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A, INTRODUCTION

During the past twenty years an increasingly large number of investigations involving
the photochemical reactions of transition-metal coordination compounds in agueous 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 photochemicat reactions,
relatively few solid-state photochiemical reactions of transition-metal complexes have been
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investipated Undoubtedly the same energy levels are mvolved in the instial . brorption
processes regardless of the state of the sample These processes, which have msviously

been discussed!*5 are d—d transitions and charge transfer excitations It has been pomted
out that the former often result in ligand substitution reactions while the latter result m
oxtdation—reduction reactions®. Although the initial absorption processesare the same,
the subsequent thermal or “dark™ reactions are almost certainly different . the solid

state than 1n aqueous solutions. For this reasons alone, the study of the sclid-state photo-
chemtical reactjons of transition-metal coordmation compounds 1s important.

Probahly the major reason that there have been fewer studies invelving photochemical
reactions of transition-metal complexes in the solid-state than in solution s the fact that
the expertmental difficulties are perhaps greater It has only been recently that experimen-
ta] techmques have been developed which make quantitative solid-state photochemtcal
reactions convenient to study. In this review, these techniques will be briefly discussed
along with some of the pertinent theoretical developments as well as the results of some
of the more mmportant mvestigations that have been reported. Studies dealing with the
photolysis of stmple salts {metal halides, azides, etc.) will be omitted as they have pre-
viously been reviewed’™*

B EXPERIMENTAL TECHNIQUES
(i} Radiation sources and fntensity measuremenis

The radiation sources which have been used 1n solid-state photochemical investigations
of transition-metal coordination compounds are, in general, the same as those used 1n
many other photochemical studies!®. Normally, any rather intense, visible or ultraviolet
source 15 applicable. Wavelength control may be accomplished by the use of filtersor a
high-intensity monochromator Intensity measurements are ususlly made with suitable
actinometers such as the uranyl oxalate!! the fern oxalate!3:!3 or the Remecke's salt!*
systems. A radiometer wmvolving the use of thermopiles has also proven convenient for ra-
diaton mntensity mieasurements? S

{ii) Methods of wdentification and analysis of photoproducts and reaction intermediates

3ince solid-state photochemical reactions are essentially surface reactions, extremnely
small quanfities of photoproduct may be formed Most of the techniques which have been
employed to identify or analyze the photopreducts were designed to circumvent this
difficuity. In some mvestigations, alcoholic slurries of finely powdered reactant were
photolyzed?®!” Reaction was carried out to completion and the photoproducts analyz-
ed by wet chermical methods, magnetic susceptibility, or other conventional methods
Ancther method which has been employed 1n an attempt to force a sohd-state photo-
chemical reaction to completion involved the use of a rotating quartz reaction tube'®
Firely powdered reactant, which was placed in the tube, was irradiated as the tube rotated
Using this 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



SOLID-STATE PHOTOCHEMICAL REACTIONS 13

- TR T .. o

T -
T —-24h
F 1 L

N -t
3000 riajals] 1000

Fig 1. (A) Infrared specttum of K3 {Mn{C20433] - 3H20 in a KCT pallet. (B} Infrared spectrum of an
nradiated KCl petlet contaimng K3 [Mn{CaQ4)a] -3H2 0, irradiabion times indicated?®. The peak at
2344 cm~! 15 due to CQ, trapped m the pellet
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on quartz nlates have also bee~ descrihed!$:19,

A techmique which has been proven to be especialiy convenient for the rapid 1dentifica-
tion of photoproducts involves the use of alkals halide pellets*®~ 2%, Using this method, a
small amount of reactant was ground with dned alkal: halide and pressed into the form
of a transparent pellet which was then wradiated In one mvestigation*®, the mnfrared
spectra of the photoproducts were then obtained An example of the spectra obtamed
for the products of the photochemical reaction of K3 [Mn(C504);3] «3H; 0 1s given 1n Fig
1. As can be seen, not only were the solid photoproducts identified but also trapped
gaseoits photoproducts as well

Probably the most rap:d and convenient method which has been used for identifyng
products of photochemical reactions of powdered samples involves the use of reflectance
spectroscopy. This was especially applicable to transttion-metal complexes. most of which
have unique visible spectra The method was first employed in 19652% and has subsequent-
ly been used in a number of mnvestigations *® 7?8227 The general procedure has been to
obtain the visible reflectance spectrum of the sarpple after various rrradiation times The
spectra of the photoproducts may then be 1dentified Examples of *he spectra obtamned
during the photochemucal reaction of powdered Kz [Co{C;04)3] *3H, G are given in Fig
2. The spectrum after 90-munute irradiation was identified as that of K [Co(C204), 1

A promising new method of detecting minute quanities of short-lived {ree radical
intermediates formed n solid-state photaochemical reactions of transition-metal complexes
by the use of ESR has recently been reported*®

{ii1} Quantum yield determunations

In only a few investipations have quantum yield values for sohd-state photochemical
reactions of transition-metal complexes been determined Spencer!? determined quantum
yield values for the oxidation—reduction reactions of K5 [Fe(C204)a] -3H.0 and
K3 [Co(C204)3} +3H; O using various radiation intensities and wavelengths Thin layers
of the compounds on quartz plates were photolyzed and the transmittance and reflectance

Coord. Chem. Rev, T{1971) 1127
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Fig 2 Reflectance specira of the photoproducts of K3{Co({C204)31 -3H3025. Original compound
yafter 15 mm rradiation — — —; after 45 mm imadiatton — — — —; after 90 min rradiation

values at the wavelength employed were measured at various time intervals dunng photo-
lysis. The quantity reacted was determmed by wet chemrcal analysis. This method had the
disadvantage that absorption of radiahon by the photoproduct was not taken mto
account. Using a similar method!® | in which quantum yield values of the oxidation—
reduction reaction of Ky [Mn(C;04),] -3H; 0 at 400 nm and varnious radiation imtensities
were determined, the radiation absorbed by the phatoproducts was also taken into
account. The method made use of rate plots rather than chemical analysis and will be
discussed mn more detail in the next section Another method of determining the quantum
yield of a solid-state photochemical reactron imnvolves the use of alkalt halide pellets?'-2%_

C. RATE EQUATIONS
{i} Thin layers or plates

The development of equations descisbing the rate of the photochemical reaction of a
sample in the form of a smooth laye - or plate (such as a pressed alkali halide pellet) 15
particularly difficult since the rad:ation intensity is attenuated by absorphion on passing
through the sample. Thus, t-< concentration of reactant also varies with depth into the
sample. A method for calzulating the average radiation intensity for the case in :huch
there is no concentration gradient in the sample was described in 19413°. Only recenty,
however, have attempts been made to treat cases in which there is a concentration gradient
across the sample due to photochemieal reaction theoretically. An attermnpt was made by
Sliker?! to determine the rate of the photochemical reaction of a solid for the case in
which both the radiation intensity and reactant concentration vary with depth into the
sample. He was unable to ebtain a solution in closed form, although approximate solutions
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were obtamed. Wilson®? obtamned rate equations for solid-state photochemical reactions
in which the diffusion of gases through the sample was involved. By using Fick’s first
law for the diffusion process, he obtained expresstons far the quantum yield for four
different cases; these are listed in Table 1.

TABLE 1

Expressions for solid-state photochemical quantum yields

Equations for the quanium yield of solid-state photochemical reactions for four cases in which the
diffuston of gases 1s important®2; 7 1s the depth into the sample, D the diffusion coefficient of the
gases, I, the rate of light absorption, 8¢ the initial pfoduct concentration function, 8, the product
concentration function, ¢ the quantum yield, and k s are constants

Case [ Rate independent of ky
gaszous product & =—
concentration !a
- -3
Case IT Rate proportional to 8k48¢ E i 1
gaseous product &= — |: ]
concen tration rrz!a n=13,5 n® L1 (k,1%/Dn%x?%)
Case ITf Rate independent of kal—(ky21% — 8Ky Do)
gaseous eactant S&= [
concentranon 1
Case IV Rﬂ;: E:o;;o:t;::::al to . B8ks8y E 1 [ 1 }
Easeous rea = —
concentration ,.,1[3 n=135 n? 1*(’5412111'!2112)

One of the ;:iost applicable methods yet used to obtain an expression for the ra.e of
the photeckircal reaction of a salid layer 1s that gaven by Barker et al.?3, A sold layer
was divided into o smaller imaginary layers of thickness, & (in mm) The radiation imping-
ing on the it layer, I, (i, 1) (in photons mm™2. sec™!), for the case 1n which photopro-
ducts are transparent is given by eq. (1).

m=1—1

b=l 11 exp[-acs(mns] (D

where [y is the radiation intensity at the sample surface, @ the reactant zhsorption caeffi-
cient (in L.mole . mm™"), and C, (m, ) the reactant concentration of the mth layer at
time £ (in mole ™). The rate of reaction in the i layer is given by eq (2).
dCp (1) 10°9L (3 1)
A . 0 .

Coord, Chem. Rev,, 71 (1971} 11-27
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where ¢ 15 the overall! quantum yield and & 1s Avogrado’s number Although an exact
solution to egs. (1) and (2) was not obtained, an approximate solution piven by eq (3)
was obtained by assuming that aC, (7, £)8 is small

Cp (K, t+7) = Cy (i, ) exp ( ~ IOZ;;‘V‘“ (LG t+1)+ L (3, 1)] ) €))

where Cy (4, ¢ 7 7) 1s the concentration of the /™ layer at time £+ 7 and Ip (7, t+7) is the
radhation intensity on the i layer at tnne 2+t A method was described by which

€q. (3) could be used to determune the quantuin yield by summing C (7, £+ 1) over all
mmaginary layers by the use of a computer The case in which photoproducts absorb ra-
chiation was treated 1n an identical manner except that the term,

:/3 B, £Co — Ca (m. 1)} 6

where 3, 15 the stoichiometry coefficient of the ;™ product, B, the absorption coefficient
of the_,r{h preduct, znd ¢ the mitial reactant concentration, was added to the exponents
in egs. (1) and (2).

Mare recently, an exact solution to the problem for the case in which the photoproducts
are transparent was obtained by a method making use of the following differential equa-
tions**, the Beer—Lambert equation

dr
[ﬁ= —O.'CAI (4)

and the local rate equation

A _gaCy1 ' ()

where 7 1€'the radiation intensity and C, the reactant concentration (both are functions
of reaction tune, t, and distance, X, across the sample). The solutions obtamed tor
eqs. (4) and (5) for a solid layer are

C, =G exp (—ploat) {exp(—¢al ) [1 —exp(—uG X)] +exp(—al X))~ (6)
and
I=1 exp(—CoaX) {exp (—palht) [1 —exp(—alp X)] texp(—aC X))} ! )

Mauser®® obtamed the same equations by & different method for viscous samples
For the case 1n which photoproducts absorb radiation, a stmilar treatment yielded the
following approximate equation which 1s valid for small # 3%,

exp [—(a—b)¢Lh2] exp (—aG XY —exp(—alpX)
exp [ —(a—b)ok £] (1 —exp(—als X)] +texp(—a(X)
&)

Ch=Co |1+ [af(@b)]
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where b is a combination of stoichiometry coefficients and absorption coefficients of the
photoproducts.

Using a different approach, Spencer and Schmidt®® obtained a rate equation for the
photochemical reaction of a solid layer by assuming that a defined boundary exists bet-
ween the photoproduct layer and the reactant. The surface boundary was essumed 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 thin layer of
a powdered reactant coated onto a quartz plate!®. The equations usad are

dC,

G =— 91, Cy €l
and

where R 1s the reflectance, T the transmuttance,  the concentration m mole cm™2

(since the reactant 1s in the form of a very thin layer, 1t 1s convenient to measure the con-
centration in ums of mole.cm™2), « the abscrption coefficient, and 4 and P refer to the
reactant and product, respectively.

In writing eqgs. {9) and (10) it was assumed that the sample layer 1s thin enough that
the radiation intenstty may be considered constant throughout the sample The rate
equation from eqs. (9) and (10} 15

din[Tp +Rp — R T]=_[I Ty RA]‘M (an
dr Co

where , is the initial reactant concentration. Equation (11) can be used to deterrmne

the quantumn yield from the slope of a plot of In [T +Rp — R— T vs . Figure 3 dllus-

trates such plots for the reaction of K, [Mn(C,04)1] «3H,0.

Powdered samples are more eastly handled mn bulk than in the form of thin layers on
quartz plates. For this reason it would certamnly he advantageous if reflectance measure-
ments could be used to study photochemical reaction rates of bulk powdered samples,
and this has, in fact, been attempted®S. Unfortunately, however, the theory of reflec-
tance spectroscopy has not yet been sufficiently developed to allow the zalctlation of
trustworthy concentratson values from reflectance measurements. The present status of
the theory has been extensively reviewed®” 3% In the past, two models representing a
powdered sample have been widely used. In the first model, 2, powdered sample 1s treated
as a continuous medum®*? %2, Unfortunately, equations obtained using such a model
include optical parameters (such as the absorption coeffictent) 1n some unknown fashion
in two or more arbitrary constants. In the second widely used model, a powdered sample
1s treated as a collection of parallel plates®3~4% Equations obtained using this model
also fail to relate explicitly the reflectance to the optical parameters.

Coord, Chem. Rev., 7(1971) 1127
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Fie. 3. Rate plots for K2 [Mn{Cs04}a] +3H20 at a wavelength of 400 nm**, o, f=1.47 X 10~*
emnsteing/em? sec, @, f= 1.17 X 10°% einsteins/em?® sec, o, 7= 0.74 X 107 ° emsteinsfem® sec

Probably the best model yet proposed is that due to Melamed®® . He treated the ran-
domly shaped and oriented particles of a powdered sample as a collection of unaformly
sized rough-surfaced spheres The same model has recently been used fo obtamn a rather
simple expression for the reflectance, R, of a weakly absorbing powdered sampled” .

R =exp [—2n(kd/3)"?] (12)

where n 1s the index of refraction, & the absorption coefficient (cm™*) and & the particle
diameter. Using eq. (12) along with the usual local rate equation (eq. (5)), the rate of the
photochemical reaction of a powdered sample in terms of :.s reflectance was found 1o be
given approximately by eq. (13)%%.

4. [O0R)? —(aRp)t_ (R ok
dt lnRA)’ _ (lan)z 2 G

i3

Thus, by measunng the change in the reflectance of a powdered sample with time of
irradiation, the quantum yteld may he determined if & (in moles.em™2) 1s known, Many
appioximations, however, were made in the dervation of eq (13). For example, it was
assuined that n and d reman constant throughout the reaction. Eq. (13) has not been
rigorounsly tested experimentaily, although preliminary results indicated that it may be
applicable at least as a rough approximation*® . Certainly more theoretical developments
are needed in thas area.
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D. OXIDATION—-REDUCTION REACTIONS
(i) Trisfoxalato) metal{ I} complexes

The solid-state photochemical reactions of the compounds, K3 [M(C204);] -3H;0

(M = Co, Mn, Fe), are among the most exiensively investigated of the transition-metal
coordination compound:*$~17:19,20,26.49.50 The following color changes, which occur

on exposure to ultraviolet radiation, are observed®'-52,
M=Co dark green — violet
M=Mn deep red - white
M=Fe emerald green = yellow

By the use of reflectance spectroscopy and magnetic susceptibility as well as wet
chemical analysis, the storchiomatries of the reactions have been established4+17:26,
these are

2Ks [M(C204)s] *3H20 225 2K, [M(C204)2] + K2C,04 +2CO; +6H,0 (14
where M = Co, Mn and
2K3 [Fe(C20a)a] *3Ha 0 2% 2 FeC,y 04 + 3K, C,04 +2C0; + 6H, 0 (15)

In each case the central metal ion 1s reduced from the trivalent to the divalent state and
an oxalate ion 15 oxidized.

Spencer'® has measured the quantum yield values for the reaction of the cobalt{IH)
and wron(I1]) compounds. For the 1ron compound, values betweer 0.07 — (.20 mole/
einstein were found, The quantum yield value increased with inicreasing intensity and
with decreasing wavelength. For the cobal: compound, values between 0.1 and 0 6 mole/
einstein were found. The quantum yield value passed through a maximum at 313 nm and
was jndependent of intensity at this wavelength. The values found in all cases were less
than those for the corresponding aqueous solution reactions®? 3%, However, as mentioned
previously, absorption of radiation by the photoproducts was not taken into account,
thus, the quaniumn yield values obtained are probably too low.

For the iron(1IT} complex, Pitts et al.2*, obtained a value of 1.3 for the quantum yieid
of the solid-state photochemical reaction using 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.2?. The latter obtained values of 0.9 at 245 nm, 0.75 at
212 nm, and 0.5 at 265 nm and found that the quantum yield increased with increasing
pressure.

In another investigation®” , the quantum yield for the reaction of the analogous
manganese(IiI} compound was measured at 400 nun. The value obtained (0.52 * 0.0%)
was independent of the radiation intensity, and surpnsingly, was about the same as that
found for the corresponding aqueous solution reaction®® at the same wavelergth.

Mechanisms for reactions (14) and (15) have been proposed which involve oxalate ion
radicals and bridged intermediates*¢** 7>*5 _ Recent ESR evidence?®, however, indicated

Coord. Chem, Rev., 7T(1971) 11-27
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the p.esence of the carbon dioxade 1on radical during the solid-state photochemical reac:
tions of these compounds. In view of this evidence, the most likely mechanism 15 as
follows.

9
C=0*"
I
M(C:04)3%~ % (C,0,),M — 0 -¢ — (16)
.9
(=0
(C104)2 M—-0— ﬁ: —-—?M(Cgo.q)ga_ + CO: +C02F. (M=CO, Mﬂ)
0 (17

—)MC204 +C2042_- +C02 +C02_. (M=Fe)
The 1on radical most likely reacts with an adjacent molecule

M(C204)32~ + CO3 "=+ M(C304)22 +CO, + C; 042~ (M= Co, Mn)

(18)
> MC; 04 +2C,042" +CO;4 (M = Fe)

The 1nit1al absorption process 1s app4rently a charge transfer excitation in all cases
involving the transfer of an electron from a higand orbital into a metal £,; or e, orbital.
The smular compounds, (NH )3 [Fe(C204)3] *3H; 0 and Najy [Fe(C204)3] - 3H:0,
have also been studied in connection with photocondictiviry investigations 3 7+%%

{u) Manganese{Iil} malonato complexes

The solid-state photochemical oxidation—reduction reactions of the complexes,
M{Mn(mal), (H, 0)2] *2H, 0, M[Mn(mal),(H20)2 ], and M[Mn(mal),] (M = NH,, Na,
and K}, have been investigated by the use of reflectance spectroscopy, magnetic susceptt-
bulity, as well as by wet chemical analysis’®. No difference in the reactrons of
M[Mn(mal).(H,0),] 2H, O and M[Mn(mal),(H,0); ] was observed except that the
hydrated compound lost the water of hydration. In the reaction of M [Mn(mal), (H, 0).1],
the first step appeared to be a dehydration

M[Mn(mal), (H,0);] ~2> M[Mn(mal),] +2H,0 (19)
On further irradiation, this complex reazted according to the reaction

2 M[Mn(mal);] 2% Mymal + 2 Mnmal + H,0 + 3 CO (20)
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Further irradiation in an air atmosphere decomposed the manganese malonate, or
2 MnC3H,04 +2 02 % 2 MnCO, + CH,COOH + 2 CO, 21

Some manganese(II) acetate was found in the photolysis product which was thought to
be due to the reaction between MnCQ, and acetic acid.

The amount of the complex, K[Mn(mal). (H, O), ] «2H. Q, reacted after 30 min of
irradiation was determuned at several wavelengths Fhese data are given in Fig 4. Ascan
be seen, there is a maximum in the curve at about 325 nm, which most likely corresponds
to the charge transfer band maximum.

(iit) Mercury(II) di-alkyl mercaptides

The solid-state photochemical oxadation—reduction reactiens of six different mercury
(I1} di-alky] mercaptides at 253.7 nm have been investigated®®. Among the products were
marcury, mercuric suifide, and atkyl disuifides. The order of the susceptibility toward
reaction was alkyl = benzyl > n-propyl > sopropyl ~ cyclopentyl > f-hutyl > phenyl The
susceptibility erder was thought fo be controlled by the relative stability of the thio-free
radical which was thought to be a reaction intermediate

{iv}] Cobalt{ III) ammine complexes

TFhe sohd-state photochemical reactions of the complexes, [Co(en),] X3 (X =F, Cl,
Br, I), have been investigated®® Polarographic analyses, infrared spectroscopy, magrietic
susceptibility, and mass spectrometry were used to analyze the reaction products
Cobalt(11) as well as cobalt(IIl} ion was found in the products and the two were present
ma ]l I ratio. Halide oxidation was not observed, but two moles of ammonia were
evolved for each cobalt(II} ton produced. The cobalt(1I) was apparently present in the

% Mn (D) reduced

230 300 400 nrn

Fig, 4. Effect of radiation waveler.gth on the photolysis of K[ Mn{mal},{H;10)2] -2H3G. Irradiatton
period at each wavelength was 30 min?®,

Coord. Chent Rey., T(1971) 11-27
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products as a tetraccordinate ion and the cobalt(III) was present as some umdentified
yellow complex Zon. Both the cobalt(Il) and the cobalt(III) were thought to be part of
a polymer structure mvolving amine condensation products The reactivity order of the
complexes increased in the order F > Tl 2> Br 2> [, which 1s the reverse of the order ex-
pected an the basis of the ease of electran transfer from the halide. The :eactivity order
was expiained on the bagis of the anion mobility in the crystailine lattice

The photochemical reactions of the sohd compounds, {Co(pn)a] Cl; and [Co(INH, ) <]
Cly, wers studied in the same investigation®® The reactivity order of the three chlonde
compounds increased in the order [Co(NH3)s] Cl3 > [Co(en)a [ Cl; > [Co(pn}s ] Cls.
The kinetics of the solid-state photochemical reactions of [Co(NH3)s ] Cly and
[Co(en)s ] Clsy have been studied®!, but the reaction mechanism was found to be extre-
mely complex.

Each of the following compounds have been found to undergo solid-state photoche-
mucal oxadation—reduchion reactions, although the reaction stoichiometries have not been
determined. [Co(NH,)sCI] Cl, ¢!, [Co(NH;)s(NCS)] (SCN), %!, [Co{phen); C;04]-
I-H, O 62, [Co(NH; )s Br] Cl; !, K[Co(enX(C204)2] ¢, and [Co(NH,)s H20] X3
(X =C}, Br, ) 2% Photo-indiced 1sotopic exchange between Co(III) complexes and
cobalt(11) has also been investigated recently®s.

{v) Miscellaneous

Beacom®? observed color changes on irradiation of a large number of folid transition
metal coordination compounds with ultraviolet light. Many of these were undoubtedly
oxidation—reduction reactions; unfortunately, however, the stoichiometries of most of
the reactions were not determuned. The compounds, K3 [Co(mal)a] «3H; O, has been
observed to change from a green to a brown color on irradtation with uliraviolet lights .
It fras been established that at least some of the cobalt(III) is reduced dunng the reaction.
The reaction stoichiometry, however, has not heen established.

The iron(I11} complexes, H{Fe(H; OEDTA)] 23,24 H, [Fe(DTPA}] 23.24  ferric
ammonium citrate®® | and several others®” have been observed to undergo solid-state
photochemical reactions which probably involve oxidation—reduction. The tungsten and
molybdenum complexes K4 [Mo(CN)g] 2, K4 [W(CN)a] %3, K3 [Mo(CN)g ] ©°,

K, [W(CN)g] <2H,0 7972 and H, [W(CN), ] -6H, O "®7!  were also found to be photo-
sensitive in the solid state. Of the silver and gold coordination compounds, the fol! wing
have been observed to undergo photochemical oxidation—reduction reactions.
CofAgs(S;04)51 *nid, O "%, [Ap(2-phenylisophosphinol}, INO; 72, [(AgX)sen} (X =

Cl, Br, ) ™, [Au(CNCH, ); 1 C10, ™, AuP(CcHs)3sNa 7%, and [As(CsHs)o ] [AuN2)2]"7.

In studies connected with the phototropism of solids, certain polymolybdates and
tungstates doped with titanium oxide have been found to undergo photochemical oxida-
tion—reduction reactions”®, However, since phototropism has previously been reviewed™®,
this area will not be covered here,
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E. LIGAND SUBSTITUTION REACTIONS
(i) Chromium(IlIl) ammine complexes

The decoloration of the complexes, [Cr{en); ] X; (X = Cl, Br, SCN), on exposure to
visible light has been observed®?-2% _ More recently, the reaction stoichiometries have

been determuined by the use of reflectance measurements?® and found to follow the
equations

[Cr(en)s1Xs 22> cis-[Cr(en)y Xz} X + en(X = CI, Br) 22
and
[Cr(en)s] (SCN), 12> frans-[Cr(en); (SCN)2 ] SCN + en (23)

The corresponding iudine compound did not undergo a photochemical hgand substitution
reaction under visible light. The susceptibility toward reaction was found to be SCN >>> Cl
> Br, which is the same as the order of these lsgands in the spectrochemical series. Probably,
in the case of the SCN complex, steric hindrance prevents the formation of the gis-com-
pounds; the more stable frans-compound is therefore formed. The complexes,

[Cr(NH;);11, 01 Bra ®*, [Cr(NH3)sH2 0] 2(S04)3 31,0 8%, [Cx(NH;3)s] Xs **22, and
{Cr(pn), 112 #* have been observed to undergo solid-state photochemical reactions )
which probably involve ligand substitution

(ii} Nitro—nitrito isomerization

On irradiation of the solid complexes, {Co(NH3)sNO, X, (X = Cl, Br, NO;) Beacom®?
observed a change in color. By the use of reflectance measurements, Wendlandt and
Woodlock?7 found that this color change was due to the isomerization reaction

[Co(NH;)sNO, 1X; 2> [Co(NH;);ONO] X, 2%

The compounds, [Co(NH;)3(NO2 )3 ], cis-[Co(NH; ), (NO2), | NO,; and cis- and
frans-[Co(en); (NO2); ] NO; did not undergo photochemical :somerization reactions®?.
The complex, frans-[Co(en), (SCN)(NO,)] ClO4, was observed to undergo a photo-
chemical reaction in the solhid state which was assumed to be a nitro—nitrito isomerization
reaction®® . Similarly, the complexes, [CoONH23)s(NO3)] (C.O4); *%*5 and
{Ir(NH, }s NO2)] Cl; 28 undergo linkage isomerization reactions on irradiation with
ultraviolet ight. The thermal nitrito—nitro isomerization reaction of [Pt(NH; )sONO} Cl,
was found to be accelerated by irradiation with 254 and 313 nm radiation®?

F, COMPARISON WITH SOLID-STATE THERMAL AND PHOTOCHEMICAL REACTIONS
Several transition-metal coordination compounds have been observed to undergo
similar thermal and photochemieal reactions. For example, the compounds,

K3 (M(C504)31+3H, O (M = Co, Mn, Fe), all uadergo thermal oxidation—reduction
reactions which, except for the cobalt compound, have stoichiometries identical o the

Coord. Chem. Rev., 7 (1971} 11-27
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corresponding photochemical reactions!¢:1%:26 For the cobalt(11l) compound, water
ernters the thermal reaction but not the photochemical reaction Probably, since water is
evolved concurrently wath the thermal reaction, unbound water 1s avarlable for reaction.
It has been observed that tha rate of the photochemical reactions of the three compounds
under contimuous ultraviotet hght could be correlated with the thermal reaction tempera-
tures®®. This 15 shown 1n Table 2. The relative order of the rates of the photochemical
reactions is the same #s the order of the mstability of the trivalent oxidation state of the
central metal ion. The corresponding chromum(IIl) compound undergoes netther a ther-
mal nor a photochemical oxidation—reduction reaction wvolving the formation of Cr{II).

TABLE 2

Comparizon of the susceptibility of some metal complexes toward photoche—uical reacuons with the
thermal reaction temperatses

Oxidation—reduction reactions of some tris(oxalato) metal complexe88

Relontve rates of the

photockemcal reactions K3 [Mn{Cy04)3] +3H30 > K3[Co{C204)3] -3H30 > K3[Fe(C204)3] «3H0

Thermal reaction 85 120 ~ 100
temperarure {°C}

Ligand substitution reactions of some trs{ethylenediamine) chrommum{Ii.} complexes®*

Complex Number of discharges Reactron
beyond which no change temperature
could be noticed {°C)

[Cr{en)s ] (SCNI2 50 130

[Cr{en)y] Cly 430 210

[Cr{en)3] Brs 850

Similar correlations were observed between the thermal and the photochemical reac-
tions of the complexes, [Cr(en)s ] X5 (X =Cl, Br, SCN), in the solid state?3. Table 2 gives
the number of flashes of a high-intensity flash lamp beyond which no noticeable cotor
change was observed. The thermal reaction temperatures are also given. The compound,
[Cz(en};Br, | Br, was not observed as a product of the thermal reaction of the bromide
compound, a competing oxidation—reduction reachion was thought to be the cause of
this anomaly.

it is reasonable to assume that, in most cases, the 'nechanisins of the thermal and
photochemical reactions are the same, except for the method of excitatton. An exceptinn
is the nitro—nitato isomenzation reactions of [CoNH3)}sNO, 1 X, (X = Ci, Br, NO3)
which undergo the reverse of eq. (24) when heated®”.

hv
[Co(NH3)sNO2 ] X, ﬁ [Co(NH3)s ONO] 3%, (25)
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Most likely, the mitrito 1somer is statistically favored (there are two oxygen ligands
and one nitrogen ligand on an NO, ~ 1on) while the nitro isomer is thermodynamizally
favored. Thus, when a cobalt—mtro bond 1s photochemically dissociated at room tempe-
rature, the reformation of a cobalt—mtnto bond 1s stabistically favored. At higher tempe-
ratures, however, when the cobalt—nitrito bond 1s thermally dissociated, the seformation
of the thermodynamically more stable bond is favored.

G CONCLUDING REMARKS

It 1s encouraging to note that there has been a sharp increase 1n the number of quants-
tative investipations dealing with the sohd-state photochemistry of transition-metal coor-
dmnation compounds durmg the past several years. This increase has been accompanied
by an increasz i the attention paid to theoretical problems connected with solid-state
photochemucal reactions. As yet, however, there 1s msuffictent mformation to suggest
tmportant peneralizations concerning the solid-state photochemistry of transition-metal
complexes. Only a few reaction mechanisms have been reasonably well determined
However, it 1s safe to say that the solid-state photochemistry of transition-metal coordi-
nation compounds certaindy differs from the agueous solution photochemistry as far as
reaction mechanisms are concerned in three major aspects These are (1) water molecules
are usually not avarlable to enter the coordimnation sphere or to stabilize certain reaction
intermediates, (2) 1ons and molecules are closer together, and (3) transiational and rota-
tional motions are restricted. These differences must be taken into account m the postula-
tion of reaction mechanisms
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