
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/1
7/

20
26

 1
1:

58
:5

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Thermodynamics
aInstitut des Sciences et Ingénierie Chim

Lausanne (EPFL), 1015 Lausanne, Switzerla
bInstitut de Physique, École Polytechniqu
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and kinetics of protonated
merocyanine photoacids in water†
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Metastable-state photoacids (mPAHs) are chemical species whose photo-activated state is long-lived

enough to allow for proton diffusion. Liao's photoacid (1) represents the archetype of mPAHs, and is

being widely used on account of its unique capability to change the acidity of aqueous solutions

reversibly. The behavior of 1 in water, however, still remains poorly understood. Herein, we provide in-

depth insights on the thermodynamics and kinetics of 1 in water through a series of comparative 1H

NMR and UV-Vis studies and relative modelling. Under dark conditions, we quantified a three-

component equilibrium system where the dissociation (Ka) of the open protonated form (MCH) is

followed by isomerization (Kc) of the open deprotonated form (MC) to the closed spiropyran form (SP) –

i.e., in the absence of light, the ground state acidity can be expressed as KGSa ¼ Ka(1 + Kc). On the other

hand, under powerful and continuous light irradiation we were able to assess, for the first time

experimentally, the dissociation constant (KMS
a ) of the protonated metastable state (cis-MCH). In addition,

we found that thermal ring-opening of SP is always rate-determining regardless of pH, whereas

hydrolysis is reminiscent of what is found for Schiff bases. The proposed methodology is general, and it

was applied to two other compounds bearing a shorter (ethyl, 2) and a longer (butyl, 3) alkyl-1-sulfonate

bridge. We found that the pKa remains constant, whereas both pKc and pKMS
a linearly increase with the

length of the alkyl bridge. Importantly, all results are consistent with a four-component model cycle,

which describes perfectly the full dynamics of proton release/uptake of 1–3 in water. The superior

hydrolytic stability and water solubility of compound 3, together with its relatively high pKGSa (low Kc),

allowed us to achieve fully reversible jumps of 2.5 pH units over 18 consecutive cycles (6 hours).
Introduction

The installment of proton gradients across cell membranes is one
of the key ingredients nature has developed for sustaining life in
all its forms.1 Parallelly to the discovery of bacteriorhodopsin2 –

a light-driven proton pump capable of generating proton gradients
as high as 3.5 pH units3 – chemists from the 70s begun to engage
with the idea of coupling the excited state of organic molecules
with proton transfer reactions4 formimicking similar performance
articially. The possibility of changing persistently and reversibly
the acidity of aqueous solutions, however, was established only
quite recently with the advent of metastable-state photoacids5
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f Chemistry 2020
(mPAHs), by which an articial light-driven pH jump of ca. 2 units
was achieved for the rst time. Liao's photoacid6 – hereaer
referred to compound 1 – represents the archetype of mPAHs.
Under dark conditions 1 behaves as weak acid whereas, following
visible light absorption, it undergoes photoisomerization leading
to the corresponding SP form and the release of a proton (Scheme
1). As compared to spiropyrans7 (SPs), the reason behind this
negative photochromism resides for the most part to the lack of
electron-withdrawing (EWG) substituents (e.g., p-NO2) on the
phenol side, which in turn decrease the stability of the open
deprotonated form (MC) in favor of MCH.8 The acidity difference
existing between the ground state (pKGSa ) and the metastable state
Scheme 1 Photochemistry of Liao's photoacid.
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(pKMS
a ), along with a moderately long lifetime of proton photo-

dissociation,9 makes 1 and related compounds – referred to here
as protonated merocyanines (MCHs) – suitable for controlling
remotely any chemical system relying on acidic inputs.MCHs have
been used as light-responsive regulators of molecular machines,10

gelation11 and self-assembly12 processes, photochromic systems,13

microbial fuel cell14 and chloroplasts15 activity, anti-bacterial
treatments16 and ion-sensors.17 MCHs have also been employed
in the remote control of acid-catalyzed reactions such as the
hydrolysis of acetals,18 and the polymerization of cyclic lactones,19

whereas diverse polymer scaffolds20 are recently emerging for
tuning the switching properties of MCHs in general. Notwith-
standing the tremendous impact that 1 has had and is having
across multiple research elds, evaluation of its thermodynamics
and kinetics in water so far remained inconclusive. The lack of
experimental protocols for dening accurately both pKGSa and
pKMS

a has led to diverse re-interpretations over the past years, and
the mechanisms of both hydrolysis and relaxation are still subject
of debate. Herein, we rationalize the behaviors of 1 in water
through cross-validation of 1H NMR, UV-Vis and pH measure-
ments, and relative modelling. The developed methodology is
general and can be easily applied to other MCHs.

Results and discussion
The ground state

Compound 1 was synthesized by condensation of the corre-
sponding Fisher's base with salicylaldehyde, and fully
Fig. 1 (a) Schematic representation of the three-component equilibriu
increasing pH values with relative assignments (bottom): the shift from
development of SP with a red color. On the right are the profiles of the
reported as a function of the pH; solid lines represent the best fits to
[phosphate buffers]¼ 20mM (3 < pH < 10) in H2O/D2O 6 : 4, T¼ 25 �C. W
the presence of D2O is �0.1 pH unit.22

8458 | Chem. Sci., 2020, 11, 8457–8468
characterized by high-resolution mass spectrometry (HR-MS), 1H
and 13C NMR spectroscopy, as well as X-ray analysis (see ESI† for
more details). Our investigations started from a simple observa-
tion: aqueous solutions of compound 1, under dark conditions
and at known concentration, exhibited pH values diverging
substantially from those expected considering previously re-
ported5,6,21 pKa estimates. Initially, we ascribed this outcome to
possible differences in (i) temperature and (ii) ionic strength of
the sample, as well as (iii) equilibration time before data collec-
tion, which are all common parameters to which direct pH
readings are sensitive to. Motivated by these results, we decided
to employ 1H NMR spectroscopy for quantifying the dissociation
behavior of 1 in the ground state. Contrary to common UV-Vis
spectroscopic studies, where the absorption of multiple species
can overlap, 1H NMR spectroscopy offers the possibility to have
a rather wide and more resolved response window, possibly
allowing for direct structural characterization and themonitoring
of multiple phenomena without mutual interferences. Samples
for 1H NMR analysis were prepared by adding an aqueous solu-
tion of 1 to potassium phosphate buffers solutions ranging from
pH 3 to 10, and subsequently analyzed aer an equilibration time
of 15 minutes in the dark and at a constant temperature of 25 �C.
The 1H NMR spectra obtained for 1 are reported in Fig. 1. At rst
glance, it appears evident how all the resonances found at low pH
progressively shi and weaken in favor of a third species. The
doublet centered at around 8.7 ppm – displaying a coupling
constant typical of vicinal, trans-alkenyl hydrogens (3Jtrans,a¼ 16.3
Hz) – conrms that the predominant species at low pH is the
m system describing the ground state (top) and 1H NMR spectra at
MCH to MC is highlighted with a black-to-blue gradient, whereas the
chemical shifts of c,c0 (b) and the integral ratio between c* and c,c0 (c)
eqn (1) and (2), respectively. Experimental conditions: [1] ¼ 0.1 mM,
ith this composition (<50% D2O v/v) the uncertainty of sample's pH due

This journal is © The Royal Society of Chemistry 2020
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open protonated form MCH (represented in black), whereas the
chemical shi perturbations associated to it and all the other
signals reect a change of the equilibrium position towards the
open deprotonated form MC (represented in blue). Concomi-
tantly, however, the new doublet emerging at around 5.9 ppm –

displaying a coupling constant typical of vicinal, cis-alkenyl
hydrogens (3Jcis,b* ¼ 10.3 Hz) – indicates a progressive displace-
ment towards a congurational isomer: the closed spiropyran
form SP (highlighted in red). The fact that the resonances asso-
ciated to the methylene protons of the propyl-1-sulfonate bridge,
as well as those of the methyl groups, undergo splitting into
diastereotopic patterns conrms the installment of a chiral
center – i.e., the spiro carbon (labelled to as *). Taken together,
these observations suggest that pKGSa should not account merely
on a single dissociation event, but rather on a three-component
equilibrium (Fig. 1a), as proposed rst by Coudret23 and Liao
thereaer.20b

The chemical shi perturbations observed for all the reso-
nances associated to the MCH/MC couple reect a decreasing
extent of protonation from low to high pH values and can be
considered as the weighted average of the two open forms in
equilibrium. This is typical for events happening faster than the
NMR timescale and gives the possibility to determine unam-
biguously the acidity constant of the phenoxyl group – hereaer
referred to as Ka. The Ka of 1 was estimated from the chemical
shi proles of suitable well-resolved resonances (e.g., the one
associated to the methyl groups c/c0, Fig. 1b) as a function of the
pH by non-linear least-squares curve tting to eqn (1):

dobs ¼ ½Hþ�dMCH þ KadMC

½Hþ� þ Ka

(1)

where dobs is the observed chemical shi, while dMCH and dMC

are the chemical shis associated to MCH andMC, respectively.
The model ts with very good condence (R2 > 0.99) the
experimental data and gave a pKa value of 7.2� 0.1. This value is
lower than the one predicted numerically by Coudret (7.75 (ref.
23)), yet very close to that of o-nitrophenol24 in water, and gives
a hint of the EWG effect of the indoliummoiety on the acidity of
the phenoxyl group. Analysis of the integral perturbation in
Fig. 2 (a) Kinetic profiles for the equilibration of MC at different
temperatures; solid lines represent the best fits to eqn (4), whereas the
inset offers a glimpse of the optical readout over time. Experimental
conditions: [1]¼ 21.5� 0.6 mM, [phosphate buffers]¼ 20mM, pH 9.5, T
ranging from 10 �C (blue) to 30 �C (red) (increment ¼ 5 �C). (b) Energy
diagram for the MC # SP isomerization of 1 obtained from van't Hoff
and Eyring plots and (c) corresponding thermodynamic parameters
(in kJ mol�1).

This journal is © The Royal Society of Chemistry 2020
favor of SP offers the possibility to assess simultaneously Ka and
the equilibrium constant of the MC # SP isomerization –

hereaer referred to as Kc. Indeed, both Ka and Kc can be esti-
mated from the prole of suitable integrals ratio (e.g., that
between the integrals of c* and c/c0, Fig. 1c) as a function of the
pH by non-linear least-squares curve tting to eqn (2):

4 ¼ ½SP�
½MCH� þ ½MC� ¼

Kc�
1þ ½Hþ�

Ka

� (2)

where 4 represents the ratio between the concentration of the
closed form and the total concentration of the open forms. This
simple model equation suits the three-component equilibrium
system depicted in Fig. 1a and ts with good condence the
experimental data yielding a similar pKa (7.2 � 0.1) and a pKc

value of �0.99 � 0.04 (Fig. 1c).
Having quantied, for the rst time experimentally, the

equilibria taking part in solution and considering that the
proton concentration at equilibrium should satisfy the charge
balance – i.e., [H+] ¼ [SP] + [MC] – it follows that KGS

a can be
expressed as follow:

KGS
a ¼ Ka(1 + Kc) (3)

It should be noticed at this point, the contribution of Kc to
the overall extent of proton dissociation in the ground state: for
Kc << 1 ([MC] >> [SP]) KGS

a reduces to Ka, whereas for Kc >> 1
([MC] << [SP]) KGS

a can be approximated to KaKc (see ESI† for
more details). In the case of 1, none of these two cases apply and
by using eqn (3) we obtain a pKGS

a value of 6.2� 0.1. This value is
signicantly lower than any of those so far estimated for 1
through simple pH readings in the dark (7.8,6 7.5,21 <7.4 (ref. 5))
and numerical analysis (ca. 7 (ref. 23)), yet fairly in line with
some reports on polymers functionalized with SPs lacking the p-
NO2 group (6–7 (ref. 25)).

To complement the NMR data, we decided to study the
equilibration of MC towards SP by UV-Vis spectroscopy. In
general, samples for UV-Vis analysis were prepared starting
from stock solutions in dry MeOH, as we found these solutions
(ca. 5 mM) underwent negligible10b degradation over two
months when stored at 4 �C. The concentration of each stock
was determined from a series of three independent potentio-
metric titrations, using the corresponding second derivative
curve for calculating the endpoint (see Fig. S6†). In a typical
experiment, aliquots of an aqueous solution of photoacid – 10%
MeOH v/v, freshly prepared by dilution of one of the stocks
above – were added to potassium phosphate buffers solutions at
the desired pH and subsequently analyzed. In order to investi-
gate the MC # SP isomerization, we decided to operate at pH
9.5 (pH >> pKa), where the presence of MCH is negligible and
the equilibrium reduces to MC and SP only.

Kinetic analyses were carried out monitoring the decay of the
absorption band of the corresponding MC form at temperatures
varying from 10 to 30 �C (Fig. 2a). In all cases, data t well to
a rst-order decay kinetics as the following:

At ¼ Aeq + (A0 – Aeq)e
�kobs,eqt (4)
Chem. Sci., 2020, 11, 8457–8468 | 8459

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03152f


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/1
7/

20
26

 1
1:

58
:5

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
where At, A0 and Aeq are the absorbances (in this case of MC) at
any time t, t ¼ 0 and at equilibrium, respectively, while kobs,eq is
the apparent rst order rate constant of isomerization – see the
inset of Fig. 2a for a glance at the optical readout over time. At
any temperature, Kc was calculated as:

Kc ¼ ½SP�
½MC� ¼

�
A0 � Aeq

�
Aeq

(5)

and subsequently used for decomposing the corresponding
kobs,eq into the forward (MC-to-SP, k2) and backward (SP-to-MC,
k�2) rate constants of isomerization as follows:

k2 ¼ Kc

1þ Kc

kobs;eq (6)

k�2 ¼ 1

1þ Kc

kobs;eq (7)

Consequently, energy diagrams for the MC # SP isomeri-
zation of 1 (Fig. 2b) were obtained by means of van't Hoff
analyses and Eyring plots (see Fig. S7†) – all thermodynamic
and kinetic parameters obtained in this way are listed in Table
S1.† First, we noticed that the MC-to-SP isomerization is endo-
thermic, with a standard enthalpy (DrH) of 2.1� 0.7 kJ mol�1. In
the case of SPs, it has been shown previously26 that the ground
state energy of MC becomes lower than that of SP on account of
hydrogen bonding interaction with water molecules – i.e., the
isomerization of SPs in water is enthalpically-driven, with an
equilibrium distribution shied towards MC. Contrary to SPs,
however, here we found that the isomerization of 1 is entropi-
cally dominated (Fig. 2c), resulting in a standard free energy of
isomerization (DrG) of �5.3 � 1.4 kJ mol�1 at 25 �C – i.e., in an
equilibrium distribution shied in favor of SP. The resulting
equilibrium constant is in agreement with the one obtained by
1H NMR. The values found for the enthalpy (DH‡) and the
entropy (DS‡) of activation are 92 � 1 kJ mol�1 and 37 � 2 J K�1

mol�1, and both are in line with the activation parameters re-
ported so far26 for SPs in polar protic solvents.

The interpretation of the ground state thermodynamics of 1
emerging from 1H NMR analyses was subsequently validated by
Fig. 3 (a) UV-Vis spectra of 1 at increasing pH values (increment ¼ 0.5 pH
(b) and of 4 (c) obtained as a function of the pH. Solid lines represent the b
[1] ¼ 22.8 � 1.5 mM, [phosphate buffers] ¼ 20 mM (3 < pH < 10), T ¼ 25

8460 | Chem. Sci., 2020, 11, 8457–8468
UV-Vis titrations. Samples were prepared as described above
with potassium phosphate buffer solutions ranging from pH 3
to 10, and subsequently analyzed in the same way as the NMR
titrations – one should note at this point the importance of
equilibration time in the dark prior to data acquisition (Fig. 2a).
The UV-Vis spectra of compound 1 at increasing pH values
(Fig. 3a) were recorded aer an equilibration time of 15 minutes
at 25 �C. The band centered at 424 nm, which progressively
decreases as the pH increase, is assigned to the p–p* transition
of MCH, whereas the two new bands emerging at 535 and
297 nm are assigned to MC and the p–p* transition of the
chromene moiety of SP, respectively.8

Compared to SPs, the large hypsochromic shi observed for
the band associated to MC (<550 nm) suggests that the
phenolate resonance form of MC dominates over the quinoidal
one, which indeed is typically favored in non-polar media.27 The
pKGS

a was calculated from the proles of the absorbance of
either MCH and MC (Fig. 3b) as a function of the pH by non-
linear least-squares curve tting to Boltzmann equation:

Aeq ¼ AOH þ AH � AOH

1þ exp

�
pH� pKGS

a

P

� (8)

where AH and AOH are absorbances detected respectively at low
and high pH, respectively, whereas P represent a tting factor.28

The pKGS
a thus obtained (6.20� 0.03) is nicely in agreement with

that determined above with eqn (3) and, importantly, with the
one (6.23) obtained similarly in a recent study by Zhang and co-
workers.29 Alternatively, knowing the molar absorptivities of all
the species taking part in the equilibrium, UV-Vis data can be
processed so as to obtain 4. The molar extinction coefficients of
the MCH form were obtained by quantitative calibrations at pH
3 (pH << pKGS

a ) in the dark, whereas that of the SP form through
calibrations at neutral pH (pH >> pKMS

a ) under continuous LED-
light irradiation (425 nm, 100 mW). Due to the transient nature
of the MC form, molar absorptivities were computed knowing
the equilibrium composition at pH 9.5 (vide supra) and the
optical readout of the corresponding SP form (see Fig. S9–S11†).
Thus, the speciation diagram of 1 was obtained, for the rst
units). Profiles of the absorbances of MCH (424 nm) and MC (535 nm)
est fits to model eqn (8) and (2), respectively. Experimental conditions:
�C.

This journal is © The Royal Society of Chemistry 2020
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time experimentally, from the same UV-Vis titration (Fig. 3a)
knowing the optical readout of SP, MCH and MC at all the
corresponding lmax (see Fig. S13†). The absorption data allowed
us for calculating the parameter 4 as a function of the pH, by
which both Ka and Kc were determined from tting to eqn (2)
(Fig. 3c). We were pleased to see that, despite a larger uncer-
tainty due to error propagation, all the equilibrium constants
were fully consistent with those obtained by 1H NMR (see Table
S2†). Overall, the evidences gained so far highlight the impor-
tance of the MC # SP isomerization in determining
pKGS

a , unravelling a new design rationale for possibly decreasing
the ground state acidity and amplifying the operational pH
window of MCHs.
The metastable state

Having assessed the thermodynamics of the ground state by
comparative 1H NMR and UV-Vis analyses in the dark, we then
moved on investigating the metastable state (Fig. 4a). So far,
probing the metastable acid–base equilibrium of 1 in water was
claimed to be challenging due to its low solubility and fast
reverse reaction, and the corresponding pKMS

a was proposed to
lay within 1.7–3.2 based on indirect measurements in MeOH.5

Numerical analyses by Coudret and coworkers, however, pre-
dicted the pKMS

a value of 1 to be 4.3.23 Motivated by this straying
results, we opted for UV-Vis titrations under powerful and
continuous LED-light irradiation for probing the photosta-
tionary state of 1 (Fig. 4a). Samples were prepared as described
above, but using aliquots of standard HCl for xing the pH
below 4; the LED-light beam (425 nm, 100 mW) was delivered
directly from the top of sample cuvettes by a 3 meter-long
Fig. 4 (a) Schematic representation of the metastable acid/base equilib
acquiring UV-Vis spectra under continuous LED-light irradiation. (c) UV-V
profiles of the absorbances of cis-MCH (385 nm) and SP (244 nm) obtain
(8). Experimental conditions: [1] ¼ 22.8 � 1.5 mM, [HCl] ¼ 1 to 10�4 M, [ph
under continuous illumination (425 nm, 100 mW).

This journal is © The Royal Society of Chemistry 2020
optical ber (Fig. 4b). The UV-Vis spectra obtained exploiting
the “room light immunity” feature of our spectrometer are re-
ported in Fig. 4c. The two overlapping bands centered at 330
and 385 nm, which progressively decrease as the pH increase,
are assigned respectively to the p–p* transition of the indolium
and the chromene parts of the protonated metastable form of 1
(green trace). As compared to the p–p* transition of MCH (424
nm) in the dark, the observed blue shi and splitting can be
ascribed to the decreased electronic delocalization of a twisted
conformation – i.e., cis-MCH. In the case of SP, electronic
delocalization is broken by the spiro carbon, and the same two
transitions become distinct8 and narrow at 244 and 297 nm,
respectively (red trace). The clear isosbestic point found at
300 nm conrms that the two forms constitute a photosta-
tionary state. The pKMS

a of 1 was determined from the proles of
the absorbance of either cis-MCH and SP (Fig. 4d) as a function
of the pH by non-linear least-squares curve tting to eqn (8).
The pKMS

a thus obtained (2.47 � 0.04) fall exactly between 1.7
and 3.2 (ref. 5) as proposed by Liao. At this point, in an analogy
with excited-state photoacids,30 we propose to dene the pho-
toacidity of MCHs (referred to here as P) as the difference
between the acidity constants of the ground state and the
metastable state:

P ¼ pKGS
a – pKMS

a (9)

This denition allows for rapid comparison of different
MCHs and can be used to easily quantify their capability of
changing the acidity of a solution aer light irradiation (see
below). The photoacidity of 1 was found to be P ¼ 3.7 � 0.1.
rium of MCHs. (b) Representative picture of the setup employed for
is spectra of at increasing pH values (increment ¼ 0.5 pH units) and (d)
ed as a function of the pH. Solid lines represent the best fits to the eqn
osphate buffers] ¼ 20 mM (pH > 4), T ¼ 25 �C; spectra were acquired
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The hydrolytic stability

A delicate aspect to consider when using MCHs in water is their
propensity to hydrolyze irreversibly (Fig. 5a). In the case of SPs,
it has been shown previously31 that hydrolysis is initiated by
addition of water to the ene-iminium moiety of their MC form,
followed by a retro-aldol condensation reaction yielding the
products. Water is the major nucleophile involved in the reac-
tion below pH 9, but the MCH form is considered to be not
susceptible to hydrolysis.32 On the other hand, compound 1
displays an half-life of 16 hours at pH 5.4 – i.e., at a pH where
MCH dominates over MC.21 Also, it has been proposed that
electron-donating groups conjugated to ene-iminium moiety
may enhance the hydrolytic stability of MCHs in aqueous
environments, and that hydrolysis of 1 would be catalyzed by
OH�.21 The mechanism by which 1 undergoes hydrolysis,
however, remains unclear, and we believed studying it in detail
would be of interest in terms of practical applications. Thus, we
decided to study the hydrolysis of 1 over the entire pH window
ranging from 3 to 9. Kinetic analyses were carried out at 40 �C,
monitoring the decay of the absorption band of the MC(H)
form. The kinetic proles were linearized, and apparent rst-
order rate constants of hydrolysis (kobs,hydr) obtained as the
slope of the corresponding linear t (Fig. 5b). We found that the
rate of hydrolysis gradually increases till around pH 6, aer that
it starts to decrease for becoming progressively independent of
pH (Fig. 5c). This bell-shaped prole is reminiscent of those
observed for Schiff bases33 and, similarly, we think it could be
due to a change in the rate-determining step from decomposi-
tion of tetrahedral intermediate X (II) to nucleophilic addition
of water (I) at higher pH values (Fig. 5a). Inspired by the seminal
work of Jencks and coworkers34 on the hydrolysis of substituted
Fig. 5 (a) Proposed mechanism for the hydrolysis of 1 below pH 9. (b) Li
a function of the pH obtained at 40 �C (c) and 25 �C (d). Solid black lin
represent the best fit after refinement with numerical analysis (see ESI†

8462 | Chem. Sci., 2020, 11, 8457–8468
benzylidene-1,1-dimethylethylamines, and applying steady-
state conditions in respect to the intermediate species X, we
formulate the rate expression for the hydrolysis reaction as
follows:

kobs;hydr ¼ kw½Hþ� þ kOHKw�½Hþ� þ KGS
a

��k�w
kh

½Hþ� þ 1

� (10)

where kw is the rate constant for the attack of water and k�w that
for the corresponding reverse reaction, kOH is the rate constant
for the nucleophilic attack of hydroxide ion and kh that for the
decomposition of X, whereas Kw is the autoprotolysis constant
of water (see ESI† for more details). Each kinetic contribution
was rst estimated independently: (i) kw from the maximum
observed rate constant (for which kw[H

+] >> kOHKw and k�w[H
+]

z kh) or alternatively from that at neutral pH (where kw[H
+] >>

kOHKw, [H
+] < KGS

a and k�w[H
+]/kh < 1), (ii) kOH from the observed

rate constant at pH 9 (where kw[H
+] << kOHKw, [H

+] << KGS
a and

k�w[H
+]/kh << 1), whereas (iii) k�w/kh from the observed rate

constant at pH 3 (where kw[H
+] >> kOHKw, [H+] >> KGS

a and
k�w[H

+]/kh >> 1). Thus, non-linear least-squares curve tting to
eqn (10) was performed using these esteems as initial values.
The model suits with good condence (R2 > 0.99) the experi-
mental data (Fig. 5c) and supports the change in rate-
determining step proposed above. The same experiment was
repeated at 25 �C from pH 3 to 8 (Fig. 5d). In this case, data
tting to eqn (10) (solid black line) followed by renement with
numerical analysis (dotted red line) allowed us to estimate all
the forward rate constants involved in the hydrolytic pathway as
kw ¼ (2.8 � 0.4) � 10�3 min�1, kOH ¼ (9.5 � 0.4) � 103

M�1 min�1 and kh ¼ (2.0 � 0.2) � 10�2 min�1 (see Fig. S17 and
Table S3† for more details), which all in all show that the
nearized absorption data as function of time and profiles of kobs,hydr as
es represent the best fits to the eqn (10), whereas the dotted red line
for more details).

This journal is © The Royal Society of Chemistry 2020
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hydrolysis of 1 is signicantly slower than the corresponding
MC-to-SP equilibration (e.g., min�1 vs. s�1).
The metastability

The relative long lifetime of proton-photodissociation is the key
feature distinguishing MCHs from other types of photoacids. As
for compound 1, Liao and co-workers6 have shown that the
relaxation of SP towards MCH obeys rst order kinetics, dis-
playing a half-life of 76 s in water. Later on, however, the same
group showed that the behavior of 1 strongly depends upon
solvent effects: the relaxation kinetics was found to be particu-
larly fast in water as compared to that in ethanol, which in turn
was found to be faster than that in dimethylsulfoxide (DMSO).9

This observation set the foundation for the now commonly
accepted hypothesis of having protonation involved in the rate
determining step, by which second-order rate constants were
calculated. The observed marked decrease in rate constant
(from 73 to 0.034 M�1 s�1) was ascribed to the hydrogen bond
donor acidity of the solvent, which in fact gradually decrease
from water to DMSO.9 Recent studies29 in methanol appears to
be consistent with this interpretation (see Fig. S18†). Despite
the properties of the solvent certainly play a role in determining
kinetics in general,27 solvent effects alone do not necessarily
indicate a rate determining step of bimolecular nature. There-
fore, in order to investigate whether the proton takes part in the
rate determining step, we decided to examine the relaxation
kinetics of 1 over the entire pH window ranging from 0 to 10
(Fig. 6).

In addition, considering all evidences emerging in the above
sections, we propose the four-component cycle depicted in
Fig. 6a as kinetic model, where k1/k�1 ¼ Ka, k2/k�2 ¼ Kc, k�3/k3 ¼
KMS
a , while k�4 and k4 are the kinetic constants associated to the

trans-to-cis isomerization of MCH and to the corresponding
reverse reaction, respectively, in the dark – i.e., with kv ¼ 0.
Kinetic analyses were carried out at 25 �C, monitoring the
recovery of the absorption band of the corresponding MC(H)
form. Apparent pseudo rst-order rate constants of relaxation
Fig. 6 (a) Proposed four-component kinetic cycle for the operation of 1
(c) obtained as a function of the pH. Solid black lines represent the bes
numerical fit to the full model depicted in (a). Experimental conditions [1]
T ¼ 25 �C; kinetic data were collected in the dark after photoirradiation

This journal is © The Royal Society of Chemistry 2020
(kobs,relax) were obtained using eqn (4) (see Fig. S19†), the cor-
responding prole as a function the pH are reported in Fig. 6b.

We found that the kobs,relax of 1 progressively increase with
pH following a double-sigmoidal behavior, displaying two
inection points close to the corresponding pKMS

a and pKa.
Despite excluding a concerted bimolecular reaction between SP
and H+ yielding MCH,8,35 the kinetic model appears to be fully
consistent, with numerical tting curves approaching nicely the
experimental prole with good condence (Fig. 6b, dotted red
line). A general way to estimate relaxation rates is to study the
non-zero eigenvalues of the rate matrix. In this case, it can be
shown that the apparent rate constant of relaxation corresponds
the opposite of the largest non-zero eigenvalue (see ESI† for
more details). At extremely acidic pH values (pH < pKMS

a ), the
observed rate constants are all very low, suggesting that the cis-
MCH form is thermally stable. This is in line with previous
reports on the acidochromism of SPs, though the observed low
rates were ascribed to existence of an SP form protonated at the
indole nitrogen atom5,32,36 acting as “unreactive sink”37 – i.e.,
SPH. Recent computational studies by Browne and co-workers
have shown that, even considering the existence of SPH,
proton transfer coupled with C–O cleavage is barrierless and
results in the formation of cis-MCH.38 Thus, given the apparent
thermal stability of cis-MCH, one may assume SP the only
species undergoing relaxation, so as to use the pre-equilibrium
approximation39 for deriving the rate expression of relaxation as
follows:

kobs;relax ¼ k�2

�
KMS

a

½Hþ� þ KMS
a

��
Kað1þ KcÞ þ ½Hþ�

½Hþ� þ Ka

�
(11)

Fitting was initialized with the corresponding thermody-
namic and kinetic constants obtained above, using the errors
associated to each equilibrium constant as constraints and
leaving k�2 free to vary. The value obtained for k�2 is in accor-
dance with that found independently at 25 �C from equilibra-
tion studies (Table S1†). The model function suits with very
good condence (R2 > 0.99) the experimental proles (Fig. 6b,
in water and corresponding profiles of kobs,relax (b) and kobs,relax(1 � cSP)
t fits to the eqn (11), whereas dotted red lines correspond to the best
¼ 25� 2 mM, [HCl]¼ 1 to 10�3 M, [phosphate buffers]¼ 20mM (pH > 3),
(425 nm, 100 mW).
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solid black line) and strongly suggests a situation where
thermal ring opening of SP (k�2) remains rate-determining
throughout the entire pH window,32 with cis-to-trans isomeri-
zation of cis-MCH (slow) competing signicantly only at low pH
values. This emerges in a clear manner by looking at the proles
of kobs,relax scaled for the effective concentration of species
undergoing isomerization (Fig. 6c), which increase for
becoming independent of pH aer pKMS

a , with a plateau corre-
sponding to k�2. This interpretation explain why the relaxation
of 1, in a pH window well above pKMS

a , could be tted well to
a rst order rate equation6 also in the absence of buffers holding
[H+] constant.
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Comparative evaluation

Previously, structural modications of either the chrome-
ne13a,19b,40 and/or the indolium29,41 moieties of 1 have been
introduced for tuning its photochemistry in both aqueous and
organic environments. Little attention, however, has been
devoted towards modifying the propyl-1-sulfonate group con-
nected to the iminium nitrogen atom, which is considered to be
important for preserving the thermodynamics of MCHs – i.e.,
stabilizing the open forms MCH and MC.6 Here, we decided to
explore the role of the sulfonate group with a series of MCHs
bearing an increasingly long alkyl-1-sulfonate bridge (see
Scheme S1† with n ¼ 1, 2, 3). Thus, two compounds featuring
respectively an ethyl- (2, n ¼ 1) and a butyl-1-sulfonate group42

(3, n ¼ 3) were synthesized similarly to Liao's photoacid (1, n ¼
2), and fully characterized by HR-MS, 1H and 13C NMR spec-
troscopy, as well as X-ray analysis (see ESI† for more details).
The methodologies presented above are general and both
compound 2 and 3were analyzed in the same way, all results are
summarized in Table 1 to aid comparative evaluation as func-
tion of n. First, comparison of 1–3 revealed that pKa remains
constant within the experimental error, whereas pKc linearly
increase with increasing n. This effect correlates with the
distance of the sulfonate group from the positive charge local-
ized on the indolium nitrogen: passing two to four carbon
atoms, the EWG effect of the sulfonate group attenuate, making
the iminium site less and less polarized and prone to react
intramolecularly. This was further conrmed by comparative
van't Hoff analysis (Fig. S7†), which showed that the DrG of MC-
to-SP isomerization linearly decrease as function of n (Fig. S8†).
With regard to the activation parameters for the MC-to-SP
reaction, we found that the DH‡ slightly increase with
increasing n (Table S1†). We tentatively ascribed this to higher
degrees of freedom of the butyl bridge in compound 3, which in
turn might take part in increasing the through-space electro-
static repulsions27 between the sulfonate group and the
phenolate group, and so the barrier for conversion of trans-MC
to cis-MC. On the other hand, the values found for DS‡ are all
consistent with those reported so far26 for SPs in polar protic
solvents, indicating comparable solvent–solute dipolar orien-
tational correlations.43

The solubility (S) of each compound refers to aqueous
potassium chloride solutions (see below). S values were deter-
mined by both UV-Vis and NMR analysis at 25 �C (see Fig. S20†)
8464 | Chem. Sci., 2020, 11, 8457–8468 This journal is © The Royal Society of Chemistry 2020
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and are reported in Table 1 as the average of multiple experi-
ments. We found that S dramatically increase in the order: 1 < 2
< 3. The superior water solubility of compound 3 allowed us to
carry out successfully photo-NMR44 investigations by in situ
illumination, which, for pH < pKMS

a , corroborated the nearly
quantitative conversion of MCH into an achiral species dis-
playing a cis-non-coplanar conformation (cis-MCH) (see ESI† for
a more detailed discussion). Interestingly, UV-Vis studies
revealed that all pKMS

a values fall within the range 1.7–3.2 as
proposed by Liao5 and, as observed for pKc, progressively
increase as a function of n. These results further conrm the
interplay between the EWG effect of the sulfonate group and the
length of the alkyl bridge in determining the thermodynamics.
Hence, subsequent comparison of 1–3 through eqn (9) showed
that P remains fairly constant within the experimental error
(3.6 � 0.2), but gradually shi towards more neutral regions
with increasing n (ca. +1 pH unit).

Comparative kinetic analyses of 1–3 were carried out at
25 �C. In the case of hydrolysis we decide to investigate the pH
range from pH 3 to 8 (see Fig. S17†). Importantly, all tting were
satisfactory, conrming the mechanism of hydrolysis evoked
above is valid for all compounds. Notably, we found that kw, kOH
and kh linearly decrease with increasing n, highlighting the role
of the proximity of the sulfonate group in dictating the reac-
tivity: the hydrolytic stability of MCHs in water gradually
increases with n. With regard to thermal relaxation, experi-
ments were repeated for 2 and 3 covering the full pH window as
in the case of 1. Also in this case, we found all tting were
satisfactory (see Fig. S19†): thermal ring-opening of SP is always
Fig. 7 (a) Representative picture of the photochemical apparatus during p
25 �C, under dark conditions. Representative pH jump profiles obtained i
and 3 (n ¼ 3) (d) in aqueous KCl (20 mM), and (e) corresponding trend of
partially neutralizing a satd solution of compound 3 (2.6 mM) with NaHC
experimentally, whereas solid red lines represent the corresponding cur

This journal is © The Royal Society of Chemistry 2020
rate-determining regardless of pH, with k�2 linearly increasing
as a function of n. Taken together, these results show that the
four-component cycle depicted in Fig. 6a has general
applicability.

Reversible proton release in water

We nally focused on studying the proton release/uptake of 1–3
in water by means of direct pH measurements. Saturated solu-
tions of 1–3 were prepared by sonication (10 min), adding an
excess amount of crystalline material into aqueous potassium
chloride (30 mL, 20 mM). We chose this for reproducing the
same ionic strength in the experiments above and for optimal
response of the glass electrode. In a typical experiment, the
solution was microltered and transferred in our in-house
designed photochemical vessel (Fig. 7a, see Scheme S2† for
more details) and the pH measurements started aer 5 minutes
of equilibration at 25 �C and under gentle nitrogen bubbling
(Fig. 7b–d, black lines). We found that pH readings in the dark
were all consistent with the pH value predicted by the weak acid
approximation and the corresponding pKGS

a – i.e., [H+] ¼ (KGS
a �

S)1/2. Subsequently, light irradiation induced pH drops down to
a stationary value close to �log S, indicating nearly quantitative
proton photo-dissociation;6 in the case of 3 (Fig. 7d) the nal pH
settled to a value very close to its pKMS

a – i.e., the maximum
possible level of proton release for 3. Inspection of the obtained
pH proles revealed that the pH recovery aer light irradiation
follows rst-order kinetics, with kobs,relax consistent with the
corresponding k�2 (see Fig. S21†). As for 3, the explored pH
window is such that kobs,relax z k�2/2 (see eqn (11)), in line with
Hmeasurements; all preparations and experiments were carried out at
rradiating (425 nm, 340 mW) satd solutions of 2 (n ¼ 1) (b), 1 (n ¼ 2) (c)
the quantum yield as a function of n. (f) Repetitive pH jumps obtained
O3 (0.25 equivalents). Solid black lines represent the profiles obtained
ve fitting.
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the fact the nal pH obtained under irradiation (ca. 3.1) equals
its pKMS

a (3.07 � 0.04). These observations show that proton
release is fully reversible and, again, that the mechanism
proposed above for 1 is general. Thus, we decided to investigate
whether the four-component kinetic cycle depicted in Fig. 6a is
also compatible with the observed full dynamics of proton
release/uptake. Simultaneous data t were performed consid-
ering the three distinct data sets of three independent experi-
ments, namely: (i) pH jump, (ii) kobs,hydr vs. pH and (ii) kobs,relax
vs. pH. Combined data t were initialized with the thermody-
namic and kinetic parameters listed in Table 1, and the
resulting outcome subjected to Monte Carlo cross validation
(see Fig. S23–S25 and Tables S4–S6†). We were very pleased to
see that computed dynamics are fully consistent with the
experimental proles (Fig. 7b–d, red lines). In addition, this
numerical procedure allowed us to estimate kn, which repre-
sents the rate constant of MCH's photo-isomerization and can
be used to directly estimate the quantum yield (F) as follows:

F ¼ N

Nl

kv (12)

where N is the number of molecules undergoing isomerization,
and Nl is the photon ux – i.e., the number of photons per unit
time (see ESI† for more details). Interestingly, we found that F
gradually decrease with increasing n (Fig. 7e). We ascribed this
to the electrophilicity of the spiro carbon, which decrease as
a function of n (see above). Independent variable-power pH
jump studies revealed linear relationships between kn and Nl,

meaning that F does not depend upon the power of the LED
light source within the range 50–350 mW (see Fig. S26†) –

quantum yields of 1–3 are thus reported in Table 1 as the
trimmed mean resulting from multiple pH jump proles and
relative tting (see Tables S7–S9†). It is worth noting that the
quantum yield we obtained in this way for 1 (0.37 � 0.04) is in
good agreement with that (0.38� 0.03) previously reported23 for
the same compound in water.

In general, the amplitude of the pH jump – and so the
potential application of a given MCH – is regulated not only by
the complete set of thermodynamic and kinetic constants we
have unraveled here but also simply by S. At this point, given the
superior hydrolytic stability and water solubility of the new
compound 3, along with its relatively high pKGS

a , we decided to
explore the possibility of amplifying its pH jump by partially
neutralizing the solution with a base. Even if this would sacri-
ce part of the protons available initially, the system will still
exhibit pH drops because of the remainingMCH in solution. On
this regard, we repeated the same experiment above, but with in
situ addition of sodium bicarbonate (0.25 equivalents), the
corresponding pH prole is reported in Fig. 7f (see also
Fig. S27†). We were very pleased to see that (i) the pH jump
passed from ca. 1.5 to 2.5 pH units, (ii) it can be repeated for at
least 6 hours without signicant loss and, most importantly,
(iii) the full dynamics can be simulated nicely adopting the
thermodynamic and kinetic parameters obtained above. This
result shows that the cyclic model implemented here is robust
and can be used to fully predict the behavior of MCHs in water.
To the best of our knowledge, the reversible proton release/
8466 | Chem. Sci., 2020, 11, 8457–8468
uptake obtained buffering 3 with NaHCO3 is the deepest and
most reproducible light-induced pH jump ever achieved.
Conclusions

In conclusion, we have rationalized the behavior of MCHs in
water through a series of 1H NMR and UV-Vis studies and
relative modelling. We have provided straightforward method-
ologies for assessing the acidity constant of both the ground
state and the metastable state. In particular, we were able to
quantify experimentally the equilibrium of MCHs under dark
conditions, and so the effects of the MC# SP isomerization on
proton dissociation – i.e., KGS

a ¼ Ka(1 + Kc). In addition, we have
shown that the protonated metastable state is an achiral species
with a cis-non-coplanar conformation (cis-MCH). We have
analyzed the mechanism of both hydrolysis and relaxation
kinetics as a function of the pH and found that (i) MCHs
hydrolyze similarly to Schiff bases and (ii) re-protonation is not
involved in the rate determining step of relaxation. Direct pH
measurements are fully consistent with the obtained thermo-
dynamic constants, and the four-component cycle proposed
here as model suits very well the observed reversible proton
release/uptake dynamics of MCHs in water. We believe these
nding lay a solid foundation for further expanding the
implementation of MCHs in aqueous-based systems.
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