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1. Preparation of dinucleotides 

The dinucleotides 1X were prepared on a DNA synthesizer using standard phosphoramidite 

chemistry. The synthesis of the phosphoramidite as DNA building block of 1 was described 

recently.24 Reagents and controlled pore glass (CPG) (1 µmol) were purchased and used 

without further purification. Dinucleotide synthesis was performed using standard coupling 

conditions. The concentration of the artificial building block was increased to 0.1 M (MeCN). 

After preparation, the oligonucleotides were cleaved from the resin and deprotected by 

treatment with conc. NH4OH at 50 °C for 24 h. The oligonucleotides were purified by semi-

preparative HPLC column (RP-18), using the following gradient, 0-15 % B over 50 min for 

oligomers (A: 50 mM NH4OAc-buffer, B: acetonitrile), and identified by MS (ESI). 

 
 
Table SI-1 Summary of mass spectrometry analysis and extinction coefficient of  

  dinucleotides 1X. 

Dinucleotide 
calc. mass 

[g/mol] 

exp. mass 

[g/mol] 

ε260 nm 

[mM-1 cm-1] 

1A 611.2 612.0 [M+H]+ 34.4 

1T 602.2 603.1 [M+H]+ 28.4 

1G 627.2 628.1 [M+H]+ 31.0 

1C 587.2 588.0 [M+H]+ 27.1 

 

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics
This journal is © The Owner Societies 2013



 - 3 -     

 

 
Figure SI-1  Image of analytical HPLC run of 1A including the gradient on top. 

 
 

 
 
Figure SI-2 Image of ESI mass spectrum of 1A. 
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Figure SI-3  Image of analytical HPLC run of 1T including the gradient on top. 
 
 
 

 
 
Figure SI-4 Image of ESI mass spectrum of 1T. 
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Figure SI-5  Image of analytical HPLC run of 1G including the gradient on top. 
 
 
 

 
 

Figure SI-6 Image of ESI mass spectrum of 1G. 
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Figure SI-7  Image of analytical HPLC run of 1C including the gradient on top. 

 

 

.  

Figure SI-8 Image of ESI mass spectrum of 1C. 
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2. Transient spectroscopic methods and raw data 

The femtosecond broadband pump-probe setup has been described in detail.43 Briefly, a 

Ti:sapphire amplifier system (CPA 2001, Clark-MXR) with a repetition rate of 1 kHz was 

used to pump a noncollinear optical parametric amplifier (NOPA) which provides pulses with 

a center wavelength of 710 nm. After compression and frequency doubling in a BBO-crystal 

(1 mm thickness) we achieved pump pulses with a center wavelength of 355 nm and a pulse 

length of 70 fs. The beam with a pulse energy of 600 nJ was focused to a spot size of 100 µm 

FWHM in a 1 mm cuvette containing 100-200 nmol of the sample diluted in 100-150 µL of 

solvent of spectroscopic grade. The optical density at the excitation wavelength was below 

0.05. A supercontinuum (290-750 nm) was generated and used as probe by focusing another 

part of the Ti:sapphire laser into a rotating CaF2 (4 mm thickness) disk. The polarizations of 

the pump and probe pulses were set to the magic angle (54.7°). A computer controlled delay 

line was used to set pump-probe delays up to 2 ns. After the interaction in the sample, the 

probe light was dispersed with a fused silica prism and detected with a 524 pixel CCD. The 

chirp of the white light was corrected for prior to data analysis, and the resulting temporal 

resolution was better than 100 fs. To obtain reliable kinetics from the TA data in view of the 

limited signal to noise ratio due to the limited amount of sample we used a global data 

analysis based on the formalism developed by Fita et. al.54 It extracts decay associated 

difference spectra (DADS) from the transient data43. Before applying the global fit routine to 

our TA data, the wavelength scale was rescaled to a scale linear in ΔE to avoid the 

enhancement of the weight of the long-wave components. The points of time showing effects 

of temporal pump-probe overlap were clipped. The global fit analysis provides a global set of 

time constants σ i and the corresponding DADS Ai(λ). 

 ( ) ( )ii i
tOD , t A exp ⎛ ⎞−Δ λ = λ ⋅ ⎜ ⎟τ⎝ ⎠

∑  (5) 

Further data processing is based on a sequential rate model, shown in equation 6. We assume 

that the rate kisc of ISC is fast in comparison to the remaining S1 deactivation processes. 

 ISCS1 S1
ISC TT1 T1

k 0n n
k kn n
−⎛ ⎞⎛ ⎞ ⎛ ⎞

= ⋅⎜ ⎟⎜ ⎟ ⎜ ⎟+ −⎝ ⎠ ⎝ ⎠⎝ ⎠

&
&

 (6) 

By solving the differential equation system 6 we obtain solutions for n(t), which are linear 

combinations of exp(-t/τi). By inserting n(t) into equation 7, the species associated difference 
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spectra σ i (λ) can be extracted from the DADS. 

 ( ) ( ) ( ) ( ) ( )S1 S1 T1 T1OD , t n t n tΔ λ = ⋅ σ λ + ⋅ σ λ  (7) 

Instead of analyzing the temporal behavior just for one selected wavelength we also analyzed 

the temporal behavior of the integrated transient absorption signal of a selected wavelength 

region. This enhances the signal to noise ratio and minimizes the influence of spectral 

diffusion caused for instance by solvation or vibrational cooling. Within the selected 

wavelength region we added the transient signal of the selected data points in spectral 

direction for every point of the time scale. Then we used a standard fit routine to describe the 

temporal behavior of the integrated transient absorption by a sum of exponential functions. 
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Figure SI-9 Transient absorption of BP in MeOH 

 

Figure SI-10 Transient absorption of 1 in MeOH 
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Figure SI-11 Transient absorption of 1A in MeOH 

 

Figure SI-12 Transient absorption of 1G in MeOH 
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Figure SI-13 Transient absorption of 1C in MeOH 

 

 

Figure SI-14 Transient absorption of 1C in H2O 
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Figure SI-15 Transient absorption of 1G in H2O 
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3. Modelling of the ET dynamics with Marcus Theory 

We apply Marcus theory to discuss the dependence of the ET rate on the standard oxidation 

potential E0 of the nucleobase. In Marcus theory the ET rate kET depends on the change in 

Gibbs free energy ΔG0 according to 

 
( )20

2
ET AB

BB

G2 1 1k H exp
k T 42 k T

⎛ ⎞λ + Δπ ⎜ ⎟
= ⋅⎜ ⎟λπλ ⎜ ⎟

⎝ ⎠
h

 (SI-2) 

Formally we can fit the two unknown parameters HAB and λ to the four measured values of 
1kET. We therefore fitted HAB for selected values of λ in a meaningful range from 40 to 80 

kJ/mol. Since the observed rate represents an average of the electron transfer dynamics in an 

ensemble of conformations of the dinucleotide, the effective value of HAB obtained in the fit 

cannot yet be directly interpreted as electronic coupling matrix element. The resulting 

functional dependence is displayed in Fig. SI-16 a). For each curve an effective value of HAB 

is associated to the chosen λ. A close inspection shows that only λ values around 62 kJ/mol 

allow a good reproduction of the experimental observations. The resulting fit values are 

λ = 62 kJ/mol (0.64 eV) and HAB = 1.49 meV (12 cm-1). 
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Figure SI-16 a) Logarithm of 1kET with fit curves according to eq. versus the change of free 

energy ΔG0 in MeOH. b) Benzophenone triplet yield in MeOH determined by 

TA spectroscopy (dots) and calculated yield using eq. 3 (lines). 
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We also applied the Marcus equation for an evaluation of the dependence of 1kET on ΔG0 in 

H2O. The reorganization energy of λ = 67 kJ/mol (0.70eV) is close to the value found for 

MeOH while the fitted electronic coupling strength is HAB = 2.64 meV (21 cm-1). Again, the 

parameter HAB is just an effective value and will be later discussed in connection with the 

distribution of donor acceptor distances. 

 

Figure SI-17 Logarithm of 1kET in H2O with fit curve according to eq. 1 with parameters λ = 

67 kJ/mol (0.70 eV) and HAB = 2.64 meV (21 cm-1) vs. change of free energy 

ΔG0.  
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4. Computational Work 
 
The original dinucleotide system was neutralized with a additional H atom at the PO4

- group 

for all QM calculations, for the MD simulation (so no cation was necessary to balance the 

total system to a charge of zero) and for the QM/MM calculations. 

The CC2 calculations for the non-dissolved molecule were performed with standard auxiliary 

basis sets57 and Density Fitting approximation58. Excited state properties were calculated 

using TD-DFT (B3LYP functional32,33), and TD-CC230,34-36 linear response. 

The classical molecular mechanics (MM) simulations, carried out to generate adequate 

starting structures for subsequent QM/MM optimizations in different solvent environments, 

utilize the Amber force field59. Appropriate force field parameters for 1G and 1T were 

created on the basis of the GAFF parameters60 and types (see Fig. SI-23 and SI-24, Tab. SI-3, 

SI-4 and Tab. SI-5), which were assigned with Amber tools. Moreover, the types and 

parameters of the phosphate group had to be modified for the case of an uncharged molecule. 

The charges were obtained from a restrained electrostatic potential (RESP) fit on top of a HF 

gas phase calculation in the 6-31G* basis61 at the folded gas phase geometry. The parameters 

for the two solvents investigated in this work, i.e. water and methanol, are available in the 

Amber force field. For solvation of the unfolded and the folded geometries, rectangular boxes 

of size 54x48x48 Å3 and 54x58x55 Å3, were used. This resulted in 3146 and 4583 TIP3P 

water molecules and 2009 and 1408 MeOH molecules, respectively. The initial solvated gas 

phase geometries were first minimized at the level of the force field. Afterwards, the resulting 

1G geometries were restrained with a weak restraint (10 kcal/mol), and a 20 ps constant 

volume MD simulation was carried out, increasing the temperature from 20 to 300 K. 

Thereafter a unrestrained constant pressure MD for 100 ps was performed to equilibrate the 

system. This was followed by a 10 ns MD production run at constant pressure (1 atm) and 

temperature (300 K). From this production run individual geometries were then selected for a 

subsequent QM/MM treatment. The QM region only comprises the benzophenone (BP) and 

the guanidine (G) subunits, the linking part of the molecule (like sugar and phosphate groups) 

is treated at the MM level (cf. discussion in section “Theoretical elucidation of conformations 

and molecular dynamics in water and methanol”). The QM part is schematically depicted in 

Figure SI-18. During the QM/MM geometry optimizations all atoms (including the whole set 

of solvent molecules) were fully relaxed. 
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Figure SI-18 Molecular structure of the 1G dinucleotide (a) and 1T dinucleotide (b). The 

benzophenone (BP) is highlighted in light blue and the guanidine (G) and 

thymine (T) in light red. These parts of 1G were also used as QM-region if 

QM/MM scheme was used. 

For the QM/MM calculations the ChemShell interface62 together with TURBOMOLE63 (to 

calculate energies and gradients of the QM part) was employed. For the MM part the DL-

POLY molecular dynamics module64 of ChemShell was used.  

The DL-FIND65 optimizer, also integrated into ChemShell, was driving the QM/MM 

geometry optimisations. The electrostatic interaction of the MM with the QM part was 

described by including all MM point charges in the one electron part of the QM Hamiltonian. 

For the separation of the MM from the QM part the link atom approach66 and the charge shift 

scheme were employed. 

For the QM/MM study all individual MD snapshots were first minimized in the electronic 

ground state using B3LYP-D/def-SVP (DFT, B3LYP functional with dispersion correction, 

def-SVP AO basis). At the resulting geometries excitation energies and first-order properties 

(dipole moments, density differences) were calculated with the TD-CC2/aug-cc-pVDZ 

method (TD-CC2 response in the aug-cc-pVDZ AO basis). Next, the geometry of the S1 state 

was optimized. The calculations on the isolated molecule indicate that for folded geometries a 

low-lying CT state might be present. In fact, TD-DFT with the B3LYP functional artificially 

places this CT state always below all other excited states. In order to avoid contamination of 

the S1 state by the artificially low-lying CT state another hybrid functional with a larger 
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fraction of nonlocal exchange than B3LYP, the BHLYP functional67 was employed instead 

for the geometry optimizations on the S1 and CT state surface. This leads to a better 

separation of the S1 (nπ*) and CT states (for the B3LYP functional the CT state is always the 

lowest and spoils the (nπ*) state by admixing, such that a proper geometry optimization of the 

(nπ*) state is not possible). 

These calculations were performed in the def-SVP AO basis. At the optimized S1 state 

geometries again excitation energies and first-order properties were calculated with TD-

CC2/aug-cc-pVDZ. Finally, also geometry optimizations on the surface of the CT state were 

carried out (TD-DFT, BHLYP/def-SVP), when present, with subsequent excitation energy 

and first-order property calculations using TD-CC2/aug-cc-pVDZ.  

 
Figure SI-19 Optimized structures of 1T in the gas phase. The five- and six-membered rings 

are colored in red/green and blue for better recognition. Also the distance 

d(C6-O39). (a) unfolded structure computed with DFT/BP in the def-SVP 

basis. d(C6-O39)=15.59 Å and d(C6-C3/)=16.09 Å (b) folded structure 

computed with CC2/def-SVP; d(C6-O39)=6.92 Å and d(C6-C37)=6.10 Å 
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Figure SI-20 Electron density difference plots for the first three excited states of the folded 

geometry of 1T, calculated with TD-CC2 in def-SVP basis. Isosurfaces are 

plotted for ±0.004 a.u., red refers to a decrease, green to an increase in the 

density upon excitation. (a) S1: (nπ*) state; | Δµ |=1.31 D (b) S2: (ππ*) type 

state; | Δµ |=1.15 D (c) S3: (ππ*) type state; | Δµ |=1.92 D 
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Table SI-2 Results for excitation energies of the folded and unfolded 1G molecule at the 
optimized ground state for comparison; TD-B3LYP/def-SVP, TD-CC2/def-SVP and TD-
CC2/aug-cc-pVDZ; 
 

method 

 
folded geometry 

 
unfolded geometry 

 singlet triplet  singlet triplet 

type state ω 
[eV] state ω 

[eV] type state ω 
[eV] state ω 

[eV] 

TD-B3LYP 

(nπ*) S1 3.36 T1 2.92 (nπ*) S1 3.50 T1 2.85 

CT S2 3.54 T2 3.23 CT S2 3.56 T2 3.29 

(ππ*) S3 4.42 T3 3.28 (ππ*) S3 4.45 T3 3.37 

TD-CC2 (nπ*) S1 3.74 T1 3.37 (nπ*) S1 3.82 T1 3.31 

def-SVP CT S2 4.59 T2 3.88 (ππ*) S2 4.88 T2 3.92 

	  	   (ππ*) S3 4.78 T3 4.00 (ππ*) S3 4.96 T3 4.00 

TD-CC2 (nπ*) S1 3.63 T1 3.30 (nπ*) S1 3.63 T1 3.27 

a-VDZ CT S2 4.33 T2 3.83 (ππ*) S2 4.69 T2 3.87 

	  	   (ππ*) S3 4.66 T3 3.93 (ππ*) S3 4.78 T3 3.96 
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Figure SI-21 Relevant molecular orbitals (HF/def-SVP) involved in the TD-CC2 excitations 

of folded (a) and unfolded (b) 1G calculated at the ground state geometry. 

Negative and positive values are depicted in red and green (isovalue 0.04); 

percentage specifies the weight in the singles vector. 

 

 
Figure SI-22 Relevant molecular orbitals (HF/def-SVP) involved in the TD-CC2 excitations 

of folded (a) and unfolded (b) 1T calculated at the ground state geometry. 

Negative and positive values are depicted in red and green (isovalue 0.04); 

percentage specifies the weight in the singles vector. 
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Figure SI-23 Atom names and numbers for 1G. 
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Figure SI-24 Atom names and numbers for 1T. 
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Table SI-3 Types and charges for 1G applied in the AMBER force field (see also Figure 
SI 17). 
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Table SI-4 Types and charges for 1G applied in the AMBER force field (see also Figure 
SI-?). 
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Table SI-5 Modifications applied to the standard GAFF parameter of AMBER force field. 
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Figure SI-25 Trajectories of MD run; (a) shows 1G in methanol environment and (b) 1G in 

water; the distances d(C6-C37) and d(C6-O39) in Å are plotted against the simulation time in 

ns. The grey area is the region, in which the molecule is unfolded. The cycles depict the 

chosen snapshot (a) MD of 1G MeOH, unfolded (0.2 ns; b1GMeOH) starting geometry (b) MD 

of 1G water, folded (2.4 ns; b1GH2O) starting geometry 
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Figure SI-26 Trajectories of MD run; (a) shows 1T in methanol environment and folded 

starting structure and (b) 1T in water and unfolded starting structure; the 

distances and d(C6-O39) in Å are plotted against the simulation time in ns. The 

grey area is the region, in which the molecule is unfolded.  
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Figure SI-27 Trajectories of MD run; (a) shows 1T in methanol environment and unfolded 

starting structure and (b) 1T in water and folded starting structure; the 

distances and d(C6-O39) in Å are plotted against the simulation time in ns. The 

grey area is the region, in which the molecule is unfolded.  
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The trajectories of the MD simulation of 1T in methanol (starting from the folded geometry), 

and of the MD simulation of 1T in water (starting from the unfolded geometry), are displayed 

in Figure SI-22(a) and Figure SI-22(b). The trajectories of the converse starting geometries 

are displayed in Figure SI-23(a) and Figure SI-23(b), respectively. The degree of folding is 

measured by the distances d(C6-O39) (cf. Figure SI-16(b)), which reflect the spatial 

separation of the BP and T subunits. For the isolated molecule these distances amount to 

about 5 Å for the folded, and 14 Å for the unfolded form (see Figure SI-17). As for the MD 

simulations for 1G we consider geometries with distances above 10 Å as unfolded (grey 

shaded area), and geometries with distances below 10 Å as folded forms. Compared to the 

MD simulations of 1G, the 1T dinucleotide in water is much more flexible. One can see, that 

the π-stacking between the BP and T is not that pronounced, compared to 1G. This is not that 

surprising due to the fact, that the purines are much more hydrophobic than the pyrimidines. 

In the less polar methanol solvent, BP and T undergo almost no π-stacking and can mostly be 

found as unfolded molecules during the simulation time.  
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Table SI-6 TD-BHLYP QM/MM singlet excitation energies at the respective minima, 
calculated in def-SVP basis. 
 

structure state 

FC-point 

(optimised with B3LYP-D/def-
SVP) 

type       ω/eV   ω/nm 

(nπ*) state 

(optimised with BHLYP/def-
SVP) 

type       ω/eV   ω/nm 

CT state 

(optimised with BHLYP/def-
SVP)) 

type       ω/eV   ω/nm 

a1GH2O 

S1 (nπ*) 4.25 291 (nπ*) 3.45 359 CT 2.58 4.81 

S2 CT 4.87 254 CT 4.63 268 (nπ*) 3.85 3.22 

S3 (ππ*) 5.00 247 (ππ*) 4.91 253 (ππ*) 4.66 266 

b1GH2O 

S1 (nπ*) 4.21 295 (nπ*) 3.61 343 CT 2.32 534 

S2 CT 4.75 261 CT 4.62 267 (nπ*) 3.48 323 

S3 (ππ*) 4.94 251 (ππ*) 4.82 257 (ππ*) 4.28 290 

a1GMeOH 

S1 (nπ*) 4.13 300 (nπ*) 3.58 346 

not available S2 (ππ*) 5.05 245 (ππ*) 4.49 249 

S3 (ππ*) 5.23 237 (ππ*) 5.00 248 

b1GMeOH 

S1 (nπ*) 4.21 295 (nπ*) 3.62 342 

not available S2 (ππ*) 4.94 251 (ππ*) 4.74 261 

S3 (ππ*) 5.07 244 (ππ*) 4.83 257 

c1GMeOH 

S1 (nπ*) 4.35 285 

not available 

CT 2.14 580 

S2 CT 4.37 284 (nπ*) 3.92 316 

S3 (ππ*) 4.98 249 (ππ*) 4.13 300 
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Figure SI-28 Geometries of the chosen snapshots at the B3LYP-D/def-SVP optimized 

ground state with corresponding distances d(C7-O29) and d(C7-C37); only 

QM-region is shown. 

c1GMeOH 

b1GMeOH a1GMeOH 

a1GH2O b1GH2O 
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Table SI-7 TD-CC2 QM/MM singlet and triplet excitation energies at the respective FC 
minima for comparison, calculated in def-SVP basis. 
 

structure type state E 
[eV] 

state E 
[eV] 

a1GH2O 

(nπ*) S1 4.25 T1 3.61 

(ππ*) S2 4.87 T2 3.91 

(ππ*) S3 5.00 T3 4.14 

b1GH2O 

(nπ*) S1 4.21 T1 3.53 

(ππ*) S2 4.75 T2 3.92 

(ππ*) S3 4.94 T3 4.07 

a1GMeOH 

(nπ*) S1 3.78 T1 3.50 

(ππ*) S2 4.70 T2 3.98 

(ππ*) S3 4.82 T3 4.10 

b1GMeOH 

(nπ*) S1 3.84 T1 3.56 

(ππ*) S2 4.58 T2 3.92 

(ππ*) S3 4.65 T3 4.12 

c1GMeOH 

(nπ*) S1 3.96 T1 3.66 

CT S2 4.28 T2 3.99 

(ππ*) S3 4.61 T3 4.00 
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Figure SI-30 Electron density difference plots for the first three excited singlet states of 
a1GMeOH, (left side) and c1GMeOH  (right side) calculated with TD-CC2 in the 

aug-cc-pVDZ basis in the QM/MM framework, at the TD-DFT/B3LYP-D FC 

point. Isosurfaces are plotted for ±0.005 a.u., red refers to a decrease, green to 

an increase in the density upon excitation; only QM-region is shown.  

(a) S1: (nπ*) state; | Δµ | = 1.45 D  (b) S2: (ππ*) state; | Δµ | = 2.94 D 

(c) S3: (ππ*) state; | Δµ | = 3.36 D  (d) S1: (nπ*) state; | Δµ | = 1.31 D 

(e) S2: CT state; | Δµ | = 12.44 D  (f) S3: (ππ*) state; | Δµ | = 1.96 D 
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Table SI-8 Distances d(C7-O39) and d(C6-O39) in Å for all chosen snapshots at the  

  respective QM/MM optimized structures. 

 

structure optimized state d(C7-O39) in Å d(C6-O39) in Å 

a1GH2O 

FC-point (B3LYP-D/def-SVP) 3.22 5.34 

(nπ*)-sate (TD-BHLYP/def-SVP) 3.21 5.41 

CT-state (TD-BHLYP/def-SVP) 2.73 5.15 

b1GH2O 

FC-point (B3LYP-D/def-SVP) 3.39 6.03 

(nπ*)-sate (TD-BHLYP/def-SVP) 3.69 6.14 

CT-state (TD-BHLYP/def-SVP) 2.93 5.54 

a1GMeOH 

FC-point (B3LYP-D/def-SVP) 14.75 17.91 

(nπ*)-sate (TD-BHLYP/def-SVP) 14.77 17.86 

CT-state (TD-BHLYP/def-SVP) - - 

b1GMeOH 

FC-point (B3LYP-D/def-SVP) 15.74 15.29 

(nπ*)-sate (TD-BHLYP/def-SVP) 15.41 15.03 

CT-state (TD-BHLYP/def-SVP) - - 

c1GMeOH 

FC-point (B3LYP-D/def-SVP) 3.09 5.82 

(nπ*)-sate (TD-BHLYP/def-SVP) - - 

CT-state (TD-BHLYP/def-SVP) 2.85 5.75 
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