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S1 Gas Phase

The molecule of Cz was optimised in vacuum in the Sy, Sy, S and T, states considering
the (TD-)DFT and ADC(2) methods. At the (TD-)DFT level, the global hybrid functionals
PBEO, wHPBEO, BLYP and B3LYP, and the long-range corrected hybrid functionals LC-
PBEO, LC-wHPBEO, LC-BLYP, CAM-B3LYP and wB97XD were used with the Pople’s basis
sets 6-31+G(d) and 6-311++G(d,p). For the ADC(2) calculations, the Karlsruhe’s basis set
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def2-TZVP was used instead. All the (TD-)DFT calculations were performed with Gaussian
16,5! whereas the ADC(2) calculations were done with Turbomole. 5?2

The long-range corrected functionals were optimised by tuning the range-separation pa-
rameter v that splits the exchange term into the short-range and long-range terms. The

following objective function was optimised, 5354

T(v) = [ehouo(N) + IPY(N)]* + [ehomo(N + 1) + IPT(N + 1), (S1)

where €};51,0(N) represents the HOMO of the N-electron system, and I PY(N) stands for
the energy difference between the ground-state energies of the N and N-1 electron systems
considering the same value of ~.

An optimal tuning procedure was performed for all the long-range corrected hybrid func-
tional tested in this work with the aim of finding the optimal value of the range-separation

parameter vy (Figure S1).
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Figure S1: Optimal tuning (Eq. [S1]) of several long-range corrected hybrid functionals for
carbazole molecule in vacuum as a function of the range-separation parameter . The basis
set 6-311++G(d,p) was used in all the cases.

We address the performance of different functionals for the description of the experimental

absorption and emission energies (Figure S2). For the long-range corrected functionals, we
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consider the values calculated at the optimal value of + after minimising J?(v) (Eq. [S1]),
except for wB97XD and CAM-B3LYP functionals where the values defined in Gaussian were
used. 5?

Figure S2 shows the errors for the four lowest electronic transitions energies with respect
to the corresponding experimental values in the gas phase.%5® The errors of different excited
states are not uniform and some excitations are described more accurately than others (Fig.
S2a). For example, the fluorescence energy obtained with ADC(2)/TZVP is in a very good
agreement with the experimental value, however the errors for the vertical excitations Sy-
S1 and Sp-Sy are in the range 5-10% and for phosphorescence around 20%. Contrary to
expected, the cumulative errors for global hybrids PBEO and B3LYP are smaller than the
obtained with long-range corrected functionals and ADC(2).

Considering the good performance of TD-B3LYP/6-311++G(d,p) for the description
of the low energy excited states of Cz (up to the second bright state), we have chosen this
method for our study. Recent works with focus on Cz and its oligomers have also successfully
employed TD-B3LYP.59512 Table S1 shows the main features of the electronic transitions
at the TD-B3LYP/6-311++G(d,p) level of theory.

The predicted structures for Sy, Sy, So and T, states are planar. In line with previous
computational and experimental studies, all the transitions show a 7-7* character. 6513514
The Sog — S; and Sy — S, excitations have dominant contributions from the HOMO —
LUMO and (HOMO-1) — LUMO transitions, as also predicted by SS-CASPT2/cc-pVDZ
level of theory.5!® Both the energies and oscillator strengths of these transitions are in fairly
well agreement with the experimental values. %57 The spin-forbiden transitions S, — T; and
Ty — Sy are dominated by the (HOMO-1) — LUMO and (HOMO) — LUMO, respectively.

Because the symmetry of S; state is Ay, the transition dipole moment of the Sy — S,
excitation only has a component on the short axis of the molecule (Cy).5® This excitation
has a significant charge transfer character, with a decrease of the electron density on the N

atom (see Figure S3). TD-B3LYP predicts an increase of the dipole moment of 0.73 Debye
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Figure S2: (a) Percentual relative error (in absolute value) for the transitions So — Ty, So
— S1, Sg = Sg and S; — Sp. The energies of the first three transitions were calculated at
the Sy equilibrium geometry (FC), whereas the energy of S; — Sy was obtained at the S;
equilibrium geometry (Symin). (b) Cumulative percentual error (in absolute value) for the

four transitions considered.
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for Cz which is in good agreement with the experimental value of 1.1 Debye.5!3

Table S1: Excitation energies, oscillator strengths (f) and orbital contribution for the se-
lected transitions of Cz in the gas phase. The values in brackets correspond to the adiabatic
The orbitals with the highest contribution for each transition are

electronic transitions.
shown in Fig. S2.

Transition Transition Orbital TD-B3LYP/6-311++G(d,p) Experiment
nature contribution Energy /eV f energy / eV f
So — Ty m-m* H-1 - L (75%)  3.22(2.67) 3.1056
H — L+2 (12%)
So— S - H— L (92%)  4.05(3.77) 0.030 3.8257 0.04257
So — S2 -t H-1 — L (78%)  4.46(4.18) 0.14 4.3557 0.1557
H — L+2 (18%)
T, — So et H L (93%) 251(265) 1510710
S, = So e H— L (93%)  3.79(3.77) 0.034 3.8257
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S1.1 Orbitals and electronic density differences for the monomer

in the gas phase

HOMO-1 LUMO

HOMO LUMO+1

Figure S3: (a) Orbitals involved in the electronic transitions for the Sg,, structure. (b)
Density differences (blue positive, red negative) for the four excited states. All the results
are obtained with TD-B3LYP/6-311++G(d,p) for carbazole in the gas phase.
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S2 Marcus-Levich-Jotner rate for electron transfer pro-
cesses

The electronic transfer (ET) rate coefficients for processes such as intersystem crossing,
exciton transfer or charge transfer can be obtained by using the Marcus-Levich-Jortner rate

equation for electron transfer processes as described in references S16 and S17:

27
kgr = E!HabFFk, (52)

where H,;, is the electronic coupling operator between the states involved in the ET process.
F}, is the final vibrational state density at the point of the initial state energy level weighted by
Franck-Condon (FC) factors >, [(6ix|071)|?, where 0 represents the vibrational wavefunctions
for both electronic states involved in the electron transfer process. The FC-weigthed density
of states can be estimated by the Marcus semiclassical approach in the room temperature

regime:

1 7 (AG® + nhwy, + A)?
Fo=/— _s )2k _ )
N dmakpT Zn cxp(=s); rerp A\ JepT (53)

Here, wy is the frequency of an effective normal mode involved in the exciton transport
process. Most intramolecular vibration frequencies are high above the thermal energy at
room temperature (& 210 cm™!). Hence, the quantum mechanical vibrational levels must be
taken into account for these vibrations. The high-frequency vibrational modes (the quantum
modes) ” 57 are populated only in their ground states and the Franck-Condon factor simplifies
to a Poisson distribution (|(0|0x)]* = %e‘sk) in Eq. [S3]. Thus, the most active normal

modes ¢; with \; are considerably high in the ET process can be merged to one effective

vibrational mode with an effective frequency wy:
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D WS

oy = L% (54)
Zj Sj
and an effective dimensionless Huang-Rhys factor
N\
Sp = 25 = wpAq;/2h, (S5)

hwk

which describes the relative displacement along the effective quantum normal mode ¢; with
energy hwy. A, in Eq. [S3] is the Marcus (or classical) reorganization energy which accounts
for low-frequency vibrational modes and those high-frequency modes which do not have an
active role in the exciton hopping process.

For an ET process, the intramolecular reorganisation energy A is related to the geometry
relaxation energies of one molecule going from the fully relaxed ground state Sy to the

electronic excited state S, or T,, and a neighboring molecule evolving in the opposite way:

A= X5y, + A5 (S6)

If the ET process is an electron transfer (charge transfer), the reorganization energy of Eq. S6
is obtained by replacing )\%IT)R by the reorganization energy in the anionic potential energy
surface (AM"). Besides, when the ET process occurs within a homodimer (i. e., the donor
and the acceptor are chemically identical), and neglecting any energy difference caused by
the environment of each monomer, AG® ~ 0 in Eq. [S3] and the total reorganization energy

can be approximated as

AR 2052, (S7)

The reorganization energy of Eq. [S7] can also be obtained within the displaced har-
monic oscillator model by the summation of the reorganisation energies projected over the

vibrational normal modes \; of the Sy electronic state. This is performed by computing
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the Duschinsky rotation matrix, as implemented in the Dushin program.S'® Rotational and
traslational degrees of fredom are excluded from the A computation due to the fact that the
vibrational analysis carried out within the employed cluster models is de facto in vacuum
with added Coulomb corrections from the electrostatic embedding of the QM/QM’. The
classical reorganization energy of Eq. [S3] A. is then obtained by substracting the reorgani-

zation energy of the quantum modes 75”7, i.e. the quantum reorganization energy Ap to A

as

e = A — s (S8)

S3 Comparison between embedded cluster models
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Figure S4: TD-B3LYP/6-311++G(d,p) energies of Sp-So and T;-T¢ states computed at the
critical points in gas phase and in the crystal using the OEC and OEEC models as explained
in Section 2 of the manuscript. The results obtained with the OEC and OEEC models are
presented in the left and right part of the crystal panel, respectively. The arrows indicate the
energies (in eV) for the corresponding vertical transitions computed with the OEC model.
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Table S2: Energies (in eV) of the considered electronic states in gas phase and in the crystal
within the OEC and OEEC models. Al the values are relative to So,min.-

So S1 So T Ts T T, Ts T

SOmin
Gas Phase 0.000 4.054 4.464 3.223 3.354 3.993 4.208 4.480 4.577
OEC 0.000 4.019 4.458 3.209 3.295 3.980 4.172 4.518 4.520
OEEC 0.000 4.022 4.459 3.208 3.297 3.981 4.173 4.519 4.520
Slmin
Gas Phase 0.114 3.907 4.412 3.095 3.192 3.947 4.223 4.495 4.514
OEC 0.111 3.893 4.438 3.118 3.154 3.968 4.232 4.487 4.578
OEEC 0.111 3.896 4.439 3.117 3.156 3.968 4.232 4.488 4.577
S2min
Gas Phase 0.158 4.049 4.283 2.920 3.338 4.111 4.313 4.389 4.602
OEC 0.148 4.033 4.317 2.962 3.294 4.110 4.325 4.465 4.586
OEEC 0.148 4.036 4.318 2960 3.297 4.111 4.326 4.465 4.587
Tlmin
Gas Phase 0.351 4.171 4.338 2.861 3.455 4.374 4.435 4.618 4.802
OEC 0.339 4.417 4.371 2.905 3.398 4.360 4.493 4.661 4.793
OEEC 0.339 4.227 4.509 2.921 3.409 4.354 4.491 4.672 4.801
T2min
Gas Phase 0.161 3.934 4.449 3.117 3.168 3.934 4.204 4.507 4.554
OEC 0.149 3.915 4.466 3.124 3.124 3.954 4.296 4.521 4.579
OEEC 0.149 3.918 4.468 3.123 3.126 3.954 4.296 4.523 4.579

S4 Calculation of fluorescence time constant and quan-
tum yields

We considered the main processes depleting the population of S; for the calculation of the

fluorescence time constant (7;) and quantum yield (®;). We used the the following equations:

1
 ky+ ke + krse

Tf

_ ky
/Cf + k]c + k?]sc

(I)f = k}fo (SlO)
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where £y is the fluorescence rate coefficient, k;c stands for the internal conversion rate coef-
ficient from the excited singlet state S,, to the ground state Sy, krsc is the global intersystem
crossing rate coefficient from S,, to all the possible triplet states involved. ky was calculated
using Eq. 1 in the main text. Based on the experimental observations in gas phase and
solution, the internal conversion from S; to Sy was neglected (ko = 0).53351 kg included
the contributions from the transitions from S; to Ty, T3, T5 and T;. Provided the values
of the spin orbit couplings and the energy gaps, the transition S; — T3 accounted for the
99.9% of the total value.

The phosphorescence time constant (7,) was obtained with:

1
 ky+ Koo + Ko

(S11)

Tp

where £, is the phosphorescence rate coefficient, k. is the internal conversion rate coefficient
from the excited triplet state T,, to another excited triplet state of lower energy Ty, kj¢ is
the intersystem crossing rate coefficient for T,, — So. We assumed k}-=0 because 7, was

computed from the T state.

S5 The centred molecule mechanism of pure Cz crystal

S5.1 Spectroscopic characterization

Table S3: Vertical energies and oscillator strengths (f) for the selected transitions of Cz
crystal considering a monomer in the high-level region (TD-B3LYP/6-311++G(d,p)). The
values in brackets correspond to the adiabatic electronic transitions.

Transition Transition TD-B3LYP/6-311++G(d,p) Experiment
nature  Energy /eV f energy / eV f

S — Ty o 3.21(2.70) - - -

So — Sy -7 4.02(3.75) 0.032 3.62510520 ) 9S20

So — Sz - 4.46(4.21) 0.12 4.21520

Ty — So -7 2.57(2.70) 2.25511,521

Ty — So -t 2.98(3.10) 2.95510

S; — S o 3.78(3.75) 0.036 3.42521
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S5.2 ISC mechanism from So
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Figure S5: Excitation energies for a centred molecule in the crystal environment (OEC
model). (a) TD-B3LYP/6-311++G(d,p) energies along the linear interpolated Cartesian
coordinates pathway (LICC) from the FC geometry, after electronic excitation to Sy, to
the minima of the electronic states involved in the mechanism of ISC and phosphorescence
processes. The dashed line represents the energy for the Sy/S; crossing computed at 4.37
eV. The inset shows a zoomed view of the region of the PES where the internal conversion
Sy — Sy or the intersystem crossing Sy — T4 may occur. (b) Spin-orbit couplings values
along the LICC between Sy and the first four triplet states. The values are obtained with
TD-B3LYP/6-3114++G(d,p) as explained in Section 2 of the manuscript.
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S5.3 S,/S; and T3/T, crossing geometries

Figure S6: Optimised structures at the T5/Ts (a) and S3/S; (b) crossings for carbazole crystal
using the penalty function method implemented by Levine et. al.5?? at the TD-B3LYP/6-
311++G(d,p) level of theory. The main structural differences between the geometries at
So/S1 crossing and at Sg, (Franck-Condon geometry) are also shown in panel b.
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S5.4 Spin-Orbit coupling values for an embedded molecule

Table S4: Spin-Orbit coupling values (in cm™!) obtained at the Sy, and Sgpmi, geometries
within the OEC model with a monomer as the QM region. The PySOC program at the

TD-B3LYP/6-311++G(d,p) level of theory was used.

Geometry T1 TQ T3 T4 T5

Stmin 0.984 0.027 0.217 0.058 0.702
Somin 0.009 0.938 0.018 0.399 0.831

S6 Huang-Rhys factors
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Figure S7: Huang-Rhys factors computed for the Sy — Sy (a) and S — S (b), So — T4
(c), So = Cz~ (d) transitions of carbazole in gas phase (grey) and in the crystal (red).
The Huang-Rhys factors are obtained by computing the Duschinsky rotation matrix, as
implemented in the Dushin program,'® at the TD-B3LYP/6-311++G(d,p) level of theory.
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S7 Carbazole Dimers

S7.1 Dimer Structures

Dimer A Dimer B

318ﬁ333 ‘279

Dimer D

%.& 3.51
3 5T 3.2

AN
2.7?.3:&\

Dimer F

Figure S8: Molecular dimers present in the crystal packing optimised at the TD-B3LYP/6-
311++4G(d,p) level within the ONIOM Embedded Cluster model. The black dashed lines
show the distances (in A) of the closest atoms within each dimer.
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S7.2 Transition Densities

Dimer A Dimer B
SO __> Sl SO --> Sl

Dimer D
So-->5,
Dimer E
So-->5S,
Dimer E
So-->S;

v G

Figure S9: Transition densities (blue positive, red negative) between the ground and the first
bright state of each dimer obtained at TD-B3LYP/6-3114++G(d,p) level of theory within the
OEC model.
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S7.3 Energies and spin-orbit couplings for the embedded dimers

Table S5: Electronic energies (in eV) with respect to Som:n energy computed for each dimer
present in the crystal packing using TD-B3LYP/6-311++4G(d,p) within the OEC model.

Dimer Brlght State SBTight T1 T2 T3 T4 T5 T6

A S1 3.89 312 3.16 3.32 3.39 387 3.96
B S1 3.88 311 3.15 3.32 340 3.96 4.08
C St 3.86 313 3.15 331 3.39 3.95 4.08
D So 3.96 316 3.16 3.23 3.23 397 3.97
B So 3.83 316 3.16 3.22 3.22 397 3.97
F So 3.83 316 3.16 3.22 3.22 397 3.97

Table S6: Spin-orbit couplings (in cm™!) considering each dimer present in the crystal pack-
ing at the Si,n;,. The values are obtained using the PySOC program,5?® with TD-B3LYP/6-
311++G(d,p) within the OEC model.

Dimer Brlght State T1 TQ T3 T4 T5 T6

A S1 1.204 0.006 0.006 0.015 0.356 0.258
B 51 0.616 0.057 0.041 0.095 0.039 0.205
C S1 0.910 0.047 0.098 0.022 0.183 0.016
D So 1.008 0.012 0.019 0.045 0.248 0.001
E So 0.760 0.654 0.061 0.027 0.198 0.150
F So 0.959 0.304 0.005 0.032 0.243 0.027

S7.4 Phosphorescence from Cz dimers

Table S7: Phosphorescence energies and electric transition dipole moment from T; computed
for the 6 dimers present in the crystal packing with TD-B3LYP/6-3114++G(d,p). The values
of the monomer are also included for comparison.

Structure Egq (eV) 7]' (s) prs, (Debye)

Monomer 2.57 7.2 6.21 107
Dimer A 2.57 8.1 5.46 107
Dimer B 2.56 4.6 9.68 107
Dimer C 2.57 7.7 5.74 107
Dimer D 2.56 7.2 6.20 107?
Dimer E 2.57 7.4 6.08 107°
Dimer F 2.56 7.2 6.15 107°
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Dimer A

Dimer D

pRT A

Figure S10: T; — Sy density differences computed for the six dimers present in the crystal
packing (a) and for a six molecules cluster (all of them treated quantum mechanically) (b)
with TD-B3LYP/6-311++G(d,p).
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Table S8: Excitation energies from Sy and oscillator strengths (f) computed for a Cz cluster
containing six molecules at the TD-B3LYP/6-311++G(d,p) level of theory.

SO — T1 Tg T3 T4 T5 T6 Sl S2 S3 S4 S5 SG S7 Sg Sg

Energy 3.13 3.14 3.15 3.15 3.16 3.17 3.73 380 382 386 3.8 389 393 395 397
f 0.011 0.008 0.004 0.016 0.022 0.008 0.042 0.032 0.011

S7.5 Exciton transport in the triplet manifold

Figure S11: T,, — Sy density differences computed for dimers D and F in the crystal with
TD-B3LYP/6-3114++G(d,p) within the OEC model.

S19



S7.6 Sy, Dimer Coordinates

Dimer A: Dimer B: Dimer C:
-1.310085 0.000001 -0.049102 -2.675834 -0.000001 -3.072082 -0.786011 0.000002 -1.468922
2.662594  0.000001  0.101540 2.183758  0.725447  1.048187 0.689528  1.697574  1.621755
-1.638997 1.132366 0.678684 -2.350935 -1.132896 -2.344311 -0.413802 1.133352 -2.174906
-1.638998 -1.132365 0.678682 -3.073710 -0.000000 -3.997522 -0.413800 -1.133357 -2.174906
-0.829425 0.000000 -0.935749 -2.350936  1.132894 -2.344309 -1.224322 -0.000000 -0.561092
2.315758 -1.132870 -0.616400 1.588973 1.133092 2.271505 0.522566  3.040420  1.937809
2.315757  1.132867 -0.616399 2.631357  1.695047  0.144567 0.230157 0.725817  2.517935
3.083241 0.000001 1.017295 2.183761 -0.725449 1.048186 1.175360 1.412197 0.696544
-1.471600 2.481574  0.358158 -2.517060 -2.480464 -2.670082 -0.591639 2.482864 -1.859742
-2.217684 0.725154  1.910521 -1.783749 -0.725813 -1.107064 0.223622 0.725212 -3.377039
-1.471601 -2.481570 0.358158 -1.783752  0.725810 -1.107066 -0.591639 -2.482864 -1.859741
-2.217686 -0.725155 1.910522 -2.517061 2.480466 -2.670080 0.223624 -0.725214 -3.377041
2.491702 -2.481639 -0.298619 1.419149 2.481188  2.591798 0.890556  3.798252  1.255912
1.713582 -0.724935 -1.837081 1.240071  0.000000  2.989650 -0.106896  3.423598  3.134460
2.491702 2.481639 -0.298620 2.478400 3.038258  0.464163 0.230157 -0.725815 2.517933
1.713580  0.724936 -1.837083 3.093133  1.405875 -0.792122 -0.384908 1.132736  3.732148
-1.900110 3.423408  1.288559 1.588977 -1.133092 2.271507 -0.109306  3.424593 -2.764093
-1.019003 2.781265 -0.579590 2.631362 -1.695050 0.144568 -1.093174  2.783283 -0.947636
-2.646356 1.695209  2.822063 -2.087142 -3.424454 -1.743170 0.697192 1.695182 -4.266094
-1.900109 -3.423408 1.288560 -2.969582 -2.777588 -3.608826 -0.109306 -3.424598 -2.764096
-1.019003 -2.781265 -0.579590 -1.358486 -1.698363 -0.194628 -1.093174 -2.783284 -0.947636
-2.646356 -1.695206 2.822065 -1.358488  1.698362 -0.194629 0.697192 -1.695183 -4.266095
2.035502 -3.423948 -1.215143 -2.087142 3.424454 -1.743170 -0.566013 2.480416  4.048433
2.970516 -2.781972  0.626406 -2.969581 2.777586 -3.608826 -0.231348 4.478038 3.351155
1.265627 -1.695577 -2.739548 1.871082  3.423007 1.672195 0.689527 -1.697576 1.621749
2.035502  3.423951 -1.215146 0.947483  2.779774  3.520927 -0.384907 -1.132738 3.732150
2.970517 2.781973  0.626409 0.849394 -0.000001 3.918535 -0.738132 -0.000003 4.446619
1.265626  1.695580 -2.739550 2.835951  3.794240 -0.225416 -0.229592  4.479651 -2.545493
-2.489796 3.038605  2.505361 1.419152 -2.481188 2.591798 0.534567  3.038749 -3.952527
-1.781600 4.478281  1.067830 2.478401 -3.038261 0.464165 1.187277  1.405799 -5.187828
-3.098544  1.405641  3.762982 3.093136  -1.405877 -0.792121 -0.229592  -4.479653 -2.545492
-2.489793 -3.038602 2.505361 -1.507058 -3.040730 -0.521889 0.534565 -3.038751 -3.952526
-1.781601 -4.478279 1.067830 -2.196122 -4.479007 -1.969245 1.187277 -1.405801 -5.187828
-3.098543 -1.405640 3.762981 -0.909140 -1.414989 0.749930 -1.053008 2.777341  4.969832
1.420387 -3.039047 -2.419327 -1.507058  3.040730 -0.521890 0.522562 -3.040420 1.937809
2.155465 -4.478543 -0.993637 -0.909139  1.414988  0.749933 1.175360 -1.412196 0.696541
0.802644 -1.408326 -3.676435 -2.196122  4.479005 -1.969246 -0.566011 -2.480421 4.048434
1.420387  3.039046 -2.419329 1.754695 4.477841  1.892569 -1.155295  0.000001  5.363839
2.155464  4.478545 -0.993636 1.871086 -3.423009 1.672193 0.915126  3.793209 -4.631411
0.802646  1.408328 -3.676432 0.947480 -2.779773  3.520927 0.915126 -3.793208 -4.631410
-2.837166 3.793641  3.201242 2.835944 -3.794240 -0.225417 0.890558 -3.798252 1.255918
-2.837168 -3.793641 3.201242 -1.158425 -3.798479 0.169868 -0.106898 -3.423601  3.134462
1.057288 -3.794080 -3.107283 -1.158424  3.798477  0.169868 -1.053012 -2.777343  4.969830
1.057290  3.794080 -3.107280 1.754694 -4.477842 1.892570 -0.231347 -4.478043 3.351159

asfiasiias o iasiiasfi@NasfasN @R NN R NoNON-"NOoNON-"NoNoJ--NoNoN"NoNONONO RO No N o RO RO R RO NO R-"NO NG B4
asjiasiiasiiasiiasii@Nesiasfasl@RaR-NoRrNoN@R==l:=R:=NoN:-NoNoNoR-"NoNoNok-"NolHoNoNoNo N o RO NONONOR-"NONO "1
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asjiasiias o iasiissii@NasfaN @R NN RN oNON-"NOoNON"NoJ--NoNoNoN-"NOoNONONO RO NOo No RO RO R-"NONO RO RN "4

-2.005930
2.006036
-1.660886
-2.417855
-1.670492
1.670545
1.660937
2417788
-1.828546
-1.070410
-1.077891
-1.848284
1.848288
1.077912
1.828550
1.070432
-1.375104
-2.300360
-0.619853
-0.643442
-1.408791
-2.317356
1.408800
2.317297
0.643433
1.375113
2.300299
0.619845
-0.766882
-1.489487
-0.156713
-0.805522
-0.181964
-1.528035
0.805550
1.528010
0.181873
0.766911
1.489467
0.156623
-0.398999
-0.453198
0.453263
0.399061

Dimer D:
-4.863141
4.863142
-5.994826
-4.864677
-3.729036
3.729036
5.994826
4.864675
-7.343719
-5.585078
-4.135029
-2.381226
2.381226
4.135029
7.343718
5.585078
-8.283490
-7.644567
-6.552541
-3.164113
-1.437968
-2.081929
1.437968
2.081934
3.164112
8.283491
7.644564
6.552542
-7.896106
-9.338310
-6.262309
-1.821740
-3.451097
-0.383833
1.821738
0.383834
3.451095
7.896107
9.338310
6.262313
-8.649723
-1.065719
1.065716
8.649724

-1.516340
1.516287
-0.795221
-2.435913
-0.794726
0.794698
0.795193
2.435937
-1.114137
0.430071
0.431147
-1.113915
1.113913
-0.431161
1.114136
-0.430087
-0.193694
-2.042319
1.334259
1.339729
-0.189972
-2.044176
0.189966
2.044206
-1.339728
0.193688
2.042352
-1.334260
1.013477
-0.414689
2.269925
1.021060
2.277425
-0.412520
-1.021075
0.412531
-2.277384
-1.013492
0.414703
-2.269885
1.700182
1.712753
-1.712785
-1.700214

asjiasiiasiianiesii@Nasiasfal @R NoRrRoN@N==g:=R:=NoN:-NoNoNoR-"NoNoNoh-"NolHoNoNoNoNo RO NOoNONOR-"NONO "1

Dimer E:
-0.058507 -4.843198
-0.863619  4.114008
0.280239 -5.981439
-0.453328 -4.836784
0.288483 -3.715954
-0.277437  3.722352
-1.294932  3.132598
-0.868485  5.564026
0.109170 -7.327288
0.870303 -5.582734
0.874336 -4.132632
0.130010 -2.365291
-0.105194  2.378557
0.058280  4.864067
-1.134764 1.793559
-1.751773  3.409164
-0.283267  5.987458
-1.310765 6.521788
0.558724  -8.275447
-0.359987 -7.619951
1.315776  -6.558502
1.320893 -3.169641
0.582430 -1.429865
-0.330883 -2.059321
-0.541400 1.425563
0.357240  2.090558
0.458345 4.876151
-1.478390 1.028027
-0.115285  7.339648
-1.159601 7.868816
-1.769836  6.220717
1.165483  -7.899054
0.443803 -9.328262
1.778920 -6.276848
1.179292 -1.823930
1.777536  -3.465978
0.477840 -0.374069
-0.425115  0.374463
-0.559127  8.269304
0.351216  7.649120
-1.517746 8.615481
1.530776 -8.659237
1.544168 -1.074224
-0.443509  9.326723

521

-0.044108
-1.064359
0.670069
-0.971174
0.682685
-2.298000
-0.165459
-1.048235
0.340245
1.899142
1.908066
0.367384
-2.634881
-3.006991
-0.499703
0.777611
-2.271311
-0.129965
1.253913
-0.591939
2.796636
2.819081
1.293525
-0.564741
-1.719985
-3.571850
-3.931735
0.186014
-2.575330
-0.433461
0.804269
2.465190
1.023706
3.734913
2.503939
3.756088
1.072233
-1.956427
-1.639865
-3.503330
0.265889
3.146056
3.196611
-1.846986

azjiasiiasiianiianiiaii@f==fal@Ra=R-N @R R RN OoNONON-"No o R="RoNoN-"HOoNONONO RO NOo N o RO RO RO R "N O R-"NO RO B~

2.003754
-2.003771
1.661347
1.663253
2.403272

Dimer F:
-4.809704
4.809704
-5.940657
-3.674658
-4.812385

-1.663254  3.674658
-2.403264  4.812391
-1.661340  5.940656

1.828426
1.073615
1.832249
1.074793

-7.289984
-5.529462
-2.327176
-4.078938

-1.832252  2.327176

-1.074771

4.078937

-1.073593  5.529459
-1.828425  7.289982

1.378765
2.295845
0.629014
1.383739
2.299878
0.631850

-8.229593
-7.591995
-6.497033
-1.382222
-2.030272
-3.106137

-1.383730  1.382222
-2.299899  2.030268
-0.631837  3.106137
-0.629003  6.497035
-1.378754  8.229592
-2.295865  7.591989

0.776277
1.491774
0.172282
0.781117
1.497103
0.174397

-7.841112
-9.284801
-6.206360
-1.764034
-0.328165
-3.391253

-0.781117  1.764032
-1.497074  0.328165
-0.174393  3.391252
-0.776274  7.841112
-0.172291  6.206360
-1.491759  9.284799

0.414074
0.419089

-8.594361
-1.006667

-0.419126  1.006664
-0.414099  8.594363

4.373134
-4.373126
3.649531
3.655191
5.298168
-3.655192
-5.298172
-3.649535
3.967917
2.423210
3.980515
2.426817
-3.980515
-2.426828
-2.423223
-3.967919
3.045232
4.898063
1.515906
3.062822
4.912187
1.524325
-3.062828
-4.912176
-1.524331
-1.515911
-3.045239
-4.898057
1.835500
3.266579
0.577047
1.851140
3.289600
0.584077
-1.851141
-3.289614
-0.584082
-1.835505
-0.577045
-3.266586
1.145225
1.165493
-1.165479
-1.145217



S8 HOMO and LUMO energies

Table S9: HOMO and LUMO energies computed for carbazole crystal (Cz) and the isomer
1H-benzo[f]indole (Bd) embedded in a Cz crystal at the TD-B3LYP/6-3114++G(d,p) level
of theory. The values measured in a solution of dichloromethane 5x10~* M taken from Ref
S21 (shown in brackets) are included for comparison.

System  HOMO (eV) LUMO eV)
Cz 5.8 (-5,5)521  -1.2 (-2.0)5%
Bd 5.1 (-5.1)521 1.2 (-1.8)5%

S9 Bd-Cz dimers

S9.1 Dimer A

S9.1.1 Effect of long-range electrostatic interactions

Table S10: Energies (in eV) of singlet Cz~Bz™ charge transfer state (Scr) with respect to
Somin Of dimer A computed with C-DFT at the equilibrium geometries for S (Sgmin or FC),
S1 (Stmin) and Ser (Sermin) states.

Geometry OEC OEEC
FC 4.47 443
S1min 4.27  4.23
ScTmin 3.70  3.69

522



S9.1.2 ADC(2) energies of dimer A

Table S11: Electronic energies (in eV) with respect to Somin (FC) computed for dimer A at
the ADC(2)/TZVP level of theory within the OEC model. The point charges were computed
with TD-B3LYP/6-3114++G(d,p). The main character of the sate is included in brackets.

Cz-Cz
Electronic State FC Simin ScTmin
So 0.000 () 0.121 (1) 0.4241 (7)
S, 4.053 (77*) 3.9092 (r7*) 41230 (n7*)
S, 4.065 (77*) 4170 (77 4.2210 (CT)
S3 4.703 (m7*) 4.698 (m7*) 4.2740 (m7*)
Sq 4.742 (wm*) 4.849 (7wm*) 4.8159 (mwm*)
Ss 5.233 (r7*) 5.264 (r7*) 4.9828 (CT)
Se 5.307 (7% 5.381 (17%) 5.0570 ()
Bd-Cz
Electronic State FC Stmin ScTmin
So 0.000 (7) 0.057 (7) 0.176 (1)
Sy 3.793 () 3.476 (m7*) 3.562 (m7*)
So 4.040 (7wm*) 4.081 (77*) 4.007 (w7*)
S5 4.184 (r7%) 4106 (r7*)  4.050 (CTpascs)
Sq 4.717 (m7*) 4.374 (m*) 4.145 (mm*)
S5 4832 (CTpascs) AT67 (CTpuncs) 4.601 (CTpases)
SG 5.131 (CTCZﬁBd) 4.967 (CTBdﬁcZ) 4.785 <7T7T*)
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Figure S12: TD-B3LYP/6311++G(d,p) energies of So-S4, T1-Tg, and singlet and triplet
Cz~Cz(Bd™) charge transfer states (Scr and Ter, respectively) computed at the critical
points of dimer A in the crystal using the OEC model. The dashed line represents the
computed initial excitation energy to the first bright state. The transition densities from Sy
to the S;-Sy states for selected geometries are also included.
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S9.2 Dimer B
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Figure S13: TD-B3LYP/6311++G(d,p) energies of So-Ss, T1-Tg, and singlet and triplet
Cz~Czt(Bd™) charge transfer states (Scr and Tor, respectively) computed at the critical

points of dimer B in the crystal using the OEC model.

The dashed line represents the
computed initial excitation energy to the first bright state. The transition densities from Sy

to the S;-Sy4 states for selected geometries are also included.
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S9.3 Dimer C
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Figure S14: TD-B3LYP/6311++G(d,p) energies of So-S4, T1-Tg, and singlet and triplet
Cz=Cz™(Bd™) charge transfer states (Scr and Ter, respectively) computed at the critical

The dashed line represents the
computed initial excitation energy to the first bright state. The transition densities from Sy
to the S;-Sy states for selected geometries are also included.

points of dimer C in the crystal using the OEC model.
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S10 Cz  absorption transitions

Table S12: Absorption energies (in eV) of a Cz~ molecule in the crystal computed at TD-
B3LYP/6-311++4G(d,p) and ADC(2)/TZVP level of theories within the OEC model. The
point charges were computed with TD-B3LYP/6-311++G(d,p) in both cases.

Transition nature TD-B3LYP/6-311++4G(d,p) ADC(2)/TZVP

Tt 1.23 f =0.01 1.53 f =0.04

o 1.58 f = 0.003 1.93 f = 0.003

T 2.07 f = 0.12 2.28 f = 0.17
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