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Reevaluating the Solution Photophysics of Tetraphenylethylene at the
Origin of their Aggregation-Induced Emission Properties

Jean Rouillon*, Cyrille Monnereau* and Chantal Andraud
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ABSTRACT: Although tetraphenylethylene (TPE) and its derivatives have been the most commonly used building blocks in the con-
struction of molecules with Aggregation-Induced Emission (AIE) properties, no absolute consensus exists regarding the mechanisms
at the origin of the phenomenon. Restriction of Intramolecular Rotations (RIR) of peripheral phenyls has historically been a domi-
nant paradigm which has served as a valuable guideline in the molecular engineering of AlEgens. Yet, an increasing number of
recent works have established that photoisomerization or photocyclization may actively participate in the nonradiative dissipation
of the excitation energy. In this paper, we bring the first experimental evaluation of the quantum efficiencies of these different
processes, and show that photoisomerization is by far the dominant photophysical pathway in solution, accounting for virtually all
nonradiative decay of the molecule's excited state in degassed solution.

The dynamics of molecules at their electronic excited states
results from the interplay of a diversity of radiative and nonra-
diative kinetic processes.! In this framework, the physical state
of the molecule, i.e. solution or solid state, plays a particularly
determining role.>* While progresses in the molecular engi-
neering of luminescent compounds in solution has not ceased
since the middle of the 19t century,® the design of solid-state
fluorophores has experienced a breakthrough in the early
2000s, with the concept of Aggregation-Induced Emission
(AIE)® popularized by B.Z. Tang and the burst of new technol-
ogies based on solid-state fluorescence.”®

Among the so called AlEgens, tetraphenylethylene (TPE)
stands out for its tremendous AIE properties® which are pre-
served even in highly substituted derivatives.'®'? Until very re-
cently, intensification of TPE luminescence in the aggregated
state was coined, by analogy with the established AIE mecha-
nism in tetraphenylsiloles,®® to the restriction of intramolecu-
lar rotations (RIR) of peripheral phenyls : other photophysical
processes such as, for instance, double-bond isomerization,
were considered to play a negligible role in the AIE proper-
ties!*. The predominance of this model has however recently
been put into question by various theoretical studies as well as
time-resolved spectroscopy, which suggested the importance
of both E/Z photoisomerization (EZI),*>"'” and photocyclisation
(PC), resulting in the formation of diphenylphenanthrene
(DPA),'8-21 as processes in the deexcitation pathways of TPE in
solution.

The link between rotation of the central C=C bond and fluo-
rescence efficiency in solution (®f) has been indirectly con-
firmed by the synthesis and comparative spectroscopic studies
of dicyclic cis-TPE and gem-TPE?? (Scheme 1a). In the former,
where cyclisation constrains photoisomerization of the double
bond, a strong fluorescence is achieved in solution (®¢ = 0.22);
conversely, in the latter, where free rotation of the double
bond remains possible, an almost quantitative luminescence
quenching is observed (®f=0.019). Yet, in spite of above-men-
tioned studies and a growing arrays of evidence that a conical
intersection (Cl) is involved in the excited state dynamics of
TPE, no absolute consensus exist as to what govern the subse-
guent evolution of this excited state as illustrated by the most
recent publications invoking either the RIR model,? EZI*® or
PC*8 as the major process responsible for the photophysics of
TPE derivatives.
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Definitive assessment of the weight of these different pro-
cesses in the photophysics of TPE in solution would only be
possible through the determination of their respective quan-
tum yields (QY). The estimation of such QYs has been studied
in details for nearly 90 years on stilbene derivatives?*%, ena-
bling precise quantification of the photoisomerization process
(Dis0)?®3* and  photocyclization process to unstable dihydro-
phenanthrene (DHP), followed by its oxidation to stable phe-
nanthrene (®.) (Scheme 1b).?7:35-41



a)

o
~—

1800 s

1200 s

600 s

240 s

120 s

(=]
wn

3.76 3.74 372
5(1H) (ppm)

3.76 3.74 3.72
5(1H) (ppm)

On the other hand, such studies have never been carried out
on TPE derivatives: no @i, determination is reported and only
an article indicates a yield @ = 0.022% in solution in benzene
for the TPE photocyclization (Scheme 1c). Compared to stil-
bene derivatives, study of the photochemistry of TPE presents
major difficulties. Unsubstituted TPE does not present intrinsic
E/Z isomerism, and difunctionalization is therefore required to
afford a mean to track the process by standard spectroscopic
methodologies.’ Even so, stereoselective syntheses of TPE de-
rivatives turn out to be complex and examples are scarce,?
making it in most cases necessary to separate the as-obtained
E/Z isomers. These TPE isomers purifications involve tedious
processes such as stereoselective recrystallization,*? or difficult
separations by chromatographic column#* or HPLC %546 which
do not always yield stereopure fractions, an essential requisite
for the @i, estimation. In addition, contrary to stilbenes, the
UV-vis absorption and emission spectral signature of disubsti-
tuted (E/Z)-TPE isomers are generally similar,'” precluding their
use in the following of photoisomerization processes.

In contrast, even simple TPE derivatives such as the TPE-
OMe and TPE-F isomers (Scheme 1d) recently described by Ko-
kado et al. show distinct *H NMR signals for their two diasterei-
somers.’

Therefore, monitoring photoisomerization kinetics by INMR
should be possible, with a precise determination of the ab-
sorbed photon flux. This determination is made possible by
performing the irradiation of an NMR tube in integrating
sphere, using a chemical actinometer as a reference.*’

After carrying out the synthesis and separations of (E/Z) TPE-
OMe isomers (See Sl), we use the above depicted protocol to
study and quantify the photochemical processes in solution.
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A first series of irradiation experiments were carried out on
TPE-OME (Z) and (E) isomers in degassed CDCls solution (Fig-
ures 1 and 2). During the irradiation of pure (Z)-TPE-OMe solu-
tion (Figure 1a), the intensity of the methoxy peak associated
to the (Z)-isomer at 3.75 ppm (highlighted by the blue dotted
line) decreases progressively with a concomitant increase of
the intensity of the methoxy peak of the (E)-isomer at 3.73
ppm (highlighted by the yellow dotted line). As expected, the
opposite behavior is observed upon irradiation of a pure (E)-
TPE-OMe isomer solution (Figure 1b). Quite remarkably, in
spite of prolonged irradiation times, no other degradation
products are detected by NMR in degassed conditions.

The evolution of the relative intensity of each peak result in
both cases in similar photoisomerization kinetic profiles (Fig-
ure 2). In both cases excellent accuracy is seen when fitting the
experimental data to a mono-exponential decay (red curve).
The kinetic model associated to the reversible photoinduced
interconversion of isomers where both the Z—E and E—Z reac-
tions are activated by the same irradiation wavelength is not
trivial, as description of the associated equilibria rely on cou-
pled differential equations. However, the kinetic constant of
photoisomerization kis, can be deduced (or approximated) ac-
cording to several reported methods. In this work, we chose to



compare the values obtained using two distinct methods, in
order to ensure the reliability of the data (i) an exact method
treatment developed by Bayda et al.*® and (ii) the empirical
method of extrapolation to zero-time.*® Both methods and as-
sociated calculations are briefly described in the SI.

From those kis. values, photoisomerization quantum yield

could be readily deduced using Equation 1:
Bigo = —k“‘}' ¥ (1)
abs

where ki is the kinetic constant of the considered photoin-
duced process (here, the isomerization) (mol.L'%.s), N,, the
Avogadro constant, V, the volume of the solution (L), and laps,
the absorbed photon flux (s*). Calculations are presented as
Supporting Information (SI part 2).

In order to confirm the validity of the proposed approach,
determination of the photoisomerization quantum yield of a
stilbene derivative (difluorostilbene, Figure S11) was first un-
dertaken. An isomerization quantum vyield ®i, = 0.39 was
found for the (E)-stilbene derivative S-F (Figure S11), in good
agreement with previously published data on related sys-
tems(Scheme 1b).3* This brings conclusive support to the reli-
ability and robustness of the protocol, which led us to extend
it to the study of TPE derivatives.

For TPE-OMe, photoisomerization QYs obtained for its (Z)
and (E) isomer were similar within an acceptable ca 5% error
margin: ®iso= 0.53 for the (Z)-isomer and @i, = 0.50 for the (E)-
isomer (Table 1).

These values clearly indicate that, in degassed media, pho-
toisomerization is the major and probably exclusive process
taking place at their excited state, thus accounting for quasi-
guantitative quenching of the luminescence. This conclusion is
consistent with the predictions from recent theoretical studies
which stated that nonradiative decay to the fundamental
states of either the (Z) or the (E) isomer through a conical in-
tersection (Cl) seems equiprobable (quasi-symmetry of the po-
tential energy surfaces on both sides of the Cl).17°%5! As a con-
sequence of the spectroscopic approach used in our protocol,
onlyZ - E and E > Z can be observed whileZ > ZandE > E
transitions are spectroscopically “silent”. Accordingly, quan-
tum efficiency associated to all processes related to rotations
around the central double bond, ®rot can be approximated by
Dro=2Diso, °»°* which, in the present case translates into
@rot™ 1. In other words, virtually all photons absorbed by TPE-
OMe result in a rotation of the molecule around its central
double bond, which constitute the first direct experimental ev-
idence that, following access of the ClI, photoisomerization
plays a pivotal role in the photophysics of TPE derivatives in
solution.
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In non-degassed solution, in addition to the characteristic
evolution in the *H NMR spectrum resulting from isomeriza-
tion, as depicted above, irradiation of stereopur TPE-OMe, (Z)
or (E), led to the appearance of a new set of methoxy peaks,
which could be unambiguously attributed to different isomers
of photocyclized DPA-OMe (Figure 3). As mentioned in the in-
troduction, the presence of oxygen constitutes a driving force
in the build-up of PC compounds, which evolve from unstable
photo-cyclized intermediates through a final oxidation step, by
analogy with well-known stilbene derivatives (Figure 1b). In or-
der to refine our understanding of the photochemistry of TPE
derivatives in oxygenated media, we attempted to evaluate
the @, values of TPE-OMe isomers in parallel to its O, (Table
1 and detailed procedure in Sl).

For both (E) and (Z)-TPE-OMe, the initial decrease in the to-
tal concentration of uncyclized derivatives (alt. increase in the
concentration of cyclized derivatives) follows a pseudo-order 0
kinetic for this irreversible slow reaction in its initial stage (Fig-
ure 4) from which the PC kinetic constant k. can be calculated
by linear fitting. This constant can be used to calculate, for
each isomer, a photocyclisation quantum yield ®. = 0.05 (Table
1 and Figure S6). Note that taking this process into account
when measuring Ois, in oxygenated conditions (according to
equations S7-9) results in only a slight lowering of the value
compared to degassed solution (0.51 and 0.48, for the Zand E
isomers respectively).

These @, are in good agreement with those recently meas-
ured by Olsen et al., using a different approach on a variety of
unsubstituted and substituted TPE derivatives.*? As a confirma-
tion, we performed a similar experiment on the unsubstituted
TPE, also studied by Olsen, and found a very similar quantum
yield @, = 0.05, suggesting that methoxy substitution do not
strongly affect the photophysics of the molecule. All these re-
sults constitute additional evidences that, in contrast with re-
cent TD-DFT predictions,*® PC processes do not seem to play a
significant role in the photophysics of TPEs : in both deaerated
and oxygenated conditions, photoisomerization is the domi-
nant nonradiative process in solution (i.e., 2 ®i, ~ 1).
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In order to expand our approach, ®iso and ®c were also de-
termined for TPE-F isomers in undegassed solution, this time
monitoring evolution of their 1°F NMR spectra (Figures S8, S9
and $10). The as-determined yields are summarized in Table
2; values and general conclusions of this series of measure-
ments with TPE-F are the same as with TPE-OMe: (i) ®iso ~
0.50 with ©is,(Z) found slightly higher than ©is(E) (ii) ®. plays
only a minor role (= 0.05).

TPE-F-Z TPE-F-E
Diso 0.51 0.49
(of 0.05 0.07

As a short summary, this series of experiments constitute
the first direct experimental confirmation and quantification of
the determining (and quasi exclusive) influence of photoisom-
erization processes on the photophysics of TPE based AlEgens.
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Experimental procedures and kinetic treatments of the photocon-
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1. General informations
NMR experiments

'H NMR spectra are recorded at room temperature on a Bruker Avance 400 spectrometer operating at
400 MHz, and °F NMR spectra on a Bruker Avance 300 spectrometes operating at 282 MHz. CDCl;
(d, 99.8 %) were purchased from Euroisotop. Chemical shifts are reported as values (ppm) with refer-
ence to the peak of CDCl; (7.26 ppm) for *H NMR and CsFs (-164.9 ppm) for *°F NMR.

All experiments were carried out in quartz NMR tubes, and those in degassed solvents under an inert
atmosphere in quartz NMR tubes equipped with a Young’s valve (Wilmad 528-LPV-7QTZ). In the latter
case, solutions were degassed with five consecutive freeze-pump-thaw cycles. The accuracy of NMR
integrations in the titration conditions was checked by comparison of the integrations obtained on a test
sample acquired with a relaxation time T1 corresponding to those used in standard titration experiments,
T1 being acquired with ca five times longer relaxation delays. Measured integrations remained un-
changed.

NMR integrations and peak heights were estimated with MestReNova. Exponential fitting, tangent and

exact method treatment of the obtained data were treated with Origin software.
Irradiation procedures

Irradiation source was the 450 W Xenon arc lamp from a Horiba Jobin-Yvon Fluorolog-3 spectrofluo-
rimeter, irradiation wavelength was selected with a a iHR320 emission monochromator with 1200

groves.mm-1gratings.

Irradiation experiments were carried out on a calibrated integrative sphere (27 steradians covered with
spectralon®, model G8 from GMP.

The method of irradiation of an NMR tube in integrating sphere is fully described by Rouillon et al.™
The accuracy of the method was verified by comparing this set-up with conventional irradiation in a
spectroscopic cuvette under constant agitation, with incident power measurement deviations of less than
3%.

Briefly, Incident flow was determined by chemical actinometry based on the photoconversion of 2-
nitrobenzaldehyde into 2-nitrosobenzoic acid. A conversion quantum yield of 0.41 was considered in

the calculations.!™

The ratio of photons absorbed by the content of the NMR tube in the integration sphere to the incident
photon flow was estimated by integrating the excitation spectra of the lamp in the absence and in the

presence of the sample.
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Stock solutions in CDCIs were prepared at specific concentrations with volumetric vessels. Solutions
were transferred into the NMR tube. Irradiation was started at t = 0, *H or F NMR spectra were rec-
orded at precise intervals of irradiation time, and the conversion was calculated on the basis of the re-

spective integrations of reactant and product(s).

Synthesis and separations of isomers

TPE was purchased from TCI chemicals and was used without further purifications. TPE-F,
TPE-OMe and S-F were synthetized according the McMurry coupling procedure described be-
low. (E)-isomer of S-F was obtained directly pure from the synthesis. (E) and (Z) isomers of
TPE-F and TPE-OMe were carefully separated by column chromatography. The resulting so-
lutions have been protected from light to ensure stereopurity.

McMurry coupling procedure

In a dry vessel, titanium tetrachloride (3 eq.) was added to solution of zinc (6 eq.) in dry THF
(100 mL) at 0°C, then the mixture was refluxed for one hour. A solution of ketone of interest
(1 eq.) in 20 mL of THF was added to the reaction mixture and refluxed overnight. The reaction
was cooled with an ice-water bath and quenched by addition of saturated solution of K,CO3
(100 mL). The obtained slurry was filtered through plug of silica and rinse three times with
DCM (100 mL). Organic layer was washed with brine and water, dried over Na.SOg, filtered
and solvents were removed under vacuum. Crude product was purified by SiO2 column chro-

matography to give the desired olefin.

TPE-F: 4-Fluorobenzophenone (1 g, 4.99 mmol) was put in the reaction. After McMurry coupling pro-
cedure, TPE-F (0.662 g, 72%) was obtained as a white powder. *H NMR was in accordance with the

literature.l

(E)-isomer: *H NMR (300 MHz, CDCls) § 7.18 — 7.08 (m, 6H), 7.04 —6.92 (m, 8H), 6.78 (t, J = 8.7 Hz,
4H). °F NMR (282 MHz, CDCl5) § -118.58. (Z)-isomer: *H NMR (300 MHz, CDCl3) & 7.20 — 7.06 (m,
6H), 7.06 — 6.92 (m, 8H), 6.81 (t, J = 8.7 Hz, 4H). °F NMR (282 MHz, CDCls) § -118.46.

TPE-OMe: 4-Methoxybenzaldehyde (1 g, 4.72 mmol) was put in the reaction. After McMurry coupling
procedure, TPE-OMe (0.611 g, 66 %) was obtained as a white powder. *H NMR was in accordance with

the literature.
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(E)-isomer: *H NMR (400 MHz, CDCls) § 7.10 (m, 6H), 7.04 (m, 4H), 6.91 (d, J = 8.8 Hz, 4H), 6.62
(d, J = 8.8 Hz, 4H), 3.73 (s, 6H). (2)-isomer: *H NMR (400 MHz, CDCls) § 7.15 — 7.05 (m, 6H), 7.04
—6.99 (M, 4H), 6.95 (d, J = 8.7 Hz, 4H), 6.65 (d, J = 8.8 Hz, 4H), 3.75 (s, 6H).

S-F: 4-Fluorobenzaldehyde (1 g, 8.06 mmol) was put in the reaction. After McMurry coupling proce-
dure, S-F (0.722 g, 83%) was obtained as a white powder. *H NMR was in accordance with the litera-

ture.l®

'H NMR (300 MHz, CDCls) § 7.46 (dd, J = 8.8, 5.4 Hz, 4H), 7.05 (t, J = 8.7 Hz, 4H), 6.98 (s, 2H). 1°F
NMR (282 MHz, CDCls) § -117.34.

2. Theoretical considerations

In this section, we will consider only the (Z) — (E) photoisomerization: the equations concerning the
photoisomerization (E) — (Z) are deduced trivially by inverting in each equation the terms relating to

(E) and (Z)-isomers.

During the irradiation of a pure (Z)-isomer solution, from the first moments of the irradiation, the (E)-
isomer is produced and the latter also absorbs photons causing the reverse reaction to occur. Under these
conditions, the determination of the quantum yield of photoisomerization must take into account this
complex equilibrium, and the kinetics of the evolution of the concentration of the (Z)-isomer during its

irradiation is then described according to equation S1:%!

d[Z] eg.[E] &7.[Z]
— =0 s —————— - Lyy—————— S1
de I g [Zeg[E] T e[ Z] e [E] SV
With [X], the concentration of the X isomer, @, the quantum yield of isomerization of the (X)-isomer
in (Y), &, the molar absorption coefficient of (X)-isomer (in L-molt-cm™), lass, the absorbed photon

flux (in mol.L.s?).
These equations can be re-expressed to afford equation S2:F!

d[Z] _ Labs @788 [Z]o-Taps(Pp—z8E + Pz pe2)[Z] (2)
dt eglZ]o+(ez-ep) [Z]

The obtained differential equation S2 is difficult to solve exactly since, on the one hand, it is non-linear
and on the other hand, it still includes two unknown constants which are the two photoisomerization

yields of each isomer.

A first strategy consists in obtaining the pair of solutions to the differential equation S2 by using regres-
sion algorithms applied to non-linear multivariate functions. Bayda et al. propose to apply the Leven-

berg-Marquardt algorithm to an exponential form of the solution to differential equation S2:%!
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[Z]y zegteey

(- ‘GXp< s [Z]'[Z]°) . (1+ﬁ (1+9) ([Z]-[Z]0)> e (s4)

Lps(zte) s z
With [Z]o, the initial concentration of the (Z)-isomer, z=¢,®,_,g, € = eg®_,7, and s, a scale factor.

By applying the fitting algorithm to the curve of exp ( 2) versus [Z] - [Z], (equation S4), a pair of so-

lutions (z,e) is calculated. This method thus makes it possible to obtain the two quantum yields of pho-
toisomerization with the study of a single kinetic and by applying it to the whole reaction.

Another strategy consists in extrapolating the kinetic constant Kiso associated to the (Z) — (E) pho-
toisomerization at the beginning of the reaction at t=0.1°! At this stage, the (E)-isomer being in negligible
concentration in the reaction mixture, the constant kis, can be readily obtained according to equation S5:

[Z]o-1Z]

- S5
Kiso ([Z]-l[lzrﬁ)eo t (59)

NMR monitoring of the evolution of concentrations of each isomer over time can be achieved by inte-
grating the characteristic signals at the associated chemical displacements, which are displayed in table
S1.

'H NMR spectra of TPE, DPA, TPE-OMe, TPE-F and S-F were in accordance with the literature (vide
supra). Attributions of (E/Z)-DPA-OMe and (E/Z)-DPA-F were made on the basis of their initial veloc-
ity of apparitions during the irradiation of pure corresponding (E) and (Z) isomers of TPE-OMe and
TPE-F, respectively. Attributions of photocyclized product are provided for TPE-OMe (Figure 3) and
TPE-F (Figure S1).

For the unsubstituted TPE, photocyclisation was followed with the integrations of the multiplets at 7.03
ppm (associated to 8 protons) and the doublet of the DPA at 8.82 ppm (associated to 2 protons). For
other studied compounds, *H NMR, singlets for the methoxy group for TPE-OMe and singlets in °F
NMR for TPE-F and S-F were considered (Table S1).

Table S1: Chemical shifts of the different peaks used in the calculation of the ratio of each isomer during irradia-
tion experiments

IH NMR chemical shift (ppm) F NMR chemical shift (ppm)
TPE-OMe TPE* TPE-F** S-Fr**
(E)-isomer 3.73 -118.58 -117.34
7.03
(2)-isomer 3.75 -118.46 -117.67
(E)-cyclized product 3.78 & 4.04 8.82 -117.10 & -118.82
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(2)-cyclized products 3.49 & 4.03

-117.10 & -118.93 -

*For convenience, the chemical shifts of the unsubstituted TPE as well as its photocyclized specie are presented here, even

though, both do not have (E/Z)-isomers.

**2 photocyclized TPE-F products share the same chemical shift at -117.10 ppm.
***During the time of irradiation, no S-F photocylisation product was observed.
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Figure S1. Close-up view °F NMR spectrum after 3600 s irradiation of (E)-TPE-F solution in CDCls. Assignments of TPE-F
isomers and photocyclized DPA-F isomers are made.

Calculation of isomer concentrations based on the integrations or heights of each peaks were compared.

Both approaches led to virtually identical evolution profiles, as illustrated by the example of irradiation

of (E)-TPE-OMe (Figure S1). For the monitoring of the photoisomerization experiments, we chose to

use peak heights.
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Figure S2. Comparison of ratios determined *H NMR of (E)-TPE-OMe isomers according to different calcula-

tion methods

The ratio R(t) of (Z2)-isomers of TPE derivatives over time is determined according to equation S6:
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_ hz(t)
ANICERG) >

With hy(t), the height of the NMR peak associated with the (X)-isomer at the considered time.
In the un-degassed solution experiments, concomitant formation of the different cyclized products was

taken into account by correcting equation S7. By doing so, the evolution of the ratio R'(t) in (Z)-isomer

over time can then be expressed as follows (equation S7):

hz(©)
S7
hz(t) +hg(t) + Xihe, (D 5D

R'(t) =

With ¥ he, (©), the sum of the height of the NMR peaks associated with each photocyclized product at

the considered time.

QY 9 OO
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Figure S3. Global photochemistry of TPE-X isomers

In this calculation of the R'(t) ratio in undegassed solvent, the decrease in the concentration of the TPE
isomer is not only due to the photoconversion into its other isomer: the non-reversible formation of the
DPA cyclized product also participates to the conversion kinetics (Figure S3). Thus, the kinetic constant
determined for the transformation of the considered isomer is the sum of the constants associated with
the photoisomerization and photocycling reactions. In order to be able to determine the yields ®is, and

@, we can therefore proceed as follows:

Q) In a first step, the global constant k. corresponding to the photocyclization of the two isomers
will be estimated by studying the evolution of the total concentration of non-cyclized TPE iso-
mers. Assuming that the cyclisation reaction is equiprobable from each of the two isomers, we
define the k¢(X) constant from the X isomer (X = Z or E) (equation S8):
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1 S8
kc(X) = Ekc ( )

(i) In a second step, the kinetics associated with TPE isomer is studied. In the example of the irra-
diation of the (2)-TPE, the decrease in concentration is associated both with the formation of
the (E)-isomer and the cyclisation into (Z)-DPA isomers. Taking into account this factor, the
constant k’is, Of the (Z)-isomer obtained by the extrapolation method at t = 0 is then defined as

follows (equation S9):

1 (S9)

3. Photoisomerization kinetics
As a reminder, photoisomerization quantum yield can be derived from the measured Kiso ac-

cording to equation S10:

_ ki NaV
Iabs (810)

iso

Where Kiso is the Kinetic constant of the considered photoinduced process (here, the isomeriza-
tion) (mol.L.s?), Na, the Avogadro constant, V, the volume of the solution (L), and lass, the

absorbed photon flux (s2).
For each experiment, the volume of solution in the NMR tube was kept constant at 400 pL.

Therefore, the real amount las of photon flux absorbed by the NMR tube in the integration

sphere can be calculated following equation S11:

L
fs =1o (1- %)

a

(S11)

Where Iy corresponds to the incident photon flux as determined by chemical actinometry meas-
urements (see above) which are displayed for both studied wavelengths in table S2, L and L.
are the integrated excitation spectra of the sphere (i.e. measured signal of the light source) with

and without the sample NMR tube respectively.

All photoisomerization and photocyclization quantum yield calculated accordingly are summa-
rized in Table S3, and the kinetics, fitting curves and associated NMR spectra are presented in

figures S4-S13. Data derived from these curves are summarized in Tables S4-S11.
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For photoisomerisation kinetics, y? test of the exponential fit with the constant ki, extrapolated
from the tangent at zero-time are presented. For the exact method, ¥ test of the fit to equation
S4 with the obtained photoisomerization quantum yield ®; and @, are included in the corre-

sponding graphs.

For photocyclisation kinetics, x? test of the linear fit with the deduced constant k. are included

in the corresponding graphs.
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Table S2. Parameters of the irradiation source for photoisomerization experiments

TPE-F & S-F TPE-OMe & TPE
A (nm) 308 320

lo (st 5.40x10% 5.29x104

P (W) 3.48x10"* 3.28x10

Table S3. Summary of the parameters and yields of photoisomerization and photocyclization obtained during this study

Co Kiso Ke L, Diso Diso
Compound Condition 1-— D Figure
(mol.L) (mol.L st (mol.Lts) L, (exact method) (extrapolation)
Degassed 2.00x10°3 1.01x10 - 0.91 0.50 0.50 - 2b & Sda
(E)-TPE-OMe
Undegassed 2.00x10°3 9.20x107 1.11x107 0.91 - 0.48 0.05 S5 & S6
Degassed 2.00x10°3 1.05%x10 - 0.91 0.53 0.53 - 2a & S4b
(2)-TPE-OMe
Undegassed 2.00x10°3 9.70x107 1.12x107 0.91 - 0.51 0.05 S7&4
(E)-TPE-F Undegassed 1.15x10° 1.01x10 1.26x107 0.87 - 0.49 0.07 S8 & S10a
(2)-TPE-F Undegassed 1.21x103 1.21x10® 1.17x107 0.93 - 0.51 0.05 S8 & S10b
(E)-S-F Undegassed 4.55x103 8.88x107 - 0.84 0.33 0.39 - S11 & S12
TPE Undegassed 4.30x10°? - 9.80x108 0.90 - - 0.05 S13
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Figure S5. (a) Close-up view on methoxy region of '"H NMR spectra during irradiation of (E)-TPE-OMe
(in undegassed solution of CDCls, at room temperature, with a spectrometer operating at 400 MHz). (b)
Photoisomerization kinetic of (E)-TPE-OMe in degassed solution (Red curve corresponding to exponen-

tial fit).
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Figure S7. (a) Close-up view on methoxy region of 1H NMR spectra during irradiation of (Z)-TPE-OMe
(in undegassed solution of CDCI3, at room temperature, with a spectrometer operating at 400 MHz). (b)
Photoisomerization kinetic of (Z)-TPE-OMe in undegassed solution (Red curve corresponding to expo-
nential fit).
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Figure S8. (a) Close-up view of '’F NMR spectra during irradiation of (E)-TPE-F (in undegassed solution
of CDCls, at room temperature, with a spectrometer operating at 282 MHz). (b) Photoisomerization ki-
netic of (E)-TPE-F in undegassed solution (Red curve corresponding to exponential fit).
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Figure S9. (a) Close-up view of °F NMR spectra during irradiation of (Z)-TPE-F (in undegassed solution
of CDCls, at room temperature, with a spectrometer operating at 282 MHz). (b) Photoisomerization ki-
netic of (2)-TPE-F in undegassed solution (Red curve corresponding to exponential fit).
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Figure S12. Exact method treatment of photoisomerization kinetics of (E)-S-F with the presence of oxy-
gen (Red curve corresponding to the fit to equation S4)
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Table S4. Ratios of (E)-TPE-OMe calculated by RMN-'H during irradiation (degassed solution)

Intensity (a.u.)

(E)-isomer ratio

Time (s)
(2)-Peak (E)-Peak
0 - - 1
120 101.2 1373.4 0.931
240 1743 1277.1 0.880
360 2204 1142 0.838
480 256.1 1077 0.808
600 299.4 1062.4 0.780
900 336.7 877.1 0.723
1200 3935 8384 0.681
1500 439.7 816.6 0.650
1800 423.1 7105 0.627
2400 438.9 657.3 0.600

Table S5. Ratios of (Z)-TPE-OMe calculated by RMN-'H during irradiation (degassed solution)

Time (s) Intensity (a.u.) (Z)-isomer ratio
(2)-Peak (E)-Peak
0 - - 1

120 1529 99.3 0.939

240 1487.3 189 0.887

360 1252.5 236.6 0.841

480 1333.2 330 0.801

600 1258.4 391 0.763

900 1099.5 519.2 0.679

1200 932 578.5 0.617

1500 764.7 589.1 0.565

1800 640 567.9 0.530

2400 503 547.7 0.479

3000 283.2 328.9 0.463

3600 354.4 439.6 0.446

Table S6. Ratios calculated by RMN-*H during irradiation of (E)-TPE-OMe (undegassed solution)
(2)-isomer (E)-isomer  (2)-DPA-  (Z)-DPA-  (E)-DPA-
Time (s) Intensity (a.u.) ratio ratio OMe-1ra- OMe-2ra- OMe ratio
tio tio
DPA-OMe- DPA-OMe- DPA-OMe-
(2)-Peak (E)-Peak 71 70 E

0 - - - - - 0.000 1.000 0.000 0.000 0.000
120 2231.84 31454.89 23.03 5.53 232.79 0.066 0.927 0.001 0.000 0.007
240 3476.16 30215.09 46.7 38.09 442.24 0.102 0.883 0.002 0.001 0.013
360 5124.55 30032.04 68.87 120.66 765.62 0.142 0.832 0.005 0.003 0.021
480 5786.52 26037.34 94.57 170.42 745.94 0.176 0.793 0.008 0.005 0.023
600 6924.77 25884.79 177.6 195.11 1111.81 0.202 0.755 0.011 0.006 0.032
900 8662.36 22844.29 288.88 316.03 1603.3 0.257 0.678 0.018 0.009 0.048
1200 9757.05 20505.28 331.78 382.91 1899.04 0.297 0.624 0.022 0.012 0.058
1500 10899.67 18304.19 450.1 498.09 2629.52 0.332 0.558 0.029 0.015 0.080
1800 11014 17010.26 529.2 528.89 2776.53 0.346 0.534 0.033 0.017 0.087

Table S7. Ratios calculated by RMN-'H during irradiation of (Z)-TPE-OMe (undegassed solution)

S21



(E)-isomer (2)-isomer  (2)-DPA- (2)-DPA-  (E)-DPA-
Time (s) Intensity (a.u.) ratio ratio OMe-1ra- OMe-2ra- OMe ratio
tio tio
DPA- DPA- DPA-
(B)-Peak  (2)-Peak  oye 71 OMez2  OMeE
0 - - - - - 0.000 1.000 0.000 0.000 0.000
120 99.3 1529 24 0.7 7 0.061 0.933 0.001 0.000 0.004
240 189 1487.3 6.1 48 123 0.111 0.875 0.004 0.003 0.007
360 236.6 1252.5 8.9 54 16 0.156 0.824 0.006 0.004 0.011
480 330 1333.2 121 7.6 20.1 0.194 0.783 0.007 0.004 0.012
600 391 1258.4 143 9.9 26.3 0.230 0.740 0.008 0.006 0.015
900 519.2 1099.5 21.6 144 40.3 0.306 0.649 0.013 0.008 0.024
1200 578.5 932 27.6 18.7 54.9 0.359 0.578 0.017 0.012 0.034
1500 589.1 764.7 34.1 20.7 68.3 0.399 0.518 0.023 0.014 0.046
1800 567.9 640 37.6 23.7 82 0.420 0.474 0.028 0.018 0.061
2400 547.7 503 49.6 324 114.1 0.439 0.403 0.040 0.026 0.092
3000 439.6 354.4 65.8 43.8 1735 0.408 0.329 0.061 0.041 0.161
3600 328.9 283.2 59.4 38.4 148.3 0.383 0.330 0.069 0.045 0.173
Table S8. Ratios calculated by RMN-°F during irradiation of (E)-TPE-F (undegassed solution)
Time (s) Intensity (a.u.) (Z)-isomer ratio (E)-isomer ratio DPA-F ratio
(2)-Peak (E)-Peak DPA-F peaks
0 - - - 0.000 1.000 0.000
120 36.7 4813 14.6 0.069 0.904 0.027
240 67.5 366.2 134 0.151 0.819 0.030
360 102 3735 205 0.206 0.753 0.041
480 119.2 317 28.7 0.256 0.682 0.062
600 115.4 266.7 223 0.285 0.659 0.055
900 140.8 214 41.6 0.355 0.540 0.105
1200 177.2 2355 63.9 0.372 0.494 0.134
1500 1715 2149 78 0.369 0.463 0.168
1800 150.5 166.9 80.9 0.378 0.419 0.203
Table S9. Figure 6-19: Ratios calculated by RMN-1°F during irradiation of (Z)-TPE-F (undegassed solution)
Time (s) Intensity (a.u.) (Z)-isomer ratio (E)-isomer ratio DPA-F ratio
(2)-Peak (E)-Peak DPA-F peaks
0 - - - 1.000 0.000 0.000
120 475.800 60.200 124.800 0.871 0.110 0.019
240 418.300 103.200 252.300 0.776 0.192 0.032
360 411.600 124.000 365.100 0.754 0.227 0.019
480 370.100 156.600 494.400 0.671 0.284 0.045
600 352.400 184.600 622.700 0.616 0.323 0.061
900 306.700 209.900 926.700 0.544 0.372 0.084
1200 266.600 216.900 1241.500 0.481 0.391 0.128
1500 245.300 220.100 1546.900 0.454 0.408 0.138
1800 224.100 217.900 1863.300 0.417 0.405 0.178

Table S10. Ratios of (E)-S-F calculated by RMN-H during irradiation (undegassed solution)

Time (s) Intensity (a.u.) (E)-isomer ratio
(E)-Peak (2)-Peak
0 - - 1.000
120 132.2 331 0.800

S22



240 95.6 50.7 0.653

360 67.6 70.4 0.490
480 48.5 74.5 0.394
600 27.6 75.6 0.267
720 20.6 7.7 0.223
840 125 60.6 0.171

Table S11. Ratios of TPE calculated by RMN-'H during irradiation (undegassed solution)

Time (s) Area (a.u.) Ratio TPE
TPE DPA
0 - - 1
600 193.93 7173.89 0.902
1800 639.45 5297.06 0.674
3000 966.91 33329 0.463
4200 1156.52 1928.75 0.294
5400 1167.79 976.16 0.173
6600 1240.33 440.99 0.082
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