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The large conjugated system and the d orbitals of metallic phthalocyanines (MPcs) are easily triggered by
solvent molecules and light to cause variations in photo-physical and photo-chemical properties. To
clarify the novel properties of photo-excited MPcs in solvents, the steady/transient state spectral data
were collected to investigate four MPc templates, including FePc, ZnPc, CoPc and AICIPc. The Q bands
of FePc and CoPc were prone to redshift, while the peaks of ZnPc and AICIPc tended to blueshift in
various solvents compared with that in DMSO. With xenon lamp irradiation, the characteristic absorption
peak intensity of FePc and ZnPc in DMSO decreased gradually and then increased after being subjected
to dark condition. The transient absorption spectra and kinetic data illustrated that photo-excited FePc
and CoPc produced relatively short lifetime transient intermediates. The positive absorption at 650 nm in
the Q bands of FePc and CoPc could be assigned to the d-m* electron transition in transient
intermediates with unpaired d-orbital electron in the open shell configuration of Fe?* and Co®*. The
above studies were of great significance for the application of solvent-triggered and photo-induced

rsc.li/rsc-advances novel properties of MPcs.

Introduction

The excellent thermal stability, chemical stability and unique
optical properties, coupled with their extensive redox chemistry,
make metal-coordinated phthalocyanines (MPcs) excellent
candidates for electrocatalytic and photocatalytic processes in
different fields, such as solar cells," photodynamic therapy
(PDT),*> and chemical sensors.® Influenced by the conjugate
structure, MPcs usually aggregated into two types: face-to-face
H-aggregates and head-to-tail J-aggregates. The degrees of
aggregation depend on various factors, such as solvent,
concentration, sidechain substituent, and the coordinated
metal.* The exploitation of the MPc aggregation and redox
mechanism can be beneficial for its applications in the fields of
photophysics,® photochemistry,® materials’ and catalysis.®
Transition metal phthalocyanine dual-metal-site catalysts® and
composite anchoring iron phthalocyanine (FePc)/TiO, hetero-
structure'® demonstrated good photocatalytic activities for CO
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reduction or organic contaminant degradation.” The redox and
aggregation process mechanisms of CoPc or ZnPc were still
unclear because the metal-based and ring-based one-electron
redox processes were influenced by the axial coordinated
ligand properties.'> Negrimovsky et al.'* proved that the
increasing number of cationic groups led to the increased
solubility of monomeric MPcs in dipolar aprotic organic
solvents. Aluminium coordinated phthalocyanine (AlPc) and
aluminium coordinated porphyrin have high binding affinity
with ions. Studies on AlPc electrochemistry™ in aqueous and
nonaqueous media were reported, but the photoinduced reac-
tion was not included. The high electrocatalytic and photo-
catalytic activities of MPcs can be attributed to the unsaturated
low-coordination environment of the central metal ions coor-
dinated to four isoindole subunits.” Current researches focus
on the physical and chemical properties of metal phthalocya-
nines with side chains under non-photoexcited conditions.
Although it has been shown that the central metal in MPcs
played an important role in various photocatalytic and electro-
catalytic reactions, the precise control by light or solvent effects
is required to develop a deeper understanding. As a matter of
fact, the photoirradiated MPcs displayed more complicated and
diverse physical/chemical properties in solvent. Thus, with the
application of steady-state/transient absorption spectroscopy,
the photoexcited FePc, ZnPc, CoPc and AlCIPc were investigated
in solvents. Some new photophysical and photochemical
properties of the photoexcited MPcs were detected, including

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the axial coordination variation and the aggregation of MPcs.
The electron transition advantages of ferriporphyrin in heme
proteins®® and the excellent optical adsorption properties of
metal-coordinated porphyrins or phthalocyanines in photo-
electric conversion applications'” were further understood
based on the transient absorption bands and relaxation process
of excited state intermediates. The photophysical and photo-
chemical mechanisms were analysed, and the influence rules of
external conditions were discussed to provide fundamental
guidance for the practical application of MPcs in the field of
photochemistry.

Experimental

MPcs, DMSO, DMF, CH;0H and other organic reagents were
purchased from Aladdin or Sigma, and all of the reagents were
not further purified. The experimental water used was ultrapure
water. MPcs were prepared in various solvents of the same
concentration of 1 x 10~° mol L™

After three hours in dark condition, MPcs were irradiated for
a certain time under a full wavelength xenon lamp with the
energy of 150 W. The UV-visible spectra of MPcs were recorded
on a UV-vis spectrophotometer (Jasco, Japan) using 1 cm quartz
cuvettes. The slit width was 2 nm, the scanning wavelength
range was 300-700 nm, the scanning rate was 400 nm min ",
and the response time was medium. The fluorescence spectra of
the samples were measured with an FP-6500 after being irra-
diated using a full-wavelength xenon lamp. The fluorescence
spectra and synchronous fluorescence spectra of the samples
were measured using FP-6500 (Jasco, Japan) after being irradi-
ated by a full-wavelength xenon lamp. The parameters of the
fluorescence spectra were set with the excitation wavelength at
355 nm, and the parameters of the synchronous fluorescence
spectra were also set with the delta wavelength of 20 nm, slit
width of 5 x 5 nm, scanning rate of 500 nm min_ ', and wave-
length range of 300-700 nm. The transient absorption spectra
and decay curves of the sample were measured using an LP-980
Laser flash photolysis (Edinburgh Instruments, Britain). The
sample was placed in a quartz cuvette and excited by a fixed
wavelength (355 nm) laser. The change in optical density (AOD)
was as follows:

AODt, 2 = ex(Der(?) — ec(Dler(d) + ey(Dld—dp(Mey(t)  (1.1)

where ¢g represented the extinction coefficient of the ground
state, er the transient extinction coefficient, ¢y the concentra-
tion of the triplet excited state, ¢ the concentration of the single
excited state, d the effective optical path length of the probe
beam, and ¢ the fluorescence spectral intensity of the sample.
In the determination process, fixed time or fixed wavelength
was used to convert into a single variable function.

The fitting curve of the excited-state decay kinetics is as
follows:

R)=4+Y Ben (1.2)
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where B; and t; represent the pre-exponential factor and char-
acteristic lifetime, respectively, and A is the additional back-
ground. R(t) is the sample decay model, which is the theoretical
expression of the response of the sample to an infinitely short
excitation.

The laser flash photolysis used the absorption map in kinetic
absorption mode for measurement (laser mode: 1 Hz; time
range: 4000 ns; time shift: 15%; detection voltage range:
400 mV; repeated times of each measurement: 2 laser pulses;
detector slit width: 2 nm; and detection wavelength range: 300-
750 nm).

Results and discussions

Two strong absorption regions in the UV-vis spectra of MPcs
were mainly caused by the m-electron transition on the conju-
gated system of phthalocyanine. The first absorption band
located at 300 nm-500 nm is called the B band, which is
assigned to the a,, — e, transition with an energy value of
3.8 eV. The second stronger absorption region located at 600
nm-700 nm is labelled as the Q band, where the electron
transitioned from a,, to e, at a lower energy of about 1.8 eV.**
The central metals exerted significant effects on the position
and intensity of characteristic absorption peaks in the UV-vis
spectra of MPcs. MPcs have a simple planar molecular struc-
ture without any polar groups and side chains, but the delo-
calization of the w-bond and d orbitals of the metal centre in the
molecule was easily affected by the solvent molecules, thus
changing the shape and position of the B band and Q band.*

The maximum absorption wavelengths of the MPcs were
weakly correlative to the polarities of the solvents (Table 1 and
Fig. S1%), but they were susceptible to the solvent molecules.
The highest characteristic Q band of FePc was located at 653 nm
in DMSO, while the peak was located at 659 nm in CH,OH and
CH;CH,0H. Two broad characteristic absorption peaks of FePc
could be observed in CHCI; and C¢Hg. The Q band at a wave-
length of 669 nm of FePc in C¢H redshifted evidently (AA = 16
nm) than that in DMSO. The maximum absorption wavelength
of ZnPc in DMSO was located at 672 nm, while the strongest

Table 1 Maximum absorption wavelengths of Q band in solvents for
FePc, ZnPc, CoPc and AlCIPc*

FePc CoPc ZnPc AICIPc

WL A WL A WL AL WL A
DMSO 653 0 656 0 672 0 675 0
DMF 657 +4 658 +2 668 —4 670 -5
CH;0H 659 +6 656 0 665 -7 670 -5
CH;CH,OH 659 +6 656 0 667 -5 670 -5
1,4-Dioxane — — 657 +1 668 —4 672 -3
EtOAc — — 657 +1 665 -7 670 -5
CHCl; 655 +2 665 +9 684 +12 680 +5
CeHg 669 +16 660 +4 670 —2 673 -2

¢ Take the spectral peaks of MPcs in DMSO solvent as the standard (0),
“—” and “+” indicate the blueshifts and redshifts in other solvents,
respectively. “WL” represents wavelength (nm).
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peak of ZnPc in ethanol and CHCI; was located at 665 nm and
684 nm, respectively. The Q band of CoPc located at 665 nm in
CHCI; redshifted significantly (A2 = 9 nm) than that in DMSO.
The maximum absorption peak of AICIPc red-shifted by 5 nm
from 675 nm in DMSO to 680 nm in CHCl;.

The Q bands of FePc and CoPc were prone to redshift, while
the peaks of ZnPc and AICIPc tend to blueshift in various
solvents than that in DMSO (Table 1). The noticeable Q-band
peak position shifts of FePc and CoPc with 3d electrons in
various solvents indicated that the d-m* transitions were more
susceptible to the solvent, and the solvent molecules were prone
to be the axial coordinated ligand with the central metal,
resulting in the differences in molecular photophysical prop-
erties. The full 3d10 electron configuration of Zn** in ZnPc, as
well as the third periodic metal aluminium in AlCIPc, formed
the coordination bond with the inner N of phthalocyanine,
which showed the opposite phenomena in various solvents
(Table 1). The stable metal ions of ZnPc and AICIPc without the
unpaired d-orbital electron or other single electron tended to
keep the stable geometrical structures and the coordination
numbers, which presented the relatively stable properties and
avoided the interference of solvent molecules. In DMSO, the
characteristic absorption peak intensities of FePc, CoPc and
ZnPc (Fig. 1) gradually increased in the freshly prepared solu-
tions. The Q-band characteristic peak of FePc was first located at
662 nm in the freshly prepared solutions. Then, the peak loca-
tion blueshifted to 653 nm with an increase in the intensity in
three hours (Table S1t). FePc in the freshly prepared solutions
might be in an aggregation state, which led to an electron-rich
effect in phthalocyanine ligand by the intermolecular w-m*
stacking and formed similar configuration of FePc™ (665 nm).*
The Q-band intensities of CoPc and ZnPc (656 nm and 672 nm,
respectively) increased significantly without any wavelength
shifts following the change in time under no light condition.
The Q band of AICIPc was stably located at 675 nm with a small
change in the intensity. The spectral curves revealed that CoPc
and ZnPc in the freshly prepared solutions might be in a face-to-
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Fig. 1 UV-vis spectra of photo-excited FePc, CoPc, ZnPc and AlCIPc
in DMSO.
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face H aggregation state, whereas AICIPc might be in a scattered
state.

The 653 nm absorption intensity of FePc decreased after
irradiating with a xenon lamp and redshifted to 670 nm, which
could be assigned to the characteristic peak of Fe**Pc™.>* The
variations in spectra illustrated the metal-ligand charge trans-
fer (MLCT) process in photo-excited FePc. The susceptible
spectra of FePc under light and dark conditions reflected the
active electron transition between the iron ion and ligand,
which generated the excellent and special properties of the
photo-excited FePc.

After CoPc was irradiated using a xenon lamp for at least
10 min (Fig. 1), the B-band peak redshifted from 326 nm to
332 nm with a decrease in the absorption intensity, while a new
peak appeared at 352 nm with a gradual increase in intensity.
The Q band redshifted from 596 nm/656 nm to 603 nm/666 nm
(Admax = 10 nm), and the intensity at 666 nm significantly
enhanced. The phenomena of nascent peak and redshifted Q-
band in the spectra might attribute to the fact that the long-
time xenon lamp excitation changed the axial coordination of
Co in CoPc with small molecules, such as O,. The Q-band peak
intensity increased gradually with an irradiation using the
xenon lamp, indicating that CoPc did not aggregate in the
photo-excited process.

In DMF solution, the characteristic absorption peak inten-
sities of the four MPcs decreased gradually with irradiation
time. The absorption peaks of FePc, CoPc and AICIPc
redshifted, while the peak location of ZnPc remained
unchanged and reached a stable state after a period (Fig. 2). The
unique characteristics might be that the saturated electron
configuration of Zn>* was too stable to coordinate with small
molecules as the axial ligand. After the dark treatment, the
absorption intensity of the four metal-coordinated phthalocya-
nines recovered at varying degrees.

In general, the aggregation process followed the first-order
reaction:

0.20 0.40
FePc :
—hv Omin CoPe_ by 0 min 658nm
0.16 —hv>10min 0.30 —_— hv>]0min
\—hv >10min+dark1h im hv >10min+dark24h
K 660nm
< 0.12
0.08
0.04 0.00 663nm
300 400 500 600 00 300 400 500 600 700
Wavelength/nm Wavelength/nm
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ZnPc 668nm AICIPc 670nm|
2.001"— hv Omin hv Omin
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£
<1.00
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Fig. 2 UV-vis spectra of photo-excited and dark-treated FePc, CoPc,
ZnPc and AlCIPc in DMF.
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A(t) = Ag exp(—k.t) (1.3)
where A(t) represented the intensity of the characteristic peak
under the light with an illumination time ¢, and 4, was the
original characteristic peak intensity of the illuminated mate-
rial. k. denoted the effective reaction rate constant of the
aggregation process,”>** which could be applied to evaluate and
compare the photostability of the metal-coordinated phthalo-
cyanines dissolved in solutions. The k. value could not be
determined for the barely noticeable aggregation rate of CoPc in
DMSO under a xenon lamp irradiation. Conversely, the k. value
could not be obtained for the characteristic absorption peak of
FePc in DMF that disappeared rapidly, proving that FePc (DMF)
had the fastest aggregation rate and the weakest light stability.
Based on the values of k. (Table 2), the aggregation rates of
MPcs in DMSO followed the order AICIPc > ZnPc > FePc > CoPc,
while the aggregation rates in DMF followed the order FePc >
ZnPc > CoPc > AlICIPc. Both the aggregation rate sequences
revealed that the solvents significantly affected the photo-
chemical reaction rates of the MPcs.

Synchronous fluorescence (A2 = 20 nm) showed that the
fluorescence peaks of FePc were located at 326 nm, 346 nm,
410 nm and 563 nm (Fig. 3) in DMSO. After xenon lamp irra-
diation, the fluorescence peak at 326 nm and 346 nm gradually
vanished, and finally a new fluorescence peak with a higher
intensity appeared at 340 nm. The 410 nm fluorescence peak
assigned to the large conjugate system of the MPc varied grad-
ually with the photo-irradiation time. Four emission peaks at
326 nm, 346 nm, 557 nm and 620 nm were observed in the
synchronous fluorescence (AA = 20 nm) spectrum of CoPc
(Fig. 3). The fluorescence peaks at 326 nm and 346 nm faded
away, and a new fluorescence peak generated at 340 nm along
with a gradual increase in intensity under the light irradiation,
which was similar to that of FePc. The same peak merging
phenomena about the 340 nm peaks could be observed in the
synchronous fluorescence spectra of ZnPc and AlCIPc. However,
the 410 nm fluorescence peak intensity of ZnPc and AlCIPc
remained unchanged under light. The fluorescence peak
merging phenomena might be due to an increase in the
molecular symmetry and the degeneracy of m-orbital energy
levels of the photo-excited MPcs.>* The 410 nm fluorescence
variations were assigned to Fe and Co ions that coordinated
with O, or other small molecules in solvents, resulting in the
reduction of unpaired d-orbital electrons. Interestingly, strong
synchronous fluorescence (Fig. 3) and fluorescence peaks
(Fig. S21) near 700 nm could be found in the spectra of ZnPc
and AICIPc, but they could not be observed in FePc and CoPc.

Table 2 Effective reaction rate constants (k.) of the four metal-
coordinated phthalocyanines

ke (min™")
Solvent FePc CoPc ZnPc AlCIPc
DMSO 3.10 x 1073 1.47 x 1072 1.19 x 107*
DMF — 2.80 x 107> 140 x 10"  1.50 x 10>

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Synchronous fluorescence spectra (A2 = 20 nm) of FePc, CoPc,
ZnPc and AlCIPc after xenon lamp irradiation in DMSO (a—f indicates
the irradiation duration of the xenon lamp, i.e., 0, 5, 10, 15, 30 and 60
minutes).

The notable features indicated that the unpaired d electrons of
Fe and Co led to the electron delocalization and internal energy
conversion in the molecules.

The transient spectra of the laser-excited MPcs displayed
more significant differences. Two evident negative peaks at
384 nm and 404 nm (Fig. 4) indicated that one intermediate of
FePc was generated by laser excitation. A larger ey value of the
intermediate than the &g value of the ground state would result
in a transient absorption peak with a positive AOD value (eqn
(1.1)). A positive peak at 650 nm and a negative absorption peak
at 670 nm in the Q band also illustrated the generation of
transient intermediates of FePc. The transient spectrum of ZnPc
was classified as a typical characteristic absorption peak of T,-
T, transition in MPc.* The two negative peaks (607 and 672 nm)
in the Q band were matched with the ground state absorption
peaks in the steady absorption spectra. The ground state
bleaching peak recovery process synchronized with an attenu-
ation of the ground state positive spectral peak (400 nm-600
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Fig. 4 Transient absorption maps of FePc, CoPc, ZnPc and AICIPc in
DMSO.
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nm). A wide range of transient spectral bands and a relatively
slow relaxation process of ZnPc demonstrated a long-life excited
state intermediate. This might be one of the reasons why it
could play an important role in the field of photoelectric
conversion.”” Two positive peaks at 586 nm and 650 nm in the Q
band could be observed (Fig. 4) in CoPc transient absorption.
The weak absorption peak at 586 nm could be assigned to the
excited state intermediate of CoPc. The transient negative peak
with a AOD value of —0.29 a.u. at 682 nm corresponded to the
AlICIPc fluorescence peak, which was assigned to the fluores-
cence term @(2) of AlCIPc. In addition, three positive transient
absorption peaks at 418 nm, 580 nm and 627 nm, which were
attributed to the excited state (¢ > ¢g), proved the generation of
stable triple-excited intermediate of AICIPc after laser
excitation.

The excitation decay kinetic curves of the characteristic peak
in the transient spectra of the four MPcs (Fig. 4 and S37) fitted
using eqn (1.2), and the data are listed in Table 3. The decay
time of FePc at 384 nm, 404 nm, 650 nm and 670 nm were 194
ns, 295 ns, 213 ns and 759 ns, respectively. The decay lifetime in
the same order of magnitude confirmed the same intermediate
of FePc. The short decay time of the transient peak at 674 nm in
CoPc transient spectra was 194 ns. The positive absorption at
650 nm in the Q band of FePc and CoPc could be assigned to the
d-m* in transient intermediates with unpaired d-orbital elec-
tron in the open shell configuration of Fe>* and Co**. Contrarily,
the negative AOD values of ZnPc and AlICIPc at Q band decayed
with time in the kinetics curves. Moreover, interestingly, the
long kinetic lifetimes of ZnPc at 607 nm and 672 nm were 709 ns
and 918 ns, respectively. The kinetic times of ZnPc and AICIPc
were clearly longer than that of FePc and CoPc, indicating that
the electron transition and relaxation processes were distinctly
different between them irrespective of the presence of an
unpaired d-orbital electron in the molecules.

Four possible mechanisms for the photo-induced properties
of metal-coordinated phthalocyanines in different solutions
were proposed: (1) photolysis of the phthalocyanines; (2) photo-
induced redox reaction of the central metal ions; (3) the

Table3 1, le and standard deviation values of FePc, ZnPc, CoPc and
AlCIPc at different wavelengths”

WL (nm) 7 (ns) x> SD (ns)
FePc 384 194 1.03 5

404 295 0.97 8

650 213 0.80 7

670 759 0.90 15
CoPc 586 322 0.87 14

650 296 0.82 29

674 94 0.85 13
ZnPc 607 709 0.937 27

672 918 0.957 6
AlCIPc 418 456 1.18 30

580 885 1.00 28

682 292 0.99 6
“ “WL/nm” represents “Wavelength/nm” and “SD/ns” indicates

“standard deviation/ns”.
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variation of the metal coordination modes; and (4) photo-
induced aggregation of MPcs. After being illuminated by
a xenon lamp and then treated in the dark for 24 h, the peak
intensity of ZnPc in DMF recovered to the initial level. The
reversible photo-induced process denied the ZnPc (or other
MPcs) photolysis speculation. The assumption that the varia-
tions in photo-physical and photo-chemical properties were
caused by the photo-induced oxidation or reduction of MPcs
was also excluded for quite stable metal ion valence states in
ZnPc and AICIPc. In the UV-vis absorption spectrum and tran-
sient absorption spectrum, the Q-band characteristic peak
varied significantly, which was the reflection of the metal
coordination modes and aggregation states, including the axial
coordinated ligands of metal with solvent or other small
molecules.

FePc in an aggregation state possessed electron-rich effect in
the phthalocyanine ligand by the intermolecular w—m stacking
and formed FePc™ (665 nm).*° The Q band of the light-irradiated
FePc redshifted to 670 nm, which proved the production of
Fe*Pc™.* The spectral variations illustrated the metal-ligand
charge transfer (MLCT) process in the photo-excited FePc. The
active electron transition between the iron ion and the ligand
illustrated the excellent and special properties of the photo-
excited FePc, which could explain the important roles of ferri-
porphyrin in heme proteins, such as cytochromes and
myoglobin.*®

Zn** and Fe®" were both positive bivalent metal ions and
coordinated with phthalocyanine to form single-core monolayer
planar complexes, but the axial coordination ability of FePc and
ZnPc were quite dissimilar. With the outermost electron
configuration of 3d' zinc ion in ZnPc was too stable to coor-
dinate with the small molecule as the axial ligand. The satura-
tion electron configuration of Zn>" in ZnPc was beneficial to
generate long-life intermediates, which further provided an
important basis for the selection of metal-coordinated por-
phyrinoids in photoelectric conversion application. The spectra

Fig. 5 The solvent-triggered and photo-induced reaction or aggre-
gation mechanisms of the four metal-coordinated phthalocyanines.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of AICIPc revealed that the coordination bond Al-Cl was
destroyed by photo-excitation, which promoted the intermo-
lecular -7 stacking and easily caused the aggregation of
AICIPc. The Al-CI coordinated bond breaking led to the redshift
of the maximum absorption wavelength, while the aggregation
of AICIPc reduced the absorption intensity (Fig. 5).

Conclusions

The noticeable Q-band shifts of FePc and CoPc with 3d elec-
trons in various solvents indicated that the d-mt* transition was
more susceptible to solvent, and the solvent molecules were
prone to the axial coordinated ligand with the central metal.
The aggregation rates of MPcs in DMSO followed the order
AICIPc > ZnPc > FePc > CoPc, which revealed that the solvents
significantly affected the photochemical properties of the MPcs.
The decay times of ZnPc and AlCIPc were clearly longer than
that of FePc and CoPc, indicating that the electron transition
and relaxation processes were different from those of FePc and
CoPc irrespective of the presence of an unpaired d-orbital
electron. The Q band of the light-irradiated FePc redshifted to
670 nm. It proved the production of Fe**Pc™ and the active
metal-ligand charge transfer (MLCT) process in the photo-
excited FePc, which could be applied to explain the important
function of ferriporphyrin in heme proteins, such as cyto-
chromes and myoglobin. A wide range of transient absorption
bands and a relatively slow relaxation process of ZnPc demon-
strated a long-life excited state intermediate, which could be
used in the field of photoelectric conversion. The solvent-
triggered and photo-induced MPcs would significantly affect
the presence or absence of axial coordinated ligands and
aggregation states, and furthermore, generate many unique
properties for the photo-physical and photo-chemical applica-
tions of MPcs.
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