¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Modulating the spectroscopy and dynamics
of a proton-transfer dye by functionalizing
with phenyl groupsf

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2022, 24, 6828

b

Mario Gutiérrez, (2 42 Eduardo Garcia, (2 £ Cristina Monterde, () ® Félix Sanchez

and Abderrazzak Douhal (2 *?

Molecules undergoing excited-state proton transfer (ESPT) reactions are among the most interesting systems
from spectroscopic and photophysical viewpoints. These molecules can be further functionalized with
electron donating or accepting groups, inducing intramolecular charge transfer (ICT) events, which might be
coupled to the ESIPT ones, conferring them with different spectroscopic and photophysical properties, which
can be essential to implement the related materials in many key scientific and technological fields. Here, we
report new benzimidazole derivatives that are functionalized with a phenyl group, 2-(510-diphenyl-1H-
phenanthro[9,10-dlimidazol-2-yl)phenol (DP-HPPI), and its methylated equivalent, 2-(2-methoxyphenyl)-5,
10-diphenyl-1H-phenanthro[9,10-dlimidazole (DP-MPPI). The results prove that these molecules in solutions
undergo an ultrafast ICT (400-700 fs) reaction. Additionally, DP-HPPI also undergoes a reversible ESIPT
process in dichloromethane. However, this is precluded in acetonitrile due to the involvement of
intermolecular H-bonds in this solvent. These results provide key insights into the development of proton-
transfer materials with bespoke spectral and photodynamical properties.
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Introduction

Molecules undergoing excited-state intramolecular charge trans-
fer (ICT) and intramolecular proton transfer (ESIPT) processes are
among the most interesting systems, not only from spectroscopic
and photodynamical viewpoints,'™* but also owing to their great
potential for employment in advanced technologies such as
proton transfer lasers,"*" anticounterfeiting,'®™® fluorescence
sensing,"’"*>*° fluorescent probes in biological systems,>"** or
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i Electronic supplementary information (ESI) available: Scheme S1 shows the
steps followed in the synthesis of the DP-MPPI and DP-HPPI molecules. Fig. S1
and S2 display the 'H NMR (in DMSO-d,) and FTIR spectra (in KBr) of DP-MPPI
and DP-HPPI, respectively. Fig. S3 and S4 present the excitation spectra of DP-
MPPI and DP-HPPI in DCM and ACN solutions, respectively. Fig. S5 shows the
magic-angle emission decay of DP-MPPI and DP-HPPI excited at 371 nm in ACN,
while Fig. S6 displays the TRES of DP-HPPI in ACN solution. Fig. S7 shows the fs-
emission transients of DP-HPPI in DCM solution upon excitation at 320 nm with
a long temporal window. Finally, Table S1 shows the values of time constants (t;)
and normalized (to 100) pre-exponential factors (a;) obtained from a multi-
exponential global fit analysis of the emission decays of DP-MPP and DP-HPP
in ACN solutions upon excitation at 371 nm. See DOI: 10.1039/d1cp05294b
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organic light-emitting diodes.>*>* Indeed, over the last four decades,
research studies have dedicated great efforts to design, develop, and
multidisciplinary explore (theoretically, experimentally and their
practical real-world applicability) a vast number of molecules and
systems undergoing ICT and ESIPT reactions.**' Three molecules
stand out among all of them, 2-(2-hydroxyphenyl)benzoxazole
(HBO), 2-(2-hydroxyphenyl)benzimidazole (HBI) and 2-(2-hydroxy-
phenyl)benzothiazole (HBT), as they are the starting point for the
generation of many derivatives, showing outstanding optical and
photodynamical properties.** >

Interestingly, some of these systems can undergo either
ESIPT or ICT, but there exist others where both reactions can be
coupled.**™® The rate constants of ESIPT and ICT strongly
depend on the chemical structure and the surrounding
environment. Subsequently, some examples have been found
where the ESIPT event occurs in shorter times than the ICT one
and vice versa. For instance, HBI undergoes an ESIPT process,
leading to the formation of keto-type species, which then
undergo an ICT reaction favoured by molecular twisting.*>*®
Similarly, the ultrafast excited-state photodynamics of a HBO
derivative, HBOCE, has been found to exhibit an ultrafast
ESIPT (250 fs-1.2 ps) reaction followed by a relatively slower
ICT (2.7 ps) reaction.** On the other hand, the processes can be
coupled upside down, being the ICT mechanism faster than the
ESIPT one. For example, our group has recently reported
that another HBO derivative, 2-(2’-hydroxyphenyl)benzoxazole

This journal is © the Owner Societies 2022


http://orcid.org/0000-0001-9222-3647
http://orcid.org/0000-0002-0079-7852
http://orcid.org/0000-0002-2938-5800
http://orcid.org/0000-0003-4069-1291
http://orcid.org/0000-0003-2247-7566
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cp05294b&domain=pdf&date_stamp=2022-03-03
http://rsc.li/pccp
https://doi.org/10.1039/d1cp05294b
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024011

Published on 21 2022. Downloaded on 15/11/25 17:37:24.

Paper

(5A-HBO), undergoes an ultrafast ICT process (< 50 fs) followed
by a reversible ESIPT reaction (tppr = 1.5 ns and tgpr = 1.6 ns) in
dichloromethane (DCM), while, in a more basic solvent such as
acetonitrile (ACN), the ESIPT process is blocked owing to H-
bond interactions with the solvent, and therefore only the
ultrafast ICT process was observed.*

Few years ago, we have also reported on the photobehavior
of a HBI derivative, 2-(2-hydroxyphenyl)-1H-phenanthro[9,10-d]
imidazole (HPPI), which undergoes two distinct ESIPT reac-
tions owing to the presence of different conformations: one
faster (2 ps) related to the enol-keto phototautomerism of
planar enol conformers and another slower one (12 ps) due to
non-planar enol structures.?” Then, the question that arises is
whether it is possible to induce an ICT reaction coupled to
ESIPT by functionalizing the phenanthrene moiety of the HPPI
molecule with electron-rich phenyl groups.

Hence, we have synthesized a new PT-imidazole derivative,
2-(5,10-diphenyl-1H-phenanthro[9,10-dJimidazol-2-yl)phenol (DP-
HPPI) and its methylated equivalent 2-(2-methoxyphenyl)-5,10-
diphenyl-1H-phenanthro[9,10-d]Jimidazole (DP-MPPI) (Scheme 1),
and spectroscopically and photophysically characterized them in
two different solvents using a combination of UV-vis steady-state
and laser-based time-resolved techniques. The photoexcitation of
the DP-MPPI molecule (which cannot undergo an ESIPT event) in
the DCM solution induces an ultrafast ICT reaction occurring in
400 fs, which generates two different species having a charge-
transfer (CT) character. Similarly, the photoexcited DP-HPPI in
DCM undergoes an ultrafast ICT reaction in ~700 fs, leading to
the formation of two different conformers, one of which under-
goes a subsequent reversible ESIPT process generating the keto
(K) tautomer. Interestingly, when DP-HPPI is photoirradiated in
the ACN solution, the ESIPT reaction is inhibited, most probably
because of the establishment of an intermolecular H-bond with
ACN molecules. In this case, we only observed the emission and
formation of the CT species. The results presented herein high-
light the possibilities of tuning the optical and photophysical
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Scheme 1 Proposed molecular structures of DP-MPPI and DP-HPPI
molecules discussed in this work.
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properties of ESIPT dyes by inducing an ICT reaction through
chemical engineering, providing new insight into the design of
these types of molecules.

Experimental section

The synthesis, purification and characterization of 25,
10-diphenyl-1H-phenanthro[9,10-dJimidazol-2-yl)phenol (DP-HPPI)
and its methylated equivalent 2-(2-methoxyphenyl)-5,10-diphenyl-
1H-phenanthro[9,10-d]imidazole (DP-MPPI) (Scheme 1) are
described in the ESL together with the "H NMR (in DMSO-dq)
and FTIR (in KBr) spectra of these molecules (Fig. S1 and S2, ESL ¥
respectively).

The used anhydrous solvents (dichloromethane (99.9%,
DCM) and acetonitrile (99.8%, ACN) were purchased from
Scharlab and Sigma-Aldrich, respectively, and were used as
received.

The steady-state UV-visible absorption and fluorescence
spectra were recorded using JASCO V-670 and FluoroMax-4
(Jobin-Yvon) spectrophotometers, respectively.

Picosecond (ps) emission decays were recorded using a ps-
time-correlated single photon counting (TCSPC) system.*®
Upon excitation at 371 nm, the sample was excited using a
40 ps pulsed diode laser (<5 mW, 40 MHz). The emission
signal was collected at a magic angle and the instrument
response function (IRF) was ~70 ps. The IRF of the system
was measured using a standard LUDOX solution (Sigma-
Aldrich). The decays were deconvoluted and fitted to a single
or multiexponential function using the FLUOFIT package
(PicoQuant), allowing single and global fits. The quality of the
fit was estimated by y*(which was always below 1.2) and the
distribution of the residues.

The femtosecond (fs) emission transient decays were col-
lected using the fluorescence up-conversion technique. The
system consists of a fs Ti:sapphire oscillator MaiTai HP (Spectra
Physics) coupled to second harmonic generation and up-
conversion setups.*’ The oscillator pulses (90 fs, 250 mW,
80 MHz) were centred at 640 nm and doubled in an optical setup
through a 0.5 mm BBO crystal to generate a pumping beam at
320 nm (~0.1 nJ per pulse). The polarization of the latter was set
to the magic angle with respect to the fundamental beam. The
sample was placed in a 1 mm thick rotating cell. The fluorescence
was focused with reflective optics into a 1 mm BBO crystal and
gated with the fundamental fs-beam. The IRF of the full setup
(measured as a Raman signal of the pure solvent) was ~ 250 fs. To
analyse the decays, the multiexponential function convoluted with
the IRF was used to fit the experimental transients. Using this
procedure, we can resolve components of ~ 50 fs. All the experi-
ments were performed at 293 K.

Results and discussion
Steady-state UV-visible absorption and emission studies

To begin with, we have explored the steady-state optical proper-
ties of DP-MPPI and DP-HPPI dissolved in DCM and ACN
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solutions. Fig. 1A and B show the UV-visible absorption and
emission spectra of both molecules in DCM and ACN solutions,
respectively. DP-MPPI and DP-HPPI in the DCM solution show
very similar absorption spectra with intensity maxima at 292,
321 and 376 nm (epp-mppi(z7enm) = 1.3 £ 0.2 X 10" M~ ' em™ ' and
Epp-nppi(376nm) = 1.1 £ 0.2 x 10° M~ " ecm '), which are assigned
to the Sy (1) — S, (%) and S, (1) — S; (n*) transitions of enol
tautomers, respectively. Compared to those of the unfunctio-
nalized molecules (MPPI and HPPI in DCM),"” the absorption
spectra are shifted to longer wavelengths (by ~16 nm, 1180 cm ™)
and have less vibrational structures. This reflects the influence of
phenyl terminal groups, which increase the n-electronic density of
the molecule and may induce an ICT reaction in the excited
molecules.”” Moreover, the phenyl groups can rotate or twist
around their axis, causing a loss of the well-resolved vibrational
structures (Scheme 1). The absorption spectra of both molecules
in ACN are very similar and also comparable to the ones observed
in DCM, indicating that the solvent properties do not affect the
ground state (S,) species of DP-MPPI and DP-HPPI (Fig. 1B).

In contrast, the fluorescence spectra of these molecules in the
DCM solutions show spectral differences, such as the presence of
an additional red-shifted emission band and a shift to shorter
wavelengths of the main emission band for the DP-HPPI molecule
(Fig. 1A). The emission spectrum of DP-MPPI in DCM consists of a
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Fig.1 Normalized UV-visible absorption and emission spectra of
DP-MPPI and DP-HPPI in (A) DCM and (B) ACN solutions. For emission
spectra, the excitation wavelength was 320 nm.
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band with an intensity maximum at 415 and a peak at
430 nm, independently of the excitation wavelength. Compared
to the unfunctionalized molecule (MPPI) whose Stokes shift is
~1100 cm™*, the large Stokes shift (more than 2 times higher,
~2500 cm™ ") observed for DP-MPPI suggests that the ICT reac-
tion occurs at S;. This process may take place from the diphenyl
groups, which has a high electronic density, to the methoxyphenyl
moiety. Indeed, a combination of TDDFT calculations and experi-
mental evidences obtained for the parent protonated molecule
(HPPI) indicates the charge redistribution from the phenanthrene
part to the phenol one,”” and, therefore, this ICT will be enhanced
by the presence of the electron-rich phenyl groups. Moreover,
similar ICT reactions have been reported for other ESIPT
molecules functionalized with electron-donating substituents,
reinforcing our assumption.”**** For example, the 6-amino-2-
(2-methoxyphenyl)benzoxazole (6A-MBO) molecule exhibited an
Stokes shift of 7190 cm™" due to the ICT process occurring from
the electron-donating amino group to the methoxy-phenyl part.*

The emission spectrum of DP-HPPI in DCM is more complex
than its methylated derivative (Fig. 1A). It is structured and
displays a band with an intensity maximum at 405 nm and a
peak at 420 nm; however, an additional red-shifted band with
an intensity maximum at 453 nm is also detected. Similar to
DP-MPPI, the Stokes shift considering the blue shifted band
(405 nm) is large (~1905 cm '), reflecting a photoexcited ICT
reaction with the subsequent emission of the species having a
CT character. On the other hand, the red-shifted fluorescence
band is assigned to the emission of the K tautomer formed as a
result of the ESIPT reaction in the excited enol charge transfer
(ECT) species.

In order to shed more light on the luminescence properties
of these molecules, we have also recorded the emission spectra
of DP-MPPI and DP-HPPI in ACN, which is a more polar and
basic solvent (f(¢, n)acy = 0.71 and f = 0.40) than DCM
(f(e, n)pem = 0.47 and f = 0.1). The emission spectra of these
molecules in ACN are different from those observed in DCM.
For instance, the spectra of DP-MPPI and DP-HPPI display a
single emission band with their intensity maxima centered
at 426 and 420 nm, respectively. The large Stokes shift
(~3120 cm™") compared to the unfunctionalized molecule
(MPPI, ~1110 cm ') also indicates the occurrence of the ICT
process with the subsequent formation of CT species emitting
at longer wavelengths, which is similar to what we observed in
DCM. However, compared to the emission spectra obtained in
DCM solutions, this band is slightly red shifted, being a sign of
the stabilization of the CT species in ACN (more polar than
DCM). Interestingly, the emission spectrum of DP-HPPI in the
ACN solution does not show the red-shifted emission band
observed in DCM and is attributed to the emission of the K
tautomer, indicating that it does not undergo the ESIPT reac-
tion in this solvent. The H-bond character of ACN due to its
carbonitrile moiety favors intermolecular H-bond interactions
with the OH group of DP-HPPI, precluding the occurrence
of the ESIPT reaction in the open enol form (Scheme 1).
Similar results were reported for the molecule 5-amino-2-
(2’-hydroxyphenyl)benzoxazole (5A-HBO).** This molecule has

This journal is © the Owner Societies 2022
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undergone an ultrafast ICT reaction followed by an ESIPT
reaction in n-heptane and DCM solutions. However, in the
presence of more basic solvents, such as ACN, tetrahydrofuran
(THF), and N,N-dimethylformamide (DMF), the ESIPT reaction
was inhibited due to the intermolecular H-bonds between the
-OH of 5A-HBO and the solvent molecules.**** Even though it
is clear that the basicity of the solvent plays a key role in the
ESIPT reaction, we cannot completely rule out that the polarity
of the solvent may affect the CT reaction and subsequently alter
the ESIPT phenomenon.

Finally, the excitation spectra of DP-MPPI and DP-HPPI in
the DCM and ACN solutions show similar bands to those
obtained in the absorption ones (Fig. S3 and S4, ESI,} respec-
tively), indicating that the emissive species originates from the
same ground state. It is possible that these species (planar and
nonplanar structures) coexist and get converted into the other
in a very short time, both at S, and S; states. However, we do
not have experimental evidence for this event.

Picosecond time-resolved fluorescence study

To unravel the ICT and ESIPT processes, we have examined the
ps-photodynamics of DP-MPPI and DP-HPPI in the DCM and
ACN solutions. Fig. 2 shows the emission decays of both
molecules in DCM obtained after their photoexcitation using
a 371 nm pulsed laser and the recorded signals at different
wavelenghts (from 410 to 600 nm) of the emission spectra.
Table 1 contains the time constants (t;), amplitudes (4;) and
preexponential factors (a;) normalized to 100, obtained from
the multiexponential global analysis of emission decays.

For DP-MPPI, the emission decays were well fitted by biex-
ponential analysis, giving two time constants: 7, = 2.1 ns and
13 = 7.5 ns (Fig. 2A and Table 1). The shortest t,-component
only contributes to the bluest part of the emission spectrum
(410-440 nm) and disappears from wavelengths longer than
450 nm. On the other side, the longest 7;-component is present
in the whole spectral region, increasing its contribution at the
reddest part of the emission spectrum (Table 1). Considering
these results and our previous discussion in the steady-state
section, we suggest that this molecule undergoes an ultrafast
ICT process (happening in shorter times than our ps-system
resolution), leading to the formation of two different emitting
CT species. Interestingly, the emission decay of MPPI exhibits a
single exponential behaviour with a lifetime of 4.5 ns,*” and
therefore it is clear that the phenyl groups in DP-MPPI create
new pathways for its relaxation to the ground state. Attending
to their chemical structure, the phenyl groups are able to rotate
or twist around their axis, which may produce the coexistence
of planar and non-planar conformers (Scheme 1). Generally,
planar structures will emit light at longer wavelengths than
non-planar ones because of their larger electronic conjugation.
Based on this, and considering the contribution of each
time component, it is reasonable to assign the shortest t,-
component to the emission lifetime of the non-planar CT
conformers (emitting mostly at the bluest region of the spec-
trum), whereas the longest 73-component is attributed to the
emission lifetime of the planar CT species.
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Fig. 2 Magic-angle ps-emission decays of (A) DP-MPPI and (B) DP-HPPI
in DCM solutions upon excitation at 371 nm. The observed wavelengths
and a zoomed-in view of the decays are displayed in the inset. The solid
lines are from the best fit using a multiexponential global function and IRF
is the instrumental response function.

Table 1 Values of time constants (), real value of amplitudes (A) and
normalized (to 100) amplitudes (a;) obtained from the fit of the ps-ns
decays of DP-MPPI and DP-HPPI in DCM solutions upon excitation at
371 nm and observation as indicated. The negative signs for A; and a;
indicate a rising component in the emission signal

Aobs  T1/PS T,/nS T3/ns
Sample (nm) (£20) a; A (£0.5) a, 4, (£0.5) a3 A;

DP- 410 — — — 2.1 11— 7.5 89 —
MPPI 440 — — 3 — 97 —
480 — — — — 100 —
550 — — — — 100 —
DP- 410 90 18 335 1.5 1 94 6.0 81 1626
HPPI 440 7 65 5 158 88 1483
480 —100 —329 19 347 81 1236
550 —100 —643 36 649 64 1050
600 —100 —1033 40 991 60 862

On the other hand, the photodynamics of DP-HPPI in DCM
is more complex than that of DP-MPPI. The emission decays
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were well fitted to the multiexponential function, providing
three time constants: 7; = 90 ps, 7, = 1.5 ns and 73 = 6 ns
(Fig. 2B and Table 1). The shortest component is decaying at
the bluest region of the emission spectrum (410-440 nm), while
it is rising at the reddest one (480-600 nm), reflecting the
occurrence of a photoinduced process at S;. On the other hand,
the intermediate (7,) and longest (73) components decay in the
whole spectral range. Note that the 7,-component (1.5 ns)
increases its contribution with the observation wavelength,
while that in DP-MPPI it disappears at wavelengths longer than
450 nm (Table 1), indicating that they have a different nature.
In contrast, the longest 7;-component is comparable to the one
obtained in DP-MPPI (7.5 ns), and, therefore, it can be attrib-
uted to the emission lifetime of the planar CT forms. Interest-
ingly, the shortest (z;) and intermediate (7,) components show
similar real amplitudes (4;) but with opposite signs in the
wavelengths corresponding to the emission of the K tautomer
(600 nm, Table 1). This is a typical behaviour of a reversible two
emitting state system, where the enol and K tautomers are in
equilibrium (the classical Birks scheme, see in the ESIf). To
shed more light on the reversibility of the ESIPT reaction in
DP-HPPI, we recorded the time resolved emission spectra
(TRES, Fig. 3). Some interesting conclusions can be extracted
from this experiment: (i) the red-shifted emission band, attrib-
uted to the K emission, is formed within 80-100 ps, corrobor-
ating that the 90 ps (t;) component is clearly associated with
the ESIPT reaction; (ii) at longer delayed times, the emission
intensities of the species emitting at ~420 nm and keto
(~455 nm) tautomers are similar, indicating that both species
are equilibrated at the excited state. It is worth noting that the
parent HPPI molecule (without the 2 phenyl groups in the
phenanthrene moiety) undergoes an ultrafast ESIPT reaction
within 12 ps.*” Hence, the introduction of the electron-rich
phenyl groups in DP-HPPI, which induces the ICT reaction, is
at the same time slowing down the ESIPT phenomenon. It
is well-known that the ICT reaction will produce a charge

=] ——0ps
m1 0 ——25 ps
> ——50 ps
= —— 80 ps
72}
c ——100 ps
2 150 ps
= —— 500 ps
:0-5 " —e—1ns
2 /
s / ——3 ns
»n / —e—6 ns
£ / 10 ns
m i

/

0.0

40 450 500 550
Wavelength / nm

Fig. 3 Normalized time-resolved emission-spectra (TRES) of DP-HPPI in
DCM upon excitation at 371 nm and gating at the indicated delay times.
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reorganization thereby affecting the acidity/basicity of the proton
donor and acceptor moieties of the molecules, which may cause a
slowing down of the ESIPT process. For instance, the amino-
functionalized 6A-HBO and 5A-HBO molecules have shown an
abnormally slow proton transfer (up to 15-20 ps) compared to the
parent molecule HBO (less than 150 fs).*>*%°"3 Therefore,
the ultrafast ICT reaction induced charge reorganization affecting
the driving force of the proton donor and acceptor groups,
reducing in this way the velocity of the ESIPT reaction.

To obtain the values of the forward and reverse proton-
transfer processes linking these structures and the fluorescence
lifetime of the involved species, we analysed the emission
decays according to the classical Birks for a 2-state model
involving two structures in equilibrium at S;, using the equa-
tions reported elsewhere,>*® and shown in the ESL.{ Following
the analysis, we obtained the value of the emission lifetime
of the K tautomer (tx = 1.4 ns), the rate constants of the
direct (kppr = 8.35 x 10° s') and reverse proton transfer
(krpr = 2.24 x 10° s7") reactions, and the time of both events:
Tppr = 120 ps and tgpr = 447 ps. Note that the direct proton
transfer (DPT) reaction occurs within a shorter time than that
of the reverse one (RPT), indicating that the former reaction is
favoured over the second one. The equilibrium constant K
(kppr/krpr) is 3.72, while AG°(293 K) = —3.19 k] mol *. Compar-
able results were reported for some HBO derivatives functiona-
lized with an electron donating amino group.***”*®* For
instance, 6-amino-2-(2-hydroxyphenyl)benzoxazole (6A-HBO)
in DCM undergoes the ultrafast ICT reaction (~ 80 fs) followed
by the reversible ESIPT process, being the time constants for
the direct and reverse reactions, tppr = 129 ps and tgpr = 335 ps,
the equilibrium constant K = 2.57, and AG°(293 K) =
—2.3 kJ mol~*.%” While the time constant of DPT is very similar
(120-130 ps), the time constant of RPT differs by 110 ps, being
shorter in 6A-HBO. These results suggest that the activation
energies for DPT are very similar for both molecules, while they
differ in 0.73 k] mol " for RPT, being the lowest one for
6A-HBO.

We have also investigated the photobehavior of these mole-
cules in ACN. The emission decays are displayed in Fig. S5
(ESIT), while the values of the time constants (r;) and pre-
exponential factors (g;) normalized to 100 obtained from the
single or multiexponential global fit analysis are shown in
Table S1 (ESIt). The emission decays of DP-MPPI were well-
fitted to the monoexponential function, giving a time constant
of 7 ns. According to our previous assignments, this component
can be attributed to the emission lifetime of the planar CT
species.

On the other hand, for DP-HPPI, biexponential analysis was
required for an accurate fit of the decay traces, providing two
time constants: 7; = 2 ns and 7, = 6.9 ns. Both components are
decaying in the whole spectral range. The longest t,-component
shows its maximum contribution at 410 nm (95%) which then
decreases at longer observation wavelengths, while the shortest
71-one shows a relatively weak contribution at 410 nm (5%),
increasing towards longer wavelengths. The lack of a rise signal
on DP-HPPI in the ACN solution corroborates the absence of

This journal is © the Owner Societies 2022
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the ESIPT reaction due to the intermolecular interactions
between the proton of the molecule and the solvent, which is
in agreement with our previous discussion. Hence, the only
emitting species of DP-HPPI in this solvent are the CT ones.
The longest t,-component (6.9 ns) is assigned to the planar CT
conformer, while the shortest 7,-one (2 ns) corresponds to the
emission lifetime of the non-planar CT form. The absence of
the ESIPT reaction is also endorsed by the TRES, in which there
is a lack of the red-shifted emission band corresponding to the
emission of the K species (Fig. S6, ESIt).

Femtosecond dynamics

To obtain precise information on the time constant of the ICT
reaction, we have performed fs-experiments on the ultrafast
excited state photodynamics of both molecules in DCM. We
used the fs-up conversion technique. The samples were
pumped using a 320 nm fs-laser and probed at different
emission wavelengths. The obtained transients are displayed
in Fig. 4, while the obtained time constants (r;) and pre-
exponential factors (@;) normalized to 100 are given in Table 2.

The analysis of the decays of DP-MPPI provides two time
components, an ultrafast component of ~400 fs and an offset
component of 7 ns (fixed from the values obtained from
the TCSPC experiments, Fig. 4A and Table 2). The ultrafast
400 fs-component decays at the very bluest part of the emission
spectrum (370-390 nm), while it rises from wavelengths longer
than 450 nm. This clearly evidences the existence of the
ultrafast reaction in the excited state of this molecule, and
considering our previous observations, this reaction can be
attributed to the ICT process, as this molecule cannot undergo

obs 490 nm

obs 450 nm

Emission Intensity / a.u.

obs 390 nm

—TTT O — o—

obs 370 nm

4 6 8 10
Time / ps

View Article Online
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Table 2 Values of time constants (r;) and normalized (to 100) pre-
exponential factors (a;) obtained from the fitting of the fs-emission
transient of DP-MPPI and DP-HPPI in DCM solutions upon excitation at
320 nm and observation as indicated. The negative sign for a; indicates a
rising component in the emission signal

Sample Aops (nm) 74/fs (£100) a, T5/ps (£10) a,  73/ns (£0.5) as

DP- 370 360 84 — - 7* 16

MPPI 390 520 78 — — 22
450 400 —100 — — 100
490 550 —100 — — 100

DP-HPPI 370 350 97 67 2 5.8% 1
390 700 70 68 15 15
450 750 —48 70 —52 100
600 800 —-29 70 -71 100

the ESIPT event. These kinds of ultrafast ICT reactions
have also been described for other benzoxazoles derivatives,
supporting our argument.’>>” For example, the 6-amino-2-(2/-
methoxyphenyl)benzoxazole (6A-MBO) molecule has under-
gone the ultrafast ICT process happening in 150 fs.%*”

On the other hand, the ultrafast emission decay of DP-HPPI
exhibits the multiexponential behaviour with time constants of
7, =700 fs and 1, = 70 ps, and an offset of 5.8 ns (fixed from the
values obtained from TCSPC) as shown in Fig. 4B, Fig. S7 (ESI?),
and Table 2. The 7,-component is comparable to the 90 ps
detected in the ps-TCSPC experiments, decaying at the bluest
part, and increasing at the reddest region. Hence, following our
previous discussion, this component is associated with the
direct/reverse proton-transfer reactions. The ultrafast t4-
component (700 fs) behaves very similar to that observed for
DP-MPPI, decaying at the very bluest emission region, and

obs 490 nm

: 6bs 450 nm

. obs 390 nm

TS COT 0 o QO O
(ol = o]

Emission Intensity / a.u.

! obs 370 nm

0 2 4 6 8 10
Time / ps

Fig. 4 Representative fs-emission transients of (A) DP-MPPI and (B) DP-HPPI in DCM solutions upon excitation at 320 nm and probing at the indicated
wavelengths. The solid lines are from the best fit using a multiexponential function. IRF is the instrumental response function.
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Scheme 2 Proposed photodynamic schemes for (A) DP-MPPI and (B) DP-HPPI in DCM solutions, in which ICT is the intramolecular charge transfer
process and tppt and trpt are the times for the direct and reverse ESIPT reactions, respectively.

increasing from 450 nm and above. In this sense, this ultrafast
component can be assigned to the excited-state ICT reaction,
which is in agreement with all our previous observations.

Considering all the results obtained up to now, we can offer
a global and precise vision of the photodynamics scheme of
DP-MPPI and DP-HPPI molecules in DCM and ACN solvents. As
illustrated in Scheme 2A, the photoexcited DP-MPPI in the
DCM molecule undergoes an ultrafast ICT reaction (400 fs),
with the subsequent formation of two different CT species, with
non-planar and planar conformations that emit with lifetimes
of 2.1 and 7.5 ns, respectively. On the other hand, the photo-
dynamics of DP-HPPI strongly depends on the properties of the
solvent. In DCM, it undergoes an ultrafast ICT reaction (700 fs),
followed by a reversible ESIPT reaction with the emission of K
forms, non-planar ECT and planar ECT species in 1.4, 2.1 and
6 ns, respectively (Scheme 2B). However, in ACN (the more
basic and polar solvent), this molecule does not show any
signature of the ESIPT reaction due to intermolecular interac-
tions with the solvent molecules, so its photophysical beha-
viour resembles that of DP-MPPI, with an ultrafast ICT reaction
and the subsequent formation of non-planar and planar CT
species emitting with lifetimes of 2.1 and 6 ns.

Conclusions

In this work, we have investigated the effect of phenyl groups in
the proton accepting moiety of a new proton transfer molecule
(DP-HPPI) and its methylated equivalent (DP-MPPI) on their
photophysical properties. First, the large Stokes shift observed
in the steady state emission spectra reflects the existence of
ICT, which is induced by the phenyl groups in the phenan-
threne moiety. Second, the dual emission of DP-HPPI in DCM
indicates the subsequent occurrence of an ESIPT reaction
which was precluded in ACN owing to the more polar and
basic properties of this solvent, which favours interactions with
the proton atom of DP-HPPI. The fs—ps experiments on both
molecules support the assignments and provide the time con-
stants of ultrafast events. We observed the existence of an
ultrafast process in the excited state (400-700 fs) which is

6834 | Phys. Chem. Chem. Phys., 2022, 24, 6828-6835

attributed to the ICT reaction, leading to the formation of
non-planar and planar CT species with lifetimes of 2 and
6-7.5 ns, respectively. We have also proved that DP-HPPI in
the DCM solution undergoes a subsequent fast reversible ESIPT
reaction, leading to the formation of a K tautomer which is in
equilibrium with the enol CT species. These results highlight
the influence of phenyl groups in the tunability of the emission
and photophysical properties of proton transfer dyes, opening a
way for a controlled design of new molecules and systems.
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