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G R A P H I C A L A B S T R A C T

H I G H L I G H T S

Hole and electron reorganization energies are calculated for a series of molecules of interest to photosynthesis.
Improvements in the method of calculation of these energies are presented.
Vibrational effects are accounted for using an ensemble method.
These effects may have important consequences to charge transport in molecules.
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A B S T R A C T

Charge transport is dependent on properties such as reorganization energy (𝜆) and free energy. These quantities
are typically estimated applying density functional theory (DFT) to optimized geometries. However, most
pigments in photosynthesis are conjugated, making delocalization and vibrational effects relevant. Here,
we calculated reorganization energies of 15 molecules relevant to photosynthesis using a reliable DFT-
based approach. Tuning the functional’s long-range parameter prevents over-delocalization of orbitals, while
molecular vibrations are accounted for via an ensemble method. Results show that functional tuning decreases
𝜆, but vibrational effects produce distributions of 𝜆, affecting charge transfer rates in up to one order of
magnitude.
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1. Introduction

Photosynthesis is the most important organic-driven energy con-
version process on Earth [1,2]. The organisms that rely on it are the
foundation of almost every biome. In that sense, there is a massive ef-
fort directed to unveil this complex reaction, conferring it a paramount
role in the theoretical and applied fields as inspiration to the design of
breakthrough applications [3–6]. It can also serve as object for studies
regarding light absorption [7,8], charge dynamics [9,10] and protein
dynamics [11–13]. In the case of applied works, most of the effort
aims to mimic photosynthesis artificially using alternative compounds,
potentially leading to a clean and unrestricted energy source [14–
16]. In practice, photosynthesis consists of successive reactions mainly
driven by highly specialized pigments that were finely selected through
over 3.5 billion years of continuous sophistication and adaptation [17].
Understanding the properties of these compounds can not only provide
a better description of photosynthesis but give new insights for future
application designs as well. Towards this goal, a detailed and reliable
investigation of photosynthetic pigments is imperative.

The reaction begins inside light-harvesting complexes [8,18] where
pigments absorb energy from incident light and store it in the form
of an excited electronic state known as exciton, a bosonic chargeless
bound state of an electron and a hole. This quasiparticle drifts in
the region through a process known as the resonance energy transfer
mechanism [19]. The excitations that do not suffer recombination may
reach a specialized chlorophyll inside the reaction center. There, some
of the excitons suffer charge separation, generating free holes and
electrons that now move via a charge-transfer process. The hopping
continues until the charges reach key agents that will trigger a series
of chemical reactions to store energy in the form of chemicals.

Throughout those steps, auxiliary pigments assist the reaction’s
course through specific functions [11,18]. In the light absorption step,
the chromophores can act as antennas, absorbing light in comple-
mentary frequencies bands not covered by chlorophyll. Eventually,
excitons created in these individuals follow the same path towards
the reaction center, improving the light energy intake. Another role
is photo-protection, in which the pigments prevent damage in the
case of excessive light exposure or when there are triplet excitons in
chlorophyll. In such cases, the chromophores can quench the poten-
tially damaging excitation away from the primary pigments [20,21]
and dissipate it through non-radiative decay, converting the energy into
heat. Moreover, the agents outside the reaction center form a spatial-
energetic funnel towards this region, effectively trapping the quasipar-
ticles to prevent energy loss [22,23]. Interestingly, some molecules can
even perform multiple tasks. For instance, lutein can aid the absorption
of light or act as a photo-protector, depending on subtle changes in its
conformation provided by surrounding proteins [24] inside the light-
harvesting complex II, a membrane protein specialized on harvesting
energy. All in all, these compounds are responsible for implementing
photosynthesis. Because of that, a detailed examination of the elec-
tronic properties regarding their roles is crucial for understanding such
complex mechanisms.

The charge dynamics mechanism is pivotal after the charge sep-
aration step. From the theoretical standpoint, Marcus’ theory may
be applied to describe the charge transfer processes between organic
compounds. According to this model, the hopping rate depends on the
reorganization energy (𝜆), a physical quantity that estimates the energy
elaxation cost of transferring charge into molecules. This quantity can
e estimated using density functional theory (DFT) through the calcu-
ation of the energies of frozen geometries in the neutral and charged
tates. However, it is well known that hybrid functionals in DFT enforce
non-physical trend of delocalizing molecular orbitals [25–27]. This

ffect is even more prominent in large and conjugated molecules [28],
hich is the very case of the pigments present in photosynthesis.

n addition, vibrational effects are potentially relevant as well. Or-
2

anic compounds, especially large and conjugated, are intrinsically
malleable. In such cases, the assumption that electronic transitions do
not significantly alter the nuclear conformation, known as the Franck–
Condon principle, does not hold. Intra- and inter-molecular vibration
contributions to the charge transport parameters were extensively stud-
ied in the past, revealing that the mechanism has a high sensitivity
to them, depending on the type of crystal structure [29]. Theoretical
reports have proposed numerous strategies to include these effects,
namely extracting distributions of the electronic coupling from molecu-
lar mechanics [29], using the Marcus–Levich–Jortner rate equation [30,
31] or calculating the local and nonlocal electron–phonon coupling
terms [32–37]. For those reasons, the standard procedure of estimating
𝜆 may not be suitable for photosynthetic materials, requiring a more
refined approach. Here we deliver an alternative protocol to estimate
adequately the reorganization energy of highly conjugated molecules.

In this work, we calculated the electron and hole reorganization
energies of 15 pigments commonly present in photosynthesis via DFT
while accounting for vibrational and delocalization effects. First, we
estimated 𝜆 via the conventional four-point geometry approach, serving
as a reference. Next, the orbital’s delocalization error is treated by
tuning the functional’s long-range parameter (𝜔) so that the Koopmans
theorem stands valid for each compound, allowing us to reevaluate 𝜆.
Nowadays, its use is widely spread in quantum chemistry, being present
in diverse DFT-based investigations for precision gains [38–41]. Results
show that 𝜆 drops systematically about 22% in all pigments after
enforcing the 𝜔 tuning, showing a significant difference from standard
techniques. Moreover, the agreement with experimental results [42]
validates this methodology and reveals the importance of carrying out
the tuning procedure. We considered the vibrational character of the
molecules by employing the nuclear ensemble method, which uses the
molecule’s modes of vibration to construct the geometry ensembles,
giving rise to distributions of 𝜆. Our analysis shows that the molecule’s
vibration can lead to substantial variability for the 𝜆, suggesting that
the calculations that return only averaged values of 𝜆 are potentially
oversimplifying the physical description of charge transfer in pho-
tosynthetic pigments. Finally, the Gibbs free energy difference upon
charge transfer is also provided, indicating the reaction’s preferable
path. Interestingly, we found that chlorophylls tend to favor the transfer
of specific types of charge carriers. In addition, the hopping of hole and
electron transfer reactions with the same reagents follow a tendency to
fall into different reaction paths, promoting higher degrees of charge
separation, which ultimately contributes to reducing energy loss over
exciton recombination. We believe that is a consequence of the sophis-
ticated selection of pigments throughout the evolutionary development
of photosynthesis.

2. Methodology

2.1. Charge hopping rate

The charge transfer reaction between an acceptor molecule (𝐀) and
a donor (𝐃) without auxiliary agents is

𝐀 + 𝐃+∕− → 𝐀+∕− + 𝐃, (1)

where +∕− represents the species hosting hole/electron carriers [43].
According to Marcus Theory [44,45,45–47], the charge hopping rate
under the fixed site regime [48] is given by

𝑘 = 𝐴 exp
(

−
(𝜆 + 𝛥𝐺)2

4𝜆𝑘𝐵𝑇

)

. (2)

𝐴 is a term that depends on the molecules’ electronic coupling, 𝑇
corresponds to the system’s temperature, 𝑘𝐵 is the Boltzmann constant
and 𝛥𝐺 is the Gibbs free energy of activation between the products and
reactants. Finally, 𝜆 denotes the reorganization energy [45].

Fig. 1(a) illustrates the procedure to calculate 𝜆 according to the
four-point method by representing the four geometries of interest in
the potential energy surfaces (PES) of a hypothetical molecule ‘‘A’’.
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Fig. 1. Illustration of the approaches used in this work to estimate self-exchange 𝜆 for a
given molecule A: (a) the conventional four-point method, (b) our proposed approach
based on the nuclear ensemble formalism. In both figures, the neutral and charged
PES are represented by parabolic-like curves indexed respectively by 𝐀 and 𝐀+∕−. The
method in (a) requires the energy in four states, which are summed out to give an
estimate of 𝜆 neglecting any vibrational effect. On the other hand, the procedure in
(b) considers non-adiabatic configurations of the states 𝐸𝐶

𝑁 and 𝐸𝑁
𝐶 , represented by the

red arrows in the SEPs, returning a distribution of 𝜆.

The upper and lower parabolas depict the PES of neutral and charged
configurations, respectively. Each curve has two points that represent
the molecule’s geometries of interest. The points at the center of the
parabolas are the optimized conformations, namely 𝐸𝑁

𝑁 for the neutral
curve and 𝐸𝐶

𝐶 for the charged one. Vertically aligned to them, are
𝐸𝐶
𝑁 and 𝐸𝑁

𝐶 . The former is the energy of the charged molecule at the
neutral geometry, while the latter is the same for the neutral molecule
at the charged geometry. Both states have the same geometries as their
optimized counterparts, indicating an adiabatic charge change keeping
the nuclear coordinates frozen. Then, the self-exchange 𝜆 is estimated
as [43,46,49,50]:

𝜆 = (𝐸𝑁
𝐶 − 𝐸𝑁

𝑁 ) + (𝐸𝐶
𝑁 − 𝐸𝐶

𝐶 ). (3)

Moreover, it is customary to define 𝜆 over the sum of two intermediate
relaxations 𝜆1 = 𝐸𝐶

𝑁 −𝐸𝐶
𝐶 and 𝜆2 = 𝐸𝑁

𝐶 −𝐸𝑁
𝑁 . Naturally, the concept of

reorganization energy is valid for both types of charge carriers. With
that in mind, from now on, the 𝜆 of electron and hole will be denoted
as 𝜆𝑒 and 𝜆ℎ, respectively.

2.2. Nuclear ensemble

The vibrational motion of a molecule with 𝑁𝑎 atoms is modeled as
a system of 3𝑁𝑎 − 6 uncoupled quantum harmonic oscillators. Accord-
ing to the quantum statistical mechanics, the normalized probability
density of finding the 𝑖th normal mode quantum harmonic oscillator,
at temperature 𝑇 , dislocated from its equilibrium by 𝑅𝑖 is:

𝜌𝑖 =
(

𝜇𝑖𝜂𝑖
2𝜋ℏ sinh(ℏ𝜂𝑖∕𝑘𝑏𝑇 )

)1∕2
×

× exp
(

−
𝜂𝑖𝜇𝑖
ℏ

𝑅2
𝑖 tanh

(

ℏ𝜂𝑖
2𝑘𝑏𝑇

))

,
(4)

where 𝜇𝑖 and 𝜂𝑖 are respectively the reduced mass and angular fre-
quency of the 𝑖th mode, 𝑘𝑏 is the Boltzmann constant and ℏ is the
reduced Planck constant.

Consequently, the probability density of having the molecule shifted
by an arbitrary displacement becomes:

𝜌(𝑅⃗, 𝑇 ) =
3𝑁𝑎−6
∏

𝜌𝑖. (5)
3

𝑖=1
Here, 𝑅⃗ is the displacement vector that shifts the molecule from its
equilibrium, being the result of dislocating the atoms by all 𝑅𝑖’s along
their corresponding normal mode coordinates.

With Eq. (5) it is possible to obtain an ensemble of geometries of a
given molecule at some defined temperature. This is done by sampling
𝑅𝑖s from the Gaussian distributions of Eq. (4) for each 𝑖th normal
mode [51]. Then, one transforms these displacements to the real space,
translating into the conformal changes for the molecule. The process is
repeated until the desired number of geometries is produced, giving
rise to an ensemble of geometries. Finally, averaging some physical
quantity over the ensemble permits the estimation of the vibrational
contribution.

In our case, we will employ the nuclear ensemble formalism to ex-
tend Eq. (3). The four-point method assumes that the relaxation due to
charge transfer occurs in an adiabatic manner, where the geometries of
the states 𝐸𝐶

𝑁 and 𝐸𝑁
𝐶 are the same as the conformations at equilibrium.

We will remove this restriction by allowing the states’ geometries to
oscillate around the optimized configuration, as shown in Fig. 1(b). The
points corresponding to the states 𝐸𝐶

𝑁 and 𝐸𝑁
𝐶 have red arrows around

them, illustrating the access of other geometries near-equilibrium via
the nuclear ensemble. Let 𝑁 be the number of conformations compos-
ing each ensemble of these states. Then, the procedure will generate 𝑁
independent values of 𝜆1 and 𝜆2. According to Eq. (3), 𝜆 is the sum of
these two quantities. Therefore, all possible combinations between the
𝑁 𝜆1s and the 𝑁 𝜆2s should be accounted for on equal footing, resulting
in a distribution of 𝜆 with 𝑁2 occurrences. On the right side of Fig. 1(b),
the procedure is shown, as it illustrates the distribution of 𝜆 resulting
from the contribution of the normal modes. For the ensemble extension
of Eq. (3), we used the corresponding most stable ensemble-generated
conformations as the optimized geometries 𝐸𝑁

𝑁 and 𝐸𝐶
𝐶 .

Finally, we stress that there is a great diversity of photosynthetic
organisms. Consequently, photosynthesis is conceivable through multi-
ple pigment profiles. However, it is beyond the scope of this work to
investigate the inner mechanisms of each individual pigment profile.
Instead, we provide a broader approach that considers some of the most
relevant pigments without restricting the analysis to specific cases to
deliver more general insights into photosynthesis.

3. Computational details

Calculations were run for 15 molecules, whose molecular structures
are displayed in the supporting information file. Figures S1 (a), (b),
(c) and (d) show chlorophyll A, chlorophyll B, chlorophyll C1 and
pheophytin A structures, respectively. Similarly, antheraxanthin (a),
canthaxanthin (b), neoxanthin (c), lutein (d), violaxanthin (e) and
zeaxanthin (f) are displayed in Figure S2. Finally, Figure S3 illus-
trates 3-Hydroxyechinenone (a), Dihydrobiliverdin (b), Peridinin (c),
Phycocyanobilin (d) and 𝛽-carotene (e) compounds.

All electronic structure calculations were performed using the Gaus-
sian 16 software [52] with the 𝜔b97xd/6-31G(d,p) [53] level of theory.
Normal mode analysis was performed after all optimizations to ensure
that the optimized structures corresponded to minima of the PES. The
𝜔 tuning and nuclear ensemble procedures were implemented using
LeoX software [54,55]. The ensembles are generated at 300 K. Impor-
tantly, single-point calculations on ensemble geometries made use of
the polarizable continuum model (PCM), as it is a standard approach
to account for the medium’s effect on the molecule’s electronic struc-
ture [56–59]. As we focus on intramolecular properties, we refrain from
analyzing outer-sphere contributions to reorganization energies in this
work. The chosen solvent has a dielectric constant of 3.24, representing
the interior of proteins on a typical biological environment [60–62].
However, we highlight that the dielectric constant can significantly
change, depending on the local surroundings in photosynthesis [63].
The implications of this effect fall outside the main goal of this work.
Here, the parameter will be restricted to a single value to give an
approximate response. Finally, details of the 𝜔 tuning procedure and
the estimate of 𝛥𝐺 can be found in the supporting information file.
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Table 1
Hole and electron reorganization energies (𝜆ℎ∕𝑒) without and with
the tuning of the long-range parameter. Molecules that belong to the
chlorophyll group are highlighted in light green, while the xanthophyll
compounds are in light blue.

𝜆𝑒 (eV) 𝜆ℎ (eV)
Molecules Non-tuned Tuned Non-tuned Tuned
Chlorophyll A 0.40 0.32 0.25 0.22
Chlorophyll B 0.37 0.30 0.34 0.30
Chlorophyll C1 0.34 0.30 0.33 0.28
Pheophytin A 0.47 0.36
Antheraxanthin 0.70 0.53 0.70 0.53
Canthaxanthin 0.87 0.69 0.65 0.44
Neoxanthin 1.02 0.81 0.83 0.65
Lutein 0.70 0.52 0.68 0.50
Violaxanthin 0.80 0.54 0.76 0.49
Zeaxanthin 0.77 0.60 0.73 0.57
3-Hydroxye. 0.85 0.64 0.69 0.49
Dihydrobiliverdin 0.57 0.48 0.88 0.76
Peridinin 0.77 0.62 0.65 0.51
Phycocyanobilin 1.10 0.90 1.14 0.88
𝛽-carotene 0.69 0.52 0.73 0.56

4. Results

Table 1 displays the self-exchange hole and electron reorganization
energies calculated via the four geometry points given by Eq. (3)
with the 𝜔b97xD’s original range-separation parameter and its non-
empirically tuned counterpart. In all cases the 𝜆 values range between
0.2 to about 1 eV. However, the tuning procedure results in a con-
sistent drop of about 22% when compared with the standard method.
Importantly, analysis of experimental results shows that the difference
represents a direct precision gain for the calculations. For instance,
𝛽-carotene 𝜆ℎ is experimentally estimated as 0.4 ∓ 0.03 eV [42]. Our
calculation yielded 0.56 eV, while the standard functional returns 0.69
eV. Likewise, zeaxanthin’s 𝜆ℎ is experimentally estimated at 0.39 ∓
0.04 eV and our calculations yielded 0.57 eV. Both cases show ex-
pressive reductions of 𝜆 towards the experimental result. Therefore we
conclude that the non-physical delocalization of electron density can
result in overestimation of 𝜆, which can be corrected by the 𝜔-tuning
procedure, as described in the supporting information file.

Table SI shows the tuned values of the long-range parameter. While
most of the tuned parameters are near 0.12 (𝑎0)−1, the 𝜔B97XD’s
𝜔 default value is 0.2 (𝑎0)−1 [53]. This systematic decrease of 𝜔 is
effectively extending the short-range region in the computation of
Coulomb potential [64]. As a result, close examination of the energies
obtained with tuned functionals shows that all 𝐸𝑁

𝑁 , 𝐸𝐶
𝑁 , 𝐸𝐶

𝐶 , and 𝐸𝑁
𝐶

energies decreased when compared to those obtained with the default
𝜔 value. However, the changes in energies obtained for the out-of-
equilibrium calculations (𝐸𝐶

𝑁 and 𝐸𝑁
𝐶 ) are greater in magnitude than

those observed in the equilibrium calculations (𝐸𝑁
𝑁 and 𝐸𝐶

𝐶 ), resulting
in lower reorganization energies.

The calculated 𝜆s using PCM and the relative ratios between the
tuned 𝜔 and the functional’s default value are also presented in Table
SI. It is worth noting that comparison with the tuned results of Table 1
reveals that PCM does not alter significantly the 𝜆 estimate.

Interestingly, a theoretical report using B3LYP/6-31G** level theory
reached 𝛽-carotene, chlorophylls A, B, and C1 𝜆 values significantly
closer to the ones obtained here through the 𝜔-tuning [65]. To give an
example, they found the hole and electron chlorophyll A 𝜆 equal to 0.2
eV and 0.33 eV, respectively. Although the estimates via B3LYP agree
well with our results, we recall that this functional carries a well-known
nonphysical tendency to over-delocalize the wave functions, which un-
derestimates the torsion potentials, bond-length alternations and over-
estimates conjugation [66,67]. Besides, the energy of charge-transfer
states are strongly underestimated [66]. These limitations altogether
severely affect the physical description of 𝜋 conjugated molecules. On
4

the other hand, the tuned long-range corrected functionals mitigate
Fig. 2. Distribution of 𝜆ℎ for Chlorophyll A (blue), B (green) and C1 (red). The inset
displays distributions of both 𝜆ℎ and 𝜆𝑒 for antheraxanthin.

this problem, providing a better equilibrium between DFT and Hartree–
Fock exchange contributions. We attribute the accordance reached by
B3LYP calculations as the result of error cancellation.

Moreover, regardless of the carrier type, molecules of the chloro-
phyll type show a characteristic behavior that disconnects from the
other pigments, having a significantly lower 𝜆 of about 0.35 eV. Such
a result may be expected due to the roles played by these compounds
at the reaction center [68]. During the energy conversion step, chloro-
phylls can act as a host for charge separation and as a target to charge
transfer mechanisms. Therefore, one may expect lower 𝜆 values.

Alternatively, all the xanthophylls display higher readings for both
carrier types, showing 𝜆s around 0.6 eV, suggesting that auxiliary
pigments may have an additional role by offering a potential barrier
that restricts charge hopping on them. The finding relates to the well-
known functions of such compounds in photo-protection and energy
dissipation [69]. To effectively perform these tasks, the pigments sur-
round the reaction center, where charges must remain for optimized
efficiency. Because their 𝜆 are significantly higher, this spatial con-
figuration traps the carriers, limiting their leakage to regions outside
the reaction center. This suggests that these pigments may have an
additional role in photosynthesis as charge barricades. The trend of
high 𝜆 holds for both hole and electron carriers, although 𝜆 may
vary significantly, implying that the carrier type can influence the
photosynthesis efficiency. An equivalent analysis extends to the other
non-chlorophyll pigments. We emphasize that changes in electronic
coupling due to vibrational effects are expected to be significant, as
demonstrated in past works [29–31,34]. However, extending the work
for the electronic coupling would require a separate investigation to
model the fluctuations in intermolecular properties, such as relative
orientation and acceptor–donor distances. Thus we focus not on eval-
uating charge transfer rates, but rather on assessing the effects of
accounting for intramolecular vibrations which still provide insight into
the overall charge transport mechanism.

We now move to the second improvement on calculating 𝜆: the
molecule’s vibrational modes. The extension, given by the nuclear
ensemble approach, ultimately returns a distribution of 𝜆 obtained by
considering all possible settings between the picked geometries. Fig. 2
displays the distribution of 𝜆ℎ for chlorophyll A (red), B (green), C1
(red). In all cases, the distributions are skewed gaussian-like. Particu-
larly, chlorophyll A and B’s curves share other similarities, as they are
centering nearly at the same value and have comparable dispersion,
implying accordance in 𝜆 as well. We emphasize that the standard
procedure is not able to grasp this parallel. Additionally, chlorophyll
C1’s distribution centers in slightly lower values and presents a more
modest dispersion. All these distribution-related observations exem-
plify the potential impact of the molecule’s vibrational modes in the

evaluation of 𝜆.
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Table 2
Average and standard deviation for electron (⟨𝜆𝑒⟩, 𝜎𝑒)
and hole (⟨𝜆ℎ⟩, 𝜎ℎ) reorganization energies calculated
from ensembles. Molecules that belong to the chlorophyll
group are highlighted in light green, while the xanthophyll
compounds are in light blue.

Molecules ⟨𝜆𝑒⟩ ± 𝜎𝑒 (eV) ⟨𝜆ℎ⟩ ± 𝜎ℎ (eV)
Chlorophyll A 0.63 ± 0.25 0.63 ± 0.24
Chlorophyll B 0.70 ± 0.3 0.63 ± 0.24
Chlorophyll C1 0.59 ± 0.28 0.44 ± 0.20
Pheophytin A 0.72 ± 0.31 — ± —
Antheraxanthin 0.41 ± 0.16 0.42 ± 0.13
Canthaxanthin 0.44 ± 0.16 0.46 ± 0.16
Neoxanthin 0.46 ± 0.17 0.53 ± 0.18
Lutein 0.43 ± 0.12 0.41 ± 0.16
Violaxanthin 0.41 ± 0.15 0.44 ± 0.14
Zeaxanthin 0.46 ± 0.17 0.60 ± 0.25
3-Hydroxye. 0.40 ± 0.15 0.41 ± 0.16
Dihydrobiliverdin 0.39 ± 0.13 0.44 ± 0.27
Peridinin 0.48 ± 0.22 0.40 ± 0.19
Phycocyanobilin 0.48 ± 0.20 0.49 ± 0.21
𝛽-carotene 0.36 ± 0.13 0.38 ± 0.14

The inset in Fig. 2 shows antheraxanthin’s 𝜆ℎ distribution. Here,
he distribution still retains the skewed gaussian-like shape. More im-
ortantly, the type of charge carrier seems to not induce significant
hanges in the distribution, as their dispersions and peak positions are
early the same. The result agrees with the previous trend observed
n Table 1, where no relevant distinction can be made between an-
heraxanthin’s 𝜆ℎ and 𝜆𝑒. Fig. S4 displays the same distribution for the
olecules from xanthopyll group. As it can be seen, all of them share

he same response, indicating that the self-exchange hopping has a low
ensibility to the charge type.

Table 2 gathers the numerical data of the 𝜆 distributions for a more
ystematical analysis. The first column gives the ensemble’s average of
lectron reorganization energy ⟨𝜆𝑒⟩ its standard deviation 𝜎𝑒. The adja-
ent column display the same for the hole carrier, that is the ensemble’s
verage of hole reorganization energy ⟨𝜆ℎ⟩ the corresponding standard
eviation 𝜎ℎ. The chlorophyll molecules are highlighted at the table in
ight green and the xanthophyll ones are in light blue.

Comparison with previous results reveals the impact of vibrational
ffects in our estimates. Regarding the chlorophylls, the ensemble aver-
ges are considerably bigger, regardless of the carrier type, if compared
ith the results from the four-point method with tuned 𝜔. For instance,
able 1 shows that 𝜆ℎ = 0.22 eV for chlorophyll A, while ⟨𝜆ℎ⟩ is found
o be 0.63 eV with 𝜎ℎ = 0.24 eV. The trend remains for the other
hlorophyll molecules, where the means are about 50% greater than the
our-point’s results. On the other hand, the xanthophylls averages are
onsiderably smaller than the previous estimate, amounting to a drop
f about 10% for the hole and 28% for the electron. Canthaxanthin’s
nd zeaxanthin’s ⟨𝜆ℎ⟩ are the only cases in which the average is
igger than the four-point calculation, with both having a variation of
pproximately 5%. Therefore, accounting for the vibrational effects in
hese compounds can greatly affect their response to charge transport.
oreover, the results suggest that chlorophyll molecules are more

ensitive to vibrational effects.
In addition, the corresponding standard deviation inserts variability

o 𝜆 estimates. For all cases, 𝜎 is comparable with its respective mean,
eaning that molecular flexibility can highly alter 𝜆 estimates. In that

ense, methodologies based on only stationary conformations, might be
versimplifying the underlying charge hopping mechanism. One may
ote that 𝜎 is greater in chlorophyll molecules than in xanthophylls.
his strengthens the previous observation that chlorophylls are more
ensitive to changes due to vibration.

Due to the complexity of photosynthesis, it is still not clear how
hese wide variations may affect the overall mechanism. However, as
rough estimate, we calculate ratio between the ensemble-generated
5

harge transfer 𝑘𝑒𝑛𝑠 and the one given by the four-point approach
Fig. 3. Probability density distributions of the ratios between ensemble-generated (𝑘𝑒𝑛𝑠)
hole (a) and electron (b) transfer rates and those calculated via the four-geometry
method (𝑘4𝑝𝑜𝑖𝑛𝑡𝑠). The blue, green and red points refer to Chlorophyll A, B and C1,
respectively. The vertical lines indicate the mean ratio of the distributions with the
corresponding colors.

𝑘4𝑝𝑜𝑖𝑛𝑡𝑠 while neglecting vibrational contributions in the electronic cou-
pling. Fig. 3 displays the distribution of 𝑘𝑒𝑛𝑠∕𝑘4𝑝𝑜𝑖𝑛𝑡𝑠 for the chlorophyll
compounds with electron (a) and hole (b) carriers. The plots have
three vertical lines that indicate the ratio’s mean of each corresponding
compound.

As it can be seen, the distributions follow the same pattern. For
small ratios, the probability density is high. Then, when the ratio
increases, probability density decreases monotonically. We recall that,
analogous to normal distributions, a more intense decline means a
measure with greater variability. The molecules have similar behavior
for both carriers, exhibiting a decay at nearly the same pace. There-
fore, we conclude that vibrational effects provoke similar variability
to the charge transfer rate for all chlorophylls. This is expected since
the standard deviation is nearly the same among these compounds.
Interestingly, the mean ratio is always smaller than 1 for all cases,
meaning that vibrational effects tend to lower the rate compared with
methods that use only stationary configurations. The intensity of this
effect varies for each case. It can be small, as in the case of chlorophyll
C1 hole that shows a ratio of 0.96. On the other hand, it can be as
significant as seen in the case of chlorophyll A’s hole which has a ratio
of 0.16. Nevertheless, this puts a considerable variability in the charge
transfer rate estimates of over one order of magnitude, which can
dramatically affect the physical description in photosynthetic systems.

We can extend our analysis for xanthophyll molecules as well. Fig. 4
shows the distribution of the transfer rate ratios for violaxanthin (a),
zeaxanthin (b), canthaxanthin (c), neoxanthin (d), antheraxanthin (e),
and lutein (f). The distributions display the same shape found in the
chlorophyll case. However, they decay at a faster pace now, suggesting
that the charge transfer rate of these molecules suffers less variability
than in chlorophylls. Interestingly, all of them have a mean ratio greater
than 1, meaning that neglecting vibrational effects can underestimate
the charge transfer rate in xanthophylls.

So far, the self-exchange 𝜆 was the basis for our analysis. Because
of that, some of the insight regarding the interplay of the molecules
was inevitably hidden. In this sense, the Gibbs free energy variation
provides a simplified yet intuitive picture of the overall mechanism. For
this reason, we calculated 𝛥𝐺 considering all possible combinations of
acceptor/donor between the chosen molecules, following the method-

ology described in the supporting information text. Fig. 5 displays
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Fig. 4. Distribution of the ratio between the charge transfer rate given by the ensemble
and the one calculated through the standard four-points method (𝑘𝑒𝑛𝑠∕𝑘4𝑝𝑜𝑖𝑛𝑡𝑠) for the
violaxanthin (a), zeaxanthin (b), canthaxanthin (c), neoxanthin (d), antheraxanthin (e),
and lutein (f). The red distribution refers to the electron case, while the blue one is
from the hole.

heatmaps of 𝛥𝐺 between chlorophyll specimens for the hole (a) and
electron (b) carriers. The colors represent both the magnitude and
sign of Gibbs’s free energy. Dark tones refer to 𝛥𝐺 < 0 while the
light ones denote the opposite. Both heatmaps are symmetric along the
diagonal as 𝛥𝐺 will change only its sign as the acceptor/donor roles
are exchanged.

Interestingly, each chlorophyll displays an individual response de-
pending on which compound they pair with and the carrier type. For
the hole, 𝛥𝐺 is positive when chlorophyll C1 acts as an acceptor. This
implies that the compound will likely not receive a hole carrier from
other chlorophylls unless an additional source of energy balances the
reaction enforcing this path. Alternatively, due to the symmetry men-
tioned, hole transfer from chlorophyll C1 to the other pigments may
occur spontaneously. Inversely, chlorophyll A seems to respond oppo-
sitely, favoring the acceptance of hole, while chlorophyll B interacts
differently depending on the pairing molecule. However, as we look at
the electron carrier case, some observations are turned upside down.
The reaction’s 𝛥𝐺 with chlorophyll C1 as an acceptor and chlorophyll
A as a donor is negative. A similar change occurs with charge transfer
between chlorophylls A and B. In light of these observations, we con-
clude that charge transfer between the chlorophylls tends to physically
separate the electron–hole pair since the reaction transfer of a charge
carrier with negative 𝛥𝐺 is associated with a spontaneous transfer
through the opposite path by the other carrier. An electron–hole pair
scattering has a clear efficiency result: physically separating the two
charges minimizes the chance of recombination. If recombination is
reduced, less energy will be lost in the form of recombined excitons
that would eventually decay through non-radiative or fluorescence
processes. Therefore, the charge transfer reaction’s 𝛥𝐺 between these
compounds can be an evolutionary design aiming at photosynthesis
optimization.

Figs. S5 and S6 display the heatmaps of 𝛥𝐺 for the hole and electron
carriers, respectively. The colors have the same meaning as the last
figure. The graphs show the overall picture regarding the path reaction
6

Fig. 5. Charge transfer’s 𝛥𝐺 heatmaps between Chlorophyll molecules. The donor and
acceptor compounds are placed in the horizontal and vertical axes, respectively. Light
colors represent a positive free Gibbs variation for a given pair of reagents, indicating
that the given reaction path may not be spontaneous. Inversely, dark colors denote
negative 𝛥𝐺 variations, suggesting a favorable path. (a) displays the heatmap for the
hole carrier, while (b) corresponds to the electron.

of the studied compounds. In the hole case, 𝛥𝐺 is always positive when
chlorophylls act as the acceptors for the other pigments. The behavior
inverts if the carrier becomes the electron. Now, almost all pairing
with accepting chlorophylls returns a negative 𝛥𝐺. This suggests that,
under such configurations, chlorophylls are more likely to take away
the electrons from the other pigments, while surrendering the hole
to them. Ultimately, the two effects combined should enhance charge
efficiency by limiting the recombination process in the same fashion
observed among the chlorophylls.

5. Conclusion

In summary, we calculated the hole/electron self-exchange reorga-
nization energies of 15 pigments present in the photosynthesis while
correcting the DFT’s wave function over-delocalization problem via the
𝜔-tuning. Comparison with standard methodologies reveals a signif-
icant drop in 𝜆 of about 22% for most of the compounds, showing
that the physical description of the charge transfer mechanism can be
severely affected if one does not balance properly the DFT and Hartree–
Fock exchange contributions. Moreover, we observed that PCM does
not affect significantly the estimations. Further analysis also shows that
primary pigments have significantly lower 𝜆s when compared with the
other compounds. Because the auxiliary molecules physically surround
the light-harvesting complex, this suggests the existence of an energetic
barrier that prevents the charge to emigrate away from the region. We
believe that is an evolution-driven design to ensure energy conversion
efficiency.

Next, we implemented an alternative way to calculate 𝜆 consid-
ering the molecule’s vibrational modes, giving rise to a distribution
of possible values. Unexpectedly, the ensembles’ means significantly
differ from the tuned four-point geometry approach results. Moreover,
all cases present a significant deviant error, revealing an intrinsic and
relevant variability to 𝜆 for those pigments. Consequently, some qual-
itative observations were only possible through the analysis of these
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distributions. That suggests that theoretical and experimental method-
ologies based on single-valued reorganization energy are potentially
over-simplifying the charge transfer mechanism. For a more tangible
gauge of the impact of vibrational effect, it is desirable to unravel
charge dynamics simulations that can implement the distribution of 𝜆.
Nevertheless, rough estimations show that the variability in the reorga-
nization energy may represent changes of about one order of magnitude
to the charge transfer rate. Interestingly, chlorophyll molecules display
greater vibrational sensibility than xanthophylls. Therefore accounting
for such effects can improve the physical description of charge transfer,
providing a more reliable model for charge transport in photosynthesis.

Finally, we also estimated the Gibbs free energy variation over
charge transfer between the pigments. Analysis of the pairing between
the chlorophylls reveals that the spontaneous reaction path tends to
be reversed when the carrier is switched from electron to hole or
vice-versa. Ultimately, this can lead to spontaneous charge separation
between electrons and holes, limiting the possibility of recombination
and promoting efficiency. Such results indicate another evolutionary-
driven design trend that selects compounds with the path reaction
inversion property. Overall, the work represents an improved method-
ology to calculate reorganization energy for long and highly conjugated
molecules. In addition, the design trends identified may inspire future
developments in the research of artificial photosynthesis.
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