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ABSTRACT: Triazaacephenanthrylene (TAAP) triclinic single crystals
show substantial optical anisotropy of absorption and fluorescence. The
maximum effect can be correlated with the direction perpendicular to the
plane of chromophores connected in a head-to-tail manner via weak
dispersive interactions. This phenomenon is uncommon as usually the
existence of postulated 7---7 interactions between the molecules forming
dimers or stacks cause quenching of fluorescence. Herein we present a
comprehensive study of inter- and intramolecular interactions in the crystal of
TAAP enriched with the investigation of aromaticity. Our results show that
intramolecular interactions stabilize the overall conformation of the molecule
whereas dispersive forces determine the aggregation between TAAP
molecules. In fact, there is no conventional 7---7 interaction between the
molecules in the dimer. Instead, we observed a close contact between the
lone pair of the bridgehead N10B atom and 7-deficient pyrazine ring from an

adjacent molecule. Optical anisotropy in TAAP crystals was directly correlated with the alignment of the molecular transition dipole

moments caused by specific molecular self-assembly.

B INTRODUCTION

The relative orientation of building blocks in a crystal structure
can strongly influence the magnitude of the obtained physical
effect.'~* Properties such as birefringence, second harmonic
generation, pyro-piezoelectricity, or elastic properties are
guided by crystal symmetry and, as such, are expected to
differ when measurement directions are changed in a
crystalline solid. The degree of anisotropy depends on the
molecules used to construct the solid in question.”” '’
Understanding weak interactions between molecules in those
cases plays a key role in the design of materials with
programmed properties. From the crystal engineering para-
digm we know that the first interactions that appear in the
solid state are intramolecular ones, forming six-membered
rings through the intramolecular hydrogen bond.'"'” In the
next step, intermolecular strong and moderate interactions are
created by using the remaining good donor and acceptor sites.
In this case the influence of directional interactions such as
hydrogen or halogen bonds on the relative orientation of
molecular building blocks is undeniable.”'* The situation is
more complicated when we are dealing with molecules capable
of forming only weak and/or strongly dispersive interactions
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with neighboring building blocks.'>'® The question remains
open: what is the influence of the electronic properties of a
single molecule on the aggregation and what happens when
there are no strong nor moderate directional forces guiding the
molecular recognition. Among those weakly bonded systems
conjugated molecules with multiple aromatic or weakly
aromatic rings are the most challenging. In those cases
separating the influence of a particular interaction on the
obtained crystal packing seems to be close to impossible
despite a few successful cases.'” In the recent years the need to
examine interactions such as z---7, anion---z, cation---7, or lone
pair--7 increased, giving rise to intensive research toward
recognition of their nature.'®*™*° Some of them, eg, T
interactions, are known to be dispersive, the nature of others
like C—H--m or cation/anion--z is still under scientific
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Figure 1. (a) Contents of the asymmetric unit of TAAP with atom and ring numbering schemes. (b) ESP plotted on the 0.1 e A= electron density
isosurface obtained from experimental data. Black arrow marks the direction of the dipole moment calculated for the isolated molecule.

debate.”' ** The strength of z--7 interactions is known to
depend on the superposition of aromatic systems. Among the
m-stacked systems the most favorable orientation is the one
with significant offset geometry. In this case 7---¢ attraction
dominates over 7---7 repulsion.”* Spectral properties such as
absorption and emission, both in solid state and in solutions,
are strongly influenced by the formation of those weak
interactions.

In this manuscript we make an attempt to understand the
driving force behind the aggregation associated with the
formation of weak, disperse in nature, interactions. For this
reason we have chosen a triazaacephenanthrylene chromophor
(TAAP).” Our previous studies on TAAP showed unusual
absorption and fluorescence anisotropy with the maximum
fluorescence observed in the direction of postulated z—x
interactions in the crystal. In the current literature concerning
the origin of fluorescence in organic materials there is a general
opinion that fluorescence is always quenched in the direction
of 7—7 interaction.”®”’ The concomitant absorption and
fluorescence anisotropy in the crystals of TAAP makes this
system unique in terms of intramolecular interactions
contributing to the directionality of the properties. Here we
will use experimental and theoretical quantum crystallography
tools™ such as electron density studies (multipolar formal-
ism*” and quantum theory of atoms in molecules
(QTAIM)*°), Hirshfeld surfaces, and energy framework
assessment’' combined with the conceptual density functional
theory (DFT) descriptors of aromaticity’> and energy
decomposition analysis™ to unveil factors that influence the
unusual optical properties of TAAP crystals.

B MATERIALS AND METHODS

Synthesis and Crystallization. The material, 5,6,10b-
triazaacephenanthrylene (TAAP), analyzed in this manuscript
is closely related to many naturally occurring bioactive
compounds, e.g., aristolactams exhibiting photoconductance,
photochemical, and electroluminescent properties.** Details of
the synthesis,”> conventional crystal structure analysis, and
optical properties (absorption and fluorescence)*® can be
found in our recent published articles. TAAP contains
conjugated pyrazine and pyridine rings fused with the benzene
and pyrrol-2-one ones. X-ray diffraction analysis showed
coplanarity of heterocyclic rings and conjugation of 12-7
electron system with two electron pairs located at bridgehead
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nitrogen atom NI10B and amide nitrogen atom NS. The
compound was crystallized from THF, CHCl,, tetrachloro-
ethane-d,, toluene, dioxane, acetonitrile, or the mixture
acetonitrile—water. In all cases the obtained crystals were
centrosymmetric with the space group P1 and the same lattice
parameters. The isolated molecule of TAAP (Figure 1a) has a
dipole moment of 3.82 D; however, in the crystal structure the
molecules form centrosymmetric dimers (Figure S1), with
resultant dipole moment equal to zero. Attempts of TAAP
cocrystallization (different conditions/methods) using com-
plementary building blocks (such as benzoic acid, quinoline,
phenol, etc.) always yielded crystals of TAAP substrate. This
unusual stability of the dimeric system required further
examination with an emphasis placed on the following aspects:
nature and strength of intermolecular interactions in the
dimers as well as the character and strength of interactions
connecting the dimers in the solid state.

Electron Density and Weak Interactions Analysis. The
wavefunctions for QTAIM calculations in AIMAI®® were
obtained from Gaussian16>’ at the M052X/6-311+G(2df2p)
level of theory both for an isolated molecule of TAAP and for
the dimer. MO052X/6-311+G(2df2p) allows a reliable
description of weak, dispersive interactions in the dimeric
systems.’® Monomer and dimer geometries were taken from
the optimized in-crystal geometry with Crystal17***" usin
PB3LYP/POB-TZVP. Bader’s theory of atoms in molecules’
was used for assessment of intramolecular and interdimer
interactions. Those results were compared with the topological
analysis of electron density within TAAP crystal.

Experimental electron density was obtained from multipolar
refinement using Hansen—Coppens formalism implemented in
XD2016.*" An experimental high resolution (up to sin ®/4 =
1.0976 A™!, ©,,,, = 51.27°) and low temperature (90 K) data
set was collected on a Rigaku XtaLAB Synergy-S with a HyPix-
6000HE detector and a dual microfocus (Cu/Mo) X-ray
diffractometer equipped with Cryostream 800 Plus. Theoreti-
cal structure factors were generated for the in-crystal geometry
(Crystal17,>>*° PB3LYP/POB-TZVP) obtained from the
experimental multipolar refinement and kept fixed in the
subsequent refinement on theoretical data (Table S1). Details
of the multipolar refinement including the choice of local
symmetry and discussion of residual density analysis,*” which
confirmed the correctness of the assumed model, was shown in
the Supporting Information. The ESP was plotted on the
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electron density isosurface obtained from experimental data
(Figure 1b) as well as from theoretical models (Figure S2).
Kinetic energy densities were estimated according to Abramov
approach,* and interaction energies for weak interactions both
in the dimer and in the crystal structures were calculated
assuming Espinosa approximation.44 NCI amalysis“s’46 was
employed to visualize and analyze interactions between the
dimers as well as interactions combining dimeric aggregates.
Hirshfeld surfaces, fingerprint plots, interaction energies, and
energy framework visualization were all performed using
CrystalExplorer17.”' Energy frameworks and interaction
energies were calculated in CrystalExplorer at the available
B3LYP/6-31G(d,p) level.

Energy Decomposition Analysis. Ziegler—Rauk energy
decomposition analysis*’ was carried out on the PB3LYP/
POB-TZVP optimized structures using PBE/TZ2P+ in
ADF2019.%7°° Dispersion was accounted for using Grimme’s
revised DFT-D3 approach.”’ This particular choice of basis
set/functional has proven to be accurate for studying weak
interactions including those dispersive in nature.”” The total
interaction energy between the monomers was expressed as a
sum of dispersion energy Eg,, Pauli repulsion E,, electrostatic
interaction E_, and orbital interaction E; and it was corrected
for the BSSE error (Epggg).

Aromaticity. Multicenter bond indices I;,; and MCI were
calculated for all six-membered and five-membered rings both
in the isolated molecule and in the dimer to assess their
aromaticity. Computations were performed in ADF2019**7>°
at the PBE/TZ2P+ level with dispersion introduced with
Grimme’s revised DET-D3 approach.”’ Ing and MCI are both
derived from electron delocalization description of aromaticity
and were proven useful in discriminating relative aromaticity in
polycyclic compounds. I, defined by Giambaggi and co-
workers> takes into consideration the Kekulé model whereas
MCI™ also takes into account other possible arrangements of
atoms in a ring. Usually, the two indices give similar results as
the Kekule model is proving to give the largest contribution to
the aromaticity description.” The values of those two indices
were compared with the results obtained via analysis of the
vorticity of the current density. The geometry of the monomer
and dimer of TAAP were optimized using M06/Def2-TZVP
with empirical dispersion corrections, which has proven to be
adequate for vorticity studies in weakly bonded systems.’*"’
The magnetically perturbed wavefunctions were obtained
using gauge-including atomic orbitals. These calculations
where performed with Gaussian16.”” The software AIMAIl
was used to calculate the magnetically induced current density,
J(r), vector field.*® The magnetic field, B, is perpendicular to
the molecular plane. The triple product of the current density,
tpJ(r), scalar field and the circulation, C, were calculated
numerically with a set of python scripts.””>® These scripts use
the pvpython library included in Paraview 5.2. The loop for the
calculation of C is the geometric structure of the molecular ring
at 1.0 bohr from the molecular plane. Aromaticity calculations
gave an added value to the description of the interacting
molecules.

B RESULTS AND DISCUSSION

Aromaticity of TAAP. Schematic representation of TAAP
molecule as seen in the asymmetric part of the unit cell is
presented in Figure la. The core of the molecule,
triazaacephenanthrylene, is built from four fused rings:
pyridine (1), pyrazine (2), benzene (4) and pyrrol-2-one
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(5), among which three are heterocycles with three nitrogen
atoms N6, N10B, and NS. Additionally there are two phenyl
substituents on each side of the C4—04 carbonyl bond: rings
(3) at NS and (6) at C3. Analysis of multicenter bond
indices®>** (Table 1) revealed that phenyl rings (3) and (6)

Table 1. Aromaticity Indicators I;,, and MCI for TAAP
Isolated Molecule

ring Iring MCI atoms

(1) 0.008 0.010 C1 C2 C3 C3A C3A’ N10B

) 0.007 0.008 C3A’ C5A N6 C6A C10A N10B
3) 0.043 0.063 CS1 CS2 CS53 C54 €SS €56
(4) 0.032 0.046 C6A C7 C8 C9 C10 C10A

(5) 0.011 0.009 C3A’ C3A C4 NS C5A

6) 0.043 0.063 C31 C32 C33 C34 C35 C36

are aromatic, with indicators comparable to those of
naphthalene rings. Among the fused rings benzene (4) is still
aromatic, whereas azaarenes pyridine (1), pyrazine (2), and
pyrrol-2-one (S) have Ling values much lower than the cutoff
for aromatic systems (0.017), which shows their z-deficient
character. As it could have been expected, the aromatic rings
are in fact the phenyl ones outside the chromophore and the
benzene ring (4) fused in quinoxaline system, whereas the
aromaticity of the fused heterocyclic system decreases with
respect to the isolated rings. The aromaticity indicators do not
change significantly when moving from the monomer to the
dimer (see Table S2).

Recently, it was proposed that the aromaticity of the
individual rings of polycyclic compounds can be effectively
evaluated with the circulation (C) of the magnetically induced
current density J(r).”” The circulation is the surface integral of
triple product B-V X J(r) (tpJ(r)), which is a scalar field that
indicates the diatropic (negative) and paratropic (positive)
regions in a molecule. Diatropicity has been extensively related
with aromaticity, while paratropicity with antiaromaticity.”” >
Large negative regions of tpJ(r) above the molecular plane and
large negative values of C indicate a strong diatropicity of a
ring, while large positive values indicate strong paratropicity. If
C is close to zero the magnetic induced currents are weak,
which is characteristic for nonaromatic compounds. We have
performed calculations of tpJ(r) and C for the isolated TAAP
and for its dimer. According to C, only benzene ring (4), fused
with the heterocyclic system of TAAP, is truly aromatic (strong
diatropicity, Figure 2). Pyrazine ring (2) is only slightly

Figure 2. tpJ(r) contour map of TAAP. Ring numbering scheme in
white. Color code: <— 0.8 X 107> au (dark blue), 0.0 au (white), and
>0.8 X 1073 au (red). The plane is parallel to the molecule at 1.0 bohr
from it. The values of C for individual rings of the monomer (normal)
and the dimer (cursive) in 107* au. J(r) vectors are displayed as green
arrows.
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Figure 3. (a) 3D Laplacian of electron density. Isosurfaces drawn at —0.2 au (red surface) or +0.2 au (blue surface). Figure prepared in DrawMol
software.®* (b) Laplacian contour map in the CI0OA—C3A’—N10B plane. Contours are at logarithmic intervals in —V?p(r) e A™ [(£2, 4, 8) X 10"

e A= where n =3 < n < 3].
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Figure 4. Fingerprint plot for TAAP with percent of the interaction in the crystal (left). Hirshfeld surface showing only very weak interactions

between molecules in the dimer (right).

aromatic, while rings (1) and (S) are nonaromatic. Figure 2
also shows that around benzene ring (4) there is a strong
diatropic electronic current (green arrows). It is worthwhile to
note that the aromaticities of the rings do not change
significantly in the dimer, despite the slight geometric changes
(see Table S3).

Topological Analysis of Electron Density. Topological
analysis of electron density was performed in order to reveal
the factors contributing to the molecular recognition in the
TAAP structure. Calculations were conducted first for the
isolated molecule of TAAP (optimized and experimental
geometries) and then on the centrosymmetric dimer
(optimized in B3LYP/TZVP). The results obtained in this
way were then compared with multipolar refinement models
derived from experimental data and calculated using theoretical
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structure factors (Crystall7, PB3LYP/POB-TZVP). The
chemical character of the TAAP fused ring system was
examined using the electrostatic potential (ESP) plotted on the
electron density isosurfaces for isolated molecule (Figure 1b)
and the one present in crystal (Figure S2). The ESP clearly
indicates the nucleophilic and electrophilic regions in this
molecule. The most negative electrostatic potential can be
observed for oxygen atom O4 and nitrogen atom N22. The
decrease of the ESP was found for nitrogen atoms N10B, N6,
and N11 (compare Figure 1b). Here N11 is the acceptor of the
intramolecular hydrogen bond (C10—H10---N11). The slightly
negative potential for N10B values coincided nicely with a
slightly positive value found in the center of pyrazine ring (2).
The ESP distributions within the isolated molecule, in the
dimer and in theoretically determined ED, are similar. There is

https://dx.doi.org/10.1021/acs.jpca.9b10651
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http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b10651/suppl_file/jp9b10651_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b10651/suppl_file/jp9b10651_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig4&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.9b10651?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

a.u.
0.04

0.03

0.02

1 0.01

i 0.00
-0.01
-0.02

-0.03

-0.04

Figure S. Reduced gradient of electron density plotted for (a) an isolated molecule of TAAP, (b) two molecules interconnecting the dimers in 3D
architectures, and (c) a dimer in the crystal of TAAP. Calculations performed in NClIplot. The gradient cutoff was set to 0.5 au.

Table 2. Experimental Topological Analysis of Bond Critical Points for Selected Weak Interactions in TAAP*"?

d; d, p(”) Vz/’(”) G(rCP) V(rCP)

H10--N11 0.809 1.263 0.170 2.260 0.150 —0.140
0.807 1.266 0.170 2.400 0.160 —0.140

N6--N11! 1.565 1.678 0.050 0.680 0.040 —0.030
1.562 1.684 0.050 0.690 0.040 —0.030

H33.--04" 1.100 1.441 0.050 0.830 0.050 —0.030
1.094 1.462 0.050 0.770 0.040 —0.030

C33---C33% 1.475 1.475 0.060 0.630 0.040 —0.030
1.475 1.475 0.050 0.590 0.030 —0.030

N22---N10B 1.563 1.595 0.050 0.650 0.040 —0.030
1.557 1.601 0.050 0.660 0.040 —0.030

H32.--N11' 1.518 1.563 0.050 0.610 0.030 —0.030
1.538 1.573 0.050 0.590 0.030 —0.020

H10---C33 1.227 1.733 0.040 0.450 0.020 —0.020
1.223 1.751 0.040 0.450 0.020 —0.020

HS8---H36' 1.493 1.322 0.030 0.400 0.020 —0.020
1.532 1.324 0.030 0.370 0.020 —0.010

C21---C1' 1.654 1.689 0.040 0.490 0.030 —0.020
1.655 1.682 0.040 0.500 0.030 —0.020

C3A’--C10A! 1.699 1.700 0.040 0.420 0.020 —0.020
1.698 1.703 0.040 0.430 0.020 —0.020

E(rcp) V(rcp)l/G(rep)  E(rep) /p(r) G(rcp) /p(r) Eine

0.010 0.933 0.059 0.882 —6.509
0.020 0.875 0.118 0.941 —6.509
0.010 0.750 0.200 0.800 —1.395
0.010 0.750 0.200 0.800 —1.395
0.020 0.600 0.400 1.000 -1.395
0.010 0.750 0.200 0.800 —1.395
0.010 0.750 0.167 0.667 —1.395
0.000 1.000 0.000 0.600 —1.395
0.010 0.750 0.200 0.800 —1.395
0.010 0.750 0.200 0.800 —1.395
0.000 1.000 0.000 0.600 —1.395
0.010 0.667 0.200 0.600 —0.930
0.000 1.000 0.000 0.500 —0.930
0.000 1.000 0.000 0.500 —0.930
0.000 1.000 0.000 0.667 —0.930
0.010 0.500 0.333 0.667 —0.465
0.010 0.667 0.250 0.750 —0.930
0.010 0.667 0.250 0.750 —0.930
0.010 1.000 0.250 0.500 —0.930
0.010 1.000 0.250 0.500 —-0.930

“d,, d, = distance between BCP and atoms 1 and 2, respectively (A). p(r)/e A= = charge density. Laplacian = V?p(r)/e A=, G(rcp)/hartrees A7,
V(rcp)/hartrees A~ local kinetic and local potential energy density, respectively. E(rcp)/hartrees A= = local energy density of the electrons. Ey,

was estimated using approach described in Espinoza et al®® ?

i—x+2, -y —z+LlLi:1l—x1—-y2—zii:2—-x1-y1-=z

a slight difference in the ESP when the center of phenyl ring
(6) from experimental electron density and theoretical data are
compared (Figure S2). This is not entirely surprising that the
theoretical model differs from the experimental one, as for
example, it does not take into account thermal displacement of
electron density. The distribution of the ESP in the molecule
interplays with the direction of the dipole moment (marked in
red on Figure 1b). Topological properties at the bond critical
points for all covalent bonds found in TAAP are shown in
Table S4. There are only small variations in the values of
electron density at the BCP for the covalent bonds with the
largest values obtained from experimental data set. The values
of V?p(r) and A, change more significantly. In particular we
can observe a systematic increase of 4; of C—N and C—-C
bonds when moving from the isolated molecule and dimer to
the crystal environment. The only exception is the C21—-N22
bond where A; increases almost doubly (from around 25e/A’
up to ca. 47 e/AS). The observed value of € for this bond is
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close to zero, which confirms its triple character. A similar
situation can be observed for the carbonyl C4—04 bond,
which has a double character. The increase in A; values and
more positive values of the V2p(r) indicates, in general, more
dissipated electron density toward the position of the nuclei
associated with the polar character of the bond. However, the
magnitude of the effect is directly related with the misfit
between theory and experiment. Such an effect is not
uncommon when dealing with covalent polar multiple bonds,
where the Laplacian and A; values can change dramatically
between experimental and theoretical data as a result of only
slight shift of BCP position.”® The Laplacian maps in the plane
of CSA—C6A—N10B and the 3D isosurface are shown in
Figure 3. The 3D representation of the Laplacian of electron
density clearly indicates lone pairs located at nitrogen atoms
NS and N10B positioned out of plane of the fused ring system.
The geometrical analysis and in particular the examined
overlap of the fused systems in the dimer showed that atom

https://dx.doi.org/10.1021/acs.jpca.9b10651
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Figure 7. (a) Overlap between the TAAP fused rings with marked key contact points on the two C10A and C3A’ atoms (gray) and between N10B
and the center of the pyrazine ring of an adjacent molecule (blue). (b) VSCC calculated for the N10B atom with marked nonbonding maxima.

N10B was located in the close vicinity of the center of adjacent
pyrazine ring (2).

This information, together with the weakly aromatic
character of the pyrazine ring (according to C values, Figure
2) forced us to examine interactions between the dimer in
more detail.

Weak Interactions. At first we performed geometrical
analysis by means of Hirshfeld surface and fingerprint plots
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(Figure 4). It is obvious at first glance that H---H and C---H
contacts are predominantly present in the crystal. Other
significant contributions come from N--H, C---C, C---N, and
C--O contacts. This scheme confirms the impact of weak
interactions on the overall packing in the crystal structure of
TAAP.

The noncovalent interaction index (NCI) based on the
analysis of reduced gradient of electron density was used to
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J. Phys. Chem. A 2020, 124, 2931-2941


https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10651?fig=fig7&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.9b10651?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Table 3. Interaction Energy for the TAAP Dimer Calculated Using Conceptual DFT Approach (TAAP dimer ADF), Using
Dimer in the Crystal Environment (TAAP Dimer XD) and a Dimer Embedded in Cluster around a Central Molecule in

Question of 3.8 A (TAAP dimer CrystelExplorer)®

AEp,; AEq,
TAAP dimer ADF 17.99 —6.07
N-CHj; pyrazine dimer ADF 20.08 —11.0§
pyrazine dimer ADF 4.51 -1.35
AEeriep
TAAP dimer XD 60.00
AEg,, AEp,
TAAP dimer CrystalExplorer 19.4 -112

AEes AEdisp AEint AEintBSSE
—10.22 —21.61 —-19.91 —17.65
—12.75 =7.29 —11.01 —10.07

-1.76 —3.65 =2.2S -1.75

AE, AEgq, AE;,
—23.57 —58.15 —21.54
AE,, AEg, AE,,
—3.54 -32 —20.46

“For comparison purposes interaction energies of pyrazine and N-methylpyrazine dimers with the same geometries of the rings were added.

Figure 8. Energy frameworks calculated for the cluster of 3.8 A around the central molecule: (a) red, electrostatic contribution; (b) green,
dispersion; (c) blue, total energy. The largest cylinders represent the strongest interaction between the molecules forming a dimer. The tube size

was selected as 80 and a cutoff value is S kJ/mol.

visualize particular interactions contributing to the overall
crystal packing (Figure S). In the studied system we can
recognize several weak intramolecular interactions marked in
the NClplot as green irregular surfaces. Among them only
C10—H10---N11 can be considered a weak hydrogen bond
with the energy ca. —6.5 keal/mol (QTAIM analysis, Table 2).
The intramolecular hydrogen bond and the remaining weak
interactions within this molecule stabilize the overall
conformation of the TAAP (Figure Sa). This situation is
consistent both for isolated molecules and isolated dimer and
for the dimer in the crystal. Molecules in the dimer are
connected via dispersive interactions (Figure Sc) formed
between the three fused heterocyclic 7-deficient rings (1), (2),
and (5). The adjacent molecules in the structure are also
connected via weak, dispersive in nature forces. (Figure Sb).

QTAIM analysis for the crystal of TAAP revealed two pairs
of symmetric bond paths and corresponding BCPs formed
between the C3A’--C10A’ and N6:--N11' (i: —x + 2, —y, —z +
1) atoms connecting two molecules in the dimer (Figure 6a).
Neighboring molecules from two adjacent dimers are
interconnected by the C33—H33---04" (ii: 1 — x, 1 — ¥ 2
— z) bond in [011] (Figure 6b) and by several other weak
interactions including the one between the C21—N22 group
and C1—N10B close to the [110] direction (Figure 6c). In the
structure there are additional C—H---N and C-H:-O
interactions (Figure 6d—f) as well as C—H--x interactions
between the two neighboring phenyl rings (3) and (6) (Figure
6e). On the basis of the analysis of BCPs and bond paths there
is no evidence of direct interaction between N10B and the
C3A’CSAN6C6AC10AN10B pyrazine ring, despite their close
proximity.

In order to examine this potential N10B weak lone pair---7-
deficient pyrazine ring interaction further we have performed
calculations of valence shell charge concentrations (VSCC) for
N10B and adjacent carbon atoms C1, C3A’, and C10A in the
dimer (Figure 7a). There are three bonding maxima associated
with the N10B atom and correlated with the three covalent
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bonds formed between this atom and the above-mentioned
carbon atoms. Additionally, we have two nonbonding maxima,
one above and one below the plane formed by pyrazine ring.
The bottom one (marked Bq;) is pointing directly to the
center of the electron-deficient pyrazine ring located below.
The differences between Bq, and Bq, in terms of electron
density are small (3.228 and 3.206 e/A’ respectively). In the
monomer the respective values are 3.213 and 3.206 e/A>.

Interaction Energies. Table 2 presents topological
properties evaluated at the BCPs for selected weak interactions
in the TAAP crystal structure (full data for all interactions
available in Si file). Analysis of electron density and its
Laplacian, local kinetic and potential energy densities, and
derived from them interaction energies (E,) calculated using
Abramov approximation allowed to hierarchize interactions.
We can classify all the hydrogen bonds in this structure as pure
closed shell (V2p(r) > 0, IV(rep)l/G(rep) < 1, and E(rcp)/p(r)
> 0). From all the interactions in TAAP, those existing within
the dimer were selected and summed up, giving —21.54 kcal/
mol (TAAP dimer XD). This value was confronted with the
energies calculated for the TAAP dimer using conceptual DFT
approach and a dimer embedded in cluster or nearest
neighbors around a central molecule in question.

Using established hierarchy of interactions, we were able to
reconstruct crystal structure assembly by the analysis of
possible molecular recognition schemes and assuming crystal
engineering paradigm.

First an intramolecular hydrogen bond C10—H10--N11 is
formed, closing a six-membered ring. At the next stage a dimer
between adjacent TAAP molecules is created. The total energy
of the dimer was estimated to be around —20 kcal/mol
(averaged value assessed from those marked green in Table 3),
which makes it a predominant interaction in this system. For
comparison purposes and to understand the large interaction
energies observed for this type of dimer, we have analyzed
similar interactions (retaining the same geometry) within
pyrazine and N-methylpyrazine dimers. In the pyrazine itself
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Figure 9. (a)—(d) Crystals of TAAP under polarizing light with marked direction of polarization, (e) view of the (001) face of the crystal and a
projection of unit cell onto (001) plane with marked polarization directions blue and green connected with the absorption directions marked on the
crystal, (f) view of the (100) face of the crystal with marked polarization directions. Molecules marked in green form a dimer at (1, 0, '/,), whereas
the blue and yellow ones represent the subsequent aggregation of molecules as seen in the crystal structure.

the electron lone pair of the nitrogen atom is at the hybridized
sp” orbital in the ring plane with z-deficiency at its center, as a
result there is only a weak interaction between the molecules
forming the dimer (—1.75 kcal/mol), whereas, in the N-methyl
derivative of pyrazine, the electron lone pair of the N-
substituted atom is directed toward the center of z-deficient
adjacent ring forming the dimer. As a result there is a larger
stabilization of such a system (—10.07 kcal/mol). In our case
N10B is expected to have properties similar to those of the
methyl substituted nitrogen atom in N-methylpyrazine.

It is worthwhile to note that a variety of methods used to
obtain this result gave a similar total value of the interaction
energy, although the relative contributions of stabilizing and
destabilizing forces were different. At the next stage adjacent
dimers are connected in two ways: via C33—H33---04
interactions and using an interaction between nitrile group
C21=N22 and atoms N10 and C1 from pyridine ring. A more
descriptive image is provided in Figure 8 showing energy
frameworks. Energies between molecular pairs were repre-
sented as colored cylinders with radius proportional to the
magnitude of each interaction energy. Three types of forces
were visualized: dispersive (green), electrostatic (red), and
total interaction energy (blue). From Figure 8 it is clear that
the molecular recognition in TAAP is dominated by dispersive
interactions, starting from the formation of the dimer. This has
a profound impact on the properties of the obtained material,
as we have proven in our recent work.”®

Structure—Property Relationship. TAAP exhibits strong
anisotropy of absorption and fluorescence on the (001) face of
the crystal. In this work we have examined (100) and (010)
crystal faces under a polarizing microscope to establish a direct
relation between the observed in the solid state interactions
and the pleochromism. Those results were confronted with
experimental UV—vis spectra measured for the solid state
sample of TAAP (Figure SS).

Figure 9a—d shows crystals of TAAP in different
orientations, the polarization direction is marked with a
black line. Both crystals in Figure 8ab have (001) faces
exposed, whereas on Figure 8c,d the smaller crystal has a (100)
face exposed. It is obvious from the colors of the crystals that
the pleochroic phenomenon is more profound on the (001)
planes; however, it does not disappear completely on the (100)
face. Observation in the b* direction did not give a clear
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distinction whether the absorption changes with the
orientation, as on this side the crystal has two smaller, narrow,
inclined faces. It is known that the absorption anisotropy can
be explained by the relative orientations of the largest
transition dipole moments (TDMs) of the molecules building
the crystal. In our previous paper’> we have determined the
direction of the transition dipole moments for the monomer
and dimer of TAAP. All TDMs were found in the plane of the
chromophore approximately along the [110] direction, except
for one in the dimer and one in the monomer, which were
perpendicular to the molecular plane. Those two transition
dipole moments (one in the dimer and one in the monomer)
can be related with green absorption (red color of the crystal).
The remaining ones, along the molecular plane, coincide with
the blue absorption (orange color of the crystal). The
formation and relative orientation of dimers in the TAAP
crystal cause large differences in optical properties in those two
perpendicular directions. This explains the relatively large
pleochroic effect at the (001) plane of the crystal (Figure 9e).
However, at the (100) plane there is no preferential
orientation of the molecules with the largest TDMs oriented
in one direction, and as such, in every direction there is a
strong interaction with the polarized light; thus we observe
only a weak pleochroic effect (Figure 9f). This phenomenon is
also observed on the absorption spectra of the TAAP; there are
three maxima in the visible range corresponding to three
observed hues of the crystal.

The observed pleochroic effect coincides with the large
birefringence observed on the (001) plane of TAAP. An
attempt was made to measure all three refractive indices of the
TAAP single crystal using the immersion oil method. This has
proven to be a difficult task as the crystals dissolve easily in the
selected high refractive index immersion oils (Figure S6). A
match was observed in bromoform solution with n = 1.60. The
remaining two indices were assessed from birefringence
measurements (Ehringhaus compensator) and confronted
with theoretical LFT calculations®® (see details in the
Supporting Information). TAAP is a rare example of high
refractive index material (all n > 1.5), which coincides with
very high birefringence (An > 0.6) observed for single crystals.
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B CONCLUSIONS

Combined quantum crystallography and conceptual DFT
approaches gave unique insight into the molecular self-
assembly of TAAP, the triclinic highly optically anisotropic
crystals. Calculations of the aromaticity descriptors for fused
rings in TAAP revealed that there is no typical 77
interaction”® between the molecules forming the dimer.
Fused pyridine and pyrazine rings building a heterocyclic
triazaacephenanthrylene system are s-deficient. Geometrical
analysis of the ring overlap in the dimer alongside the obtained
electrostatic potential distribution, and VSCC placement
suggests the possible interaction between the lone pair of the
N10B atom and an adjacent pyrazine s-deficient ring.
Intermolecular interaction analysis proved that the molecular
aggregation favors the formation of the dimer between TAAP
molecules. This could explain the difficulties in cocrystalliza-
tion of TAAP with other components. Adjacent dimers are
connected via weak interactions enforcing an alignment of the
largest molecular transition dipole moments. The triclinic
symmetry of this crystal enforced by its 3D architecture is
directly responsible for the observed optical anisotropy. Lack
of conventional 7---7 interactions between fused ring systems
can explain the unusual fluorescence observed alongside the
direction perpendicular to the formed dimers. The general
empirical rule” states that increasing z-overlap causes
fluorescence quenching. The example of TAAP forces us to
re-examine this rule and pay more attention to the character of
the overlapping rings. We should focus specifically on
aromaticity descriptors, which can provide insight into the
type of the formed interactions. Calculations performed in this
work confirmed the dispersive nature of the interactions in the
dimer of TAAP, with a strong indication of Lp---z-deficient
ring interaction. In order to disentangle the dispersive
interactions into separate contributions, especially important
in the fused systems, we would require a new set of quantum
chemistry tools.
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