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Abstract

Spiropyran (SP) is a chromic material that undergoes isomerization to merocyanine (MC) under
irradiation. To extend its applicability as a molecular switch, it would be convenient to be able
to induce and control its isomerization also in the dark, what seems to be possible in acidic
media. We present here a computational study of the mechanism of isomerization of protonated
SP. We have found that protonation induces the stabilization of MC, protonated at O, relative
to SP, protonated at N. Given the different site of protonation for both species, the ring-opening
reaction must take place together with a proton transfer event. We have shown that the barrier
of this process decreases if a protic solvent molecule take part in the reaction. In this way, the
rate determining step of the process is the isomerization between different rotamers of
protonated MC. The detailed knowledge of the reaction mechanism can help in the design of
structural or electronic modifications of SP to improve its switchability.
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1. Introduction

Chromic materials, which undergo induced reversible
switching between two stable states or isomers with different
physical and chemical properties [1] have been intensively
studied in recent years due to their potential application in
drug delivery systems [2,3] and sensors [4,5], for optical
storage [6,7], or as functional components of molecular
electronic devices. In the last case they act as switches,
transistors, rectifiers or molecular wires. The possibility of
modifying their electronic or geometrical structure in their
chemical synthesis [8] allow creating ultraminiaturized
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elements of electronic devices with tailored structures and
properties [9].

In particular, one of the most interesting and studied
chromic materials is spiropyran (SP) [10,11,12]. Some
characteristics of SP such as its fatigue resistance, the
possibility of modifying its properties by substitution or the
capacity of being switched between isomers by irradiation,
with high quantum vyields, has attracted the interest of
scientists and technologists. On top of the mentioned above
applications, SPs can also be used as a component of
molecular machines [13] or for construction of functional
materials incorporating it into polymeric matrices [14] or
combining it with carbon nanomaterials [15].
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Spiropyrans consist of two heterocycles, benzopyran and
indole, which are linked by a sp3-hybridized carbon that keeps
both moieties perpendicular to each other and prevents
conjugation of the two m-electronic systems, resulting in a
colourless compound. Under UV irradiation the Cgiro-O bond
undergoes heterolytic cleavage (Scheme 1) that leads to the
formation of the open coloured form merocyanine (MC),
which absorbs in the visible region due to an extended 7-
electronic system. MC returns to the original form under

longwave irradiation or via a thermal back reaction [16,17,18].
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Scheme 1. Reversible photoisomerization of SP-MC
system.

To extend the applicability of SP, it would be convenient to
be able to control its isomerization without the need of
radiation. In fact, this can be achieved by protonation of the
spiropyran molecule in acidic media [19,20]. This
environment induces a proton addition that changes the
structure and properties of SP. This protonated form can be
useful in the design of some particular molecular devices, for
instance, as a component for proton transfer in photoelectric
cells [21,22]. But for really being of practical interest, it must
be possible to control the rate and yield of the isomerization
reaction. Given that irradiation is not expected to be involved
in these applications, to obtain a fast response it is necessary
to make the thermal isomerization a fast process by decreasing
the barrier of its reaction path. To find out how to achieve this,
without the long and expensive experimental method of trial
and error, it is convenient to know in detail the mechanism of
the reaction and analyse the factors (external like the
environment or internal like substituents that modify the
structure of the reactant) that influence on the reaction.

In this line, some works have already been performed
studying the effect of protonation on the isomerization
pathway and on the structural properties of SP and MC.
Experimental studies [23,24] suggest that protonation on the
pyran O at room temperature makes SP unstable and leads to
the cleavage of the Cgiro-O bond, with the subsequent
formation of cis-MC. But this reasoning to explain the opening
of the spiro ring is not compatible with the hypothesis
suggested in many other works, which assume, although with
lack of systematic studies, that the most favourable site of
protonation of SP is the N atom of the indoline moiety, what
stabilizes significantly the SP form [19,21,22,23,25,26,27,28].

Surprisingly, in spite of the previous assumptions, the
question of how the proton is transferred from N in SP to O in
MC has never been addressed before, although for designing
efficient and reliable devices it is crucial to understand all the

processes that the different components of the device can
undergo.

In this paper we report a detailed computational study of
the thermal isomerization reaction of a protonated SP, 1 ,3 -
dihydro-1,3 ,3 -trimethyl-6-nitro-spiro[2H- 1-benzopyran-2,2
-[2H]indole] shown is Scheme 2, using density functional
theory (DFT) computations.

Scheme 2. Labelling of the SP derivative studied.

We begin with a study of the thermal ring-opening reaction
of neutral SP for comparison purposes, and we report a
detailed analysis for the determination of the active sites for
protonation, using thermodynamic arguments and Fukui
functions. Our results support the previous hypothesis of a
preferential protonation in Nz (labelling in Scheme 2) for SP
and in Oy for MC, and consequently we have studied the
mechanism of the proton transfer from Ny to Og). Our
results indicate that the intervention of a water molecule of the
solvent environment makes this process kinetically accessible.

2. Theoretical background

The determination of the protonation center is an important
factor in the elucidation and understanding of the reaction
mechanisms involving protonated molecules. The stability of
a protonated molecule substantially depends on the site where
the proton is attached. The polarizing power of the proton can
cause changes in the length and strength of molecular bonds,
so the electronic and molecular structures and the energetics
of the system can change dramatically upon protonation [29].
It is assumed that changes in energetics and molecular
structure will be at its maximum at gas phase.

Protonation reactions proceed via the donor-acceptor
mechanism where one of the reagents is a nucleophile and the
other one is an electrophile. In our case, spiropyran proves
itself as a nucleophile.

If a molecule has more than one potential site for
protonation, the proton attachment can take place at all
possible sites for protonation, even if protonation on different
sites are non-equiprobable, but in the eventual situation of
equilibrium the proton will preferentially be found attached to
the most suitable site for protonation. This site can be
predicted from comparing energies of all protonated species.
It can be also determined from the electron density difference
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between neutral and charged molecule in terms of conceptual
descriptors, such as the Fukui function, that can be
conveniently described in the frame of the Density Functional
Theory.

The Fukui function is a local descriptor that indicates the
regions of a chemical system where the electron density will
preferentially change when the number of the electrons of the
species is modified.

Parr and Yang determined the Fukui function, f (r) [30,31]
according to the following formula:

dp(r)

ro =87, ®
where p(r) is the electron density, N is the number of electrons
and V stands for the external potential (potential of the core-
electron attraction plus any other potential that is applied to
the system).

The Fukui function (1) characterizes the response of the
electron density to the change in the number of electrons with
a constant external potential (fixed location of the nuclei).

Parr and Yang suggested associating the derivative in
equation (1) with different reactivity indices due to the lack of
its continuity (since for systems with a finite number of atoms
or molecules, the derivatives of equation (1) on the right and
on the left are unequal). Thus, for nucleophilic attack, we
have:

apm1*
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and for electrophilic attack:
- ap(M]~
. = |[£=< 3
ro =57, ©

Yang and Parr proposed to use a finite difference scheme
to determine f(r):

fr) = pyer () — py () (4)
) =py(@) — py_1(r) (5)
fO(T) =~ Pn+1(M)—pn_1(T) (6)

2
where pm(r) (M=N+1, N or N-1) is the electron density at r
in the M-electron system. It is important to remember that the
integral of the Fukui function over the entire volume of the
molecule is equal to unity:

[fydr =1 Y

Yang and Mortier [32] integrated f(r) in expressions (4) -
(6) over all orbitals of the i atom and obtained quantities that
they denoted as condensed Fukui functions fx for each [K]
atom in the molecule. The accuracy and adequacy of the
values of these condensed Fukui functions depend on the
scheme used for the population analysis of the atomic orbitals
[30,33]. For a long time, Mulliken’s population analysis
scheme was the most common, given that it is one of the
simplest ones. It has, though, the handicap of being very
sensitive to the basis sets [34], reason why nowadays natural
bond orbitals (NBO) analysis is the preferred scheme for
determination of atomic charges and populations. In fact,

NBO charges are being widely used in calculations of
condensed Fukui functions, showing good agreement with
experimental results [35].

In this work, condensed Fukui functions calculated based
on NBO charges will be used to predict the preferential sites
of protonation of SP and MC.

3. Methodological procedure

In this study we are going to deal with a medium-sized
system to study its ground state reactivity. The size of the
system and the extension of the work recommend the use of a
not very expensive method. But generally, the contribution of
the correlation energy for the transition structures is larger
than for the minimum energy structures, so to obtain reliable
values of the activation energy it is advisable to use methods
that account for the largest part of the electron correlation.
Fortunately, in the reactivity of interest there are nor excited
states involved, so Density Functional Theory (DFT) methods
seems to be the most appropriate choice to be used here.

In previous studies for neutral and charged SP-MC systems
it was shown that long-range interaction corrected funtionals
were necessary to described correctly H bonding. [22] We
performed test calculations that showed that the differences
between the performance of CAM-B3LYP and PBEO
functionals were no significant so, to be able to compare our
results with those published previously, the CAM-B3LYP
[36] functional was chosen to be used in this work.

[2 EE]; g-ra gls : |ts||a;t|; > E;.EE =" - B3LYP R ;E.'; Et:

: — ‘i [22] has | loved
here: The basis set 6-31G(d) has been used for geometry

optimizations of neutral systems due to its good balance
between efficiency and preciseness. For geometry
optimization of protonated species, a larger 6-31G(d,p) basis
set has been used, given that it contains a p type polarization
functions to reduce the effect of the non-uniform electric field
arising from the distorted environment of electrons. On the
critical points located, single point calculations were
performed to recalculate electronic energies, using a cc-pVDZ
basis set. Atomic charges were calculated by natural bond
orbital (NBO) analysis at CAM-B3LYP/6-31G(d,p) level.

Long range solvent effects were included at the
CASSCF/CASPT2 level with the conductor-like version of
the polarizable continuum model (C-PCM) [37] where the
solvent is treated as an infinite continuum dielectric, while the
solute is embedded in a molecular cavity obtained as
interlocking spheres centered on each nucleus. The solute
cavity was built with the standard United Atom Topological
Model, UAHO procedure, assigning atomic radii on the basis
of the chemical connectivity and including the hydrogens in
the same spheres as the heavy atoms they are bonded to.



Journal XX (XXXX) XXXXXX

Author et al

All the calculations have been performed with the
Gaussianl16 package [38].

4. Results and discussion

4.1 SP—->MC Isomerization pathway for neutral species
in gas phase.

Although already known, we have begun this work with the
investigation of the SP—MC thermal reaction pathway for the
neutral system conversion to have the possibility of comparing
the results obtained for the protonated system with those for
the neutral one.

As it was shown in previous works [39,40] the process of
ring opening of SP involves several MC conformers as
intermediates. Merocyanine has eight possible conformers
obtained by rotation around the central C-C bonds. These
conformers are denoted as CCC, CTC, CCT, TCC, TTT, TCT,
CTT, TCC and differ in trans (T) and cis (C) arrangements of
the central dihedral angles labeled as a, f and y in Scheme 1.
Experimental studies [41,42] have shown that the MC
conformers present in solution correspond mainly to TTT and
TTC forms.

The structure and coordinates of optimized SP and MC
conformers and transition states (TS) linking local minima
located in this work are shown in the SI. The character of
minima or TS of these structures was check by frequency
calculations, which vyielded none (for minima) or one
imaginary frequency (for TS) that corresponded to the
expected reaction coordinate in each case.

According to our computations, TTC is the most stable
conformer, being TTT only slightly less stable (about 1.4 kcal
molt). These results are in a good agreement with previous
studies [39,43,44].

The sequence of decreasing stability of all the stable species
involved in the reaction studied can be presented as following:
SP—->TTC—->TTT —-CTT - CTC —- CCC — CCT — TCT.
It can be seen, in agreement with previous findings, that
conformers with trans configuration for dihedral angle 3 are
more stable than those with cis configuration, what confirms
previous findings [45]. TCC conformer was found not to be
stable due to the sterical hindrance between pyran oxygen and
the methyl groups of the indole moiety.

The critical points located provide the potential energy
profile shown in Figure 1.

AE (kcal mol™!)

Figure 1. Potential energy profile for neutral SP>MC
isomerization. Energies (in kcal mol™?) relative to spiropyran
calculated at CAM-B3LYP/cc-pVDZ level in gas phase.

These results show that, in gas phase, the isomerization begins
with the cleavage of the Csiro-O bond, but afterwards it takes
place stepwise, vyielding first the CCC conformer, and
evolving from there along different paths depending on the
order in which the dihedral angles o and B change. The energy
differences between both paths are not significant, so it can be
expected that all minima will be populated as short-lived
intermediates of the SP opening reaction.

These results can be compared qualitatively with some
computational works on the same system published before. In
the one reported in ref. 22, calculations were performed at the
CAM-B3LYP/6-311+G(d,p) lever and free energies of
reaction are reported. For TS1, TS2, TS3 and TS4 the free
energies obtained were 16.9 kcal mol*, 28.8 kcal mol?, 27.3
kcal mol* and 28.3 kcal mol respectively, what conforms a
reaction path with lower barriers than the ones reported here.
Nevertheless, it must be pointed out that these transition states
were not optimized, but located using a grid in two dihedral
angles while keeping all other coordinates frozen.

The computations reported in ref. 13 were performed at
MO06-2X/6-31G(d) level. The results for TS1, TS2 and TS3,
23.2 kcal mol?, 33.8 kcal mol? and 43,1 kcal mol? provide,
this time, higher barriers than the one obtained in this work. In
any case, the order of magnitude is similar in all cases.

4.2 Determination of the preferential protonation
centres in Spiropyran and Merocyanine.

A well-known indicator for the electrophilic or
nucleophilic centers of a given system is the electrostatic
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potential. In our case, the electrophilic positions will be the
ones where the proton will preferentially attack.

Figure 2 shows an isodensity surface (0.005) where the
electrostatic potential have been mapped in colors,

corresponding the red one to the nucleophilic areas and the
blue ones to electrophilic ones. The results shows that, in the
SP closed form, the heteroatoms N1), Ospiro(30), Oa1) and Oz
are all electrophilic, while in the CCC isomer of the MC open
form, Ny is not electrophilic any longer.

SP MC (CCC)

Figure 2. Electrostatic potential (from -0.1, in red to +0.1, in
blue) mapped on an isodensity surface (of values 0.05) of the
closed SP form and of the CCC isomer of the MC open form.

While this is an interesting initial analysis of the problem,
it would be convenient to have a quantitative criterion to
determine the preferential protonation center. With this aim
we have used in this work two different criteria: the
thermodynamic one, and the analysis of the local reactivity by
means of Fukui functions.

Thermodynamic criterion. One of the ways to determine
the protonation center is to assume that it will be controlled
thermodynamically. In accordance with this approach, we
should compare the free energy of all possible protonated
species to identify the most stable one. Nevertheless, the
entropic factor can be expected to be similar for the species
compared (protonated SP in one side and protonated MC on
the other), so comparison of energies will similarly give the
same qualitative information.

We considered five possible sites of protonation for SP and
MC, namely N1), N7), Ospirozo), Oz1) and Oz (see Scheme
2), that would give place to the species represented by SP/MC-
NayH*, SPIMC-N@znH*, SPIMC-Ozo)H*, SP/IMC-OuyH* and
SP/MC-OupH* respectively. Regarding protonated SP
species, no minimum was located for SP-N@spH*, and
optimization of the SP-OqH+ gave place to the breaking of
the Cspiro-O bond. This is due to the fact that the arrangement
of a proton near pyran O(sg) significantly decreases the electron
density of the Cgiro-O bond that subsequently leads to its
cleavage and formation of protonated merocyanine. Keeping
the distance of the Cspiro-O bond constrained, the energy of the
optimized SP-OggH* species is very high. On the other hand,
protonation on N1y of the indole moiety accumulates the

electron density on the Cspiro-O bond, making of SP-NuyH*
the most stable SP protonated species. More instable are the
species SP-OupH* and SP-OuyH*, that present almost the
same energy (relative energies are presented in Figure 3).

-15 T T T T T T T T T T T T T 1
N12)0(3001a1)Oa2)

MC-(TTC)-H*

Ni11030010u42  O30)Oa1)Oaz)
SP-H* MC(CCC)-H*

Figure 3. Relative energies of different protonated species
calculated at CAM-B3LYP/cc-pVDZ level in gas phase (E
(SP-N@yH*) = -1069.819 Hartrees).

Regarding protonated MC, we looked for the protonated
species expected to be formed immediately after the cleavage
of the Cspiro-O bond, CCC conformations, and those of the
most stable conformation of the neutral MC, the TTC isomers.
The minimum corresponding to protonation of N7y was not
found for CCC (so it can be assumed it does not corresponds
to a stable specie), and it had a very high relative energy when
the MC conformation was TTT. All the other considered
protonation centres gave place to stable structures, which
relatives energies are shown in Figure 3. The most stable one
corresponds to the MC-OggH* isomers, but the species
resulting from protonation of CCC-MC shows a value of the
dihedral angle a intermediate between what would correspond
to a cis or trans conformation, so we have labelled this species
as GCC-OggH* (G =Gauge). Like for SP, species protonated
at Owy and Owp have similar energies, and they are
significantly more stable than the SP species protonated at
N7).

These results suggest that for SP protonation takes place at
N1y but, being MC(GCC)- OigyH*™ more stable than
SP-NuyH*, the cleavage of the Cspiro-O bond is a
thermodynamically favoured process. An eventual evolution
of MC would finally give place to the MC(TTC)-O@oH*
protonated product.

Local reactivity criterion using Fukui functions. Given
that the Fukui functions indicate the regions where the
electron density will preferentially change (eq. 4-6), they can
be used to determine the preferential centers of electrophilic
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attack, so we can use it to help to determine the most probable
protonation sites for SP and MC. For this reason we calculated
the difference of electron density between neutral and cationic
species of SP, MC(GCC) and MC(TTC). The results are
represented in Figure 4, where the isosurfaces shown
correspond to a value of ]0.007] of electron density,
representing the green and blue areas those where electron
density decreases and increases respectively.

Figure 4. Representation of the f~(r) Fukui function for
(@) SP, (b) MC(GCC) and (c) MC(TTC) calculated as the
electron density difference between the neutral and cationic
species. The isosurfaces correspond to a [0.007| value of the
electron density difference, standing the blue and green areas
for negative and positive differences respectively.

Results shown in Figure 4 clearly suggest that in SP, N1y
is the most and almost only site activated for electrophilic
attack, while in MC(GCC) and MC(TTC) there are several
possible sites prone to accept protonation.

Given that Fukui functions do not provide a quantitative
criterion of the probability of different sites to suffer an
electrophilic attack, we obtained the condensed Fukui
functions f;;, on the basis of the NBO population analysis, for
the most relevant k sites. The preferential protonation centres
will be the ones with maximum values of f;.

Table 1. Values of the condensed Fukui function f,; (for
electrophilic attack) computed from NBO charges in gas phase
calculated at CAM-B3LYP/6-31g(d,p) level.

Site k fx
SP MC(GCC) | MC(TTC)
N 0.222 0.042 0.099
Ogo) 0.003 0.172 0.127
N7) -0.005 -0.02 -0.017
Oy 0.021 0.063 0.052
Ou2) 0.023 0.066 0.057

The results given in Table 1 offer a quantitative criterion
for the qualitative results shown in Figure 4. In SP, only Ny
shows a large value of f,, while in MC(GCC) and MC(TTC)
there are several centres with significant values of f,
although in both cases Og) shows a noticeably larger value.

These results corroborate the conclusions derived from the
thermodynamic criterion of the previous subsection: while
protonation of SP will take place in N¢a1), the most favoured
site of protonation of MC isomers is Og). How the proton
transfer takes place in the ring opening isomerization of SP to
MC and how this transfer affects the isomerization reaction is
a question that we will tackle in the next section.

4.3 SPNH* - MCOH* pathway of the isomerization
reaction in gas phase.

As it was shown above, protonation of the SP molecule will
take place at N atom of the indole moiety while all the
evidences pointed at the Og) as protonation site for MC.
Consequently, the isomerization path from protonated SP to
protonated MC should begin with SP-Nui)H* as initial
reactant and include an intramolecular proton transfer event in
the ring opening step.

The critical points corresponding to a path similar to the
one determined for the neutral system (shown in section 4.1)
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were located for the protonated species. They give place to the
reaction profile shown in Figure 5. It can be observed that the
MCH* species are stabilized relative to the SPH* ones,
opposite to the energetics of the neutral system. It indicates
that the ring opening reaction is thermodynamically favored
for protonated SP.
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Figure 5. Potential energy profile for SP-NuyH* - MC-

O@nH* isomerization. Energies, relative to SP-NuyH*,
calculated at CAM-B3LYP/cc-pVDZ level in gas phase.

The first step of the mechanism corresponds to a concerted
bond-break and proton transfer reaction. Although at the
transition state structure the Csiro-O bond is only slightly
stretched (1.550 A to be compared with 1.392 A in the SP-H*
reactant), the distance between these two atoms increases
monotonly as the system evolves, leading to the GCC-OggH*
minimum. This result is in agreement with the fact that,
according to our calculations, SP protonated at Oo) does not
exist. All the trials performed in order to find the
corresponding SP-OggH* minimum led to open species,
indicating that after proton transfer the ring opening process is
barrierless. From the GCC-OggH* minimum the CCC-OggH*
minimum can also been populated through an very low energy
barrier path. From these two minima several isomerization
paths to the most stable TTC-OoH* product were found. The
most significant ones are represented in Figure 5. One of them
corresponds to a direct isomerization from GCC-OgH* to
TTC-O@gH*, while the other one is an isomerization path that
occurs stepwise from the CCC-Og)H* minimum through the
CTC-OgH™ form to the TTC-OgH™ product.

According to these results, the owverall reaction is
exothermic by 12.07 kcal mol, opposite to the case of the
non-protonated system, where it was endothermic by 13.6 kcal
molL. In this case, the reaction proceeds along two or three
steps, depending on the isomerization path followed. The two-
step path shows slightly lower barriers, but the energy
difference is not very significant (37.21 kcal mol? to be
compared to 35.81 kcal mol?). Regarding the rate-
determining step, our results agree with the previous
conclusions derived in ref. 25 from experimental data, that
indicated that the rate-determining step is not the ring opening
but the subsequent isomerization between MC-H* conformers

(although in that work the proton transfer step was not taken
into account). Nevertheless, the difference between the
barriers of these steps cannot be considered significant either
(34.03 kcal mol to be compared to 35.81 kcal mol™?).

The model used up to here in our computations corresponds
to an isolated molecule, so it corresponds, in fact, to the system
in gas phase, which can reproduce satisfactorily only non polar
solvent environments. To improve our model and be able to
analyze the influence of a polar protic solvent, we have to take
into account solvent effects, including this environment in the
computations.

4.4 SPNH* - MCOH* isomerization pathway in an
acidic aqueous environment.

From the computational point of view, the effects of the
solvent can be considered using two different approaches:
representing some explicit solvent molecules or considering a
polarizable continuum media. In the first case, the model can
account for electronic specific interactions between solute and
solvent (like hydrogen bonds) while in the second case only
the macroscopic properties of the solvent are taken into
account. Depending on the solute-solvent couple and on the
properties studied, one or the other type of effects will be more
or less relevant. Although hydrogen bonds should be included
in the first category, the fact that the solvent is described by a
distribution of charges that polarizes the electronic structure
of the solute, makes that the hydrogen-bond influence on
energetics is well described by electrostatic, exchange, and
dispersion terms wused in continuum models [46].
Consequently, only in the case of solvent molecules playing a
role in reaction mechanisms, they will be explicitly included
in the description of the model system to be studied in this
work.

It is well known the influence that protic solvents like water
have in the SP-MC equilibrium [47], so the solvent
environment should be taken into account when studying
computationally this system. In a previous work developed by
our group [48] on the photochemical and thermal
isomerization reaction of spirooxazine (SO) to MC, we
showed that polar solvents change quantitatively the SO/MC
equilibrium, but the qualitative change is produced by the
effect of the hydrogen bonds established when the solvent
environment contains protic molecules (like in acetone/water
mixtures).

In the case under study here, the effect of specific
interactions of protic solvents with the protonated species are
expected to be important, mainly in the proton transfer step
because, as it will be shown further down, they become a part
of the reactive system. On the other hand, this is not the case
for the rotational isomerization reaction of MC, and in fact
previous studies [24] indicate that the transition state of these
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processes are scarcely affected by the presence of water
molecules.

According to this, we have studied the ring opening
reaction of the protonated system and the isomerization of
protonated MC in two different ways. For the ring opening
reaction, we have included one explicit water molecule in the
system studied at DFT level to account for specific solute-
solvent interactions, and have immersed this super-system in
a continuum polarizable media by means of the PCM
computational approach as implemented in the Gaussian 16
program. On the other hand, for the isomerization of
protonated MC, we have only considered the influence of the
aqueous environment as a continuum polarizable media.

We have also studied the reaction of protonation of SP to
verify the role of this step in the whole reaction. In fact, Wojtik
[23] and Hammarson [20] suggested, from experimental
studies of the SP/MC isomerization in acidic media, that the
equilibrium between the neutral and protonated SP forms play
an important role in the ring opening reaction of SP because
only the neutral nonprotonated species can undergo the
isomerization reaction to MC.

In this work we have included two explicit water molecules
in the system to stabilize the HsO" moiety when H* is not
bonded to SP, so the protonation process studied here can be
represented by the following reaction:

SP + H30*-2H,0 S SPH* + H,0-2H,0

The whole profile of the reaction, combining all different
phases, is shown in Figure 6. Details of the connection of the
profiles of the different phases of the reaction are given in the
SI.
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Figure 6. Potential energy profile for the protonation and
isomerization reaction of SP in acid aqueous media. Energies
calculated at CAM-B3LYP/cc-pVDZ level.

Our results for the first part of the reaction (optimized
geometries depicted in the SI) showed that the protonation of
SP is slightly exothermic by 1.40 kcal mol™. It was not
possible to fully optimize the TS of this reaction (TSO in
Figure 6), but partially optimized geometries together with
scans along the reaction coordinate allow giving an upper
bound for the value of the energetic barrier that is extremely
low, of 0.84 kcal mol?. This is in agreement with the
conclusions of the study presented in ref. 20 that states that the
establishment of the equilibrium between SP and SPH™ is
extremely fast compared to that between SP and MC.

The next step of the reaction, the concerted ring opening
and proton transfer reaction, was found to be also slightly
exothermic, like in gas phase, being GCCOH* 3.6 kcal mol*
more stable than SPH*. Two transition states were found for
this reaction, schematically shown in Figure 7. The one shown
in panel (a) correspond to a direct migration of the proton in
the form of H30", as expected to be found in an acidic aqueous
solution. The barrier of this reaction is 22.6 kcal mol™. The
second transition state, shown in panel (b) correspond to a
water-mediated proton transfer in such a way that there is a
concerted migration of the proton attached to N1 in SPH* to
the water molecule and of a proton of the H;O* to O in
MCH*. That is it, there is a substitution of a H atom in the
water molecule, so the proton attached to Ny in SPH* is not
the same that the one attached to Osg) in MCH™. The barrier
for this mediated proton transfer is 3.25 kcal mol lower than
the one for the direct migration, what shows the role of the
protic solvents in this reaction.

Figure 7. Schematic representation of the transition state
geometries found for the proton transfer from N1 to Oo): )
direct migration; b) water-assisted migration.

The rate of this reaction step, nevertheless, will be faster
than expected in relation with this height of the barrier given
that, being the reaction the transfer of a proton, tunnelling
effect will accelerate this reaction step.

The profile of the last part of the reaction, the isomerization
of protonated MC in an aqueous environment, is very similar
to the one in gas phase. Both the stepwise and the direct
isomerization paths connecting GCCOH* and CCCOH™ with
TTCOH™* were found in solution, but in this case the barriers
of both differ only by 0.52 kcal mol?, so both can be
considered effectively equally efficient.

The whole profile shows that the barrier of the proton
transfer reaction is, in this case, lower than that of the
isomerization step, in agreement with conclusions drawn from
experimental observations [24].

Only the results for the isomerization steps can be
compared with previous studies. Like in the case of the
reaction of the neutral system, we can stablish a qualitative
comparison with the results given in Ref. 22. The barriers
obtained here fit TS2, TS3 and TS4, of 39.8 kcal mol?, 4.1
kcal mol? and 36.5 kcal mol* (understood as the energy
difference between a TS and its immediate previous
minimum), can be compared with the free energies of 30.5
kcal mol?, 5.0 kcal mol* and 38.9 kcal mol™ reported in ref.
22.
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Scare quantitative data for barrier energies are obtained
from experimental studies. The only one found in the literature
(24) reports a cis-MC —Z trans-MC barrier energy in non-
acidic aqueous media of 26.4 kcal mol?, in not very
satisfactory agreement with computational results.

4.5 Prediction of the photochromic properties of the
protonated system.

The capacity to trigger the isomerization reaction between
SP and MC by irradiation in both directions (SP to MC and
MC to SP) is an interesting property that this system shows
due to the peculiar interplaying between the ground and
excited state potential energy surfaces of these isomeric
species.

Although the mechanistic study of the excited state
reactions is beyond the scope of this work, the comparison
between the frontier orbitals of the neutral and protonated
species can shed some light in the potential photochromic
properties of the later system.

In Figure 8 the frontier orbitals of SP, MC, SPH* and MCH"*
are represented.

Neutral system
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Protonated system
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Figure 8. Frontier orbitals of the neutral and protonated
species.

In the protonated system, like in the neutral one, the frontier
orbitals of SPH+ are located only in one of the two moieties
of the molecule, given the orthogonality between the rings
prevents the conjugation of the two p-electronic systems.
Curiously, HOMO and HOMO-1 are switched in SP and
SPH+, while LUMOs are similar in both compounds. In spite
of the different location of the HOMOs, the absorption of
these compounds will continue being in the ultraviolet range,
making them colorless.

On the other hand, in MC and MCH+ both moieties are
coplanar, so the conjugation of the p-system expands over the
whole molecule. In this case, both HOMO and LUMO are
very similar for MC and MCH+, indicating that the protic
environment will show smaller effects on the MC
isomerization reaction and on the chromic properties, yielding

compounds that absorb in the visible region and showing
consequently intense coloration.

As a whole, given the similarity of the LUMOs and the
equivalence of the HOMOs, it is expected that the chromic and
the photochromic properties of the protic system will be the
same than those of the neutral one. Nevertheless, this is a
hypothesis that should be tested by the corresponding
mechanistic study of the excited state reactions.

5. Conclusion

In this work we present a systematic study of the
mechanism of the isomerization reaction of SP to MC for the
protonated system. We have considered the reaction in gas
phase and in aqueous media, to understand the role that polar
and protic solvents play in the reaction. We have compared
these results with those of the reaction of the non-protonated
system.

Our results show that the preferential protonation site of SP
is N1y, while for MC it is O, being this last species (MCH™)
thermodynamically favored relative to protonated SP (SPH*),
opposite to the situation for neutral species.

Our mechanistic study shows that the protonation reaction
of SP has a very low barrier, so we predict that the equilibrium
between SP and SPH* species is rapidly stablished, in
agreement with experimental evidences [20,23]. The ring
opening reaction can then take place from the neutral SP or
from the protonated species SPH*. In the second case, the
opening reaction must be accompanied by a proton transfer
process, from N1y to Oo). We have found a path where these
two processes take place concertedly, in gas phase as well as
in polar solvents. In the presence of protic solvent molecules
(here represented by a water molecule), the lowest barrier path
shows that the proton transfer is mediated by a solvent
molecule. This alternative lower barrier mechanism explains
the substantial changes observed in the SP-MC isomerization
reaction in this kind of environments (protic solvents) [24,47].

The barriers obtained for the ring opening process from
neutral SP (Figure 1) and from the protonated species in a
polar protic solvent (Figure 6) are of the same order, indicating
that the isomerization to MC can take place simultaneously
from the neutral or protonated forms of SP. Nevertheless,
equilibrium in the first case will be almost complete displaced
towards SP given than SP is 18.6 kcal mol™* more stable than
CCC-MC, while in the protonated case the open species will
be favored given that CCC-MCH* (and GCC-MCH™) is more
stable than SPH* by 2.68 (4.99) kcal mol?. Our results
suggest, consequently, that the ring opening reaction will
proceed preferentially between protonated species. This
conclusion does not agree with the hypothesis presented in ref.
20, which suggests that “MCH?* is formed via thermal opening
SP — MC followed by protonation of MC”. This hypothesis
is based on the observation that the rate constant of SP
isomerization is virtually pH independent, but this fact is also
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in agreement with the mechanistic hypothesis presented here,
given that both SP — MC and SPH* — MCH" reactions have
virtually the same energetic barrier.

The relative energies between rotamers of the neutral and
protonated species are similar (-2.7 and -2.3 for CCC-MC —
CTC-MC and CTC-MC — TTC-MC, and -3.8 and -0.9 for
CCC-MCH+ — GTC-MCH* and GTC-MCH* — TTC-
MCH?), but the rotational barriers between species are much
lower for the neutral species than for the protonated ones (18.9
for MC and 39.8 for MCH?). Curiously, relative to the initial
SP species, the barriers are very similar, around 35 kcal mol™.

These-are-in-the-case-of MCH* —in-agreement-with-the

this-step-

To quantitatively predict the increase of the rate of the
isomerization reaction when SP is surrounded by an acidic
media, a kinetic study should be performed, but this is beyond
the scope of this work. Nevertheless, the reaction profiles
provide enough information to explain qualitatively the
changes that are expected to be observed in the reaction rates
when the system is placed in a protic environment.

The SP — MC reaction for the neutral system is not
thermodynamically favored, so it will not take place thermally
and must be produced photochemically. On the other hand,
once the MC species is obtained (photochemically), the
backward reaction MC — SP, although thermodynamically
favored, will be a slow reaction when produced in the dark
given that its profile presents high barriers. This fact has been
extensively observed in previous studies [16-18].

Regarding the reaction in an acidic media, given the
extremely fast equilibrium stablished between the neutral and
the protonated forms of SP, the two species will coexist. But
while SP will not spontaneously undergo the ring opening
reaction, SPH* will tend to yield CCC-MCH?* given that this
last species is thermodynamically favored. The barrier
calculated for the ring opening step can be overcome
thermally, but it is high enough to preclude, in principle, a fast
reaction. Nevertheless, we must not forget that this step
involves a proton transfer, reason why quantum mechanical
tunneling effects will be noticeable making this process faster
than expected in view of the height of the barrier.
Consequently, we can predict a moderately fast reaction to
produce protonated MC. But the isomer so obtained will be
the CCC one, which is not the most stable one. The barriers of
the rotational processes necessary to give the most stable
TTC-MCH" isomer are much higher. Consequently obtaining
this last isomer will be, in the best scenario, a much slower
process. In fact, the experimental observations of ref. 24

10

suggest that the rate determining steps of the reaction are the
rotational ones, while the experimental work of ref. 19
indicates that the MCH™ isomer obtained in acidic media is the
cis one, while the trans is only obtained after UV irradiation.
These observations support our results and the qualitative
kinetic predictions derived from them.

As a whole, given that the analysis of the frontier molecular
orbitals indicate that the cis MCH™ species will show the same
chromic properties than neutral MC, it is expected that the
isomerization reaction of the SP/MC system in an acidic
media will be enhance, while keeping the same chromic
properties than in a non-protic environment.

The gained detailed knowledge of the reaction mechanism
of this molecular system can help in the design of more
efficient molecular switches. The effect of environmental
factors such as a protic media on the different steps of the
reaction indicates that, if the desired product is the most stable
MC isomer, the modifications on the system should be
directed to decrease the MC isomerization barriers given that
these are the rate determining steps.
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