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SUMMARY

A general concept is developec which relatcs charasteristic excited states
of main group metal complexes to typicel photoreactiors. With regard to their
electronic spectra and photochemistry the main croup meta}s re clessified
accorcing to their ground state slectran configuratiorn ns™np’. The photo-
chemistry is yenerally dominated by Lhe reactivity of metal-centerec sp anc
ligané to metal charge transfer excited states which in most cases Initiate
inter- and irramalecular photoredox processes.

INTRIDUCTION

The discussion of the photochemistry o7 coordination cempounds is almost
exclusively resiricled Lo complexes of Lransiticn melzls (refs. 1-4). Although
some scattered observations on the light sensitivity of coordination compounds
of main group metals have been reported, this importent aspect of ingrganic
photochenistry has deen largely ignored. To some degree this lack of knowledge
seems i¢ be related Zo the kinetic labilizy of complaxes of main group metals.
In many cases well-defined compounds do not exist in zolutian, particularly in
water, However, in organic solvents which are weakly coordinating many main
group metal canplexes dissolve without decomposizion and are thus susceptible to
detailed pretochemical studies. In many cases the irvestigation of the
photochemistry of transition metal complexes was stimulated by the accidential
observation of their light sensitivity. This is especially true for colared
compeunds which are photolyzed by visible irradiation. On the contrary, mest
mair group melal compounds are cclorless and may be sensitive only to UV light.

During recent years we have tried to develop a general concept which relates
characteristic excited states to typical reactions of main group metal
complexes. This review is the first attempt to summsrize these abservations and
idezs. [t is rnot intendec to present a comprahensive survey but rather selected
examples of the nature and reactivity of excited states of main greup metal
compeunds.  Organcmetallics are omitted here. Although many of these compounds
are known to be photosensitive the nature of their excited states is less ciear
due to the extensive electron delocalization and cavalent bending in these
molacules,

0010-8545/30/804 55 & 1990 Elsevier Science Publishers B.V.



256

ELECTRON COMFIGURATIONS OF THE MAIN GROUP METALS

In analogy to the transitisn metals the main group metals can be classified
according Lo Lhe eleclron configuration in their ground states. The valence
grbitals of the main greap elements are n: and np orbitals. Starting with an
empty valence shell stable complexes are farmed with the electron configurations
sU, 31, 52, szpz, and 5234. In contrast $o the transition metals
the main group metals form generally diamagnetic complexes with an even number
ot valence electrons, In the case of the 51 configuration stable complexss
contain two metals which are linked by a metal-metzl bond.
SU

When all valence electrons are removed the highest oxidation state with the
sU configuraticn is obtained. Tyoical metal ions are those of the third to
fifth main group: Galll, InIlI, TIIII, Gelv, SnIU, Pblv, and Y,
These metal ions form a large numder of coordination compaunds oarticularly
those with an octahedral stricture. The metals of the first two groups {alkali
and earth alkali) are not included in our discussion since the valence grbitals
of the W and M2+ igns are very unstable, Low-energy electronic transitions
involving the metal ions do then not occur. Consequently, there is no photo-
chemistry initiated by irradiation with conventional light sources. On Lhe
other side, HgII is discussed here although it is not consicdered to be 2 main
group metal. However, with regard te its spectroscopic and photochemical
properties HgII is not different from other s0 metals.
31

The s configuration is rather exceptional and forms stable compounds only
as diamagnetic dimeric complexes which centain a metal-metal bond. In zddition
to gall an¢ In!! rmercury(1) is & typical example of a s! metal.

7

Next to s¢ ihe 52 configuration is most important for main group metals.

Typical iens include GaI, InI, TlI, GeII. SnII, PbII, SDIII,

Iﬂ. The ceordination numbers and structures are variable. The
electron pair exerts a strong influence on the molecular structure by
z metal is

the mercury atom which can be studied in solution under ambient conditions.

lone s
s-p orbital mixing. A rather exotic but interesting example of a s

p2

lons with a partially filled p subshell can be found only on the right side
of the periodic table. TeII and I”I are typical examples of p2 metals.
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Although these elements may not be considered tc be metals, thair coordination
compounds are not different from those of any other main group retal. Square
planar structures are characteristic for p2 ions.

There are cnly a few cases of coordiration ccmpounds with a 94 configurat-
ion. Iodine(l} may be taken as an example. Such complexes have & linear
structure.

ELECTRONIC TRANSITIONS AMD ABSORPTIGN SPECTRA

Much information on the electronic structures and electronic transitions of
main group metal complexes can be Found in varicus chapters of Jdrgensen”s
books (refs. 5-7), We classify the absorption spectra according te the electron
configuratior as outlined above.
s0 complexes

In analogy Lo the d0 configuration of transilion metals (e.q. Croaz‘,

Mnoa') <he only electrenic transition which can occur for su complexes is

of the ligand to metal charge transfer (LMCT) type. However, in contrast to the
d0 complexes the oxidation strength of a sﬂ metal increases from the top to

=he bottom of the main groups. The energy of the LMIT transitions decrease then
in the same cdirection. This fact is also reflected by the colors of the com-
pounds.  While the iMCT hand of [PbClﬁ]Z' extends to the visible and causes

the yellow color of the complex the corresponding tin complex [Snclﬁlz- is
colorless since the LMCT absorption is shifted <o the UV (refs. 8,9}. LMCT
bangds of the same type were also detected in the absorption spectra of HgII
complexes (refs. B,10,11) such as [Hg(N3)3]" {ref. 12).

Detailec assignments were macde for several cctahecral s0 complexes (refs,
8,9,13). The acceptor orbitals for LMCT transitions are the g-antibonding a1g
{s) and 1y {p) MOs. LMCT absorptions were generally assigned to the
transition of a ligand » or o electron to the antibonding s orbital {a1g).
Transitions terminating in the p-orbitals {t|u) accur at much higher encrgies,
The corresponding LMCT bands may thus not appear in the accessible wavelength
region. The absorption spectra of some tin{1¥) and lead(iV) complexes may serve
U :°)

- a1g a;d i (ub) -+ a1g cause intense long-wavelengtgs absorptions of
(SnC1cJ®" {278 and 222 nm) {refs. 8,9,13,14}, [PbCI 3" (307 and 208 nm)
(refs. 8,8,14), [Sn(N3)c12” (264 and 236) (ref. 15), and [Pb(Ny) 12"

{390 end 318 nm} (refs. 15,16).

as suitable examples. 1The allowed low-energy LMCT transitions t
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Sesides LMCT absorptions bands of & different origin may be observed in
special cases. Purphyrin complexes of SD metals are charecterized by
low-energy intrzligand (IL) porphyrin absorstions (ref. 17). Ligand to ligand
charge transfer (LLCT) transitions were assigned tc absorption bands af the sCI
complexes CBe{bipy]X21 {ref, 18) (bicy = 2,2"-bipyridyl and %~ = halide)
and [Tl(aipy),I,3" (ref. 19).

s1 complexes

Absorption spectra of the sI complexes [CI3MIIM-MIICIEJ2_ with
= Ga and In were not reported. But thers is little doubt that these spectra

are rather similar to that of the iscelectronic Hg22+ ion. The metal-metal

bond of this dimeric iecn is essentially based on the interaction of the mercury

bs orbitals. Tris generales a bonding anc an antibonding ¢ MO. The intense

long-wavelenyth absorgtion of [HZD—Hg[—Hg]-H20]2+ at Kmax = 237 mn

is then assigned to the allowed o — o* transition {ref. 20).

52 complexes
For s~ complexes there exists a larger variety of electronic transitions.
Most important are the metal-centsred s — p transitions. Detailed assignmants

2 complexes.

are frequently complicated by a rather low symmetry of the s
Generally, this is due to the prasence of a sterecchemically active lone pair
which is not any rore a pure s eleciron pair but gains some p character by sp
crbital mixing. Im addition, the solution struclure of 52 corplexes is often
unknewn since they can underge excessive ligand dissociation due to their
kinetic lability. Therefore the assignments of sp bands ars frequently given
as Lhose of the free 52 ions (refs. 5-7). All sp abscrption bands occur in
the U¥ spectral region. The two lowest-energy transitions are spin-forbidden
(130 - 3P1 and 15ID I 3P2}. The corresponding azbsorption bands
can be of considerzble intensity (& ~ 103] since spin-arbit coupling is very
strong for the heavy metals such as TlI SbIII III, and Telv The
first spin-allowed sp transition ( 5 - P } appears at higher energies.
The spin-forbiddern 5 53
hand at Amax = 255 nm also for atomic mercury in solutions of a variety of
solvents {ref, 21). While in the gas phase of mercury this transilion appears
as an absorption line it is broadened in solution due to the perturbation of
the mercury atoms by the solvenk.

In some cases such as [Sbclﬁja' or [TeBrG]E' regular octahedral
complexes are formad. The lene pair preseryes its s-character since sp mixing
does not take place. C(lassical ligand field theory leads then to a detailed

assignment cof the sp absorption bands in the octahadral ligand field {refs.

P1 'tr'an51t13'1 appears as a narrow intense
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22,23,24,28),. Their energy increases in Lhe following urder:
i 3 1. .3 1 L3 i i 1 1
A1g » Ty { SD p1) < Alg T1u ( T1u ( 50 = P1)'
In addition to sp, LMCT transitions of &% complexes are pessible since the

3 1 -
50 - PE) < A1g

p-orbitels are empty. Thesa transitions occur generally at much higher energies
than the LMCT transitions of sD conplaxes which have also empty s orbitals.
However, LMCT pancs appear only in the accessible wavelength rsaion if the 52
metal is falrly oxidizing. While a LMOT band was not detected in the spectrum
of [SbC1513' (refs. 24,25) it appears at A_.. = 270 m for [TeBrE]Z'

{raf. 22) which contains “he much more oxidizing Te™'.

Cenerally, 32 metals are not oxidizing but recucing due to the presence of
the lone palr. Accordingly, iew-energy metal to Lligand charge transfer {MLCT)
transitions should occur for & complexes with suitable ligands such as
2,2"-bipyridyl (bipy) cr 1,10-phenanthroline {o-phen}. Such MLCT bands were
indeed identified in the spectra of M'''{bipy)}Xy with ¥ = Sb and Bi and
£ =C17, Br and 17 {ref. 26). The energy of the bands increases from
Sb]f! ic B-lIII
these metals. There is also 3 devendence of the snergy of the MLCT bands on
the ligand X . It has been suyyested that this effect is caused by the extent
of sp mizing at the metal. MLCT assignments were also made for absorption bands
of the complax [SnH{CaMe5)b1py]+ {ref. 27) and metallcporphyrins of
sall, spliL, ang it (ref. 17).

in agrzemant with the change of ihe reducing strength of

sD/s2 mixed-valence complaxas

Mixtures of sg and 52 complexes of the same metal such as S,n”“‘lr or

Sblll;v show low-gnergy 32 - sD metal to metal charge transfer (MMCT)
bands (ref. 28). Bridging halide ligands facilitate the mixed-valence
interaction. MWMCT transitions were assigned to long-wavelencth absorption
bands of [M2c11032“ with M = Sn (ref. 29) and Sb (ref. 30}.
p2 compleses

Simplie p° complexes are expacted to possess metal-centered p = p and
LM(p)CT transitions at low energies. Thiz assumption was confirmed for the
sguare-planar complex [Ithj'. The longest wavelength band at Amax = 335
nm is assigned to the Laporte forbidden pp transition Zazu (pz) - 3eu
(px,y} {refs. 31,32). The more intense band of 11C14]' at shorter wave-
length belongs certainly to a LMCT transition from the chloride ligands to the
emnty 3eu orbitals of the oxicdizing IIII ion {raf. 32).

pa compiexas
The linear p4 complexes [IICIEJ', [I(pyridine]2]+ and [II[CN)z]'
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(ref. 33} should certainly show low-energy pp transitions from the non-banding
HOMO 2ﬂu (nx,y} o the antibonding LUMD 30u (pz {ref. 31}, 1In the

spectrum of [ICIEJ' this pp ban¢ appears at 335 nm (refs. 31,32}, In

additior tc pp absorpticors LMCT bands and in the case of [1{pyridine]2]+ and
lI(CN}z]- MLCT bands are expected to occur,  The spectra of these two
complexes have not yel been recorded,

EMISSION SPECTRA

while sU cemplexes with a LMCT state as lowest excited state are generally
not luminascent many s complexes are amissive. The emission originates from
the lowesi-cnergy sp cxclted triplet. Freguently the luminescence ¢an be obser-
ved ever at room temperature and in sclution. The aquoc or hallde complexes of
T (refs. 34-39), sn'! (refs. 39,40), Pbl! (refs. 37,39.40}, an¢ still
trefs. 25.40) are typicel examples of 32 metals whicn luminescence under
ambient conditions. for instance, the agud complex of T1* erits wish a
quaniun yield of § = 0,17 and a lifetime of 107" 5 at Max = 368 am
(Rexc = 238 nm] in water {ref. 38). The sp triplet 3T1u of [Sbcla]a'
undergoes a luminescence with ¢ = 2.5x107% and 1 € 521077 5 at Anax =
£20 nm in EHC]3 {ref. 25}. The rate constants Tor the phosphorescence and
radiationless deactivation are k = 6.8x10% 57! and k = 2.0x10° 57, The
emission is guenched by oxygen with a secend order rate constant ¥ = 2.7x10
sTw .

If the lowest excited state is of the IL type it may undergo an emistion

regardless of the electron configuration at the metal, Parphyrin complexes of
il 2
3

9

and 5% metals are well Known to Jurinesce from the lowest an* states of
*he porphyrin ligand (ref. 17).

Luminescence of 31, p2, and pﬂ

complexes has not ya*t been ¢hserved.

PHOTOCHEMISTRY

In analogy to transition metal complexes coordinaticn compeunds of the main
group metals might be expected to undergo essentially two types of photochemical
reactions: ligand substitutions and pholeredex reactions. Photosubstituticns
should originate from the metal-centered sp and po excited states which undergo
certainly large distorticns {ref. 41], Such substitutions may indeed occur bul
do not yield stable products. Due to the kinetic lability of many main group
metal complexas a regeneration of the starting compounds would prevent the
observation of photoactivity. Of course, time resolved spectroscopy may show
the existence of short-lived intermadiates,

The photochemistry of main group metal complexes is thus dominated if not
restricled to photoredox reactions. They take place as intra- and inter-
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molecular processes whizh are initiated by metal-centered and CT excited states.
Tnere is not yet much information available on mechanistic details of these

rezctions. However, in many cases a clear relationship between the nature of
the excited state and the type cf phetoreaction nas been established. Most
photolyses were carried out in crganic solvents of low coordinating ability to
exclude axtensive dissociation ¢f ligands.
sU coimg lexas

The majority of main group metal complexes which have been studied photo-
chemically consists of torpounds with a 50 electron configuration. Since the
electronic transitions of these complexes zre exclusively of the LMCT type it is
not surprising that electronic excitation is fcllowed by the reduction of the
rmetal and oxzidation of the ligands. 5table products are obtained by a
two-electron reduction 2f the retal and one-electron oxidetion of two ligands.
LFCT states underco thus a reduciive eliminatior:

I LS
fecording to our experience almost any s0 comp.ex will undergo such a photo-
chemical reductive elimination upon LMCT excitation. 7his behavior is
illustrated by the following examples:

[HgII[N3}3]- - HgD + 3 Ny + NE- {ref. 42}
[Tim(bipy}212:+ STV 4 2 bioy + I, (ref. 19)

g 30,07 o T 4 38, 4 BT (refl 19)

[T (R-000)5] = T17 4 R-CO07 + 2 CO, + 2 *R {refs. 19,43)
el (0,0,0,1% = 1eelT(c,0,0,1% + 2 t, (ref. a4)
[sntfing) 1% - [Sn[I(N3}4:2' + 3%, (ref. 15)

[snt'1,3 > st 4 1, (ref. 45)

pling) 1 = b, 05+ 3 W, (ref. 15)

[pbtVe1, 3 = tpotleL,] + ol (res. 46)

Lsb¥e1 1" = rsb!tle1, 07 + €1, (ref. 25)

The overall stoichiometric equations of these photoreactions are certainly
correct zlthough the malecular identity of the products is not known in some

CasEs,.
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The cptical LMCT excitation is a gme-electron transfer whereas stable
products are formed by a “wo-electron process.  For the molecular mechanism
several possibilities must be considerad. An intermedizte formation of an
Lnstable s'I radical may be followed by Lhe reduction of this radical {A) or
its dispronortionation (B} in a secondary thermal process:

Lo ol

[ IR SRR 7Y

Pl ™y 2

2 M (o)

As an alternative the IMCT state could undergc the reductive elimination in a
concerted fashion. The metal is then reduced by a simultaneous 227 -transfer
from two ligands, which may Je split off as radizals <L {C) or released as a

new molecule L=l {0):

LML 8™ 4 2 oL ()

LMoL = M L Ll (D)

Low-temperature experiments led to the conclusion thdi the photclysis of
[M(N3}6]2' with M = 5n and Pb proceeds according to equation (L) (ref.

15).  This reaction has its counlerpart in the hotochemistry of certain
transition metal complexes. The reductive photoslimination of
fPt(CN)4{N3)2?2_ takes place by the same mechanism (ref. 47). Flash
phetolysis studies of [Pbclq} have shasn that in this case PbCl, and Cl
atoms are prodably primary photoproductz (ref. 46). Fer the other photo-
chemizal reductive eliminations which are described above mechanistic studies
were not yet carried out. The ohotolysis of [Hg(N3}3]' in ethanol is of
special interest singe the formation of mercury ztoms cdan be obseryed under
anbient conditions {raf. 42).

s1 complexes

Irradiation of the cb[M—M) — g*[M-M) absorption of [HgZ{HZO}Z]2+ in
an zir-saturated aqueocus solution leads to the photooxidation of Hg(I)
according to the equation {re<. 48}:

1.2+ 2-

THg, 3+ 0, Dy 5 gdt s 0,

In the absence of 02 the complex does not appear to be light-sensitive. It is
suggested that the oo* excitation is associated with a homolytic splitting of
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the Hg-Hg bend.  The HgI radicals undergo an efficient regeneration of
Hg 2+

Hggl.
mechanism is in operation. As an altarnative the [HgZ{HZG)Z]Q* ion

vould underge a direct excited state electron Zransfer to G,. But the ahote-
homolysis of the metal-mstal bond is a very general prazess for binuclaan

if they are not intercepted by cxygen which oxidizes these radiczls to
However, it cannot be excluded presently that another photochemical

transition meal complexes (refs. 3,49} :=rd does thus probably apply also to
L 17+
[ng{Hzo;Z] .
52 complaxes
Complzxes cf reducing s2 metals such zs TII irefs. 34,3%), Sn11 {rafs
3%,50,51), and SbIIL {ref. 52} are well kruwn to undergs a photooxidatior in
the presence of 02. This reaction proceces according to the equation:

n+ I',|n+2 2-

Mo+ 0, -

2 + O?

The photooxidation of Snll is used for eleciroless metal deposition (refs.
50,581}, Nevertheless, t7e nature of tie reactive excited state and the
mechanism ¢F photooxidaticn has not besn studied until recently. Pravicus
observations were made mainly In agueous hydrochloric acid.  Under these
conditions an equilibrium of several chlerc complexes secms Zo exist. In crder
to work with a well-defined complex we investigated the photochemistry nof

SbIII in Chcla (ref. 25). In the prasence of an exzess ¢f chlorids

(51,1 is formed.

Irradiation of [SbCIG]J' {lirr < 350 nm) leads to tne population of the
lowest 5o tripiet (BTiuJ which phosphoaresces at room temperature and in
solutior. In the preserce of oxygen this luminescence is partially guerched.
Simultareously, the zomplex is pholooxidized to LSbCIEJ‘ with the
ceoncomitanl formatioan of 022_. In an air-saturated solution the photo-
oxidation cceurs with $ = 0.08. Thess results can be explained by the
following reaction zcheme (ref. 25):

- _*
[socl )%+ v o Tsbeig)®

K
tsoc1 1% P, gspe1g1% 4 b
3-% Knp L3
[Sbtls] —_— [SbClE_ + heat

kool o
- POLO]  _y 2.
(spe1g®™ + 0, o rsp¥er 1 + 0,2
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From the experimental data individual rate constants were calculated. The

phosphorescence anc ihe nonradiative deactivation take nlace with kPh -
a.mxiet 577 and Ky - 2.0x107 5L

state electron transfer wilch proceeds with the second order rate constant Kpp
= z.7xi0” st The caleulated guantum yield of photooxidation (4
0.37) is much larger than the experimental walue. It 15 assamed that the photo-

The photuoxidation is an excited

gcxidation is partially reversed by back 2lectron transfer. [T 15 not yet known
whelher the photooxidaticn oceurs by two subsscuent one-electron transier
rrocesses or by a two-electiron transfor in a concerted fashior,

Anotrer interesting 32 metal is mercury ir its atomic state. In soluticn
{refs. 53,54} as well as in *he gas phase {ref. 55) mercury azoms photosensitize
the dehydrodirerization of organic compounds. LY has been suggested that this
very of “icienl CH bond activation takes place via the formaticn of some kind of
exciplex (ref. 53). In view of the z2lectron transfer abilily of ciher excited
52 metals {see above)] it seems feasible that this dehydrodimerization coule
alsp oroceed as a photochemical oxidative addition to excited mercury atoms and
a subsequent reductive elimination:

Hg* + H-CRy H—HgH-CRa - Hy?

+ *H + «CRy
1f the s2 metal 1s “airly oxidizing LMCT tranzitions occur at relatively

2" chows a LMCT band in
additian to Jonger-wavelengih sp absorptions {ref. 22). LMCT excitation leads

low energies. For example, the complex [TeBrGJ
+0 an efficient reductive elimination (ref. 56).
[TeIuBrﬁlz_ -+ [TeIIEra]z_ + Br

2

This photoredex behavicor extends also o the sp region 3t low energies although
with lower cuantum yislds. [t has been suggested that the sp excited state has
a certain probability to cross over to the reactive LMCT state.

50;’32 mixed valence complexes

As shown by radioactive labeling the mixed-valence sysiem [SnIIClnlz—f
[Sﬂlvclﬁlz' does not undergo & rapid thermal ligand exchange beiween both
F. Snlv MHCT band a facile
ligand exchange was indeed observed (ref. 57). It is remarkable that this

complexes. Hewever, upon irradiation of the Snl

reaction was already studied in 1951 long befoure {ransition metal complexes were
shewn to have reactive MMCT states (ref. 58).
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DZ cemplexes

Ypen LMCT excitation the p2 complex [IC141_ undergoes a reductive
eliminaticn (ref. 32):

-, 111 - Lo -

i Claj - [1 C;2J + Cl2
Light abscrption by the pp-band at langer wavelength leads to the same reection
but with a lower guantum yield. This reduced efficiency may be explained oy 4

mechanism which accounts also for the wevelengih-dependent quantum yield of tre
photochemical reductive elimination of [TeBrE]E' iref. 56},

QUTLCOK AND CONCLUSION

At this point it is certainly of interest tn compare the photochemistry of
cogrdination compounds of the main grcup mefals with that of transitior metal
complexes. Our discussion has shown Lhat Lhere are many similarities but alsc
some pronounced differences. Dus to the kinetic labiliity of simple mzin group
retal conplexes photosubstitutions ¢of ligands cannot he obsarved while tois type
of pholoreaction is imperlanl for transitiun metal complexes {refs. 1-4].
Phetoredox reactions are common for soth metal groups. However, transition
metal complexes undergn frequently cne-eleciron photoredox processes while the
main group metals change their axidstion states almost always by two units.

Wizh regard to potential applicaticrs the main group metals offer certain
advantages over the transition metals. As photocatalysts ths main group metals
may have a better capability for reacticns which require multi-electron transfer
processas such as water splitting or transformations of organic compouncs.

For excited state electron trarsfer the kinetic lability of mein croup metal
complexes is not necessarily a disadvantage. This kinetic lability may even
prevent a gradual decomposition of tre photocatalyst in an undesirzble side
reackion, On the other sice, zpplications may be presently hempercd by the Fact
that most main group metal compounds are colorless and require irradiaticn in
the UV region. However, a photolysis with visible light is certainly feasible
by using appropriate ssnsilizers. Applicatiuns of the photochemistry cf wain
group metal complexes are yet rare (refs. 50,51). HNeverthalsss, we anticipate
that this short review will stimulate further research of this interesting
branch of inorganic »hotochemistry. Impertant applications may be developed on
the basis of a better xnowledge of the photochemistry of mzin group metal
conplexes.
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