Open Access Article. Published on 04 December 2023. Downloaded on 2/16/2026 7:39:40 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 2007

Received 22nd September 2023,
Accepted 4th December 2023

DOI: 10.1039/d3cp04609e

rsc.li/pccp

Introduction

Energy landscape of perylenediimide
chromophoric aggregatesf
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Understanding the self-assembly of conjugated organic materials at the molecular level is crucial in their
potential applications as active components in electronic and optoelectronic devices. The type of
aggregation significantly influences the intriguing electronic and optical characteristics differing from
their constituent molecules. Perylenediimides (PDIs), electron-deficient molecules exhibiting remarkable
n-type semiconducting properties, are among the most explored organic fluorescent materials due to
their high fluorescence efficiency, photostability, and optoelectronic properties. PDI derivatives are
reported to form well-tailored supramolecular architectures: cofacial with minor slip (H-aggregates),
staggered with major slip (J-aggregates), magic angle stacking (M-aggregates), rotated (X-aggregates),
rotated orthogonal ((+)-aggregates), etc. H*-aggregates are defined here as an ideal case of
H-aggregate with an eclipsed configuration. Although numerous reports regarding the formation and
optical properties of various PDI aggregates are known, the key driving force within the PDI units
guiding the self-assembly to form distinct aggregate systems remains elusive. To unravel the molecular-
level mechanisms behind the self-assembly of PDI units by probing the intermolecular interactions,
symmetry-adapted perturbation theory-based energy decomposition, potential energy surface scans,
and non-covalent interaction index analyses were employed on PDI dimer models. Quantum theory of
atoms in molecules and frontier molecular orbital analyses were implemented on the dimer models to
comprehend the effect of heteroatoms and orbital interactions in stabilising the X-aggregates over the
other PDI aggregate systems. Competition between the attractive and repulsive non-covalent
interactions dictates a stability order of X > H > J > M > (+) > H* for the PDI aggregate system,
while in the parent perylene system, the stability order was found tobe X > (+) > H > M > J > H*

Understanding the strength of non-covalent interactions is quin-
tessential in realising the structure-property relationships in

Molecular aggregates are an important class of materials exhibiting
optical properties generally different from their constituent
molecules."”” Molecular coalition of n-conjugated organic materials
into three-dimensional supramolecular assemblies has been uti-
lised efficiently in photonic and optoelectronic devices. The relative
spatial orientation,” interplanar distance, and the non-covalent
interactions® between the chromophores dictate the electronic
communication, thereby governing the photophysical properties
of the aggregate systems.® The self-assembly process hinges on
non-covalent interactions, which essentially decide the packing
and relative orientation of the chromophores, thereby determining
the nature and strength of the electronic interactions.
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aggregates.”® Based on the relative orientation of transition dipole
moments corresponding to S, — S; transition in two monomer
units, quantified by the slip angle (6), molecular exciton theory”°
categorises aggregates into different classes (Fig. 1). In
H-aggregates, transition dipoles are arranged head-to-head
(O < 0 < 90°), while J-aggregates have a slip-stacked head-
to-tail arrangement (0 < 6y;), where 0y = 54.7° is called the
magic angle.”'™® H- and J-aggregates exhibit positive and
negative Coulombic coupling, respectively.'®> Another interest-
ing class of aggregates is the M-aggregates'* or magic angle
stacking possessing 6 = 54.7°, an orientation at which Coulom-
bic coupling is predicted to vanish."> X-aggregates exhibit cross-
dipole stacking with a rotation offset (¢) in between 0° and
90°."% (+)-aggregates (Greek cross-aggregates) are found to have
an orthogonal arrangement of the transition dipoles and exhibit
monomer-like optical properties owing to the null exciton coupling
between the monomers.">™” H*-aggregates (ideal H-aggregates)
have the monomers oriented in an eclipsed configuration (without
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Fig. 1 Transition dipole moment vectors of various dimer systems.

any rotation or displacement offsets). Hunter and Sanders
proposed that the structure of m-aggregates is determined by
electrostatic interactions. When there is a rotation or displace-
ment offset between the monomers, repulsive n-r interaction is
outweighed by the n-c attractions between the positive o
framework and the negative n electron density.'® However, the
symmetry-adapted perturbation theory (SAPT) contradicted the
model by showing electrostatic energy contribution as negative
(attractive) for such structures due to the charge-penetration
effect."®%"

SAPT** has emerged as a powerful tool for probing non-
covalent interaction energies between molecules using inter-
molecular perturbation theory to compute the strength and assess
the nature of the intermolecular interactions. The density-fitting
density functional theory symmetry-adapted perturbation theory
(DF-DFT-SAPT) method performed on n-stacked dimers suggests
that the dispersion and other contributions are maximised at the
parallel displaced conformation than at the sandwiched (eclipsed)
conformation. A qualitative stack bond order (SBO) description of
the orbital interactions supplemented the understanding of the
underlying non-covalent interactions.>* A molecular orbital-based
model for rationalising the exchange-repulsion contribution to the
total interaction energy in aggregates over electrostatic models was
proposed using SAPT by Fink and co-workers.>* SAPT-based
approach was employed in pentacene and N-heteropentacenes to
assess the impact of heteroatom substitution on the strength of
the various non-covalent intermolecular interactions and inter-
molecular electronic couplings.*

Perylenediimides (PDIs) are a class of electron-deficient
molecules exhibiting remarkable n-type semiconducting properties
and excellent photostability. PDI derivatives are reported to form
well-defined supramolecular assemblies.”® Long-standing efforts to
understand the mechanism of self-assembly in PDI chromo-
phores have been stimulating. Kaupp, Fink, Engels and
co-workers have employed extensive theoretical methods to
explain the crystal structures and visible light absorption
properties in a PDI dimer model system.?” By exploring the
non-covalent interactions to understand self-assembly, a paral-
lel step-wise H-type aggregation pattern was observed in the
oligomers of perylene, PDI, and thionated PDIL>® Despite PDI
forming different aggregate systems depending on substituents
at the imide and bay positions, twisted core, H-bonding, etc.,?®
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the driving force within the PDI structure for self-assembly into
H-, J-, X-, M-, and (+)-aggregates remains elusive.

In this work, SAPT based energy decomposition analysis
along with potential energy surface (PES) scan and non-
covalent interaction (NCI) index analyses were implemented
to evaluate the nature and strength of the interactions between
the monomers. Five classes of PDI aggregate systems: H (cofa-
cial with minor slip), J (staggered with major slip), M (magic
angle stacking), X (rotated) and (+) (rotated orthogonal) were
studied with a dimer model® for understanding their for-
mation favourability over H*-aggregate (eclipsed) with maxi-
mum dispersion force to bind the monomers. The terminology
used for the dimer systems pertains to Kasha’s exciton model
for molecular aggregates. However, herein, the non-covalent
interactions between the monomers are explored to apprehend
the ground state stabilities of different supramolecular motifs.
Previous studies have provided evidence supporting the use of
dimer-based models to accurately represent the properties exhib-
ited by the larger aggregate systems.>’?°! Topological analysis
based on Bader’s quantum theory of atoms in molecules (QTAIM)
was employed to probe the non-covalent interactions between the
heteroatom functionalities and HOMO isosurfaces traced the
orbital interactions between the two monomers in the dimers.
The obtained interaction energies for the PDI dimers were
compared to the analogous perylene dimers, to delineate the
exclusive influence of the aromatic m-core in stabilising the
aggregate systems.

Computational methods

The PDI monomer geometry was obtained from the previously
reported crystal structure of PDI and was used for the analysis
without optimisation.>* For the parent perylene molecule, an
optimised monomer geometry was used as the initial geometry.
Geometry optimisation of perylene monomer and selected PDI
dimers, frequency calculations on the selected PDI dimers,
potential energy surface scans and single point energy calcula-
tions were performed employing Gaussian 16>° using the
®B97XD functional and 6-311+G(d,p) basis set at the density
functional theory (DFT) level of theory in vacuum. ®B97XD was
shown to predict the energetics of polyaromatic hydrocarbon
aggregates accurately.> HOMO orbital isosurfaces were gener-
ated after performing single point energy calculations at dimer
geometries.

Fig. 2 depicts the axes labels used for the computational
analyses. The origin of the coordinate system is established at
the centroid of one of the monomers (reference monomer), X
and Y are the long and short axes respectively, and Z is the
interplanar axis. The interplanar distance between the monomers
is fixed at 3.4 A based on the reported crystal structures of PDI and
perylene derivatives (Fig. S1 and Table S1, ESI{).'41%273235737
Starting from the eclipsed configuration (H*-dimer), one of the
monomer units was systematically rotated along the interplanar
axis Z by an angle ¢ (0° < ¢ < 90°) with a step size of 2° to
generate dimer geometries of X-aggregates and the (+)-aggregate.

This journal is © the Owner Societies 2024
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Fig. 2 Dimer model of the perylenediimide chromophore showing axes
labels, rotation angle (¢) and slip angle (0).

Displacing the monomer along the long axis X (0 A < X < 13.4 A)
and short axis Y (0 A < Y < 3.2 A) by a step size of 0.2 A generated
H- and J-dimer geometries for SAPT scans. As the transition dipole
moment of PDI lies along the long axis (Fig. S2a, ESIt), the slip
angle 0 is defined as the angle between the line joining the
centroids of two monomers and the long axis of the reference
monomer." As it was computationally challenging to perform two-
dimensional SAPT scan, as a large number of input geometries
had to be generated, we resorted to a two-dimensional rigid PES
scan using the DFT method. We then investigated the non-
covalent interactions in each of the stationary points obtained
from the PES scan using the SAPT method.

Symmetry-adapted perturbation theory (SAPT)*>*%°

SAPT analysis was carried out using AUG-cc-pVDZ basis set employ-
ing the Psi4 code.*® One-dimensional SAPT scans were employed to
investigate the changes in the intermolecular non-covalent interac-
tions corresponding to the displacement of one monomer along long
or short axes or rotation about the interplanar axis from the eclipsed
configuration. SAPT computes the interaction energy between two
molecules and decomposes the interaction energy into physically
meaningful components: ie., electrostatic, exchange, induction, and
dispersion. SAPT(0) is the simplest truncation of SAPT. The SAPT(0)
analysis results comprise a second-order perturbation expansion
constituting first-order electrostatic and exchange energy parts and
second-order dispersion, induction, and their exchange counterparts
as the perturbation terms.

ESAPT(0) _ p(10) E00 4 E® 4 EC(fO)

int elec ind,r -ind,r

2 20 20
+ SEI(JIZ' + E((lis ) + EcEx-()iis
@

Eyn = Ege + Eex + Eind + Edis @

— 10), _ 10), _ 20 20 2).
Where, Eele - elez):y Eex - E(ex )y Eind - Egnc?,r + E(ex—l)nd,r + BE(H}%
— A20 20
Edis - Eglis) + E{em)iis-

Potential energy surface (PES) analysis

Two-dimensional rigid PES scan was performed at the ®B97XD/
6-311+G(d,p) level of theory using Gaussian 16 to comprehend
the trends in interaction energies starting from the eclipsed
configuration, by displacing one monomer along both long and
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short axes simultaneously. Counterpoise correction®’ was
employed to compensate for the overestimation of the inter-
action energies in the dimer due to the basis set superposition
error.*> Keeping the reference monomer fixed, the other mono-
mer was displaced along both long and short axes without any
rotation offset (¢ = 0°) with a step size of 0.1 A to obtain dimer
energy (Egimer) at each point. The total interaction energy
between the monomers was calculated using the equation:**

Eint = Edimer - 2Emonomer (3)

Monomer energy (Emonomer) Was calculated by performing a
single point energy calculation at the monomer geometry.

Non-covalent interactions (NCI) index analysis****

NCI analysis, also called reduced gradient density method
employs an index based on electron density and its derivatives
to identify non-covalent interactions. Reduced density gradient
is given by:

Vo

=— 11 4
2(37[2)1/3'04/3 (4)

where p is the electron density. The sign of the second deriva-
tive of p (V>p) is analysed to distinguish attractive and repulsive
interactions. The non-covalent interaction regions are repre-
sented in the plot as discs with colours ranging from blue
(attractive) to red (repulsive), as in the VIBGYOR spectrum. NCI
isosurfaces in different PDI dimer systems were generated
using Multiwfn 3.8.%¢ Visualisation states were rendered using
VMD 1.9.3 software.””

Quantum theory of atoms in molecules (QTAIM)*®

QTAIM analysis assists in describing the interatomic interac-
tions in terms of electron density (p(r)) and its Laplacian
(V?p(r)) in dimers as well as higher-order aggregate structures.
The critical points (CPs) appear when the first derivative of the
electron density approaches a near-zero value, and the sign of
the second derivative of electron density determines the shape
in real space. In Bader’s AIM theory, the appearance of a (3, —1)
CP called bond critical point (BCP) usually implies a local
aggregation of electron density, commonly appearing on a
bond path or between atoms having attractive interactions.
The (3, +1) CP implies local electron density depletion and
indicates a steric effect. The value of real space functions at BCP
have great significance; for example, the value of p and the sign
of V?p at BCP are closely related to bond strength and bond
type, respectively, for analogous bonds. van der Waals inter-
action regions always have very small p.

Results and discussion

Different non-covalent interactions stabilising the dimer systems
were examined using SAPT analysis. Fig. 3 shows the variation of
different non-covalent interactions and total interaction energy
(Eine) as a function of displacement along long axis X, short axis ¥,
and rotation about the interplanar axis Z. The effect of interplanar
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distance on interaction energy is shown in Fig. S3a (ESIt). The
competition between attractive dispersion interaction binding the
monomer units and repulsive exchange interaction plays a pivotal
role in dictating stability of aggregates. The H*-dimer exhibits the
least stability due to the high exchange interaction ie., Pauli
repulsion between equivalent orbitals, which is inadequately
compensated by the other three stabilising interactions (electro-
statics, induction and dispersion). Fig. 3a and b show the effect of
displacing one of the monomers in one dimension (1D) along the
long and short axes, respectively on the interactions within the
dimers, and the degree to which the displacement influences
the interactions. The obtained minima (X; = 1.4 A; X, = 3.0 A
X; =5.6 A; and Y; = 1.4 A) are a manifestation of relatively lower
contribution from the exchange interactions. As the displace-
ment increases, the dispersion interaction becomes less nega-
tive. Fig. 3c shows the effect of rotation on the stability of the
dimers. At the minimum R, (¢ = 30°), the exchange interaction
appears relatively weak and strong stabilisation due to the
electrostatic interactions is observed. Conversely, a maximum
is observed at R; (¢ = 60°) due to decreased attractive electro-
static and dispersion interactions along with increased
exchange interactions. Though the dispersion is least in R,
(¢ = 90°), (+)-dimer forms a minimum due to low exchange
and moderately high electrostatic interactions. Therefore,
X-dimer close to a rotation angle of 30° is energetically more
favoured than the (+)-dimer with a rotation angle of 90°. The R,
configuration is consistent with the global minimum previously
reported using DFT.”” The H*-dimer, R, (¢ = 0°) is energetically
less favoured and rarely observed.* R, (X=0 A, Y=0 A4, 0 = 90°,
$=0°),R, (X=0A,Y=0A4,0=90° ¢=30")and R, (X=0A4,Y=0A4,
0=90°, ¢ =90°) are considered as the representatives of H*-, X-
and (+)-dimer respectively. Frontier molecular orbital (FMO)
analysis through HOMO isosurfaces of the stationary geome-
tries obtained from the 1D SAPT scan in Fig. S4 (ESI}) portray a
qualitative picture of the orbital interactions between the mono-
mers. The dimer devoid of rotation and displacement offsets (R;)
exhibits strong destructive overlaps between the orbitals, as evinced
by the orbital lobes of different phases interacting in an antibond-
ing fashion. With displacing one of the monomers, a reduction in
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repulsive exchange interactions and an increase in the constructive
n-7 interactions occurs (Fig. S4a, ESIT). The R, and R, geometries
show prominent orbital overlaps between the lobes of same phases,
whereas R; geometry displays destructive overlap between the
orbital lobes of the monomers (Fig. S4b, ESIt). FMO analysis
provides key physical insights into the orbital contribution towards
the manifestation of the minima and maxima in the 1D SAPT scans
of PDI dimers.

In order to understand the interaction energy profiles in
H- and J-dimers of PDI, a two-dimensional rigid PES scan was
performed as shown in Fig. 4a. Two-dimensional map of inter-
action energy showing stationary points (M; to M) is depicted in
Fig. 4b and the corresponding interaction energies are tabulated in
Table S2 (ESIt). Minima obtained from PES correlates well with the
minima obtained from corresponding 1D SAPT scans. Fig. S5
(ESIT) shows geometries of dimers at stationary points and Table
S3 (ESIt) provides information on the SAPT analysis conducted on
these stationary points. Among the stationary points, M; (X=1.0 A,
Y=1.4 A, 0=74.8° ¢ = 0°) exhibits the highest interaction energy
and represents an H-dimer. M; (X = 3.0 A, Y= 0.2 A, 0 = 48.5°,
¢ = 0°) possesses the highest interaction energy among the
J-dimers. For further analyses, M; and M; are considered as
representatives of the H- and J-dimer systems, respectively. The
rigid PES scan computed as a function of rotation of one monomer
about the interplanar axis Z for the PDI dimers shows similar
interaction energy trends in comparison to the obtained SAPT(0)
energies (Fig. S6, ESIt). Further geometry optimisations were
performed on H-, J-, M-, X- and (+)-dimer structures and no
imaginary frequencies were observed (Table S4, ESIT).

Table 1 provides a summary of the total interaction energy
calculated through SAPT for the different PDI dimer systems
(Fig. 5). The rotated or the X-dimer, characterised by the high-
est electrostatic and induction interactions, moderately low
exchange interaction, and high dispersion interaction, exhibits
the maximum intermolecular interaction strength (Ei, =
—40.49 kecal mol ). Following in stability is the H-dimer
or the cofacially stacked dimer with minor slip (Eiy, =
—36.93 kcal mol ™), possessing low exchange interaction and
high stabilising interactions. The J- (staggered with major slip),
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Table 1 Total SAPT(0) interaction energies and the components (electrostatics, exchange, induction, and dispersion) in kcal mol™ along with the
coordinates of the second monomer with respect to the reference monomer, rotation angle and slip angle for the various PDI dimers. E = Electrostatic;
Eex = Exchange; Ejnq = Induction; Egs = Dispersion; Ej, = Total SAPT(0) interaction energy

Dimer system Coordinate (A) Rotation angle, ¢ (°) Slip angle, 0 (°) Eqe Eex Eina Egis Eine

X-dimer (0,0,3.4) 30 90 —-12.33 32.32 —4.06 —56.43 —40.49
H-dimer (1.0,1.4,3.4) 0 74.8 —8.93 29.71 —-3.78 —53.93 —36.93
J-dimer (3,0.2,3.4) 0 48.5 —9.96 31.96 —3.30 —52.02 —33.32
M-dimer (2.5,0.9,3.4) 0 54.7 —-9.77 34.35 —2.87 —54.42 —-32.71
(+)-dimer (0,0,3.4) 90 90 —9.67 27.72 —-3.17 —46.94 —32.06
H*-dimer (0,0,3.4) 0 90 —5.82 45.25 —1.81 —61.44 —23.82

M- (magic angle stacking), and (+)- (rotated orthogonal) dimers
display similar interaction energy values of —33.32 kcal mol *,
—32.71 kcal mol™' and —32.06 kcal mol ' respectively,
and exhibit higher electrostatic interaction compared to the
H-dimer. On the other hand, the H*-dimer (eclipsed) demon-
strates the highest repulsive exchange interaction and the
lowest electrostatic and induction interactions, making it the
least stable configuration with a low interaction energy of
—23.82 kecal mol . The DFT (0B97XD/6-311+G(d,p)) predicted
interaction energies of these dimer systems are tabulated in
Table S5 (ESIT). The DFT interaction energy trend is in line with
the computed SAPT(0) interaction energies, where X-dimer
exhibits the highest interaction energy strength and the
H*-dimer (eclipsed dimer) shows the lowest intermolecular
interaction energy strength.

Fig. 6 shows NCI isosurfaces in different PDI dimer systems.
In the H*-dimer, the ring centres align, leading to multiple
voids within the green isosurface, indicating the presence of
weak intermolecular n-n interactions arising from strong repulsive
forces between the molecules. In addition to van der Waals
interactions, X-dimer showcases a strong electrostatic attractive
interaction between the partially positive imide nitrogen and
partially negative carbonyl oxygen located in close proximity within
the opposite imide rings. The interaction mentioned above is

This journal is © the Owner Societies 2024

absent in (+)-dimer, and the interacting surface is mainly on four
core rings. The NCI isosurface is enhanced with displacement,
indicating the increment in stabilising interactions compared to
the H*-dimer. Notably, the enhancement in NCI isosurface is more
pronounced in the H-dimer than in J- and M-dimers. NCI
analysis qualitatively elucidated the increase in non-covalent
interactions with displacement and rotation from the eclipsed
configuration. NCI isosurfaces of all stationary points computed
through 1D SAPT scan for rotation along interplanar axis and
PES scan are provided in Fig. S7 in ESL.{ Geometries forming
minima in 1D-rotational SAPT scans and PES (R,, Ry, M; to M;
and M) have continuous NCI isosurfaces without any voids.
However, the NCI isosurfaces of maxima geometries (R;, Rz, Mg,
Mg, and M) are intermittent, with multiple voids indicating
weak intermolecular interactions.

The impact of heteroatoms on enhancing the stability of X-
aggregates in PDI was evaluated using QTAIM analysis.”® The
H*-dimer exhibited C---C, N---N and O---O interactions
(Fig. 7a-top). While rotating one monomer from the H*-dimer
configuration, a bond critical point (BCP-109) with (3, —1)
nature was observed between the imide nitrogen and carbonyl
oxygen (N37---078) (Fig. 7b-top). The obtained BCP strongly
confirms the presence of a non-covalent interaction between
the different functional groups of the two monomers in the

Phys. Chem. Chem. Phys., 2024, 26, 2007-2015 | 2011
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Fig. 5 Dimer geometries of various PDI aggregate systems shown in top and side views.

X-dimer. Fig. 7c-top shows the C-.--C interactions in the
(+)-dimer and heteroatom interactions were not realised due
to the large distance between the functional groups in the
(+)-dimer. The observed BCP-109 in the X-dimer corresponding
to the heteroatom interaction was not observed in any of the
dimer systems obtained through displacement offsets from the
eclipsed configuration (Fig. S8, ESIt). Selected BCPs and the
associated p(r) and V?p(r) values have been summarised in
Table S6 (ESIT) for all the dimer systems studied. FMO analysis
was utilised to describe the orbital interactions leading to the

H*-dimer
(0=90°, $=0°)

stability of different PDI dimers. In the X-dimer, the interactions
between HOMO orbitals demonstrate a favorable interaction, as the
orbital lobes of the two monomers with same phase overlap,
indicating strong 7 orbital interactions (Fig. 7b-bottom). Conversely,
in the H*dimer, a pronounced repulsive interaction between the
orbitals of the monomers exhibiting destructive overlap is pre-
sent (Fig. 7a-bottom). It is intriguing that at least a slight
deviation such as displacement or rotation away from the
eclipsed configuration is quintessential for the monomer orbitals
to interact constructively (Fig. 7c-bottom and Fig. S8, ESIT).

J e ¥
. {‘\r'_n'e

N/ E

J-dimer
(6=54.7°, $=0°)

S N —
Strong attraction van der Waals  Strong repulsion X-dimer (+)-dimer
Interaction (6=90°, $=30°) (8=90°, $=90°)

Fig. 6 NClisosurfaces (isovalue = 0.5 a.u.) showing non-covalent interactions in different types of PDI dimer systems. Green surfaces and red surfaces

represent stabilizing and destabilizing interactions, respectively.
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Fig. 7 QTAIM plots (top) showing the BCPs between the monomers and HOMO isosurfaces (isovalue = 0.017 a.u.) (bottom) showing the interactions
between the orbital lobes of the two monomers in (a) H*-, (b) X- and (c) (+)-dimers of PDI.

To discern the contribution of aromatic core interactions to
the total interaction energies in PDI aggregates, 1D SAPT scans
and PES analyses were performed on comparable perylene
dimer geometries (Fig. S9, ESIT). The coordinate system used
for the perylene dimer is similar to that of the PDI dimer, with
long axis X, short axis Y, and interplanar axis Z. The transition
dipole moment vector for the perylene monomer is along the
long axis (Fig. S2b, ESIt). 1D SAPT scan along the interplanar
axis Z, displayed similar interaction energy trends for perylene
as well as PDI dimers (Fig. S3b, ESIt). Displacement along the
long and short axes revealed energy minima at X;’ = 1.4 A and
Y, = 1.4 A (Fig. 510, ESI{). Rotational SAPT analysis showed
minima at R, =32° and R} = 90°, although the stabilisation
effect was less pronounced than in analogous PDI dimers. The
energy difference between the two minima in PDI (R, and R,)
was 8.40 kcal mol ™" and it is merely 1.11 kcal mol " in perylene
dimer (R, and R)). Fig. S11 (ESI}) depicts the PES of the
perylene dimer, while Tables S7 and S8 (ESIT) list the stationary
points and their interaction energies computed by PES and
SAPT, respectively. Previous studies on coplanar perylene
dimers based on long-range corrected functionals exhibit simi-
lar binding energy trends and stabilities, which are in line with
the SAPT(0) interaction energy trends observed in our study for
the parent perylene dimers.”" SAPT analysis was carried out on
R, (X-dimer), R} ((+)-dimer), M} (H-dimer), M} (J-dimer), M}
(H*-dimer), and M-dimer geometries (Table S9, ESIt) to com-
pare the stability order of different perylene and PDI aggregate
systems. Unlike in PDI, (+)-aggregate was energetically more
favourable in perylene next to H-aggregates. M- and J-
aggregates have comparable stability in terms of their total
intermolecular interaction strengths. Therefore, a stability
order of X > H > ] > M > (+) > H* was observed for PDI
aggregates (Fig. 8a), whereas the parent perylene aggregates

This journal is © the Owner Societies 2024

displayed a stability order of X > (+) > H > M > ] > H* with
respect to the interaction energies (Fig. 8b). In general,
the interaction strengths are lower in perylene aggregates
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Fig. 8 Interaction energy profiles of different dimer systems of (a) PDI and
(b) perylene aggregate systems computed through SAPT.
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than in corresponding PDI aggregates due to the low magni-
tudes of stabilising interactions.

Conclusions

In summary, we have investigated the ground state stability
order and formation favourability of perylenediimide aggre-
gates by performing quantum chemical calculations on various
dimer models. Critical insights into the nature and strength of the
non-covalent interactions predominant in PDI dimer systems were
obtained using SAPT, PES and NCI analyses. Generally, PDIs prefer
to form X-(rotated) or H-(cofacially stacked with minor slip) aggre-
gates due to favourable n-7 interactions." X-dimer or the rotated
dimer with additional stabilising electrostatic interactions constitu-
tes the global minimum and is the most favoured configuration
among the dimer systems studied. J-(staggered with major slip),
M-(magic angle stacking) and (+)-(rotated orthogonal) dimers have
relatively similar interaction energies and fine-tuning of the PDI
monomer through substitution is necessary for directing the self-
assembly to J-, M- and (+)}type aggregation. Though with a max-
imum dispersion interaction, the H*dimer (eclipsed dimer) is the
most unstable dimer due to the strong repulsive exchange interac-
tions between monomers. NCI analysis on PDI dimers portrayed a
qualitative picture of the enhancement of non-covalent interactions,
with displacement and rotation from the eclipsed H*-dimer configu-
ration. QTAIM topological analysis unveiled the imide-N:--O-
carbonyl interaction in X-dimer, which is absent in other PDI dimer
systems. HOMO isosurfaces ascertained the enhancement in the
constructive orbital overlap between the two monomers, when
rotation or displacement offset is present from the eclipsed configu-
ration. SAPT analysis on analogous perylene dimers showed lower
interaction strengths than in corresponding PDI dimers. The above
result verifies the role of functional groups in gaining additional
stabilisation favouring the formation of X-aggregate systems in PDI.

Our findings shed light on the key interactions within the PDI
units, favouring the self-assembly process into distinct supramole-
cular arrangements. These computational efforts can be extended to
other chromophoric systems to predict the structure-property rela-
tionships and the concomitant photophysics.
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