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ABSTRACT: Two green fluorescent protein (GFP) chromo-
phore analogs (4Z)-4-(IN,N-dimethylaminobenzylidene)-1-meth-
yl-2-phenyl-1,4-dihydro-SH-imidazolin-S-one (DMPI) and (4Z)-
4-(N,N-diphenylaminobenzylidene)-1-methyl-2-phenyl-1,4-di-
hydro-SH-imidazolin-S-one (DPMPI) were investigated using
femtosecond fluorescence up-conversion spectroscopy and
quantum chemical calculations with the results being substan-
tiated by HPLC and NMR measurements. The femtosecond
fluorescence transients are found to be biexponential in nature
and the time constants exhibit a significant dependence on
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solvent viscosity and polarity. A multicoordinate relaxation mechanism is proposed for the excited state relaxation behavior of the
model GFP analogs. The first time component (7,) was assigned to the formation of twisted intramolecular charge transfer (TICT)
state along the rotational coordinate of N-substituted amine group. Time resolved intensity normalized and area normalized
emission spectra (TRES and TRANES) were constructed to authenticate the occurrence of TICT state in subpicosecond time scale.
Another picosecond time component (7,) was attributed to internal conversion via large amplitude motion along the exomethylenic
double bond which has been enunciated by quantum chemical calculations. Quantum chemical calculation also forbids the
involvement of hula-twist because of high activation barrier of twisting. HPLC profiles and proton-NMR measurements of the
irradiated analogs confirm the presence of Z and E isomers, whose possibility of formation can be accomplished only by the rotation
along the exomethylenic double bond. The present observations can be extended to p-HBDI in order to understand the role of
protein scaffold in reducing the nonradiative pathways, leading to highly luminescent nature of GFP.

1. INTRODUCTION

The green fluorescent protein (GFP) of the jellyfish Aequorea
victoria is very widely used as a genetically encoded noninvasive
fluorescence marker in bioimaging.' Some years after its discovery,
it was shown that GFP could be cloned and expressed in other
organisms."” The utility of GFP as a fluorescence marker gained all
around acceptance especially after the beautiful fluorescence
images obtained by Chalfie et al." Advanced developments pre-
dominantly through mutagenesis to increase the stability and
diversify the spectral range enhanced the vast potential of GFP
and other fluorescent proteins.> > This protein is particularly
useful due to its stability and the fact that its chromophore is
generated in situ by an autocatalytic post-translational cyclization
that does not require a cofactor.’® GFP’s meteoric rise as a
molecular imaging tool took place after Roger Tsien’s group
developed GFP variants with much improved biological and
photophysical properties, as well as additional color variants with
distinctive emissions ranging from blue and cyan to yellow.” '
The chromophore responsible for the fluorescence of this protein
is p-hydroxybenzylideneimidazolinone (p-HBDI). The fluores-
cence arises from both its neutral and anionic forms, which is
generated upon ultrafast excited state intramolecular proton
transfer in the neutral form.""'> One intriguing feature about
the wild type green fluorescent protein (wtGFP) is that while the
chromophore in its intact protein has a quantum yield of ~0.8 and
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an excited state lifetime of 3.3 ns,">'* its isolated chromophore

p-HBDI has a quantum yield that is almost 4000-fold less and a
lifetime around 3300-fold less than the wtGFP."> Further, the
denatured protein, isolated fragments of protein containing the
chromophore, and most of the synthetic model compounds of
the GFP chromophore, are all weakly fluorescent (¢ ~ 10°) in
bulk solutions at standard conditions.'>'® These observations
have led to an extensive investigation of the photophysical proper-
ties of GFP and its mutants,'” the synthetic derivatives of the GFP
chromophore and its related model systems, by theory and
experiment.'*'%'8726 The majority of the literature suggest that
HBDI and its analogs undergo excited state twisting that triggers
internal conversion (IC) making them weakly fluorescent.'® > Such
weak fluorescence is essentially a characteristic feature of flexible
chromophores like triphenylmethane (TPM) dyes, for which a
large amplitude motion of phenyl rings is the main route of
internal conversion.”**” The mechanism of IC in p-HBDI has
long been of the subject of debate. While some suggest a single
bond rotation,'® others suggest double bond rotation'¥'%1% or
a simultaneous and concerted rotation of both single and
double bonds known as the hula-twist.”® Weber et al.>" suggest
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Scheme 1. Two GFP Chromophore Analogs DMPI and DPMPI along with the Main GFP Chromophore p-HBDI*
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“The p-HBDI analog studied extensively by others is the analog in the middle where the wiggly lines representing protein chains are now only methyl

groups. Same atom labels are used for all analogs.

a possibility of double bond rotation and a hula-twist in the
neutral chromophore, whereas Baldridge et al > suggested IC by
twisting of the exomethylene double bond in their alkyl sub-
stituted analogs in octaacid cavitand, while in solution phase, the
IC was by a combination of one bond flip and twisting of the
bridging single bond.** Usman et al.** performed ultrafast
polarization sensitive infrared (IR) spectroscopic studies on p-
HBDI. They suggested that both hula-twist and rotation around
the exomethylene double bond can lead to IC. While the double
bond rotation or hula-twist is accepted as the twisting motion
that triggers IC, mechanistic explanations of these energetically
uphill processes are not yet available. Since cis—trans isomeriza-
tion is an obvious outcome of double bond rotation and hula-
twist, both isomers should be detectable at the end of any
photoirradiation.

To furnish a deeper understanding of the mechanism of IC, we
designed and synthesized two new analogs of HBDI that differ in
the bulkiness of the electron donor substituent with considerable
design inputs from studies by earlier workers on dimethylamino
group containing fluorophores such as the dansyl group.”® The
other analog was designed to increase the bulkiness and thus act
as a reporter for large amplitude motion. Fluorescence up-
conversion studies and quantum chemical calculations were
performed to understand the excited state relaxation mechanism
of the analogs under consideration. The present study was
undertaken to reveal the nonradiative pathways operational in
GFP chromophore analogs.

2. EXPERIMENTAL SECTION

2.1. Synthesis of GFP Chromophore Analogs. The mol-
ecules (Scheme 1) were synthesized using previously published
procedure3529733 (see Supporting Information). The two com-
pounds were fully characterized by "H NMR, *C NMR and
Mass (available in Supporting Information, Figures S1—S4).

2.2. Steady State Measurements. Steady state absorption
spectra and fluorescence spectra were measured using a com-
mercial UV—vis spectrophotometer (JASCO V-550) and fluori-
meter (Fluorolog 3-21, Horiba Jobin-Yvon), respectively. All
measurements have been done at 22 °C.

2.3. Femtosecond Fluorescence Up-conversion Measure-
ments. The fluorescence transients were measured in a femtose-
cond fluorescence up-conversion setup (FOG-100, CDP Corp.).
The details of this setup are discussed elsewhere.** Briefly, the
sample was excited at 435 nm using the second harmonic of a
mode-locked Ti-sapphire laser (Tsunami, Spectra Physics),
pumped by a S W Millennia (Spectra Physics). To generate the
second harmonic, we used a nonlinear crystal (1 mm /3 barium
borate, O = 25°, ¢ = 90°). The fluorescence emitted from the

sample was up-converted in another nonlinear crystal (0.5 mm f3
barium borate, 6 = 38°, ¢ = 90°) by using the fundamental beam
as a gate pulse. The up-converted light was dispersed in a
monochromator and detected by photon counting electronics.
A cross-correlation function obtained with the use of Raman
scattering from water displayed a full width at half-maximum
(fwhm) of 350 fs. Femtosecond up-conversion measurements
were performed for both the molecules in various glycerol-
methanol mixtures of different viscosities and also in a number
of isoviscous solvents of different polarities. The decays were
deconvoluted using a Gaussian shape for the exciting pulse using
commercial software (IGOR Pro, WaveMetrics). The up-conver-
sion decay transients were measured at their emission maxima,
unless otherwise mentioned. All measurements reported here
were made at 20 °C.

2.4. Irradiation Experiment and HPLC Analysis. A solution
of DMPI in acetonitrile was irradiated at 467 nm (absorption at
467 nm ~ 1.54) using a xenon arc lamp (450 W, 18 V, 25 A,
Ushio code UXL-450S—O) in a spectrofluorimeter (Fluorolog
3-21, Horiba Jobin-Yvon) with an excitation slit of 10.0 nm for 11
h. This solution was then injected in an analytical HPLC
(Amersham Biosciences, P-900, C-18 reverse phase column,
150 X 46 mm, kromasil 700C-18, particle size S xm) and
compared with the chromatograms obtained before irradiation.
An isocratic solvent of 65% methanol in water was used as the
eluent and the flow rate was kept at 1.0 mL/min. In a separate
experiment, DMPI (8.0 mg) was dissolved in deutero-chloro-
form and its '"H NMR was recorded in a 400 MHz NMR
spectrometer. The solution in the NMR tube was irradiated
similarly using an excitation slit 5.0 nm for 16 h. Its "H NMR
was recorded in a 400 (400 MHz) JEOL NMR spectrometer and
*C NMR was recorded in a 500 (125 MHz) JEOL NMR
spectrometer.

3. THEORETICAL CALCULATIONS

Computation of the first singlet excited state (S1) potential
energy surface of DMPI molecule was done by time-dependent
density functional theory (TDDFT)>® as implemented in the
Gaussian03 software package.36 For all TDDFT calculations 20
excited states were included and were done employing 6-31G**
basis set and B3LYP?” density functional. The potential energy
surface (PES) corresponding to the electronic ground state (S0)
was computed using the density functional theory (DFT) at the
same level. The three-dimensional potential energy surface was
constructed along the dihedral angles y (C4—C7—C8—Cl13)
and $(N3—C4—C7—C8) for Sy and S, states. PES of the ground
state and the first excited state were computed by varying
dihedral angle y(C4—C7—C8—C13) between —2° to 98° in
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Figure 1. Steady state absorption of the two synthetic GFP chromophore analogs; (a) DMPI and (b) DPMPI in three different solvents:
(1) Cyclohexane (blue line); (2) Methanol (black line); and (3) 50% gylcerol—methanol mixture (red line). Steady state fluorescence spectra of
(c) DMPIand (d) DPMPI in three different solvents: (1) Cyclohexane (blue line); (2) Methanol (blackline); and (3) 50% gylcerol—methanol mixture (red line).

20° increments, and S(N3—C4—C7—C8) from 0° to 180° by
20° increments, including 90°, keeping all of the other degrees of
freedom frozen at the X-ray structure. Thus, a total of 66 ground
state and excited state calculations were performed. Calculations
have been performed in vacuum as well as in acetonitrile medium
(using polarizable continuum model, PCM). Since the excited
state of the molecule has charge transfer character, the potential
energy barriers computed using TDDFT at the S; excited state
may have quantitative errors.*® Thus, results of TDDFT will only
be used here for obtaining a qualitative picture of the excited state
dynamics. Much accurate coupled cluster methods are highly
computationally demanding for the computation of the entire
potential energy surface.>”

4. RESULTS AND DISCUSSION

4.1. Steady State Absorption and Emission. The UV—vis
absorption spectra of both synthetic GFP chromophore analogs
(DMPI and DPMPI) are characterized by the presence of a single
S1 == Sy absorption band having a maximum located between 430
and 480 nm in a range of solvents as shown in Figure 1 (left panel).
All the absorption spectra have a similar shape, and the position of
the maximum depends on the nature of the substituent groups,
polarity of the solvent and on the extent of hydrogen bonding. The
absorption maximum of DMPI is found to be 460 and 470 nm in
0% to 50% glycerol in methanol, respectively. This bathochromic
shift is assigned to the increase in polarity with increasing propor-
tion of glycerol. Similarly for DPMPI, the shift in absorption
maximum occurs from 460 to 469 nm with increase in glycerol
proportion from 0% to 50%. The absorption maximum of DMPI
shifts from 435 nm in cyclohexane to 460 nm in methanol.
Similarly, DPMPI exhibits a shift in absorption maximum from
449 nm (in cyclohexane) to 460 (in methanol). Further, there is a
significant bathochromic shift as we go from DMPI to DPMPI
probably due to enhanced conjugation.

The fluorescence spectra shown in Figure 1 (right panel) of
both molecules are characterized by a significant Stokes shift
relative to the absorption spectra. The fluorescence intensity of
both molecules shows a strong dependence on solvent viscosity
and increases monotonically with an increase in the solvent
viscosity. Such behavior in these analogs is quite different
compared to p-HBDL>*® The emission maximum of DMPI in

methanol is at 533 nm with fluorescence quantum yield of 0.002.
In 50% glycerol—methanol mixture, the emission maximum of
DMPI is red-shifted to 549 nm with a 13-fold increase in
fluorescence quantum yield (® = 0.026). For DPMP], there is
almost no shift in the emission maximum from methanol
(622 nm) to 5S0% glycerol—methanol (623 nm) because the
extended conjugation causes an increase in electron density in
the 0 bond between the N,N-diphenylamine moiety and the
phenyl ring, which renders the former moiety rigid. Both DMPI
and DPMPI also show substantial polarity dependence in their
emission spectra. In DMPI, the emission shows moderate
bathochromic shift from cyclohexane (482 nm) to methanol
(533 nm) and 50% glycerol—methanol (549 nm), while in
DPMP], there is large bathochromic shift from cyclohexane
(493 nm) to methanol (622 nm). The observed solvatochro-
mism in our analogs is different from that exhibited by
p-HBDL>*® In cyclohexane, a prominent vibrational structure is
observed for both molecules. As the solvent polarity increases,
the vibrational structure vanishes, and the emission maximum
shifts to longer wavelengths. In methanol, DMPI has an emission
maximum at 533 nm and DPMPI is characterized by the
maximum at 622 nm.

4.2. Femtosecond Fluorescence Up-Conversion Study. 4.2.7.
Effect of Viscosity on Excited State Relaxation Dynamics. The
fluorescence transients of both synthetic analogs in various glycerol—
methanol mixtures were measured at their respective emission
maximum and are shown in Figure 2. The logarithmic plots are
shown in Figure S5a of Supporting Information. The decay traces
were fitted by a sum of two exponentials and the resulting time
constants are shown in Tablel. For DMPI, in pure methanol, the
two time constants are 7; = 590 fs and 7, = 4.3 ps. As we increase the
proportion of glycerol from 0% to 50% glycerol in methanol, T,
increases to 1.1 ps and 7, to 10 ps. For DPMP], 7, increases from 7.9
to 17.3 ps and 7, from 37.7 to 81 ps with increase in viscosity from
pure methanol to 50% glycerol—methanol mixture. The viscosity
dependence of the nonradiative decay pathway is often described in
terms of following the power law empirical relationship.””

Tor = 77a (1)

Where 77 is viscosity of the solvent and a is a factor that gives us
the degree of dependence and whose value varies from 0.1 to
1.0.”7 The time constants of both DMPI and DPMPI were
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Figure 2. Femtosecond fluorescence up-conversion transients of (a) DMPI and (b) DPMPI in different glycerol—methanol mixtures with varying
viscosity. As the viscosity of the medium increases, the decay becomes slower in both cases.

Table 1. Time Constants 7; and 7, of Two Synthetic Analogs,
DMPI and DPMPI Tabulated As a Function of Viscosity of
Glycerol—Methanol Mixtures

glycerol in methanol DMPI DPMPI
percentage  viscosity (cP)  7; (ps) T (ps) T (ps) 7T (ps)
0 0.543 0.59 4.3 7.9 37.7
10 1.145 0.65 4.8 82 40.2
20 2418 0.67 5S4 9.6 46.5
30 5.093 0.86 6.7 11.1 52.7
40 10.741 0.86 7.7 14.1 65.5
50 22.651 1.10 10.0 17.3 81.0

plotted against the viscosity of the solvent (See Supporting
Information, Figure S6). In both molecules, the 7, and 7,
increase with an increase in solvent viscosity. For DMPI, 7;
and 7, follow power law viscosity dependence with a values of
0.51 and 0.46, respectively. While for DPMPI, the o value for the
two time constants is 0.51. The dependence of 7; and 7, time
constants on the microviscosity of glycerol—methanol mixtures
suggests the involvement of a large amplitude motion in
their excited state relaxation dynamics. The relative comparison
of the time constants of these molecules furnishes information
about the effect of substitution on the excited state dynamics of
these molecules. In pure methanol, as we go from DMPI to
DPMP], wherein the two methyl groups on nitrogen have been
substituted by two bulky phenyl groups, there is a substantial
increase in magnitude of time constants. While the faster time
component 7; increases from 590 fs to 7.9 ps, the slower time
component 7T, increases from 4.3 to 37 ps. The increase in
magnitude of time constants can be ascribed mainly to the
increased conjugation and also the frictional resistance offered
by solvent molecules to the torsional motion of the N,N-
diphenylamine moiety.

Previously it has been proposed by many authors, that “hula-twist”,
a volume conserving torsional motion of the rings about the
bridging bond is responsible for the excited state relaxation of
GFP chromophore and its analogs.'”'"*® The experimental
observation of the analogs considered in this work does not
support the involvement of hula-twist as a primary relaxation
coordinate, because of the evidence of large amplitude motion.
On the basis of the low quantum yield of DMPI in nonviscous
solvents (quantum yields of DMPI in cyclohexane, ethyl acetate,

13736

acetonitrile, and methanol are, respectively, 0.006, 0.00S, 0.003,
and 0.002), observed increase in quantum yield with increase in
viscosity, and viscosity dependent lifetime, we assign the long
time component (7,) to the decay of S; to S, state by internal
conversion via a large amplitude motion.'®"*" Weber et al*'
showed the major and dominant relaxation pathway in zwitter-
ionic p-HBDI is the large amplitude motion of benzene ring. If
the excited state of DMPI involves a charge transfer coordinate,
then the molecule will be zwitterionic in nature and hence the
involvement of the large amplitude motion of the substituted
phenyl ring may have a part to play.

4.2.2. Iso-Viscosity Analysis. Fluorescence transients of DMPI
and DPMPI were measured in four polar aprotic solvents of
similar viscosity but different polarities at their respective emis-
sion maximum. The decay transients are shown in Figure 3
(logarithmic plots are shown in Figure SSb of the Supporting
Information) and the fitting parameters are tabulated in Table 2.
In all of the solvents, the immediately formed Franck—Condon
(FC) state relaxes within a time scale of a few hundred
femtoseconds to an intermediate state followed by relaxation
to the ground state through internal conversion on a time scale of
sub-hundred picoseconds. For DMP], in cyclohexane (1., =
482 nm), time constant 7; is 850 fs and as we change the
dielectric media from cyclohexane (& =2) to acetonitrile (& = 35),
7, decreases to 650 fs, while the dependence of 7, is not
monotonous. The dependence of time constant 7, on the
polarity of the solvent implies the decay of the FC state to a
relatively relaxed state, whose stability is a function of solvent
polarity. As the solvent polarity increases, the solvent molecules
stabilize that state in such a way that the rate of depletion of the
FC state increases, leading to a faster time constant. This is
possible only if that state has a charge transfer character and will
be more stable in more polar solvents. It is worth mentioning that
this time constant also depends on solvent viscosity and on the
extent of substitution (ca. DMPI vs DPMPI).

These observations indicate the involvement of amplitude
motion in the system, during the transfer of charge between
donor and acceptor moiety. In order to justify the viscosity
dependence of both the time constants, we propose a multi-
coordinate relaxation mechanism of the excited state. Upon
photoexcitation, the locally excited (LE) state depletes to the
charge transfer (CT) state via the rotational motion of N-sub-
stituted amine moiety attached to the phenyl ring. This provides
rigidity to the 0 bond between the amine group and the phenyl
ring and hence the charge transfer time constant is prone to the

dx.doi.org/10.1021/jp206815t |J. Phys. Chem. A 2011, 115, 13733-13742
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Figure 3. Femtosecond fluorescence up-conversion transients of (a) DMPI and (b) DPMPI in four isoviscous, aprotic solvents having different values
of dielectric constant; cyclohexane (blue O), chloroform (green 4), acetone (black +), and acetonitrile (red V).

Table 2. Polarity Dependence of Time Constants 7; and 7, of DMPI and DPMPI in Four Isoviscous, Aprotic Solvents
(Cyclohexane, Chloroform, Acetone, and Acetonitrile) of Different Dielectric Constants”

solvent details DMPI DPMPI
solvent viscosity (cP) dielectric constant 7, (fs) 7, (ps) 7, (ps) 7, (ps)
cyclohexane 0.89 2.00 850 (0.53) 8.8 (0.47) 4.6 (0.52) 96 (0.48)
chloroform 0.54 472 810 (0.51) 5.5 (0.49) 3.9 (0.68) 39 (0.32)
acetone 0.30 20.56 790 (0.48) 8.7 (0.52) 5.1 (0.68) 61 (0.32)
acetonitrile 0.341 35.95 650 (0.50) 7.2 (0.50) 2.0 (0.69) 75 (0.31)
methanol 0.543 32.63 590 (0.50) 4.3 (0.50) 7.9 (0.70) 37 (0.30)
ethanol 1.087 24.35 730 (0.55) 6.3 (0.45) 9.1 (0.55) 57 (0.45)
n-butanol 2.61 17.43 800 (0.55) 6.4 (0.45) 10.7 (0.4) 85 (0.60)

“The other three solvents (methanol, ethanol, and n-butanol) depict the dependence of time constants on the hydrogen bond donating capability of
solvents. The parameters in parentheses represent the amplitude of the respective time constants.
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Figure 4. (a)Intensity normalized time-resolved emission spectra (TRES) of DMPI in acetonitrile, constructed from the decay transients obtained at
ten different wavelengths. The time-resolved emission spectra were plotted for 0 ps (red @), 0.1 ps (black, W), 0.5 ps (green, &), 1 ps (blue,¥), 3 ps
(pink, ) and S ps (orange, +). (b) Time-resolved area normalized emission spectra (TRANES) of DMPI in acetonitrile. The symbols have their usual
meaning as mentioned for TRES. The TRANES reports the occurrence of an isoemissive point and hence implies the existence of two states in the
excited state deactivation process.

viscosity of the medium. The involvement of the torsional phenylamine moiety about the exomethylenic double bond,
motion of N-substituted amine moiety also explains the large paving the path for the cis—trans isomerization.

magnitude of the CT time component in DPMPI than DMPL 4.2.3. TRES and TRANES Measurements. Fluorescence up-
Subsequently, the CT state relaxes via conical intersection to the conversion transients of DMPI in acetonitrile were recorded
ground state along the torsional motion of N-substituted at eleven different wavelengths throughout the emission

13737 dx.doi.org/10.1021/jp206815t |J. Phys. Chem. A 2011, 115, 13733-13742
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spectrum with the relaxation dynamics exhibiting substantial
emission wavelength dependence. As already mentioned, the
excited state relaxation of DMPI involves two time constants.
The faster time constant can be the solvent relaxation or any
other excited state reaction like intramolecular charge transfer,
while the longer time constant corresponds to the internal
conversion via large amplitude motion from S; to Sy potential
energy surface. The time-resolved intensity normalized and area
normalized emission spectra (TRES and TRANES) were con-
structed using the parameters of best fit to the fluorescence
decays and the steady state emission spectra.*”*' Figure 4a shows
the intensity normalized time-resolved emission spectra (TRES)
of DMPI constructed at six times viz., 0, 0.1, 0.5, 1, 3, and S ps.
There is a continuous shift in the wavenumber corresponding to
maximum intensity up to S ps, which marks the limit of any
depletion of LE state and formation of CT state, with an overall
Stokes shift of 1000 cm ", Constructed TRANES (Figure 4b) is
characterized by the presence of an iso-emissive point represent-
ing the equilibrium between the two states viz., locally excited FC
state on the higher wavenumber side and charge transfer CT state
on the lower wavenumber state. As the time evolves from 0 to §
ps, the intensity of the LE state decreases and that of the CT state
increases, after which there is practically no change in the
intensity of either of the states. The occurrence of a single iso-
emissive point in the TRANES of DMPI suggests a two state
decay kinetics representing the dielectric dependent decay of LE
state to CT state within 3—5 ps, followed by the depletion of
TICT state to the ground state through internal conversion via
large amplitude motion.

4.2.4. Effect of Intermolecular Hydrogen Bonding on Relaxa-
tion Behavior. Intermolecular hydrogen bonding is one of the
significant nonradiative decay pathways of the S; state in a large
number of chromophores especially containing a hydrogen
bond donor or acceptor group. We measured the fluorescence
transients of both the synthetic analogs in alcoholic solutions of
different hydrogen bond donating capabilities, but with almost
similar viscosities and polarities. In methanol, for DMPI, the CT
time constant 7; = 590 fs and IC time constant 7, = 4.3 ps.
Going down to n-butanol in the series, 7, increased to 807 fs and
T, incremented to 6.4 ps (Table 2). A similar type of increase is
observed for DPMPI. The more viscous nature of higher order
alcohols can also induce an increase in the magnitude of the
time constants. However, after subtracting the viscosity effect
from the experimentally obtained parameters, the time con-
stants are found to depend on the H-bonding ability of the
solvents as well. The reason is ascribed to the presence of
intermolecular hydrogen bonding between solvent molecules
and the chromophore.

Similar hydrogen bonding dependent dynamics have also been
proposed by Vauthey and co-workers,” wherein the charge
transfer results in an increase of electron density on the carbonyl
group for other GFP chromophore analogs. This enhances the
acidity of amino group and the basicity of carbonyl group, which
in turn leads to an enhancement of hydrogen bonding ability in
the excited state.*””** The stretching vibrational modes of the
hydrogen bonds act as a sink for the S; — S, nonradiative decay
and thus in this way the electronic energy gets dissipated among
the vibrational modes of the hydrogen bonds.” The increase of
hydrogen bonding ability while going up from n-butanol to
methanol induces stronger intermolecular hydrogen bonding
interactions, which leads to an acceleration of the S, state decay
and consequently a decrease of time constants. A similar
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Figure 5. (a) Calculated three dimensional potential energy surface of
the S, state of DMPI as a function of dihedral angles 3 and y. The S,
surface is dropped for clarity of the picture. (b) Energy profiles of the S,
and S, states as a function of 3 (rotation about C4—C7 double bond),
keeping y fixed at —2°.

conclusion is reached in the case of methanol and acetonitrile.
Both solvents have almost similar viscosities and dielectric
properties, but differ in their hydrogen bond donating abilities
(methanol is a more efficient hydrogen bond donor than
acetonitrile). The S; relaxation time constant (7,) of DMPI
decreases from 7.2 ps in acetonitrile to 4.3 ps in methanol, which
is a direct consequence of intermolecular hydrogen bonding. The
similar gradation is observed for DPMPI as well.

The results of steady state fluorescence and femtosecond up-
conversion measurements comprehend the viscosity-depen-
dent decay of the excited state. The strong viscosity dependence
suggests a large amplitude motion of some bulky groups playing
a role in the internal conversion process. For some GFP
chromophore analogs, it has already been proposed that tor-
sional motion along the exomethylene double bond">"%"? is the
primary relaxation coordinate for internal conversion, which moti-
vated us to look for the nonradiative decay channel responsible for
the depletion of the excited state by theoretical calculations.

4.3. Potential Energy Surface (PES) Calculations. The
potential energy surfaces of the Sy and S, states of DMPI were
calculated in vacuum and are shown in Figure S. These surfaces
are observed to form a “conical intersection” ®'*>*> when f is
90°, and the coordinates representing the point are (y,3) =
(—2°,90°) labeled by AC in Figure Sa. At the dihedral angles of
ground state optimal values [(y,8) = (—2°0°)] is a local
minimum (FC) on the S; surface. The dihedral angles (y,5) =
(90°,0°) and (90°,180°) represent two other minimum energy
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Figure 6. HPLC chromatograms of DMPI (a) before and (b) after irradiation at 467 nm for 11 h in acetonitrile. An isocratic 65% methanol in water was
used as the eluent on a C-18 reverse phase analytical column with a flow rate 1 mL/min.

structures on the S, surface (labeled M’ and M”, respectively),
and are nearly degenerate with FC with an energy difference of
only 0.25 kcal/mol. The potential energy barrier along the
minimum energy pathway (MEP) for FC — AC transition, as
indicated by the dotted lines in Figure Sa, is about 10 kcal/mol
(see also Figure Sb). Most interestingly, the MEP has no change
along the ¥ coordinate, aligned parallel to the 5 coordinate axis.
The position of the transition state along the MEP is at 3 = 60°.
The forward and reverse barrier separating FC and M’ is
estimated to be less than a kT at room temperature. However
the gap between the Sy and S states is too large (57.7 kcal/mol)
to provide coupling between these two states (Figure S7a,
Supporting Information), for which it appears that rotation along
the C7—C8 single bond cannot lead to internal conversion. The
minimum M” is kinetically inaccessible due to large potential
energy barriers separating FC/M’ and M”. Since the S, potential
energy approaches the Sy surface and forms a conical intersection
at # = 90° one may expect Z-E isomerization about the
exomethylene double bond (C4—C?7) of DMPL The S, surface
reveals that the E-isomer is 11 kcal/mol less stable than the
Z-isomer (Figure Sb).

The excited state charge transfer in the molecule introduces a
partial double bond character to the C7—C8 bond, thus the
barrier going from M’ to M” is expected to be much larger than
that estimated by TDDFT calculations (see Supporting Informa-
tion Figure S7b). We believe that this is the result of the artifact of
TDDEFT in describing the charge-transfer at the excited states
while employing the ground state density functionals. It is known
that the excitation energy is underestimated by TDDFT in such
cases.”® The results of the theoretical calculations alone seem to
contradict the internal conversion by the single bond rotation
involving the phenyl ring in the model systems of HBDI, as
suggested by many authors'® including us. Overall, this strongly
suggests IC by rotation along the exomethylene double bond
(C4—C7) as the main relaxation coordinate. This also clearly
rules out a “hula twist” mechanism for internal conversion in
these molecules. Voityuk and co-workers'*° found a 3.2 kcal/mol
energy barrier for the double-bond rotation in the cation and a 15
kcal/mol energy gap for the double-bond rotation in the anion of
a model system of HBDI, leading them to propose that IC is
indeed possible in both cases. We also have calculated the Sy and
S, potential energy surfaces using polarizable continuum model
(PCM) with acetonitrile as a solvent. Incorporation of the
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implicit solvent effect does not alter the main conclusions derived
in vacuo (see Figure S8, Supporting Information).

4.4. HPLC and NMR Analysis. HPLC chromatograms of
Z-DMPI at 270 and 470 nm obtained from a solution in
acetonitrile show one absorption peak at 10.1 min (Figure 6a).
This solution was irradiated at 467 nm by a xenon short arc lamp
(450 W) for 11 h. HPLC chromatograms at 270 and 470 nm of
this irradiated solution show two close but separated peaks at 10.3
and 12.7 min (Figure 6b) with approximate area of 60% and 40%,
respectively. This observation suggests isomerization about the
exomethylene double bond and suggests the presence of Z-DMPI
(60%) and E-DMPI (40%) in the solution. Further evidence of
isomerization about the exomethylene double bond was obtained
from analysis of "H and "*C NMR of the irradiated sample.

Before irradiation, '"H NMR of a solution of Z-DMPI in
deutero-chloroform shows all of the protons (Figure 7a)—two
singlets from the methylamine and dimethylamine protons, one
aromatic doublet from the Ha protons, one olefinic singlet from
the Hc proton, two aromatic multiplets from the Hd, He, and Hf
protons and one aromatic doublet from the Hb protons. On the
basis of the integration of protons and coupling constants in 'H
NMR, "*C NMR chemical shifts, (Figure S3 and S9, Supporting
Information), and crystal structure,”” DMPI has been authenti-
cated as a single compound, with Z-configuration. After irradia-
tion, each of the above signals is appearing as doublet except the
N-methyl group singlet (Figure 7b). The appearance of the dual
signals is better understood from the integrations of the signals
(Figure S10, Supporting Information). Although the N-methyl
group is giving only one singlet, its integration is equivalent to
five protons (Figure S10, Supporting Information), indicating
overlap of two N-methyl groups of two isomeric Z-DMPI and E-
DMPIL. A new aromatic doublet from the Hb' protons is shifted
further downfield because of the possibility of formation of an
intramolecular hydrogen bond with the carbonyl oxygen
atom.” A new olefinic singlet from the Hc' proton is also
observed downfield. The ratio of the integrations of the Hb’
protons to Hb protons or He’ protons to He protons or Hc/
protons to Hc protons shows isomerization of 43% Z-DMPI to
E-DMPL The ">C NMR shows the presence of all of the
equivalent carbon atoms (Figure S11, Supporting Information)
of two isomeric DMPIL

The experimental observation of the existence of Z- and E-
isomers on irradiation and the existence of conical intersection
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Figure 7. (a) "H NMR (400 MHz, CDCl;) of Z-DMPI before irradiation. The signals are assigned to protons as labeled in the structures of
Z-DMPI and E-DMPI shown in (c). (b) "HNMR (400 MHz, CDCl;) of Z-DMPI and E-DMPI after irradiation of Z-DMPI in CDCl; at 467 nm for 16 h.
The signals are assigned to protons as labeled in structures of Z-DMPI and E-DMPL

Scheme 2. In DMP]I, Intramolecular Charge Transfer Occurs
First for Which the Exo-Methylene Double Bond (C4—C7)
Becomes Predominantly a Single Bond (Right Side)”

hv

+
Me,N

¢ After charge transfer, DMPI can now undergo rotation about the
resulting C4—C7 single bond (dihedral angle /3).

between the excited and the ground state substantiate the con-
sideration of involvement of torsional motion of the exomethylenic
double bond as the dominant excited state relaxation coordinate
for the present analogs. The charge transfer provide rigidity to the
o bond between amine and phenyl moiety and also reduces double
bond character of the exomethylenic bond (Scheme 2) leading
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to internal conversion via rotation about the latter bond. Further-
more, the proton at the para-position of the benzene ring attached
to the 2-position of the imidazolin-S-one ring is shifted upfield as
compared to the protons at the ortho- and the meta-positions,
suggesting buildup of electron density at the para-position, which
may be attributed to the charge transfer from the N,N-substituted
amine.

The excited state dynamics of DMPI in acetonitrile can thus be
summarized as shown in Scheme 3. Excitation of the Z-isomer
forms the locally excited (LE) state which undergoes an ultrafast
intramolecular charge transfer along the rotational coordinate of
N-substituted amine on a time scale of ~650 fs to form the
twisted intramolecular charge transfer (TICT) state. The TICT
state subsequently undergoes twisting with a 7 ps time compo-
nent about the exomethylenic double bond (C4—C?7) having a
reduced double-bond character and reaches the region of conical
intersection with approximately perpendicular geometry. The
torsionally relaxed excited state crosses to the “hot ground state”
of either of the Z- or E-isomer. The vibrationally excited ground

dx.doi.org/10.1021/jp206815t |J. Phys. Chem. A 2011, 115, 13733-13742
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Scheme 3. Schematic Excited State Dynamics of DMPI in
Acetonitrile
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state finally relaxes to the minimum of ground state potential
energy surface by thermal equilibration.

5. CONCLUSIONS

The observed solvent dependent (viz., polarity, viscosity, etc.)
emission characteristics of both the analogs lead us to propose a
multicoordinate excited state relaxation mechanism. The first time
component is assigned to twisted intramolecular charge transfer
(TICT) corresponding to the depletion of LE to CT state via the
rotational motion of N-substituted amine group. In case of
DPMP], due to extended conjugation, the excited state charge
transfer leads to more rigid 0 bond between N-substituted amine
and the phenyl group and hence increases the magnitude of the
time constant. The TICT state then decays to the point of conical
intersection via the torsional motion of N-substituted phenyla-
mine moiety about the exomethylenic double bond as predicted by
theoretical calculations. The twist about the exomethylenic double
bond leads to cis—trans isomerization as evident from HPLC and
"H NMR studies. The torsional motion along the single bond
cannot lead to IC because of very high So—S; energy gaps, which
does not allow any coupling between the two states. The TICT
and IC deactivation channels make DMPI and DPMPI very
weakly fluorescent. From this study, an analogy may be established
between the reported analogs and p-HBDI to understand the role
of the protein scaffold in suppressing the nonradiative pathways
leading to highly fluorescent nature of wild-type GFP.
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