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Influence of Intermolecular Hydrogen Bonding on the Photochromic Cycle of the Aromatic
Schiff Base N,N'-Bis(salicylidene)-p-phenylenediamine in Solution
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A photochromic symmetric Schiff base, N,N'-bis(salicylidene)-p-phenylenediamine, has been studied by means
of stationary and time-resolved spectroscopic absorption and emission techniques in the UV—vis spectral
range with particular attention to the role of intermolecular hydrogen bonds. They are found to be responsible
for the solvent-assisted excited-state proton transfer (the time constant of about 400 fs) in very strongly protic
solvents and the photochrome deactivation (the time constant from 0.5 us to 3 ms) in both protic and nonprotic
solvents. Moreover, formation of an isomer that competes with the photochromic cycle in solution is also

observed.

Introduction

N,N'-Bis(salicylidene)-p-phenylenediamine (BSP) is a sym-
metric aromatic Schiff base belonging to the family of sali-
cylideneaniline (SA) (see Scheme 1). The photochromism of
the molecules from this family attracts much interest because
of possible applications, e.g., in molecular memories and
switches.! SA and its derivatives are characterized by a very
good fatigue factor,? and the lifetime of its photochromic form
in the crystal state can be as long as several hundred days.?
The primary and photochromic forms differ significantly in
nonlinear optical properties, which can be employed in optical
logic devices based on generation of higher harmonics.?> The
simplest and commonly assumed photochromic cycle of SA
family is the following.*> After the excitation of the initial enol
(anti-enol) tautomer, the ultrafast excited-state intramolecular
proton transfer (ESIPT) takes place, leading to the excited keto
tautomer (cis-keto or its zwitterionic form), exhibiting a
characteristic, strongly Stokes shifted fluorescence band. Then,
after the structural changes (rotation around C=C and/or C—N
bond; see Scheme 1) involving the cleavage of the intramo-
lecular hydrogen bond, the long-lived photochromic tautomer
(trans-keto or its zwitterionic form) in the ground state is
generated. The lifetime of the latter is on the order of
microseconds and milliseconds at room temperature*> but can
increase up to minutes and hours at lower temperatures.®’

BSP molecule has been initially studied in the solid state, in
which it shows its thermochromic properties.®® On the contrary,
BSP in solution exhibits photochromic behavior, and the
spectroscopic properties of cis-keto and trans-keto forms are
very similar to those of SA.*> Therefore, it has been concluded
that, despite the two possible proton transfer centers, the
excitation of BSP in solution is localized on one salicylidene
subunit. Consequently, it is the site of the proton transfer
reactivity, and BSP upon excitation undergoes the single proton
transfer, leading to the excited monoketo tautomer (therefore,
for simplicity, this tautomer will be called “keto” throughout
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SCHEME 1: Different Tautomers of the BSP Molecule”
and the Formulae of BSPMe, and the Parent SA
Molecule
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this paper). Because of its symmetry, BSP has been also recently
studied in the aspects of fluorescent nanoparticles'® and multi-
component material design.'' Theoretical calculations predict
the additivity of the photochemical properties of the two
subunits: the change in one subunit does not alter significantly
the features of the other.!!

Recently, we have studied BSP by means of stationary and
time-resolved (on femto- and picosecond time scale) absorption
and emission methods in nonpolar, polar, and protic solvents.'>!3
One of the facts that inspired this study was that the signal of
transient absorption of BSP from the excited enol form shows
a prominent band in the spectral range overlapping the negative
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signal of the stimulated emission of the keto form. This would
enable a clear observation of the very fast dynamics of the
ESIPT reaction in BSP unlike in other molecules from the SA
family.'* Moreover, BSP is particularly suitable for the measure-
ments on the ultrafast time scale, because the spectral position
of its absorption band fits the second harmonic (about 400 nm)
of commonly available Ti:sapphire lasers. The most important
findings are the following.'* After the excitation of the enol form
to the excited singlet state S;(sT,7t*), the latter deactivates within
50 fs by two ultrafast processes of comparable rate constants:
ESIPT reaction, leading to the S;(st,7t*) state of keto tautomer,
and electronic relaxation to the S;(n,7*) enol state. The same
fluorescent S;(sr,7t*) state of keto tautomer is formed after the
direct excitation of its ground state (in protic solvents) and via
ESIPT reaction. The intermolecular hydrogen bonds are present
in solvents of hydrogen-bond-donation ability up to that of
trifluoroethanol, but they do not break up the strong intramo-
lecular hydrogen bond and do not influence the ESIPT dynamics.

The key role of the intramolecular hydrogen bonding in the
photochromic cycle of Schiff bases is obvious, since ESIPT is
the starting point of the cycle. However, the role of the
intermolecular hydrogen bonds has not been well examined,
despite its importance in the photochromism of these compounds
in solution. Therefore, the aim of the present paper is to extend
the previous studies of BSP with particular interest in the
influence of the intermolecular hydrogen bonding. First, the
spectroscopic investigation (similar to previous one) in even
more protic solvents than trifluoroethanol is employed. Second,
the properties of photochromic transient of BSP are studied on
nano- and microsecond time scale in different solvents including
strongly protic ones. The studies for BSP should be also relevant
for a large group of aromatic Schiff bases (at least those
belonging to the SA family).

Experimental Section

BSP was synthesized by conventional condensation of p-
phenylenediamine and salicylaldehyde. The sample was ad-
ditionally recrystallized from CHCl;. All measurements were
performed at room temperature. The following solvents were
used: acetonitrile (ACN, for fluorescence, Merck), hexane (HEX,
for HPLC, Merck), ethanol (EtOH, 99.8%, POCh), methanol
(MeOH, for HPLC, Merck), trifluoroethanol (TFE, 99.5%,
Aldrich), hexafluoroisopropyl alcohol (HFIP, 99%, Aldrich), and
trifluoroacetic acid (TFA, for spectroscopy, Merck). The
concentration of BSP was about 3 x 107> M.

The equipment for stationary measurements was the same
as described in our previous papers.'>'> Briefly, the stationary
UV —vis absorption spectra were measured with a UV—vis-550
(Jasco) spectrophotometer. The steady-state fluorescence emis-
sion spectra were recorded with a FL900 spectrofluorimeter
(Edinburgh Instruments) with a laser as an excitation source or
with a modified SPF-500 (Aminco-Bowman) spectrofluorimeter
(with the single-photon counting detection). The latter spec-
trofluorimeter was also used to measure the fluorescence
quantum yields (¢g), using quinine sulfate in 0.1 N sulfuric acid
as the standard (¢r = 0.53). All fluorescence spectra were
corrected for the wavelength sensitivity of the detection system.

The apparatus used for the time-resolved emission measure-
ments (time-correlated single-photon counting, TCSPC) and for
the transient absorption measurements was described in detail
earlier.'®!” The repetition rate of the laser system for the time-
resolved emission measurements (Ti:sapphire) was set at 4 MHz,
providing pulses of about 1 ps duration. The experiments were
carried out at the magic angle, and the pump wavelength was
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400 or 425 nm. The temporal resolution of the spectrofluorimeter
was about 1 ps, and the spectral resolution was 9 nm.

The repetition rate of the laser system for the broad band
transient absorption measurements (Ti:sapphire) was set at 1
kHz, providing pulses of about 100 fs duration. The probe beam
was the white light continuum generated in a 2 mm rotating
calcium fluoride plate. The thickness of the sample was 2 mm,
the fwhm of the pump beam diameter at the sample was about
0.5 mm, the pump pulse energy was about 5 uJ, and the pump
wavelengths was 400 nm. All the spectra analyzed were
corrected for the chirp of the white light continuum. The
pump—probe cross correlation function unaffected by the cell
thickness was determined from the two-photon absorption in a
very thin (150 um) BK7 glass plate; its fwhm is 150 fs. The
transient absorption signals, originating from the pure solvent,
were subtracted from the data collected. The transient absorption
measurements were performed in the spectral range of 330—730
nm and the temporal range of 0—200 ps. The transient
absorption results of BSP in HFIP and in TFA were confirmed
in three independent measurement sessions.

The nanosecond transient absorption setup used was also
described earlier.!® The pump pulse wavelength was 355 nm
(Q-switched Nd:YAG laser) and the instrumental function was
about 12 ns (fwhm). The probing light source was a 150 W
xenon arc lamp. The transmitted light was dispersed by a
monochromator and detected by a photomultiplier coupled to a
digital oscilloscope. The spectral resolution was set at 10 nm
and the pump pulse energy was about 1 mJ. The kinetics was
recorded in the spectral range 300—750 nm every 12.5 or 25
nm. The temporal range was 10 ns—500 us, determined by the
duration of the laser pulse from one side and the lamp pulse
from the other side.

Semiempirical calculations were performed with the PM6
method!® under the MOPAC2007 package® According to the
author of this method, the hydrogen bonds are represented more
accurately in PM6 than in the other semiempirical methods."
Some ab initio calculation were also performed?' (method
MP2, basis set 6-31+G*). The calculations helped to find
the optimized structures of different tautomers as well as their
complexes with alcohol molecules (MeOH and HFIP). The
stabilization energy of the complexes was calculated as
the difference in their heat of formation with respect to the
optimized structures of both molecules (BSP tautomer and
alcohol) separately.

Results and Discussion

BSP Properties in a Strongly Protic Solvent. Previously,
we have analyzed the spectroscopic properties of BSP in
alcohols with hydrogen-bond-donation ability as large as TFE."
In this paper, we extend the studies to HFIP, which is a solvent
of even greater proton-donating properties than TFE, and its
acidlike behavior has been frequently reported. Thus, the time-
resolved measurements of BSP in an acid (TFA) were also
performed. Moreover, the dimethoxy derivative of BSP
(BSPMe,) (see Scheme 1), acting as a reference compound
whose structure excludes the intramolecular hydrogen bond and
proton transfer (the deactivation is exclusively connected within
the enol type structure), was also investigated.

The stationary absorption as well as stationary and picosecond
fluorescence studies do not indicate any additional features of
BSP in HFIP compared to its behavior in weaker protic alcohols.
The two absorption band maxima (see Figure 1) are at 349 and
435 nm and are blue-shifted with respect to those of TFE (358
and 440 nm) and those of EtOH and MeOH (369 nm and about
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Figure 1. Stationary absorption spectra (solid line) and fluorescence
spectra (dashed line, excitation at 360 nm; dotted line, excitation at
440 nm) of BSP in HFIP.

450 nm)."* The short-wavelength band is due to the S;<—Sq(7t,77*)
transition of the enol tautomer, while the long-wavelength band
occurring for many photochromic Schiff bases in protic solvents
is usually ascribed to the S;~—Sy(s7,7t*) transition of proton-
transferred cis-keto tautomer”'>?? (or its zwitterion form;> see
Scheme 1). The interactions with strong protic solvents move
the enol—keto equilibrium toward the cis-keto tautomer, since
the ground state of the latter is more stabilized by hydrogen
bonds with the solvent. For BSP in HFIP, the ratio of the cis-
keto to enol absorbance is the highest (Ax/Ag = 0.72) and agrees
well with the linear correlation between the log(Ax/Ag) and
solvatochromic parameter describing the proton-donating ability
of the solvent.!® The correlation coefficient is r* = 0.94 for the
Kamlet—Taft parameter a®* and r» = 0.92 for the Cataldn
parameter SA% (see Table S1 and Figure S1 in the Supporting
Information). Some confirmation of the enol—keto equilibrium
changes in protic solvents was obtained by the PM6 calculations
(see Table S2a,b, Supporting Information). The stabilization
energy due to intermolecular hydrogen bonds with alcohol
molecule for the cis-keto tautomer is nearly twice greater than
that for the enol one and is greater for HFIP than for MeOH.

To get insight into the stoichiometry of the BSP:HFIP
complex, we have performed stationary absorption measure-
ments of BSP in MeOH:HFIP mixtures (Figure S2, Supporting
Information). However, the results are not clear and indicate
that both 1:1 complex and that involving more HFIP molecules
(probably three) are responsible for the blue shift of the
maximum of the BSP enol band (Figure S2b, Supporting
Information) and the keto—enol equilibrium changes (Figure
S2c, Supporting Information).

In stationary fluorescence of BSP in HFIP (Figure 1), the
dominant emission originates from the S; state of cis-keto
tautomer (with a characteristic large Stokes’ shift with respect
to the enol absorption band) and has a maximum at 545 nm
(the same as for BSP in TFE). The emission spectrum profile
is the same for the excitation of the enol (360 nm) or keto band
(440 nm). The fluorescence lifetime was measured to be 37—40
ps after excitation at 400 nm (and found to be constant in the
spectral range 520—600 nm), which is only slightly longer than
in TFE (35 ps).!?

On the basis of our previous report on stationary studies of
BSP in acidic solvent TFA,!* the BSP cation (probably BSP
with a fully protonated imino group NH*; see Scheme 1) has
different absorption maxima (at 346 and 409 nm) and emission

Zi6kek et al.

Wavenumber / x 10° cm™

(a) 28 26 24 22 20 18 16 14
002 oLl ot v 1 4 1 14 1 1 1 1
0.01

< o000

" . ’ "\c.; iy —-1 pS
1. J .w./ ........... 0 ps
0014 ---1ps
*, 30 ps
17 —-=- 150 ps
T T T v T T T T T T T T T v T
350 400 450 500 550 600 650 700
Wavelength / nm
(b) Wavenumber / x 10° cm™
28 26 24 22 20 18 16

P TS RO NI R R R ] .
AN

0.01

3 o000

-0.01

v -——A,(35ps);—-—- A (>1ns)

" T '+ T '+ T * T * T T* 1
350 400 450 500 550 600 650 700
Wavelength / nm
Figure 2. Transient absorption spectra of BSP in HFIP for selected
time delays between the pump and probe pulses (a) and the wavelength-
dependent amplitudes of the time constants (given in the inset) obtained
by four-exponential global fit (b) presented in the linear scale of
wavelength. The fwhm of the instrumental function used for convolution
with the exponential functions was set as 150 fs.

spectrum (maximum at 484 nm). Therefore, the full protonation
of BSP molecule does not take place in HFIP. The absorption
of the reference system BSPMe, in TFA (Figure S3, Supporting
Information) is nearly the same as that of BSP, which means
that the BSP cation is generated in the enol tautomer in TFA.
The lifetime of the BSP fluorescence in TFA was measured to
be 25—30 ps in the spectral range 485—600 nm after excitation
at 400 nm. The lifetime is thus similar to the duration of cis-
keto emission in EtOH, in which the fluorescence quantum yield
is about 5 times smaller.'’ It means that the radiative rate
constant for the BSP enol cation is much higher than that for
BSP anti-enol tautomer.

The femto- and picosecond transient absorption spectra of
BSP in HFIP under excitation at 400 nm are presented in Figure
2a. According to our knowledge, the time-resolved studies of
photochromic Schiff bases in this solvent have been reported
here for the first time. The kinetic analysis of the transient
absorption signals was performed in two ways: by fitting at
single selected wavelengths (Figure 3) and in a global analysis
approach (Figure 2b). The temporal broadening of the instru-
mental function due to the different group velocities of the pump
and probe pulses in the sample can be nearly neglected in HFIP,
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Figure 3. Examples of the kinetic curves of the transient absorption
signals for BSP in HFIP, and the fits in shorter (a) and longer (b) time
scale. The values of the fitted parameters [exponential functions AA(7)
= A, exp(—t/ty) + A, exp(—t/t,) + A, convoluted with the instrumental
function of 150 fs fwhm] are the following: 350 nm, A; = —0.0134, 1,
= 31 ps, Ap = —0.0013; 500 nm, A; = —0.0063, 7; = 290 fs, A, =
0.0161, 7, = 34 ps, Ag = 0.0036; 580 nm, A; = —0.0071, 7, = 710 fs,
A, =0.0141, 7, = 35 ps, Ap = 0.0010; 670 nm, A; = 0.0037, 7; = 740
fs, A, = —0.0032, 7, = 40 ps, Ap = 0.

since the refractive index dispersion in this solvent is much
smaller than in, for example, ACN and EtOH.'>* Therefore,
the global analysis program?’ that calculates the convolution of
the multiexponential functions with the constant instrumental
function can be used (Figure 2a).

In contrast to the above-mentioned similarities of the results
in HFIP to those in other alcohols, the femto- and picosecond
transient absorption spectra show striking differences when
compared to the results in TFE, EtOH, ACN, and HEX. " First,
the negative ground-state depopulation band (below 450 nm)
consists of two bands with maxima at 350 and 430 nm. The
appearance of the new long-wavelength bleaching band in HFIP
is the manifestation of the strong stationary absorption band of
the cis-keto form. Second, besides the previously observed
transient absorption band from S, cis-keto state peaking around
500 nm, a new positive band around 580 nm occurs. Because
of that, the negative stimulated emission signals (due to the
emission of the cis-keto state) become dominant at longer
wavelengths (>630 nm) than previously (>580 nm). Finally,
besides the instantaneous (instrument function limited, <50 fs)
increase in intensities of all above-mentioned bands, there is
another ultrafast risetime component (varying from 250 fs to 1
ps) in both the transient absorption and stimulated emission
bands (see Figure 3a). It should be noted that the measurements
of BSP in ACN were also performed on the same day (and
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Figure 4. Band integral analysis of transient absorption signal (AA)
of BSP in HFIP in shorter and longer time scale (inset). Band integral
(BI) is calculated in the spectral range from A = 450 to 700 nm as
follows: BI(r) = [(AA(t,A)/A) dA.?® The two-exponential fit gives the
time constants of 7; = 415 & 35 fs (risetime) and 7, = 35.2 & 1.4 ps
(decay time). Note that the no 2 ps component is present, which means
it should be associated with the vibrational cooling process, in line
with the global fitting analysis.

under the same experimental conditions) as those of BSP in
HFIP and TFA, and the results were identical to those described
previously'? (in particular, no risetime components >50 fs in
the transient absorption and stimulated emission signals were
observed in ACN for wavelengths longer than 450 nm).

The global analysis revealed the sufficient quality of the fit
when three-exponential functions were assumed with the
following time components: 400 £ 150 fs, 2 + 0.5 ps, and 35
+ 5 ps. The spectra of the amplitudes of the three time
components (often referred to as the decay-associated spectra)
are presented in Figure 2b. The 35 ps component manifested
as the decay of all transient bands is in good agreement with
the fluorescence lifetime of S; cis keto state. The residual
transient absorption with a maximum at around 500 nm and a
new (compared to weaker alcohols'®) long-wavelength tail can
be attributed to the long-lived photochromic transient (trans-
keto tautomer). The interplay of two fastest components (400
fs and 2 ps) can rationalize the large spread of ultrafast rise
times observed in two-exponential fittings at selected wave-
lengths (Figure 3).

The spectrum associated with the 400 fs component is similar
to the initial transient absorption and stimulated emission signals,
but has the opposite sign (Figure 2). Therefore, we assign it to
the additional (slower) population channel of the initially (or
within 50 fs) excited state (S; cis-keto state). On the other hand,
the spectrum associated with the 2 ps component causes the
rise of the transient absorption signal in the central part (from
500 to 650 nm) and the decay in the blue (<500 nm) and red
(>650 nm) wings. Thus, it can reflect the narrowing of the
transient absorption band, and we ascribe it to the vibrational
cooling of the S cis-keto state. Indeed, on the vibrational cooling
process the area under the transient absorption band curve is
constant.”® The spectral integral of the amplitude of the 2 ps
component (calculated as suggested in ref 28; see also Figure
4) is equal to 0 = 5% of the spectral integral of the 35 ps
component amplitude (in the limits 450—730 nm). On the
contrary, the spectral integral of the 400 fs component amplitude
is equal to 40 = 10% and thus we connect it with the population
dynamics.

It should be also emphasized that the true transient absorption
spectrum of the S; state of the cis-keto tautomer is much



2858 J. Phys. Chem. A, Vol. 113, No. 12, 2009

Zi6kek et al.

SCHEME 2: Schematic Representations of the Different Proton Transfer Processes in the BSP Molecule That Involve

the Intermolecular Hydrogen Bonds*
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different than that of the measured positive band because of
the contribution from the stimulated emission. The true transient
absorption spectrum can be estimated by subtracting from the
experimental transient absorption data the fluorescence emission
spectrum normalized to the negative signal at 700 nm (assuming
that the contribution of the S; cis-keto state transient absorption
can be neglected near 700 nm) (see Figure S4, Supporting
Information). The obtained spectrum has one maximum around
550 nm and is significantly red-shifted with respect to the S,
cis-keto spectra in HEX and EtOH obtained in an analogous
way (Figure S4, Supporting Information).

The femto- and picosecond transient absorption of BSP in
the acid confirm the conclusions drawn already from the
stationary data, that in HFIP the BSP cation is not formed.
Indeed, the transient spectra of BSP in TFA (Figure S5a,
Supporting Information) are quite different from that in HFIP.
After excitation at 400 nm, a positive transient absorption band
with a maximum at about 590 nm appears, together with
negative bleaching bands (matching stationary absorption
profile) and the small negative band at 480 nm from the
stimulated emission. The amplitudes of the bands decrease with
the time constant of 30 4+ 5 ps (in agreement with the
fluorescence lifetime). Besides, a shorter time constant of 3.0
+ 0.5 ps is found in a global fit (Figure S5b, Supporting
Information). The maximum amplitude of this component is
red-shifted with respect to that of the longer component, and
the 3.0 ps might be ascribed to the lifetime of the second
conformer of enol cation (or the double protonated enol
tautomer).

Next, we would like to discuss the origin of the 400 fs
increase in the S, cis-keto state population observed for BSP in
HFIP. If the pump pulse at 400 nm excites mainly the long-
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wavelength band (originating from the cis-keto tautomer), then
the occurrence of the characteristic stimulated emission of S,
cis-keto state for 4 > 630 nm should be instantaneous. The
delayed population of this state can be rationalized by the
assumption that the pump pulse excites also another structure:
a complex of BSP enol tautomer with HFIP molecule (or
molecules) in which the excited-state proton transfer occurs.
Such a solvent-assisted proton-transfer time constant (400 fs)
for BSP in HFIP is ultrafast but longer than the previously
measured (in HEX, ACN, EtOH, and TFE) intramolecular-
proton-transfer time constant (<100 fs).'> We may propose two
explanations for this phenomenon: in the first one, the solvent
molecule plays a passive role, while in the second one, the active
role.

The first explanation is based on PM6 calculations of the
complexes of BSP enol tautomer and alcohol molecule (Table
S2a, Supporting Information, Scheme 2a,c). In the case of
alcohols of hydrogen-bond-donating ability smaller than HFIP
(like MeOH), the proton-accepting properties of their oxygen
atom enable the formation of a double-hydrogen-bonded
complex with the hydroxyl group of BSP (Scheme 2c¢ and Table
S2a, Supporting Information). Such a complex was also
theoretically predicted for SA and MeOH,?” and its formation
does not weaken the intramolecular hydrogen bond (the distance
between H and N atoms is the same as for the isolated enol
tautomer and the energy of the hydrogen bond very well
correlates with the inverse third power of the H-bond length®).
In the case of HFIP, such a complex is not possible to form
since the electron charge from the oxygen atom is strongly
shifted toward fluorine atoms (zero value of 3 parameter of the
Kamlet—Taft scale; see Table S1, Supporting Information).
Instead, a new complex of HFIP with intermolecular hydrogen
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bonds with both N and O atoms of BSP enol tautomer can be
formed, since the hydrogen atom attached to the central carbon
atom of HFIP is very protic (see Scheme 2a and Table S2a,
Supporting Information). Such a complex might reduce the
intramolecular proton transfer rate because (i) the intramolecular-
hydrogen-bond length becomes longer (and thus weaker), (ii)
the hydrogen atom of the BSP hydroxyl group is slightly out-
of-plane, and (iii) the low-frequency vibrations modulating the
O—N distance (which promote the ESIPT process) are altered
by the bridging HFIP molecule.

To verify the reliability of the PM6 calculations for such
complexes, we have also compared the results with the ab initio
calculations for a simpler enol tautomer of SA (parent molecule
to BSP) molecule. It revealed that, despite the PM6 method,
the semiempirical results still underestimate the role of hydrogen
bonds, since both the stabilization energies are higher and
hydrogen-bonded distances are shorter in the structures opti-
mized by the ab initio method (see Table S2d, Supporting
Information). However, the main features of the complexes with
MeOH and HFIP molecules are similar and the conclusions
drawn previously are still valid.

Some confirmation of the new nature of complex of BSP with
HFIP can be also found in the UV —vis and IR results obtained
for SA and its derivatives in protic and acidic solvents.*!*2 The
UV —vis absorption data indicate that, in the solvents with a
proton-donating ability less than or equal to that of TFE, a single
equilibrium exists for SA, whereas in the solvents with a proton-
donating ability equal to or greater than that of HFIP, more
than one equilibrium exist.>> Moreover, new infrared bands
appear in the spectra of SA in HFIP not observed in other
solvents, and they are assigned to the C=NH™ vibration from
the protonated structure.?'? Our studies reveal that the BSP
cation is not formed in HFIP. However, the strong proton-
donating ability of that solvent might result in a proton shift
from the solvent hydroxyl group to the BSP nitrogen greater
than in a typical hydrogen-bonded complex, and thus, the
vibration similar to C=NH" from the partially protonated
nitrogen may occur.

The ability of HFIP to form a new (with respect to alcohols
of lower hydrogen-bond-donation ability) complex with Schiff
bases is also supported by the stationary measurements of
BSPMe,. The absorption maximum of this compound in all
solvents is similar to that of the enol form of BSP, while the
absorption of BSPMe, in HFIP shows a drastically new shape
(Figure S6a, Supporting Information). Also, the fluorescence
quantum yield in this solvent becomes 2 orders of magni-
tude higher than in the other solvents, for example, in TFE
(Figure S6b, Supporting Information). These new features have
to be due to the formation of complexes in the enol form since
the keto structure formation is not possible for BSPMe,.

All the above observations have led to the second explanation
of the slowing down of the proton transfer rate to (400 fs)~'.
Taking into account the very strong proton-donating properties
of HFIP, the intermolecular hydrogen bond with BSP nitrogen
atom can be stronger than the intramolecular one and, therefore,
instead of the intramolecular proton transfer, a double proton
transfer via the solvent bridge can occur after the excitation—from
HFIP oxygen to BSP nitrogen and from BSP oxygen to HFIP
oxygen—like in Scheme 2b. The theoretical calculations do not
directly confirm this assumption, since the intramolecular
hydrogen bond in the enol tautomer is always shorter than the
intermolecular one (see Table S2, Supporting Information).
However, the most reliable ab initio calculations for SA predict
the intermolecular hydrogen-bond length (2.00 A) to be not
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much longer than the intramolecular one (1.85 A). Taking into
account the correlation between the H-bond length and its
energy, the intermolecular bond has only 20% smaller energy
than the intramolecular one. Moreover, the involvement of more
than one HFIP molecule in the complex might increase the
acidity of the alcohol’s hydrogen due to the cooperative effect
between hydrogen bonds*® and make the intermolecular hydro-
gen bond even shorter. Such cationlike species, distinguishable
from both the typical hydrogen-bonded complexes and the
cations with fully protonated nitrogen, have been reported in
HFIP.3 The optimization involving more alcohol’s molecules
has not been calculated.

The mechanism of the solvent-assisted proton transfer via
the solvent bridge consisting of one or more solvent molecules
is similar in nature to the ESIPT.?*73¢ The electron configuration
change in the excited state (increased acidity in the proton-donor
part and basicity in the proton-acceptor part) provides the driving
force for the proton transfer reaction.>> The cooperative low-
frequency vibrations in the hydrogen-bonded solute—solvent
complex shorten the distance between the proton-donor and
proton-acceptor parts and play the active role in the proton
transfer.3+3°

Usually, the time constant of the solvent-mediated excited-
state proton transfer is reported to be much longer than hundreds
of femtoseconds.*”*® In most cases, the rearrangement of solvent
molecules after excitation is necessary, which slows down its
overall dynamics.*® A fast process in excited-state requires that
the proton transfer takes place along the intermolecular hydrogen
bonds that exist already in the ground-state complex. There are
few reports on subpicoseconds time scale of such proton transfer.
For example, in hydrogen-bonded acid—base complexes, the
proton transfer proceeds within 150 fs,* and intermolecular
double proton transfer within a “cyclic” solute—solvent complex
of carbazole-related compounds in alcohols takes place with a
time constant of 600—900 fs (the faster component).*

Therefore, to conclude, we are not able to choose definitely
between the two proposed mechanisms (Scheme 2, parts a and
b) of ultrafast proton transfer observed for BSP in HFIP. It
should be noted that both mechanisms cannot be treated as
rigorous interpretation of the possible process. The proton
transfer reaction is governed by a multidimensional potential
energy surface that is very complicated for hydrogen-bonded
complexes. Even for typical solvated clusters in the gas phase
like 7-hydroxyquinoline with three ammonia molecules*' or
7-azaindole with two methanol molecules,** the process of
solvent-assisted proton transfer has not been well understood.
At present, the system studied in this work is too complicated
to obtain excited-state potential energy surface with reliable
calculation methods.

BSP Photochrome Lifetimes in Differently Interacting
Solvents. The nano- and microsecond transient absorption
permits a study of the lifetime of the photochromic transient
(trans-keto tautomer) of BSP in solution at room temperature.
So far the results of transient absorption only in ACN have been
reported for this compound*® and the lifetime of the ground-
state of the trans-keto photochrome (about 3 ms) was deduced
from the decay of the positive signal in the visible spectral range
(400—600 nm). Thus, we decided to extend the studies to a
number of other different solvents (HEX, EtOH, MeOH, TFE,
HFIP and TFA) as well as to the ultraviolet spectral region
(300—400 nm) where the changes in the negative ground-state
depopulation signal occur.

The selected transient absorption data are shown in Figure
5. The spectra profiles were constructed from the one- or two-
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TABLE 1: Photochrome Lifetime of BSP in Selected
Solvents, Calculated as a Result of One-Exponential () or
Two-Exponential (z; and 7,) Global Fit in the Spectral
Range 300—600 nm, ¢ ~ 3 x 1075 M

solvent T (us) 71 (us) Ty (us)

HEX 50 20 (decay, 60%) 100 (decay, 40%)
ACN“ 700 600 (decay, 100%) 100 (rise, 10%)
EtOH 300 250 (decay, 100%) 130 (rise, 30%)
MeOH 150 - -

TFE 15 - —

HFIP 0.45 - -

“The time constants in ACN might be uncertain, due to the
limited temporal range of measurements (500 us).

exponential functions fitted to the kinetics recorded at particular
wavelengths. Similarly as for the femtosecond transient absorp-
tion data, the global analysis was also used to verify the time
constants obtained (see Figures S7 and S8, Supporting Informa-
tion). Table 1 summarizes the fitted time constants in different
solvents. We found no effect of oxygen (checked for ACN and
TFA), which means that the transient absorption from the triplet
state does not contribute to the measured signals, and thus, the
time constants can be safely assigned to the lifetime of
photochromic transient. In ACN, EtOH, and HEX, the fit is
much improved when two-exponential decays are assumed (see
also Figure S7, Supporting Information). Two time components
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in ACN and EtOH might suggest the presence of another
conformer of the trans-keto tautomer, which is not surprising
taking into account the flexibility of the BSP structure. The
spectrum of the amplitudes of the second time component is
different from the amplitude spectrum of the main one, and the
former have the opposite sign (risetime) to that of the latter
(decay time). Therefore, in ACN and EtOH the second
conformer probably populates the main conformer. In HEX, the
amplitudes of both components have very similar spectra (see
Figure S7b, Supporting Information), which probably reflects
the nonexponential decay of the single species and is discussed
below.

Three characteristic features of the BSP photochrome lifetime,
reported sometimes for SA or its derivatives, should be pointed
out.!>?24243 Firgt, the lifetime significantly increases when going
from nonpolar HEX to polar ACN. This suggests that the barrier
for the re-enolization is higher in the polar environment and
the ground-state of the photochrome is greater stabilized in ACN
due to a significant dipole moment.

Second, we have checked the concentration dependence of
the decay of the signal from the photochrome in HEX and found
that the lifetime increases (for constant pump intensity) in less
concentrated solutions (Figures 6 and S9, Supporting Informa-
tion). This can be rationalized by the deactivation process that
involves the complex of two BSP molecules, and similarly as
for comparable systems,*>*** the second-order double proton
transfer re-enolization can be proposed (see Scheme 2d). As
mentioned earlier, the photochromic decay in HEX cannot be
fitted by the single-exponential function (as for a first-order
process). The kinetics of the decay is also not well reproduced
by the pure second-order reaction (reciprocal function). How-
ever, we have successfully fitted it to the mixed first- and
second-order case, where the normalized kinetics can be
expressed as follows:*

AAGD) = 4 ()
e —m

where m = 2cpky/(k; + 2cpk,) is the shape parameter (m = 1
for pure second-order reaction and m = 0 for pure first-order
reaction), k; is the first-order rate constant (intramolecular back
trans—cis isomerization around the C=C(phenyl) bond), k; is
the second-order rate constant, and cp is the concentration of
the photochrome tautomer. As expected, the fitted &, values are
nearly constant for all BSP concentrations, while the cpk, values
increases proportionally to the BSP concentrations (see Figure
6b and the figure caption), which supports the proposed model.
Only for very dilute solutions does the first-order process
dominate over the second-order double proton transfer. The
concentration dependence probably also explains the different
photochrome lifetimes of Schiff bases reported in the literature,
in particular the discrepancy between our result of BSP in ACN
(about 700 us) and that in refs 4, 5 (3 ms).

Further evidence for the complex structure presented in
Scheme 2d has been also provided by the linear dependence of
the second-order rate on the intensity of the pump pulse, in line
with similar systems.*** As can be seen in Figure 6b, the cpk,
values depend linearly not only on the BSP concentration but
are also linearly proportional to the pump pulse intensity, which
implies that the deactivation rate depends not on the concentra-
tion of the initial enol form but on the concentration of the
species created after excitation. This supports the bimolecular
double proton transfer in the complex of two photochrome
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Figure 6. (a) Normalized kinetic curves of the transient absorption
signals of BSP in HEX (462 nm) on a microsecond time scale for
different BSP concentration ¢ with the fitted function according to eq
1. For clarity, the experimental data are smoothed and only every 150th
experimental point is shown. The fitted parameters are (a) for ¢ = 3.2
x 1075 M, k; = 2.9 x 10* s™! and m = 0.94 (thus ¢p k, = 22.7 x 10°
sTH;(b)forec =0.7 x 1075 M, k; = 4.0 x 10° s~" and m = 0.72 (thus
cpky =52 x 103 sy and (¢c) forc = 0.2 x 10 M, k; = 3.2 x 10°
s~!and m = 0.30 (thus cpk, = 0.7 x 10° s71). (b) Dependence of cpk
values on the BSP concentration in HEX (squares) together with the
linear fit (solid line). The last point denoted with an asterisk was
obtained not by an increase in BSP concentration (3.1 x 1075 M) but
by a 2.3 increase in the pump pulse intensity.

molecules as the process responsible for the photochrome
deactivation.

The PM6 calculations also support the formation of BSP
trans-keto dimer with two intermolecular hydrogen bonds with
the stabilization of about 12 kcal/mol (see Table S2¢, Supporting
Information). The deformation from planarity of both molecules
should enable the cooperative motion of the hydrogen-bonded
network and the proton transfer due to out-of-plane vibrations.
Of course, the time scale of this process might be several orders
of magnitude longer than the ultrafast excited-state proton
transfers discussed in previous sections, and it is not possible
to distinguish whether it is a concerted or sequential process.

These data indicate that the decay of the photochromic
transient and the return to the initial enol form nearly do not
take place through the ground-state of the cis-keto tautomer,
which is in contrast to the commonly assumed deactivation
schemes for aromatic Schiff bases (see Schemes 3 and S1,
Supporting Information). The possibility of rotation around the
double C=C(phenyl) bond (back trans—cis isomerization) is
strongly suppressed in the ground state. Instead, the photo-
chrome deactivation takes place via the re-enolization in the
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SCHEME 3: Proposed Deactivation Scheme of BSP
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trans structure and, after that the rotation around the single
C—C(phenyl) bond, easily leads to the initial closed enol form
(with intramolecular hydrogen bond).

Third, the energy barrier for the re-enolization decreases in
more protic solvents (3 orders of magnitude from ACN to
HFIP). Indeed, there is quite a good linear correlation between
the log(kieeno) Value (the re-enolization rate constant kpeenol 18
defined as the reciprocity of the photochrome lifetime) and the
hydrogen bond donation ability parameter a (Figure S10,
Supporting Information). For BSP in MeOH, TFE, and HFIP,
a monoexponential decay was observed, which indicates a purely
first-order deactivation process. This effect might be explained
by the solvent-assisted re-enolization involving the intermo-
lecular proton exchange in the complex of BSP with solvent
molecule (or molecules).*>*’

In order to get insight into the stechiometry of such a
complex, a series of measurements with varying concentration
of different alcohols added to nonpolar and polar solvents was
performed. The decay of the photochrome was analyzed by
fitting the kinetics measured at 450 or 475 nm with eq 1, and
the concentration dependence of the (pseudo-)first-order rate
constant k; was investigated (in this case, k; represents the rate
of intermolecular proton exchange). The most pronounced effect
was observed when HFIP was added to BSP solution in HEX
(see Figure 7a). The slope of the linear function fitted to the
data in the log—log scale represents the number of alcohol
molecules that make the complex with BSP,*’ and the fitted
value close to 1 indicates that the catalysis of the BSP
photochrome lifetime takes place in the complex between one
photochrome and one solvent molecule. As can be seen in the
inset in Figure 7a, the participation of the second-order
photochrome deactivation (in the BSP dimer) gradually de-
creases with increasing concentration of HFIP (from the m
values close to 1 to the values close to 0).

In all other cases, a linear dependence of k; on the alcohol
concentration was also observed (Figure 7b and Figure S11,
Supporting Information). Interestingly, for alcohols in nonpolar
solvent, the rate of the photochrome decay increases up to a
concentration of about 0.1 M (where the rate is higher than in
bulk alcohol) and then gradually decreases to the value in pure
alcohol (Figure S11, Supporting Information). This result can
be rationalized by the effect of polarity on the photochrome
lifetime. For low alcohol concentrations, the specific interactions
take place in the nonpolar environment, but when the concentra-
tion is high enough, the alcohol molecules induce the increase
in polarity around the BSP molecule, which increases the
photochrome lifetime (see a comparison between HEX and ACN
discussed above). Table 2 presents the rate of the photochrome
deactivation catalysis for different alcohols in different environ-
ments. As can be seen, the rate for the most protic HFIP in
nonpolar solvent (HEX) is about an order of magnitude higher
than that for TFE and two orders higher than that for MeOH.
On the other hand, for the same alcohol the rate of catalysis is
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Figure 7. First order rate constant k; (squares, obtained from eq 1,
fitted to the decay of transient absorption signal of photochrome at
475 nm) for varying concentrations of HFIP in BSP solution in HEX
(a) and TFE in BSP solution in MeOH (b). The solid line represents
the linear fit with the following parameters: (a) slope 0.98 + 0.03,
intercept 4.36 & 0.07 and (b) slope 0.96 £ 0.02, intercept 0.63 =+ 0.02.
The inset in part a shows the dependence of the parameter m (from eq
1) on the concentration of HFIP.

TABLE 2: Rate of the BSP Photochrome Deactivation
Catalysis for Different Alcohols in Different Environments

alcohol in rate of photochrome deactivation
environment catalysis/s ! M~!
HFIP in n-HEX 2.6 x 107
TFE in n-HEX 1.9 x 10°
MeOH in n-HEX 1.1 x 10°
TFE in MeOH 43 x 10°
MeOH in ACN 1.6 x 10?

largely decreased (about 3 orders of magnitude) in polar solvents
(MeOH and ACN) compared to nonpolar ones.

The 1:1 stoichiometry of the BSP—alcohol complex can be
compared to the results obtained for a similar but more rigid
system, 2-(2'-hydroxyphenyl)-3H-indole (HBC).*” In those
studies, the 1:2 complex was observed when adding EtOH or
MeOH to HBC in 3-methylpentane solution and the re-
enolization was explained by the triple proton transfer via the
solvent bridge formed by two alcohol molecules. For BSP, the
participation of fewer alcohol molecules than for HBC (one
instead of two) makes it impossible to form the solvent
bridge between the nitrogen and oxygen atoms in the photo-
chrome structure, as was also confirmed by PM6 optimization
(Table S2c, Supporting Information). Therefore, two other
rationalizations can be proposed. If the back proton transfer in
the BSP molecule takes place through the intermolecular
exchange of the hydrogen atom (as schematically presented in
Scheme 2e), than it must consist of two separated processes:
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hydrogen abruption from the alcohol hydroxyl group by the
oxygen atom of the BSP keto group and than the attachment of
the hydrogen atom from nitrogen to the so-formed anion.
Another possibility is that the intermolecular hydrogen bond
with alcohols induce the shift of electron density toward the
oxygen atom of the BSP keto group, which decreases the double
bond character of the C=C(phenyl) bond (see Scheme 2f). As
a result, the probability of rotation around this bond and back
trans—cis isomerization drastically increase. In this case, the
proton transfer would be intramolecular with the more passive
role of alcohol.

Another important thing is that the intensity of the depopula-
tion band decreases by only about 60—80% within the decay
of the photochrome tautomer in all solvents and after that the
residual negative transient absorption signal stays constant up
to 500 us (the temporal range of the measurements) (see Figures
5 and S7 and S8, Supporting Information). We also performed
the nanosecond transient absorption experiment for BSPMe; in
ACN and found for this compound only the constant negative
depopulation band (Figure S12, Supporting Information). Since
for BSPMe, the photochromic cycle is not involved in the
deactivation, the transient species that is responsible for the very
long-living trap should be connected with the enol form.
Therefore, similarly as for the hydroquinone family of Schiff
bases recently studied by us!® and in line with the previous
assumptions for other Schiff bases,?>***® we assign this long-
lived transient to the ground-state of the syn-enol tautomer of
BSP (see Schemes 1 and 3). Probably, the ground-state
absorption of this tautomer is blue-shifted with respect to that
of the initial antienol form, as was observed for a similar
benzylidenoaniline molecule.* It explains why the transient
absorption signal in the shorter wavelength range has less
negative intensity than that expected when the stationary
absorption spectrum is normalized to the depopulation band
measured (Figures 5 and S13, Supporting Information); in that
spectral region, a positive transient absorption from the ground-
state of the syn-enol tautomer must contribute. The anti-syn
isomerization can quickly take place in the excited state, but in
the ground state, the backward rotation around the C=N double
bond might be very slow; thus, the lifetime of the syn-enol
tautomer is even longer than for that of the photochromic trans-
keto tautomer.

As mentioned in the Introduction, our recent studies of BSP
have revealed that there is an efficient deactivation channel
within the enol form—the electronic relaxation to the S;(n,z7*)
anti-enol state—competing with the ESIPT and photochromic
cycle.!? Similar conclusions have been recently drawn from the
resonance-enhanced multiphoton ionization measurements of
SA" Also, the calculations for the SA molecule and its
derivatives predict the existence of the S;(n,77*) anti-enol state
with the perpendicular geometry of two phenyl rings, which
has slightly lower energy than the planar S,(sr,77*) anti-enol
state.’! The perpendicular position of the phenyl rings in the
Si(n,7t*) anti-enol state may favor the anti-syn isomerization
around the C=N bond, since the transition state of similar
geometry has been suggested for such isomerization in similar
benzylideneaniline.**? Therefore, we propose that this deactiva-
tion might at least partially lead to the syn-enol form and the
S1(n,7t*) anti-enol state might be a precursor of the ground state
of the BSP syn-enol tautomer (see Schemes 3 and S1, Sup-
porting Information). Like in the findings from the previous
paragraph, it should be pointed out that the occurrence of
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additional tautomer (syn-enol) is in contrast to the commonly
assumed photochromic cycle of Schiff bases from the family
of SA.

In all solvents studied, the maximum of the trans-keto
photochrome absorption is similar and located between 450 and
500 nm. Its spectral shape matches the residual transient
absorption observed in femto- and picosecond transient
absorption.'>!3 The only difference is found in HFIP, for which
no long-wavelength band near 600 nm is observed in the
nanosecond time scale. The probable explanation of that is the
different excitation wavelength in both experiments (355 and
400 nm), since the excitation at 400 nm might populate another
conformer of the BSP photochrome, most likely the previously
discussed complex with strong intermolecular hydrogen bonds
to the HFIP molecules.

Finally, we have also measured the nano- and microsecond
transient absorption for BSP in TFA (see Figure S13, Supporting
Information). The results in the acid also seem to be quite
different for the excitation at 355 and 400 nm. The dominant
signal in the microsecond time scale is the negative depopulation
band (with two maxima corresponding to the stationary absorp-
tion profile) after the excitation at 355 nm, whereas the residual
transient absorption signal in the picosecond time scale forms
a positive band centered around 450 nm after excitation at 400
nm (Figure S4, Supporting Information). However, the decay
of this band, proceeding with the time constant of about 6 us,
can be also recognized as the small changes superimposed on
the depopulation band (Figure S13, Supporting Information).
In analogy to other solvents, the long-standing depopulation
band might indicate the presence of anti-syn isomerization of
the BSP cation, which is more efficient for shorter wavelength
excitation. While the unambiguous association of the long-lived
transients to the exact tautomers of the BSP cation is rather
uncertain, their existence definitely indicates that the confor-
mational changes take place in this protonated molecule and
they participate (at least partially) in a relatively fast decay of
the cation fluorescence.

Conclusions

The most important findings from this paper concerning the
BSP molecules (probably also relevant for many other Schiff
bases) are the following (and are summarized also in Scheme
3):

(1) The evidence of formation of a new hydrogen-bonded
complex of BSP with a very strongly proton-donating solvent
molecule (HFIP) is provided. This complex is different from
both the hydrogen-bonded complex of BSP with “typical”
alcohols and the BSP cation formed in the acid.

(2) The solvent-assisted excited-state proton transfer takes
place in the time scale of about 400 fs in HFIP.

(3) The photochromic transient deactivates in solution by
means of three processes, and two of them involve intermo-
lecular hydrogen bonds. In nonprotic solvents, double proton
transfer in the complex of two BSP molecules takes place. In a
protic environment, the photochromic decay is catalyzed in the
complex between one BSP molecule and one solvent molecule.
The lifetime of the photochromic transient varies by nearly 4
orders of magnitude for different solvents and concentrations.

(4) The creation of the ground-state of the syn-enol isomer
is a result of the deactivation within the enol form that efficiently
competes with the photochromic cycle in solution. The lifetime
of the syn-enol isomer is even longer than that of the
photochrome.
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