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Photophysical properties of three red fluorescent protein (RFP) chromophore analogues are reported here.
The three RFP chromophore analogues differ in the additional conjugation present in the RFP
chromophore. The three chromophores do not exhibit any solvent effect in both absorption and

fluorescence spectra. The photoirradiation experiments and recording of 'H NMR before and after

irradiation on one of the three RFP model chromophores show isomerization of the (Z,E) diastereomer
to the (E.E) diastereomer. Calculation of Sg and S; potential energy curves shows the preference for

Received 7th February 2024
Accepted 23rd May 2024

isomerization through the exocyclic C=C bond with Z-stereochemistry, thus corroborating the

experimental results. The computational studies also suggest that torsional motion along the exocyclic
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rsc.li/rsc-advances deactivation.

1. Introduction

Fluorescent proteins (FPs) find wide application in cell biology
in monitoring live cell processes. In this context, the discovery
of the green fluorescent protein (GFP) and its mutant deriva-
tives was a major breakthrough in cell biology for live cell
imaging.' Among all the fluorescent proteins, GFP is perhaps
the most versatile protein that has attracted the attention of
most cell biologists. When GFP is expressed in a live cell, it
does not alter the function of the cell; it is photostable and
resistant to alkaline pH, salts, detergents and many proteases.>
Moreover, it does not need a cofactor to fluoresce. These
unique properties make GFP useful for a wide range of appli-
cations in cell biology. Although the discovery of the mutant
derivatives of GFP such as the blue fluorescent protein (BFP)
and cyan fluorescent protein (CFP) by Roger Tsien* widened
the visibility inside live cells,* shifting the imaging light to red
was still necessary to reduce background noise and image deep
tissues at high resolution.® The red fluorescent protein cloned
from Discosoma coral (DSRed)® and Kaede’ cloned from stony
coral hold great promise of acting as genetically encoded
indicators for tracking gene expression deeper inside the cell.®
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C=C bond pushes the molecules to a conical intersection, thus paving the pathway for radiationless

The red fluorescent protein, DSRed, absorbs at 558 nm and
emits at 583 nm,® whereas wild type GFP absorbs at 395 nm
and emits at 508 nm.” The absorption and emission of DSRed
are highly red-shifted compared to those of GFP. The extinc-
tion coefficient and fluorescence quantum yield of DSRed at
558 nm excitation are reported to be 70 000 M~ cm™ " and 0.7
respectively.® The red-shifted absorption and emission prop-
erties of RFP are due to the additional conjugation present in
the benzylidene imidazolinone moiety."* The red-shifted
spectroscopic properties of RFP not only add an additional
colour to the spectrum of colours emitted by GFP and its
various mutants® but RFP is also an excellent partner of GFP
for fluorescence resonance energy transfer (FRET), which
makes RFP an imaging tool in live cells.'* Although the
extinction coefficient of DSRed is much higher than that of
GFP (extinction coefficient of GFP at 395 nm is 30
000 M~ " em™"), its fluorescence quantum yield is less than that
of GFP (quantum yield of GFP is 0.8). Furthermore, the
synthetic analogues of the DSRed chromophore are much less
fluorescent than those of the wild-type DSRed.*>*?

A detailed understanding of the factors that influence the
fluorescence emission by fluorescent proteins is important to
generate mutant fluorescent proteins for desired applications.
Considering this, synthetic chromophore analogues of the
fluorescent proteins' chromophores serve as the model system
for understanding the fluorescence behaviour of the fluores-
cent proteins. Studies on the excited state dynamics of
synthetic model chromophores of fluorescent proteins facili-
tate understanding the pathway for the loss of excited state
energy of the model chromophores, which in turn facilitates
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Scheme 1l RFP chromophore analogues 3a, 3b, and 3c, which differ in the part that extends the conjugation. The chromophore in the middle is
the intrinsic emitter present in the red fluorescent protein. The atom numbering is used to define dihedral angles 8 (N3-C4-C7-C8) and y (C2—-

C20-C21-C22).

the understanding of factors responsible for fluorescence
emission by the fluorescent proteins.'*® The model RFP
chromophores have exocyclic C=C and additional C=C
bonds, which are potential regions for photoisomerization
that can trigger internal conversion. Olsen and Smith did
computational modelling of the excited state dynamics of
a model RFP chromophore and suggested excited state twisted
intramolecular charge transfer (TICT) mediated E,Z-photo-
isomerization about the exocyclic C=C bond (C4-C7) to be
responsible for weak fluorescence.'* We report here the results
of the experimental and computational studies on the pho-
tophysical properties of three RFP chromophore analogues
(Scheme 1). Solution phase photoirradiation experiments on
one of the three analogues revealed regioselective E,Z-isom-
erization along the exocyclic C=C bond (Z-stereochemistry),
which has been proposed to be the dominant deactivation
channel of the excited state of GFP chromophore
analogues'®™® and in RFP chromophore.* Calculation of the
potential energy curves of the ground (S,) and excited state (S;)
of the three RFP chromophore analogues shows that the
analogues, which exist in the Z,E-diastereomeric forms, prefer
to undergo isomerization to form the E,E-diastereomeric
forms, thus corroborating the experimental results. The
results of these studies suggest that similar to the GFP chro-
mophore analogues, the torsional motion along the exocyclic
C=C bond acts as the dominant radiationless deactivation
channel in the excited state.

18374 | RSC Adv, 2024, 14, 18373-18384

2. Experimental

2.1 Synthesis and characterization of RFP chromophore
analogues

RFP chromophore analogues 3a, 3b and 3¢ were synthesized in
three steps (Scheme 2).

The details of the synthesis and characterization of the
compounds are given in the ESI (Fig. S1-S6). Briefly, in the first
step, an oxazolone 1 was synthesized by the Erlenmeyer azlac-
tone synthesis method.? In the second step the oxazolone was
converted to imidazolinone 2 by a solvent-free Lewis acid cata-
lyzed reaction.*>* In the third step, the imidazolinone was
further allowed to react with either benzaldehyde, trans-cinna-
maldehyde or terephthalaldehyde in a solvent-free Lewis acid
catalyzed condensation reaction®®?* to obtain the final
compounds 3a, 3b and 3c respectively.

2.2 Measurement of steady-state absorption and
fluorescence spectra

The steady state absorbance spectra were recorded on a Jasco V-
550 UV-visible spectrophotometer.

The chromophores were dissolved in HPLC-grade solvents
for measurement of their absorption and fluorescence spectra.
The steady-state fluorescence spectra were recorded on a Fluo-
rolog 3.21 spectrofluorimeter (Horiba Jobin Yvon). The samples
were dissolved in cyclohexane, ethyl acetate, acetonitrile and
methanol (10 pM) and the solutions were excited at their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of the RFP chromophore analogues 3a—-c.

absorption maxima for comparison of their steady-state fluo-
rescence spectra. Fluorescence quantum yields of the three
chromophores were measured in the four solvents taking fluo-
rescein as the reference fluorophore.?® The optical density of the
solutions of the chromophores and fluorescein dissolved in
0.1 N NaOH were maintained at 0.1 at 436 nm for 3a and at
450 nm for 3b and 3c and the solutions were excited keeping the
bandpass 1, 1 nm. The RFP chromophore analogues 3a, 3b and
3c have additional C=C bonds in addition to the exocyclic C=C
bond attached to the imidazolinone ring. In order to under-
stand which C=C bond provides a pathway for non-radiative
decay, we irradiated 3a in acetonitrile and recorded absorp-
tion spectra at different time intervals. Details of the procedure
of the photoirradiation experiment are given in the ESL

3. Computational details

The three RFP chromophore analogues were optimized in the
ground state followed by the frequency calculation at the
B3LYP/TZVP*>~* level of accuracy in the gas and solvent phases.
To understand the excited state behaviour, the time-dependent
density functional (TDDFT)**** method was adopted in conju-
gation with the long-range corrected Coulomb-attenuated
functional (CAM-B3LYP)** using the TZVP basis set. For
solvent phase calculations, the integral equation formalism
polarized continuum model (IEFPCM) I***” was implemented
with solvents of varied dielectric constant (¢) ranging from
acetonitrile (¢ = 35.688), methanol (¢ = 32.7), ethyl acetate (¢ =
6.02) and cyclohexane (¢ = 2.02).*® However, to understand
more details of the optical properties, the absorption spectra of
the molecules were calculated at the TDDFT/CAM-B3LYP/TZVP
level of theory employing the IEFPCM model.*”***** The nature
of the electronic excitations and the excited state intramolecular
charge transfer were analyzed by implementing the Multifwn*®
code through the integral of overlap of hole-electron distribu-
tion and transition density.**

In the fluorescence spectra, the calculated electronic vibra-
tions and the force constants of the ground state were used
further to compute the emission maxima. The ground state (S,)
and excited state (S;) potential energy curves of the RFP chro-
mophore analogue 3a were constructed with respect to torsional

© 2024 The Author(s). Published by the Royal Society of Chemistry
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motion along the exo-cyclic C=C bond and the additional C=C
bond, which extends conjugation in the chromophore. The
corresponding dihedral angles are § (N3-C4-C7-C8) and vy (C2-
C20-C21-C22) for 3a. For 3b and 3c, Sy and S; potential energy
curves were constructed with respect to the dihedral angle
8 (N3-C4-C7-C8). The potential energy curves were constructed
at the CAM-B3LYP/TZVP level of accuracy in four different
solvents viz. cyclohexane, ethyl acetate, acetonitrile and meth-
anol. The most stable configuration is (Z,E) with the exocyclic
C=C bond having Z-stereochemistry and additional C=C bond
having E-stereochemistry and the corresponding dihedral
angles are 8 = 0° and vy = 180°. The potential energy curves were
constructed by varying the dihedral angles 8 from 0° to 180° and
v from 180° and 0° at an interval of 10°. In between 80° to 100°,
the potential energy curves were constructed at an interval of 2°
to observe the accurate conformation responsible for the
occurrence of conical intersection.”*** All the calculations
were carried out using the Gaussian 16-suit program.*®

4. Results and discussions
4.1 Steady-state absorption and fluorescence spectra

The UV-vis absorption spectra of the three RFP chromophore
analogues 3a, 3b and 3c are shown in Fig. 1. The absorption
spectra of all these three molecules are characterized by the
presence of an absorption band (S, < Sy) in the near ultra-violet
region (305-325 nm) and another absorption band (S; < So) in
the visible region (420-440 nm). The absorption spectra of the
three RFP chromophore analogues do not show any solvent
effect suggesting the absence of strong solute-solvent effect in
the ground state. This observation is opposite to that in N(CHj;),
substituted compounds, which exhibit strong solvatochromic
red shifts in the absorption spectra with increasing solvent
polarity.* However, on moving from molecule 3a to 3¢ through
3b, a gradual increase in red shift of the absorption spectra is
seen, which is due to increasing m-conjugation length from 3a
to 3c through 3b.

When 3a was irradiated in acetonitrile for 13 hours and its
absorption spectra were recorded at different time intervals,
one isosbestic point was observed at 287 nm in the absorption
spectra (see Fig. S7, ESIf) suggesting the presence of two

RSC Adv, 2024, 14,18373-18384 | 18375
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Fig.1 UV-vis absorption spectra of RFP chromophores in cyclohexane, ethyl acetate, acetonitrile and methanol. (i) Molecule 3a, (ii) molecule 3b,

and (iii) molecule 3c.

isomers in the equilibrium in the solution. With continuous
irradiation absorption of the visible absorption band (420 nm)
gradually decreases while absorption of the UV absorption band
(305 nm) gradually increases. This observation suggests the
conversion of the Z-isomer of 3a to the E-isomer and equili-
bration of the two diastereomers. Further isomerization of the
Z-diastereomer to the E-diastereomer was proved by recording
'H-NMR of the photoirradiated sample of 3a. Recording of 'H-
NMR spectra of 3a before and after photoirradiation showed
that 3a isomerized about the exo-cyclic C=C bond (Z-stereo-
chemistry) and not through the other C=C bond having E-
stereochemistry (Fig. S8-S12, ESIf). Voliani et al. already
observed such behavior for a green fluorescent protein (GFP)
chromophore analogue.*

The steady-state fluorescence spectra of the three RFP
chromophore analogues 3a, 3b and 3c are shown in Fig. 2.
Molecules 3a and 3b show vibrational structure in weakly polar
solvents and structureless emission bands in strongly polar
solvents, while molecule 3¢ shows vibrational structure in all
solvents, with prominently structured emission in cyclohexane.
Among all the three RFP chromophore analogues, 3b is the
most fluorescent. The emissions are very broad, no solvent
effect is observed and red-shifted from 3a to 3b and 3b to 3¢
because of the increasing m-conjugation length. While these
methoxy-substituted compounds do not exhibit solvent effects
in the fluorescence spectra, tertiary amine-substituted
compounds exhibit significant solvatochromic effects in

18376 | RSC Adv, 2024, 14, 18373-18384

fluorescence spectra.* Excitation at the high energy absorption
band gives the same emission spectrum with a higher intensity
of emission (see Fig. S13, ESIt). With increasing solvent polarity
from cyclohexane to acetonitrile, fluorescence intensity
decreases. However, although methanol is less polar than
acetonitrile, fluorescence intensity is the least in it.

Methanol is a hydrogen bond donor solvent and the
stretching vibrational modes of the hydrogen bonds formed by
methanol with the solute act as a sink for dissipation of the
excited state energy of the solute molecules for which fluores-
cence intensity is least in methanol.***¢

Fluorescence quantum yields of 3a, 3b and 3c are shown in
Table 1, and fluorescence quantum yield decreases with
increasing solvent polarity and least in methanol due to the
hydrogen bond of methanol with the solute molecules. The trend
of the measured fluorescence quantum yields accords with the
observed decrease of steady-state fluorescence intensity with
increasing solvent polarity from cyclohexane to acetonitrile
through ethyl acetate and methanol. In general, in a set of
similarly rigid fluorophores, fluorescence quantum yield
increases with increasing m-conjugation length.”* In the RFP
chromophore analogues 3a, 3b and 3c, m-conjugation length
increases as 3a < 3b < 3c. Although the m-conjugation length of 3¢
is the highest among the three RFP chromophore analogues, its
fluorescence quantum yield is less than the other two which is
due to enhanced flexibility and increased probability of isomer-
ization with the incorporation of one more C=C bond in it.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Steady state fluorescence spectra of (i) 3a, (i) 3b and (iii) 3c in cyclohexane, ethyl acetate, acetonitrile and methanol. Excitation wave-
lengths are 423 nm, 435 nm and 435 nm for 3a, 3b and 3c respectively. Concentration 1 x 107> M and bandpass 3, 3 nm are fixed for all

fluorescence spectra.

4.2 Absorption spectral characteristics and frontier
molecular orbitals analysis

The optimized geometries of the three RFP analogues 3a, 3b
and 3c in both the ground state and excited state in acetonitrile
solvent are shown in Fig. S14 (see ESI).t The calculated
absorption spectra of the three compounds 3a-c in four
different solvents acetonitrile (¢ = 35.688), methanol (¢ = 32.7),
ethyl acetate (¢ = 6.02) and cyclohexane (¢ = 2.02) are shown in
Fig. 3. All the detailed information on the vertical excitation
energies, oscillator strength (f), and the contributions of the
orbitals in the transitions are shown in Table 2. As demon-
strated in both Fig. 3 and Table 2, two intense absorption bands
are observed in all the four solvents. The positions of the
absorption bands in all four solvents were well-matched with
those from the experimental results. The calculated vertical
excitation peaks for the compound 3a are observed at 305 nm
and 441 nm (in acetonitrile), 305 nm and 441 nm (in methanol),
299 nm and 432 nm (in ethyl acetate), and 290 nm and 416 nm
(in cyclohexane), which is consistent with the experimental
peaks observed at 305 nm and 421 nm (in acetonitrile), 305 nm
and 424 nm (in methanol), 305 nm and 422 nm (in ethyl acetate)
and 303 nm and 423 nm (in cyclohexane). Similarly, for
compounds 3b and 3c, the calculated vertical excitation ener-
gies corroborate those from the experimental results. Thus, the

© 2024 The Author(s). Published by the Royal Society of Chemistry

results indicate that the absorption bands are not sensitive to
the polarity of the solvents.

The absorption band appearing around 440 nm and 300 nm
for all the analogues 3a, 3b and 3c were obtained due to the two
m-1t* transitions, and the corresponding components involved

Tablel Fluorescence quantum yields of RFP chromophore analogues
(measurements were performed at temperature 20-25 °C. @ can vary
with maximum + 0.0008)"

RFP chromophore Solvents Aex (nm) (reference) @
3a Cyclohexane 436 (fluorescein) 0.181
Ethyl acetate 0.074
Acetonitrile 0.036
Methanol 0.006
3b Cyclohexane 450 (fluorescein) 0.422
Ethyl acetate 0.214
Acetonitrile 0.098
Methanol 0.026
3c Cyclohexane 450 (fluorescein) 0.114
Ethyl acetate 0.056
Acetonitrile 0.036
Methanol 0.025

“ The Aex (nm) of the reference (fluorescein) for 3a is 436 nm and for 3b
and 3c it is 450 nm.

RSC Adv, 2024, 14, 18373-18384 | 18377
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Fig. 3 Calculated electronic absorption spectra of the RFP chromophore analogue (i) 3a (ii) 3b and (iii) 3c in cyclohexane (blue, ¢ = 2.02), ethyl
acetate (red, ¢ = 6.02) acetonitrile (green, ¢ = 35.688), and methanol (violet, ¢ = 32.7).

during the transitions are HOMO — LUMO and HOMO —
LUMO + 1 electronic excitation (Table 2). As shown in the contour
plots (Fig. 4) of the frontier MOs of the analogues 3a, 3b and 3c,
the HOMO is localized mainly on the benzylidene moiety of the
molecule due to the electron-donating nature of the methoxy
group. In contrast, because of the increase in the conjugation in
the chromophore, the electron density in LUMO and LUMO + 1 is
localized on the imidazolinone and the benzene ring through the
C=C bond(s) present in the extended conjugated part. Thus,
these electronic transitions consequently imply that the charge is
being transferred from the electron-donating methoxy-
substituted benzylidene moiety to the benzene ring present in
the extended conjugated part through the imidazolinone moiety
and the C=C bond(s) of the chromophores.

Another interesting feature observed (see Table 2) during the
theoretical quantitative analysis of the electronic transitions is
that the orbital contributions for the transition HOMO — LUMO
+1 increase from the chromophore 3a to 3¢ as the 7-conjugations
increase. For 3a, the percent of orbital contribution for the tran-
sition HOMO — LUMO + 1 in acetonitrile, methanol, ethyl
acetate and cyclohexane are 81.1%, 80.9%, 77.8% and 65.6%,
respectively. However, compared to 3a, the percentage of orbital

18378 | RSC Adv, 2024, 14, 18373-18384

contribution for HOMO — LUMO + 1 electronic transition
increases for the analogues 3b and 3c and the values are 99.9%
and 92.1% (acetonitrile), 99.9% and 92.1% (methanol), 90.4%
and 91.6% (ethyl acetate), and 91.4% and 90.9% (cyclohexane).
Both the lowest electronic absorption energies of the reference
compounds (3a, 3b and 3c) are also slightly red-shifted as the -
conjugations increase. Consequently, this indicates that the
intramolecular charge transfer (ICT) character of an electronic
transition increases as the m-conjugations increase. To provide
a more effective understanding of the ICT phenomenon, the
fluorescence spectra of the molecules were also analyzed.

4.3 Fluorescence spectra of the RFP chromophore analogues

The calculated fluorescence spectra of the three synthetic RFP
analogues 3a, 3b and 3c are shown in Fig. 5 and the emission
maxima are tabulated in Table 3. It is seen that while the
experimental fluorescence spectra have structural features in
the non-hydroxylic solvents, the calculated fluorescence
spectra have two emission bands in all the solvents. The lower
energy emission band of 3b shows a red shift with increasing
solvent polarity while the fluorescence spectra of 3a and 3c do
not show any solvent effect.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Experimental maximum absorption energy E:Ep (nm) calculated vertical excitation energies E2%. (nm), oscillator strengths (f), and the %

orbital contributions for these transitions (T) of compounds 3a, 3b and 3c in all the four solvents calculated using the TD-DFT/CAM-B3LYP/TZVP
level. H = highest occupied molecular orbital and L = lowest unoccupied molecular orbital

Analogues Solvent E‘;‘?p (nm) E (nm) f Elect. trans. % T
3a Cyclohexane 423,303 415.9 1.04 So — S H — L (98.1%)
289.1 0.91 So — S; H — L+1 (65.6%)
Ethyl acetate 423, 303 431.8 1.14 So @ Sy H-—-L (98.1%)
298.7 0.91 So — S3 H—-L+1 (80.9%)
Acetonitrile 421, 305 441.8 1.19 So — S H — L (98.1%)
304.7 1.06 So — S; H— L+1(81.1%)
Methanol 424, 305 440.6 1.19 So > Sy H—-L (98.1%)
304.6 1.07 So — S; H — L+ 1 (65.6%)
3b Cyclohexane 434, 316 433.0 1.25 So — Sy H — L (98.1%)
303.0 1.13 So — S; H — L+1(91.4%)
Ethyl acetate 433,317 447.7 1.19 So = $1 H — L (98.1%)
312.7 1.05 So — S; H — L+1(99.8%)
Acetonitrile 433, 317 455.5 1.04 So — S H — L (98.1%)
318.9 1.12 So — S; H — L+1(99.9%)
Methanol 439, 317 455.3 1.25 So — Sy H — L (98.3%)
318.8 1.13 So — S; H — L+1(99.9%)
3¢ Cyclohexane 434, 323 437.3 1.19 So = S H — L (97.2%)
315.4 0.74 So — S; H — L+ 1 (90.9%)
Ethyl acetate 434, 324 455.2 1.28 Sy — Sy H — L (97.1%)
328.9 1.38 So — S3 H—->L+1 (91.6%)
Acetonitrile 436, 324 465.4 1.32 So — S H — L (96.9%)
336.8 1.44 So — S; H— L+1(92.1%)
Methanol 440, 326 465.2 1.32 So — S H — L (96.9%)
336.7 1.44 So — S3 H—->L+1 (92.1%)
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Fig.4 Contour plots (isosurface value = 0.0025 au) of HOMO, LUMO and LUMO + 1 orbitals for compound 3a, 3b and 3c calculated at the CAM-
B3LYP/TZVP level of the theory in acetonitrile solvent.

4.4 Potential energy curves for rotation along the C=C cyclic C=C bond, Z stereochemistry) and y (C2-C20-C21-
bonds C22, E stereochemistry) of 3a are shown in Fig. 6. A three-
dimensional (3D) potential energy surface scan of S; for the

The potential energy curves of Sy and S, states for rotation along ™
dihedral angles « (C4-C7-C8-C13) and 8 (N3-C4-C7-C8) for 3a

the dihedral angle 8 (N3-C4-C7-C8) (rotation along the exo-
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Fig. 5 Fluorescence spectra of the RFP chromophore analogues (i) 3a

Table 3 Calculated emission maxima (in nm) for the RFP analogues
3a—c in four solvents

Analogues  Cyclohexane  Ethyl acetate  Acetonitrile = Methanol
3a 296, 490 296, 494 297, 495 297, 495
3b 307, 527 308, 540 309, 547 309, 547
3¢ 319, 515 320, 519 320, 521 320, 521

is shown in the ESI (Fig. S15).1 The potential energy curves of
the Sy and S, states of 3b and 3c for the rotation along the g (N3—
C4-C7-C8) dihedral angle are shown in the ESI (Fig. S16 and
S17).1 As seen in Fig. 6(a), for the S, state, at § = 0°, the chro-
mophore 3a is in the most stable state and it is characterized as
the local minima. In the ground state, the potential energy
barrier along the minimum energy path (MEP) is
~63 kcal mol '. However, as the polarity of the solvent
decreases, both S, and S; states tend to move away from each
other, leading to a slight increase in the energy barrier
(~3 kcal mol ™). On the contrary, the torsional energy barrier to
reach the point of conical intersection in the S, state for the
three analogues are significantly less. Indeed, the energy for the
two conformations at 8 = 0° and § = 90° are nearly degenerate

18380 | RSC Adv, 2024, 14, 18373-18384

(i) 3b, and (iii) 3c calculated at the CAM-B3LYP/TZVP level of theory.

in the excited state, as shown in Fig. 6. This indicates that in the
excited state, both conformations are inter-convertible to each
other through a small energy barrier at room temperature.
However, for 3¢, the barrier is slightly higher (see Fig. S17, ESIT)
compared to that in 3a and 3b, probably due to the presence of
extended conjugation in the alkyl chain of 3c. The S; potential
energy curve of all three analogues has a torsional energy barrier
that is dependent on the solvent polarity. The torsional energy
barriers of the S, and S; potential energy curves of 3a, 3b and 3c
calculated in four solvents are listed in Table 4. It is seen that
the torsional energy barrier in the S; potential energy curve
increases as the solvent polarity decreases as acetonitrile >
methanol > ethyl acetate > cyclohexane. Methanol, although
less polar (¢ = 32.7) than acetonitrile (¢ = 35.688), the torsional
energy barrier is less in methanol than in acetonitrile due to the
effect of hydrogen bonding formed by methanol with the
chromophores. Thus, the trend of the torsional energy barrier
seen here accords with the trend of decrease in fluorescence
intensity in the four solvents. In a more polar solvent, the
Frank-Condon (FC) state quickly reaches the point of conical
intersection through a low torsional energy barrier while in
a more polar solvent, movement of the FC state is sluggish due

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Potential energy curves of the Sg and S; electronic states of 3a for rotation along (a) the dihedral angle 8 (N3-C4-C7-C8) and (b) dihedral

angle y (C2-C20-C21-C22).

to a higher torsional energy barrier. Furthermore, along the
dihedral angle 8 (N3-C4-C7-C8), the energy barrier between the
So and the S; state at 8 = 90° is significantly less (Table 4)
indicating the strong coupling between both states. Hence,
a conical intersection is observed at that point. Therefore,
coupling between the S, and S, states at § = 90° leads to the
internal conversion (IC) and this excited state phenomenon may
be suggested to be the reason for isomerization, which has been
experimentally observed for molecule 3a (Fig. S7-S12t). In
addition to the exocyclic C=C bond, the three chromophores
have another C=C bond (dihedral angle v) about which isom-
erization is also possible. Therefore, in order to understand the
possibility of internal conversion by isomerization about the
dihedral angle v (C2-C20-C21-C22), ground and excited state
potential energy curves were calculated for 3a (Fig. 6). As seen in
Fig. 6, torsional motion about the dihedral angle y (C2-C20-
C21-C22) and the conical intersection are observed. However,
as the S; state of 3a decays through the conical intersection to
the ground state, it decays to a higher energy ground state
compared to that in the initial ground state with v = 180°. Thus
the Z,Z-isomer obtained by torsional motion along the dihedral
angle v with 8,y = 0° becomes unstable compared to the most
stable Z,E-isomer with 8 = 0° and y = 180°.

4.5 Conformational stability of the products of
photoisomerization reaction

There are two pathways for photoisomerization-mediated
internal conversion of the three RFP chromophore analogues.
One is through photoisomerization of the Z,E-isomer to the E,E-
isomer by torsional motion along the C(4)=C(7) bond having Z-
stereochemistry (torsional motion along (). The other pathway
is photoisomerization of the Z,E-isomer to the Z,Z-isomer by
torsional motion along the C(20)=C(21) bond having E-stereo-
chemistry (torsional motion along ). The schematic represen-
tation of the photoisomerization reaction is shown in Scheme 3
and the energies of the ground state and excited state in four
different solvents are tabulated in Table 5.

In the case of photoisomerization, the change of energy in
the ground state for the conversion of the Z,E-isomer to the Z,Z-
isomer is ~200 kcal mol ", corresponding to a photon of
wavelength ~ 143 nm, which falls in the far-UV region. The Z,Z-
isomer formed after irradiation will not be stable due to the
steric hindrance exerted by the two bulky phenyl groups. While,
in the excited state, the change of energy for photoconversion of
the Z,E-isomer to the Z,Z-isomer is even more than
200 kecal mol™! compared to its ground state. Hence, photo-

isomerization of the Z,E-isomer to the Z,Z-isomer is

Table 4 The energy barrier (in kcal mol™?) for the RFP analogues 3a, 3b and 3c for rotation along the dihedral angle § (N3—-C4-C7-C8) in four

solvents in both the ground and excited states

Analogues Cyclohexane Ethyl acetate Acetonitrile Methanol
Ground state 3a 65.20 65.76 63.44 63.51

3b 63.19 62.69 59.93 59.93

3c 63.94 63.69 62.63 62.69
Excited state 3a 10.67 2.82 0.50 0.44

3b 4.14 3.14 0.31 0.25

3c 6.84 5.96 4.71 4.64

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Representative photoisomerization reaction for RFP

chromophore analogue 3a.

Table 5 Conformation energies (in kcal mol™) for the photo-
isomerization reaction for the conversion of the Z,E-isomer to the Z,Z-
isomer and the Z,E-isomer to the E,E-isomer

Cyclohexane Ethyl acetate Acetonitrile Methanol
Z,E to Z,Z-isomer
Ground state  199.93 199.43 192.90 192.96
Excited state  319.16 273.85 250.76 250.63
Z,E to E,E-isomer
Ground state  30.50 31.12 30.06 30.12
Excited state  53.65 50.14 48.38 48.38

energetically highly unfavourable. On the other hand, changes
in the energy for photoisomerization of the Z,E-isomer to the
E,E-isomer in the ground state and excited state are
~30 kcal mol ' and ~50 kcal mol ', respectively, which are
much lower than those for the photoisomerization of the Z,E-
isomer to Z,Z-isomer. Thus, compared to photoisomerization of
the Z,E-isomer to Z,Z-isomer, isomerization to the E,E-isomer is
energetically highly favorable. Thus, the photoisomerization of
the Z,E-isomer is regioselective for energetic reasons, and
destabilization of the Z,Z-isomer by van der Waals repulsion
between the methoxy-substituted benzene ring and the benzene
ring present in the extended conjugated part. This observation
clearly accords with the photoisomerization of the exocyclic
C=C bond, computationally observed by Olsen and Smith.*
Furthermore, the change of energy involved in photo-
isomerization is dependent on solvent polarity. For example, in
acetonitrile and cyclohexane, the change of energy involved in
the excited state as the Z,E-isomer isomerizes to the E,E-isomer
is 48.38 kcal mol ™" and 53.65 kcal mol ', respectively. There-
fore, photoisomerization is more favourable in more polar
solvents than in less polar solvents.

5. Conclusion

The nature of the electronic transitions, which occur in the RFP
chromophore analogues is ®# — w*. The dominant electronic

18382 | RSC Adv, 2024, 14, 18373-18384
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transitions are HOMO — LUMO and HOMO — LUMO + 1.
While the orbital contribution of the HOMO — LUMO transi-
tions is very similar in all three chromophores, the orbital
contribution of the HOMO — LUMO + 1 transition increases
from 3a to 3c through 3b. Analysis of the frontier molecular
orbitals suggests intramolecular charge transfer from the
methoxy-substituted benzylidene moiety to the extended
conjugation part through the imidazolinone ring. Calculation
of the potential energy curves shows the decay of the S; state
through a conical intersection. Decay of the FC state through
internal conversion by conical intersection is solvent's polarity
dependent. The decrease of the torsional energy barrier in the
S; state with increasing solvent polarity accords with the
observed decrease of fluorescence intensity with increasing
solvent polarity. Photoisomerization of the Z,E-isomer occurs
preferentially through the exocyclic C=C bond (Z-stereochem-
istry) to form the E,E-isomer because of the involvement of
a small change of energy. The computational data strongly
support the experimentally observed regioselective photo-
isomerization through the exocyclic C=C bond (Z-stereo-
chemistry), which triggers internal conversion. Furthermore,
the computational data also support the experimentally
observed decrease of fluorescence quantum of the RFP chro-
mophore analogues with increasing solvent polarity. In the
native red fluorescent protein, the torsional motion along the
exocyclic C=C bond is prevented by the network of hydrogen
bonds present in the protein barrel structure thus ensuring loss
of the excited state energy primarily through the radiative
pathway.
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