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The simple structure of the chromophore of the green fluorescent protein (GFP), a phenol and an
imidazolone ring linked by a methyne bridge, supports an exceptionally diverse range of excited state
phenomena. Here we describe experimentally and theoretically the photochemistry of a novel sterically
crowded nonplanar derivative of the GFP chromophore. It undergoes an excited state isomerization
reaction accompanied by an exceptionally fast (sub 100 fs) excited state decay. The decay dynamics are
essentially independent of solvent polarity and viscosity. Excited state structural dynamics are probed by
high level quantum chemical calculations revealing that the fast decay is due to a conical intersection
characterized by a twist of the rings and pyramidalization of the methyne bridge carbon. The intersection
can be accessed without a barrier from the pre-twisted Franck—Condon structure, and the lack of
viscosity dependence is due to the fact that the rings twist in the same direction, giving rise to a volume-
conserving decay coordinate. Moreover, the rotation of the phenyl, methyl and imidazolone groups is
coupled in the sterically crowded structure, with the methyl group translating the rotation of one ring to

Received 18th September 2017 the next. As a consequence, the excited state dynamics can be viewed as a torsional couple, where the
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absorbed photon energy leads to conversion of the out-of-plane orientation from one ring to the other
DOI 10.1039/¢75c04091a in a volume conserving fashion. A similar modification of the range of methyne dyes may provide a new

rsc.li/chemical-science family of devices for molecular machines, specifically torsional couples.

independent of solvent viscosity. In contrast to the native GFP
chromophore, whose decay is calculated to be governed by ring
rotation, the presently calculated excited state structural
evolution suggests that the methylated derivative follows a bar-

Introduction

Photoswitches play important roles in biology. Examples
include the primary step in the vision pigment rhodopsin,

bacterial phototaxis stimulated by the photoactive yellow
protein and fluorescent protein (FP) photochromism used in
super-resolution microscopy.’” These efficient protein based
photoswitches inspired the design of diverse molecular photo-
switches, which power a variety of nano- and micro-scale
phenomena.*® In the following we investigate the photo-
physics of a novel sterically crowded variant of the chromophore
of the green fluorescent protein (GFP), by means of ultrafast
spectroscopy and high-level quantum chemical calculations.
This bridge methylated derivative (see Scheme 1) shows an
exceptionally fast excited state decay which is almost
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rierless, volume conserving coordinate composed of ring rota-
tion and pyramidalization of the central carbon. We further
show that this arises from a nonplanar form of the chromo-
phore analogous to that found in some photoactivated FPs."
The FP family is established as one of the most important
tools in bioimaging and cell biology."*™ A significant and
intriguing feature is the wide range of photophysical
phenomena exhibited by the covalently bound chromophore
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common to most of them (Scheme 1).”* In recent years this
diversity afforded FPs a range of applications beyond bioimag-
ing. The chromophore exhibits, depending on its environment:
photochromism, critical to applications in super-resolution
imaging;*>'®"” excited state proton transfer;'** photo-isomeri-
zation;*' intermolecular photochemical reaction (exploited in
“optical highlighter” proteins);**** electron transfer (generating
reactive oxygen species leading to photo-stimulated cell
death).” In an effort to understand this diversity, the synthetic
analogue of the FP chromophore (4'-hydroxybenzylidene-2,3-
dimethylimidazolinone, p-HBDI, Scheme 1) has been studied
intensely, through both experiment and quantum chemical
calculation.”*® The extended delocalisation leads to a visible
absorbing chromophore which is approximately planar in its
electronic ground state and adopts the cis (Z) isomer (although
it may be twisted or even ¢rans (E) in the protein environment).
The photophysics of p-HBDI are dominated by ultrafast radia-
tionless decay and isomerization.”*****® Quantum chemical
calculations suggest that excited state population decay occurs
at a conical intersection (CI) reached by an approximately 90°
rotation about the t or ¢ twisting coordinate
(Scheme 1).343%3741-43 Guch large scale molecular motions are
opposed by solvent friction, and thus predict a solvent viscosity
dependence, which is not observed experimentally. Conse-
quently other radiationless decay coordinates which displace
less solvent, notably “hula-twist” or pyramidalization at the
central bridging methyne group, have been considered.*>****

These observations led to efforts to control motion along
coordinates involving the bridging bonds. Chou and co-workers
made a ‘locked HBDI’ with a 5 membered ring restraining the ¢
coordinate.”® The excited state lifetime was only slightly
extended compared to p-HBDI. Remarkably, when the intra-
molecular H-bonded ortho hydroxy derivative was studied, the
fluorescence lifetime increased by three orders of magnitude, to
the nanosecond range. In contrast o-HBDI itself has a more
modest lifetime enhancement of about 1 order of magnitude.
Thus, both 7 and ¢ coordinates should be constrained to recover
the high quantum yield associated with imaging FPs, consistent
with earlier studies of a boron coordination complex.”” Very
recently other routes to t locked HBDI-like structures were re-
ported. Although no direct comparison was made with HBDI,
the excited state decay remained sub-picosecond.***°

These data suggest a key role for the bridging carbon. In this
work we synthesized the bridge methylated derivative of HBDI
(1-(4-hydroxyphenyl)ethylidene-2,3-dimethylimidazolinone, I,
Scheme 1) which yields a sterically crowded nonplanar structure
where neither bond is rigidly constrained. Steric crowding has
previously been seen to accelerate the excited state decay of
stilbene derivatives,* and a similar acceleration has also been
recently observed when the bridge carbon of a model bilirubin
chromophore, structurally related to HBDI, is methylated.>* The
synthesis of I affords us the opportunity to investigate in detail
the excited state dynamics of a nonplanar GFP chromophore. It
has been reported from a systematic study of the structures of
GFP-like proteins that the chromophore is often nonplanar,
a phenomenon ascribed to the steric effect of the surrounding
matrix.” It was also reported that a variation in the size of the
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Y145 residue adjacent to the chromophore, could have
a controlling influence on the fluorescence quantum yield,
again probably due to a steric effect.*® A more extreme pertur-
bation of chromophore structure by the host protein is in the
generation of the less common trans form, which is then often
significantly distorted from a planar structure, and exhibits
both weak fluorescence and photochromism.'***** The latter
point is central to the application of photoconvertible proteins
such as dronpa in super-resolution fluorescence bioimaging.
These factors all suggest that an investigation of the photo-
physics of a nonplanar chromophore outside the protein matrix
may be important in assessing the role of nonplanar geometries
in the photophysics of GFP-like proteins.

Thus, we present a detailed experimental and theoretical
study of the excited state chemistry of I. The decay is ultrafast,
even compared to the sub-picosecond decay of p-HBDI, and is
only a very weak function of the environment. These observa-
tions are explained through high level calculations combining
time-dependent density functional theory (TD-DFT) using the
CAM-B3LYP functional with the complete active space second-
order perturbation (CASPT2) method. The ultrafast decay ari-
ses from a unique excited state structural reorganization, which
reveals the sterically crowded I as a volume-conserving molec-
ular “torsion couple”. The molecular motions required are
driven by bond inversion promoting phenol ring planarization
coupled to imidazole ring rotation through the methyl group. In
the ground state the rings are already twisted, and after exci-
tation they rotate in the same direction, so that the decay to the
ground state can occur with minimal changes in the volume.
The generalization of this mechanism may explain some of the
results outlined above, such as the short lifetimes of some
‘locked’ derivatives.

Results and discussion
Electronic structure and photochemistry

The absorption spectra of the neutral protonated form of I are
shown in Fig. 1a, in a series of alcohol solvents of different
viscosity and polarity. The absorption is a single asymmetric
band with maximum near 360 nm, and is only a weak function
of solvent. This is slightly to the blue of p-HBDI and has
a smaller extinction coefficient of ca. 14000 M~' cm™*
compared to 32 000 M~ " cm ™. NMR data (ESI 11) show that I is
synthesized in the cis (Z) and trans (E) isomers in the ratio 9 : 1.
We refer to these isomers as Z-I and E-I, respectively. The
absence of a strongly bimodal line shape suggests the isomers
have similar spectra.

Photochemical measurements show that irradiation into S,
with 365 & 20 nm light converts Z to E in an analogous fashion to
p-HBDL* confirming that Z and E isomers have similar spectra
although E has an additional shoulder below 300 nm (Fig. 1b);
that no additional photoproducts are formed was confirmed by
NMR. Photoconversion kinetics were measured and analysed to
recover yields for the Z — Eand E — Zreactions (Fig. 1). Analysis
of these data (Table 1 and ESI 47) shows that the Z — E photo-
conversion yield is ca. 4 £ 2%, but significantly larger for the
reverse reaction at 25 + 10%. The ground state E to Z relaxation
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Fig. 1 Electronic spectra (a) absorption and emission spectra of | in
a series of alcohol solvents (b) effect of irradiation on the absorption
spectrum of | in methanol showing the recovery from the photosta-
tionary state to dark equilibrium (PSS — 2) as a function of time and
(inset) the kinetics of photoconversion Z — PSS (excitation at 365 nm
with irradiance of approx. 2 mW cm™2). The solid curve is the fit dis-
cussed in ESI 4.1 Data are presented in Table 1.

rates in water and methanol are 3 and 7 times greater
respectively than for p-HBDI (see ESI 4t), which corresponds
to differences in the activation energy of 0.7-1.2 kcal mol " at
room temperature. For comparison, the calculated gas-phase
barriers for the thermal E — Z pathway (MS-CASPT2 ener-
gies on CASSCF geometries, see ESI 37) are 44.5 and
44.0 kecal mol ™" for p-HBDI and I, respectively (Fig. 2). This
corresponds to a 2.5 times faster relaxation rate for I, in
reasonable agreement with the experimental data. However,
the recovery time of p-HBDI and I in the aprotic solvent
acetonitrile is very long (ESI 47), suggesting a significant
solvent dependence of the E — Z reaction rate. A similar
observation has been made for p-HBDI.*' Such medium effects
will be important in understanding relaxation kinetics in
photochromic proteins and will be studied in a more extensive
range of solvents and solvent mixtures.
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Table 1 Rate of photoconversion (dominant Z — PSS (photosta-
tionary state)) and rate of dark relaxation PSS — Z for 1. All photo-
conversion measurements were made under identical conditions
(excitation at 365 nm with irradiance of ca. 2 mW cm™2, and a sample
absorbance of 0.14 at 365 nm). Relaxation measurements were con-
ducted on the same samples immediately after stopping irradiation.
For further analysis and cross section calculation see ESI 4

Solvent Tz pss/S Tpss— IS
Methanol 3.56 497.9
Ethylene glycol 6.65 551.1
Water 4.20 12.0
Acetonitrile 2.95 >2000

The fluorescence of I is very weak, but the spectra have an
approximately mirror image relationship to the absorption, and
are a weak function of the solvent (Fig. 1a). All the alcohol
solvents studied show a maximum I* emission wavelength
around 427 nm although the diol, ethylene glycol, is slightly
blue-shifted. In this paper we focus throughout on the neutral
protonated chromophore, which is often the most photo-
chemically active form of the FP chromophores, but very similar
experimental results were obtained for the deprotonated chro-
mophore in basic solvents (ESI 57).

The calculated minimum energy ground state structure of I
at the MP2/cc-pvtz level has the Z configuration around the Cs-
C, double bond and is markedly non-planar (C; symmetry),
with ¢ = 29.8° and t© = 2.1° (Fig. 2). This is traced to the steric
interaction between the methyne methyl substituent and the
two rings, which prevents formation of a stable planar
minimum. The departure from planarity gives rise to the
observed blue-shift and reduced oscillator strength of Z-I
compared to the planar p-HBDI. The barrier for rotation around
¢, which goes through a planar transition structure and leads to
a mirror inverted structure where the rings are rotated in
opposite directions, is 0.6 kcal mol ™" (Fig. 2). The E-I minimum
is 0.7 kcal mol™ " higher in energy than Z-I and is slightly more
twisted, with ¢ = 44.5° and © = —176.7°. The calculated energy
difference predicts that approximately 69% of the ground-state

¥

., Z1(0.0) | 21 (0.0)
44.0 44.0
(E—>2) (E—>2)
Y E1(0.7) < Er(o.7)

Fig. 2 Interconversion between ground-state isomers of |. Relative
energies are given in kcal mol™.
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population will correspond to the Z form at 300 K, in line with
the 9 : 1 ratio seen in NMR (ESI 17).

The ground-state energy profile for the rotation of the methyl
group is particularly significant as it illustrates the function of
the proposed torsional couple discussed below. The rotation of
the methyl group (p coordinate, Scheme 1) is accompanied by
rotation of the phenoxy group, and the calculated barrier for
methyl rotation in the Z-I form is 0.7 kcal mol " (see Fig. ESI3T).
For this barrier we estimate room temperature methyl group
rotation to occur on a timescale of 0.3-3 ps (assuming a pre-
exponent of 10'>~10"* s™* (ref. 55)) which is slow on the 100 fs
timescale of the excited state dynamics (see below) but fast on
the NMR timescale (hence only a single NMR peak is seen for
the methyl group).

The vertical absorption energies were calculated with MS-
CASPT2 and TD-CAM-B3LYP at the MP2/cc-pvtz optimized
ground-state geometries, assuming a gas-phase environment
(which is appropriate given the weak solvent effect, Fig. 1). Table
2 shows the calculated vertical excitation energies for Z-I below
5 eV, while those for E-I are reported in ESI 3.1 At the MS-
CASPT2 level, the S; excitation (Z-I) is 3.50 eV (354 nm), in
good agreement with the experimental data (360 nm). The
excitation corresponds to the HOMO (H) — LUMO (L) transi-
tion and is allowed (oscillator strength 0.31); the most relevant
orbitals at the minimum Z-I structure are shown in Fig. 3,
illustrating the methyne bridge bond alternation on excitation.
The S; energy at the TD-CAM-B3LYP level is somewhat higher
than observed (3.71 eV, 328 nm). The next two states are an
(no,m*) state, where the excitation comes from the oxygen lone
pair of the imidazolone ring, and a state localized on the phe-
noxy ring analogous to the benzene B,, state. These appear at
4.35 and 4.51 eV at the MS-CASPT?2 level, but have low oscillator
strength. The calculated S; excitation energy and oscillator
strength for E-I are 3.40 eV (365 nm) and 0.13, somewhat lower
than for the Z-I minimum, consistent with Fig. 1b.

Ultrafast fluorescence

Fig. 4 shows time resolved fluorescence of I measured with sub 50
fs time-resolution fluorescence up-conversion,* as a function of
emission wavelength and solvent. The analysis in terms of a sum
of two exponential decay terms, which accurately fits all data, is
presented in Table 3. In all cases the decay is exceptionally fast,
being dominated (ca. 90%) by a component of 70 + 20 fs. The
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Fig. 3 The molecular HOMO and LUMO of Z-I.

second component decays on a slightly slower timescale, but
always faster than 400 fs. We obtained the same result for the
anion I", although the decay times are slightly longer, and the
longer lived component has a higher weight (ESI 57).

These data show that the excited state decay of I is approxi-
mately a factor of four faster than that of p-HBDI, which is
already sub-picosecond (Fig. 4).* The measurements were made
in a chemically similar series of alcohol solvents, in which
viscosity varied by a factor of 30. The effect on the mean excited
state lifetime is at most a factor of 1.5, showing that the coor-
dinate leading to radiationless decay is essentially independent
of viscosity (Fig. 4b), which is different to the case for sterically
hindered stilbenes.*® Inspection of Table 3 shows that even this
small viscosity dependence is mainly carried by the lower
amplitude ‘slow’ component. Further, no dependence on
solvent polarity was observed. Fig. 4c shows that the emission
wavelength dependence is weak, although on the red edge of the
spectrum the longer component has an increased amplitude,
which is reflected in a small but reproducible wavelength
dependence in the mean relaxation time (Table 3). The absence
of a risetime in the emission at any wavelength shows that the
fluorescent state is formed within the time resolution of the
measurement. The near wavelength independence shows that
neither the shape nor the energy of the fluorescence spectrum is
evolving significantly in time, as was also observed for p-HBDI.>’

The observed ultrafast viscosity and polarity independent
decay, combined with a time independent spectrum is difficult
to reconcile with the most well-established mechanisms for
excited state isomerization. These typically invoke diffusive
motion along a reaction coordinate (for example a single bond
rotation) in the excited electronic state to access a CI, a mecha-
nism which is expected to show a strong viscosity effect.”®*°
Such models have been successfully applied to picosecond time
scale excited state reactions. More recently a number of sub-

Table2 Vertical excitation spectrum (lowest four states) of the MP2/cc-pvtz optimized Z-1 minimum calculated with MS-CASPT2 and TD-CAM-

B3LYP. Energies in eV and oscillator strength in brackets

MS-CASPT2/ANO-S*

TD-CAM-B3LYP/cc-pvtz

State Eel [eV] Character® El [eV] Character®

S 3.50 (0.312) H — L (m,7*) 3.71 (0.682) H — L (m,7%)
Sz 4.35 (0.005) (no,m*) 4.04 (0.037) Mixed (n,*)/B,y
S; 4.51 (0.0002) H — L +1, H-2 — L (By,like) 4.71 (0.064) H-1 — L (m,*)
S, 4.73 (0.071)¢ H-1 — L (m,7%) 4.77 (0.004) Mixed (n,70%)/Byy

“ Active space (16,14), wave function averaged over five states. ” Oscillator strength in brackets. © See Fig. 1c for H and L orbitals (HOMO and LUMO).
See Fig. S2 in the ESI for the other orbitals and the wave function configuration coefficients. ¢ Obtained from calculation over six averaged states.
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Fig. 4 Ultrafast fluorescence. Time resolved fluorescence decay
profiles of | are shown for (a) a selected series of alcohol solvents
measured at the peak of the emission (the data for HBDI in methanol
are included to illustrate the remarkable quenching in I). (b) The plot
shows the weak viscosity dependence. (c) The wavelength depen-
dence of the emission in propanol.

picosecond excited state isomerization reactions have been re-
ported, where ultrafast relaxation suggests reaction coordinates
which do not displace large solvent volumes, and are therefore

This journal is © The Royal Society of Chemistry 2018
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Table 3 Time constants (1) and weighting factors (A) at a given
emission wavelength () for a fit of the fluorescence decay of | to a sum
of two exponential terms. The mean lifetime, (z) is also calculated

Solvent Amm T4/fs, Ay T,/fs, A, (t)/fs
Methanol 470 70, 1.0 — 70
Methanol 500 50, 0.91 190, 0.09 70
Methanol 550 80, 0.95 390, 0.05 90
Propan-1-ol 470 60, 0.93 200, 0.07 70
Butan-1-ol 470 70, 0.98 360, 0.02 80
Octan-1-ol 470 70, 0.98 490, 0.08 80
Ethylene glycol 470 60, 0.95 410, 0.05 80

less sensitive to solvent viscosity. Examples include ultrafast
isomerization in cis-stilbene and rhodopsin, in which hydrogen
out-of-plane (HOOP) motion plays a key role in driving the
reaction to the CI on an ultrafast timescale.®~*> Such measure-
ments stimulated our synthesis of I, where simple kinematics
suggested that methylation might slow the reaction relative to p-
HBDI. The observed acceleration is therefore inconsistent in
principle with HOOP modes playing a key role in the radia-
tionless decay of I. A similar low volume coordinate which has
been invoked in sub-picosecond excited state reactions is pyr-
amidalization at an ethylenic carbon atom.®® However, there is
again no reason to predict that motion along such a volume
conserving coordinate would be markedly accelerated by
methylation.

To better understand the origin of the remarkably fast decay
in I we calculated the excited state minimum energy path
(MEP), which reveals that the acceleration arises from the
sterically crowded non planar structure, and further, that this
gives rise to a highly cooperative excited state structural reor-
ganization, resulting in transfer of torsion between the two
rings. The MEP calculations for the Z-I and E-I isomers are
summarized in Fig. 5, where displacements are measured in
atomic units, a.u. (bohr amu'/?). The paths (Fig. 5a) were ob-
tained with TD-CAMB3LYP optimizations, and the energies
refined with MS-CASPT2 (see Computational details). Both
isomers have similar bimodal MEPs characterized by an initial
steep decay (approximately 0-1 a. u. displacement) associated to
bond inversion, followed by an extended flat region (a plateau)
where the main motion is ring rotation. Note that the initial part
of the path (0-5 a. u.) is plotted in a different scale for clarity.
The path leads without a barrier to an S;/S, CI that lies 1 eV
below the vertical excitation (2.45 and 2.33 eV for Z-I and E-I,
respectively). Representative structures along the decay paths
are shown in Fig. 5b, namely the FC and CI structures for both
isomers and the structures at the beginning of the plateau (1.2
a.u. displacement), labeled plat. The structural changes are
further detailed in ESI 3.1 We center our discussion on the Z
isomer (see the angle definitions in Scheme 1), but for
comparison we provide also the data for the E form, which
follows a similar course.

From the structural point of view (Fig. 5b), the initial steep
decay phase is characterized by inversion of the central bonds;
for Z-1, the C,-C5 bond, which is a double bond in the ground
state (Scheme 1), stretches from 1.37 to 1.42 A at Z-plat, while

Chem. Sci,, 2018, 9, 1803-1812 | 1807
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(b) Representative structures along the MEP showing the Cs—C and

Cy—C, bond distances in A and the values of the ¢ and 7 angles. The evolution of the angles ¢, 7, p and v (see Scheme 1 for definitions) along the

decay pathway is shown in Fig. S6 and S7.}

the Cy-C, bond, which has single bond character in S,, is
shortened from 1.47 A to 1.42 A (see Fig. S47 for the evolution of
the distances along the whole path). This is in line with the
character of the orbitals involved in the excitation, since the
occupied orbital is bonding along the C,-Cs bond and anti-
bonding along C,—~C, and the virtual orbital has the opposite
character (Fig. 3). At the beginning of the plateau, the calculated
S1/So energy gap is approximately 2.8 eV and decreases slowly.
The calculated value is in agreement with the measured emis-
sion maximum of 2.9 eV, and suggests that the fluorescence
comes mainly from the fraction of molecules that resides in this
plateau region. To reach the plateau, I only undergoes changes
in the bond lengths, which is consistent with the absence of
a rise time in fluorescence and the mirror image relationship
between the absorption and emission spectra. The remaining
part of the decay path is characterized by rotation of the two
rings. For the major Z-I isomer, there is a continuous decrease
of the oscillator strength along the path (see Fig. S51). This
supports the idea that most of the fluorescence comes from the
molecules in the initial plateau region. In contrast, E-I has
a lower oscillator strength that almost does not change along
the path.

The bond rotation along the path occurs in response to the
inversion in bond character (see Fig. 5b and ESI 37). The phenol

1808 | Chem. Sci., 2018, 9, 1803-1812

ring, which is initially rotated out-of-plane, becomes co-planar
with the central C5-C,-Cy/ unit, i.e. ¢ decreases from approxi-
mately 30° to nearly 0° and further to —17°. In turn, the imi-
dazolone ring twists out of the plane until it becomes
perpendicular to the central plane, i.e. t increases from 2.1°, to
reach a final value of approximately 90° at the CI (see Fig. S67).
The CI structure is consistent with previous studies for the
neutral and anionic forms of HBDI, where the minimum energy
CI is found at ¢ = —30-25° and t = 75-103°.%*%7** The MEP is
also similar to the one calculated for the sterically crowded
bilirubin model chromophore, although there the decay,
measured by transient absorption, takes place on a slower time
scale.”* Significantly, in our case the methyl group (dihedral
angle p Scheme 1) rotates simultaneously with the phenol and
imidazole rings (see Fig. S61). This behavior is also seen for the
E-1isomer and demonstrates the idea that the ring rotations are
coupled by the methyl group.

The importance of ring torsion for the radiationless decay
may seem at odds with the absence of a viscosity effect. Large
scale structural changes should be opposed by solvent friction,
which has not been observed (Fig. 4b). However, this can be
readily understood considering that the two rings are rotating
in the same direction, which results in small volume changes
during the decay. This can be quantified in terms of a ‘flapping’

This journal is © The Royal Society of Chemistry 2018
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angle v (see Scheme 1), which is an effective measure of the
relative motion of the two rings. Along the decay MEP (see
Fig. S7af), there is only a small increase of y for Z-I (from 27° at
Z-FC to 51° at Z-CI), whereas v stays almost unchanged at values
of 45-50° for E-I. From this perspective, the main coordinate
that drives the decay is the pyramidalization of the central, C
carbon (see Fig. S7f for a quantitative discussion of the
pyramidalization).

Our analysis of the flapping and pyramidalization angles
supports a mechanistic picture where the CI is characterized,
both for Z and E forms, by a flapping angle of approximately 50°
between the two rings and a pyramidalized central carbon. Due
to the steric crowding, the ground state structure is already
significantly pretwisted. This probably accelerates the decay
compared to the unsubstituted structure, as suggested for the
related chromophores.>*" More importantly, it reduces the
changes in volume required to access the CI. This is illustrated
in Fig. 6, where the FC and CI structures are superimposed for
both isomers. The images show that for both isomers, one of
the main differences between the FC and CI structures is the
position of the methyl group. The importance of this volume-
conserving pyramidalization coordinate for the decay is thus
consistent with the ultrafast decay and the lack of a viscosity
effect.

The passage through the CI can lead to double bond isom-
erization if the direction of imidazolone rotation is maintained
after the decay. However, the small changes required to access
the CI and the larger slope of the ground state surface at the CI
compared to the excited state, suggest that return to the reac-
tant configuration will be favoured. This is consistent with the
small isomerization quantum yields, which are estimated at
about 4 and 25% for Z-I and E-I, respectively. Remarkably, the
two isomers have significantly different yields, in spite of the
structural similarity between the Z-CI and E-CI structures. To
explain this one must consider that the two CIs are probably
part of an extended seam of intersection,®* similar to the one
characterized in detail for HBDI,* and the different yields may
be due to the dynamics of the decay at the seam.}

The excited-state dynamics of a molecular system depend
crucially on how the excitation energy is converted into nuclear
motion. In the HBDI family of rotors, as well as in others such as

Z-FCvs Z-Cl

E-FCvs E-CI

Fig. 6 (a) Superimposed structures of Z-FC (grey bonds) and Z-ClI
(green bonds). (b) Same for E-FC and E-CI.
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retinal,* diazobenzene®” or fulvene-based systems,** the modes
initially excited are bond stretching modes associated with bond
inversion (Fig. 5). The excited-state lifetime then depends on how
the energy flows from these to the torsional modes, ie. on
intramolecular vibrational energy redistribution (IVR). There are
two IVR-related features that distinguish I from other rotors,
which explain its extremely fast dynamics and suggest its role as
a photoswitch. The first one is coupling between the orientations
of the two rings provided by the methyl group. Initially the main
torque is applied on the phenyl group, which is driven towards
planarity by bond inversion, and the coupling through the
methyl group translates this rotational impulse to the imidazole
ring, which then has to twist to reach the conical intersection.
This additional driving force distinguishes I from other photo-
switches such as the azobenzenes.? Secondly, I is already twisted
in its ground-state structure, and this favours efficient IVR from
the stretching to the torsional modes.

This result is more general than in the present specific case
of I. The GFP chromophore is an example of a wider family of
mono-methyne dyes, many of which exhibit strong absorption
and weak fluorescence and undergo excited state structure
change.” It is likely that bridge methylation in these cases
would also lead to steric crowding, a nonplanar ground state
and thus the excited state torsional coupling, as illustrated in
Fig. 5. The advantage of access to this broad family of dyes is the
variety of aromatic rings available, which then offers a range of
synthetic targets, providing synthetic chemists an opportunity
to produce torsional couples with higher isomerization yields
than I and larger angular displacements between the rings.
Further, such a range of nonplanar methyne bridged ground
states could be coupled to different molecular and supramo-
lecular structures, to exploit the structure change. Of course the
exploitation of such a torsional couple depends on the synthesis
of derivatives with larger photochemical cross sections and
bigger displacements.

Finally, we discuss the role of non-planarity in relation to the
chromophore of GFP-like proteins, which arises due to steric
crowding in the protein matrix. Our observation of an acceler-
ated excited state decay in the nonplanar I compared to HBDI
(Fig. 3) is at first sight consistent with the observation of weak
fluorescence from highly nonplanar ¢rans forms of the chro-
mophore in GFP-like proteins.”” However the relationship
between planarity and quantum yield is generally not a simple
one, with fluorescence being observed for proteins with a wide
range of angles about both 7 and ¢ twists, for both cis and trans
chromophores;® as far as we are aware there is no systematic
study of fluorescence yield as a function of chromophore
geometry. Of perhaps greater significance is our characteriza-
tion of a volume conserving pyramidalization at the bridging
carbon in the radiationless decay coordinate of the nonplanar I.
It is not straightforward to see how a simple steric effect in the
protein might suppress such a motion, and thereby enhance the
fluorescence quantum yield to the very high values character-
istic of FPs used in bioimaging. To gain further insight into this
point, we will reassess the decay of the unsubstituted HBDI
chromophore in future work. However, in addition to the
protein modifying the steric environment of the chromophore it
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also alters the electronic structure, through intermolecular
interactions and through changes to the electrostatic environ-
ment. These changes can result in significant ‘protein shifts’ in
the energy of the electronic transitions.” It is possible that such
interactions, rather than steric effects, play a role in deter-
mining the fluorescence quantum yield. This may occur if such
interactions either modify the position of conical intersections,
or otherwise steer the excited state structural evolution away
from them. In this connection, the recent characterization of
a key role for the electrostatic environment of the chromophore
in controlling photoprotein fluorescence yield may be
significant.”

Conclusions

We have synthesized a novel nonplanar form of the GFP chro-
mophore, I, and investigated its photophysics. A number of GFP
chromophores have been previously synthesized with a view to
stabilizing the planar geometry and enhancing fluorescence. In
contrast I is sterically crowded and has a nonplanar ground
state, which nevertheless undergoes an extremely fast excited
state decay. Ultrafast fluorescence shows that the excited state
decay is greatly accelerated compared to planar p-HBDI.
Quantum chemical calculations reveal a barrierless MEP to an
S1/So intersection where radiationless decay and Z/E isomeri-
zation occurs. The calculations reveal a plateau in the early part
of the relaxation, where the excited state resides for its ca. 70 fs
lifetime. As a consequence of the pre-twisted ground-state
geometry, the CI can be reached by a volume conserving coor-
dinate composed of torsion of the rings in the same direction
and simultaneous pyramidalization of the methyne bridge
carbon, consistent with the observed negligible solvent viscosity
effect. Significantly, the MEP also reveals strong coupling
between the torsional angle of the two rings. Electronic excita-
tion leads to bond inversion in the bridging methyne, which
drives the phenol ring towards planarity. The orientation of the
phenyl ring is coupled to the imidazolone ring orientation via
the methyl substituent, causing it to be driven out-of-plane.
This can be viewed as a light driven molecular torsion couple.
Importantly, the excited state evolution described is unlikely to
be restricted to I. There is a large family of related mono-
methyne dyes which share a similar bridging motif and elec-
tronic structure to p-HBDL* This promises a range of
possibilities to both modify MEPs to optimise isomerization
yield and to design sites which allow the proposed light driven
torsion couple to be incorporated into molecular machines.

Experimental methods

The synthesis and characterization of I are described in detail in
ESI 1.7 The synthesis was based on the methods described by
Burgess and Wu” for the preparation of the imidazolone
moiety, and Hsu et al.*° for the coupling between the ketone and
the imidazolone compounds.

Time resolved fluorescence measurements were made with
a previously described up-conversion spectrometer (see ESI
21).”® The excitation wavelength was 400 nm and emission at
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wavelengths from 470 nm to 550 nm was up-converted with
800 nm pulses. The sample was contained in a 1 mm pathlength
cell.

Computational Details

Ground-state optimizations of the neutral form of I in the gas
phase were carried out at the MP2/cc-pvtz level of theory. The
excited state decay path from the Franck-Condon (FC) region to
the CI was mapped with a series of constrained optimizations
where points on the potential energy surface are optimized on
a hypersphere with a fixed radius centred on an initial pivot
point.”® The path was obtained using the optimized point of
every calculation as pivot point for the following step, and the
mass-weighted displacements are given in atomic units (a.u.),
i.e. bohr amu"?, For optimizations we used TD-CAM-B3LYP/6-
311G** and the Gaussian program.”” CASSCF/6-311G** excited-
state optimizations were discarded because this method fails to
give the right state order near the FC region,* and it over-
estimates the S;-S, energy gap in the vicinity of the CI. Z-CI and
E-CI are the last points of each decay path, where the TD-CAM-
B3LYP optimizations fail to converge. The energies along the
paths were recomputed at the MS-CASPT2/ANO-S level of theory
with Molcas™ to provide a uniform picture of the reaction paths
at the multireference, dynamically correlated level. Further
computational details are provided in the ESI.{
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