
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

3:
05

:4
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Decorrelated sin
aDepartment of Chemistry, Wayne State Un

arury@wayne.edu
bChemical Sciences and Engineering Divisio

IL 60439, USA. E-mail: oleg@anl.gov
cDepartment of Chemistry, Physics, and

University, Chicago, IL, 60628, USA

† Electronic supplementary informa
https://doi.org/10.1039/d3sc03327a

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2024, 15, 1736

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 29th June 2023
Accepted 12th December 2023

DOI: 10.1039/d3sc03327a

rsc.li/chemical-science

1736 | Chem. Sci., 2024, 15, 1736–175
glet and triplet exciton
delocalization in acetylene-bridged Zn-porphyrin
dimers†
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The controlled delocalization of molecular excitons remains an important goal towards the application of

organic chromophores in processes ranging from light-initiated chemical transformations to classical and

quantum information processing. In this study, we present a methodology to couple optical and magnetic

spectroscopic techniques and assess the delocalization of singlet and triplet excitons in model molecular

chromophores. By comparing the steady-state and time-resolved optical spectra of Zn-porphyrin

monomers and weakly coupled dimers, we show that we can use the identity of substituents bound at

specific positions of the macromolecules' rings to control the inter-ring delocalization of singlet excitons

stemming from their B states through acetylene bridges. While broadened steady-state absorption

spectra suggest the presence of delocalized B state excitons in mesityl-substituted Zn-tetraphenyl

porphyrin dimers (Zn2U-D), we confirm this conclusion by measuring an enhanced ultrafast non-

radiative relaxation from these inter-ring excitonic states to lower lying electronic states relative to their

monomer. In contrast to the delocalized nature of singlet excitons, we use time-resolved EPR and

ENDOR spectroscopies to show that the triplet states of the Zn-porphyrin dimers remain localized on

one of the two macrocyclic sub-units. We use the analysis of EPR and ENDOR measurements on

unmetallated model porphyrin monomers and dimers to support this conclusion. The results of DFT

calculations also support the interpretation of localized triplet states. These results demonstrate

researchers cannot conclude triplet excitons delocalize in macromolecular based on the presence of

spatially extended singlet excitons, which can help in the design of chromophores for application in spin

conversion and information processing technologies.
1 Introduction

Spin-polarized quantum states in molecules and materials
possess many desirable properties such as accessibility/
addressability using electromagnetic radiation at both optical
and microwave wavelengths, weak interactions with their envi-
ronments, and long lifetimes, which in favorable cases can
approach seconds.1–8 These properties make spin polarized
states excellent candidates for quantum information science
(QIS), which is substantiated by their implementation in
iversity, Detroit, MI 48202, USA. E-mail:
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Engineering Sciences, Chicago State

tion (ESI) available. See DOI:

is study.
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quantum computing and information processing protocols.
While the spin-polarized states of semiconducting systems have
been considered inmore detail, the efficient formation and long
lifetimes of triplet states in photo-excited molecules have
recently attracted increasing attention for applications in
quantum technologies.5–8 Molecular systems benet from their
amenability to chemical modications that can control the
lifetimes and angular momenta of their excited states. The
ability to form excited states possessing well-dened angular
momenta enables some molecular systems to undergo exotic
non-radiative relaxation processes such as singlet ssion,9–12

which can produce two triplet excitons from a singlet exciton
formed through light absorption (exciton splitting).

More important to the current study, research has shown
that chemical binding of light absorbing molecules enables the
formation of electronic states that can delocalize across distinct
macromolecular sub-units. Towards this goal, Therien and co-
workers have synthesized several types of porphyrin macro-
molecules linked by aromatic sub-units.13–16 The use of these
aromatic units/moieties as directly bonded linking groups
© 2024 The Author(s). Published by the Royal Society of Chemistry
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between the porphyrin sub-units leads to clear signatures of
singlet exciton delocalization consistent with well-established
theories.17 This delocalization manifests itself through the
presence of multiple Soret transitions in their steady-state
absorption spectra. These peaks in the absorption spectra
correspond to different bright excitons formed through the
coherent mixing of electronic density across the chemically
bound porphyrin macrocycles. Additionally, the coherent delo-
calization of the singlet exciton density leads to complex
changes in the ultrafast relaxation of the optically addressable
excitons to lower lying excited electronic states, which include
energy transfer between bright and dark excitons not possible
in porphyrin monomers.18–22

As demonstrated in previous studies, coupling between light
absorbing sub-units of macromolecular systems leads to
important collective effects in the excited singlet states of these
chromophores including enhanced exciton transport and radi-
ative relaxation.23–25 Timmel and co-workers characterized
triplet delocalization in directly bound porphyrin dimers and
multimers using various techniques.26–31 Time-resolved electron
paramagnetic resonance (tr-EPR) spectra following photo-
excitation of the optically addressable ground singlet states of
these macromolecules provide some indications that their spin
densities may delocalize across the monomeric sub-units.27,28

These studies infer triplet delocalization as changes in tr-EPR
spectra due to modulations of the three triplet energy levels,
characterized by the components in the zero-eld splitting (ZFS)
tensor, D, which were consistent with a change in the spin
density distribution from prolate to oblate resulting in a sign
change of ZFS parameter D.31 These changes suggest that the
spin densities of the triplet states delocalize across more than
one of the porphyrin sub-units. Further studies using more
advanced methods like pulsed electron-nuclear double reso-
nance (ENDOR) techniques showed specic signatures of triplet
delocalization in the hyperne couplings stemming from
electron-nuclear spin interactions.26,28,31 These more elaborate
studies also demonstrated that triplet delocalization depends
sensitively on the symmetry of the overall macromolecule.

While these are important conclusions regarding the corre-
spondence of excited singlet and triplet delocalization in a small
class of optically addressable molecules, signicant gaps remain
in researchers' ability to correlate the intramolecular coupling of
singlet and triplet states in light harvesting molecules. For
example, it remains unclear if the presence of delocalized singlet
excitons in a macromolecules absorption spectra necessarily
implies equal superpositions of monomers' orbitals character-
izing the system's triplet states. Moreover, there are no data on
correlations between the delocalization of singlet and triplet states
with the electron withdrawing or donating abilities of different
functional groups bound to light harvesting macromolecules.
These gaps inhibit the rational design of molecules capable of
delocalizing either singlet or triplet excitons controllably towards
the synthesis of tunable systems for optically addressable qubits
or spin-sensitive photochemistry.

In this study, we seek to expand the correlations between the
delocalization of singlet and triplet excitons in a pair of Zn-
porphyrin homodimers bound through acetylene bridges. By
© 2024 The Author(s). Published by the Royal Society of Chemistry
modulating the electron withdrawing ability of phenyl-derived
substituents bound at the macrocycles' meso positions, we
form two dimeric systems characterized by HOMO states
localized on different ring-bound atoms. When the HOMO
density is localized on atoms comprising the a2u orbital, we nd
polarized-intramolecular excitons delocalized over both mono-
meric units of a meso-substituted mesityl Zn-porphyrin dimer
which can explain this molecule's UV-vis absorption spectrum.
In contrast, substituting pentauorophenyl groups on the same
structures leads to UV-vis absorption spectra consistent with
excitons localized on each sub-unit, which we propose stems
from the molecule's HOMO state being the a1u orbital. We
substantiate this physical picture using ultrafast transient
absorption measurements of the internal conversion between
each molecule's B and Q states. While we nd this rate, kIC,
decreases for the pentauoro substituted dimers relative to
their monomer, kIC increases for the mesityl substituted dimers
relative to their monomers. We present a theoretical description
of this effect as stemming from delocalized excitons in the B
states of weakly bound Zn-porphyrin dimers.

In contrast to the differences in singlet delocalization dis-
cussed above as a function of the identity of the dimer's HOMO
state, we nd that the triplet states seem to be localized primarily
on the macromolecular monomeric sub-units according to our
EPR measurements. In the case of both macromolecules, the tr-
EPR measurements show a slightly larger value for the ZFS
parameter jDj for the monomeric system, which correlates with
the overall spin density distribution. Additionally, we nd no
signicant change in the time-resolved ENDOR spectra when
comparing monomeric with dimeric systems, which is an unam-
biguous indication that the triplet spins remain similarly localized
on one of the porphyrin sub-units independent of inter-ring
chemical coupling. We discuss explanations for these results
based on the orbital theory of metalloporphyrins and the results
of DFT calculations of the dimer triplet spin densities. These
results demonstrate that researchers must consider several facets
of electronic and nuclear structure to control delocalized singlet
and triplet excitons in molecular systems towards more effective
screening of qubit candidates.
2 Experimental and computational
methods
2.1 Synthesis of monomeric and dimeric porphyrin
chromophores

All the chemicals were purchased from Sigma Aldrich and Oak-
wood Chemical USA and used without further purication.
5,10,15,20-Tetrakis(pentauorophenyl)porphyrin (F20Fb-M) mole-
cules were purchased from TCI Chemicals USA.We synthesized the
5,10,15,20-(tetramesitly)porphyrin (Fb-M) using the methods
described in the literature.32 Zinc substituted porphyrinmonomers,
zinc(II) 5,10,15,20-(tetramesitly)porphyrin (Zn-M) and zinc(II)
5,10,15,20 tetrakis(pentauorophenyl)porphyrin (F20Zn-M), were
synthesized by adding a solution containing excess zinc acetate in
methanol and puried using column chromatography according to
procedures reported previously.33,34 We used the Sonogashira
Chem. Sci., 2024, 15, 1736–1751 | 1737

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc03327a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

3:
05

:4
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
coupling approach in the presence of a palladium catalyst to
synthesize the required porphyrin dimers: 4,4′-bis[5,10,15-
trimesityl-20-porphinyl]diphenylacetylene (Fb2U-D), 4-[zinc(II)
5,10,15-trimesity1-20-porphiny1]-4-[5,10,15-trimesityl-20-porphny1]-
diphenylacetylene (ZnFbU-D), 4,4′-bis[zinc(II)-5,10,15-trimesityl-20-
porphinyl]diphenylacetylene (Zn2U-D), and 4,4′-bis[zinc(II)-5,10,15-
pentauoro-20-porphinyl]diphenylacetylene (F30Zn2U-D).35,36 All the
synthesized molecules were characterized using MALDI-TOF mass
spectrometry and 1H NMR spectroscopy. We show the structures of
each molecular chromophore studied with both time-resolved
optical and EPR spectroscopies in the panels of Fig. 1. Fig. S1†
shows the structures of Fb-M, Fb2U-D, and ZnFbU-D, which were
studied as models in time-resolved EPR and ENDOR measure-
ments.We explain the synthesis of themodelmolecules in the ESI.†
2.2 Steady-state and time-resolved optical spectroscopic
measurements

0.2 mM stock solutions of zinc porphyrin monomers and
0.1mM solutions of zinc homodimers were prepared in toluene.
We acquired all the Q band spectra of zinc porphyrinmonomers
and homodimers using prepared stock solutions, which are
shown in Fig. S2.† We diluted all stock solutions by a factor of
ten to obtain the Soret absorption spectra of both monomers
and homodimers. All sample solutions were placed into a 1 mm
path length quartz cell and their absorption spectra were
measured using a Jasco V-770 UV-vis/NIR spectrometer at room
temperature (∼298 K).

Transient optical transmission measurements were done
using the output of a 1 kHz Ti:Sapphire regenerative amplier
(Spectra Physics Solstice Ace) possessing 40 fs pulses centered at
800 nm (1.57 eV). Aer splitting the output of this laser system,
Fig. 1 Structures of the Zn-porphyrin molecules used in this study.
Light blue and red circles highlight those atoms whose electrons
contribute to the HOMO level of each molecule, which depends on
the identity of substituents bound at the rings' meso positions. For
mesityl-substituted Zn-porphyrins (top row of panels), these circles
show the spatial arrangement of the a2u MO. In contrast, the circles for
the pentafluoro-substituted Zn-porphyrins (bottom row of panels)
show the spatial distribution of the a1u orbital, which contains no
density on the meso positions of the porphyrin ring.

1738 | Chem. Sci., 2024, 15, 1736–1751
one arm was passed into an optical parametric amplier (OPA,
Light Conversion TOPAS Prime) to form 870 nm pulses from the
second harmonic of the idler beam. We then passed these
pulses to an external b-barium borate crystal to form pulses at
435 nm and separated the 870 nm fundamental using dichroic
optics. We used an optical chopper to reduce the pump pulse
repetition rate to 500 Hz and synchronized our detection to the
chopping waveform with custom electronics. Using the other
arm of 800 nm output from the regenerative amplier, we
formed white light continuum pulses by clipping the beam with
an iris and focusing it into a 5 mm sapphire plate. Following
collimation using an off-axis parabolic mirror, we steered the
probe pulse to the sample where it was overlapped with the
pump beam using a pinhole. We measured pump-induced
transient transmission spectra on a shot-to-shot basis using
customized triggering of a CCD camera (Andor Newton 920)
affixed to a 0.3 m spectrograph (Andor Kymera). We made
transient transmission measurements for each sample in which
the pump and probe beams possess either parallel (DT‖/T) or
perpendicular (DTt/T) linear polarization states.

The collected spectra were averaged, baseline corrected and
plotted against probe time delay, as shown in Fig. S3.† To
estimate time constants of ultrafast internal conversion
imprinted onto excited state absorption (ESA) signals, we con-
structed isotropic kinetic traces by selecting probe energies
(wavelengths) near 1.9 eV (640 nm) at which the DT/T reaches
a minimal value, which would be consistent with ESA processes
reduced by stimulated emission (SE), and calculated DTiso/T =

DT‖/T + 2DTt/T. We then deconvoluted the instrumental
response due to the temporal overlap of the pump and probe

pulses using a Gaussian function of the form A e

�
t� s
s

�2

and
estimated the time constants that characterize the dynamics of
the photoexcited chromophores using two sets of exponential
functions: A1[1 − e−t/s1] for Zn-M and Zn2U-D and A1[1 − e−t/s1]+
A2[1 − e−t/s2] for F20Zn-M and F30Zn2U-D.
2.3 EPR and ENDOR measurements

Sample preparation for EPR measurements was performed in
a N2 glove box. All the molecular chromophores studied with
magnetic spectroscopy (Fb-M, Fb2U-D, ZnFbu-D, Zn-M, Zn2U-D,
F20Zn-M, and F30Zn2U-D) were dissolved in deoxygenated
toluene at a concentration of ∼3 mM. The solution was lled
into an EPR quartz tube with an outer diameter of 4 mm, and
the tube was sealed in a nitrogen glove box environment. The
sample was then quickly frozen in liquid nitrogen, which
resulted in transparent, glassy samples that were quickly
transferred to the pre-cooled resonator.

All EPR measurements were performed at X-band (9.7 GHz),
using a commercial Bruker ELEXSYS E580 spectrometer (Bruker
Biospin, Ettlingen, Germany) equipped with a dielectric ring
ENDOR resonator (Bruker EN 4118X-MD4-W1). Light excitation
was done in situ using an OPO (basiScan, GWU Lasertechnik,
Germany) pumped with 355 nm ns pulsed Laser light (Nd:YAG
Laser INDI, Spectra-Physics, operating at a rate of 20 Hz) at
560 nm, 580 nm, and 610 nm wavelengths directly in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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resonator of the spectrometer through an optical ber. Typical
incident light intensities at the samples were ∼2 mJ per pulse.
All EPR measurements were performed at a temperature of 20 K
using a CF935 liquid helium gas-ow cryostat (Oxford Instru-
ments, U.K.) and ITC temperature controller system (Oxford
Instruments, U.K.). Data processing and simulations of EPR
spectra were done using Matlab™ R2023a (The MathWorks
Inc., Natick) and the Easyspin Matlab toolbox (version 6.0.0
dev.51).37,38

Time-resolved continuous wave EPR (transient EPR, tr-EPR)
measurements were carried out by irradiating the samples
continuously with low power microwave, at each particular
magnetic eld, and recording the resulting signal in direct
detection mode without magnetic eld modulation as a func-
tion of time aer excitation with the laser pulse.39,40 The one-
dimensional (non-derivative) EPR spectra were obtained by
integrating the tr-EPR spectra between 400 ns and 1500 ns aer
a laser pulse as a function of magnetic eld.

Field-swept echo-detected EPR spectra were recorded by
monitoring the electron spin echo (ESE) intensity by using the
conventional two microwave pulses Hahn echo sequence

(
p

2
� s� p� s� echo) with a pulse length of p/2 = 16 ns, p =

32 ns, and s= 280 ns, which followed a 7 ns laser pulse at a xed
delay aer laser ash (DAF) time, as a function of magnetic
eld.41,42 Three pulse-echo-detected (3p ESE) eld sweeps were

done with a pulse sequence (
p

2
� s� p

2
� T � p

2
� s� echo)

with time s = 100 ns and time T = 20 ms.
Mims type TR-ENDORmeasurements43 were performed at 20

K by employing a microwave pulse sequence of
p

2
� s� p

2
� T� p

2
� s-echo with a p/2-pulse length of 12 ns, s

= 100 ns, and T = 20 ms. For this ENDOR experiment, a high
power 1 kW RF amplier (TOMCO, Technologies, Stepney,
Australia) was used to create a 15 ms RF p-pulse. The ENDOR
spectra were recorded by monitoring ESE intensity as a function
of the RF frequency.
2.4 DFT calculations of triplet spin densities

Monomeric and dimeric structures were built in TmoleX19
(ref. 44) and optimized using density functional theory through
TURBOMOLE v 7.4 employing the PBEh-3c functional45 and the
associated def2-mSVP basis. Frequency calculations for all
structures were performed to ensure that reported structures
had no imaginary frequencies. EPR parameters were calculated
using Orca v 5.0.3 (ref. 46) using the B3LYP functional, the
Wachters + f47 basis for zinc, and the EPR-II basis48 for all other
atoms.
3 Results and discussion
3.1 Porphyrin electronic structure

In seminal work, Gouterman proposed that the excited state
processes including optical absorption of porphyrin molecules
could be described by a four-orbital model of two nearly
degenerate occupied orbitals, a1u and a2u, and a doubly
© 2024 The Author(s). Published by the Royal Society of Chemistry
degenerate pair of unoccupied orbitals, e(x)g and e(y)g , which are
related by a 90° rotation about an axis through the molecule's
center.49,50 We show the spatial distributions of electron density
in the occupied a1u and a2u orbitals in the panels of Fig. 1. Light
absorption then leads to the formation of two possible excited
state electronic congurations: eg(1)a1u(1) and eg(1)a2u(1). The
near degeneracy of these states leads to a strong electron
conguration interaction, which drives their mixing into
equally weighted symmetric and antisymmetric linear super-
positions known as the Bx,y and Qx,y states, respectively.51 The x
and y subscripts on these states denote the fact that either one
of the degenerate orbitals e(x)g or e(y)g can participate in the
excitation process depending on the orientation of the
porphyrin molecule relative to the polarization of light eld.

Since the B state corresponds to the symmetric superposi-

tion
1ffiffiffi
2

p ½egð1Þa1uð1Þ þ egð1Þa2uð1Þ�, one should expect this state

to possess substantial oscillator strength in a light absorption
process, which is substantiated by the presence of strong Soret
bands in the linear UV-vis spectra of porphyrins. In contrast,
given the Q state corresponds to the anti-symmetric superpo-

sition
1ffiffiffi
2

p ½egð1Þa1uð1Þ � egð1Þa2uð1Þ�, one should expect negli-

gible oscillator strength to exist in the transition to this state
from the molecule's ground state. Despite this expectation, the
Q state appears in linear absorption spectra with relatively large
intensity due to the non-Condon vibronic coupling mechanism
mediated by Herzberg–Teller coupling to the B state.50,52,53

In addition to explaining the basic features of the porphyrin
linear absorption spectra, the four-orbital model predicts that
different ring substituents perturb the energetic ordering of the
a1u and a2u orbitals by changing Coulomb integrals. For
example, ring substituents bound at particular positions
around the macrocycle that donate electron density to the
porphyrin ring cause higher Coulomb repulsion effects in the
orbitals located at those atomic sites. These increased Coulomb
interactions destabilize the occupied orbital whose density lies
on that ring site and drive its contribution to the spectroscopic
B and Q states more substantially. In contrast, substituents that
withdraw electron density reduce coulombic interactions,
stabilize those occupied orbital energies, and reduce their
contribution to the spectroscopic states. Thus, the perturba-
tions caused by the electron donating/withdrawing ability of
substituents bound at particular porphyrin ring positions can
change the identity of the orbitals involved in the excited state
processes of these molecules, including both light absorption
and intermolecular energy transfer.54,55 However, connections
between ring substitution, frontier orbital identity, and singlet
and triplet exciton delocalization remain unclear. Making these
connections necessitates correlation of optical and magnetic
spectroscopic studies on appropriated model systems, as we
show below.
3.2 Optical spectroscopy

The panels of Fig. 2 compare measured and modeled steady-
state absorption spectra of Zn-M, Zn2U-D, F20Zn-M, and
Chem. Sci., 2024, 15, 1736–1751 | 1739
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F30Zn2U-D solutions in the region of these molecules' Soret
resonances. These spectra show the presence of a single,
inhomogeneously broadened peak in the spectra of Zn-M,
F20Zn-M, and F30Zn2U-D corresponding to the 0–0 transitions
between these molecules' S0 and S2 states. We assign lower
intensity shoulders at higher energies from the main peaks as
the 0–1 vibronic overtones stemming from the slight reorgani-
zation of the molecules' structures upon photoexcitation. We
explain the routine we used to t these spectra in the ESI.† In
addition to the experimental absorption spectra we measure for
these molecules, Fig. 2 also shows Gaussian models of the
inhomogeneously broadened 0–0 and 0–1 vibronic transitions.
Furthermore, we nd we need to add one additional Gaussian
peak in the absorption models to explain each spectrum
completely, which we attribute to the formation of excitons in
H-aggregates. We do not consider these intramolecular excitons
further since the excitation pulses used in our ultrafast pump-
probe measurements cannot drive these states resonantly.
Table S1† details the results of modeling the spectra in Fig. 2.

In contrast to these three molecules, the bottom le panel of
Fig. 2 shows the 0–0 vibronic transition in the absorption
spectrum of Zn2U-D necessitates the presence of two separate
Gaussian peaks in our model to explain the peak shape and
intensity adequately. The relative intensities and positions of
these peaks are consistent with the presence of electronic
coupling between the macromolecule's porphyrin sub-units. As
shown schematically in the panels of Fig. 1, each porphyrin
monomeric unit maintains nearly D4h symmetry, which causes
the formation of equivalent transition dipoles along orthogonal
molecular axes, as described above. Binding the molecules
along the acetylene bridge breaks the overall symmetry of the
Fig. 2 Absorption spectra in the spectral vicinity of the Soret reso-
nances corresponding to Zn-M (top left), F20Zn-M (top right), Zn2U-D
(bottom left), and F30Zn2U-D (bottom right). Models of the 0–0 and 0–
1 vibronic transitions are shown as solid and dotted black lines,
respectively, in each panel. Models of x- and y-polarized intra-
molecular excitons in the absorption spectrum of Zn2U-D are shown
as solid red and purple lines, respectively, in the bottom left panel.
Models of absorption due to H-aggregate states are shown as dashed-
dotted lines in the top two panels.

1740 | Chem. Sci., 2024, 15, 1736–1751
dimer and leads to inter-ring coupling that differs for directions
parallel and perpendicular to the bonding axes. Furthermore,
ab initio electronic structure calculations suggest that the
planes of each porphyrin macrocycle tilt by an angle of nearly
30° due to steric hindrance.56 Despite the complexities of these
symmetries and structural considerations, we can use our
model spectra and standard theories of intramolecular excitons
to estimate coupling energies of Jxx = 36 meV and Jyy = 30 meV
between the porphyrin subunits of Zn2U-D.

Unlike the case of Zn2U-D, we nd that we need only a single
Gaussian peak to model the 0–0 Soret resonance of F30Zn2U-D.
We rationalize this difference in the steady-state absorption
spectra using the electron withdrawing power of the different
substituents bound at these molecules' meso positions. As
considered in the case of hetero-dimeric systems developed and
characterized by Lindsey et al.54,55 and explained above, we
expect that the strong electronegativity of the F atoms in
F30Zn2U-D will pull electron density away from the meso posi-
tions of the porphyrin ring that will stabilize the energy of the
a2u orbital schematically in Fig. 1. This energy stabilization will
result in the a1u orbital being the HOMO state, which does not
contain signicant electron density on the rings' meso posi-
tions. The lack of signicant electron density on the meso
positions reduces coupling between the Bx and By states in the
distinct porphyrin sub-units of F30Zn2U-D. We propose that the
opposite effect leads to the observed absorption spectra
consistent with delocalized B-state excitons in Zn2U-D.

For the case of Zn2U-D, the relatively lower electronegativity
of the meso-substituted mesityl groups leads to an overall
electron donating effect at the binding sites around the
porphyrin ring. This charge donation destabilizes the energy of
the a2u orbital and causes it to become the HOMO state. Our
binding of the porphyrin rings via the acetylene bridge at the
meso position then leads to inter-ring coupling through HOMO
density at these sites. However, the moderate coupling medi-
ated by the acetylene bridge leads to a lack of clear separation
between the energies of the coupled excitons in the absorption
spectrum shown in the bottom le panel of Fig. 2, which
impedes a rm conclusion that the spectral shape stems from
exciton delocalization.

Despite the ability of theories developed by Spano to predict
the properties of intermolecular excitons based on changes in
the relative intensities of the vibronic peaks in an electronic
progression,57 the small reorganization energy of the B state
excitons in metalloporphyrins limits the intensity of the 0–1
vibronic overtone signicantly, as shown in Fig. 2. This small
relative intensity inhibits our ability to use the vibronic
progressions of Zn2U-D to estimate exciton delocalization.
Additionally, the non-trivial alignment of the transition dipole
moments in Zn2U-D inhibits a straightforward application of
Spano's theories to help assess exciton delocalization.

Previous studies elaborate on ground state electronic inter-
actions present in Zn2U-D and F30Zn2U-D dimer models
through their electrochemical studies.35,54,58 These studies allow
us to compare the ground state properties of the two molecules
based on the variation of the energy of their HOMO level
induced by the electron donating/withdrawing ability of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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meso-substituent groups. As reported by previous studies, both
of these dimers show only weak interactions in the ground
state.54,58 Hence, it can be inferred that despite the variations in
the HOMO orbital energies in the dimer models, it does not
employ a substantial inuence on the electronic interactions in
their ground-state congurations.

As demonstrated in previous studies, intra- and intermo-
lecular coupling leads to important collective effects in the
excited states of molecular chromophores including enhanced
exciton transport and radiative relaxation.23–25 Clear estimates of
increased rates of energy transfer and light emission necessitate
strong coupling between the constituent chromophores mani-
fest in linear optical spectra and long-lived radiative states.
However, the moderate inter-ring coupling of excitons in Zn2U-
D, which is consistent with the spectra in the bottom le panel
of Fig. 2, and the short-lived nature of the Bx,y excitons in
porphyrin sub-units do not meet these requirements. The clear
delineation of inter-site coupling for a variety of macromolec-
ular binding strengths necessitates further development of
physical and chemical effects capable of sensing the formation
of excitons delocalized over multiple chromophores. We
propose that internal conversion can also assess the appearance
and characteristics of inter-ring coupling between Zn-porphyrin
sub-units in the moderate regime.

Several studies show that photo-excited B states in metal-
loporphyrins and free base porphyrin chromophores undergo
rapid internal conversion to their respective Q states on time
scales that vary between 30 fs to 1.5 ps depending on the
identity of central metal cations and ring substituents.59–64 In
the case of Zn-substituted porphyrins, this internal conversion
process manifests both in the rise of uorescence emission
from the Q state as determined by time-resolved uorescence
measurements and the decay of the excited state absorption
(ESA) signals to higher lying electronic states due to the onset of
stimulated emission (SE).59,62 These studies demonstrate that
the time scale of B to Q internal conversion depends sensitively
on the chemical composition of the Zn-ligated chromophore.

When one considers a porphyrin macromolecule whose B
state excitations can delocalize across different sub-units via
chemical bonding, then one must amend standard equations
characterizing internal conversion65 to include this coherent
mixture in the non-radiative relaxation as

kIC ¼ p

2ħ2
X2

j¼1

��
Qj

��V̂ IC

��� 1ffiffiffi
2

p jB1i þ 1ffiffiffi
2

p jB2i
��2

rðuÞ

kIC ¼ p

2ħ2
X2

j¼1

1

2

���Qj

��V̂ IC

��B1i
��2 þ 1

2

���Qj

��V̂ IC

��B2i
��2�

þ���Qj

��V̂ IC

��B1i
�
Qj

��V̂ IC

��B2i
��irðuÞ; (1)

where we imagine that the exciton delocalizes over the B states
of molecules 1 and 2 equally. The summation over the index j
represents the possibility that the delocalized, B state excitons
relax to Q states that localize on one of the two sub-units within
the dimer. We base the local nature of the Q states on the
minimum changes in the absorption and uorescence spectra
of these states when considering each of the chromophores in
© 2024 The Author(s). Published by the Royal Society of Chemistry
this study, as shown in Fig. S2 of the ESI.† Given the minimal
spatial overlap of these localized Q state wavefunctions, we
propose that only one of the rst two terms on the right-hand
side of eqn (1) will contribute signicantly to internal conver-
sion in the dimeric system. Additionally, when one expands eqn
(1) for both values of j in the summation, two types of cross
terms will appear: jhQ1jV̂ ICjB2ihQ1jV̂ ICjB1ij and
jhQ2jV̂ ICjB2ihQ2jV̂ ICjB1ij, which should be equal in the limit that
the two porphyrin sub-units possess the same structure and the
B excitons delocalize uniformly across them. Based on these
assumptions, eqn (1) becomes,

kIC ¼ p

2ħ2
1

2

��hQ1jV̂ IC

��B1i
��2 þ 1

2

��hQ2jV̂ IC

��B2i
��2�

þ ��hQ1jV̂ IC

��B1ihQ1jV̂ IC

��B2i
��irðuÞ; (2)

where we have replaced the cross term containing Q2 with its
counterpart. This cross-term describes the interference between
the non-radiative relaxation of the delocalized B state exciton to
Q states localized on the different porphyrin sub-units of the
dimer. Given the fact that we expect a positive magnitude of the
complex number stemming from this interference, we expect
that the cross term in eqn (2) will act to increase the rate of
internal conversion due to the delocalization of the B state
exciton. However, this phenomenon has not been reported to
assess the nature of delocalized excitons in chemically bound
macromolecular systems.

To substantiate this physical picture of the chemical effects
on intramolecular coupling, we considered the dimers' ultrafast
internal conversion between their B and Q states following
photoexcitation of each chromophore. As shown by the
absorption spectra in the bottom row of panels in Fig. 2, our
2.85 eV pump pulses excite each molecule on the lower energy
edge of its respective 0–0 vibronic transition of the Soret reso-
nance. Based on this energetic overlap, we propose that our
pump pulses excite molecules into distinct B states containing
no vibrational excitation.

As shown in the top row of panels in Fig. 3, we observe
a decay of the ESA features near 1.9 eV (630 nm) in the ultrafast
dynamics of Zn-M and F20Zn-M with time constants of 1814 fs
and 305 fs, respectively. These values for the B state lifetime
qualitatively match those produced in previous, systematic
time-resolved uorescence measurements.60 The factor of 5
longer lifetime of the B state in Zn-M relative to the value we
nd in F20Zn-M stems from the difference in the identity of the
HOMO state between the two chromophores. In addition to the
difference in the internal conversion time constant, we nd the
need to model the ultrafast dynamics of F20Zn-M using two
exponential functions, as explained in the Methods section. We
propose that this longer time scale in the chromophore's
dynamics stems from a structural reorganization within the Q
state.

The bottom row of panels in Fig. 3 shows the dynamics of Zn-
porphyrin dimers change relative to their monomeric counter-
parts. Through the analysis described in the Methods section,
we nd the initial ESA signature of Zn2U-D at 648 nm decays
with a time constant of 973 fs, which is almost two times faster
Chem. Sci., 2024, 15, 1736–1751 | 1741
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Fig. 3 Comparisons betweenmeasured (solid) and modelled (dashed)
ultrafast kinetics of the excited state absorption measured near 1.9 eV
of Zn-M (top left), F20Zn-M (top right), Zn2U-D (bottom left) and
F30Zn2U-D (bottom right) following photoexcitation of these mole-
cules' B states with 2.85 eV (435 nm) pump pulses.
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than the initial decay of the ESA signal for Zn-M. In contrast, we
nd the initial ESA signal at 640 nm for F30Zn2U-D decays with
a longer time constant, 441 fs, than its monomeric counterpart
F20Zn-M. We report the dynamical time scales for the ultrafast
kinetics of each chromophore in Table 1 along with the asso-
ciated 95% condence intervals of these estimates.

Inverting the values of s1 we extract from modeling the
isotropic traces shown in Fig. 3 allows us to estimate kIC for each
chromophore, which we report in Table 1. As expected from the
relative values of s1, we nd that the internal conversion rate
increases by nearly a factor of 2 when we compare kIC of Zn-M to
that of Zn2U-D. Based on previous studies of the ultrafast internal
conversion of Zn-ligated porphyrins, we propose that this increase
in the internal conversion rate for Zn2U-D stems from quantum
interference in the non-radiative relaxation of delocalized B state
excitons. However, we must consider other chemical and struc-
tural explanations before concluding that this physical mecha-
nism explains our results.

For example, as we noted above, we expect that the energetic
ordering of the a1u and a2u porphyrin MOs affects the non-
Table 1 Values of the decay times characterizing the ultrafast relax-
ation dynamics of the Zn-porphyrin examined in this study. The initial
decay time, s1, is used to calculate the rate of internal conversion, kIC,
between the B and Q states of each respective chromophore. We
report the 95% confidence intervals of these estimates in parentheses
next to each parameter

Chromphore s1 [fs] s2 [fs] kIC [ps−1]

Zn-M 1814 (1774, 1854) — 0.55
F20Zn-M 305 (274, 335) 2577 (1953, 3201) 3.28
Zn2U-D 973 (932, 1015) — 1.03
F30Zn2U-D 441 (407, 473) 1775 (1510, 2040) 2.27

1742 | Chem. Sci., 2024, 15, 1736–1751
radiative relaxation of the photoexcited Bx,y states. While there
will be some difference in the electron donating ability of the
hydrogenated phenyl group that we bind to the acetylene bridge
in Zn2U-D, we do not expect this change in the Hammett
parameter of the functional group to explain the full change in
the dimer's internal conversion rate. Previous ultrafast tran-
sient absorption and uorescence upconversion measurements
on Zn(II) tetraphenyl porphyrin (ZnTPP) show that the internal
conversion time is nearly 1500 fs,59,60 which is 50% larger than
the value we measured for Zn2U-D. If the lower electron
donating ability of the fully hydrogenated phenyl groups rela-
tive to the mesityl groups caused the total difference in the
internal conversion time constant going from Zn-M to Zn2U-D,
then we would expect to observe an internal conversion time
constant between 1500 fs and 1800 fs, which is signicantly
larger than the value of s1 we observe experimentally for Zn2U-D.
Based on these considerations, we propose that the vast
majority of the near factor of two increases in the value of kIC
found in our measurements stems from inter-ring quantum
interference due to the delocalization of the B state excitons in
Zn2U-D.

In addition to nding that the fast time scale slows when
comparing the ultrafast dynamics of F20Zn-M to those of
F30Zn2U-D, we nd that the subsequent relaxation time
increases when making the same comparison between the
uorinated derivatives. Given the fact that the fast time scale
matches the values found from the increase of uorescence
from the Q state in F20Zn-M, we attribute the presence of slower
dynamics in the transient spectra of both uorinated chromo-
phores to vibrational cooling within their Q states, which has
been proposed to take place in iron-ligated porphyrin systems.61

We attribute the difference in the time scales of vibrational
cooling between the two uorinated derivatives to the larger
number of atoms in the dimeric chromophore. In the presence
of more atoms, we expect that the two-mode vibrational density
of states will be larger in the spectral vicinity of low frequency
modes capable of inducing Fermi resonance necessary to cause
vibrational relaxation, as shown in previous studies of ground
state structural dynamics.66,67

Despite the appearance of spectral features consistent with
H-aggregates in our Zn-M and F20Zn-M samples, we do not
expect that molecules participating in aggregate formation will
participate in the observed ultrafast dynamics. For those
molecules participating in aggregate formation to take part in
the ultrafast dynamics, they must be excited by our pump pulse.
Given our pump pulse possesses energy signicantly below that
of the H-aggregates in our samples, those molecules partici-
pating in aggregate formation will not be excited. Since they
cannot be excited by our pump pulse, the excitons characteristic
of H-aggregation will not participate in any of the observed
dynamics.

As stated above, we expect that the term that describes
interference between intra- and inter-ring internal conversion
in eqn (2) must be a positive number. Therefore, this interfer-
ence can only act to increase the internal conversion rate. Based
on this idea, we argue that the change in the value of s1 between
F20Zn-M and F30Zn2U-D provides further evidence that the B
© 2024 The Author(s). Published by the Royal Society of Chemistry
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states of the F-substituted macromolecule do not delocalize
over the dimer's porphyrin sub-units. Instead, we propose that
the decrease in the internal conversion rate of F30Zn2U-D rela-
tive to that of F20Zn-M stems from more signicant changes in
the electron withdrawing ability of the fully hydrogenated
phenyl group that binds to the acetylene bridge chemically. The
reduced electron withdrawing ability of the H atoms relative to F
atoms drives a smaller energetic gap between the a1u and a2u
porphyrin MOs, which causes kIC to increase relative to the
monomeric systems that contain four fully uorinated phenyl
groups. Despite the clarity of this physical picture, it remains
unclear how one can extend this analysis to understand the
delocalization of triplet excitons. To establish this connection,
we undertook time-resolved EPR and ENDOR spectroscopic
studies.
Fig. 4 Triplet (S = 1) spin energy levels of porphyrin in zero and high
magnetic field and spin polarized EPR spectrum: (a) Triplet energy
levels in a high external magnetic field. The thickness of the lines
indicates the population of the respective level. The colored arrows
indicate the allowed DMS= 1 EPR transitions for ZFS axes parallel to the
magnetic field, three in absorption, (Z−, Y+, X−) and three in emission
(Z+, Y−, X+). (b) Triplet spin energy levels in the absence of an external
magnetic field. Electron Zeeman interactions at conventional X-band
EPR (9–10 GHz) are larger than themagnitude of the ZFS parametersD
and E in porphyrins. Note that the electron spin and ZFS energies are
not to scale. (c) Spin-polarized transient EPR spectrum corresponding
to scheme (a). The triplet EPR spectrum is indicated by a solid black line
and shows the polarization pattern EAEAEA; A = absorption, E =

emission. The elucidation of the ZFS parameters jDj and jEj is indicated.
Note that the spectrum shown is from the photo-induced triplet state
of Fb-M at the X-band and T = 20 K.
3.3 Time-resolved EPR and ENDOR spectroscopy

The photoexcited triplet state represents an important probe of
the electronic structure of the various porphyrin monomers and
dimers. The triplet state involves two strongly coupled unpaired
electrons (S = 1) that are delocalized over the macrocycle and
thereby probes the electron distribution of both the HOMO and
the LUMO states i.e. the frontier orbitals important to chemical
and optical properties of the chromophore. Knowledge of the
distribution of the unpaired electrons over the frontier orbitals
is of vital importance to understand delocalization in the triplet
state and thus provides complementary knowledge to that
gained about the photoexcited singlet state via stationary and
time-resolved optical spectroscopy.

The paramagnetic character of photoexcited triplet states
makes time-resolved electron paramagnetic resonance spectros-
copy coupled with a light source the most appropriate method for
investigating the electronic structure of porphyrins in the triplet
state.31,40,68–70 The “dark” nature of triplet states due to spin
selection in light absorption makes the application of optical
methods in triplet state characterization more challenging. Thus,
time-resolved EPR techniques are frequently used to derive
information on the magnitude and orientation of the traceless
zero-eld splitting (ZFS) tensor D of the triplet state. The two ZFS
parameters D and E are sensitive indicators of the spatial exten-
sion and symmetry of the triplet exciton, as shown in Fig. 4. In
addition, the spin-polarized triplet EPR spectra act as a ngerprint
for understanding how this state forms while also providing larger
signals compared to those in thermodynamic equilibrium.31,40,68–70

Additional and more specic information about the unpaired
electron spin distribution can be obtained from the interaction of
the electronic triplet state with the surroundingmagnetic nuclei (I
s 0) of the molecule via the electron-nuclear hyperne couplings
(hfc). These hfcs reect the unpaired electron spin density at the
respective nucleus and in the close surrounding of the nucleus via
the isotropic (Aiso) and anisotropic (Aaniso) contributions to the
hyperne coupling tensor. However, in the vast majority of cases,
these hfcs are not resolved in the time-resolved EPR spectra of
porphyrins. To determine the hfcs, more advanced methods like
electron nuclear double resonance (ENDOR) experiments are
required.43,71–73 If hfcs of several nuclei in different parts of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
chromophore can be determined and assigned structurally, then
the spin density distribution of the triplet state in the respective
molecule can be revealed. Pulsed ENDOR spectroscopy combined
with repetitive laser excitation at low temperatures is well suited to
make these assignments since this method takes full advantage of
the large electron spin polarization in the photoexcited triplet
state. Furthermore, the large anisotropy of the triplet-state ZFS
tensor in comparison to the magnitude of the hfcs allows one to
perform orientation-selective ENDOR spectroscopy, which can
provide the orientation and the sign of the hfc tensor components
relative to the ZFS tensor axes under favorable conditions.

In the following, we will rst briey introduce the principles
of time-resolved EPR and ENDOR performed on spin-polarized
photoexcited porphyrin triplet states to provide a better
understanding of the experiments and their analyses. For this
reason, we choose the well-characterized free-base porphyrin
monomer (Fb-M), the corresponding homodimer (Fb2U-D) and
Zn-free base heterodimer (ZnFbU-D) as models to demonstrate
our approach.

3.3.1 Time-resolved EPR and Mims ENDOR of Fb-M, Fb2U-
D and ZnFbU-D. In isolated porphyrin systems without an
electron acceptor, the porphyrin triplet state is usually formed
Chem. Sci., 2024, 15, 1736–1751 | 1743
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Fig. 5 Spin-polarized triplet cw time-resolved EPR spectra of Fb-M
(top panel), Fb2U-D (middle panel), and ZnFbU-D (bottom panel)
measured at 20 K. Arrows in each panel indicate magnetic field posi-
tions in the EPR spectra at which ENDOR experiments have been
performed. The directions of absorptive and emissive transitions are
shown as vertical arrows labeled as A and E, respectively, in the top
panel.
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via intersystem crossing (ISC) following visible light excitation
from the ground singlet state to an excited singlet state. Fig. 4a
shows the energy dependence of a triplet state (S = 1) sublevels,
as a function of the external magnetic eld. In the absence of an
external magnetic eld the energy splitting for the three
canonical orientations X, Y, and Z is determined by zero eld
splitting (ZFS) interactions, as seen in Fig. 4b. The ZFS param-
eter D in our case is positive, D > 0, as expected for p–p* triplet
states of porphyrins, and the Z energy level is the lowest of the
three spin states.31,68 The ISC mechanism populates the triplet
sublevels selectively and leads to large, non-Boltzmann, spin-
polarizations. For these triplet states, the spin polarization
results in both absorptive and emissive EPR signals (A =

absorption, E = emission), as illustrated in Fig. 4c. As a conse-
quence of the spin–spin dipolar interaction between the two
unpaired electrons, the EPR spectrum is much broader than for
the corresponding doublet states like porphyrin anion or cation
radicals.31,68–70

The measured and simulated time-resolved EPR (tr-EPR)
spectra of Fb-M, Fb2U-D, and ZnFbU-D are shown in the
panels of Fig. 5. Fig. S1† shows the structures of these mole-
cules. The three spectra look very similar, all exhibiting the
same polarization pattern, EAEAEA, which has been observed in
previous EPR studies for free base porphyrins with different
substituents.74 The ZFS parameters obtained from the simula-
tion of the Fb-M spectra (jDj = 0.0390 cm−1(1170 MHz), jEj =
0.0080 cm−1 (239 MHz)) are very close to those obtained previ-
ously by pulse and transient EPR at X-band free base
porphyrins.74–77 The other two porphyrins, the Fb homo- and Zn-
Fb heterodimers, have ZFS parameters that are within ∼1% of
each other. The g-tensor for all three complexes is highly
isotropic and all principal g-values are close to the free electron
g-value, 2.0023, as expected for organic molecules without heavy
atoms. The ZFS parameters, g tensor values, and relative pop-
ulations obtained from simulations of transient X-band EPR
spectra are given in Table 2. The similarity of the polarization
pattern and of both ZFS parameters jDj and jEj in the free base
monomer and the two dimers suggests that the triplet exciton is
localized on one half of the dimer, and on the free base
porphyrin site in the case of the heterodimer, since the triplet
spectra of Zn-porphyrin are quite different, as discussed below
and shown in Fig. 7. However, the ZFS parameters might be very
similar in spite of the strong triplet state delocalization, as in
the case of a Frenkel-type triplet exciton. In this case only the
comparison of hyperne coupling constants between different
complexes can provide denitive proof concerning localization/
delocalization. We thus performed ENDOR spectroscopy to
determine the unresolved 1H hyperne coupling constants.

For the triplet state, ENDOR transitions occur in agreement
with the triplet ENDOR resonance condition:70,71

3nENDOR = jnL − msAj. (3)

This means that a strong and narrow line in ENDOR spectra
is expected from the T0 manifold (mS = 0) at the Larmor
frequency nL. Furthermore, it follows that those ENDOR tran-
sitions that do not stem from a nuclear transition in the mS =
1744 | Chem. Sci., 2024, 15, 1736–1751
0 manifold are either at the higher or lower frequency side with
respect to the central nL transition. For the Z+ transition (T0 to
T+1) of a triplet state with D > 0, the ENDOR lines occur on the
low (if A > 0) or high (if A < 0) frequency side. The opposite
situation is encountered for the Z− transition. Therefore, if the
sign of the ZFS parameter D is known, the sign of the hfcs can be
derived directly from the spectral position corresponding to the
lines at higher/lower frequencies with respect to nL. If the sign of
hyperne coupling is known from previous studies, then the
sign of D can be inferred immediately. It is sufficient to collect
ENDOR spectra at just half of the eld positions corresponding
to the EPR spectrum turning points, one for each canonical
orientation.

The pulsed Mims-type ENDOR spectra recorded at Z+ and Z−

positions for free base porphyrin and its homo- and hetero-
dimers are shown in the panels of Fig. 6. Note that for ease of
comparison, all spectra have been corrected for the proton
Larmor frequency at the respective magnetic eld and are
shown as absorptive. Mims-type ENDOR possesses a high
sensitivity but suffers from so-called blind spots.43 However, for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Zero-field splitting parameters (jDj and jEj), g-factors (gx, gy and gz), and relative zero-field sublevel populations (px, py, and pz) obtained
from simulation of experimental time-resolved EPR spectra of free base and Zn-porphyrins. g-factors from DFT calculations on Zn-porphyrins
are reported as comparisons against experimental values

Chromophore
jDj
[MHz]

jEj
[MHz] gx (exp.) gy (exp.) gz (exp.) gx (calc.) gy (calc.) gz (calc.) px py pz

Fb-M 1170 239 2.0032 2.0041 2.0023 — — — 0.25 0.69 0.06
Fb2U-D 1158 238 2.0037 2.0045 2.0025 — — — 0.30 0.63 0.08
ZnFbU-D 1165 237 2.0035 2.0042 2.0024 — — — 0.26 0.70 0.04
Zn-M 966 307 2.0033 2.0036 1.9969 2.0024 2.0028 1.9999 0.12 0.21 0.67
Zn2U-D 950 292 2.0012 2.0027 1.9973 2.0026 2.0030 2.0000 0.13 0.18 0.69
F20Zn-M 1021 230 2.0047 2.0022 1.9979 2.0025 2.0029 2.0000 0.30 0.30 0.40
F30Zn2U-D 968 138 2.0042 2.0027 1.9987 2.0025 2.0029 2.0004 0.20 0.20 0.60
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our relatively small hyperne coupling constants, these blind
spots are outside the recorded range and will not be considered
further.

The deviations from the proton Larmor frequency and the
hfcs correspond to the frequency shi between the ENDOR line
and nH according to the triplet ENDOR resonance conditions
and can be related directly to the principal component Az of the
hyperne coupling tensor using eqn (3), as long as this principal
component is approximately parallel to the principal ZFS tensor
axis. Since the Z axis of the ZFS tensor is perpendicular to the
Fig. 6 Time-resolved Mims-type ENDOR spectra of Fb-M (blue),
Fb2U-D (red), and ZnFbU-D (green) measured at the Z+ (top panel) and
Z− (top panel) canonical fields at 20 K. Spectral regions characterized
by different signs of the z-component of the hyperfine coupling
tensor, Az, are indicated in each panel.

© 2024 The Author(s). Published by the Royal Society of Chemistry
porphyrin plane and the methine protons attached directly to
the p system remain in this plane, this is a reasonable
approximation at least for Fb-M. As mentioned above, ENDOR
signals at frequencies lower than the proton Larmor frequency
are due to protons with positive hyperne coupling constants
and ENDOR signal frequencies higher than the proton Larmor
frequency are due to protons with negative hyperne coupling
constants when measured on the Z+ EPR transition, i.e. the low
eld ENDOR spectrum. For the high eld ENDOR spectrum
exciting the Z− EPR transition, the physical situation is
reversed. This assignment relies on the positive sign of D for the
porphyrin triplet state. If D were negative, then the connections
between ENDOR peaks and hfcs would be reversed. As stated
above, emissive ENDOR spectra in Fig. 6 have been inverted to
facilitate comparison.

The ENDOR spectra of Fb-M show remarkable similarities to
the published results from tetraphenyl-phorphyrin (H2TPP) in
toluene76 and are quite similar to a H2TPP derivative dissolved
in a methanol : ethanol mixture.74 These similarities allow us to
assign the ENDOR signals to particular protons within the
structure of Fb-M. The weakest negative coupling, slightly less
than 1 MHz, can be assigned to the carbon-bound a-protons on
the non-protonated pyrroles known as azomethine pyrroles.
The three stronger negative couplings, partially overlapping
between 3.3 and 4.3 MHz, are assigned to the carbon-bound a-
protons on the protonated pyrroles, called imine pyrroles, and
the nitrogen-bound protons. The good agreement with the
published hyperne couplings for H2TPP conrms that the spin
density distribution in the porphyrin p systems is not signi-
cantly disturbed by the introduction of multiple methyl
substituents to the phenyl groups, i.e. all these hfcs are
negative.

The observed positive hyperne couplings must arise from
the phenyl groups and their methyl substituents. Here, we
observe peaks up to 1.5 MHz from nL, which represents more
pronounced hyperne couplings than reported for H2TPP in
toluene.76 The straightforward assignment is to the freely
rotating methyl groups of the phenyl groups, which are absent
in H2TPP.

When comparing the ENDOR spectra of the monomer Fb-M
to homo- and hetero-dimers, almost complete agreement is
found. If the triplet excitons were delocalized over both
porphyrins or fast hopping between both porphyrins as in
Chem. Sci., 2024, 15, 1736–1751 | 1745
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Fig. 7 The spin-polarized triplet cw time-resolved EPR spectra
recorded experimentally at X-band EPR at 20 K for Zn-M (top left),
Zn2U-D (bottom left), F20Zn-M (top right), and F30Zn2U-D (bottom
right). Red and blue solid lines correspond to experimental spectra
while red dashed lines are the results of theoretical simulations. Arrows
in each panel indicate magnetic field positions in the EPR spectra at
which ENDOR experiments have been performed. The directions of
absorptive and emissive transitions are shown as vertical arrows
labeled as A and E, respectively, in the top left panel.

Fig. 8 Time-resolved Mims-type ENDOR spectra of Zn-M (blue) and
Zn2U-D (red) recorded at the Z+ (top left panel) and Z− (bottom left
panel) canonical fields and F20Zn-M (blue) and F30Zn2U-D (red) at the
Z+ (top right panel) and Z− (bottom right panel) canonical fields.
Spectral regions characterized by different signs of the z-component
of the hyperfine coupling tensor, Az, are indicated in each panel.
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a Frenkel-type exciton, then the hfcs would be reduced to about
half in the case of an equally shared triplet exciton in the
homodimer. For unequal sharing, the total number of lines
would increase and show smaller hfcs for one porphyrin and
larger for the other porphyrin, reecting the relative spin pop-
ulations on the respective porphyrins. The sum of the hfcs from
both porphyrins sub-units of the homodimer would approxi-
mately equal the one of the monomeric porphyrins. For the
heterodimer, the situation would be a bit more complicated
since hyperne couplings in a Zn-porphyrin monomer are
slightly different from the free base porphyrin. However, since
we don't observe any clear difference in either the homo- or
hetero-dimer from the free base porphyrin monomer, our initial
conclusion from the time-resolved EPR spectra is completely
conrmed: (i) in all cases the triplet exciton is fully localized on
one free base porphyrin unit and (ii) the spin density distribu-
tion within this porphyrin is not disturbed by the presence of
the covalently connected second porphyrin, even if this is
another free base porphyrin or a Zn-containing porphyrin. We
applied a similar experimental approach and analysis to assess
the triplet state delocalized in the protonated and uorinated
Zn-porphyrin monomers and homodimers shown in Fig. 1.

3.3.2 Time-resolved EPR and Mims ENDOR of Zn-M and
Zn2U-D. The measured and simulated tr-EPR spectra of Zn-M
and Zn2U-D are shown in the le panels of Fig. 7. The two
spectra both exhibit AAAEEE polarization patterns, which have
been observed in previous EPR studies for Zinc porphyrins with
different substituents.31 The ZFS parameters obtained from the
simulation of the Zn-M spectra (jDj= 0.0322 cm−1(966MHz), jEj
= 0.0102 cm−1 (307 MHz)) are very close to those obtained
previously by pulse and transient EPR at X-band for zinc
porphyrins with different substituents and are clearly different
from the free base porphyrin (see Fig. 5 and Table 2). Zn2U-D
possesses very similar ZFS parameters to those of its corre-
sponding monomer. The similarity of polarization patterns and
ZFS parameters jDj and jEj in monomer and dimer suggests that
the triplet exciton localizes on one half of the dimer. However,
the ZFS parameters might be very similar in spite of the strong
delocalization of the triplet state, as in the Frenkel-type of triplet
exciton. In this case, only the comparison of hyperne coupling
constants between different complexes can provide denitive
proof concerning localization/delocalization. We thus applied
the same steps in measuring and assigning features in the
ENDOR spectra of these complexes to determine the unresolved
1H hyperne coupling constants.

The top le and bottom le panels of Fig. 8 show the ENDOR
of Zn-M and Zn2U-D with eld settings corresponding to the
canonical ZFS EPR transitions Z+ and Z−, respectively. ENDOR
spectra in the le column of panels in Fig. 8 show signals from
protons with positive and negative hfcs in addition to the
narrow free proton line at the proton Larmor frequency. By
comparing the top le and bottom le panels of Fig. 8, we nd
that the positions of the ENDOR lines with respect to nH are
exchanged when exciting the corresponding low-eld (Z+) or
high-eld (Z−) canonical EPR transition, as expected from our
explanation above. The spectra are clearly different from those
corresponding to the free base complexes in Fig. 6. The analysis
1746 | Chem. Sci., 2024, 15, 1736–1751
of the ENDOR spectra is more complicated than for the free
base porphyrin, since 3jEj z jDj, and we thus excite another
EPR transition (X−) in addition to the Z+ transition, with the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Comparison of triplet spin density isosurface contours (e Å−3 =

0.002) of optimized structures based on PBEh-3c‖def2-mSVP for Zn-
M (top left), F20Zn-M (top right), Zn2U-D (bottom left), and F30Zn2U-D
(bottom right). These distributions suggest that the triplet spin densi-
ties of the Zn-porphyrin dimers remain localized on one of the two
macrocycle sub-units.
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same polarization, which leads to the appearance of additional
ENDOR lines, as seen in Fig. S3.†

While the analysis is complicated, we can still compare the
ENDOR spectra of the two different porphyrins, Zn-M and Zn2U-
D, which appear almost identical. If the triplet exciton would be
delocalized between two porphyrins sub-units, the hfcs would
be reduced to about half in the case of an equally shared triplet
exciton. Since we don't observe any clear difference between Zn-
M and Zn2U-D, we conrmed our conclusion from the time-
resolved EPR spectra that: (i) in both cases the triplet exciton
is fully localized on one porphyrin unit and (ii) the spin density
distribution within this porphyrin is not disturbed signicantly
by the presence of the covalently connected second porphyrin.
However, it stills remains unclear if the same conclusions apply
to the uorinated Zn-porphyrin systems.

3.3.3 Time-resolved EPR andMims ENDOR of F20Zn-M and
F30Zn2U-D. The measured and simulated tr-EPR spectra of
F20Zn-M and F30Zn2U-D are shown in top right and bottom right
panels of Fig. 7, respectively. The two sets of spectra exhibit the
same AAAEEE polarization pattern. The ZFS parameters ob-
tained from the simulation of the F20Zn-M spectra (jDj =

0.0340 cm−1(1021 MHz), jEj = 0.0077 cm−1 (230 MHz)) and
uorinated Zn-dimer F30Zn2U-D (jDj = 0.0323 cm−1(968 MHz),
jEj = 0.0046 cm−1 (138 MHz)) both differ from their respective
non-uorinated porphyrin counterparts, as seen by inspecting
Table 2. The g-tensor for each complex is quite isotropic and the
principal g-values are quite close to the free electron g-value,
2.0023. However, the presence of the Zn cation causes
a slightly lower gz value than we nd in the free base porphyrins.
We report the ZFS parameters, g tensor values, and relative
populations obtained from simulations of transient X-band EPR
spectra in Table 2. The substantial decrease of the ZFS param-
eters in the uorinated porphyrin dimer in comparison to the
corresponding monomer indicates potential delocalization of
a triplet state spin density over two halves of the dimer.
However, only the comparison of hyperne coupling constants
between the two complexes can provide denitive proof con-
cerning the relative localization/delocalization of the triplet
state in this complex.

Pulsed Mims-type ENDOR spectra of F20Zn-M and F30Zn2U-D
with eld settings corresponding to the canonical ZFS EPR
transitions Z+ and Z− are shown in the top right and bottom
right panels of Fig. 8, respectively. In addition to ENDOR lines
from protons shown at 0 MHz in Fig. 8, the ENDOR spectra of
F20Zn-M and F30Zn2U-D also contain lines from 19F, which has

a magnetic nuclear spin angular momentum I ¼ 1
2
, appears

with 100% abundance, and possesses a gyromagnetic ratio
comparable to 1H. The narrow free uorine line whose
frequency is nF19 can be seen clearly at −0.75 MHz and −0.95
MHz relative to nH1 in the top right and bottom right columns of
panels in Fig. 8, respectively.

As expected from the discussion above, the positions of the
ENDOR lines with respect to nH are exchanged when we excite
the corresponding low-eld (Z+) or high-eld (Z−) canonical EPR
transitions, as seen by comparing top right and bottom right
panels of Fig. 8. The spectra are clearly different from the
© 2024 The Author(s). Published by the Royal Society of Chemistry
corresponding free base porphyrin shown in the panels of Fig. 6
and the methylated zinc porphyrin in the le panels of Fig. 8.
While a detailed analysis of the ENDOR spectra is more
complicated than in the cases discussed above due to overlap
with 19F ENDOR signals and partial overlap of Z+ and X− EPR
transitions of the monomer, we can still compare the ENDOR
spectra of the two uorinated porphyrins. In contrast to the
non-uorinated porphyrins, only partial agreement of the
ENDOR spectra is found. In the case of uorinated porphyrins
the ENDOR lines are substantially broader. However, the posi-
tions of the strong lines around 4 MHz are very similar and in
agreement with the similar lines in the protonated analogue.
Broadening of the ENDOR lines can be explained by the pres-
ence of several conformers of the uorinated dimer, which was
reported in a previous theoretical study of a similar complex.56

Based on the close similarity in the positions of the ENDOR
lines in all porphyrin systems reported here, we conclude that
there is no substantial spin density delocalization between the
two halves of the porphyrin dimers.

We use DFT calculations to aid in the interpretation of the tr-
EPR and ENDOR spectra. The panels of Fig. 9 show the spin
density iso-surfaces from the calculations detailed in the
Methods section and provide a good visualization of the
unpaired triplet electron spin distribution over the porphyrins.
The top row of panels shows the Zn-M and F20Zn-M possess spin
density distributions whose similarities and differences can be
understood from the perspective of the electron donating or
withdrawing ability of the rings' substituents. As examples of
the similarities, we nd that the triplet spin density spreads
across all four of the interior N atoms and the C atoms at the
rings' meso positions in both Zn-M and F20Zn-M. Additionally,
we nd that the triplet spin density spreads over the C atoms
that bridge only two pyrroles on the exterior of the porphyrin
rings. This non-symmetric spin polarization stems from the
Chem. Sci., 2024, 15, 1736–1751 | 1747
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existence of two, degenerate eg LUMO states that possess elec-
tron density on two, non-adjacent pyrroles. The electron
densities of these degenerate LUMO states are related by a 90°
rotation.

As an example of differences in our DFT results, we nd that
the spin density delocalizes away from themeso positions of the
F20Zn-M porphyrin ring. In contrast, spin localizes more
completely on the meso position of the ring in Zn-M. This
distinction in the localization of the meso position spin polar-
ization can be rationalized in terms of the triplet state energy
ordering controlled by the relative electron withdrawing/
donating ability of the ring substituents. In the case of Zn-M,
the electron donating ability of the mesityl phenyl groups
stabilizes the energy of the excited state 3(a2ueg). Both the a2u
and eg orbitals possess signicant electron density on the meso
position while only the eg orbital possesses density on the C
atoms of the pyrrole skeleton. However, the electron with-
drawing ability of the F atoms in the pentauoro phenyl groups
of F20Zn-M causes the excited state 3(a1ueg) to possess higher
energy than its 3(a2ueg) counterpart.78 Since the a1u and eg
orbitals possess substantial electron density on all the atoms in
the pyrrole skeleton, populating these orbitals enables delo-
calization of the triplet spin polarization across more of the
molecular structure than we nd in the case of Zn-M.

Our DFT calculations support the main conclusion that
triplet spin densities of the dimers Zn2U-D and F30Zn2U-D
remain localized on one of the porphyrin sub-units, as seen in
the bottom row of panels in Fig. 9. Additionally, we nd that the
differences in the delocalization triplet spin across the atoms in
each porphyrin sub-unit in the dimeric systems resemble those
we nd in the monomers. The spin density delocalizes away
from the porphyrin ring meso positions. This is more
pronounced in the case of F30Zn2U-D than in Zn2U-D. We
propose that the samemechanism that causes this difference in
the monomers drives the relatively more delocalized triplet spin
polarization in the case of the dimers: electron withdrawing F
atoms in the pentauoro phenyl group cause the excited state
3(a1ueg) to possess the highest energy. Since the orbitals of this
state contain more population on the atoms of the pyrrole rings,
the triplet spin can delocalize across these atoms more than in
Zn2U-D.

The DFT calculations also help explain small changes in the
ZFS parameter D between the Zn-porphyrin monomers and
dimers. As seen in the bottom row of panels in Fig. 9, the triplet
spin densities of the dimers extend to the para-position of the
phenyl groups that bridge the two porphyrin sub-units. The spin
density does not appear in these positions in the case of either
one of the monomers. This extension of the spin density could
account for the fact that we observe slightly smaller values of jDj
in both Zn2U-D and F30Zn2U-D than in their respective
monomers.

The EPR measurements were carried out at 20 K to extend
the lifetimes of the triplet states in the different chromophores
to values that enable good signal-to-noise ratios and subsequent
data analysis to assess spin density delocalization. At higher
temperatures, the lifetimes of the triplet states become limited
by non-radiative relaxation to the molecules' ground state,
1748 | Chem. Sci., 2024, 15, 1736–1751
which diminishes the signal we measure in the time-resolved
EPR spectra. Given this temperature dependence of the triplet
lifetime, we expect that the intersystem crossing rate between
the triplet excited state and the singlet ground state depends
sensitively on the populations of low frequency vibrations
capable of mixing states possessing different spin
congurations.

For example, computational studies predict that out-of-plane
vibrations of fully hydrogenated free base porphyrin cause
mixing between 1(pp*) and 3(pp*) that involve signicant
motions of meso-position C atoms.79,80 The excitation of these
vibrations induces signicant changes in the structure of the
porphyrin ring that mix the 1(pp*) and 3(pp*) states with
intermediate orbitals more localized on both the interior N
atoms and meso C atoms. Second order perturbation theory
predicts that these localized states mediate non-radiative
relaxation from the excited 1(pp*) state to the lower lying
3(pp*) state by conserving angular momentum.80 Given the
differences in their spin multiplicities, we expect similar
vibrational coupling will control the rate of relaxation from the
3(pp) state to the 1(pp) ground state.

While the frequencies of the spin-coupling vibrations in free
base porphyrin fall below 400 cm−1 when substituted with H
atoms, our bonding mesityl or penta-uoro-phenyl groups at
the ring meso positions should increase the effective mass of
these vibrational modes signicantly. This change in the
effective mass should reduce the out-of-plane vibrational
frequencies below 200 cm−1.81,82 In that case, as we reduce the
temperatures of the porphyrin samples used in EPR measure-
ments, the populations of excited states along the low frequency
vibrational modes will lower, which will result in less modula-
tion of the porphyrin structure. The relatively suppressed
structural modulations will cause smaller mixing between the
pp*/pp states and their localized counterparts, which should
reduce the ISC rate to the ground state.

In contrast to the temperature-dependent intersystem
crossing rate, theoretical investigations propose that the rate of
internal conversion from the porphyrin B state to its lower lying
Q counterpart depends on the participation of dark states
whose energies lie between those of the B and Q states.83 These
predictions also propose that high-frequency, ring stretching
vibrations can facilitate the mixing of the B and Q states, which
would increase internal conversion between them. Based on the
temperature-insensitivity of the energies of the involved dark
states and the populations of the high frequency vibrations,
there does not appear to be a clear hypothesis for a temperature-
dependent internal conversion rate for our molecular systems
based on a known or proposed physical mechanism.

4 Conclusions

We have studied signatures of singlet and triplet exciton delo-
calization in weakly bound Zn-porphyrin dimers using both
optical and magnetic spectroscopic methods. In contrast to
strongly bound porphyrin dimers whose signicant intra-
molecular aromaticity induces clear features of singlet exciton
delocalization in their linear optical spectra, the presence of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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inter-ring excitons in Zn-porphyrin dimers bound weakly by
acetylene groups causes more subtle changes in these macro-
molecules' optical properties. To ameliorate the uncertainty in
the extent of exciton delocalization stemming from the broad
spectra moderately coupled dimeric porphyrins possess, we
demonstrated a method to use non-radiative relaxation rates
from photo-excited B states to lower lying Q states as a function
of chemical substitution at the meso positions of the porphyrin
rings. In the presence of sufficient electronic coupling between
distinct light absorbing sites within a macromolecular struc-
ture, we propose researchers should nd the rate of any non-
radiative relaxation process will increase. We corroborated
these predictions by showing an increased internal conversion
rate when comparing the ultrafast dynamics of zinc(II) tetra-
mesityl porphyrin monomer (Zn-M) to those of its associated
dimer (Zn2U-D). This increased non-radiative relaxation
supports our conclusion that the presence of delocalized B state
excitons explains the complexities of the Zn2U-D linear
absorption spectrum.

In contrast to the observed increased internal conversion
rate of Zn2U-D relative to its monomeric form, we nd that the
non-radiative relaxation of a uorinated dimer derivative,
F30Zn2U-D, decreases relative to its monomer. We rationalize
this relatively decreased internal conversion rate of F30Zn2U-D
by considering the fact that these dimeric macromolecules
possess one less uorinated phenyl group than on each
porphyrin sub-unit less than the monomers. Hydrogenated
sites on the bridging phenyl lead to a relatively smaller electron
withdrawing from the meso positions of the dimer's porphyrin
rings, which destabilizes the a2u MO and caused a slower
internal conversion rate. We argue that these differences indi-
cated the presence of B state excitons localized on each
porphyrin sub-unit of F30Zn2U-D which is consistent with the
structure of this macromolecule's absorption spectrum.

Unlike the differing delocalization of the singlet excitons in
Zn2U-D and F30Zn2U-D, time-resolved EPR spectroscopic
measurements show that the spin densities of these molecules'
triplet states remain localized on one of the two porphyrin sub-
units following intersystem crossing from the photo-excited
singlet state. Notably, we nd that these macromolecules'
time-resolved EPR and Mims-type ENDOR spectra do not differ
signicantly from those of their respective monomeric forms.
We use DFT calculations to rationalize this conclusion with the
slightly smaller values of the ZFS parameter D that are consis-
tent with simulations of the time-resolved EPR spectra of the
dimers' photo-excited triplet states.

Despite the minimal delocalization of the triplet spin density
in both Zn-porphyrin dimers, the EPR results suggest that
molecules substituted differently at their meso positions
possess spatially distinct triplet spin densities. Using the spin
distributions predicted by DFT calculations, we motivate how
one can connect the difference in the identity of the frontier
orbitals to these distinctions in the triplet spin densities. We
nd that the triplet spin densities of the methylated monomer
and dimer chromophores localize substantially on the meso
positions of the porphyrin ring. In contrast, the triplet spin
polarization of the uorinated derivatives delocalizes away from
© 2024 The Author(s). Published by the Royal Society of Chemistry
the meso position more substantially, which we argue stems
from the differences in the spatial distribution of electron
density in the a1u and a2u porphyrin orbitals.

Our results demonstrate the care researchers need to take in
assessing the delocalization of excitons across chemically
bound chromophores. Most importantly, the delocalization of
the singlet exciton in Zn2U-D does not guarantee that the triplet
exciton of this molecule will also distribute its spin density
across both porphyrin sub-units. Despite this issue, we
demonstrate experimental methods to determine how both
singlet and triplet excitons delocalize across bonded model
chromophores. These methods will help researchers assess
exciton delocalization in macromolecular systems central to
future photochemical, photo-catalytic, and information pro-
cessing technologies.
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