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Abstract: This paper evaluates the 2-
hydroxyazobenzene platform for tailor-
ing proton concentration pulses and os-
cillations with monochromatic light.
The easily prepared 2-hydroxyazoben-
zenes exhibit large absorptions in the

of the 2-hydroxyazobenzene motif pro-
vides the corresponding cis derivative
with an action cross section in the
10°m'em™! range. At the same time,
photoisomerization is accompanied by
a significant pK drop of the phenol

group. According to the phenyl-sub-
stituent pattern, cis-to-trans thermal
back-isomerization can be tuned in the
10 ms-100 s range. Up to 2 units of re-
versible pH drops or pH oscillations on
the 10 s timescale have been obtained

near-UV range. Photoisomerization
was investigated by UV/Vis absorption,
"H NMR spectroscopy, and steady-state
fluorescence emission. In the whole in-
vestigated series, the trans stereoisomer
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Introduction

The proton is the essential ion that rules exchanges between
acidic and basic groups.['! Its reaction with a molecule often
leads to major alterations of structure and reactivity, which
makes it a ubiquitous catalyst.”] The investigation of the
role of the proton on the behavior of reactive systems is
well established in chemistry as well as in biology. However,
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Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201000541. It contains a simple
model to analyze the pH change resulting from illuminating a reversi-
ble photoacid; the organic syntheses; the derivation of the proton-ex-
change constants of the trans stereoisomers of the 2-hydroxyazoben-
zenes (Figure 1S); the evidence for the trans-to-cis photochemical iso-
merization of TH,Cl; (Figures 2S and 3S); the kinetic analysis of the
photochemical behavior of 2-hydroxyazobenzenes: theory and experi-
mental results (Figures 45-8S); the protocol for correcting the emis-
sion from the fluorescent pH reporter from the variation of the
sample absorbance (Figures 9S-12S); and the numerical simulation
protocol for proton concentration pulses (Figure 13S).
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by appropriately tailoring single-wave-
length illumination of 2-hydroxyazo-
benzene solutions.

whereas buffers are traditionally used to investigate thermo-
dynamic aspects of proton significance,” specific tools have
to be developed to interrogate kinetic aspects that require
to control the temporal variation of the proton concentra-
tion.

Photochemistry is particularly attractive here, as it can
provide a noninvasive road with spatial and temporal resolu-
tion. Proton photoactivation can rely on a photoacid, which
irreversibly photoreleases a proton once illuminated. This
situation is encountered in caged weak bases such as phos-
phates™ and sulfates,” or in o-nitrobenzaldehydes that yield
a benzoic acid after photorearrangement.** Alternatively,
the proton may be only transiently photoreleased from a
photoacid, thereby making it possible to shape proton
pulses with light."” In particular, this feature opens a road to
extract rate constants and mechanisms of processes that in-
volve protons by analyzing the dependence of the system re-
sponse on the frequency of periodic oscillations of proton
concentration.'™!" Interestingly, since proton exchanges are
fast'l and often interfere with various chemical reactions, re-
versible photoacids could also be used to investigate, along
the same way, the kinetics and mechanisms of other process-
es that involve inorganic ions,'? biomolecules,'>** or syn-
thetic systems.!™!

In relation to molecular engineering, three parameters are
relevant to photogenerate periodic pH oscillations (see the
Supporting Information): 1) the shift of the proton-exchange
thermodynamic constant upon photoactivation of the rever-
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sible photoacid AH (pK ,,;+—pKan); 2) the ratio of the aver-
age concentrations in the photoactivated and in the ground
states (AH*/AH); and 3) the relaxation time associated with
the deactivation of the AH* photoactivated state. Together
with the total photoacid concentration, the two first parame-
ters control the maximal amplitude of the pH oscillation
which can be obtained from periodically modulating the illu-
mination of the photoacid, whereas the third parameter con-
trols the effective amplitude which can be reached at a
given light modulation frequency. To get pH oscillations of
significant amplitude in a broad range of light modulation
frequencies, one has to favor a photoacid that exhibits a
large pK ,;;x—pKay shift and a high rate of relaxation of the
photoactivated state, and to increase light intensity to reach
a large AH*/AH ratio.

From the first point, molecules such as phenols that ex-
hibit a pK value of their first electronic excited state that is
up to ten units lower than the pK of their ground state
could seem particularly attractive.'™'”! Indeed, they have
been fruitfully used to photogenerate transient out-of-equi-
librium states to investigate local buffering properties of var-
ious media. However, the short lifetime of singlet excited
states is a major limitation to the generation of significant
overall acidifications: powerful light sources would have to
be used with the risk of encountering detrimental side ef-
fects. In fact, the delivery of significant pH pulses requires
the lifetime of the photoactivated state AH* to be longer-
lived than an electronic excited state but still short-lived
enough to get a good temporal resolution.

Photocontrolled reorganization of the conjugated pathway
between donor- and acceptor-terminating groups that bear
acidic or basic functions is here a first strategy."*>" Howev-
er, the illumination of the already investigated molecules
led only to modest changes of pK. Photoisomerization of
substituted aromatic rings that transiently generate acidic
groups has also been examined,* ! although not explicitly

Abstract in French: Cet article étudie la plateforme 2-hy-
droxy-azobenzéne afin d’obtenir des sauts ou des oscillations
de concentration de proton sous irradiation monochromati-
que. Les 2-hydroxy-azobenzénes sont facilement synthétisés
et présentent une bande d’absorption intense dans le proche
UV. La photoisomérisation de ces molécules a été étudiée par
spectroscopie UV-Visible, RMN 'H et par fluorimétrie. Dans
toute la série, I'isomére trans est transformé en isomére cis
avec une section efficace de photoconversion de I'ordre
1Pv " em™. Cette photoisomérisation s’accompagne d’une
diminution significative du pKa du groupe phénol. Suivant la
nature du substituant en para du noyau aniline, I'isomérisa-
tion thermique cis/trans peut se produire da une échelle de
temps caractéristique comprise entre 10 ms et 100 s. Des sauts
de pH de presque deux unités et des oscillations da une pério-
de de l'ordre de la dizaine de secondes ont été observés en il-
luminant convenablement des solutions de 2-hydroxyazoben-
zéne a une seule longueur d’onde.
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in relation to the photocontrol of proton-exchange thermo-
dynamic constants. Provided the reported photochemical be-
havior is robust enough,? this approach could be attractive.
The alteration of the environment of an acidic group after
photoisomerization could also be used to generate proton
pulses with light. The corresponding alteration generally
provides only modest changes of proton-exchange con-
stants.”?1 In contrast, from partition coefficient measure-
ments, Haberfield derived promising orders of magnitude
for the photoenhancement of the ionization constants of
two 2-hydroxyazobenzenes.™ The best observed factor of
600 was explained by environmental changes of the acidic
proton upon illumination: in the trans stereoisomer, acidity
is diminished by the hydrogen bond between the phenol and
an azo nitrogen, whereas in the cis configuration, the hydro-
gen bond is lost and the intrinsic acidity of the substituted
phenol is restored (see Scheme 2; see below).” However,
Haberfield’s purpose of investigating photocontrolled phase
transfer made it impossible to get any insight about the life-
time of the photoactivated acidic cis stereoisomer, thus pre-
venting the evaluation of the relevance of the system toward
the photogeneration of pH pulses or oscillations.

Considering the last-mentioned results as well as the ex-
planation that accounts for the photoinduced acidity, we
have envisioned that the 2-hydroxyazobenzene backbone
could provide a versatile platform for building a series of re-
versible photoacids appropriate for tailoring significant pH
pulses and oscillations. Numerous synthons are commercial-
ly available to achieve efficient syntheses of 2-hydroxyazo-
benzenes in one step. Changing starting materials should
provide an easy way to alter solubility of the targeted 2-hy-
droxyazobenzenes as well as both their photophysical and
acidic properties in the ground and photoactivated states.
Structural changes should be similarly expected to provide a
road to finely tune the kinetics for thermal return from the
photoactivated cis stereoisomer, which is known to be faster
than the corresponding azobenzene series.’! Azobenzenes
are additionally well known for the robustness of their pho-
tochromism:F** 2-hydroxyazobenzenes should exhibit no
significant fatigue upon multiple photocycles that lead to
proton pulses. Eventually, their ionization that accompanies
proton photorelease during the trans-to-cis photoisomeriza-
tion could further enlarge the broad field of relevance of
the azobenzene moiety, which has been extensively used to
photocontrol the behavior of small molecules as well as of
natural and synthetic macromolecules.*"

The present paper examines the 2-hydroxyazobenzene
platform in the generation of light-driven pH pulses and os-
cillations. The first section deals with the design and the syn-
theses of two series of 2-hydroxyazobenzene derivatives that
differ by the substitution pattern of the phenyl rings borne
by the nitrogen-nitrogen double bond. The second section
investigates the acid-base, photophysical, and photochemi-
cal properties of those 2-hydroxyazobenzenes. The third sec-
tion implements two 2-hydroxyazobenzenes in the photo-
generation of pulses and oscillations of proton concentra-
tion.
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Results and Discussion

Design and synthesis: In the present study, we were willing
to evaluate the robustness of the change of the proton-ex-
change thermodynamic constant as a function of the molec-
ular structure by altering the substituent pattern of the two
phenyl rings of the 2-hydroxyazobenzene motif. Thus we
generated two series of derivatives (Scheme 1): 1) starting

crease of conjugation that accompanies the deprotonation of
the phenol group, the absorption spectrum is redshifted in
basic media (4,,,,(TH,Cl;) =347 nm at pH 7.2, whereas A,,,,-
(THCl;) =435 nm at pH 11.1). From the whole collection of
absorption spectra, we extracted pKry,q,=9.4. Despite the
presence of the additional -N=N- electroattractive group in
the ortho position of the phenol moiety, this value is signifi-
cantly larger than the pK=8.3 that we measured for the

parent 2.4.5-trichlorophenol in

the same solvent. Such a large

NaNO,, HCI

O
0°C

+ R?
RONEN Cr
NaOH 10%, 0-4°C

pK shift probably originates
from a hydrogen bond between
the proton of the phenol group
and one nitrogen atom of the

azo motif (see Scheme 2). This
explanation is also supported

R = NO,,SO;K, Br, COOH, H, SMe, Et, Me, OMe R'=Cl, R?=Cl, R®=Cl THRCI, by the observation that the
= =Gl R?= Ol R = THRCI ) .

R=H, OMe RI=CLR*=CLR*=H Cl chemical shift in the '"H NMR

R=H R'=F R?=F,R*=H TH,F,

Scheme 1. Synthesis and structures of the 2-hydroxyazobenzene derivatives investigated in the present ac-

count.

from the most promising compound investigated by Haber-
field,”™ we retained 2,4,5-trichlorophenol for the phenol
moiety in the first series: THRCl; (R=NO,, SOs;K, Br,
COOH, H, SMe, Et, Me, OMe). In contrast, we changed the
substituent borne at the para position of the other phenyl
ring with the expectation of affecting both the strength of
the hydrogen bond in the trans stereoisomer and the rate
constant for the thermal cis-to-trans isomerization. 2) In the
second series, we explored three other phenols (2,4-difluoro-,
24-dichloro-, and 4-nitrophenol) that bear electron-with-
drawing groups,” and which have in common the absence
of a substituent in the 6-position of the resulting 2-hydroxya-
zobenzenes.

The investigated 2-hydroxyazobenzene derivatives have
been obtained in one step with good yields (50-80% ) from
coupling the appropriate phenol in a basic medium with the
diazonium that results from treating the parent aniline with
an excess amount of acidic solution of sodium nitrite
(Scheme 1).51

Physicochemical properties

TH proton-exchange thermodynamic constants: We first ex-
amined the acid-base properties of the trans stereoisomers
TH of the present 2-hydroxyazobenzenes. To avoid any
problem of solubility in the whole series, water/acetonitrile
1:1 (v/v) was used as a solvent. The absorption spectrum of
the TH derivatives was recorded as a function of the proton
concentration in Britton—-Robinson buffer™ (acetic acid,
boric acid, phosphoric acid; 0.04 m)/acetonitrile 1:1 (v/v). All
the solutions were protected from sunlight to avoid any
trans-to-cis photoisomerization (see below).

Figure 1S in the Supporting Information displays repre-
sentative results obtained with TH,Cl;. In line with the in-
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spectrum of the proton borne
by the hydroxy group in TH,Cl,
(0=14.6 ppm) is much larger

OH

N,
N @ hv N
OO e
! v+ A)orA
o-H

TH CH

(hv+A)orA

o
o N,
N /© hv N
HY o+ N —_— + H
c

Scheme 2. Mechanism accounting for the photochemical behavior of 2-
hydroxyazobenzenes.

T

than the one observed in the parent 2,4,5-trichlorophenol
(0=5.5 ppm) in deuterated chloroform.

The latter interpretation was strengthened after reproduc-
ing the same experiment in the whole THRCI; series (see
Table 1). The A, (THRCL), A4,,(TRCL), and pKryre,
values range between 347 and 416 nm, 426 and 494 nm, and
8.3 and 9.7, respectively. In particular, when the R substitu-
ent exhibits more and more electron-withdrawing properties,
PKturci, decreases. This trend was further quantified by
plotting pKryrci, as a function of the Hammett coefficient
og of the R substituent.*?) As shown in Figure 1a, the de-
pendence of pKryyrc, on oy is fairly linear. The negative
slope observed for pKrure, is in line with a weakening of
the electron density at the nitrogen site involved in the hy-
drogen bond in THRCI; when R becomes more and more
electron withdrawing.*"
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Table 1. Maximal wavelengths of absorption and molar absorption coefficients for the acidic (4

and basic (1"

‘max>

e(AY

‘max.

boric acid, phosphoric acid; 0.04 m)/acetonitrile 1:1 (v/v), T=298 K.

)) states, proton-exchange constants for the trans (pKyy) and the cis (pKcy) stereoiso-
mers, rate constants k2, ., and kX | associated with thermal cis-to-trans isomerization of the acidic CH and
basic C states for the investigated 2-hydroxyazobenzenes. Solvent: Britton—Robinson buffer®! (acetic acid,
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TH

max’

&)

drogen bond between the hy-
droxyl group of the phenol and
a nitrogen atom. However, in
contrast with the previous ob-

servations, the pK values of

TH A [nm] (e( M ] () PKru£01 pKen£0.1 kg £0.1 10°xke ¢

[mM~'em™']) [mM~'em™']) [min~"] [min™'] THOMeCl, (92), TH,CL, (8.7),
THOMeCl, 380 (20) 426 (4) 9.5 7.0 0.4 (33 and THF, (8.8) were signifi-
THMeCl, 355 (22) 430 (5) 9.7 6.6 1.3 2£2)l cantly smaller than the ones of
THEtCl, 357 (19) 431 (4) 9.6 6.8 15 @+2) the parent 24-dichlorophenol
THSMeCL, 416 gé) wt g; 32 01 26 (2i2)‘; (9.4) and 24-difluorophenol

K . . < . .

THZCC;OHCh 353 (16) 449 (5) 92 ey T o (10.1). This behavior could be
THBCl, 355 (12) 443 (4) 8.9 _b) _b) _[o) explained by a better phenol
THSO;KCl; 349 (22) 451 (6) 8.9 vl bl vl conjugation with the electron-
THNO,Cl, 354 (22) 494 (10) 8.3 *{:i *[:: *g withdrawing diazo double bond
THOMeCl, 361 (22) 475 (13) 92 - - - in th N » £ 2-hy-
TH,Cl, 328 (20) 477 (10) 8.7 vl vl v the second series .o y
TH,F, 324 (17) 470 (5) 38 ) ) ) droxyazobenzenes, which lacks

the chloro substituent at the 5-

[a] From the fit with Equation (44) in the Supporting Information. [b] Thermal cis-to-trans isomerization took

place too rapidly to be measured with our protocol.
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Figure 1. a) Plot of pKiura, (squares) and pKcprey, (triangles), and
b) logokura, arer, @S @ function of the Hammett coefficient oy of the
R substituent. Markers: experimental data; solid line: linear fit. We
found: pKryrei, =9-4-1.30%, logiokupey, —rrra, [min~']=0.66+3.760%.

The experiments performed in the second series of 2-hy-
droxyazobenzenes brought additional information to the
preceding picture (Table 1). As in the first series, the obser-
vation pKryomecr, > PKrn,ci, supports the presence of a hy-
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phenol position. This explana-

tion would be supported by the

trend observed in UV/Vis ab-

sorption (Table 1): for a same
phenyl substituent, the removal of the 5-chloro substituent
significantly redshifts the maximal wavelength of absorption
of the phenolate T, in line with a larger conjugation pathway
in the second series of 2-hydroxyazobenzenes.

Preliminary photochemical observation: In a series of pre-
liminary experiments performed at 277 K (to avoid the ther-
mal cis-to-frans isomerization; see below), we illuminated
42 um solutions of TH,Cl; in Britton-Robinson buffert™
(acetic acid, boric acid, phosphoric acid; 0.04 m)/acetonitrile
1:1 (v/v) at 365 nm for 5 min. We subsequently recorded and
compared their UV/Vis absorption spectra either immedi-
ately or ten minutes after turning off the UV light.

At pH 8.0 as well as pH 11.8 (at which points TH,Cl;
exists as its acidic and basic states, respectively), UV illumi-
nation caused a significant hypochromic effect (by about
50 %) without major alteration of the absorption bands (Fig-
ures 2Sa and b in the Supporting Information). These obser-
vations were in line with a trans-to-cis photoisomerization
both for the acidic and basic states of TH,Cl;. Indeed, they
agreed with reported literature on 2-hydroxyazobenzenes in
which the marked difference of light absorption between
the trans and cis stereoisomers was interpreted as resulting
from the nonplanar configuration of the cis isomer.?>*! The
preceding conclusions were also supported by 'H NMR
spectroscopic observations that showed that UV illumina-
tion of the frans stereoisomer generated the formation of a
new species with NMR spectroscopic peaks in line with the
corresponding cis derivative (Figure 3S in the Supporting In-
formation). We additionally noticed that the absorption
spectrum of the illuminated solution at the lowest pH fully
recovered when the solution was left unilluminated for ten
minutes at room temperature. In contrast, the illuminated
sample at the largest pH did not exhibit any significant evo-
lution after the same delay. We interpreted this behavior as
resulting from a thermal cis-to-trans isomerization; it oc-
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curred rather fast for the acidic TH,Cl; state but much
slower for the basic THCI; form.?”!

After the series of preliminary experiments, we adopted
the mechanism shown in Scheme 2 to account for the photo-
chemical behavior of 2-hydroxyazobenzenes: we consider
the interconversion between four states: TH, T, CH, and C,
which correspond to the acidic and basic conjugates of the
trans and cis stereoisomers, respectively. The trans-to-cis
conversion is considered to be driven by light only in view
of the larger thermodynamic stability of the trans stereoiso-
mer, whereas cis-to-trans isomerization can be thermally as
well as photochemically driven. In contrast, proton exchang-
es occur under thermal control only.

CH proton-exchange thermodynamic constants: cis-Azoben-
zene stereoisomers often live long enough to be purified by
chromatography.®>®! In the present 2-hydroxyazobenzene
series, the fast cis-to-trans thermal isomerization forbids
both the purification and the application of the titration pro-
tocol at equilibrium to measure the CH proton-exchange
thermodynamic constants. In contrast, the analysis at differ-
ent proton concentrations of the kinetics of thermally driven
cis-to-trans isomerization gives access to the sought-after
thermodynamic constants (see Figure 4S in the Supporting
Information).

We illuminated TH solutions at their wavelength of maxi-
mal absorption at various proton concentrations to photo-
generate the cis stereoisomer CH. We subsequently ana-
lyzed in the dark the temporal relaxation of the solution ab-
sorbance to derive pKqy. Table 1 displays the results for the
2-hydroxyazobenzenes for which the lifetime of the cis ste-
reoisomer was large enough to apply the present protocol.
The measured pKcy range between 6.6 and 7.0, much below
the 8.3 one obtained for the 2,4,5-trichlorophenol in Brit-
ton-Robinson buffer’! (acetic acid, boric acid, phosphoric
acid; 0.04 m)/acetonitrile 1:1 (v/v) (but close to its value in
water, pK=6.9). Since cis-2-hydroxyazobenzenes cannot
form the hydrogen bond present in the trans stereoisomers,
the latter observation is significant for the evaluation of the
relative contributions of the factors that govern the acidity
of the 2-hydroxyazobenzenes in the TH,Cl; series: The 1.0-
1.5-unit pK decrease of CH with regard to the parent
phenol probably evaluates the electron-withdrawing effect
of the diazo double bond, whereas the 2.5-unit
(pKtu—pKcy) difference reflects the strength of the hydro-
gen bond.

Kinetics of thermal cis-to-trans isomerization: With our in-
strumental setup, we were able to measure the relaxation
time associated with the thermal CH cis-to-trans isomeriza-
tion when it was higher than a few seconds.

In the TH,CI; series, the associated rate constants were
shown to strongly depend on the proton concentration with
half-times ranging between minutes (under acidic condi-
tions) and beyond several hours (at the lowest proton con-
centrations). The analysis of this dependence yielded the
rate constants kpy; .y and ko, associated with thermal cis-
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to-trans isomerization of the acidic CH and basic C states,
respectively (see Figure 4S in the Supporting Information).
As shown in Table 1, whereas our experimental conditions
were adapted to measure kg oy With good precision, k&
was too low to be reliably evaluated. The value of k&y .1y
strongly depends on the phenyl substituent R. The slowest
thermal cis-to-trans relaxations are observed for the sub-
stituents that exhibit the strongest electron-donating proper-
ties. The corresponding free-energy linear relationship with
the Hammett parameters is displayed in Figure 1b. By ex-
tending the observed linear dependence to the whole series,
this study suggests that changing the THRCI; phenyl sub-
stituent is an efficient way to tune the relaxation time asso-
ciated with the thermal cis-to-trans isomerization over five
orders of magnitude: the 100 s range is observed with the
slowest CHOMeCl;, whereas 10 ms can be extrapolated for
the most reactive CHNO,Cl,.

We were unable to reliably collect the rate constants asso-
ciated with the thermal cis-to-trans isomerization in the
second series of 2-hydroxyazobenzenes: even at the highest
pH, thermal return of the photogenerated CH is already
fast. For instance, it occurs in 7 min in the basic state of
CHCI,, whereas we did not observe any relaxation beyond
the hour timescale for CHCI;. In particular, the latter obser-
vation may suggest conjugation between the phenol and the
diazo bond to be significant along the way from the cis to
the trans stereoisomer since the second series lacks a 5-
phenol substituent. The phenyl-substituent effect observed
in the first series was again present: at pH 10.4, the respec-
tive relaxation times of CHOMeCl, and CH,Cl, were 40 and
4 s. In addition, 2,4-difluorophenol yielded a faster thermal
return than 2.4-dichlorophenol: at pH 11.7, we found 420
and 10 s for the relaxation times of CH,Cl, and CH,F,, re-
spectively.

The present analysis of the kinetics of thermal cis-to-trans
isomerization shows that relaxation times are noticeably
lower than the ones of the corresponding azobenzenes, thus
making the 2-hydroxyazobenzene backbone an attractive
photochromic platform for “fast” applications. In particular,
photoswitching proton-exchange constants will not require
two-color illumination to be kinetically efficient.

Kinetics of the photochemically driven trans-to-cis and cis-to-
trans isomerization: The rate constants associated with azo-
benzene photochemical reactions have been often measured
by recording the sample absorbance after illumination for
various times.’>*! In contrast, the present 2-hydroxyazoben-
zene series exhibits a thermal cis-to-trans isomerization that
is too rapid to apply the same protocol. We recently imple-
mented a protocol relying on continuous illumination to
face a similar situation that involved fast photochemical
events.’*! Here we also adopted continuous illumination
and a fluorescent probe both to generate the photochemical
reactions and to report on their extent by the inner filter
effect. After a series of preliminary experiments (see Figur-
es 5S and 6S in the Supporting Information), we adopted
the strongly fluorescent rhodamine B probe, which is soluble
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in acetonitrile/water 1:1 (v/v); it weakly absorbs in and
strongly emits beyond the absorption wavelength range of
TH/CH (to report on TH/CH absorbance and to avoid any
absorption of the fluorescence emission by TH/CH; see Fig-
ures 2Sa and b in the Supporting Information). Moreover,
rhodamine B is not sensitive to pH in the investigated range
(to identically report on sample absorbance whatever the
pH change during the evolution). Thus we submitted mix-
tures that initially contained the trans stereoisomer TH (typ-
ically at 5 um concentration) and 1 um rhodamine B to con-
tinuous illuminations while recording the intensity of the
rhodamine B fluorescence emission. As expected from the
formation of the less-absorbing cis stereoisomer, which
leads to an increase in the light intensity experienced by the
rhodamine B, the fluorescence intensity increases as a func-
tion of time (see Figure 7Sa in the Supporting Information).
After a typical delay of a few seconds to a few tens of sec-
onds, it subsequently reaches a plateau associated with the
photosteady state. We satisfactorily fit the corresponding
evolution to extract functions of the rate constants associat-
ed with the trans-to-cis and cis-to-trans isomerization for a
particular light intensity at a given pH. Reproducing this ex-
periment for various light intensities and at various proton
concentrations eventually provides access to the photochem-
ical features of the acidic and basic states at a given excita-
tion wavelength, erg®Pry_cy and ecpPcn_th, and erPr_c
and &c®Pc_r, in which ¢ and @ refer to molar absorption co-
efficients and quantum yields associated with the photoiso-
merization (see the Supporting Information). As ey and &
can be directly measured from the absorption spectra of the
thermodynamically stable trans stereoisomer, and consider-
ing that eqy and & can be roughly estimated (see ref. [44]
and Figure2S in the Supporting Information), Dry_cq,
Dy, P and Dr_ ¢ can be additionally extracted. For
TH,Cl; at 347nm, we found &y(347)Pry_cu(347)=
630M 'em ™!, ecy(347) Pey_m(347)=140M 'cm ™, &c(347)
D (347)=260m " em ™, er(347) Dy (347) =290 M L cm LY
from which we subsequently derived @Diy_cu(347)=3%,
Dy ru(347)~2 %, Pc_1(347)~18%, and D_(347)~6%
by  using  ey(347)=2x10*M'cm™,  ecu(347)=6x
10°m'em™!, £c(347)~1.4x10°m 'ecm™, and &;(347)=4.8x
10°m'em L

Pulses and oscillations of proton concentration: Equipped
with the preceding derivation of thermodynamic and kinetic
constants, we were able to devise a series of experiments
aimed at observing both pulses and oscillations of proton
concentration. We submitted degassed solutions of 2-hy-
droxyazobenzene in water/acetonitrile 1:1 (v/v) to various
sequences of illumination. The photogenerated variations of
proton concentration were detected by two different means.
We first relied on a glass electrode by observing light-in-
duced drops of the pH-meter indication. We also used a flu-
orescent reporter of the proton concentration to facilitate
the measurements by relying on optical detection only.
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Pulses of proton concentration: Our glass electrode was not
sensitive to UV light in the range of investigated powers:
We observed no response to illumination in water/acetoni-
trile 1:1 (v/v). In contrast, we observed up to 2 pH-unit
drops in solutions that contained either TH,Cl; or
THSO;KCI; at 200-300 um concentration (Figure 2a) when

5.5 1 l 1
] 50 100 150

55 1 L 1 ! ! 1
0 50 100 150 200 250 300

t(s)

b) 8o

78

76

pH

74

7.2

70

68 ! ! ! !
0 200 400 600 800

t(s)

Figure 2. Proton concentration pulses upon transient illumination a) as
measured with the pH meter in 6 mL of 220 pm TH,Cl; (or 330 um
THSO;KCl;; inset) submitted to a 30s-long (respectively, 50) 365 nm
pulse delivering 1.2x107° Einsteins™*  (with a flux of 1.7x
107° Einsteins~'cm™?) at the sample; b) as measured with the fluorescein
reporter in 105 pm TH,Cl; (2 mL), 10 nm rhodamine B, and 10 nm fluores-
cein submitted to a 150 s-long pulse delivering 1.9 x 10”7 Einsteins ' (with
a flux of 1.9x1077 Einsteins~' cm~?) at the sample. Solid line: Fit result-
ing from numerical simulations (see the Supporting Information). Sol-
vent: degassed water/acetonitrile 1:1 (v/v). T=298 K.

they were submitted to a strong UV illumination. As expect-
ed from the photogeneration of the more acidic cis stereo-
isomer in the presence of UV light, the proton concentra-
tion increases and then stabilizes when the steady state is
reached. In contrast, turning off the light results in the relax-
ation of the proton concentration to the initial unilluminat-
ed state. The relaxation timescale is about ten times faster
for THSO;KCl; than for TH,Cl;, as expected from a consid-
eration of the increasing value of the thermal cis-to-trans
isomerization rate constant when the substituent group R is
more and more electron-withdrawing.
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To circumvent any limitation associated with the one- to
ten-second response time of the glass electrode, we alterna-
tively relied on a fluorescent reporter, which can be used
down to the millisecond timescale to analyze the temporal
variations of proton concentration. Considering the investi-
gated pH range, we chose fluorescein, which exhibits
pKr,=7.6 in the considered solvent. Since fluorescein emis-
sion depends not only on proton concentration but also on
the intensity of the exciting source, we also added the pH-
insensitive rhodamine B to report on the variation of the
sample absorbance associated with the trans-to-cis isomeri-
zation of the 2-hydroxyazobenzenes (see above). Therefore
the ratio of the fluorescence emission from fluorescein and
from rhodamine B gives access to the desired proton con-
centration after calibration (see Figures 9S and 10S in the
Supporting Information). Figure 2b displays the typical pH
drop observed upon submitting around 100 um TH,Cl; to a
365 nm pulse generated with the fluorometer light source.
As anticipated from the lower illumination power and the
lower TH,Cl; concentration, the pH drop in Figure 2b is
smaller than the one in Figure 2a.

The preceding pH drops have been evaluated for their
consistency with the thermodynamic, kinetic, and photo-
chemical properties evaluated above. Taking into account all
the chemical reactions of the system, the temporal evolution
of the chemical concentrations was simulated using the
known set of parameters and the experimental curves were
fitted by adjusting the remaining parameters (see Support-
ing Information). Starting from the simulation of the behav-
ior observed by using fluorescein to report on pH, we ob-
tained a satisfactory fit of the experimental data (see Fig-
ure 2b) by considering that the illuminated solution con-
tained a minor (70 um) weak base contaminant. It was sug-
gested that it was made of residual carbonates from
analyzing ionization constants as well as the rate constant
associated with an acidic state decomposition that we attrib-
uted to H,CO; (see the Supporting Information). In particu-
lar, the resulting set of fitting parameters was also appropri-
ate for fitting the amplitude of the photogenerated pH
change displayed in Figure 2a. Thus the numerical simula-
tions showed that the observed pH drops were consistent
with all the kinetic and thermodynamic parameters experi-
mentally determined in the present work or available in the
literature. However, they also suggested that, as anticipated,
the presence of buffering species (here residual carbonates)
may dampen the photogenerated pH drop from illuminating
2-hydroxybenzene derivatives.

Oscillations of proton concentration: After generating pulses
of proton concentration, we were interested in evaluating
whether modulations of the UV light source can lead to the
modulation of pH. For this series of experiments, we re-
tained the highly soluble THSO;KCIl; 2-hydroxyazobenzene.
Indeed, this derivative was expected to exhibit one of the
fastest thermal returns of its cis stereoisomer, thereby allow-
ing us to perform significant pH modulation at the highest
frequencies. The pH values and proton concentrations have
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been deduced from analysis of the fluorescence variations of
fluorescein and rhodamine B as described above and in the
Supporting Information (see Figure 11S).

We first explored conditions of weak illumination modula-
tion to remain in the regime of first-order perturbation theo-
retically calculated in the Supporting Information (Fig-
ure 3a). As predicted, the proton concentration exhibits a si-
nusoidal modulation at the excitation frequency: for a 40 %
210 mHz modulation of the 365nm UV light around the
7.2x107® Einsteins™! average value, we observed a 11%
modulation of the proton concentration delayed by ¢=
0.4 rad with regard to light modulation. Using Equation (23)
in the Supporting Information, we retrieved from the pre-
ceding observations the sum of the rate constants associated
with the trans-to-cis and cis-to-trans THSO;KCl; isomeriza-
tions: k%, +k" L +k2 ,=0.5s"". This estimate is in line
with the corresponding value that can be directly extracted
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Figure 3. Oscillations of proton concentration (solid line) as measured
with the fluorescein reporter upon applying a periodic sinusoidal modula-
tion of the UV illumination (dotted line), I = (Ig)(1+fsinwt), to a solu-
tion that contained 300 um THSO;KCl;, 10 nm rhodamine B, and 10 nm
fluorescein. a) I;=7.2x107® Einsteins™!, f=04, and =210 mHz;
b) I =1.6x 1077 Einsteins !, =0.9, and =210 mHz. Solvent: degassed
water/acetonitrile 1:1 (v/v). T=298 K.
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from the timescale for THSO;KCl; photoisomerization:
With Equation (51) in the Supporting Information and the
data shown in the inset of Figure 2a, we derived: ki, .+
ke +ke_y=03s"".

Figure 3b shows that much larger pH modulations can be
obtained upon applying larger sinusoidal modulations of the
UV light intensity: In a degassed 300 um THSO;KCl; solu-
tion, pH periodically varied between 7.0 and 7.4 when the
light intensity was sinusoidally modulated at 210 mHz by
90% around the average value of 1.6x 107’ Einsteins™' (see
also Figure 11S in the Supporting Information). Moreover,
other periodical patterns can be applied to the sample. As
an example, Figure 12S displays the pH evolution that can
be obtained from applying a triangular periodical illumina-
tion.

Conclusion

This study demonstrates that the 2-hydroxyazobenzene
series provides a versatile platform for the design of reversi-
ble photoacids to generate significant pH pulses and oscilla-
tions with monochromatic light. The syntheses are easy and
numerous synthons will be available to tune solubility as
well as to graft the 2-hydroxyazobenzene moiety onto vari-
ous molecular backbones. The photoisomerization behavior
associated with phenol ionization is robust and capable of
photoincreasing proton concentration by typically two
orders of magnitude in neutral media. The Gibbs free-
energy relationships we derived for the protonation con-
stants of the trans and cis stereoisomers as well as for the
rate constant for thermal cis-to-trans isomerization of 2-hy-
droxyazobenzenes make it possible to predict which substi-
tution patterns at the phenyl and phenol rings should be
chosen to observe a given amplitude of pH change under
specific illumination conditions. In particular, we showed
that analytic calculations and numerical simulations satisfac-
torily accounted for our results.

In addition to the preceding remarks that focus on the
photogeneration of protons, this study can also be seen as
providing a generic photochromic unit, the charge of which
will change upon illumination in a wide pH range around
neutrality. Considering the wide use of the azobenzene
moiety as a photoswitch, this alternative perspective should
attract attention given the major structural change that
occurs upon illumination of the 2-hydroxyazobenzene back-
bone.

Experimental Section

Reagents and solutions: Fluorescein, rhodamine B, and acetonitrile were
purchased from Sigma-Aldrich, TCI Europe, and Fischer Scientific. Hy-
drochloric acid (5m) was prepared from a commercial 37 % solution.
Sodium hydroxide solution (9.2M) was commercially available. All solu-
tions were prepared with water purified using a Direct-Q 5 instrument
(Millipore, Billerica, MA). The Britton-Robinson buffers were prepared
according to Frugoni.” The water/acetonitrile solutions were degassed
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either by bubbling N, for 10 min (when the pH meter was used to report
on pH pulses) or by freeze-thaw cycling three times under vacuum
(when fluorescence was used to report on pH pulses and oscillations).

pH measurements: By assimilating activity and concentration, the proton
concentration in acetonitrile/water 1:1 (v/v) solutions was directly mea-
sured after calibration of the pH meter (Standard pH meter PHM210,
Radiometer Analytical equipped with Radiometer Analytical electrodes)
with various buffers (acetic acid, phosphoric acid, and boric acid; 50 mm
concentration in both the acidic and the basic states), for which the ioni-
zation constants in acetonitrile/water 1:1 (v/v) solutions have been report-
ed. 5153

UV/Vis absorption and steady-state emission spectroscopies: UV/Vis ab-
sorption spectra were recorded using a Uvikon-940 spectrophotometer
(Kontron, Ziirich, Switzerland). Corrected fluorescence spectra were ac-
quired using a LPS 220 spectrofluorometer (PTI, Monmouth Junction,
NJ). The quartz cuvettes (Hellma) were 1x1 cm. The temperature of the
holders was maintained by using a thermostat of circulating baths (Poly-
stat 34-R2, Fisher Bioblock Scientific, Illkirch, France), and the tempera-
ture was directly measured in the cuvettes using a type K thermocouple
connected to a ST-610B digital pyrometer (Stafford Instruments, Stafford,
UK).

Stopped-flow experiments were performed using a RX2000 rapid kinetic
stopped-flow accessory (Applied Photophysics, Leatherhead, UK) adapt-
ed to the LPS 220 spectrofluorometer. In this setup, two 100 pL solutions
were mixed with typical dead times of 100 ms and the fluorescence inten-
sity was recorded over time at 3 Hz.

Irradiation experiments: Different protocols have been used to perform
the irradiations.

Protocol I: For the preliminary experiment to evidence the trans-to-cis
photoisomerization of TH,Cl; (Figure 2S in the Supporting Information),
we put a bench-top UV lamp (6 W, 365 nm UV lamp; Fisher Bioblock)
above a 1x1cm quartz cuvette that contained the solution (2 mL) that
was subsequently transferred into the UV/Vis spectrometer.

Protocol 2: The experiments to acquire the photochemical properties of
the investigated 2-hydroxyazobenzenes were performed using the
stopped-flow apparatus (RX.2000 Stopped-Flow Mixing Accessory, Ap-
plied Photophysics) upon illuminating the contents of the 1x0.2cm
quartz cuvette (/200 pL) with the 75 W xenon lamp of the Photon Tech-
nology International LPS 220 spectrofluorometer at several slit widths to
cover a significant range of incident light intensities.

Protocol 3: The experiments devoted to the generation of pH pulses and
oscillations were performed by following two protocols. 1) When the pH
variation was reported by a pH meter, the experiment was done on sam-
ples (6 mL) in a small beaker submitted to a pulse of light from a Hama-
matsu LC8L9588 UV lamp. 2) When the pH variation was followed by
fluorescence spectroscopy, the experiment was done on samples (2 mL)
in 1x1 cm quartz cuvettes continuously subjected to a weak illumination
at 500 nm and additionally subjected to either pulse or periodic oscilla-
tions of the light from a UV-emitting diode (Nichia chip UV LED
NCSUO033A(T), 0-700 mA), either by turning the on/off cycle or by using
an Agilent 33220A, 20 MHz function, arbitrary waveform generator.

In all cases, the incident-light intensities were calibrated by determining
the kinetics of photoconversion of the a-(4-dimethylaminophenyl)-N-
phenylnitrone into 3-(4-dimethylaminophenyl)-2-phenyloxaziridine in ab-
solute ethanol as described in ref. [54]. During the present series of ex-
periments, the typical photon flux at the sample was in the 107°-
107" Einsteins ™' range.

Data processing: The evolutions of the TH absorbance as a function of
pH were analyzed using the SPECFIT/32 Global Analysis System (Ver-
sion 3.0 for 32-bit Windows systems) to extract their pK.**! The other
data have been processed and fitted with Igor Pro 6 (WaveMetrics, Lake
Oswego, OR).

Computer simulation: Simultaneously computing very slow and very fast
chemical reactions as in the present system requires an algorithm capable
of dealing with such a “stiff” set of ordinary differential equations
(ODE). Classical all-purpose algorithms (for instance, the Runge-Kutta
methods) would lead the simulation to scale on the fastest reactions, and
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thus advance the computation by very small time steps, even when it is
not necessary.”® The time evolution was thus computed using an implicit
method, the Bulirsch-Stoer algorithm.””! For each run with a given set of
normalized parameters p, it was possible to evaluate the distance d(p) be-
tween the simulated evolution pHg,(p,f) with the experimental data
pH,,,(p.t) by using Equation (1), for all the experimental values of ¢,
taken at regular time intervals:

lend

8(p) = > _ [PHyn(p, 1) — PHeg (p, O (1)

t=0

To automatically adjust some parameters to fit the experimental curve,
the function d(p) was minimized using a simplex algorithm."*!

The simulation program was implemented in C (GCC, GNU Scientific
Library) using the Burlisch-Stoer algorithm for the ODE numerical inte-
gration and the simplex algorithm for the parameter optimization avail-
able in the Gnu Scientific Library (GSL).™ Fully documented source
code is available as Supporting Information (see file phjump.c). The sim-
ulations were computed using a Lenovo R61 laptop, with an Intel Core2-
Duo Mobile Processor T7250. One typical simulation run takes a couple
of seconds of computation, and one parameter optimization process
takes a couple of minutes.
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