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Abstract

We propose a multivariate curve resolution approdch the investigation of
photochromic systems using UV-Visible spectroscdphe incorporation of photochemical
hard-models as constraints in multivariate curnsalgion alternating least squares (MCR-
ALS) allows extracting reaction quantum yields itugtions where a complete knowledge
of the system is not available. We apply this apphaoto the study of the photochromism of
CMTE (cis-1,2-dicyano-1,2-bis(2,4,5-trimethyl-3¢hiyl)ethene) under continuous
monochromatic irradiation. The mechanism, involvihgpecies and 2 reversible reactions,
are written and translated into a kinetic constréiat can be applied to the concentration
profiles within ALS. For single set analysis, ambig of the solution obtained for
photochemical model(s) is calculated and discushhdtiset analysis is then proposed
combining data obtained under different irradiatwavelengths to provide more reliable
results. Finally, the photochemical reactivity oMTE under different wavelengths is
widely unraveled, and some description of the meisima observed under irradiation at

365 nm is given.
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1. Introduction

Photochemical processes [1] are induced by liglt @rcur in the excited states of
molecules. They overcome large activation barrigedding reactions that are often

inaccessible by thermal processes.

Photochromic systems represent a class of photachecompounds that can, upon
photoirradiation, undergo reversible transformatidetween two different isomers of a
molecule associated with different absorption gpedn particular, diarylethenes[2] are
photochromic molecules showing reversible photatsdl transformation between two
different states, namely an open-form and a cldead: This property opens wide fields
of applications involving optical switching, sucls apto(bio)electronic materials[3],
optical triggers[4], photo-catalysis[5], optical tda storage[6,7] or super-resolution
imaging[8]. Although diarylethenes have been stuidier more than 25 years, some
aspects of their photochemistry are still unknoamd require more systematic quantitative
analysis of their photokinetics and reaction mems. Cis-1,2-dicyano-1,2-bis(2,4,5-
trimethyl-3-thienyl)ethene, abbreviated CMTE (s8eheme 1}, which was the first
diarylethene to show stable and reversible photaaton, is a typical example of a

system involving different isomers with intercontegtphotoreactions[9,10].

The dynamics of photochemical systems is often stigated with UV-Visible
spectroscopy under continuous monochromatic irteiaOne major issue concerns the
guantification of the photochromic transformatiomgth the accurate determination of
guantum vyields related to the efficiency of uninoollar photoreactions[11], which are
wavelength dependent parameters, and molar absorptiectra of the different species.
Hard-modelling methods can be used for fitting plkbemical processes. However, the

situation is more complicated than for conventidaaétic hard-modelling. Indeed, in most



of the situations, all the involved species absarddiation UV light and compete each
other, which translates into the introduction dphaotokinetic factor”. The corresponding
set of non-autonomous linear differential equaticars, generally speaking, only be solved

numerically.

An alternative to hard modelling is multivariatena resolution — alternating least
squares (MCR-ALS)[12,13], a method that integratbemical knowledge through
constraints applied to the kinetic or spectral ieef It has revealed a very useful approach
to investigate complex spectrokinetic systems[14—17 addition, MCR-ALS allows
combining multiple data sets from different expernts and/or different techniques [18—
20] to provide more comprehensive and more accuiaseription of the chemical system
under study. As an additional value to multisetlgsis, kinetic hard-modelling analysis
[21-23] can be applied as constraint on the conagom profiles. In time-resolved
transient absorption spectroscopy for example,dpjgoach was applied to photochromic
reactions in situations where quantum yields am@nkn(fixing the branching ratio of the
photoproducts) [15,17]. The clear advantage of #luscalled hard- and soft-modelling
MCR is that it can handle situations where a cotepkmowledge of the system (reaction
pathway, transient species formation process...) as available, as when multiple
excitation wavelength are used to investigate CMIrgler continuous irradiation at
different excitation wavelengths. In a more generew, the proposed approach is
applicable to a wide range of photochromic systeims which complete tangible

information is not available under the form of widual differential equations.

When using MCR techniques, as for factor analysshould always be considered the
intrinsic limitation due to non-uniqueness of thegpocomponent decomposition. This fact
is known under the keyword rotational ambiguity 428]. The restriction of possible

concentration factors by the use of a kinetic matbes not guarantee a unique solution
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[27,28]. The remaining ambiguity has been systexaliyi analyzed for arbitrary first-order
kinetic models [29]. A representation of this amiliig by the parameters of the kinetic
model, namely the set of feasible model parametérshas been proposed. A kinetic
model parametrized by any element dfik consistent with the concentration profiles and
with the spectra, which together reconstruct thvemispectroscopic data set. Thus, the set
K™ is an efficient tool to evaluate the ambiguitytleé possible non-negative solutions of

the MCR problem under the constraint of a kinetodel.

In this work, we propose a methodology for the wsial of a complex photochromic
reaction scheme using MCR-ALS. This approach cdentially encompass a large variety
of molecular mechanisms of photochemical and phwtonic reactions. The photochromic
behavior of CMTE (cis-1,2-dicyano-1,2-bis(2,4,5¥tethyl-3-thienyl)ethene) is chosen as
a representative example of complex photochemigatesn which involves multiple,
parallel, reversible and partially unknown reactimechanisms. These mechanisms are
written and translated into a hard-model constrapylied to the concentration profiles.
Ambiguities of the solution obtained are calculatadd discussed. The complete
photochemical reactivity of CMTE is unraveled thgbua hard- and soft- multiset MCR

approach.

2. Materials and methods / Experimental

2.1. Description of the CMTE system

CTME (cis-1,2-dicyano-1,2-bis(2,4,5-trimethyl-3¢hil)ethene) exists mainly under
three different isomers. Interconversion from ooerf to the others is induced by light

irradiation following the mechanism presente®&oheme 1

The open cis isomer of CMTE (A) displays a conjedatlectronic structure allowing a

[4n+2] photoinduced electrocyclization reaction dieg to a closed-ring form (B)
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corresponding to a 1,3-cyclohexadiene-like molacatanfiguration. In competition with
this photocyclization, reversible photoisomerizataf the open cis isomer (A) to the open
trans isomer (C) can occur. Both A and C solutiars yellowish whereas B shows an

intense red color.
2.2. Study of CMTE under continuous irradiation — experimental conditions

The photochromic reaction of CMTE is studied usgantinuous irradiation with a
Hg/Xe lamp (200W, Hamamatsu Lightningcure LC6) eged with narrow-band
interference filters of appropriate wavelengthse Transmitted light was recorded on a
CCD camera through a polychromator. UV-Visible apson spectra of the CMTE

solutions in non-degassed chloroform were recofaed 275 to 625 nm every 0.7 second.

Three different spectral lines of the Hg/Xe irrdiha source were selected: 405 nm,
which is classically used to study the CMTE photbization, 365 nm, where other
reaction(s) can be expected and 546 nm to indueeplioto-cycloreversion. The three
CMTE isomers (A, B and C) absorb at 365 nm and @95 whereas only B is excited at

546 nm.

The three isomers, namely A, B and C, have beepaped from the commercially
available CMTE (B1536 from Tokyo Chemical IndustGo., Ltd.). The purchased
compound is initially in its A form. Under prolongidJV irradiation of a concentrated
solution in chloroform, the B and C isomers haverbeolated and purified by column
chromatography, then unambiguously identified byaX-crystallography[30]. Using pure
A, B and C isomers as starting materials for phiotetic investigations, seven independent
experiments were performed, varying the initialtestar the irradiation wavelength, as
described inrable 1 The corresponding spectra are showRiq 1. We refer to reference

[10] for further experimental details.



Under irradiation at 405 nm, both the reversibleotphyclization and photo-
cycloreversion (A-B and B- A, respectively) and the gistrans photoisomerization
(A - C and C- A) occur. Therefore a hard-modelling approach basethe photochemical
model proposed ischeme 1can be applied to fit the data and extract theesponding

guantum yields.

Under irradiation at 546 nm, only the-BA reaction is induced since the open form
species (A and C) do not absorb at this wavelemg#n, as mentioned in the introduction,
it should be noted that the efficiency (quantunidjief the photoreaction is different from

the one observed under irradiation at 405 nm.

Under irradiation at 365 nm, the appearance ofuatliophotochromic species (denoted
D in the following) has been observed and its cleairstructure has been investigated by
NMR [30]. Consequently, at least one additionattiea has to be considered to describe
the formation of this new product. Indeed, the spe¢seeFig. 1) show clearly the
appearance of an absorption band centered at 45@hith band does not correspond to
any of the pure isomers A, B and C. This translatés the fact that the mechanism
presented inScheme 1 which is valid for irradiation at 405 nm, is implete for
irradiation at 365 nm. Indeed, at least one newraannected photochromic reaction
forming the product D should be considered. Howewaerl a priori mechanism can be
postulated for the formation of D as photo-oxidatis highly probable, and experimental

conditions do not allow to control the concentmatad O,.

2.3.  Dynamics of CMTE under continuous irradiation at 4066 nm

The kinetic photochemical model of CMTE under coatius irradiation at 405 nm
involves three species and two pure photochem@arsible reactions (s&cheme 1 a

photocyclisation / photo-cycloreversion- with the associated quantum vyieldi_g



,bp_a and a cis-trans photo-isomerizatior-& with the associated quantum yietblg_, ¢

, dcsa- The quantum vyield is defined as the number ofnesvge.g. photo-induced
transformation) divided by the number of absorbdibtpns in a specific system.
Classically, quantum yields can range from 0 toThe fundamental kinetic laws of

photochemical reaction under continuous irradiatinpresented in the Appendix A.

For the system under study (s&eheme 1b the kinetics of formation for each

elementary reaction [31] are provided in Eqs (1-4):

A- B(¢psp) Vi=das (I 0,irrF (t)) lej,aCa(t) (1)
B > A(pp.a) V2=1¢pa (I 0,irrF (t)) lei gCp(t) (2)
A-C(Pasc) V3=dac (IO,irrF(t)) leir,aCa(t)  (3)

C-A(Pcoa) V4= Pcon (Io,irrF(t)) lejr cCc(t)  (4)

with ¢ the quantum yield for a given reactidp;, the intensity of the irradiation light
(mole of photons.t.s%), F(t) the photokinetic factor (from O to 2.3 see Eqm)Ag;,, the
molar absorption coefficients at the irradiationvelength in L.mof.cmi?, | the optical
path length in cm and(t) the concentrations of the species for a given .tilsach

parameter is labelled with the letter corresponditipe considered species (A, B or C).

The photokinetic factor can be obtained either micaby, if the molar absorption
coefficients of all the absorbing species at thadiation wavelength is known, or
experimentally, by measuring the absorption timafijg at the irradiation wavelength
(Abs;.). In situations where the pure spectra of eachispecan be isolated, it is

preferable to derive the absorbance from the makemorption coefficients in order to



obtain F(t). This avoids handling spectral perttidies related to scattering of the

irradiation light.

Finally the kinetic equations for the concentratdrange for each species are given in

Egs (5-7):
dCy(t)
#:—vli“Uz—‘Ug"‘v‘; (5)
dcCpg(t)
——=1tv1-v; (6)
dCc(t)

5w = Tvs—vs (7)

Furthermore the three species obey the mass ba&negion given in the following

equation (Eq. 8):
Ca(t) + Cp(t) + Cc(t) = Cy (8)

The kinetic equations given above are non-autonartinaar differential equations with
non-separable variables. There exists no simpldytzned solution to these equations.
Therefore, numerical integration using for examiglder or other Runge-Kutta methods

[32] should be considered.



3. Data analysis

Multivariate curve resolution or factorization metls for spectroscopic data, which are

based on the bilinear Beer-Lambert law, can betlshswmmarized by Eq. 9:
D=CxST+E~CxST (9

whereD(m X n) is a given spectral data matrix and the concaatrgtrofilesC(m X k)
of the k pure contributions and the correspondingepspectraST(k x n) have to be
determined. The residual matfi{m x n) is assumed to be close to the zero matrix and

can often be neglected.

For a given non-negative factorizatiBn= C x ST further factorizations can easily be
determined by inserting an arbitrary regular matfik x k) and its inverse
D=CxST=(CT™) x (TST). However C' = CT~! and S’ = TST are not necessarily
non-negative matrices. The term rotational ambygeixpresses the fact that usually a
continuum of regular matricéi exists so that’ andS’ are non-negative. The insertion of
T and its inverse in Eq. 9 does not affect the laickit. The ambiguity can be reduced by

imposing soft and/or hard constraints on the factor

Adaptation of hybrid hard and soft-modelling MCR piotochemical models is
introduced in Section 3.1. Section 3.2 explicithakiates the rotational ambiguity not only
under the non-negativity constraint but also unitier constraint of consistency with a

photokinetic model.
3.1.Implementation of photochemical reaction in hard- ad soft-modelling MCR

Only a brief description of MCR-ALS is given sinoere comprehensive information
can be found in the literature. [13,21,22] Optiniima is realized using an iterative

procedure and based on the alternating evaluafiGnandS™ using least squares, with the
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application of constraints (egs., non-negativityinuodality, closure) on the concentration
and spectra profiles. It starts from an initialirestte of C or ST. The quality of the
decomposition is assessed from the lack of fit, (l0f%) between the experimental data

matrix D and the data reproduced from the produst, defined as in Eq. (10)

lof (%) = 100 X (10)

whered;; is one element of the experimental matrix dfyds the analogous element of
the reproduced data. Convergence is achieved wWigeretative difference in lof between
two consecutive iterations goes below a thresholcatculation stops when the number of

iterations exceeds a pre-defined value.

Hard—soft multivariate curve resolution method (MER) is an evolution of the soft-
modelling algorithm including a kinetic hard-mod&d constraint. It can be particularly
relevant to reduce ambiguity, to confirm a reactimachanism and to estimate kinetic

rates. The principle of HS-MCR using a photocheimuoadel is presented iBcheme 2

At each iteration, the concentration profilesCirfcalculated by least squares) are fitted,
and then updated by the hard-model profiles;¢n The fitting step is performed using a
Newton—Gauss Levenberg-Marquardt-based algorithmchwaims to minimize the value

of sum of squares (ssq) given in Eq. 11:
2
ssq = ||Crie — €[, (11)

For each dataset, the irradiation intengjty,, the optical path length for the monitored
absorption (here 1 cm), the molar absorption coefiits at the irradiation wavelength
(Eairrs €Birrs Ecirr ) @nd the initial concentrations should be proglide, (t = 0), Cg(t =

0), Cc(t = 0) ). The profiles irCg;; are obtained, for each compound, by integratiothef
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differential equation using Euler's method (seetisac2.3). The algorithm will return’S

C and the optimized parameters of the photochemiaead-model, namely the quantum
yields ¢opt. It should be noted that not all the profiles irh@ve to be fitted and that, in
multiset experiments, model-based and model-frgemxents/species can be considered

together.
3.2. Approximation of the set of feasible quantum yields

The previous section describes the computationrafranegative factorizatiop = C x
ST under the constraint of a given kinetic model. Botution of this problem comprises
not only optimized factors 4 and 3, but also quantum yields,. Typical relative error

indicators to evaluate a solution are the lacktqste Eq. 10) as well as:

[[min(Cope0)]|

* non-negativity ofC: , (12
I €opell -
min(Syy¢,0
. non-negativityoS:M, (13)
ISopell -
. . . Co _Ci(¢o ))
kinetic fit: ICope=Criebopll, (14)

l[Copell -

The set of feasible quantum yields Kontains those quantum yields, such that the
corresponding factors C, S andg; @ave comparably small error values for each of the
indicators. In many cases the sétdén be derived analytically and it can also bemated
numerically [29]. Here, we focus on the latter. Tapproach is based on the main
theoretical results of [29] and is briefly summadznext. The system of ordinary

differential equations of Section 2.3 (Equations)®an be written in matrix form

Ca(t) Ca(t)
Ce(@®) | = Tour-F®).M(p).| Cz@) | (15
Co(b) Ce(t)

with a coefficient matrix M:
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—Gasp — Pasc  Proa bcoa €irr,A 0 0
M(¢) = ba-p —¢p-a 0 0 Eirr,B 0 (16)
ba-c 0 —pcoa 0 0 Eirr,c

Then, the set Kof feasible quantum yields can be obtained byidhewing steps:

1. Compute a solution & Spt . dop) and the reconstructed data matrix

Dy = Copt X Sgpt-
2. Calculate the three eigenvalues< A, < A; of the 3-by-3 matrix Mfopy).

3. Determine the set K containing éllso that the matrix MY) has the eigenvalues,

)\2 and)\3.

4. For eachp in K a pair of factorss = (Cﬁt(q)))+ x D, andC = D, x (ST)* can be
calculated. ThereiS™)* is the pseudoinverse 8f. Each factor S is evaluated using the

non-negativity constraint. The set of feasible duanyields K is defined by those

which satisfy this constraint within a predefinetetance.

The third step is the most complex one. Numericdhe set K is approximated by a
dense grid of representatives which belong to K. 04 a grid search algorithm [33]. For
each grid point the program has to compute the eigenvaMies A’ < A’z of the 3 x 3
matrix M(¢). If the relative errof|A — A'||/||A|| is larger than a preset tolerance, the grid
point ¢ is neglected. As matrix eigenvalue problems arly ¢m be solved for 3-by-3

matrices the computational costs are low.

The fourth step contains an important propertyhsd approach. Mathematically, the
reconstruction of the factosandsS is based on a truncated singular value decompasiti
of the reconstructed data matiix. = ULVT. Then the transformation matrix given by

T = C#.(UZ) ensures that the factats= UST* andS = TVT are optimal in a least squares

13



sense with respect to the model fit error. Oncemaghae lack of fit is not changed in

comparison to the reconstructiondby C,,c andS .
Once the set Kis determined, there are several options to pohcee

* The rotational ambiguity under the constraint o fhotokinetic model can be
evaluated graphically by plots of the profiles givey the columns of C and $or each¢
€ K",

« The set K can be scanned for solutions with the smalleshegativity constraint
value and/or model fit error.

«  Further constraints, e.g. unimodality or smoothneas be applied to the set.K

14



4. Results and discussion

4.1. Single set analysis of C under continuous irradiatin at 405nm (C405)
4.1.1. MCR results

Under irradiation at 405 nm all the species absort the spectral data are clearly a
mixture of the three identified species, A, B and The largest spectral changes are
observed when starting from the pure form C. F@ tbason, we first apply MCR-ALS to
the data C405. The selected constraints are noatimig of the concentration and spectra,
and closure of the concentration profiles (initahcentrations are known, s€able 1).
The results obtained are provided king. 2. The residuals are mainly noise and the
corresponding lack of fit (lof) is 0.31%. The contration profiles clearly correspond to
the disappearance of the reactant, yielding twalycts. The presence of an equilibrium at
long times (known as photo-stationary state) ie alsarly observed. The spectra of A and
C look very similar which is expected consideritgit chemical nature (cis or trans

isomers).

In a second step, the photochemical model providé&theme 1(see also section 2.3)
is applied as a hard-modelling constraint in MCRe Tesults are provided ig. 3. In
addition, the estimated quantum yields for theedéht reactions areb,_g = 0.1917 +
0.0005; dga = 0.1747 + 0.0012; dpac = 0.1206 + 0.0004; e, = 0.4331 +
0.0005. The uncertainty reported here corresponds to thiedierror of the hard-model
parameters obtained at the last iteration of thé& Alrocedure. The corresponding lof is
0.38%. Compared to the previous results {Sge 2) the concentration of the species C at
long times is small but non-zero, whereas the aunagon profile of A shows a more
pronounced decrease after 300 seconds. Only gigldifications are observed on the

spectral profiles.
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4.1.2. Evaluation of the parameter ambiguity by K
To investigate rotational ambiguity of the solutiobtained applying HS-MCR on the

data of C405, we compute the set &f feasible quantum yields. The eigenvalues of
M(dopy) areA1s = —1640.6,\, = =525.6 and\s = 0. A grid search algorithm is applied in
order to compute K. The MatLab implementation carfdund in Appendix B. The grid is
initialized with 70 equally-spaced points in theemval [0, 1] along each axis. The
tolerance value for the relative errgit — /|| /||A||, which is used to check a grid point, is
set to 0.015 (or 1.5%). The computation time iss®8onds on a single core with 3.6GHz
of an Intel i7- 4790 CPU. Sometimes multiple ruhshe grid search algorithm are needed
to obtain optimal results. If the tolerance valaeset too low, then only a set of isolated
points is found by the grid search algorithm. Hoarewe expect for this problem a smooth
manifold of solutions, cf. [29]. On the other harfid; an increasing tolerance value the
approximation ofK* shows an increasing volume. The reader can expatimwith the
MatLab code in Appendix B. We recommend toleraralees in the interval [0.005, 0.02].
If the computing power is not a critical point, theore grid points and hence smaller error
tolerances can be used. The final step reduces ik tsubset K A tolerance value of
0.0035 (or 0.35%) for the non-negativity constrafthe spectra is used in order to take
noise into account. The value is set slightly highan the relative negativity of the spectra
which are obtained by HS-MCR, sEgg. 3. The sets K and Kare shown irFig. 4. The set
K* of feasible quantum yields is highlighted in blimeFig. 4. It can be observed that,
despite the strong restriction of the ensembleeakible MCR decomposition due to the
application of a photochemical model, the solutaistained is non-unique and may be

significant as observed for the quantum yield efrsactiorC — A.

The MCR solutions corresponding to the sét ¢an be translated in concentration

profiles and spectra by calculating the factorsnd & for eachp € K*, as described in
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Section 3.2. The feasible concentration profiled spectra are provided iig. 5. Clear
differences are observed, especially in terms ntentration profiles, as expected from the
set of K. Considering now the set of feasible absorptioecsp (see Figure 5b), very
small variations are obtained for species C. Theralmost no ambiguity on the pure
spectrum of C due its selective presence at thenbieg of the reaction. By contrast, for
the species A and B, which are never observedtsadbg the situation is different. Their
feasible spectra are, even under the applicationaophotochemical hard-model,
significantly affected by ambiguity as seen frone tdifferent possible shapes and
amplitudes that can be obtained. Also the seleatdggon around 500 nm results in an
almost unique concentration profile of the comparieaside from positive multiples. This
can be verified, for example, by application ofeual-maximum scaling (as often used in
MCR computations). However, the constraint of cstesicy with a photokinetic model
predicts a concentration profile of the componenti@s additional information should not

be ignored.

The ambiguity mentioned above can be reduced iferdiit ways. The most direct
consists of fixing (some or all of) the spectrapofre species, considering that they are
known. Another possibility would be to fix the fineoncentration values of the different
species, considering that the composition of thetgdiationary state is known. These two
approaches require a priori complete knowledgehef investigated system, which is
seldom the case when investigating (partially) wvkm systems. Another possibility is to
analyze simultaneously multiple datasets, combitiiegresults from different experiments

and/or different techniques [18-20].
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4.2. Multi-set MCR analysis combining data obtained with different irradiation

wavelengths

The three datasets obtained under irradiation &t (A405, B405 and C405) are
combined in a multiset approach. At 405 nm, thetptltemical mechanism is known and
can be applied simultaneously to the three data bebrder to further reduce ambiguity of
the resolution, the data B546 is considered as. Well these data, the reaction starts from
pure B, and only A is formed. This ensures selectbservation of the contributions of
these species. However, under irradiation at 546thenquantum vyiele,_g is different
from the one at 405 nm. For this reason, although é&pproach allows different
photokinetic models to be applied in the same efitonly non-negativity and closure
constraints were applied for B546. The resultsiobthfor the HS-MCR resolution of the
multiset [B546; A405; B405; C405] are providedFiy. 6. The lof is now 1.22%, which
remains very low. The optimized quantum yields ealtor irradiation at 405 nm are now:
$Pasp = 0.1882 + 0.0008; dp = 0.2138 + 0.0020; bpc = 0.1146 +
0.0006 ; dca = 0.3390 + 0.0012. These values are slightly different from the ones
obtained on the single set C405, as they corresfmtite optimization of a multiset data.
The application of the ambiguity analysis of theagwm yields for the multiset [A405;
B405; C405] (se¢ig. 7) shows the impact on the ¥t by adding further data sets. The
colored part is equal to the g€t that is displayed in Fig. 4 for C405 data. By ¢dasng
the non-negativity of A405 and C405 the set reducethe subset marked in red and
yellow. The setK™ shrinks again if additionally the data set B403aiken into account.
The remaining ambiguity is displayed as red sul®gicomparison to the results obtained
for single set analysis (blue, red and yellow parEig. 7), ambiguity is reduced and the

solution is more reliable for the multiset analysis
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4.3. Analysis of data under continuous irradiation at 3&Gnm.

Starting from the previous resolution of the meiti$B546; A405; B405; C405], we
analyzed the data obtained under irradiation at 1885 for which the photoproduct D is
known to be formed by photoreaction with [30]. Three datasets are available starting
from pure A, B or C (A365, B365, C365). As previlyysclosure of the concentration
profiles, as well as non-negativity of those coriions and spectra, can be applied as
soft-modeling constraints. However, no simple ureuolar reaction model can be
provided under irradiation at 365 nm as the expemninwas performed under variable and
uncontrolled concentration of OThe concentration and spectral profiles obtainith
HS-MCR applied to the multiset [B546; A405; B405405; A365; B365; C365] are
presented irrig. 8. The photochemical model is only applied for tlagadcorresponding to
irradiation at 405 nm. The corresponding lof isl¥band the optimized quantum yields
for the reaction at 405 nm are consistent with ¢dines obtained previouslypg_g =
0.2016 + 0.0004; g = 0.2054 + 0.0008; bac = 0.1228 + 0.0005 ; Peop =

0.3639 £ 0.0007).

It is worth noting that the concentration profilesB, as displayed ifrig. 7, contain
much less noise as compared to other isomers, wikiotonsistent with its spectral
characteristics. Indeed, the spectrum of B showspecific absorption band at long
wavelengths (500-600 nm) without overlap with otBpecies. Besides, the concentration
profiles corresponding to the samples irradiatedC& nm [A405; B405; C405] are much

better defined due to the hard model applied ®ghbset of data.

It should first be noted that the concentrationfifgs for the data at 405 nm, for which
the photochemical model has been imposed, as weheaspectral profiles of the species
A, B and C do not show important change compardti wiie one obtained on [B546;

A405; B405; C405]. Focusing now on the results ioled under irradiation at 365 nm, the
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concentrations of the isomer B for A365, B365 arBb®are much smaller than the ones
observed for the system under irradiation at 405 Fram those concentration profiles, it
can reasonably be stated that the species D isetbfmom B. Indeed, the concentration
profile of D shows a monotone increase and does seeim to be involved in an
equilibrium, as observed for other species. Moreowe all situations under 365 nm
irradiation, a first transient period corresponalstrelatively fast interconversion between
the A, B and C isomers, followed by a second tirageal for which a global depopulation
of these three isomers occurs, leading to the pssiye appearance of the D form. This
general behavior is fully compatible with a slowewrersible photoreaction involving
oxygen. Besides, the pure spectrum of D, as idedtlly the multiset HS-MCR analysis, is
well-compatible with the postulated structure maméd in our previous works [30]: the
maximum of the first absorption band of D is loché&ound 460 nm, which is intermediate
between the A and C isomers (< 400nm) and the Biesa520 nm). Actually, the D
species is expected to have a closed-ring struetithean oxidized side-group, leading to a
more extended conjugatedelectron system compared to A and C, but less Biafss a
final confirmation of our methodology, the genesplectrum shape of the D species is

consistent with the photoproduct chemically isadadéer 365 nm irradiation.

Finally, such an analysis provides extremely usifigdrmation concerning the quantum
yields of the photochromic reactions involved W@MTE, which were not fully unraveled
to date. Only few uncomplete quantum yields deteation trials have been mentioned in
previous studies, in different media, neglecting tB isomer and the D photoproduct
[10,34]. We can consider that the quantum yieldo$etalues provided by the HS-MCR
methodology described here represent the first ¢éetenphotoreactivity quantification of
the CMTE compound, which is widely used from itsadivery by Irie and coworkers, 30

years ago [35]. The sum of quantum yields of thes@merds_g + Pac = 0.3244 is
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below 0.5, as usually observed for the diarylethdegvatives because of the parallel
(photochemically inactive) / antiparallel (photootieally active) conformational
equilibrium of the open-form at room temperaturee Wust highlight that the three
isomers A, B and C display relatively large photochic quantum yields, ranging between
0.12 and 0.36, and none of them negligible undervigible illumination. Therefore,
consideration of all species and pathways is fudlguired when the photoreactivity of

CMTE is evaluated.

5. Concluding remarks

The use of photochemical models as constraintherconcentration profiles in MCR-
ALS allows estimating quantum vyields of complexcatemns involving multiple species
entering simultaneous or sequential reversibletima However, in this case, even when
applying a hard-model constraint, the solution ignificantly affected by rotational
ambiguity and different combinations of quantumldgemay reproduce the data equally-
well. To emphasize this point, the set of feasitbd@centration and absorption spectral
profiles was computed and ambiguity of the MCR 8ohs was visualized. It was then
proposed considering the investigation of a multd&ta, for which the photochemical
model only partially holds due to the incomplet@wtedge of the reaction mechanisms, in
order to reduce ambiguity. This strategy allowed@ ttomplete description of the
photochemistry of CMTE investigated with UV-Visiblbsorption spectroscopy under
continuous monochromatic irradiation. The quantueldg of the reactions at 405 nm
could be extracted, as well as the photo-kinetdiles and the absorption spectra of the A,
B and C compounds involved. In addition, the s@gcand kinetic features of a new
species D formed under irradiation at 365 nm wétaioed, and the processes involved in

its formation could be confirmed. Finally, it shdube highlighted that the proposed
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approach can potentially encompass a large vargtymolecular mechanisms of

photochemical and photochromic reactions.
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Appendix A.

Fundamental kinetic laws of photochemical reactiorunder continuous

irradiation.

Laws of photochemistry state that for system inw@wonly one photon, the rate of the
photochemical reaction is proportional to the photiox absorbed by the photoreactive
species. For an elementary/single photochemicakttica (A—B) the change in

concentration of the reactant (A) can be written as

dCa(®)
% = _(bA—>BIAbsA,irr (A1)

Where C,(t) is the concentration of the species A at the ttmdaps a5 (MOle of
photon.L*.s%) is the time-dependent irradiation light intensitysorbed by the reactant and

da_p IS the quantum yield of the formation of the photauct B.

There is competition for the absorption of the @eeit photon flux between the various
absorbing species present in the medium. In thergégasd,s, i,r Can be express as a

fraction of the total intensity absorbed by theusoh as:

__ Abspjrr _
IAbsA,ilrr ~ "Abs: IAbS,iI‘I‘ - 8A,irrlCA(t)IO,irr
1rr

(A.2)

1—10‘Ab5irr)
AbSirr

WhereAbs, ;. is the absorbance due to the absorption of A @my Abs;.. the
absorbance of the solution (all the species) tlat lbe measured, i is the molar

absorption coefficient of A at the irradiation wéaregth in L.mof".cm™, 1 the optical path

length for the absorbance monitoring in cm.

Finally combining Eqg. (A.1) and Eq. (A.2) give thgeneral expression for the
photochemical rate law for the consumption of thetpactive species A for-AB under

monochromatic irradiation in well stirred fluid sdibn:

23



dCa (D)
gt == - ba-B (Io,irrF(t)) 18A,irrCA(t) (A3)

Where F(t) is a time-dependent dimensionless tesfarned to as the photokinetic

factor, which is expressed in the case of only A Brabsorb as :

(1—10_Absirr) (1_10_1(SA’irrcA(t)+€B,irch (0))

F(t) =
( ) Absjrr 1-(8A,irrCA(t)+5B,irrCB(t))

(A.4)

F may change between the two limits, O for infindlesorbance and 2.3 when the
absorbance tends to 0. Therefore in a photochemgaation, the reaction rate depends not

only on the reactant concentrations but on the eatnation of the photoproducts as well.
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Appendix B.

The grid search algorithm for the approximation ofK

A grid search algorithm can be used in order to ata an approximation of the dét

The following MatLab code can be used for this s

% extinction coefficients

E=[3.1075 1.0862 2.3365]«1E3;

%coefficient matrix

M=@(p) [-p(1)-p(3) p(2) p(4); p(1) —p(2) O0;p(3) 0 —p(4)]x
diag (E);

J%phi_opt

popt=[0.19107, 0.17417, 0.11962, 0.43293];

EW=sort (eig (M(popt)));

%dimension reduction

psum=sum( poptxdiag (E([1 2 1 3])));

% #grid points
lenGS=70;
%tolerance
tol =0.015;

% grid search
vl=linspace (0,1,lenGS);
v3=linspace (0,1,lenGS);
v4=linspace (0,1,lenGS);
v2=@(vl,v3,v4) E(2)M(—1)=«(psum—sum([v] v3 v4]sdiag(E([] 1
31))))s
Acc=[];
for i=1:1enGS
disp ([ num2str(100«i/1lenGS,3) ~ %’ ])
for j=1:1enGS
for k=1:1enGS
pe=[vI(i) v2(vI(i),v3(j).v4(k)) v3(j) vé4(k)1;
EWc=sort (eig(M(pc)));
if norm(EWcEW) /norm(EW)<=tol && min(pc)>=0
Acc=[Acc [vI(i) v3(j) v4(k)]’1;
end
end
end
end
Joplot
plot3 (Acc(2,:) ,Acc(3,:) ,Acc(l,:), *k")
view([-186 50])
axis tight
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Table

Name of the Initial state (conc. in mol.L™?) Irradiation Irradiation intensity
experiment A B C wavelength (mole.L".s%)
B546 - 4.9x10° - 546 nm 5,2x10
A405 6.2x10° - - 405 nm 4,8x10°
B405 - 6.6x10° - 405 nm 5,1x16
C405 - — 1.1x10 405 nm 4,5x10°
A365 6.7x10° - - 365 nm
B365 - 7.4x10° - 365 nm
C365 - - 1.2x1d 365 nm

Table 1. Initial concentrations, irradiation wavelengthsl antensity

of the seven experiments.
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Figures captions

Fig. 1. UV-Visible absorption spectra of the CMTE isomgksB and C) at different times
under continuous irradiation at 405, 365 and 546 ®pectra were recorded every 0.7 second.
The red spectra correspond to data acquired dtep@ning of the process and the blue ones
to the last spectra of the series.

Fig. 2. Kinetic concentration profiles and absorption $geftor data corresponding to
irradiation at 405 nm starting from C, obtainedlgjpyg MCR with only soft constraints (non-
negativity and closure).

Fig. 3. Kinetic concentration profiles and absorption $ggefor data corresponding to
irradiation at 405 nm starting from C, obtainedIgpy HS-MCR with the CMTE
photochemical model, non-negativity on concentratind spectra and the closure

constraints.

Fig. 4. Approximations of the sets K (a) and K+ (b); thegtum yieldsy _opt obtained by
MCR are marked as black cross in the two plots. Shaeling of K is used for visualization
purpose. The non-negativity constraint of the fa&aevas applied with a tolerance of 0.35%
in order to reduce K to K+. The set K+ is showtbine color in the right ploth_(B—A) is
determined using the others quantum yields usiaddimula presented in the code in

Appendix B (variable called v2).

Fig. 5. Plots of the bands of a) concentration profiled anabsorption spectra. The feasible
factors C and S are evaluated for each represemtitihe set K+, which is shown in Fig. 4.

Fig. 6. HS-MCR results (top: concentration profiles, bott@bsorption spectra) for the
multiset data [B546; A405; B405; C405]. The CMTEofsthemical model was applied for
the data at 405 nm. Only non-negativity of the emiations and absorption spectra and

closure constraints were applied for the data étroa.

Fig. 7. Approximations of the set K+ are shown for differenultisets. First, the single data
set C405 results iK*as shown in blue, yellow and red. The K&tfor the multiset [A405;
C405] is drawn in yellow and red. Finally, the lesgymultiset [A405; B405; C405] results in
the smallest sé* (red). The quantum yield vectdr,,; obtained by HS-MCR is marked by

a black cross.
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Fig. 8.HS-MCR results (top: concentration profiles, bott@bsorption spectra) for the
multiset [B546; A405; B405; C405; A365; B365; C3a%]e CMTE photochemical model
was applied for the data at 405 nm. Only non-ngggtdf the concentrations and absorption

spectra and closure constraints were applied fod#ta at 546 nm and 365 nm.
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Fig. 1. UV-Visible absorption spectra of the CMTE isomgksB and C) at different times
under continuous irradiation at 405, 365 and 546 $pectra were recorded every 0.7 second.
The red spectra correspond to data acquired dep@ning of the process and the blue ones

to the last spectra of the series.
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Fig. 2. Kinetic concentration profiles and absorption $geftor data corresponding to
irradiation at 405 nm starting from C, obtainedlgipg MCR with only soft constraints (non-

negativity and closure).
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Figure 3
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Fig. 3. Kinetic concentration profiles and absorption $gefor data corresponding to

irradiation at 405 nm starting from C, obtainedlgpw HS-MCR with the CMTE

photochemical model, non-negativity on concentratind spectra and the closure

constraints.
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Fig. 4. Approximations of the sets K (a) and ); the quantum yield$, . obtained by
MCR are marked as black cross in the two plots. shagling of K is used for visualization
purpose. The non-negativity constraint of the fa&aevas applied with a tolerance of 0.35%
in order to reduce K to K The set K is shown in blue color in the right plafig_, is

determined using the others quantum yields usiadgdaimula presented in the code in

Appendix B (variable called v2).
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Figure 6
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Fig. 6. HS-MCR results (top: concentration profiles, bott@bsorption spectra) for the
multiset data [B546; A405; B405; C405]. The CMTEofsthemical model was applied for

the data at 405 nm. Only non-negativity of the @miations and absorption spectra and

closure constraints were applied for the data étrga.
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Figure 7

Fig. 7. Approximations of the set’Kare shown for different multisets. First, the $éndata
set C405 results i tas shown in blue, yellow and red. The Eétfor the multiset [A405;
C405] is drawn in yellow and red. Finally, the lestmultiset [A405; B405; C405] results in

the smallest séf* (red). The quantum yield vectdy,,. obtained by HS-MCR is marked by

a black cross.
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Figure 8
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Fig. 8. HS-MCR results (top: concentration profiles, bott@bsorption spectra) for the
multiset [B546; A405; B405; C405; A365; B365; C383]e CMTE photochemical model
was applied for the data at 405 nm. Only non-neggtdf the concentrations and absorption

spectra and closure constraints were applied Bd#ta at 546 nm and 365 nm.
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