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Abstract

A sequence of quantum chemical computations of increasing accuracy was used in this work to identify
molecules with small exciton reorganization energy (exciton-vibration coupling), of interest for light
emitting devices and coherent exciton transport, starting from a set of ~¥4500 known molecules. We
validated an approximate computational approach based on single-point calculations of the force in
the excited state, which was shown to be very efficient in identifying the most promising candidates.
We showed that a simple descriptor based on bond order could be used to find molecules with
potentially small exciton reorganization energy without performing excited state calculations. A small
set of chemically diverse molecules with small exciton reorganization energy was analysed in greater
detail to identify common features leading to this property. Many of such molecules display an A-B-A
structure where the bonding/antibonding patterns in the fragments A are similar in HOMO and LUMO.
Another group of molecules with small reorganization energy displays instead HOMO and LUMO with
a strong non-bonding character.



The different equilibrium geometry of the ground and excited state of a molecule causes the
emergence of vibronic progression in absorption and emission electronic spectra. Such deformation of
the excited state due to the vibronic coupling and quantified by the exciton reorganization energy is
critically important for several practical applications. In luminescent organic semiconductor materials
used, for example, to develop organic light-emitting diodes (OLEDs)*?3, it is highly desirable to have
light emission with relatively narrow bandwidth, i.e., a high colour purity. From the microscopic point
of view, this means that the emissive molecules should have the smallest possible vibronic coupling to
suppress vibronic sidebands that reduce colour purity.*> For different applications in photovoltaics®®
but also quantum technology?, it is desirable to promote long-range exciton transport in molecular
materials. In different works,’® 1! it was observed that the typical value of the exciton-vibration
coupling found in medium-sized molecules is sufficient to localize the exciton on a single molecule and
reduce the exciton diffusion. However, there are known cases like dicyanovinyl-capped S,N-
heteropentacene (DCVSN5)% 12 where the vibronic coupling terms are small enough for the system to
sustain very delocalized excitons.' *1> High colour purity emitters and molecular materials with
delocalized excitons are further related because a strong oscillator strength for the lowest excited state
is required for both applications.

The identification of novel molecules with small vibronic coupling is challenging because there are no
practical design rules. A recent exploration of this issue was carried out by Penfold et al.°. The authors
investigated the emission full-width at half-maximum (FWHM) using the displaced harmonic oscillator
model (DHO) for 27 typical molecules including truxene and a sample of multi-resonance, charge
transfer and polycyclic aromatic molecules. Based on the DHO model, they provide a strategy for rapid
prediction of the colour purity of luminescent organic molecules. Besides, they found a strong
correlation between FWHM and the nuclear gradient of excited state potential.

To the best of our knowledge, there have not been many studies aiming at the identification of low
reorganization energy compounds via high-throughput virtual screening (HTVS). When this approach
is used to explore a large set of compounds that have not been designed to have certain characteristics,
one can discover very different molecules with the desirable electronic properties (e.g., for singlet
fission'®, temperature-activated delayed fluorescencel’, electron acceptors for photovoltaic
applications'® %9). A key advantage of a diverse set of molecules with a given uncommon property is
that one can identify structure-property relationships and, therefore, a novel approach to designing
new molecules. The objective of this work is to construct a large set of molecules with small excitonic
reorganization energy through a sequence of increasingly more accurate virtual screening steps. We
then analyse the results drawing general conclusions on the features that impart low excitonic
reorganization energy to organic molecules.

Conventionally, the calculation of the reorganization energy needs the equilibrium structure of initial
and final electronic states (e.g., S1 and So states for the emission processes, as shown in Figure 1). The
most common way to evaluate reorganization energy (a measure of exciton-vibration coupling) is by
using its definition, i.e., the four-point approach as shown below,

Agp = — 5  —3 (Eo1 — Eoo + E1o — E11)- €Y
Here, E;; is the energy of state i at the optimized geometry of state j, illustrated in Figure 1. This

approach requires the geometry optimization of Sp and Si. The latter, in particular, is computationally
very expensive and unsuitable for HTVS.
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Figure 1. The illustration for calculating reorganization energy (1) using 1D potential energy surfaces. Under the
harmonic and Condon approximation, 1g; = 4,y = %ha)qu and F = hwAq. Equations in the manuscript are for

potential energy surfaces of higher dimensions.

A convenient approximation, often invoked when many calculations of the reorganization energy are
needed ?° and also used to study colour purity ® can be used to evaluate reorganization energy for the
So—S; transition.?> 2 Under the Condon and the harmonic approximation, the computation of S; state
force at So geometry instead of S; optimization is performed to calculate the dimensionless
displacement Ag; of a normal mode i,

F-Q;

Ag; = ) 2
q; o, 2)

where F is the mass-weighted force vector of the S; state at So geometry, Q; and w; is the normalized
displacement and frequency of the mode i, respectively. The total reorganization energy can be
calculated as

1 2
Aforce = Z EhwiAQi . 3)
i

For this approach, geometry optimization of Sy, frequency analysis of So and force calculation of S;
state is needed. Therefore, geometry optimization of the S; state, the most expensive process of the
four-point method, can be avoided. Based on preliminary calculations involving 400 molecules at the
B3LYP/6-31g(d) level (see supporting information for the detail of our preliminary dataset), about 80%
of the computational cost can be saved via eq. 3 compared to eq. 1.

The accuracy of the approximation of eq. 3 was evaluated, comparing Agorce and A4y, for our
preliminary data set. As shown in Figure 2, the force approach underestimates the evaluation of A,
especially for large A due to the breaking of the harmonic and Condon approximation. However, it
shows good agreement with 4,4, for small 4 and, therefore, it is ideal as a first step of screening. For
example, the criterion A¢yrce < 0.25 eV will identify 98% of the molecules with 1,4, < 0.25 eV, and
only 25% of the molecules with A¢yrce < 0.25 eV have 44, > 0.25 eV.
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Figure 2. Comparison of total reorganization energy between the force approach (A¢yce) to the common four-
point approach (4,,). The subfigure shows zoom-in results of small A (the Pearson's R = 0.88 for this subset).

We considered 4476 molecules extracted from the dataset of computed excited states of molecules
reported in ref. 2, which includes 48182 molecules with experimentally known crystal structures from
the Cambridge Structural Database.?* The smaller set was obtained by imposing Es, —Eg, > 0.05eV
(to reduce the chance that S; and S; are interchanged going from theory to experiment), Es, < 3.65
eV (to remove less technologically interesting chromophores), removing molecules with more than
100 atoms (to improve throughput) and considering only molecules with S; oscillator strength larger
than 0.5 (since a bright emissive state is required by all the applications mentioned in the introduction
and the finding can be tested more easily). It should be noted that this work only directly addresses
molecular rather than solid state properties, as it was noted that the extent of exciton delocalisation
is influenced not only by the excitonic coupling but also the non-local exciton-phonon coupling.?*2®

The screening is performed in three layers, with each subsequent layer involving a subset of molecules
from the previous layer and higher accuracy:

(i) Forthe 4476 molecules, the force approach (eq. 3) was applied to evaluate A¢ypce. (TDDFT) MO6-
2X/3-21g* calculation level was applied for these calculations using the G16 package.”” A
reduced convergence criterion was applied for So geometry optimization to further speed up the
calculations without accuracy loss (these approximations are validated in the Sl). For frequency
analysis and the normal modes used in eq. 2, we ignored the modes with low imaginary
frequency since some systems cannot be optimized to the exact global minimum.

(ii) Molecules from the screening in (i) that have Agyrce < 100.0 meV were selected for the four-
point approach calculation (eq. 1) using the same level of theory.

(i) Molecules with small reorganization energy calculated in (i) (44, < 125.0 meV) were grouped
into distinct sets based on the similarity of molecular structures. For each set, one or two
molecules were selected as representatives and the calculation of 4,, was repeated at the
higher level, M06-2X/def2-SVP.

The list of molecules considered with their optimized geometries and the key parameters discussed in
this work are given in a public repository %,
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The distribution of the computed A¢y ce is reported in Figure 3(a). The median value is 287.9 meV; a
reasonable subset of molecules to be investigated more accurately are those with A¢yrce < 100 meV
considering that molecules typically associated with small reorganization energy (e.g., Y6, DCVSN5 and
PDI) display values in the range of 125-180 meV*! (it is worth mentioning that papers discussing exciton
transport 1% 1 2° define the exciton reorganization energy for the transfer of exciton between two
molecules — which is double the value as defined in this work). There are 358 molecules with A¢gpce <
100 meV for which the four-point method is applied to get more accurate reorganization energy. The
results are compared to the force approach in Figure 3(b) and, similarly to our preliminary test in Figure
2, Aforce is alower bound for A4, and can be used to identify potential candidates with small 1,.

(@)350 (b) 41, .
e
®e
300 e o,
L]
2504 0.08 .
L]
- ?
= 2001 © -
=} -,0.06 1
o o
O 150 S
< .
¢ .
1004 0.04 -
50
0 0.02 T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4
Aforce eV A4p / eV

Figure 3. (a) Distribution of reorganization energy Asyrce in the energy region [0, 0.5] eV (layer (i) calculation)
with red bars presenting the systems with small A¢, . for layer (ii). (b) Comparison of reorganization energies
between eq. 1 (A4,) and eq. 3 (Agorce)- The red dashed line indicates the Agorce = A4p condition.

Before discussing specific cases, it is useful to report more general correlations in the dataset. It is
expected that frontier delocalized orbitals are associated with smaller reorganization energy, and this
is true, for example, for the polyacene series.'® However, there is only a very weak correlation between
measures of delocalization of frontier orbitals (e.g., inverse participation ratio) and reorganization
energy (correlation coefficient R = 0.19), as reported in Sl, highlighting the importance of using large
data set to determine structure-property relations that are truly useful in practice. A simple orbital-
based parameter with a stronger correlation with the reorganization energy is the (squared) total bond
order difference (BOD) between Sp and S; by assuming that S; is HOMO—LUMO excitation.

2
BOD = Z(BE;L - B, €))
a,b

where BZ?) is the bond order between atoms a and b of in the ground state and and BXL°" is the same

quantity for the singlet HOMO—LUMO excitation configuration. The definitions of these parameters

are taken from ref.3*32 and are reproduced in the SI. The summation extends over all pairs of chemically

connected atoms. This idea, related to the bonding/antibonding pattern of HOMO/LUMO, is not novel

and has already been covered in the literature. 333> For example, the bond-order-bond-length (BOBL)
relationship was used to elucidate reorganization energy in recent work.* However, the predictive

ability of this descriptor based on a large dataset has not been presented before and, as we have seen,

this is critical to establish its usefulness.
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In our dataset, 74% of the S; excited states are dominated (>90% weight) by the HOMO—LUMO
excitation. In such a case, the BOD parameter should be a more accurate predictor of the
reorganization energy, as illustrated by Figure 4(a), where the data points of BOD and Afypce are
labelled according to the HOMO-LUMO weight in S;. While BOD cannot be used to predict accurately
Aforce in general, the value of BOD sets a lower bound to the value of the corresponding A¢ypce - FOr
example, BOD should be smaller than 0.2 if one is searching for molecules with A¢ypce < 100 meV. The
predictivity is low since 2270 in 4476 molecules have BOD < 0.2, while only 358 molecules have
Atorce < 100 meV, but it should be noted that evaluating BOD does not require the calculation of the
excited state. If the excited state composition is known (many databases now collect vertical excited
states properties of molecules)? 3% 37 the BOD parameters can be used for molecules dominated by
the HOMO-LUMO transition in the lowest excited states and the predictivity is substantially enhanced.
For example, as shown in Figure 4(b), when BOD is in the vicinity of 0.1, the predicted median A¢ypce is
160 meV and 50% of the computed reorganization energies are in the range between 120 and 185
meV.
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Figure 4. Relationship between BOD and reorganization energy for results in layer (i). (a) All 4476 molecules

(dashed line: A¢orce = 0.1 eV) with data point colour labelled according to the HOMO-LUMO excitation weight.

(b) Boxplot that shows the range of expected A, for intervals of BOD for molecules with HOMO-LUMO

excitation weight larger than 0.9.

To give further insight into the results, we have looked individually at the 282 molecules in layer (ii)
with small reorganization energy (14, < 125.0 meV). We have noticed that many of such molecules
share similar chemical features. We found it convenient to identify a representative of each class for a
discussion of the origin of their small reorganization energy, as commonly done in this type of study .
A very large number of molecules (196 molecules) belong to the class of BODIPY (boron
dipyrromethenes) with the addition of the fluorine-substituted variant (19 molecules) or a variant with
the substitution of nitrogen (2-Ketopyrrole and B-alkyl-substituted dipyrrolyldiketone, 22 molecules).
Using CSD identifiers, these three classes are represented by WEPGUUO4, CIVNON and IGUTIO,
respectively, in Table 1 (chemical representation and frontier orbitals of the most interesting cases are
given further below). BODIPY and its derivatives are clearly very well-known narrow emitters with
many in-depth studies of their electronic characteristic. 31t is in many ways desirable as a verification
of the screening approach to find molecules that are already known to have the sought characteristics.
Similarly, 8 squaraine dye molecules are represented by VIFISEI in the table, as well as one similar
structure known as croconaine dye (QALLOH). These systems were also well-studied and have sharp
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absorption and strong fluorescence emission at the near-infrared region, associated with a small
reorganization energy %, Furthermore, another group of 16 related molecules contain polyenes
terminated by two —CN groups and is represented by CITGUG and CITCOA in the table. The remaining
entries (OPOPOZ, PHTHCY01, QIQSER, WOJWIE, MUKKAE, PUTCEM, etc.) have 2-3 analogues in the
search or appear to be isolated. The calculation of /14p is repeated at the higher level M06-2X/def2-
SVP for 17 representative molecules, 13 of which remain of low reorganization energy at the higher
level and are reported in Table 1 (see Sl for the full table of high-level calculation results). The entries
in Table 1 can be analysed to look for general rules that may explain their small reorganization energy.

Table 1. Results of high-level calculation (layer (iii)) compared to layer (ii) for 13 representative molecules.

AES /ey AESE /ey 2G0/mev A(NE"/mev  BODMEN
WEPGUUO4 3.08 2.99 49.8 47.8 0.040
CIVNON 3.08 3.00 51.7 59.0 0.038
IGUTIO 3.62 3.57 57.1 55.2 0.085
VIFSEI 2.07 2.11 43.3 46.9 0.057
QALLOH 1.88 1.89 46.5 43.8 0.024
CITCUG 2.85 2.78 726 73.6 0.100
CITCOA 3.20 3.11 100.4 89.1 0.096
0POPOZ 1.39 135 25.9 23.6 0.026
PHTHCYO1 2.21 2.12 417 40.0 *
QIQSER 1.56 151 45.2 49.6 0.049
WOIWIE 2.45 2.41 45.9 50.4 0.038
MUKKAE 3.11 2.99 78.5 78.2 0.174
PUTCEM 3.10 3.19 88.0 107.8 0.078

*S1 of PHTHCYO1 is not HOMO—LUMO excitation.

For BODIPY species, we hypothesise from visual inspection that the small BOD and reorganization
energy comes from the similarity of HOMO and LUMO at the two symmetric ends of the molecules
(with opposite phases) and the non-bonding character of LUMO orbital in the central part of the
molecule. These characteristics explain a very similar bond order in HOMOs and LUMOs and are shown
in Figure 5(a). Similar features can also be found in apparently unrelated molecules (e.g., VIFSEI and
QALLOH in Figure 5(b) and (c), and QIQSER and WOJWIE (in SI), revealing that there may be a common
mechanism that keeps the reorganization energy low in these cases. In the figure, we have indicated
with Al and A2 the two ends of the molecule with similar bonding patterns in HOMO and LUMO. The
central part of the molecule, indicated as B, contains single atoms or small (4-5 membered) rings —
reducing its ability to deform upon excitation. To demonstrate that the mechanism can be used to
design new molecules, we create a model system with the A1-B-A2 structure, shown in Figure 5(d) and
displaying small reorganization energy (69.7 meV) at the same level of theory. To be more quantitative,
we reported in Figure 5 the overlap between HOMO and LUMO orbitals only considering the block of
atoms in portion Al or A2 and compared it with the HOMO-HOMO and LUMO-LUMO overlap within
the same portion. Except for the sign, they have similar values, i.e., the shape of HOMO and LUMO
orbitals at the two sides of the molecules is similar.
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Figure 5. Analysis for A1-B-A2 systems for (a) WEPGUUO4, (b) VIFSEI, (c) QALLOH and (d) model system. The
2"/3" columns show HOMOs and LUMOs plots with the definition of blocks for each system. The last column
shows block overlaps among MOs ('H' for HOMO and 'L' for LUMO).

The molecule CITGUG (and its 15 analogues) are polyenes with donor and acceptor groups at the two
ends of the molecule. To describe the origin of the low reorganization energy, we consider a simple
hexatriene denoted as M1, and the versions where one (two) donor(s) (-NHx) and acceptor(s) (-CN)
replace the H at the end of the molecule, denoted as M2 (M3). As shown in Figure 6, increasing the
number of donors/acceptors causes a remarkable decrease in reorganization energy and BOD which
can be associated with the increased non-bonding characters of the HOMO and LUMO orbitals (the
figure also shows how the HOMO-LUMO gap and the excitation energy decrease in this case). The
results are similar to the design idea of multi-resonance TADF materials®®, i.e., minimising
bonding/antibonding feature in HOMO and LUMO, with the associated increase of non-bonding
character, reducing the reorganization energy of molecules.

Overall, we could achieve a fairly good understanding of the overall mechanisms generally available to
decrease the exciton reorganization energy. A possible exception that may require further
investigation is MUKKAE, which displays unusually large BOD associated (See S, Figure $25, for a
possible explanation). Finally, we should also note that some important effects are best captured with
a set of molecules designed ad hoc, which are difficult to analyse based on the large dataset in our
case. For example, Pi-Tai Chou et al.* found that molecular reflection symmetry plays an important
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role in reducing reorganization energy in linear cyanine systems, while we have very few symmetric
molecules.
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Figure 6. Model D-conjugate-A systems. (a) The geometries of model systems M1-M3. (b) Plots of
HOMO/LUMO. (c) Orbital energies of HOMO and LUMO and excited energies of S; state. (d)
Relationship between reorganization energy and BOD. The calculation level is the same as in layer (iii).

In conclusion, a computational funnel approach was used in this work to identify molecules with small
exciton reorganization energy and explain the origin of this feature. We have found that an
approximate computational method based on a small basis set and single-point calculations of the
force in the excited state is very effective for this type of screening. The calculations were used to look
for orbital properties that can be used to identify, even more rapidly, molecules with potentially small
exciton reorganization energy without performing excited state calculations. We have found that the
delocalization of frontier orbitals correlates poorly with exciton reorganization energy, but a good
prediction based on the ground state orbitals can be performed using the total bond order difference
between the ground state and the HOMO—LUMO single excited configuration. The molecules with
small reorganization energy have been grouped according to chemical similarity, and representatives
of each group have been computed at a higher level of theory to validate the predictions and identify
common patterns among them. Two quite different cases appeared to be frequent (i) molecules with
similar bonding/antibonding patterns in HOMO and LUMO (often A-B-A symmetric molecules) and (i)
molecules with a strong non-bonding character of both HOMO and LUMO (linear polyenes with donor
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and acceptor substituents). This work highlights how high-throughput methods can be used at the
same time to identify molecules with interesting characteristics, establish statistically robust
correlations and provide novel insights or design rules.

Supporting Information. Results of preliminary investigation, general relation between reorganization
energy and other parameters, detailed information of grouping, and accurate electronic structure
results of representative molecules.
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