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S1 Parameterisation of QMD-FFs

General Background

The total quantum-mechanically-derived force field (QMD-FF) potential energy of any

complex fluid (EQMD−FF
tot ) can be expressed as a sum of an intra-molecular term, EQMD−FF

intra ,

ruling the flexibility of each molecule and an inter-molecular term, EQMD−FF
inter , accounting

for the interaction among the molecules composing the system:

EQMD−FF
tot = EQMD−FF

intra + EQMD−FF
inter (S1)

In case of homogeneous condensed phases, the intra-molecular term is clearly the same for

each molecule, hence, for a system of Nmol molecules

EQMD−FF
intra =

Nmol∑
i=1

uintra
i (S2)

where uintra takes the standard expression,

The intramolecular QMD-FF term is hence therefore further partitioned in several con-

tributions, namely

Eintra
QMD−FF = Es + Eb + Est + Eft + Enb (S3)

It is here important to stress that the first terms refer to rather stiff coordinates,1 and

can be hence approximated through harmonic potentials, i.e.

Es =
1

2

Ns∑
s

ks(r − r0)2 ; Eb =
1

2

Nb∑
b

kb(θ − θ0)2 ; Est =
1

2

Nst∑
st

kst(ϕ− ϕ0)2 (S4)

It is also worth noticing that while the first two terms, i.e. the stretching and bending

contributions Es and Eb, are widely used by popular general purpose FFs, Est is seldom
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employed for describing torsions of stiff dihedral angles. Yet, it appears to be better suited

to account for the internal energy due to small and fast distortions of a dihedral ϕ from

its equilibrium position ϕ0
i , and the Joyce procedure routinely employs such description,

to mimic the behaviour of stiff and fast vibrating torsions, as those ruling the planarity

of aromatic rings or conjugated double bonds1,2 or the octahedral symmetry of a metal-

organic complex.3,4 The Joyce procedure allows for a specific control of the employed model

functions. Here, considered the rigidity of the simulated systems, no other term but the

harmonic ones was considered in the QMD-FF. For instance, the absence of flexible "soft"

coordinates, which are expected to experience larger distortion during simulation, and should

be tackled beyond the harmonic approximation, allowed us to neglect terms as the Fourier

like sum

Eft =
Ncos∑
j

kft
j

[
1 + cos(njδ − γj)

]
(S5)

or the intramolecular non-bonded interactions

Enb =

Npairs∑
i=1

Npairs∑
j=1

uintra
ij (S6)

uintra
ij = 4ϵintraij

[(
σintra
ij

rij

)12

−
(
σintra
ij

rij

)6
]
+

qintrai qintraj

rij
(S7)

by imposing kft
j and ϵintrai to be null fore each atom i.

Intramolecular QMD-FF parameterization

The intra-molecular term, EFF
intra, defined in equation (S2) and ruling each monomer flexi-

bility, is parameterized once and for all according to the Joyce protocol,5–7 using the QM

database computed specifically for the target molecule, consisting in the optimized geometry
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and its Hessian matrix. The parameterization is carried out by minimizing, through a linear

fitting, the standard Joyce objective function:

I intra =
3N−6∑
K≤L

2W ′′
KL

(3N − 6)(3N − 5)

[
HQM

KL −
(

∂2uintra

∂QK∂QL

)]2
g=0

(S8)

where Wg and W ′′
KL terms are user-defined weights, , and HQM

intra is the QM Hessian matrix.

The double sum runs over the QM normal modes, where HQM
KL is evaluated at the equi-

librium geometry (g = 0), while QK is the Kth normal coordinate and N the number of

atoms. Further details about the parameterization are included can be found in the original

papers.5–7

Intermolecular QMD-FF parameterization

The EFF
inter term is instead expressed through the standard pairwise sum,

EFF
inter =

Nat∑
i=1

Nat∑
i=j

uinter
ij (S9)

where Nat is the number of atoms of each monomer, i and j are dummy indexes running

over the atoms of two different interacting molecules, and uinter
ij takes the standard LJ +

Coulomb term expression:

uinter
ij = 4ϵinterij

[(
σinter
ij

rij

)12

−
(
σinter
ij

rij

)6
]
+

qiqj
rij

(S10)

where ϵinterij and σinter
ij are the LJ 12-6 parameters and qi and qj the point charges. Note that,

for classical molecular dynamics simulations involving a net charge (e.g., upon hole injection),

a uniform neutralizing background (jellium) is implicitly included to ensure convergence of

the long-range electrostatic energy under periodic boundary conditions. This is standard

practice in Ewald-based summation techniques and avoids the divergence in the Coulomb
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term of Eq. (S10). Given the apolar nature of the crystals and the localized character of

the structural response, this approximation is expected to introduce minimal error in the

observables extracted from the MD trajectories.

Finally, the point charges have been fitted for each following the RESP procedure8 on

the Molecular Electrostatic Potential generated at same level of theory used for geometry

optimisation, including solvation effect through the PCM model.9

S5



S2 Validation of the FF

We assessed the quality of the resulting intra-molecular QMD-FFs through a set of validation

tests.

The first test consists in comparing the MM normal modes computed from the QMD-FF

Hessian matrix together with the associated vibrational frequencies, and compared to the

reference QM data.

Figure S1: correlation plot between QM and MM vibrational frequencies computed by Joyce.

A further and more thorough validation test concerns the intermolecular disposition, and

the capability of the MM description to accurately reproduce the QM energy profile for a

relative movement along the relative positioning of the nearest neighbours in terms of pitch,

roll and yaw angles (see Fig. 5 in the main text).

The results of this validation test performed on each of the parameterised molecules is

shown in Fig. S2. Inspection of this figure clearly show that the MM energy profile nicely

reproduce the QM one, ensuring the reliability of our methodology and the accuracy of the
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OPLS intermolecular parameters, at least for the stiff acenes molecules under study.

Figure 5: naphthalene analysis of first-neighbours. Right: each colour identifies symmetry-
equivalent neighbours. For pentacene, the numbering is the same

is found to feature two peaks, one closer to that of the neutral system and another at

distances shorter by 0.14 Å. Such a trend is evident also when considering the other couples

of interacting molecules (Cf. Supplementary Information), even if with minor displacements,

due to the weaker intermolecular interactions in play with respect to the stacking couple.

To get further insights, we have also considered the relative positioning of the nearest

neighbours in terms of pitch, roll and yaw angles (see Fig. 5) Giacomo o Daniele, che

ne pensate di questo risultato? Vi sembra il caso di discutere anche l’effetto sulle

distribuzioni degli angoli pitch, roll, yaw, figure nelle cartelle di Overleaf e magari

da mettere in SI)?...

Overall, our analysis confirm that local rearrangements of the first neighbours surround-

ing the molecular polaron are at root of the non-negligible reorganization energies in an

apolar environment, such as an acene crystal, in a fashion similar to the electrostriction

mechanism proposed within nonlocal response theory.140–142

20
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Figure S2: Validation of the capability of the MM description to accurately reproduce the
QM energy profile for a relative movement along the relative positioning of the nearest
neighbours

More importantly, the curves in Fig. S2 indicate that movement around the equilibrium

position is more hindered for pentacene than naphthalene, both because the energy minima

is lower, and because the potential profile is steeper in the former. This reflects in a much

broader distribution of distances and angles for naphthalene, as we will show in the next

section.

S2.1 About polarizable force field

Our force field-based molecular dynamics simulations do not include an explicitly polariz-

able force field. As such, the full electronic polarization of the crystal lattice in response

to charge injection is not modeled during the dynamical phase. However, this limitation

is partially mitigated in our approach by the subsequent Koopmans-compliant DFT calcu-

lations, which allow the excess charge to polarize the surrounding molecular environment
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within each MD snapshot. The resulting vertical and adiabatic energies thus incorporate

short-range polarization and electrostatic response effects to a significant degree.

We agree that employing a fully polarizable force field could improve the modeling of

environmental stabilization, particularly during the early stages of polaron formation. Nev-

ertheless, for the systems studied here—naphthalene and pentacene, both apolar crystals

with low dielectric constants—long-range polarization effects are expected to be limited. In

such materials, the dominant contribution to environmental stabilization arises from struc-

tural reorganization of neighboring molecules, such as compression and reorientation. These

features are explicitly captured in our MD trajectories and supported by the observed first-

neighbor distortions and angular changes, which are consistent with the predictions of non-

local response theory10,11.

S2.2 MD on 4x4x4 supercell

We have performed additional MD simulations for the charged naphthalene supercell, con-

sidering a 4x4x4 supercell and performed an analogous analysis on the center of masses of the

molecules. We find that the displacement for first neighbours is essentially unchanged with

respect to the 2x2x2 supercell presented in the main manuscript, see Fig. S3. At variance

with this, we do not observe appreciable displacements for molecules at higher distances

from the localized charge, which appear to be unchanged if compared to the neutral case, ,

see Fig. S4, thus ensuring that a 2x2x2 supercell captures the behaviour of the system.

Figure S3: Distributions of rCM (Å) between the 2x2x2 and 4x4x4 charged reference naph-
thalene molecule and its neighbours, as extracted from the MD simulations. Each plot shows
only the couples with the same symmetry (See Fig. 5 in main text).
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Figure S4: Distributions of rCM (Å) between the neutral (full line) and charged (dashed
line) reference naphthalene molecule and the molecules in the second shell of neighbours,
as extracted from the MD simulations. Each plot shows only the couples with the same
symmetry ( Fig. 5 in main text).
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S3 Electronic Density of States

Figure S5: Comparison between the electronic density of states achieved at 0K (red line) and
at room temperature (black line) for neutral and positively charged supercells of crystalline
naphthalene and pentacene. In each panel, energies are aligned via the C 2s core level.
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S4 Hole localization in crystalline pentacene at different

levels of theory

In Figure S6, we illustrate charge localization in crystalline pentacene, achieved after geome-

try optimization of a representative structural configuration of the MD. The charge is found

to be localized on a single molecule, exactly as before relaxation, i.e. as directly extracted

from the MD, cf. main text. This indicates that localization in the hybrid-DFT calculations

is not forced by the starting assumption imposed by the force field.

For comparison, we also report a single-point calculation on the same structure, but

carried out at the semi-local PBE level,12 which is known to lead to artificially delocalized

charge states, as a consequence of the self-interaction error affecting its generalized gradient

approximation. In this case, even if the structural configuration comes from a classical MD

in which a positive charge is imposed on a single molecule, we observe a high degree of

delocalization.

This further proves that the localization discussed in the main text is the result of an ac-

curate treatment of the electronic structure with the Koopman’s compliant hybrid functional

and is not pre-determined by the initial condition of the MD simulations.

S5 MD analysis
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Figure S6: Isodensity representation of the LUMO from a MD structural configuration of
the positively charged supercell of crystalline pentacene (a) upon geometry optimization at
the hybrid DFT level and (b) from single-point calculation at the semilocal PBE12 level.

Figure S7: Distributions of rCM (Å) between the neutral and charged reference naphthalene
molecule and its neighbours, as extracted from the MD simulations. Each plot shows only
the couples with the same symmetry (See Fig. 5 in main text).
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Figure S8: Distributions of roll angles (degrees) between the neutral and charged reference
naphthalene molecule and its neighbours, as extracted from the MD simulations. Each plot
shows only the couples with the same symmetry (See Fig. 5 in main text).

Figure S9: Distributions of pitch angles (degrees) between the neutral and charged reference
naphthalene molecule and its neighbours, as extracted from the MD simulations. Each plot
shows only the couples with the same symmetry (See Fig. 5 in main text).

Figure S10: Distributions of yaw angles (degrees) between the neutral and charged reference
naphthalene molecule and its neighbours, as extracted from the MD simulations. Each plot
shows only the couples with the same symmetry (See Fig. 5 in main text).
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Figure S11: Distributions of rCM (Å) between the neutral and charged reference pentacene
molecule and its neighbours, as extracted from the MD simulations. Each plot shows only
the couples with the same symmetry (See Fig. 5 in main text).

Figure S12: Distributions of roll angles (degrees) between the neutral and charged reference
pentacene molecule and its neighbours, as extracted from the MD simulations. Each plot
shows only the couples with the same symmetry (See Fig. 5 in main text).

Figure S13: Distributions of pitch angles (degrees) between the neutral and charged reference
pentacene molecule and its neighbours, as extracted from the MD simulations. Each plot
shows only the couples with the same symmetry (See Fig. 5 in main text).
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Figure S14: Distributions of yaw angles (degrees) between the neutral and charged reference
pentacene molecule and its neighbours, as extracted from the MD simulations. Each plot
shows only the couples with the same symmetry (See Fig. 5 in main text).
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S6 Different models for charge transport

As noted many times in the past, several theoretical methods have been able to predict results

in good agreement with the experimental charge mobility,13–18 despite relying on different

physical assumptions. In this respect, the suitability of both hopping and band-like mecha-

nisms for describing charge transport in organic semiconductors is under discussion.15,19–25

Indeed, a pure band-like mechanism is deemed unsuitable due to the short mean free path

observed in organic field-effect transistors.26 On the other hand, the hopping mechanism, of-

ten combined with rate constants derived from Marcus theory, predicts a thermally activated

process that does not properly align with experimental observations.27

Nevertheless, theoretical estimations21 and measurements28 of mobility conducted at

various temperatures suggest that the hopping model is appropriate for evaluating charge

mobility, at least at room temperature. Moreover, both semi-classical dynamics and localized

Marcus models yield relatively similar mobilities, even when considering charge delocalization

at room temperature.29 Additionally, thermal motions in organic crystals induce molecular

distortion, causing significant fluctuations in the transfer integral. This, in turn, disrupts the

translational symmetry of the electronic Hamiltonian, leading to the localization of charge

carriers, a phenomenon observed even in pentacene, despite its low reorganization energy and

large transfer integrals.30 Finally, it has been emphasized that the incorporation of quantum

mechanical effects into hopping rates does not result in thermally activated mobilities.14,30,31

Furthermore, it must be noted that DFT calculation reflects the energetically relaxed ground

state, whereas transport experiments probe the system’s response to external perturbations.

In other words, localization of the hole in DFT reflects the thermodynamic ground state,

but does not preclude band-like transport behavior when external fields are applied.

Consequently, a widely adopted approach for predicting charge mobility involves por-

traying charge transport as a sequence of hopping processes between neighboring molecules,

with the subsequent assessment of charge transfer hopping rates using an appropriate model

(e.g., Marcus theory32,33 Fermi’s Golden rule30,34–37). Then, these rates can be inserted into
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master equations,38–40 Monte Carlo simulations,41 or mean field theories42 to determine the

charge mobility of interest.

Often, these models assume a static picture with frozen molecules and energy levels,15,30,36,43–45

even when the material’s morphology is obtained by molecular dynamics simulations35,45–47.

However, in this way one does not take into account the role of the intrinsic disorder48,49 in

organic materials. Indeed, even in their crystalline form, organic materials are characterized

by large amplitude thermal motions around their equilibrium position, which cause a spread

in both energy levels of the molecules and transfer integrals between them.19,26

There are several possibilities to include these features in the computations. The simplest

one is to perform hopping kinetic Monte Carlo (KMC) simulations of the charge transport

in the system of interest where both the energies and the transfer integrals are randomly

selected at each KMC step from a Gaussian distribution centered around their average value

and whose width is given by their fluctuation.50–52 These values are then used to compute on-

the-fly (other possibilities are discussed in the main text) the rates for the physical processes

of interest, essentially charge transfer rates in the case of charge mobility. A complementary

approach is based on taking into account the presence of thermal disorder in the derivation

of the physical model itself, such as in the case of the Transient Localization Theory (TLT)

framework26,53,54.

This model is based on the idea that the unavoidable disorder in real crystals leads to a

“transient localization” which would severely slow down carrier mobility. Nevertheless, time

fluctuations of crystal disorder may still activate charge diffusion.26,53

S17



S7 FCWD for naphthalene and pentacene

Figure S15: Franck-Condon weighted density of states (FCWD) for naphthalene (left) and
pentacene (right).
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S8 KMC description

Kinetic Monte Carlo Simulation Protocol

The KMC simulations were performed using a standard rejection-free, residence-time algo-

rithm.37,55 The procedure consists of the following steps:

1. Lattice Construction: A periodic 20 × 20 × 1 supercell was constructed from the

crystallographic unit cell, where each site represents a molecule capable of hosting a

charge.

2. Assignment of Disorder: At the start of each trajectory, Gaussian disorder was

introduced by randomly sampling:

• Site energies εi for each site i, drawn from a normal distribution with mean and

standard deviation computed from DFT analysis of MD snapshots.

• Electronic couplings Jij for each pair of neighboring sites (i, j), drawn from Gaus-

sian distributions whose statistics depend on the symmetry path (see Table 2).

These disorder values remain fixed throughout each individual trajectory, but vary

between the 20,000 independent trajectories.

3. Calculation of Hopping Rates: The charge transfer rate from site i to site j is

computed on-the-fly using Fermi’s Golden Rule (see main text).

4. Charge Propagation:

(i) A charge carrier is initialized at a random lattice site.

(ii) All neighboring transitions are identified and associated rates {kij} are computed.

(iii) The total rate is calculated as ktot =
∑

j kij.

(iv) A destination site j is chosen probabilistically with weight kij/ktot.
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(v) The time increment for the hop is drawn from an exponential distribution:

∆t = − ln(ξ)

ktot
, ξ ∈ (0, 1]

where ξ is a uniformly distributed random number.

5. Trajectory Termination: The loop in step 4 is repeated until the trajectory reaches

the diffusive regime (i.e., linear mean-square displacement as a function of time) or a

preset maximum time is exceeded.

6. Averaging: The diffusion coefficient D is computed by averaging the squared dis-

placement over 20,000 independent KMC trajectories:

D =
1

2n
lim
t→∞

⟨[r(t)− r(0)]2⟩
t

where n = 2 is the dimensionality of the system. The charge mobility µ is then

calculated via the Einstein relation:

µ =
eD

kBT
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Differences with other FGR implementations

The rates used here share the same formal origin as those implemented in MOMAP56

by Shuai’s group: both are derived from Fermi’s Golden Rule and evaluate a vibrational

(Franck–Condon) correlation function in the displaced-oscillator (Duschinsky) framework,

and both may be formulated efficiently in the time domain and computed by Fourier Trans-

form. In practice, however, implementation choices differ: our FC-weighted densities are

computed with the generating-function / MolFC approach (designed for accurate handling

of Duschinsky and Herzberg-Teller effects and efficient temperature dependence), while

MOMAP uses the thermal vibration correlation function formalism: Moreover, MOMAP

documents a specific site-energy overlap / orthogonalization correction for the couplings and

supplies an integrated KMC pipeline, while in our workflow we compute phonons and cou-

plings with the DFTB/DFT protocols described above, use the Generating Function FCWD

as the FGR ingredient, and propagate transport with frozen-realization KMC ensemble av-

eraging. Our computed mobilities (table 3 in the revised version) fall within the broad range

of theoretical and experimental values reported in the literature for the respective materials

(see e.g. ref.s 31, 30, 57). Where numerical differences occur, they can be traced to the

implementation differences discussed.
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