest observed Raman line.
almost spontaneously upon further warm-up cycles, and the o qqitional support for the assignment is given by the spectral
color'of the matrix layer changeq from blug to green. The region above 150 cm, which displays overtones and
remaining Raman spectrum, which we assigned to 0ctaso-qqyhination modes. The appearance of these modes is in

dmrr;}, eXh'b'tsl?‘ codmplex Imehstructur:e shown Ilr:‘ Figure 15 agreement with the spectroscopic selection rules for a
Further annealing does not change the spectral features, bufion e etranedral Nacluster of symmetryTa

rougher conditions cause the formation of silvery metallic DFT Calculations. The DFT-calculated (SVWNSmethod
sodium due to segregation of the sample. To ensure that the, it 6 21G* pasis .set) frequencies for NaNa,, and Na

spect_rum belong_s toa singlt_a cluster spec;ies, we carried outyre given in Table 1, where they are compared with observed
a series of experiments varying the experimental parammersfrequencies of the matrix-isolated species. We find excellent

(evaporation temperature, deposition rate, rare gas), but theagreement for all vibrational modes.

annealed green matrix layer always displayed the same The DFT-calculated geometries for M&la,, and Na are

(26) Lindsay, D. M.; Herschbach, D. R.; Kwiram, A. Mol. Phys.1976 pre_sented in Figure 2. For the Nanolecule we find
32, 1199. satisfactory agreement between the calculated (306.9 pm)

Figure 2. Symmetry and bond lengths of pjdNay,, and Na.
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Scheme 1. Symmetry Distortion of OctasodiunT{ — Dan)

T, D,
2A, 3 4A,
2E Q A,
F, 2B,
Figure 3. Configurations of tetraatomic alkali metal clusters and corre- 3F > 3B
sponding bonding molecular orbital occupation. 2 \ 2
and measured (307.88 pthpond length, as deduced from 4E

laser-induced fluorescence spectra. For tetrasodium, the
minimal energy is found for a rhombic planar arrangement distances of 331.5 pm to the capping sodium atoms.Tghe
of D2, symmetry with one NaNa bond (307.2 pm) slightly ~ structure of octasodium is confirmed by the Raman spectrum
longer than that calculated for disodium and four much longer discussed above. A less symmetri€ay structure would
Na—Na bonds (347.4 pm). The bonding situation in;i ~ display a much more complex Raman spectrum. The
similar to that found recently for matrix-isolated,.® The alternativeD,q structure can be described as a distortion of
tetrapotassium cluster with symmefy, possesses one short @ hypertetrahedron, which lifts the degeneracies of species
K—K bond of 391.8 pm, slightly longer than in,K386.9 E, ki, and iz (Scheme 1). Consequently, one would expect
pm), and four considerably longer bonds wittk —K) = 13 Raman-active modes (4A- 2B;+ 3B; + 4E) instead of
437.3 pm. The rhombic shape of tetrasodium agrees with S€ven.
previous predictions made on the basis of quantum mechan- Cluster Growth and Formation of Nas. The aim of this
ical calculationg® One way to rationalize why this structure ~ study was to isolate small sodium clusters at the very first
is favored instead of a higher symmetry square or a Steps of the transition from atoms to bulk material. An
tetrahedron can be found by comparing the occupation of unexpected result is that the cluster growth that occurs upon
the corresponding molecular orbitals shown in Figure 3. Both matrix annealing does not proceed randomly, producing a
the tetrahedron and the square have two unpaired electronscomplex cluster population as it was presumed but not
This unfavorable electronic situation is subject to Jahn Spectroscopically demonstrated in previous investigaibns.
Teller distortion into the rhombic structure, with electron ~ Cluster growth proceeds differently in cluster beam
pairing to form a singlet ground state. It is interesting to experiments and depends strongly on the techriitjieud-
note that the same molecule orbital scheme can be used tgen-cell effusion probes the equilibrium vapor compositfon,
explain that tetraatomic alkaline earth clusters should havebut clusters larger than tetraatomic cannot easily be studied
a tetrahedral structure, since the four orbitals are then fully by this techniqué* High yields of larger molecules are
occupied. This example illustrates that the structures of smallproduced by supersonic expansion of neat and seeded metal-
metal clusters result from the particular electronic situation vapor beams. The size distribution depends strongly on
rather than the previously postulated tendency to form close-€xperimental conditions, such as orifice diameter and shape,
packed structures, at least for the main group metals. auxiliary seed-gases, and stagnation pressure. It should be
Octasodium has been an object of various theoretical 0ted that such systems are not in thermodynamical equi-
investigations since it was observed in 1984 by mass lPrium; thus, inferences made from such studies are danger-
spectroscopy in cluster beams as a magic cld4téThree ous, especially when assigning stability to clusters based on
symmetries were considered for octasodium: hypertetrahe-their abundance in the size distribution. Therefore, the
dron (each side of an tetrahedron is capped by an afgy, ~ OPservation of magic clusters by Knight et al. was an object
square antiprism), and a distorted tetrahedroB). The of controversy. Nevertheless, some clues exist for the
analysis of the absorption spectrum ofghiathe gas phase ~ assumption that the observed distributions are instantaneous
along with theoretical calculations could exclude Dg pictures of a process that preserves cluster sizes of predomi-
structure for Na2’ The remaining question, whether fNeas nant s_tabllltyz.9 This is exemplified by the discovery of
a Ty or Doy symmetry, could not be answered on the basis Puckminsterfullerené’ _
of the experimental data. Theoretical calculations, however, Although the stability of clusters in cluster beams can be
indicated that the hypertetrahedron is the most stable @ssigned to some extent, nucleation is more difficult to
conformation. The minimal energy for the octasodlum cluster (28) Moskovits, M.Metal clusters Wiley: New York, 1986,
was found by us for a hypertetrahedral structure with-Na  (29) Schumacher, E.; Kappes, M.; Marti, K.; Radi, P.; Schi.;

Na bonds of 348.7 pm for the inner tetrahedron ane-Na Schmidhalter, BBer. Bunsen-Ges. Phys. Chei984 88, 220.

(30) Gingerich, K. A.Faraday Symp. Chem. Sat98Q 14, 109.

(31) Hilpert, K. Ber. Bunsen-Ges. Phys. Cheh®84 88, 260.

(27) Bonacic-Koutecky, V.; Kappes, M. M.; Fantucci, P.; Koutecky, J. (32) Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R.
Chem. Phys. Lett199Q 170, 26. E. Nature1985 318 162.
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comprehend, and derivation of the cluster growth sequences
is a difficult task. By comparing the cluster growth sequence
of our matrix experiments with Knudsen-cell effusion, the
similarity concerning the odeeven alternation in cluster size

is evident and clearly pronounced in the matrix. Already the
smallest odd cluster (Npis not formed in considerable
amounts. It was previously observed for potassium clusters
in matrixes that K is formed as an intermediate from K/K
mixtures and that it reacts completely under conditions
favorable for formation of K A similar process is likely

for sodium, but it probably proceeds more rapidly. The
removal of odd clusters at the very beginning of nucleation Conclusion
together with an absence of their formation by dissociation

Processes of even cluster§ would explain the Mn formed and characterized in rare gas matrixes by Raman
alternation for both the matrix and cluster beam experiments. spectroscopy. This has shown that the formation of clusters
The OutStanding observation of this Study is the formation in matrixes does not proceed in a random manner. The
of octasodium. In previous experiments on the heavier alkali Raman spectroscopic data together with DFT calculations
metals, a tetraatomic speciesKvas observed as the largest  confirm a rhombic structureDgy) for Na, and a hypertet-
cluster in a matrix environment. This is prObably due to the rahedral SymmetryT(i) for the Na molecule. The octasodium
lower mobility of the potassium clusters compared with the cjyster is the first magic number cluster that has been
corresponding sodium species. Alternatively, this may be duepreviously observed in cluster beams to be isolated in a rare
to the fact that the bond strength is considerably higher for gas matrix in nearly pure form. It possesses an exceptional
sodium molecules, at least as judged by the harmonic forcestapility in rare gas matrixes. Though impossible to prepare
constantsf[Kz) = 0.093 N cm, f(N&) = 0.173 N cnm']. Nag in pure condensed phase, it will be interesting to study
Summarizing our experimental observation on thes Na its properties at higher temperatures by embedding it in more
cluster, it seems that its formation proceeds vias Na stable matrix environments.
molecules. However, it was not possible to stop the clustering
of N& at a point where the Raman spectra displayed pure
Nay, which then would form the Naspecies. The absence
of a Na cluster implies this assumption. A possible mech- 1C011161M

Figure 4. Formation of the magic number cluster \feom Na clusters.
anism for the formation of the highly symmetrical octa-
sodium from two approaching Nalusters is shown in Figure
4. At the last step only a butterfly motion is required to form
the spherical magic cluster.

The sodium molecules MaNa;, and Ng have been
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