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S1 Computational procedure

S1.1 Creation of solvated systems

To include structural dynamical effects into the computational procedure, molecular

dynamics (MD) simulations were performed on all six systems (three harmines in

water and acetonitrile, respectively). The Maestro 9.31 graphical interface was uti-

lized to setup 6 orthorhombic boxes of solvents around solutes, with distances of 15

Å away from the solute molecule in all six directions. The TIP3P water model2 was

used for aqueous solutions. The acetonitrile solvent model was designed using Mae-

stro, following the procedure on the Schrödinger website. This procedure consisted

of creating an array of 1024 MeCN molecules and a subsequent 1 ns MD simulation

using the procedure described later. This resulted in a system with an equilibrated

and homogeneous density and temperature, that can be used to create the solvation

box around the chromophores.

In solution with pH = 4, the nitrogen atom next to the methyl group is proto-

nated, giving a net charge of +1. To neutralize the solute–solvent systems, one Cl−

ion was added to each simulation box. This procedure resulted in three boxes of

∼1700 water molecules around the three observed chromophores and three boxes of

∼600 acetonitrile molecules.

S1.2 Molecular dynamics simulations

The MD simulations of these six systems were performed using the Desmond molec-

ular simulations package3 with the OPLS20054 force field for the solutes and MeCN.
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We used general OPLS2005 parameters for the description of both the MeCN molecules

and the chlorinated harmines.

Prior to the main simulation, a number of steps was performed for system equi-

libration. The first step was two minimizations; one with restraints of the solute

molecules and one with no restraints. Thereafter two short simulations (12 ps) were

performed at the temperature of 10K, using the Berendsen thermostat,5 with con-

straints on the heavy atoms of the solute. The first simulation was performed within

the NVT canoncal ensemble with a small timestep (0.001 ps). The next simulation

was in the NPT canonical ensemble. Subsequently, two short simulation at temper-

ature of 300K were performed with the Berendsen themostat and within the NPT

ensemble. The first simulation lasted 12 ps and restraints were applied on heavy

solute atoms, whereas the second simulation lasted 24 ps and had no restraints.

Finally, the main production simulations were initiated. The duration of these

simulations was 2 ns, in the NPT canonical ensemble, at 300 K, using Nosé-Hoover

chain thermostat6,7 and isotropic Martyna-Tobias-Klein barostat.8 The cutoff ra-

dius for long-range Coulomb interactions was 9 Å with smooth particle mesh Ewald

scheme.9,10 Snapshots of the trajectories were taken every 20 ps, producing 100 snap-

shots per simulation.

S1.3 QM/MM optimization and calculation of embedding

potentials

The solute–solvent configurations used in the OPA and TPA property calculations

were generated by performing point-charge electrostatic embedding QM/MM ge-
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ometry optimizations of the solutes at the B3LYP11/cc-pVTZ12/OPLS20054 level

of theory using the program Qsite.13 The solvent molecules were kept fixed at the

positions derived from the MD simulation. The solvent embedding potentials (re-

ferred to as M2P2) that, in addition to permanent electric multipole moments up to

quadrupoles, consist of anisotropic electric dipole–dipole polarizabilities distributed

at the atomic centers were derived according to the localized properties (LoProp) ap-

proach14 implemented in the Molcas program,15,16 employing the B3LYP exchange–

correlation functional and the 6-31+G*17–19 basis set. The generation of the embed-

ding potentials was facilitated by the PE Assistant Script (PEAS).20 The basis set

was recontracted to an atomic natural orbital type basis as required for the LoProp

approach.

S1.4 PE calculations and data analysis

The M2P2 embedding potentials were used in the PE-TDDFT21,22 and PERI-CC223

property calculations of the solute–solvent systems. PE-TDDFT calculations were

performed for 100 snapshots and PERI-CC2 calculations only for the first 50 snap-

shots, due to the higher computational cost of the PERI-CC2 calculations. All the

calculations were performed with the approximation of electric-dipolar coupling be-

tween initial and final states.

The result of these calculations is a set of OPA excitation energies (ω), oscillator

strengths (f) and two-photon transition strengths (δTPA). Their time fluctuations

from the above described procedure are graphically depicted in figure S1.

Posterior data analysis included convolution of spectra using a line-shape func-
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Table S1: Pearson’s correlation coefficients (r) of oscillator strengths (f) and two-
photon transition probabilities (δTPA) with their respective excitation energies (ω)
for the first and second excited state in solutions. The computational method is
PE-TDDFT.

molecule solvent r (f1, ω1) r (f2, ω2) r
(
δTPA
1 , ω1

)
r
(
δTPA
2 , ω2

)
6-Cl-Ha

MeCN −0.21 −0.52 −0.41 −0.78
H2O 0.04 −0.67 −0.29 −0.80

8-Cl-Ha
MeCN 0.30 −0.56 −0.32 −0.90
H2O 0.40 −0.76 −0.12 −0.94

6,8-diCl-Ha
MeCN 0.43 −0.48 −0.18 −0.88
H2O 0.57 −0.70 −0.55 −0.90

tion. The oscillator strengths from OPA calculations were convoluted using a Lorentzian-

shape function of frequency of the form:

I (ω) =
1

π

∑
i

1
2
FWHM

(ω − ωi)
2 +

(
1
2
FWHM

)2fi, (S1)

where index i runs over all excited states and ωi and fi are the associated excitation

energies and oscillator strengths, respectively. FWHM denotes full-width-at-half-

maximum and is set to 0.35 eV . In order to obtain a spectrum in the scale of

molar extinction coefficients, comparable with the experimental spectrum, the final

spectrum was calculated using the following formula that describes the dependence

of the molar extinction coefficient on the frequency24

ε (ω) =
NAe

2

4mec2ε0 ln 10
I (ω) (S2)

where NA is the Avogadro’s number, e is the elementary charge, me is the mass of
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electron and c the speed of light.

The TPA spectra were simulated by means of convolution of the TPA probabilities

into a Lorentzian function of frequency of the form

I (2ω) =
1

π

∑
i

1
2
FWHM

(2ω − ωi)
2 +

(
1
2
FWHM

)2 δTPA
i , (S3)

and the final TPA cross section is calculated as

σTPA (ω) =
4π3αa5

0ω
2

c
I (2ω) . (S4)

The FWHM is set to 0.2 eV (converted to atomic units) for the two-photon spectra.

All the quantities in the Eqs. (S1) – (S4) are given in atomic units except the factor in

front of the lineshape function in Eq. (S4), which is given in cgs units. The expression

for conversion from cgs to Göppert-Mayer (GM) units for the latter equation is

1GM = 10−50cm4 · s · photon−1.

The dependence of the oscillator strengths and TPA transition probabilities on

the excitation energies throughout the set of 100 snapshots per solvated system

was evaluated using the Pearson’s correlation coefficient.25 The equation for the

correlation coefficient r between two variables x and y is

r(x, y) =

N∑
i=1

(xi − x̄) (yi − ȳ)√√√√ N∑
i=1

(xi − x̄)2

√√√√ N∑
i=1

(yi − ȳ)2

, (S5)

7



where xi and yi are elements of two data sets of the size N , and x̄ and ȳ are the

mean values of these two sets. r can have values between −1 and 1. A value of r = 1

means there is a perfect linear positive correlation, while r = −1 means negative

correlation between the sets x and y. Values near zero mean there is no correlation.

The coefficients are listed in Table S1.
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