Supplementary Material for PCCP
This journal is © The Owner Societies 2011

Photoinduced pH drops in water
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NMR spectra of polymers P and THPC}
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Figure 1S.NMR spectra ofP in D,O (a) andTHPCI; in DMSO ¢ (b). Concentrations: 5 mg/mL. T =

298 K.
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Proton exchange constants of the trans 2-hydroxy-azobenzenes
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Figure 2S.Evolution of absorption spectra as a function of @440 uM THSO;KClI 5 in BR (pH = 1.7,
45,6.3,6.9,7.1,7.7, 8.0, 8.6, 9.9); 76 uM THSO3KCI 5 in BR—acetonitrile 75-25 (v/v) (pH = 2.0, 6.7,

7.2,7.8,8.2, 8.7, 9.3%: 51 uM THSO4KCl  in BR-acetonitrile 1-1 (v/v) (pH = 6.5, 7.6, 8.4, 9.0, 9.8,
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10.4,11.2, 11.7)d: 7 uM TH,Cl5 in 30 mM octyl-3—D—glucopyranoside in BR (pH = 2.5, 3.3, 4.9, 5.8,
6.8,7.7,8.4,9.7,10.2,11.3, 11.9, 128)40 uM TH,Cl5in 62 mM CTAC in BR (pH = 1.8, 2.4, 3.5, 4.3,
4.8,5.6,6.4,7.0,8.2,9.0,9.5, 10.7, 112)60 uM THPCIl; in BR (pH = 2.0, 5.1, 7.2, 8.0, 8.2, 8.8, 9.1,

9.4,9.8,10.3,10.9). T =298 K.

Figure 2S displays the evolution of the absorption spedtrth® various substrates investi-
gated in the present study as a function of the proton coraté expressed by its pH assuming
pH = —logipo H whereH designates the proton concentration. Each individuakcttin of ab-
sorption spectra was globally fitted to extract the thernmaalyic proton exchange constant of the
trans stereoisomer of the considered 2-hydroxy-azobeszenhe results are given in the Main
Text. The global fit also provides the spectra of the acidit laasic states of the trans stereoiso-

mers of the 2-hydroxy-azobenzenes. Table 1S sums up thairphatophysical features.

Table 1S.Maximal wavelengths of absorption and molar absorption coefficientsdadidic @ TH[£(ATH)])
and basic A ., [€(Ah)]) States of the investigated 2-hydroxy-azobenzene systems. BR: BRtibimson

buffer? (acetic acid, boric acid, phosphoric acid; 0.04 M). T =298 K.

Molecule ~ BR-CHCN Additve  ATHIe(ATH)] Aol € AT )]
(V-v) (nm)mM~—tecm™1]  (nm)[mM~1ecm™1
THSO,KCI;  100-0 2 348[19] 451[4]
THSOLKCl,  75-25 % 349[21] 450[5]
THSOKCl,  50-50 % 34922 451[6F
TH,CI, 100-0 oG 348[18] 460-52613]°
TH,Cl, 100-0 CTAC 351[15] 449[6]
TH,CI, 50-50 % 347[20F 435[5F
THPCI, 100-0 2 353[16] 445[3]
a Data fromt
b Shoulder
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Kinetic analysis of the photochemical behavior of 2-hydroxy-

azobenzenes

Theory
The model

We are here interested to derive the theoretical expressibthe concentrations ifH, T, CH
andC (TH, T, CH, andC respectively) during the illumination.

We first assume that the system (volumeis homogeneous at any time of its evolution. In
particular, the whole system is not homogeneously illungdaluring the quantitative irradiation
experiments; only part of the system (volumMg) is submitted to light. Thus matter transport has
to be considered to support the homogeneity assumptionurlexperiments, the cuvette content
is continuously stirred and the homogeneity assumptionligléd as soon as the photochemical
evolution does not occur much below the second time scalehnisi here the case. Thus the
following equations can be considered as valid beyond acheristic homogeneization time scale

by considering concentrations averaged over the wholenvell.

o OH
Cl = cl N
e
cl Nep X
\©i 0 (hv +A) or A C'@
Cl

CH

R

o
Cl TH

o AR cl N.
| hv SN
HY o+ Cl NcN N + H*
(hv +A) or A cl
cl cl
T c

Scheme 1SMechanism accounting for the photochemical behavior of 2-hydraop@nzenes.
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Then we rely on the mechanism displayed in Scheme 1S to wete(E-4) describing the

concentration evolutions:

dcTi_tH —  —(kry_7 +krn—cn) TH+ ket CH4kromy HT (1)
O~ Knuon TH— (ke + ko) CH +keci H C )
?TI — kryTTH—(krtH H+kr.c) TH+ke 7 C (3)
‘Z_Ct: = keH—cCH+kr_c T —(kccH H+kc—1) C (4)

where we make explicit the photochemical and thermal doutions to the rate constants by writ-

ing
ket = k&¥r+ker (5)
ken—th = k<h:‘|}—|HTH +KeH_TH (6)
kri—cn = KM ch (7)
kroc = K¢ )

where the exponent indicates the nature of the contribution

Then we take into account that the exchange betwéeandT (CH andC respectively) is fast
at the time scale of the observed photochemical evolutiepphbd the relaxation times associated
to proton exchanges, it is meaningful to introduce the ayespecie§ andC (concentrations

T =TH+T andC = CH +C). Under such a condition, the “instantaneous” concemnatinTH,
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T, CH andC are respectively

H _
TH = HI—KTHT (9)
T = o +;2THT (10)
CH = WC (11)
C = ﬁ;wé (12)

whereKry andKcy designate the proton exchange thermodynamic constargsiatesl toTH

andCH). Thus Egs.(1-4) transform into Eq.(13):

dT dC - _
= = =k T+ks =C 13
dt dt T—C + kC—>T ( )
with

kt .cKtH +ktH—cHH
ke & = 14
T—C H +KTH ( )

ke—1Ken + ket H
= = 15
kC—)T H +KCH ( )

Considering that the initial concentrations Tnand C are T¢ andCy respectively, Eq.(13)

eventually provides

- 1 - = Kr e = 1
T = [ (T0+C0)+( T-C T°_1+K C0>eXp[—(kTHc+kcHT)t}(16)

T .C 1+Ks_ ¢ T-C
c _ E(Tﬁ-éo)— Ky ¢ To— 1 Co ) exp|— (kr_c + ke _7)t](17)
1+Ky ¢ ke @ I+Kkr e e

with K+_ = = k_/ks_5. The concentrations ifiH, T, CH andC can eventually be derived

from EQs.(9-12) and EQs.(16-17).
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Application to the measurement of the CH proton exchange thenodynamic constants

In the following series of experiments, tiél solution is first illuminated with the spectrofluorime-
ter lamp to generate a photo-steady state in whiidh T, CH, andC are present at concentration
THo, To, CHp, andCy. The illuminated sample is then transferred to the dark hedinetics of
thermally-driven cis-to-trans isomerization is analybsdfollowing the sample absorbance as a

function of time! The temporal evolution of the concentratiochendC obeys Eq.(13) which here

reduce to
T = To+GCo [1—exp<—k%ﬂft>} (18)
C = G exp(—k%ﬂft) (19)
with
Ko kg_1Ken +kep 1 H (20)
C—T H + KCH

The observed absorbandds the sum of the contribution from andC
A= [ef (To+Co) +Co (65 — &7) exp(—k%_ft)} 14 (21)

at the chosen wavelength. Fitting the temporal dependdribe absorbanca with Eq. (21) yields
k%_)T at a given pH. After repeating the latter experiment withrappate proton concentrations,
the fit of the dependence b%ﬂf on proton concentratiod with Eq.(20) providesKcy, kéH_)TH ,
andkg .

1The power of the UV-Vis lamp for absorbance measuremenbigow to introduce any significant perturbation
during the measurement b%ﬂf sincek%ﬂT > k%‘;f.
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Experimental results
Observations of “slow” cis-to-trans thermal isomerizations

When the cis-to-trans thermal isomerization was slow endgtayirH ,Cl; andTHPCI ;), we had
time to transfer to the spectrophotometer the cuvette contathe TH solution illuminated up to
the photo-steady state in order to analyze the kineticsefltermal relaxation toward the initial
state by following the sample absorbance as a function @&.tigure 3Sa displays the relaxation
at 298 K of a pH = 4.7THPCI; solution which has been illuminated for 5 min at 365 nm and
which are typical of the results obtained willi ,Cl; and THPCI ;. The relaxation occurs at the

30 s timescale and it is satisfactorily accounted for by thetic model.
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Figure 3S. a Temporal evolution of the absorbance at 353 nm of #BOTHPCI ; solution in pH 4.7 BR
after irradiation at 365 nm for 5 min. From the fit with Eq. (21), we extratk%gﬁ(pH =4.7)=3.8£0.1
min~%; b: Temporal evolution of the transmitted light intensity at 365 nm 1(365) of aBDTHSOZKCl 4
solution in pH 6.7 BR after irradiation at 365 nm for 5 min. From the fit with EQ) (e extractedi%ﬁf(pH

=6.7) = 12t2 min 1. Markers: experimental data; solid lines: fits. T = 298 K.
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Observations of “fast” cis-to-trans thermal isomerizations

For THSO4KCl 5, the cis-to-trans thermal isomerization occurred tootiaste analyzed with the
procedure explained above. To overcome this limitationgnedified our fluorimeter to illuminate

the sample and record its transmittance in a same setupr(fec?®).

Arc
lamp

UV diode > Sample > PM

Scheme 2SSchematic view of the modified fluorimeter cavity. The light emitted from the low inten-
sity 365 nm light source (UV diode; Nichia chip UV LED NCSUOQ33A(T), 087/mA) passes through the
sample and the intensity of the transmitted ligh{B65)) is recorded by the photomultiplier (PM) set up at

365 nm while irradiating with the lamp of the fluorimeter (arc lamp).

In order to validate our set up, two experiments have beep.don

e Firstly we checked that the UV diode deliverihg365) was weak enough so as to not per-
turb the systemi,e. to not cause any significant trans-to-cis photo-isomeadratThus we
exposed to the light from the UV diode for 5 min a 5fM TH ,Clg solutionin pH 7.8 BR—
acetonitrile 1-1 (v/v). The solution was subsequentlysfamed to the spectrophotometer in
which we recorded the transmittance at the maximal absorptavelength of the solution
(347 nm) as a function of time. Since we did not observe angifsognt variation of the
recorded signal at the timescale of the relaxation timeHeithermal cis-to-trans isomeriza-
tion (around 300 s at pH 718 we deduced that there was no isomerization induced by the

light coming from the UV diode.

10
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e Secondly, we measured the cis-to-trans thermal rate aussfar TH,Cl; in pH 7.8 BR-
acetonitrile 1-1 (v/v), both in the spectrophotometer tgdaned above) and in the modified
fluorimeter. A5 104 M TH,Cl, solution was illuminated at 347 nm for 5 min with the arc
lamp of the fluorimeter and the thermal cis-to-trans isoraion was subsequently either
observed in the spectrophotometer (Figure 4Sa) or in thefreddluorimeter (Figure 4Sb).
Fitting the temporal evolution %(365) as in Figure 3Sayielded - =3.7+0.1103s*

whereas the fit of the temporal evolutionl¢865) with the equatiof
4
1(365) = 10(365) exp{ <8T(T0+Co)+Co(£C £-) exp(—ka t))} (22)

which was extracted from Egs. (18), (19), and (21) ggve- = 3.5+0.1 103 s 1. From
the fair agreement between both values, we concluded thanstwumental set up was rel-
evant for analyzing “fast” cis-to-trans thermal isometi@as with the relationA(365) =
alog 'IO ggg’)) (a is ageometrical parameter) linking the sample absorbar8&banm A(365),
and the PM signal,(365).
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Figure 4S.Relaxation of an illuminated 5 1@ M solution of TH,Cl5 in pH 7.8 BR—acetonitrile 1-1 (v/v)

that has been illuminated at 347 nm by the arc lamp for 5 min in the fluorimeter asdwbsequently

2The absence of baseline/dark signal correction of the rmitesi light intensity was guided by our choice to
analyze only its temporal dependence in order to extractrate constank%_f. As evidenced by Eq.(22), any

additional contribution will not affect the temporal depence governed tiygﬂf

11
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observed by recording its absorbance at 365 nm, A(365) with the splctiometerd) or its transmittance
at 365 nm, 1(365), with the fluorimeteb). Dots : experimental points, lines : fits with Eq. (28) @énd
Eq. (22) ). T=25C.

Figure 3Sb displays the relaxation at 298 K of a pH = BHSO4KCI ; solution which has
been illuminated for 5 min at 365 nm which are typical of theutes obtained witTHSO;KClI 5.

The relaxation occurs at the 5 s timescale and it is sat@ificaccounted for by the kinetic model.

Derivations of the proton exchange constant of the cis 2-hydxy-azobenzenes and of the rate

constants of cis-to-trans thermal isomerizations
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Figure 5S.Dependence of the rate constk@gf as a function of pHa: THSO3KCl 5 in BR; b: TH,Cl3
in 30 mM octyl-8—D—glucopyranoside in BR;: TH,Cl; in 62 mM CTAC in BR;d: THPCI; in BR.

Markers: experimental data; solid lines: fits with Eq.(20). T = 298 K.

12



Supplementary Material for PCCP
This journal is © The Owner Societies 2011

Figure 5S shows that the dependence of the rate consh%ggson the proton concentration
is in line with the predicted behavior given in Eq.(20) fartak investigated compounds. The fits
of the experimental data yieldetkpy andk&,, 1, given in the Main Text. In fact, the lagg 1
estimate extracted from the fit noticeably lacked precisisithe relaxation becomes very slow at
the highest pH. Therefore, we relied on the linear tempaoralugion of the absorbance at pH=8
beyond 60 min to deduce that the actual value of the rate @otssf ; were lower than 3 107

min~1 for all the investigated 2-hydroxy azobenzenes.

13
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Thermodynamic model evaluating the amplitude of the photoin-
duced pH drop

In this section, we introduce a thermodynamic model to emalthe dependence of the amplitude
of TH photoinduced pH drops on control parameters.

We consider that at initial pH, onlyH (proton exchange constaii{y) exists in the system.
Under UV illumination, TH is transformed intdCH (proton exchange constalty) yielding a
photostationary state containing both species. We warddecesas the amplitude of the pH modifi-

cation between the nonilluminated initial system and thetps$tationary state.

Proton concentration in the nonilluminated starting system

We first calculate the proton concentratidgak resulting from thermal ionization of the nonillu-

minated photoacidH at thermodynamic equilibrium:
TH=T+H"

Neglecting solvent self-ionization and assuming that thecentration infH, T Hyet, is sufficiently

large, we find

Hdark =V KTH T Htot~ (23)

Proton concentration in the photostationary state

We now calculate the proton concentration in the photastaty stateéHpnotostatCONtaining both
TH andCH. Considering that the proton exchange constar@ldfis much higher than the one
of TH (see Table 1 in Main Text), we assume that the proton coratnrin the photostationary

state is only controlled by théH dissociation thermodynamic equilibrium:
CH=C+HT

14
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Consequently the proton concentration in the photostatyastateHynotostadS €asily obtained from

the proton exchange constant@f (Kcn) and the photostationary concentratiorGi (CH) :

thotostat: V KCHCH~ (24)

The concentration oEH is ruled by Eq.(13) taking into account EQs.(9-12). Assgrimat
the photostationary concentrationsidi andCH are large enough and thaH andCH are weak
acids, we neglect the concentrationin front of TH (respectivelyC in front of CH) and write

T~ TH, C~CH andT Hiot ~ TH + CH to derive

CH  kry_cH

TH  ken—H (@3)

. o hV o hV AN . . . .
with kry —.cn = ks _cy @ndken—tH = ke _1h + Ken_tn Where the irradiation-driven rate

constants obey :
1—exp(—2.3Aw0t)

hv _
kTH — CH o ETH (pTH — CH AtOtV IO (26)
1- exp(—2.3At t)
hv _ 0
Keh — 1r = €H Pon — TH AotV lo (27)

whereety andecy are the absorption coefficients Ot andCH at the irradiation wavelenght;
¢ry and @y the quantum yields of the photoisomerization reactibHs— CH andCH — TH;
V the irradiated volumAy the total absorbance of the solution dgdhe light intensity.

Then we get

CH=— THot (28)

From EQgs.(24) and (28), we eventually obtain

1
Hphotostat= \/ KchH WT Hiot. (29)

KTH_cH

Hence we deduce the amplitude of the photogenerated pH Ay & pHphotostar— PHdark)

15
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using Eqgs.(23) and (29) and the relatipH = —log1oH

1 e
ApH = —10g10Hpnotostart 10910Hdark = 7 | (PKeH — PKri ) +10010 (l+ Ilz::—l:ﬂ o

Some key features accounting for the amplitude ofTfthephotoinduced pH drop can be ex-

tracted from Eq.(30) :

e pKcy — pKty. The largest protonation constant enhancement of the pbiotdH upon

illumination, the largest resultingH drop;

e key /Kt —cnh- In relation to Eq.(25), the large€tH concentration at steady-state, the
largest resultingpH drop. Consequently, the pH drop amplitude increases wittt ligen-
sity. However when light intensity becomes large enou@ﬁ'LTH >> kéH_)TH), the pH
drop saturates. In the present case, the typical light sitienlelimitating both regims is

10 " Ei.s 1,

e THiyt. In contrast to plgrak and phnotostat APH does not depend on the total photoacid

concentration Hiot.

16
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Evaluation of the fatigue of the 2-hydroxyazobenzene platform

in water

In order to prove that the 2-hydroxyazobenzene platform alof@ature any significant fatigue

after several illuminations, we submitted aqueous sahstaf the photoacids to several switching

cycles in which we alternated UV illumination and darkness.

Figure 6S displays the resulting pH variations after eigdouM TH,Cl; 50 mM CTAC 200 mM

NaCl; a) and four (340uM THPCI ;; b) cycles in water.
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Figure 6S.pH variations of a 24QuM TH,Cl; 50 mM CTAC 200 mM NacCl solution submitted to eight

photocyclesg) and of a 34QuM THPCI ; solution submitted to four photocyclds)( The light pulses are at

365 nm and 1.2 1 Einstein s* with a flux of 17 10°° Einstein s cm~2. Red arrows: light is switched

on ; black arrows: light is switched off. T =298 K.
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