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1 Source code directory structure

Table S1: File structure of Cppe, together with the contained C++ classes.

File name C++ classes Description
cppe state.hh CppeState top-level interface class of Cppe

electric fields.hh

NuclearFields,
MultipoleFields,
InducedMoments

compute routines for nuclear fields,
multipole fields, and induced
moments solver

math.hh -
mathematical utilities and
compute routines for T -tensors

molecule.hh Atom, Molecule
container for the quantum
region (core) molecule

multipole expansion.hh MultipoleExpansion
compute routine for multipole-nuclei
interaction energy

pe options.hh
PeOptions,
BorderOptions

Options class for the Cppe library

pot manipulation.hh PotManipulators manipulate lists of Potentials (border region)

potential.hh

Multipole,
Polarizability,
Potential

containers for multipoles,
polarizabilities, and potentials

potfile reader.hh PotfileReader Reader for potential files
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2 Cppe options

Table S2: PeOptions and BorderOptions with default values and explanation.

PeOptions

option default value comment

potfile “potential.pot” path to the potential file

iso pol false make polarizabilities isotropic

induced thresh 8 10−induced thresh

do diis true enable DIIS for the ind. moments solver

maxiter 50 maximum number of iterations for ind.

moments

diis start norm 1.0 start DIIS mixing when residual norm is

below this value

damp induced false enable Thole damping for induced mo-

ments

damping factor induced 2.1304 damping factor for induced moments

damp multipole false enable Thole damping for electric fields

created by multipole moments

damping factor multipole 2.1304 damping factor for electric fields created

by multipole moments

pe border false enable border options

border options - container with border options

BorderOptions

option default value comment

border type BorderType::rem remove (BorderType::rem) or redistribute

(BorderType::redist) border sites

rmin 2.2 minimum radius from QM atoms to MM sites to

be taken into account for removal/redistribution (in

AU)

nredist -1 number of neighbor sites to redistribute to. The de-

fault (-1) redistributes to all sites which are not in

the border region.

redist order 1 order from which moments are removed

redist pol false redistribute polarizabilities?
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3 Computational Methodology for Nile Red Case Study

3.1 Structure Preparation

Configurations of nile red in β-lactoglobulin (BLG) were obtained from extracted QM/MM

MD trajectory, the starting point of which was a classical MD trajectory. The crystal struc-

ture of BLG was obtained from the protein data bank1 (PDB ID: 1B0O), which contains

bovine BLG complexed with palmitate. The protein was processed by the protein prepara-

tion tool available in the Schrödinger program suite.2 The palmitate was removed from the

protein model, and N- and C-terminals were capped by acetyl or N-methyl amide groups.

Disulfide bonds were created between the cysteines in close proximity (CYS106–CYS118;

CYS66–CYS160). Missing atoms were added, and protonation states were assigned with

PROPKA3,4 based on a pH of 7.0. Finally, the model was minimized, with heavy atoms

restrained to a distance of 0.3Å. A nile red molecule was then docked into the protein model

using the Glide program5 from the Schrödinger suite. Default settings were used for the grid

generation, and the docking protocol was done according to the XP protocol.6

The complex was then solvated with the tleap program from the Amber program.7,8

An initial cubic box of water with a buffering distance of 20 Å was used. Eight sodium

ions were added to ensure neutrality of the system. For the water, the TIP3P model9 was

used, whereas the protein was described by the ff14SB force field.10 The nile red molecule

was described by GAFF parameters,11 with charges derived based on RESP12 fitting using

the Antechamber13 program from Amber. Both structures and ESPs used in this charge

assignment were derived from HF/6-31G*14–18 calculation in Gaussian09.19 The parameters

of the final assembled system was then converted to a Gromacs20-compatible format using

the parmed21 program.

The initial assembled system was then simulated in Gromacs with a three-stage protocol.

First, an energy minimization was carried out in order to remove any bad contacts. For

this, a steepest descent minimizer was applied for 2000 steps. Next, the system was heated
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at constant volume to 303 K across 50 ps using the Berendsen thermostat.22 A time-step

of 2 fs was used, and all bonds were constrained using the LINCS method.23 Finally, a 800

ns NPT run was performed using a 2 fs time-step, with the temperature targeted at 303

K using a Nosé-Hoover thermostat24,25 and the pressure towards 1 atm using a Parrinello-

Rahman barostat.26 Long-range electrostatics were treated with the particle-mesh ewald

(PME) method,27 with a cut-off distance of 12 Å.

The final configuration after 800 ns was extracted for use in the QM/MM MD trajectory.

For this, the NAMD28,29/Orca30,31 interface32 was used. The nile red molecule was treated

at a M06-L33/def2-SVP34 level of theory. The RI method was applied to accelerate the cal-

culations, using the def2/J35 as an auxillary fitting set. CHELPG charges36 were calculated

at every step to represent the charge distribution of the nile red molecule for use in the

QM/MM interaction. The system was minimized for 100 steps, followed by 3000 steps of

dynamics using a 0.5 fs time step (total of 1.5 ps).

The final configuration from the QM/MM MD was extracted, and embedding parameters

was calculated for this snapshot. Here, the entire protein along with water and ions within a

shell of 12 Å of the nile red molecule. The embedding parameters consists of atom-centered

multipoles (up to quadrupoles) and anisotropic dipole–dipole polarizabilties. The parameters

were derived with the LoProp method,37,38 based on linear response calculations using CAM-

B3LYP39 with an ANO-recontracted loprop-6-31+G* basis set. The fragmentation of the

system and setup of these calculations was done using the PyFraME program.40

Configurations of nile red in water was obtained using an equivalent protocol, i.e., running

classical MD (300 ns only) followed by a QM/MM MD using the NAMD/Orca interface.

Water within a sphere of 12 Å was included in the embedding potential, which was again

derived using the LoProp method.
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3.2 Quantum-Chemical Calculations

The geometry of nile red in vacuum was optimized with Orca30,31 at the ωB97X-D3BJ41,42/def2-

SVP level of theory. For all three environments of nile red (vacuum, water, BLG), the three

lowest singlet excitation energies were computed using a) TDA43,44 with the CAM-B3LYP

functional39 in PySCF (version 1.6.2),45 b) EOM-CC246,47 in Psi4 (developer version 1.4),48

and c) ADC(2)49 in Q-Chem (version 5.2).50 All calculations were carried out with the 6-

31G(d) basis set. For EOM-CC2 and ADC(2), the core orbitals were kept frozen. The

inclusion of PE was performed as explained in the main text: For a), PE linear response was

included self-consistently, whereas for b) and c), perturbative corrections to the excitation

energies were employed. In the EOM-CC case, only perturbative state-specific (ptSS) cor-

rections were added. For PE-ADC,51 both ptSS and linear-response (ptLR) corrections were

employed. The resulting stick spectra were convoluted with Lorentzian functions employing

full width at half maximum of 0.44 eV.
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4 Results for S2 and S3 States of Nile Red

Table S3: Summary of the second singlet excited state of nile red (S0 → S2) with all employed
methods and environments.

Eexc[eV]a fb ptLR [eV] ptSS [eV] Eshift [eV]
Environment Method
vac. ADC(2) 3.189 0.000 – – –

EOM-CC2 3.384 0.000 – – –
TDA 3.574 0.000 – – –

water ADC(2) 2.949 0.037 −0.003 −0.069 −0.24
EOM-CC2 3.110 0.024 – −0.093 −0.274
TDA 3.456 0.047 – – −0.118

BLG ADC(2) 2.969 0.003 −0.002 −0.121 −0.22
EOM-CC2 3.097 0.000 – −0.151 −0.287
TDA 3.471 0.003 – – −0.103

a For ADC(2) and EOM-CC2, the perturbative corrections are added to the excitation energy.
b Oscillator strength.

Table S4: Summary of the third singlet excited state of nile red (S0 → S3) with all employed
methods and environments.

Eexc[eV]a fb ptLR [eV] ptSS [eV] Eshift [eV]
Environment Method
vac. ADC(2) 3.724 0.009 – – –

EOM-CC2 3.767 0.009 – – –
TDA 4.058 0.018 – – –

water ADC(2) 3.656 0.003 −0.004 −0.015 −0.068
EOM-CC2 3.697 0.002 – −0.013 −0.07
TDA 3.854 0.025 – – −0.204

BLG ADC(2) 3.246 0.092 −0.01 −0.066 −0.478
EOM-CC2 3.296 0.170 – −0.062 −0.471
TDA 3.530 0.223 – – −0.528

a For ADC(2) and EOM-CC2, the perturbative corrections are added to the excitation energy.
b Oscillator strength.
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