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Abstract: Superior organic light-emitting transistors (OLETs) materials require two
conventionally exclusive properties: strong luminescence and high charge mobilities. We propose
a three-state model through localized diabatization to quantitative analyze excited state structures
for various herringbone (HB) H-aggregates and demonstrate that for some investigated systems,
the low-lying intermolecular charge-transfer (CT) state couples with the bright Frenkel exciton
(FE) and forms a dipole-allowed S that lies below the dark state, proceeding strong luminescence.
Specifically, such conversion in luminescence properties occurs when the electron- and hole-
transfer integrals (¢, and ty,) are of the same sign and ey is notably larger than the excitonic
coupling (J), i.e., te X t, > 2J?. This theoretical finding can not only explain and rationalize recent
experimental results on DPA and dNaAnt, both with OLET property, but also unravel an exciting
scenario where strong luminescence and high charge mobilities are compatible, which will
considerably broaden the aperture of novel OLET design.
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Table of Contents: By strongly coupling with the bright Frenkel exciton state, the
intermolecular charge-transfer endows a transition dipole-allowed light-emitting state in H-
aggregates while guarantees high carrier mobilities, both of which are necessary in superior
OLET materials. Theoretical findings as well as experimental observations confirm that strong
emission and high mobility are indeed compatible in H-aggregates.
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. Introduction

Over the last two decades, rapid developments of organic charge transporting and light-emitting
materials have proceeded the performance of organic light-emitting and display devices, and the
promising potential of organic light-emitting transistors (OLETs) has been significantly
accentuated.!® Compared with organic light-emitting diodes (OLEDs), OLETs combine the
switching abilities of a transistor and can thus simplify the circuitry required for display
applications. Owing to its capability of providing high current density and low optical loss at the
electrodes, OLET also has great potential in realizing electrically pumped organic lasers.’!
Nevertheless, superior OLET candidates require both strong photoluminescence and high charge
mobility, which are normally considered as two contradictory properties and thus difficult to be
simultaneously satisfied within one organic compound.* 7 !"12 Such contradiction arises from the
fact that large transfer integrals, which are essential to high charge mobility, may introduce lower-
lying intermolecular charge-transfer (CT) state to quench optical emission. Furthermore, the
reported promising organic transistors to date are typically tight-packing H-aggregates rather than
J-aggregates,'® of which the emission process is prohibited within the traditional Kasha’s exciton
model (Figure 1).!'* And it is generally conceived that in organic optoelectronic devices such as
OLEDs, the carrier recombination is of Langevin’s bimolecular process,'®> namely, high mobility
leads to fast nonradiative decay, which is detrimental to optical emission. Therefore, molecular
design of OLET materials is yet full of challenges.

According to Kasha’s exciton model (Figure 1),'* the lowest excited state of an H-aggregate
dimer, with positive excitonic coupling /, is a transition dipole-forbidden antisymmetric Frenkel
exciton (FE), and hence the emission of such H-aggregate dimer is prohibited. For J-aggregate
dimer, due to a negative exciton coupling, the lowest excited state becomes the transition dipole-

allowed symmetric FE, of which the transition dipole moment is strengthened by a factor of v/2
compared to that of the monomer. The emission of J-aggregate is thus enhanced upon aggregation,
which corresponds to the origin of superradiance.'® While ubiquitously applied in plethora of
organic crystalline systems, this classical Kasha picture relies on a 1D model and does not account
for the effect of wavefunction overlaps, which is indeed essential to the photoluminescence as well
as charge transport properties of the crystal. Some promising OLET crystalline materials, such as
DPA!7 and dNaAnt,'® attain enhanced luminescence upon aggregation, and are thus experimentally
assigned as J-aggregates according to Kasha picture. Such assignment, however, lacks solid
foundation due to the complexity of realistic 3D packing structure. In fact, theoretical studies have
shown that H- and J-aggregate properties can simultaneously exist within one crystalline structure
depending on the choice of the aggregate direction, and the one with stronger exciton coupling is
usually experimentally observed. Moreover, such experimentally observed property can be altered
by a number of factors such as the change of the temperature'® and the involvement of CT exciton
(CTE),?*2* which would essentially adjust the energetic order of the excited states. While previous
theoretical works mainly focus on m-stacking aggregates via means of parameterized model
Hamiltonians and/or modeled aggregate systems,?'>>?° the luminescence mechanism of
herringbone (HB) packing motif remains unclear, of which the hallmark is essentially different
from its m-stacking counterpart. More importantly, on account of the aforementioned entangled
factors, a quantitative description directly from ab inito calculation for the luminescence
mechanism of realistic crystalline aggregates is still encumbered.

Keeping these in mind, we focus on various HB aggregates (Scheme 1) in this work and propose
a quantitative description of their photoluminescence mechanism through a diabatic Hamiltonian
constructed from Boys localized diabatization method.?® The electronic structure properties of



face-to-edge dimers in HB aggregates, which have shorter centroid distances compared to the
slipped m-mt dimers, are comprehensively explored. Our calculations evince that only one CTE lies
closely to the FEs and presumably gets involved in the light-emitting process. A three-state diabatic
Hamiltonian is then constructed, and analysis upon the diagonalization of the diabatic Hamiltonian
underlines that the CTE may couple with the symmetric FE and forms a transition dipole-allowed
S1 in H-aggregates if the electron and hole transfer integrals are of the same sign and their strength
is noticeable larger than the exciton coupling. This hybrid S; state lies below the dark state and
ready for strong luminescence. An intermolecular CT-induced strong emission mechanism is hence
unraveled, with the demonstration of an exciting scenario in which strong luminescence and high
charge mobility are indeed compatible. We further investigate the role played by the packing
configurations in the light-emitting properties and screen out the favored packing configurations
for OLET materials. Altogether, by reconciling the two conventionally contradict factors in OLET,
1.e., photoluminescence and charge mobility, our theoretical protocols presented here are expected
to considerably broaden the aperture of novel OLET design in the future.
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Figure 1. Schematic exciton coupling model for conventional Kasha H- and J-aggregate dimers. The
transition dipole moments of each monomer point to the same direction, giving rise to the transition dipole-
allowed symmetric FE (|FEg)) and transition dipole-forbidden antisymmetric FE (|FE,g)). The strength of
the transition dipole moment is denoted by the saturation of the red color: |FEg) has larger transition dipole
moment compared to the excited states of each monomer |A*B) and |[B*A), and black color corresponds to
transition-dipole forbidden dark states.
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Scheme 1. Molecular structures of HB aggregates investigated in this work.

Il.  Results
A. Evaluation of the intermolecular interactions and CTE energies.

In two-dimensional HB lattice, four face-to-edge stacking dimers and two slipped n-n stacking
dimers can be formed between one molecule and its nearest neighbors (Figure S1). The properties



of two slipped n-m stacking dimers are generally equivalent but those of four face-to-edge stacking
dimers may slightly vary due to the marginally different centroid distances. We choose the face-
to-edge stacking dimer with the shortest centroid distance and compare its properties with those of
the slipped n-m stacking dimer. As shown in Figure S2a, the intermolecular dispersion predicted
by XSAPT+MBD in face-to-edge dimers is consistently stronger than that in slipped n-7 stacking
dimers for all investigated aggregates. Moreover, according to the point-dipole approximation, the
exciton coupling J is inversely proportional to the cube of the centroid distance between two
monomers. Therefore, the face-to-edge stacking dimer also have stronger exciton coupling
compared to slipped n-n stacking dimers due to shorter centroid distances (as demonstrated in
Table S1 for DSB). As a result, the face-to-edge stacking dimer, which is expected to exhibit more
pronounced aggregation effect compared to the slipped m-m counterpart due to stronger
intermolecular interaction and exciton coupling, is employed to investigate the luminescence
properties of the aggregation.

Within one face-to-edge stacking dimer, two types of CTE are formed, which can be denoted as
F*E~ (charge transferred from “face” part to “edge” part) and F"E™ (charge transferred from
“edge” part to “face” part). (See Figure S1 for the definitions of the “face” and “edge” parts.) The
excitation energies of F"E* and F*E~ for all investigated systems are shown in Table 1, together
with the S; excitation energies of monomers for comparison. It can be seen that F"E* is
significantly lower in energy than FTE™ and lies closely to the locally excited S; state. Such
energetic separation can be attributed to different intermolecular interactions inside these two
CTEs. As shown in Figure S2b and Table S2, the overall attraction inside F"E™ is stronger than
that inside F*E~, which is mainly resulted from larger electrostatic and induction forces. Such
stronger attraction stabilizes the energy of F"E™, making it energetically possible for F"E* (rather
than F*E™) to couple with the locally excited states of the monomer.

Table 1. Excitation energy of the two types of CTEs and locally excited S state of the monomer in face-to-
edge dimers computed from Boys localized diabatization method at the level of ®B97X-D*/6-31G(d).
Numbers are shown in the unit of eV.

Compound Eg-g+ Ep+g- Eg

1

An 405 4.79 3.64

DPA 3.38 416 3.32

dNaAnt 325 407 3.26

0-DPYA 349 420 341

m-DPYA 3.63 420 3.39

DSB 400 473 3.83/3.92%

aTwo locally excited states have different energies.



B. Three-state Hamiltonian via Boys localized diabatization

As discussed above, for HB aggregates investigated in this work, only one CTE (FTE") is
energetically favorable to couple with the locally excited state of each monomer (denoted as F*E
and FE* for consistency). Therefore, the electronic structure and photophysical properties can be
comprehensively described via a three-state diabatic Hamiltonian. Within Boys localized
diabatization, the diabatic Hamiltonian in the basis of {|F*E); |[FE*); |[F~E*)} is obtained for each
system of interest, which is of the form:

E ] t
H=\|] E t, (1)
th te Ecr

where E is the excitation energy of the locally excited state of each monomer; E¢t is the excitation
energy of F"E*. A block-diagonalization is then applied to H so that the Hamiltonian can be
represented in the basis of {|[FE,s); [FEs); |[F~E*)} (which is denoted as H):

E _] 0 g (th - te)
H = 0 E+]J g(th+te) (2)
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To unravel the tacit luminescence mechanism of the aggregates, one needs to diagonalize 7
and explicitly analyze the resulting eigenstates as well as the eigenenergies, of which the
expression is tediously long without any approximation and impractical to be employed for our
analysis. Therefore, we perform the diagonalization within two simplified but practical scenarios,
(1) t, = te = tand (i) t, = —t. = t. For t;, = t, = t, the eigenenergies are given by:
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where s = Ecr — E; with the corresponding eigenstates:
W; = |FE,s) (0)
1 (7)
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» =R )
1 ®)
Y, = ——— (—|FEg) + C|FTE")
N A )

where C = Ecy — E — ] + /(Ecr — E — J)2 + 8t2. It can be seen from Egns. (6) to (8) that when
th = te = t, CTE mainly couples with symmetric FE, i.e., the bright state with ug and pg pointing
to the same direction, while the antisymmetric FE remains unchanged. Such expression holds for
both H-aggregate (/> 0) and J-aggregate (J < 0). Recall that for H-aggregate, the dark state |FE5g)
lies below |FEg), and therefore the emission process is expected to be prohibited without the
mediation from other states. However, such traditional Kasha picture will break down when CTE



gets involved. As schematically shown in Figure 2a, if the coupling between |FEg) and [F"E™) is
large enough, W,, which is a partially bright state, might be lower in energy than ¥; and become
the light-emitting state, and the emission process in such case will no longer be prohibited.

Mathematically, the condition E, < E; can be satisfied when |t| > {/|J? + Js|. Furthermore, when
|FEg) is lower in energy than |[F"E*), i.e., E + ] < Ecr, the contribution of |FEg) to W, will
exceed 50%, and the resulting transition dipole moment of W,, the lowest excited (light-emitting)
state, will be enhanced compared to that of the monomer. Such enhancement can be realized when
|t| > v/2|]|, which corresponds to the minimal requirement for E, < E; and E + ] < Ecr. In other
words, the H-aggregates may exhibit an enhanced emission process with red-shifted emission peak
compared to the monomer (as schematically illustrated in Figure 2a), which conventionally
appears in J-aggregates, under the condition that the hole and electron transfer integrals are of the
same sign (t, =~ t. = t) and their values are noticeably larger than the exciton coupling (|t| >
V2[J1).

Conversely, for the second scenario, CTE mainly couples to the dark |FE,g), while the bright
|FEg) remains unchanged, as demonstrated by the eigenstates of H in the supplementary
information. The lowest excited state of H-aggregates in such case will always be dark since it is
a linear combination of two transition dipole-forbidden states, |[FEg) and |[F"E*). Furthermore,
for J-aggregates, in which |FE,g) lies above |FEg), the emission processes will be quenched if t,
or ty, is larger than |J| and the hybrid dark state becomes the lowest excited state (as schematically
illustrated in Figure 2b). Therefore, t;, X t, < 0 is a presumably detrimental condition for strong
luminescence upon aggregation. Note that for both two scenarios discussed above, if the absolute
value of t, and t;, is much small than that of the exciton coupling, CTE will negligibly couple with
|FEg) or |FEg) without shifting the lowest excited state, and the original behavior of H- or J-
aggregates will thus be conserved.
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Figure 2. Schematic graph of the eigenstates of £ for scenario | (t, ~ t, = t) and scenario 11 (t, ~

—te=1).C, = C/NC*+1, C, = 1/VC* + 1. The strength of the transition dipole moment is denoted
by the saturation of the red color: state with more saturated red color has larger transition dipole moment,
and black color corresponds to transition-dipole forbidden dark states.

To carry out quantitative analysis for HB aggregates investigated in this work, we choose DPA!’
as a representative and its attachment-detachment densities of three localized diabatic states are
shown in Figure 3. Explicit matrix elements of the diabatic Hamiltonian and the adiabatic-to-
diabatic rotation matrix as well as the attachment-detachment densities of the diabatic states for
the rest of systems can be found in Table S3 and Figure S3. From the attachment-detachment
densities, three diabatic states, |F*E), |[FE*), and |[F~E™), are successfully constructed for each



compound. The calculated exciton couplings, which corresponds to the value of the matrix element
H,,, are all positive, indicating that these face-to-edge dimers should be identified as H-aggregates
in conventional Kasha picture. The transfer integrals and exciton couplings of the investigated
systems are also calculated via FMO method (Table S5), and the resulting values are in good
agreement with those given by the localized diabatization method, which rationalizes the
diabatization process.

Based on the aforementioned analysis, when t;, X t, > 0, CTE couples to the bright symmetric

FE; the photoluminescence will not be quenched if |t| > /|/? + Js| and will be enhanced if |t]| >

V2|J|. From the calculated results, such condition is met in DPA, AN, and dNaAnt dimers, and the
radiative decay rate k: of the aggregates is thus expected to be increased compared to that of the
isolated molecules. Specifically, the adiabatic S; and S3 states of DPA are linear combinations of
bright |FEg) and |[F~E*) while S, is mainly dark |FE,g) according to the resulting rotation matrix
in Table S3, which perfectly reproduce our first scenario, in which the hybrid W, correspond to the
light-emitting S; state. Furthermore, the contribution of bright |FEg) to Si of DPA is around 60%,
which yields an enhanced transition dipole moment upon aggregation. Note that even though DSB
falls into the first scenario, its transfer integrals are significantly smaller compared to its exciton
coupling, and mixed lower state of |FTE*) and |FEg) will still lie above |FE,g), making it a
traditional Kasha H-aggregate that the radiative decay rate will be decreased upon aggregation.
Contrarily, ty, and ¢, are of the opposite sign in 0-DPYA and m-DPYA, which fall into the second
scenario where the CTE couples with dark FE, and the emission is expected to be prohibited. We
compare our predicted change of & upon aggregation with experimental observations for these
investigated systems in Table 2. It can be seen that the theoretical predictions are in perfect
agreement with experiments, which rationalized our applied three-state model Hamiltonian. It
should be noted that DPA has been previously assigned as J-aggregate due to the enhanced and
red-shifted emission experimentally observed in crystal.!” This is not necessarily correct since the
theoretically predicted exciton coupling for DPA is positive. The enhancement and red shift in the
absorption process upon aggregation are more possibly contributed from the mediation of the CTE,
which strongly couples to the bright FE and forms a transition dipole-allowed light-emitting state.

Table 2. Exciton couplings (/) and transfer integrals (¢, ¢.) evaluated via Boys localized diabatization
method for all investigated systems. Numbers are shown in the unit of meV. The theoretical predicted and
experiment observed change of k; upon aggregation are also listed.

Compound J t, t. ke(Theo) Kki(Exp)

An® 8 32 69 T T
DPAY 12 76 62 T T
dNaAnt’® 26 60 66 T T
0-DPYA®* 7 93 -36 l \)
m-DPYA®* 6 78 -41 l \)

DSB* 80 2 20 l \)




Our three-state model Hamiltonian can be further validated via the QM/MM excited state
calculations of which one face-to-edge dimer is treated as the QM part. From Table S4, the
calculated transition dipole moments of AN, DPA, and dNaAnt exhibit comparable or even larger
magnitude compared to their monomer counterparts, while those of 0-DPYA, m-DPYA and DSB
are considerably decreased upon aggregation. These QM/MM results are consistent with what we
have drawn from the three-state diabatic Hamiltonian. The significance and rationality of the
diabatic Hamiltonian not only rely on the resulting correct electronic structure properties, but
indeed on the unraveled insights of the CT-enhanced strong emission mechanism of H-aggregates,
which cannot be disclosed by the direct QM/MM calculation.

C. The role of CTE with different orientation and displacements

From the above discussion, the relative sign of the electron and hole transfer integrals is essential
to the luminescence properties of the aggregates, and the CTE have completely contrary effect to
the emission process under depending on the sign of t;, X t.. While the CTE is beneficial to the
emission processes in H-aggregates when t;, X t, > 0, it will presumably quench the emission,
even in J-aggregates if t;, X t, < 0 and the absolute value of t}, and t, is significantly larger than
that of the exciton coupling. Therefore, it is of significant importance to explore the relationship
between the explicit crystal structure and the relative sign of ¢}, and ¢, so as to quickly screen out

the light-emitting favored systems.
3

SeesReay | e
T :
; e — — — W

¥,

of o6

DPA

dimer T - g T
pesapagrt | 1%
¢ 0 ‘

S - -— \ = S =~ <. v - N

—— <
~ — ) I I

: : >
F’E: 3.32eV FE*: 3.32eV FE*:338eV
39.26% 23.11% 37.01%

Figure 3. Attachment-detachment densities and excitation energies of the resulting diabatic states,
FE", F'E, and F"E* of DPA. The percentages listed below the excitation energy are the contribution of
the corresponding diabatic state to the adiabatic S; state of DPA.

Taking DPA as an example, in Figure 4a and b, we plot two possible configurations of the dimer,
depending on the orientation of the twofold screw rotation axis S, (plotted in blue in Figure 4a and
b). In anthracene derivatives studied in this work, An, DPA, and dNaAnt are eclipsed dimers, of
which ty, and t, are of the same sign, while the rest two systems are staggered dimers, of which t,
and t., have opposite sign. The eclipsed structures are seemingly profitable to the
photoluminescence. Nevertheless, caution has to been taken when exploring the dependence of the
transfer integrals to the crystals structure, as previous studies have demonstrated that the transfer



integrals are also very sensitive to the shape of the frontiers orbitals as well as displacement of the
short and long axis, and sign of the transfer integral might be changed depending on the shape of
the frontier orbitals and displacement between two monomers.>’

To make a more solid connection between the crystal structure and the transfer integrals, we
take DPA as a representative, constructing the eclipsed and staggered configurations of its face-to-
edge dimers, and slip one of the monomers along the short and long axes (Figure 4a and b) and
calculate the transfer integral at various slipping coordinates. The rationality of such modeled
packing structure lies in the fact that the frontier orbitals of these five anthracene derivates mainly
localize on the anthracene moiety with almost identical node contributions (Figure S4). Note that
the direction orthogonal to the defined short and long axes will only influence the strength of the
transfer integrals and the exciton coupling but not their relative signs, we therefore fix the distance
between two monomers along that direction. The displacement along the long axis is set to be -
1.00A~3.00A, while the one along the short axis is set to be -0.22A~0.08A according to the
practical packing structure of anthracene derivatives studied in this work. As shown in Figure 4c
and d, nearly opposite behaviors of the relative sign of ¢t} and ¢, are found in eclipsed and
staggered dimers within the displacement region while the exciton coupling is consistently positive
(Figure 4e and f), indicating the contrary role played by CTE in these two packing configurations.
Moreover, the sign of t, X t, remain unchanged in both eclipsed dimers or staggered dimers when
we change the herringbone angle from 40° to 60° by rotating one of the molecules, which covers
the range of the herringbone angels for all investigated systems (Figure S5). Altogether, these
finding reinforce that when a low-lying CTE couples with FEs in HB H-aggregates of anthracene
derivatives, the eclipsed stacking configurations tend to exhibit enhanced 4: in crystals due to the
fact that the sign of t;, X t, is generally positive for a wide range of modeled packing structures,
while t;, and ¢, tend to be opposite and/or small in staggered stacking configurations, which are
therefore unfavorable packing configurations for light-emitting crystals and the design of OLET
materials. Modeled packing structures with larger displacements have also been investigated in
Figure S6, and the resulting signs of ¢}, X t, and the exciton coupling can be employed as a quick
predictor to evaluate the photoluminescence and charge transport properties for a variety of
anthracene derivatives.
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Figure 4. Two packing motifs and the influence of the packing motif to transfer integral and exciton
coupling. (a) and (b) correspond to the structure of eclipsed and staggered DPA face-to-edge dimers; ()
and (e) correspond to the calculated ¢}, X t, (in unit of eV?) and J (in unit of eV) of the eclipsed DPA dimer
with respect to the displacements along the short and long axes; (d) and (f) correspond to those of the
staggered DPA dimer.

I11. Discussion and conclusion

To conclude, we have proposed a novel scenario to achieve high luminescence as well as
presumably high charge mobilities for H-type aggregates with the aid of intermolecular charge
transfer. We have comprehensively and quantitatively analyzed the nature of the lowest-lying
excited state in six HB H-aggregates via Boys localized diabatization and other sophisticated
electronic structure methods. In our theoretical modelling, face-to-edge dimers inside the
aggregates are chosen as the representative chromophore due to their stronger intermolecular
interactions and larger exciton coupling compared to their n-n counterparts. Based on the analysis,
two types of CTEs (F"E* and F*E™) in face-to-edge dimers are energetically well-separated,
which is resulted from the stronger electrostatic and induction forces inside F~E™ that stabilize its
energy and makes it lie closely to the locally excited states of each monomer (while the energy of
F*E~ is much higher). The three-state diabatic Hamiltonian has then been constructed via Boys
localized diabatization to quantitatively unravel the emission mechanism of the investigated H-
aggregates. When the electron and hole transfer integrals are of the same sign (¢, = t. = t) and
their absolute values are noticeably larger than that of the exciton coupling (|t| > v2|J|), the



intermolecular CTE strongly couples with the bright Frenkel exciton (FE) and forms a dipole-
allowed Si, which lies below the dark state and ready for strong luminescence. Such enhanced
luminescence behavior, which traditionally recognized as the hallmark of the J-aggregates, are thus
attained in H-aggregates with considerable transfer integrals. Conversely, if t, = —t, = t, the
emission enhancement will not occur in H-aggregates since CTE couples with the dark FE. When
such coupling is large enough, the light-emitting state might become a dark state and emission in
J-aggregates would be prohibited. Therefore, systems with t;, X t, > 0 are advantageous OLET
candidates of which the photoluminescence and charge transport are indeed compatible.

Two possible stacking confirmations of the face-to-edge dimers in HB aggregates, i.e., eclipsed
and staggered, are then explored to investigate the relationship between the sign of t;, X t, and the
crystal packing structure. By properly slipping one of the monomers along the short and long axes,
we have explored the sign of t;, X t, within the practical packing range of anthracene derivatives
and found out that the eclipsed configuration almost always has positive t,, X t, and thus becomes
a favored configuration for OLETs. Contrarily, the staggered configuration tends to have negative
and/or negligible t;, X t., which makes it a less preferred configuration to simultaneously realize
strong luminescence and high charge mobility for systems investigated in this work and other
similarly packed anthracene derivatives.

In summary, the tacit mechanism of the intermolecular CT-enhanced strong emission in HB H-
aggregates has been explicitly disclosed in this work, which demonstrates an OLET-favored
scenario where the photoluminescence and charge mobility are not mutually exclusive but
compatible with each other. Looking forward, our theoretical protocol presented here would
promise more advanced OLET materials with brighter emission and higher mobilities in the future.

IV. Methods and computational details

To quantitatively construct the diabatic Hamiltonian for the investigated systems, we extend the
previously reported Boys localized diabatization method,?® which is based on Tamm-Dancoff
approximation, into the full TDDFT framework, i.e., within random phase approximation (RPA).
The basic premise behind localized diabatization is to generate an adiabatic-to-diabatic rotation
matrix by maximizing a localization function. Analogous to the well-known Boys orbital
localization algorithm, Boys localized diabatization method constructs the diabatic states by
maximizing the distance between the centroids of different states, and the corresponding

localization function is given as
N

— =LD\1) —
fBoys(U) - fBoys({I"-“I )}) - Z
1j=1
where {|E}“D )} refers to a set of localized diabatic states constructed from a rotation of a set of
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adiabatic states {|‘Pj)}, and U is the corresponding rotation matrix, i.e.,
N

B = > uylw) (10)
Ij=1
The dipole moment of each localized diabatic states can then be expressed as a linear combination
of the dipole moment of each adiabatic state and the transition dipole moment between different
adiabatic states. Under the atomic orbital (AO) basis, the latter is written as

SATEAE Z M, Dy, (11)
uv



where indices p and v denote AOs; M,,, the matrix element of the dipole operator in AO basis set;

Dlll{, is the generalized difference density matrix between adiabatic states I and J. Within RPA, DPIL{,
is expressed as

DY, = Z Cua(X12XI° 1 Yiey!P)c,, — Z Cu(XIoX) + YIavi)c,, (12)
iab ija

where indices i and j denote occupied molecular orbitals (MOs), and a and b denotes virtual MOs.
X" and Y! are excitation and de-excitation coefficients of adiabatic states I, and C is the MO
coefficients matrix. Once the localization function fgoys(U) is maximized, the corresponding U
and the localized diabatic states are determined. By properly choosing the adiabatic states of a
dimer inside an aggregate system, one should be able to obtain multiple excited states with pure
local excitation (LE) or intermolecular CT transition characters.

Practically, we plot the attachment-detachment densities?’ of each localized diabatic state to
justify its transition character and the effectivity of the localized diabatization. If the diabatization
is successfully justified, i.e., the diabatic states are of expected pure transition characters, the
resulting diabatic Hamiltonian will be applied for the analysis of the photoluminescence
mechanism of the aggregates. Note that the off-diagonal elements of the diabatic Hamiltonian
correspond to either the exciton coupling between two LE states or the electron coupling between
the LE and CT states. Both of the exciton coupling and the electron coupling can be alternatively
evaluated via the fragment molecular orbital (FMO) based method. If AB* and A*B are dominated
by the transition between the frontier orbitals on each monomer, and CT corresponds to an
intermolecular transition from the highest occupied molecular orbital (HOMO) of one monomer
to the lowest unoccupied molecular orbital (LUMO) of the other monomer, the electron coupling
can be expressed as

(CTlﬁlAB*) = t, or t, (L)
(CT|A|A*B) ~ t, or t, (14)
th = —(Yfiomo|F|Wiiomo) te = (¥iumolF[¥Tumo) (15)

where t;, and t, are transfer integrals between the HOMO of the two monomers, i.e., Yaomo and
Y2 oMo, and the LUMO of the two monomers, i.e., Ym0 and Y20, respectively. As shown in
Figure S4, for all investigated systems in this work, the S states of each monomer are dominated
by the HOMO to LUMO transition, and therefore Eqns. (13) to (15) hold for these systems.
Unless otherwise specified, all excited state calculations are carried out via TDDFT with
optimal-tuned wB97X-D (denoted as ®B97X-D*) functional and 6-31G(d) basis set. Following
the procedure proposed in the reference,?® we tune the range-separate parameter w based on the
B3LYP/6-31G(d) optimized ground state structure of each isolated molecule, and explicit values
of w are listed in Table S1. Energetics of intermolecular CT states and LE excited states are
evaluated via Boys localized diabatization method, as well as their coupling elements. Extended
symmetry-adapted perturbation theory (XSAPT) and many-body dispersion (MBD) method®’
(XSAPT+MBD) is applied at the level of CAM-B3LYP/def2-tzpp to decipher the intermolecular
interactions, which is sensitive to the choice of the basis set. All of the above calculations are
performed in a developmentary version of quantum chemistry package Q-chem.*® Calculations of
transfer integrals (ten)) and exciton couplings (J), which can be evaluated via Boys localized
diabatization method as discussed above, are also carried out via FMO based method in PySCF
package®! to efficiently determine tern) and J, and further validate the rationality of the localized



diabatization method. Finally, quantum mechanics and molecular mechanics (QM/MM) method
with ONIOM model*? is utilized to compute the electronic structure properties of the excited state
(S1) for each H-aggregate dimer so that our theoretical model can be justified from another
perspective. Specifically, for each investigated system, a 3 X 3 X 3 cluster are carved out of the
crystal structure identified via X-ray diffraction (XRD), and the central two molecules are treated
as QM part with ®B97X-D*/6-31G(d) while the surroundings are treated as MM part with the
universal force field (UFF). The QM/MM calculations are performed in Gaussianl6 program
package.*
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Diagonalization of H in case of t;, ~ —t, = t. Corresponding eigenenergies and eigenstates of
H when t, ~ —t, = t read,

E,=E+] (S1)
EZ=E+S_]_‘/(52+D2+8t2 (52)
E3=E+s—]+J(sz+])2+8t2 (s3)

, W, = |FEg) (54)
WY, = N (CIFEpg) + [FTET)) (85)
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1
Y, = ——— (—|FE,g) + C|FE* S6
s = e (<IFELs) + CIFE) (56)

where s =Ecr—E , and C=Ecy—E — ] ++/(Ecr —E —J)? +8t2 . According to the
expression of the eigenstates, one finds that CTE mainly couples with antisymmetric FE, while the
symmetric bright FE remains unchanged. In such case, the lowest excited state of the H-aggregates
will be a mixing of [F"E*) and |FE,g), i.e., a transition dipole-forbidden state. CT-enhanced
strong emission therefor will not occur in H-aggregates when t;, X t, < 0. If the transfer integral

is relatively large, e.g., |[t| > +/|J? + Js|, E, will become less than E; for J-aggregates, and the
emission of J-aggregates will be quenched.
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Figure S1. Herringbone crystal packing motif. Face-to-edge dimers correspond to the black-red

molecule pair, and slipped n-n dimers correspond to the black-green molecule pair. The “face” part and
the “edge” part of the face-to-edge dimer in the ellipse are defined.
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Figure S2. Intermolecular interactions in H-aggregate dimers. (a) The dispersion energies of face-to-
edge dimers and slipped n-n dimers for all investigated systems at the level of CAM-B3LYP/def2-tzvpp.
(b) XSAPT+MBD energy Ei, Ecisi, Eina for two types of CTEs (FE" and F'E") of all the investigated face-
to-edge dimers at the level of CAM-B3LYP/def2-tzvpp.
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Figure S3. Attachment-detachment densities and excitation energies of the resulting diabatic
states, FE*, F'E, and F"E* of AN, dNaAnt, o-DPYA, m-DPYA, and DSB given by Boys

localized diabatization. The percentages listed below the excitation energy are the contribution
of the corresponding diabatic state to the adiabatic S state of each compounds
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Table S1. Centroid distance d (Unit: A) of two types of dimers in the investigated HB aggregates
and the optimal tuned o values (Unit: Bohr™!). Exction coupling J of DSB are in parenthesis (Unit:
meV).

Compound d (face-to-edge dimers) d (slipped n-nt dimers) ®

An 5.238 6.038 0.1868
DPA 4.823 6.245 0.1438
dNaAnt 4.822 5.980 0.1358
0-DPYA 4.816 6.235 0.1443
m-DPYA 4.860 6.280 0.1528
DSB 4.748 (117) 5.916 (84) 0.1564

Table S2. XSAPT+MBD energy decomposition for two types of charge-transfer excitons of all
investigated materials at the level of CAM-B3LYP/def2-tzvpp (in the unit of kcal/mol)

Etm Edisp Eelst Eexch Eind Eexch-lnd
Compound
FE* FE FE* FE FE* FE FE* FE FE* FE FE* FFE
An -7352 -6091 -1154 -12.00 -61.95 -5322 7.86 9.06 -9.32  -6.93 145 217
DPA -76.96 -61.43 -24.06 -2437 -60.47 -49.41 1594 1663 -1150 -7.74 313 3.25

dNaAnt -76.96 -61.58 -30.32 -30.62 -57.24 -46.47 1884 1981 -1191 -831 3.67 4.01
0-DPYA -7580 -62.38 -23.38 -2366 -60.08 -50.59 1598 16.88 -11.94 -9.06 3.63 4.05
m-DPYA  -7475 -65.28 -2268 -2293 -5856 -5246 14.63 1529 -11.39 -853 325 3.35

DSB -7141 -57.10 -1842 -1857 -58.01 -47.07 1182 1194 -9.09 -553 229 213

Table S3. Three-state diabatic Hamiltonian (Unit: eV) and diabatic-to-adiabatic rotation matrix
given by Boys localized diabatization method.

Three-state diabatic Aiabatic-to-diabatic rotation
Compounds B .
Hamiltonian matrix
3.321 0.012 0.076 0.627 0.481 0.608
DPA 0.012 3.323 0.062 0.624 —-0.781 -—-0.023
0.076 _0.062 3.375 —0.460 —0.398 0.793




[3.643 0.008 0.032] [0.463 0.865 0.179]
An 0.008 3.648 0.069 0.881 —-0.472 0.010
0.032 0.069 4.054 0.075 0.163 0.984
[3.259 0.026 0.060] [0.447 0.453 0.770]
dNaAnt 0.026 3.275 0.066 0.731 —-0.679 0.022
0.060 0.066 3.252 0.514 0.567 0.638
[3.413 0.007  0.093 ] 0.657 —0.559 0.494
o-DPYA 0.007 3.389 —0.036 0.540 0.810 0.215
0.093 —0.036  3.492 —0.522 0118 0.842
[3.390 0.006 0.078 ] 0.727 —-0.614 0.288
m-DPYA 0.006 3.388 —0.041 0.629 0.772 0.075
0.078 —0.041 3.631 0.267 —=0.122 0.955
3.829 0.080 0.002 —-0.583 0.677 0.121
DSB 0.080 4.000 0.020 0.621 0.307 0.703
0.002 0.020 3.916 —=0.520 —=0.452 0.700

Note that the diabatic Hamiltonian in Table S3 are given in the basis of {|F*E); |[FE*); [F"E*)},
which is of the following form:

E ] t
H=|] E ¢t
th te Ecr

The excitation energies of the locally excited states and the CTE (F~E™) can be read from the
diagonal elements of H, and the exciton coupling (J) as well as the charge and hole transfer
integrals (t, and t,) can be read from the off-diagonal elements of H. The diabatic-to-adiabatic

unitary rotation matrix U connects the adiabatic states and the obtained localized diabatic states
{|F*E); |FE*); |FTE*)} via

lIJ51 SFE
Ws, | = U| Epg
LIJS3 ‘:‘F_E+

By plugging in the matrix elements of U, the adiabatic excited states of the dimer can be written
as a linear combination of F*E, FE*, and F~E™*. If the coefficients of F*E and FE* are of the same
sign, then that adiabatic state is formed via the coupling between the CTE and the symmetric FE,
otherwise it is formed via the coupling between the CTE and the antisymmetric FE. The
contribution of each diabatic state to a given adiabatic state can be obtained via the square of the
coefficients of each diabatic state. These contributions of S; for each compound are listed below
the corresponding attachment-detachment densities.

Table S4. Calculated excitation energy of the first singlet states (Eg, , unit in €V) and corresponding
transition dipole moments (ug,, unit in Debye) of the isolated dimer, dimer in solid phase via
QM/MM approach and the isolated monomer at the level of ®B97X-D*/6-31G(d).

Dimer Dimer (QM/MM)  Monomer

Compound

ESl Hs, ESl Hs, ESl Hs,

An 3.62 3.00 3.63 3.10 3.65 251

DPA 3.20 347 3.25 3.83 3.28 3.76




dNaAnt  3.17 451 3.19 5.37 3.28 6.36
o-DPYA 333 164 3.27 1.80 341 3.25
m-DPYA 334 181 335 1.82 340 2.96

DSB 3.68 237 3.48 0.44 3.79 11.40

Table S5. Exciton couplings and transfer integrals computed via FMO method for all investigated
systems. Numbers are shown in the unit of meV.
Compound J t, te

An 4 271 73
DPA 9 68 58
dNaAnt 39 32 62
0-DPYA 8 97 -43
m-DPYA 6 83 -45

DSB 117 3 48
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