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Abstract: Two conformational polymorphs of a charge transfer (CT)
compound, pyrene-(CHz)2-N,N-dimethylaniline (PyCHDMA), were
investigated. The fluorescence spectra collected in different solvents
exhibited evidence of intramolecular CT(ICT). The intra- and inter-
fragment charge transfer analysis for the conformers using results from
TDDFT calculations show that ICT in the 1%t excited state is entirely
dominated by electrons transferred from the nitrogen atom in DMA
moiety to the pyrene moiety. The photocrystallography data from time-
resolved X-ray diffraction (TRXRD) measurements with pink Laue
radiation shows larger intramolecular electron transfer (IET) in the 18t
excited state (ES), with the shortening of the N-C bond due to a
decreased repulsion between the lone-pair and the bond pair in the
central nitrogen atom, which further induces the planarity in the C-N-
(CHs)2 moiety, in both the polymorphs. The natural bonding orbital
(NBO) analyses further confirm the IET process and also presents the
change in partial atomic charges in going from GS and ES, with
Hirshfeld partition and natural population analysis (NPA).

Introduction

Photoinduced charge transfer (PCT) reactions are considered
essential in many biological and chemical reactions of wide
significance, such as natural photosynthesis,['l repair of DNA
lesions,?! photoelectric conversion in organic solar cells,® and
photodegradation of pollutants,*! etc. Especially, the natural
photosynthesis process in plants provides an excellent blueprint
for an efficient solar energy conversion procedure that may allow
us to produce and store energy in a form useful to us.® The wide
impact of the PCT process has encouraged investigation of the
process in various model systems to design highly responsive,
fine-tuned optoelectronic smart materials. !

While investigating the PCT process in purely organic
modeled systems, pyrene-based molecules are considered an
attractive choice, owing to their high charge carrier mobility,"! and
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long-lived singlet excited states!®.. Pyrene-based charge transfer
(CT) molecules are often designed by attaching pyrene to an
electron-rich moiety such as N,N*-dimethylaniline (DMA), directly
or otherwise, to explore the essential aspects of the photoinduced
electron transfer (PET) process and intramolecular charge
transfer (ICT) states in different donor-acceptor (D-A)®! or donor-
bridge-acceptor (D-B-A)'% molecular templates, where pyrene
acts as an electron acceptor and DMA as a donor. Though most
of the spectroscopic and theoretical studies on pyrene-bridge-
DMA systems are focused on analyzing the PCT process in
solution,”:%11 it is the studies in the crystalline state that deems
essential to design suitable systems for application in the field of
solid-state materials!'?. In this regard, single crystals are
considered much more efficient in the conversion of photon
energies, especially owing to their lesser defects and grain
boundaries.['3l Unfortunately, the structural changes associated
with the intramolecular charge transfer (ICT) process in solids for
either D-A or D-B-A systems, are not studied much and are not
well understood, yet.['4]

The ICT states can be quite different from the ground state
(GS) in terms of electronic structure and molecular geometry,
provided the molecule is not very rigid.'® Two models, the
“twisted” ICT (TICT)['I'6] state with an axial conformation, and the
“planar” ICT (PICT)'""l state with an equatorial conformation,
between the D and A-groups, in the respective ICT state
geometries, for D-A or D-rigid group-A, were proposed. In the D-
B-A system with a flexible bridging group, the charge transfer rate
or ICT state geometry of the donor or the acceptor moiety would
heavily rely on the conformation of the bridging group.[' Though
pyrene-bridge-DMA systems with flexible (CH2), single-bond
connectors germinate uncertainties in the conformation of the
molecule, it also provides the potential to have different
conformations when single crystals evolve from solutions.['8] At
lower-to-ambient temperatures, the reaction in the solid state still
holds the “topochemical postulate” relevant and therefore
suggests a minimum of atomic or molecular movement during the
solid-state reaction.'®! Therefore, it would be interesting to
investigate the changes associated with the ICT state geometry
of a D-B-A model system in the solid state.

In recent times, time-resolved X-ray diffraction (TRXRD),
mostly, time-resolved photocrystallography has evolved as an
effective methodology to do the real-time investigation of photo-
induced processes in small molecules, in solids.?% Most of the
small molecule systems, studied by TRXRD, are designed to
investigate light irradiated transient species in spin-crossover
systems, 2! purely organic molecules with weak interactions?? or
metal-to-ligand (MLCT) or ligand-to-metal (LMCT) charge transfer
processes, in solids®??. The examples of even studying purely
organic charge transfer molecules by employing TRXRD are also
quite rare.[4124]

In the present study, a mono-substituted pyrene derivative,
pyrene-(CHz)2-N,N-dimethylaniline, PyCHDMA, was designed
where dimethylaniline (DMA) is connected to pyrene through an
alkane chain, (CHy)2 (Figureia), to design an ICT molecule. The
electron-rich DMA moiety is acting as an electron donor and the
pyrene moiety acts as an electron acceptor. The serendipitous
occurrence of two conformational polymorphs!'® for PyCHDMA
has provided us the opportunity to do a comparative analysis of
the influence of their respective conformations, on the light-driven
processes, in single crystals.



Results and Discussion

PyCHDMA crystallized in two polymorphic forms, PyCHDMA(1
(space group P-1) and PyCHDMAZ20 (space group P2:/n), in two
separate crystallization batches in ethanol/ethyl acetate binary
mixtures. Both the molecules are crystallized in centrosymmetric
space groups with one molecule in the crystallographic
asymmetric unit. While, in the crystal structure of PyCHDMAT,
pyrene and dimethylaniline are in axial orientations with an
interplanar angle of 72.74°, in PyCHDMAZ20 they are in equatorial
conformation with an interplanar angle of 4.28° (Figures 1b and
¢). The difference in conformation is quite clearly visible in the
superposition diagram of PyCHDMA1 and PyCHDMAZ20 (Figure
1b). The difference in the conformations between the polymorphs
can be defined by a torsion about the single bond defined in
Figure 1a. The respective torsion angle values for PyCHDMA1
and PyCHDMAZ20 are indicated in Figures 1c¢ and d. The extent of
overlap between the n-n stacked pyrene moieties in PyCHDMA(1
and PyCHDMAZ20 crystals are ~66% and ~17%, respectively
(Figure S8). But, the overlap of the effective van der Waals
volumel® of the =-= stacked molecules is greater in PyCHDMA20
compared to PyCHDMA1. This was also reflected in the energy
framework analysis performed with CrystalExplorer 21.5.21 The
energy framework analysis was performed to calculate interaction
energies that stabilized the packing of molecules in both the
crystals. The interaction energies are calculated using the ground
state (GS) geometries obtained from single crystal XRD
measurements. The interaction energies between the n-n stacked
molecular pairs in PyCHDMA1 and PyCHDMAZ20 crystals are -
62.2 kd/mol and -71.7 kd/mol, respectively. In both cases, a major
contribution to these energy values is from dispersion interactions
(Table S5).

(a) & (b) A 4 (c)

Figure 1. (a) Chemical structure of pyrene-(CHz)2-N,N-dimethylaniline
(PyCHDMA). The torsion angle, o, is defined with bonds in red. (b) and (c) are
the molecular conformations of PyCHDMA1 and PyCHDMAZ20, respectively. (d)
Superposition of PyCHDMA1(black) and PyCHDMA20 (red), keeping the
pyrene moieties overlapped. (e) and (f) Intermolecular interaction energies
between different set of dimers, calculated using CrystalExplorer, are provided,
for PyCHDMA1 and PyCHDMAZ20, respectively (thickness of the cylinders are
propotional to the strength of interaction, as the associated values in kd/mol are
suggesting).

The absorption and emission spectra of PyCHDMA in three
different solvents, toluene, ethyl acetate, and ethanol were
collected at different concentrations (Figure S1). The absorption
spectra collected with different solvents do not show any
difference or change in the relative intensity of vibronic bands,
with either the changing solvent polarity or the concentration
(Figure S1). The emission spectra collected at the different
solvents show a strong presence of dual emission, both from the
locally excited (LE) state and the CT state (Figures S1 and S2).
While the low wavelength characteristic emission peaks
correspond to the radiative transition from the LE state, it is the
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broad structure less CT band that makes this molecule interesting.
The emission maxima of the CT band clearly show the presence
of a bathochromic shift while gradually increasing the polarity of
the solvents, from toluene to ethyl acetate to ethanol (Figure S2).
The solvatochromism observed for the fluorescence spectra
clearly indicated the strong ICT nature of PyCHDMA.[?! The
observed increment of stokes shift in going from toluene to
ethanol is ~60nm (Figure S2), which clearly suggest the strong
ICT nature of the molecule.”

The difference in the conformations of PyCHDMA1 and
PDCHMAZ20 was investigated with a gas-phase potential energy
scan (PES) on the torsion angle, «, at 10° intervals, from -180° to
180°, at the M062X/6-311G**2¢llevel of theory (Figure 2a). The
PES results show that the axial conformation between the two =-
rings of pyrene and DMA, in PyCHDMAT, is close to a global
minimum with respect to the optimized energy values and
therefore can be considered the polymorph representing the
stable thermodynamic form.2®l Whereas, the equatorial
conformation between pyrene and DMA in PyCHDMA20 was
close to a local minimum (Figure 2a) and can be considered as
the polymorphic representation of the metastable kinetic form.29l
Figure 2a shows that in order to go from the molecular
conformation of PyCHDMAT1 to the conformation of PyCHDMAZ20,
a potential barrier of the height > 2kcal/mol needs to be crossed
by rotation about a single bond, suggesting the nature of the
polymorphs is conformational.'® The charge transfer
characteristics of PyCHDMA1 and PyCHDMAZ20 monomers with
their specific geometry were explored by time-dependent DFT
(TDDFT) calculation in the Gaussian16 package at B3LYP/6-
311G™* level of theory. Mostly, the HOMO was localized at the
DMA and LUMO was localized at pyrene, in both the systems
(Figure 2b) (Table S4). This partially separated HOMO (-5.23eV
in PyCHDMAT; -5.19¢eV in PyCHDMA20) and LUMO (-1.66eV in
PyCHDMAT1; -1.67eV in PyCHDMAZ20) indicates a charge transfer
state property of both the systems (Table $6).1%% The formation of
ICT states belonging to the LUMO<«HOMO transition is
consistent with the observed solvatochromism and large Stokes
shifts.?1 The Si<-Sy transition is mixed in nature and the
LUMO«HOMO-1 which assigned as LE transition, contributes
90% in that (Table S7).

Energy (eV)

E 8 & 8 8 B 8

100 -5 50
Torsion angle  (°)

Figure 2. (a) PES plot for energy vs torsion angle. The molecular conformation
of the single crystal structures is also shown on the plot. (b) Molecular orbitals
obtained from TDDFT calculations for PyCHDMA1 and PyCHDMA20 are
plotted with energy values.

The TDDFT results were further utilized in the analysis and
visualization of the atom-to-atom and inter-fragment charge
transfer during S1<—S; excitation, as heat maps, known as charge
transfer matrix (CTM).3'1 The CTMs were plotted, to quantitatively
analyze the inter- and intra-fragment charge transfer, via the inter-
fragment charge transfer (IFCT) method incorporated in the
Multiwfn 3.6 program.B'! In the present study, the hole and



electron distributions were calculated with the IFCT method by
employing the Hirshfeld partition. The inter-and intra-fragment
electron transfer was studied by dividing the entire molecule into
three fragments for both the polymorphs. The three fragments for
both the polymorphs are pyrene, DMA, and the alkane linker
(CHz)2. The contributions of various fragments to holes and
electrons, for S1<-S, transitions are also presented (Table S8).
For the single electron excitation, the results show that the
electron on the DMA moiety is reduced by 0.9510 during the
electron excitation process, while the pyrene moiety has gained
0.9626 electrons. Quite similarly, for PyCHDMAZ20 fragment 1 i.e.
DMA moiety lost 0.8527 electrons and pyrene moiety gained
0.8701 electrons, during the S,<-S; excitation process. Figures
3a and b show the charge transfer matrix (CTM) diagram for
PyCHDMA1 and PyCHDMAZ20, respectively, which exhibit the
atom-to-atom charge transfer. Both the CTMs suggest that atom
no. 1 (nitrogen) in the DMA moiety is transferring most electrons
to atom no. 10, 12, 17, and 19, in the pyrene moiety. Figure 3b
also exhibits that the redistribution of electrons within pyrene
moiety is more for PyCHDMA20 compared to PyCHDMAT1, as
suggested by a brighter region on the CTM, highlighted with a red
square (Table $9). Figures 3¢ and d show the numbering of the
atoms and the fragments for the purpose of the present analysis.
Figures 3e and f show the CTM diagram plotted based on
fragments, for PyCHDMA1 and PyCHDMAZ20. These CTMs as
well as the values presented in Table $S10, for both the
polymorphs suggest that electron transfer is mostly happening
from fragment 1 to fragment 3, for the S1<—S; excitation. While

fragment 1 is the DMA moiety and fragment 3 is the pyrene moiety.

The linker group, (CHy)2 has very little contribution in the electron
transfer from fragment 1 to fragment 3.
(@ " (b)
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Figure 3. The atom-to-atom charge transfer matrix (CTM) of (a) PyCHDMA1
and (b) PyCHDMA20, for S1«<So excitation are presented as heat maps.
Numbering of atoms and fragments in (¢) PyCHDMA1 and (d) PyCHDMAZ20.
The inter-fragment charge transfer matrix (CTM) of (e) PyCHDMAT and (f)
PyCHDMAZ20, for S1«—So excitation are showed as heat maps.

In order to understand the structural changes in the event of
ICT, the ground state (GS) and 1% excited state (ES) geometries
of both the systems are optimized at B3LYP/6-311G™* level of
theory. The major difference observed between the GS and 1tES
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optimized geometry could be reflected in the movement of the
tertiary N atom in the DMA moiety which involves N1 going into
the plane containing C2, C26, and C27 atoms and the shortening
of the N1-C2 bond. The pyramidalization of the tertiary amine in
the DMA moiety is due to the presence of lone pair on the N atom,
which heavily contributes to the ICT, as exhibited earlier with IFCT
methods for S1<-Sg excitation. As a result, the pyramidalization
goes down in the CT state. The decrement in the pyramidalization
was observed for both the ES optimized geometries, in
PyCHDMA1 (N atom moved into the plane by 0.171A) is similar
to PyCHDMAZ20 (N atom moved into the plane by 0.1 73/:\) (Figure
3b, d).

Apart from the axial orientation of pyrene and DMA moieties,
the other important difference between the PyCHDMA1 and
PyCHDMAZ20 crystal structures was the extent of overlap
between the n-n stacked pyrene moieties. Which is ~66% for
PyCHDMA1 and ~17% for PyCHDMAZ20. Although the extent of
overlap of effective van der Waals volume between the two n-x
stacked molecules is more for PyCHDMA20 compared to
PyCHDMA1 (Figure S16). The interaction energy between the =-
n stacked dimers in PyCHDMA20 crystals is higher than
PyCHDMA1, in GS, as suggested by the energy framework
analysis performed with the CrystalExplorer program. The chance
of dimerization of the n-n stacked molecules in both the crystals
is quite high. The overall differences in the intermolecular
interactions or stacking behavior are reflected in the TCSPC
results while exciting the crystals with 375nm laser at 77K and
296K (Table S7). We have used a 468nm LP filter to get rid of any
emission below that wavelength and since CT band or excimer
bands was mostly appearing beyond that range even in the
solution. For PyCHDMAZ20 crystals, going from 296K to 77K, there
was no lifetime longer than 66ns for any species but for
PyCHDMA1, at 77K a small population was observed with a
lifetime of ~108ns. The comparatively longer lifetimes observed
for both the crystals can be attributed to the excimer lifetime which
has formed while exciting with 375nm radiation. The shorter
lifetimes, ~3ns for PyCHDMAT1 and ~7ns for PyCHDMAZ20, can be
attributed to the emissive CT state. The intensity count of the
emission maxima corresponds to ICT band reduced with lowering
the temperature from 296K to 78K. The lifetimes of ICT states in
crystals are in good agreement with earlier reported studies.['4
The excimer population for PyCHDMA20 goes significantly up
going from 296K (18%) to 77K (43%).

Finally, the time-resolved photocrystallography
measurements in the pink Laue regime shed light on the photo-
induced structural changes in PyCHDMA1 and PyCHDMA20
crystals. The pink Laue pump-probe data sets were collected at a
15 keV (=0.82656A) undulator setting. In order to maximize the
overlap between the pump and probe beam on crystals since the
penetration of the laser beam inside the crystals is quite poor, the
experimental geometry is set up in a way that the laser-pump
beam was coming to crystals perpendicular to the X-ray probe
beam (Figure S20). All the crystals were excited with 390 nm laser
pulses and subsequently probed by the =100ps X-ray pulse with
a pump-probe delay of 1ns and 2ns for the PyCHDMA1 and
PyCHDMA20 datasets, respectively. The time-resolved
photocrystallography datasets were processed by the RATIO
method®s (based on the intensity ratios, R = low/lorF),
incorporated in the LaueUtil toolkit®¥. For each set of goniometer
angles, laser-ON and laser-OFF frames were collected in quick
succession, at least 5 times each, to improve the statistics of the



experimental intensity ratios. For PyCHDMA1 (2 datasets) and
PyCHDMA20 (3 datasets), multiple data sets were processed
with the LAUEUTIL toolkit.

Before the beginning of collecting more extensive datasets

we have collected a couple of short datasets with slightly varying
laser powers. These power scans were measured in order to
verify the existence of a photo-induced response in the crystals
and also to check the reproducibility of the measurements. The
correlation between the ratio values measured in these power
scans is quite reasonable, as shown in Figure S24.
The different datasets collected with different crystals were jointly
refined against a common ES geometry. The ratio values, R =
lon/lorr Obtained for these datasets are also showed satisfactory
correlation as the ratio-correlation plot depicted in Figure S29. In
joint refinement, the ES geometry of the molecules agrees well
with all the datasets with their separate respective population and
thermal scale parameters. Subsequently, a combined scaled-
merged data set was obtained by scaling those well-correlated
individual data sets by a scale factor K( 7)set= {|77))ai/{| 77])set; in which
{npai is the average response ratio, defined as nonorr(h) =
Ronorr(h) — 1, overall measured reflections and (| 7]se is the
average over all the reflections measured in a particular
dataset.®® The combined scaled data sets were then merged
using the SORTAV program.B”l The purpose of creating
combined scaled-merged datasets from individuals is to have
better completeness of the data necessary to plot various
difference Fourier maps.5®!

A reliable way of illustrating the light-induced differences
between laser-ON and laser-OFF electron density distribution is
through plotting photodifference maps.®® The photodifference
maps obtained with combined scaled-merged datasets suggest
that along with other atomic shifts, there was a shift of the tertiary
nitrogen atom into the plane containing three carbon atoms
bonded to it (Figures 4a and b). This was already observed in the
theoretically optimized geometries with DFT methods, as
discussed earlier.

The photodifference maps are quite useful, in helping one
select parameter in intensity-ratio (R = lon/lorr)-based least-
squares refinements with the LASER program.B®®! The program
LASER refines the atomic positions, excited state population (P),
and temperature scale factor (kg). The random distribution (RD)
model was used in the refinement of ES species geometry in a
crystal, in which the total calculated structure factor for the laser-
ON structure is expressed as, | FcoN = Pl FES + (1 — P)| F8Sl;
where P is the population factor of the species, and F.FS and F.5S
are the ES and GS molecule structure factors, respectively. The
random distribution (RD) model is based on a random distribution
ES molecules in the crystal and works well when conversion
percentages are quite low.[% Positions of the atoms belonging to
the DMA and connecting CH,-CH, groups were freely refined,
whereas the entire pyrene moiety was treated as a rigid body
anchored on a carbon atom.

Thermal motion increase was modeled by introducing the
temperature scale factor (kg), which relates the Uy's of the laser-

ON and laser-OFF structures in the following way: Ui®N = ks. U;°.

The kg values obtained from LASER refinement results are not far
off from the values obtained from the slope of the photo-Wilson
plots“9 for both the conformers (Table 1).

For PyCHDMAT, the excited state (ES) population of the two
datasets is 1.30% and 1.05%. Whereas, for PyCHDMAZ20, the ES
population ranges from 0.89% to 1.59% (Table 1). The relatively
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low population ES species and small increment of the B factor can
be attributed to the fact, that the operating power of the pump
laser was kept to a level at which a sufficient amount of data could
be collected without damaging the crystal, and probably a low
quantum efficiency at 100K as suggested by the reduction in the
emission maxima corresponding to ICT band with lowering the
temperature, suggested elsewhere t00.12%d |t was also important
to have the same unit cell dimensions for both laser-OFF and
laser-ON frames in order to use the RATIO method successfully.
The refined excited state geometry shows along with the
deduction of the bond length for N1-C2, that there are other bond
lengths in the DMA moiety that have reduced in length. The result
of intramolecular electron transfer in ES is quite clear in the form
of shortening of the N-C bond and a reduction in the
pyramidalization at the C-N-(CHs)2 moiety within DMA by 0.114A
and 0.087A in PyCHDMA1 and PyCHDMAZ0, respectively.
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Figure 4. Photodifference maps of (a) PyCHDMA1 and (b) PyCHDMAZ20.
Superposition of GS and ES refined geometries for () PyCHDMAT1 and (f)
PyCHDMAZ20. Green is for GS structure and red for ES structure. Contours of
the maps are also indicated on the figures. Photodeformation maps of (c)
PyCHDMA1 and (d) PyCHDMA20. Maps were drawn using the combined
scaled-merged data sets.

The movement of atoms in ES geometry obtained from
TRXRD measurements agrees well with the theoretically
optimized geometries by DFT methods. Although the extent of
atomic shifts is sometimes more drastic with the DFT optimized
geometries. Especially, the movement of tertiary nitrogen into the
plane containing three carbon atoms all bonded to it, is much
more pronounced for the DFT optimized geometries. The atomic
shifts observed in the 15 ES in the DFT optimized geometries for
both the conformers are quite similar and in agreement with the
results obtained from IFCT analysis, earlier.

Table 1. Data processing parameters, and population and temperature scale
factors obtained from individual and combined datasets after LASER
refinement.

Data sets Niefd  C(%)P1  P(%)l] ks kafrom

photo-
Wilson
plots
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PyCHDMA1_ins 1620  51.8  1.30(11) 1.055@2)  1.075
PyCHDMA1_ins1 1310  42.1 1.05@8) 1.046(2)  1.065
PyCHDMA20_2ns 2396 382  159(12) 1.058(1)  1.072

PyCHDMA20_2ns1 1997  31.8  158(16) 1.042(2)  1.085
PyCHDMA20_2ns2 2184 348  0.89(10) 1.057(1)  1.054

[a] Number of reflections after merging in SORTAV. [b] Completeness of data.
[c] Population of excited state species. The completeness for all the datasets
were calculated at 0.59 A" resolution.

Finally, the photo-deformation maps, 238! calculated using
the LASER refined model parameters, that represent the
difference between the densities calculated with the ES
parameters and the GS structure, show a stronger atomic shift at
the nitrogen atom position for both the conformers. The major
reason for the stronger appearance of the nitrogen atom shifts
reflected in the difference Fourier maps, be it photodifference or
photodeformation can be attributed to the fact that not only does
it have one more electron than the carbon atoms bonded to it but
it also moves more in the ES than rest of them (Table S29).

In order to know the ICT interaction energies involving the
DMA moiety, especially, the nitrogen atom, natural bond orbital
(NBO)“! analysis at M06-2X/6-311G** level of theory in the gas
phase, using the GS and ES geometries, from X-ray diffraction
studies and DFT optimization were utilized. The NBO analysis
allowed us to calculate the donor-acceptor interaction energies
involving the lone pair (LP) of nitrogen atom as the donor, from
2" order perturbation theory analysis of Fock matrix in NBO basis,
with E(2) > 0.05kcal/mol as listed in Tables S11, S12, S13 and
S14. The interaction energies provide a measure of the strength
of the intramolecular charge transfer interaction. The reduced
lone pair feature at the N atom of the DMA moiety in the ES
geometry obtained from single crystal XRD studies for both the
polymorphs is established using the NBO calculations.*?! Table 2
suggests an increased p character (ES: 99.34% in PyCHDMA1
and 98.98% in PyCHDMA20) of the lone-pair (LP) orbital in the
ES for both the polymorphs, validating the prominent sp?
character for the nitrogen atom in ES refined geometry.
Furthermore, it shows a better overlap between LP and anti-
bonding n* C-C orbitals (Figure S20). However, in both the
conformers, NBO analysis of GS shows a relatively lesser overlap
between LP and n* C-C orbitals compared to ES due to the
mixture of s and p character in the LP of nitrogen. Stabilization
energy (second-order perturbation energies E(2)) corresponding
to the intramolecular charge transfer involving the LP of the
nitrogen atom in ES is greater than GS for both the polymorphs.
Therefore, as a result of larger intramolecular charge transfer in
ES, the N-C bond gets shortened and the repulsion between the
lone pair and the bond pair in the central nitrogen atom decreases
inducing the planarity in the C-N-(CHs), moiety.

Table 2. The strongest intramolecular charge transfer interactions involving the
donor LP orbital of nitrogen and acceptor n* C-C orbitals, in PyCHDMA1 and
PyCHDMA20 geometries obtained from single crystal XRD studies, based on
the 2nd order perturbation theory analysis of Fock matrix in NBO basis, along
with the hybridization, are listed.

Donor NBO’s  Acceptor NBO’s (j)/ E(2) E() -
(i) Hybridization (kecal/  E(i)
Hybridization mol) (a.u.)

F(i, J)
(a.u.)

PyCHDMAT (GS)

93.LP (1) N1 565. BD*(2) G2 — C10 4566 037 0.2
s (4.59%) (54.62%) G2 5(0.02%)
p20.77 p99.99(99.94%)
(95.39%) d0.00 d1.91(0.04%)
(0.02%) (45.38%) C10 $(0.00%)
p1.00(99.97%)
d0.00(0.02%)
PyCHDMAT (ES)
93.LP (1) N1 571.BD*(2) C10-C18 6365 033 014
s (0.65%) (56.30%) C10's(0.36%)
p99.99 p99.99(99.60%)
(99.34%) d0.01 d0.09(0.03%)
(0.01%) (43.70%) C18 $(0.80%)
p99.99(99.18%)
d0.02(0.02%)
PyCHDMA20 (GS)
93. LP (1) N1 564. BD*(2) C2 - C3 4794 037 012
s (4.05%) (54.66%) C2 5(0.03%)
p23.66 p99.99(99.94%)
(95.93%) d0.00 d1.31(0.04%)
(0.02%) (45.34%) C3 5(0.00%)
p1.00(99.98%)
d0.00(0.02%)
PyCHDMAZ20 (ES)
93. LP (1) N1 571. BD*(2) C10 - C18 5534 036  0.13
s (1.08%) (54.91%) C10 5(0.01%)
p96.39 p1.00(99.95%)
(98.97%) d0.01 d0.00(0.04%)
(0.01%) (45.09%) C18 5(0.00%)

p1.00(99.97%)
d0.00(0.03%)

[Note: E(i) corresponds to Lewis type “filled” donor orbitals. E(j) corresponds to
non-Lewis type “unfilled” acceptor orbitals. BD = 2-center bond, BD* = 2-
center anti-bonds.

For each donor NBO (/) and acceptor NBO (j), the stabilization energy E(2)
associated with i — j delocalization is determined as,

iF (i, ))?
EQ) = AEi('Z) = aF @)
j s
Where, g: is the donor orbital occupancy.
&, gare diagonal elements (orbital energies) of NBO Fock matrix.

F(i,j) is the off-diagonal NBO Fock matrix elements.]

NBO analyses for the interaction energies between the n-n
stacked dimers were also performed at M06-2X/6-311G** level of
theory in the gas phase, using the GS and ES geometries
obtained by X-ray diffraction studies and DFT optimizations.*!
There was no appreciable difference in the interaction energies
involving the n-r stacked dimers between the GS and ES for both
the polymorphs. The results prove that the intermolecular
interactions between the n-n stacked dimers are not contributing
much to the excited state charge transfer process (Table S15 and
S16). Although the interaction energies suggest the formation of
excimers in both the conformers at GS and ES.[“? The results
from the output of NBO analysis in gaussian also provide the
individual atomic charges calculated by natural population
analysis (NPA) and Hirshfeld population analysis (HPA). Both the
analysis shows that the negative charge on the nitrogen atom has
reduced in the ES for both the polymorphs (Table S19 and S20).

Conclusion

The ICT molecule PyCHDMA was crystalized in two
conformational polymorphic forms. The conformational difference
between the conformers could be described by rotation about a
single bond. While in PyCHDMA1, the electron donor DMA moiety
and the electron acceptor pyrene moieties could be described as
in axial orientation, in PyCHDMAZ20 they are in the equatorial
position. The obvious conformational differences have prompted
us to investigate the polymorphs from the perspective of



photoinduced ICT. The emission spectra of PyCHDMA in different
solvents show a bathochromic shift of the CT band maxima with
a gradual increment of polarity, suggesting the intramolecular
nature of the charge transfer process. The TDDFT calculation for
both the conformers shows that the HOMO and LUMO are
spatially separated with HOMO entirely located on DMA moiety
and the LUMO is on pyrene, indicating charge transfer nature for
the LUMO«HOMO ftransition. The intra- and interfragment
electron transfer calculation for S1«<-Sp excitation with IFCT
method in Multiwfn show that the entire electron transfer process
from DMA moiety to pyrene moiety is dominated by the transfer
of electrons from nitrogen atom to pyrene moiety. The electron
transfer in this case happens through tunneling. The linker (CHz)2
group does not contribute much to the electron transfer process
and therefore does not get used as a hopping station during the
electron transfer. The calculation also indicates the absence of
the back-electron transfer process in both the conformers. In
PyCHDMA20, IFCT analysis suggests more intrafragment
electron reorganization within pyrene moiety for S1<-S, excitation.

The time-resolved photocrystallography measurements
with the single crystals of these two conformational polymorphs
have also shown a similar picture. The photo-induced changes in
the molecular geometry in the single crystals of the conformers
are also quite comparable. The population of the excited state
species and the increment of temperature due to laser-induced
processes are also not very different between the conformers. A
significant amount of intramolecular electron transfer from the
nitrogen atom in ES was identified with the shortening of N1-C2
bond and a reduction of pyramidalization at the nitrogen atom in
the DMA moiety. The analysis of the hybridization at the nitrogen
atom also showed that the LP of the nitrogen atom in ES is having
a much purer p characteristic while in the case of GS, the LP of
the N atom is characterized by a mixture of s and p character, with
a more noticeable contribution for s character. The transfer of
electrons from the nitrogen atom caused a decrement in the
repulsion between the lone-pair and the bond pair in the central
nitrogen atom which in turn induced planarity in the C-N-(CH3)2
moiety. The same feature of N1-C2 bond shortening and the
planarity of the C-N-(CH3)2 moiety was also observed in the DFT
optimized geometry belonging to 1%t excited state, for both
polymorphs.

The NBO analysis with the theoretically and experimentally
obtained geometries in GS and ES portrays strong intramolecular
charge-transfer interaction between the lone-pair (LP) orbital of
the nitrogen with the n* C—C antibonding orbital in both the
polymorphs. The interaction energies from NBO analysis suggest
an absence of charge transfer in the ES, between the n-r stacked
dimers in both systems. Finally, the natural population analysis
and Hirshfeld population analysis with both systems showed a
significant amount of reduction in the atomic charge on the
nitrogen atom, going from GS to ES.

The formation of conformational polymorphs for an ICT
molecule like PyCHDMA, where the electron donor group DMA is
linked to the electron acceptor group pyrene through a short
alkane chain has provided a unique opportunity to investigate the
intramolecular electron transfer process that can be externally
stimulated by light photon. The advent of ultrafast lasers and
detectors with fast read-out has facilitated the real-time
investigation of the charge transfer processes, greatly, in both
natural and synthetic systems. The studies on photoinduced
charge transfer provide an excellent opportunity to prepare

WILEY-VCH

ourselves for the efficient use of sunlight. The process of solar
energy conversion can be also quite useful in replacing our
reliance on fossil fuel with an easily available, abundant,
inexpensive, and eco-friendly renewable energy source.*4

Experimental Section

All the relevant characterization data and figures are provided in the
Supporting Information.
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