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The photochromic behaviour of a series of 2,2-diphenyl(2H)chromenes, bearing different substituents
(methyl, thienyl, B(OH), and nitro groups), has been investigated. The photochromism of these molecules
is described in terms of absorption spectra, photocolouration and photobleaching quantum yields, kinetics
of thermal bleaching and competition between photochemical and photophysical relaxation. The quan-
tum yield of UV photocolouration is generally fairly high (0.7-1.0), but decreases for compounds with
thienyl and nitro substituents. The ring-open coloured form thermally rearranges to the closed uncoloured
form, whereas visible photobleaching is substantially negligible (<10-3). The thermal bleaching process
is markedly affected by the substituents and, in the case of the nitro-derivatives, is characterised by a
drastic decrease of activation entropy and enthalpy.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Photochromic compounds, that undergo reversible light-
induced transformation between two structures exhibiting dif-
ferent absorption spectra, are currently receiving considerable
attention due to potential technological applications, mainly as
either optical switching systems or high-density optical storage
devices, depending on whether their back reaction is induced by
temperature or visible light. Owing to their ultrafast electrocycliza-
tion photoreactions, spirooxazines and chromenes are among the
most important classes of organic photochromic compounds, that
have shown promising properties such as colourability and fatigue
resistance [1,2].

Among the various compounds which have been shown to
exhibit photochromism, the class of benzopyrans (also called
chromenes) has been one of the most extensively studied over the
last decades. It is now well established that benzopyrans, as well
as their structurally related naphthopyrans (benzo-chromenes),
exhibit photochromic behaviour due to the electrocyclic ring-
opening at the pyran C-O bond [1]. The photochromism of
chromenes was first extensively studied and the mechanism deter-
mined by Becker and coworkers [3-10]. They showed that these
molecules, upon UV irradiation, yield open metastable photoprod-
uct(s), having the structure of o-quinone-allides [4], which are
generally coloured due to increased electronic delocalisation. They
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can reconvert thermally and/or photochemically to the starting
material.

In this work, a study of the photochromic behaviour of a
series of 2,2-diphenyl(2H)chromenes (DPCs), bearing different sub-
stituents, is presented (Scheme 1). These molecules can be related
to the parent 2,2-diphenyl-(2H)chromene (1), whose synthesis
[11,12], dimerization reaction [13-15], photochromic behaviour
[10,16-18] and time-resolved absorption studies by means of
nanosecond [19], picosecond [19] and femtosecond [20] techniques
have been already reported in the literature. The photochromic
behaviour of DPCs chromium tricarbonyl complexes has also been
studied [21,22]. Recently, a new alternative strategy for the syn-
thesis of the nitro derivatives [23] of 1 and a spectral analysis
of phenyl-substituted DPC have been published [24]. However,
to the best of our knowledge, no quantitative study of the pho-
tochromic reaction of the aforementioned DPCs, has ever been
reported.

In the present paper, a detailed study of the photochromism
of these compounds is carried out with the aim to find out the
effect of structure on their spectra, photochemistry and ther-
mal bleaching kinetics. Changing the substituents in structurally
related molecules may drastically change their photochromic prop-
erties either affecting the spectrum of the colourless form, or
that of the coloured form, or the thermodynamics of the photo-
chemical and thermal processes. Such modifications may provide
molecules with enhanced commercial potential. Where fluores-
cence, which can provide a light-triggered signal alternative to
colour, was observed, the corresponding quantum yield was mea-
sured.
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Scheme 1. Structures of the molecules investigated.

2. Materials and methods
2.1. Materials

The benzopyrans investigated were synthesized at the Univer-
sity of Marseille [23]. Their purity (>98%) was checked by HPLC. The
photokinetic measurements were carried out in 3-methylpentane
(3MP, BDH), distilled before use.

2.2. Apparatus

The absorption spectra were recorded using a HP 8453 diode-
array spectrophotometer. Irradiation of the sample solutions was
carried out in a 1 cm cell-path in the spectrophotometer holder, at
aright angle to the monitoring beam, using a fibre-optic system. A
125 W Xe lamp, coupled with a Jobin-Yvon H10 UV monochromator,
was used for irradiation and an Oxford Instruments cryostat for the
temperature control. A grey filter (10% transmittance) was inserted
between the sample and the spectrophotometer source, to avoid
that a fraction of the UV light might reach the sample, thus inducing
photochemistry.

The emission spectra were taken using a Spex Fluorolog-2
1680/1 spectrofluorimeter; the quantum yield was determined
using 9,10-diphenylanthracene in cyclohexane as a standard (quan-
tum yield in deaerated solution: @ =0.90 [25]). An uncertainty of
15% is estimated for the fluorescence quantum yield.

2.3. Methods

The quantum yields of the closed to open form photocolouration
(®@c_0) and of the back photobleaching (®g_c) were spec-
trophotometrically determined in 3MP using concentrations in
the range of 10-4-10-> moldm™3. Potassium ferrioxalate acti-
nometry was used to measure the radiation intensity, which
was typically on the order of 2-3 x 10~7 moles of quantadm—3s~1,
The uncertainty in the quantum yield determinations is about
10%.

Eq. (1) [26] describes the colour-forming kinetics:

dAo

a W

=£&o @Cﬁolc - kAAO
Ao is the absorbance (1 cm cell-path) of the open (coloured) form
at the analysis wavelength, I¢ is the light intensity absorbed by the
closed form at the irradiation wavelength, ¢ is the molar absorp-
tion coefficient of the coloured form at the analysis wavelength
and ky is the rate constant of thermal bleaching. Eq. (1) can be
rearranged into the following equation:

dAo
dt
where ¢j, is the molar absorption coefficient at the irradia-
tion wavelength (isosbestic point), F is the photokinetic factor
(F=[1—exp(—2.3A")]/A’, where A’ is the total absorbance at the exci-
tation wavelength (Lexc) [26]), I° the intensity of the incident light
and A° the initial absorbance at Aexc. When possible, irradiation
was carried out in the correspondence of an isosbestic point, in
order not to change the total absorbance during the experiment.
The absorbance-time data sets allow the values of &g and @_, o
to be determined, once the k parameter is derived by plotting
dAp/dtvs. Ag, according to Eq. (2). An example of such linearization
is shown in Fig. 1.

The kinetics of the thermal ring-closing reaction were recorded
in the dark, following the colour-bleaching of the irradiated
solution after switching off the UV source. The thermal bleach-
ing kinetics were fitted using the experimental absorbance-time
data which were interpolated with either mono- (Eq. (3)) or bi-
exponential (Eq. (4)) functions, accounting also for the residual
absorbance, R:

= €0 Pc_08isol °FA? — Ao[I%Feiso Pc_.0 + Kal (2)

Ao =AY exp(—kat) + R (3)
(4)

Arrhenius diagrams were determined in the 250-280 K temper-
ature range by plotting In(k, ) as a function of 1/T. By using the

Ao = A2, exp(—kayt) + A3, exp(—kayt) +R
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Fig. 1. Kinetic data of UV-photocolouration for 5 at 180K in 3MP, treated according
to Eq. (2).

following Eyring equation:

kA kB AH# AS#
In (T) —In (F) e (5)
the thermodynamic activation parameters (AH#, AS#, AG# ) of
the thermal bleaching process were obtained.

The photobleaching quantum yields were measured by irradi-
ating the thermally bleached solution with visible monochromatic
light (I°~(0.6-1) x 10-¢ moles of quantadm=3s-1) and following
the colour fading up to at least 30% transformation, based on Eq.
(6) [27]:

dAo

——1 = €0 Po_cl’(1-10"%) (6)

where Aj is the absorbance of the coloured form at Aexc. Both Ag
and A are time dependent variables. Based on Eq. (6), the quantum
yield was obtained from the linear plot of —dAg/dt vs. 10~%, which
gives g x @g_,¢ from both the intercept and slope.

3. Results
3.1. Spectrokinetic behaviour

The absorption spectra of the closed colourless forms of the
compounds investigated generally show an increase in molar
absorption coefficient, with respect to the parent molecule, and a
red-shift, particularly marked for the dithienyl derivatives (Table 1).
Some examples of absorption spectra are shown in Fig. 2.

Colouration of the samples, upon UV irradiation, was stud-
ied in the 250-280K temperature range. The kinetics fit well a
bi-exponential function over a large temperature interval. Only

Table 1
Molar absorption coefficients of the colourless closed forms (&¢) at the maximum
absorption wavelengths (Amax) of the DPCs in 3MP

Compound &c (Amax) dm3 mol~! cm~! (nm)

1 6500 (266); 3500 (310)
27,600 (264); 13,500 (300)

3 20,100 (277); 3700 (343)

4 21,200 (240); 19,500 (259); 1300 (327)
5 20,100 (244); 23,800 (344)
6
7
8

15,600 (249); 12,600 (284); 18,100 (342); 18,000 (363)
19,500 (239); 12,000 (293); 16,700 (325)
19,200 (237); 950 (309)

9 21,600 (234); 5100 (272); 2500 (324)
10 21,000 (242); 1000 (317)

1 14,800 (260); 3500 (345)

12 11,800 (257); 12,000 (265)
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Fig. 2. Quantitative absorption spectra of the closed colourless forms of 1, 2, 5, 8,
and 12 at 280K in 3MP.

lowering temperature down to 180K, the kinetics fit a single expo-
nential function. An example of such behaviour is illustrated in
Fig. 3, where the colouration kinetics of compound 5, at 275K
(a, bi-exponential) and 180K (b, mono-exponential), are shown.
At 180K, where the thermal bleaching is slowed down and the
mono-exponential treatment can be applied, the quantum yield
of photocolouration and the molar absorption coefficient of the
coloured form, produced at faster rate, could be determined
(Table 2).

The absorption spectra at the photostationary state show, in the
visible region, the spectral features of the open coloured forms,
which are rather similar to each other in shape, showing a nar-
row vibrationally structured band around 400 nm and a broader
absorption between 450 and 700 nm; the spectra obtained upon
irradiation of the thienyl and dithienyl derivatives are somewhat
red-shifted (Fig. 4).

The ring-open coloured forms, produced upon UV irradiation,
spontaneously rearrange back to the closed uncoloured form. The
thermal bleaching process always consists of two components but,
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Fig. 3. UV-photocolouration kinetics of 5 monitored at A=555nm at 275K (a) and
180K (b) in 3MP.
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Table 2
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Spectral (molar absorption coefficient of the coloured open forms (o) at the maximum absorption wavelength, Amax ), photochemical (quantum yield of UV photocolouration,
@01, and visible photobleaching, @y,) and kinetic (rate constant at 280K, k»go, activation energy, E,, frequency factor, A) parameters of the DPCs in 3MP

Compound Dol £0 (Amax) dm? mol~' cm~' (nm) kago (s71) Ea (kJ mol~1) A(s1) Dphotobl
1 1.00 11,900 (500) 0.141 60.1 3.4 x10'° 102
0.59 15,750 (523) 0.0757,0.0114 63.6, 56.6 6.1 x 10'°, 4.7 x 108 <10~
3 0.79 7,900 (580) 0.196 58.7 2.0 x 1010 9x 103
4 0.70 8,300 (510) 0.135 58.4 9.8 x 10° 5x1073
5 0.44 12,530 (555) 0.0468, 0.00096 69.1, 20.5 3.5x 10", 6.4 <104
6 0.54 6,800 (645) 0.157 58.7 1.6 x 1010 1.5x 103
7 0.35 12,400 (528) 0.126 51.8 6.1 x 108 8.5x 1073
8 1.0 2,200 (530) 0.187 73.6 1.2 x 1013 1x103
9 0.81 4,820 (550) 0.0973 56.6 4.2 x 10° <104
10 0.79 3,200 (495) 0.0484 75.9 1.4 x 1013 1x1073
1 0.55 7,500 (510) 0.0025 36.3 1.4 x 10* <104
12 0.66 11,700 (503) 0.0026 15.7 2.2 <104

absorbance

A /nm

Fig. 4. Absorption spectra at the photostationary state of 1, 2, 5, 8, and 12 under
irradiation at A =309, 279, 343, 310 and 283 nm, respectively, at 180K in 3MP.

whilst in the case of the thienyl-substituted compounds both of
them have comparable kinetics, for the other molecules they are
characterised by very different rate constants. In the latter cases,
only the bleaching parameter of the faster process was determined
(Table 2).

The activation energies and frequency factors of the thermal
bleaching were determined from Arrhenius plots (r>0.99, see
Table 2); two meaningful graphical examples are shown in Fig. 5.

The thermodynamic activation parameters (AH#, AS#, AG#)
for the thermal bleaching are reported in Table 3.

2 i
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Fig. 5. Examples of Arrhenius plots for 8 (®) and 12 (O) in 3MP.

The slower thermal process can be slightly accelerated by vis-
ible irradiation even though, in this case, the bleaching of the
coloured form occurs without full recovery of the starting spec-
trum, thus indicating a probable side reaction triggered by visible
light. Anyway, visible photobleaching is substantially negligible and
characterised by very low quantum yields (10~3-10-4, Table 2). For
some naphthopyrans, by NMR analysis, an allene intermediate has
been recognized which is formed by VIS irradiation of the transoid-
cis and reconverts to the transoid-cis form through an inactivated
dark reaction [28 and references therein]. Such intermediate can
be only tentatively hypothesized in the present case, since it was
impossible to accumulate it in a significant concentration.

3.2. Fluorescence emission

Among the molecules investigated, only the dithienyl deriva-
tives were found to exhibit fluorescence emission upon UV light
excitation of the closed form (Fig. 6).

The quantum yields of fluorescence (¢g), are on the order of
magnitude of 10-3. They show a regular dependence on Aexc,
increasing with decreasing the excitation energy (Table 4).

The normalized fluorescence excitation spectra, monitored at
different emission wavelengths, match with each other, showing
that they arise from the same excited species. Nevertheless, they
do not overlap the corresponding absorption spectra, as shown for
5in Fig. 7.

4. Discussion
4.1. Effects of the substituent

The absorption spectra of the colourless forms of the chromenes
examined are affected by the substituents in both intensity and

Table 3
Thermodynamic activation parameters for the thermal bleaching process of the
DPCs in 3MP

Compound AH# (kJmol-1) AS# (JK-Tmol ) AG# 580 (kJmol~1)
1 58.0 -50 72.0
2 60.7, 54.6 —48, —86 74.1,78.7
3 56.5 -55 719
4 56.2 —61 73.3
5 66.5, 18.3 —31, —237 75.2,84.7
6 56.5 -57 72.5
7 49.6 -84 731
8 714 -14 71.8
9 54.4 —68 734

10 73.7 -0.5 73.8

11 34.0 -173 82.4

12 134 —246 823
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Fig. 6. Normalized fluorescence emission and fluorescence excitation spectra of 5
(full, Aexc =340 nm), 6 (dash, Aexe =370 nm), 7(dot, Aexe =330 nm) at room tempera-
ture in 3MP.

Table 4
Quantum yields of fluorescence as a function of Aexc for the three dithienyl-DPCs in
3MP

Aexc (nm) Dr (x10%)
5 6 7

270 1.8 34
290 3.1
300 4.1
310 3.8
325 42
330 3.8 4.5
340 4.7 1.2

350 5.9 1.6 8.5
360 7.0 2.1

370 8.8 3.2

380 5.1

390 9.2

position, compared with that of the parent molecule 1. A general
increase of molar absorption coefficient and a neat bathochromic
shift are exhibited by the thienyl and dithienyl derivatives, whereas
molecules with B(OH), as substituent have significantly lower
absorption coefficients (Table 1). The marked hyperchromic effect
of compounds 2 and 5 is due to the thienyl group(s) in 6 position
which have a lowest excited state of allowed !By character [29] and
enhance the conjugation of the overall molecular system. Similarly,
we have found that, in naphthopyrans, the thienyl substitution in

=)

Normalized absorption / excitation
(=}
(¥, ]

<
<

A/nm

Fig. 7. Normalized absorption (full) and fluorescence excitation spectra of 5 moni-
tored at Aem =400 nm (dash), 420 nm (dot) and 450 nm (dash-dot) in 3MP.

8 position results in a bathochromic shift and an increase of molar
absorption coefficient of the long-wavelength absorption band of
the colourless form [28].

As far as the coloured forms are concerned, all spectra are red-
shifted with respect to the reference compound, especially those of
thienyl and dithienyl derivatives. This effect can be ascribed to the
extended 7 conjugation induced by the thienyl group(s)[28,30-32]
and is more pronounced when substitution occurs in the 8 position,
molecules 3 and 6.

The quantum yields of photocolouration are all notably high (in
some cases almost one), but they are lowered by thienyl substi-
tution and decrease with the number of thienyl units. This effect,
already observed for some thienyl-substituted naphthopyrans [28],
can be attributed to the presence of additional relaxation processes
occurring from the lowest excited singlet state, such as fluorescence
emission and intersystem crossing to the triplet state, that compete
with photocolouration. Attempts to detect the triplet, using laser
flash photolysis with nanosecond time resolution, were unsuccess-
ful, whereas fluorescence was observed, showing an interesting
Aexc effect (Table 4). Such behaviour has been previously observed
for an analogous thiophene-substituted chromene [28] as well as
for several naphthopyrans [5,33,34] and is attributed to the com-
petition between photoreaction and vibrational relaxation at each
vibrational level of an electronically excited state. This competition
reduces the population of the S1(0) level, from where fluorescence
occurs, as much as higher is the excitation energy. As a conse-
quence, the fluorescence excitation spectrum is different from the
absorption spectrum since it looses intensity towards the short
wavelength region.

The colourability of photochromes depends on the quantum
yield of the colouration reaction, @, the absorption coefficient
of the coloured form, g, as well as the kinetic constant of the
thermal back reaction, k. The smaller ko and the larger £o and
@, are, the greater the maximum colour intensity attainable. The
effect of ko on colourability implies that it strongly depends on
the temperature when the activation energy of bleaching is high.
For some applications, a photochrome with low bleaching acti-
vation energy would be desirable in order not to have a strongly
temperature-dependent colourability. The k5 values determined at
280K for the compounds investigated (Table 2) are all in the range
of 10-2-10-1s~1, with the exception of the two nitro-derivatives
for which they are notably smaller, despite their lower activa-
tion energies. This is due to the unusually low frequency factors.
As a consequence, the colourability of these two compounds is
scarcely temperature-dependent in a wide temperature range. This
behaviour is illustrated in Fig. 8, where the photocolouration kinet-
ics of 12 (E; =15.7 k] mol~1) are compared with those of 10, which
has a “normal” activation energy (E; =75.9 k] mol~1), in the temper-
ature range of 250-280K. It can be observed that the conversion
percentage at the photostationary state is almost constant for 12,
whereas it increases from 0.01 at 280K to 0.1 at 250K for 10.

The activation parameters of the thermal bleaching reflect
the Kinetic behaviour (Table 3). Free energy, AG#, is scarcely
affected by substitution, its value ranging from 72 to 85 kjmol-1,
whereas significantly different values are obtained for the activa-
tion entropy, AS#, which is quasi-zero for compounds substituted
with B(OH), in 6 position (8 and 10). In all the other cases,
AS# is negative, indicating a transition state with a more con-
strained structure than the open form. For the nitro derivatives,
extremely low frequency factors (<104 s—1) were found, which are
associated to markedly negative activation entropies. The activa-
tion enthalpy, AH#, is also structure dependent, ranging from
13 to 74 k] mol~—'and being especially low for the NO,-derivatives.
The NO, effect on the kinetic and thermodynamic parameters can
be understood considering its strong electron-withdrawing prop-
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Fig. 8. Colour-forming kinetics for (a) 12 and (b) 10 as a function of the temperature.

erties. A comparison with structurally related spiro-compounds
will be useful. It is known that these molecules generally exhibit
positive solvatochromic effect (bathochromic shift on increasing
polarity) because the contribution of low-polar quinoid forms
dominates in the ground state [35,36]. However, with the NO,
substituent, negative solvatochromism (hypsochromic shift with
polarity) has been observed [37]. The blue shift in polar solvents
indicates that the dipole moment, from the value characteristic
of a highly polar ground state (zwitterionic-type), decreases con-
siderably in the excited state (quasi charge recombination). This
implies that the transition state is structurally more similar to the
closed form than to the open molecular species. The highly negative
AS# isrelated to the decreased torsional freedom in the transition
state. A positive contribution to entropy, expected from the ran-
domization of the solvent molecules organized around the more
polar ground state open form, appears completely negligible.

4.2. Mechanism

Despite the differences induced by changes of substituents in the
spectral, photochemical and kinetic parameters, the mechanism of
the photochromic behaviour of these compounds can be illustrated
by a common scheme (Scheme 2).

The bi-exponential behaviour of the colouration kinetics in
the temperature range explored (250-280K) indicates the for-
mation of at least two photoproducts, as found in other cases,
which exhibit different thermal and/or photochemical reactiv-
ity [27,38-47]. For some naphthopyrans (5,6-benzochromenes
[39,41-45], 7,8-benzochromenes [27,38,45], fluorenone-derived
[46] and benzoindene-fused [47] benzochromenes), the structures
of the two photoproducts have been assigned to the transoid-cis
and transoid-trans isomers. According to the mechanisms proposed,
the two isomers are formed in sequence upon UV irradiation: the
transoid-cis is generally thermoreversible and the transoid-trans
photoreversible, although an alternative reaction pathway has also
been suggested, where both species are formed in a parallel pro-
cess [27,38,42]. In the present case, where benzopyrans instead of
naphthopyrans are involved, a consecutive mechanism is proposed.
The bi-exponential character of the colouration curves is in agree-
ment with the formation of two coloured species, even though the
spectral difference between the two isomers is not straightforward,
as also reported in the literature [39,42]. Another experimental
evidence, to take into account in order to clarify the reaction mech-
anism, is that the colouration curves become mono-exponential at
low temperature (180 K). This can be reasonably due to the presence

transoid-cis

A, VIS H A, UV

transoid-trans

Scheme 2. General reaction mechanism.

of a thermal process and/or a thermally activated photochemi-
cal process on passing from the transoid-cis to the transoid-trans
stereoisomer. The activation barrier to this photoisomerization
would become insurmountable at low temperature, thereby block-
ing the UV-photoinduced transformation of the transoid-cis to the
transoid-trans form. In contrast with the reaction mechanism pro-
posed by others for naphthopyrans [32], we do not have any
evidence for direct thermal conversion of the long-lived transoid-
trans isomer to the closed form. The slow thermal step observed
would correspond to the conversion transoid-trans — transoid-cis,
which is the bottle-neck of the overall ring-closure process.

With regard to the thermal bleaching process, all kinetics show a
bi-exponential trend, which can be attributed to conversion of the
two coloured stereoisomers to the starting molecule. The contri-
bution of the slower process changes along the series but remains
always of minor importance. However, whereas the fast compo-
nent of the decay can always be readily monitored, the slow one is
characterised by a much smaller rate coefficient and requires a pro-
longed period in the dark (at least one night at room temperature)
in order to completely bleach. Therefore, the experimental deter-
mination of the kinetic parameter of the slow component is hard
to be performed. An exception is represented by molecules bearing
thienyl substituents in 6 position, that exhibit a two-component
thermal bleaching which is clearly visible in the “normal” time win-
dow employed. This feature is in agreement with recent findings
by Moorthy et al., who observed a bi-exponential pattern in the
thermal decays of 6- and 7-arylchromenes [24].

5. Conclusions

The results obtained for the DPCs investigated in terms of their
spectral, photochemical and kinetic parameters, allow structural
effects on their photochromic behaviour to be evaluated. The sub-
stituent effect is reflected in the absorption spectra of the coloured
and colourless forms, photocolourability, and kinetics of the ther-
mal bleaching. Due to the presence of specific substituents, such as
thienyl and nitro groups, the solar response is enhanced compared
to the unsubstituted compound and the spectra of the coloured
forms extend over a wide range of the visible radiation.
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The photocolouration quantum yield is generally fairly high
(0.7-1.0), but drastically decreases for di-thienyl substituted com-
pounds, which also exhibit wavelength-dependent fluorescence.
This behaviour, which is attributed to competition between pho-
tocolouration and vibrational relaxation, can offer the possibility
of tuning the deactivation pathways by changing the excitation
wavelength.

The bleaching process is markedly affected by the substituents.
In the case of the nitro-derivatives, it is characterised by unusu-
ally low frequency factors and activation energies and this leads
to photocolourability which is almost constant in a wide tempera-
ture range, thus giving excellent photochromic performance even
at relatively high temperatures.
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