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I .  Intrductlon to Matrlx Isolatlon 
The ability of an inert solid to stabilize a radical by 

isolating it from other reactive molecules is exemplified 
by the mineral lapis lazuli. This material owes its blue 
color to the S3- radial ion which is isolated in an alu- 
minosilicate matrix.' The principle of using rare gas 
solids and solid nitrogen as host matrices for the iso- 
lation of radicah was pioneered by Pimentel and asso- 
ciates in the fifties? These materials offer the advan- 
tages of transparency over a range from the far infrared 
to the far vacuum ultraviolet, of extreme inertness, and 
of rigidity at suitably low temperatures (4-20 K). Thus, 
molecules which might have lifetimes as low as s 
under fluid conditions, are stable in matrices in their 
ground electronic and vibrational states. They may 
then be studied by a variety of spectroscopic methods: 
IR, W/vis, vacuum UV (WV), and X-ray absorption, 
ESR, Raman, Mossbauer, UV/vis emission, and ultra- 
violet photoelectron spectroscopy, and magnetic circular 
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dichroism have all been employed? Other methods 
such as secondary-ion mass spectrometry and NMR are 
currently undergoing trials on stable molecules.' 

Photolysis, either in situ or during deposition, is one 
of the most important methods of generating unstable 
molecules in matrices. The principle may be exem- 
plified by the cocondensation of NO and NO, in solid 
nitrogen to form N,O@ Here solid nitrogen acts as an 
inert matrix which suppresses the rotation of the 
smallest molecules. (In argon molecules such as H20 
rotate). The unstable oxygen-centered isomer is gen- 
erated by photolysis and characterized by IR spec- 
t ro~copy:~ 

An extension of the photochemical method is the 
atom-transfer method. Here, the photolysis of one 

0 1985 American Chemical Society 



78 Chemical Reviews, 1985, Vol. 85, No. 2 Perutz 

reagent (e.g., ozone) generates an atom which reacts 
with a second reagent both embedded in a matrix (see 
section VB) e.g.:6 

hv, AI 
O3 + SO3 - so4 

The matrix method may also be extended to more re- 
active matrices: N2, CO, 02, C02, CHI, SF6 allowing a 
much greater range of unstable molecules to be studied, 
e.g.:798 

(3) 

In some circumstances a rare-gas matrix will also prove 
reactive:%" 

(4) Kr + F2 A KrF + KrF2 

c~ (co )~  + Xe x~-c~(co)~ + co (5 )  

The ability of rare gases to undergo reaction leads to 
the question of perturbation by the matrix. For the vast 
majority of molecules, both stable and unstable, spectral 
perturbations are less than 1% of absorption ener- 
gies.12J3p36 There are no convincing cases in which 
molecular symmetry differs in gas and matrix phases. 
There are no authentic examples of a change in mo- 
lecular ground state in the matrix, and only one exam- 
ple of a change in atomic ground state-the nickel 
atom.14 Indeed there is considerable evidence that the 
matrix has almost no influence on molecular rear- 
rangement in the adiabatic limit of slow relaxation. 
However, in appropriate circumstances such as those 
illustrated in (4) and (5) reaction with krypton or xenon 
does occur. Even if perturbation of the ground state 
is insignificant, interaction between the matrix and an 
electronically excited state can have a profound effect 
on the photochemistry as proves to be the case in eq 
3 (see section IIB, IIC, or the photolysis of C02 in Ar 
(section In)). As the photon energies increase into the 
vacuum UV, the band gap of the matrix material is 
approached. At such energies there may be substantial 
perturbation of spectra and the matrix is likely to 
participate in photoprocesses (see accompanying review, 
section VC).25 The matrix may also influence the 
outcome of photochemistry via the cage effect discussed 
in section VC4. Thus molecules such as IC1 fail to 
undergo permanent dissociation in a matrix. 

For an overview of the matrix isolation method and 
for discussion of matrix properties, deposition methods, 
methods of generating unstable molecules, matrix 
perturbations etc., the reader is referred to alternative 
rev iew~.~J&~ This pair of reviews is confiied to matrix 
photochemistry. In the first I will discuss photolysis 
of atoms, photochemical generation and detection of 
atoms, and photochemical atom-transfer reactions. In 
the sec0nd,2~ I will review the photochemistry of small 
molecules in matrices. Literature coverage should be 
complete through 1983 with selective coverage up to 
mid-1984. 

I I .  Photochemistry of Atoms w e d  In 
M8tf Ices 

This review is devoted to the photochemistry of at- 
oms in matrices; nevertheless only a small part of it 

concerns reactions following absorption of light by the 
atoms themselves. Three reaction types have been 
discovered which fall into this category: (i) photoin- 
duced electron transfer, (ii) photoinduced insertion and 
ligand coordination, (iii) photoinduced aggregation. 
The reactions of atoms in electronically excited states 
generated by irradiation of molecular precursors will be 
discussed in later sections. 

A. Photoelectron Transfer 

When alkali atoms are cocondensed with strong 
electron acceptors in matrices, electron transfer takes 
place spontaneously. For instance, when sodium vapor 
and fluorine are condensed with argon, Na+-*F2- is 
formed.% Kasai discovered that electron transfer to 
weaker electron acceptors could be stimulated by irra- 
diation well below the metal's ionization energy. He 
could follow the decay of the Na and generation of the 
H atoms in reaction 6 by ESR27 

M + HI - M+ + H* + I- (6) 

M = Na, Mg, Cr, Mn, Zn, Cd, Eu 

Irradiation in the Na D line (589 nm; cf. ionization en- 
ergy 41 100 cm-l = 243 nm) was sufficient to transfer 
the electron to hydrogen iodide and several molecular 
substrates.28 Two possible outcomes are illustrated 
dissociative electron capture (eq 6), and simple electron 
transfer: 

h v l h  

The striking ESR spectrum of "BzD6- shows that the 
two B atoms are equivalent. Very recently, BzH6- has 
been observed by ESR in solution and assigned a D3d 
unbridged structure.29 These reactions are possible even 
when the photon energy is less than the difference be- 
tween donor ionization energy (IE) and acceptor elec- 
tron affinity (EA) because of the electrostatic attraction 
of the ions. At  7-8 A separation (R) an electron affmity 
of l e v  is sufficient for the use of yellow light (eq 8). 

hu > IE (donor) - EA (acceptor) - - .... (8) 

A t  about the same time as Kasai's experiments, 
Milligan and Jacox employed a similar method for the 
production of C2-30 and HXf (X = C1, Bd31a2 using IR 
and UV/vis detection. In experiments with vacuum 
ultraviolet (VUV) photolysis of acetylene and Cs the 
yield of C2- was enhanced relative to experiments 
without Cs. In experiments with Cs and HX dimers, 
the WV source was replaced by an unfiltered mercury 
arc. Since short wavelength light was required, these 
authors did not follow up Kasai's investigations of the 
energetics of electron transfer. However, their results 
had considerable importance because they demon- 
strated that ions could be produced in matrices by 
vacuum UV photolysis in the absence of alkali atoms. 
Recently, both condensation with alkali atoms and co- 
condensation of salts with molecules (e.g., CsCl + HC1 
4 C S + H C ~ ~ - ) ~ ~  have been used to test for ion produc- 
tion. Further details of experiments involving matrix- 
isolated ions will be found in the succeeding reviewz6 
and e l ~ e w h e r e . ~ ~ ? ~ ~  

e2 
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Figure 1. ESR spectrum of Na/CzHz(l%)/Ar matrix after ir- 
radiation first with A > 580 nm and then with X > 500 nm showing 
signal due to Na+[C=CHz]-, g = 2.005, AH = 57.5 G, ANa = 12.3 
G ("a: Z = Reproduced with permission from ref 34. 
Copyright 1982, American Chemical Society. 

Further experiments illustrate the potential (under- 
used, I believe) of the photoelectron-transfer method. 
Photolysis (A > 580 nm) of a sodium-doped matrix 
containing phenol results in production of the molecular 
anion radical in the keto form? 

OH 0- 

Similarly the radical anions of catechol, resorcinol, 
hydroquinone, and 2-hydroxypyridine are shown by 
ESR to have the keto structure. Interestingly, no hy- 
drogen transfer was observed with 3-hydroxypyridine, 
while hydrogen transfer could be effected photochem- 
ically with the 4-hydroxypyridine anion:34 

Pyrrole was also found to undergo hydrogen transfer 
on electron capture. Similarly, photolysis (A > 500 nm) 
of acetylene (Figure 1) in Na-doped argon yields the 
vinylidene anion reminiscent of the alkyne- 
vinylidene rearrangements observed on coordination to 
transition-metal complexes:36 

hu>500nm 
Na + C2H2 7 Ns '[C=CH2]- (loa) 

At higher acetylene concentrations a spectrum due to 
perturbed vinyl radicals is observed. 

UV photolysis of Ar/N20/M (M = Na, Cs) deposits 
proved to be a neat way of generating 0-, since N20- 
dissociated under these  condition^.^^ Reaction of 0- 
with excess N20 led to [02N-N]-, but if the matrix was 
additionally doped with 02, the ozonide ion 03- and the 
04- were generated. These species were identified by 
their IR spectra using isotopic sub~t i tu t ion .~~ 

The product of photolyzing M/SF6 Ar (M = Na, K) 
matrices has been assigned as SF6-J7 However, the 
alternative product SF5- has not been excluded (see 
section VA5 of ref 25). Dissociative electron capture 

I 
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Figure 2. IR spectrum of Fe(C0); in an argon matrix produced 
by (a) cocondensation with sodium atoms and visible photolysis, 
(b) electron bombardment, and (c) vacuum UV irradiation. 
Reproduced with permission from ref 38. Copyright 1981, Am- 
erican Chemical Society. 

is observed on visible photolysis of matrices containing 
alkali metals and binary metal carbonyls (see Figure 

M + M1(C0)6 M+[M1(CO),]- + CO (11) 

2):38 

M = Na, K; M' = Cr, Mo, W 

M + Fe(C0)5 M+[Fe(CO),]- + CO (12) 

M = Na, K 

The anionic products were also generated by VUV 
photolysis in the absence of alkali metal and by low 
energy electron bombardment during deposition. IR 
spectra of partially 13C0 substituted materials were 
used to demonstrate a C, structure for [Cr(CO),]- and 
a CBU structure for [Fe(C0)4]-. 

B. Photoinduced Coordination of Ligands and 
I nsertion 

(1) Coordination of CO, NZ, and C2H4. The coor- 
dination of ligands such as CO, N2,02, and C2H4 usually 
occurs spontaneously on cocondensation of metal vapor 
with the ligands into matrices.39 However, there are 
several instances in which unreacted metal atoms may 
be detected in reactive matrices (e.g., Fe in N2).40 It has 
recently been discovered that coordination is sometimes 
stimulated photochemically. Thus residual unreacted 
Fe atoms in CO have been shown by M6ssbauer spec- 
troscopy to react to form Fe(CO), on UV/vis photoly- 
~ i s ; ~ l  similarly residual iron atoms react to form 
Fe(C2H4) in a C2H4 matrix.42 Another recent example 
is the formation of molybdenum dinitrogen complexes 
from Mo in N2 In this case 7S - 7P stimulation of Mo 
at 350 nm results in substantial increases in Mo(N2), 
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Figure 3. Left: UV absorption spectra of Cu atoms in solid methane at 12 K (Cu/CH4 = 1/104) showing (A) freshly depoeited matrix, 
(B) 1-min 320-nm irradiation, (C) 15-min 320-nm irradiation causing decay of Cu atom bands. Arrows depict product bands. Right: 
IR spectra of similar Cu/CH, matrices showing (A) freshly deposited matrix, (B) 10-min, (C) 50-min, (D) 70-min 320-nm irradiation. 
Reproduced with permission from ref 46. Copyright 1981, American Chemical Society. 

products at the expense of atomic M o . ~ ~  In contrast to 
the Fe/C2H4 reaction annealing of the matrix did not 
prove to be an alternative method of inducing reaction. 
The products were assigned as MoN,, Mo,(N&, and D% 
Mo(N2)3 according to the concentrations of Mo and Nz. 
However, I view the latter assignement with some 
scepticism because of the established CSu structure of 
MO(CO)~:~ and the theoretical work on d6 ML3.45 

(2) Insertion into CH4, Hz, and 0,. The most 
striking reactions of matrix-isolated metal atoms are 
those with methane and dihydrogen. Initial studies by 
Billups et al. showed that Mn, Fe, Co, Cu, Zn, Ag, and 
Au inserted into methane to form species containing 
M-H and M-CH3 bonds, but that Ca, Ti, Cr, and Ni 
were unreactive.* Simultaneous studies of the Cu/CH4 
system by Ozin et al. using selective irradiation and a 
combination of UV, IR, and ESR spectroscopy (Figure 
3) showed that the reaction proceeded as below:46 

CuCH, + H 

(13) 

CUH + CH, 

These assignments were confirmed by 2H and 13C sub- 
stitution. There is evidence that Cu(2D) generated by 
photolysis of Cu, reacts with CHI to form C U C H ~ ~ ~  
The Fe/CH4 system, also probed by selective irradia- 
tion, is found to differ significantly from the Cu/CH4 
reactions. The primary product is again the metal 
(methyl) hydride, but this complex reductively elimi- 
nates CHI on photolysis without forming any radical 
p r ~ d u c t a , ~  perhaps because of a nonlinear H-Fe-C 
skeleton (see eq 3). Manganese atoms react similarly 
to iron, but there are differences in the kinetics of re- 
action of CH3MnH.48 Use of ethane in place of meth- 
ane, either with Cu or Fe results in C-H bond insertion 
and not C-C insertion. However, C-C cleavage is 
thought to occur with cycl~propane.~~ 

The reaction of Cu with Hz to form CuH + H has 
been observed following ,S - ,P excitation of Cu in 
Kr/Hz matrices. Intriguingly, the reaction with HD, 
monitored by ESR, shows a preference for the path- 
way:50 

Cu + HD CUD + H (14) 
Again atomic iron and manganese differ from Cu in 
following a concerted pathway:48 

(15) 

All three IR fundamentals of FeH, have been observed 
and the bond angle is estimated as N 120'. The kinetic 
isotope effect for the formation of FeH, is relatively low 
(5-6) considering the temperature, and no kinetic iso- 
tope effect is observed for the reverse reaction. Thus 
both oxidative addition and reductive elimination are 
thought to be concerted. 

The reactions of matrix-isolated atoms with Hz and 
CHI are comparable to those of transition-metal com- 
plexes. For instance, W($-C5H6),H2 and W($- 
C5H5),(CH3)(H) reductively eliminate Hz and CHI, re- 
spectively, on p h o t ~ l y s i s . ~ ~  In this situation, it is 
thought that a cis disposition of the ligands is necessary 
for concerted elimination. Oxidative addition of C-H 
bonds has also been observed as in the photochemical 
reaction of W(&25H5)2Hz with C6HS5' and of Ir(q5- 
C5H5)(CO), with CHq.53 However, the reacting species 
are likely to differ considerably. Thus the atomic 
metals require 4s - 4p excitation. It is argued that the 
diffuse 4p electron assists in forming an exciplex with 
CH4 or Ha. In contrast, the tungsten system probably 
reacts via the 93, ground state of W($-C5H5)2. Perhaps 
it is more appropriate to compare the behavior of Fe 
atoms to the insertion reactions of S(lD).S.I 

The reactions of Cu with 0, in matrices have been 
studied on numerous occasions, but the reaction pat- 
terns are only now becoming clear. Ground state (,S)Cu 
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Figure 4. UV/visible spectra of Ag/Ar (-1/103) deposits: (A) 
at 10 K (B) after 15-min 315-nm photolysis; (C) after 45-min 
further photolysis at 315 nm, showing decay of atomic Ag and 
concomitant growth of Ag, and Ag,. Reproduced with permission 
from ref 64. Copyright 1978, American Chemical Society. 

reacts with O2 to form C u ( ~ l - 0 ~ )  in matrices doped with 
0,; this species reacts on 483-nm laser photolysis to 
generate OCuO, characterized by vibrational progres- 
sions in absorption and fluorescence. Alternatively 
OCuO may be generated by 2S - ,P excitation of Cu 
atoms in Xe/02 matrices, perhaps via a Cu(2D) inter- 

Earlier s t ~ d i e s ~ ~ ~ ~ *  (see ref 55) were mi- 
sinterpreted because of a failure to recognize the pho- 
tosensitivity of Cu or its dioxygen complexesE (see also 
sections VB2 and VC3) and because of inadequate 
isotopic data.s6 We may also surmise that the photo- 
lysis of Mn/CS2/Ar matrices to generate MnSSg may 
have involved photoprocesses of both Mn and CS,; 
similarly, absorption by the Mn may have contributed 
to production of MnF and MnF2 on photolysis of 
Mn/ F2/ Ar matrices.B0 

(3) Insertion into H20.  Cocondensation of Ga or 
In vapor with Ar/H20 mixtures has been shown to re- 
sult in a M--OH2 complex, which photolyzes to generate 
HMOH.61 Electronic spectra suggest that this photo- 
sensitive complex may be described as a slightly per- 
turbed metal atom.61 It is notable that the unperturbed 
metal atoms were not affected by photolysis. The ob- 
servation of a photosensitive Si.-OD, complex, although 
superficially analogous, must surely involve much more 
drastic perturbation.62 

C. Photoinduced Aggregation 

When matrices containing isolated metal atoms, M, 
are irradiated in their atomic transitions, both emission 

PHOTOLYSIS TIME 

Figure 5. A schematic representation of selective photoaggre- 
gation experiments employing Cr/Mo/Kr = l/  1/103 mixtures 
depceited at 12 K and photolyzed at 295 nm (Mo atom absorption) 
followed by 335 nm (Cr atom absorption). The Cr and Mo atoms 
absorbances are recorded at l/lo the scale of the cluster absorp- 
tions. Reproduced with permission from ref 65. Copyright 1978, 
American Chemical Society. 

and increased absorption by metal dimers and trimers, 
M2, M3, may be observed. Increased absorption of M2 
is indicative of photoinduced formation of dimers- 
photoaggregation. Emission from excited states of M2 
may result either from energy transfer to M2 molecules 
already present in the matrix, or from photoaggregation 
processes causing direct production of excited M2 Thus 
the early observation of Cd2 emission on excitation of 
Cd atomic transitions in a matrix63 could be explained 
by either mechanism. Direct evidence for photoaggre- 
gation was first reported by Ozin and H ~ b e r : ~ ~  on ir- 
radiation of matrix-isolated Ag atoms at 315 nm (2P - 
,S) UV/vis absorption bands assigned to Ag2 and Ag3 
grew (Figure 4). Above 10 K higher clusters could be 
obtained. Similar effects were observed for Cr, M o , ~ ~  
C U , ~ ~  Rh,g7 and Na68 and by using two metals, mixed 
clusters such as CrMos5 and Ag2CrG9 could be synthes- 
ized (Figure 5) .  (The photochemistry of the dimers, 
Cu2 and Ag2 is discussed in section IVC.) The devel- 
opment of photoaggregation introduced a significant 
element of control in the difficult process of studying 
specific metal clusters. In addition, it is clearly related 
to the photochemical insertion reactions discussed 
above. 

More detailed studies of the mechanism of photoag- 
gregation of Ag at01118?O’~ show that the ground ,S state 
of Ag is not perturbed substantially by the matrix cage, 
but that the excited 2P state interacts with its 12 
neighboring rare-gas atoms. Vibrational relaxation of 
the Ag(2P)[R,,] complex (R = Ar, Kr, Xe) and 
fluorescence follow the absorption process, leading to 
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TABLE 1. Photochemical Atom Sources 
atom electronic discharge" 
(E) state lamp precursor byproduetab comments ref 
H X2S Hg HI/HBr I/Br 76 

x2s Hg H2S SH, S 76 
x2s H2 H2O O,Oz, OH 77 
x2s HZ HCl c1 77 
x2s H2 CH, CH3, CH, C 77 

C3O2 via CC 79 
x2s Hg 

X3P? H2 CHI CH, CH3, H 77 

2% Hg N3CN NCN, CN, C2, N2 via C + CNN 79 

x2s H2 NH3 NH2, NH 78 
CuH photosensitization by Cu 50 

79 X3P Hg NSCN NCN, CNN, CN, N, Nz via NCN 

N ?  H2 HN3 NzH2, NH, N2t N3? via NH 80 
22D Xeor H2 N20 0, Nz, NO, 02, cis-(NO)z 81 

0 X3P + 2lD Hg 0 3  0 2  thresholds in gas -600 nm for 3P, 82 

Hz'Cu c c 0 , c o  C X3P, 2'D, 2% Xe 

308 nm for 'D 
2'D + 2's Xeor H2 N20 N, Nz, NO, cis-(NO)2? matrix threshold for 'S: 154 nm 81,83-85 
2'D H2 H20 H, OH 86 
X3P, 2IS, 2lD H2 0 2  matrix threshold for 'S: 133 nm 83, 87 

2ID + 2% Xe COZ 0 2 ,  co gas thresholds: 'D: 167 nm; ' S :  129 nm 83, 88 
X3P Hg cis-(NO)z NzO, NO2, Nz08 threshold 320 nm 89 

gas threshold for 3P + 'D 176 nm 

? Hg 0 2  COz, oxo complexes sensitized by M(CO)6 90 
? Hg C02 or N20 oxo complexes sensitized by M(CO)8 90 

F X2P Hg F2 91 
X2P Hg tram-N2F2 ? 92 
X2P Hg NF2 NF, NzFd 92 
X2P Hg OF2 OF 92 

Si ? H2 SiH4 SiH, (n = 1-3) 93 

P ?  H2 PH3 PH, PH2 94 
s X3P(?) Hg H2S SH, H via SH 95 

SizHs 

X3P + 3'D Hg ocs co 96 
X3P, 3lS, 3lD Xe ocs co matrix threshold for 'S 173 nm 85,97 
X3P Xe CS2 c s ,  cs2+ 59, 97, 98 

c1 X2P Hg C12 99 
X2P H2 HC1 H 77 

aPhoton energies are as follows: H2 discharge 10.2 eV, Xe discharge 8.4 eV, Hg discharge usually 14.88 eV. *Other than 4. 

"hot" ground-state Ag atoms which diffuse to form Ag2 
and Ag3 (see Figure 6). Evidence for this model comes 
from the width and the massive red shifts of the 
emission bands relative to the absorption bands, to- 
gether with the great sensitivity of the emission max- 
imum to the matrix material. Thus the dominant 
fluorescence band in Xe is located a t  550 nm, is 1790 
cm-l wide, and is excited by absorptions in the 322- 
337-nm range. Ozin et al. argue that the efficiency of 
this relaxation process is enhanced by the Jahn-Teller 
effect operating in the Ag(2P)R12 excited state.70 In 
summary, it is the difference in equilibrium Ag-R 
distance between the ground state and in the exciplex 
which channels the photon energy into Ag atom 
translation. 

Similar studies of Cu and Cu2 show that excitation 
of Cu atoms induces fluorescence of Cu2, suggesting 
reactions of excited Cu(?D) with ground-state atoms to 
form Cu2. The Cu(?O) atoms are thought to be mobi- 
lized by heating from the C U ( ~ P  - 2D) nonradiative 
transition,m a significantly different mechanism from 
that described above for silver photoaggregation. The 
reactivity of CU*(CH,)~~ exciplex is thought to be the 
key to formation of Cu(CH3)H. It is notable that the 
methane matrices quench the atomic fluorescence. 

I I I .  Photochemical Generation of Atoms In 
Matrices: Sources 

In many matrix isolation experiments a molecular 

precursor is condensed with a substrate and excess of 
noble gas. Photolysis of the precursor generates atoms 
which then react with themselves or with the substrate 
to form new molecules. Alternatively, the atoms are 
generated in a less inert host with which they react 
directly. This method is important for the generation 
of non-metal atoms, particularly for H and those in the 
first period. Ita competitor, the method of discharging 
gases (e.g., C12) is more popular for generating C1, Br, 
and I atoms (see below). Some sources and reactions 
of non-metal atoms in fluid phases will be found else- 
~ h e r e . ~ l - ~ ~  

This section is not concerned with listing all reactions 
in which atoms are generated, but in choosing suitable 
precursors in atom-transfer reactions. The ideal pre- 
cursor molecule would be small and only perturb other 
species weakly. It would be dissociated by low-energy 
irradiation to produce the requisite atom and the 
minimum number of unreactive byproducts. Various 
sources of atoms are listed in Table I together with the 
appropriate light source and byproducts (see ref 50, 
76-99). Although none of them fulfils all of the re- 
quirements above, sources are available for d fi t-row 
atoms except boron, and for all second-row non-metal 
atoms. In choosing the precursor, a compromise is 
usually needed between a molecule which requires near 
W or visible irradiation and gives a reactive byproduct 
in the cage (e.g., O3 or N3CN), and one which requires 
VUV irradiation and gives an unreactive byproduct 
(e.g., N20). Many of the sources of N, 0, and S give 
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Figure 6. (A) Representation of a Ag atom in a substitutional 
site of f.c.c. lattice with D& symmetry. (B) Schematic potential 
energy surface for a doubly degenerate electronic state (in 0, 
s m e t r y )  interacting with a doubly degenerate vibrational mode 
with components Q2 and Qa. (C) Schematic representation of the 
ground- and excited-state potential energy surfacea for AgRlz (R 
= Ar, Kr, Xe), illustrating absorption and emission processes. 
Reproduced with permission from ref 70. Copyright 1980, Am- 
erican Chemical Society. 

rise to electronically excited atoms, so allowing a greater 
range of reactions. However, until very recently, the 
relative yield of excited atoms was quite unknown. In 
this context the excitation spectra measured by Taylor 
et al.83*86*87 using a synchrotron VUV source represent 
a considerable breakthrough (Figure 7a); their threshold 
measurements are indicated in Table I. I hope that 
their work will soon be extended to other sources. 

Meanwhile we must rely on data measured in other 
phases. Ozone absorbs in the regions X > 450 and X < 
350 nm reaching a very intense maximum in the 
Hartley band at 255 nm." De More and Raperlo' 
measured the yield of N20 on photolysis of ozone in 
liquid nitrogen and obtained quantum yields for O(lD) 
of .14-.16 between 248 and 300 nm with a sharp falloff 
at longer wavelengths. Yields close to unity have been 
obtained in the gas phaselo2 with a cutoff for O(lD) 
production at 308 nm. More recent work has demon- 
strated that the quantum yield is temperature de- 
pendent:lo3 matrix photochemists beware! 

Nitrogen(0 oxide, N20, shows peaks in its absorption 
spectrum at 290,273,182,146, and 128 nmq104 Photo- 
lysis of N20 in the gas phase can yield O(lD), O(lS), 
N(Q), and N2(A3Z,+). At  214 nm and "perhaps" over 
the entire range 180-230 nm, the only primary product 
is O('D).lo6 The yields of other products over the 
wavelength range 110-150 nm are summarized in Figure 
7b.loe 

Carbonyl sulfide, OCS, exhibits an absorption mas- 
imum in the UV at 222.5 nm in the gas phase with an 
onset at -255 nm. Further structured bands in the 
VW peak at 167 and 153 nm. Photolysis at 254 or 229 
nm yields S atoms with quantum yields of 0.67 ('D) and 
0.24 (3P) (gas phase)." The results of Taylor et al. in 
matrices yield an onset for S ('SI production at 173 nm 
and a maximum around 145-165 nm.= 

Carbon dioxide shows a weak continuum between 140 
and 180 nm and is photolyzed by 124- and 147-nm ra- 
diation to give CO and excited oxygen atoms. The 
thresholds for generation of O(lD) and O(lS) are 165 
and 127 nm, respectively.lm 
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Figure 7. (Above) Photoluminescence excitation spectrum of 
solid Ar:N20 (1%) a t  4 K obtained by detection of emission of 
ArO(EIZ+ - BIZ+) at 560 nm; i.e., excitation spectrum for O(%) 
production from N20. The sharp band at  105.4 nm corresponds 
to the onset of exciton absorption by argon. Reproduced with 
permission from ref 85 (Copyright 1980, American Institute of 
Physics.) (Below) Quantum yields of O(lS), Nm), and N2(A3Zu+) 
from N20 in the gas phase. Reproduced with permission from 
ref 106. (Copyright 1975, American Institute of Physics). 

Water absorbs continuously from 125 to 186 nm with 
maxima at 166 and ca. 130 nm. The threshold for 
generation of O(lD) is 161 nm.lO8 

may also act as 
a photochemical source of O(X3P) when irradiated in 
its UV a b s o r p t i ~ n . ~ ~  The onset for conspicuous ab- 
sorption is 240 nm but the photochemical threshold is 
a t  -320 nm. 

It will be noticed that the matrix threshold for gen- 
eration of S(lD) lies to higher energy than the gas-phase 
threshold. The reverse situation, a lower energy 
threshold in the matrix, constitutes photosensitization. 
Thus 8.4-eV photolysis of COz in Ar leads to emission 
from CO(a37r) (gas threshold 11.45 eV) and O(lS) (gas 
threshold 9.64 eV).=@ The mechanism of this sensi- 
tization is thought to involve a complex between the 
rare gas (Ar or Kr but not Ne) and O(lD). This complex 
has a lifetime long enough for a second photon to be 

The dimer of nitric oxide, 
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absorbed. On the other hand, the threshold for direct 
excitation of C02 to generate O('S) is 10.6 eV as in the 
gas phase.83 

Oxygen-atom transfer from N20 or from C02 to co- 
ordinated CO can also be effected using 314nm photons 
via absorption by W(CO)6.w Similarly, photolysis of 
W(CO)6 in O2 doped N2 matrices yields, inter alia, N20. 
The metal-containing products of these reactions are 
oxo carbonyl complexes and binary metal oxides.g0 It 
may be objected that there is no proof in this case that 
free oxygen atoms are generated. However, in the case 
of the photolysis of Cu/Hz/Ar matrices with wavelength 
of 310 nm (eq 15), the atomic hydrogen has been de- 
tected by ESR.50 

I V. Photochemlcal Generatlon of Atoms in 
Matrlces: Detection 

In the previous section I have summarized convenient 
photochemical sources of atoms. It is clearly important, 
if not essential, that the atoms should be detected. 
Although this seems a truism, it has often been ne- 
glected in photochemical studies of more complex 
systems which are thought to involve atom production. 
ESR, UV/vis absorption spectroscopy, and UV/vis 
emission can be used to detect the atoms themselves. 
Addition of species to the matrix such as CO, N2, or Xe 
allows reaction with the atoms to form molecular species 
which may be detected by IR or UV/vis absorption or 
by Raman scattering. Alternatively they may be de- 
tected by UV/vis absorption or emission as they di- 
merize. Each of these methods of detecting the pho- 
tochemically generated atoms will be treated in turn. 

A. ESR 
Kasai's experimentansB using photolysis of Na atoms 

(section IIA) show clearly how ESR can be used to 
follow the photochemical generation of H atoms. In 
other examples from these experiments (e.g., Cd + HI - Cd+ + H + I-) it is the atoms which are ESR silent 
while the ions show characteristic spectra. H atoms are 
detected incidentally in many photochemical experi- 
ments (see, e.g., ref 50,109) but the spectra of photo- 
chemically generated H atoms in Kr and Xe matrices 
are of particular interest.1'O-112 The most detailed 
studies"' show anisotropic hyperfine coupling between 
H (or D) atoms occupying an octahedral site and their 
six rare-gas neighbors (Figure 8). The g values are 
marginally lower than free spin and, together with the 
hyperfine coupling, are slightly altered by ,H substi- 
tution. These parameters are interpreted in terms of 
a H-R bonding interaction in the HR6 (R = Kr, Xe) 
"molecule". The effects of 2H substitution arise via 
changes in the amplitudes of vibration of the molecule. 
However, it has also been suggested that the spectra 
arise from dynamic averaging of short-lived XeH 
m o l e ~ u l e s . ~ ~  

Fluorine and chlorine atoms also interact with rare- 
gas atoms to form ~omplexes,~'~ which may be detected 
by ESR (see section IVD1). Detection of other atoms 
generated photochemically in matrices is rare. More- 
house et al.'14 detected P and As atoms following y- 
radiolysis of PH3 and AsH3 in Kr. However, they 
should also be detectable following VUV irradiation. 
Iodine atoms have been detected following photolysis 
of HI in Xe.l15 
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Figure 8. The high-field (ml = transition of the ESR 
spectrum of H atoms in Kr at 10 K, showing hyperfine structure 
from 89Kr (I = 9/2, 11.6%) in natural abundance. Reproduced 
with permisaion from ref 111. Copyright 1979, American Institute 
of Physics. 

B. UV/Vislbie Absorption 

None of the atoms listed in Table I absorbs in the 
region X > 200 nm. However, absorption spectra of 
matrix-isolated transition metals have been investigated 
extensively.~'ls Occasionally transition-metal atoms may 
be generated photochemically, as in the production of 
atomic iron by photolysis of Fe(C0)5 in N2.@ The 
photoinduced aggregation of metal atoms was discussed 
in section IIC. Ozin et a1.66 have investigated the 
photodissociation of Cuz and Ag, in Ar and Kr using 
selective irradiation, the reverse of photoaggregation. 
The decay of Ag, and growth of absorption due to Ag 
is monitored by absorption spectroscopy following ir- 
radiation at 390 nm into the 5sa, - 5sa, bonding to 
antibonding transition. The photodissociation of MH, 
and M(CH3)H (M = Fe, Mn) to form atoms has also 
been monitored by UV/vis absorption (eq 3).7*48 

C. UVNislble Emission 

The VUV photolysis of OCS and NzO gives rise to 
electronically excited atoms which can be detected 
directly by their visible emission. Thus, the S(3'S) 
atoms generated on photolysis of OCS (eq 16) can be 

ocs 2.L S(3'S) + co (XlZ) (16) 
detected by their emission at  775 nm ('S - lD)'16 and 
at  465 nm ('S - X3P).97 N20 can dissociate to give 
either 0 or N atoms: 

(17) 

N2O NO(X211) + N(2,D) (18) 

The oxygen atoms can be detected during photolysis 
by their emission at 560 nm ('S - 'D) while the ni- 
trogen atoms emit a t  521 nm (,D - X4S).85J17J's As 
has already been mentioned, excitation spectra are now 
available for S(%) and O('S) in these reactions.B* The 
O(lS - 'D) emission is also observed on photolysis of 
C 0 2  in all rare-gas matrices,=* but O(lD - XV) at 634 
nm can be detected only in Ne matrices.= The presence 
of O('D) has been confi ied by monitoring the 634-nm 
emission while scanning the visible spectrum with a 
tunable laser. The emission intensity falls as the laser 
passes through the O(lS) - O(lD) absorption at 563 

NzO 2.L N2(X1Z) + O(2'S) 
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nm.88 In an intriguing experiment Krogh et al. report 
N(2D - 4S) emission during warmup of a photolyzed 
N3CN/Ar matrix.79 They postulate that N(2D) may 
derive from decomposition of a metastable isomer of 
N3. However, N3 remains unobserved by IR matrix 
isolation methods. 

Excitation of Cuz at 400 nm in Ar matrices results in 
'D3/2 - 2S1/z emission from Cu atoms; in Ne, Kr, and 
Xe matrices 2D5/z - 2S1/z emission is observed in ad- 
dition.@Jlg 

Little is known of the lifetimes of these excited atoms 
in matrices. However, Tinti and Robinson have mea- 
sured the decay of the N(2D - 4S) emission following 
generation of N atoms by X irradiation of matrices.lZ0 
The times are Kr -7 s, Ar 18 s, N2 41 s, Ne 340 s 
compared to 12 h in the gas phase. (The decay is not 
purely exponential.) The decay time of O(lS - lD) 
measured following electron bombardment in solid Nz 
is also nonexponential and is approximately 130-240 
pslZ1 (cf. 0.7 s in the gas phase). The decay times for 
the same transition in Ar doped with 1% NzO or 1% 
COz have been reported as 40 ps and 2.4 ps.83t85 How- 
ever, Fournier et al., who used matrices with 0.1% COz 
obtained a lifetime of 560 ms.88 Their value for the 
O('D - 3P) transition in Ne was 32 s compared to 150 
s for the gas phase.ss It is well established that the 
concentration has a drastic effect on the rate of energy 
transfer, so these two measurements are not necessarily 
inconsistent. Fournier's measurements establish that 
the lifetime of these forbidden transitions may be re- 
duced by less than a factor of 10 relative to the gas 
phase if the matrix is sufficiently dilute. 

The emission of the atoms is closely related to that 
of the complexes XeO, XeF, etc. which are discussed 
in section IVD2 below. 
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D. Reaction To Generate Molecular Species 

(1) IR, Raman, and ESR Spectra of Products of 
Reaction with CO, Nz, Xe, etc. The methods of de- 
tecting non-metal atoms which have been described 
above are unsuitable for those who are equipped only 
for absorption spectroscopy. An alternative method 
which is often more convenient, if less direct, involves 
doping the matrix with CO, Nz, COz, Oz, or Xe or using 
one of these species as the matrix. The reaction prod- 
ucts may then be detected by IR or UV/vis absorption 
spectroscopy. CO reacts with H, C1, and all first-period 
non-metal atoms, N2 reacts with C to give NCN and 
CNN, and with 0 to give NzO. COz reacts with oxygen 
atoms to give the COS radical. The species XeF, XeC1, 
and XeO may be detected by UV/vis absorption or 
emission (section IVDB) while XeFz may be detected 
by IR and Raman spectroscopy. The most convenient 
method of detecting ground-state S atoms is probably 
to dope the matrix with about 0.5-1% Oz and to look 
for SOz by IR absorption116b or UV emission spectros- 
copy (see section I V D B ) .  The IR absorption wavenum- 
bers for relevant triatomics will be found in ref 89,92, 
and 124-135 and in Table 11. 

A number of these species (e.g. HCO, HOz, ClCO) are 
also suitable for testing for atom production by ESR 
(see section IVA).122J23 Curiously, there seems to be no 
record of the ESR spectra of KrF and XeF in matrices 
although they are well established in crystals (see ref 
113). When fluorine atoms are generated photochem- 

TABLE 11. Wavenumbers for Fundamental Vibrations of 
Molecular Species Used for Atom Detection 

substrate product v 1  v2 vg matrix ref 
CO HCO 2483 1087 1863 Ar 124, 125 

DCO 1926 850 1803 AI 124, 125 
CCO 1074 381 1978 Ar 126 
NCO (1275) 489 1938 CO 127 
OCO 662 2342 Ar 82 
FCO 1018 626 1855 CO 92, 128 
ClCO 570 281 1880 CO 129 

NZ NCN 423 1478 Nz 130 
CNN 1252 394 2858 N2 130, 131 
ONN 1290 589 2236 Nz 132 

Xe FXeF 512 215 549 Ar 133 
0 2  OS0 1148 518 1352 A P  82, 134 

1153 520 1356 Aro 
HOO 3414 1389 1101 Ar 135 
DO0 2530 1020 (1106) Ar 135 

"The two sets of frequencies arise from matrix splittings. 

ically from CF30F in solid Kr, a spectrum is obtained 
showing coupling to two Kr nuclei.ll3 The h e a r  KrFKr 
molecule has substantial spin density in the Kr(4p) 
orbitals (-12% each) and g, deviates considerably 
from free spin (9,, = 2.0006, g, = 2.0657). The species 
KrzF has also been observed in emission in the gas 
phase at high Kr pressures, but matrix emission has not 
been re~0rded . l~~ The ESR spectrum of XeCl has been 
recorded following photolysis of Ar/ClZ/Xe matricee.'l3 

A major factor which limits the sensitivity of these 
reactions in detecting atoms, is photodissociation. HCO 
is dissociated by visible light (A > 400 nm)77bJ22J25 as 
is CC0,126 while NCO, NCN, FCO, and HOz are disso- 
ciated by UV irradiation (A < 280 nm).122J27J30J31 If the 
wavelengths of light which dissociate these species 
cannot be avoided in generating the atoms, it is nec- 
essary to use high concentrations of CO or Nz dopant 
(>lo%). Other species which are photostable (e.g., SOz 
or XeFJ may be detected with 1 % or less dopant added 
to an argon matrix. 

Although Jones and TaubeE2 argued that the COz 
observed in their experiments with OCS + O3 in Ar did 
not arise from reaction of CO + 0, other experiments 
suggest that this reaction is readily o b s e r ~ e d . ~ J ~ ~  The 
observation of a broad emission band by Fournier et 
a1.,l18 attributed to excited COz generated from O(3P) 
+ CO, confirms that this should indeed be a useful test. 
Reaction with Nz to form Nz0132 or with COO to form 
C 0 3  could be used as a test for production of O(1D).138 
Another characteristic reaction of O(lD) in fluid phases, 
the insertion into alkanes, does not seem to have been 
investigated in matrices at  all, although the reaction 
with CHI to give CH30H and CHz0139 seems suitable 
for matrix application. Further experimental distinc- 
tions between ground- and excited-state oxygen atoms 
are indicated in Table I11 and section VC5. 

As mentioned above, ground-state sulfur atoms may 
be detected by their reaction with Oz. Sulfur atoms in 
the excited 'D state insert characteristically into al- 
k a n e ~ . ' ~  This reaction has recently been observed in 
the matrix by photolyzing OCS in CH4 matrices to 
generate CH3SH.13' 

It is appropriate to conclude this section by an ex- 
ample of the application of this method in mechanistic 
photochemistry. Pho@lysis of ( T ~ C ~ H ~ ) ~ W H ~  in argon 
results in production of ( T ~ C ~ H ~ ) ~ W ,  but this experi- 
ment does not show whether the hydrogen atoms dis- 
sociate sequentially or together. Photolysis in a CO 
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Figure 9. IR spectra obtained on photolysis of (q-CSHs)2WH2 
(above) and (q-C&)&eH (below) in CO matrices at 12 K showing 
production of HCO for the monohydride only. 

matrix still causes production of ( T ~ C & ~ ) ~ W  but no 
HCO is detected.61 However, photolysis of (7- 
C5H6)2ReH in CO does result in HCO production 
(Figure 9).1° The implication of these experiments is 
that H2 dissociates from (?pC&)2WH2 in a single step. 

(2) UV/Vis Absorption and Emission Spectra of 
Products of Dimerization and Other Reactions. 
Many of the products of reaction of atoms with CO, N2, 
etc. absorb in the W/visible: this section will not deal 
with their spectra, reference to which may be found in 
Table 1. Here I am concerned with two special cases: 
the absorption and emission from diatomics, e.g., S2, 
and from rare gas halides, oxides, and sulfides. Addi- 
tionally I will discuss luminescence of SO2 in this section 
because of its close similarity to S2. 

Diffusion of photochemically generated atoms leads 
to the formation of homonuclear diatomica. In the case 
of N, 0, and S recombination of atoms leads to elec- 
tronically excited diatomics which decay to the ground 
state radiatively. Emission from N2 (Vegard-Kaplan 
bands) is observed during photolysis of N20.113 Emis- 
sion from C2,'g 02,88995J13J41 and S29Mn is observed when 
matrices containing the corresponding atoms are 
warmed above 10 K (thermoluminescence, Figure loa): 

N + N - N2(A3Zu+) - N2(X1Zg+) + hv (19) 

(19a) 

(20) 

S(3P2) + S(3P2) - S2(B"311u) - S2(X3Zg) + hv (21) 

Since N2 emission is observed during photolysis the 
recombining a t o m  may be in an excited state, but the 
slow thermoluminescence of O2 and S2 is only com- 
patible with recombination of ground-state atoms. 
Although the emission of S2 was originally assigned to 
the B3Z; - X3Z - transition, Bondybey and English142 
have reassigned t8e spectrum to B"WU - X3Z; on the 
basis of laser excited fluorescence experiments and 
correlation arguments. Their measurements indicate 
a much longer lifetime for the emitting state than is 
found for the B3Zu- state in the gas phase. These au- 

C(3P) + C(3P) - C2(d311g) - C2(a311u) + hv 
O(3P2) + O(3P2) - 02(A3Zu+) - 02(X3Z,-) + hv 

w 
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X h m )  
Figure 10. Comparison of thermoluminescence spectra of sep- 
arate argon matrices photolyzed with near UV radiation during 
deposition: (a) Ar/H2S = 100,13 K; (b) Ar/H2S/02 = 100/1/1, 
18 K. Spectrum a is due to Sz emission, spectrum b is due to SOz 
emission. Reproduced with permission from ref 95. Copyright 
1978, American Institute of Physics. 

t h ~ r s l ~ ~  have used laser excitation to predissociate S2 
and follow the in-cage recombination and subsequent 
emission. They have reached the conclusion that the 
emitting state in Ne and Ar is long-lived and arises from 
B11311u. The emitting state in Kr and Xe has one-tenth 
the lifetime and is B32;. The thermoluminescence 
seems to involve the same transition in Ar, Kr, and 
Xe.95 

Not only can the emitting states of S2 be easily con- 
fused, but the thermoluminescence of S2 closely resem- 
bles a much more intense thermoluminescence observed 
when the matrices are doped with O2 (<1% is suffi- 
cient). The emission arises from formation of elec- 
tronically excited SO2 (Figure lob): 

S(3P2) + Oz(X38,-) - SO2* - SO2(G3B1, u t  = 0) 
(22) 

S02(Zi3B1, u t  = 0) - S02(%A1) + hv (23) 
The two spectra are best distinguished in their outer, 
weaker bands. The dominance of SO2 emission during 
warmup is explained not only by the intensity of 
emission, but also by S2 - SO2 energy transfer.116b 

While Nz, Oz, and Sz have been observed in emission, 
Si293 and P,e4 have been observed in absorption follow- 
ing photochemical generation of the atoms. Generation 
of Fa, S2, or C2 could also be monitored in this way. 
Diatomic metals generated by photoaggregation have 
been detected both by UV/vis absorption and by 
fluorescence m e t h o d ~ . ~ l ~ ~ - ' ~  

An alternative method of studying halogen, oxygen, 
and sulfur production which is less dependent on dif- 
fusion is to study the absorption or emission from rare 
gas complexes RX (X = F, C1, Br, 0, S.). These re- 
markable molecules are more strongly bound in their 
excited states than their ground states and are used in 
excimer (more correctly, exciplex) lasers. XeX (X = 
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TABLE 111. Specific Detection of Excited Atoms 
(References in Text) 

~~ 

reaction with 
detection by 
IR or UV/vis molecular 

atom atomic emission absorDtion emission 
N ( 9 )  yes (9 - 'S) ? ? 
O(lD) ('D - 3P) +Nz - NzO indirect evidence 

neon matrix only for RO('D) 
(R = Ar, Kr) 

+COz -. C03 
O(lS) yes ('S - 'D) ? +R -. RO* (R = 

SCD) no +CHI - +R - RS* (R = 
L Ar, Kr, Xe) 

CHSSH Ar, Kr, Xe) 
S(%) yes ('S - 'D) ? ? 

are conducted it is important that the established re- 
sults should be used for the detection of ejected atoms 
and that investigations should not rely entirely on de- 
tection of molecular fragments. 

Figure 11. Visible emission following 220 nm excitation of XeO 
samples made by depositing produds of microwave discharge of 
Xe/Oz/Ar (1/4/2000) mixtures or by UV photolysis of Xe/Ar 
mixtures containing traces of HzO. Upper spectrum lsO/'80 = 
1911, lower spectrum 1e0/180 = 1/3. Insert is a signal-averaged 
spectrum in the blue region of very weak emission. Reproduced 
with permission from ref 86. Copyright 1977, American Institute 
of Physics. 

F, C1, Br) and KrF can be detected by their UV ab- 
sorption143 when Ar or Ne matrices are doped with 
N 1 % Xe or Kr. Alternatively they may be detected 
by their UV-excited emission spectra.14J4 These ex- 
periments have demonstrated that XeF in Ne is bound 
by De = 1495 cm-l with we = 247 cm-l and wJ, = 10.2 
cm-l in its ground state, only very slightly greater values 
than in the gas phase. The B and D states have we = 
280 cm-' and 316 cm-l, respectively (in Ar), appreciably 
less than in the gas phase in accord with an ionic model 
resembling Cs+F. Further information about these 
molecules has come from ESR (see a b ~ v e ) " ~ J ~  and 
magnetic circular dichroism.'& 

XeO can be observed in absorption or emission 
(Figure ll)84@J47 while RO (R = Ar, Kr)83fifl* and RS 
(R = Ar, Kr, Xe)'@ are detectable only in emission. The 
bonding in XeO presents a significantly different case 
from XeF since there are several excited states corre- 
lating with Xe (XlS) and singlet oxygen below the 
charge-transfer states. The most strongly bound of 
these is the B'Z state which has we 350 cm-' and is 
at least 12 vibrational quanta deep. Not only do these 
experiments give crucial information about the bonding 
in these diatomics but they can also be used to obtain 
excitation spectra for O(%) and S(lS) produc- 
tion.83*a*87*a The lack of molecular emission peaks for 
ArO and KrO in Fournier's spectraa is partly explained 
by the lower excitation energy used than by Taylor et 

Nevertheless the differences between ref 83 and 
88 suggest that synchrotron experiments at high dilu- 
tion of C02 or N20 in Ar or Kr are needed. 

In this section I have shown that photochemically 
generated atoms can be detected in many ways, yielding 
fascinating information about their generation and re- 
actions and about the properties of the reaction prod- 
ucts. As an alternative to the classification by method 
used above, Table I11 summarizes the methods of de- 
tecting excited atoms generated photochemically (see 
section VC5). As more photodissociation experiments 

V. Synthesls in Matrices Uslng Photochemlcal 
Atom Sources 

The methods of generating atoms photochemically 
and of detecting them have been summarized in sec- 
tions I11 and IV. The synthesis of unstable molecules 
in matrices may be effected, inter alia, by (a) atomic 
photoelimination leaving a molecular fragment, R, or 
(b) by transfer of a photogenerated atom, X, to another 
species in the matrix: 
(a) RX - R- + X- (e.g., eq 27) 
(b) RX + A - R + XA (e.g., eq 24-26) 
The nature of the fragments produced by atomic photo- 
elimination will be discussed in the succeeding review.% 
The reader's attention is drawn to section IV of the 
succeeding review which includes molecular-transfer 
reactions such as the oxidative addition of Fa. In this 
section I will concentrate on atom-transfer reactions, 
including a discussion of experimental details and a 
survey of reactions emphasizing more recent applica- 
tions. 

A. Matrlx Ratios and General Principres 

The principles of synthesis using photochemical atom 
sources may be illustrated by experiments of Ault, 
Howard, and Andrews on xenon fluorides. A mixture 
of Ar, Xe, and F2 in ratios varying from 1001:l to 
5000:l:l was deposited and photolyzed in the 230- 
350-nm region.la XeF2 was detected by IR absorption 
and Raman scattering, and XeF by UV/vis absorption 
and emission'42 studies. In experiments using triple 
mixtures, it  is usual to employ matrix ratios of about 
1 % for one minor component and 0.1-1 % for the other. 
Lower concentrations, although desirable for good iso- 
lation, reduce the probability of atom transfer. This 
is illustrated by Andrew~'l*~ experiments in which the 
emission intensity decreased by a factor of 3000 over 
the 50-fold change in matrix ratios. Since the rate of 
diffusion of heavier atoms decreases substantially, it is 
common to employ photolysis during deposition for 
second-row atoms. Aplt and Andrews used this tech- 
nique to generate XeCl and XeBr. Generation of 
halogen atoms is a relatively clean process: in their 
search for the IR fundamental of XeF, the only species 
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observed were XeF2 and SiF4.133 
Some of Milligan and Jacox's early experiments il- 

lustrate the considerable problems when working with 
sources of C, N, and 0. They synthesized NCO by four 

together with many other products: 
(9 N + CO (0.5% HN3 in CO) 

Perutz 

co 
HN3 vrrv- 

NCO + (HNCO, HCO, NzO, HzCO, NO, CNCO) 
(24) 

(ii) C + NO (0.5% NO + 0.5% N3CN in Ar) 
Ar 

NO + N3CN NCO + (NzO, NOZ, CO, NCN) 
(25) 

(iii) 0 + CN (0.5% NzO + 0.5% HCN in Ar) 
AI 

NzO + HCN WV- NCO + (HNC, NO, HNCO) (26) 

(iv) dissociation of HNCO (0.5% in Ar) 
AI 

HNCO NCO + (HOCN, NzO, NO, CO, NH) 
(27) 

Notice that the use of solid CO in method i helps to 
overcome the problem of NCO photodissociation. 
Those who read the references to this and the next 
review will surely appreciate the enormous contribu- 
tions made by Milligan and Jacox to the development 
of matrix isolation and to the study of numerous free 
radicals. 

B. Examples of Photochemical Atom Transfer 
and Abstraction 

The reactions of various atoms will be summarized 
diagrammatically. The numbers in parentheses refer 
to the adjacent references. Only a leading reference is 
given to older work. Reactions of C, N, Si, P, and C1 
are covered by previous sections. 

(1)  Photochemical Transfer and Abstraction of 
H Atoms. The few recorded experiments involving 
transfer of photochemically generated hydrogen atoms 
are summarized in Scheme I (for a discussion of rare-gas 
complexes of H see section IVA, ref 77, 110-112, 122, 
124, 125, 149, 150). 

Hydrogen and fluorine atoms will also abstract hy- 
drogen atoms. Thus photolysis of Ar/CH4/F2 matrices 
results in production of F atoms which react to form 
CH3F.-HF with almost zero activation energy.lsl When 
HI is photolyzed in solid CHI or CH4-doped Xe, both 
CH, and H are observed,76 the proportion of CH3 in- 
creasing rapidly above 3-eV photon energy.'52 Photo- 
lysis of HI in ethane-doped xenon matrices at  4 K re- 
sults in formation of hydrogen atoms. On annealing to 
35-50 K the hydrogen atoms react with ethane to form 
ethyl radicals which may be detected by ESR.152J15 The 
temperature dependence of the kinetic isotope effect 
on the abstraction reaction (kH/kD - 2 at  35 K and 
-60 at  50 K) has been interpreted in terms of a tun- 
neling mechanism. However, formation of ethyl radicals 
competes with hydrogen abstraction from excess HI. 
Intriguingly, it seems that the relative efficiency of 
formation of C2H5 can drop with increasing tempera- 
ture, so Kinugawa et al., working at 77 K, did not see 

SCHEME I. Photochemical H Atom Transfer in Matricesa 

HCO 

T 

HR6 H02 
(R=Kr,Xe) 

a Key to references: (1) 7 6 ,  77, 122, 124, 125 ;  ( 2 )  149;  
(3) 7 6 ,  122, 1 3 5 ; ( 4 )  110-112; (5)  150. 

abstraction of H from i-C4H10 by thermal hydrogen 
atoms, although they did observe abstraction during 
photolysis.'12 

(2) Photochemical Transfer and Abstraction of 
0 Atoms. The use of 0 atoms in synthesis continues 
to be a source of remarkable species (Scheme I1 ref 6, 

XeO was discussed in section IVD2. Larzilligre and 
Jacoxg4 have reported the reactions of PH3 fragments 
with 0 atoms from N20 to make PO and HPO. Like 
HN0,149 HPO proves to have a very low PH stretching 
force constant (HNO, v(NH) = 2717 cm-'; HPO, v(PH) 
= 2095 cm-'; cf. NH3, v = 3414 cm-'; PH3, v = 2421 cm-'; 
antisymmetric stretching modes). FClO is a good ex- 
ample of a species synthesized by the O-atom-transfer 
method,ls7 which is unique to matrix isolation. Such 
syntheses can be established through careful use of 
isotopic substitution; in this example Andrews et al. 
demonstrate the method very elegantly. 

In the molecule SO4, synthesized by photolysis of SO3 
and O3 in Ar,6 we have a species to which matrix iso- 
lation probably offers the only satisfactory access. This 
molecule may be the key intermediate in the photoin- 
duced oxidation of SO2 by O2 in the atmosphere and 
in peroxodisulfate oxidations. However, it could not be 
synthesized in a matrix by photolysis of SO2 in an ox- 
ygen matrix. Another feature distinguishing the matrix 
from the gas-phase experiments is the lack of formation 
of SO2 from reaction of SO3 and O(3P). The authors 
make a convincing case for the dioxosulfur peroxide 
structure for SO4 and observe v ( 0 - 0 )  at 925 cm-l (v- 
(180-'80) at 881 cm-'). This structure, reminiscent of 
CrO(02)2, should be diamagnetic in accordance with the 
lack of observed ESR spectrum. An important aspect 
of this study is the unusually thorough examination of 
the wavelength dependence of photolysis. The syn- 
thesis can be achieved with 578-nm photolysis, below 
the threshold for O(lD) production, or at 254 nm where 
the primary product in the gas phase would be entirely 
O('D).'O"Jo1 Photolysis of N20 or of SO3 itself at  185 
nm was also effective in providing 0 atoms for the re- 
action. 

Another example of an ozone reaction which proceeds 
with long-wavelength photolysis (514.5 nm) and UV 

55-58,80,84-90,94,118,132,137,138,147,153-162). 
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Scheme 11. Photochemical 0 Atom Transfer in Matricesa 

( X = C l ,  F;E=As,P) 

NO2 
N2°3 

(ajHSOH 
(b)HOSiC13 

SO& 

RO 
(R =Ar,Kr,Xe) 

(a) CICIO,C10 
(b) BrBrO.BrOBr 

photolysis is its reaction with H2S.lSe Smardzewski and 
Lin show convincingly that the product contains one 
oxygen and two inequivalent H atoms (Figure 12a,b) 
and assign it as the monosulfur analogue of hydrogen 
peroxide: HSOH. They suggest that it is formed via 
a transient species H2S0. 

The reaction of NO with O3 in matrices to form NO2 
is of particular interest since it proceeds slowly in the 
dark at low temperature. Frei and Pimentell" have 
shown that this reaction involves two first-order pro- 
cesses which are temperature independent but are 
slowed down by -20% using le03: good evidence for 
a tunneling reaction. Moreover, IR laser irradiation of 
the N0003 pairs a t  1874.5 cm-l enhances the reaction 
by 62%. This enhancement involves single photon 
absorption and arises by increased reactivity of the 
vibrationally excited state and not by bulk heating. The 
role of complexes such as NO-03 in these reactions is 
discussed more fully in section VC. 

The photochemical reaction of matrix-isolated C2H4 
with O3 leads to a surprising wealth of products: ac- 
etaldehyde, ketene, ethylene oxide, and vinyl alcohol 
(syn planar conformer) are claimed to be primary 
products. In addition, methane and acetic acid are 
formed by secondary reaction of acetaldehyde. There 
is, as yet, little evidence for the participation of O(lD) 
or for the mechanism of ketene formation.162 

Reaction of Cu atoms with O3 in Ar generates Cu03 
and CuO. Photolysis (A > 300 nm) causes an increase 
of CuO and decrease of Cu03. The increase in CuO 
need not occur by dissociation of O2 from Cu03 (see 
section IIB2). The emission spectrum formerly attrib- 
uted to CUO~ '*~  has been reassigned to Cu02&, following 
investigations using le0180. Some uncertainty must 
therefore surround the origin of the emission spectra 
assigned to MnO, Ago, and A U O . ~ ' ~ ~  In particular, the 

(b)I60 + HzS(50%D) 1 

450 390 330 

F R E Q U E N C Y ( c rn -' ) 

FREQUENCY (cm-') 
Figure 12. IR spectra of HSOH obtained by hotolysis of 

isotopic splittings. Isotopic enrichments are indicated on f i e .  
Reproduced with permission from ref 156. Copyright 1977, Am- 
erican Institute of Physics. 

H,S/OS/Ar (1/1/100-200) mixtures showing (i) P 0 and (ii) 2H 

differences between gas and matrix spectra of Ago 
suggest that a reexamination of this system is needed. 

Photolysis of metal hexacarbonyls in the presence of 
02,89 COP, or N2OW induces oxygen-atom transfer to 
coordinated CO. Oxygen-atom transfer to the metal is 
also implied by such products as OW(CO)4 and W03.90 
As the photooxidations become more complex, it be- 
comes leas useful to describe them as reactions involving 
transfer of atomic oxygen. The photooxidation of SO2 
in O2 matrices is best described by the equation ( x  3 

(SO2)2 i- (021% --+ 2so3 + ( x  - U 0 2  (28) 

2 p 3  
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TABLE IV. Discrimination between Mechanisms of Photochemical Atom Transfer 
reaction of 

further reaction discrimination precursor wavelength- 
on annealing after between side bands without dependent 

mechanism conversion photolysis atom sources from complex substrate photolysis 
(a) diffusion of ground-state atoms high yes 
(b) in cage: no complex low (no) 
(c) in cage: complex low no 
(d) excited atoms low? no 

SCHEME 111. Photochemical F Atom Transfer in Matricesa 
(R=Xe,Hr) 

RF. RF2 + K r l F  

XXF2 * XF2 FNOz. ONOF 
.XXF .XFn(n.1,3,5) 

(X=CI,Br,l) 

IdFNO.  FON 
OGeF2 ib )  FCo 

a Key to references: (1) 113, 133, 143 ; (2 )  1 6 4 ; ( 3 ) 9 1 ;  
( 4 )  165; ( 5 )  166; (6)  167, 92, 128; ( 7 )  168a; ( 8 )  168b; (9)  
169; (10) 170, (11) 171; (12) 172. 

Abstraction of oxygen atoms by fluorine atoms was 
observed by Arkell when he photolyzed OF2 in N20 or 
C02-doped matrices.165 He interpreted the enhanced 
yield of OF compared to undoped matrices as a con- 
sequence of the reaction of F atoms with N20 or pho- 
togenerated COS. Carbon dioxide itself does not react 
with F atoms. 

(3) Photochemical Transfer of F Atoms. Two 
groups have been responsible for much of the recent 
work on photochemical transfer of fluorine atoms 
(Scheme 111), ref 91, 92, 113, 128, 133, 143, 164-172). 
Smardzewski and Fox have reacted F atoms with NO;% 
and NO167 and have shown that the oxygen-bonded 
isomers ONOF and FON are formed in addition to the 
familiar FN02 and FNO. The oxygen-bonded isomers 
are isomerized photochemically to their N-bonded 
analogues. Prochaska and Andrews have photolyzed 
mixtures of N2, F2, and ClF to generate ClF2 obtaining 
Raman and UV as well as IR data.'68b The force con- 
stants of ClF2 appear much closer to C1F2- than to 
ClF2+. Reaction of F atoms with C12, Br2, or Ites proves 
a much more complicated process in which the domi- 
nant reaction product is assigned as T-shaped XXF2 
(X = C1, Br, I). The experiments on XeF and Kr2F 
have already been summarised in section IVD2. 

The ability of photochemically generated F atoms to 
abstract H from CHI to form CH3F...HF161 and oxygen 
from N20 and co3165 has already been mentioned. 
Abstraction reactions of F atoms have been studied 
extensively by Jacox using a microwave discharge as a 
source of F atoms, rather than using photolysis.173 One 
advantage of this method is the ability to distinguish 
secondary photochemistry clearly. 

(4) Photochemical S Atom Transfer in Matrices. 
Recent work on sulfur atoms has been dominated by 

none no yes no 
weak no, weak yes or no no 
strong Yes yes or no no 
strong yes or no Yes 

SCHEME IV. Mechanisms of Matrix Reactions of Atoms 
(1) diffusion-controlled reaction 

hv 
x-Y -+ X...Y 
Y diffuses 
x +  Z'YZ 

( b )  in cage transfer: no complex formation 
hv 

x-Y + z -+ X...Y + z 
X...Y + z -+ x + YZ 

(c)  in cage transfer: prior complex formation 
hv 

( d )  in cage recombination: n o  net reaction (the cage 

hv 

x-y . . . z  3 x . . . y - z  

effect) 

x-Y --t X-.Y -+ x-Y 
(e) involvement of Y* and/or matrix excitons 

in a, b, c, or d 

luminescence experiments, several of which have al- 
ready been described (section IVDB). Following the 
production of S2, Wight et al.174 have described the 
photolysis of H2S in the presence of Na atoms to give 
another strong emitter: Na+-.S2. In other experiments 
they obtained evidence for S3.175 SO can also be ob- 
served in emission by allowing S atoms to react with 
02, 03, or NO2 in m a t r i ~ e s . ' ~ ~ J ~ ~  It will evidently not 
be long before matrix isolation turns full circle to the 
ion Sa- which was isolated in aluminosilicate matrices 
as lapis lazuli some time before Pimentel came on the 
scene! (S3- should readily be detected by its resonance 
Raman spectrum.)' 

C. Mechanlsms of Photochemlcal Atom Transfer 

Three limiting reaction mechanisms can be envisaged 
for photochemically induced atom-transfer reactions. 
In mechanism a the atom diffuses several diameters 
before reaction. In mechanism b transfer requires a 
randomly oriented weakly interacting substrate-pre- 
cursor pair within the same cage of matrix atoms. In 
mechanism c a more strongly bonded stereospecific 
complex may be necessary for this reaction. A fourth 
outcome of an attempted transfer reaction may be 
failure to react because of the cage effect: recombina- 
tion to form the precursor. The cage effect is a crucial 
limiting factor in photochemical atom-transfer reac- 
tions. These four processes and methods of discrimi- 
nating between them are summarized in Scheme IV and 
Table IV and discussed below. Also considered is the 
question of involvement of electronically excited states 
of the atoms, and of excited states of the matrix: matrix 
excitons. 

(1) Diffusion of Atoms. Two examples from earlier 
sections should suffice to show that thermally induced 
diffusion of ground-state atoms occurs. Thermolu- 
minescence from S2 is observed on warming photolyzed 
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samples of OCS in Ar above 10 K.95-97 When Nz ma- 
trices containing F atoms and NO from 8 to 21 Kle7 are 
annealed, FON and FNO are formed. Heavier atoms 
such as Ag and Ni will diffuse at  higher temperatures.eq 

Diffusion of atoms during photolysis is more com- 
plicated and controversial since it depends on the en- 
ergy acquired by the atom during reaction and ita rate 
of transfer to the matrix. It also depends on the rate 
of recombination to form the precursor, i.e., the im- 
portance of the cage effect. The difficulty of predicting 
the outcome is illustrated by the cases of Sz and Ag,. 
Photolysis of Sz yields S atoms which apparently all 
recombine within the cage.142 Surprisingly, photolysis 
of Agz yields isolated Ag atoms.6B The role of excess 
translational energy of the atom in preventing recom- 
bination is discussed further in the context of fluo- 
rine-atom elimination in section IIB of the succeeding 
review. The decreasing ease of diffusion of heavier 
atoms during photolysis is graphically illustrated by the 
yields of CN obtained by photolysis of XCN, which 
decrease in the series X = H > F > C1> Br > CN.zz 

The lack of diffusion of C1, Br, and I during photo- 
lysis and their ready recombination discourages their 
use in photochemical transfer reactions. Occasionally 
this is circumvented by photolysis during deposition,lB 
more frequently by using discharges as atom sources.178 
(but see ref 25, section IIC). Notice that the yield for 
photochemical halogen atom loss may be sufficient for 
ESR but not for IR spectroscopy (e.g. the photolysis of 
propargyl bromide yields a sufficient concentration of 
propargyl radicals for ESR detection).lM The rate of 
energy transfer of excited atoms in matrices is docu- 
mented in few cases. Bondybey's e ~ p e r i m e n t s l ~ ~ J ~  (see 
below) indicate that excess thermal energy is rapidly 
transferred to the matrix, quenching up to 0.8 eV of 
translational energy with 100% efficiency within 4 0  
ns. On the other hand, Ozin's photoaggregation ex- 
periments suggest slow loss of translational or libra- 
tional e n e r g ~ . ~ - ~ O  

It is not straightforward to distinguish one reaction 
type from another. However, four features of an 
atom-transfer reaction involving diffusion of ground 
state atoms should be (i) potentially high conversion 
of precursor (since it is not just complexed precursor 
which reacts), (ii) no discrimination between different 
sources of the atom, (iii) the precursor should be readily 
photolyzed in the absence of substrate, (iv) further re- 
action may take place on annealing after photolysis 
(Table IV). The second feature may be complicated by 
photosensitivity of the product. Only the longest lived 
of electronically excited atoms will be able to diffuse 
significantly (e.g., O(lD), see section IVC and VC5 for 
lifetime data). 

The generation of HC077J22J24J25 and FCOB2J28 o c m  
with many different H and F atom sources suggesting 
a diffusion (type a) mechanism. However, weak com- 
plex formation (type b) cannot be excluded because the 
photosensitivity of the products forces the use of high 
CO concentrations. The reaction of NO with F atoms 
continues on annealing after photolysis,167 again sug- 
gesting a diffusion mechanism. 

(2) Weak Complex Formation. In the second 
mechanism (type b, Scheme IV) photochemical atom 
transfer occurs only for substrateprecursor cage pairs, 
although the substrate and precursor interact weakly. 
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The reaction may be limited in this way because (a) the 
atom does not diffuse appreciably, (b) atom transfer 
must compete with cage recombination, or (c)  reaction 
only occurs with electronically excited atoms which are 
short-lived. This type of reaction is easier to distinguish 
than the diffusion type: (i) the overall conversion 
should be low, since it is limited to precursor-substrate 
pairs; (ii) there should still be little discrimination be- 
tween atom sources; (iii) the precursor may not appear 
to photolyze or may photolyze more slowly in the ab- 
sence of substrate because of in-cage recombination; (iv) 
side bands may be observed in the IR spectrum of 
substrate and precursor; these bands may decrease 
faster on photolysis than the monomer bands (see Table 
IV) . 

Several examples of weak complex formation are 
known. Photolysis of C1F in Xe-doped Ar yields only 
ClXeF without XeC1, or XeFz indicating that no dif- 
fusion occurs.1B The photolysis of S03/03/Ar mixtures 
is much more effective in generating SO4 than photo- 
lysis of N20/S03/Ar mixtures, possibly because no 
suitable complex is formed by NzO and S03.6 This 
example suggests the beginnings of discrimination be- 
tween atom sources (feature ii). The fourth feature, 
identification of the substrateprecursor complex itself, 
may provide the best evidence for the weak complex 
mechanism. The photolysis of O3 and AsF, in Kr is a 
well-documented example.lel Sidebands due to 03-. 
AsF, complex are observed both in the As-F stretching 
region of the IR spectrum (Figure 13) and near the 1034 
cm-l band of 03. As the ratio of 03:AsF3 increases, these 
extra features become more important (Figure 13a-c), 
and it is these bands alone which decrease on photolysis 
(Figure 13d). Another example is the NO-03 complex 
which may be irradiated selectively with an IR laser to 
form NOz (section VB2).154 As we move towards the 
formation of stronger complexes more distinct photo- 
chemistry is observed, e.g., the photochemistry of di- 
mers such as (CHzO)z and (CH2NJz discussed in section 
IIG of the succeeding review.z5 

(3) Strong Complex Formation. As the sub- 
strate-precursor complex becomes stronger, the side- 
bands in the IR spectrum should move away from the 
monomer bands and Mulliken charge-transfer bands 
should appear in the UV/vis spectrum. In the limit of 
strong complex formation, the electronic structure of 
the complex becomes quite distinct from that of sub- 
strate or precursor (type c, Scheme IV). Atom transfer 
may now be achieved by photolysis in a region where 
neither substrate nor precursor absorbs. Aside from the 
example of NO.0, cited the most striking examples 
come from complexes of metals. It was apparently not 
recognized by the i n v e s t i g a t o r ~ ~ ~ ~ ~ ~  of MO, ( x  = 1,2; M 
= Cu, Ag, Au) that the sensitivity of 02/M/Ar deposits 
to near UV light arose most likely from the formation 
of dioxygen c o m p l e ~ e s . ~ ~ J ~ ~  In some of these experi- 
ments there remains the possibility of metal-atom ex- 
citation. However, the observation of fluorescence of 
CuOz on laser irradiation at  483 nm56 almost certainly 
depended on photolysis of CU(T$O~)~ (see sections IIB 
and VB2). The photooxidation of M(CO)6 (M = Cr, 
Mo, W) by Oz, COz, and N20 depends on initial pho- 
tolysis of the hexacarbonyl precursor to form a complex 
with the substrate and subsequent photolysis of that 
complex. For instance, the complex OCO-Cr(C0)5 has 
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Figure 13. IR spectra of (a) AsF3/Kr (estimated ratio -1/5000), (b) AsF3/03/Kr (-1/5/5000), (c) AsFs/Os/Kr (-1/50/5000), (d) 
sample c after 30-min mercury arc photolysis. Note growth of bands assigned to AsFS.O9 complex (marked C) with increasing O3 
concentration and decay of these bands during photolysis. P, OAsF,; C, AsF3.03; other bands due to AsF3 and 0% Adapted with permission 
from ref 161b. 
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Figure 14. Emission spectra of IC1 in Ar from the u = 0 BO' state 
as a function of excitation wavelength. In (c) and (a) weak bands 
to left of principal bands are due to IUC1. In (b) P7Cl component 
is enhanced by resonant excitation on u = 3 threshold. Note 
abeence of zero phonon lines when excitation wavelength less than 
565.6 nm. Reproduced with permission from ref 179. Copyright 
1975, American Institute of Physics. 

IR and W spectra comparable to the better established 
H3CCN-Cr(C0)6 and quite distinct from Ar-Cr(CO),. 
Selective photolysis of the C02 complex yields oxo metal 
products.w A recent non-metal example shows the 
formation of IC1.03 with a distinct charge-transfer ab- 
sorption at 460 nm; photolysis yields OICl.157 

A corollary to complex formation prior to photo- 
chemical reaction, is the formation of products as com- 
plexes. For instance photolysis of H20/F2/N2 matrices 
yields the HOFsHF complex.lM The perturbation of 
such a strongly hydrogen-bonded complex is apprecia- 
ble: compare the fundamentals of complexed HOF 
(3493,1394,885 cm-') and isolated HOF in N2 matrices 
(3537, 1359, 886 cm-'). Such perturbations must be 
common in atom-transfer reactions. 
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Figure 15. Estimated potential energy curves of IC1 in gas phase 
(left) and argon matrix (right). Note minor pertubation of bound 
levels, but major effect of cage potential (impulsive limit) a t  high 
internuclear distances. Reproduced with permission from ref 179. 
Copyright 1975, American Institute of Physics. 

(4) The Cage Effect. An attempted photochemical 
atom transfer may fail or be limited by lack of diffusion 
or lack of formation of a suitable complex, but the 
commonest reason for failure is in-cage recombination 
of the precursor. The cage effect in matrices has been 
thoroughly documented by Bondybey and others who 
have studied the photophysics of ICl,179 CF$, CH31,180 
Br2,182 S2,142 Cu2,166J83J84 and Ag21a6 in matrices. As 
indicated above, in-cage recombination is essentially 
100% effective for the non-metal compounds, but sig- 
nificant dissociation occurs for Cu2 and Ag2. 

Bondybey and Brus studied the vibrationally relaxed 
BO+ fluorescence following laser excitation above and 
below the gas-phase dissociation barrier of IC1. Even 
0.8 eV above the BO+ gas-phase dissociation energy, 
emission was observed with a risetime < 10 ns and the 
quantum yield for permanent dissociation was <5 X 
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When excited below the dissociation barrier the 
emission is structured but this structure disappears at 
higher energies (Figure 14). The effect of the matrix 
on the potential energy curve is extremely slight in the 
bound region but the cage effect imposes an extra well 
at larger internuclear distances (Figure 15). By using 
the photoselection technique and polarized light it was 
shown that the molecule recombines in essentially the 
same orientation regard less of excitation wavelength. 
These observations indicate rapid propagation of energy 
away from the site of light absorption and that there 
is no local hot spot. The C1 atom collides with essen- 
tially one host atom in an impulsive collision with ef- 
ficient kinetic energy transfer, since the motions of the 
lattice are at  much lower frequency. In contrast, the 
matrix exerts only a minor van der Waals cage potential 
for host atom movement in the adiabatic limit of slow 
expansion. 

In a very weakly bound molecule such as Ca2, the 
effect of the matrix potential is to cause a slight increase 
in w," and a uniform decrease in anharmonicity, so 
increasing the well depth but retaining an almost per- 
fect Morse potential.ls6 This again emphasizes the 
freedom of the molecule to rearrange in the adiabatic 
limit. 

(5) Role of Electronically Excited Atoms. Several 
of the photochemical sources of 0, N, and S atoms 
produce electronically excited atoms. The sources and 
wavelengths required for generating excited atoms have 
been discussed earlier, but it is often a matter of con- 
jecture whether excited- or ground-state atoms are in- 
volved in the atom-transfer reactions. However, three 
types of experiment have yielded clear information. In 
the first the source of atoms or the excitation wave- 
lengths for generating atoms is varied. Thus, generation 
of HSOHIm and SO: by ozone photolysis in the 500- 
600-nm region clearly indicates involvement of ground 
state 0 atoms. However, one should be wary of the 
converse experiment in which it is claimed that short- 
wavelength irradiation is required since the excitation 
coefficient of ozone is 3000 times greater in the UV than 
in the visib1e.l"" The second type of experiment in- 
volves observation of thermoluminescence which must 
take place with relaxed atoms in their ground states 
(examples may be found in section IVD2, the relaxation 
times are discussed in section IVC). In the third type 
of experiment emission is observed from a state of the 
product molecule correlating with an excited atom, as 
in the ArO  experiment^.^^^^ These experiments rep- 
resent the best proof of the involvement of excited 
atoms in matrix reactions. 

Less satisfactory than experiment is reliance on 
theoretical correlations or gas-phase results. In this 
context a warning is served by Pimentel's observation 
of a thermal reaction in a matrix between NO and O3 
which has not been detected in the gas phase.154 
However, we may be fairly certain that reaction of 0 
atoms with N2 in a matrix to form N20 does involve 
O(lD). 

It was suggested above that formation of substrate- 
precursor complexes may be required for reaction of 
some excited-state atoms because of their short lifetime. 
Unfortunately, so few lifetimes are known that this is 
very speculative. The relaxation times of N(2D) and 
OPD) are long enough (1-lo2 s) to allow diffusion out 
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of the cage prior to The relaxation time 
of O(lS) in Ar (560 ms)88 suggests that this may also be 
true for O(%) and S(lS). However, the variation of a 
factor of 50 in relaxation time of N(2D) on changing 
from Kr to Neil9 indicates that atom-transfer reactions 
involving excited states should be sensitive to the ma- 
trix employed. There are also indications that lifetimes 
may be strongly dependent on dopant concentration. 
In addition to these non-metal atoms, it has been ar- 
gued that CU(~D) lives long enough to diffuse appre- 
ciably.66 

It is normally assumed that the matrix is not directly 
involved in the photoprocesses. However, at sufficiently 
high energies matrix excitons may be excited (thresh- 
olds are approximately 12  eV in Ar, 10 eV in Kr, and 
8 eV in Xe).Ia7 Taylor et al.83 have shown that the 
excitation spectrum for production of O(lS) from C02 
in Ar corresponds to direct excitation of C02 in the 
10-12-eV range. However, a quite different excitation 
spectrum is found in C02-doped Kr. This time the 
O(%) is formed via the Kr excitons at 10.2 and 10.8 eV. 
There is a similar contrast between the excitation 
spectra for Kr/N20 which is dominated by molecular 
absorption and that for Xe/N20 which shows promi- 
nent exciton features.84 The excitation spectra of 
Ar/N20 and of Kr/OCS matrices (see Figure 7a) show 
both molecular and exciton absorption features.85 No 
O(%) could be generated from 02/Ar matrices, but the 
excited atom was observed in 02/Kr matrices, implying 
that indirect excitation may be essential in this exam- 
ple.83 Following absorption by matrix excitons the en- 
ergy must be transferred to the dopant. There is evi- 
dence both for resonant energy transfer and nonreso- 
nant transfer. The nonresonant transfer is thought to 
involve charge transfer from Kr to dopant followed by 
dissociation, e.g.: 

co2 Kr&i,on - Fr+CO2-] - kr'o-] + CO - 
KrO* + K r  + O('S) (29) 

The nature of rare-gas matrix excitons and their role 
in the formation of ions is discussed more fully in sec- 
tion VC of the following review.25 

(6) Outstanding Problems in the Mechanisms of 
Atom-Transfer Reactions. Although photochemical 
atom transfer has been widely used in matrix synthesis, 
much more effort is needed in mechanistic studies of 
these reactions. Of particular importance are mea- 
surements of (i) excitation spectra for atom production 
and (ii) relaxation times of excited atoms, since these 
measurements lay the foundation for mechanistic 
studies. In individual mechanistic studies it is impor- 
tant to investigate (i) whether a complex is formed 
between precursor and substrate and whether the com- 
plex alone is photosensitive, (ii) the effect of changing 
the source of the atoms, (iii) the effect of changing the 
irradiation wavelength for production of atoms, (iv) the 
effect of changing the matrix, and (v) the photosensi- 
tivity of the products, since this will affect the conclu- 
sions drawn from (ii) and (iii). 
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