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The title compound, CICr(1II) TPP-Py (Py=pyridine), in acetone photodissociates the axial pyridine, probably from the *S,
state, to give CICr(III)TPP as an initial product with yield of x0.16 upon 532 and 355 nm excitation. The initial product,
CICr(IIT)TPP, reacts with both pyridine and acetone to yield CICr(III)TPP-Py and CICr(III)TPP-Ac (Ac=acetone). The
monoacetonate complex, CICr(III)TPP-Ac, further exchanges the axial acetone for pyridine to regenerate CICr (11I) TPP-Py.

1. Introduction

Axial ligation of synthetic metalioporphyrins has
been a subject of extensive studies for understanding
the biological role of axial ligands in naturally oc-
curring hemoproteins [1-4]. For chromium por-
phyrins, studies on axial ligation by optical absorp-
tion and ESR spectroscopy have revealed that their
physical and chemical properties are markedly af-
fected by the nature of the axial ligand [5]. It, there-
fore, is expected that the axial ligand gives a signif-
icant effect on the electronic structure of the
chromium porphyrins, not only in the ground state
but also in excited states.

In 1975, Gouterman et al. [6] reported that
chloromeso-tetraphenylporphinatochromium (1I1),
CICr(III)TPP, in a mixture of n-butanol and 3-
methylpentane exhibits dual luminescence originat-
ing from the trip-quartet, “T, and the trip-sextet 5T,
states. Later Harriman also observed luminescence
from CICr(II1)TPP in ethanol [7]. However, the
excited-state nature of chlorochromium porphyrins
having a sixth ligand has not yet been reported.

In the present work, we found that the monopyr-

idinate of CICr(II1)TPP, CICr(III)TPP-Py, re-
leases the axial pyridine upon 355 and 532 nm ex-
citation. The reactive state responsible for ligand
ejection as well as the mechanism of the ligand ex-
change reaction is discussed on the basis of nano-
second laser photolysis studies.

2, Experimental

Chloro-meso-tetraphenylporphinatochromium-
(1), CICr(III)TPP, was synthesized and purified
as in the literature [5]. Reagent grade acetone and
pyridine were used without further purification.

Absorption and luminescence spectra were re-
corded on a Hitachi 330 spectrophotometer and a
Hitachi MPF 4 spectrofluorimeter, respectively.
Laser photolysis studies were carried out by using an
Nd-YAG laser (model HY 500 from JK Lasers Ltd.)
equipped with second (532 nm), third (355 nm),
and fourth (266 nm) harmonic generators. The de-
tection system of transient spectra has been de-
scribed elsewhere [8].

The concentrations of CICr(III)TPP in acetone
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solutions ranged from 5.36 X 10~%t0 2.45x 10—> M
throughout this study.

Sample solutions were prepared in the dark
in order to minimize photodecomposition of
CICr(III)TPP. The solutions, if necessary, were
deaerated by bubbling with pure argon gas.

3. Results

Earlier studies on ligand exchange rcactions have
demonstrated that CICr(III) TPP reacts with an ace-
tone molecule to give the monoacetonate complex,
CICr(IIINTPP-Ac (Ac=acetone) [5]. The axial
acetone in CICr(II1)TPP-Ac is known to be readily
replaced by N-donor ligands [5].

Fig, 1 shows the absorption spectra in the Soret
band region observed for CICr(III)TPP in the ace-
tone solutions containing (0-6.2) X 10-2 M pyri-
dine. The spectrum of CICr(II1) TPP-Ac in acetone
has an absorption peak at 446 nm with the molar ab-
sorption coefficient of 3.0x 10° M~! ¢cm~!. With in-
crease in the pyridine concentration, the spectrum
gradually changes to that of CiCr(II1)TPP-Py with
1soshestic points, indicating the presence of the fol-
lowing equilibrium:

CICr(III) TPP-Ac+ Py=CICr(I1l ) TPP-Py+Ac,

_ [CICr(I)TPP-Py] [Ac]
= [CICr(II1)TPP-Ac] [Py]

-
[=]
T
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Fig. 1. Absorption spectra of CICr(III)TPP (5.36 X 10-% M) in
aerated acetone solutions at room temperature containing [Py]:
(1)OM; (2)2.48X107°M; (3)4.96x10-°M; (4) 2.48% 10~
M; (5)4.96x10-7M; (6) 1.24x 1073 M; (7) 6.20x 102 M.
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According to the method reported by Miller and
Dorough [9], the equilibrium constant K was de-
termined as 4.9 X 10,

In an acetone solution, luminescence from
CICr(III)TPP-Ac is almost undetectable at room
temperature. However, CICr(III)TPP-Py gives lu-
minescence, although still weak; the peak intensity
of the luminescence spectrum is located around 835
nm. Taking account of the previous studies on lu-
minescence of chromium porphyrins [6], we con-
sider that the excited state responsible for lumines-
cence of CICr(I1l)TPP-Py is ascribed to the trip-
quartet state, *T,, which is in thermal equilibrium
with the trip-sextet state, °T,.

Fig. 2 shows the transient spectra observed for an
acrated acetone solution of CICr(III)TPP-Py con-
taining 1.24x 102 M pyridine after 355 nm laser
pulsing. The transient spectrum taken at SO ns after
pulsing exhibits a negative peak around 455 and two
positive ones around 470 and 395 nm. At 1 ps after
pulsing, the first transient spectrum, which decays
according to first-order kinetics with the rate con-
stant of 8,5 10%s~!, completely disappears, leaving
the second transient spectrum having a positive peak
at 447 and a negative one at 458 nm. The second
transient spectrum taken | ps after pulsing is trans-
formed to the third one according to first-order ki-

ABSORBANCE CHANGE

WAVELENGTH . nm

Fig. 2. Transient spectra observed for an acrated acetone solu-
tion of 5.36 % 10~5 M CICr(III)TPP containing 1.24 X 10-2 M
Py after a 355 nm laser pulse: (a) at 50 ns; (b) at 1 ps; (c) at 500
us.



Volume 165, number 4

netics with a rate constant of 6.4 10*s~". The third
transient spectrum with the positive and negative
peaks at 445 and 455 nm, respectively, was found to
decay uniformly in the whole wavelength region
studied. The decay of the transient follows first-or-
der Kinetics with a rate constant of 6.6 10 s~".

As described above, laser photolysis of
CICr(II1) TPP-Py gives three transient species. The
transient spectrum of the first species with the decay
rate constant of 8.5 x 10 s~ ' can be obtained by sub-
tracting the transient spectrum measured at | ps from
that at 100 ns. The spectrum thus obtained is found
to be similar to the triplet—triplet absorption spec-
trum of usual metal tetraphenylporphyrins originat-
ing from the porphyrin ligand [10]. As mentioned
later, the transient species is ascribed to the °T, state
of CICr(111) TPP-Py.

The second transient spectrum with the decay rate
constant of 6.4x10° s~! closely resembles the dif-
ference spectrum (CICr(III)TPP — CICr(1II)TPP-
Py) obtained by subtracting the spectrum of
CICr(III)TPP-Py in acetone from that of
CICr(III)TPP in the non-coordinating solvent
CH,Cl,. This result indicates that the second tran-
sient is attributed to CICr(III)TPP free from the
sixth ligand. The second transient is found to be the
precursor of the third transient specics.

The third transient spectrum with the decay rate
constant of 6.6 10 s~' is identical with the differ-
ence spectrum (CICr(III)TPP-Ac — CiCr (I11) TPP-
Py) in acetone, leading to the conclusion that the
third transient is ascribed to CICr(III) TPP-Ac.

We have also carried out laser photolysis studies
of CICr(III)TPP-Py in oxygen saturated and deaer-
ated acetone solutions containing 1.24x10-2 M
pyridine. The results are summarized as follows: (1)
The decay rate constant of the °T, state in degassed
solution is determined as 6.9 10® s=' which is
slightly smaller than that (8.5%x 10°s~') in aerated
solutions. (2) In the oxygen saturated solution, the
decay rate constant of the 5T, state is obtained as
1.5% 107 s~' which is 2.2 times larger than that in
the deaerated solution, probably owing to the effec-
tive quenching of the °T, state by oxygen. (3) The
yields of the °T, state, CICr(III)TPP, and
CICr(III ) TPP-Ac were independent of the concen-
tration of oxygen. (4) The rate constants for the de-
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cay of CICr(III)TPP and CICr(I11)TPP-Ac are not
affected by oxygen.

Because of the fact that, in oxygen saturated so-
lutions, the °T, state is quenched while the yield of
CICr(II1)TPP is not diminished, we conclude that
the °T, state is not the precursor of CICr(III)TPP.

The effects of pyridine on the photochemistry of
CICr(111) TPP-Py were examined. We observed that
(1) the yield and the decay of the °T, state of
CICr(1I1)TPP-Py are not affected by the pyridine
concentration, (2) both the rate constant, kg, and
the yield, @, for the formation of CICr(III)TPP-Ac
from CICr(III)TPP are markedly dependent on the
pyridine concentration: the rate constant increases
with an increase in the pyridine concentration while
the yield decreases, and (3) the rate constant, k,p,
for the decay of CICr(11I) TPP-Ac increases with in-
crease in the pyridine concentration and levels off at
concentrations higher than 0.1 M pyridine.

On the basis of these observations, the photoreac-
tion of CICr(111)TPP-Py in acetone is expressed as

hv
CICr (1) TPP-Py —°T, ,

hv

CICr(III)TPP-Py — CICr(1I[)TPP+Py ,

kac

CICr(III)TPP+Ac — CICr (III) TPP-Ac,

kpy
CICr(III)TPP+Py — CICr(1II ) TPP-Py ,

CICr(ILI)TPP-Ac+Py

kAP

— CICr(III)TPP-Py+Ac .

Upon laser excitation, CICr(I11 ) TPP-Py gives rise
to the formation of the ¢T, state and CICr(III)TPP.
The latter reacts with both acetone and pyridine to
yield CICr(II1) TPP-Ac and CICr(III) TPP-Py with
rate constants, ka. and kp,, respectively. The mono-
acetonate complex, CICr(III) TPP-Ac, exchanges the
axial ligand Ac for pyridine with the rate constant,
kap, to regenerate CICr (II1) TPP-Py. It is found that
kap 15 two orders of magnitude smaller than the rate
for the decay of CICr(III)TPP, k,[Ac]+
kp,[Py], in the whole pyridine concentration range
studied.

From the scheme described above and
kap <<ka.[Ac]+kp,[Py], the absorbance change,
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AD, of the second transient spectrum is formulated
as

AD=AD,_,

+(Aesc — Aepckac[Ac]/kobsa) €XP( —Kopsal) .

(1)
Here
AD,, = Aegc[Cri(0) ]

X kaclAc)/ (ka[Ac]+kpy[Py]), (2)
kobsa=kac[AcCT+key[Py] , (3)
Aexc=€s—¢€c, (4)
Aepc =€ —€c, (5)

where AD,_ 1s the absorbance change at an infinite
time, [Cr'™(0)] is the initial concentration of
CICr(III)TPP produced upon laser excitation, and
€, €n, and €c are the molar absorption coefficients
of CICr(III)TPP, CICr(III)TPP-Ac, and
CICr(IlI) TPP-Py, respectively. For derivation of eq.
(1) we ignored the backward reactions

ki
CICr (1) TPP-Ac — CICr (111 ) TPP+Ac,

k2

CICr (1) TPP-Py — CICr (IL[)TPP + Py .

When k; or k, is not negligible in comparison with
kac OT kpy, AD cannot be simply expressed as a single
exponential function of time. We found that AD
measured experimentally follows eq. (1) in the whole
pyridine concentration range studied. This finding
implies k5. k| and kg, > k; that are almost equiv-
alent to neglect of these backward reactions. Eq. (3)
predicts that the plot of kg versus pyridine con-
centration, {Py], gives a straight line. Fig. 3 shows
the plot of k.4 Obtained from the absorbance change,
AD, of the second transient spectrum, represented as
a function of [Py]. From the slope and intercept of
the line, the rate constants are determined as
ka[Ac]=5.7x10%s7" and kp,=5.9X 10* M~ s,

The absorbance change, AD,., at an infinite time
can be measured from the decay or the rise curve of
AD because of kap<Kkac[Ac]+kep, [Py]. According
to ed. (2) we plotted 1/AD,, against [Py]. From the
slope and intercept of the line, the ratio of the rate
constants, kp,/ka.[Ac], is obtained as 10.0 M~'. This
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Fig. 4. Plot of k,p versus [Py]. The solid curve is the rate con-
stant calculated according to the reaction scheme (see text).

value is in good agreement with that calculated from
the rate constants Kx.[Ac] and ks, obtained above.
Fig. 4 shows the plot of the decay rate constant,
kap, of the third transient spectrum (CICr(II1)TPP-
Py), represented as a function of [Py]. The rate con-
stant increases with increase in [Py] and exhibits
leveling off at [Py]>0.1 M. This result, in connec-
tion with the mechanism of the substitution reaction
of the axial acetone by pyridine, is discussed later.
Quantum yields for photodissociation of the axial
pyridine in CICr(II1) TPP-Py were measured by the
laser photolysis technique in order to elucidate the
primary processes of the photochemistry of the chro-
mium porphyrins. The yields @ are expressed as

o= [Cr"l(o)]/labsa (6)

where [Cr™(0)] is the initial concentration of
CICr(III) TPP observed after laser pulsing and 7,y is
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the number of photons absorbed by CICr(II1)TPP-
Py. Eqgs. (2) and (6) give

¢=ADOOF/A63CIBI)S . (7)

Here

I'=(kac[Ac] +kpy[Py])/kac[Ac]=1+10.0[Py].
(8)

The values of AD,, and Aege were measured at 445
nm: Aegc=1.8x 10> M~! s~!, The value of I is cal-
culated from [Py] of the solution.

For determination of I,,,, we prepared a benzene
solution of zinc(II) tetraphenylporphyrin, ZnTPP,
that has an absorbance identical with that of the ace-
tone solution of CICr(III)TPP-Py at a laser exci-
tation wavelength. When the benzene solution was
subjected to laser photolysis, the initial absorbance,
ADy, of the triplet ZnTPP monitored at 470 nm is
expressed as ADr=Dgregoolans. We can, therefore,
readily determine 7, with the use of AD+, the molar
absorption coefficient, €470, of the triplet ZnTPP
(€470=7.3%10* M~! cm~1), and the triplet vield,
&g (Psr=0.83) [10].

The quantum yields for photoejection of the axial
pyridine obtained with the procedure mentioned
above are 0.17+0.03 and 0.1520.03 upon 532 and
355 nm laser excitation, respectively.

4. Discussion

The laser photolysis studies of CICr(IIT) TPP-Py
in deaerated acetone revealed that the transient hav-
ing the decay rate constant of 6.9x10° s~! is
quenched by oxygen, indicating that the transient is
ascribed to an excited state. It has been proposed [6]
that chromium porphyrins have the trip-quartet state,
4T,, which lies closely higher in energy than the low-
est trip-sextet state, °T,. Then, the transient can be
ascribed to the “T, or the °T, state.

On the basis of detailed studies on luminescence
from CICr(1II) TPP at various temperatures, the dif-
ference in energy between the “T, and the °T, state
has been estimated as 520 cm~! [6]. According to
the Baltzmann distribution, the ratio of the popu-
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lation of the *T, state, Ngq, to that of the °T, state,
Nrs, 18

Nro/N1s=1 exp(~AEqs/RT) , (9)

where AEqgs=520 cm™' [6]. Eq. (9) gives Nqo/
Nrs=0.05 for CICr(1II)TPP at 300 K. This value
implies that the major species is the °T, state at room
temperature. On the assumption that the energy dif-
ference, AEqgs, of CICr(IIT)TPP-Py is approxi-
mately identical with that of CICr(III)TPP, the ex-
cited state dectected by laser photolysis of
CICr(III) TPP-Py is attributed to the °T, state.

The rate constant for the decay of the T, state in-
creases from 6.9 10°t0 1.5% 107 s=! on going from
the deaerated to the oxygen-saturated acetone solu-
tion owing to the quenching of the *T, state by ox-
ygen, However, the yield for the photodissociation
of the axial pyridine in CICr(III)TPP-Py is iden-
tical, irrespective of the presence or absence of ox-
ygen. This result indicates that neither the T, nor
the *T, state is responsible for the photodissociation
reaction. Further, the yield for the photodissociation
of pyridine is scarcely dependent on the excitation
wavelengths: &=0.17120.03 at 532 nm and
®=0.1510.03 at 355 nm. These results suggest that
the photodissociation of the axial pyridine occurs
from the 4S, state of CICr(IL1)TPP-Py.

Absorption spectroscopic studies confirmed that
CICr(III) TPP-Ac is in equilibrium with CICr(111)-
TPP-Py in acetone solutions containing pyridine.
Previous studies [11] suggest that the ligand ex-
change reaction is represented as

ky

CICr(II1) TPP-Ac== [CICr(ITI) TPP] + Ac,
kac

iepy
[CICr(III)TPP ]+ Py—CICr(III) TPP-Py,
]

where [CICr(II[)TPP] is the chromium (IIl) por-
phyrin free from the axial ligand yielded as an
intermediate in the ligand exchange reaction.
With the use of the steady-state approximation,
d[CICr(III)TPP]/dt=0, the reaction scheme de-
scribed above leads to

kac[Ac] (k —k5)
kac[Ac]+k; +kry[PY] ’

kAP =k - ( 10)
where k.. is the rate constant for the decay of
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Table 1
Kinetic parameters for ligand exchange reactions

CHEMICAL PHYSICS LETTERS

CICc{(III)TPP®  CICr(III)TPP-Ac ™
kp, (M~1571) 5.9%x10° 7.3x 104
kae (M~'s—1) 4.2x10? 7.8x 10
Iy (s™1) - 1.4x10?
ks (s™") - 2.7

* Rate constants determined from the decay of CICr(III) TPP
directly produced from CICr(III)TPP-Py upon laser
excitation.

®) Rate constants determined from the decay of CICr(III ) TPP-
Ac.

CICr(II1) TPP-Ac. The observed values of k,p shown
in fig. 4 arc well interpreted in terms of eq. (10): kap
increases with an increase in [Py] and levels off at
large [Py] to give kap(oo) =k, at an infinite con-
centration of pyridine. Eq. (10) is readily trans-
formed to

Z=(ky —kap) ™"

_ kAc[AC] +k2 ku[PY] 1 1
= InlAcl (ki k) | knfAc (ki -k (D

where k, =kap(o0)=1.4x 10?51, The plot of Z ver-
sus [Py] gives a straight line. From the slope and
intercept of the hine and the equilibrium constant
K=l kp,/kack>=4.9x10% the rate constants are, re-
spectively, determined as k,.=78 M~! s,
kpy=T7.3X10*M~"'s~! and k,=2.7 s~'. The solid
curve in fig. 4 is the calculated values of ksp ac-
cording to eq. (10) with the use of the rate con-
stants, Ky, kac, kp,, and k, obtained above. The cal-
culated values of k,p are in good agreement with
those obtained experimentally, suggesting that the
ligand exchange reaction between CICr(1II) TPP-~Ac
and  CICr(III)TPP-Py  takes place via
[CICr(IIT)TPP].
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In table 1 are listed the rate constants, kpy, ka, &1,
and k,, determined from the decay of CICr(I111)TPP
and CICr(III) TPP-Ac produced by laser photolysis
of CICr (I11) TPP-Py in acetone solutions containing
pyridine. The rate constants kp, are in good accord.
However, k.. obtained from the decay of
CICr(III)TPP-Ac is significantly smaller than that
from the decay of CICr(II1)TPP yielded by photol-
ysis of CICr(III) TPP-Py. Since the difference in k.
far exceeds the experimental errors, [CICr (I11) TPP],

- which is a key intermediate in the ligand exchange

reaction between CICr(III)TPP-Ac and CICr(III)-
TPP-Py, is considered to have lower reactivity to-
ward acetone than that directly produced from
CICr(IIT) TPP-Py upon laser excitation.

Further studies are in progress.
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