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a b s t r a c t

Merocyanine photoacids are molecular photoswitches that can be used to regulate acid-base reactions
reversibly. Despite their growing impact across multiple research areas including materials science and
nanotechnology, the effect of temperature on their functioning in aqueous environments has not yet
been explored. Here we employ variable-temperature pH and UV-Vis analyses to rationalize their
temperature-dependent (photo)chemical behaviors in water, showing that their photoacidity is inversely
proportional to the temperature (by ca. �0.01 pK/�C).
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Temperature changes may bring about substantial and very
different effects on the behavior of photochromic compounds. The
study of these effects enabled their classification into T-type or P-
type systems [1]. T-type photochromes display photochemically
populated states that are thermally reversible, whereas P-type
systems require selective irradiation with light of different wave-
lengths for triggering isomerization in both directions [2]. Together
with azobenzenes [3e5], spiropyran compounds (SPs) [6] are
among the most studied T-type photochromes. Their reversible UV
light-triggered ring-opening reactions have been studied and
applied extensively in the past decades [7], but mostly in organic
solvent mixtures. The aqueous equilibrium distribution of SPs in
the ground state, though, involves three different isomers [8], and
can be quantitatively shifted to the corresponding open protonated
form depending on the pH of the solution. It follows that SPs in
water can display negative photochromism [9]di.e., T-type
photochromism involving a visible light-triggered ring-closing re-
action coupled with proton release. However, this feature was not
so evident until the seminal contribution of Liao and co-workers
[10], who recognized protonated merocyanines (MCHs) as the
casion of his 80th birthday.
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archetype of “metastable-state photoacids”da specific class of
photochromes whose proton photo-dissociation is persistent
enough to allow reversible control of proton transfer reactions in
solution [11]. The ability of MCHs to reversibly generate a high
concentration of protons under visible light of moderate intensity
[12] has been exploited in diverse research areas including mo-
lecular machines [13e15], materials science [16e19], nanotech-
nology [20e22] and supramolecular chemistry [23e26].

Recently, we rationalized the thermodynamics and kinetics of
MCHs through a series of 1H NMR, UV-Vis, and pH measurements
[27]. We developed general methodologies for determining the
acid dissociation constants of the ground state (pKa

GS) and the
metastable state (pKa

MS), managing to probe for the first time
experimentally their photoaciditydwhich we defined as P ¼ pKa

GS

e pKa
MS. Specifically, we showed that the proton release of MCHs in

water is quantitatively described by a four-state dynamic model. In
the dark, the open protonated form (MCH) is in equilibrium with
the corresponding deprotonated form (MC) and the closed spiro
form (SP) (i.e., Ka

GS ¼ Ka(1þKc)). On the other hand, photo-
isomerization produces a cis-non-coplanar conformation (cis-MCH)
prior to ring closure/proton release (Fig. 1). Very recently, we also
showed that partially neutralizing aqueous solution of MCHs with a
base allows for carefully tuning i) their pH in the dark according to
the Henderson-Hasselbalch equation, and ii) the pH jump following
visible light absorption up to 3 pH units [28]. In general, however,
studying the effect of temperature on the (photo)chemistry of
MCHs in aqueous environments is difficult, because competing
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Four-state model describing the reversible proton release of MCHs in water; hv
refers to visible light. The effect of temperature on each thermodynamic constant
observed in the present work is represented with blue arrows.
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hydrolytic processes can affect all the other equilibria in an irre-
versible manner. In the present work, we tackle this challenge by
investigating the photochemical behaviors of compound 1 [29]
(Fig. 1), which has been shown to be highly soluble in water and
biocompatible, and therefore can be a viable candidate for obtain-
ing high pH jumps and broadening the range of applications of
MCHs in water.

2. Results and discussion

Compound 1 was synthesized by a condensation reaction of the
corresponding Fisher's base [27] with sodium 5-sulfosalicylaldehyde
[30] and fully characterized by 1H and 13C NMR spectroscopy, high-
resolution mass spectrometry (HR-MS), and X-Ray crystallography
(see SI for more details) [31].

In order to aid comparison with Liao's photoacid [10]dwhich is
among the most studied MCHs so far (see Fig. 1 with R1 ¼ propyl-1-
sulfonate (n ¼ 2), and R2 ¼ H)dthe thermodynamic and kinetic
behavior of compound 1 was initially investigated at 25 �C (Fig. 2).
First, the equilibrium constant of theMC# SP isomerization (Kc) of
1 was probed at pH > 9, monitoring the decay of the MC form by
UV-Vis spectroscopy (Fig. 2a). We have demonstrated already that
operating at relatively high pH values allows for minimizing
competing hydrolytic processes, reducing the dark equilibria
exclusively to the MC and the SP forms [28]. The obtained profile
(Fig. 2b) was fitted to a first-order decay kinetics as the following:

At ¼Aeq þ
�
A0 �Aeq

�
e�kobs; 1 t (1)

where At, A0 and Aeq are the absorbances of the isomerizing species
at any time t, t ¼ 0 and at equilibrium, while kobs,1 is the apparent
first-order rate constant of isomerization. The resulting parameters
were then used to compute Kc as:

Kc ¼ ½SP�
½MC� ¼

�
A0 � Aeq

�
Aeq

(2)
2

Knowing Kc, kobs, 1 can then be decomposed into the forward (k2)
and the backward (k-2) rate constants of isomerization as follows:

k2 ¼
Kc

1þ Kc
kobs;1 (3)

k�2 ¼
1

1þ Kc
kobs;1 (4)

We found that compound 1 displays a Kc value of 2.6 ± 0.1,
which is much lower than that of Liao's photoacid (ca. 9) [27]. On
the other hand, both k2 (1.63$10�3 s�1) and k-2 (6.2$10�4 s�1) are
significantly lower than those of Liao's photoacid under the same
experimental conditions (3.9$10�2 s�1 and 4.5$10�3 s�1, respec-
tively [27]). Taken together, these first results suggest that the
additional sulfonate group in position R2 significantly stabilizes the
open deprotonated form. We ascribed such stabilization of the
phenolate moiety to the inducing electron-withdrawing character
of the sulfonate group.

The dark equilibrium composition of 1was initially examined by
acquiring UV-Vis spectra as a function of the pH. At intermediate
pH values, however, we observed that optical readouts were not
stable. We ascribed this result to competing hydrolysis processes.
For this reason, we decided to repeat the experiment above but as a
function of the pH. In this case, all the obtained profiles (Fig. 2c) fit
well to a double exponential rate equation as the following:

At ¼
h
Aeq þ

�
A0 �Aeq

�
e�kobs; 1 t

i
e�kobs;2 t (5)

where kobs,2 is the apparent first-order rate constant of hydrolysis.
This equation assumes that at any time t the residual amount of
open form(s) subsequently undergo hydrolysis. Thus, it can be view
as a generalized version of Eq. (2) suitable for describing situations
where hydrolytic processes compete with the isomerization
kinetics.

The pKa
GS was calculated from the resulting pH-dependent

profile of Aeq (Fig. 2d) by nonlinear least-square curve fitting to
the Boltzmann equation:

Aeq ¼AOH þ AH � AOH

1þ exp
�
pH�pKGS

a
P

� (6)

where AH and AOH are the absorbances at equilibrium observed at low
and high pH, respectively, whereas P represents a fitting factor.
Interestingly, we found a pKa

GS value of 5.72 ± 0.02, which is signifi-
cantly lower than the one previously determined for compound 1 (ca.
6.2) [29]. We have shown recently [27] that MCHs' acid dissociation
constant in the dark refers to a three-component equilibrium system
(see above) and we believe the value reported by Schafaat and co-
workersmay be instead the pKadthe acid dissociation constant of the
phenol moietydof 1, because it resulted from UV-Vis spectra which
might have been recorded without accounting for equilibration ki-
netics [29]. In fact, by applying our formalism, we found that com-
pound 1 displays a pKa value of 6.28 ± 0.04. These results call
attention to the importance of assessing equilibration kinetics prior to
determining pKa

GS. Also, these results highlight the advantage of using
Eq. (5) in place of common biexponential expressions [32], whose
pre-exponential factors are purely empirical and lack of any physical
or chemical significance.

We then moved on to probe the photostationary states of 1 at
increasing pH values by acquiring UV-Vis spectra under steady light
irradiation (Fig. 2e). pKa

MS was subsequently determined from the
resulting pH-dependent profile of the absorbance of the cis-MCH
form (Fig. 2f) by curve fitting to Eq. (6). The pKa

MS was found to be



Fig. 2. Characterization of compound 1 at 25 �C. (a) UV-Vis spectra as a function of time, and (b) corresponding kinetic equilibration of the absorbance of MC (518 nm) after on-site
addition and rapid mixing of compound 1 into a buffer solution at pH > 9; the solid black line represents the best fit to Eq. (1). (c) Kinetic decays of the absorbance of MCH (416 nm)
after on-site addition and rapid mixing of compound 1 into buffer solutions at different pH values, and (d) corresponding pH-depend profile of Aeq; Solid black lines represent the
best fits to Eqs. (5) and (6), respectively. (e) UV-Vis pH titration under steady light irradiation, and (f) corresponding absorbance profile of cis-MCH (367 nm); the solid black line
represents the best fit to Eq. (6). (g) Kinetic recoveries of the absorbance of MCH (416 nm) after light irradiation, and (h) corresponding plot of kobs,1 as a function of the pH; solid
black lines represent the best fits to Eqs. (5) and (7), respectively. Experimental conditions: [1] ¼ 25 ± 2 mM, [phosphate buffers] ¼ 20 mM, T ¼ 25 �C; LED-light source: 425 nm,
100 mW.
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2.23 ± 0.03, which means that compound 1 features a photoacidity
of 3.5 ± 0.1 pK units. This result is in line with our previous work on
MCHs, which, on average, display photoacidity values around
3.6 pK units at 25 �C [27,28].

We then examined the relaxation kinetics of 1 after light irra-
diation as a function of the pH. We were pleased to see that,
especially at intermediate pH values, Eq. (5) fits again very well the
Fig. 3. van't Hoff plots of (a) the acid dissociation reaction of MCH, (b) the isomerization o
diagram for the isomerization reactions of compound 1 obtained at 25 �C; correlations with p
Linear correlation found between the P of compound 1 and temperature.

3

kinetic data (Fig. 2g). In this specific case, though, both pKa
GS and

pKa
MS can be determined from the resulting pH-dependent plots of

Aeq and A0, respectively. In fact, contrary to the equilibration ki-
netics, here A0 refers to photostationary states. Both values were in
line with those obtained before (see Fig. S4). Importantly, the ob-
tained profile of kobs, 1 as a function of the pH (Fig. 2h) is fully
consistent with our kinetic interpretation:
f MC into SP, and (c) the reaction from cis-MCH to SP and Hþ. (d) Overall free energy
Ka
GS, pKa

MS and photoacidity (P) are depicted in grey, yellow, and green, respectively. (e)
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kobs; 1 ¼ k�2

 
KMS
a

½Hþ� þ KMS
a

!�
Kað1þ KcÞ þ ½Hþ�

½Hþ� þ Ka

�
(7)

which confirms that the four-state model represented in Fig. 1 has
general applicability. Though, the conjunction of Eq. (5) with this
last set of experiments may be viewed as a practically convenient
approach for quickly evaluating MCHs' structure-properties re-
lationships. Such an approach allows for assessing all the key
thermodynamic and kinetic features of a given MCHdnamely Kc,
pKa

GS, pKa
MS, and the profiles of kobs,1 and kobs,2 vs. pHdall at once!

Concerning the hydrolysis kinetics, we found that compound 1
hydrolyses as fast as Liao's photoacid (see ref. 27 and Section 11 of
the SI for more details). In view of a consistently slower isomeri-
zation kinetics, this last observation explains why it was not
possible to determine the pKa

GS of compound 1 simply by acquiring
UV-Vis spectra at equilibrium (see above).

Having evaluated the thermodynamics and kinetics of compound
1 at 25 �C, we then studied the effects of temperature. Probing the
effect of temperature on acidity constants requires an accurate cor-
relation of pH readings with temperature. For this reason, we care-
fully calibrated our pH electrode prior to repeating the same
experiments above at five different temperatures from 15 �C to 35 �C
(see Section 4 of the SI). At every temperature, each thermodynamic
constant was determined in duplicate, and van't Hoff plots computed
accordingly. The obtained results are summarized in Table S1. On the
onehand,we found that the aciddissociation reactionofMCHand the
isomerization of MC into SP are both endothermic, with standard
enthalpies (DrH) of 12.0 ± 0.9, and 3.3 ± 0.6, kJ mol�1, respectively
(Fig. 3a andb). On theotherhand, the reaction from cis-MCHto SPand
Hþ is exothermic, with a DrH of�5.6 ± 0.5 kJ mol�1 (Fig. 3c). Though,
in accordance with previous findings [27], we found that the isom-
erization of MC into SP is entropically-driven, featuring a standard
entropy (DrS) of 19 ± 2 J mol�1 K�1. The acid dissociation reactions in
the dark and under light irradiation are instead entropically dis-
favored, with DrS of �80 ± 2 and �63 ± 2 J K�1 mol�1, respectively.
Based on these values, free energy diagrams for the isomerization
reactions of 1 in water can be subsequently determined. Within the
examined temperature interval, we found that the relative isomers'
thermodynamic stability remains intact (MCH> cis-MCH> SP>MC),
resulting in free energy diagrams similar to that reported in Fig. 3d.
However, temperature does affect the absolute free energy differ-
ences between MCH and the other isomers: that between MCH and
both the deprotonated formsMC and SP increases with temperature,
while the one between MCH and cis-MCH decreases with tempera-
ture. The latter is associated with the photoacidity of compound 1,
which, indeed increases by ca. 0.2 pKunits passing from35 �C to 15 �C
(Fig. 3e). These studies strongly suggest that the photoacidity of
MCHsdwhich typically does not change that much through struc-
tural modificationsdmay be significantly enhanced only by selec-
tively (de)stabilizing the (cis-)MCH form (e.g., through host-guest
interactions).

3. Conclusions

In conclusion, we have synthesized compound 1 and fully char-
acterized its (photo)chemical behaviors in water as a function of the
temperature. The relatively rapid hydrolysis and slow relaxation ki-
netics of compound 1 led us to implement Eq. (5) in our analyses. The
conjunction of Eq. (5) with pH-dependent relaxation kinetics pro-
vided a straightforward approach for evaluating all the physico-
chemical properties of 1with a single set of experiments. In general,
this may be viewed as a convenient methodology to quickly carry on
studies on new MCHs' compound libraries. In addition, van't Hoff
analyses unraveled the thermodynamic parameters for the
4

isomerization of 1 in water, showing that its photoacidity increases
moderately with decreasing temperature. The present study can be
generalized to other MCHs, and we believe it may be useful for
expanding their applications further.
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