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Abstract

We report on the spectroscopic and photodynamical behaviours of 5-amino-2-
(2’-hydroxyphenyl)benzoxazole (SA-HBO) in different solutions. The dye exhibits an
ultrafast ICT reaction (<50 fs) (comparable to that observed for its methylated
derivative, SA-MBO), in agreement with the results of TD-DFT theoretical calculations
(gas phase). Depending on the used solvent, the ICT reaction can be followed by a
reversible/irreversible excited-state intramolecular proton transfer (ESIPT) reaction or
by breaking of the intramolecular hydrogen bond (IHB). 5SA-HBO in n-heptane solution
exhibits an irreversible and slow (20 ps) ESIPT reaction, while that of the parent
compound, HBO, takes place in less than 150 fs. Compared to excited HBO behaviour,
the theoretical calculations for SA-HBO suggest a higher energy barrier (~4 kcal/mol)
between the relaxed enol and keto tautomers, in addition to a less stabilization of the
latter, which is in agreement with the experiments in n-heptane. On the other hand, in
dichloromethane, after the ICT reaction a subsequent and reversible proton motion
occurs in an extraordinary slower regime (ns-time scale). No isotopic effect (OH/OD
exchange) was observed in this solvent reflecting that the reversible ESIPT reaction
evolves along the IHB and solvent coordinates. Using tetrahydrofurane and acetonitrile,
we observed a breaking of the IHB due to sepcific intermolecular interactions with the
solvent molecules. This leads to the formation of open-enol forms which experience an
ICT reaction as it happens in the SA-MBO. These results bring new findings in the
coupled ICT and ESIPT reactions. The photobehaviour of this new dye remarkably
changes with the solvent nature, opening the window for further research, and possible

applications in sensing polarity or H-bonding of media like of the biological ones.
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1. Introduction

Organic molecules showing excited state intramolecular proton transfer (ESIPT)
reactions have been investigated extensively because of their potential applications as
well as the fundamental importance of the proton transfer in chemistry and biology.' "

The modification of the dye structure by introducing a functional group has been used

16, 17 2, 18

for the generation of white-light-emitting materials tunneling laser actions™ ° and
multicolor molecular probes for biological applications.'* ' 2 Such modification can
produce changes in the spectroscopy and dynamics due to the involvement of
intramolecular charge transfer (ICT), that happens along with the ESIPT. Both reactions
can be coupled and different stepwise mechanisms have been proposed.*'°

A well-known proton-transfer dye; 2-(2’-hydroxyphenyl)benzoxazole (HBO), in
which the ESIPT reaction takes place in ~150 fs,”' exhibits remarkable changes in the
ESIPT reaction and related spectroscopy when an acceptor or a donor group is in its
molecular framework. In this sense, HBO derivatives containing electron-withdrawing
groups in the 6-position of the benzoxazole ring such as 2-[[2-(2-
hydroxyphenyl)benzo[d]oxazol-6-ylJmethylene]malononitrile (diCN-HBO),* heptan-3-

28, 29
»“” and

yl 2-cyano-3-(2-(2-hydroxyphenyl)benzo[d]oxazol-6-yl)propanoate (HBOCE)
2-((2-(2-hydroxyphenyl)benzo[d]oxazol-6-yl)methylene)malononitrile (HBODC)*
have been shown to exhibit ESIPT reactions followed by an ICT one. These molecules
present different behaviours; while for diCN-HBO the ESIPT reaction is directly
coupled with solvent polarization (changing the ESIPT rate constant from 1.1 ps in
cyclohexane to 0.3 ps in acetonitrile (ACN)),® for HBOCE the reaction shows a
bimodal behaviour with time constants of 250 fs and 1.2 ps due to the conformational
heterogeneity in the ground state.”” On the other hand, in an HBO derivative containing
an electron-donating group in the same position as in HBOCE; 6-amino-2-(2’-
hydroxyphenyl)benzoxazole (6A-HBO), the ICT reaction takes place prior to the ESIPT
one.”***** 1In this case, the ESIPT reaction is even slower than the previous examples,
with time constants from 1 to 35 ps (in n-heptane and methanol (MeOH) solutions,
respectively).”> Moreover, in H-bonding acceptor solvents like ACN and
tetrahydrofurane (THF), this reaction is reversible and presents time constants up to
hundreds of picoseconds,** while for solvent with strong H-bonding acceptor abilities

(N,N-dimethylformamide, DMF) the proton motion does not take place and only the
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open-enol species are observed.” Clearly, the substituent character (electron donor or
acceptor) and the nature of the used solvent change the ESIPT reaction dynamics, which
is coupled to the ICT one. To further explore the effect of the position of the amino
group in the HBO moiety, we here report on theoretical calculations and
photodynamical behaviour of 5-amino-2-(2’-hydroxyphenyl)benzoxazole (5A-HBO)
and its methylated derivative (5-amino-2-(2’-methoxyphenyl)benzoxazole, SA-MBO) in
different solvents. For both molecules we find that an ultrafast ICT reaction occurs
below the system resolution (<50 fs), and it is followed by the solvent relaxation (0.7-
1.1 ps). SA-HBO in n-heptane exhibits a subsequently abnormally slow (20 ps) and
irreversible ESIPT reaction, while in DCM it is reversible with time constants of
forward and backward proton motion in the ns-regime. In ACN and THF solutions, the
excited SA-HBO presents the breaking of the intramolecular H-bond and the formation
of the intermolecular one with the solvent molecules. We compare and discuss the
results with those obtained using the methylated derivatives; SA-MBO (Scheme 1), a
molecule which exhibits an ICT, but cannot undergoes an ESIPT reaction. Comparing
the results described here with those obtained for 6A-HBO,** **** the reported here for
5A-HBO show that the position of the amino group strongly affects the ICT and ESIPT
dynamics. The ICT reaction occurs faster than that observed for 6A-HBO, while that of
ESIPT 1is disfavored due to intermolecular interaction with solvent molecules. We
believe that our findings are giving new knowledge which was not available, and could

be used for better design of proton transfer dyes for sensing and related fields.

2. Experimental Section

Calculations have been done on the HBO and 5A-HBO molecular systems in gas
phase. Geometries have been optimized at the DFT level using the hybrid CAM-B3LYP
functional in order to prevent failures when dealing with excited states with a noticeable
degree of intramolecular charge transfer.”* The extended 6-31G(d,p) basis set has been
used in all the calculations.” *® The ten lowest singlet excited states have been then
calculated at the ground-state minimum energy geometry (Franck-Condon
approximation) using the TD-DFT level and the same CAM-B3LYP functional. The
minimum energy structures (enol and keto) in the lowest singlet excited state have been

then localized by full minimization at the same level of calculation. Finally the
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transition states in the excited states have been approximately located by means of a
reaction coordinate calculation. All the calculations have been carried out with the
GAUSSIANO9 suite of programs.®’

The synthesis, purification and characterization of 5-amino-2-(2-
methoxyphenyl)benzoxazole (SA-MBO) and 5-amino-2-(2-hydroxyphenyl)benzoxazole
(5A-HBO) are described in our previous report.*® The deuterated compound (5A-DBO)
was obtained heating SA-HBO in deuterated methanol and evaporating the solvent.

The used solvents (anhydrous): n-heptane (99%), dichloromethane (DCM,
99.9%), acetonitrile (ACN, 99.8%) and tetrahydrofurane (THF, 99.9%) were purchased
from Sigma-Aldrich. The deuterated solvent: dichloromethane (DCM-d,, 99.9%) was
from Sigma-Aldrich. All the solvents were used as received.

The steady-state UV-visible absorption and fluorescence spectra have been
recorded using JASCO V-670 and FluoroMax-4 (Jobin-Yvon) spectrophotometers,
respectively. Fluorescence quantum yields were measured using Quinine Sulfate in a
0.1 N H,SOj, solution as a reference (¢ = 0.51 at 293 K).*®

Pico-nanosecond emission decays were measured using a time-correlated single
photon counting (TCSPC) system.” The sample was excited by a 40-ps pulsed diode
laser centered at 371 nm (<5 mW, 40 MHz repetition rate). The emission signal was
collected at the magic angle and the instrument response function (IRF) was ~70 ps.
The IRF of the system has been measured using a standard LUDOX (Sigma-Aldrich)
solution in 1 cm cell. 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 time-resolved emission spectra (TRES) were
constructed from the single-wavelength measurements, and the zero time spectrum was
taken as the one obtained at the intensity half-maximum corresponding to the rise of the
excitation pulse. All experiments were done at 293 K.

The femtosecond (fs) emission transients have been collected using the
fluorescence up-conversion technique. The system consists of a femtosecond
Ti:sapphire oscillator MaiTai HP (Spectra Physics) coupled to a second harmonic
generation and up-conversion setups.*’ The oscillator pulses (90 fs, 250 mW, 80 MHz)
were centered at 720 nm and doubled in an optical setup through a 0.5-mm BBO crystal
to generate a pumping beam at 360 nm (~ 0.1 nJ/pulse). The polarization of the latter

was set to magic angle in respect to the fundamental beam. The sample has been placed
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in 1-mm thick rotating cell. The fluorescence was focused with reflective optics into a
I-mm BBO crystal and gated with the fundamental fs-beam. The IRF of the full setup
(measured as a Raman signal of pure solvent) was ~220 fs. To analyze the decays, a
multiexponential function convoluted with the IRF was used to fit the experimental

transients. All experiments were performed at 293 K.

3. Results and Discussion

3.1 Theoretical part
3.1.1 Gas phase

The results of the TD-DFT calculations show that only one minimum energy
structure is present in the ground state (So) of both HBO and 5A-HBO molecules with
the hydrogen bonded to the phenol moiety (syn-enol structure, Scheme 1). The
calculation of the ten lowest singlet excited electronic states at this geometry (vertical
excitation) reveals that in both systems the lowest excited state mostly comes from the
HOMO-LUMO =nrn* electronic excitation. Figure 1 depicts the shape of these two
orbitals for both systems of different structures. At Sy, the electronic density of the
HOMO of HBO is mainly localized in the phenol part, while that of SA-HBO it is in the
benzoxazole one. However, at S;, after of a vertical excitation, the electronic density is
redistributed over all the molecular structure. Thus, the electronic density goes in
opposite direction for both molecules since for HBO it migrates from the phenol part to
the benzoxazole one, while for SA-HBO it is from benzoxazole moiety to the phenol
one. These differences could explain the different observed behaviours for both
molecules, as we see below.

On the other hand, the energy of the lowest singlet excited electronic states (in
gas phase) allows for a theoretical prediction of the absorption spectra of these species.
For HBO the lowest two electronic transitions from the ground state are permitted (they
have a non-negligible value of the oscillator strength) and predicted to appear at 286 and
250 nm. In the 5A-HBO system the second singlet excited state is optically inactive
(very small value of the oscillator strength) but the transition to the third one, not far in
energy, is allowed. Thus, two bands are theoretically predicted for the absorption
spectra of this molecule now at 295 and 241 nm. These values are in agreement with the

experimental absorption spectra (~340 and ~270 nm, respectively) as the differences
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between the experimental results and the theoretical calculations fall within the
expected error of the TD-DFT methodology (0.5 eV).

Figure 2 depicts the whole energy landscape obtained for both HBO and 5A-
HBO in gas phase for both the ground (Sy) and first singlet (S;) excited electronic states.
At S;, two minima were localized with the hydrogen atom (OH) either bonded to the
phenol (enol) or the benzoxazole (keto) region of the molecule. Both minima can be
connected through an excited-state intramolecular-transfer (ESIPT) process. In the
parent HBO, molecule the excited keto form is clearly the more stable one (by more
than 3 kcal/mol). There is also a very small energy barrier (~1.5 kcal/mol) for the
ESIPT reaction, which can take place from the optimized relaxed excited enol form
(E*). However the vertical (Franck-Condon) transition, indicated by a vertical red arrow
in Figure 2, puts the excited system above this energy barrier so that ESIPT may
proceed in an ultrafast way following the electronic excitation. Very interestingly, for
5SA-HBO the two tautomers (relaxed E* and K* structures) forms are almost degenerate
(the keto remains as the most stable but by 0.3 kcal/mol). Moreover, the energy barrier
(4 kcal/mol) is higher than the one found for HBO (1.4 kcal/mol) though the Franck-
Condon transition still gives the system enough energy to overcome the barrier. Finally
for both keto structures at S, the reverse proton transfer reaction is expected to proceed
without energy barrier to recover the enol populations.

Table S1 contains the Cartesian coordinates of the relevant geometries
calculated for the different HBO and 5A-HBO structures. From these data the geometry

of the molecules can be generated.

3.1.2 Mulliken charges and dipole moments

Another point of interest to be theoretically analyzed is the amount of charge
transfer that takes place along the whole photochemical process at S;. Table 1 gives the
total Mulliken charges of the phenol side for HBO and SA-HBO at the structures along
the process. For the parent HBO, it is noted that the electronic excitation without
geometry optimization involves an electronic redistribution from the phenol moiety to
the benzoxazole ring as its charge increases from 0.080 to 0.207. The geometry
relaxation upon electronic excitation (E*(FC) — E*) does not produce a noticeable
change in the total charge of the phenol part but the following ESIPT leaves the phenol
with a large amount of negative charge (-0.39 au) (Table 1). The difference of charge

7
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between the E* and K* tautomers implies that the transferred hydrogen atom has a
positive charge of 0.590 au (in general terms, the particle that is transferred has a 59%
character of a proton). For SA-HBO the electronic excitation implies a negligible
electronic redistribution between the enol and the benzoxazole part of the molecule.
However, unlike HBO, a charge migration (0.09 au) from the amino-benzoxazol moiety
to the phenol one, between E*(FC) and relaxed E*, is observed. This value is ten times
longer than the observed in HBO (=0.009). The final hydrogen atom transfer in SA-
HBO (relaxed E* — K*) results in a 0.4 au. The small charge transfer character (9 %)
(E* (FC) — E*) is not quite agree with what we observe experimentally (see below).
However the charge analysis performed so far just takes into account a very restricted
charge-transfer process between two specific parts of the molecule. A more accurate
picture of the whole charge redistribution can be obtained if we calculate the variation
of the dipole moment along the specific processes. Table 3 gives the dipole moment
variation (Ap) (in gas phase) for HBO and 5SA-HBO due to three events: Electronic
excitation (E — E*(FC)), geometry relaxation of the enol in S; (E*(FC) — E*) and
ESIPT (E* — K*). In the E — E*(FC) transition, the Ap for both molecules is similar
(2.2 and 1.8 D for HBO and 5A-HBO, respectively). However, in the (E*(FC) — E*)
transition, the Ap for SA-HBO (3.7 D) is higher than for HBO (0.3 D), suggesting an
ICT reaction in the former. Finally, in the (E* — K*) transition this variation is high for
both molecules although still is higher for SA-HBO (4.1 D) than for HBO (2.8 D).
These results demonstrate that the presence of a donating group (-NH,) in the molecular
frame produces an increase in the charge density which is reflected in the dipole

moment.

3.2 Steady-state Absorption and Fluorescence Spectra

The steady-state UV-visible absorption and emission behaviour of SA-HBO and
its methylated derivative SA-MBO in n-heptane, DCM, THF and ACN solutions were
studied. Figure 3 displays the spectra of both molecules in these solvents. For both dyes,
the Sy — S, (=270 nm) and Sy — S; (330-346 nm) absorption spectra are similar for all
the used solvent, showing a vibrational structure for the higher transition while it is not
clear or absent for the lowest one. These transitions are in agreement with the observed

in the theoretical part where we predicted two bands at 241 and 295, taking into account
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the expected error of the TD-DFT methodology (0.5 eV). Moreover, the SA-HBO Sy —
S, absorption spectra shows a small red-shift (~ 900 cm™) in their maxima when
compared to those of SA-MBO, indicating the stabilization in the first one due to the
presence of an intramolecular H-bond (IHB, Scheme 1). The molar extinction
coefficients of 5A-MBO (epcy (340 nm) = 1.83 x 10° M em™) and 5A-HBO (epewm
(340 nm) = 0.58 x 10* M cm™) are similar and high indicating that they are of (m,1*)
nature. Moreover, the € for SA-HBO is higher than that of its parent molecule HBO
(epem (333 nm) = 0.34 x 10° M cm™),*" showing the positive effect of the amino
substituent in the oscillator strength of the related transition.

The fluorescence emission spectra of SA-MBO consist of a unique band whose
maximum is shifted with the solvent nature: 400, 450, 475 and 490 nm in n-heptane,
DCM, THF and ACN, respectively (Figure 3). The large Stokes-shift of the emission
spectra (5200, 7900, 8200 and 9350 cm’ for n-heptane, DCM, THF and ACN,
respectively) reflects an intramolecular charge transfer (ICT) taking place in the excited
state from the amino group to the MBO part, as it has been previously reported for other
molecules.”* ** * The emission spectra of SA-HBO exhibit different behaviour. While
in n-heptane the emission spectrum displays a dual emission with maxima located at
400 and 500 nm, those of DCM, THF and ACN solution are not very different from the
obtained for SA-MBO. The two emission bands observed for SA-HBO in n-heptane
solution are assigned to the open-enol charge-transfer (open-ECT) (400 nm) and keto
(K) (500 nm) species (Scheme 1). The large stokes shift (4500 cm™) observed for the
enol emission band (comparable to that observed for SA-MBO) indicates an ICT
reaction in the excited state of this specie leading to a charge redistribution within the
molecular frame increasing the dipole moment, as we have previously demonstrated for

comparative derivative (6A-HBO).** **

This is in agreement with the theoretical results
where a high value in the dipole moment is observed for the relaxed excited enol specie
(E*) (~ 4 D). The emission of SA-HBO in DCM solution displays a broader band when
compared to the SA-MBO, which suggest the presence of at least two emitters in this
region. Time-resolved experiments (see below) will shine more light in this behaviour.
Some hydroxyflavones derivatives, like 4’-dimethylaminoflavonol (DMAF), show a
similar behaviour in this solvent.*” *° Finally, 5A-HBO in ACN and THF solutions
exhibit a unique band very similar to that observed for SA-MBO indicating that the

emission is due to open-enol charge-transferred forms (open-ECT). Here, the solvent

molecules are interacting with the dye inhibiting the intramolecular proton motion
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(Scheme 1). The same behaviour in a stronger H-bond acceptor solvent (N, N-
dimethylformamide, DMF) was observed for this molecule.”” The fluorescence
excitation spectra of SA-MBO and 5A-HBO in the related solvents exhibit the same
behaviour than that observed for the absorption one, indicating that the emitters are
coming from a common origin in the ground state (Figure S1 and S2 in ESI¥).

The presence of the amino group in the HBO structure increases the electronic
density of the molecule, producing changes in its spectral behaviour.”* ** ** The
theoretical results show the differences between HBO and 5A-HBO. At Sy, HBO has
the electronic density mostly localized in the phenol part, while for SA-HBO it is in the
benzoxazole one. However, at S; and using the result of a vertical excitation (without
change in geometry) the electronic density is redistributed for all molecular structure
(Figure 1). In HBO, the electronic density migrates from the phenol part to the
benzoxazole one, while in SA-HBO we got the reverse trend. The pKa and pKa* values,

13342 a1so reflect the differences between HBO

which were reported in previous studies,
and SA-HBO (Table S2 in ESIf). At Sy, pKa’s of the imino group (-NH'=) for HBO
and 5A-HBO are -0.3 and 4.2, respectively, while those of the -OH group are 10.40 and
10.15. Thus and according to the theoretical results, for SA-HBO due to the increase of
the electronic density by the presence of the amino group, the pKa of (-NH'=) is higher.
On the other hand, at S, pKa’s of the (-NH =) for HBO and 5A-HBO are 5.24 and 7.76
while pKa’s of the -OH group are -0.04-1.35, and 5.02, respectively. Now, the higher
pKa*(OH) value for 5SA-HBO, shows a decrease in the acidity of this group when
compared to HBO. Moreover, a high difference of the acidity/basicity at S; between the
donor and acceptor groups is necessary to produce the ESIPT reaction. This difference,
ApKa* (pKa* (-N=) — pKa* (OH-)) is ~5 for HBO while it is only 2.74 for SA-HBO.
The small difference observed for SA-HBO reflects the slowing down on the ESIPT

reaction rate in apolar or less polar solvents (n-heptane and DCM) and its absence in H-

bond acceptor solvents (ACN and THF).

3.3 Picosecond Time-Resolved Fluorescence Study

To shed light on the different behaviours observed above, the ps-emission
decays of SA-MBO and 5A-HBO in the same solutions were recorded upon excitation

at 371 nm. To begin with the SA-MBO behaviour, Figure 4A shows representative

10
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results observing at 475 nm. The decays were well fitted using a monoexponential
function giving time constants of 2.5, 5.0, 6.8 and 7.2 ns for n-heptane, DCM, THF and
ACN, respectively. The lifetimes correspond to the emission of the excited ICT species.

The photodynamical behaviour of SA-HBO depends on the solvent (Figure 4B
and 2C). To make easy the discussion of obtained results, we begin with the n-heptane
solution where a multiexponential behaviour is observed (Figure 4B). Table 2 gives the
obtained time constants (t;), amplitudes (A;), pre-exponential factors (a;) and relative
contributions (c;) normalized to 100. The 20-ps component is decaying at the bluest part
(400-450 nm), while it is rising at the reddest one (475-550 nm). The 810-ps component
(appearing from 410 nm) is decaying at all observation wavelengths, and increasing its
contribution at the reddest part of the spectrum. The 2.5-ns component is present up to
450 nm being its contribution longer at the bluest part. Based on these results, the 2.5-ns
component, similar to that obtained for SA-MBO, is assigned to an open-ECT form,
while the 810-ps one is due to the keto type tautomer (K). The 20-ps component which
is decaying in the enol (E) emission region and rising in the K one, corresponds to the
ESIPT reaction which takes place in the excited E form to produce the K tautomer
(Scheme 2A). Note that for HBO in apolar solvents, the ESIPT reaction occurs in <150
fs,>! shorter than the observed for SA-HBO in the same solvent. The theoretical studies
at S; in gas phase show that the energy differences between the relaxed excited enol
form (E*) and transition state (TS*) are lower for HBO (1.39 kcal/mol) than for 5A-
HBO (3.94 kcal/mol). Moreover, for HBO at S, the keto energy compared to that of E*
is stabilized by ~3 kcal/mol, while for SA-HBO this difference is only 0.32 kcal/mol.
Therefore, the slow ESIPT reaction for SA-HBO is in agreement with the theoretical
results showing a higher energy barrier on the TS*, and a less stabilization on its keto
form. Similar observations were described for another proton coupled charge transfer
dyes +27:32

Figure 4C displays representative emission decays of SA-HBO in DCM solution,
while Table 3 gives the obtained values 1, Aj, a; and c;. The decays exhibit a
biexponential behaviour giving time constants of 1,= 2 ns, which is decaying at all
observation wavelengths, and 1,= 500 ps, decaying at the bluest part (for wavelengths
shorter than 475 nm) and rising at the reddest one (for wavelengths longer than 475
nm). The ratio of the amplitudes at the reddest part of the spectra (650 nm) is Ay/A; = -1
(Table 3), which is an essential condition for a kinetic scheme modeling reversible

reaction in the excited state.”* *’ To shed more light on the reversibility of ESIPT
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reaction of SA-HBO in DCM, time-resolved emission spectra (TRES) were recorded. In
this spectrum the shape of the broad emission band, where we have two emitters, does
not change after of ~1 ns suggesting that both excited species are equilibrated (Figure
5). Therefore, 500-ps and 2-ns components reflect the combination of forward (or
direct) and back (or reverse) proton motion, and the ECT and K emission lifetimes,
respectively. To analyze the reversibility of this reaction, the direct (kppr) and reverse
(krpr) proton motion rate constants together with the keto lifetime (t(K)) were
calculated through equations S1-S6 (ESIT), in which we suppose that the ECT lifetime
has a similar value to that observed for 5SA-MBO (5 ns), where the proton motion does
not occur (Scheme 2B). The obtained values are ©(K) = 950 ps, kppr = 6.4 x 10® s™ and
krpr = 6.1 x 10° s'. The kppr and kgpr constants are very similar, showing that the
ESIPT reaction is extremely equilibrated (K= kppy krpr = 1.05). This is in agreement
with the relative intensities (close to one) of the dual emission observed in the broad
emission spectrum (Figure 3). To further explore the behaviour of the reversible ESIPT
reaction, a kinetic isotopic (OH/OD) effect study using the deuterated molecule (5A-
DBO) in DCM-d, was realized. We do not observed change in the emission signal
indicating the absence of tunneling (Figure S3 in ESIf). Thus, the direct and reverse
ESIPT reactions have to overcome the barrier along the IHB and solvent coordinates.**

Finally, the emission decays of 5A-HBO in THF and ACN solutions were
recorded and fitted using a monoexponential function giving time constants of 6.2 and
6.8 ns, respectively. These time constants, larger than those observed in n-heptane (1.65
ns) and DCM (5.0 ns), are very similar to those obtained for SA-MBO in the same
solvents (6.8 and 7.2 ns, respectively). Thus, we believe that the intramolecular proton
motion for SA-HBO in THF and ACN solutions does not occur. Therefore, the emission
observed for 5SA-HBO is due to open-ECT species, produced by the breaking of the IHB
owing to the interactions with solvent molecules, having a H-bond acceptor ability (=
0.55 (THF) and 0.4 (ACN)) (Scheme 2C). This behaviour was also observed in a more
basic solvent (DMF) where the open-ECT emission lifetime was 7.3 ns.”

To get information on the radiationless decays, we measured fluorescence
quantum yields (¢). In n-heptane and DCM, where the ESIPT reaction takes place, the
global ¢ of SA-HBO (0.09 and 0.2, respectively) are smaller than those obtained for its
methylated compound (0.26 and 0.38, respectively) (Table 3). The non-radiative
constants (k,) for SA-HBO in DCM solution (reversible ESIPT reaction) were

calculated through eqs S7 and S8 (ESIT) and using the experimental quantum yields (¢)

12
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for each species (Table 3). k,, values show that K species undergo more efficient non-
radiative processes than ECT ones (ky (ECT) = 4.0x10% s™' and ky (K) = 1.1x10° s™'for
n-heptane, and k,, (ECT) = 1.7x10% s™" and ke (K) = 9.9x10° s for DCM). However, in
THF and ACN solutions, where the ESIPT reaction does not occur, the ¢ values for SA-
HBO (0.39 and 0.36, for THF and ACN, respectively) are similar to those obtained for
5A-MBO in the same solvents (0.39 and 0.37, respectively).
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3.4 Femtosecond dynamics

The ultrafast dynamics of SA-MBO and 5A-HBO in the same solutions were
studied. Exciting at 360 nm, the molecular system is brought to almost without excess
of vibrational energy at S;. Figure 6 shows the fluorescence transients of SA-MBO in
the related solvents. Tables 3 and 4 give the results for SA-MBO and 5A-HBO of the
multiexponential fits, taking into account the ps-results discussed above.

To begin with, the ultrafast behaviours of SA-MBO were investigated. The
longest components (in the range of nanoseconds) are fixed in the fit taking into account
the results obtained from the TCSPC measurements (see the preceding section). 5A-
MBO exhibits a comparable behaviour in all used solvents, showing two components,
an ultrafast one of 200-300 fs (except for n-heptane), present only at the bluest part as a
decay, and another of 0.7-1.2 ps, which is decaying at bluest part and rising (except for
n-heptane) at the reddest one. The ultrafast component is assigned to intramolecular
vibrational energy redistribution (IVR), value comparable to the obtained for molecules
of similar size.®™* As we explained above (steady-state part) due to the red-shift
observed in the emission spectra, an ultrafast ICT is expected. However, the ultrafast
ICT is not observed here, on the contrary to our previous study where an ultrafast rise

24,32
*°% Thus, we

component (80-140 fs) was recorded for a similar derivative (6A-MBO).
suggest the ICT process takes place in less than ~50 fs (resolution of the system after
deconvolution). The lack of the ultrafast component observation owing to ICT and IVR
processes in n-heptane could be a compensation of these rise (ICT) and decay (IVR)
components at the bluest part (Table 4). On the other hand, the 0.7-1.2 ps component,
which is decaying at the bluest part and rising (except for n-heptane) at the reddest one,
is assigned to solvent relaxation processes. Note that solvent relaxation times for DCM
(1 ps) and ACN (0.6 ps) studied in coumarin 153 (C153) are similar to those obtained
here for the same solvents (1.2 and 0.7 ps for DCM and ACN, respectively).*®

Finally, the ultrafast dynamics of SA-HBO in the same solvents were examined.
5A-HBO (Figure 7) shows an ultrafast behaviour similar to that of the observed one of
5A-MBO (Table 5) exhibiting an ultrafast component of 200-300 fs and another longer
one of 0.7-1.2 ps, assigned to the same processes as in the methylated derivative. This is
in agreement with what we observed in the emission spectra: for THF and ACN
solutions both molecules behave equal, and for n-heptane and DCM solutions, we

observe the ECT emission band for both molecules at the same region. Thus, we believe
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that for SA-HBO (like in SA-MBO) an ICT process of <50 fs takes place. The
occurrence of this event is supported by theoretical results where we observed charge
redistribution together with an increase in the dipole moment of the excited and relaxed
enol specie. Moreover, SA-HBO in n-heptane shows an additional component of 20 ps,
which is similar to that observed in the picosecond experiment, assigned to the ESIPT
process (Figure S5A in ESIt). It remarkable that the ultrafast ICT reaction (<50 fs),
triggered by the amino group, slows down the ESIPT one in n-heptane, while in DCM
solution it makes reversible; and in THF and ACN solutions, it does not occur (Scheme
2). In these two media, a breaking of the IHB produced by the specific interactions with
the solvent molecules occur, producing solvated open-enol forms with emission
spectrum and dynamics similar to those of the SA-MBO. To summarize, Schemes 2A,
B and C give the possible mechanisms of the three different behaviours taking place at
S| of 5SA-HBO in n-heptane, DCM, ACN and THF solutions.

As we explained above, the -NH, presence increases the electronic density at the
So and S; states, producing changes in the absorption, emission and photodynamical
behaviour of SA-HBO. For example, when we compare 5SA-HBO with HBO in apolar
solvent (n-heptane), the ESIPT reaction of the former is slower (20 ps vs 150 fs)*! and
has to overcome a higher energy barrier, as suggested by the TD-DFT theoretical
results. The —NH; position also affects the ESIPT reaction rate constant. For 6A-HBO
in n-heptane, the reaction is faster (1 ps) than the SA-HBO one (20 ps).32 On the other
hand, 6A-HBO in ACN and THF solutions, presents a reversible behaviour where the
ESIPT reaction takes place in a hundred of picoseconds.”* However, 5A-HBO in these
solvents does not present any proton motion exhibiting only a breaking of the IHB. The
amino group in —para (6A-HBO) or —meta (SA-HBO) position affects the electronic
densities on the -N= and OH- sites, leading to a change in their acidities (Table S2 in
ESIT) at both ground and excited states. We have therefore demonstrated that the
presence and position of the amino group in the benzoxazole part modulate the

behaviour and rate of the ESIPT reaction.”* 3

15



Physical Chemistry Chemical Physics

4. Conclusion

In this work, we reported on spectroscopic and photodynamical behaviours of
5A-HBO in n-heptane, DCM, THF and ACN solutions. We also performed theoretical
calculations (TD-DFT), in gas phase, for which the results for HBO (molecule without
amino group) and SA-HBO show that presence of the -NH, group in the molecular
framework induces an increase of the electronic density in the benzoxazole part.
Moreover, the relaxed excited enol specie (E*) of SA-HBO presents a dipole moment
(~4 D) higher than that of HBO (0.3 D). These results indicate that for excited SA-HBO
an ICT process occurs followed by an ESIPT reaction.

Steady-state emission studies of SA-HBO and SA-MBO shows that the former in
n-heptane and DCM solutions undergoes and ICT event followed by a proton transfer
motion. While in ACN and THF solutions, we only observed the ICT emission band.
Femtosecond studies for SA-HBO in all used solvents, suggest an ultrafast ICT reaction
(<50 ps) and a solvent relaxation (0.7-1.2 ps). These results are comparable and
discussed to those of the methylated derivative (SA-MBO) which does not suffer any
ESIPT reaction. Following the ICT reaction, SA-HBO in n-heptane solution shows an
irreversible and remarkably slow (20 ps) ESIPT one. These results are in agreement
with those of the DFT ones in gas phase, showing an almost similar energy of both
ECT* and K* forms, between which the transitions-state energy is ~ 4 kcal/mol. Both
experimental and theoretical result of SA-HBO and HBO are in agreement and show the
effect of the amino group in the coupled ICT and ESIPT reactions. In DCM solution, a
subsequent and reversible proton transfer reactions takes place in the ns-regime. The
isotopic effect in this solvent is not observed indicating that the direct and reverse
reactions have to overcome energy barriers using the IHB and solvent coordinates.
Finally, in THF and ACN solutions the ESIPT reaction does not occur owing to the
breaking of the IHB originated by intermolecular interactions between solvent and 5A-
HBO molecules. Our results shed more light on the substituent effect on the ICT and
ESIPT reactions, opening the way to more exploration of these coupled reactions, which

might be need for better design of materials based on charge and proton transfer events.
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Caption of figures, schemes and tables.

Scheme 1. Possible molecular structures of SA-MBO and 5A-HBO.

Scheme 2. Suggested photodynamics mechanisms of SA-HBO in A) n-heptane, B)
DCM, and C) ACN and THF solutions, involving ICT and ESIPT reactions and THB
breaking. The arrows indicate the nature of the photoreaction in the related structure and

the values gives dynamical and photophysical parameters..

Table 1. A) Total Mulliken charges (in au) of the phenol part for HBO and 5SA-HBO in
gas phase at different states. B) Dipole moment variations (Ap in Debye) for HBO and
5A-HBO due to the indicated photochemical processes.

Table 2. Values of the time constants (1), normalized (to 100) pre-exponential factors
(ai) and fractional contributions (c;= t;a;) obtained from a multiexponential fit of the ps-
ns emission decays of SA-HBO in n-heptane and DCM solutions, upon excitation at 371
nm, and at the observation wavelengths as indicated. The negative sign for a; (ci)

indicates a rising component in the emission signal.

Table 3. Values of the photophysical parameters of SA-HBO in a DCM solution. t and
¢ are fluorescence lifetime and quantum yield, respectively. k; and k,, are the radiative

and nonradiative rate constants, respectively.

Table 4. Values of the time constants (t;), normalized (to 100) pre-exponential factors
(aj) of the function used in fitting the femtosecond emission transient of SA-MBO in
different solutions, upon excitation at 360 nm, and observation as indicated. The

negative sign for a; (c;) indicates a rising component in the emission signal.

Table 5. Values of the time constants (t;), normalized (to 100) pre-exponential factors
(aj) of the function used in fitting the femtosecond emission transient of SA-HBO in
different solutions, upon excitation at 360 nm, and observation as indicated. The

negative sign for a; (c;) indicates a rising component in the emission signal.
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Figure 1. Shape of the HBO and SA-HBO HOMO/LUMO orbitals involved in the

electronic excitation from the ground to the lowest singlet excited electronic state.

Figure 2. Energy profiles in the ground (Sp) and first singlet excited (S;) electronic
states for HBO and 5A-HBO in gas phase. The obtained energies of E*(FC), relaxed
E*, transition state (TS*), K* and ground state, E and K forms are given in kcal/mol.

For clarity, the scheme is not in scale.

Figure 3. Normalized UV-visible absorption and fluorescence spectra (upon excitation
at 350 nm) of 5-MBO (dashed lines) and SA-HBO (solid lines) in the solvents indicated

in the inset.

Figure 4. Magic-angle emission decays of (A) SA-MBO in (1) n-heptane, (2) DCM, (3)
THF and (4) ACN solutions and of SA-HBO in (B) n-heptane and (C) DCM solutions.
The excitation wavelength was 371 nm and the observation as indicate in the inset. The
solid lines are from the best fit using multiexponential functions, and the IRF is the
instrumental response function. To visualize the single exponential behavior of the

decays in panel (A) we plotted the signal in a logarithmic scale.

Figure 5. Normalized (to the maximum of the intensity) time-resolved emission spectra
(TRES) of 5A-HBO in a DCM solution upon excitation at 371 nm and gated at

indicated at different times after the pulse excitation.

Figure 6. Femtosecond emission transients of SA-MBO in (A) n-heptane, (B) DCM,
(C) THF and (D) ACN solutions. The samples were excited at 360 nm and recorded at
the indicated wavelengths. The solid lines are from the best multiexponential fit and the

IRF is the instrumental response function (220 fs).

Figure 7. Magic-angle fs-emission transients of SA-HBO in (A) n-heptane, (B) DCM,
(C) THF and (D) ACN solutions. The samples were excited at 360 nm and monitored at
the indicated wavelengths. The solid lines are from the best multiexponential fits. IRF is
the instrumental response function (220 f5s).
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Scheme 2.
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Figure 2.
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Figure S.
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Figure 6.
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Table 1.
A) E at S, E* (FC) atS; | Relaxed E* K* at S,
at Sl
HBO 0.080 0.207 0.198 -0.392
5A-HBO 0.070 0.085 -0.003 -0.404
B)
Ap/D E atS)— E* (FC) at S1— Relaxed E* at
E* (FC) at §, Relaxed E* at S, S; — K* at S,
HBO 2.2 0.38 2.8
5A-HBO 1.8 3.7 4.1
Table 2.
)\-Obs T1 / ns A] a C1 T2 / ps Az a Cy T3 / ps A3
/mm  (£0.2) % % (£50) % % (*£5)
400 2.5 622 1 56 - - - - 20 61200
425 2.5 593 1 48 810 699 1 15 20 55370
450 2.5 240 1 19 810 6700 11 67 22 35960
475 - - - - 810 11874 100 100 18 -16540
500 - - - - 810 12820 100 100 20 -17620
550 - - - - 810 12930 100 100 20 -18005
400 2.0 9640 77 93 500 2920 23 7 - -
450 2.0 10809 92 98 500 920 8 2 - -
475 2.0 13652 100 100 500 2783  -100 -100 - -
550 2.0 15500 100 100 500 -7390 -100 -100 - -
650 2.0 8700 100 100 500 -8100 -100 -100 - -

a3
%

99

98

88
-100
-100
-100

C3
%

44
37
14

~100

~100
~100
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Table 3. 5A-HBO in DCM
T/ ns 2.0
T2/ ps 500
A=Ap/Ay 0.3
T(ECT) / ns 5.0
T(K) / ps 0.95
kppr / 10°s™ 6.4
krpr/ 10°s™ 6.1
K(Kppr /Kgpr) 1.05
Tppr / NS 1.55
Trer / 1S 1.60
¢ (ECT) (*) 0.14
¢ (K) (%) 0.06
k. (ECT) /10" s 8.5
Knr (ECT ) /10% 5™ 1.7
k. (K)/10" s 9.4
Knr (K) / 108 s 9.9

(*) Values obtained from a deconvolution of
the dual emission spectrum.

Estimated Errors: t (single exp.): 10%;
T (double exp.): 20%; ¢: 20%; k; and ky: 20%
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Table 4.

Solvent Aops/nm T/ fs a;1% T2/ps 4% T3*/mns  az%

(= 50) *0.1)

n-heptane 380 0 [ 1.1 11 2.4 89
420 0 [ 1.1 14 2.4 86
475 O [ (] 0 24 100

DCM 380 220 85 1.2 11 5.0 4
420 240 34 1.2 30 5.0 36
450 O 0 1.2 18 5.0 82
500 O [ 1.2 (1100 5.0 100
550 O 0 1.2 0100 5.0 100
600 O [ 1.2 (1100 5.0 100

THF 400 280 77 1.2 22 6.2 1
450 300 17 1.2 40 6.2 60
500 O [ 1.2 (1100 6.2 100
550 O 0 1.2 0100 6.2 100
600 O [ 1.2 (1100 6.2 100

ACN 400 200 95 0.7 3 6.8 2
450 200 40 0.7 29 6.8 31
500 0 [ 0.7 10 6.8 90
550 O n 0.7 (1100 6.8 100
600 0 [ 0.7 (1100 6.8 100

*Fixed values in the fit taking into account the TCSPC experiments.



Table 5.
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Solvent Aobs/NIM

n-heptane 380
450
500
550
600

DCM 380
400
450
500
550
600

THF 400
450
500
550
600

ACN 400
450
500
550
600

11/ ps
(£0.05)
1.1
1.1
U
]

U

31%

A O N B~ N
518 oDoos D000 FER OO0

OO

T2/ ps
(*35)
20
20
20
20
20

1.2
1.2
1.2
1.2
1.2
1.2

1.2
1.2
1.2
1.2
1.2

0.6
0.6
0.6
0.6
0.6

az%

82
59
178
1180
1182

23

35

19
1100
1100
1100

29
22
1100
1100
1100

5
30
11

1100
11100

3%/ ns

2.5
2.5
0.8
0.8
0.8

2.0
2.0
2.0
2.0
2.0
2.0

7.2
7.2
7.2
7.2
7.2

6.7
6.7
6.7
6.7
6.7

33%

5
33
100
100
100

13
17
81
100
100
100

68

100
100
100

3
27
&9
100
100

*Fixed values in the fit taking into account the TCSPC experiments.
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