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Reduction of Co™ centre in Co™(pn),(Cl)(L)** with reference to solvent medium and structure of the complex via ion pair charge transfer
(IPCT) paves way for the novel reaction mechanism route. In this work, we prepared, characterized and photoinduced the complexes
Co™(pn),(CI)(L)** (where L = RC(H,NH,, R = m-OMe, p-F and H) in the presence of iodide ion. Quantum yield for 254 nm excitation of
Co™(pn),(CI)(L)**(where L = RC¢H,NH,, R = m-OMe, p-F and H) in water-1,4-dioxane mixtures (Diox = 0, 5, 10, 15, 20, 25, and 30%

ion-pair formation. The photoinduced state is ion-pair charge transfer transition state and the quantum efficiency is solvent reliant and
they are non-reactive. That is, change in @, is dependable with observed increase in Xpiox Of the mixed solvent medium. Correlation
analysis using empirical parameters &, Y, B’ and DN provides a model to understand the solvent medium participation and interaction.
This work gains an insight into the role of aqueous-organic solvent medium in Co™(pn),(C1)(L)* photoreduction, which may be of great

INTRODUCTION

The tremendous advantage of photochemical activation
of transition metal complexes is the generation of electronic
excited states under very moderate reaction condition. lon pair
charge transfer (IPCT) between excited material and adsorbed
species [1,2]. This effect opens several possibilities to design
various materials which can find environmental, biological
and medical applications. Metal complexes exhibit a high level
of organization and therefore, they are quite useful as comp-
onents of molecular level photochemical devices. These are
carefully designed to perform desired functionalities such as
energy conversion, molecular sensing, labeling, switching,
catalysis, hydrometallurgy and spent nuclear fuel reprocessing,
etc. [3,4].

During the last few years special attention has been paid
to the study of solvent effects on different reactions, particularly
in aqueous-organic solvent medium, as it paves way for solute-
solvent interaction. In pure solvents, the composition of the
solvation microsphere is the same as in the bulk solvent and

-
(v/v)) were also derived for all the complexes in presence of added iodide ion, in which Co™ was reduced via [Co™(pn),(CI)(L)**..... '] |
|
|
significance in developing novel approaches in the field of high performance catalysis. I
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it’s different for aqueous-organic solvent medium. These
solvent effects have generally been understood using ion pair
charge transfer (IPCT). Though many earlier communications
reports about the effect of solvent on various types of reactions
such as substitution [5-9], redox [ 10-14], photo-reduction [15-
17] and solvolysis [18,19] of metal complexes have been
published, such solvent variation studies on the aryl complexes
with IPCT are very occasional.

Great efforts have been paid on improving present methods
to investigate the synthesis, spectral characterization and
solvent effects on the photoreduction of a series of Co™(pn),
(CH(L)*(where L = RCsH,NH,, R = m-OMe, p-F and H) in
binary aqua-organic solvent media. The solvent effects on the
reaction have been carried out in water/1,4-dioxane mixtures
of varying compositions and correlation analysis of the data
was carried out using linear free energy relationships for the
proper understanding of the mechanism. The selection of the
organic co-solvents for the study is based on the fact 1,4-dioxane
is a typical non-HBD solvent. Hence by varying the concen-
tration of these solvents in the binary aqua-organic solvent

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.



http://orcid.org/0000-0001-7786-7620
http://orcid.org/0000-0001-8695-8321
http://orcid.org/0000-0002-5304-4301

1380 Stephen et al.

Asian J. Chem.

medium, the hydrogen bonding properties of the mixture can
be diverse smoothly.

EXPERIMENTAL

Cobalt(IIl) aryl-amines were prepared according to the
reported method [20,21] and the purity of the complexes was
checked with UV-visible data reported earlier [21]. AnalarR
grade methanol and KI were purchased from E-Merck. Binary
solvent mixtures with the ratio of 0, 5, 10, 15, 20, 25 and 30%
(v/v) of organic co-solvent (i.e. methanol/1,4-dioxane) in aqueous-
organic solvent medium . The ionic strength was adjusted to
0.1 M with A.R. grade NaNOs. All irradiated solutions were
freshly prepared and thermostated to 293 and 300 K. The
Co"(pn),(Cl)(L)**concentration was generally 2.54 x 10~ to
5.69 x 10 M and photolysis was carried out in dim red light.
Solvent mixtures were prepared by volume percent and conver-
sion of mole fraction of the co-solvent (x,) was made using
density data.

RESULTS AND DISCUSSION

The complex Co™(pn),(Cl)(L)*(where L = RCsH,NH,,
R =m-OMe, p-F and H) is less reactive upon 254 nm irradiation
but reacts well in presence of iodide ion. The UV-visible spectra
recorded during photolysis of Co™(pn),(C1)(L)*showed the
persistent shifting of the peaks. The electronic absorption of
the complex showed a blue shift at A = 300 nm upto 3.86-
3.94, 3.89-3.98 and 3.90-3.99 nm for m-OMe, p-F and H
complexes, respectively. The photoreduction of Co™ into Co"
was followed through repetitive scan spectra recorded, and
the spectral changes observed upon 254 nm photolysis trans-
[Co™(pn),C1(C¢HsNH,)]Clyin 10% 1,4-dioxane mixtures as a
utility of irradiation time at 27 °C is shown in Fig. 1. At the
time of irradiation for regular intervals, blenching of solution
took place with a related increase in absorbance [22] at 350
nm representing I3~ absorption. The characteristic spectral
absorptions at 625 nm for Co"(NCS),*” and 475 nm for I;”
specifies the reduction of cobalt(IIl) center by iodide ion into
Co" and iodine radical. The study ascribed that the photo-
reduction is due to ion-pair charge transfer (IPCT) state, such
absorptions are generally observed for { Co(III) and I"} systems.
The quantum yields of ®c.u) increase with the increase in the
aqueous-organic solvent medium content as with the decrease
in the polarity charge in the mixed solvent medium, the equili-
brium constant of ion-pair formation have the increasing trend
[23,24]. A suitable regression analysis can establish the comp-
lexity and contribution of medium on photoreactions via ion-
pair formation. Table-1 shows the net photoreaction observed
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Fig. 1. Photoreduction of [Co™(pn),CI(CsHsNH,)]Cl, at water-methanol
mixtures at 0, 120 and 240 s at 254 nm irradiation

in binary solutions at their natural pH (~ 6.7). The quantum
yield increases with the increase in the methanol/1,4-dioxane
concentration in the irradiated solution [25]. It indicates that
the population of 1,4-dioxane molecules in the solvation area
increases considerably with the increase in the cosolvent content,
Xpiox. Fig. 2 present a linear relationship of log ®@comy at two
different temperatures with mole fraction of 1,4-dioxane, x, =
0.0229 to 0.1602.
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Fig. 2. Plot of log ®coa versus X, for the photoreduction of

Co"(pn).CI(RCsHsNH,)]Cl, complex at 293 K (0) and 300 K (A)
in water-1,4-dioxane mixtures in the presence of iodide ion

Variation of quantum yield with 1/¢,: Fig. 3 illustrate a
linear plot of log ®c.a) versus the reciprocal of relative permi-
ttivity (¢'). The Laidler-Eyring equation can be applied by
least-squares procedure for the linearity in its medium [26].
The correlation analysis of Co(III)-mixed solvent medium are
given in Table-2. To assess the implication of relative permittivity
in the photoreduction of [Co™(pn),Cl(CsHsNH,)]Cl, in water-
1,4-dioxane (293K) (eqn. 1) and 300K (eqn. 2), regression
analysis was carried out with 1/¢,.

TABLE-1
QUANTUM YIELDS FOR THE PHOTO REDUCTION OF Co"(pn),CI(RC,H,NH,)]Cl, IN AIR EQUILIBRATED WATER-
1,4-DIOXANE MIXTURES AT DIFFERENT TEMPERATURES. IRRADIATION WAVELENGTH-254 nm WITH IODIDE ION

Doy X 107" 1,4-dioxane % (v/v)

Rin aniline  Temp. (K) X,
0 5 10 15 20 25 30
293 3.86 3.51 3.84 4.02 4.19 4.58 4.93
m-OMe 300 0.0365 3.94 3.76 4.07 4.16 4.24 4.64 5.17
293 3.89 3.84 3.88 4.09 4.26 4.83 5.26
pE 300 01422 3.98 3.97 4.12 4.21 4.39 4.89 5.34
H 293 0.1632 3.90 3.76 3.72 3.97 4.20 4.78 5.38
300 3.99 3.88 4.08 4.18 4.28 5.14 5.52
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TABLE-2
STATISTICAL RESULTS OF THE LAIDLER-EYRING’S EQUATION FOR THE PHOTOREDUCTION OF
[Co(pn),CI(RC{H,NH,)]** ION IN WATER-1,4-DIOXANE MIXTURES AT DIFFERENT TEMPERATURES

R in aniline Temp. (K) r sd g X I
m-OCH 293 0.9860 0.0070 0.130 30.617 0.1429
? 300 0.9521 0.0118 0.240 27.425 0.2094
F 293 0.9590 0.0124 0.222 31.221 0.1517
P 300 0.9593 0.0111 0.221 28.034 0.2143
H 293 0.9456 0.0166 0.255 35.899 0.0722
300 0.9241 0.0188 0.302 34.111 0.1212
1* = Correlation coefficient; sd = Standard deviation; ¥ = Exner’s statistical parameter
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Fig. 3. Plot of log ®coa versus 1/g, for the photoreduction of Fig. 4. Plot of log ®co versus Y for the photoreduction of

Co™(pn),CI(RC¢H,NH,)]Cl, complex in water-1,4-dioxane mixtures
at two different temperatures

log ®coany = 0.0722 + 35.899 1/e, (1)
(> =0.9456, sd = 0.0166, y = 0.255, n = 6 and Temp. = 293 K)
log ®coary = 0.2143 + 28.034 1/e, 2)

(=0.9241, sd =0.0188, y=0.302, n = 6 and Temp. = 300 K)

Parameter of solvent assets: The Grunwald-Winstein
relationship [27,28] by log k =log k,, + mY, (where k and k, are
replaced by Weom and Yoeom) Was attempted towards regression
analysis and K (rate constant) stands for a compound in a solvent
and koin the standard solvent and m is the solvent parameter
measuring compassion of reaction rate towards Y. Fig. 3 shows
the linearity in the arrival of Grunwald-Winstein relationship.
For the present system it was understood that the linearity of
the plots in Fig. 4, which ensures the major role of discrete
molecular structure and the @,y controls the initial transition
to that of transition state towards differential salvation with
various solvent composition. Lappin ez al. [29] proved that solvent
dielectric selectivity in the reduction of a series of cobalt(III)
complexes in aqueous solutions for mixed ligands. The complex

Co"(pn),CI(RC¢H;NH,)]Cl, complex in water-1,4-dioxane mixtures
at two different temperatures in the presence of iodide ion

Co™(pn)»(Cl)(L)**forms a tighter ion-pair with I" ion in the
lower relative permittivity medium and this tighter structure
was well stabilized in a mixture containing higher mole fraction
of 1,4-dioxane (x> =0.2750). Relative permittivity is a suitable
measure of long range medium effects on reactions [30,31].
The stabilization of the excited state depends on the formation
of hydrogen bonds with the ability of the protic solvents.

Photoreduction yield in the presence of iodide ion increases
with the decrease in polarity of the medium suggests that the
excited state is less polar than the ground state. In Fig. 3, the
lines showed a negative slope values indicated that the quantum
yield depends on the solvation structural contribution. Thus,
considerable charge separation takes place in the ion-pair,
[Co™(pn)x(CI)(L)**-+-I'], leading to solvent caged radical pair,
[Co™(pn)»(CL)(L)**-+--I'] due to effective solvation.

Fig. 4 is a plot of log ¢,y versus Y (Grunwald-Winstein
polarity parameter), corresponding to Co™(pn),ClI(RCsH,NH,)]-
Cl, photoreduction in water-1,4-dioxane (293 K) (eqn. 3)/(300
K) (eqn. 4). The analysis results are shown in Table-3.

TABLE-3
STATISTICAL RESULTS, THE COEFFICIENTS AND WEIGHTED CONTRIBUTIONS OF SOLVENT PARAMETERS FROM
GRUNWALD-WINSTEIN EQUATION FOR THE PHOTOREDUCTION OF [Co(pn),Cl(RC{H,NH,)]** ION COMPLEXES IN
WATER-1,4-DIOXANE MIXTURES AT DIFFERENT TEMPERATURES WITH IODIDE ION

R in aniline Temp. (K) r sd g X 1
m-OCH, 293 0.9872 0.0067 0.124 -0.1548 1.0729
) 300 0.9470 0.0124 0.252 -0.1382 1.0411
PF 293 0.9522 0.0134 0.239 -0.1572 1.0981
300 0.9522 0.0120 0.239 -0.1411 1.0640
H 293 0.9370 0.0178 0.275 -0.1806 1.1599
300 0.9173 0.0196 0.315 -0.1718 1.1551

1’ = Correlation coefficient; sd = Standard deviation; P = Exner’s statistical parameter
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TABLE-4
STATISTICAL RESULTS, THE COEFFICIENTS AND WEIGHTED CONTRIBUTIONS OF SOLVENT PARAMETERS
FROM KRYGOWSKI-FAWCETT EQUATION FOR THE PHOTOREDUCTION OF [Co(pn),CI(RC,H,NH,)|** ION
COMPLEXES IN WATER-1,4-DIOXANE MIXTURES AT DIFFERENT TEMPERATURES WITH IODIDE ION

Statistical parameters

R in aniline Temp. (K)

R’ sd a b PEDN) P(DNY)
Q=Q,+0E," + BDN"

m-OMe 293 0.996 0.006 0.078 -0.03 -4.09 1 99
300 0.981 0.009 0.169 1.57 -10.70 13 87
»F 293 0.976 0.011 0.192 1.79 -12.16 13 87
300 0.993 0.005 0.104 1.93 -12.38 1 99
H 293 0.982 0.011 0.164 2.38 -15.45 13 87
300 0.962 0.015 0.240 2.47 -15.59 14 86

R? = coefficient of multiple determination; sd = standard deviation; ¥ = Exner’s statistical parameter; a and b — coefficients of E;" and DN eq;

P(E;") and P(DN") — weighted percentage contributions.

IOg q)Co(II) = -01806 - 11599 Y (3)
(*=0.9370, sd =0.0178, y = 0.275, n = 6 and Temp. = 293 K)
log Do = 4.258 — 0.956 Y (4)

(*=0.9173,sd =0.0196, y=0.315, n = 6 and Temp. = 300 K)

Short range solvation effects: The specific and short-
range solvation effects on excited state/ligand radical pair paves
way to the extent of variation in quantum yield. In order to study
the specific solvation effect interaction, biparametric equation,
Krygowski-Fawcett was analyzed. The solvation effect is charac-
terised experimentally in strong correlations of ®c,m and the
empirical solvent parameters, such as Reichardt’s Ef™ and
Gutmann’s DNY, which appear to measure both micro polarity
and solvent Lewis basicity, respectively. The solvent effect on
®com could be represented as: Q = Q, + 0B + BDNY, where
Q =log ®com, Qo = log @’coary and o and P are the regression
coefficients. Linear solvation energy via mixed solvent medium
shows excellent correlations with the @ ¢, { Co™(pn),(CL)(L)>,
I'} association is probably significant at micro-level [32,33].
The analysis results are shown in Table-4.

Regression analysis for Co™(pn),CI(RCsH,NH,)]Cl, is
presented in eqn. 5 and 6.

log ®com = -10.005 + 2.38 ErN — 15.45 DNN (®)]
(R*=0.982,sd=0.011, y=0.164, n = 6 and Temp. = 293 K)
log ®com=-8.319 + 2.47 Er — 15.59 DNN (6)
(R?=0.962,sd =0.015, ¢ = 0.240, n = 6 and Temp. = 300 K)
The back electron transfer reactions within the mixed
solvent medium predominate with IPCT. The primary photo-

products due to the solvent cage effects are explained in eqns.
7-9:
{[Co(pn),CI(RC{H.NH,) >, T} + hyv ——
{[Co(pn):.CI(RCHNH)I', I} (7)

{[Co(pn).CI(RCcHsNH,)]*, I} —
{[Co(pn)>CI(RCsH.NH,)*, T} ()

{[Co(pn).CI(RCcHsNH,)]*, I} —
{[Co*(pn),CI(RCsH.NH,) '} + 1 )

The iodine radical, I, is then scavenged by I" ions to yield
I,", which is able to oxidize [Co* (pn),CI(RC¢H,NH,)]" under-
goes disproportionation reaction [34].

Conclusion

An aqueous-organic solvent medium plays a major role
in the resolve of quantum yield with higher x,, a fraction of
the electron transfer products that escape due to solvent cage
and dissociate before they can back react. The solvent cage
plays a very vital role even though its contribution towards
the photoreduction is less. This is kept by the magnitude of
the ®¢,qy which is associate with the reactions in neat water.
The various analysis proved the solvation influence on the ion
pair charge transfer. This indicates that the transition state has
a lower charge density than the cobalt(IIl) ion confirming the
iodine component of the ion-pair. Solvent cage stabilizes the
excited state ion-pair {[Co(pn),CI(RCsHsNH,)]**, I"} because
the electron of iodide ion was partly shifted to {[Co**(pn),CI-
(RC¢HsNH,)]*} ion. The solvent cage containing both water
and organic cosolvent (Diox) comprises of hydrophobic ion
of C4H;s of 1,4-dioxane. Ion pair charge transfer (IPCT) relax-
ation dynamics considered in this work, is of vital importance
for our understanding of the photophysics and photochemistry
of transition metal complexes and their building blocks as it
confirms the less polarity in the hydrophobic solvent cage.
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