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(14) It would nonetheless be anticipated that as the reaction proceeds further, 
more highly enriched HFe(C0)4- would be formed. 
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Figure 1. Infrared spectra in the u(C0) region of [PPN] [HFe(C0)4] 
in tetrahydrofuran: -, prepared from Na160H; - - -, prepared from 
NaI8OH; -. -, prepared from Na'*OH under phase-transfer conditions. 
Peak marked by asterisk corresponds to a mono-C'*O-labeled 
HFe(C0)4- species (see ref 12 for the analogous 13C0 assignment 
since both C"0 and 13C0 substitutions result in essentially identical 
v(C0) shifts). 

HFe(C0); (-lo?!). Even under these mildly basic conditions 
oxygen exchange was only barely discernible (<2% oxygen-1 8 
enrichment in HFe(C0)4- (see Figure l)).14 

The consequences of these investigations clearly point out 
the propensity of Fe(CO)5 to proceed to the anionic carbonyl 
hydride species HFe(C0)4- as opposed to undergoing oxygen 
exchange under the conditions of the water-gas shift catalysis. 
This would suggest that in this catalytic system as in its 
Ru3(CO) 12 analogue,2 reductive elimination of H2 may be the 
rate-determining step in hydrogen production following initial 
attack of -OH a t  the carbon center in Fe(C0)5. 

Consistent with observations made on other metal carbonyl 
derivatives, substitution of CO by phosphine ligands in 
Fe(C0)5 retards metal hydride formation." 
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A thorough appreciation of small-particle chemistry and 
physics demands a fundamental knowledge of the size de- 
pendence of the electronic, bonding, and structural properties 
of metallic clusters, especially their convergence behavior 
toward the bulk metal.' Activity-selectivity patterns of 
high-dispersion metallic catalysts, for example, are understood 
to be electronic and/or geometric in origin and in principle 
the metallic substrate and its chemisorption characteristics can 
be theoretically modeled by finite naked clusters M, and these 
clusters interacting with ligands, M,L.z Particularly important 
directions here involve the establishment of appropriate 
boundary conditions for localized bonding discussions of 
metal-surface ~hemis t ry .~  Recent experimental realizations 
of model "ligand-free" cluster systems can be seen, for ex- 
ample, in the optical (Cr2,3? M02,3,~ Ni2,3,5 cu2,3,4,6 Ag2,3,4,5,6j7 
C ~ , M O , ~  C ~ M O ~ ~ ) ,  Mossbauer (FeCo;8a FeNi;8a FeCu;sa 
Snz,3 4;9 FeMn, Fe2Mn, FeMnz;8b Fe2,3"), Raman (Ag, 3,11 

Mgzi2), resonance Raman (Ca213), fluorescence (SnZ,l4 Pbz,ls 
Ag2,,I6), and ESR (MgAg,17 Na,,la Ag319) spectral studies of 
a wide range of unimetallic and bimetallic molecules. With 
the evolution of such unique sets of spectroscopic data con- 
cerning few-atom clusters, one can appreciate the necessity 
for complementary, high-quality, ~emiempir ica l , ' ,~  and 
first-principles molecular orbital cluster c a l c ~ l a t i o n s . ~ ~ ~ ~  

In view of the supersonic nozzle beam generation21a and laser 
photoionization mass spectroscopic detection of sodium clusters 
containing as many as 13 atoms21b (which has led to the longest 
known series of reliable metal cluster ionization potentials), 
the preparation of gaseous lithium clusters containing up to 
15 atoms by evaporation of lithium metal in a high pressure 
of an inert gas,22 the ESR detection of matrix entrapped Na3,1a 
the a b  initio CI calculations for Na323 as well as numerous 
other electronic structure calculations of small clusters of alkali 
metal atorns,l8 and our current interest in group l A / l B  bi- 
metallic cluster systemsz4 (the latter, we believe, representing 
a new synthetic pathway to group 1B cluster anions), we 
thought it worthwhile to establish the metal concentration and 
substrate dependence of sodium atomlinert gas condensa- 
tion-aggregation processes. By employing ultraviolet-visible 
absorption spectroscopic monitoring of the molecular sodium 
aggregates so generated, we have managed to tentatively assign 
some of the optical excitation energies associated with Na2,3,4. 
Such observations should prove to be of considerable worth 
in the evaluation of future IR/Raman/fluorescence/ESR/ 
two-photon-ionization spectroscopic measurements of Nan 
clusters, as well as providing stringent guidelines for assessing 
the reliability of various metal cluster computational tech- 
niques. 
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Notes 

Experimental Section 
In all of the experiments to be described, sodium metal was va- 

porized at low pressures from a stainless steel Knudsen cell (120-200 
“C) and deposited in an almost purely monoatomic form (199%) with 
Kr and Xe matrix gases onto a NaCl optical window cooled to 10-12 
K, by using a vacuum furnace, quartz crystal microbalance, and 
Displex closed-cycle helium refrigeration assembly, the details of which 
have been previously described.25 The temperature of the Knudsen 
cell (orifice diameter 0.5 mm) was monitored by a copper-constantan 
thermocouple, spot welded close to the orifice of the cell. Absolute 
deposition rates of sodium vapor into the matrix are not expected to 
be meaningful in this study, owing to an apparently low sticking 
coefficient of sodium to our in situ crystal mass monitor, although 
relative sodium/matrix ratios between different runs are expected to 
be reliable. We estimate that by this method our matrix ratios could 
be in error by as much as an order of magnitude and so the quantitative 
nature of these experiments, vis-a-vis the utilization of a kinetic analysis 
of the matrix deposition process42 for determining cluster nuclearity, 
is open to criticism. However, as only relative [Na,]/[Na] absorbances 
are pertinent to the kinetic analysis (below 1% total the 
growth-decay behavior of the observed sodium cluster lines can be 
used as a reasonable guide toward establishing cluster nuclearity. Such 
metal/matrix “cryotitrations”, when taken in conjunction with 
timetemperature profiles of corresponding bulk annealing experiments 
as well as photoaggregation behavior, enable one to distinguish 
different cluster species in the matrix, to unravel band overlap 
complications and to arrive at reasonable conclusions concerning cluster 
nuclearity in the few-atom regime. Optical spectra were recorded 
on a standard Varian Techtron spectrophotometer in the range 
200-900 nm. 
Results and Discussion 

After mercury, sodium represents a milestone in matrix 
isolation research in being the second atomic system to be 
immobilized in a low-temperature support and observed by 
optical spectroscopy.26 Since then, matrix entrapped atomic 
sodium has been of enormous value for understanding a wide 
variety of spectroscopic phenomena and for generating a 
plethora of novel chemical ~ y n t h e s e s . ~ ~ - ~ ~  

Despite the intensive interest in sodium atom matrix and 
macroscale cryochemical reactions, surprisingly little is actually 
known experimentally about the matrix aggregation properties 
of atomic sodium itself or about the electronic, geometrical, 
and bonding properties of small sodium clusters, aside from 
a matrix ESR study of Na3,1s a brief mention of the clustering 
phenomenon in studies of the 3s excitation of Na  atoms 
entrapped in xenon36 and benzene3’ matrices, and an unrelated 
Na /02 /Ar  study of Na+(02-)38 in which Nan aggregate 
absorptions were noted but analysis of these cluster absorptions 
was not undertaken. 

We began our sodium atom matrix aggregation experiments 
by checking some of the observations of previous  worker^^^,^' 
who had examined sodium atom/inert gas cocondensations. 
Like  other^.,^^,^^ we detected the now classic blue and red triplet 
absorptions of the *S1 - ’P1/2,3/2 sodium atomic resonance 
transitions in Kr and k e  matrices (see, for example, Figures 
1-6) with deposition, annealing, isolation efficiency and 
substrate behavior in line with earlier  observation^.^^,^^.^^^^^,^^ 

A series of N a  atom concentration experiments a t  10-12 
K in Kr and Xe, at matrix ratios in the range 1/104 to 1/102 
(as much as an order of magnitude error is to be expected in 
these ratios-see Experimental Section), clearly revealed a 
group of new absorptions to the red and blue of the atomic 
sodium 2S1/2 - 2P1/2,3/2 resonance absorptions (a typical series 
being shown in Figures 1 and 2) which can clearly be identified 
with sodium aggregates. The relative intensity behavior of 
these new absorptions on deposition and after temperature- 
programmed annealing pointed to the existence of at least three 
distinct sodium cluster arrays under the concentration con- 
ditions employed in these  experiment^^^ (see Tables I and 11). 
The onset of cluster formation can be seen, for example, in 
Na/Xe c1 1/104 matrices by the initial appearance of two 

Inorganic Chemistry, Vol. 18, No. 5, 1979 1403 

A 

I , 1 

300 400 503 800 700 nm 

Figure 1. A typical sodium atom-krypton matrix concentration study 
at 10-12 K [(A) Na/Kr 1?1: 1/104, (B) Na/Kr 1?1: 1/103, (C) Na/Kr 
N 1/ lo2] showing the growth-decay behavior of Na1,2,3,4. Sodium 
atom blue and red sites are labeled Na” and Nab, respectively (see 
text and Table 11). See Experimental Section for error brackets in 
these concentration ratios. 
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Figure 2. A typical sodium atom-xenon matrix concentration study 
at 10-12 K [(A) Na/Xe 1?1: 1/103, (B) Na/Xe 1?1: 1/104] showing 
the growth-decay behavior of Nal,2,3 and, for comparison purposes, 
(C) Na/Kr e 1/103 showing the correlation with respective Nal,2,3 
cluster absorptions. 

broad absorptions at  494 and 653 nm (Figure 2) which 
correlate reasonably well with the maximum of the 
Franck-Condon distributions assigned to the lCg+ - lE,,+ 
(X - A) and ‘C + - ‘nu (X - B) electronic excitations 
observed for gas-paase Na243 (apart from small gas-to-matrix 
phase shifts of the order of 2-20 nm, respectively). On further 
increase of the sodium atom concentration and hence the 
opportunity to achieve the trinuclear stage of cluster ag- 
glomeration (Na/Xe - 1/103, Figure 2), a second group of 
new absorptions can be discerned at 750, 420, and 406 nm 
which straddle both the Na and Na2 absorptions and can be 
tentatively associated with the three-atom cluster Na3, pre- 
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Table I. Optical Spectral Assignments (nm) for Na, ,1 ,, from 
Sodium Atom Concentration and Bulk Annealing Experiments 
in Xenon Matrices 

Notes 

Table 11. Optical Spectral Assignments (nm) of Na1,2,3,4 from 
Sodium Atom Concentration, Bulk Annealing, and 
Photoaggregation Experiments in Krypton Matrices - 

Nag Na, Na Na. 
750e 

653Cje S6ve 582  

::Ye 548  
4 9 4 4 e  

406  420 l e  
a Thermally robust sodium a tom blue site; can be  photoselective- 

ly converted into sodium a tom red site by  using 570-nm narrow-band 
band excitation. Thermally labile sodium a tom red site; rapid 
bulk diffusion and aggregation in Xe matrices at 20-25 K t o  Na,,, 
(Figure 3); can be  photoselectively converted into sodium a tom 
blue site b y  using 598-nm narrow-band excitation. Shows par- 
tially resolved vibrational fine structure with average spacing 125- 
140  cm-' (cf. 118  cm-' for the X -+ A transition for gaseous Na,). 

band excitation causes photobleaching of Na,,,,, absorptions, t he  
clusters decaying at faster rates than the atomic species. However, 
new absorptions, ascribable to  either Na,: or Nan-, were not ob- 
served in the 200-900-nm range. Further Na, photokinetic and 
emission optical matrix experiments will, however, be  required t o  
distinguish such a photoionization channel from an alternative Na, 
photofragmentation pathway (X -+ C, 2 ;  -+ 'Cut, 340 nm for 
gaseous Na, 4 3 )  with subsequent sodium a tom photoinduced dif- 
fusion and aggregation t o  higher Nan clusters, i.e., Na, (337 nm, 
hv) --* 2NaT; N a t  + Nan -+ Nan+, etc. (see, for example, Cu,, Ag, 
matrix photofragmentation-photoaggregation processes described 
in ref 6b) where N a i  represents a photomobile sodium atom. 

Displays suspected site splitting at 490  nm. e 337-nm narrow 

7 18-7 30e 
69gf 

608/615e 
654/660e 

574  

558  

5351d 525 
47 6-48 3 e p  

426 
405 1 

a Thermally robust sodium atom blue site (see Figure 1); can be  
photoselectively converted into sodium a tom red site using narrow- 
band 560-nm excitation under dilute conditions. Thermally la- 
bile sodium a tom red site; can be  photoselectively converted into 
sodium a tom blue site using narrow-band 590-nm excitation under 
dilute conditions. Can be  photoaggregated up  t o  the Na, stage 
by 570-nm excitation of concentrated Na/Kr matrices (see Figure 
4). Suspected site splitting. e Small (roughly 6-12 nm) con- 
centration-dependent shifts observed on  these bands. f Photoag- 
gregation, metal concentration, and bulk annealing suggest that 
this shoulder could be an Na, band. A third possible site for 
sodium a toms absorbs at 500  nm;,' seen as a shoulder on the 476- 
483-nm absorption of Na, in concentrated Na/Kr matrices and is 
found to  be photointerconvertible with the blue sodium atom site 
from dilute Na/Kr experiments (see Figure 5). From high Na/ 
Kr = 1 /103  t o  1 /102  concentration experiments (Figures 1 ,  4). It 
would appear that a higher Nan cluster (n 2 4) also absorbs in this 
region. 

I - - L L p _ 1  
403 500 003 700 n-" 

Figure 3. A typical bulk annealing experiment for a Nal,2,3/Xe matrix 
[(A) N a / X e  E 1/103 deposited a t  10-12 K, (B)-(C) after annealing 
a t  20  and  30 K (each for 5 min) and  recooling to 10-12 K (cooling 
t ime roughly 30-60 s) for spectral recording] showing (i) the thermal 
lability of t he  Nab site and  (ii) initial growth of Naz and Na3 u p  to  
20-25 K, followed by decay a t  30 K. The  thermally robust N a a  site 
begins to  diffuse around 30-40 K. 

sumably one and the same species as previously detected by 
ESR spectroscopy.'* In this same vein, but working in Na/Kr 
matrices (Figure l ) ,  it is possible to generate substantial 
concentrations of Na1,2,3 differing only by small, matrix-in- 
duced frequency shifts (Table 11) from their counterpart 
absorptions in solid Xe. Under still higher concentration 
conditions (e.g., Na/Kr N 1/103 to 1/102 (Figure l)) ,  one 
can pinpoint a t  least two new cluster absorptions around 612 
and 530 nm, with a suspected overlap of a third cluster band 

Figure 4. The  effects (B) of 10 min of 570-nm narrow-band (8 nm) 
photoexcitation (xenon lamp, 600-W, Schoeffel monochromator 
assembly) into the sodium atom resonance absorptions of a Nal,2,3,4/Kr 
matrix (A), pointing toward an  efficient photoaggregation process 
of N a  atoms to, a t  least, the N a 4  cluster stage (see text and ref 7 and 
19). 

around 698 nm with the intense Na2, Na3 absorptions near 
657, 724 nm, respectively; these new cluster absorptions seem 
to display the growth behavior expected for the tetranuclear 
Na442 stage, although overlap complications preclude a definite 
assignment (Figure 1, Table 11). 

At this stage of the discussion we wish to emphasize a 
remarkable resemblance between the optical spectra of Nal,2,3,4 
and Ag1,2,3,4 in, for example, Kr matrices, not in the sense of 
absolute transition energies but rather in terms of the spectral 
distribution and intensities of the M2,3,4 cluster absorptions 
straddling the 2Sli2 - 2P1/2,3/2 parent atomic resonance lines 
(illustrated in Figure 6). We believe that this is not a purely 
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antibonding u orbital, and has 93% of its spin density equally 
distributed between two of the sodium atoms, with only 7% 
spin density on the third.’* The ESR spectra do not, however, 
present a clear-cut distinction between linear or nonlinear 
geometries for Na3; moreover, a charge-separated Na2+Na- 
contributor could not be entirely ruled out.18 Significantly, 
an ab initio configuration interaction study of the potential 
energy surface of Na323 has recently predicted a ground state 
having an obtuse triangle 2B2 symmetry and bound by only 
8.5 kcal/mol relative to Na2(’C +) + Na(2S). The surface 
was found to be extremely flat, wit\ two saddle points, an acute 
triangle (2A1 state) and a linear symmetric conformation (2Cu+ 
state) lying only 0.6 and 3.0 kcal/mol, respectively, above the 
minimum.23 The theoretical suggestion for Na3 is that of an 
easily deformable molecule, that is, an extremely “floppy 
molecule” with the entire chemically interesting portion of the 
computed potential energy surface lying within a 3-kcal 
range;23 one must therefore be aware of the possibility of 
immobilizing more than a single structural form of Na3, in 
“nonequilibrium”, quench-condensed inert gas films containing 
Na3.46 In this context we note that the first reported matrix 
Raman data for Ag,” showed a single intense breathing mode 
at 120 cm-’, suggesting a linear geometry for Ag3, consistent 
with earlier EHM044  and CND04,  calculations for Ag3; 
however, a small distortion from linearity could have passed 
unnoticed in the reported Raman spectrum of Ag3,l1 as well 
as unsuspected laser photoaggregation, resonance Raman/ 
laser-induced fluorescence, and impurity complications.’ ’ In 
this same vein, recent ESR observations for argon-entrapped, 
photogenerated Ag3I9 showed large, hyperfine coupling of the 
unpaired electron to two equivalent silver atoms (with su- 
perimposed lo7Ag/lo9Ag confirmatory isotopic splittings), 
consistent with the idea of a mainly 5s localized electron in 
either a linear or bent Ag, molecule. 

Although our optical data for Na3 cannot be considered as 
being definitive in a structural sense, it is nevertheless in- 
structive to compare the data with the most intense optical 
excitations predicted for the obtuse, triangular 2B2 ground state 
of Na3, by recent ab initio configuration interaction com- 
putational  technique^.^^ In essence, a t  least 13 spin- and 
dipole-allowed 3s - 3p localized transitions are calculated to 
occur in the visible range of Na3, considerably in excess of that 
observed e~perirnental ly .~~ These excitations are, however, 
predicted to have quite disparate oscillator strengths and, 
moreover, their associated energies fall within two main groups 
centered around 600 and 400 nm.23 Taking into account the 
substantial band widths of the 720-750/405-426 nm visible 
absorptions of Na3 in Kr and Xe matrices, one is tempted to 
conclude that experiment and theory agree quite well for an 
assumed obtuse, triangular Na3 geometry. Clearly, for linear 
Na3, fewer dipole-allowed transitions would be expected in the 
visible range. However, transition-state energy calculations 
are as yet unavailable for linear Na3 and a meaningful dis- 
tinction between geometrical isomers of Na3 cannot presently 
be achieved, Similar reasoning is likely to hold true for linear 
vs. nonlinear Ag,. 

A final word regarding the tetranuclear clusters is probably 
in order. Even less is known about this intriguing class of 
molecular aggregates than was mentioned for the M3 types. 
We note that preliminary Raman studies” of heavily doped 
Ag/Kr matrices appear to display a single v(AgAg) stretching 
mode which might be ascribed to Ag,. A high-symmetry Td 
structure for Ag, would be consistent with this preliminary 
Raman observation, rather than the EHMO/CNDO favored 
model of linearity for Ag4.44 

Although a linear structure was not considered in some 
recent SCF-Xa-SW calculations for Li4,45 the Xa statistical 
total energy slightly favored a tetrahedral geometry over that 
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Figure 5. The matrix optical spectrum of an extremely dilute Na/Kr 
E l / l O s  matrix deposited at 10-12 K, showing (A) almost spec- 
troscopically pure sodium atoms (Nag and Nab sites), followed by 
573-nm photoconversion of the Nan site to a new NaC site, absorbing 
near 500 nm. Note that the NaC site can be partiaZZy back-converted 
to the Nan site by 500-nm photoexcitation and that the Nan and Nab 
sites are also interconvertible to some extent, as seen by sequential 
560 nm/590 nm photoexcitation, respectively. (Such an effect has 
been referred to previously as optical pumping-see ref 39.) 
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Figure 6. (A) The matrix optical spectra of Agl,2,3,4/Kr compared 
with (B)-(D) the matrix optical spectra of Nal,2,3,4/Kr, recorded at 

serendipitous event but instead a prerequisite of the ns’ iso- 
valence of N a  and Ag, the predominance of ns orbital con- 
tributions to the metal-metal bonding interactions, the 
uninvolvement of low-lying Ag 4d orbitals in the silver-silver 
bonding, the absence of Na 3d character in the sodiumsodium 
bond, and the mainly 3s - 3p and 5s - 5p localized character 
of the visible absorptions of Nal,2,3,4 and ultraviolet-visible 
absorptions of Ag1,2,3,4, respectively. The blue shifting of the 
Ag1,2,3,4 excitation energies with respect to Na1,2,3,4 is pre- 
sumably an electronic manifestation of the more favorable 
5s-5s overlap properties and the larger 5s/5p energy sepa- 
rations for atomic Ag compared to the 3s/3p of atomic Na. 

The optical transition energies tentatively ascribed to Na3 
in the present study, like the corresponding ESR measure- 
ments,ls clearly support the contention that Na3 is a chemically 
real, bound species and not merely a three-atom van der Waals 
adduct. The ESR picture for Na3l8 is one in which the un- 
paired electron has predominantly 3s character, lies in a weakly 

10-12 K. 
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for square-planar Li4. However, a Jahn-Teller distortion of 
the Lid tetrahedron to a lower. symmetry such as C3” would 
have the effect of lowering the total energy, although SCF- 
Xa-SW calculations have not yet been reported on the C,, 
form to determine the energy differential. Presumably, the 
optical data of the present study for Na4, when taken in 
conjunction with further IR/Raman observations and ab  initio 
CI calculations for Na4, will help toward clarifying the 
electronic and geometric properties of this fascinating tet- 
ranuclear metallic molecule. 
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