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Laser-power-dependent Coordination and Photo-oxidation of Zinc
Tetraphenylporphin in Alkyl Chlorides probed by Resonance Raman

Spectroscopy

G. S. S. Saini, N. K. Chaudhury and A. L. Verma*

Department of Physics, North-Eastern Hill University, Shillong 793 003, India

Changes in the axial ligation and n-cation radical formation of zinc tetraphenylporphin (ZnTPP) in alkyl chlorides
as a function of laser power have been probed by the resonance Raman technique. ZnTPP forms weakly bound
pentacoordinate species in the ground state at low laser power (<8 mW at the sample) which dissociate mainly
by a thermal process into tetracoordinate, neutral ZnTPP or its n-radical cation due to electron transfer from
excited ZnTPP to CCl, at higher laser powers. From the dependence of photo-oxidation on the concentration of
electron acceptors, excitation wavelength and solvents, it is inferred that a weak triplet exciplex is formed
between the excited ZnTPP and electron acceptor which serves as transient species and that light-induced
intermolecular charge transfer from ZnTPP to CCl, is the primary proces involved in photo-oxidation.

Metalloporphyrins in the ground or excited electronic states
are known to display a variety of photochemical and photo-
physical phenomena associated with the binding and release
of axial ligands. The catalytic and biological functions of
haem proteins and metalloporphyrins are determined, to a
large extent, by the coordination structure of the central
metal and a lot of work has been reported'~> on the coordi-
nation chemistry of iron porphyrins, magnesium chlorins and
other metalloporphyrins. The resonance Raman (RR) tech-
nique is well established as a sensitive probe for character-
izing the spin, oxidation and coordination states as well as
the core size of metalloporphyrins.®” Time-resolved Raman
spectroscopy®® has been employed to study the binding and
release of axial ligands on the picosecond and nanosecond
time domain which are mediated by excited electronic states.
Raman spectroscopists often use alkyl chlorides as solvents
for Raman studies of metalloporphyrins, which may form
very weak axially ligated complexes. During our RR studies
on ZnTPP in different alkyl chlorides, we have found power-
dependent changes in axial ligation and photo-oxidation of
ZnTPP which may have significant bearing on the proper
interpretation of the coordination structure of metallo-
porphyrins in terms of Raman marker bands. Some salient
aspects of our RR studies of ZnTPP in alkyl chloride solu-
tions are reported in this paper.

Experimental

Free-base tetraphenylporphin (H,TPP) was purchased from
Sigma, USA. Zinc metal was inserted according to the stan-
dard procedure,'® and the product was purified by column
chromatography. The purity of the sample was checked by
UV-VIS spectroscopy. Spectroscopic-grade C¢Hy, CH,Cl,,
CCl,, 1,1,2,2-tetrachloroethane, C,Cl,, CS, and methanol
were obtained from SISCO and from S.D. Chemicals, dried
over CaH, and finally distilled prior to use. Raman spectra
were recorded with a SPEX Ramalog 1403 double mono-
chromator equipped with a cooled RCA 31034A photomulti-
plier and photon-counting detection system. Excitation lines
were provided by Liconix 4240 HeCd and Spectra-Physics
165-09 argon-ion lasers. The spectra at low temperatures
were recorded with an Air Products closed-cycle helium cryo-
cooler working up to 10 K. The position of Raman peaks was
calibrated with indene or the known bands of the solvents
used. Samples were degassed using freeze-thaw cycles.

Results and Discussion

The absorption spectra of ZnTPP in well known non-
coordinating solvents C¢dHg and CH,Cl, (Fig. 1) are similar
and match the previously reported spectrum of ZnTPP in
CcHg.!* With CCl, as a solvent, there is no detectable shift
in the position of the absorption bands of ZnTPP compared
to CH,Cl, or C4Hg solutions but the R value, the ratio of the
molar absorption coefficients for the Q,; (B) and Qg (o) (i.e.
€a0,/EQ0s) Dands, decreases slightly from 5.7 to 5.0 (Fig. 1).
This is indicative of the formation of a weak complex
between ZnTPP and CCl, in the ground state. The absorp-
tion spectra of ZnTPP in CCl, after irradiation with 35 mW
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Fig. 1 Absorption spectra of ZnTPP (ca. 3 x 1073 mol dm~3); (a)

in C¢Hg, (b) in CCl, before laser excitation and (c) in CCl, after

irradiation with 35 mW laser power at 441.6 nm under anaerobic

conditions; cell pathlength 1 cm
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laser power at 441.6 nm under anaerobic conditions is shown
in Fig. 1(c), which agrees well with the previously reported
absorption spectra of ZnTPP** n-radical cation.!?

ZnTPP at Low Laser Powers (<8 mW)

The RR spectra of ZnTPP (0.5 mmol dm™?) in different sol-
vents under anaerobic conditions with 441.6 nm excitation
are shown in Fig. 2. The RR spectrum in C¢Hg shown in Fig.
2(a) is identical to the previously reported RR spectrum of
tetracoordinate ZnTPP (*ZnTPP) in CS, !* and CH,Cl,.'*
When the laser power at the sample is kept below 8 mW for a
static sample or even when ca. 10 mW power is used with a
spinning sample, the RR spectrum in CCl, solution [Fig.
2(b)] shows extra features that are not present in the spec-
trum of “ZnTPP. The v, and v, modes appear as doublets at
1550/1547 and 1356/1351 cm™!, while the v,, mode shifts
from 1494 to 1490 cm~'. The RR spectra of ZnTPP in some
known coordinating solvents such as alcohols, tetra-
hydrofuran and pyridine [Fig. 2(c)] show Raman bands at
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Fig. 2 RR spectra of ZnTPP (ca. 0.5 mmol dm™?); (a) in C4Hg, (b)
in CCl, at 10 mW using a rotating cell, (c) in tetrahydrofuran, (d) in
CCl, at 35 mW and (e) in CCl, at around 100 K with 8 mW laser
power. The right-hand side shows power-dependent changes in the
relative intensity of the two components in the v, region in the RR
spectra of the ZnTPP in CCl,: (&) 2 mW; (b') S mW; (¢') 8 mW with
a static cell; (d) 8 mW with a spinning cell. The deconvoluted spec-
trum of (a’) is shown in (¢'). For all the cases, the excitation wave-
length was 441.6 nm; scan speed 15 cm ™! min~! and laser power 35
mW otherwise stated. The single and double asterisks indicate
solvent bands and plasma lines, respectively
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the position of the lower-wavenumber components of these
doublets and v,, at 1490 cm ™!, When the laser power at the
sample in a static cell is increased to around 35 mW, the
Raman signals at 1547, 1490 and 1351 cm ™! disappear while
an entirely different spectral pattern emerges,!® as shown in
Fig. 2(d). Similar RR spectra for ZnTPP in other alkyl chlo-
rides such as CHCI,CHCI, and C,Cl, were also obtained
with different laser powers as with CCl, solution.

The extra features at lower wavenumbers and the down-
ward shift of the v;, mode in the RR spectra of ZnTPP in
alkyl chlorides at lower laser powers (<8 mW at the sample)
may originate from the following sources: (i) formation of
ZnTPP in the excited electronic states with long lifetimes; (ii)
species produced from photo-oxidation of ZnTPP or photo-
chlorination of CCl,; (iii) vibrational coupling between the
modes of solvent and solute molecules; (iv) changes in the
relative permittivity of the solvents; or (v) formation of penta-
coordinate species of ZnTPP with alkyl chlorides.

Laser excitation in the Soret or Q-band regions of ZnTPP
in toluene at 300 K populates the lowest-energy excited
singlet state S, (lifetime 2 ns) with fluorescence quantum yield
¢ = 0.04 which populates the lowest triplet excited state T,
by efficient intersystem crossing with ¢ = 0.88 (lifetime 2
ms).!*>16 The RR spectrum of ZnTPP in the excited triplet
state!317 is different from the RR spectra shown in Fig. 2. In
particular, >ZnTPP has characteristic RR features at 1508,
1493, 1445 and 1287 cm™! (with an unidentified v, mode),!’
but these features are absent from the spectra in Fig. 2(a)—(c).
Moreover, the yield of excited ZnTPP in the triplet or singlet
excited states in the steady state is expected to increase with
increasing laser power, contrary to our observations from the
power-dependent spectra in the v, region shown in Fig, 2(a)-
(c). Owing to the very short lifetime and low quantum yield,
no significant population in the singlet excited state is
expected with such low laser powers. Therefore the additional
spectral features at lower laser power (<10 mW) cannot be
associated with the excited ZnTPP in the triplet or singlet
states.

Since we have used degassed solutions in our measure-
ments, the possibility of photo-oxidation of ZnTPP is very
rare. However, the irradiation of ZnTPP solution in CCl,
with radiation within Soret band under aerobic conditions
produces strong fluorescence, indicating the photoaddition of
oxygen to ZnTPP to produce a fluorescent species. As no
change was observed in the absorption spectrum of ZnTPP
after irradiation of a degassed solution with <10 mW laser
power and no bands were found at 1541, 1438, 1346 and 1297
cm ™! characteristic of zinc tetraphenyl phlorin,!” the extra
features observed at 1351, 1547 and 1490 cm ™! cannot be
ascribed to photoproducts of ZnTPP. Moreover, photo-
chlorination from CCIl, is expected only at higher laser
powers, and as the spectral pattern did not change with
varying concentrations of CCl, in CS, (an inert solvent) at
lower laser powers, we can rule out this possibility also as a
likely source for the extra features. _

If these additional features are due to vibrational coupling
between the modes of ZnTPP and CCl, then one would not
expect these features to appear at the same position in other
solvents such as CHCI,CHCl, and C,Cl, which have very
distinct vibrational modes. Therefore, these extra features
cannot be associated with vibrational coupling and joint exci-
tation of the solvent and solute molecules.

The relative permittivities of C;Hg, CS, and CCl, are 2.27,
2.64 and 2.23.1® As they are very similar, one would expect to
observe similar Raman spectra in all these solvents. On the
contrary, the RR spectra in CS, and C¢H, are identical but
they differ considerably from the spectra in CCl, [Fig. 2(a)
and (b)]. Therefore the extra features observed in CCl, and
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other alkyl chlorides cannot be explained by changes in the
relative permittivity of the solvents.

In order to check the laser-power-dependent changes on
the RR spectra of ZnTPP in different solvents, we found that
the RR spectral pattern in CS,, C¢Hg, CH,Cl,, CH;OH
and THF remains unaffected while it changes in CCl,,
CHCI,CHCl, and C,Cl, with laser power. The power-
dependent RR spectra of ZnTPP in CCl, are shown in Fig.
2(a)-(c’) in the v, mode region where the intensity of the
1356 cm ™! component increases while that of the 1351 ecm™*!
component decreases with increasing laser power from 2 to 8
mW. When the laser power at the sample is increased beyond
10 mW in a static cell, an entirely different spectral pattern
due to *ZnTPP and its n-radical cation (ZnTPP'*) is
observed [Fig. 2(d)]. This is discussed in the next section.
These observations led us to believe that ZnTPP in solvents
like CCl,, C,Cl, and CHCL,CHCI, forms a weak complex in
the ground state which is responsible for extra Raman fea-
tures at lower laser powers.

The RR spectra of ZnTPP in alcohols, tetrahydrofuran
and pyridine etc., which are known to coordinate at the axial
position of Zn to give pentacoordinate ZnTPP (*ZnTPP)'?
show Raman bands at the position of the low wavenumber
components of these doublets at 1351 and 1547 cm ™! and the
v,; mode at 1490 cm~!. Earlier studies by Berzin* also indi-
cated that CCl, molecules are bound weakly at the axial
positions of zinc metal.

From the shift in wavenumber of some ligation-sensitive
Vi1, v4 and v, modes of ZnTPP and comparison with the
wavenumber of known pentacoordinated species of ZnTPP,
it is clear that ZnTPP in CCl, and other alkyl chlorides
forms a weak complex and adopts a pentacoordinate struc-
ture which also remains stable at low laser powers. When the
laser power is increased, the local temperature of the sample
increases, dissociating the weak pentacoordinate complex to
give *ZnTPP and its n-radical cation (ZnTPP"*), as shown in
Fig. 2(d). This point is further substantiated by our low-
temperature studies where we have observed a higher concen-
tration of >ZnTPP [Fig. 2(¢)]. Moreover, the pentacoordinate
ZnTPP assumes a square-pyramidal structure with a con-
comitant increase in the core size of the macrocycle and
reduction in its symmetry. This would shift the skeletal
modes v,, vy, and v, to lower wavenumber,?%?! as is
observed in this study. In principle, one should observe a new
band corresponding to a metal-ligand (Zn—-CCl,) stretching
mode. This stretching mode is expected to be enhanced by
excitation in the charge-transfer region which is as yet
unidentified in this system.

It is known that a porphyrin can act either as an electron
acceptor or donor depending on the environment, whereas
CCl, has a slight electron-donating tendency and thus can be
oxidised by electron acceptors. These properties of ZnTPP
and CCl, may be responsible for the decrease in the ratio of
the f and o band intensities (R value) in the absorption
spectrum?? due to partial transfer of charge from the axial
ligand to the porphyrin ring via the zinc atom. All the metal
orbitals in zinc are occupied and n-type coordination involv-
ing these orbitals is not possible. However, weak ligation of
CCl, to ZnTPP may be possible via: (i) interaction between
the d’sp’ orbitals of the metal and the axial ligand giving
weak g-bonding* or, (ii) the electrostatic interaction between
CCl4* and ZnTPP’~ due to partial charge transfer from
CCl, to the porphyrin ring via the Zn atom in the ground
state; or (iii} the ion-multipole interactions between Zn2*
and CCl, having high polarizability. All these factors may be
responsible for the weak axial ligation of CCl, with ZnTPP.
Complexation in other alkyl chlorides (CHCI,CHCl,, C,Cl,)
can also be understood along similar lines.
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ZnTPP at Higher Laser Powers (35-100 mW)

When the laser power at the static sample of ZnTPP in CCl,
under anaerobic conditions was increased beyond 10 mW, we
observed a different spectral pattern compared to that at
lower laser power (Fig. 3). The major RR spectral features
after excitation by 441.6, 457.9 and 476.5 nm radiation (ca. 80
mW power for the last two) can be correlated with the =n-
radical cation of ZnTPP (ZnTPP"*) based on a comparison
with the RR spectra of electrochemically generated
ZnTPP"*,'5 chemically produced ZnTPP'* and character-
istic electronic absorption spectra shown in Fig. 1(c). There-
fore we conclude that ZnTPP in CCl, is photo-oxidized by
irradiation with higher laser power, giving the s-radical
cation (ZnTPP"*) due to electron transfer from the excited
ZnTPP to CCl, . The wavenumber shift and assignment?3 of
different modes on =-radical cation formation are given in
Table 1. Note that the yield of photo-oxidized ZnTPP varies
with the excitation wavelength, being greatest with 457.9 nm
excitation and decreasing with 488.0 nm excitation, while
partial demetallation is observed with 441.6 nm excitation.
With 441.6 nm excitation, we observe some additional fea-
tures at 1365 (v,), 1477 and 1542 cm ™! [Fig. 3(a)] which are
absent with excitation at other wavelengths. By comparison
with the RR spectra of H,TPP**,>* we infer that these bands
originate from H,TPP'* as a result of demetallation of
ZnTPP.

In an attempt to identify the transient species involved in
this process, we have monitored the dependence of photo-
oxidation of ZnTPP as a function of concentration of CCl, in
CS, (Fig. 4) using 4579 nm laser excitation. We have
observed some extra weak features marked ‘T’ in Fig. 4(b)
and (c) at 1508 and 1443 cm ™! and a broad envelope centred
around 1282 cm™' at lower concentrations of CCl,. The

-
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Fig. 3 RR spectra of ZnTPP (ca. 10™* mol dm~?) in CCl, under
anaerobic conditions with (a) 441.6, (b) 457.9, (c) 476.5 and (d) 488.0
nm excitation. Spectral conditions are similar to those in Fig. 2
except for the laser power which was 35 mW at 441.6 nm and 80 mW
at other wavelengths
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position of these bands is close to that observed for ZnTPP
in the triplet excited state.!3'!” During our recent studies of
photo-oxidation of H,TPP in alkyl chlorides,?* we have
inferred that a weak exciplex is formed between the H,TPP
in the excited triplet state and electron acceptors as a steady-
state transient species during photo-oxidation of H,TPP.
From the results of Fig. 4 we suggest that an exciplex is
formed between the excited triplet ZnTPP and CCl, as a
steady-state transient species with its characteristic RR fea-
tures at 1508, 1443 and 1282 cm 1.

Based on different experiments and by analogy with
H,TPP,** we suggest the following mechanism for photo-
oxidation of ZnTPP. The weak pentacoordinate
ZnTPP-CCl, complex formed in the ground state dissociates
into neutral molecules when it is irradiated with laser
photons. The “ZnTPP thus generated as well as initially
present “ZnTPP in solution in equilibrium is excited to the
singlet state by irradiation which undergoes intersystem
crossing to the triplet state, where it forms an exciplex with
CCl, . The triplet exciplex is deactivated via electron transfer
from the macrocycle of ZnTPP to CCl,, giving the n-radical
cation of ZnTPP and the radical anion of CCl,. CCly" is
unstable in solution and dissociates into Cl~ and CCIj at
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Fig. 4 RR spectra of ZnTPP with 457.9 nm excitation in (a) 100%
CS,, (b) 99.5% CS,-0.5% CCl, (v/v), (c) 9% CS,-1% CCl, (v/v), (d)
50% CS,-50% CCl, (v/v), (e) 100% CCl, and (f) 98% CCl,-2%
CH;OH (v/v). The laser power was around 80 mW and other spec-
tral conditions are as for Fig. 2
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room temperature. The CCI; radicals dimerize to form
CCl1,CCl; molecule.

Schematically, the different photochemical steps may be
visualized as follows:

3ZnTPP
ground state ' hy
ZnTPP + CCl, CCl, 4ZnTPP + CCl,
m
hv
“ZnTPP ZnTPP* 3ZnTPP* 2

3ZnTPP* + CCl, [3ZnTPP*---CCl,]

3[ZnTPPCCL,]*
triplet exciplex

3{ZnTPPCCI,]*

[ZnTPP *--CCl;"]
ZnTPP'* + CCl;”

“

ZnTPP + CCl, ZnTPP + CCl,
ccly” CCI; + CI™ )
2CCl, C,Cl, 6)

*ZnTPP'* + C1- (*ZaTPP )Cl™

(pentacoordinate species) (7)

where ZnTPP*, 3ZnTPP* and ZnTPP"* represent ZnTPP in
the singlet and triplet excited states and its n-radical cation,
respectively. We have monitored the formation of C,Clg
during photo-oxidation of ZnTPP in CCl, by observing
directly some weak Raman features in the low-frequency
region at 375 and 783 cm~! while other modes of C,Cl,
overlap with those of ZnTPP and ZnTPP'*. The Cl~ ion
will act as a counter-ion to stabilize the final product as the
pentacoordinate ZnTPP** Cl~ species.

Our RR studies at low temperature (ca. S0 K) show that
partial photo-oxidation at this temperature also takes place,
indicating that long-range quantum-mechanical electron tun-
nelling also contributes to the electron-transfer process from
ZnTPP to CCl,, but the yield of photo-oxidation at low tem-
peratures is very low.

Electronic and Geometric Structural Changes

From Fig. 3 and 4 and Table 1, the RR band at 1550 cm ™!
for neutral ZnTPP involving mainly C,—C, stretch with
some contribution from C,—C,, stretch (v, mode) shifts
downwards to 1517 cm ™! on =-cation formation while some
other RR bands associated with the v,, [W(C;—Cp)] and v,
[W(C,—N)] modes also shift downwards (Table 1). Based on
SCF-MO calculations,?® the radicals with predominantly a,,
character have large spin densities located on the C,, and N
atoms and this orbital is bonding with respect to the C;—C,
and C,—C,, bonds. Removal of an electron from the a,,
orbital on n-cation formation should weaken the C;—C,; and
C,—C,, bonds and decrease their stretching frequencies. On
the other hand, the C,—N and C,—C, interactions are
nearly non-bonding in the a,, orbital and the shifts related to
the modes involving these bonds are generally smaller and
variable. We have observed frequency shifts of certain modes
in accord with expectations for ZnTPP" ™ radicals having pre-
dominantly a,, character as observed for other tetra-
phenylporphyrins.13-24

It is now well established that the frequencies of the high-
wavenumber modes of porphyrins are correlated linearly
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Table 1 Resonance Raman frequencies of *ZnTPP, ZnTPP and ZnTPP"*

Raman shift/cm ~*

ZnTPP in CS, ZnTPP in CCl, ZnTPP in CCl, Av on m-cation mode number and
(*ZnTPP) (*ZnTPP at <8 mW) (ZnTPP*'* =35 mW) formation/cm ™! assignment®
1596 1596 1599 +3 ¢4 WCpy—Cpn)
1592 — 1586 -6 V10(B1 s UCo—Crlusym
_ — 1573 V37{Eu) AC,Crasym
1550 1547 1517 —33 vy(A, ), Cp—Cp)
— — 1534 Vig(A2g) UC,—Crlyym
1494 1490 iig;} 7 v11(Byg) HC,—Cy)
— — 1442 v28(B2g) UC,—Crliym
1416 — 1414 -2 V3(A s UC,—Crlym
1360 — 1361 +1 v49(B,), W(pyrrole quarter ring)
1356 1351 1342 —14 v4(A,p), v(pyrrole half ring)
— — 1337 va0(A ), ¥(pyrrole quarter ring)
— — 1287 vy5(By,), v(pyrrole half ring)
1271 — — v5+(B3,), WCp=ph)
1247 — 1246 —1 vae(EL), %C,,—ph)
1235 — 1232 -3 vi(A,p), AC,—ph)
1210 — —
— — 1191 v34(Bag) HCs—H) gy
1176 — 1180
1123 —
1077 — 1075 -2 VoA 1) HCp—H)yym
1030 — 1033 +3 ¢4, (Cp,—C,p)
— — 1015 v55(A,,), v(pyrrole haif ring),,. .
1004 — 1009 +5 ve(A g), v(pyrrole breathing)
995 — 993 -2 v30(By,), v(pyrrole half ring)

¢ Mode numbering and assignment are according to ref. 23.

1586
1414

intensity (arb. units)

1 I i
1630 1600 1500 1400 1300

Raman shift/cm~’

Fig. 5§ Polarized RR spectra of ZnTPP () in CS, ; (b) in CCl, with 457.9 nm excitation line in parallel(I),) and perpendicular(I,) polarization
geometries. In (a), the depolarized component at 1592 cm ™! corresponding to the v, , mode becomes clear
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with the core size of the macrocycle.” Therefore the shift in v,
from 1550 to 1517 cm ™! and other high-wavenumber modes
(v, from 1494 to 1487 cm~ ! and v, from 1356 to 1342 cm ™)
may also indicate the core expansion of ZnTPP macrocycle
on photo-oxidation, since axially bound Cl~ would attract
the Zn metal out of the porphyrin plane. Although there are
no data on the core size of ZnTPP'* Cl17, from the X-ray
analysis of ZnTPP'* ClO,, Scheidt et al.2® obtained 2.047 A
for the core size of the latter complex, which is larger than
the core size of ZnTPP (2.036 A). In n-radical cations, saddle
distortion may also contribute to the core expansion.?7-28

Intensity Enhancement of Certain Modes

The intensities of certain modes show enhancement in the RR
spectra of the n-radical cation. Almost all the modes involv-
ing C,—C,, stretching, particularly the v;, v, vio and v,
modes, gain intensity. The v, mode is generally not seen
with excitation in the Soret region due to its A, (under D)
symmetry, but when the symmetry of the molecule is lowered
from D,, to D,, on n-cation formation,'® the A, vibration
becomes B, and can be observed as the depolarized mode as
shown in Fig. 5. Therefore we associate the 1535 cm ™! band
with v, and the 1586 cm™! band with v,, modes, respec-
tively [Fig. 4(e) and 5(b)]. This assignment gains support
from the previous work on Zn"TMPyP, for which the RR
band at 1530 cm ™! was assigned to the v,, mode by Song et
al?®
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