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 Abstract: Two conformational polymorphs of a charge transfer (CT) 
compound, pyrene-(CH2)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 1st 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 1st 
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-
(CH3)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,[1] repair of DNA 
lesions,[2] photoelectric conversion in organic solar cells,[3] and 
photodegradation of pollutants,[4] 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.[5] 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.[6] 

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,[7] and 

long-lived singlet excited states[8]. 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)[9] or donor-
bridge-acceptor (D-B-A)[10] 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,[7,9-11] it is the studies in the crystalline state that deems 
essential to design suitable systems for application in the field of 
solid-state materials[12]. 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.[13] 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.[14] 

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.[15] Two models, the 

[15][16] state with an axial conformation, and the 
[17] 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.[15] Though 
pyrene-bridge-DMA systems with flexible (CH2)n 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.[18] At 
lower-to-ambient temperatures, the reaction in the solid state still 
holds the relevant and therefore 
suggests a minimum of atomic or molecular movement during the 
solid-state reaction.[19] 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.[20] Most of the 
small molecule systems, studied by TRXRD, are designed to 
investigate light irradiated transient species in spin-crossover 
systems,[21] purely organic molecules with weak interactions[22] or 
metal-to-ligand (MLCT) or ligand-to-metal (LMCT) charge transfer 
processes, in solids[23]. The examples of even studying purely 
organic charge transfer molecules by employing TRXRD are also 
quite rare.[14][24]  

In the present study, a mono-substituted pyrene derivative, 
pyrene-(CH2)2-N,N -dimethylaniline, PyCHDMA, was designed 
where dimethylaniline (DMA) is connected to pyrene through an 
alkane chain, (CH2)2 (Figure1a), 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[19] 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.   
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PyCHDMA1_1ns 1620 51.8 1.30(11) 1.055(2) 1.075 

PyCHDMA1_1ns1 1310 42.1 1.05(8) 1.046(2) 1.065 

PyCHDMA20_2ns 2396 38.2 1.59(12) 1.058(1) 1.072 

PyCHDMA20_2ns1 1997 31.8 1.58(16) 1.042(2) 1.085 

PyCHDMA20_2ns2 2184 34.8 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 Å-1 resolution. 

Finally, the photo-deformation maps,[23b,38b] 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)[41] 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 
2nd 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.[42] 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 sp2 
character for the nitrogen atom in ES refined geometry. 
Furthermore, it shows a better overlap between LP and anti-
bonding * C C orbitals (Figure S20). However, in both the 
conformers, NBO analysis of GS shows a relatively lesser overlap 
between LP and * 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-(CH3)2 moiety.  

Table 2. The strongest intramolecular charge transfer interactions involving the 
donor LP orbital of nitrogen and acceptor * 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. 

(i)/ 
Hybridization 

 
Hybridization 

E(2) 
(kcal/
mol) 

E(j)  
E(i) 
(a.u.) 

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

PyCHDMA1 (GS) 
93. LP (1) N1 

s (4.59%) 
p20.77 

(95.39%) d0.00 
(0.02%) 

565. BD*(2) C2  C10 
(54.62%) C2 s(0.02%) 

p99.99(99.94%) 
d1.91(0.04%) 

 (45.38%) C10 s(0.00%) 
p1.00(99.97%) 
d0.00(0.02%) 

45.66 0.37 0.12 

PyCHDMA1 (ES) 
93. LP (1) N1 

s (0.65%) 
p99.99 

(99.34%) d0.01 
(0.01%) 

571. BD*(2) C10 - C18 
(56.30%) C10 s(0.36%) 

p99.99(99.60%) 
d0.09(0.03%) 

  (43.70%) C18 s(0.80%) 
p99.99(99.18%) 
d0.02(0.02%) 

63.65 0.33 0.14 

PyCHDMA20 (GS) 
93. LP (1) N1      

s (4.05%) 
p23.66 

(95.93%) d0.00 
(0.02%) 

564. BD*(2) C2 - C3 
(54.66%) C2 s(0.03%) 

p99.99(99.94%) 
d1.31(0.04%) 

(45.34%) C3 s(0.00%) 
p1.00(99.98%) 
d0.00(0.02%) 

47.94 0.37 0.12 

PyCHDMA20 (ES) 
93. LP (1) N1     

s (1.03%) 
p96.39 

(98.97%) d0.01 
(0.01%) 

571. BD*(2) C10 - C18 
(54.91%) C10 s(0.01%) 

p1.00(99.95%) 
d0.00(0.04%) 

(45.09%) C18 s(0.00%) 
p1.00(99.97%) 
d0.00(0.03%) 

55.34  0.36 0.13 

[Note: E(i) j) corresponds to 
non- -center bond, BD* = 2-
center anti-bonds. 
For each donor NBO (i) and acceptor NBO (j), the stabilization energy E(2) 
associated with i  j delocalization is determined as, 
  

 

Where, qi: is the donor orbital occupancy. 
i, j are 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 -  

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.[43] 
There was no appreciable difference in the interaction energies 
involving the -  stacked dimers between the GS and ES for both 
the polymorphs. The results prove that the intermolecular 
interactions between the -  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.[42] 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 crystallized 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 PyCHDMA20 they are in the equatorial 
position. The obvious conformational differences have prompted 
us to investigate the polymorphs from the perspective of 
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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 transition. The intra- and interfragment 
electron transfer calculation for S1 S0 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 (CH2)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 S0 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 1st 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 * 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 -  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 

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.[44]  

Experimental Section 

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