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Solvent Dependent Triplet State Delocalization in a Co-facial
Porphyrin Heterodimer

Susanna Ciuti?, Jacopo Toninato?, Antonio Barbon?, Niloofar Zarrabi®, Prashanth K. Poddutoori*®,
Art van der Est*<, Marilena Di Valentin*?

The excited triplet state of a cofacial aluminun(Ill) porphyrin — phosphorus(V) porphyrin heterodimer is investigated using
transient EPR spectroscopy and quantum chemical calulations. In the dimer, the two porphyrins are bound covalently to
each other via a p-oxo bond between the Al and P centres, which results in strong electronic interaction between the
porphyrin rings. The spin polarized transient EPR spectrum of the dimer is narrower than the spectra of the constituent
monomers and the magnitude of the zero-field splitting parameter D is solvent dependent, decreasing as the polarity of the
solvent increases. The quantum chemcial calculations show that the spin density of the triplet state is delocalized over both
porphyrins, while magnetophotoselection measurements reveal that, in contrast to the value of D, the relative orientation
of the ZFS axes and the excitation transition dipole moments are not solvent dependent. Together the results indicate that
triplet state wavefunction is delocalized over both porphyrins and has a modest degree of charge-transfer character that
increases with increasing solvent polarity.The sign of the spin polarization pattern of the dimer triplet state is opposite to
that of the monomers. The positive sign of D predicted for the monomers and dimer by the quantum chemical calculations
implies that the different signs of the spin polarization patterns is a result of a difference in the spin selectivity of the

intersystem crossing.

Introduction

Tetrapyrroles are ubiquitous in nature as both chromophores
and redox agents.! The cyclic tetrapyrroles chlorophyll and
heme are key components in photosynthesis and respiration,
respectively. The importance of these structures in biochemical
energy capture, storage and transport has spawned interest in
the physical and chemical properties of porphyrins and their use
in a broad range of applications.?® In particular,
metalloporphyrins are widely used as chlorophyll mimics in
artificial photosynthesis.”~12

An important property of the cyclic tetrapyrroles is their ability
to form co-facial dimers and oligomers. By tuning the strength
of the excitonic coupling and the number of molecular units
involved, the optical and redox properties can be tailored to
meet specific needs. For example, the large J-aggregates found
in chlorosomes have extraordinarily high extinction coefficients
and allow the green photosynthetic bacteria to live under
extremely low-light conditions.® In purple bacteria, the
excitonic coupling between the porphyrins is used to funnel
excitation energy to the reaction center and to stabilize the
radical cation created by the charge separation.*
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The co-facial arrangement of the tetrapyrroles found in nature
is controlled through protein-cofactor interactions and
generating synthetic mimics is challenging.’>° As a result,
there are very few studies of the electronic and physical
properties of co-facial porphyrin dimers.162021 Recently, we
reported the characterization of the co-facial porphyrin
heterodimer AlPor-O-PPor-PFg in which Al(lll) porphyrin and
P(V) porphyrin are linked via a p—oxo bridge (Fig. 1a).1® The
different oxidation states of the central element cause a 0.9 V
difference in the first oxidation potentials of the two porphyrins
and optical absorption studies show that this leads to the
formation of a singlet state with charge-transfer (CT) character,
when the complex is excited. In donor-acceptor systems, the
lowest excited triplet state of the donor is also of interest
because it has longer lifetime than the corresponding singlet
state. Since the yield of electron transfer depends on the ratio
of the electron transfer rate and the excited state decay rate, a
longer excited state lifetime means the rate of electron transfer
needed for a high yield can be lower and hence, the electronic
coupling to the acceptor can be weaker. In addition, charge
recombination to the ground state is spin forbidden in the
resulting radical pairs. Recently, we have shown that these two
factors can be used to generate long-lived charge separation?2-
24 Initial transient electron paramagnetic resonance (TREPR)
spectroscopy measurements of AlPor-O-PPor-PFg showed that
the zero-field splitting (ZFS) parameter D of the dimer triplet
state is smaller than that of the monomers and the sign of the
electron spin polarization is opposite. This suggests that the
lowest excited triplet state of the dimer is delocalized over both
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porphyrins and likely also has CT character!®. However, further
study is required to fully understand the reasons for the
differences in the ZFS parameters and the change in the sign of
the polarization.

Here, we investigate the properties of the excited triplet states
of AlIPor-O-PPor-PFg and its constituent monomers in more
detail using a combination of magnetophotoselection TREPR
measurements in a range of different solvent glasses and
computational studies using density functional theory (DFT),
complete active space self-consistent field theory (CASSCF) and
N-electron valence state perturbation theory (NEVPT)
approaches. Magnetophotoselection TREPR is an excellent
method for quantitative determination of the relative
orientation of the triplet state ZFS axes and the optical
absorption transition moments.?>?7 It also allows these axes to
be fixed in the molecule if the orientation of one of them is
known or can be determined in silico. The results confirm that
the triplet state is indeed delocalized over both porphyrins of
the dimer and that the excited states have CT character. The ZFS
parameters are found to be solvent dependent and show that
the CT character of the triplet state increases as the polarity of
the solvent increases. However, the relative orientation of the
ZFS axes and the excitation transition dipole moments is not
solvent dependent and is the same in the monomers and dimer.
We will show that this implies that the CT character of the
excited wavefunctions represents only partial transfer of an
electron and that multiple electronic transitions are likely
involved in the excitation of the molecule. The sign of D is found
to be positive in all three compounds. Thus, the difference in
the sign of the polarization in the dimer compared to the
monomers is not due to a change in the sign of D, which implies
that it is a result of a change in the spin selectivity of the
intersystem crossing.

2. Experimental Section

2.1 Sample Preparation

The synthesis of the heterodimer and the reference compounds
have been described previously.'® Briefly, the two porphyrins
were coupled using a condensation reaction between AlPor-CHs
and PPor-OH-PFs. Nucleophilic attack at the Al(lll) center of
AlPor-CHs by the axial OH group of PPor-OH-PFg and elimination
of methane leads to the formation of the p—oxo bridged dimer
AlPor-O-PPor-PFg.

2.2 EPR measurements

TREPR spectra were recorded on a Bruker ELEXSYS E580
spectrometer equipped with a dielectric resonator (ER4118X-
MD5(W1)). The temperature was controlled using cold nitrogen
gas and an Oxford CF900 cryostat. The signal coming from the
detector (diode) was digitized using a LeCroy 9300 oscilloscope
triggered by the laser flash. The spectrometer rise time has
been estimated to be about 900 ns under these conditions. No
modulation of the magnetic field was applied. The triplet
spectra were recorded with a resolution of either 0.4 mT/point
or 0.1 mT/point. A pulsed Nd:YAG laser (Quantel Brilliant)
equipped with both second and third harmonic modules and an

2 | Phys. Chem. Chem. Phys., 2022, 00, 1-3

optical parametric oscillator (OPOTECH) for tunab)g, jrradiation
in the visible was used to photoexciteDthé OsaiipizCRyieHl
parameters were A= 544 nm, pulse length =5 ns, energy =ca. 3
mJ per shot, repetition rate = 10 Hz.

2.3 EPR data processing and simulations

TREPR data were processed by subtracting: (i) the average
baseline before the trigger event and (ii) a time profile taken at
an off-resonance position. The spectra have been extracted
from the 2D data set by numerically integrating over an
appropriate time window. The simulations of the EPR spectra
were performed using a home-written MATLAB program for
triplet powder spectra?® and the “esfit” routine from EasySpin?®
was used to extract the best-fit parameters. Simulation of the
spectra obtained with polarized light takes into account the
orientation of the excited transition dipole moments in the
triplet ZFS reference frame, and a component of non-polarized
light, which is characteristic for each experiment. More details
are reported in the Supporting Information.

2.4 Quantum Chemical Calculations

The absorption transition dipole moments, ZFS parameters and
principal axes of AlPor-O-PPor and the reference compounds
AlPor-OH and PPor-OMe* were calculated using ORCA 5.0.222:30,
The structures of the compounds were first constructed using
the program Avogadro3! from the x-ray crystal structure data of
related porphyrins73233 and then subjected to energy
minimization using the UFF force field.3* The geometries were
then optimized in ORCA using the PBE functional®> and the def2-
TZVP basis set3®. The optical transition dipole moments and
oscillator strengths of the monomers were calculated using
several different methods. First, by Time Dependent Density
Functional Theory (TDDFT) using: 1) the PBE functional, the D3h
dispersion correction and the def2-TZVP basis set®® and 2) the
CAM-B3LYP functional?’ and the 6-31G(d,p) basis set3%3° The
resolution of identity approximation?® with the chain-of-
spheres method*! RIJCOSX was used to speed up the
calculations. Next, the complete active space self-consistent
field CASSCF method was used. Natural orbitals from a second
order Mgller-Plesset perturbation theory (MP2) computation
using the def2-TZVP basis set were used as the initial guess
orbitals for the CASSCF computation. Finally, the CASSCF
wavefunctions were used as a starting point for a strongly
contracted N-electron valence state perturbation theory
(NEVPT2) computation?®?. Either a 4-orbital, 4-electron or an 8-
orbital 8-electron active space was used consisting of the
doubly degenerate HOMO and LUMO orbitals or HOMO,
HOMO-1, LUMO and LUMO+1 orbitals of the porphyrins. The
ZFS parameters of the triplet states were calculated using
CASSCF NEVPT2 computations as described for the ground
state, except that the geometry was optimized in the triplet
state and for the dimer the active space was expanded to 16
electrons and 12 orbitals. For the monomers, both the spin-spin
and spin-orbit coupling contributions to the D and E values were
calculated. However, the spin-orbit coupling contribution was
found to be negligible. For the dimer the size of the molecule
made calculation of the spin-orbit coupling contribution

This journal is © The Royal Society of Chemistry 2022
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prohibitively expensive and only the spin-spin contribution was
calculated.

3. Results and Discussion

3.1 UV/Visible Absorbance

Fig. 1b shows the UV/visible absorbance spectra of AlPor-OH,
PPor-OMe-PFg and AlPor-O-PPor-PFg in CH,Cl,. The spectra of
the two monomers show the usual strong Soret band near 400
nm and weaker Q-bands between 500 and 600 nm. In PPor-
OMe:-PFg the small size and high oxidation number of the
phosphorus leads to puckering of the porphyrin ring that lifts
the degeneracy of the two Soret transitions slightly. In the
spectrum, this results in a red shift and broadening of the Soret
band compared to AlPor-OH. In the dimer, the Soret band is
broadened further and the interaction between the two
porphyrins results in a blue shift compared to both monomers.

AlPor-O-PPor.PFe

AlPor-OH
(b)
—~47 —— AlPor-OH
IE —— PPor-OMe-PF
© 3+ —— AlPor-O-PPor-PF,
é |
9 27
© |
X 44
W 1
0 T * ]
300 400 500 600 700

Wavelength A (nm)

Fig. 1. (a) Structures of the porphyrin heterodimer AlPor-O-PPor-PFg and its
constituent monomer AlPor-OH and PPor-OMe-PFg. (b) UV/Vis absorption spectra
of the porphyrin monomers and dimer in CH,Cl,.

The monomers AlPor-OH and PPor-OMe-PFg each have two Q-
bands separated by approximately 20 nm (680 cm™) and 50 nm
(1300 cm™) in AlPor-OH and PPor-OMe-PFs, respectively.
Computations of the vertical excitation energies of the Q, and
Q, transitions (Table S1) show that they are degenerate in both
monomers. Thus, the Q-bands are ascribed to the first two
transitions (vgg and vq;) of a vibronic progression. For magneto-
photoselection experiments it is important to know the

This journal is © The Royal Society of Chemistry 20xx
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orientation of the absorption transition dipole moments inthe
molecules. To evaluate the accuracy of differefRtleémipiatichtl
models in predicting the absorption properties, we made a
comparison with the experimental excitation energies and
oscillator strengths (Table S1). Using time-dependent density
functional theory and the Perdew-Burke-Erzerhoff functional
(BPE)3>, the oscillator strengths are badly underestimated, and
the band positions are shifted compared to the experimental
spectrum. Using the range separated CAM-B3LYP functional?’
greatly improves the oscillator strengths but the band positions
are blue shifted by 50-100 nm. Several other functionals and
basis sets were also tried (data not shown) but none adequately
reproduced the experimental spectrum and the predicted
orientations of the transition dipoles depended on the
functional and basis set that was used. The CASSCF method also
gives reasonable values for the oscillator strengths, but all of the
bands are still strongly blue shifted compared to the
experimental spectrum. The NEVPT2 method overcorrects this
but gives the best agreement with the experimental spectra
with a comparatively small red shift. In AlIPor-OH the Q, and Q,
transition dipoles (Fig. S1) are orthogonal to one another and lie
in the plane of the molecule roughly along the AI-N bonds as
expected. In PPor-OMe-PFg the distortion of the porphyrin ring
due to the small size of the P(V) centre results in a rotation of
the transition dipoles so that they lie between the P-N bonds.

0.05
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Ea i N <
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o 01 0082
2 0.08- | @
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© 0.06- -0.02 3
> 0.04- T8
w ] 0010
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0 — iy edl 0
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Wavelength, A (nm)

Fig. 2. Q-band absorption of AlPor-O-PPor-PFs. Top: Comparison of the
experimental (black) and calculated (blue) spectra. The red bars are the calculated
oscillator strengths of the transitions. Bottom: Orientation of the transition dipole
moments in the structure of the dimer.

Having found a method that gives a reasonable description of
the two monomers, we then applied it to the dimer. A
comparison of the experimental and calculated Q-band region
of the absorption spectrum of AlPor-O-PPor-PFg is displayed in
Fig. 2 along with the orientations of the transition dipole
moments. The calculated spectrum obtained using the CASSCF-
NEVPT2 method reproduces the relative band positions and

Chem. Phys. Phys. Chem., 2020, 00, 1-3 | 3
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intensities reasonably well, but it is red shifted by ~20 nm
compared to the experimental spectrum. The computations
reveal that there are eight Q-band transitions in the dimer. As
shown in the bottom part of Fig. 2, all of the corresponding
transition dipole moments of the transitions are perpendicular
to the Al-O-P axis.

The difference in the electron density between the excited state
and the ground state for each of the eight transitions is
displayed in Fig. 3. The density difference is plotted for an
isosurface of 0.001 with green representing an increase of
electron density in the excited state and red a decrease. The
dimer is viewed with AlPor as the lower and PPor* the upper of
the two porphyrins. As can be seen six of the eight transitions
have CT character, with electron density being transferred from
AlPor to PPor*. In particular, the two longest wavelength
transitions have CT character in agreement with the
experimental observation that the intensity of the red edge of
the spectrum is strongly solvent dependent.'® In contrast, the
transitions at 663 nm and 644 nm show only very small density
changes on PPor* and AlPor, respectively indicating that the
transitions are localized on one of the two porphyrins. The plots
in Fig. 3 do not allow a quantitative determination of the CT
character, but the small iso value used in generating them
indicates that it is significantly less than one electron.

Fig. 3. Calculated density differences between the ground and excited states
involved in the Q-band transitions of AlPor-O-PPor*. Green represents an increase
and red a decrease in electron density. The density differences were calculated by
subtracting the cube files of the electron densities of the states using Multiwfn
3.6|43. Trfu(e) laaé:tljlting difference cube files were plotted using Avogadro3* with an iso
value of 0.001.

4 | Phys. Chem. Chem. Phys., 2022, 00, 1-3

3.2 Triplet State TREPR Spectra View Article Online
Fig. 4 shows the TREPR spectra of AIPor-(?IEP,kF}Bé(rJ}&\[?I%gBEé%%é
AlPor-O-PPor-PFg¢ measured in a 3:1 mixture of 2-
methyltetrahydrofuran (MeTHF) and CH,Cl,, which forms a
transparent glass at 80 K. The spectra are the weighted sum
(Iy +2I.) of spectra taken with the polarization of the
excitation beam parallel (I}) and perpendicular (I 1) to the
magnetic field to remove any photoselection effect.26 As can be
seen, the widths of the spectra and their spin polarization
patterns differ strongly. In particular, the sign of the polarization
of the spectrum of the dimer is opposite to that of the two
monomers. Such a change in sign can result either from a
change in the sign of the ZFS parameters or from a change in
the intersystem crossing rates to the three triplet sublevels as
has been observed in other porphyrin model systems.*44>
However, without further information these two possibilities
cannot be distinguished. A change in the sign of ZFS would imply
a large CT contribution to the triplet state. Because the ZFS,
which determines the width of the spectrum, is dominated by
the dipole-dipole interaction in porphyrin triplet states, a large
CT contribution should also lead to narrowing of the spectrum.
The width of the spectrum of the dimer is indeed narrower than
the two monomer spectra, but the effect is not very large and
so the extent of the charge transfer is not clear. Thus, we have
carried out extensive additional TREPR measurements and
computations to better understand the electronic structure of
the dimer.

L 1 L I L |

300 320 340 360 380 400
Magnetic Field (mT)

Fifg. 4 Experimental (solid) and calculated (dashed) X-band transient EPR spectra
of the AlPor-O-PPor:PFg dimer (teal) and the two reference monomers AlPor-OH
(red), and PPor-OMe-PF; (green) in 3:1 MeTHF:CH,Cl, at 80 K and ~1 ps after the
laser flash (Aex = 575 nmi

An important initial consideration for such studies is whether
the observed triplet spectra arise from a single species or are
the sum of different components arising from different triplet
states. In particular, in AlPor-O-PPor-PF¢ several triplet states
with differing amounts of CT character could be populated. In
the monomers, we expect only the lowest excited triplet to be
populated but coordination of the solvent to the Al center in

This journal is © The Royal Society of Chemistry 2022
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AlPor-OH and  porphyrin-porphyrin  interactions could
potentially result in triplet states with different ZFS parameters
and optical properties. To investigate this possibility, we have
measured the excitation wavelength and concentration
dependence of the triplet spectra of all three samples. As can
be seen in Figs. S2-S4 the TREPR spectra of the three
compounds do not show any dependence on the excitation
wavelength or concentration. Thus, we conclude that there are
no aggregation effects present and that the spectra represent a
single triplet species.

Table 1. EPR Properties of the Triplet States of AlPor-OH, PPor-OMe-PFg and AlPor-O-
PPor-PFs. Uncertainties in the experimental values: principal g-values (g; +1-10%),
differences between the triplet sublevel populations (p, +0.1) and D and E ZFS
parameters (+3MHz). The calculated values of D and E are given in parentheses.

B By 8. (p—p):lpyp.) D E
(MHz) (MHz)
AlPor-OH 2.0040 2.0027 2.0020 0:05 1118 60
(1027)  (290)
PPor-OMe-PFs  2.0035 2.0032 2.0039 1:0 837 239
(763)  (48)
AlPor-O-PPor-PFs  1.9860 2.0163 2.0000 0.4:-0.6 606 16
(337) (19)

3.2.1 Triplet states of AlPor-OH and PPor-OMe-PFg

Isotropic TREPR Spectra The simulations of the X-band isotropic
TREPR spectra of the triplet states of AlIPor-OH and PPor-
OMe-PFg in 3:1 MeTHF: CH,CI, at 80 K are also shown in Fig.4
(dashed spectra). The corresponding experimental and
simulated Q-band spectra are shown in Fig.S6. The parameters
obtained from the simulations are presented in Table 1. Both
AlPor-OH and PPor-OMe-PFg are regular porphyrins with
approximate D4, symmetry in which the central element does
not have a significant effect on the excited state properties.*®
For AlPor-OH, the ZFS tensor is nearly axial as expected based
on the molecular symmetry. The ISC is accompanied by a
change in the direction of the in-plane component of the orbital
angular momentum. This is compensated for by the generation
of in-plane spin angular momentum in the triplet state. As a
result, the population rates p, and p, are equal and larger than
p.. The ZFS parameters obtained from CASSCF calculations are
given in parentheses in Table 1. The D-values are in reasonable
agreement with the experimental parameters and show that D
is positive. The smaller D-value in PPor-OMe-PFs compared to
AlPor-OH is also reproduced in the CASSCF calculations and is
the result of the distortion of the porphyrin ring in PPor-
OMe-PFg, which occurs because of the small size of the
phosphorus centre. The solvent dependence of the of the
TREPR spectra of of AIPor-OH and PPor-OMe-PFg is shown in Fig.
S5 and only minor variations in the lineshape are seen with no
change in the positions of the main features of the spectra.

This journal is © The Royal Society of Chemistry 20xx
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Magnetophotoselection To further characterize the, menomer
triplet states we have carried out mBghéfoPRDtdetedtivh
experiments. Fig. 5 shows the TREPR spectra of AlPor-OH and
PPor-OMe:PFg with the plane of the laser polarization parallel to
the magnetic field (red spectrum) and perpendicular to the field
(blue spectrum). For both porphyrins, the intensities of the
principal features are enhanced or suppressed relative
depending on the polarization of the light. When the
polarization of the light is parallel to the field direction, features

310 320 330 340 350 360 370 380
Magnetic Field (mT)

7+ Y /X

300 320 340 360 380
Magnetic Field (mT)

Fig. 5 Experimental (solid) and simulated (dashed) X-band transient EPR spectra of
(a) PPor-OMe-PF¢ and (b) AlPor-OH in 3:1 MeTHF:CH,Cl, at 80 K and ~1 ps after
the laser flash. The red spectra have been obtained with the electric field vector
of the laser beam aligned parallel to the magnetic field of the EPR spectrometer;
}heldblue spectra are with the electric field vector perpendicular to the magnetic
ield.

! 1 L

of the spectrum corresponding to molecules in which the
magnetic field direction lies in xy-plane of the ZFS tensor axis
system are enhanced and those corresponding to the magnetic
field along the z-direction are suppressed. When the
polarization is perpendicular to the field, the situation is
reversed and features corresponding to molecules with the ZFS
z-axis parallel to the field are enhanced while those
corresponding to the field in the xy-plane are supressed. This
suggests that the Q. and Q, absorption transition dipole

Chem. Phys. Phys. Chem., 2020, 00, 1-3 | 5
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moments are perpendicular to the ZFS z-axis as expected.
Careful simulations of the spectra shown in Figs. 5 have been
carried out using the parameters given in Table 1 and include
the relative orientation of the ZFS axis system and the transition
dipoles as variable parameters to determine the orientation of
the transition dipole moments. Details of the simulation
method are given in the supporting information and in Barbon
et al?%. Because the Q4 and Qy transitions cannot be excited
separately in these porphyrins, it is only possible to determine
that the plane defined by the two transitions dipoles is parallel
to the XY plane of the ZFS reference frame for both AlPor-OH
and PPor-OMe-PFg, in excellent agreement with the orientation
of the transition dipole moments (Fig. S1) and ZFS axes (Fig S8)
given by the CASSCF calculations.

1180 1190 1200 1210 1220 1230 1240
Magnetic Field (mT)

Fig. 6 Experimental and simulated Q-band transient EPR spectra of AlPor-O-
PPo)r-PF6 in 3:1 MeTHF:CH,Cl, at 80 K and ~1 us ns after the laser flash (lo, = 547
nm).

3.2.1 Triplet states of AlPor-O-PPor-PFg

Isotropic TREPR Spectra The experimental and simulated X-
band TREPR spectra of AlPor-O-PPor-PFg are shown in Fig. 4 and
the corresponding Q-band spectra are presented in Fig. 6. As
with the monomer spectra the weighted sum (I + 21 1) has
been taken to remove any photoselection effect. The
parameters used in the simulations are given in Table 1. As is
apparent when comparing Fig.4 and Fig. 6, the shapes of the
spectra are slightly different at X- and Q-band. The main
difference is that the Q-band spectrum is asymmetric with the
high field half of the spectrum being wider than the low field
half. This is indicative of g-anisotropy with a large value of g,, as
can be seen in the parameters obtained from the fit (Table 1).
The sign of D cannot be determined from the simulations since
identical spectra can be obtained with either sign of D using
complementary population distributions. The simulations
shown in Figs. 4 and 6 correspond to either a positive value of D
and population primarily in the T, zero-field level or a negative
value of D and population in T, and T,. Because the CASSCF
calculations show that D is positive, the simulations shown in
Fig.6 have been performed with D>0 as indicated in Table 1.

6 | Phys. Chem. Chem. Phys., 2022, 00, 1-3

With the assumption of a positive value of D, the differepnee;in
the sign of the spin polarization in the dibterledhigdréd tdaté
monomers is due to a difference in the spin selectivity of the
intersystem crossing. In the dimer the population parameters
follow the order p, > (px, py) while in the monomers (py, p,) > p,.
It is Important to note that an appreciable spin-orbit coupling
contribution to the ZFS is not expected for these porphyrins
because they contain only light main group elements. In
contrast to transition metal macrocycles in which mixing of the
metal d-orbitals with the w-orbitals of porphyrin ring influences
the value of D and the spin selectivity of the intersystem
crossing,*” the central elements of the porphyrins here do not
have filled d-orbitals and do not participate significantly in the
active space molecular orbitals. Possible reasons for the
different spin selectivity in the dimer will be discussed below.

Solvent Dependence As discussed above, the CASSCF-NEVPT2
calculations show that the six of the eight excited states associated
with the Q-band absorptions of AlPor-O-PPor-PF¢ have CT character.
Previous studies showed that the intensity of the bands on the red
edge of the absorption spectrum is solvent dependent and is
stronger in polar solvents.1® The fluorescence also displayed marked
solvatochromism and the Stokes shift was found to be linearly
dependent on the solvent polarity function in a Lippert-Mataga plot#8
as expected for CT fluorescence. However, the CASSCF-NEVPT2
calculations show that the two next highest singlet states do not have
CT character. Because singlet-triplet energy gap depends on the
distribution of the electrons, the ordering of the excited states is not
necessarily the same in the triplet and singlet manifolds. Thus, it is
unclear how large the CT character of the lowest triplet state is. Since
the dipole-dipole part of the ZFS is also dependent on the spatial
distribution of the two unpaired electrons of the triplet state, the
TREPR spectrum of the triplet state reflects its CT character and
becomes narrower as the CT character increases. Fig. 7 shows TREPR
spectra of AlPor-O-PPor-PFg in several solvents of differing polarity.
Solvent mixtures were used to obtain a good glass at 80 K and
because of the low solubility of the dimer in toluene. As is
immediately apparent in Fig. 7, the width of the TREPR spectrum is
solvent dependent and is largest in the lowest polarity solvent (6:1
Toluene:CH,Cl,) and narrowest in the highest polarity solvent (9:1
methanol:glycerol). Corresponding spectra of the monomers are
presented in Fig. S5 and do not show any significant solvent
dependence. Thus, the differences in the TREPR spectra of the triplet
state of the dimer in different solvents is not due to specific solvent-
solute interactions such as coordination of the solvent to the Al
centre but is due to changes in the distribution of the unpaired
electrons of the triplet state.

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Solvent dependence of the isotropic X-band transient EPR srectrum of
AlPor-O-PPor-PFs at 80 K. The spectra were extracted from the full field/time
dataset at ~1 ps after the laser flash

Magnetophotoselection Fig. 8 presents magnetophoto-
selection TREPR spectra of AlPor-O-PPor-PFg in three different
solvents. As can be seen, features at the outer edges of the
TRPER spectrum, which correspond to molecules with the ZFS z-
axis parallel to the field, are enhanced when the polarization of
the light is perpendicular to the magnetic field for all the
solvents considered. From this, we can assess that the ZFS z-axis
is roughly perpendicular to the transition dipole moment and
does not depend on the solvent polarity. In agreement with this
assessment, the CASSCF-NEVPT2 calculations predict that the z-
axis of the ZFS tensor (Fig. S8) is parallel to the Al-O-P bond in
AlPor-O-PPor-PFg and perpendicular to the transition dipoles
shown in Fig. 2. The simulations of the spectra in Fig. 8 (dashed
curves) provide quantitative values for the ZFS parameters,
population rates and relative orientation of the ZFS axes and
transition dipole moments. These values are summarized in
Table 2. In each solvent the ZFS parameters do not depend
much on the excitation wavelength indicating that the complex
relaxes to the same (lowest) triplet state. The decrease in the
value of |D| as the solvent polarity increases, suggests that the
triplet state wavefunction can be expressed as sum of at least
two contributions with mixing coefficients dependent on the
solvent polarity. With the wavefunction approximated as such
a sum of contributions the ZFS parameter D is given by:4°-51

D=¢D +c,D, +.. (2)

where ¢y, ¢, etc. are the squares of the mixing coefficients in
the wavefunction. This effect is rarely reported in triplet states
but has been observed in the multiexciton states involved with
singlet fission>2 and has been proposed to explain differences in
the value of |D| observed for the primary donor triplet state in

This journal is © The Royal Society of Chemistry 20xx
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the photosynthetic reaction centres in different. spegies..of
purple bacteria®l. For AlPor-O-PPor-PFsPWel@eikpécp2thaiate
triplet wavefunction can be written as a sum of a CT
contribution and localized triplet excitations. In this case an
increase in the CT contribution will result in a reduction in the
value of |D|. The solvent dependence of the |D| values in Table
2 is consistent with this picture and predicts that the CT
contribution increases as the solvent polarity increases.

L L L L L L s

310 320 330 340 350 360 370 380
Magnetic Field (mT)

Fig. 8 Magnetophotoselection transient X-band EPR spectra of AlPor-O-PPor-PF,
at 80 K in three different solvents. (a)3:1 toluene:CH,Cl, (b)3:1 MeTHF:CH,Cl, (ci
9:1 methanol:%lycerol. The red spectra were measured with the electric fieﬁd E of
the laser parallel to the magnetic field B. The blue spectra were taken with £
perpendicular to B. The spectra were extracted from the full field/time dataset at
~1 us after the laser flash. (Ao, = 540 nm). The dashed spectra are simulations using
the parameters given in Table 2.

The orientation of the transition dipoles relative to the ZFS axes
is described by the polar and azimuthal angles ® and ¢. In the
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case of axial symmetry, the ZFS parameter E becomes zero and
the orientation of the transition dipole is determined only by
the angle  because the x- and y-axes of the ZFS tensor are
indistinguishable and hence the angle ¢ is undefined. In 3:1
toluene:CH,Cl, and 3:1 MeTHF:CH,Cl, the value of E is small (see
Table 2) and hence, the orientation of the transition dipole in
the xy plane is not well defined. The considerably larger value
of E in 9:1 methanol:glycerol may be due to coordination of the
solvent to the Al center which is a good Lewis acid. In all
solvents, the value of ® is close to 90°, meaning that the ZFS z-
axis is roughly perpendicular to the transition dipole moment as
predicted by the quantum chemical calculations. The values of
the azimuthal angle ¢ are all close to 45°, in agreement with a
quasi-axial symmetry of the molecule and excitation in both in-
plane directions. This result is also in agreement with the
presence of multiple transitions with similar energies and
transition dipole moments distributed in the xy plane as
predicted by quantum chemical calculations (Fig. 2). In this
situation, it become difficult to distinguish the different in-plane
directions and the value of ¢ represents an average of the
different in-plane directions.

Table 2. Parameters obtained from the simulation of the TREPR spectra of AlPor-O-PPor
in different solvents: excitation wavelength (le), ZFS parameters D and E (+3MHz),
differences between the triplet sublevel populations (p;, *0.1) and polar angles
describing the orientation of the transition dipole moment in the ZFS frame (w,®, £5°)

Nex D

E
Solvent (nm) (MHz) (MHz)

(ppy):(py=p:)  ® ¢

Toluene:CH,Cl,
3:1

539 657 44 0.4:-0.6 85° 52°

477 606 16
541 606 16
580 606 16
540 570 104
575 570 104
615 570 104

0.4:-0.6 85° 38°
0.4:-0.6 87° 42°
0.4:-0.6 90°  48°
0.2:-0.8 90°  42°
0.2:-0.8 93°  42°
0.2:-0.8 92° 48°

MeTHF: CH,Cl,
3:1

Methanol:glycerol
9:1

Conclusions

The solvent dependence of the magnetic parameters obtained
from the magnetophotoselection data combined with the
quantum chemical calculations provides key information about
the nature of the lowest excited states. The data clearly indicate
that both the lowest excited singlet state as well as the lowest
triplet state of the dimer have CT character. However, an
important question is what fraction of the charge is actually
transferred. This is difficult to answer quantitatively, but the iso
value of 0.001 used for the plots of the density differences of
the lowest excited singlet state (Fig. 3) is an order of magnitude
less than is typically used for plotting molecular orbitals, which
suggests that its CT character is relatively small. For the triplet
state, the density difference is difficult to calculate, because the
geometries of the singlet ground state and lowest triplet state
differ slightly. However, if the triplet state density is calculated
using the ground state geometry, the density difference surface
shows CT character (Fig. S9) but an even smaller iso value is
required for the plot. The modest degree of CT character is also
borne out by the fact that the value of D is only about 25%

8 | Phys. Chem. Chem. Phys., 2022, 00, 1-3

smaller in the dimer than in the PPor-OMe-PF6 menemer-and
remains positive. In a true radical pair trighe¥ state; PehiehaHe
two unpaired electrons are localized on different molecules, the
ZFS is dominated by the dipole-dipole interaction and the D-
value becomes negative. Thus, the positive D-value obtained in
the CASSCF calculation, and the observed solvent dependence
of D, suggest that the electrons are delocalized over both
porphyrins but with some CT character. In agreement with this,
the CASSCF computations predict that the spin density of the
triplet state (Fig S10) is delocalized over both porphyrins.

The magnetophotoselection experiments also point in the same
direction, showing that the optical absorption transition dipole
moments, are perpendicular to the ZFS tensor z-axis, which lies
along the AI-O-P bond axis. In the presence of a large CT
contribution, the transition dipole moment and ZFS z-axis would
be expected to be parallel and lie in the direction of the charge
transfer. However, it is important to note that the TREPR
experiments are carried out in frozen solution and that the
solvent dependent CT character of the triplet state is likely
larger in liquid solution. Indeed, the strong solvent dependence
of the room temperature fluorescence suggests that the charge
transfer is more strongly stabilized when the solvent molecules
can re-orient.'®

The spin polarization also provides insight into the pathway by
which the triplet state is populated. The population parameters
obtained from the simulations of the spectra show that the
triplet state is formed by spin-orbit coupling mediated
intersystem crossing and not by S-Tp mixing in the CT state.
Rationalizing the difference in the ISC spin selectivity in the
dimer compared to the monomers is complicated because of
the large number of low-lying states in the dimer. For the
monomers, there are two orbital states involved in the ISC and
preferential population of the T, and T, sublevels occurs
because it compensates for the change in the orbital angular
momentum in the xy plane that occurs during the transition
between the two orbital states. For the dimer, there are eight
low-lying excited triplet states, and it is unclear which spin-orbit
coupling matrix elements are most important for the ISC.
However, it is known that in strongly coupled donor-acceptor
complexes, ISC between CT singlet states and localized triplet
states can be accompanied by a change in orbital angular
momentum. This change means that spin-orbit coupling is
required for triplet recombination of the CT state to occur and
thus, it is known as the spin-orbit charge-transfer intersystem
crossing mechanism (SOCT-ISC).>3-7 It occurs primarily in
systems in which the donor and acceptor are orthogonal to one
another®® but has also been observed in cofacial stacked donor-
acceptor systems.53 A comparison of the density difference
plots of the lowest excited singlet (Fig. 1) and triplet (Fig S9)
states shows that the triplet has lower CT character. Based on
this difference, we speculate that the orbital motion in the
triplet state is more confined to the xy plane than in the singlet
state and as a result the ISC causes a change in the z-component
of the orbital angular momentum. Thus, the triplet state would
have to be formed with spin angular momentum in z-direction
to compensate for the change in the orbital angular momentum

This journal is © The Royal Society of Chemistry 2022
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and the T, level in the dimer would be preferentially populated
as observed.
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