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Photoswitchable molecules involving large-scale structural changes such as E/Z photoisomerization
offer remarkable opportunities for light-stimulated catch-and-release chemical separations. While the
feasibility of this photochemically driven mechanism has been demonstrated in pioneering studies, the
electronic excited-state relaxation processes and concomitant structural changes of such a functional
photoswitcher largely unexplored. Here, we investigate an exceptional photoswitchable
molecule, 2-pyridyl-diiminoguanidinium (2PyDIG), which exhibits strong and selective anion binding,
along with an extraordinary capability for light-induced release of a guest ion. Through time-resolved

remain

fluorescence measurements and multireference and time-dependent density functional theory
calculations, we reveal the dynamics underlying electronic excited state relaxation and photoiso-
merization central to photoswitching. A very rapid and dominant decay component was found that is
consistent with radiationless de-excitation from S; to S through conical intersections. This process
competes effectively with the slower photoisomerization process taking place in 94 ps. We further
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identified the underlying causes through theoretical calculations and potential routes towards improved
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Introduction

Photoswitchable molecules, especially those involving large-
scale structural changes such as E/Z photoisomerization, offer
remarkable flexibility for designing and creating new chemical
functionalities." Through light driven chemical processes,
one gains access to a contact-free, noninvasive and environ-
mentally friendly approach to manipulate chemical binding,
thereby opening the door for light-stimulated catch-and-release
chemical separations. This novel mechanism has inspired
several pioneering studies on chemical separations by lever-
aging the structural changes arising from azobenzene
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photoisomerization first pioneered by Shinkai.*”” Flood and
coworkers have approached anion recognition using photo-
foldamers inspired from biomolecules such as halorhodo-
psins.”®° Here, conformational stability is facilitated by the
number of n-r stacking interactions in the cis and ¢trans forms,
which in turn affect the preorganization of the receptor to
accommodate a wide variety of anions (Cl™, Br, I, NO;,
SCN™, BF, , ClO,, ReO, , PFs, and SbFs ). Feringa and
coworkers incorporated a stiff-stilbene group to enable a
conformation switch with light for photocontrolled anion
recognition, while appended urea groups act as anion recog-
nition sites that are brought together to chelate the anion in
the Z conformation of stilbene.’®"” These classes of com-
pounds have been used for the recognition of a wide variety of
anions in solution including Cl7, Br~, NO;, CH;CO, ,
H,PO, , and HSO, . These examples highlight the potential
in using light as a driving force in chemical separations;
however, the mechanisms and the factors governing the
efficacy of such catch and release approaches for a range of
complex separations remain largely unexplored.

To address these complexities and provide a new means
for photocontrolled separations, we build on our synthesis
and characterization of a photoswitchable molecule, 2-pyridyl-
diiminoguanidine (2PyDIG) (Scheme 1), that acts as a remark-
able anion-binding receptor in the cationic diiminoguanidi-
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Scheme 1 The E,E — ZZ photoisomerization reaction of 2PyDIG.

nium form." The photoswitching between the open E,E and
closed Z,Z isomers provides a binding-release mechanism
for efficient oxyanion separations. Upon photoisomerization
with UV-visible light, the binding of sulfate is essentially
shut off in the Z,Z form, resulting in a five orders of magni-
tude light-induced reduction in sulfate ion binding. The near
quantitative photoisomerization coupled with the remarkable
on-off binding makes this receptor, to the best of our knowl-
edge, one of the leading anion receptors for photocontrolled
sulfate recognition. To further improve its performance,
an understanding of the dynamics of its electronic excited-
state relaxation and concomitant photoisomerization
that ultimately dictates its quantum efficiency is critically
needed.

Here, we report a combined experimental and theoretical
study on 2PyDIG in DMSO using time-resolved fluorescence
spectroscopy, along with multireference, ground-state density
functional theory (DFT) and time-dependent DFT (TDDFT)
calculations. Upon selective optical excitation of either the
E,E isomer alone or simultaneous excitation of both the E,E
and Z,Z isomers, we found that the time-resolved fluorescence
decay is dominated by a very rapid decay component with an
instrument response limited decay lifetime on the order of 8 ps,
consistent with radiationless de-excitation from S; to S,
through conical intersections, as established recently through
multi-configurational electronic structure calculations for a
mono-substituted 2-pyridyl-iminoguanidinium (2PyMIG) salt.**
In comparison, the E,E — Z,Z photoisomerization on the S;
surface takes place in an approximately one order of magnitude
slower timescale of 94 ps. The presence of this instrument
response limited fast decay component effectively competes with
the experimentally resolved slower photoisomerization process,
limiting the quantum efficiency for the E,F — Z,Z photoisome-
rization of this molecule. We further identified the underlying
causes based on theoretical calculations and potential routes
towards improved photoisomerization efficiencies. The reaction
pathway leading to conical intersections was previously'* investi-
gated for the smaller 2PyMIG molecule to enable direct compar-
ison with multireference calculations, which are limited by the
active space size required to describe geometries near these
intersections. The presence of very rapid decay components in
both systems suggests a similar mechanism, further supported by
the shorter timescale observed for 2PyDIG, which contains two
isomerizable C-N bonds. Therefore, this decay pathway is not
further investigated computationally. Instead, our electronic
structure calculations for 2PyDIG are focused exclusively on
characterizing the photoisomerization process along the S;
potential energy surface, which was not previously examined.
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The insight gained from this combined spectroscopic and
theoretical study not only offers useful guidance for improving
the photophysical properties of this photoswitchable molecule,
but also underscores the importance of probing the ultrafast
electronic excited-state and associated structural changes in
real time using time-resolved optical spectroscopy.

Materials and methods

Sample preparation

Freshly synthesized 2PyDIG-HOTT (triflate salt) was dissolved in
dry DMSO purged for ~2 hours with N, gas before each
experiment. Here, a 126 uM solution was prepared to avoid
reabsorption of fluorescence photons, a concentration signifi-
cantly lower than the previously used ca. 1 mM solution in
DMSO." A Cary 4E UV-VIS-NIR absorption spectrometer was
used to record the absorption spectra before and after time-
resolved fluorescence measurements. The corrected fluores-
cence emission spectra were recorded using a Fluorolog-3
spectrofluorometer upon excitation at 315 nm. Typical band-
widths for both the excitation and emission monochromators
were 5 nm.

Time-resolved fluorescence experiments

Picosecond time-resolved fluorescence measurements were per-
formed using a time-correlated single-photon-counting (TCSPC)
apparatus based on an actively quenched single photon ava-
lanche photodiode (PDM 50CT module, Micro Photon Devices)
in combination with a PicoQuant TCSPC system (PicoHarp 300,
PicoQuant)."® The excitation light source was generated using
an optical parametric amplifier (OPA) pumped using a 250 kHz
Ti:Sapphire femtosecond regenerative amplifier, and the OPA
output was further frequency doubled using a 2 mm thick BBO
crystal to obtain excitation pulses centered at either 336 or
356 nm with a typical pulse energy of <2 nJ. Fluorescence
emission at different wavelengths was selected using 10 nm
(FWHM) bandpass filters. The shortest instrument response
function (IRF) showed a FWHM of ~40 ps as recorded at
several wavelengths within the spectral range of our fluores-
cence emission detection using dilute suspensions of coffee
creamer in water. To account for the wavelength dependence of
our avalanche photodiode, additional measurements of IRFs
were further performed using excitation light scattering from
aqueous solutions of Ludox TMA colloidal silica at different
concentrations, water Raman signal, and fluorescence emis-
sion from selected fluorophores with ultra-short fluorescence
lifetimes including malachite green® and pyridinium styryl
dyes."” A 4.0-ps channel time was chosen and data acquisition
at each wavelength took 1 hour to accumulate as many counts
as possible. The relative polarization between the fluorescence
emission and the linearly polarized laser excitation was set to
the magic angle (54.7°) using an emission polarizer. This
enabled us to eliminate potential contribution from molecular
rotation dynamics to the measured time-resolved data.
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Computational methods

Electronic structures and density functional theory (DFT) cal-
culations were carried out using the Gaussian 16'® Revision
A.03 and ORCA 4.2.1'%?° software packages. The structures of
the ligands in the ground state for absorption spectrum calcu-
lations were optimized using B3LYP*"**> and M06-2 x>* density
functionals in conjunction with the def2TZVPP basis set. To
predict the absorption spectra, we employed the similarity
transformed equation of motion CCSD method with the
domain-based local pair natural orbital (DLPNO) approxi-
mation (STEM-DLPNO-CCSD)>* by using the TightPNO settings
in conjunction with the def2TZVP basis set. The reliability of
the STEM-DLPNO-CCSD excitation energies was confirmed by
including a sufficiently large number of roots (NRootsCISNAT =
100) and orbitals (OTHRESH/VTHRESH = 0.0005) in the active
space. The absorption spectra of the E,E and Z,Z forms were
obtained as Boltzmann-weighted sums of two dominant con-
formations, which is shown in Fig. S1 in the ESIL i Relative free
energies from DFT calculations were corrected by single point
energies at the CCSD(T)/cc-pVIZ level using the DLPNO?>
approximation with tightPNO settings. The TDDFT at the
CAM-B3LYP/def2TZVP>® level was employed to investigate the
nature of the excited states at the Franck-Condon geometry and
to obtain the equilibrium geometries of the E,E and Z,Z forms
in the lowest excited singlet S;(nm*) state. Zero-point energies
and thermal corrections were obtained based on the gas-phase
optimized geometries at the M06-2X/def2TZVPP level using the
rigid rotor-harmonic oscillator approximation, except for the
low-frequency vibrational modes that were treated as described
elsewhere.”” Solvent effects on the relative free energy state at the
MO06-2X/def2TZVPP level were described by including implicit
solvent corrections for DMSO using the SMD solvation model*®
in Gaussian 16. The PCM solvation model®® in Gaussian 16 was
employed for geometry optimization at the CAM-B3LYP/def2TZVP
level and the CPCM solvation model®® in ORCA was used for
absorption spectrum calculations.

Multi-configurational calculations were performed with the
complete active space self-consistent field (CASSCF) method
and the 6-31G** basis set using the Molpro 2012 software
package.®” The choice of active space (13 orbitals and 12
electrons, see Fig. S2, ESIf) in the CASSCF calculations is
motivated by the inclusion of all n orbitals that are essential
to describe the C=N stretch and dihedral rotation motions
along the E\E to E,Z isomerization pathway. According to STEM-
DLPNO-CCSD calculations (see below), the n-n* excited states
lie much higher in energy than the n-n* excited states and,
thus, do not contribute to S;.

Results

Fig. 1a shows the absorption spectra of the E,E and Z,Z isomers
recorded using the same sample solution before and after
photoisomerization. The two spectra are strongly overlapped
except in the long wavelength region, where a weak band
peaking at 376 nm is found exclusively for the E,E isomer.
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Through selective optical excitation of this E,E isomer with fine-
tuned laser pulses, we can follow the E,E — Z,Z photoiso-
merization process in real time using time-resolved optical
spectroscopy. In addition, the long tail seen in both spectra
originates from the neutral form according to our absorption
titration experiments. Although the E,E — Z,Z transformation
highlights the initial and final states, the following discussion
assumes a stepwise mechanism: first converting E,E to E,Z and
then E,Z to Z,Z, through sequential rotations around the two
C-N bonds. While this appears a straightforward spectroscopic
experiment provided that the spectral and temporal resolutions
are sufficient, a practical complication must be taken into
account for this specific photoswitchable molecule. Because
the reverse Z,Z — E,E conversion is extremely slow, which takes
place several hours or longer at room temperature, the absor-
bance of this weak band will gradually decrease for each
successive pulse of optical excitation. Consequently, care must
be taken to ensure that a substantial portion of the E,E isomer
remains in the sample during an experiment. By recording
absorption spectra at various times during a time-resolved
fluorescence experiment, we found that a fresh sample can be
used for measurements for at least two hours, leading to a
maximum decrease of the sample absorbance on the order of
<20%. Based on this observation, we replaced the sample
solution every two hours during the measurements described
in this work.

The assignment of the E,E and Z,Z absorption spectra above
is consistent with the theoretical prediction based on the
STEOM-CCSD methodology in the DLPNO framework as an
efficient way to calculate vertical excitation energies with an
accuracy approaching the equation-of-motion coupled cluster
model. Except for a systematic shift to higher energies by
~0.3 eV, which is typical for excited state calculations, our
simulations reproduce the absorption spectra quite well
(Fig. 2), including a slight bathochromic shift and a drop in
the intensity of the main band going from the E,E isomer to the
Z,Z isomer. The E,Z isomer shows a main peak of intermediate
intensity that is positioned closer to the Z,Z isomer peak at a
slightly shorter wavelength. Furthermore, the second peak at
the higher energy observed experimentally only for the Z,Z
form, which is located at 291 nm as indicated by the blue
arrow in Fig. 1a, is also presented in the simulated spectrum at
the expected frequency marked by the asterisk. A broad band in
the experimental spectrum at 376 nm is assigned to the n-n*
transitions of the neutral form, as this peak is suppressed upon
decreasing pH or increasing ligand concentration. Analysis of
the canonical orbitals involved in the transitions reveals that all
visible bands in Fig. 2 are due to the n-n* transitions involving
molecular orbitals, which are delocalized over the conjugated
planar m system involving both the iminoguanidinium moiety
and the pyridyl rings. This is fully consistent with a more
compact representation of the molecular orbitals through
natural transition orbitals (NTO) computed at the TDDFT level
using the CAM-B3LYP functional. The S,(n-1*) state, as shown
in Fig. 3, can be described in terms of two main NTO transi-
tions, namely, HOMO to LUMO and HOMO-1 to LUMO+1.

This journal is © the Owner Societies 2025
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(a) Absorption spectra before and after photoisomerization, and (b) steady-state fluorescence emission spectra before and after light illumination

to induce the E.E — Z,Z photoisomerization using a xenon lamp for 30 and 60 minutes, respectively. The excitation wavelength was 315 nm. The arrow

indicates the second peak at 291 nm seen only for the Z,Z form.
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Fig. 2 The predicted absorption spectra for the E,E, E,Z, and Z,Z isomers
in DMSO computed using the STEOM-DLPNO-CCSD theory. The oscilla-
tor strengths of 0—0 transitions of the dominant conformers are shown as
vertical bars. The spectra are broadened using Gaussian functions with a
linewidth of 2500 cm™2. The asterisk marks the peak corresponding to the
experimentally observed peak indicated by the arrow in Fig. 1a.

It is the conjugation over the whole molecule that lowers the
energy of the m-n* transitions with respect to the isolated
fragments. As a result, the n-n* transitions at 316-320 nm
observed for 2PyDIG appear at ~255 nm for pyridine.*?
In contrast, weakly allowed n-n* transitions involving pyridine
and imine C=N lone pairs are more localized and less affected
by the extension of the © system. STEOM-CCSD calculations for
2PyDIG indicate that the lowest energy n-n* states involving
the lone pair on pyridine nitrogen atoms are blue shifted by
0.29-039 eV with respect to the S;(nn*) state. The n-n* states
involving the lone pairs on C=N fragments show up at much
higher energies, at least 1.2 eV above the S;(nn*) state.

The absorption spectra shown in Fig. 1a allows us to choose
the wavelengths for selective optical excitation of one or both
isomers. The feasibility for this selective excitation is further
supported by the pronounced differences between the steady-
state fluorescence excitation spectra acquired before and after
light illumination to induce the E,E — Z,Z photoisomeriza-
tion using a xenon lamp for 90 minutes, which are shown in

This journal is © the Owner Societies 2025
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Fig. 3 Natural transition orbitals (NTO) for Sp to S; excitations and the
compositions of the excited states of the most stable conformers of the
E.E and ZZ isomers from CAM-B3LYP calculations. Orbital isosurface
values are +£0.0194.

Fig. S3 in the ESI% In order to choose the spectral range for our
time-resolved fluorescence experiment, we further acquired the
steady-state fluorescence emission spectra before and after
light illumination to induce the E,E — Z,Z photoisomerization
using a xenon lamp for 30 and 60 minutes, respectively. Similar
to the absorption spectra, the fluorescence emission spectra are
again strongly overlapped as shown in Fig. 1b. Specifically, the
fluorescence emission from the E,E isomer has a higher inten-
sity than the corresponding emission from the Z,Z isomer at a
wavelength of >475 nm, whereas at shorter wavelengths, the
emission from the Z,Z isomer becomes dominant. Upon the
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selective excitation of the E,E isomer, the associated time-
resolved fluorescence kinetics should initiate with a decay
component owing to the E,E — Z,Z photoisomerization,
whereas the corresponding kinetics of the Z,Z isomer should
exhibit an initial rise component accordingly. The superposi-
tion of these distinct kinetics will lead to an overall decay or rise
behavior in the early times at a longer or shorter wavelength
region, respectively.

The anticipated initial decay and rise behavior are indeed
observed in the time-resolved fluorescence data measured at
different wavelengths. As shown in Fig. 4, all the data acquired
at longer wavelengths of 480, 500, 520, 540, and 560 nm exhibit
an initial fast decay component, albeit its relative amplitude is
clearly different with respect to the long-lived portion of
the decays. While the data measured at shorter wavelengths
of 420 and 440 nm initiates with a noticeable initial decay
component as well, they are both followed by a dominant rise
component along with a subsequent slower decay. The data
measured at 460 nm appear distinct from those obtained at
both shorter and longer wavelengths, as neither a clear rise nor
a decay component is observed on a similar timescale as those
seen at the shorter and longer wavelengths, respectively.

Quantitative analysis of the time-resolved data was performed
either individually or through a global lifetime analysis®*** in
which the entire data set acquired at different emission wave-
lengths is fitted simultaneously. In both cases, a least-squares
deconvolution fitting algorithm with explicit consideration of
the finite IRF in combination with a model function consisting
of a sum of exponential components was employed. In the
global lifetime analysis, the lifetimes were treated as global
parameters and a single set of their values that could best
describe all the data was sought during the fitting, whereas all

Normalized Fluorescence Intensity (a. u.)

T
0.0 0.2 0.4 0.6 0.8 1.0

Time (ns)

Fig. 4 Time-resolved fluorescence data measured at different emission
wavelengths upon excitation with laser pulses centered at 356 nm. The
peak intensities are scaled to 1.0 for all data except the one measured at
420 nm, where the scaling was made for the initial shoulder close to time
zero. The data are vertically offset for clarity and the solid black lines are
the corresponding fits obtained through global lifetime analysis.
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the amplitudes were taken as independent, local variables.
However, because of the complicated temporal behavior of
the data, we found that a satisfactory description over the entire
time window of interest (up to ~18 ns) is simply unattainable.
We therefore employed a piecemeal approach to analyze the time-
resolved fluorescence data described here. Specifically, we began
by treating the initial IRF limited decay component as an instan-
taneous response and fitting the data over the entire time window
of interest (~18 ns) using global lifetime analysis. For the data
shown in Fig. 4, we found that a model function consisting of four
exponential components is needed for satisfactory fitting, and the
resulting lifetimes are 94 & 19 ps, 355 + 37 ps, 1.52 £ 0.07 ns, and
6.04 + 0.17 ns, respectively. Note that the error ranges given
in this report refer to the upper and lower bounds of a fitted
parameter returned by the deconvolution data analysis. The global
lifetime analysis further enables us to obtain the decay-associated
spectra (DAS), a plot of the resulting amplitudes weighted by the
corresponding steady-state emission intensities as a function
of the emission wavelength. As shown in Fig. 5, the amplitudes
associated with the shortest lifetime component (94 ps) are
negative at wavelengths <460 nm, whereas they become positive
at longer wavelengths. The negative- and positive-signed compo-
nents correspond to, respectively, the initial rise and decay
components as shown in Fig. 4. Such a DAS is a typical charac-
teristic for the presence of electronic excitation energy and
photoinduced electron transfer processes from a donor to an
acceptor.**?>>° Here, we can confidently assign this initial rise
and decay component to E,E — Z,Z photoisomerization based on
the following two reasons. First, we selectively excited the E,E
isomer in our time-resolved fluorescence measurements, and the
resulting photoisomerization will lead to a time-resolved fluores-
cence decay in the spectral region with dominant emission from
the E,E isomer, along with a corresponding rise in the dominant
emission region of the Z,Z isomer. This initial rise/decay beha-
vior can be clearly seen from the reconstructed time-resolved

5
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= 0.2 -
£ —=—94 ps
<
044 —v—355ps |
—A—1.52ns
-0.6 —0—6.04ns |
| |
450 500 550

Wavelength (nm)

Fig. 5 DAS obtained for the time-resolved fluorescence data measured at
different emission wavelengths upon an excitation using laser pulses
centered at 356 nm. The solid lines are guides to the eye.
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fluorescence spectra shown in Fig. S4a (ESILf), which were made
following the procedure detailed in the ESIi using TCSPC data
acquired at different emission wavelengths as shown in Fig. 4.
Second, this expected correspondence between the observed
initial rise/decay component at different wavelengths and the
spectrally distinct contributions from the E,E and Z,Z isomers in
the steady-state fluorescence emission spectra shown in Fig. 1b is
fully consistent with this assignment. Specifically, the fluores-
cence wavelength for the Z,Z isomer is shifted to higher energies,
which is fully consistent with previous equation-of-motion
coupled-cluster calculations for the E- and Z-isomers of a closely
related 2PyMIG system."* Following the photoisomerization pro-
cess, the subsequent electronic excited-state relaxation can be
described by three DAS with positive amplitudes at all detection
wavelengths. Upon closer visualization of these three different
DAS, we further found that the relaxation timescales exhibit
noticeable wavelength dependence, indicating either spectral
heterogeneity or/and possibly complex electronic structure of
the Z,Z isomer.

The early time portions of the time-resolved fluorescence
data are essential to understand the overall dynamics of
electronic excited-state relaxation and its associated photoi-
somerization. The existence of such a fast initial decay compo-
nent can be clearly seen by comparing the early time decay with
the IRF as shown in Fig. 6. As the global lifetime analysis
described above failed to capture this very rapid decay compo-
nent, we instead perform the deconvolution fitting individually
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Fig. 6 Early time portions of the time-resolved fluorescence decays
acquired at 520 (a) and 560 nm (b), their corresponding deconvolution
fits (solid lines) and the IRF (dash lines). The peak intensities of these data
are scaled to 1.0 for ease of comparison.
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for each time-resolved fluorescence decay that exhibits no clear
rise behavior. Our analysis for the data acquired at 500, 520,
540, and 560 nm shows that their satisfactory description is
only possible with inclusion of a fast initial decay component
with a lifetime of 5 + 0.2, 9 £+ 0.4, 8 £ 0.5, and 7 £ 0.3 ps,
respectively. Note that these timescales are only a fraction of
the IRF, and based on early studies by Holzwarth and cow-
orkers extraction of such an ultrashort timescale would be
possible for such a TCSPC experiment with comparable IRF
and channel time only when the experimental data possess a
sufficiently high signal-to-noise ratio corresponding to about
30000 counts in the peak channel and the ultrashort decay
component of interest has its relative amplitude greater than
65%.**! However, our data have a lower signal-to-noise ratio
owing to lower counts on the order of 2000-3000 in the peak
channel. This means that the extracted lifetimes will have
significantly larger errors than the upper and lower bounds
returned from the fitting. Nevertheless, the presence of this
fast decay component with a relative amplitude greater than
97% immediately explains why the fluorescence emission sig-
nal is so weak: non-radiative relaxation pathways are readily
accessible.

To further verify our assignment of the observed initial rise
and decay component to the E,E — Z,Z photoisomerization, we
performed time-resolved fluorescence measurements using an
optical excitation centered at 336 nm as shown in Fig. 7. At this
wavelength, both the E,E isomer and the subsequently formed
Z,Z isomer will be excited, making the contribution from the
Z,Z isomer even more pronounced. As a result, fluorescence
emissions at 440 and 420 nm became too weak to be acquired
with a reasonable signal-to-noise ratio. As the rise component
observed under 336 nm excitation is no longer pronounced in
this case, we found that the data measured at all seven emis-
sion wavelengths can be satisfactorily described by global

Normalized Fluorescence Intensity (a.u.)

T
0.0 0.2 0.4 0.6 0.8 1.0

Time (ns)

Fig. 7 Time-resolved fluorescence kinetics measured at different emis-
sion wavelengths upon excitation with laser pulses centered at 336 nm.
The peak intensities are scaled to 1.0 for all data, and the kinetics are
vertically offset for clarity. The solid black lines are the corresponding fits
obtained through global lifetime analysis.
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lifetime analysis with a model of function consisting of four
exponential components, and the resulting lifetimes are (8 +
0.5) ps, (298 + 28) ps, (1.85 £ 0.07) ns, and (9.47 + 0.25) ns,
respectively. Again, the fastest decay component has the largest
relative amplitude by far, which ranges from 84% at 460 nm to
98% at 580 nm. As both E,E and Z,Z isomers are simultaneously
excited at 336 nm, identification of this predominant rapid
decay component indicates that the electronic excited-state
relaxation of the Z,Z isomer is very fast upon either direct
optical excitation or via E,E — Z,Z photoisomerization. This
observation explains once again why the fluorescence photon
counts in our time-resolved measurements are so low upon
optical excitation with short pulses centered at either 336 or
356 nm. Furthermore, from the fits shown in Fig. 7, one can
clearly see that this global lifetime analysis is capable of
capturing all the details in the experimental data except the
weak rise seen around 200 ps in the data measured at 460 nm.

The absence of a pronounced rise component in the data
shown in Fig. 7 leads to the DAS with all positive amplitudes as
shown in Fig. 8, meaning that the time-resolved fluorescence
data measured at all wavelengths are dominated by a decay
behavior. This behavior can be further seen from the recon-
structed time-resolved fluorescence spectra shown in Fig. S4b
(ESI%), where no rise behavior is seen at all emission wave-
lengths. However, this does not mean that an optical excitation
at this wavelength would be unfavorable for the E,F — Z,Z photo-
isomerization. Instead, it simply reflects a superposition between
a rise component expected for such an isomerization process and
a more dominant decay component arising from the electronic
excited-state relaxation of the E,E isomer itself and the Z,Z isomer.
This superposition makes the dynamical process associated with
the photoisomerization unresolvable. As observed for the 356 nm
excitation shown in Fig. 5, we further found a noticeable wave-
length dependence of all four decay components, indicating again

1.0

VOJ\ - L

—=—8 ps
0.5 —e— 298 ps |
—4—1.85ns

—v—9.47ns

Scaled Amplitude (a.u.)

Yy
460 480 500 520 540 560 580
Fluorescence Emission Wavelength (nm)

0.0

Fig. 8 DAS obtained for the time-resolved fluorescence kinetics mea-
sured at various emission wavelengths upon an excitation using laser
pulses centered at 336 nm. The DAS associated with the 8 ps component
are scaled by multiplying 0.1 and the solid lines are guides to the eye.
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either wavelength-dependent relative contributions from E,E and
Z,Z isomers or/and possibly the complex electronic structure of
the Z,Z isomer.

Our assignment of the long-lived timescales shown in Fig. 5
and 8 to the Z,Z isomer is fully consistent with the pronounced
fluorescence intensity of the slow decay portion of the time-
resolved fluorescence data observed upon excitation at 336 nm.
As an example, Fig. 9 shows the normalized fluorescence data
acquired at 480 and 560 nm, where those measured with the
336 nm excitation exhibit clearly greater intensity than the
corresponding one acquired with the 356 nm excitation. Such
a difference was observed at all emission wavelengths except
at 460 nm, where a more pronounced contribution from the
Z,Z isomer is expected for both excitation wavelengths.

We have previously'* established a weakly activated pathway
from the E isomer of the structurally similar 2PyMIG to the
minimum energy conical intersection (MECI) between the S,
and S; states. The initial path to overcome a small barrier
(4.3 to 6.5 keal mol ") started with a rotation around the CN-
NC bond, followed by a sharply downhill rearrangement
(>35 keal mol™") involving changes in the CNNC and NNCC
dihedral angles. Expecting a qualitatively similar pathway to
reach MECI for 2PyDIG via a coupled rotation of the CN-NC
and NN-CC bonds, this work explores an adiabatic E,E to
E,Z reaction pathway on the S; state. The focus is on a single
rotation around the NN-CC bond to prevent trapping in the

1 - -
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o ] I
>
@ 05 -
9
k= ] I
(O]
O
& 0- .
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o 1 8
S b 560 nm
T ] I
e
8
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£
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Z

O T T T T T T T T T T

0 02 04 06 0.8 1
Time (ns)

Fig. 9 Comparison of the time-resolved fluorescence decays measured
at 480 nm (a) and 560 nm (b) upon optical excitation at 336 nm (blue lines)
and 356 nm (red lines). The peak intensities of all these data are scaled to
1.0 for ease of comparison.
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Fig. 10 The potential energy surface diagram for interconversion between the E,E- and E,Z-2PyDIG isomers in the S; state and the positions of the
minima in the Sp state. The reaction coordinates computed at the SA2-CAS(13,12)SCF/6-31G** level of theory describe the four-step isomerization
mechanism denoted by blue squares, orange triangles, green dots, and red crosses, respectively. Gray dots and dotted lines correspond to their single-
point energies in the Sg electronic state. During the four steps, the primary reaction coordinates are the rcn, Onnce. ren. and ryp, respectively. “FC”

denotes the CASSCF energy at the E,E Franck—Condon point.

twisted geometry near MECI, which lies far below the E,E and
E,Z states on the S; surface. First, the optimized geometries of
an E,E isomer and an E,Z isomer were calculated at both S, and
S, electronic states. Next, four types of constrained geometry
optimizations were carried out to calculate the potential ener-
gies along the S, state minimum potential energy path (MEP) at
the SA2-CAS(13,12)SCF/6-31G** level of theory. In the first type,
the C—=N distance, denoted as r¢y, was restrained. Next, in the
second type, the C=N dihedral angle, denoted as Oxncc, Was
restrained at angles between 0 (E,Z) and 180 (E,E) degrees, while
the C=N retains elongated. We observed that scanning the
NNCC dihedral angle without initially elongating the C—=N
bond led to an increased energy barrier (Fig. S8, ESI%). In the
third type, in the E,Z-2PyDIG configuration (at Oxncc = 0), the
C=N distance was restrained again. Finally, in the fourth type,
the N-H distance was varied between the two states in which
the proton resides on the guanidinium and pyridine nitrogen
atoms. All orthogonal degrees of freedom are relaxed in these
optimizations. The resulting free energy profile depicted in
Fig. 10 indicates that the adiabatic photoisomerization on the
S, surface is a weekly activated process.

Discussion

Although our time-resolved fluorescence data exhibit a complex
decay/rise behavior depending on both the excitation and
detection wavelengths, the key findings of this work include
the observation of a very rapid fluorescence decay with an IRF
limited lifetime and a predominant relative amplitude in
combination with a subsequent photoisomerization process
taking place in a timescale roughly one order of magnitude
slower. To understand the physical mechanisms underlying
these key dynamical processes, we will first begin with the

This journal is © the Owner Societies 2025

initial rapid fluorescence decay component. As this photo-
switcher is a pyridine-functionalized iminoguanidinium mole-
cule, it is helpful to first discuss the spectral properties of each
fragment, pyridine, imine, and guanidinium, separately. Spec-
troscopic data for guanidine, to the best of our knowledge,
remain very limited so far. The only available experimental UV
spectrum of guanidine hydrochloride in water shows appreci-
able absorption only between 220 and 250 nm.** Theoretical
calculations based on ab initio and DFT approaches further
revealed that guanidine is a weakly absorbing species with the
excitation spectrum consisting mostly of transitions to Rydberg
excited states and one valence n-m, state in the far UV range.
The lowest energy band had maximum at ca. 6.9 eV (~180 nm),
and its potential fluorescence emission was calculated to be at
4.39 eV (~280 nm).*”> The presence of the conjugate C=N
groups is characterized by a n-r transition between 225 and 235
nm.** Pyridine has been shown to exhibit strong absorption at
about 255 nm.*"*” Although the absorption spectra of all these
fragments are essentially out of the spectral range of the
2PyDIG absorption spectra shown in Fig. 1a, our calculations
described above show that the conjugation over the whole
molecule lowers the energy of the nrn* transitions with respect
to the isolated fragments, resulting in the nn* transitions of
2PyDIG at 316-320 nm instead of at ~255 nm for pyridine.
Despite the decreased nn* transition energies of the whole
2PyDIG molecule with respect to those of its fragments, the
observation of a fast initial decay component appears to bear
some resemblance to the pyridine fragment. Specifically, rapid
nonradiative decay processes from both the first and second
singlet excited-states, i.e., the S; and S, states, along with its
extremely low fluorescence quantum yields of ~5.9 x 10> and
~2.7 x 107% upon S; and S, excitation in the gas phase,
respectively, were reported.*®*° Application of femtosecond
transient absorption spectroscopy to various pyridine solutions
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(H,O, ethylene glycol, acetonitrile, and 3-methylpentane)
further revealed nonradiative deactivation of the S; state in
9-23 ps due to, to a large extent, intersystem crossing (ISC).*>
However, the absence of the detectable long-lived signal in our
nanosecond transient absorption measurements as shown in
Fig. S5 and S6 (ESIf) does suggest some alterations of its
electronic structure upon functionalization, leading to a signifi-
cantly reduced ISC or its complete absence. In fact, an efficient
S;(nm*) to Ty(nn*) ISC is fully expected for pyridine based on
El-Sayed’s rules.’® In the case of 2PyDIG, our DFT calculations
show that the S; state has nn* character (Fig. 3) and the ISC for
S;(mnm*) — Ty(nn*) is forbidden to a first order. While there are
some examples of a relatively efficient ISC for S;(nn*) —
T, (nn*), which is typically observed when the singlet lifetimes
are relatively long (>1 ns),” this is not the case for 2PyDIG.
Phenyl and pyridine-functionalized acylhydrazones are the
closest analogues of 2PyDIG that have been shown to exhibit
strong absorption in the same spectral range.’® Furthermore,
compounds with C=N double bonds, such as imines and
hydrazones, are not fluorescent and generally expected to
undergo the cis-trans isomerization with a mechanism similar
to alkenes,> including a possibility of a nonadiabatic transitions
between the S; and S, states through conical intersections.

We further note that the observed spectra and dynamics,
namely, the strongly overlapped absorption and fluorescence
emission spectra of different isomers (see Fig. 1 and 2), the
extremely low fluorescence emission signal, and the competing
electronic excited-state dynamics, exhibit certain similarities to
the photoisomerization dynamics of dehydrocholesterol and
analogs, which have been a subject of extensive studies over
past 30 years.”*” Based on the number of exponential compo-
nents needed to satisfactorily describe the time-resolved data,
we can reasonably conclude that the electronic excited-state
relaxation and photoisomerization processes of this 2PyDIG
appear more complex than those reported for dehydrocholes-
terol and its related analogs.>>*’

The fast initial excited-state relaxation process for 2PyDIG
with an IRF limited lifetime on the order of 8 ps is significantly
faster than the rate of jump from the S; to the S, surface though
an avoided crossing, as the latter is not expected to be faster
than a few ns.>* Such a fast decay to S, thus suggests that the
2PyDIG molecule enters the S, surface through a conical
intersection. This hypothesis is strongly supported by recent
multireference calculations™'* for the monosubstituted 2-pyri-
dylaminoguanidinium ligand (2PyMIG), which shows a small
barrier on the reaction path from the Franck-Condon geometry
of the E isomer to the minimum energy conical intersection.
We note that the molecule at this geometry has a twisted C=N
bond with a dihedral angle close to 90° and can move in both
directions, either returning to its original E isomer or proceed-
ing to the Z photoisomer at the S, surface. However, the
absence of a rise component upon excitation at 336 nm with
a lifetime comparable to that resolved for the fast decay
component upon excitation at 356 nm (Fig. 5) indicates that
the pathway to Z,Z isomers in the 2PyDIG molecule is insigni-
ficant. This consideration further suggests a low quantum
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efficiency of this photoswitcher. Taking the average of these
lifetimes as 7.3 ps for the fast decay component resolved from
the data acquired at 500, 520, 540, and 560 nm upon excitation
at 356 nm and 94 ps for the photoisomerization process, we can
approximately estimate the quantum efficiency of this photo-
switcher being only 7.3/94 ~ 8%!

Our time-resolved fluorescence data suggest an adiabatic
photochemical conversion occurring on the S; surface with a
timescale of 94 ps. For this process to be viable, the energy of
the E,E isomer in the excited state must be higher than that of
the Z,Z isomer, so that the system moves downhill, and the
barrier to form the Z,Z photoproduct must not be very large.
As expected, the TDDFT theory was not suitable for describing
the twisted geometry, where the S,-S; energy gap is small.
However, we were able to obtain the TDDFT equilibrium
geometries of the E,E and Z,Z isomers in the excited states
starting from the Franck-Condon points on S;. A comparison
of the ground and excited state geometries in Fig. S7 (ESIi)
reveals that exciting one electron to the antibonding n* orbital
results in the elongation of the C=N bond and a slight twisting
along this bond. At the same time, the N-N bond shortens and
becomes less basic, leading to the spontaneous proton transfer
from the guanidinium to the pyridine nitrogen atom in the
Z,Z isomer. The reduced C=N bond order together with an
increased relative stability of the Z,Z form with respect to the
E,E form in S; suggests that a one-way adiabatic photoiso-
merization from the higher E,E isomer to the lower energy
Z,Z isomer is a viable pathway for 2PyDIG.

A more precise picture of the photochemical isomerization
process can be obtained from the multi-configurational elec-
tronic structure calculations. Fig. 10 shows the adiabatic trans-
formation of one of the E,E* isomers to the intermediate E,Z*
isomer on the S; potential energy surface computed at the
CASSCF level. Microscopically, the E,E* — E,Z* isomerization
process at the S; state can be divided into 3 steps: (1) C—=N
bond elongation from 1.30 to 1.42 A in a planar E,E configu-
ration (Onncc = 180 degree); (2) rotation about the N-N-C-C
dihedral angle from 180 to 0 degree, where rcy remains
elongated; and (3) the C=N bond shortened from 1.42 to
1.30 A in a planar E,Z-2PyDIG isomer configuration (Onncc =
0). As discussed in the SI sections, these three steps are
uncorrelated (Fig. S8, ESI}), justifying scanning the potential
energy surface along a single reaction coordinate. The E,Z*
isomer is 9.1 kcal mol ! more stable than E,E*, and adiabati-
cally forming the Z,Z* isomer is expected to be more exother-
mic. Three transition state (TS) structures are found along the
minimum potential energy path (MEP), where the first TS is
1.6 kcal mol ™" higher than the optimized E,E* isomer, and the
other two TS are submerged barriers. In addition, an intra-
molecular proton transfer can take place from the guanidinium
nitrogen atom to the pyridine nitrogen atom in the E,Z* isomer,
although with a more substantial free energy barrier. As shown
in Fig. 10, after the proton transfer, the E,Z* isomer gains an
additional stability in the first excited state, but this tautomer
is relatively unstable in the ground state. We note that the
barrier for the rotation around the NN-CC bond is likely
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underestimated in our calculations that do not include solva-
tion effects. Experimentally, it is often found that the rotation
dynamics around a double bond is strongly influenced by the
polarity of the solvent,® slowing down the rotation with the
increase in the solvent dielectric constant. With these consid-
erations, a timescale of 94 ps determined from the time-
resolved fluorescence data can be reasonably associated with
the adiabatic E-to-Z photoisomerization on the S; surface.

From the calculations shown in Fig. 10, we observe that the
E,Z* form is more stable than the E,E* form by 9.1 kcal mol ™.
Given that the first transition state lies ~1.6 kcal mol "
above the E,FE reactant state (likely underestimated), the overall
barrier for the reverse process from E,Z* to E,E* is at least
10.7 kcal mol*. This implies that, once the E,Z* isomer is
formed on the S, surface, it is unlikely to revert to the E,E* form
within the timescale of several hundred picoseconds. There-
fore, the adiabatic E,Z* to E,E* pathway is expected to con-
tribute minimally to the overall reaction mechanism. While we
have not explicitly performed reaction path calculations for the
E,Z* to Zz,z* transformation, this step involves a rotation
around the same C-C-N-N dihedral angle as the E,F* — E,Z*
transition and therefore it is reasonable to expect a barrier with
a similar magnitude. This is consistent with an 80-100 ps
timescale, as observed experimentally, for the formation of
the Z,Z* isomer on the S; surface. Under these conditions, a
single photon would be sufficient to drive the complete trans-
formation from E,E* to Z,Z* via the adiabatic pathway. While
the occurrence of such two single-bond rotations on an adia-
batic surface upon a single photon excitation is extremely
unlikely and has not been observed previously, an unambig-
uous test of its feasibility would be a very interesting topic for
follow-up studies. Nevertheless, experimental data and litera-
ture suggest that nonadiabatic decay through conical intersec-
tions is significantly more efficient—by roughly an order of
magnitude."*** This would lead to populating both E,E and E,Z
isomers in the ground state, but the exact branching ratio
remains uncertain in the absence of nonadiabatic dynamics
calculations.

Notably, we have not directly observed the E,Z isomer by
NMR or UV-Vis,"® which may be due to its relatively low steady-
state concentration under our experimental conditions. This
observation suggests two possible scenarios: (1) the branching
ratio at the conical intersection favors return to E,E over
formation of E,Z, making E,Z a minority product; and (2) the
E,Z isomer, once formed, is efficiently re-excited and converted
to Z,Z*, thereby preventing significant accumulation. Both
cases are consistent with E,Z acting as a short-lived interme-
diate whose population remains low despite its involvement in
the reaction pathway. The second scenario further supports a
two-photon nonadiabatic mechanism for the E,E to Z,Z isomer-
ization involving ground-state formation and re-excitation of
the E,Z intermediate.

Our experimental and theoretical results further suggest
potential routes towards increasing the quantum efficiency of
this photoswitcher. Because this efficiency is defined primarily
by the ratio of the lifetimes of the initial fast decay component
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and the photoisomerization process, its increase can be achie-
ved by either slowing down the former or accelerating the latter.
A straightforward solution might be to use of a different solvent
other than DMSO. As reported in ref. 32, the timescale of this
rapid decay increases from ~9 ps in water to ~23 ps in
acetonitrile for pyridine. Since acetonitrile has a lower visco-
sity of 0.369 mPa s at 25 °C than DMSO with a viscosity of
1.987 mPa s at the same temperature,® an accelerated photo-
isomerization should take place owing to the involvement of a
large amplitude motion of two separate fragments of the same
photoswitchable molecule in combination with the essential
role of solute-solvent interactions in photoisomerization pro-
cesses in the condensed phase.®®®* However, an alternative
and more effective route to increase the quantum efficiency of
this photoswitcher is no doubt to replace the pyridine fragment
with a less bulky species free of fast excited-state relaxation.
Nevertheless, the feasibility of any chosen routes relies critically
on whether its exceptional chemical functionality can be main-
tained. Thus, the first step of our quest for optimizing this
photoswitcher would be to assess the chemical functionalities
under different experimental conditions (solvent and/or tem-
perature) in combination with modification of its molecular
structure. Once any desired experimental condition or/and
structural modification is identified, detailed time-resolved
optical spectroscopic studies will be subsequently applied to
quantify its quantum efficiency.

Summary

We performed time-resolved fluorescence spectroscopic mea-
surements and excited-state calculations on a photoswitchable
molecule based on pyridine-functionalized iminoguanidinium
that possesses an exceptional chemical functionality of photo-
controlled anion binding. Detailed analysis of the experimental
data acquired at different excitation and emission wavelengths
enabled us to reveal the complex dynamics of the electronic
excited-state relaxation and concomitant photoisomerization.
Notably, we identified a predominant excited-state relaxation
process upon optical excitation of either the E,E isomer or the
Z,Z isomer, which is characterized by an ultrashort, IRF limited
lifetime on the order of 8 ps. In comparison, the E,E —» Z,Z
photoisomerization was significantly slower with a character-
istic timescale of 94 ps. These competing processes were found
to result in not only an overall low quantum efficiency for this
photoswitcher but also an extremely low fluorescence emission
signal. The physical mechanisms underlying these key observa-
tions were further identified to reflect a fast radiationless
deactivation from the S;(nn*) state via conical intersections
on the strongly downhill path with a small barrier and a slower
process involving an adiabatic photoisomerization on the
Si(nn*) surface. We further outlined several potential routes
towards optimizing the quantum efficiency of such a photo-
switcher. We believe that the insight gained through this study
underscores the importance of probing the ultrafast electronic
excited-state and associated structural changes involved in
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functional photoswitchable molecules for chemical applica-
tions in real time.
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