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SI1 Excited state calculations
The low-lying excited states of the dimer shown in Fig. 1 of the main text have
been first investigated using TD-DFTS1 and wave function based methods. Specifi-
cally, three density functional approximations (global hybrid B3LYP,S2,S3 Coulomb-
attenuated range-separated CAM-B3LYP,S4 and long-range corrected ωB97X-DS5),
TD-HF,S6 ADC(2)S7 and CC2S8 have been employed. TD-DFT and TD-HF calcu-
lations have been performed with Gaussian 16,S9 ADC(2) and CC2 calculations with
TURBOMOLE V7.0.S10 The vertical excitation energies and corresponding oscillator
strengths are shown in Tab. S1.

Table S1: Excitation wavelengths (λ in nm), excitation energies (∆E in eV), and
oscillator strengths (f) for the first six electronic transitionsa

TD-
B3LYPb

TD-
CAM-B3LYPb

TD-
ωB97X-Db

TD-
HFb ADC(2)c CC2c

Transition λ ∆E f λ ∆E f λ ∆E f λ ∆E f λ ∆E f λ ∆E f
S0 → S1 524 2.37 0.23 462 2.69 0.36 454 2.73 0.39 430 2.88 0.58 431 2.88 0.43 429 2.89 0.36
S0 → S2 515 2.41 0.00 453 2.74 0.00 445 2.79 0.00 418 2.97 0.00 424 2.93 0.00 422 2.94 0.00
S0 → S3 513 2.42 0.00 341 3.64 0.00 338 3.67 0.00 315 3.94 0.00 347 3.57 0.00 347 3.57 0.00
S0 → S4 513 2.42 0.00 341 3.64 0.00 338 3.67 0.00 315 3.94 0.00 347 3.58 0.00 347 3.57 0.00
S0 → S5 363 3.42 0.00 323 3.84 0.00 299 4.15 0.00 276 4.49 0.00 335 3.70 0.00 339 3.66 0.00
S0 → S6 363 3.42 0.00 323 3.84 0.00 297 4.18 0.01 274 4.53 0.01 335 3.70 0.00 339 3.66 0.00

TD-DFTB TD-lc-DFTB TD-lc-DFTB
(100×100)d

TD-lc-DFTB
(90×90)d

TD-lc-DFTB
(80×80)d

TD-lc-DFTB
(70×70)d

Transition λ ∆E f λ ∆E f λ ∆E f λ ∆E f λ ∆E f λ ∆E f
S0 → S1 507 2.45 0.00 401 3.09 0.47 395 3.14 0.49 392 3.16 0.50 389 3.19 0.51 385 3.22 0.52
S0 → S2 507 2.45 0.00 391 3.17 0.00 383 3.24 0.00 381 3.26 0.00 377 3.29 0.00 373 3.33 0.00
S0 → S3 427 2.91 0.33 308 4.03 0.00 307 4.04 0.00 307 4.04 0.00 306 4.05 0.00 306 4.05 0.00
S0 → S4 419 2.96 0.00 306 4.05 0.25 306 4.06 0.24 305 4.06 0.24 305 4.06 0.23 305 4.07 0.23
S0 → S5 320 3.87 0.00 283 4.38 0.00 279 4.44 0.00 278 4.46 0.00 277 4.48 0.00 275 4.51 0.00
S0 → S6 320 3.87 0.00 280 4.42 0.00 276 4.48 0.00 275 4.51 0.00 274 4.53 0.00 272 4.56 0.00

TD-lc-DFTB
(60×60)d

TD-lc-DFTB
(50×50)d

TD-lc-DFTB
(40×40)d

TD-lc-DFTB
(30×30)d

TD-lc-DFTB
(20×20)d

TD-lc-DFTB
(10×10)d

Transition λ ∆E f λ ∆E f λ ∆E f λ ∆E f λ ∆E f λ ∆E f
S0 → S1 383 3.24 0.53 382 3.25 0.53 380 3.27 0.55 376 3.30 0.57 373 3.32 0.58 359 3.45 0.50
S0 → S2 370 3.35 0.00 369 3.36 0.00 366 3.39 0.00 361 3.43 0.00 358 3.47 0.00 349 3.56 0.00
S0 → S3 306 4.06 0.00 304 4.07 0.00 304 4.08 0.00 300 4.14 0.00 298 4.15 0.00 283 4.38 0.00
S0 → S4 304 4.07 0.22 303 4.09 0.22 303 4.09 0.21 299 4.15 0.21 298 4.17 0.21 282 4.40 0.24
S0 → S5 274 4.52 0.00 273 4.54 0.00 272 4.55 0.00 271 4.57 0.00 269 4.61 0.00 257 4.82 0.00
S0 → S6 271 4.58 0.00 270 4.60 0.00 269 4.61 0.00 268 4.63 0.00 266 4.67 0.00 254 4.88 0.00

aGeometry was optimized at the ωB97X-D/6-31G* level of theory.
bWith the def2-TZVP basis set.S11

cWith the cc-pVDZ basis set.S12

dThe size of active space (number of highest occupied orbitals × number of lowest virtual orbitals).

The S0 → S1 transition possesses a sizable oscillator strength, whereas the other
transitions have oscillator strengths close to zero. The excitation energy of the S0 → S1

transition increases in the order TD-B3LYP (2.37 eV) < TD-CAM-B3LYP (2.69 eV)
< TD-ωB97X-D (2.73 eV) < TD-HF (2.88 eV). The blue shift of excitation energies is
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expected when adding more exact exchange or introducing long-range correction into a
density functional approximation, and this is what we observe for the tetracene dimer
under study. The experimental absorption maximum for the toluene solution of the
tetracene dimer is located at ∼2.5 eV.S13 Comparing to this value, we obtain a blue shift
of ∼0.2 eV with the range-separated functionals (CAM-B3LYP and ωB97X-D) and a
red shift of ∼0.1 eV with B3LYP. We note that the experimental maximum corresponds
to the peak in vibrationally resolved absorption spectrum, whereas the computed ex-
citation energies correspond to a vertical excitation. The vertical excitation energy
is normally expected to be larger than the corresponding 0-0 energy. Moreover, the
solvent effects may also lead to a spectral shift, often a red shift. Therefore we con-
clude that the range-separated functionals perform better for the excitation energies of
the tetracene dimer than B3LYP. In addition, we calculated the absorption spectrum
with the ADC(2) and CC2 methods using the cc-pVDZ basis set. The S1 excitation
energy obtained with these methods is (almost) the same as the one calculated with
TD-HF/def2-TZVP. This accords with the corresponding results for the trimer, for
which this energy is equal to 2.90 eV.S14. We note, however, that the exciton splitting
between the S1 and S2 states is larger for TD-HF (∼0.1 eV) than for ADC(2) and CC2
as well as the range-separated functionals (∼0.05 eV).

The other, even more important issue is to correctly describe the nature of excited
states. It is well known that the density functional approximations with a rather
small fraction of exact exchange, e.g., B3LYP (20% of exact exchange), suffer from
the so-called charge transfer problem.S15–S18 Namely, such functionals usually produce
spurious low-lying charge transfer states or admix charge transfer into local excitations
in molecular aggregates, starting from a dimer.S19–S21 This problem comes out for our
B3LYP calculation shown in Tab. S1. In Tab. S1 we immediately note the low oscillator
strength of the S0 → S1 transition obtained with TD-B3LYP, as being compared to
the results of other methods. Further, inspection of transition density matrix and
natural transition orbitals for the S0 → S1 transition clearly indicates the admixture
of charge transfer into Frenkel exciton. Thus, to properly describe the nature of low-
lying excitonic states one should employ the range-separation strategy or add a larger
amount of exact exchange to a global hybrid functional.

We have then investigated how well the TD-lc-DFTB approach performs for the
tetracene dimer under consideration. The results of TD-lc-DFTB calculations are
shown in Tab. S1 and in Fig. S1. The TD-lc-DFTB S0 → S1 excitation energy is found
to be higher than 3 eV, and this energy increases with shrinking active orbital space.
At this point one may wonder why the TD-lc-DFTB energies are considerably blue-
shifted with respect to those for the tetracene trimer, reported in our earlier work.S14

Specifically, the TD-lc-DFTB S0 → S1 excitation energy of the tetracene trimer was
calculated to be 2.5 eV when using the full active space (180×180) and 2.76 eV with
the 30×30 active space (used for the surface hopping dynamics).S14 The reason for
this is a change of the confinement radius for carbon: ∼4.309 a0 is used here, whereas
∼2.657 a0 was used in ref. S14. We note that the experimental spectra of the dimer
and the trimer are found to be very similar.S13

When considering the full active space, the absorption spectrum of the dimer is
blue-shifted with respect to the spectrum calculated with the ωB97X-D functional by
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∼0.4 eV (see Tab. S1). However, the nature of the lowest excited states is correctly
captured with the TD-lc-DFTB method (see Fig. S2). For the dynamics, we use the
reduced active space composed of the highest 30 occupied and the lowest 30 virtual
orbitals (30×30), that allows one to speed up calculations and at the same time does
not lead to considerable deterioration of the excitation energies and oscillator strengths.
We also note that TD-DFTB without lc fails to yield correct excitonic states, suffering
from the CT problem. From Fig. S1 and Tab. S1 we also see that, when suitable
methods are employed, the S3 state is well separated, by more than 0.5 eV, from the
excitonic S1 and S2 states.

Figure S1: Excitation energies and oscillator strengths for the first six transition
computed with TD-lc-DFTB as a function of active space (indicated as number
of occupied orbitals × number of virtual orbitals). The results of the TD-
DFTB calculation without lc correction are also shown. “full” means that all occupied
(125 in total) and all virtual (125 in total) orbitals were used.
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Figure S2: Dominant natural transition orbital (NTO) pairs for the S0 → S1 and
S0 → S2 transitions, calculated on the TD-ωB97X-D/6-31G* and TD-lc-DFTB
(30×30) levels of theory, at the ωB97X-D/6-31G* ground-state optimized geometry.
Numbers are the contributions of NTO hole–electron pairs to a given transition.
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SI2 Thermally broadened absorption spectrum

Figure S3: Absorption spectrum calculated using TD-lc-DFTB (30×30). Sticks are
vertical absorption spectra for initial geometries (shown in the inset), and the black

curve is the broadened spectrum calculated as
∑

i fi exp

(
− 1

2σ2

(
1
λ
− 1

λi

)2)
with σ =

250 cm−1 and normalized to have maximum absorbance of 1 (here, λ is the wavelength,
λi and fi are computed excitation wavelengths and oscillator strengths, respectively, σ
is a broadening parameter).
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SI3 Additional analysis of dynamics

Figure S4: Time evolution of all CC bonds of the dimer, averaged over the whole
ensemble of trajectories. Many CC bond lengths show oscillations with a period of
∼20 fs, what agrees very well with oscillations of FTDMH(L).

Figure S5: Participation numbers averaged over the
swarm of trajectories. PN1=

(
FTDM2

LL + FTDM2
RR

)−1 and

PN2=

((
FTDMLL +

FTDMLR + FTDMRL

2

)2

+

(
FTDMRL + FTDMLR

2
+ FTDMRR

)2
)−1

.
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Figure S6: Distribution of trajectories over FTDM gap (calculated for 100 fs) for the
L and R fragments.

Figure S7: FTDM time evolutions for L and R fragments, for all trajectories (upper
panels) and for two selected trajectories (middle and lower panels). The solid lines
(lower panel) demonstrate the exciton transfer from L to R, whereas the dashed lines
(middle panel) correspond to the exciton trapping (within 100 fs) on L.
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SI4 Vibrationally-resolved S0 → S1 spectrum of tetracene
monomer

Figure S8: Vibrationally-resolved spectrum in the Franck–Condon approximation for
the S0 → S1 transition of the tetracene monomer computed on the (TD-)ωB97X-D/6-
31G* level of theory.
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SI5 Quantum description of the two-state model
The total molecular wave function in the diabatic representation is:

Ψ(r,Q, t) = Xd
1(Q, t)Φd

1(r) + Xd
2(Q, t)Φd

2(r) (S1)

and in the adiabatic representation:

Ψ(r,Q, t) = Xa
1(Q, t)Φa

1(r;Q) + Xa
2(Q, t)Φa

2(r;Q) (S2)

Here, r denotes electronic DoFs, Q vibrational DoFs, and t is time.
The adiabatic electronic states Φa are obtained from the diabatic ones Φd using the

diabatic-to-adiabatic transformation (DAT) matrix as follows:S22(
Φa

1(r;Q)
Φa

2(r;Q)

)
=

(
− sin (α(Q)) cos (α(Q))
cos (α(Q)) sin (α(Q))

)(
Φd

1(r)
Φd

2(r)

)
(S3)

We note that this form of the DAT matrix (with − sin (α(Q)) in the upper left corner)
ensures that the Φa

1(r;Q) is the lower adiabatic state (S1), whereas Φa
2(r;Q) is the

upper adiabatic state (S2), following the derivation of ref. S22. In (S3), the α(Q) is
the so-called mixing or rotational angle, defined as:S22

α(Q) =
1

2
arctan

(
2V12(Q)

V11(Q)− V22(Q)

)
(S4)
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SI6 Surface hopping results for the model system
In surface hopping, the time-dependent electronic wave function for trajectory i is
expanded in the adiabatic basis:

Φi
el(r, t;Qi(t)) = ca,i1 (t)Φa

1(r;Qi(t)) + ca,i2 (t)Φa
2(r;Qi(t)) (S5)

Applying the DAT (S3), one can rewrite this expansion in the diabatic basis:

Φi
el(r, t;Qi(t)) =

[
−ca,i1 (t) sin (α(Qi(t))) + ca,i2 (t) cos (α(Qi(t)))

]
Φd

1(r)

+
[
ca,i1 (t) cos (α(Qi(t))) + ca,i2 (t) sin (α(Qi(t)))

]
Φd

2(r)
(S6)

In the “wavevector” method, the adiabatic populations are given by:

P a
1 (t) =

1

N

N∑
i=1

∣∣ca,i1 (t)
∣∣2 (S7a)

P a
2 (t) =

1

N

N∑
i=1

∣∣ca,i2 (t)
∣∣2 (S7b)

and the diabatic populations read:

P d
1 (t) =

1

N

N∑
i=1

∣∣−ca,i1 (t) sin (α(Qi(t))) + ca,i2 (t) cos (α(Qi(t)))
∣∣2 (S8a)

P d
2 (t) =

1

N

N∑
i=1

∣∣ca,i1 (t) cos (α(Qi(t))) + ca,i2 (t) sin (α(Qi(t)))
∣∣2 (S8b)

Here, N is the total number of trajectories.
In the “surfaces” method, the adiabatic populations are given by:

P a
1 (t) =

Na
1 (t)

N
(S9a)

P a
2 (t) =

Na
2 (t)

N
(S9b)

Here, Na
1 (t) (Na

2 (t)) is the number of trajectories running on adiabatic surface 1 (2) at
time t. The diabatic populations, in turn, are calculated as:

P d
1 (t) =

1

N

N∑
i=1

[
ud
1(λ

i(t))
]2 (S10a)

P d
2 (t) =

1

N

N∑
i=1

[
ud
2(λ

i(t))
]2 (S10b)

Here,

ud
1(λ

i(t)) =

{
− sin (α(Qi(t))) if λi(t) = 1

cos (α(Qi(t))) if λi(t) = 2
(S11a)

ud
2(λ

i(t)) =

{
cos (α(Qi(t))) if λi(t) = 1

sin (α(Qi(t))) if λi(t) = 2
(S11b)

S11



and λi(t) is the current adiabatic surface of trajectory i.
Further, for each trajectory i at time t we define the highest (H) fragment with the

diabatic probability pd,iH as

pd,iH (t) = max
([

ud
1(λ

i(t))
]2
,
[
ud
2(λ

i(t))
]2) (S12)

in the case of the “surfaces” method and

pd,iH (t) = max
(∣∣−ca,i1 (t) sin (α(Qi(t))) + ca,i2 (t) cos (α(Qi(t)))

∣∣2 ,∣∣ca,i1 (t) cos (α(Qi(t))) + ca,i2 (t) sin (α(Qi(t)))
∣∣2) (S13)

in the case of the “wavevector” method. Finally, we average the diabatic probabilities
of the highest fragment over the swarm of trajectories to obtain the diabatic population
of the highest fragment:

P d
H(t) =

1

N

N∑
i=1

pd,iH (t) (S14)

Besides “surfaces” and “wavevector” methods, the diabatic populations can (and
should) be computed using a method that uses a nuclear-electronic density matrix, as
proposed by the group of Subotnik.S23 We will term this method “mixed” (see Method
3 in ref. S23). Using eq. (11) of ref. S23, we obtain:

P d
1 (t) =

1

N

N∑
i=1

(
[− sin (α(Qi(t)))]

2 δ1,λi(t) + [cos (α(Qi(t)))]
2 δ2,λi(t)

− sin (α(Qi(t))) cos (α(Qi(t))) 2ℜ
(
ca,i1 (t)ca,i∗2 (t)

) ) (S15a)

P d
2 (t) =

1

N

N∑
i=1

(
[cos (α(Qi(t)))]

2 δ1,λi(t) + [sin (α(Qi(t)))]
2 δ2,λi(t)

+cos (α(Qi(t))) sin (α(Qi(t))) 2ℜ
(
ca,i1 (t)ca,i∗2 (t)

) ) (S15b)

Here, δ is the Kronecker delta.
Again, one can define the H fragment by:

pd,iH (t) = max

{(
[− sin (α(Qi(t)))]

2 δ1,λi(t) + [cos (α(Qi(t)))]
2 δ2,λi(t)

− sin (α(Qi(t))) cos (α(Qi(t))) 2ℜ
(
ca,i1 (t)ca,i∗2 (t)

) )
,(

[cos (α(Qi(t)))]
2 δ1,λi(t) + [sin (α(Qi(t)))]

2 δ2,λi(t)

+cos (α(Qi(t))) sin (α(Qi(t))) 2ℜ
(
ca,i1 (t)ca,i∗2 (t)

) )}
(S16)

and average over the swarm of trajectories using eq. (S14).
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Figure S9: Surface hopping calculations without decoherence correction for the model
system. Shown are the results for the J- and H-aggregates with weak and strong
diabatic coupling.

S13



Figure S10: Comparison of “surfaces”, “wavevector”, and “mixed” diabatic populations.
The surface hopping calculations were done without decoherence correction.

Figure S11: Comparison of “surfaces”, “wavevector”, and “mixed” diabatic populations.
The surface hopping calculations were done with decoherence correction.
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SI7 Lowest vibronic state
To have a measure of a relaxed state, we obtained the lowest vibronic (lv) state of
the weakly coupled J-aggregate by numerical diagonalization of Hamiltonian (eq. (4)
of the main text) using the discrete variable representation (DVR) of Colbert and
Miller.S24 The used grid for the DVR comprised 10000 points (100 points between
−0.3 and 0.5 in the Q1 direction and the same in the Q2 direction). The lv state
is Ψlv(r,Q) = X

d,(lv)
1 (Q)Φd

1(r) + X
d,(lv)
2 (Q)Φd

2(r). The diabatic nuclear wave functions
X

d,(lv)
1 (Q) and X

d,(lv)
2 (Q) as well the nuclear probability density

∫ ∣∣Ψlv(r,Q)
∣∣2 dr =∣∣∣Xd,(lv)

1 (Q)
∣∣∣2 + ∣∣∣Xd,(lv)

2 (Q)
∣∣∣2 are shown in Fig. S12.

Figure S12: (a) Diabatic nuclear wave functions of the lowest vibronic (lv) state of the
weakly coupled J-aggregate. X

d,(lv)
1 (Q) is shown in blue, X

d,(lv)
2 (Q) is shown in red.

(b) The heat map shows nuclear probability density
∣∣∣Xd,(lv)

1 (Q)
∣∣∣2 + ∣∣∣Xd,(lv)

2 (Q)
∣∣∣2 of the

lowest vibronic state; the white contours show the lower adiabatic potential energy
surface (PES), and the red contours show the upper adiabatic PES.
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SI8 Dynamics starting from a localized state

Figure S13: Quantum dynamics results for the weakly coupled J-aggregate and the
localized initial excitation to the Φd

1 state.
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Figure S14: Surface hopping results for the weakly coupled J-aggregate and the lo-
calized initial excitation to the Φd

1 state. The initial coefficients ca,i1(2)(t = 0) were
determined employing the DAT, Φd

1 = − sin (α(Qi(t = 0)))Φa
1 + cos (α(Qi(t = 0)))Φa

2,
i.e. ca,i1 (t = 0) = − sin (α(Qi(t = 0))) and ca,i2 (t = 0) = cos (α(Qi(t = 0))). The initial
adiabatic surface was chosen by comparing the calculated coefficients, i.e. a trajectory
is launched on adiabat 1 if |ca,i1 (t = 0)| > |ca,i2 (t = 0)|, and on adiabat 2 otherwise.
Note that only the “wavevector” method yields correct diabatic populations at t = 0.
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