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A. INTRODUCTION 

During the past twenty years an increasingly huge number of investigations invoIving 
the photochemical reactions of transition-metal coordination compounds in aqueous solu- 
tions has been reported. Much of this work has been summanzed in the various reviews 
that have been published’-‘. In contrast to the aqueous solution photochemical reactions, 
relatively few sohd-state photochemical reactions of transition-metal complexes have been 
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investigated Undoubtedly the same energy levels are mvolved in the inrtral ‘b>orption 
processes regardless of the state of the sample These processes, which have pr:vrously 
been discussed’ p4S6, are d-d transrtrons and charge transfer excrtations It has been pomted 
out that the former often result in ligand substrtutron reactions whrle the latter result m 
oxrdation-redtctron reactrons 4. Although the initial absorption processesare the same, 
the subsequent thermal or “dark” reactrons are almost certainly different n the solid 
state than m aqueous solutions. For thrs reasons alone, the study of the s&d-state photo- 
chemical reactions of transition-metal coordmatron compounds IS Important. 

Probably the major reason that there have been fewer studres mvolving photochemical 
reactions of transition-metal complexes in the solid-state than in solutron IS the fact that 
the experrmental drffisultres are perhaps greater It has only been recently that expenmen- 
tal techniques have been developed whrch make quantitative sohd-state photochemrcal 
reactions convenient to study. In this review, these techniques wrll be briefly drscussed 
along with some of the pertinent theoretiLd developments as well as the results of some 
of the mare Important mvestrgatrons that have been reported. Studies deahng with the 
photolysls of sunple salts (metal halides, azldes, etc.) will be omrtted as they have pre- 
vrously been revrewed’-’ 

B EXPERIMENTAL TECHNIQ’JES 

(ij Radiation sources and intensity measurements 

The radiation sources which have been used 111 solid-state photochemical mvestrgatrons 
of transitron-metal coordmation compounds are, m general, the same as those used m 
many other photochemical studies lo Normally, any rather mtense, visible or ultraviolet . 
source 1s applicable. Wavelength control may be accomplished by the use of filters or a 
high-intensity monochromator Intensity measurements are usually made wrth suitable 
actinorneters such as the uranyl oxalate”, the ferrr oxalate’2213 or the Remecke’s saltt4 
systems. A radiometer mvolvmg the use of thermoprles has also proven convenient for ra- 
diation mtensrty rrleasurements1s 

(ii) Methods of uientification and anulysis of photoprodrccts and reaction ititermediates 

Srnce sohd-state photochemical reactions are essentially surface reactions, extremely 
small quantities of photoproduct may be formed Most of the techniques whrch have been 
employed to identify or analyze the photoproducts were designed to crrcumvent tlus 
difficulty. In some mvestigations, alcohohc slurnes of finely powdered reactant were 
photolyzed’6?“. Reaction was carried out to completion and the photoproducts analyz- 
ed by wet chemical methods, magnetic susceptrbrlity, or other conventional methods 
Another method which has been employed m an attempt to force a solid-state photo- 
chemical reaction to completron involved the use of a rotating quartz reaction tube” 
Finely powdered reactant, which was placed in the tube, was irradiated as the tube rotated 
Using thts method, evolved gases couid also be analyzed by the use of mass spectrometry 
or gas chromatography. Other methods involving the coating of thin layers of the reactant 
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Fig I. (A) Infrared spectrum of KS [ Mn(C20&] l 3HzO in a KCI pallet. (B) Infrared spectrum of an 
nrabted KC1 pellet contaimng K3 [Mn(C20&] =3H20, irrarllabon tunes in&catedyo. The peak at 
2344 cm-’ 1s due to CO;? trapped m the pellet 

on quartz rhtes have aho bee? descnbed’5~‘g. 
A technique which has been proven to be especrally convement for the rapid rdentrfica- 

tion of photoproducts mvolves the use of alkali hahde pellets20-24. Using this method, a 
small amount of reactant was ground wrth dned alkah halide and pressed into the form 
of a transparent pellet which was then madrated In one mvestrgation20, the infrared 
spectra of the photoproducts were then obtained An example of the spectra obtamed 
for the products of the photochemical reaction of Ka [Mn(C2 04)a ] l 3Hs 0 1s grven m Frg 
1. As can be seen, not only were the solid photoproducts identified but also trapped 
gaseous photoproducts as well 

Probably the most rapid and convement method whrch has been used for rdentrfymg 
products of photochemrcal reactions of powdered samples mvolves the use of reflectance 
spectroscopy. Thus was especrally applicable to transrhon-metal complexes, most of which 
have uruque vrsible spectra The method was first employed in 196525 and has subsequent- 
ly been used in a number of mvestrgatrons 16-1886*27. The general procedure has been to 
obtain the visible reflectance spectrum of the sample after vartous Irradiation tunes The 
spectra of the photoproducts may then be rdentrfled Examples of jhe spectra obtamed 
durmg the photochenucal reaction of powdered Ks [Co(CaO,)a] .3H20 are given in Fig 
2. The spectrum after 90-mmute irradiation was identified as that of K2 [Co(Ca04)a] 

A promismg new method of detecting mmute quantrties of short-hved free radtcal 
intermediates formed m solrd-state photochemrcal reactions of transrtron-metal complexes 
by the use of ESR has recently been reportedz8 

(iir) Qumtum yield detemrmtions 

In only a few investrgatrons have quantum yield values for solid-state photochemrcal 
reactrons of transition-metal complexes been determined SpencerI determined quantum 
yreld values for the oxidation-reduction reactions of Ka [Fe(C2 O,)s] l 3Ha 0 and 
Ks [Co(Ca 0,)s ] l 3H2 0 usmg various radiation intensities and wavelengths Thin layers 
of the compounds on quartz plates were photolyzed and the transmittance and reflectance 
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Frg 2 Reflectance spectra of the photoproducts of K3[C0(C204)3] *3H20z6. Original compound 
-, after 15 mm wadration - - - ; after 45 mm irradlatron - - - --; after 90 mm lrradlation 

values at the wavelength employed were measured at various tme intervals during photo- 
lyns. The quantrty reacted was determmed by wet chemcal analysrs. This method had the 
disadvantage that absorption of radrahon by the photoproduct was not taken mto 
account. Usmg a srmrlar method’s, m whrch quantum yreld values of the oxrdation- 
reductron reactron of K3 [Mn(C2 0j)3] l 3H2 0 at 400 nm and varrous ra&ation mtensrtres 
were determmed, the radratron absorbed by the photoproducts was also taken into 
account. The method made use of rate plots rather than chemrcal analysis and wrll be 
discussed m more detail in the next section Another met’lod of determmmg the quantum 
yield of a sohd-state photochemrcal reaction mvolves the use of alkah hahde pellets2Ly2g. 

C. RATE EQUATIONS 

(i) Thin hzyers or pi&es 

The development of equatrons descrrbing the rate of the phptochemrcal reactron of a 
sample in the form of a smooth laye - or plate (such as a pressed alkali hahde pellet) IS 
partrcularly difficult smce the ra&ation intensity is attenuated by absorptron on passing 
through the sample. Thus, t!--, concentration of reactant also varies with depth %LJ the 
sample. A method for ca!cdating the average radiation intensrty for the case in :,.hrch 
there is no concentrat;on gradrent in the sample was descrrbed in 19413’. Only rece?+, 
however, have attempt- been made to treat cases in which there is a concentration gradient 
across the sample due to photochemical reaction theoretically. An attempt was made by 
Shker3’ to determine the rate of the photochemical reaction of a solid for the case i.1 
which both the radiation intensity and reactant concentration vary with depth into the 
sample. He was unable to obtain a solutron in closed form, although approximate solutions 
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were obtamed. Wdson3’ obtamed rate equations for solid-state photochemical reactrons 
in whuzh the Mfuslon of gases through the sample was involved. By using Fick’s first 
law for the diffusion process, he obtained expressions for the quantum yield for four 
Mferent cases; these are listed in Table 1. 

TABLE 1 

F~pressions for solid-state photochemlcal quantum yields 

Equations for the quantum yxeld of sohd-state photochemlral reactlons for four cases m which the 
tifusxon of gases 1s rmportantS2; I 1s the depth into the sample, D the dlffuslon coefficient of the 
gases, Ia *he rate of hght absorpaon, t?o the u&al product concentration functron, 81 the product 
concentranon function, $J the quantum yield, and k’s are constants 

C&se Z Rate independent of 
gaseous product 
concentraQon 

Gase ZZ Rate proportIonal to 
gaseous product 
concentration 

Chse 171 Rate mdependent of 
gaseous reactant 
concentration 

Case Z V Rate proportional to 
gaseous reactant 
concentratxon 

@Z’ 
a 

1 
k31- (k3’12 - 8k3Dc?1)“2 

@= 
‘a’ 

f%el c 1 1 
9= - 

z2Za n=1,3,5 ,* 1+(k,~*/Dn2s2) 1 

One of the :;lcjst apphcable methods yet used to obtain an expresslon for the rq,e of 
the phot&z.Tlcal reaction of a sohd layer IS that gwen by Barker et a1.33 _ A sohd layer 
was divided into n smaller imagmary layers of thickness, 6 (m mm) The radiation impmg- 
mg on the i* layer, IO (i, t) (in photons mm-’ _ see-I), for the case m wluch photopro- 
ducts are transparent is given by eq. (1). 

m=z- 1 

lo(it)=Io m;l exp [--aCA(mS t)s 1 (1) 

where IO is the radiation intensity at the sample surface, a the reactant absorption coeffi- 
cient (in Lmole-’ _ mm-’ ), and CA (na. f) the reactant concentration of the m th layer at 
time t (in moleI’). The rate of reaction in the ifi layer is given by eq (2). 

dCA(i t) l&%(i t) 
- 

db = N6 {1 - exp [-aCA(& t)sl) (2) 

C&ML Chem. Rev.. 7 (1971) 11-27 
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where @ rs the overall quantum yreld and N is Avogrado’s number Although an exact 
sol&on to eqs. (1) and (2) was not obtamed, an approxrmate solution grven by eq (3) 
was obtamed by assuming that (YC*(~, t)6 is small 

CA (k, t+r) = CA(i, t) exp 
IO6 cY$t 

-2N [Io(i,t+r) +lo(r, t)l) 

where CA (i, t t T) IS the concentratron of the r -* layer at time f + r and Ia (i, t + T) is the 
radratron intensrty on the ith layer at trme t + r A method was described by wh,rch 
6 q. (3) could be used to determme the quantum yield by summmg C, (i, t+ T) over all 
rmaginary layers by the use of a computer The case m which photoproducts absorb ra- 
clratron was treated 111 an identical manner except that the term, 

where PZ 
of the] ch 

1s the stoichrometry coefficrent of the] th product, PI the absorption coefficrent 
prcduct, rnd C, the mrtral reactant concentratron, was added to the exponents 

in eqs. (1) and (2). 
More recently, an exact solution to the problem for the case m whrch the photoproducts 

are transparent was obtamed by a method makrng use of the following differential equa- 
trons3”, the Beer-Lambert equation 

and the local rate equation 

where I iSthe radiation mtensity and CA the reactant concentration (both are functrons 
of reactron tune, t, and drstance, X, across the sample). The solutrons obtamed for 
eqs. (4) and (5) for a sohd layer are 

C,=Ca exp(-@&Cyt) {exp(-@c&o) [1-exp(-aC,X)] +exp(-ckGX))-’ (6) 

and 

I=& exp (-C,arX) { exp (-@r&t) [ 1 - exp(-&X)1 +exp(--(YCoX)}-l (7) 

Mauser3’ obtamed the same equatrons by a drfferent method for vrscous samples 
For the case m whrch photoproducts absorb radiation, a srmrlar treatment yrelded the 

following approximate equatron whrch 1s valid for small t 34. 

CA = c, 1 + [(u/ (a-b)] 
exp [-(cr-b)@&t] exp (-k&X)-exp(---(YC.X) 

exp [-(c~-b)&P] (l-exp(-cYCoX)] +exp(-tiCoX) 
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where b is a combmatlon of stolchrometry coefficients and absorption coefficients of the 
photoproducts. 

Using a different approach, Spencer and Schmidt36 obtained a rate equation for the 
photochemical reactmn of a solid layer by assummg that a defined boundary exists bet- 
ween the photoproduct layer and the reactant_ The surface boundary was Pssumed to 
move downward as a function of time of irradiation. 

(ii) Powdered samples 

A rate equation has been obtamed for the photochemical reaction of a thm layer of 
a powdered reactant coated onto a quartz plate” _ The equations used are 

dCA 
-=-bIor,C, 
dt (9) 

and 

~-T-R=~ACA+CY~CP (10) 

where R 1s the reflectance, T the transrmttance, C the concentration m mole cm-’ 
(smce the reactant IS m the form of a very thin layer, It 1s convenient to measure the con- 
centration in units of mole.cm-* ), 01 the absorption coefficient, and A and P refer to the 
reactant and product, respectively_ 

In wntmg eqs. (9) and (10) it was assumed that the-sample layer IS thin enough that 
the radiation intensity may be considered constant throughout the sample The rate 
equation from eqs. (9) and (10) 1s 

dln[Tp+Rp-R-T] =- 
dt 

[~-TA-RAI~~ 
G 

(11) 

where Co is the untial reactant concentration. Equation (11) can be used to determme 
the quantum yield from the slope of a plot of In [ Tp +Rp - R -- T] vs t. Figure 3 Illus- 
trates such plots for the reaction of K3 [Mn(C204)3] l 3Hz0. 

Powdered samples are more easriy handled m bulk than m the form of thin layers on 
quartz plates. For this reason it would certamly be advantageous d reflectance measure- 
ments could be used to study photochemlcal reaction rates of bulk powdered samples, 
and this has, iQ fact, been attempted16. Unfortunately, however, the theory of reflec- 
tance spectroscopy has not yet been sufficiently developed to allow the calculatron of 
trustworthy concentratron values from reflectance measurements. The present status of 
the theory has been extensively reviewed 37-39 _ In the past, two models representing a 
powdered sample have been widely used. in rhe first model, a,powdered sample 1s treated 
as a contmuous medmm40-42 _ Unfortunately, equations obtained usmg such a model 
include optical parameters (such as the absorption coefficient) m some unknown fashion 
m two or more arbitrary constants. In the second widely used model, a powdered sample 
1s treated as a collectlon of parallel plates 43-4s. Equations obtained using this model 
also fd to relate explicitly the reflectance to the optical parameters. 

Coord Cizenz. Rev., 7 (1971) 11-27 
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FIN 3. Rate plots for K3(Mn(C20&] l 3H20 at a wavelength of 400 nm”. o,Z= 1.47 X lo-’ 
emsteins/cm’ sec,e,Z= 1.17 X lo-* einstems/cmz sec. o,Z= 0.74 X 1Om8 emsteins/cmz set 

Probably the best model yet proposed is that due to Melamed4’ _ He treated the ran- 
domly shaped and oriented partrcles of a powdered sample as a collectron of umformly 
sized rough-surfaced spheres The same model has recently been used to obtam a rather 
simple expressron for the reflectance, R, of a weakly absorbing powdered sample4’ _ 

R = exp [-2n(kdf3)‘12] 02) 

where n IS the index of refraction, k the absorption coefficrent (cm-‘) and d the particle 
diameter. Using eq. (12) along with the usual local rate equation (es. (S)), the rate of the 
photochemical reactron of a powdered sample in terms of &.s reflectance was found to be 
gtven approximately by eq. (13)48 _ 

Thus, by measunng the change m the reflectance of a powdered sample with time of 
irradiation, the quantum yreld may be determined if Cg (in moles.cm-2) rs known. Many 
approximations, however, were made in the derivation of eq (13). For example, it was 
assumed that n and d remam constant throughout the reaction. Eq. (13) has not been 
rigorously tested experimentaiiy, although preliminary results indrcated that it may be 
applicable at least as a rough approximation 48 Certainly more theoretical developments . 
are needed in this area. 
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D. OXIDATION-REDUCTION REACTIONS 

(i) Tnk(oxahto) metai(m) complexes 

The solid-state photochemical reactions of the compounds, Ks [M(G O~)S] -3HzO 
(M = Co, Mn, Fe), are among the most extensively mvestigated of the transition-metal 
coordmation compound: 15~-17~‘g~20~26~4g~50. The followmg color changes, which occur 
on exposure to ultraviolet radiatron, are observed5’*52. 

M=Co dark green --f violet 
M=Mn deep red --f white 
M=Fe emerald green + yellow 

By the use of reflectance spectroscopy and magnetic susceptrbrlity as well as wet 
chemical analysis, the storchiometries of the reactions have been established’6*‘7P26, 
these are 

2K3 [M(C204)31*3H20 JS 2Ks [M(CsO4)2] + KaCsO4 + 2 CO2 + 6 Hz0 (14) 

where M = Co, Mn and 

2 K3 [Fe(Cs 04)a ] *%I20 -%2kC204 +3K,c204 +2C02 +6HaO (15) 

In each case the central Imetal ion rs reduced from the trivalent to the divalent state and 
an oxalate ion 1s oxidized. 

Spencerrg has measured the quantum yield values for the reaction of the cobalt(II1) 
and rron(iIII) compounds_ For the Iron compound, values between 0.07 - 0.20 mole/ 
einstein were found. The quantum yield value increased with increasing intensrty and 
with decreasing wavelength. For the cobal: compound, values between 0.1 and 0 6 mole/ 
einstein were found. The quantum yield v&e passed through a maximum at 3 13 nm and 
was independent of intensity at this wavelength. The values found in all cases were less 
than those for the correspondmg aqueous solution reactions53-56 _ However, as mentioned 
previously, absorption of radiation by the photoproducts was not taken rnto account, 
thus, the quantum yield values obtained are probably too low_ 

For the iron(W) complex, Bitts et al.“, obtained a value of 1.3 for the quantum yield 
of the solid-state photochemical reactron usmg hght of 334 nm wavelength. The value, 
which is considerably larger thar the values obtained by Spencer”, is also larger than 
those obtained by Ballardini et al. 2g . The latter obtained values of 0.9 at 245 nm, 0.75 at 
313 nm, and 0.5 at 365 rrm and found that the quantum yield increased with increasing 
pressure. 

In another mvestigation” , the quantum yield for the reaction of the analogous 
manganese(II1) compound was measured at 400 run. The value obtained (0.52 + 0.09) 
was independent of the ra&ation intensrty, and surprrsingly, was about the same as that 
found for the corresponding aqueous soiution reaction” at the same wavelength. 

Mechanisms for reactions (14) and (15) have been proposed which involve oxaiate ion 
radicals and bridged mtermediates16~‘7~26. Recent ESR evidence*‘, however, indicated 

Coord C?zem Rev.. 7 (1971) 11-27 
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the plesence of the carbon droxrde ran radrcal durmg the sohd-state photochemical reac: 
trons of these compounds. In vrew of this evrdence, the most hkely mechamsm IS as 
follows. 

00 
I 

c=o3- 

WTz 04)3 ‘--@+ (C104)ZM-O-; __t 

:: 

(16) 

i-y c y=o’- 

GQ412 hf - 0 - F ---YM(C~O~)~‘- +cos +coz-. (M = Co, Mn) 

0 (17) 

_it M&O4 + Cz04 2-+C02 +C02-. (M=Fe) 

The Ion radrcal most hkely reacts with an adJacent molecule 

WC2 0413’ - +CO~-*+M(C~O~)~~-+CO~ +CZO~~- (M=Co,Mn) 

-+-MC;:04 + 2 CzO4 2- +co2 (M = Fe) (18) 

The mrtral absorption process IS appaently a charge transfer excrtatron 111 all cases 
mvolvmg the transfer of an electron from a hgand orbrtal mto a metal tzg or eg orbital. 
The smular compounds, (NH,)a [Fe(C204)3] l 3H20 and Na3 [Fe(C204)3 1 l 3&O, 
have also been studred in connection wrth photocondtictivity investigations s7y58 - 

(n) Manganese(III) malonato complexes 

The solid-state photochemical oxrdatron-reduction reactions of the complexes, 

M [Mn(ma% 0% 0)~ I l 2H2 0, M [M;l(ma& (& 0) 2 1 , and M [Mn(mal)2] (M = NH4, Na, 
and K), have been investigated by the use of reflectance spectroscopy, magnetic susceptr- 
b&y, as well as by wet chemical analysis r s . No difference m the reactions of 
M[Mn(mal)e (Hz 0)2 ] l 2H2 0 and M [Mn(mal)2(Ha O)a ] was observed except that the 
hydrated compound lost the water of hydration. In the reaction of M [Mn(malh (J% 012 1, 
the first step appeared to be a dehydratron 

M]Mn(ma%(Ha O)a 1 %- M[Mn(maQ2] + 2H20 

On further irradratron, thrs complex reacted according to the reactron 

2 M[Mn(md)2] -% M~mal+2Mrznal+H~O+3CO 

(1% 

(20) 
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Further irradiation m an au atmosphere decomposed the manganese malonate, or 

2 MnC3H204 + 2 O2 -k 2 MnC03 + CH,COOH + 2 COz (21) 

Some manganese(H) acetate was found in the photolysis product which was thought to 
be due to the reactron between MnCOs and acetic acid. 

The amount of the complex, K[Mn(mal),(H20)2] l 2H20, reacted after 30 min of 
irradiation was determmed at several wavelengths These data are given in Frg 4. As can 
be seen, there is a maximum in the curve at about 325 nm, which most hkely corresponds 
to the charge transfer band maximum. 

(iii) Mercmy(I_i) dkl?cyl mercaptides 

The sohd-state photochemical oxrdation-reduction reactrcns of six different mercury 
(II) dr-alkyl mercaptrdes at 253.7 nm have been investrgated”. Among the products were 
mercury, mercuric sulfide, and alkyl drsulfides. The order of the susceptrbrlrty toward 
reaction was alkyl = benzyl > n-propyl > Isopropyl - cyclopentyl > t-butyl > phenyl The 
susceptrbrhty order was thought to be controlled by the relative stab&y of the thro-free 
radical which was thought to be a reaction intermediate 

(iv] Coba& ammine complexes 

The solid-state photochemical reactions of the complexes, [Co(en),] X3 (X = F, Cl, 
Br, I), have been mvestigated 6o Polarographrc analyses, mfrared spectroscopy, magnetic 
suscephbrlity, and mass spectrometry were used to analyze the reaction products 
Cobalt(I1) as well as cobalt(II1) ion was found m the products and the two were present 
111 a 1 1 ratio. Halide oxidatron was not observed, but two moles of ammoma were 
evolved for each cobalt(I1) ran produced_ The cobalt(I1) was apparently present in the 

Fig. 4. Effect of radiation waveIer.gth on the photolysls of K[Mn(ma&(H20)21 l 2H20. Irradlatxon 
period at each wavelength was 30 min’*. 

Cooed Gem. Rev., 7 (1971) 11-27 
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products as a tetraccordinate ion and the ccbalt(II1) was present as some umdentied 
yellow complex ion. Both the cobalt(H) and the ccbalt(II1) were thought to be part of 
a polymer structure mvolving amine ccndensatrcn products The reactivity order of the 
complexes increased in the order F > Cl > Br > I, which rs the reverse of the order ex- 
pected on the basis of the ease of electron transfer from the halide. The reactivity order 
was explained on the basrs of the anion mcbrlrty in the crystalline lattice 

The photochemical reactions of the schd compounds, [Cc@), ] Cl3 and [Cc(NHs) 6] 
Cl3 , were studied in the same investigatrcn60 The reactrvrty order of the three chlcnde 
compounds mcreased in the order [CC(NH~)~] Cl3 > [Cc(en)s ] Cl3 > [Co@n),] Cla. 
The kmetics of the schd-state phctcchemrcal reachcns of [Cc(NH,), ] CI, and 
[Cc(en)s] C!s have been studred ‘I , but the reaction mechanism was found to be extre- 
mely complex. 

Each of the following compounds have been found to undergo schd-state phctoche- 
rmcal cxrdatrcn-reduchcn reactrcns, although the reaction stcichicmetries have not been 
determined. [Co(NH,)5 Cl] Cl* 6t, [C!c(NH3), (NCS)] (SCN)2 61 , [Cc(pher$ CZ 04 ] - 
I -Hz 0 G!, [Cc(NH3)s Br] Cl2 61, K[Cc(en)(C, 04)~ ] 63, and [Cc(NH3)5 Hz 0] X3 
(X = Cl Br, I) 28 _ Photo-mdiced rsctcpic exchange between Cc(III) complexes and 
cobalt&) has also been investigated recently64 _ 

(u) Miscellaneous 

Beacorns observed color changes on irradiation of a large number of fohd transition 
metal coordination compounds with ultraviolet hght. Many of these were undoubtedly 
oxidation-reduction reactions; unfortunately, however, the stcichicmetries of most of 
the reactrcns were not deterrmned. The compounds, K3 [Cc(mal)3] l 3H2 0, has been 
observed to change from a green to a brown color on irradiation with ultraviolet hght6’. 
It has been established that at least some of the ccbalt(II1) is reduced durmg the reaction. 
The reactrcn stcichicmetry, however, has not been established. 

The rrcn(III) complexes, H[Fe(Hs O)(EDTA)] 23r24, Hz [Fe(DTPA)l 23’24, fen-k 
arnmcnium crtrate65, and several others 67 have been observed to undergo solid-state 
photochemical reactions which probably involve oxidation-reduction. The tungsten and 
molybdenum complexes K3 [Mc(CN)a] 68, I(4 [W(CN)s] 68, K3 [Mc(CN)a] 6g, 
K3 [W(CN),] l 2H2O ‘Oy71 and H3 [W(CN),] -6H20 “,‘r, were also found to be photo 
sensitive in the solid state. Of the srlver and gold cccrdinatrcn compounds, the fop wing 
have been observed to undergo photochemical oxidation-reductrcn reactions. 
Co[A&(S203)5] *RI&O 72, 
C4Br,I)74, 

[Ag(2-phenyliscphcsphincl)2] NO3 73, [(AgX)* en] (X = 
[Au(CNCHa)s] c104 “, AuP(CeHq)sNs 76, and [As(&Hs)4] [A4.N3M7’. 

In studies connected wtth the phctctrcprsm of schds, certam pclymclybdates and 
tungstates doped with titanium oxide have been found to undergo photochemical cxida- 
ticn-reduction reactions”. However, since phototropism has prevrcusly been reviewed”, 
this area wrll not be covered here. 
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E. LIGAND SUSSTITUTION REACTIONS 

(i) Chron2iim@~) amnine compkxes 

The decoloratron of the complexes, [Cr(en)s] X3 (x = Cl, Br, SCN), on exposure to 
visible light has been observeds2*80. MO re recently, the reaction stoichiometries have 
been determrned by the use of refiectance measurements2’ and found to follow the 
equations 

[Cr(en)s ] X3 s cis- [Cr(en), X2] X + en(X = Cl, Br) cm 

and 

[cr(erh 1 (SW3 hv_ tram [Cr(en), (SCN), ] SCN + en (23) 

The correspondmg iodine compound drd not undergo a photochemical hgand substitutron 
reaction under visible light. The susceptibihty toward reactron was found to be SCN >> Cl 
> Br, which is the same as the order of these hgands in the spectrochemical a,eries. Probably, 
in the case of the SCN complex, steric hindrance prevents the formation of the cis-com- 
pounds; the more stable tians-compound is therefore formed. The complexes, 
fCr(NHs)s:isO] Brs *r , tCr(NH3)SH201 2@04)3 -3H20 ‘r , [c@ff3)6] x3 82y83, and 
[Cr@n), ] Cl3 83 have been observed to undergo solid-state photochemical reacrions - 
whrch probably involve hgand substitution 

(ii) iVitro-nitrite isomenzation 

On irradiation of the solid complexes, [Co(NH3)s NO?] X2 (X = Cl, Br, NO,) Beacorns 
observed a change in color. By the use of reflectance measurements, Wendlandt and 
Woodlock” found that this color change was due to the isomerizatron reaction 

[Co~H,)SNO2lX2 hv\ CWW3)5ONOlX2 (24) 

The compounds, [c”~3)3~02)31, CI%-[CO(NH~)~(NO~)~]NO~ and cis- and 
trm2s-[Co(en)2(NOz)2] NO3 drd not undergo photochemrcal rsomerizahon reactions2’ _ 

The complex, trmts- [Co(en)2(SCN)(N02)] C104, was observed to undergo a photo- 
chemical reaction in the sohd state which was assumed to be a nitro-nitrito isomerization 
reaction84. Similarb~, the complexes, [CO(NH~)S@JO~)] (C,04)2 84*8s and 

W?W )S (NO2)] Cl2 86 undergo linkage isomerizatron reactions on irradiation wrth 
ultraviolet hght. The thermal nitrito-nitro isomerization reaction of [Pt(NHs)sONO] Cl3 
was found to be accelerated by irradiation with 254 and 3 13 run radiation*’ 

F. COMPARISON WITH SOLID-STATE THERMAL AND PHOTOCHEMICAL REACTIONS 

Several transitron-metal coordination compounds have been observed to undergo 
sirruhu thermal and photochemrcal reactions. For example, the compounds, 
K3 [M(C204)s] l 3HsO (M = Co, Mn, Fe), all undergo thermal oxidation-reduction 
reactions which, except for the cobalt compound, have stoichiometries identical to the 

Cootzi. Chety Rev., 7 (1971) 11-27 
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correspondrng photochemical reactions’6v’9P26. For the cobaIt(II1) compound, water 

enters the thermal reaction but not the photochemrcal reaction Probably, since water is 
evolved concurrently wrth the thermal reactron, unbound water 1s avdable for reactron. 
It has been observed that the rate of the photochemical reactrons of the three compounds 
under contmuous ultraviolet light could be correlated wrth the thermal reaction tempera- 
turess8. This IS shown m Table 2. The relative order of the rates of the photochemical 
reactions Is the same PS the order of the mstability of the trivalent oxidation state of the 
central metal ion. The correspondmg chromrum(II1) compound undergoes neither a ther- 
mal nor a photochemical oxrdatron-reduction reaction mvolvmg the for-matron of Cr(I1). 

TABLE 2 

Comparrson of the suscepttblty of some metal complexes toward photochc-ncal reactrons w~tb the 
thermal reaction temperatures 

Oxtdatton-reductton reactrons of some tns(oxalato) metal complexe~8a 

Rdatwe rates of the 
photochemtcal reactions 

17rermaI reactzon 
temperazure ( “C) 

K3[bh(C204)3] l 3H20 > K3[CO(C204)3] -3i-i20 > Ks[Fe(CaO&] .3Hz0 

85 120 - 300 

Lgand substrtutron reactrons of some trrs(etbylenedramme) chrommm(Ir1) complexes” 

Complex 

[Cr@n)3 1 (SCN)3 

[CrW)3 1 Cl3 

[CdenM Br3 

Number of dncharges 
beyond whrch no change 
could be noticed 

50 

430 

850 

Reaction 
temperature 

(“C) 

130 

210 

Similar correlations were observed between the thermal and the photochemrcal reac- 
trons of the complexes, [Cr(en),] X3 (X = Cl, Br, SCN), rn the sohd state*‘. Table 2 grves 
the number of flashes of a hrgh-intensity flash lamp beyond which no notrceable color 
change was observed. The thermal reactron temperatures are also grven. The compound, 
[Cr(en),Br2] Br, was not observed as a product of the thermal reaction of the bromrde 
compound, a competmg oxrdatron-reduction reactron was thought to be *he cause of 
th3s anomaly. 

It is reasonable to assume that, m most cases, the fnechanrsms of the thermal and 
photochemical reactions are the same, except for the method of excrtatron. An exception 

is the nitro-nitnto isomerrzatron reactrons of [Cc$H3)s NO, 1 X2 (X = Cl, Br, NOs) 
whrch undergo the reverse of eq. (24) when heated*’ - 

[co@&)5 NO*] & f$ [Co(NH& ONO] 1:~ (25) 
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Most likely, the mtrito roomer is statistically favored (there are two oxygen ligands 
and one nitrogen hgand on an NOa - ion) whrle the mtro isomer is thermodyr.amiAly 
favored. Thus, when a cobalt-mtro bond IS photochemrcally drssoclated at room tempe- 
rature, the reformatron of a cobalt-mtnto bond IS statrstrcally favored. At higher tempe- 
ratures, however, when the cobalt-nitrito bond IS thermally drssocrated, the reformatton 
of the thermodynamrcally more stable bond is favored. 

G CONCLUDING REMARKS 

It 1s encouragmg to note that there has been a sharp mcrease 111 the number of quantr- 
tative mvestigatrons dealing with the sohd-state photochemrstry of transrtion-metal coor- 
dmatlon compounds durmg the past zveral years. This increase has been accompanied 
by an mcreasz m the attentron paid to theoretrcal problems connected with sohd-state 
photochenncal reactrons. As yet, however, there IS msufficrent mformatton to suggest 
unportant generallzatrons concerning the sohd-state photochemrstry of transrtion-metal 
complexes_ Only a few reaction mechanisms have been reasonably well determmed 
However, it IS safe to say that the solid-state photochemrstry of transitron-metal coordr- 
natron compounds certamly differs from the aqueous solutron photochemistry as far as 
reaction mechanisms are concerned in three major aspects These are (1) water molecules 
are usually not avarlable to enter the coordmatron sphere or to stabrhze certain reaction 
mtermedrates, (2) Ions and molecules are closer together, and (3) translational and rota- 
ttonal motions are restricted. These differences must be taken mto account m the postula- 
tion of reaction mechanisms 
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