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The technique of photoinduced bulk diffusion and aggregation of Ag atoms, by 2S1/2 - 2P3 2,1/2 (3 15 nm) ultraviolet excitation 
of high dispersion Ag/Ar = 1/105 to 1/103 matrices at 10-20 K, is found to yield a high4 controlled and efficient synthetic 
pathway to very small silver clusters of known size Ag, (where n = 2-5). Furthermore, 390-nm photolyses into the A - 
X absorption of argon-entrapped Ag2 induces what appears to be either photodissociation or a further photoclustering 
phenomenon in which Ag3 and Ag, molecules are generated. This effect is partly reversible in that 2S!,2 - 2P3/2,1/? photolysis 
of argon-entrapped atomic silver regenerates Ag2 and Ag3. The concepts of localized atomic excitation, electronic to lattice 
phonon energy transfer, matrix cage softening, short-range bulk diffusion (photomobilization), and photoaggregation are 
employed to rationalize our experimental observations. These early photoclustering experiments indicate that major 
improvements over existing surface and bulk diffusion procedures may be realized. In particular, the elimination of troublesome 
matrix light-scattering effects, which have plagued earlier bulk annealing-aggregation experiments, means that extensive 
nucleation with n t 2 can in principle be monitored by optical spectroscopy. Comparisons are also made between silver 
atom photoclustering experiments and quantitative silver atom-matrix deposition and bulk matrix annealing experiments. 
Generally, the results indicate that in low dispersion Ag/Ar = 1/103 to 1/ lo2 matrices, extensive silver aggregation can 
be induced on deposition and after 10-40 K warm-up experiments and can lead to silver clusters with n 2 6 although it 
is difficult to analyze the deposition process quantitatively for specific values of n > 3. Even so, the optical properties of 
these low-dispersion, quench-condensed films containing small Ag, clusters with n 2 6 display interesting cluster-size effects 
with increasing values of n. In essence, the composite optical picture that emerges from the silver cluster system as a function 
of cluster size is one of a relatively smooth transition from discrete silver atoms, to few-atom clusters containing 2-5 silver 
atoms having obvious and distinguishable molecular properties, to progressively larger clusters containing roughly 6-1 5 
silver atoms which appear to exhibit both molecular and bulk optical characteristics, and to still larger silver aggregates 
which display optical effects most definitely associated with the bulk microcrystalline state, a most significant series of 
experimental observations if one is to develop a unified theory which attempts to naturally bridge the molecular metal 
cluster-bulk metal microcrystallite interface. 

Introduction 
Very small transition metal clusters of precisely defined 

dimensions are  of wide ranging interest in heterogeneous 
particle catalysisza% and nucleation theory.2f Besides their 
intrinsic value to theoreticians who are concerned with the 
transition from molecular aggregates of metal atoms to the 
bulk metal by way of molecular orbital and band theory 
 technique^,^ “few-atom clusters” are also proving to be ex- 
perimentally useful for studying localized bonding models of 
the chemisorbed state.4 By adopting the metal atom cryo- 
synthetic route, one can in principle generate and spectro- 
scopically probe “pseudo-adsorbate-adsorbent’’ interactions 
on “mini transition-metal surfaces” ranging from single- to 
few-atom  site^.^^,^ In this way some illumination may be 
brought to bear on the still controversial subject of the 
chemisorption bond,za-e,5,6 particularly, whether it should be 
treated as a collective property of an  infinite, ordered array 
of metal atoms or rather as a local phenomenon characterized 
by a limited group of metal atoms in the vicinity of the 
chemisorption ~ i t e . ~ ~ - ~ , ~ , ~  

The present investigation specifically focuses attention on 
what we believe to be a new and promising metal aggregation 
phenomenon; its possible applications to supported catalyst 
synthesis and to studies of the transition from molecular metal 
clusters to bulk metal microcrystallites as seen through the 
eye of a matrix optical spectroscopy experiment are most 
exciting propositions. In brief, we have observed and mon- 
itored, for the first time, what appears to be photoinduced bulk 
diffusion of silver atoms (at low temperatures) to produce silver 
clusters of known size Ag, (where n = 2-5). Our motivation 
for selecting silver atom clustering was governed in part by 
our standing interest in “chemisorption models” (localized 
bonding representations) for suspected reaction intermediates 
(or products) on group 1B heterogeneous oxidation 

0020-1669/78/ 13 17-01 55$01 .OO/O 

 catalyst^^^^'^^^^^^ and a quest for Ag,(Oz) and Ag,(O) to 
simulate Ag(02chemi) and Ag(Oche,,J, respectively.8c Additional 
incentives relate to the scientific and technological importance 
of the photographic p r o c e ~ s , ~ ~ , ~ ~  in which silver is clustered 
in silver bromide, supposedly catalyzed by very small silver 
clusters in the size range n = 2-4. In this same vein, we note 
that heterogeneous catalytic silver ion reduction in solution 
requires a critical-size silver cluster comprised of four atoms 
of ~ i l v e r . ~ ~ , ~ ’  Much theoretical effort has been devoted to 
modeling the silver latent image process in an attempt to 
understand the electronic, geometric, and chemical properties 
of Ag, and Ag,(AgBr), aggregates as a function of cluster 
size.1° Of interest to these discussions are the optical properties 
(Mie resonances) of colloidal silver particles in the size range 
10-1000 A,” Related studies involve the sputtering of silver 
aggregates up to n = 30 by krypton ion bombardment of silver 
targets, as monitored by negative ion mass spectroscopy.12 
Finally, one should mention a fascinating x-ray structural 
determination of a “very small piece of silver metal”, to be 
precise, an octahedral Ag, cluster entrapped within the cage 
of a partially reduced, vacuum-dehydrated, fully Ag+-ex- 
changed zeolite A.13 Significantly, recent SCF-Xa-SW model 
calculations of octahedral clusters M6 (M = Ni, Cu, Ag) show 
that they are “large enough” to reproduce trends in energy 
differences, such as the width of the d bands and the distance 
from the top of the d bands to the Fermi level, as found in 
experiment and in bulk energy band  calculation^.^^ 
Experimental Section 

The general cryochemical and vacuum furnace arrangement was 
similar to that described previou~ly.~~ The major difference involved 
the photolysis equipment which simply comprised an Oriel 200-W 
xenon lamp and a Jarrel-Ash monochromator band-pass 8 nm. The 
output of the lamp was focused onto the entrance slit of the 
monochromator, while the light emerging from the exit slit was allowed 
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to pass through a UV-grade quartz window into the cryostat, where 
it bathed a 10-12 K sample deposited onto a NaCl optical flat attached 
to the cold end of a Displex closed-cycle helium refrigeration unit. 
Ultraviolet-visible monitoring of the photoclusterification process was 
achieved with a Varian Techtron spectrophotometer in the range 
200-900 nm. 
Results and Discussion 

Photoinduced Bulk Diffusion-Aggregation Experiments. 
Over the past few years we have succeeded in generating a 
number of transition-metal homon~clear '~  and heteron~clearl~ 
diatomic molecules by quantitative metal atom-matrix de- 
position techniques and have recorded their optical spectra in 
the 200-900-nm spectral range. Diatomic silver, Ag2,'4d 
actually constituted one of these studies and led to the dis- 
covery of the novel silver-silver bonded hexacarbonyl complex 
Ag2(C0)6.16 However, an intrinsic difficulty with metal 
atom-matrix deposition experiments aimed at  generating M, 
with n > 2 is the design of quantitative high metal-low gas 
flow conditions. Although it is true that small clusters with 
n = 2, 3, 4, 5 ,6 ,  ... may well be present in the matrix support 
under these conditions, the actual definition of cluster size is 
often impractical. 

A possible way of surmounting these obstacles involves the 
development of a new technique whereby the less facile and 
often unpredictable process of bulk diffusion (matrix an- 
nealing) of metal atoms is somehow enhanced but in a highly 
controllable fashion. Although it is well-known that bulk 
diffusion, by way of controlled annealing procedures, leads to 
metal a g g r e g a t i ~ n , ' ~ ~ , ' ~  the method does not appear to lend 
itself readily to the immobilization and spectroscopic iden- 
tification of M, where n > 2 but often rather leads to a more 
catastrophic nucleation phenomenon, in which all cluster 
absorptions tend to decay, producing a situation invariably 
characterized by broad, ill-defined absorptions (e.g., plasmon 
resonances) and highly scattering matrices with baseline 
complications. 14d,17  

An attractive alternative for inducing a highly controlled 
and hopefully a predictable form of bulk diffusion and ag- 
gregation of metal atoms exploits the idea that "local 
softening" of the matrix cage at  the site of an entrapped metal 
atom, followed by atom mobilization and clustering, might be 
arranged photolytically. 

Recall that matrix-isolated silver atoms have been exten- 
sively studied by ultraviolet-visible'8a-g and ESRlSh techniques 
and the main spectral features have been well-characterized. 
The ground state is 2S and gives rise to an absorption spectrum 
in the ultraviolet, corresponding to the lowest lying P - S 
transition with the ,P state split by spin-orbit coupling. In 
the matrix the orbital degeneracy of the 2P3,2 level is removed 
by a crystal-field effect, yielding two sublevels, P3/2+1,2 and 
P3/2+3/2.18a-g The matrix spectra in solid Ar generally consist 
of three intense absorptions (299, 304, 3 15 nm) and a weaker 
absorption (322 nm), which can readily be correlated with the 
spectrum of gas-phase atomic silver by proposing a matrix cage 
perturbation of the atomic energy levels. 

Consider an isolated Ag atom in a 10-12 K argon matrix 
under high dispersion conditions (Ag/Ar = 1/103) which is 
excited at  the frequency of one of its 4d"5s1 - 4d1°5p1 atomic 
resonance transitions (315 nm, Table I).14d918a-g Experi- 
mentally, one first observes the gradual decay of all of the Ag 
atomic resonance absorptions at  a rate which appears to be 
light intensity and time dependent (a typical trace is shown 
in Figure 1). The known absorptions of argon-entrapped Ag, 
a t  387/412, 261/264, and 227 nm14d318d318g,44 can be seen to 
grow in (Table I, Figure 1) but in a highly controllable manner. 
In essence, photoclustering of Ag atoms can be initiated and 
terminated simply by switching the matrix irradiation al- 
ternately on and off, respectively. A particularly significant 
aspect of these Ag/Ar experiments is the observation that with 
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Table I. UV-Visible Spectral Data (nm) for the Photoinduced 
Bulk Diffusion of Ag Atoms in Solid Argon to Yield Ag, Clusters 
(Where n = 2-5) 

Ag Agz Ag 3 Ag4 Ag 5 

2 2 F  
245 

2611264 273 
283 

299a 304 I 
31Sb 1 
322 

341 
363 

220d 

333 

370 
387/412c 

396 
426 

49OC 
44OC 

SOSc 

* S I , ,  -, 
z P 3 i 2 j 1 / 2  atomic Ag transition (see text). 
LUMO) transition (see text).33 Recent studies have indicated 
that this band could be an impurityJ6 and so this assignment 
should be treated with caution. All other assignments cross-check 
extremely well for Ag, , 2 q 3 , 4 + 5  in Kr,  Xe, and CH, matrices.36 

a 2 S , , 2  + ZP3/z i3 /2  atomic Ag transition (see text). 
Assigned as (HOMO- 
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Figure 1. UV-visible spectra of Ag/Ag,/Ar generated from Ag/Ar 
= 1/103 depositions: (A) at 10 K; (B) after 15-min, 10-12 K 
photolysis at 315 nm; (C) after an additional 45-min, 10-12 K 
photolysis at 315 nm, showing the decay of atomic Ag and the 
concomitant growth of Ag, and Ag3. 

prolonged atomic photolysis new absorptions appear at  245 
and 440 nm (Table I, Figure 1) with growth characteristics 
which are clearly different from those of Ag2 and which appear 
to be associated with the second stage (11) of the photo- 
clustering process illustrated in Scheme I.44 By continuing 
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Figure 2. UV-visible spectra of Ag/Agz/Ag3/Ar:  (A) under 
conditions similar to those of Figure 1C; (B) after IO-min, 20 K 
photolysis a t  3 15 nm showing the decay of Ag,,23 and the concomitant 
growth of A &  (the cross represents a small amount of Ag5--see Figure 
3 and text). 

this photolysis into the 3 15-nm silver atomic resonance ab- 
sorption, one observes further Ag atom clustering with the 
concomitant development of weak new absorptions (with 
different growthdecay characteristics to Ag, Agz, Ag,) at 273, 
283,347,363,426, and 490 nm and 220, 333, 370,396, and 
505 nm. These new absorptions appear to be connected with 
the third and fourth (IV) stages, respectively, of the 
silver aggregation sequence to yield Ag4 and Ag5 (Table I; 
Figures 2, 3). 

These experiments with silver atoms are reproducible from 
run to run, showing the presece of at least five resolvable 
chemical entities which we assign to Ag, (where n = 1-5).35 
In a sense we have devised a kind of “stop-flow matrix kinetics” 
experiment in which Ag atom diffusion ensues during irra- 
diation and is cryochemically “quenched” when the photolysis 
terminates. It would therefore appear that photoinduced bulk 
diffusion processes, a t  least for silver, are extremely facile, 
amenable to a high degree of control, and capable of gen- 
erating small clusters with n L 2. Certain features of these 
early experiments are noteworthy. In particular, the elimi- 
nation of troublesome matrix light-scattering effects, which 
often plagued earlier bulk annealing-aggregation studies, 
means that extensive nucleation ( n  > 2) can in principle be 
monitored by optical spectroscopy (and probably ESR, UV, 
PES, ESCA, MCD, etc.) without the complication of ex- 
traneous matrix effects and baseline variations. This discovery 
represents a major improvement over existing surface and bulk 
diffusion aggregation procedures. We should note here that 
by employing mixed-metal, selective-excitation experiments,” 
one can in principle differentiate an energy-transfer process 
that is localized in the vicinity of the surrounding matrix cage 
from an extensive lattice-assisted energy-transfer phenomenon 
(the former appears to be operative in all of the systems that 
we have so far studied). 

We wish to report some other rather fascinating observations 
which we have witnessed with the Ag/Ar system concerning 
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Figure 3. UV-visible spectra of Ag/Ag2/Ag3/Ag4/Ag5/Ar: (A and 
B) under conditions similar to  those of Figure 2A and B; ( C )  after 
an additional 10-min, 20 K photolysis a t  3 15 nm; (D) after warm-up 
to 40 K showing the decay of Ag2,3,4 and appearance of Ag5 and 
possibly even higher Ag, clusters. 
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Figure 4. UV-visible spectra of Ag/Ag,/Ag,/Ag,/Ar: (A) under 
conditions similar to those of Figure 1C; (B) after 30-min, 10-12 
K photolysis a t  390 nm showing the decay of Ag, and the concomitant 
growth of Ag3 and Ag,. 

what appears to be either a “photodeclustering” phenomenon 
or “further photoclustering”. For example, 390-nm irradiation 
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into the broad 387/412 nm absorption of Ag2 in an argon 
matrix containing mainly Ag, Ag,, and Ag3 (Figure 4) causes 
growth of the absorptions associated with Ag3 and Ag, 
molecules. This effect appears to be partly reversible in that 
subsequent irradiation into the 3 15-nm atomic Ag absorption 
regenerates mainly Ag2 and Ag,. The growth and decay 
characteristics of Ag,,,,, absorptions during Ag and Ag2 ir- 
radiation are not the same, supporting the contention that they 
are  in fact associated with different cluster species. 

At  this stage of the research we would like to offer some 
suggestions which might help clarify our intriguing obser- 
vations with small Ag, clusters. Let us assume that irradiation 
into the 315-nm band of atomic Ag excites the 4d1°5p' state 
which subsequently transfers energy to the surrounding matrix 
cage. (Note that the gas phase to Ar matrix shift of the *S - 2P transitions of atomic Ag is 1800-2700 cm-', which is 
an order of magnitude greater than kT at room temperature.) 
Lower energy excited states of atomic silver, into which the 
dl0p1 state could decay, do not existz0 and it is therefore likely 
that part or all of the electronic energy of this state (we note 
here that Gruen and Bates observed no luminescence from B 
and L SP-200 mercury source irradiation of silver atom-inert 
gas matrices at  4-1 3 K1@) is channeled into lattice vibrational 
energy and translational energy of the caged Ag atom; the 
experimental result is photoinduced bulk diffusion and ag- 
gregation of Ag to Ag,. Althou h unclear at  this early stage, 

theory can be applied to reactions I-IV for some initial silver 
atom concentration [Agio. Hannay28 gives the following 
equation for the rate of decrease of the concentrations of two 
species A and B which react by diffusion in a solid 

it is likely that Smoluchowski2 4 diffusion-controlled kinetic 
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Table 11. Correlation of Argon-Isolated and Gas-Phase 
Disilver Ag, Absorptions 

- 4nR [DA + DB] 1 + i -d[A] -d[B] -- 
d t  d t  

where DA and DB are the diffusion coefficients of species A 
and B and R is the radius of a sphere within which A and B 
are assumed to react instantaneously. If one can show that 
the only mobile species during Ag atom photolysis is Ag itself,lg 
then for typical values of diffusion coefficients in solids and 
for R = 3-4 A, the term R/(aDAgt)'I2 will be negligible for 
values o f t  (the photolysis time in seconds during which silver 
atom diffusion-aggregation processes are assumed to take 
place) in excess of unity. Thus for the sequence of nucleation 
reactions I-IV eq 1 can be used to derive kinetic expressions 
of the type 

-- -d[Agl - ~ ~ R D A ,  [Ag] (2 [Ag] 4- [Ag,] 4- [Ag3] -t d t  

-- d[Agzl - 47iRD~,[Ag](2[Ag] - [Ag,]) 
d t  

(4) 

( 5 )  

etc. Remembering that [Ag], is a constant, equal to the total 
silver concentration in the matrix in any form, we can write 
for our experiment 

n 

Ag, (gas 
phase)26 u ,  Assign- 

A, nm v ,  cm-' cm-' mentZ6 

4 0 1 5 9  E - X  

~ g ,  in AI (10-12 K ) ~ , ~  

227' 44 053 
39 023 D - X  

261d 38 314 31 626 C - X  
264d 37 879 35 821 B - X  
3871412 25 840124 272 22 996 A + X 

strengthened by comparison with the optical data for the iso- 
electronic diatomic cation Cd, '+ found in molten Cd,(AlCI,), 
(R. A. Potts, R. D. Barnes, and J. D. Corbett, Inorg. Chem., 7 ,  
2558 (1968)): 

a This study. The spectral assignments for Ag, are 

A, nm 

Band assignment Cd,'' Ag* 
289 390 1x2 --f 'xu+ 
218 260 'zg+ -f 1 n u  

where the blue shifts on passing from Ag, to Cd,*+ are those ex. 
pected on the basis of the closer approach and greater orbital 
overlap of the 5s' confi uration of Cd' compared to Ag. See 
footnoted  in Table 1. An alternative assignment for these 
bands is simply a matrix site splitting of the B --t X transition. 

Considering a t  this stage the dilute extreme and a gross 
simplification to a diffusion-controlled dimerization step, one 
arrives at  the expression 

I /  - I /  [&I 0 = 87iRDAgt 

for which one would anticipate a roughly linear correlation 
between the reciprocal of the silver atom absorbance (con- 
centration) and the silver atom photolysis time. This crude 
description of the photodimerization kinetics essentially mirrors 
the observed silver atom photodecay in solid argon. The slope, 
when taken in conjunction with an estimated [Agio value of 
7.5 X 10l8 atoms cm-, (as determined from our deposition 
conditions) and R equal to 4 X cm, provides an estimate 
for the "photodiffusion coefficient" Dt,, of atomic silver in 
solid Ar. This approximate treatment yields a "photodiffusion 
coefficient" of 6 X cm2 sd which can be compared with 
known values of diffusion coefficients of atoms and molecules 
in low-temperature solids (for example, Dcu in Ar at  35 K, 
4 X cm2/s;29 Ds, 
in a-N2  at 34 K, 
cm2/s30). It would therefore appear that photoinduced bulk 
diffusion of Ag atoms in Ar under 10-12 K reaction conditions 
is a less facile process than conventional thermally in- 
duced-bulk diffusion (annealing) processes occurring in the 
30-40 K temperature range. Quantitative photoclustering and 
thermal clustering experiments are under way for Ag, (n = 
1-5)36 and other metals in order to further test these ideas as 
well as the feasibility of establishing cluster size n from ab- 
sorbance-time curve fitting procedures. In this way we hope 
to be able to develop a general method for testing simple 
growth-decay assignments of cluster size of the type employed 
in the present 

This simple description of the cryophotoclustering process 
of Ag atoms to small, well-defined Ag, clusters explains most 
of the important experimental observations for Ag atom 
3 15-nm irradiation. On the other hand, 390-nm Ag2 photolysis 
could be genuinely photochemical in origin, or a thermally 
activated diffusion-aggregation process. A possible rationale 
for these observations takes into account the nature of the 
cluster electronic transition being excited as well as the 
metal-metal bond dissociation energy. In the case of Ag2, the 
gas-phase26 and matrix spectra can be correlated reasonably 
well (Table 11) assuming that the lowest energy matrix ab- 
sorption of Ag2 (387/412 nm; 25 840/24272 cm-'; probably 
experiencing a matrix site symmetry or multiple-site per- 

~ m ' / s ; ' ~ ~  DCO in Ar at 30 K, 2 X 
~ m * / s ; ~ '  Dsn in P-N2 a t  36 K, 
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Scheme I1 

390 nm 
Ag, 7 Ag, * (photoexcitation of Ag,) 

Ag,* -+ Ag, t hu (emission from Ag,) 
Ag, * -+ 2Agt (photodissociation of Ag, and photomobilization 

of Ag) 

Scheme 111 

390 n m  A ~ ,  Ag, * (photoexcitation of Ag,) 
hv 

--* Ag, t hu (emission from Ag,) 
?' hv' (emission from Ag, and/or "' Ag2 + 

photomobilization of Ag,) 

Scheme IV (Assuming Only Agt  Photomobility) 

(a) Agt t Ag + Ag, 
(b) A g t  t Agt  -+ Ag, 
(c) Agt t Ag, +Ag,  
(4 Agt + Ag, -+ Ag, 
(e) Agt t Ag, + 2Ag, 
(f) Agt  + Ag, + Ag, etc. 

Scheme V (Assuming Only Ag,? Photomobility) 

(a) Ag,t + Ag + Ag, 
(b) Ag,: t Ag, -+ Ag, 
(c) Ag, f Ag2t -+ Ag, 
(d) Ag,: t Ag, 4 Ag t Ag, 
(e) Ag, + Ag, -+A& 
( f )  Ag,t t Ag, + Ag + Ag, etc. 

turbation) corresponds to the gas-phase A - X system26 with 
T, = 22 996 cm-'. The assignment of the three higher energy 
absorptions of argon-entrapped Ag, (2271261 1264 nm; 
44053138 314/37 879 cm-I) is less certain, although they can 
be tentatively associated with the gas-phase Ag2 band systems 
listed in Table II.33 Extended Huckel, CND0,3c,10 and 
SCF-Xa-SW3' molecular orbital calculations for Ag2 support 
the assignment of a IEg+ electronic ground state and indicate 
that the 390-nm transition is probably 4'12 - u5s'05s*1 in 
character. Hence 390-nm Ag2 excitation could populate a state 
which is Ag-Ag bond weakening and might account for the 
observed Ag2 decay. Any excess energy above that required 
to cause Ag2 dissociation (De(Ag2) = 1.63 eV,22 hv(390 nm) 
= 3.18 eV) could account for the necessary diffusion of the 
Ag atoms out of the matrix cage to avoid site recombination. 
With this in mind one can crudely represent the initial 
photophysical-photochemical events according to Scheme 11. 
One can anticipate from Scheme I1 lattice diffusion of Agt 
and subsequent reactive encounters with immobilized Ag, 
species in the matrix. 

On the other hand it is also possible that 390-nm pho- 
toexcitation of Ag2 is not dissociative but rather induces 
photomobilization of Ag2 itself according to Scheme 111. In 
this crude description of the photomobilization of Ag2 we 
assume hv' is zero or less than hv as a consequence of non- 
radiative, electronic to lattice coupling processes. One can 
envisage from Scheme I11 lattice migration of Agzt and re- 
active collisions with immobilized Ag, species in the matrix. 
Therefore, depending whether Scheme I1 or Scheme I11 (or 
both) is operative, extremely complex sequences of matrix 
events could follow 390-nm excitation of Ag2. Some of these 
are illustrated in Scheme IV and Scheme V, respectively. 
Clearly the outcome of these events will be highly dependent 
on the efficiences of the radiative and nonradiative processes 
competing for the photoexcited state of Ag,. Both schemes 
can readily account for the observed photogeneration of the 
higher clusters Ag, and Ag4. However, a mechanistic dif- 
ferentiation between Schemes 11, IV and 111, V must rest 
heavily on the observation of Ag2 decay yet Ag constancy. As 
silver atom consumption must be assumed in Scheme V(a), 
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Table 111. UV-Visible Spectral Data (nm) for Silver 
Concentration and Bulk Matrix Annealing Experiments for 
Generating Ag, Clusters (Where n = 2-7) and Silver 
Microcrvstallites in Solid Argon 

227h 

2611264 
245 

273 
283 

299 
304 
315 
322 

333 
340 

347 
347 + 3708 

363 
370 

396 
387/4 1 2f 

426 

490f 
440f 

505f 
520f 

5 36f 
a-e Optimum Ag/Ar ratios for generating these Ag, species are 

roughly (a) l/lO"-", (b) 1/10,, (c) 11300, (d )  1/50, and (e) 1/20, 
respectively, plus careful 10-40 K bulk annealing experiments. 
Note that the "growth-order" frequency assignments of Ag, 
(where n = 2-5) based on photoclustering, silver deposition, and 
bulk matrix annealing techniques are essentially identical. 

Assigned 
t o  a plasmon resonance of silver microcrystallites whose Amax 
shifts from 347 to 370 n m  on warming Ag/Ar = 1/20 mixtures 
from 10 to 150 K. 

one is obliged to counterpropose some form of Ag, cluster 
disproportionation process (Scheme V(d)) in order to ra- 
tionalize the apparent steady-state situation observed for Ag. 
The observed decay of Ag, is, of course, the anticipated 
outcome of Ag, photomobilization followed by further pho- 
toaggregation. 

Turning attention to Scheme IV, one can see that a series 
of nucleation reactions can effectively remove both photo- 
mobilized and immobilized silver atoms from their matrix 
environment. However, to maintain a steady-state concen- 
tration of silver atoms, these processes must be approximately 
counterbalanced by the photogeneration of silver atoms from 
disilver. Furthermore, the rate of loss of Ag, through pho- 
todissociation (Scheme 11) and nucleation (Scheme IV(c)) 
reactions must outweigh its rate of production through 
photoaggregation (Scheme IV(a), IV(b)) reactions. At this 
point in the Ag2/Ar cryophotochemistry discussion, one is 
forced to conclude that Schemes 11, IV and 111, V appear 
equally plausible. Further experiments in a variety of matrix 
supports under different silver concentration conditions are 
under way to establish the fate of disilver, as well as higher 
silver cluster p h o t o l y ~ e s . ~ ~ , ~ ~  

Metal Atom-Matrix Deposition and Bulk Matrix An- 
nealing-Aggregation Experiments. With these photoclustering 
effects in mind, let us turn our attention to the optical spectra 
of small silver clusters obtained by the more conventional metal 
atom-matrix deposition and bulk matrix annealing-aggre- 
gation experiments. In this study we have performed Ag/Ar 
concentration experiments in the range 1/10' to 1/10 with 
10-12 K deposition temperatures. Some typical optical spectra 
obtained under a variety of deposition and warmup conditions 
are displayed in Figure 5 and Table 111. The general ap- 
pearance of these optical spectra can be seen to change from 
a simple, well-defined atomic silver situation (Ag/Ar N 1/10') 

Assigned as (HOMO-LUMO) transition (see text). 

See footnoted  of Table I. 
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Figure 5. Matrix UV-visible spectra: (A) Ag/Ar = 1/10' deposited 
a t  10 K showing isolated Ag atoms; (B) Ag /Ar  = 1/103 deposited 
a t  10 K and photolyzed a t  315 nm for 60 min showing clustering into 
the range n = 5 ;  (C) same as (B) but with 10-min, 20 K photolysis 
a t  315 nm showing the loss of most of the Ag3 absorption with a little 
more clustering; (D) Ag/Ar = 1/300 deposited at  10 K and warmed 
to 40 K showing still further clustering to a t  least n = 6; (E) Ag/Ar 
== 1/50 deposited a t  10 K; (F) same as (D) but after warm-up to 
40 K showing extensive aggregation, approaching that of (G)  Ag/Ar 
= 1/20 deposited at 10 K in which Ag, clusters approaching colloidal 
dimensions (- 10 A) seem to be present as witnessed by the broad, 
structureless, Mie-type optical resonance centered at  roughly 347 nm, 
red shifting to  roughly 370 nm on annealing to 100-150 K. 

in Figure 5A, through varying degrees of spectral complexity 
(Ag/Ar = 1/103 to 1/102) in Figure 5B-F with band- 
broadening and band-overlap effects, to a relatively simple 
picture (Ag/Ar = 1/20) in Figure 5G, where a single, broad, 
structureless absorption dominates the spectrum at roughly 
347 nm. By annealing relatively concentrated Ag/Ar = 1/300 
matrices at 40 K (Figure 5D) one can induce silver clustering 
to at least n = 6 as judged by the photoclustering experiments 
(Figures 2, 3, 5B, 5C). At dispersions lower than 1/300 one 
moves smoothly toward the kinds of optical resonances that 
have been well-established for pure silver microcrystallites 
(deposited onto sapphire at 140 K)31 as well as large silver 
aggregates in Ag/Xe = 1/5  mixtures formed a t  10 K.31732 
These types of experiments imply that silver concentration and 
bulk annealing techniques can be used to cause silver ag- 
gregation to the point where the absorbing species can be safely 
classified as "massive" silver clusters ( w  10 

Some other observations are pertinent here. For example, 
it would appear that clustering past n = 2 by the deposition 
technique favors n > 3 as seen by the appearance of ab- 
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Figure 6. Marix UV-visible spectra of Ag /Ar  = 1/20: (A) after 
deposition at  10 K, (B) after annealing to 40 K showing red shifting 
and bund broadening behavior typical of  a plasmon resonance of a 
silver aggregate growing in the 10-8, particle size range." 
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Figure 7. (A) Absorption spectrum of hydrogen-treated K8Ag8C1 
crystals (0.06% AgC1; 2-h H2 treatment a t  620 "C) showing the Mie 
resonance of colloidal silver, whose A, red shifts with increasing silver 
particle size (taken from ref l l a ) .  (B) Schematic stick diagram 
representation (arbitrary units) of the absorptions assigned to Ag2,3,4,5 
of the present study. 

sorptions associated with Ag4, Ag5, Ag6, and higher clusters, 
although it is not possible to make precise statements about 
cluster size under these high silver flux-short deposition 
 condition^.^^ At this stage of the clustering process, char- 
acteristic absorbances of small Ag, clusters are still reasonably 
well-defined (Figure 5C, D, E). However, on progressing to 
still lower dispersions (Figure 5F, G), band-broadening effects 
become more pronounced and the optical spectra tend to lose 
structure and begin to resemble those of plasmon resonances 
(collective oscillations of conduction electrons) in massive silver 
aggregates.' 1,31 Thus the appearance of broad, featureless 
absorptions, whose energies tend to shift to longer wavelengths, 
with concomitant bandwidth enlargements (Figure 6), can 
readily be rationalized in terms of Maxwell-Garnett' theory 
of the optical properties of small (with respect to the wave- 
length of light) spherical metallic islands, modified to take 
account of changing cluster size.'le By reference to the optical 
spectra of Gomes'la for silver aggregates in KC1 crystals 
(Figure 7) one estimates X,,,(obsd) 485 nm for spherical 
particles of 600 A average diameter (A,,, 440 nm). For 
colloidal silver whose average diameter is very small with 
respect to the wavelength of the incident light (say 10 A), A,, 
is estimated at  400 nm'la which is close to the 360-380 nm 
value found for our 100 K annealed Ag/Ar = 1/20 matrices. 

In essence the controlled silver-argon deposition warm-up 
experiments have permitted the observation of the optical 
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spectra of “growing” Ag, clusters, through a size range ap- 
propriate for molecular orbital rationalizations of electronic 
properties into a cluster regime where the optical spectra are 
best treated in terms of Mie’sllc general theory for light 
absorption by silver islands of varying “colloidal” dimensions. 

Variation of the Electronic Properties of Silver Clusters with 
Cluster Size. The Molecular Metal Cluster-Bulk Metal 
Problem. In this concluding section the fundamental inter- 
relationship between metal cluster size and molecular and bulk 
particle properties is explored by way of the size dependence 
of the optical properties of silver aggregates Ag, in the critical 
range 2 5 n = 15. Because of the difficulty of collecting 
meaningful data in this cluster regime, experimental probes 
of the crucially important question “how many atoms are 
needed in a cluster to describe the bulk properties of the 
metal?” have not hitherto been feasible. The answer to this 
question will obviously depend upon which properties of the 
metal one wishes to describe. Some aspects such as bulk 
cohesive energies, work functions, and effects associated with 
the Fermi surface may be more critical issues than others, such 
as bulk electronic and possibly chemisorption properties. 

The central theme of our discussion will focus on a critical 
size criterion of cluster electronic properties, namely, the 
observation of the optical transformation from discrete, 
well-resolved molecular cluster absorptions to broad, ill-defined, 
bulk metal-like plasmon absorptions. In this context the optical 
properties of silver clusters are especially revealing as they 
display a rather smooth interconversion between well-defined 
molecular aggregates ( n  = 2-5) and bulk metal particles ( n  
2 15), passing through an intermediate cluster regime (5 < 
n 5 15) which seemingly exhibits both molecular and bulk 
particle properties. Although a distribution of cluster sizes 
is inevitable in these types of controlled nucleation experiments, 
the optical characteristics of the species comprising the lower 
and upper cluster ranges 1 5 n 5 5 and n 2 15, respectively 
(see later), are relatively well-defined (at least for Ag,) and 
optical correlations (to be described) permit a reasonable view 
of the middle range 6 5 n 5 15. 

Before pursuing this idea, let us turn our attention briefly 
to the theoretical treatments of Ag, clusters in the size range 
n = 2-30. Baetzold, Hamilton, and co-workers have used 
semiempirical molecular orbital methods to evaluate the 
cohesive energies, density of states, ionization potentials, 
electron affinities, and minimum energy geometries for Ag, 
up to 30 a t ~ m s . ~ ~ , ~ ~  Of particular note is the prediction of 
linear chains over both two- and three-dimensional structures 
for “small” Ag, clusters. Also of interest is the “sawtooth” 
dependence of the I P S  and EA’S for linear Ag, chains in which 
the even clusters have the largest 1P and odd clusters the 
largest EA  value^.^^^^^ Incidentally, the normalized mass 
spectral intensity data for Ag; ( n  = 2-30) indicate a pro- 
nounced odd-even effect of the cluster stability.12 In this 
context we wish to point out that the energy gap between the 
HOMO and LUiMO as a function of cluster size for linear 
Ag, aggregates decreases monotonically, with IP’s and EA’S 
converging to a value of roughly 7 eV3c,10 (close to the work 
function of bulk silver). These results indicate a long 
wavelength shift in light absorption as particle size increases. 
We wish to emphasize that this is precisely the trend which 
we observe experimentally for the lowest energy absorptions 
AE (Figure 9) of small Ag, clusters as shown below for solid 
Ar.23 

Ag, Ag, Ag, Ag, Ag, Ag, 
AQobsd), nm 387/412 440 490 505 520 536 
AE(calcd), .ma 404 489 517 581 664 800 

If one graphs these AE values as a function of l /n ,  a re- 
markably linear correlation is discovered for n = 1-7 as shown 

a Estimated from the data of ref 3c, 10. 
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Figure 8. Graphical representation of the energy (cm-I) of the lowest 
energy absorption of Ag, (where n = 1-7) as a function of l / n  in 
solid argon. The dotted line on the Ag, point represents the energy 
uncertainty because of the observed 387/412 nm matrix splitting. The 
Agio to Ag,, points represent the extrapolated cluster sizes corre- 
sponding to the lowest energy (HOMO-LUMO) Ag, absorptions 
observed in the range 555-570 nm (see text). 
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Figure 9. A collection of optical spectra of silver clusters Ag, (n = 
2, 3, 4, 5,6, ...) isolated in solid Ar at 12 K showing the red shifting 
and broadening behavior of the lowest energy absorption. Note also 
the growth of broad plasmon resonance-like absorptions in the region 
of 350-400 nm with superimposed molecular cluster absorptions, the 
former becoming progressively more pronounced with increasing silver 
cluster size. 

in Figure 8. As the cluster size progresses to values greater 
than n N 7, one observes a gradual broadening of the low- 
energy optical absorption and a tendency for the band 
maximum to red shift toward a limiting value of roughly 
555-570 nm (Figure 9). Interestingly, this low-energy band 
broadens to disappearance at a cluster value corresponding 
to n = 10-15 as determined from the AE vs. l / n  extrapolation 
shown in Figure 8 and for an assumed 3-D cubic close-packed 
structure (as found in crystalline silver metal itself) calculates 
close to a lo-A particle diameter. The significance of these 
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Ag, observations in terms of cluster model theory34 is clearly 
considerable. 

The intriguing AE vs. 1 / n  linear correlation shown in Figure 
8 for Ag, indirectly suggests a similarity in the nature of the 
constituent orbitals (at least for n = 1-7) associated with the 
electronic transition responsible for the lowest energy ab- 
sorption, for example, a silver atom localized s to p e~citation.~’ 
Of special note in these discussions is the spectral persistence 
and monotonic red shifting of the lowest energy “molecular 
cluster absorption” for an estimated 6 I n ,< 15 size range 
(Figures 5, 9) which also appears to display bulk particle 
properties typified by broad, featureless plasmon ab~orptions.4~ 
In this context we wish to draw attention to the recent 
SCF-Xa-SW calculations for octahedral Ag643 and the x-ray 
structural determination of a perfectly octahedral Ag6 cluster 
entrapped within the cage of zeolite AI3 which can be con- 
sidered to represent the smallest possible, fully developed, single 
crystal of silver. Significantly, the onset of the molecular to 
bulk optical transformations for silver clusters occurs in the 
vicinity of n = 6 and is essentially complete around n E 10-15. 
It is extremely tempting to speculate that these optical effects 
can be rationalized in terms of a structural interconversion 
between linear chains for small Ag, clusters (in line with 
B a e t z o l d ’ ~ ~ ~ , ~ ~  EH/CKDO-MO predictions, 2 I n I 5, 
typified by discrete, well-resolved molecular absorptions) and 
a close-packed three dimensional Ag, array for n L 6, capable 
of displaying broad plasmon absorptions arising from collective 
excitations of all free electrons in the particle. The crucial 
point that remains to be settled is whether a close-packed 
cluster in the size range 6 5 n 5 15 can exhibit both molecular 
and bulk metal-like optical properties (we note here that for 
very small particles the plasmon resonance absorbance may 
be broadened to disappearance”) which smoothly move toward 
the pure bulk particle situation with increasing values of n. 
Conclusion 

Our discovery of photoinduced bulk diffusion and aggre- 
gation of Ag atoms to small, well-defined Ag, aggregates of 
known size n = 2-5 opens the way to some fascinating ex- 
perimental and theoretical challenges in the field of metal 
cluster research. For the case of silver, the technique holds 
great promise for chemistry and spectroscopy for Ag, and 
Ag,L for n up to a t  least 5. Moreover, the photoclustering 
method should provide both complementary and supple- 
mentary information to aid our understanding of metal 
atom-matrix deposition and bulk matrix annealing-clustering 
experiments. Other early photoclustering successes in our 
laboratory involving Cr1,2,3,19 M01,2,3,’~ Cr,Mo, (where n, m 
= 1, 2, 3),19 cu1,2,3,4,42 and Nil,2 4a 24 are encouraging 
indicators of the potential and general utility of the method. 
Of course, many fundamental questions remain to be answered. 
These include quantitative studies of the light intensity, metal 
concentration, matrix support, and matrix temperature de- 
pendence of the photoclustering processes. These experiments 
will form the basis of future research in our laboratory. 
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+ Q)/(l- Q) where Q is the volume fraction of small, spherical particles. (I1 

Contribution from the Department of Chemistry, 
The University of Alabama in Huntsville, Huntsville, Alabama 35807 

Laser-Induced Chemistry of Diborane 
S. SHATAS,’ D. GREGORY, R. SHATAS, and C. RILEY** 

Received May 18, 1977 

Diborane was irradiated with the 973-cm-’ line of a CW C 0 2  laser. The products BI0Hl4, B5H9, B5Hl1, (BH),, and H2 
resulted in all runs. The number of photons required to produce or transform one molecule of Bl0Hl4, B5H9 + B5Hllr Hz, 
and B2H6 was determined at  pressures between 64 and 510 Torr with the laser power maintained at 7.85 W. The yields 
of BloHI5, B,H9 + B5Hll, and H2 produced or B2H6 transformed were measured as a function of illumination time at a 
laser power of 8 W and an initial B2H6 pressure of 410 Torr. The number of photons required to produce one molecule 
of BI0Hl4, B5H9 + B5Hl1, and H2 or transform one molecule of B2H6 was determined to be 22000,287, 156, and 156 at 
time zero, respectively. No evidence for a chain process was found, the reaction was not accompanied by light emission, 
and BZOHI6 was not produced. 

Introduction 
Although available for some time, the advantages of the high 

intensity and monochromacity of the chemical laser are just 
beginning to be realized in synthetic chemi~ t ry .~ -~  The ability 
to enhance desired reaction channels is one of the goals of any 
synthetic chemist. The multitude of reaction channels opened 
by thermoequilibrium processes often results in not only many 
undesirable products but products that may be difficult to 
separate from those desired. The laser has great potential for 
simplifying as well as enhancing the yield of desired product 
during chemical transformation. This intense monochromatic 
source enables multiple photon absorption which can enhance 
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rate constants orders of magnitude by effectively decreasing 
the activation energy. 

Kompa et al. presented interesting data in 1974 in which 
CW C 0 2  laser experiments on diborane were outlined.6 Using 
the R-16 (973 cm-’) line for excitation, they excited the v-14 
wagging mode of B2H6.7 They reported that upon lasing B2H6 
at various initial B2H6 pressures and laser power 11 out of 14 
experiments resulted predominantly in the production of 
icosaborane (B20H16). They reported that when was produced luminescence was also observed and the reaction 
appeared to be a high quantum yield chain process. However, 
in 3 out of 14 experiments they reported a slower process not 
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