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A comprehensive mechanism is proposed for the
photolysis of transition metal complexes in equilibri-
um solutions. This involves the photo-oxidation, a
possibility of energy transfer and several secondary
thermal reactions, e.g. forward and back reactions
with photochemically-formed H- radicals. The
scheme includes the individual quantum yield (IQY)
of each species. The photo-oxidations of FeSO,,
FeCiO,, FeCl, in aqueous acidic solutions were
studied by continuous irradiation. The IQY of
Fe,,* (0.2), FeSO,4 (0.3), FeHSO,* (0.67), FeClO,*
(0.06-0.2), FeCl* (0.8), FeCl, (0.3) were deter
mined. The IQY was found to be dependent on H*
concentration, due to competition with geminal re-
combination within the solvent cage. This depen-
dence, and the efficiency of energy transfer between
excited iron(Ill) species and iron(Il) in ground state,
are discussed.

Introduction

Until the end of the 70 s photochemical systems
were generally supposed to contain only one photo-
chemically active species, considered stable both
thermodynamically and Kkinetically [1,2]. In the
case of equilibrium systems in solution, the compo-
sition was chosen so that a single complex was dom-
inant [3], or only one complex was supposed to be
photoactive [4], or the overall changes were followed
only, without any discussion of the individual process
of each complex [5-8].

Beck [9] and Sykora [10] have proposed indepen-
dently-—mainly in solutions containing transition
metal complexes—that several photoactive species
should be taken into consideration, and that by
combining the methods of photochemistry and
equilibrium calculations these systems could be
characterized more exactly. However, the actual
systems can be more complicated than the men-
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tioned ones, since i) some species absorb light with-
out any photochemical change; ii) some absorbed
energy can be transferred by these photochemically
stable species to the photochemically active com-
plexes; iii) photochemical processes are followed
by thermal reactions.

Our aim was to extend the application of this
method [9, 10, 12], and to propose a comprehensive
mechanism of the photooxidation of transition metal
complexes with low stability, since the mechanism
was discussed in details only [5, 10, 12].

In the photochemical studies of acidic aqueous
solutions of inorganic iron(II) compounds, the photo-
chemistry of FeSO, [5,7,12] was thoroughly
investigated, but about Fe(ClQ,), fewer data are
available [13]. In the photochemistry of FeCl, there
are reported results in non-aqueous solvents only
[14], but FeCl; was studied both in non-aqueous
[3,15] and aqueous [16] solutions, and also in the
gas phase [17].

Experimental

Analytical Methods

Fe(Cl04),—HCIO,4 aqueous systems were made by
dissolving FeSO,-7H,0 in aqueous perchloric acid of
proper concentration, and the sulphate ions were
precipitated by stoichiometric amounts of Ba(ClO,),.
The solution was centrifuged, then the traces of iron-
(IIT) were reduced by agitation with pure iron wire.
The concentration of iron(Ill) formed photochem-
ically was determined by a SPECORD-UV-VIS
spectrophotometer. With pH<2 the optical spec-
trum of iron(IIl) has an isosbestic point at 272 nm
(erecriry = 1440 M~! cm™), ie. the absorbance is
independent of the pH [19]. When calculating the
concentration of iron(II) the measured absorbance
should be corrected, due to the absorbance of iron(II)
(epeqrry 2t 272 nmis 1.8 M em™?).

In the FeCl,—HCl aqueous solution the concen-
tration of iron(Ill) was also determined by spectro-
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metric analysis, since there is a joint band of iron(I1I)
chloro complexes over 340—360 nm. The calibration
curves were made so that at each experimental point
the free concentration of chloride ions, and the ionic
strength due to the given FeCl, and HCl content,
were both computed; thus the spectrum of iron(III)
ions was recorded in model solutions of NaClO,—
NaCl-HCl, having identical ionic strength, pH and
free concentration of chloride ions. The composition
matrix and stability constants of supposed complexes
are collected in Table I; the mol-ratio distributions,
the free concentrations of chloride ions and ionic
strengths of iron(II} chloro complexes are given in
Table II.

The iron content was controlled by complexo-
metric titration, and the concentration of free
chloride ions was determined with a chloride-selective
electrode (Radelkis OP-C1-7113-D).

Chemicals

HCl, HCIO, were analytical grade (Carlo Erba);
FeSO,+7H,0, FeCl,+4H,0, FeCl;3+-9H,0, NaCl, Na-
ClO, were also analytical grade (Reanal). The iron
wire was analytical grade (Riedel-de Haen AG).
All chemicals were used without further purification.
From the industrial argon the traces of oxygen were
removed with a BASF R3-11 catalyst.

Photochemical Methods

The solutions were made under argon atmosphere,
and the irradiation was also carried out in an argon-
purged quartz cuvette of 0.5 ¢cm optical path. The
light source was a low-pressure mercury lamp of 17 W
power (VOLTARC UV LUX TM OTS5, Applied
Photophysics), which produces more than 90 per cent
of its power at 253.7 nm. The radiation at other
wavelengths was cut by a CoS0,—NiSO, filter
solution {20]. The irradjation was continuous.
Further details have been described elsewhere [12].
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Procedure of Calculations

Calculation of experimental quantum yields

The proposed photophysical and photochemical
processes for complexes ML; (i=0, 1,... n) and ML,
(j=0, 1,... m) are shown in Fig. 1. The kinetic equa-
tion for the generation of the oxidized form (P prod-
uct) is:

d[P] i ko4
dt i,

m
kiitky;+ Y kg [ML]
i=o
ks ;[H*]

ol vk, (1] 3 ke ML) -

[ P kML +

n
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L ks [H'] + ke g

1=0k11+k21+2 IJ[MLJ]
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=0 Kejtky; 2 kii[MLy]

i=0

Substituting &;, ®; ; and x into eqn. 1 we obtain;,

d n
Cm 5 = 3 Ld; + [H-]Cyr [H'](1 — x)Zkq 404 —

i= 0
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TABLE I. Composition Matrix of the Iron(ID)—Iron(III) System in Hydrochloric Acid.

Complex Components Igg Ionic
” strength
Fe Fe3* Ccl~ H*
Fe2*CI™ 1 0 1 0 036 [22) 2
FeZ*(C1M), 1 0 2 040 [23] 2
Fe2*OH™ 1 0 0 -1 4.5 (241 1
Fe2*(OH), 1 0 0 -2 16.5 [24] 1
Fed*ar™ 0 1 1 0 148  [25] 0
Fe3*(C1M), ] 1 2 0 0.65 [25] 0
Fe3*(CIM); 0 1 3 0 -~1.0 [25] 0
Fe3*(Cl ), 0 1 4 0 -1.98 [26] 0
Fe::OH_ 0 1 0 -1 11.0 (27} 3
Fe3*(OH), 0 1 0 -2 21.7 [27] 3
(Fe3*),(0H ), 0 2 0 -2 25.1 [27] 3
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TABLE II. Mol Ratios of Iron(II) Species and lIonic Strengths Calculated at Various Initial Concentrations of FeCl, and HCl.

(Fe2*) per cent
(Fe2*Cl™) per cent

Arrangement of data:

Free chloride, M
Ionic strength

(Fe3*Cl,™) per cent
[FeCl,]
[HCT] 0.1 0.4 0.8 1
69.63 46.17 30.56 25.90
0.264 0.614 0.901 1.01
0.06 24.73 35.87 39.07 39.12
0.33 0.80 1.15 1.27
5.50 17.98 30.45 35.04
51.04 34.85 23.62 20.23
0.537 0.831 1.09 1.19
0.4 34.00 38.45 38.75 38.24
0.59 0.97 1.28 1.39
14.76 26.74 37.61 41.57
32.59 22.95 16.19 14.09
0.903 1.14 1.36 1.44
0.8 38.63 38.44 36.81 3593
0.94 1.23 1.48 1.58
29.02 38.52 46.93 50.00
25.31 18.32 13.20 11.58
1.09 1.30 1.50 1.57
1 38.62 37.46 35.35 34 .41
1.12 .37 1.60 1.69
36.16 44.30 51.39 54.05
recombination {ML . OH Substituting this expression into eqn. 2:
dx .
Cm @ 2L+ 2P|
i i i

ML + Hp

Fig. 1. Proposed reaction scheme for photoprocesses of kinet-
ically labile transition metal complexes.

According to the steady-state treatment, [H+] can
be expressed as:

SL®; + 2 LD,

= ol 0 =0k o]

) [1 . [H*](1 — x)Zkq 04 — XZKs o

4
[H+](1 - x)Ek“ai + Xst‘jaj ] ( )
It is evident that the proper ®., and ®; can be
found for the following equations:

ICDexp = Zliq)i (5)
i

DBexpln®y = 30, 1i®; (6)

i j

$exp is the experimentally measured quantum yield
of photooxidation. & reflects the average efficiency
of sensitization of ML; complexes by ML*; com-
plexes. When &, =0, then sensitization cannot be
detected.

Introducing the symbol
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m
X Z ks‘ja,
i=o0
S= @

(H](1 -x) i ks 304
i=o

we obtain
- 10 1+I“q>> 2 (8)
Mg~ e L J1+S

A B C

where the term A represents the photo-oxidation
rate involving the inner filter effect [5, 12] of prod-
ucts, terms B and C are related to the energy transfer
and thermal reactions of the H- radical respectively.
Since in several cases S <€ 1, the term C can be merged
with ®,, and 2®, can be considered as being the ex-
perimental quantum yield referring to product [12].
Solving the differential equation numerically, the
x(t, Pexp, Pi, Cum, S) function can be obtained.
Treating ®eyp and @, as free parameters their best
values can be obtained by the least-squares method.

Calculation of individual quantum yields

The principles of the method have already been
reported [9, 10,12], but the individual quantum
yields have been assumed to be independent of the
composition. However, according to eqn. 1, the de-
pendence of individual quantum yields on [H*] can
be expressed as:

ey  kylHY]

(I)i = "
k3.i [H ] * kr.i

kiitkoit 2 kig[ML)
=0
)

It is the consequence of the very fast scavenging of
€aq by H* (k=2-3 X 10" M~ 57! [18]), since the
protons can compete with the geminal recombination
[21] between ML; and e, . Thus ®; can be defined
by two parameters:
b [F7) (10)
s = —- s
Ly
and the objective function has 2n parameters in the
case of n photoactive species:

[H'] \?

n
€0 -
Z, o v,

1

q)exp,k - (1 1)

w
n
k=1 > €05k
i=o

Z=
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Results and Discussion

Results on the photooxidation of iron(1l) sulphate
have been published elsewhere [12]. Data of one
experimental point on aqueous acidic iron(Il)—per-
chlorate system are collected in Table III; the quan-
tum yields of all experimental points are shown in
Table IV. In Table III it can be seen that the kinetic
model] fits better to the measurements when ®; >0,
the differences being rather small however. The sig-
nificance was checked with a random variation of
measured absorbancies [11], the deviation of &,
remained within 20 per cent.

TABLE III. Measured and Calculated Data for the Photo-
chemical Oxidation of Iron(II) Tons. [Fe(ll)]o=0.1 M.
[HCIO4] = 0.8 M. S = 0.

t 104{Fe(I1I)] 104{Fe(III)] 10*[Fe(IID)]
() measured calculated calculated
exp.=0.315  ®eyp. = 0.303
¢t =0 ¢t =0.08
0 1.514 1.514 1.514
25 1.745 1.780 1.777
50  2.021 2.038 2.033
75 2.264 2.288 2.282
100 2.530 2.532 2.525
125 2.765 2.768 2.763
150  2.958 2.999 2.995
175 3.218 3.224 3.223
200 3442 3444 3.446
225 3677 3.658 3.664
250  3.907 3.868 3.878

TABLE 1V. Quantum Yields of Photo-oxidation and Energy
Transfer.

[Fe(Cl04),] 0.1 0.4 0.8 1

[HC104]

0.1 0.147 0.121 0120 0.117
0 032 0 0

04 0.150 0.196 0.184  0.122
008 0 0 0.8

0.8 0.159  0.228 0213  0.163
008 0 0 0

1 0.189 0231 0.240  0.206
0 0 0 0

In Table IV it can be seen that the ®eyp always
increases with increasing acid concentration, but has
a maximum as a function of iron(IT) perchlorate con-
centration. The increase of ®.,, can be interpreted
by the individual quantum yields (by increasing the
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mol-ratio of species having high individual quantum
yields) but the decrease of $ex;, cannot be explained.

For computation of individual quantum yields two
photoactive species were supposed to be the aquated
iron(II) ion and the solvent separated Fe?**Cl0,~ ion
pair (the concentration of iron hydroxides can be
neglected at the acid concentration used). The com-
position matrix and the stability constants of the sys-
tem are summarized in Table V. The mol-ratios of
iron complexes are constant during the photo-
oxidation [12], and they are collected in Table VI,
where the ionic strengths are also given. The individu-
al quantum yields depend on [H*], since the presence
of protons diminishes the probability of geminal re-
combination in the solvent cage. The best fit para-
meters are shown in Table VIII, and the fit is dem-
onstrated in Fig. 2.

Since a value of zero was obtained for &, in the
three-fourths of the experiments, for ®;—in spite of
®exp—no0 tendency can be given and it is doubtful
whether in iron(Il)—perchlorate systems any energy
transfer exists.

In the case of iron(Il) chloride, the results of one
experiment are shown in Fig. 3. It is obvious that the
thermal reduction of iron(III) species has to be con-
sidered. According to our experiences the Fe?** -
Fe?* energy transfer is not a strong effect, so in this
system it can be neglected in comparison with the
other photochemical and thermal processes.

Beside the overall photochemical reaction

h
Fe?*(CI); + H* — Fe>*(CI™); + H- (12)

the following thermal reactions, having known rate
constants, have been assumed [18]:

k4,0 = 1.8 X 107
Fe?* +H- + H*———— > Fe®* + H, (13)
ks,o = 1.4 x 108
Fe3* + Ho ———————> Fe** + H* (14)

93
ks,1 =4.5x 10°
Fe*Cl” +H —————— Fe*CI” +H* (15)
k5’2 =9 X 109
Fe3*(CI"), + H-————> Fe?*(CI"), + H*  (16)

Rate constants are not available for the thermal reac-
tion of iron(II) chloro complexes and the H+ radical,
thus these reactions were approximated by the rate
constant of Fe?* jon and H-. The experimental
quantum yields are collected in Table VIIL

TABLE VI. Mol Ratios of Iron(II) Species and Iomc
Strengths calculated at Various Initial Concentrations of Fe-
(ClO4); and HCIO4. Arrangement of data: (Fe2*) per cent;
(Fe2*Cl0,) per cent; ionic strength.

Fe(Cl04), 0.1 04 0.8 1.0

HCIO,4

0.1 99.1 97.0 90.2 84.8
0.88 2.39 9.71 15.2
0.40 1.28 2.34 2.80

0.4 98.3 95.6 97.1 81.0
1.68 4.52 12.9 19.0
0.70 1.56 2.58 3.00

0.8 97.0 92.8 82.2 754
3.05 7.21 17.8 24.6
1.09 1.92 2.88 3.26

1.0 96.1 91.1 79.5 72.5
3.93 8.89 20.5 27.5
1.28 2.10 3.02 3.37

For the computation of the individual quantum
yields the existence of three photoactive iron(II)
species was supposed. These are: aquated Fe** ion,
FeX*Cl™ and Fe?*(Cl7), ion associations. The individ-
val quantum yields also depend on [H*]; an accep-
table fit between experimental results and calcula-

TABLE V. Composition Matrix of the Iron(II)—Iron(III) System in Aqueous Perchloric Acid.

Complex Components g8 Ionic
strength
Fe?* Fe3* 104~ H*
Fe2*ClO,™ 1 0 1 0 -0.9 [28] 0
FeZ*OH™ 1 0 0 -1 45 [24] 1
Fe2*(OH ), 1 0 0 -2 16.5 [24] 1
Fe3*C104™ 0 1 1 0 -0.32 [29] 0
Fe3*OH™ 0 1 0 -1 11.0  [27] 3
Fe3*(OH), 0 1 0 -2 21,7 (27} 3
(Fe3),(OH ), 0 2 0 -2 251 [27] 3
H*ClO4~ 0 0 1 1 —~1.54 [30] 0
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TABLE VII. Experimental and Calculated Quantum Yields
(Deviation of ®gyp + 0.04).

[FeCl,] [HC1] Pexp Pealed
o) o
0.120 0.060 0.36 0.37
0420 0.060 042 0.42
0.821 0.058 041 043
1.036 0.028 042 0.40
0.083 0.323 0.64 0.44
0.400 0.330 047 0.46
0.790 0.340 0.54 0.46
0.990 0.340 043 0.45
0.087 0.810 0.69 0.46
0.389 0.808 0.43 0.46
0.820 0.745 0.40 0.45
1.000 0.785 0.44 0.44
0.108 1.16 0.52 0.46
0.389 1.18 0.45 0.45
0.820 1.18 0.44 0.44
1.000 1.18 0.47 0.43
iy . _ . [HY
TABLE VIIL Individual Quantum Yields, ®; = a; GUETH
Species Acid a; by @;
FeZ* 016 7x1073 0.15-0.16
FeSO4 H,S0,4 030 5x107% 0.30
FeHSO,4* 0.67 0.0 0.67
Fe2* 021 6.3x1072  0.13-0.20
HCl104
FeClO,* 0.27 0.32 0.06-0.20
Fe2* 024 6x1072 0.19-0.24
FeCl* HQ 080 2x107* 0.80
FeCl, 0.27 4x1073 0.24-0.27

tions was obtained, and values are shown in Table
VII. The relation between measured and calculated
data is demonstrated in Fig. 4. The fit is not close,
indicating that the individual quantum yields only
give a correct model for the photochemical processes
if the rates of thermal back reactions are smaller than
those of the photochemical forward reactions.

The results obtained in Fe(Cl04),—HCIO, and
FeCl,—HCI aqueous systems suggested the re-investi-
gation of the FeSO,—H;S0, system. From the results
the dependence of individual quantum yields on [H*]
has been proven negligible over the studied concentra-
tion range (Table VIII). There was an interesting but
expected result, namely that ®renso, is not depen-
dent on acid concentration since the electron released
can form a H- radical within the solvent cage.

L. Vincze, B. Kraut and S. Papp

[Fe(C10,), ]

Fig. 2. Net quantum yields found and calculated for iron(II)
species as a function of concentration.

In Table VIII it can be seen that the higher ion
associates generally have higher individual quantum
yields. This can be interpreted by the decrease of the
effective positive charge of photochemically formed
Fe**L; associates, thus the electron can escape easier
from the solvent cage.

Conclusion

The experimental and calculation procedures used
are suitable for the characterization of complex
photochemical systems in equilibrium, including
several photoactive species (and only thermally active
ones) in the presence of the inner filter effect. The
variation in ionic strength can also be taken into con-
sideration.

The ®pe:+ obtained was almost the same in the
presence of different anions. This supports the
assumption that the individual quantum yields have
a real physical meaning.
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Appendix

Symbols

a factor of quantum yield, indpendent of
[H*]
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{Fe(lil}]
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Fig. 3. Photo-oxidation of iron(II) chloride in aqueous hydrochloric acid solution.

.
L L

[FeCl,)

Fig. 4. Net quantum yields found and calculated for iron(II)
species as a function of concentration.

b

factor of quantum yield in term dependent
on [H*]

total concentration of transition metal (mol
dm™3)

optical path (cm)

equilibrium proton concentration (mol
dm™3)

hydrogen radical

I specific irradiation intensity (mol dm™3s™ ")

k rate constant

[P] concentration of product P (transition metal
species in higher oxidation state) (mol
dm™%)

S ratio between rate of thermal reduction and
oxidation of transition metal species due to
H- radicals

t time (s)

X conversion of transition metal into the oxid-
ized form

a mol-ratio

€ molar absorbancy (mol™! dm?® cm™?)

P quantum yield

* excited state

Subscripts

a absorbed

i of species in lower oxidation state

j of species in higher oxidation state

ij according to energy transfer from ML; to
ML,

1 overall quantity, according to lower oxida-
tion state

h overall quantity, according to higher oxida-
tion state

o incident light intensity

exp experimental quantum yield

t quantum yield referring to energy transfer

Calculation of some terms

i

. ML)
Cum(1 — x)



96

_ My

CMX

Ia = Io(l _ IO_CMd((l — x)Zejaj+ erja,-))

. (1 —x)Ze;04
Lo (1 — x)Ze05 + xZej04
XE(:']'C(]'
Ih= a
(I — x)Zejoy + XZTejoy
€0
Ii = Il 11
Zeioy
€05
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Eeja,
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