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Abstract

Natural photosynthetic systems convert solar energy to chemical energy with extremely
high efficiency. Synthetic chromophore arrays are promising models for understanding and
mimicking energy migration in natural light-harvesting systems. To duplicate the structure
and function of natural systems, a multitude of cyclic porphyrin arrays have been synthesized
over the past decades. In a recent breakthrough [Nat. Chem. 2022, 14, 1436—1442], synthetic
butadiyne-linked porphyrin nanorings have been shown to exhibit excitation energy transfer
on the same timescale and length scale as the natural light-harvesting complex LH2 and with
comparable efficiency. In the pursuit of understanding the fundamental underpinnings of the
exciton dynamics in such systems we combined time-dependent density functional theory with
the hierarchical equation of motion approach and performed a systematic study of population
dynamics, coherence length, and the energy transfer in linear and cyclic multiporphyrin
nanostructures with and without the butadiyne moiety. In a very good agreement with
experiments, we showed that the ultrafast delocalization process of the exciton in symmetric
structures occurs during the first 300 fs after the excitation. Migration and localization of the
excitation in segments with -conjugation links happens on a timescale of tens of picoseconds.
We also found that coherence length dynamics in multiporphyrin systems is very robust to the
environmental effects. Another notable feature of butadiyne-linked porphyrin nanorings is that

the energy transfer efficiency can exceed 80%.

I Introduction

for developing new technologies.

Throughout the history of mankind nature has been providing continuous inspiration to humans

photosynthesis in plants and bacteria with its remarkable, exceeding 95%, efficiency in channeling
the excitation energy from multiple chromophores to a single collector in the reaction center of
a photosynthetic complex. The natural light-harvesting complex LH2 is the primary antenna
complex of the chromatophore of purple photosynthetic bacteria Rhodobacter sphaeroides. After

the initial absorption of light by the pigments of LH2 complex, the excitation energy is passed

2

One notable example which has always been elusive is
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between LH2, LH1 (light harvesting complex 1), and the reaction center (RC). At the RC, the
energy is used for charge separation, thus forming an electrical gradient across the membrane and
initiating the next step in photosynthetic energy trapping.! LH2 is formed by a ring of nine copies
of a of-heterodimer. Bound to each af-heterodimer are 3 bacteriochlorophyll (BChla) and 1
carotenoid molecules for a total of 36 pigments in LH2.? The near-IR absorption spectrum of
LH2 shows two distinct peaks, due to the BChla in the complex, at 800 and 850 nm.? The 800
and 850 nm peaks are due to the Qy excited states of BChla located in the B800 and B850 rings
of LH2. The BChls in the B800 band are sufficiently far apart so that they interact only weakly
with each other, thus each absorbs individually.® The BChls of the B850 ring are tightly packed,
with center-to-center distances of less than 1 nm, and thus interact strongly with each other to
form delocalized exciton states, shifting the absorption peak of the ring to 850 nm.? Energy that is
absorbed by the B800 BChls or carotenoid is quickly transferred to the B850 exciton states which
then transfer it to exciton states of nearby LH2 and LH1 complexes.* The intraring exciton energy
transfer (EET) occurs faster than 200 fs. This system has inspired a vast number of efforts to
synthesize cyclic artificial molecular systems with enhanced light-harvesting properties based on
multiporphyrin arrays. 'Y However, despite decades of work aiming to achieve EET efficiencies
in artificial systems comparable to their natural counterparts, EET in these systems is still generally
slower than in the LH2 complex.

Multiporphyrin systems are amenable to customization by changing their shapes, geometries,
sizes, and by incorporating other functional molecular units into the porphyrin framework. This
creates an immense range of porphyrin nanostructures that can be tested as candidates for
mimicking natural photosynthetic systems. In a recent breakthrough, nanorings composed of
closely spaced exciton-coupled porphyrin units were synthesized and the excitation dynamics in
these systems was studied.'! It was demonstrated experimentally that ca. 30% of the EET in these
systems occurs within 350 fs and the final transfer efficiency was estimated to exceed 93%. The
key insight was to incorporate the butadiyne moiety into the porphyrin ring to control the energy

flow. This exciting advancement represents a significant leap towards creating artificial systems
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mimicking the natural LH2 complex.

Simulations, including electronic-structure calculations and quantum dynamics approaches are
indispensable in the molecular design of artificial light-harvesting systems. Even though multiple
theoretical models have been proposed to explain the optical properties of multiporphyrin systems,
there is currently lack of understanding of the excitation energy dynamics and relaxation in these
structures. ">~ This is in stark contrast to natural photosynthetic systems such as LH2 and Fenna—
Matthews—Olson complex, that have been extensively studied using the large variety of quantum,
classical, semiclassical, and mixed quantum-classical methods. 16-25

Here, we study the excitation and energy relaxation in the porphyrin nanorings of various sizes
with and without the butadiyne linker. A series of model Hamiltonians were parametrized using
time-dependent density functional theory. Numerically exact hierarchy of equations of motion
(HEOM)?%27 method was used calculate quantum dynamics in these systems. We compare the
population dynamics and exciton localization in such systems to linear multiporphyrin chains.
We found that the ultrafast excition delocalization occurs on the timescale of few hundreds of
femtoseconds, in agreement with experiments.'!?® For the porphyrin nanoring system with the
butadiyne linker, the initial delocalization is followed by an incoherent energy transfer to the lowest
energy porphyrin sites connected to the linker. This process occurs on the timescale of tens of
picoseconds. Additionally, we investigate how the size of the system, temperature, and system-

environment coupling affect the excition dynamics and delocalization in such systems.

II Methods

We studied the excitation dynamics in porphyrin nanorings with and without the butadiyne linker
and in linear porphyrin chains. Each system studied was denoted using the following notation:
a-PN(b), where a denotes either cyclic ’c’ or linear ’/” porphyrin ("P’) system of N porphyrin units
and ’b’ indicates whether a (single) butadiyne linker is present. Even though the main focus of this

Article is the excitation dynamics in butadiyne-linked cyclic multiporphyrin structures, it is worth
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comparing it to the dynamics of linear and cyclic porphyrin nanorings. The following systems
were studied: cyclic porphyrin nanorings c-PN with N =9, 12, 24, and 36 units; cyclic porphyrin
systems with the butadiyne linker c-PNb with N =12 and 24; linear porphyrin chains [-PN with
N=9, 12, 18, and 24 units.

A multiporphyrin system comprised of N porphyrin units (molecules) joined together is

described by the following excitonic Hamiltonian

. N N N
Hg =Y Eu|n)(n|+ ; ;vnm\nxm!, (1)

n=1

where |n) represents the excitation localized on nth porphyrin unit, with E,, being the corresponding
excitation energy, and V,,, is the coupling between the nth and mth units. The absorption spectrum
of porphyrin is characterized by two representative high- and low-energy peaks, referred to as
the B (Soret) and Q bands, respectively. Here we focus on the Q transition, therefore E, is the
corresponding excitation energy of this band. The Q transition is directed through the axis that
connects each porphyrin unit with its neighbor and, in cyclic porphyrin arrays, the direction of the
transition dipole moments is parallel or “head to tail”,?” as illustrated in Figure 1 for the c-P24b
system.

Geometries of all the circular and linear multiporphyrin systems were taken from ref 11.
Monomers and [-P2b dimers, including 3,5-bis(octyloxy)phenyl solubilizing groups (Figure S1)
were obtained from the multiporphyrin structures by carving out one or two units, respectively,
and capping broken bonds with hydrogen atoms.

In multiporphyrin systems and, in the absence of static disorder, the excitation energy of all
sites is taken to be the same E, = Ep, where Ep is the Q excitation energy of the porphyrin
molecule in a given solvent. E transition energies were calculated using time-dependent density
functional theory (TDDFT) within the Tamm—Dancoff approximation.>® Toluene was chosen as
a solvent and was modeled using the polarizable continuum model (PCM).3! Previous studies
of the photophysical properties of porphyrin monomers showed that B3LYP functional®*33

reproduces the experimental energies of the Q transition. However, studies on chlorophyll
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Figure 1. c-P24b porphyrin nanoring comprising 24 porphyrin units and a butadiyne linker. The
arrows show the Q transition dipole moments.

(Chla) molecules have shown that TDDFT generally overestimates the excitation energies and
B3LYP functional generates spurious transitions. CAM-B3LYP3* and ®B97X-D3% produce
excitation energies in better agreement with experiment, although they still suffer from the fiction-
excitation-level problems.3%3” Other studies benchmarking density functional approximations on
biochromophores have shown that the PBE03® functional and other recently developed hybrid
functionals with a larger Hartree—Fock exchange contribution correctly reproduce the vertical
excitation energies.39 Here we tested three functionals B3LYP, CAM-B3LYP, wB97X-D3, and
PBEO functionals with def2-TZVP*° basis set were used by calculating Eo transition energies.
Best performing functional was used parametrization of the Hamiltonian, eq 1. All TDDFT
calculations were performed using Q-CHEM package.*!

In the presence of the butadiyne linker, the excitation energy of the two porphyrin units
immediately connected to the linker, which we denote as Ej,, cannot be the same as Eg of a single
porphyrin molecule. To determine Ej,, TDDFT calculations for the butadiyne linked porphyrin
dimer, [-P2b, were performed with various functionals and the value closest to the experimental

was taken. The excitation energies of all porphyrin fragments that are two or more units away
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from the butadiyne moiety are assumed to be the identical and equal to Ep determined as described
above.

The coupling between the porphyrin monomers is described by the dipole-dipole interaction

2

nm

where €, is a unit vector along the transition dipole moment of the nth porphyrin molecule, the
unit vector é,,, is oriented along the line connecting the centers of the nth and mth porphyrin units,
R, is the corresponding distance, and p? is the dipole strength of the Q transition of the porphyrin
in the medium with dielectric constant €, g is the screening factor, which is taken to be 1/¢, with
€ = 2.38 for toluene. *?

Dipole-dipole coupling is a reasonable approximation for the non-nearest monomers given that
the distance between the porphyrin molecules in the array is larger than the extent of their ground
and excited state wave functions.*® For the nearest neighbors, previous experimental works on
meso-meso linked porphyrins have shown that the dipole approximation is still valid although
it can underestimate the coupling value.** Another issue is that TDDFT predicts the oscillator
strengths and transition dipole moments for the Q band in monomers that are too low less than
1D for all density functionals tested here (see Figure S2). To model the transition dipole moment
of the porphyrin unit more accurately, we used the experimental value of the coupling between
meso-meso porphyrins V;; =570 cm~! derived from the Q-band** and inverted eq 2 to find L.
The direction of the transition dipole moment was taken from TDDFT calculations. We found it to
be essentially parallel to the axis that connects the monomers. The final derived value ue = 8.9 D
(in toluene). Experimental values for transition dipole moments in zinc porphyrins are around 7.5
D*so we find our derived value reasonable.

The total Hamiltonian of the system and the bath is given by

ﬁ:ﬁs+ﬁb+ﬁsba (3)
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where the second and third terms describe the bath (thermal reservoir) and system-bath coupling,

respectively. We model the bath as a collection of N;, quantum harmonic oscillators
NN - T
A, = g 2n; 2O | 4)

which are independently coupled to the Q excited state of each porphyrin unit. In eq 4
pj,Xj,mj, and @; are the momentum, position, mass, and frequency of the jth harmonic oscillator,

respectively. The system is assumed to be linearly coupled to the bath

citif, 5)

“-L1

T [\’]w

where R, = |n)(n| and the coupling constants c; are characterized by the bath spectral density

which is assumed to be identical for all porphyrin units

2
¢j

o(w—w;). (6)
Lo (0— o))
The reduced density matrix of the multiporphyrin system py(z) is obtained by tracing out the

bath degrees of freedom

Ps(1) = Trp[p (1)), @)

where p is the density operator of the total system.
The dynamics of the reduced density matrix of the porphyrin system can be given in the form
of the formally exact time-ordered influence functional, as follows in 8 when the bath follows

Gaussian statistics

ps(t) = <—6XP{ /dlz 2dt1 L (1) L (12)) }ﬁs(o)v (®)

where %), = [I:Isb, } is the system’s Liouvillian superoperator, (-)p = Try, [-e*ﬁﬁb} /Z is a thermal

quantum-mechanical average over bath modes, ff = (kBT)_1 is the inverse temperature, (kp is
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the Boltzmann constant), Z = Try, [e‘ﬁHb} is the partition function, and .7 orders Z(f)’s in
increasing time from right to left.
In this work the spectral density for the bath local to every porphyrin site is chosen to be an

overdamped Drude-Lorentz spectral density*¢

YO

(€))

where A is the reorganization energy and ¥ is the cut-off frequency of the bath.

The initial state of the total system in dynamics simulations corresponds to the factorized state
p(0) = ps(0) ® p,?, where the porphyrin system’s initial density operator is given by p;(0) = |i) (i
which corresponds to a single, ith, porphyrin site being initially excited. The site i that is excited
depends on the type of system and will be specified in Sec. IIl. The bath is assumed to be in its
thermal equilibrium p,7 = e P /Ty [e‘ﬁﬂb]. This factorized state is valid since it arises from
photon-induced ground-to-excited state transition according to Frank—Condon principle.!'”*’ For
linear porphyrin chains, two initial states of the porphyrin subsystem system were considered: the
one in which the terminal porphyrin unit is excited and the one with the central porphyrin unit is
initially excited.

The population and coherence dynamics following the initial excitation were studied over 2
ps. The coherence length as a measure of the excition localization was calculated as the inverse

participation ratio*®

— l (an ’pnm’)z

where py,;, denotes the elements of the system’s reduced density matrix.

p (10)

The bath parameters were chosen as follows. In ref 49, the reorganization energy for the zinc-
porphyrin dimers in toluene was previously measured to be in the range of 100-200 cm ™!, where
70-90 cm~! is due to the solvent. Therefore, we set to A = 100 cm~! and 7 = 60 ps~!. In addition,
to explore the effect of the environment on the population dynamics and exciton delocalization, we

1

also used the reorganization energy previously reported for the LH2 complex A =200 cm™ ', and
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a larger value of 2 = 400 cm~!.!7 We note that these parameters are site-independent because of
the assumption mentioned earlier that each porphyrin unit is subjected to the identical bath. Given
the high symmetry of most of the systems under study this is a reasonable assumption.

An accurate description of the excitation dynamics in multiporphyrin systems requires non-
perturbative quantum dynamics approaches because the intersite porphyrin-porphyrin couplings
are similar to the system-bath couplings. In this work, the dynamics of the system was propagated

d?%27 as implemented

using numerically exact Hierarchy of equations of motion (HEOM) metho
in the PHI package.’® The hierarchy truncation level L and the number of Matsubara terms M
were set to 4 and 3, respectively. The integration time step was set to 0.5 fs. We verified that the
population dynamics was converged with respect to L by setting L=3, 4 and 5 in a ¢-P9 system

with M=3. Similarly, the convergence with respect to M was verified by using M=1, 2, and 3, with

H=4. As shown in Figure S3, the population dynamics is identical in all cases.

IIT Results and discussion

A Hamiltonian parameters

Eo was determined by calculating the excitation energy of a porphyrin monomer and butadiyne-
linked dimer /-P2b using TDDFT with B3LYP, CAM-B3LYP, ®B97X-D3, and PBEO functionals
and def2-TZVP basis set. Results are summarized in Table 1.

Table 1: Q excitation energies (in eV) Ej of the isolated porphyrin molecule (monomer) and
the butadiyne-linked porphyrin dimer. AE = Enonomer — E1—pP2p-

Functional Excitation energy  AE
monomer [-P2b

B3LYP 2.358 1.895 0.462

CAM-B3LYP 2.396 2.096 0.299

PBEO 2.396 1.956 0.441

wB97x-D3 2.363 2.122 0.241

The calculated absorption spectrum for the monomer is presented in Figure S4. A well-defined

10
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low-energy excited state corresponding to the Q band is observed for all the functionals tested.
As shown in Table 1 all functionals used here predict nearly the same value of the Q excitation
energy for the monomer. We note that the discrepancy in the excitation energies of higher excited
states is clearly significant among the tested functionals, but they are not relevant for the following
discussion. The two major Q and Soret bands are better described by ®B97x-D3 and CAM-B3LYP
functionals.

Absorption spectra of the [-P2b dimer calculated using the same functionals are shown in
Figure S4. The lower energy state is attributed to the presence of the butatyne linker and the
corresponding excitation energy, Ej, which is used in our model Hamiltonian as the excitation
energy for the /-P2b dimer fragment of the c-PND rings. The presence of this peak is consistent
with the photophysical description of the dimer.!'!>! There is a considerable scatter in the E,,
excitation energies for the [-P2b dimer predicted by the functionals used here, as shown in Table 1.
Experimental estimate for the difference between the Q transition energy of a /[-P24 and the lower
peak of the c-P24b spectrum is ca. AE = 0.25 eV.!! AE calculated using ®B97x-D3 functional
agrees very well with the experiment. Because @B97x-D3 functional is also accurate for the Egp
energies we choose to parametrize the Hamiltonian based on @B97x-D3 calculations. Therefore,

we set Eg =2.363 eV and Ej, = 2.122 €V.

B Ultrafast excitation dynamics and coherence length

We begin by discussing the population dynamics in the linear /-PN structures. To study the effect
of the chain length, two systems were studied with N = 24 and N = 9 porphyrin units. The results
are shown in Figure 2. Figures 2 (a) and (b) show the population dynamics after one terminal
porphyrin unit was initially excited (site 1). The excitation rapidly delocalizes and an extended
wave packet travels through the chain which is evident by growing populations of intermediate
sites seen in Figures 2 (a) and (b), until it reaches another end of the chain, site N.

The timescale of this process is size-dependent, as expected. In the N = 9 case the terminal

unit’s population spikes at 50 fs while it takes 120 fs for the excitation to reach the other end of the

11
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Figure 2. Site populations for the linear porphyrin chains of the two sizes /-P24 (left) and [-P9
(right) and two initial states: (a), (b) with the site at the end of the chain being initially excited and
(c), (d) with the central porphyrin unit being initially excited. The insets show the locations of the
sites whose population dynamics is reported (colored circles). Temperature is 300 K.
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[-P24 system. After reaching the end, the excitation is reflected and travels back to the originally
excited porphyrin unit reaching it at around 140 fs and 320 fs for N = 9 and N = 24 systems,
respectively as evidenced by small fading revivals in the population of site 1. Small spikes in the
population of the terminal porphyrin unit occurring even before the reflected excitation reaches the
initially excited site again, is likely due to the interaction between reflected and the residual tail of
the incoming wave packets. After the initial delocalization the dynamics becomes complex with
multiple interferences between the wave packets indicated by the rapid spikes in the populations.
Interaction with the environment dampens the oscillations until the population reaches a stationary
value. This behavior has been found and discussed as a signal of coherent transport by others in
similar systems.>>

Figures 2 (c) and (d) present the population dynamics after the central porphyrin unit is initially
excited. For the [-P24 system the 13th porphyrin unit was initially excited. In this case, the
excitation spreads over symmetrically towards both ends of the porphyrin chain reaching terminal
units faster compared to the previously discussed case where a terminal unit was initially excited.
For [-P9 and [-P24 systems the timescale for reaching the end of the system are 25 and 60
fs, respectively. Because now the excitation spreads evenly to both ends of the molecule the
population of a single terminal unit is less as seen in Figures 2(c), (d). After reflection at the
end of the chain the excitation reaches the central porphyrin unit again which, for the /-P24 occurs
in 110 fs. In /-P9 system this dynamical process clearly repeats at least twice with the end of the
chain gaining a considerable population at 25 fs which is then transferred to the central unit by
50 fs. Then, again, in another cycle, the excitation comes back to the central unit at 100 fs. This
process continues until the populations reach their stationary values.

The population dynamics of the /-P24 system is somewhat less rich. In the absence of the
dissipative environment /-P24 system will of course show the same wave packet dynamics but on
a longer timescale. Because of the environment, however, the populations in the [-P24 system
coherently oscillate only until ca. 300 fs. During this time the excitation travels to the end of the

chain and, essentially, never comes back as there is no cosiderable population spike in the central

13
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unit occuring before the populations reach their stationary values.

The equilibrium populations expectedly do not depend on where the initial excitation is
localized. This final populations follow the symmetry of the system with the central porphyrin
unit carrying most of the population while the terminal units are the least populated. The time
to reach the steady populations is shorter for larger rings. This is because, in shorter porphyrin
chains, the wave packet interferences are more likely to occur and lead to spikes in the populations.
Dissipative environment affect the dynamics by localizing the wave packet which is more efficient
in the larger porphyrin chains.

The population dynamics in cyclic multiporphyrin systems without the butadiyne linker (c-
PN) is illustrated in Figure 3 for N =9, 12, 24, and 32. Initially the excitation was localized at a
single porphyrin unit. Figure 3a reports the population dynamics of the initially excited site. The

population dynamics of the site that is diametrically opposite to it is illustrated in Figure 3b.

1.0 0.30
(a) . P9 (b)
oslk — P12 | 0.25}
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Figure 3. Population dynamics in cyclic multiporphyrin systems c-PN with N =9, 12, 24, and
32 and a linear system [-P24. Shown are the populations of the initially excited site (a) and its
antipodal (diametrically opposite) site (b). The insets show the two relevant sites for the c-P24
system. For the linear multiporphyrin system panel (b) reports the population of the terminal unit
on the other end of the chain with respect to the initially excited site.

As seen in Figure 3 the excitation rapidly delocalizes in both directions from the initially
excited porphyrin site. This is clearly seen as the initial population dynamics, ¢ < 30 fs, is system-

independent. The two branches of the wave packet spreading in the opposite directions interfere at

14
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the porphyrin site diametrically opposite (antipodal) the site of the initial excitation. This process
depends on the size of the ring occurring earlier in the smaller rings, as expected. For example,
the first spike in the population of the antipodal site occurs as early as 16 fs in the smallest ring
studied with N = 9 units. It is in the N = 9 system that the population of this site is largest. This
is because the excitation delocalizes over fewer sites in the smaller system with each site gaining
more population. The next significant event occurs when the wave packet completes its first lap
which occurs at 30 fs for N = 9 system and is evidenced by the spike in the population of the site
of the initial excitation. The same dynamics is observed for c-P12 system except it is delayed due
to the bigger size. The antipodal site is reached at 25 fs and it takes 46 fs to complete the first
revolution. The population dynamics in bigger systems follows the same trend. The population
dynamics of linear and cyclic systems with the same number of porphyrin units, e.g., [-P24 and
c-P24 systems, can be compared by analyzing Figure 3. In the first 100 fs the dynamics of the two
systems is identical and corresponds to the excitation delocalization. According to Figure 3 the
time to reach the diametrically opposite site in the c-P24 system is the same as the time to reach
the terminal unit in the linear /-P24 system. The topology: circular vs linear has no effect on the
early ultrafast dynamics in multiporphyrin systems (the initial state will, of course, have). At ca.
100 fs the population of the initially excited site increases only slightly for the linear chain but it
is much more significant in the case of a cyclic c-P24 system. This is because in the cyclic system
two wave packets travelling in the opposite directions interfere again at the initially excited site.

The equilibrium populations in ¢-PN systems are larger for the smaller systems as expected.
The equilibrium population of the initially excited in the c-P24 system is close that of /-P24 system,
while the population of the antipodal and terminal sites in the respective systems are clearly
different. The population of the terminal units in the linear porphyrin chain is small due to the
topology effect.

Experiments have shown that in z-conjugated macrocycle nanorings with up to 24 porphyrin
units, the delocalization occurs in the first 200 fs after absorption.”® The same process studied in

meso-meso-linked porphyrin systems has been reported to occur faster than 350 fs.!! If we define
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the delocalization time as the time required to reach the steady-state population then for the c-P24
system, we found that the delocalization process takes ca. 400 fs. Therefore, our simulations are
in a reasonable agreement with the experimental results.

Coherence length is a measure of the exciton delocalization. In Figure 4(a) the coherence
length, calculated using eq 10, for [-P24, c-P24 and c-P24b systems are compared. The coherence
length dynamics for all systems is similar in the first 800 fs and it goes through a series of sharp
spikes. Similarly to the population dynamics discussed above, this increase in the coherence length
is due to wave packet spreading and interference. After each drop the coherence length never rises
up to the value before the drop due to dissipation exerted by the environment. Therefore, the largest
coherence length of 17 units is achieved only after the initial excitation. This value also agrees with
the our previous observation that the earlier ultrafast dynamics in multiporphyrin systems does not
depend on the system’s topology. However, as we discuss below it depends on the initial state of
the system. After a series of ultrafast spikes the coherenence length dynamics in the cyclic and
linear systems slowly rises up to its equilibrium value on the timescale of 1 ps. During this time
the environmental-assisted merge of the two wave packets occurs. In case of cyclic structures the
two wavepackets are moving clockwise and counter clockwise, while for linear structures it is the
two wave packets that move to the either end that merge.

The equilibrium coherence length for the c-P24 system is 13 porphyrin units. This value can be
compared to other cyclic structures such as LH2 for which coherence length is 117 and thiophene-

based macrocycles for which it is 18.73

The equilibrium coherence length for the linear structure
[-P24 is 10.5 which is smaller compared to the cyclic system comprised of the same number of
porphyrin units (c-P24). This, again, can be explained by the consequence of the topology causing
vanishingly small population of the terminal units for linear porphyrin chains.

Coherence length dynamics in the linear structure depends on the initial state of the system,
as shown in Figure 4. When one terminal porphyrin unit of the linear chain is initially excited

the wave packet can only spread in one direction and, thus, the coherence length cannot get larger

compared to when the central porphyrin unit is excited. The equilibrium coherence length is,

16



Accepted Manuscript
Version of Record at: https://doi.org/10.1021/acs.jpcc.4c03849

17.5 13 L) . . o

15.0
- - 12+
5125 PR .
2 10.0 2 :
o w
2 2 107 o
[0) 7.5 () —
o o of e A=100cm™?
< < e _
[e) 5.0 [ ' A=200cm™?!
© 55 © gt A=400cm™!

0.0 7Fm
1073 1072 1071 10° 10! 10 15 20 25 30
Time (ps) N

Figure 4. (a) Coherence length as a function of time for the c-P24, c-P24b, and [-P24 systems.
Two initial conditions were considered for the linear /-P24 system: the central porphyrin unit is
excited (solid black line) and one of the terminal porphyrin units is excited (dotted black line).
(b) Equilibrium values of the coherence length for the c-PN systems with N =9, 12, 18, 24, and
32 structures (circles) and the /-PN systems with N =9, 12, 18, and 24 linear chain (squares)
calculated for different reorganization energies of the environment. The temperature was set to
300 K in all calculations.

however, independent of the initial excitation, as expected.

Figure 4(b) reports the equilibrium coherence length for the rings (circles) and linear chains
(squares) of different sizes. The equilibrium coherence length was calculated at 4.0 ps when the
system has reached the stationary state. For the rings with N < 12 units, the coherence length is
approximately the same size as the ring size L, ~ N meaning that the system is highly coherent.
When the number of porphyrin units increases, the coherence length eventually saturates at 13
units. The saturation of the coherence length with respect to the size of the system has been
experimentally observed before in linear porphyrin chains.>* The reported experimental value
is between 4 and 5 units which is notably smaller than the value obtained here. Interestingly,
nearly identical discrepancy between experimental and HEOM predictions has been observed
before for the LH2 system with the experimental coherence length of 4.1* being lower than the
theoretical value of 11.!7 We believe that this discrepancy is due to the absence of the disorder,

vibronic coupling, and more realistic spectral densities in our model.>>>® Other measurements of

17



Accepted Manuscript
Version of Record at: https://doi.org/10.1021/acs.jpcc.4c03849

the coherence length can be used (e.g., refs 55,56), which could yield lower estimates for most
of the parameters. They, however, depend on the temperature and, crucially, the inhomogeneous
disorder, which is often ignored in the simulations but may be important. Addressing this issue
would require methods beyond the scope of this Article and will be published elsewhere.

In addition, the effect of the coupling to the environment on the coherence length was explored
by changing the bath reorganization energy A. The results are shown in Figure 4(b). Increase in
the system-bath coupling (larger bath reorganization energy) leads to the larger degree of exciton
localization and, therefore, the coherence length decreases. Overall, the coherence length is,
however, very robust to the changes in the system-bath coupling. For example, for the c-P24 ring
the fourfold increase in the reorganization energy leads to the reduction of the coherence length
by only one unit. On a related note, experiments on ¢-PN nanorings similarly reported that the
excitation dynamics in these systems is remarkably robust against disorder-induced weakening of

the electronic coupling between porphyrin units. >3

C Donor-acceptor dynamics in butadiyne-linked porphyrin nanorings

Finally, we focus on the excitation dynamics in porphyrin nanoring systems with the butadiyne
linker, c-PNb. In these systems, the excitation energy of the two porphyrin units directly connected
to the butadiyne linker is lower compared to the rest of the porphyrin sites. This leads to
the directional energy transfer and localization of the excitation in this porphyrin butadiyne-
linked porphyrin “dimer” denoted as [-P2b. Figure 5(a) shows the population dynamics of the
several selected sites of the c-P24b system, including the /-P2b dimer. Two initial states were
considered: the initial excitation is localized on the diametrically opposite site to the butadiyne
linker (solid lines, figure 5a,b) and the initial excitation is fully delocalized with equal amplitude
on all porphyrin units except the two that are directly connected to the butadiyne linker (dashed
lines). The latter initial condition approximately simulates a broadband excitation of the dense
manifold of excited states separated from the two lowest excited states that correspond to the

excitation localized at the two porphyrin sites connected to the butadiyne linker. In case where the
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Figure 5. (a) Population dynamics for the c-P24b system. (b) Transient photoluminescence (PL)
intensity at A = 720 nm taken from ref 11 (purple circles) compared to the calculated population of
the meso-meso-linked porphyrins. Solid lines correspond to the initial state where the diametrically
opposite site (purple, see inset) is excited; dashed lines correspond to the initial state where all
porphyrin units, except for the two connected to the butadiyne linker, are coherently excited.

diametrically opposite site to the linker is excited, the ultrafast excition delocalization occurred in
the first 400 fs, similar to the cyclic symmetric porphyrin c-P24 system. The difference is that in
the butadiyne-linked system the population is then incoherently transferred to the porphyrin dimer
near the linker on a much slower timescale of tens of picoseconds (ca. 30 ps). At 25 ps, 84% of the
population was transferred to the butadiyne-linked porphyrin dimer, and the rest of the excitation
was distributed between the remaining porphyrin units in the ring. When the initial excitation
is delocalized over all porphyrin units but the two connected to the linker, the signatures of the
ultrafast initial delocalization are no longer present as expected. The population transfer to the
porphyrin dimer is essentially identical to that of the case where only one porphyrin unit is initially
excited as shown in Figure 5.

At this point it is worth discussing the connection between c-P24b and LH2 systems. The
delocalization of the excitation across porphyrin units in the c-P24b system is similar to the
intraring exciton delocalization in the B850 ring of the LH2 system and occurs on the same

timescales. The longer-time transfer from porphyrins of the ring to the butadiyne-linked porphyrin
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dimer can be considered similar to the interring excitation transfer between the B850 rings.!”

Coherence length dynamics in a cyclic porphyrin system with the butadiyne linker is similar to
the dynamics in other systems up to 1 ps as shown in Figure 4. The excitation is then localized in
the /-P2b fragment of the chain as a result of its lower energy. The corresponding final coherence
length is 1.3 units. Similar dynamics is observed for the c-P12b system as illustrated in Figure
S5. The same ultrafast delocalization and energy transfer process occurs in the same timescales.
Interestingly, unlike in the bigger c-P24b system, the transference process for the smaller system
starts even before the population reaches its stationary value.

Gotfredsen et al.'! used ultrafast time-resolved photoluminescence (PL) spectroscopy to study
the intramolecular energy transfer in the c-P24b system. They observed a time-dependent shift of
the emission from 690 to 730 nm in the first 500 ps after excitation of c-P24b. In agreement with
our simulations they interpreted the early-time PL spectra as originating from the individual meso-
meso linked porphyrin units, and the time-dependent shift as representative of the energy transfer
dynamics to the butadiyne-linked porphyrin unit. They also found that the coupled dynamics in c-
P24b emission detected at 650 and 720 nm can be used to describe the population dynamics of the
donor and acceptor, respectively.'! In Figure 5(b) we compare the calculated total population in
the c-P24b ring less the population of the sites of the butadiyne-linked dimer to the experimentally
measured PL spectrum at 720 nm. Agreement with the experiment is excellent which indicates that
our approach correctly simulates the dynamics and excitation energy transfer in butadiyne-linked
porphyrin nanorings.

The energy transfer efficiency reported by Gotfredsen et al.!! is 93%. There is more than one
definition of the efficiency. If we define the efficiency as the population transferred from the sites
which are not part of the /-P2b dimer to the dimer, then our estimate of the efficiency would be
84%. This is in a good agreement with experiment, although one has to be mindful that different

definitions of the efficiency are likely to give different estimates.
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IV Conclusions

The excitation dynamics of chains and rings of closely spaced porphyrin molecules were in-
vestigated using time-dependent density functional theory and hierarchy of equations of motion
approaches. We parametrized model Hamiltonians describing the interacting multiporphyrin
systems coupled to the dissipative environment. We also studied recently synthesized cyclic
multiporphyrin systems containing a single butadiyne linker introduced to direct the energy flow. !!
Such system is a very promising synthetic counterpart of the natural light-harvesting complex LH2.
We studied the population dynamics and exciton delocalization followed the initial excitation.
We found that the exciton delocalization occurs in all the systems faster than 300 fs. For the
porphyrin nanorings, larger rings reach a thermal state faster than the smaller ones because
coherent oscillations due to population interference are less present and the effect of the bath is
more pronounced. The extent of exciton delocalization, measured by the coherence length L,
reached a maximum equilibrium value of 13 units, independent of the size of the system, but
is found to be sensitive to how the initially excited Frank—Condon state was prepared. For the
cyclic system of porphyrin units with a butadiyne unit, the linker acts as an acceptor site. An
incoherent energy transfer to this butadiyne-linked porphyrin dimer acceptor unit occurs in the
order of tens of picoseconds. The simulated timescales agree well with experimental results. This
work establishes a computationally inexpensive yet accurate framework for studying the excitation
energy transfer in conjugated systems with different topologies. Multiporphyrin systems such as
c-P24b studied here are promising frameworks for artificial light-harvesting. Robust and accurate
simulation methods might be the key for future rapid technological advances. In future publications

we will extend our approach to larger systems which are rapidly gaining attention.>’
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