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ABSTRACT: The photosynthetic apparatus of plants and bacteria combine atomically precise P s

pigment—protein complexes with dynamic membrane architectures to control energy transfer A"‘f'ffj‘nf»T"
rtificia

on the 10—100 nm length scales. Recently, synthetic materials have integrated photosynthetic
antenna proteins to enhance exciton transport, though the influence of artificial packing on the
excited-state dynamics in these biohybrid materials is not fully understood. Here, we use the
adaptive hierarchy of pure states (adHOPS) to perform a formally exact simulation of Formally Exac
excitation energy transfer within artificial aggregates of light-harvesting complex 2 (LH2) with  Simulations
a range of packing densities. We find that LH2 aggregates support a remarkable exciton @&
diffusion length ranging from 100 nm at a biological packing density to 300 nm at the densest
packing previously suggested in an artificial aggregate. The unprecedented scale of these
formally exact calculations also underscores the efficiency with which adHOPS simulates
excited-state processes in molecular materials.
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he ability to control energy transfer on the 10—100 nm close-packed LH2 rings.”* While generalized master equations,

length scale (often called the “mesoscale”) is essential in such as generalized Forster theory, are accurate at biological
designing new materials with applications in optoelectronics, inter-ring distances,”’ they assume weak electronic coupling
photocatalysis, and light harvesting. The photosynthetic between LH2 complexes. Because the densest proposed
apparatus of plants and bacteria combine atomically precise artificial aggregates of LH2 can have inter-ring electronic
structures of individual pigment—protein complexes with a couplings that are an order of magnitude larger than those of
dynamic membrane architecture that has both inspired new their biological counterparts, assigning the corresponding
light-harvesting materials and stimulated advances in theoreti- mechanisms of transport remains a challenge.
cal'™ and experimental ™" characterization of excitation A formally exact method for time-evolving exciton states
energy transfer and charge separation. More recently, provides a systematically improvable algorithm for calculating
biohybrid materials that integrate photosynthetic proteins reduced density matrix dynamics to a desired precision with

have demonstrated both convenient self-assembly and

remarkable excitation energy transfer characteristics.'” ™ methods for calculating exciton dynamics exist, such as the
Controlling excited-state processes in artificial assemblies of multi-D1 Davydov ansatz,”® hierarchical equations of motion
. ) . . )

pigment—protein complexes requires understanding the (HEOM),” hierarchy of pure states (HOPS),”” time-evolving

mechanism of excitation transport on the mesoscale. Light- density operator with orthogonal polynomials (TEDOPA),”®

. . . . )

har(\;?sgn%) .coIleexl 2 (LH2) from p et ;e_lbzact;rla 1; 2 w}l)dely and quasi-adiabatic path integrals (QUAPI),” they are limited

stu _1e 1(,) ogica antel?na proFelg t _at 12’??, een to small aggregates by the rapid scaling of their computational

previously incorporated into artificial materials. Early expense with the number of simulated molecules. Recent

mechanistic studies of excitation energy transfer between . I hni h 1 h
LH2 bi _ . ) 1 biological bli advances in reduced scaling techniques, such as modular pat

pigment—protein complexes In biological assemblies integrals,**>! tensor-contracted methods,****™>° and adaptive
suggest an incoherent mechanism of transport (i.e., excitations _g ! . 37 S . P .
“hopping”) between the dipole-allowed bright states.2" basis set techniques,”’ raise the possibility of simulating

Recent simulations of two-dimensional LH2 aggregates in excitation transport in mesoscale photosynthetic aggregates

artificial assemblies have suggested the possibility of coherent

finite computational resources. While many formally exact

transport across multiple LH2 complexes on a relatively long Received: January 10, 2023
500 fs time scale (using the single-D1 Davydov ansatz)”’ or Accepted:  March 6, 2023
dark-state-mediated transport arising between close-packed Published: March 22, 2023

LH2 pairs (using a Lindblad master equation).'” On the other
hand, a generalized master equation simulation suggests a
dominantly incoherent mechanism of transport even for very
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using formally exact methods, but such calculations have not
been reported to date.

In this paper, we perform the first formally exact simulations
of mesoscale excitation transport in LH2 aggregates using the
adaptive hierarchy of pure states (adHOPS).”” Our calcu-
lations elucidate two sequential mechanisms of transport in
artificial LH2 aggregates: a coherent mechanism that acts over
a region 20 nm in diameter, followed by an incoherent
mechanism that can support a remarkable excitation diffusion
length of 300 nm.

We model excitation energy transport using an open
quantum system Hamiltonian™®

H=Ho+ Y A LG +a,)+ ) ho, ),

nq, nq,

+1/2)

1

where Hy is the electronic (i.e., system) Hamiltonian, @, is the

frequency of a harmonic oscillator with creation and

T
q

operator (L, = In)(nl) that couples the nth pigment to its
independent environment described by bath modes {q,} with

annihilation operators a, and 4., respectively, and L, is an

coupling magnitudes Aqn. The influence of the thermal

environment on the electronic energy levels is described by a
correlation function

C(t) = Z fo " 4], (@)coth(f/2) cos(at) — i sin(wD)]
()

R

kT
spectral density. Because complex exponentials form an

where f = is the inverse temperature and J,(w) is the

overcomplete basis, we can decompose an arbitrary bath
correlation function into a sum of exponentials called
“correlation function modes”, indexed by j,,

G0 = Y g o
Ju

either numerically™ or, in the case of several broad classes of
spectral densities, analytically.***'

We simulate the exciton dynamics using HOPS,”” a formally
exact solution to the open quantum system Hamiltonian (eq
1). In HOPS, the full state of the system and bath is expressed
as a collection of wave functions indexed by a vector k, where
ly{¥) is the physical wave function and the remainder are
termed “auxiliary wave functions”. The reduced density matrix
for the system is given by an ensemble average (IE[]) over Ny
wave function trajectories

ps = Elly Ot 2)) W (t; 2)1] @)
subject to a complex, stochastic noise z, where components
associated with individual thermal environments z,, are
defined by Elz,,] = 0, Elz,2,] = 0, and E[z,z,] =
C,(t — s). For the sake of notational simplicity, we will refer to
ly(t, z,)) as ly,). The time evolution of HOPS wave functions
is then given by
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is a memory term that causes a drift in the effective noise
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ensures normalization of the physical wave function. In these
equations, k; is the j,th element of index vector k and 7isa

vector of the exponential factors of the correlation function
modes. Here we employ the “triangular truncation” scheme,
which restricts the hierarchy of auxiliary wave functions to a

finite depth k,,, such that {E Z k, < kmax}, though other

static filtering approaches have been proposed.*

The computational expense of HOPS scales poorly with
system size due to a rapid increase in the number of auxiliary
wave functions with the number of molecules. However, in an
individual HOPS trajectory, coupling to the thermal environ-
ment induces a finite delocalization extent of the exciton in the
basis of system states (S).””**** The localization of a HOPS
trajectory in the state basis engenders corresponding local-
ization in the basis of auxiliary wave functions (A).”” The
adHOPS algorithm leverages locality to reduce the computa-
tional expense for large molecular aggregates. At every update
time (u,), adHOPS constructs a reduced basis as a direct sum
of reduced system and auxiliary bases (S, @ A,). It then
truncates basis elements in order of increasing error until user-
defined error bounds for the hierarchy (§,) and state (J)
bases are saturated. Previously, the adHOPS has demonstrated
size-invariant [i.e., O(1)] scaling of the computational expense
for a linear chain of molecules.””

We have implemented the adHOPS algorithm in Meso-
HOPS, an open-source Python package.*’ Additional details
about both the algorithm and the calculation parameters are
available in the Supporting Information. We check the
convergence of adHOPS results by running a series of
adHOPS ensembles with increasingly strict parameters until
the characteristic observables are within 2% of the most exact
calculations (section S4 of the Supporting Information).

The LH2 monomer (Figure lab) contains two rings of
bacteriochlorophyll (BChl) that absorb at 800 nm (B800 ring,

https://doi.org/10.1021/acs.jpclett.3c00086
J. Phys. Chem. Lett. 2023, 14, 3077—-3083
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Figure 1. LH2 monomer. (a) Side view: the B850 ring (18 BChl
molecules) and the B800 ring (9 BChl molecules) are colored green
and blue, respectively. (b) Top view. (c) Distance from equilibrium as
a function of time (black) compared to a biexponential fit (green).
The inset shows the Boltzmann distribution (green line) compared to
adHOPS equilibrium populations (gray squares) of eigenstates
ordered by absolute index (lvl). (d) Population dynamics of the
first seven eigenstates. ¢ = 160 cm™' for site energy static disorder.
Convergence parameters are listed in Table S6.

blue) and 850 nm (B8SO ring, green). The B800 ring is
comprised of 9 widely spaced and weakly coupled BChl
molecules and funnels excitation to the B850 ring, which is
responsible for transport between LH2 monomers. The tight
packing of the 18 BChl molecules (organized into af} pairs) in
the B850 ring gives rise to strong electronic couplings and
delocalized eigenstates. Because inter-LH2 transport occurs
predominately between B850 rings,46 we neglect the B800
pigments found in Protein Data Bank entry INKZ."’

We model the Hamiltonian of the B850 ring using
previously established parameters.*® In the electronic (“sys-
tem”) Hamiltonian, the vertical excitation energies (or “site
energies”) of the @ and § chlorophylls are 12690 and 12070
cm™', respectively, and the respective electronic couplings
(V,,,) within and between @f pairs are 307 and 237 cm™'
(section S1 of the Supporting Information). In keeping with
previous spectroscopic assignments, we also include static
disorder on the site energy of each chlorophyll as Gaussian
fluctuations with a standard deviation ¢ of 160 cm™ (section
S5 of the Supporting Information).””** Finally, following ref
48, we model the thermal environment of each pigment with a
Drude—Lorentz spectral density characterized by a reorganiza-
tion timescale (y, = 53 cm™") and reorganization energy (4, =

65 cm™)

J(@) = 245 ——

hw® + % 2 )
The corresponding correlation function is composed of one
high-temperature mode, kyy,, Matsubara modes, and an
additional mode to ensure Im[C,(0)] = 0 (section S2 of the
Supporting Information). The ensemble is composed of an
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equal fraction of trajectories with excitations initiated in the v
=1 or v = —1 eigenstate of the donor B850.

Our model of the B850 ring captures the ultrafast relaxation
of the bright-state excitation to an equilibrium distribution. We
characterize the relaxation of the exciton population toward
equilibrium in a monomer using the 1-norm of a difference
vector [[B(t) ~ Pyl

population vector of the B850 ring at time t and its equilibrium
value, respectively. Using these parameters, the degenerate
optically bright (v = +1) states in the B850 ring relax to
equilibrium on two time scales [7; = 30 fs, and 7, = 300 fs
(Figure 1c)]. The shortest and longest time scales of
equilibration are associated with a rapid quasi-coherent
transport across eigenstates and a slow relaxation of population
into the ground state, respectively (Figure 1d). The time scales
of relaxation calculated here are comparable to those found by
global kinetic fits of B850 intraband relaxation in two-
dimensional electronic spectroscopy (50 and 150 fs),* though
care should be taken with the comparison of relaxation
between spectroscopic and population-based observables. At
long times, the equilibrium eigenstate populations (Figure 1c,
inset) form a Boltzmann distribution, slightly perturbed by the
electron-vibrational coupling.

We construct a hexagonally packed supercomplex containing
37 B850 rings (666 BChl) organized as three concentric shells
around a donor ring (Figure 2a) with center-to-center ring
distances (R) of 6.5 nm. This inter-ring distance represents the
closest packing of LH2 proteins proposed for artificial
aggregates.w’50 The inter-ring couplings T/'n/m are calculated
using the ideal dipole approximation

where P(t) and P, are the eigenstate

~ Jn'gm - 3(371;;1 m)(;im;; m)
C R '3 ’

n,m

(10)

where the coupling constant C = 348 000 A> cm™, 2,, is a unit
vector along the direction of the transition dipole moment of
pigment n, and 7, ,, (R,,,) is the unit vector (distance) between
Mg atoms in pigments n and m. In addition to the site energy
static disorder included in each ring, we add an angular static
disorder represented by randomly orienting the B850 rings in
each trajectory. We find static disorder in the site energies
suppresses transport while angular disorder has a negligible
impact (sections SS and S8 of the Supporting Information).
Exciton transport between LH2 in the 37-mer exhibits a
change in dynamics between early (<100 fs) and late (>200 fs)
time transport. Figure 2b plots the excitation population
calculated with adHOPS summed across the sequential
concentric shells of LH2 acceptors. Ultrafast exciton transport
moves nearly 40% of excitations from the central donor LH2
(black line) to the first concentric shell of six acceptors (dark
green line) within 100 fs. While the early time dynamics of the
donor ring show a sinusoidal decay suggestive of a coherent
mechanism, we observe slower subsequent transport into the
second (medium green) and third (light green) acceptor shells.
The change in exciton dynamics is mirrored in the mean-
squared deviation (MSD) of the population distribution

MSD(t) = Z B(t)R,,’ (11)

where P, is the population of the nth B850 ring and n = 0
signifies the donor. Figure 2¢ shows that the MSD turns over
from the early time superlinear behavior and reaches a linear
form starting at 200 fs.

https://doi.org/10.1021/acs.jpclett.3c00086
J. Phys. Chem. Lett. 2023, 14, 3077—-3083
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(a) 37-mer Aggregate

(b) Population Dynamics

(c) Mean-Squared Deviation
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Figure 2. Exciton transport in a mesoscale aggregate of LH2. (a) LH2 37-mer (top) and schematic of a hexagonally packed B850 complex with
three concentric shells (bottom). Solid arrows represent the length scale of coherent transport; dashed arrows represent the onset of diffusive
transport. (b) adHOPS population dynamics of the donor and three concentric shells of B850 rings, color-coded to match the bottom part of panel
a. (c) Mean-squared deviation (MSD) of the excitation. (d) Coherent early time exciton transport. (e) Diffusive late time exciton transport. ¢ =
160 cm™! for site energy static disorder, and angular static disorder is given by randomly orienting all B850 rings in each trajectory. Convergence

parameters are listed in Table S6.

On a sub-100 fs time scale, excitons move coherently across
the donor and first concentric shell of the aggregate, covering
an area of >100 nm? To assign the mechanism of transport, we
compare our adHOPS dynamics with a matched calculation
using a coherent equation of motion that excludes the
vibrational environment (ie., the Schrddinger equation)
while including both site energy and angular static disorder.
We find the purely coherent calculation (thin lines) reproduces
the early time dynamics of both the MSD (Figure 2c) and
concentric shell populations (Figure 2d). At longer time,
however, the coherent calculation dramatically overestimates
the population transport and the corresponding MSD (section
S7 of the Supporting Information). The time scale on which
vibrational fluctuations disrupt the coherent evolution of the
electronic states is consistent with the reorganization time
characterizing the spectral density (h/y, = 100 fs).

On time scales longer than 200 fs, exciton transport occurs
via an incoherent, diffusive mechanism. The linear character of
the later time MSD curve suggests a diffusive transport
mechanism in which time evolution of the vector of B850 ring
populations (P(t)) can be described by a kinetic model

b(t) = KP(t) (12)
with a rate matrix (K) that connects only nearest-neighbor

rings via a symmetric transport rate . We find the average rate
of transport calculated for an LH2 dimer (Kavg =0.53 + 0.03

3080

ps~') overestimates the long time rate because of the early time
coherent dynamics. However, we can isolate an effective
incoherent transport rate (Kgmer = 0.44 + 0.04 ps™') from the
long time dynamics between the donor and acceptor LH2
(dashed line, Figure 3a), which can be characterized by a single
exponential. Given the correct exciton population at 200 fs,
this kinetic model (dashed lines) reproduces the long time
dynamics of both the exciton MSD (Figure 2c) and concentric
shell populations (Figure 2e).

Recently, a dark-state shelving mechanism has been
proposed to modulate transport in close-packed LH2
aggregates,'” but we find that inter-ring transport is dominated
by coupling between bright states. Figure 3b compares the
rates of population transport with an unaltered Hg (circles)
and with inter-ring couplings via the dark states removed
(squares) at various center-to-center dimer separations R.
Neglecting dark-state-dependent inter-ring transport reduces
the long time rate (Kgme) by 20—30% across the inter-ring
separations (R) studied here. The limited role of dark states is
consistent with inter-ring transport occurring on a time scale
slower than that of intra-ring exciton relaxation, unlike the
ultrafast transport between LH2 calculated with Linblad
dynamics in ref 19. The incoherent (ie., diffusive) transport
between B850 rings controlled by bright states reflects the
previously proposed supertransfer mechanism in which

https://doi.org/10.1021/acs.jpclett.3c00086
J. Phys. Chem. Lett. 2023, 14, 3077—-3083
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Figure 3. LH2 dimer rates. (a) Population transport calculated with
adHOPS (solid lines) and a single-exponential fit starting at 600 fs
(dashed lines) in an LH2 dimer with inter-ring separation R of 6.5 nm
(inset). (b) Transport rates for an LH2 dimer with an inter-ring
separation of R when all couplings are allowed (circles) and when
inter-ring couplings involving dark states are neglected (squares). In
all cases, 6 = 160 cm™" for site energy static disorder, and angular
static disorder is given by randomly orienting both B850 rings in each
trajectory. Convergence parameters are listed in Table S6.

delocalization around the B850 ring leads to enhanced exciton
dipole moments and accelerated transport.”' >

At this point, the mesoscale nature of the 37-mer becomes
clear: it is the smallest aggregate sufficient to observe the
turnover from the short time coherent to long time diffusive
transport mechanisms and cannot be fully described by
approximate methods limited to either regime. The early
time coherent mechanism can be characterized with a nearest-
neighbor model composed of the donor ring and first
concentric shell of acceptors. However, by the onset of
diffusive transport (200 fs), the second concentric shell of
B850 acceptor rings already contains nearly 10% of the exciton
population. As a result, characterizing diffusive transport
without edge effects requires a third concentric shell and an
aggregate containing 37 LH2 complexes and a total of 666
bacteriochlorophylls.

For sufficiently large LH2 aggregates, our kinetic model
predicts an excitation diffusion length (L,) that greatly exceeds
that of prototypical organic semiconductors, even for the
relatively loose packing associated with biological membranes.
Table 1 reports the excitation diffusion length in the kinetic

Table 1. LH2 Exciton Diffusion Lengths in a Hexagonally
Packed Lattice

R (nm) D,“ (nm?/ps) Ly® (nm)
6.5 110 + 10 330 + 20
7.5 43 +3 210 + 6
8.5 19+1 140 + 4

“The uncertainty represents the 95% confidence interval.

model of an infinite aggregate (section S10 of the Supporting
Information) determined by

L;* = 6Rky,,..7 = Dt

(13)

where the factor of 6 arises from hexagonal packing, R is the
packing distance, Kg., is the rate of transport between dimers,
and 7 is the lifetime of the exciton (assumed to be 1 ns).”® At a
biologically relevant inter-ring distance of 8.5 nm, our
excitation diffusion length (Ly = 140 nm) is consistent with
a previous order of magnitude estimate’” and greatly exceeds
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those of boron subnaphthalocyanine chloride (21 nm),
fullerene (19 nm), and other prototypical organic semi-
conductors (<30 nm).”*>” Moreover, our rate of transport at R
= 8.5 nm is smaller than some previous estimates (e.g,, 0.241
ps™' in ref 24), suggesting other LH2 Hamiltonians proposed
in the literature could support even longer excitation diffusion
lengths.

We conclude that LH2 aggregates support exciton transport
on length scales exceeding those of similar artificial and natural
materials. Excitons in tightly packed LH2 aggregates exhibit a
brief coherent period (<100 fs) in which they rapidly migrate
from the donor to the nearest-neighbor B850 rings, covering a
region with a diameter of 20 nm. Following vibrational
reorganization, diffusion continues via an incoherent “hopping”
mechanism mediated by bright-state coupling. Excitonic
hopping between B850 rings supports long-range diffusion
even at biological packing distances (R = 8.5 nm, and L, = 140
nm). Moreover, in artificially close-packed LH2 aggregates, our
calculations suggest the exciton diffusion length can reach 300
nm, a full order of magnitude larger than a prototypical organic
semiconductor, making LH2 a promising antenna system for
biohybrid materials. Finally, we note that LH2 complexes,
despite belonging to the evolutionarily “early” anoxygenic
purple bacteria, support a surprisingly large Ly compared to
that previously calculated for the oxygenic photosystem II
membrane (L; = 50 nm),*"®' suggesting that the need for
regulation rather than long-range excitation energy transport
may have driven the design of antenna complexes in higher
plants.

In this paper, we have reported a formally exact simulation
of exciton dynamics in a mesoscale photosynthetic aggregate
consisting of an unprecedented 37 LH2 complexes with a total
of 666 bacteriochlorophylls. While some previous studies have
simulated large LH2 aggregates using approximate methods,
the current calculations provide an important benchmark result
where the accuracy of the simulation is limited by only the
parametrization of the model Hamiltonian. Our results also
demonstrate that adHOPS is suitable for calculations of
mesoscale molecular materials to address mechanistic ques-
tions about excited-state processes. We expect the continued
development of adHOPS will enable a new generation of
simulations capable of probing larger and more complex
materials to reveal new strategies for controlling excited-state
processes.
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