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A theoretical investigation based on DFT predictions on 1,2-dithienylperfluorocyclopentene derivatives
is presented. Molecules of this class have been demonstrated to show efficient thermally irreversible
photochromism for developing optical switches. In particular, by doping a glassy polymer matrix with
1,2-dithienylperfluorocyclopentene derivatives, an optical element with a light induced modulation of
the refractive index can be obtained.

Here, a simple model is proposed allowing the correlation between the change of the molecular polar-
izability, upon photoisomerization, to the modulation of the refractive index of the bulk material.

Based on this model and on DFT simulations, we suggest criteria for the optimization and design of the
bulk material property (i.e. refractive index modulation) by modifying, with suitable chemical substitutions,
the molecular and electronic structure of the photochromic species (that is by changing the molecular
property, i.e. the molecular polarizability).

A systematic analysis of the polarizability changes upon photoisomerization (from the uncolored to the
colored form) is carried out for 24 different molecules and correlations with the changes of the electronic
and molecular structure are proposed and discussed.
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1. Introduction

Photochromic molecules switch between two different stable
molecular structures (usually named colored and uncolored form)
under a suitable light stimulus: this property can be exploited for
the design of new functional materials whose optical features can
be tuned by photon irradiation [1].

Among the families of organic photochromic compounds [1,2]
diarylethenes, as the 1,2-dithienylperfluorocyclopentene deriva-
tives, have been widely investigated in the past two decades [3].

Thanks to their good stability, high quantum yield and high
fatigue resistance, molecules belonging to the diarylethene family
are very attractive for the development of electro-optical devices,
such as optical switches [4-7], optical memories [8-12], active
waveguides [13-15] and rewritable optical elements for astronom-
ical instrumentation [16,17].

1,2-Dithienylethenes exist in an open (usually uncolored) form
which shows the thiophene rings linked to the perofluorocyclopen-
tene bridge twisted out of the molecular plane: in spite of the
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fact that a cis-hexatriene conjugation path exists across the bridge,
an effective 1 electrons conjugation is prevented by the lack of
planarity; therefore, the molecule consists of two independent
electron systems localized on the two molecular arms borne by
the cyclopentene unit. Upon UV light irradiation, the closed form is
obtained where a CC single bond is formed between the two thio-
phene units with a subsequent rearrangement of the m-electron
system, giving rise to a sequence of alternated single and double
CC bonds connecting the two heterocycles. Moreover, as a conse-
quence of the photoinduced closing reaction, a more flat and planar
structure is obtained, with an enhancement in the electron delo-
calization. This remarkable increment in the degree of m-electron
conjugation determines the peculiar electro-optical properties of
the photochromic materials; in particular the transition from a
transparent material (in the visible range) to a colored one [18,19].

The strong changes in the molecular and electronic structure of
the two photochromic isomers turn into different photo-physical
and chemical properties [7], such as the optical absorption and flu-
orescence emission [20], the ionization potential/electron affinity
and, of primary importance for the present study, the refractive
index [14,20-22].

The refractive index modulation (An)in the near infrared and/or
visible range is at the basis of several technological applications
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proposed for these materials, such as linear and non-linear optical
devices (i.e. waveguides, holographic gratings, wavelength tunable
filters, holographic memories).

It has been already shown [21,22] that by doping a transparent
polymer matrix (e.g. poly-methylmethacrylate glass) with 1,2-
diarylethenes it is possible to obtain a material showing light driven
modulation of the refractive index in the near infrared, whose value
depends on the chemical structure of the photochromic molecules
(it has been demonstrated that side groups play a relevant role
in enhancing An) [21,22]. An values suitable for technological
applications have been already reached thanks to the synthesis
of photochromic polymers with a backbone constituted by 1,2-
dithienylperfluorocyclopentenes units.[16,23], or with amorphous
materials made of low molecular weight diarylethenes with bulky
groups [20].

The key technological parameter, for the above reported optical
applications, is the difference in the refractive index between the
open and the closed form (An = n°Pen — pclosed) of the photochromic
molecule. In order to enhance An, according to the technological
requirements, two strategies can be followed:

(i) increase the concentration of the active photochromic
molecules embedded in the polymer matrix;

(ii) optimize the intrinsic molecular properties, by adding some spe-
cific chemical group (electron withdrawing/donor groups) to
the photochromic molecular unit.

The former is severely limited by the solubility of the pho-
tochromic species in the host polymer [24]; for the latter instead

the chemical design offers several opportunities of changing the
intrinsic molecular properties by suitable functionalization; it has
been preliminarily shown that the molecular polarizability change
(Aa), from the open to the closed form, is correlated to the light
induced modulation of the refractive index An [25].

Since the polarizability is mainly determined by the m-electron
conjugation of the molecule, substituents bound to the pho-
tochromic unit can remarkably modify its value and hence the
refractive index; in particular, electron acceptor/donor groups able
to withdraw/donate the electronic charge, as well as chemical
groups containing sequences of polarizable CC double/triple bonds
or aryls, have been shown to enhance the molecular polarizability
in the colored closed form [25].

In order to optimize this molecular property («), for achieving a
large modulation of the refractive index n, several aspects have to
be considered:

(a) the overall photochromic properties must be preserved;

(b) the molecule has to be stable in a wide range of temperatures
and concentrations (compatible with the host polymer matrix);

(c) the molecule has to be functionalized with proper chemical
groups able to control and tune the m-electron conjugation.

The last point (¢) will be investigated in detail in this paper using
quantum chemical simulations.

These methods have been applied only recently to the case of
diarylethene to predict different molecular properties (i.e. absorp-
tion spectrum and kinetic of isomerization [8,26,27]).

Fig. 1. Sketches of the diarylethene molecular structures studied in this work and (bottom right) numbering of CC bonds considered for the definition of the Bond Length

Alternation (BLA) parameter (see text).
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In this work we firstly introduce a relationship which has been
developed to link together the technological parameter An and the
molecular property Ao (Section 2); this relationship allows to clar-
ify the role of the material parameters which are relevant to achieve
enhanced device performances.

On this basis, we will conclude that the molecular polarizability
of photochromic molecules, and in particular the figure of merit
Aofagpen, predicted using DFT simulations, is a key parameter for
designing the optimal chemical structure to achieve large modula-
tion of the refractive index (An).

In Section 3 we will analyze a wide series of functionalized 1,2-
dithienylethene derivatives (see Fig. 1), which have been chosen
in a systematic way in order to identify the best photochromic
structures with improved opto-electronic properties. This method
provides useful criteria and general guidelines for the design of
optimized photochromic materials.

It has to be mentioned that once the optimal molecular struc-
tures to enhance the modulation of the refractive index are
identified, other relevant properties dependent on the chemical
structure have also to be taken into account. In particular, it should
be verified that the photochromic features which are sensitive to -
electrons conjugation, such as cyclization/cycloreversion quantum
yields, are preserved.

2. Methods
2.1. Theoretical methodology

Molecular structures, molecular polarizabilities and electronic
structures of the diarylethene derivatives (both the open and the
closed form) have been calculated using density functional the-
ory (DFT) simulations with a hybrid exchange-correlation potential
including both Becke and Hartree-Fock exchange and Lee, Yang
and Parr correlation (B3LYP) [28], and the split-valence 6-31G(p,d)
Pople basis set [29]. The theoretical framework is the same used
in a recent paper we published on the same subject [25]. All the
optimized molecular structures are validated by vibrational fre-
quencies calculations; no imaginary frequencies are found for each
optimized geometry. All simulations were carried out with the
Gaussian03 program [30].

For conjugated diarylethenes, it has recently been shown that
the range-separated hybrid functional CAM-B3LYP [31] provides
results in very good agreement with experimental data yielding
also accurate polarizabilities and bond length alternations values
[32-34]. Further works are still in progress, which take into account
a detailed comparison with this new DFT functional regarding the
evaluation of the molecular properties herein considered.

2.2. Relationship between the variation of the molecular
polarizability A« and the modulation of the refractive index An

In a previous work [25] we adopt the classical Lorentz-Lorentz
model [35], to describe in a simple way the relationship between
the molecular polarizability « and the refractive index n of a molec-
ular material. For the case of a blend, on the hypothesis that
the contribution of the different chemical species is additive, the
Lorentz-Lorentz model can be generalized as:

2
22 - ; _ %Nghaph + %Nlr}natramatr 1)
where NP and NI are the molar concentrations and ¢Ph/matr
the molecular polarizabilities of the two species, namely the pho-
tochromic molecule and the matrix.

Eq. (1) has been used [25] for predicting the refractive index
of several functionalized diarylethene-based photochromic com-

pounds embedded in a PMMA matrix. The trend found by the
experimental An values [22] showed a clear dependence on the
chemical nature of the functional groups. However, the values of n
(in particular those obtained for the closed forms) have been always
overestimated by the theory. Discrepancies between the predicted
values of the refractive index (Eq. (1)) and those experimentally
obtained, can be also ascribed to phenomena which can be hardly
quantified, such as the actual fraction of photochromic molecules
in the closed (or open) form after light irradiation [36]. In spite of
these difficulties, a simple look to the molecular parameters, namely
the molecular polarizability («), allowed an improved rationaliza-
tion of the observed trends. In the present work we consider only
the molecular polarizability of the two forms, without an explicit
prediction of the refractive index of the material.

In order to give a sound justification of our choice, we have
shown (see Appendix A) that, starting from Eq. (1) (or Eq. (A1),
see Appendix A), it is possible to obtain simple expressions which
establish a linear correlation between An and AaPh value.

These expressions (see Egs. (2) and (3)) are derived under
the hypothesis that: An/ngpen <1, where ngpen is the refractive
index of the material before photoisomerization, namely with
photochromic molecules in their open form. This hypothesis is rea-
sonable as explained in Appendix A.

After some manipulation of Eq. (1) (see Appendix A) we obtain
the following results for the two cases considered:

1. pure photochromic material

An= (ngpen + 2)(ngpen -1) (Aaph>

ph

6nopen ®gpen

2. photochromic molecules embedded in a polymer matrix

N2 en + 2)(N3 e, — 12 ph
An—( open )( open matr) (AO{ ) (3)

- 2 h
2nopen(Nipae +2) agpen

Eqgs. (2) and (3) clarify the relationship between the technological
parameter (An) and the molecular property (AaP?/ ag‘gen).

The term AcaPh /aggen is an adimensional quantity which
describes the effectiveness of the photoinduced isomerization in
changing the molecular polarizability. The refractive index of a
material is indeed independent of the volume occupied by the
molecule, being related to the polarization density of the material.
Moreover, the AaP? /aggen parameter fully describes the effect of
the photochromic reaction on the change of the refractive index
of the material, since the other factors of Egs. (2) and (3) contain
only information about the optical properties of the material before
the closure reaction. Interestingly, in the case of a blend (Eq. (3))
the difference (ngpen - nﬁnatr) clearly depends on the relative con-
centration of the photochromic species in the material and can
be, in principle, increased as far as the percentage of the dopant
photochromic molecules increases [37].

Accordingly, we can state that Eqs. (2) and (3) express, in an ana-
lytical form, the two different strategies mentioned in Section 1 (i
and ii) for optimizing the performances of a photochromic material.

3. Results and discussion

In order to derive general information on the molecular polariz-
ability of diarylethene derivatives, both in the open and in the closed
form and on the effects of chemical functionalization, a systematic
study of the diarylethene derivatives reported in Fig. 1 has been
carried out. The dithienylethenes are classified according to four
different classes, namely: 1. Base, 2. Phenyl (Ph), 3. Thienyl (Th), 4.
3,4-Ethylenedioxy thienyl (EDOT).
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Starting from the simplest molecular structures belonging to
class 1., the other classes are derived from it by attaching various
chemical groups (namely phenyl, class 2.; thienyl, class 3.; EDOT,
class 4) to the 5,5’ positions of the two thienyl rings. In this way the
molecules belonging to classes 2.-4. can be regarded as derived
from class 1., in which an increase of the m-electron conjugation
along the two molecular arms is obtained adding further aromatic
rings. These chemical units will be referred in the following as con-
jugation enhancing (CE) end groups.

Within each class (1.-4.) we have analyzed four different cases:

(a) without any acceptor/donor end-group, named bare;

(b) symmetric end-substituted with two cyano groups (CN, accep-
tor), named AA;

(c) symmetric end-substituted with two methoxy groups (OCHs,
donor), named DD;

(d) asymmetric end-substituted with a methoxy and a cyano group
(push-pull), named DA;

Another molecular site which can be chemically modified in
order toinduce a change of the molecular polarizability is the bridge
between the two thienyls; we have explored, only for the class 2.,
the following three cases:

2.1 octafluorocyclopentene (this class coincides with the bare class
2.);

2.2 cyclopentene;

2.3 ethene.

Also for series 2.1, 2.2, 2.3 we have studied the four cases
described above (points a-d), namely bare, AA, DD and DA.

3.1. Tuning the polarizability by functionalizing the diarylethene
backbone: from class 1. to class 4.

In Table 1 we report the predicted DFT molecular polarizability
values for diarylethene derivatives belonging to the classes 1., 2.,
3. and 4. for both the open and the closed form, considering each of
the four cases mentioned before: bare, AA, DD and DA (see Fig. 1).

Table 1

Computed (DFT B3LYP/6-31G**) molecular polarizabilities of diarylethene
molecules belonging to the class: 1., 2., 3. and 4. (see Fig. 1), in their open and closed
structure.

Comparing the polarizability values for the classes 1. and 2. it
is well evident that the addition of the phenyl rings increases of
about three times the value of A, then raising the relative param-
eter Aa/a®Pen, If we compare the bare molecules belonging to class
1. and to class 2. respectively, we find an increase of the polariz-
ability of 130 bohr? in the open form and of 177 bohr? in the closed
form. This effect is due to the phenyl rings which act as conjuga-
tion enhancing groups increasing the 1 electrons conjugation path
both in the open and in the closed form. While in the open form the
phenyl rings belong to two non-interacting  systems, in the closed
form they are strongly coupled through the conjugated bridge, thus
allowing a more effective enhancement of the polarizability value.

This last effect parallels the structural relaxation occurring upon
the closure reaction. Structural changes have been investigated
by calculating the Bond Length Alternation parameters, which
are defined as BLAgpen=(R2+R3+Rs5+Rg)[4—(R; +R4+R7)/3 and
BLAGpsed = (Ry +R4*+Rg)/3 —(Ry +R3 +R5 +R7)/4 (see Fig. 1, bottom
right panel, for the CC bonds numbering). Notice that the above
BLA definitions are the same for all the different classes consid-
ered (1.-4.), since they involve only the central dithienylethene
moiety, thus allowing a direct structural comparison. Nevertheless,
the so defined BLA parameters are also sensitive to the changes of
Tr-electron conjugation due to the added CE groups; indeed, the
presence of a longer CC bonds sequence indirectly affects the BLA
of the central dithienylethene unit.

In fact BLA values reported in Table 2 indicate that for molecules
of class 2., closed form, there is a more pronounced bond length
equalization along the conjugated CC bond sequence (smaller BLA
value in the closed form and higher ABLA) with respect to class
1., as a consequence of a higher delocalization of  electrons along
the molecular backbone (see also Fig. 2). Another relevant struc-
tural parameter related to the enhancement of conjugation is the
dihedral angle () between the thienyl units and the perfluorocy-
clopendadiene ring, which passes from approximately 50° to about
8° upon photoisomerization.

By adding the chemical groups, electron acceptor (A=CN) or
donor (D=0CH3), in a symmetric way (AA or DD), both the polariz-
ability value and the parameter Aw/aopen increase for class 2.

Table 2

Computed (DFT B3LYP/6-31G**) Bond Length Alternation (BLA) for diarylethene
molecules belonging to the class: 1., 2., 3. and 4. (see Fig. 1), in their open and closed
structure. For the definition of BLA see text.

Molecule « (bohr3) Aa (bohr3) Aatfotopen Molecule BLA (A) ABLA (A)
Open Closed Open Closed
1. 1.
bare 214 230 16 0.075 bare 0.093 0.081 0.012
AA 226 258 32 0.142 AA 0.083 0.069 0.014
DD 225 241 16 0.071 DD 0.093 0.073 0.020
DA 226 255 29 0.128 DA 0.088 0.062 0.026
28 2.
bare 343 407 64 0.187 bare 0.086 0.067 0.019
AA 402 489 87 0.216 AA 0.084 0.065 0.019
DD 392 481 89 0.227 DD 0.086 0.065 0.021
DA 398 494 96 0.241 DA 0.085 0.063 0.022
FF 344 412 68 0.198 FF 0.086 0.067 0.019
3. 3.
bare 337 419 82 0.243 bare 0.085 0.060 0.025
AA 397 512 115 0.290 AA 0.084 0.059 0.025
DD 389 496 107 0.275 DD 0.084 0.058 0.026
DA 394 515 121 0.307 DA 0.083 0.055 0.028
4. 4.
bare 404 507 103 0.255 bare 0.082 0.057 0.025
AA 468 604 136 0.291 AA 0.081 0.055 0.026
DD 452 584 132 0.292 DD 0.082 0.054 0.028
DA 462 602 140 0.303 DA 0.081 0.052 0.029
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Fig. 2. Bond Length Alternation trends of the whole set of photochromic molecules
studied in this works: squares, class 1.; asterisks, class 2.; circles, class 3.; triangles,
class 4. Red symbols, open form; green symbols, closed form.

In the case of donor substituents (OCH3) the increase in the
polarizability value o can be rationalized as due to the injection
of additional electron charge in the 7 system. For the same rea-
son, the polarizability variation A« increases of 25 bohr? with a
subsequent enhancing of the Ac/copen parameter.

If we consider the withdrawing feature of the perfluorinated
ring, it is not immediately clear why the presence of an electron
acceptor such as the CN group, able to attract the electronic charge
too, determines again an increase in the polarizability change.

To better clarify this point we replace both CN groups with
another acceptor group, namely with fluorine atom (case 2. FF in
Table 1).

In this case the polarizability change A« is much closer to the
value obtained for the parent bare molecule, thus suggesting that
the marked increase in A« obtained by the introduction of the
CN group is mainly ascribed to the presence of 7 electrons of the
triple bond, which contribute to further extend the conjugation
path, independently by the acceptor character of the cyano group.
This is also the reason why, the trend in Aca/agpen, showing the
hierarchy DD >AA> bare for the class 2. is not reproduced for the
class 1. (for the class 1. the trend is AA>DD > bare). Indeed, A« is
poorly enhanced in case of 1. DD because of the narrow m-electron
conjugation of the molecule, also in the closed form; on the other
hand, in the 1. AA case the polarizability results to be more effec-
tively enhanced thanks to the increased m-electron conjugation due
to the CN triple bond, which overwhelms the effect related to its
electron withdrawing ability. This same effect also explains why
within class 1. the best performance is reached by 1.AA, while for
molecules belonging to class 2. the largest Aa and Aa/aopen values
are obtained by non-symmetric functionalization, i.e. in the case of
the donor-acceptor molecule (DA). The  electrons bridge indeed
allows the end groups to communicate via a through-bond interac-
tion: it is well known [38] that the introduction of a suitable pair of
electron donor (push) and electron acceptor (pull) end substituents
can remarkably enhance the degree of 1 electrons delocalization
along a conjugated carbon atoms chain.

From the above considerations we can conclude that the strat-
egy to increase the refractive index variation (An) by controlling
the modulation of the molecular polarizability during the pho-
tochromic reaction, can be pursued in a first two steps route:

(1) introducing conjugation enhancing (CE) systems (as the case of
phenyl rings, from class 1. to class 2.)
(2) performing a push-pull substitutions (as the case 2. DA).

Following these guidelines we decided to deeply investigate the
effect of different CE groups by replacing phenyl rings (class 2.) with
thienyl rings (class 3.) (see Table 1).

Comparing the bare 2. and bare 3. molecules we notice that both
Aa and Aa/agpen parameters increases by virtue of the thienyl
rings which are more effective than phenyl in providing mobile
electrons to the conjugation path (see Table 2).

Moreover, when the two thienyl units are in trans configura-
tion (as illustrated in the sketch of Fig. 1) the repulsion between
non-bonded H atoms (which is always present for the phenyl-
substituted molecules belonging to class 2.) is reduced and the two
rings are almost coplanar in the closed form. For instance, the value
of the torsional angle between thienyl and phenyl unit of 2.bare
closed molecule is 8=158°, while the torsional angle between the
two thienyl units of 3.bare closed molecule is 8 = 178°. This fact also
contributes to an enhanced electron delocalization over the whole
molecule in the closed form. As expected, the changes of the BLA
parameters, taken as a measure of the 7 electron delocalization
confirm the above conclusions.

The effect of adding electron donor and acceptor groups
to the thiophene rings has been investigated and it is illus-
trated by the data reported in Table 1. The trend found for
Aofagpen is parallel to that already described for the class 2. (i.e.
DA> DD ~ AA > bare).

It is worthwhile noting that for class 3., the formation of
an acceptor-m bridge-donor (A-m-D) system in the closed form,
obtained by a non-symmetric substitution, provides the best result,
showing Ao and Aca/agpen values exceeding of about 30% those of
2.DA. According to Egs. (2) and (3), molecule 3.DA will have the best
refractive index modulation, either as pure photochromic material
or embedded in polymer matrix system.

Inspired by the encouraging results found by the introduction of
thiophene CE groups we have also considered the possibility to add
mobile electronic charge to the system by replacing the end thienyls
with 3,4-ethylenedioxidethienyls (EDOT). It is indeed known that
the presence of the ethylenedioxide provides excess of electronic
charge to the aromatic system, which can be beneficial in increasing
molecular polarizability.

The increased total number of electrons present in the molecules
of class 4. determines a remarkable enhancement of the molecular
polarizability in both closed and open forms (compared with the
corresponding molecules of class 3.).

This behavior is also reflected by the parameter A« which sug-
gests that EDOT is a more efficient CE substituent than only thienyl
rings. However, if we look to the values of the adimensional param-
eter Aa/aopen We conclude that thiophene and EDOT are almost
indistinguishable. However, a closer look to the Aca/agpen values
indicates that the presence of the donor ehylenedioxide group
determines an improvement in the presence of donor end groups
(see 4.DD with 3.DD case), while it is not beneficial when accep-
tor groups are added in 5-position (see 4.AA). We can ascribe this
behavior to the electron withdrawing effect of CN groups, which
attract out of the aromatic system the excess of negative charge
injected by ethylenedioxide.

As already mentioned the molecular polarizability « is, in a first
approximation, roughly proportional to the total number of elec-
trons in the molecule [For this same reason in our previous paper
[25] we introduced another kind of parameter, namely APPE (it is
obtained from A« by normalization over the total number of elec-
trons in the given molecule); APPE values behave in a very similar
way as the figure of merit Ao/a®Pe" proposed in this work for the
first time], as shown in the past on the basis of a large amount
of experimental data [39]. As a consequence, the introduction of
bulky substituents carrying many electrons is obviously reflected
by higher values of A« and the increase in the An simply depends
on the increase of the weight concentration of active molecules
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Table 3

Computed (DFT B3LYP/6-31G**) molecular polarizabilities of diarylethene
molecules belonging to the class: 2.1, 2.2 and 2.3 (see Fig. 1), in their open and
closed structure.

Molecule a (bohr?) A« (bohr3) Aat[dopen
Open Closed
21
bare 343 407 64 0.187
AA 402 489 87 0.216
DD 392 481 89 0.227
DA 398 494 96 0.241
2.2
bare 341 405 64 0.188
AA 403 495 92 0.228
DD 389 465 76 0.195
DA 397 491 94 0.237
23
bare 312 365 53 0.170
AA 373 452 79 0.212
DD 360 427 67 0.186
DA 367 449 82 0.223

in the polymer matrix. This cannot be definitively considered an
“efficient” way.

Interestingly, the fact that the conjugated path is scarcely sensi-
tive to the substitution of a thiophene moiety with an EDOT group
can be inferred looking at the structural data in Table 3, which show
very similar ABLA values for classes 3 and 4.

3.2. Effects of the cyclopentene bridge on the polarizability values

While it is well know that the photochromic molecules under
investigation benefit from the presence of a fluorinated cyclopen-
tenyl group in terms of fatigue resistance and photochromism at
the solid state, we considered of relevant importance also to study
if the fluorine atoms have some active role in determining changes
in the molecular polarizability after the photoisomerization.

In Table 3 we report the computed DFT polarizability for the
three classes 2.1, 2.2, 2.3 described at the beginning of Section 3.
We can notice that the removal of a cyclic bridge (class 2.3) turns
into a general decrease of the molecular polarizability in the open
form as well as in the closed form; also in this case this behavior
can be simply ascribed to the lower number of electrons available
in the molecules.

Molecules of class 2.2, with an unsubstituted cyclopentene,
show polarizability values close to those of class 2.1. This result
leads to the hypothesis that electronegative atoms (like fluo-
rine) tend to withdraw electrons and, as a consequence, the C=C
bond belonging to the cyclopentene, which is involved in the -
conjugation path, may result partially depleted of electronic charge.

Considering the fact that the contribution of conjugated elec-
trons to the molecular polarizability is usually larger with respect
to that of localized electrons [39,40] the negligible effect on the
polarizability values while passing from class 2.1 to class 2.2 can
be justified with a sort of balance between two effects. Indeed, in
the case of the unsubstituted cyclopentene the decrease of the total
number of electrons tends to lower the « value, but the availabil-
ity of a larger amount of mobile electronic charge in the 1 system
tends to increase its value.

In spite of the differences discussed above, the values of A« as
well as those of the adimensional parameters Aa/oopen Can be suit-
ably considered similar for the bare molecules of the three classes
2.1,2.2and 2.3.

Interestingly we found an inversion of the trend while passing
from donor end groups (DD) to acceptor end groups (AA). In the
case of perfluocyclopentene, one of the highest A« is found in the

presence of donor groups (DD), while for classes 2.2 and 2.3 the
AA case is more effective. This behavior suggests that the presence
of fluorine atoms on the bridge is not negligible with respect to
the choice of the most effective end groups; this can be explained
considering that in the case of donor end groups (DD), the whole
molecules can be thought as made by two moieties (the two sym-
metric arms) characterized by a push-m-pull structure, where the
pull unit is the perfluorinated cyclopentene.

On the other hand, since the presence of the perfluorinated ring
is motivated by the already mentioned advantages in the overall
photochromism, we can conclude that chemical modifications of
this group can be discarded in our screening of molecular structures
for the optimization of An.

In summary, inspired by the model described by Eqgs. (2) and
(3), we can conclude that, in order to enhance the relative polariz-
ability modulation Aa/aopen 0f 1,2-dithienylethenes and hence the
refractive index change An, some specific chemical and structural
variations are suggested, as:

- addition of conjugation enhancing groups as phenyl and, overall,
thienyl rings (classes 2. and 3.);

- addition of donor (OCH3) and acceptor (CN) groups, yielding a
push-pull bridge after photoisomerization to the closed form (DA
class 3.);

Moreover, modification of the “ethene bridge” turned out to be
weakly effective.

4. Conclusions

A deep theoretical analysis of 1,2-
dithienylperfluorocyclopentene derivatives has been carried
out with the aim of establishing relationships between the chem-
ical structure and the enhancement of the modulation of the
refractive index of the material through the calculation of the
molecular polarizability.

A simple model based on Lorentz-Lorentz equation has been
developed (see Appendix A); the model explicitly links the molecu-
lar polarizability « to the macroscopic refractive index n in the case
of both pure photochromic materials and doped polymer matrix.
An adimensional quantity Aa/oepen has been proposed as a fig-
ure of merit of the photochromic systems in order to enhance the
refractive index change (An) by passing from the open to the closed
form.

It has been shown that the extension of the conjugation path
plays an important role: the increase of the number of 7 elec-
trons available for conjugation and the choice of aromatic rings
with a greater propensity to establish inter-rings conjugation
(thienyl rings are better than phenyl ones) have been demon-
strated to enhance the Ac«/aopen parameter (hence An). Also
the end groups are of great relevance in affecting Aco/agpen; in
this sense it is worth to combine the asymmetric substitutions,
made by a donor (OCH3) and a withdrawing (CN) group, with a
dithienylethene moiety which is characterized by a well-extended
conjugation.

We are hopeful that the guidelines drawn in this work could
suggest useful criteria and general guidelines, rationalized on the
base of DFT simulations, for the design of optimized photochromic
materials
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Appendix A.

The classical Lorentz-Lorentz model used to describe in a simple
way the relationship between the molecular polarizability o and
the refractive index n of a molecular material, is reported in Eq.
(A1):

n2—1 4w
n2+2 3

Nyo (A1)

where N, =N,4/V, is the molar concentration, N, is the Avogadro
number and Vis the molar volume. The « term appearing in Eq. (A1)
is the average molecular polarizability, obtained from the polariz-
ability tensor « as: o =1/3 Trace («); the scalar equation (Eq. (A1))
holds for a random orientation of molecules, as the case of amor-
phous materials and blends whit glassy polymers.
For the case of a blend, Eq. (A1) turns out as:
n?—1 4w 4

3 _ ?N,E’haph + ?N;natramatr (AZ)

where N},’h and N"3' are the molar concentration of the two species,
namely the photochromic species and the matrix.

Eq. (A2) can be written for the material in the two limiting
cases, namely before photoisomerization with all the photochromic
molecules in their open, uncolored form and after photoisomeriza-
tion, with all the photochromic molecules in their closed form.

The refractive index in the two cases will be ngpen and ngjggeq
respectively and can be expressed using Eq. (A2), provided that the

values ozggen and ozflt; «q are explicitly introduced.

In the hypothesis that N},’h and N"3 do not change appreciably
by virtue of the photochromic reaction, we can now evaluate the
quantity:
n2 -1 n?. -1 477 477

closed open ph, ph ph ph h
- =—N - = —N"AaP
g + 2 Tl%pen + 2 3 v (aclosed aopen) 3 v (o4
(A3)

2
nclose

The left hand term of Eq. (A3) can be worked out introducing the
relationship: nopen =Ncjosed + An. After linearization of the expres-
sion obtained (hypothesis of small An) we can write:

A
Oltopen AN _ AT b A g (A4)
(n%pen +2) 3

Eq. (A4) describes a relatively simple linear relationship between
Anand AaPh,

Moreover, notice that this expression is correct also for a mate-
rial consisting of the only photochromic species, as far as An is
small. It can be indeed obtained starting from Eq. (A1), instead of
Eq. (A2), where now n and An refer to a material made by the only
photochromic molecules.

We can further worked out Eq. (A4) in order to remove the
parameter N,I,’h. This can be easily done by writing Eq. (A2) explicitly
for the case of the open material (i.e. aPP = ozggen) and in the case of
the pure matrix. In this last case we have:

2
Mhmatr — 1 _ 4 Nir}natramatr (A5)

o =
Mhatr + 2 3

Eq. (A5) can be exploited in order to describe the contribution of
the matrix (which appears in Eq. (A2)) simply by means of its char-
acteristic refractive index, nmatr. This can be safely done, provided
that the molar concentration of the pure matrix is very close to that

of the matrix in the blend, as expected for blends at low concentra-
tion of photochromic molecules (usually the concentration is kept
lower than 10% to avoid segregation phenomena).

We obtain:
noen—1 n2. —1 47T . bh ph
open — _matr ) = ?Nll;) agpen (A6)

2 2
Nopen + 2 N

We can now divide the two members of Eq. (A4) by the correspond-
ing members of Eq. (A6), thus yielding the final expression:

An= (ngpen + 2) - (n%pen - nﬁwtr) AO{ph (A7)
Znopen(n?mtr +2) O‘ggen

A similar expression can be obtained in the case of a pure pho-
tochromic materials by simply dividing the two members of Eq.
(A4) by the two corresponding members of Eq. (A1), written for the
case of a fully photochromic material in its open form.

In this case:

An— (ngpen +2)- (ncz)pen -1) [ AgPh (AS)
- h
6Mopen a([)’pen

As already stated, this equation holds only for pure pho-
tochromic material where we have a relatively small change in
the value of the refractive index upon photoisomerization, namely
An[nepen < 1 This is undoubtedly a good approximation, since the
modulations of the refractive index measured for backbone pho-
tochromic polymers are smaller than 0.1 and for doped polymer
matrix are one order of magnitude smaller. If we consider the
refractive index of the material in between 1.5 and 1.6, the ratio
in the worst case is approximately 0.06.

References

[1] H. Diirr, H. Bouas-Laurent, Photochromism, Molecules and Systems, Elsevier,
Amsterdam, 1990.

[2] J.C. Crano, RJ. Guglielmetti, Organic Photochromic and Thermochromic Com-
pounds, Plenum Press, New York, 1999.

[3] M. Irie, Diarylethenes for memories and switches, Chem. Rev. 100 (2000)
1685-1716.

[4] N. Katsonis, T. Kudernac, M. Walko, SJ. Van Der Molen, B.J. Van Wees, B.L.
Feringa, Reversible conductance switching of single diarylethenes on a gold
surface, Adv. Mater. 18 (2006) 1397-1400.

[5] K. Matsuda, Photoswitching of intramolecular magnetic interaction using
diarylethene photochromic spin couplers, Bull. Chem. Soc. Jpn. 78 (2005)
383-392.

[6] K. Matsuda, M. Irie, Diarylethene as a photoswitching unit, ]. Photochem. Pho-
tobiol. C: Photochem. Rev. 5 (2004) 169-182.

[7] F.M. Raymo, M. Tomasulo, Optical processing with photochromic switches,
Chem. A: Eur. J. 12 (2006) 3186-3193.

[8] S.Nakamura, S. Yokojima, K. Uchida, T. Tsujioka, A. Goldberg, A. Murakami, K.
Shinoda, M. Mikami, T. Kobayashi, S. Kobatake, K. Matsuda, M. Irie, Theoreti-
cal investigation on photochromic diarylethene: a short review, J. Photochem.
Photobiol. A: Chem. 200 (2008) 10-18.

[9] G. Wen, X. Ding, L. Liu, Q. Guo, Studies of non-destructive data storage and
retrieval with 1,2-diarylethene photochromophores, Prog. Chem. 17 (2005)
826-838.

[10] S. Pu, F. Zhang, ]J. Xu, L Shen, Q. Xiao, B. Chen, Photochromic
diarylethenes for three-wavelength optical memory, Mater. Lett. 60 (2006)
485-489.

[11] A. Bianco, C. Bertarelli, J.F. Rabolt, G. Zerbi, Diarylethenes with electroactive
substituents: a theoretical study to understand the effect on the IR spectrum
and a simple way to read optical memory in the Mid-IR, Chem. Mater. 17 (2005)
869-874.

[12] K. Uchida, M. Saito, A. Murakami, S. Nakamura, M. Irie, Multifre-
quency photochromic recording and nondestructive readout using IR light,
ChemPhysChem 4 (2003) 1124-1127.

[13] N.Tanio, M. Irie, Photooptical switching of polymer film waveguide containing
photochromic diarylethenes, Jpn. J. Appl. Phys. Part 1: Regular Pap. Short Notes
Rev. Pap. 33 (1994) 1550-1553.

[14] ]. Biteau, F. Chaput, K. Lahlil, J.P. Boilot, G.M. Tsivgoulis, ].M. Lehn, B. Darracq,
C. Marois, Y. Levy, Large and stable refractive index change in photochromic
hybrid materials, Chem. Mater. 10 (1998) 1945-1950.

[15] S.Y. Cho, E. Kim, Optical loss of photochromic polymer films, in: ].G. Grote, T.
Kaino (Eds.), Proceedings of SPIE - The International Society for Optical Engi-
neering, 2003, pp. 282-292.



68 N. Adami et al. / Journal of Photochemistry and Photobiology A: Chemistry 214 (2010) 61-68

[16] C.Bertarelli, M.C. Gallazzi, G. Zerbi, E. Molinari, A. Bianco, E. Giro, Diarylethenes
in astrophysics: from materials to devices, Mol. Cryst. Liq. Cryst. 430 (2005)
187-192.

[17] A. Bianco, C. Bertarelli, M.C. Gallazzi, G. Zerbi, E. Giro, E. Molinari, Smart focal
plane masks: rewritable photochromic films for astronomical multi-object
spectroscopy, Astron. Nachr. 326 (2005) 370-374.

[18] A.Fernandez-Acebes, J.M. Lehn, Combinatorial color generation with mixtures
of dithienyl photochromes, Adv. Mater. 11 (1999) 910-913.

[19] M. Morimoto, S. Kobatake, M. Irie, Multicolor photochromism of two-
and three-component diarylethene crystals, J. Am. Chem. Soc. 125 (2003)
11080-11087.

[20] M.S. Kim, H. Maruyama, T. Kawai, M. Irie, Refractive index changes of
amorphous diarylethenes containing 2,4-diphenylphenyl substituents, Chem.
Mater. 15 (2003) 4539-4543.

[21] T. Yoshida, K. Arishima, F. Ebisawa, M. Hoshino, K. Sukegawa, A. Ishikawa,
T. Kobayashi, M. Hanazawa, Y. Horikawa, Refractive index changes in
photochromic diarylethene derivatives in polymethylmethacrylate films, J.
Photochem. Photobiol. A: Chem. 95 (1996) 265-270.

[22] C.Bertarelli, A. Bianco, F. D’Amore, M.C. Gallazzi, G. Zerbi, Effect of substitution
on the change of refractive index in dithienylethenes: an ellipsometric study,
Adv. Funct. Mater. 14 (2004) 357-363.

[23] A.Bianco, C. Bertarelli, G. Dassa, G. Toso, G. Zerbi, Realization of photochromic-
polymeric films for optical applications, Adv. Sci. Technol. 55 (2008) 1-6.

[24] Notice that films must maintain good optical quality, therefore aggrega-
tion/segregation phenomena of the guest molecules must be prevented. A way
to overcome these problems is the synthesis of all photochromic materials
based on backbone photochromic polymers.

[25] G. Callierotti, A. Bianco, C. Castiglioni, C. Bertarelli, G. Zerbi, Modulation of the
refractive index by photoisomerization of diarylethenes: theoretical modeling,
J. Phys. Chem. A 112 (2008) 7473-7480.

[26] E.A. Perpete, D. Jacquemin, An ab initio scheme for quantitative predictions
of the visible spectra of diarylethenes, J. Photochem. Photobiol. A: Chem. 187
(2007) 40-44.

[27] D. Jacquemin, E.A. Perpete, Ab initio calculations of the colour of closed-ring
diarylethenes: TD-DFT estimates for molecular switches, Chem. Phys. Lett. 429
(2006) 147-152.

[28] D.B. Axel, A new mixing of Hartree-Fock and local density-functional theories,
J. Chem. Phys. 98 (1993) 1372-1377.

[29] M. Frisch, J.A. Pople, ].S. Binkley, Self-consistent molecular orbital methods
25. Supplementary functions for Gaussian basis sets, J. Chem. Phys. 80 (1984)
3265-3269.

[30] M.]. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheese-
man, J.A. Montgomery Jr., T. Vreven, K.N. Kudin, J.C. Burant, J.M. Millam, S.S.

Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox, H.P.
Hratchian, ].B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Strat-
mann, O. Yazyev, AJ. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala, K.
Morokuma, G.A. Voth, P. Salvador, ].J. Dannenberg, V.G. Zakrzewski, S. Dapprich,
A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K. Raghavachari,
J.B. Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, ]J. Cioslowski, B.B. Ste-
fanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.L. Martin, D.J. Fox, T. Keith,
M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M. Challacombe, P.M.W. Gill, B. John-
son, W. Chen, M.W. Wong, C. Gonzalez, J.A. Pople, Gaussian 03, Gaussian, Inc.,
Wallingford, CT, 2004.

[31] H. likura, T. Tsuneda, T. Yanai, K. Hirao, A long-range correction scheme for
generalized-gradient-approximation exchange functionals, . Chem. Phys. 115
(2001) 3540-3544.

[32] D. Jacquemin, C. Michaux, E.A. Perpete, F. Maurel, A. Perrier, Photochromic
molecular wires: insights from theory, Chem. Phys. Lett. 488 (2010) 193-197.

[33] M.J.G. Peach, E.Il Tellgrent, P. Salek, T. Helgaker, D.J. Tozer, Structural and
electronic properties of polvacetylene and polyyne from hybrid and coulomb-
attenuated density functionals, J. Phys. Chem. A 111 (2007) 11930-11935.

[34] D. Jacquemin, E.A. Perpete, G. Scalmani, M.J. Frisch, R. Kobayashi, C. Adamo,
Assessment of the efficiency of long-range corrected functionals for some prop-
erties of large compounds, J. Chem. Phys 126 (2007).

[35] CJ.F. Bottcher, Theory of Electric Polarisation, Elsevier, Amsterdam, 1952.

[36] Itis not guaranteed that the conversion is fully reached. Moreover, some ther-
mally driven processes can also concur to modify the relative population of
isomers.

[37] It can be stressed that this conclusion holds for regimes at low concentration of
photochromic species, i.e. under the same hypothesis which makes reasonable
all the approximations introduced deriving Eq. (3). Moreover, in the case of the
blend, we expect a refractive index slightly exceeding that of the pure matrix
even in the open form. Indeed photochromic molecules contain polarizable
7 electrons, while the commonly used polymer matrix show characteristic
chemical units containing s bonds or, eventually, localized 1 systems (e.g. C=0
bonds in polymethylmethacrylate).

[38] S.R. Marder, J.W. Perry, B.G. Tiemann, C.B. Gorman, S. Gilmour, S.L. Bid-
dle, G. Bourhill, Direct observation of reduced bond-length alternation in
donor/acceptor polyenes, J. Am. Chem. Soc. 115 (1993) 2524-2526.

[39] M. Gussoni, M. Rui, G. Zerbi, Electronic and relaxation contribution to linear
molecular polarizability. An analysis of the experimental values, J. Mol. Struct.
447 (1998) 163-215.

[40] C.-]. Yang, S.A. Jenekhe, Group contribution to molar refraction and refractive
index of conjugated polymers, Chem. Mater. 7 (1995) 1276-1285.



	Enhancing the light driven modulation of the refractive index in organic photochromic materials: A quantum chemical strategy
	Introduction
	Methods
	Theoretical methodology
	Relationship between the variation of the molecular polarizability Δα and the modulation of the refractive index Δn

	Results and discussion
	Tuning the polarizability by functionalizing the diarylethene backbone: from class 1. to class 4.
	Effects of the cyclopentene bridge on the polarizability values

	Conclusions
	Acknowledgments
	References
	References


