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ASHISH SINGH, KHALID BADI-UZ-ZAMA and GURUNATH RAMANATHAN∗
Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur, Uttar Pradesh 208 016, India
E-mail: gurunath@iitk.ac.in
MS received 21 October 2017; revised 6 February 2018; accepted 6 February 2018; published online 28 February 2018

Abstract. The imino nitrogen of p-methoxybenzylideneimidazolinone (pMBDI) was protonated using
aqueous HClO4 and HCl acid and crystallized in monoclinic crystal system with P21 /n space group.
Interestingly, the protonated compounds are fluorescent in polar solvents but non-fluorescent in non-polar
solvent as well as in the solid state. These results point to the existence of a non-radiative pathway involving
the imidazole nitrogen in the quenching of excited states in these compounds.
Keywords. Imidazolin-5-one; gfp chromophore; fluorescence; crystal structure; theoretical study.

1. Introduction
Green Fluorescent Protein (gfp) is among the preeminent protein fluorescent probes in molecular biology. 1
Theoretical and experimental studies have both confirmed that the β-barrel of the protein holds the chromophore in a planar form, locking its conformation via
hydrogen bonding which stops the radiationless decay.
Consequently, gfp shows a higher quantum yield (104
times) in comparison to the free naked chromophore
or the unfolded protein. 2 The photophysics of the gfp
chromophore reveals that the excited state deactivation phenomenon in the naked chromophore is mainly
caused by internal conversion (IC), 3 inter or intramolecular excited state proton transfer (ESPT) 4–6 intermolecular hydrogen bonding between the chromophore and
solvent molecules, 7 intramolecular hydrogen bonding, 8
intramolecular charge transfer, 9 photoinduced electron
transfer (PET), 10 etc. The involvement of carbonyl
oxygen and imino nitrogen of the imidazolinone ring
in the hydrogen bonding also induces fluorescence
quenching. 7c
In solution, the photophysics of the chromophore
is mainly affected by the solvent dipole, pH and
substituents on the imidazolinone ring. 5, 11 Polar solvents reduce the fluorescence due to hydrogen bonding
while nonpolar solvents enhance it significantly. Solvent viscosity also affects the inhibition of the internal

conversion and consequently reduces the radiationless
decay of the chromophore 3b In the solid state, substituents on the imidazolin-5-one ring and supramolecular interactions mainly regulate this phenomenon, which
could be revealed by a crystallographic analysis. 11e, 12
The crystal structures of gfp chromophores are now
reasonably well-studied and predominantly stabilized
by π. . .π, CH…π, CH…O, classical hydrogen bonds,
etc., and consequently, form supramolecular architecture. 13 In one of the derivatives, a C=O…C interaction
has also been reported to stabilize the crystal packing. 14
However, the molecular interactions present in the solid
state have rarely been correlated with the photophysical
properties of the gfp chromophores themselves. 10a, 12a, 15
Herein, we report the protonation of the gfp chromophore 16 (pMBDI) by two different aqueous acids
HClO4 and HCl. The protonated gfp chromophore
compounds were characterized in the solid state. The
photoluminescence properties of these molecules have
been investigated in both solid and solution state. We
observed that the protonated form of molecules I and
II do not exist in the polar solvents. Hence, these
molecules become identical to the pMBDI molecule
and show fluorescence. However, the protonated form
intact in a non-polar solvent as well as in the solid
state and accountable for the non-fluorescent nature
of the molecules. The theoretical study indicates that
the non-fluorescent nature of the protonated molecules
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is probably due to the photo-induced electron transfer
(PET) phenomenon.

2. Experimental
2.1 Materials
Solvents and most of the chemicals used in the synthesis
and purification of the p-methoxybenzylideneimidazolinone
(pMBDI) were purchased from S.D. Fine Chemicals Ltd.

India. Ethyl acetamidate and NMR solvent were brought from
Sigma-Aldrich and used as such. Glycine was purchased from
Merck chemical company and used without any further purification. Neutral alumina was used for column chromatography
and a MERCK Kieselgel 60 F254 plate was used for TLC.
JSGW melting point apparatus was used for determining the
melting point. 1 H and 13 C NMR spectra were recorded in
JEOL 500 machine in 500 MHz and 125 MHz, respectively.
Water ESI-Qtof instrument was used for mass characterization. Absorption spectra were recorded in Jasco V-550
UV-Visible spectrophotometer and fluorescence spectra were
recorded in Fluorolog 3.21 spectrofluorimeter (Horiba JobinYvon).

2.2 Syntheses of compounds

Scheme 1.

Synthesis of compound I and II from pMBDI.
Table 1.

Synthesis, characterization and crystal structure of the
pMBDI was reported 11c by Dong et al., in 2009. But in 2010,
a new procedure was reported 17 by Baldridge et al., where
including pMBDI molecule, a variety of gfp chromophore
analogues were synthesized in very good yield. We followed
the same procedure for the synthesis of this compound and
purified by column chromatography in neutral alumina. The
compound was characterized by spectral analysis and given
in the supporting information.
For protonation, 0.02 N of the acid solution was prepared
in acetonitrile solvent. The pMBDI (20 mg) was dissolved
separately in methanol solvent (2 mL). When a clear solution

Summary of x-ray structure parameters of molecules.

Molecule
Empirical formula
Mr
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/0
β/0
γ /0
Volume/Å3
Z
Dx /Mg cm−3
μ/mm−1
F (000)
Crystal size/mm
θ range for data collection/0
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F 2
Final R indices [I > 2Sigma (I )]
CCDC No.

I

II

C13 H15 Cl N2 O6
330.72
100(2)
Monoclinic
P21 /n
6.3752(7)
12.8440(13)
17.4645(18)
90
96.059(2)
90
1422.1(3)
4
1.540
0.301
688
0.16 × 0.14 × 0.12
1.9–25.5
7564
2636
2636/1/203
1.127
R1 = 0.0558
wR2 = 0.1484
1063943

C13 H15 Cl N2 O2
266.72
100(2)
Monoclinic
P21 /n
6.284(5)
20.027(3)
10.343(2)
90
104.462(5)
90
1260.4(10)
4
1.406
0.299
560
0.18 × 0.15 × 0.14
2.03–25.5
8939
2349
2347/0/191
1.030
R = 0.0327
wR2 = 0.0715
1063944
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Table 2. Significant intermolecular interactions (interatomic distances in Å and bond angles in ◦ ) observed in
the crystal structures of molecules I and II.
Compound
I

II

D-H…A

D-H (Å) H…A (Å) D…A (Å) <D-H…A (◦ )

N(1)-H(15)…O(4)
0.80(5)
C(1)-H(1A)…O(3)
0.96
C(3)-H(3)…O(5)
0.93
C(4)-H(4)…O(2)
0.93
C(6)-H(6)…O(4)
0.93
C(8)-H(8)…O(2)
0.93
C(12)-H(12C)…O(3)
0.96
C(1)-H(1B)…O(1)
0.96
C(4)-H(4)…O(1)
0.93
C(8)-H(8)…O(1)
0.93
C(13)-H(13B)…Cl(1) 0.95(2)
N(1)-H(1)…Cl(1)
0.87(2)

2.03(5)
2.58
2.49
2.51
2.55
2.56
2.56
2.54
2.42
2.45
2.76(2)
2.21(2)

2.811(5)
3.301(5)
3.334(4)
3.343(5)
3.412(4)
3.414(4)
3.269(5)
3.491(4)
3.280(3)
3.332(3)
3.638(4)
3.056(3)

165(5)
132
152
150
154
153
131
169
154
158
155.4(16)
167(2)

Symmetry codes
3/2 − x, −1/2 + y, 1/2-z
− 3/2 + x, 1/2 − y, −1/2 + z
1 − x, 1 − y, −z
2 − x, 1 − y, −z
3/2 − x, −1/2 + y, 1/2 − z
2 − x, 1 − y, −z
5/2 − x, −1/2 + y, 1/2 − z
1 − x, −y, −z
−x, −y, −z
−x, −y, −z
−1 + x, y, z

Figure 1. (A) ORTEP view of molecule I at 50% thermal probability. (B) One dimensional ladder structure
formed by π…π stacking and hydrogen bonding in molecule I.

of pMBDI was obtained, 50 μL of each acid solution was
added separately. After sonication, the acid-pMBDI solution
was filtered and kept for slow evaporation at room temperature. Orange-red colour crystals were obtained in 4–6 days
(Scheme 1).

2.3 X-ray crystallography
Single crystal X-ray data were collected at room temperature
(298 K). The details about the instrument used for data collection and method for crystal solving is given in our previous
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Figure 2. (A) ORTEP view of molecule II at 50% thermal probability. (B) One dimensional structure
formed by hydrogen bonding in molecule II. Free hydrogen atoms are omitted for clarity. Colour code:
carbon: yellow, oxygen: red, nitrogen: blue, hydrogen: black, chlorine: light green.

paper. 18 The CCDC numbers for crystals I and II are 1063943
and 1063944, respectively.

3. Results and Discussion
3.1 Crystallographic studies
The pMBDI molecule has already been synthesized and
crystallized in monoclinic crystal system. 11c, 17,19 In both
the crystal structures of I and II, the counter anion was
not bonded covalently but present in the unit cell. These
molecules are nearly planar and the angle between imidazolinone and benzene ring is around 4◦ . The details
about the crystallographic parameters and molecular
interactions observed in molecules I and II are given
in Tables 1 and 2, respectively.
The ORTEP diagram of compound I is shown in Figure 1A, wherein the oxygen of the perchlorate counter
anion (O4) appears towards the imino nitrogen (N1) of
the imidazolinone ring and forms a hydrogen bond (Figure 1B) with a bond length 2.03 Å and a bond angle of
162◦ . Hydrogen of the two methyl groups C(1)-H(1a)

and C(12)-H(12c) are weakly bonded with O(3) of the
perchlorate with bond lengths of 2.58 Å and 2.56 Å,
respectively. A weak π…π stacking (3.82 Å) between
the electron-rich benzene ring and the electron deficient imidazolinone ring is also observed (Figure 1B).
These intermolecular interactions arrange the molecule
in one-dimensional ladder-like polymeric structure. The
perchlorate oxygen (O3) is engaged in a weak hydrogen
bonding with C(1)-H(1A) (2.58 Å) and C(12)-H(01C)
(2.56 Å) which results in a 28 member macrocyclic
hydrogen bonded ring structure (Figure S1 in Supplementary Information). The distance between the
two benzene rings in the macrocycle is 7.5 Å. The
macrocyclic ring is further extended in one-dimensional
polymeric structure via hydrogen bonding between O(5)
of the perchlorate counter anion and C(3)-H(3) of the
benzene ring with an associated bond length (2.48Å)
and angle (152◦ ), respectively.
In compound II, chloride anion is located near the
protonated iminium nitrogen of the imidazolinone ring
(Figure 2A). The chloride ion and N(1)H(1) forms a
hydrogen bond with the bond length 2.26 Å and angle
167◦ . The carbonyl oxygen (O1) of the imidazoli-
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Figure 3. (a) UV-Vis absorption spectra of compounds (pMBDI and molecules I and II) in acetonitrile
solvent. (b) Normalized fluorescence spectra in acetonitrile solvent. (c) Fluorescence spectra in the solid
state. (d) Fluorescence spectra of molecule II in different solvents. Spectra were done at room temperature.
All the samples were made in 10 μM concentration and path length was 1 cm. The thickness of the solid state
film was 0.2 cm. Both in solid and solution state, emission spectra were recorded upon excitation (λexct. ) at
365 nm.

none ring forms intermolecular non-classical hydrogen bonding with methyl hydrogen C(1)-H(1B) with
an associated bond length (2.54 Å) and angle (169◦ ),
respectively, which extends the molecule linearly in
one dimension (Figure 2B). The molecular packing
is further stabilized by weak van der Waals interaction between the chlorine atom (Cl1) and the methyl
hydrogen C(12)H(12C) which is at a distance of 2.87 Å
and this interaction inhibits the molecular propagation in other directions (Figure 2B). Unlike molecule
I, an effective π…π stacking is not observed in the
molecule II.
In both crystal structures (I and II), the imino bond
(C=N) distance of the imidazolinone ring is insignificantly affected after protonation in comparison with
the pMBDI molecule. The photophysical properties
of molecules (I and II) were studied in both solid

and solution state. Absorption spectra were recorded in
acetonitrile solvents in 10 μM concentration at room
temperature (Figure 3a). Molecule I and II absorb
weakly in comparison to the ligand (pMBDI) but have
a similar absorption maximum to pMBDI at 367 nm.
In both solid and solution state, the compounds were
excited at 365 nm. Interestingly, both molecules are
non-fluorescent in the solid state but fluorescent in acetonitrile solvent (Figure 3b, c). The red shift of 100 nm
in the emission maximum of compound pMBDI in the
solid state could be attributed to the reabsorption of the
same type of molecules due to dense packing. 15b
The IR spectra of compound II were recorded in the
solid as well as in acetonitrile solvent. The –NH peak
was found at 3477 cm−1 in the solid state but this peak
disappeared in solution (Figure S2 in SI). This shows
that the packing of the molecules is not retained and
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Figure 4. Bandgap calculations between HOMO and LUMO of pMBDI, molecules I and II. Colour code:
carbon: dark grey, hydrogen: light grey, nitrogen: blue, oxygen: red, chlorine: light green.

the protonated imino hydrogen (–NH) is lost in solution. Consequently, compound II behaves similarly to
pMBDI in the solution and becomes fluorescent. The
luminescence spectra of the molecule II were recorded
in different solvents (Figure 3d) to probe solvent effects
further. The molecule became non-fluorescent in nonpolar solvents like chloroform and behaved as if it is in
the solid state whereas it became fluorescent in a polar
solvent like methanol, acetonitrile, etc. The highly viscous solvent glycerol restricts the free movement of the
molecule allowing recovery of the photophysical properties observed in the solid state, 3c and consequently
molecule II becomes non-fluorescent in glycerol. Gfp
chromophores become highly fluorescent in glycerol in
comparison to other solvents due to a restriction in the
rotation of exocyclic double bonds. 3b,c This indicates
that the contribution of the imino nitrogen in the fluorescence quenching of the naked gfp chromophore is more
in comparison to the cis-trans isomerisation of the exocyclic double bond. The existence of the imino proton
of the imidazolinone ring was further investigated in a
non-polar chloroform solvent by infrared spectroscopy.

The presence of a clear NH peak (3366 cm−1 ) confirmed
the existence of a protonated state (Figure S3 in SI).
However, in glycerol, a broad peak at 3369 cm−1 was
observed in which both solvent peak (-OH) and molecular peak (-NH) probably merged.
In order to probe the origin of diverse fluorescence property of pMBDI, and molecules I and II,
we performed time-dependent density functional theory
(TDDFT) based calculation using the Gaussian 09 package. 20 The 6-31G(d,p) basis set along with the B3LYP
function was used for the calculations. 21 We have considered the crystal structures of each compound and then
carried out ground state geometry optimization using
density functional theory (DFT) at the above-mentioned
level of theory. This is because the crystal structures may
not be the true minima at the employed level of theory and thus geometry optimizations along with normal
mode analysis ensure that these structures are ground
state local minima. The TDDFT calculations were carried out using the ground state optimized structure. The
theoretically calculated absorption peak was found to
be at 353 nm for pMBDI with an oscillator strength of
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0.79 approximately. The experimental absorption maximum of the ligand was at 365 nm in acetonitrile solvent.
Thus, theoretical prediction of absorption maximum is
in good agreement with the experimentally determined
value. The electron density was distributed over the
entire molecule in HOMO whereas it was largely shifted
and now is found over the imidazolinone ring in the
LUMO (Figure 4). The main contribution to this absorption peak comes from the HOMO to LUMO electronic
transition through intramolecular electron transfer (Figure 4). For molecules I and II, the TDDFT calculations
result in absorption peaks at 379 nm and 367 nm with an
approximate oscillator strength of 0.76 and 0.88, respectively. These absorption wavelengths compare well with
the corresponding experimental values. The polarities of
the ground and excited states 22 in both molecules were
also affected considerably after protonation. The contributions to the absorption peak of molecule I come
from two transitions, from HOMO-2 to LUMO and
HOMO to LUMO. However, the contribution of the
former transition is only 2% while 98% contribution
comes from the later. The origin of the absorption for
molecule I is found to be a transfer of electron density from the perchlorate ion to the protonated pMBDI
moiety corresponding to the transition from HOMO-2 to
LUMO. However, the transition from HOMO to LUMO
shows only the rearrangement of electron density over
the pMBDI moiety. For molecule II, the responsible
transition for absorption peak is from the HOMO to
LUMO and intramolecular electron transfer from the
Cl− ion to the protonated pMBDI molecule takes place
during this transition (Figure 4).
The electron density was localized over the counter
anion only (ClO−4 in molecule I and Cl− in molecule
II) in the HOMO whereas it was completely shifted
to the protonated imidazolinone in the LUMO. This
low band gap most likely promotes the photoinduced
electron transfer (PET) phenomenon 9b in the protonated molecule (I and II) and consequently HOMO
and LUMO become highly polarized. This phenomenon
thus makes I and II non-fluorescent in the protonated
form (in the solid state as well as in non-polar solvents).

4. Conclusions
In summary, the above results reveal that the crystal
structures of protonated gfp chromophores I and II are
stabilized by hydrogen bonding and π. . .π stacking.
The IR and photoluminescence studies reveal that these
molecules (I and II) do not exist in the protonated state
in polar solvents and thus become fluorescent, while
the molecules recover the photophysical properties of
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the solid-state in non-polar solvents and become nonfluorescent. TDDFT calculations support photoinduced
electron transfer in the protonated molecules (I and II)
in the solid state. Thus, we can conclude that the interaction of the imino nitrogen plays a crucial role in the
photophysics of the gfp chromophore outside the protein
barrel.
Supplementary Information (SI)
Characterization data (NMR, Mass, IR, CHN, etc.) and
spectra of the compounds are given in the supplementary
information. Supplementary Information is available at www.
ias.ac.in/chemsci.
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