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Abstract

Light-gated chemical reactions allow spatial and temporal control of chemical processes. Here,
we suggest a new system for controlling pH-sensitive processes with light using two
photobases of Arrhenius and Brensted types. Only after light excitation do Arrhenius
photobases undergo hydroxide ion dissociation, while Brensted photobases capture a proton.
However, none can be used alone to reversibly control pH due to the limitations arising from
excessively fast or overly slow photoreaction timescales. We show here that combining the two
types of photobases allows light-triggered and reversible pH control. We show an application
of this method in directing the pH-dependent reaction pathways of the organic dye Alizarin
Red S simply by switching between different wavelengths of light, i.e., irradiating each
photobase separately. The concept of a light-controlled system shown here of a sophisticated
interplay between two photobases can be integrated into various smart functional and dynamic

systems.
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Introduction

Light-controlled chemical reactions have been established as a tool to achieve spatial and
temporal control over chemical processes, making it possible to localize reactions or develop
complex chemical networks. This tool can also be used for the regulation of biological
processes, the development of smart materials, and the understanding of the complexity of
nature.'” In light-controlled chemical reactions, light acts as an external stimulus on the gate,
a substance that undergoes a certain photoreaction, providing remote control over the desired
chemical process. To date, most photoswitches, such as azobenzene, spiropyran, and their
derivatives, have been used to gate the reactions.’!¢ In this work, we use a different type of
photoresponsive molecule called a photobase of two different categories. Bronsted photobases
are compounds that are weak bases in their ground state; however, they become strong bases
capable of proton capture in their electronically excited state.!”?! Several molecules have
shown the capability to serve as a Bronsted photobase, consisting of mainly quinoline-based
and acridine-based molecules, although several other molecules have shown this capability.?*
27 Arrhenius photobases are capable of hydroxide ion release in their electronically excited
state. The most notable example of a reversible Arrhenius photobase is malachite green
carbinol base (MGCB) and its water-soluble methylated derivative.?3! Bronsted photobases
have been used to control chemical reactions in various functional systems, including catalysis
photoactivation, light-induced droplet self-propulsion, photocurrent generation, dynamic self-
assembly, and light-modulated ionic transport.>**> The use of MGCB in functional systems
involves light-driven DNA conformational switches, photoresponsive hydrogels, dynamic self-

assembly, and photoresponsive photonic crystals.?%

In this work, we control the reaction pathways of the organic dye Alizarin Red S (ARS) using
the unique interaction between two photobases of Arrhenius and Brensted types, having
different excitation wavelengths and photoreaction timescales. We show that by a sophisticated
interplay between them, we can use the advantages and compensate for the disadvantages of
each of them. Namely, an Arrhenius photobase can raise the pH of a solution after excitation
because of its very slow recombination with hydroxide; however, this can become a
disadvantage when the pH needs to be reversibly controlled. A Breonsted photobase can
instantaneously and reversibly capture a proton from water upon excitation; however, due to
the rapid reversibility of proton transfer, the change in the pH of the solution is temporal on the
nanosecond timescale. By combining both types of photobases, we succeeded in changing the
pH reversibly on a second to minute timescale. Thus, the pH increased due to the excitation of

the Arrhenius photobase and the subsequent release of the hydroxide and then decreased by
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speeding the rate of the reaction toward recombination by increasing the concentration of the
product (hydroxide), facilitated by the excitation of the Bronsted photobase. Here, we use our
new approach for pH control, which results in directing the reaction pathways of ARS. ARS is
known to undergo different reactions, either with phenylboronic acid (PBA) or Ni(II), which
are pH-sensitive and can be monitored using spectroscopy.**#? Since the two reactions have an
opposite pH response, we could direct ARS toward each pathway using our system of two
photobases. Altogether, the new concepts we introduce here can be used both for the
fundamental understanding of the mechanism of photobases as well as their utilization in

various systems.

Results and Discussion

In the first part, we studied the interplay between the two photobases, Arrhenius and Brensted.
We used MGCB and 6-methoxyquinoline (6MQ) as the Arrhenius and Brensted photobases,
respectively. One of the hallmarks of both photobases is the different electronic structures
before and after hydroxide release for MGCB and protonation for 6MQ. We used UV—Vis
absorption to follow the different electronic structures of MGCB and 6MQ (Figures 1a and
1b, respectively). MGCB in its neutral form has absorption bands in the UV range, but after
hydroxide release, in its cationic form, it has an intense absorption band at 620 nm (Figure 1a).
The rapid release of hydroxide from MGCB is due to a sharp change in the dissociation constant
of the molecule (i.e., hydroxide release) when excited at ~300 nm.?” However, the reverse
reaction, i.e., the recombination of the MGCB cation with the hydroxide, proceeds very slowly
on the timescale of hours.**** To solve this problem, we introduce here a method to accelerate
MGCB recombination by adding a 6MQ photobase (Figure 1b). When exciting (at 330 nm)
unprotonated 6MQ in an aqueous environment, its pKa jumps from 5.18 to 11.8, resulting in
protonation and proton abstraction from water (or another available proton donor). Unlike
MGCB, proton capture by 6MQ and its re-dissociation are fast with nanosecond timescales.?!
Although the excitation of 6MQ results in hydroxide formation, it does not result in a pH jump

due to the ultrafast proton dissociation as 6MQ returns to its ground state.
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Figure 1. The interaction between MGCB and 6MQ photobases. Normalized absorption
spectra of a) MGCB in alkaline (black curve) and acidic (red curve) conditions and b) 6MQ in
neutral (black curve) and acidic (red curve) conditions, together with their structure and
photochemical process. ¢) Normalized absorption spectra of MGCB solution (at slightly basic
conditions) before, immediately after, and 3 min after 280 nm excitation. d) Normalized
absorption spectra of a solution containing both MGCB and 6MQ before irradiation, after 280
nm excitation, and after 340 nm excitation. e) Changes in the absorption intensity (at 620 nm)
and g) in the pH of a solution containing MGCB and 6MQ following excitation at 280 nm and
the subsequent excitation at 340 nm, together with a representative cycle of the change in f)
the absorption and h) the pH upon alternating excitations at 280 and 340 nm.
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In our work, we hypothesize that when 6MQ is added to MGCB, the pH of the solution can be
changed reversibly because 6MQ can affect the recombination rate of MGCB. To follow the
state of MGCB with and without the addition of 6MQ, we acquired the visible absorption (6MQ
does not absorb in the visible region, Figure 1b) before, immediately after 280 nm excitation,
and a few minutes after excitation (Figure 1c¢ and 1d for without and with the addition of 6MQ,
respectively). In both cases, the results show an immediate appearance of an intense absorption
band at 620 nm after excitation, indicating the formation of the MGCB cation. In the absence
of 6MQ, there was no significant change in intensity in the subsequent measurement due to the
slow hydroxide recombination rate (Figure 1¢). However, in the presence of 6MQ, where we
also used an additional 340 nm excitation to excite 6MQ after the irradiation of MGCB at 280
nm, the intensity of the cationic MGCB band dropped considerably, indicating the
recombination of the MGCB cation with the hydroxide anion (Figure 1d). As a control
experiment, we replaced the 6MQ photobase with a 2-naphthol-6-sulfonate (2N6S) Bronsted
photoacid and repeated the experiment (Figure S1). A photoacid is a molecule that acts in a
reverse manner to a Brensted photobase, i.e., upon excitation with light, its pKa drops sharply,
leading to proton release.*® The results indicate no changes in the intensity of the 620 nm band
upon excitation with 2N6S, which confirms our assumption that 6MQ affects the rate of MGCB

recombination.

An important requirement for the design of any dynamic system is the capability to control the
system in a reversible manner. Accordingly, in the next step, we followed the reversibility of
the interaction between the photobases. To do so, we traced the changes in the absorption
intensity of the MGCB cation (at 620 nm) in a solution containing both MGCB and 6MQ
photobases following excitation at 280 nm and subsequent excitation at 340 nm (Figure 1e).
As shown in the figure, upon excitation of MGCB (at 280 nm) and 6MQ (at 340 nm), the
absorbance at 620 nm rises and falls, respectively, which can be repeated over several cycles
(Figure 1f and Figure S2 for the full spectra). These results show that our dual photobase
system provides reversible hydroxide release, i.e., light-controlled pH change. Consequently,
we followed the pH of the solution containing MGCB and 6MQ photobases following
excitation at 280 nm and subsequent excitation at 340 nm (Figure 1g). Additionally, the change
in the pH shows a similar pattern, i.e., a pH increase upon the excitation of MGCB (at 280 nm),
associated with hydroxide release, and a pH drop upon the excitation of 6MQ (at 340 nm),
associated with hydroxide recombination, which can be repeated over several cycles (Figure

1h).
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Next, we turned to kinetics measurements to understand the interaction mechanism between
the MGCB and 6MQ photobases. To do so, we followed the transient change in MGCB
absorption (at 620 nm), which is indicative of its dissociation and recombination, with or
without the addition of 6MQ (Figure 2). Regardless of the presence of 6MQ, upon a short (2
sec) irradiation pulse at 280 nm, we observed a rapid increase in the absorbance, indicative of
hydroxide dissociation from MGCB, that immediately stopped when the irradiation stopped.
As stated, the recombination process of MGCB is slow, and from the transient measurement,
we calculated the slow decay time scale to be 1620+255 sec (Figure 2a). However, when 6MQ
was present in the solution and upon an additional irradiation pulse (20 sec) at 340 nm that
excites 6MQ, we observed a significantly faster decay of the MGCB absorption with a time
scale of 156+£36 sec (Figure 2b and Figure S3 for repeated cycles), i.e., a faster MGCB
recombination. It should be noted that the main change in the decay was observed only after
340 nm irradiation and not during irradiation, where we observed only a slight decrease in
intensity. To understand the difference between the processes occurring during and after the
irradiation of 6MQ at 340 nm, we followed the absorption (at 620 nm) kinetics of the solution
containing only MGCB under irradiation at 340 nm (Figure S4), i.e., without the 280 nm
irradiation in the beginning. We noticed that in this condition, 340 nm irradiation resulted in an
increase in the absorption intensity at 620 nm, meaning that MGCB is also excited to some
extent at this light wavelength. It is noteworthy that the fraction of MGCB molecules excited
using 340 nm irradiation is negligible compared to 280 nm irradiation. Indeed, while following
the kinetics of the solution containing only MGCB upon irradiation pulses of both 280 and 340
nm (Figure S5), we can observe that the decay stops during 340 nm irradiation. Based on this
finding, we suggest that in the measurement presented in Figure 2b, the slower recombination
decay observed during irradiation at 340 nm (compared to the dark) is due to a minor

contribution of excited MGCB.
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Figure 2. Kinetics measurements. The absorption intensity at 620 nm of the MGCB solution

(a) without and (b) with 6MQ in the solution upon irradiation at 280 nm (red) and in (b) upon
subsequent irradiation at 340 nm (blue).
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Following the experimental validation that the excitation of 6MQ can result in the enhancement
of the recombination rate of MGCB, we propose the following mechanism to address how
6MQ accelerates MGCB recombination during excitation and in the dark (Scheme 1). 1) When
excited at 280 nm, MGCB releases hydroxide to form the MGCB cation. 2) The MGCB cation
has three resonance structures, among which the carbocation structure (in the middle) is the
only one suitable for recombination with hydroxide. However, this structure is unstable, and
the positive charge is delocalized. 3) The solution contains an excess of 6MQ molecules
relative to MGCB, some of which are located near the MGCB carbocation. When excited at
340 nm, 6MQ abstracts protons from water, increasing the hydroxide concentration near the
MGCB carbocation. 4) An excess of hydroxide next to the MGCB carbocation increases its
stability since it causes a change in the hybridization of the central carbon and a subsequent
increase in the density of the positive charge on it, activating the MGCB-hydroxide pair.*** 5)

The activated pair of MGCB carbocation-hydroxide recombines.
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Scheme 1. The mechanism of MGCB and 6MQ interaction.

One of the interesting outcomes of our results is the ability of 6MQ, being a Brensted photobase
only during its short excited state lifetime, to enhance the recombination rate of the MGCB
photobase on the seconds to minutes time scales after excitation. This can be possible only due
to our suggested increase in the hydroxide concentration near the MGCB carbocation that
interacts with the latter, thus preventing the recombination of the hydroxide with 6MQ upon
its return to its ground state. To validate this hypothesis, we explored how the 340 nm light

duration, i.e., the time of excitation of 6MQ, influences the recombination time scales of
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MGCB (Table S1). According to our suggestion, the increase in the 340 nm light duration will
increase the available hydroxide concentration for the interaction with the MGCB carbocation,

thus resulting in faster MGCB recombination, which is what we observe in Table S1.

Based on the results of the first part, in the second part of the study, we used our dual photobase
system, enabling the manipulation of pH, to direct the reactions of Alizarin Red S (ARS). ARS
can form a complex with phenylboronic acid (PBA)***4” or Ni(II)** (Scheme 2). Both reactions
are fast and can be monitored by spectroscopy owing to the characteristic emission band at 580
nm of the ARS-PBA complex (Figure S6) and the characteristic absorption band at 540 nm of
the ARS-Ni (non-emitting) complex (Figure S7). It is important to note that the calculated
equilibrium constants of the ARS-PBA and ARS-Ni complex formation reactions, 2.9 X 103
and 21.8 x 103, respectively (Figures S8 and S9 for the calculations), show an order of

magnitude difference; thus, we used an excess of PBA in the experiments described below.
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Abs @540 nm |
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Scheme 2. Reaction pathways of ARS. Molecular schemes of ARS and the products of the
reaction with PBA or Ni(I). In pathway 1, when irradiated at 340 nm, the reaction with PBA
is preferable, as indicated by a decrease in the absorption intensity at 540 nm along with an
increase in the emission intensity at 580 nm (Figure 3). In pathway 2, when irradiated at 280
nm, the reaction with Ni(Il) is preferable, as indicated by an increase in the absorption intensity
at 540 nm along with a decrease in the emission intensity at 580 nm (Figure 3).

To verify our hypothesis that changes in the pH of the solution will influence the reaction
pathway of ARS, we first followed the spectrophotometric pH titration of each reaction mixture
individually, one with ARS and PBA and the other with ARS and Ni(II). We observed that the
emission intensity of ARS-PBA (Figure 3a) and the absorption intensity of the ARS-Ni

complexes (Figure 3b) decrease and increase, respectively, with increasing pH, thus indicating
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the destruction of ARS-PBA and the formation of ARS-Ni with increasing pH. Unlike the
emission of the ARS-PBA complex, its absorption is less sensitive to changes in pH, showing

a red shift with increasing pH (Figure S10).
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Figure 3. Controlling reaction pathways of ARS. a) and b) Normalized emission and
absorption spectra of ARS-PBA and ARS-Ni complexes, respectively, upon pH titration. c¢)
Changes in the emission intensity (at 580 nm) of a solution containing ARS, PBA, MGCB, and
6MQ following excitation at 280 nm and subsequent excitation at 340 nm, together with d) a
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representative cycle of the change in the emission upon alternating excitation at 280 and 340
nm. e) Changes in the absorption intensity (at 540 nm) of a solution containing ARS, Ni(Il),
MGCB, and 6MQ following excitation at 280 nm and subsequent excitation at 340 nm, together
with f) A representative cycle of the change in the absorption upon alternating excitation at 280
and 340 nm. g) and i) Changes in the emission intensity (at 580 nm) and absorption intensity
(at 540 nm), respectively, of a solution containing ARS, PBA, Ni(Il), MGCB, and 6MQ
following excitation at 280 nm and the subsequent excitation at 340 nm, together with a
representative cycle of the change in h) the emission and j) the absorption upon alternating
excitations at 280 and 340 nm.

In the next step, we tested the capability of our new MGCB — 6MQ system to control the
reaction of ARS either with PBA or with Ni ions. To do so, we prepared two mixtures: 1) ARS
with PBA, MGCB, and 6MQ and 2) ARS with Ni(II), MGCB, and 6MQ. We subjected both
mixtures to alternating excitation at 280 and 340 nm and monitored the emission (at 580 nm)
and the absorption (at 540 nm) of the ARS-PBA and ARS-Ni complexes, respectively (Figures
3c-3f and S11-S12 presenting the full spectra). The results show that exciting MGCB (at 280
nm) has a destructive and constructive effect on the formation of ARS-PBA and ARS-Ni
complexes, respectively, in the two different solutions. In comparison, exciting 6MQ (at 340
nm) has the opposite effect on the complexes in the two solutions. Notably, the reversible
increase and decrease in the concentration of each of the complexes could be repeated for
several irradiation cycles. To provide additional support for reversibility, we followed the
absorption of the ARS-Ni complex at 540 nm using kinetics measurements (Figure S13)
(unfortunately, it is not possible to conduct kinetic fluorescence measurements during different
excitations). We observed a steep increase in absorption during 280 nm irradiation that was
stopped in the dark, indicating the formation of ARS-Ni. Subsequently, we observed a steep
drop in absorption during 340 nm irradiation, followed by a more moderate decrease in the
dark, both associated with the destruction of the ARS-Ni complex. The decay time scales
measured in the dark were consistent with those measured for the solution of MGCB and 6MQ

(Figure 2b).

Last, we controlled the two different ARS reactions with PBA or Ni(IT) and direct ARS in two
possible pathways, with both PBA and Ni(II) present in the same reaction mixture. We prepared
a solution containing all the different components (ARS, PBA, Ni(II), MGCB, and 6MQ) and
followed both the emission and absorption under alternating 280 and 340 nm excitation
(Figures 3g-3j, the full spectra are shown in Figures S14 and S15). As discussed, because of
the different equilibrium constants of ARS-PBA and ARS-Ni complexes, we used an excess of
PBA (see experimental). We found that the ARS reaction is directed to form the ARS-Ni

complex when exciting MGCB (at 280 nm), as indicated by an increase in the absorption
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intensity of ARS-Ni along with a decrease in the emission intensity of ARS-PBA. However,
when exciting 6MQ (at 340 nm), the ARS reaction occurs in a different direction, favoring the
formation of the ARS-PBA complex, as indicated by an increase in the ARS-PBA emission
intensity along with a decrease in the ARS-Ni absorption intensity. As before, the change in the
reaction pathway is reversible, as indicated by several irradiation cycles. The two pathways are
summarized in Scheme 2, whereas the formation of one complex occurs at the expense of the

other (and vice versa).

Conclusion

In summary, we have developed here a system of two photobases of different types - Arrhenius
and Brensted. By combining both types of photobases, represented by MGCB and 6MQ, it was
possible to adjust the pH by exciting them, each with a suitable wavelength. The governing
mechanism for the use of two different photobases is a tandem mechanism, starting by light-
triggering hydroxide release from MGCB, thus forming an MGCB carbocation, followed by
the excitation of 6MQ, resulting in protonation and the transient formation of hydroxide ions
in solution. The excitation of 6MQ promotes the recombination of the MGCB carbocation with
a hydroxide ion to reform the neutral MGCB. Accordingly, we suggest that this recombination
of MGCB is a stepwise process within which MGCB-hydroxide pair activation must occur
before the final recombination. We showed the applicability of the two-photobase system to
control the reaction pathway of ARS. Using a solution that contained MGCB, 6MQ, ARS, and
the two components of the different pathways, Ni ions and PBA, we showed that ARS can be
directed to react either with Ni(II) or PBA by switching between 280 and 340 nm irradiation,
which is associated with MGCB and 6MQ excitation, respectively. We followed the reactions
of ARS with Ni(II) and PBA by measuring the former's absorption and the latter's emission and
showed that upon excitation of the MGCB photobase, the ARS-Ni complex was formed at the
expense of ARS-PBA, and upon excitation of the 6MQ photobase, the reverse trend was
observed, i.e., the formation of the ARS-PBA complex at the expense of ARS-Ni. Our new
double-photobase system to modulate pH-responsive chemical reactions can be useful for light-
triggering various systems and can be incorporated into functional synthetic or biological

materials.

Acknowledgments

https://doi.org/10.26434/chemrxiv-2023-gbmm5 ORCID: https://orcid.org/0000-0003-1543-5333 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-qbmm5
https://orcid.org/0000-0003-1543-5333
https://creativecommons.org/licenses/by-nc/4.0/

A.Y. is supported by the Ariane de Rothschild Fellowship. N.A. thanks the US-Israel Binational
Science Foundation (number 2018239) and the Ministry of Science and Technology (number
3-16243) for financial support.

Experimental Section

Chemicals: Malachite Green Carbinol base (MGCB) (Glentham Life Sciences), 6-
methoxyquinoline (6MQ) (Alfa Aesar), Alizarin Red S (ARS) (Apollo Scientific),
phenylboronic acid (PBA) (Chem-Impex International), and NiCl,-6H>O (Alfa Aesar) were

used.

Solution preparation: The following stock solutions were prepared: [MGCB]=10 mM in EtOH,
[NiCl2-6H20]=6 mM in water, [PBA]=0.1 M in EtOH, [6MQ]=0.5 M in EtOH, and [ARS]=7
mM in water. The final concentrations used in water (pH~7.5) were [MGCB]=0.01 mM,
[6MQ]=0.5 mM, [ARS]=0.02 mM, [PBA]=0.2 mM, and [NiCl>]=0.006 mM. Only for MGCB
solutions was the 0.01 mM solution in water left overnight, in which the color of the solution
changed from light blue (indicating the presence of the MGCB cation) to colorless (the neutral

form). For alkaline and acidic solutions, NaOH and HCI were added to the aqueous solution.

UV—Vis and fluorescence measurements: UV—Vis measurements were performed using a Cary
60 spectrophotometer (Agilent), and fluorescence measurements were performed using a
Fluorolog fluorometer (HORIBA). A 0.5 x 1.0 cm quartz cuvette was used. For UV—Vis kinetic

measurements, a custom-built setup to connect LED light sources to a cuvette holder was used.

Light sources: 340 nm LED (130 mW) and 285 nm LED (40 mW) (both from SETi) were used.
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