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Abstract: Molecular reactivity can change dramatically with
the absorption of a photon due to the difference of the
electronic configurations between the excited and ground
states. Here we report on the discovery of a modular system
(Schiff base formed from an aldehyde and an amine) that upon
photoexcitation yields a more basic imine capable of inter-
molecular proton transfer from protic solvents. Ultrafast
dynamics of the excited state conjugated Schiff base reveals
the pathway for proton transfer, culminating in a 14-unit
increase in pK, to give the excited state pK," > 20 in ethanol.

P roton transfer remains one of the most important and
fundamental steps in chemical and biological processes."
Some weak acids and bases exhibit an increase in their
acidity (pK, <pK,) or basicity (pK, >pK,) upon photo-
excitation; such compounds are known as photoacids or
photobases, respectively (Figure 1). Since the early work on
excited state proton transfer (ESPT) processes by Forster and
Weller,” a large number of experimental and theoretical
studies have investigated the underlying dynamics and
principles.’! This stems from both the fundamental interest
in understanding ESPT dynamics and the exploitation of
photoacids as a functional tool in areas such as triggering
protein folding™ and pH jumps,! as well as probing micro-
solvation® and regulating enzymatic reactions using light,” to
name a few. Recently, photoacids, an example of which is
shown in Figure 1, have found more extensive applications
in chemical sensors, proton-transfer lasers, organic light-
emitting diodes,”’ dye-sensitized ion exchange membranes,'”!
and large Stokes shift fluorescent proteins.'! A recent
example highlights photoacids in the enantioselective proto-
nation of silyl enol ethers leading to enantioenriched o-
substituted carbonyls."? In contrast, the literature on photo-
bases is scarce and limited to heterocyclic amines such as
acridines,"¥  3-styrylpyridines"¥ aminoanthraquinones,"
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Figure 1. Photoacids are prevalent in a variety of applications, as they
offer control of function via a light prompt. FRO-SB is one of few
photobases known, formed in a modular manner from the reaction of
FRO aldehyde with an amine.

Schiff bases,'® and quinolines."”! Curcumin,!® xanthone "
and other bifunctional photoacids have been sporadically
reported to show certain photobasic features.'”*! These
photobases are different from photobase generators, which
are generated upon light irradiation of their salts and have the
drawback of being irreversible with slow proton transfer
rates.?!)

The prevalence of photoacids has led to their exploitation
in a number of avenues, however the paucity of photobases
has hampered investigations into their utility. Nonetheless,
the ability to control the basicity of an agent via photo-
excitation can be as important as those demonstrated with
photoacids. The term super-photoacidity was coined by
Tolbert and co-workers for photoacids that are strong
enough to photo-dissociate in non-aqueous solutions.’” The
term stemmed from work by Carmeli et al,””! and Huppert,
Tolbert and co-workers.* Similarly, one may formally
introduce the term “super-photobasicity” for photobases,
which are strong enough to abstract protons from non-
aqueous solvents such as alcohols. This definition is general
and does not depend on an arbitrary pK, value or change in
pK, value upon photoexcitation. Here, we report on the
photobasic properties and proton transfer dynamics of FR0-
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SB, a conjugated Schiff base (SB) obtained via the imine
formation between the strong solvatochromic dye FRO (a
fluorene based aldehyde) with n-butylamine (Figure 1, see
Scheme S1 in the Supporting Information for the synthesis),
a modular system that can be synthesized using a variety of
aldehydes and amines.! Upon photoexcitation of FR0-SB in
ethanol, fluorescence of the protonated Schiff base (PSB) is
observed, which warrants the consideration of FRO-SB as
a super photobase.

FRO-SB in acetonitrile (ACN) has an absorption centered
at 369 nm and an emission maximum at 479 nm (Figure 2 a).
When FRO-SB is dissolved in protic solvents, dual emission
bands are observed with maxima at 463 nm and 628 nm for
EtOH (Figure 2b, see Figure S1 for spectra in MeOH and n-
BuOH). The emergence of the red emission in protic solvents
is ascribed to the protonated Schiff base (PSB) of FRO that
forms upon excitation. To confirm, the FR0-SB was acidified
by addition of dilute HCIO, to protonate the imine in EtOH,
leading to a large red shift in the absorption spectrum (from
372 nm to 488 nm, Figure 2b). Accordingly, the fluorescence
becomes limited to the low energy emission with a 630 nm
maximum, which confirms the assignment of the protonated
form of FR0-SB (FR0-PSB).
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Figure 2. Absorption (solid line) and emission (shaded area) spectra
of FRO-SB in a) ACN (blue), b) EtOH (black) and acidified EtOH (red).
c) TCSPC traces with single exponential fits for FRO-SB near the
emission maxima when dissolved in ACN (blue) and EtOH (black and
red). Inset shows that the red emission trace at 650 nm of FRO-SB is
identical to the FRO-PSB emission with 400 nm excitation.

Due to the rapid decay of the excited state that leads to
the rapid protonation of FRO-SB, time-resolved fluorescence
measurements were carried out by picosecond time-corre-
lated single photon counting (TCSPC) to further confirm the
nature of the red emission (Figure 2¢) The emission in ACN
exhibits a single exponential decay with a 2.11 ns lifetime,
whereas in EtOH, the blue emission lifetime decreases
sharply to ca. 89 ps. The decrease in the blue-emission
lifetime can be explained by the competing intermolecular
proton transfer from the solvent to FRO-SB in the excited
state, a process that is not possible in ACN. The excited FRO0-
SB acts as a photobase that readily abstracts a proton from
EtOH to form the iminium, which has an emission maximum
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at 628 nm. The red emission of FR0-SB in EtOH displays an
identical decay trace to that of the iminium formed in EtOH/
HCIO, solution with a lifetime of 1.31 ns (Figure 2 ¢ inset, for
detailed TCSPC traces see Figure S2).

The change in pK, upon excitation is determined using the
Forster equation,? ! where pK,* and pK, are the excited
state and ground state logarithmic acidity constants, respec-
tively; Av is the energy of the 0-0 electronic transition of the
base and its conjugate acid (see Eq.1). The 0-0 transition
energies were estimated as 24450 cm™' and 17890 cm™' from
the corresponding crossing points of the absorption and
emission spectra for both FR0-SB and FRO-PSB, respectively
(Figure 2b).%! The calculated increase in pK, is 13.8 units.
While pK, changes up to 14 units have been reported for
photoacids,? to the best of our knowledge the largest pK,
change reported for a photobase is 10.8 for 5-aminoquino-
line.””) With the ApK, in hand, calculation of the excited state
pK,* requires an estimate for the ground state pK, of FRO-
PSB. Although a good estimate for the pK, in EtOH can be
derived from the pK, of the imine in water, this was hampered
by the insoluble nature of FR0-SB in water. Note that the pK,
of ammonium salt is generally elevated by ~3 units when
dissolved in ethanol instead of water.”® Therefore, we
resorted to an indirect measurement of the pK, via quantify-
ing the mole fraction of each species by multi-variant linear
regression with known extinction coefficients as a function of
wavelengths (UV/Vis analysis), generated between the acid-
base reaction of FR0-SB with a-naphthylammonium in EtOH
as described in a previously reported procedure.””’ FR0-PSB
shows a 0.23 unit lower pK, than that of a-naphthylammo-
nium in EtOH. The pK, of a-naphthylammonium in water is
3.9, thus, its pK, in EtOH is estimated at 6.9. Considering the
difference in pK, values for a-naphthylammonium and FRO0-
PSB, the pK, of the latter in EtOH is estimated to be 6.7. This
results in an estimated excited state pK,* of 21 for FR0-SB.
The large change in pK,, occurring upon excitation, is
ascribed to the increased electron density, and thus an
amplified negative polarity on the imine nitrogen atom in
the excited state (see Figure S3).

pK; — pK, = (hv, — hv,)/2.3RT (1)

The relative ratio of the areas under the emission bands
for the protonated FRO-PSB divided by FR0-SB in ethanol is
1.45. We have also estimated the relative ratio of quantum
yields between FRO-SB and FRO-PSB as 3.3 (see Figure S4
and S5). Therefore, one can deduce a relative population ratio
of 4.8 between FRO-PSB and FRO0-SB in ethanol. Since FRO0-
SB emission at 460 nm is associated with a lifetime of 89 ps,
we surmise that the protonation step is associated with
a lifetime of ~18 ps. However, the observed rise in the
fluorescence at 650 nm was 197 ps; the large difference can be
attributed to an intermediate state between the initial excited
state abstracting the proton and the final protonated species
that may have a nanosecond radiative lifetime but has a low
quantum yield due to the fast conversion (200 ps) to the final
state.

The early dynamics can be further investigated using
transient absorption as shown in Figure 3. Upon excitation at
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Figure 3. a) Transient absorption spectra of FRO-SB at various time
intervals after excitation in EtOH. Labeled arrows show the steps
during the ESPT process. b) Energy progression during the proton
transfer process.

400 nm, a decrease in absorption (positive signal) around
500 nm (20000 cm™") was observed initially, which is attrib-
uted to excited state absorption (ESA) of FR0-SB. The ESA
signal decays quickly (arrow A in Figure 3a) and is accom-
panied by a transient negative signal centered at 588 nm
(17000 cm™!, arrow B) that gives rise to another negative
signal initially centered at 630 nm (15870 cm™', arrow C) and
shifts to lower energy over time. The negative signal at 630 nm
persists longer than 500 ps and is assigned as the stimulated
emission (SE) from FR0O-PSB. The transient signal at 588 nm
is ascribed to the SE from an intermediate species that forms
during the course of the intermolecular proton transfer. The
intermediate is thought to be a caged complex between FRO-
SB and the solvent molecule with a partial transfer of the
proton (vide infra) prior to the full proton transfer process
that is observed in the intermolecular proton transfer of
photoacids.*"!

Transient absorption in the absence of a proton transfer
event, such as in ACN, shows that ESA and SE appear soon
after excitation (Figure S6) since both correspond to the non-
protonated form. Both ESA and SE signals are long-lived and
can be fit to a biexponential decay with a long component of
about 2.1 ns corresponding to the lifetime of the excited state
and a short 26 to 30 ps component that is ascribed to
conformational changes of the molecule upon excitation.
The 26 ps decay component is also observed when exciting
FRO-PSB (in EtOH/HCIO,), confirming its nature as an
intramolecular mode from FRO-SB regardless of its proto-
nation status (Figure S7).

A more complete description of the experimental tran-
sient absorption data in EtOH is best obtained using a four-
level sequential global analysis model.®” The evolution
associated spectra obtained are provided in Figure S8. As
stated previously, excitation in ACN (I — III, Figure 4) leads
to a long-lived excited state (2.11 ns), while proton transfer in
EtOH drastically reduces the excited state lifetime of III in
the protic solvent (89 ps in EtOH). The model shows that the
first component, which is the ESA of FRO-SB centered
around 500 nm (20000 cm™'), decays with a 15.8 ps time
constant (see IIl — IV, Figure 4), which agrees with the
previously deduced ~ 18 ps from steady state spectra and the
TCSPC measured lifetime. This timescale is in agreement
with the average dielectric relaxation of EtOH (16 ps).”"! This
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Figure 4. The observed intermolecular ESPT dynamics in EtOH along
with the associated time constants for the steps as obtained from
global analysis (black) and the TCSPC data (colored).

decay is accompanied with a rise in the second component
featuring a broad SE signal centered at 588 nm (17000 cm ™),
presumably the partially protonated state depicted as IV,
decaying with a 73.9 ps time constant to yield the excited PSB
form of FRO (V). It is worth noting that the partially
protonated state IV is not emissive and is only observed by
stimulated emission. Based on these time constants, we infer
that the dielectric relaxation of the solvent is coupled with the
formation of an intermediate species prior to the full proton
transfer step. Characterized by the FR0-PSB SE feature with
maxima around 630-660 nm (1587015150 cm™'), the final
step is best described with two components. Considering the
similarities between the last two components (see Figure S7,
for spectra of components three and four) we stipulate them
as solvation of the protonated form V. This step occurs on
a 211 ps time scale, which agrees with the observed rise time
in the TCSPC data at 650 nm (197 ps, see Figure S2b). The
last component is long lived and decays with a 1.15 ns time
constant, a value in agreement with the protonated FR0-SB
lifetime (1.31 ns) that was previously determined using
TCSPC (Figure 2c¢).

Similar photophysical behavior is observed when FR0-SB
is dissolved in MeOH (Figure S9). The global analysis model
shows that the ESA signal from the non-protonated form
decays to form the partially-transferred proton complex on
a 29 ps timescale, also in agreement with the average
dielectric solvation time of MeOH (5 ps).’!! The protonated
FRO-SB is formed on a 27.1 ps timescale according to the
global analysis model.

As depicted in Figure 5, the global analysis deduced
pathway was further confirmed using the transient absorption
traces at selected wavelengths of FR0-SB in EtOH and EtOD
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Figure 5. Transient absorption traces at a) 570 nm where SE from the
intermediate formation is observed, and b) 650 nm where SE from the
protonated FRO-SB can be seen while dissolved in EtOH (black) and
EtOD (red). Biexponential decay constants are given in the inset along
with the pre-exponential factors in parentheses. An isotope effect of
1.5 is observed during the formation of the partially-transferred proton
intermediate while an isotope effect of 2 is observed during the final
protonated form formation. Note, as the result of it apparent long-
lived nature, lifetime of the 650 nm decay for the EtOD experiment
could not be determined.

([Dg]ethanol). The formation of the intermediate, observed
through the SE signal at 570 nm (Figure 5a), is coupled to
dielectric solvent relaxation and occurs with a 15.2 ps time
constant, in close agreement with the intermediate formation
time as determined by the global analysis model (15.8 ps).

The second trace at 650 nm, which is the SE from the
protonated FRO-SB, appears with a 57.3 ps time constant and
is ascribed to the dissociation of the intermediate to form
FRO-PSB (Figure 5b). It is more accurately measured by the
global analysis, which gives a 73.9 ps time constant. Analysis
of the transient absorption for the decay of each species in
EtOH and EtOD ([Dg]ethanol) provides kinetic isotope
effect (KIE) for each individual step. The initial 1.5 KIE is
supportive of a hydrogen-bonded complex with partial trans-
fer of the proton to the imine. The faster decay of the first
transient intermediate in comparison to the second step
suggests that the second measured KIE is independent of the
first, as one would not expect a population of the transient
species to accumulate. The second, greater KIE (2.0) is
suggestive of the actual bond breaking event that leads to the
fully protonated species (see Figure 4). A greater isotope
effect is observed in MeOD ([D,MeOH) as shown in
Figures S10 and S11.

In summary, a modular molecular system (imine forma-
tion via the reaction of an aldehyde with an amine), with the
flexibility to easily probe structural and electronic factors in
future studies, shows a remarkable ability to increase its
basicity upon photoexcitation. The ability to electively
stimulate proton abstraction with light during reactions will
find itself useful in an array of disciplines. Possible applica-
tions include, super photobase proton abstraction from acids
weaker than water, protein conformational changes, selective
functionalization of unactivated C—H bonds, and potentially
assisting in water splitting. Furthermore, the large apparent
Stokes shift and strong fluorescence will be useful for imaging
and displays. The variety and expansive nature of potential
applications for super photobases indicates their importance
for further studies.
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