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Abstract
Electronic couplings are key to understanding exciton delocalization and transport in natural
and artificial light harvesting processes. We develop a method to compute couplings in
multichromophoric aggregates embedded in complex environments without running expensive
quantum chemical calculations. We use a transition charge approximation to represent the
quantum mechanical transition densities of the chromophores and an atomistic and polarizable
classical model to describe the environment atoms. We extend our framework to estimate
transition charges directly from the chromophore geometry, i.e., bypassing completely the
quantum mechanical calculations using a regression approach. The method allows to rapidly
compute accurate couplings for a large number of geometries along molecular dynamics
trajectories.

Keywords: polarizable MM embedding, light harvesting, electronic couplings, excitons,
excitation energy transfer
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1. Introduction

Excitation energy transfer (EET) and delocalization are fun-
damental mechanisms for natural and artificial light harvest-
ing (LH) processes. In natural LH, both EET efficiency and
exciton delocalization concur to shaping the energy transport
from antenna complexes to reaction centers [1, 2]. In artifi-
cial LH analogs, exciton transport is an important parameter
to optimize [3, 4].

The key ingredients for the prediction of energy trans-
fer dynamics are the electronic couplings between the
chromophores forming the multichromophoric aggregate. The
coupling strength in fact determines the type of EET regime,
from incoherent hopping of a localized excitation all the
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way to wavelike coherent motion of delocalized excitons
[5–7]. Moreover, a quantitative modeling of couplings is also
required for an accurate simulation of linear and nonlinear
electronic spectroscopies [8, 9].

Quantum mechanical (QM) methods now represent key
tools for the calculation of electronic couplings [10–12]. In
the most common case where bright excitations are involved
and the Coulomb interaction is the dominant component of
couplings, a QM calculation of the transition density of each
chromophore of the aggregate is needed. Moreover, the mul-
tichromophoric aggregates are usually embedded in a com-
plex environment, such a protein scaffold or an organic film,
which shapes both their properties and interactions. Includ-
ing the environment effects in the QM calculations is thus
mandatory. A very effective way to achieve such a goal is to
interface QM methods with classical descriptions of the sur-
rounding environment in the so-called QM/classical multiscale
methods.

While QM/classical methods can represent a very accu-
rate strategy for calculating couplings, they are also compu-
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tationally expensive. This is particularly true for antenna com-
plexes whose nuclear dynamics causes fluctuations of the cou-
plings. As a consequence, the entire thermal distribution of
couplings has to be characterized. In practice, this means that
the QM/classical coupling calculations have to be repeated
for many different configurations of the whole system usually
generated through a molecular dynamics (MD) simulation.
In these cases, inexpensive methods are required to properly
sample configurations and obtain exhaustive distributions of
couplings.

A possible strategy to reduce the computational cost is to
represent the QM transition density as a small set of point
charges placed on the chromophore’s atoms [13, 14]. These
methods based on transition charges have also been interfaced
with continuum models of the solvent for describing the dielec-
tric screening of couplings [15, 16]. When applied to MD sim-
ulations, in order to avoid computing the QM transition density
for many frames, these charges are determined once and then
used throughout the simulation [17–24]. In this way, however,
they do not account for the effect of the environment or the
dynamics. Clearly, a framework that incorporates the dynam-
ics into an inexpensive method for computing the electronic
couplings is highly desirable.

Here we propose a fast but accurate method to compute
electronic couplings along a MD simulation. First, we extend
the transition charges method to be used within an atomistic
polarizable description of the environment, which is desirable
when dealing with pigments embedded in a protein matrix.
In this work, the atoms of the environment are modeled as
a set of atomic charges and isotropic polarizabilities. Within
this formulation the QM density polarizes the environment
generating induced point dipoles. The latter, together with
the point charges, induce an electric field which polarizes
back the QM density. This polarizable model is commonly
known as MMPol and has been successfully used in combina-
tion with QM descriptions to model EET processes and other
light-induced processes in complex systems [25, 26]. Here,
we show that the MMPol model integrated with the transi-
tion charge approximation of the transition density well repro-
duces the exact QM/MMpol coupling. We further employ a
regression approach to predict the transition charges directly
from the chromophore geometry, bypassing the cost associ-
ated with computing the transition densities, and obtaining the
vacuum couplings essentially for free. Finally, we leverage the
peculiarities of the chromophore transition densities to predict
electronic couplings in environment without the need of QM
calculations.

We demonstrate and apply the method to the chlorophyll
(Chl) molecules in the light-harvesting complex II (LHCII)
pigment-protein complex of photosystem II, the major antenna
in plants (figure 1(a)). Our regression approach proves to be an
inexpensive and accurate way to estimate electronic couplings
in the disordered environment of a LH complex.

Figure 1. (a) LHCII monomer and the selection of chlorophylls
considered in this work. (b) Example of the partition employed for
QM/MMPol calculations. The QM subsystem is shown in green.
The polarizable MM part is shown in pink. The non-polarizable MM
part is shown in blue.

2. Methods and computational details

2.1. The electronic coupling

In the absence of a surrounding environment, the electronic
coupling between two interacting pigments can be decom-
posed in the sum of a long-range Coulomb contribution VCoul

and a short-range contribution Vshort [10, 12, 27]. When bright
transitions are considered, the Coulomb term is the dominant
contribution. The short-range contribution in fact becomes
important only when there is significant overlap between the
molecular orbitals of the pigments, i.e., when they are in
close proximity. Throughout this paper, the short-range term
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is neglected, and the total coupling is approximated with the
Coulomb contribution, VTot = VCoul.

For two pigments (here indicated as i and j) in vacuum,
VCoul is a Coulomb interaction between transition densities ρtr

m,
m = i, j, associated with the electronic transitions of interest:

Vρ
Coul,i j =

∫ ∫
ρtr

i (r) ρtr
j

(
r′
)

|r− r′| dr dr′ (1)

where the superscript ρ indicates that this term is computed
from the full transition densities.

When the two pigments are embedded in an environ-
ment, the electronic coupling is affected in two distinct ways
[25, 28–30]. The first effect is an indirect contribution of the
environment, which influences the transition densities ρtr

m of
the pigments, and therefore the strength of their Coulomb cou-
pling. Usually, this indirect contribution results in an increase
of VCoul,i j. The second (direct) effect arises from the environ-
ment being able to polarize in response to the electric fields
generated by the transition densities [25, 31].

The direct contribution of the environment can only be
defined for a polarizable environment. It is expressed as the
interaction between the transition density of one pigment and
the environment polarization induced by the transition density
of the other pigment.

In the polarizable MMPol model used here, this contribu-
tion reads [25]:

Vρ
MMPol,i j = −

∑
k

∫
dr ρtr

i (r)
(r− rk)

|r− r′|3
μMMPol

k

(
ρtr

j

)
(2)

where k runs over the polarizable atoms in the environment.
In (2), the dipoles μMMPol

k

(
ρtr

j

)
are induced in response to the

charge-densityρtr
j . We note that (2) is symmetrical with respect

to the exchange of pigments. The direct contribution of the
environment generally has an opposite sign to VCoul, resulting
in a screening effect. The total coupling in the presence of the
environment is finally expressed as

Vρ
Tot = Vρ

Coul + Vρ
MMPol. (3)

It is possible to separately quantify both the indirect and
direct effect of the environment on the coupling. By denoting
the Coulomb coupling in vacuum and in environment as Vvac

Coul
and Venv

Coul, respectively, the indirect effect is quantified by the
following ratio:

f ind =
Venv

Coul

Vvac
Coul

. (4)

This factor is sensitive to the specific environment of each Chl.
Hence, it is different, in principle, for each geometry of the full
complex, even when considering a single Chl pair. The direct
contribution of the environment can be rationalized, follow-
ing previous works [25, 29], using the ratio between the full
coupling and the Coulomb coupling in environment:

s =
Venv

Coul + Venv
MMPol

Venv
Coul

. (5)

An efficient and accurate approximation of the Coulomb
coupling can be obtained by projecting the ρtr

m over a set of

(transition) charges placed over the atoms of the pigments. In
the present work, the transition charges are obtained by fit-
ting the electrostatic potential generated by ρtr

m. These charges
are known as transition charges from electrostatic potentials
(TrEsp) [13]. Within this approximation VCoul is expressed as
the Coulomb interaction between point charge distributions:

VTrEsp
Coul,i j =

∑
I∈i

∑
J∈ j

qtr
I qtr

J

|rI − rJ|
(6)

where qtr
M denotes the TrEsp charge of the Mth atom of pigment

m, and where rM is the position vector of atom M.
In this contribution, we generalize the TrEsp approxima-

tion to be used with a MMPol description of the environment,
which we call TrEsp–MMPol. Under the TrEsp–MMPol
approximation, the transition density of each pigment is
described through TrEsp transition charges, whereas the envi-
ronment is described as a set of polarizable atoms. By sub-
stituting the TrEsp representation of ρtr

m in (2), we obtain:

VTrEsp
MMPol,i j = −

∑
k

∑
I∈i

qtr
I

(rI − rk)

|rI − rk|3
μMMPol

k

({
qtr
}

j

)
(7)

where {qtr}m represents the set of TrEsp charges placed on
the atoms of pigment m, m = i, j. Namely, the direct contribu-
tion of the environment is expressed as an interaction between
TrEsp charges on one pigment and the environment dipoles
induced by the electric field generated by the distribution of
TrEsp charges on the other pigment. The total TrEsp coupling
in environment is thus VTrEsp

Tot = VTrEsp
Coul + VTrEsp

MMPol in analogy
with (3).

2.2. Regression models

Our regression task is to predict the TrEsp chargesqtr ∈ R
N×K

starting from a set of molecular encodings χ ∈ R
N×D, where

N is the number of samples, K is the number of TrEsp charges,
and D is the dimensionality of the molecular descriptor. In
a notation closer to what is usually presented in the statisti-
cal literature, the set of molecular encodings χ constitutes the
design matrix X, and the set of TrEsp charges qtr the target Y.
Here qtr denotes the set of TrEsp charges obtained by fitting
the electrostatic potential that results from a time-dependent
density functional theory (TD-DFT) calculation, as explained
in the previous section. Details on the choice of the molecular
encoding are presented later in this section.

As a regression model we have employed simple Tikhonov-
regularized linear regression, also known as ridge regression.
Within this framework, the TrEsp charges are expressed as a
linear combination of the inputs q̂tr = ω0 + χω. Hereω0 is an
intercept term estimated as the average over the N frames of the
target charges, ω0 = 〈qtr〉frames. We use the ‘hat’ notation here
to distinguish the target TrEsp charges qtr from the charges q̂tr

predicted by the model. After centering the input matrix χ so
that its columns have mean zero, the coefficients ω ∈ R

D×K

are obtained as the minimizer of the following loss function:

L (ω) =
(
qtr − ω0 − χω

)T (
qtr − ω0 − χω

)
+ λ‖ω‖2 (8)
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where λ is a Lagrange multiplier that serves to regularize the
least squares estimate, helping to prevent overfitting. We have
determined the value of λ with leave-one-out cross-validation,
which has an analytic expression for ridge regression.

We have also tested the performance of a more pow-
erful model, namely kernel ridge regression (KRR). KRR
and its Bayesian generalization Gaussian process regression
(GPR) [32] are widely used regression frameworks in quan-
tum machine learning [33]. Within KRR the TrEsp charges
are expressed as a linear combination of kernel evaluations
q̂tr = Ka, where K ∈ R

N×N is the Gram matrix (also called
‘kernel’) of some feature vector φ (χ) of the inputs that
introduces nonlinearity in the regression, Ki j = κ

(
χi,χ j

)
=

φ
(
χi

)T
φ
(
χ j

)
. The matrix a ∈ R

N×K is the minimizer of the
following ‘dual’ loss function:

L (a) = aTKKa− 2aTKy + λaTKa (9)

where λ is a Lagrange multiplier with the same regularizing
function as the one in (8). The power of KRR arises from the
fact that one does not have to know the mapping φ (χ) explic-
itly, as long as the kernel is a positive definite function of its
inputs. In this work we have employed two commonly used
kernel functions, namely the infinitely differentiable isotropic
radial basis function kernel:

κ
(
χi,χ j; l

)
= exp

(
−d2

2l

)
(10)

and the Matern kernel:

κ
(
χi,χ j; l, ν

)
=

21−ν

Γ (ν)

(√
2νd
l

)ν

Kν

(√
2νd
l

)
(11)

where d = ‖χi − χ j‖, l and ν are parameters of the kernel,Γ is
the Gamma function, and Kν is the modified Bessel function of
second kind. We have employedν = 2.5 for the Matern kernel.
The length scale parameter l and the regularization parame-
ter λ were determined with five-fold cross-validation using the
coefficient of determination of the TrEsp charges as a test met-
ric, where for each fold the parameters were optimized with
50 rounds of Bayesian optimization [34–36] using Gaussian
process as inference model and the expected improvement [35]
as acquisition function.

Within our regression framework, the molecular geome-
try is encoded through the well-known Coulomb matrix (CM)
descriptor [37, 38]:

χCM,i j =
ZiZ j

ri j
∀ i 
= j (12)

where Zi denotes the atomic number of the ith atom, and ri j is
the distance between atoms i and j. We exclude here the diag-
onal part of the CM, defined as 0.5Z2.4

i [37], as it is an uninfor-
mative constant in the present case. Therefore, only the upper
diagonal part of the full CM, diagonal excluded, is included in
our descriptor.

The CM can be categorized as a global descriptor, and as
such is expected to work well when excitation quantities are
to be computed [39–41]. Being defined in terms of (inverse)

pairwise distances, the CM descriptor is naturally invariant to
global translations and rotations of the molecule. However, it is
not invariant to permutations of identical atoms [42–44], each
atom being associated to a single row/column of the matrix. We
have then modified the CM through permutations of rows and
columns corresponding to groups of identical atoms according
to their L2 norm, thus incorporating the permutation invariance
at the level of the geometry descriptor. We further note that
each permutation in the CM descriptor is applied also to the
target TrEsp charges for the purpose of fitting the regression
model, and an inverse-permutation is applied after prediction
to recover the correct order.

2.3. Computational details of the QM calculations

We have focused the QM analysis on a restricted set of
chlorophylls of the LHCII monomer, from strongly down to
weakly interacting pairs, and involving both chlorophylls a
and b. The set of chlorophylls considered comprises a603,
a603, b608, b609, a610, a611, and a612, and is shown
in figure 1(a). Chlorophyll geometries were extracted from
a classical MD simulation of the trimeric form of LHCII
in a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) phos-
pholipid membrane previously run by some of the authors
[45, 46], by selecting 40 frames separated by 20 ns. The elec-
tronic couplings between pairs of chlorophylls separated by
more than 22 were not computed as they are expected to be
negligible. The same frames and geometries were employed
to run analogous calculations where the environment was
included with the MMPol model. In the QM/MMPol descrip-
tion, all the atoms in the simulation box (except the QM part)
were included in the MM region, namely the carotenoids,
the protein, membrane lipids and water molecules. The MM
region extended up to 30 from the QM region and a radius of
15 was used for the polarization cutoff (see figure 1(b)). The
MMPol atoms were described using charge and polarizabil-
ity parameters derived by Wang et al [47]. The Coulomb and
direct environment contributions were computed both using
(1) and (2) [25, 29] and under the TrEsp–MMPol approxima-
tion (6) and (7). In all calculations we have employed TD-DFT
with the M062X/6-31G(d) level of QM theory as implemented
in Gaussian [48] and we have focused on the lowest, bright,
excitation of each chlorophyll (namely the Qy excitation). This
functional has been employed to model the excitations in sev-
eral LHCs [49, 50], and the exciton couplings between Chls
have been shown to be weakly dependent on the choice of the
DFT functional [49]. Following this procedure, a total number
of 560 unique couplings, both in vacuum and in environment,
were computed and analyzed.

2.4. Training dataset and data preprocessing

The regression models (one for Chl a and one for Chl b)
have been trained on an expanded training dataset that com-
prises every chlorophyll in each of the three monomers of
LHCII, for a total of 5440 training samples for Chl a and
4080 training samples for Chl b. Each frame used to extract
the chlorophyll geometries in the training dataset is separated
by at least 10 ns from the others. The calculations detailed
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Figure 2. Comparison of various parts of the electronic coupling V in vacuum (@VAC) and in environment (@ENV). (a) Coulomb
coupling VCoul in vacuum versus in environment. (b) Coulomb coupling VCoul in environment versus the total coupling VTot in environment.
(c) Coulomb coupling VCoul in vacuum versus the total coupling VTot in environment. Several Chl pairs have been considered (top legend).
All values are in cm−1.

in section 2.3 were not included in the training dataset, and
were employed as test dataset for the regression models. The
TrEsp charges have been computed in vacuum with the same
level of theory (TD-DFT with M062X/6-31G(d)) employed
for the test calculations. Regression in quantum machine-
learning often has to deal with the arbitrary phase of the wave-
function arising from a QM calculation [51–53]. Here we have
corrected the sign of the TrEsp charges so that the transition
dipole μtr,TrEsp

m =
∑

M∈m qtr
MrM makes an acute angle with the

NB–ND vector of the chlorophyll ring.

3. Results and discussion

This section is divided as follows: we first analyze in
section 3.1 the direct and indirect effects of the composite
environment (protein, cofactors, membrane and solvent) on
the Chl–Chl couplings in LHCII. In section 3.2 we validate
the TrEsp approximation for couplings in vacuum and in the
environment. Finally, in sections 3.3 and 3.4 we combine a
regression approach and the coupling rescaling to achieve a
fast calculation of couplings in the environment.

3.1. Analysis of the electronic couplings in vacuum and in
environment

In this section we investigate the relationship between the cou-
pling contributions in vacuum and in environment, to under-
stand their relative importance. The relationships between the
Coulomb coupling Vρ

Coul in vacuum and in environment and the
total coupling Vρ

Tot containing the direct and indirect effects
of the polarizable environment are shown in figure 2. For an
easier interpretation of the results, we set the sign of Vρ

Coul as
always positive, and change the sign of Vρ

MMPol accordingly.
Figure 2(a) shows the comparison of the Coulomb coupling

Vρ
Coul in vacuum and in environment. The protein environment

enhances the Coulomb coupling, so that Vρ
Coul in environment

is almost invariably greater than the coupling in vacuum. The
increase in Coulomb coupling due to the indirect effect of the

Table 1. f ind factors (4) for the selection of Chl pairs in LHCII. The
fifth, 50th, and 95th quantiles of the f ind distribution of each
Chl–Chl pair are also reported. The factor is computed for points
with vacuum Vρ

Coul > 10 cm−1.

Chl pair Min 5% 50% 95% Max

a602–a603 1.20 1.23 1.55 1.80 1.90
a602–a610 1.33 1.48 1.60 1.72 1.74
a602–a612 1.46 1.49 1.57 1.69 1.70
a602–b609 1.14 1.21 1.34 1.43 1.43
a603–a610 1.45 1.48 1.54 1.63 1.69
a603–b608 1.39 1.40 1.47 1.54 1.55
a603–b609 0.99 1.18 1.34 1.44 1.46
a610–a611 1.32 1.35 1.47 1.54 1.56
a610–a612 1.13 1.38 1.57 1.92 2.15
a611–a612 1.36 1.37 1.46 1.55 1.61
b608–a610 1.26 1.45 1.56 1.75 1.76
b608–b609 0.92 1.11 1.25 1.38 1.44

environment on the QM transition density can be quantified by
the coupling ratio f ind defined in (4). For the Chls pairs consid-
ered in this work, f ind varies between 1.38 and 1.73 (Chl a–a
pair), 1.21 and 1.67 (Chl a–b pair), and 1.11 and 1.38 (Chl b–b
pair). The range of f ind reported shows that the environment
influences the transition density of Chls a more than it does for
Chls b. This factor also depends on the orientation and distance
of the Chl pair (table 1).

We note that Vρ
Coul in environment displays a linear depen-

dence on the vacuum coupling, irrespective of the Chl pair
considered (figure 2(a)). This can be rationalized by repre-
senting the transition densities in terms of the corresponding
transition dipoles (μtr) and quantifying their changes in terms
of an enhancement and of a rotation of μtr in environment with
respect to the vacuum. Indeed, we observe an enhancement of
the transition dipole magnitude of 1.50 for Chls a and of 1.36
for Chls b on average (the distribution of the transition dipole
magnitudes is shown in supplementary figure 1(a) (https://
stacks.iop.org/JPCM/34/304004/mmedia)). On the contrary,
the overall direction of the transition dipole in the plane of
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the chlorophyll is not substantially affected by the environ-
ment, with 90% of the in-plane rotations lying in the interval[
−2.7◦, 0.6◦] for Chls a and in

[
−4.8◦, 1◦] for Chls b (see sup-

plementary figure 1(b) for the distribution of the in-plane rota-
tions). The in-plane rotation of the transition dipole induced
by the environment is slightly larger for Chls b than for Chls a.
Overall, the transition dipoles of the chlorophylls are enhanced
by the polarization, whereas their direction is almost unaltered
and close to the NB–ND axis of the Chl ring as expected for
the Qy excitation considered here. This feature explains the
almost linear dependence of VCoul in environment on the same
coupling in vacuum.

Let us now compare the Coulomb contribution to the elec-
tronic coupling Vρ

Coul in environment and in vacuum with the
total electronic coupling Vρ

Tot (see figures 2(b) and (c), respec-
tively). Neglecting the explicit contribution (like in figure 2(b))
results in large errors on the coupling value, up to 100 cm−1

for the largest couplings. On the other hand, estimating directly
the coupling in vacuum results in smaller errors (figure 2(c)).
Clearly, using directly the vacuum coupling benefits from a
cancellation of errors. Overall, the coupling in vacuum is
well correlated with the total coupling in environment (the
Pearson’s r2 averaged over multiple Chl pairs is ∼ 0.81).

This analysis tells us that the two environment effects, indi-
rect and direct, affect the coupling in opposite ways. They both
need to be included in the calculations in order to get a correct
picture. By cancellation of errors, using vacuum couplings is
better than considering only one of the two effects. Here, we
analyzed only LHCII, but we expect this phenomenon to be
quite general [30].

As already seen for the f ind factors, the environment screens
differently different Chl pairs, as shown in figure 2(b). The
screening factor s (5) for the different Chl pairs is summarized
in table 2. The screening effect depends on the proximity of
paired Chls: a611–a612 and a603–b609 are the least screened,
with s lying mostly between 0.73 and 0.84. However, there is
no simple dependence on their distance, as the screening is also
dependent on the specific environment experienced by each
Chl [54–56]. For example, the pairs a602–a610, a602–a612,
and a603–a610 experience a reduced screening despite the
larger interpigment distances.

3.2. Validation of the TrEsp approximation in vacuum and in
environment

In this section we validate the goodness of the TrEsp approx-
imation (6) and (7) across a wide ensemble of Chl pairs and
geometries. We have computed the TrEsp charges for multiple
Chls along several frames of the LHCII MD. We are then able
to discern whether the TrEsp charges can accurately account
for fluctuations of the pigment geometries sampled in MD
simulations.

The Coulomb coupling obtained from TrEsp charges VTrEsp
Coul

(6) was compared with the Coulomb coupling Vρ
Coul (1) com-

puted from the transition densities ρtr of the chlorophyll pairs.
The comparison is shown in figure 3(a), and clearly shows that
the TrEsp approximation is almost perfect for a wide range
of coupling values. Not only does the TrEsp approximation

Table 2. Screening factors (5) for the selection of Chl pairs in
LHCII. The fifth, 50th, and 95th quantiles of the f ind distribution of
each Chl–Chl pair are also reported. The factor is computed for
points with Venv

Coul > 10 cm−1.

Chl pair Min 5% 50% 95% Max

a602–a603 0.48 0.53 0.59 0.62 0.64
a602–a610 0.66 0.67 0.71 0.78 0.80
a602–a612 0.65 0.65 0.69 0.71 0.73
a602–b609 0.48 0.48 0.50 0.52 0.52
a603–a610 0.67 0.67 0.70 0.72 0.73
a603–b608 0.32 0.37 0.50 0.60 0.61
a603–b609 0.68 0.74 0.80 0.84 0.86
a610–a611 0.46 0.47 0.48 0.49 0.50
a610–a612 0.38 0.49 0.56 0.64 0.74
a611–a612 0.72 0.73 0.78 0.83 0.84
b608–a610 0.54 0.57 0.59 0.63 0.64
b608–b609 0.57 0.58 0.61 0.63 0.65

well represent average couplings among pairs, but it also well
describes the coupling variations within each pair.

To test whether the TrEsp approximation remains valid
when the composite environment (protein, cofactors, mem-
brane and solvent) is included, we have repeated the com-
parison for the same chlorophylls and frames extracted from
the LHCII MD, this time including the MMPol representa-
tion of the environment atoms. Namely, the environment was
considered both in the transition density calculations and in
the explicit contribution (7). This comparison is shown in
figures 3(b) and (c). Figure 3(b) shows the screening contri-
bution, as computed under the TrEsp–MMPol approximation
VTrEsp

MMPol (7) and from the transition densities Vρ
MMPol (2), denot-

ing the excellent agreement between the explicit environment
contribution computed in the two ways. Figure 3(c) shows the
comparison between the total coupling (3) computed under the
TrEsp–MMPol approximation VTrEsp

Tot and from the transition
densities Vρ

Tot. Clearly, the TrEsp approximation works equally
well also when the environment is included.

The results reported in figure 3 show that the set of TrEsp
charges for a particular Chl geometry is completely equiva-
lent to the full transition density ρtr, from the point of view of
the Coulomb coupling calculation. This holds true also for the
couplings computed in the environment.

This framework allows simplifying the coupling calcula-
tions, but the transition densities still need to be computed for
each pigment geometry. Indeed, we stress that the excellent
agreement herein reported holds for TrEsp charges fitted at
each particular Chl conformation. Moreover, the environment
effect on the transition effect on the transition density has to
be computed. In the following, we attempt to find the best pos-
sible approximation that allows us to estimate TrEsp charges
without repeating QM/MM(Pol) calculations.

3.3. A regression approach for computing the TrEsp
charges

When investigating fluctuations of the TrEsp couplings along
an MD simulation, the commonly employed strategy is to
fit the TrEsp charges once for an optimized geometry of the

6
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Figure 3. Performance of the TrEsp approximation in computing
the various parts of the electronic coupling V for different
chlorophyll pairs (top legend)(a) Coulomb contribution; (b) total
coupling; (c) MMPol contribution. All values are in cm−1.

chlorophyll, and then employ the fitted charges without fur-
ther modifications along the MD [17–23]. This static-TrEsp
approach is clearly a very cost-effective strategy, but it can
introduce errors in the computation of the couplings.

In order to assess this error, we compare in figure 4
the static-TrEsp approximation (VTrEsp,static

Coul ) with the coupling
computed from geometry-specific TrEsp charges (VTrEsp

Coul ).

Figure 4. Performance of the static TrEsp approximation in
computing the Coulomb coupling VCoul in vacuum (@VAC). The
Coulomb coupling computed from TrEsp charges obtained at the
optimized geometry of either Chl a or Chl b is denoted as
V TrEsp,static

Coul , while the Coulomb coupling computed from TrEsp
charges fitted for each geometry is denoted as VTrEsp

Coul . The inset
reports the Pearson’s correlation coefficient squared r2, computed
for each Chl pair and averaged over the pairs, 〈·〉pairs. Several Chl
pairs have been considered (top legend). All values are in cm−1.

The static TrEsp approach does distinguish different Chl
pairs, because each pair has a specific intermolecular arrange-
ment. However, within pairs, the static TrEsp shows evident
limitations: Pearson’s r2 averaged over multiple Chl pairs is
∼ 0.2, and the best fitted pair has r2 around 0.55. We con-
clude that static-TrEsp approach is not suitable to investigate
coupling fluctuations along a MD trajectory, and the geometry
dependence of the TrEsp charges has to be taken into account.

As an alternative and efficient method, here we adopt a
regression approach which aims to learn a mapping from the
molecular geometry to the set of TrEsp charges. We have
employed a ridge regression model (section 2.2), which we
have found beneficial as opposed to using ordinary least-
squares (OLS) regression. Although KRR is a more general
model, we found that it provides no practical advantages over
ridge (see supplementary figures 2 and 3), while requiring con-
siderably more training time to select the kernel and regular-
ization parameters. The success of a linear model probably
reflects the intrinsic linear dependence of the transition density
on the internal coordinates of the molecule.

Figure 5 shows that our regression yields good predictions
of the Coulomb coupling across all pairs. The r2 averaged over
multiple Chl–Chl pairs is ∼0.95 (figure 5(a)). Furthermore,
the accuracy of the predicted TrEsp charges is balanced across
the Chl geometry: as shown in figure 5(b), the r2 of the TrEsp

7
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Figure 5. Performance of linear ridge regression with the permuted
CM descriptor on the TrEsp charges and on the estimation of the
Coulomb coupling VCoul. (a) Comparison of the Coulomb coupling
̂VTrEsp

Coul computed from predicted TrEsp charges and the Coulomb
coupling VTrEsp

Coul computed from TrEsp charges (all values are in
cm−1). The inset reports the Pearson’s correlation coefficient
squared r2, obtained for each Chl pair and averaged over the pairs,
〈·〉pairs. Several Chl pairs have been considered (top legend). (b) Plot
of the Pearson’s r2 score over each atom of Chl a for a hold-out set.
The r2 score is computed between the set of predicted charges and
the set of target charges. The bidimensional representation of the
chlorophyll has been computed with multidimensional scaling over
a chlorophyll’s Cartesian distance matrix.

Table 3. Posterior mean and 95% highest posterior density interval
(HPDI) for the parameters γm and βmn, derived from a Bayesian
linear model relating the Coulomb coupling VCoul in environment to
the one in vacuum. The model is detailed in the supplementary
information.

Parameter Mean HPDI (low) HPDI (up)

γa 1.21 1.19 1.24
γb 1.08 1.07 1.10
βaa 1.47 1.41 1.53
βab 1.32 1.27 1.36
βbb 1.18 1.15 1.21

charges on each atom is at least 0.6, with most atoms showing
r2 > 0.8.

The regression approach outlined here bypasses completely
the need of performing QM calculations, and allows comput-
ing the Coulomb coupling accurately over an arbitrary number
of MD frames. Moreover, the simplicity of the linear model
allows us to obtain the regression parameters easily and with
relatively few training samples (supplementary figure 2 shows
the error as a function of the number of training samples).

3.4. Fast approximation of the coupling in environment

We have seen in section 3.1 that the indirect effect of the envi-
ronment is to amplify the transition density in vacuum. There-
fore, it is possible to employ the vacuum TrEsp charges to
estimate the TrEsp charges in the environment with a suit-
able scaling factor. Assuming a different amplification for
the transition density of Chls a and Chls b, we can express
the Coulomb coupling in environment as Venv

Coul,mn = βmnVvac
Coul,

with m, n indicating the chlorophylls involved in the interac-
tion. The slope βmn = βnm = γmγn is assumed to be a function
of the chlorophyll type of m and n, i.e., whether they are both
Chls a, both Chls b, or one Chl a and one b.

We estimated the parameters γa and γb through a Bayesian
linear model (see supplementary information for details), and
their posterior mean and 95% density interval are reported in
table 3. We note that βaa and βbb are well compatible with the
enhancement observed for the transition dipole magnitude in
Chls a and b. The small rotations of the transition dipoles, how-
ever, are included implicitly in the Bayesian model, resulting in
coefficients that are slightly smaller than the transition dipoles
enhancements. The effectiveness of approximating VCoul in
environment via a rescaling of the vacuum coupling is shown
in supplementary figure 4.

We further note that this approach is similar to the calibrated
Poisson-TrEsp model described in [30]. There, one Chl a pair
in the water-soluble chlorophyll-binding protein (WSCP) was
employed as an example. Calculations were performed after
optimizing the Chl a coordinates extracted from the crystal
structure, and the scaling factor was estimated by comparing
vacuum and polarizable continuum model calculations. Here,
the scaling factor βmn is extracted from a Bayesian model that
considers different pigment/environmentconfigurations in dif-
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Figure 6. Approximating the TrEsp charges in environment through a rescaling of the predicted TrEsp charges in vacuum. (a) Comparison
between the Coulomb coupling obtained from the TrEsp charges predicted by the linear ridge model and scaled by the γm factors,
VTrEsp,scaled

Coul , and the Coulomb coupling computed from TrEsp charges fitted for each Chl in each frame, VTrEsp
Coul . (b) Comparison between the

total coupling obtained from the predicted and scaled TrEsp charges VTrEsp,scaled
Tot and the total coupling from TrEsp charges fitted for each

Chl and each frame VTrEsp
Tot . The inset reports the Pearson’s correlation coefficient squared r2, computed for each Chl–Chl pair and then

averaged over all the pairs, 〈·〉pairs.

ferent binding sites, and different relative arrangements of Chl
pairs. The more diversified landscape of Chl pairs in LHCII
as compared to WSCP adds to the robustness of the rescaling
procedure, as demonstrated by supplementary figure 4, but also
reveals its limitations. In fact, the specific polarization experi-
enced by each Chl can only be captured partially by the present
rescaling, see also supplementary table 1 and supplementary
figure 5.

The rescaling approximation here proposed can be coupled
with the regression model discussed in section 3.3. Indeed,
by rescaling the predicted vacuum TrEsp charges with the γa,
γb factors (table 3), it is possible to obtain the Coulomb cou-
pling in environment with no additional costs. Furthermore,
the explicit contribution of the environment can be computed
from these rescaled charges using (7), recovering the full cou-
pling. This is shown in figure 6, which evidences a fairly good
agreement between the predicted coupling in environment and
the same coupling computed from true TrEsp charges. The
remarkable feature of this approach is that a model trained only
on vacuum samples can be employed to compute the couplings
in environment with a small error.

We further note that, given the correlation of the vac-
uum coupling with the total one analyzed in section 3.1
(figure 2(c)), it is also possible to use directly the predicted
TrEsp charges in vacuum to compute the total environment
coupling (the averaged Pearson’s r2 is ∼ 0.76). We stress how-
ever that this is a particular case, and that computing explicitly
the environment contribution as shown here is a more general
and robust approach, which is able to recover the environment
contributions in a transparent way.

This approach is extremely fast as the TrEsp charges pre-
diction is on the order of ms, and employing the TrEsp charges
to compute VMMPol takes a couple of seconds, resulting in an
instantaneous estimation of the coupling both in vacuum and
in environment. This is to be compared with the time required
to compute the transition density by means of a direct QM
method for several Chls. Taking 10 min as a rough estimate
to obtain the transition density for a single Chl, computing
the transition densities for the 42 Chls in the three monomers
of LHCII requires ∼ 7 hours for a single MD frame. This
demonstrates that approximating the couplings with our lin-
ear model is an accurate and orders of magnitude faster means
of computing the electronic coupling between Chls in LH
systems.

4. Conclusions

In this work, we have presented a fast method for comput-
ing the electronic couplings in multichromophoric systems
by extending the transition charge approach (TrEsp) in two
independent but parallel directions.

First, we have combined the TrEsp with a fully polar-
izable (MMPol) description of the environment. We have
demonstrated that our approach, which we have named
TrEsp–MMPol, is completely equivalent to a full QM/MMPol
description based on transition densities and that this equiva-
lence holds across all the inter-pigment distances and orienta-
tions sampled in our MD simulation.

To further enhance the computational efficiency of the
TrEsp–MMPol approximation we have devised a regression
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approach to predict the TrEsp charges directly from the chro-
mophore geometry, i.e., bypassing completely the QM calcu-
lations. We have shown that the regression approach yields
couplings with an accuracy that closely matches the refer-
ence QM one. Finally, we have leveraged the properties of the
chlorophyll transition densities to devise a scaling procedure
that allows approximating the environment coupling from the
predicted vacuum charges.

In the present work we have sampled geometries from clas-
sical trajectories, but the method presented herein also applies
to ab initio or semiempirical MD sampling. Such more sophis-
ticated sampling would show how accurate TrEsp fluctuations
are when obtained along classical MD trajectories.

Our method is simple, fast, and accurate, and opens the
way to computing couplings accurately for a large number
of geometries along MD trajectories. We believe that this
method can contribute significantly when investigating the
impact of protein dynamics on the pigment–pigment exci-
tonic interactions. The prediction of vacuum and environment
TrEsp charges along MD trajectories is implemented in a
Python code available for download under the LGPL license
agreement [57].
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