The Impact of Axial Ligation on the Excited State Dynamics of Cobalt(I) Phthalocyanine
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Abstract

In this work, we report the effect of axial ligation on the excited state dynamics of Cobalt
phthalocyanines (CoPc) using the combination of X-ray absorption spectroscopy (XAS), transient
absorption (TA) spectroscopy, and density functional theory (DFT) calculation. The formation of
six coordinated Co center was unambiguously confirmed by XAS when pyridine was used as the
solvent, which leads to the prominent blue shift of its Q-band transition with respect to that in
weak-ligating solvent (DMF). This is further supported by DFT calculation, which predicted that
axial coordination by two pyridine molecules leads to blue shift of Q band. More interestingly,
using TA spectroscopy, we observed the formation of a new intermediated state, which is likely
due to the further axial ligation of pyridine to CoPc upon photoexcitation, resulting in the

quenching of the CoPc excited state and shorter lifetime.



Introduction

Metallophthalocyanines (MPc, Pc=Phthalocyanine) have attracted tremendous interest as an
efficient light-harvesting complex to initiate the artificial photosynthesis reaction.[1-4] They also
have wide applications in optoelectronics owing to their ultrafast nonlinear optical response arising
from their large conjugated m-electron system.[5-8] As the function of MPc for artificial
photosynthesis and optoelectronics is largely determined by their light absorption and
photophysical properties, it is essential to have fundamental understanding of the excited state (ES)
dynamics of MPc. Indeed, The ES dynamics of MPc has been extensively studied using time-
resolved absorption spectroscopy supported by quantum mechanical calculations.[9-14] Prior
studies have shown that the steady-state absorption and ES dynamics of MPc strongly depend on
the central metal of MPc and are sensitive to their host environments.[9, 15-17]. For example, the
lifetimes of MPc ES can vary significantly with different transition metal atoms, whereas CoPcs
often show a much shorter ES lifetime (~ 5-10 times shorter) than their Ni and Zn-analogs.[18-20]
This was attributed to the coupling of Co orbitals with w-orbitals of the macrocycles of Pc, which
provides an additional ES deactivation pathway.[21-23] In addition, axial ligation often occurs in
coordinating solvents such as pyridine, imidazole, and pyrazine, which leads to the formation of
octahedral geometry from its original square planar structure.[24-31] Depending on the strength
of the ligating solvents, the ES relaxation dynamics can take different pathways [32-35] and impact

the complex’s nucleophilicity and catalytic performance.[36, 37]

While these prior studies provide important insight into the photophysical properties and the
ligation mechanism of MPc, the majority of the prior fundamental studies on ES dynamics are
based on Ni-MPcs, whereas the investigation of ES dynamics, particularly the impact of ligation

on ES dynamics of Co-MPc based are rare.[11, 15, 16, 18, 38] In this work, we report the impact



of pyridine ligation on the ES dynamics of CoPc using the combination of X-ray absorption
spectroscopy (XAS), transient absorption (TA) spectroscopy, and density functional theory (DFT)
calculation. We show that, in the presence of pyridine, solvent ligation occurs in the ground state.
The geometry of CoPc changed from a square planar structure to an octahedral structure in the
reaction (Scheme 1), which is unambiguously confirmed by XAS. Upon Q-band excitation, the
system quickly relaxes from Si to an intermediate state which is associated with a charge transfer
(CT) and/or metal-centered (MC) state. Enhanced deactivation of this intermediate state of CoPc
is observed in pyridine (ligating solvent) with respect to DMF (weak-ligating solvent). Soret band
excitation of CoPc leads to similar relaxation pathways as Q-band excitation except for the initial

internal conversion process (S2-S1).
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Scheme 1. Illustration of axial ligation process in CoPc with pyridine.

Materials

Cobalt Phthalocyanine (CoPc), Dimethylformamide (DMF) and Pyridine were purchased from

TCI America. All the chemicals were used as received without further purification.

Characterization.

Steady-state UV—visible absorption spectra were taken using an Agilent 8453 spectrophotometer

(UV-Visible) and a Cary 5000 spectrometer.



Time-resolved Absorption (TA) Spectroscopy

The femtosecond TA setup is based on a regenerative amplified Ti-Sapphire laser system (Solstice,
800 nm, <100 fs FWHM, 3.5 mJ/pulse 1 kHz repetition rate). The tunable pump (235-1100 nm),
chopped at 500 Hz, is generated in TOPAS (Light Conversion) from 75% of the split output from
the Ti-Sapphire laser. The tunable visible probe pulses are generated from the other 25% of the
Ti-Sapphire output through white light generation in a Sapphire window (450-750 nm) window
on a translation stage. The femtosecond TA measurements are performed in a Helios ultrafast
spectrometer (Ultrafast Systems LLC). A 2 mm cuvette with a stir bar inside is used to measure
the solution samples, which is kept stirring during the measurement. The TA raw data were
processed with background correction as well as time-zero correction. Data analysis was
performed with the global analysis using R-package TIMP and Glotaran software, [39, 40] where
a three-component model was used to take account of transition: S1 to charge-transfer (CT); CT-
solvated-charge-transfer (Ligated-state) and Ligated-state to ground state. Regarding global
fitting, IRF parameters (Position =0.34 and Width = 0.02) and two orders of Dispersion parameters
(0.13 and -0.098) were involved and optimized.

Steady state X-ray Absorption Spectroscopy (XAS)

XAS measurement was performed at 12-BM beamline at the Advanced Photon Source (APS),
Argonne National Laboratory. The XAS data were collected under room temperature with
fluorescence mode using a 13-element germanium solid-state detector. Three ion chambers under
the N> atmosphere were used and one is placed before the sample for the incident X-ray flux
reference signal. The other two ion chambers (second and third chambers) are placed after the
sample. The Co foil is placed between the second and third ion chambers and used for energy

calibration and collecting Co metal XAS spectrum. The XAS spectra of CoPc in different solvents



were collected using saturated CoPc solutions respectively with five scans in the energy range
from 7500 eV to 8500 eV.

UV-—visible absorption titration experiment

Concentrated titration (Figure S1a): The 0.05mM of CoPc stock solution is prepared by sonicating
the mixture of CoPc (5.715 mg) and 200 mL of anhydrous DMF for 30 mins until the
homogeneous solution is obtained. Pure pyridine was directly used as titrant (10ul of titrant is
about 0.124 mmol). The titration is conducted with 3 mL of 0.05mM CoPc stock solution followed
by adding various amounts of pyridine and the absorption spectra are collected after gently shaking
the vial. (Note: the ratio between 10 uL pyridine (0.124 mmol) and 3 mL CoPc stock solution
(0.00015 mmol) is about 827).

Diluted titration (Figure S1b):

The diluted pyridine solution in DMF is prepared (60uL/3mL; dilute 50 times) and used as the
titrant. The titration was conducted with 3 mL of 0.05mM CoPc stock solution followed by adding
various amounts of diluted pyridine solution and the absorption spectra were collected after gently
shaking the vial. (Note: the ratio between 10 uL diluted pyridine solution (0.00248 mmol) and 3
mL CoPc stock solution (0.00015 mmol) is about 16.5).

Density Functional Theory (DFT) Calculations.

All DFT calculations were carried out using Gaussian 16 package software[41] installed on the
Raj clusters at Marquette University. Geometry optimizations (CoPc, CpPcPy and CoPcPy») were
carried out using the CAM-B3LYP functional, in combination with the lanl2dz basis set [42-44].
Frequency calculations were carried out to ensure structures represented energetic minima. The
TD-DFT calculations were performed based on the optimized structures. The coordinate of

optimized structures was listed in the supporting information.



Results and discussion.
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Figure 1. (a) UV-Visible absorption spectra of CoPc (with 0.075 mM concentration) in DMF and
pyridine. (b) XANES spectra of CoPc at Co k-edge in DMF, pyridine ( 2 mg/mL), and solid state.

(c) R-space EXAFS spectra of CoPc in DMF and pyridine with K range from 2.5 to 10 A

The UV-visible absorption spectra of CoPc in DMF (weak-ligating solvent) and pyridine
(ligating solvent) are shown in Figure 1a. Two main absorption bands (~ 350 nm and ~ 650 nm)
observed in both solvents, and they can be attributed to the standard Soret band (n-n*) and Q-band
(n- 7*) of phthalocyanine, respectively.[19] It is interesting to note that the Q-band absorption
show prominent blue shift in pyridine with respect to that in DMF. This may be attributed to the
change of coordination geometry from square planar to octahedral due to the double axial ligation
with solvent pyridine to form CoPcPy and/or CoPcPy>. As shown in Figure S1, the Q-band
transition of CoPc initially shifts to red and then to blue upon the addition of pyridine. Interestingly,
Nyokong and co-workers have reported similar titration experiment in DMSO solvent. In contrast,
they found that pyridine titration of the pre-formed DMSO-CoPc complex led to red shift of its
UV-visible absorption spectrum.[45] The different spectral shift observed between two

experiments implies that the formation of solvent-CoPc adducts is likely dependent on the solvent



and may not exist in DMF solvent. However, it is difficult to assign the product only based on the
inconspicuous change from UV-Vis titration. The time-dependent density functional theory (TD-
DFT) calculation was carried out to get more insight into the information of unligated, mono-
ligated and double-ligated CoPc (Figure S2). Interestingly, the TD-DFT result predicted that the
Q-band shifts to red due to the formation of square pyramidal structure in monoaxial ligation
(CoPcPy) and shifts to blue due to the formation of CoPcPy, with octahedral geometry. These
results together suggest that double axial ligation to form CoPcPy> dominates in the system with
pure pyridine.

X-ray absorption spectroscopy (XAS), a powerful technique that can provide electronic
structure and chemical states of materials in both solid and solution phases, is expected to provide
valuable information of the ligation process, including the impact of ligation on the change of Co
coordination geometry and Co-N bond length. As a result, steady-state XAS was used to examine
the local coordination geometry of CoPc at Co center in both DMF and pyridine. The XAS of the
powder sample of CoPc was also collected to understand the impact of solvent on the coordination
geometry. As shown in Figure 1b, the Co k-edge X-ray near-edge absorption structure (XANES)
spectrum of CoPc in solid-state shows two distinct dipole-allowed transition features in the rising

Table 1. Fitting parameters of EXAFS spectra for CoPc in solid state, DMF, and
pyridine.

CoPc Vector N c?(A>) R(A)
Co-N; 4 0.003 1.92

Solid state Co-C 8 0.004 2.96
Co-N, 4 0.003 3.25

Co-N; 4 0.005 1.92

DMF Co-C 8 0.005 2.96
Co-N, 4 0.002 3.26

Co-N; 4 0.005 1.92

Pyridine Co-C 8 0.006 2.94
Co-N, 4 0.004 3.25

Co-Nj 2 0.006 2.31




edge: a sharp peak at 7715 eV corresponding to 1s to 4p, transition and a white line transition at
~7735 eV corresponding to 1s to 4px,y transition. There is also a weak, 1s-3d pre-edge transition
feature at about 7709 eV due to the mixing of 3d-4p orbitals. Such mixing is only allowed in a
non-centrosymmetric system. These spectral features are similar to that of previously reported
CoPc and Co porphyrins,[46-49] suggesting that CoPc adopts square planar geometry in solid-
state. Note that similar spectral features are observed in the XANES spectrum of CoPc in DMF,
suggesting that square planar structure retains in DMF and the presence of DMF has a negligible
impact on the coordination geometry of Co center, i.e. DMF is a weak-ligating solvent. In contrast,
the peak corresponding to 1s-4p, transition in the XANES spectrum of CoPc in pyridine
disappears, suggesting the change of Co coordination environment due to solvent ligation. This
solvent ligation reduces the degeneracy among 4p orbitals where 1s-4p, transition energy shifts up
and becomes indistinguishable from 1s to 4pxy transition. To further understand how the local
structure of Co center changes in pyridine with respect to weak-ligating solvent DMF, we
quantitatively analyzed the extended X-ray absorption fine structure (EXAFS) spectra in both
solvents (Figure S3). The EXAFS spectra of CoPc in DMF and solid-state can be adequately fit
by the proposed square planar model which was built and optimized by DFT calculation, where
similar first shell Co-N; (1.92 A, N=4), and second shell Co-C (2.96 A, N=8) and Co-Nz (3.25(6)
A, N=4) bond distances are obtained. However, significant deviations were observed when the
same square planar model was used to fit the EXAFS spectrum of CoPc in pyridine. Instead, the
EXAFS spectrum of CoPc in pyridine can be well fit with an octahedral model, where an additional
Co-Nj3 path (2.31 A, N=2) is used to take account of the axial ligation of pyridine to Co center in

CoPc as illustrated in Scheme 1. This assignment is further supported by the Fourier transformed



EXAFS spectrum in R space, where broader first shell peak was observed for CoPc in pyridine

(Figure Ic) due to the presence of additional Co-N3 paths from pyridine ligation.

Figure 2. Femtosecond TA spectra of CoPc (with 0.075 mM concentration) in DMF (a)
and pyridine (¢) under 590 nm excitation. (b) Energetics diagram that illustrates the
excited state relaxation dynamics of CoPc. (d) The zoom-in TA spectra of CoPc in

pyridine at 500-700 nm region after 40 ps.

To shed light on the impact of ligation on the photophysical properties of CoPc, we examined its
ES dynamics in DMF and pyridine using transient absorption (TA) spectroscopy. Figure 2a shows
the TA spectra of CoPc in DMF following the excitation of Q band (So-S1) at 590 nm (Figure 2b).
Immediately following the excitation, the TA spectra of CoPc show a negative feature at ~ 660 nm
and a broad absorption centered at 510 nm which can be attributed to the ground state bleach
(GSB) and the excited state (E1, S1-Sp) absorption, respectively. There is also a negative feature
at ~ 705 nm which comes from the solvent Raman scattering. The solvent Raman scattering
quickly disappears (< 0.4 fs), after which the growth of a new absorption (~ 690 nm, E2) is
observed within 1 ps. Because the formation of E2 is accompanied by the decay of E1 and recovery

of GSB, E2 can be attributed to a new intermediate species that is distinct from E1. According to



previous studies on transition metal Pc complexes, E2 is likely due to the formation of a charge-
transfer (CT) state or metal-centered (MC) state.[50] After E2 is fully developed, both E1 and E2
decay simultaneously with the recovery of GSB, which is featured by two isosbestic points at 568
nm and 677 nm, respectively, suggesting that these spectral evolutions represent the same
relaxation process, i.e. E1 and E2 return to ground state.

Compared to the TA spectra in DMF, the spectra in pyridine show distinct spectral features. As
shown in the inset of Figure 2c¢, although the early time spectra exhibit the E1, GSB, stimulated
emission (< 0.4 ps), and the formation of E2 (> 0.4 ps), the decay of E1 and the formation of E2
are more prominent. This can be more clearly seen in the later time spectra (Figure 2¢), where the
amplitude of E2 is much more intense than that in the TA spectra of CoPc in DMF (Figure 2a).
After that, E1 and E2 decay simultaneously with the recovery of GSB, as evidenced by the
isosbestic points at 548 nm and 665 nm, respectively, suggesting the system returns to ground state
from E1 and E2. However, a careful inspection of the later time spectra (> 70 ps) shows an
additional spectral evolution with the formation of a positive signal at ~ 650 nm and a negative
signal at ~ 675 nm, which together forms a derivative feature (Figure 2d) which is absent in DMF
(Figure S5). Since this new feature bleaches out the red shoulder of the CoPc ground state, it is
likely associated with an additional intermediate state with blue-shifted Q band absorption.
Although the nature of this state remains unclear, it might be a state related to the ligation of
pyridine upon photoexcitation, which is supported by the previously reported work, where the
similar spectral features were observed in a NiPc complex.[36] This can occur because it is
possible that a small fraction of CoPc may not be fully ligated in the ground state, allowing

additional ligation in the excited state.



To examine the impact of the excitation wavelength on the ES dynamics, we collected the TA
spectra of CoPc in DMF and pyridine under 350 nm excitation which excites the Soret band (So-
S») of Pc molecule. Similar to the TA spectra with Q-band (590 nm) excitation, the TA spectra
with Soret band excitation (350 nm) are featured by E1, E2, and GSB at same wavelengths as that
of Q-band transition (Figure S4). Instead of decay of E1 and recovery of GSB at < 1ps upon Q-
band excitation, E1 and GSB grow with time upon Soret band excitation. After that, the TA spectra
at later time show similar spectral evolutions as that of Q-band excitation. These results together
suggest that the early time rising component for E1 and GSB arises from the internal conversion
from S»-S; (Figure 2b), after which the system follows the same relaxation pathway as that of Q-

band excitation.

Pyridine
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Figure 3. The kinetic traces of E1, E2 and GSB of TA spectra of CoPc in DMF (a) and

pyridine (b) under 590 nm excitation.

To quantitatively evaluate the impact of ligation on the ES relaxation dynamics of CoPc, we
compared the kinetics traces at E1, E2 and GSB in DMF and pyridine. As shown in Figure 3a, the
early time kinetics of E1 (525 nm) for CoPc in DMF decays immediately following 590 nm
excitation whereas the kinetics of E2 (693 nm) has an obvious rising component that can be
attributed to the formation of E2 due to relaxation from S; to CT/MC (k;, Figure 2b), consistent
with early time spectral evolution discussed above. The similar decay/rising time were also

observed in E1/E2 kinetics in pyridine (Figure 3b) but the average lifetimes for these features are



significantly different. The E1, E2, and GSB in DMF all have a long-lived component (Figure 3a),
which is much longer than our TA time window (5 ns). However, the lifetimes of these species in
pyridine are less than 100 ps, the kinetics results of CoPc in DMF and pyridine solvent showed
similar trend compared to the reported NiPc in the coordinated and uncoordinated solvents, the
much shorter excited state lifetime in coordinated solvents. Compared to NiPc, the excited state
lifetime of CoPc (< 100 ps) in pyridine in this work is much smaller, which may be due to the
intrinsic difference between Co and Ni and the functional group in NiPc. These kinetic traces can
be well fitted by global target analysis (Figure S6 and S7), where a three-component model was
used to take account of k;, k2, and k3 (Figure 2b). Note that the fourth component was not necessary
to account for the direct relaxation from Si to ground state (ky), suggesting that S; to CT/MC is the
dominating pathway for S; relaxation. As can be seen from the global analysis results, the ligation
slightly impacts k; and k2, which leads to t; = 0.3 ps and t2 = 11 ps in DMF, and t; = 0.6 ps and
T2 = 10 ps in pyridine, respectively. However, significant change is observed for k3, for which the
lifetime reduces from 12 ns to 79 ps when the solvent changes from DMF to pyridine. This is
consistent with our assignment above, where the ligation of pyridine in excited state occurs at later
time of the TA spectra and results into the quenching of 4.

Conclusion.

In summary, we investigated the axial ligation effect using pyridine as the ligating solvent on CoPc
molecule while DMF was used as the reference weak-ligating solvent. The steady-state X-ray
absorption spectroscopy results showed the local geometry of Co center changes in pyridine
(octahedral geometry) compared to that in DMF and solid state (square planar). The changes to
the octahedral geometry lead to the blue shift of Q-band in the UV-visible absorption spectra,

which is consistent with TD-DFT prediction. The TA spectra showed the formation of an



additional intermediate state in pyridine, which can be attributed to the formation of the ligated
state due to photoexcitation of CoPc. Overall, our studies support that the pyridine axial ligation

can affect the ground state electronic structure and excited state relaxation dynamics of CoPc.
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