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This paper reviews a series of photochromic systems belonging to the classes of spirooxazines, chro-
menes and arylethenes, which have been recently investigated in our laboratory. Temperature variations
may have very significant and different effects on the behaviour of photochromic systems, which depend
on their type of reversibility (T or P systems). For thermoreversible photochromic molecules, increasing
the temperature increases the rate of the thermal bleaching reaction, thus decreasing light-stimulated
colouration. For systems being both photochromic and thermochromic, such as spirooxazines and
chromenes, a combination of the experimental data gathered from temperature effect studies can bring
about a complete description of the kinetics and thermodynamics of the ground state reaction, in terms
of activation energies, frequency factors, thermodynamic activation parameters, equilibrium constants of
the ground state reaction. Lowering the temperature may either reduce a complex photochemical
reaction, which yields several photoproducts, to a simpler one giving a single photoproduct, as observed
for some chromenes, or transform a thermo- and photoreversible system into one which is only pho-
toreversible, as found for some dipyrrolylperfluorocyclopentenes: thermal decolouration dominates
bleaching at room temperature and above; whilst at low temperature thermostability and photo-
reversibility are established. For photoreversible systems, such as photochromic arylethenes, the
quantum yields for both UV colouration, ®¢,c, and visible decolouration, ®¢_,o, were found to depend
on the temperature. An in depth understanding of the reaction mechanisms and the design of synthetic
strategies for possible practical applications entail a careful analysis of all of these aspects.
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1. Introduction

Temperature variations may induce very significant and
different effects on the behaviour of photochromic systems. Such
effects are no doubt of fundamental importance in this research
field. First because, as it is well established, they constitute one of
the possible ways to distinguish and classify different photo-
chromic compounds, thereby allowing them to be labelled as
T-type and P-type systems [1], based on their reversibility.
Although an extended and general in depth analysis of temperature
variations on these molecules is hard to find in the scientific liter-
ature, the role of temperature, at least indirectly, has been always
taken into account by researchers either planning synthetic strat-
egies for the design of new photochromic materials or investigating
their photobehaviour. As a matter of fact, in light of the peculiar
practical application for which a molecule is designed, the full,
partial or lack of thermal reversibility of a photochromic system
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may alternatively be required. Consequently, compounds that
exhibit full or partial thermal bleaching processes, such as spi-
ropyrans [2], spirooxazines [3,4] and chromenes [5,6] are currently
employed, for example, as optical filters, ophthalmic lenses, smart
windows, whilst systems like photochromic diarylethenes, which
have received increasing attention over the last two decades
[7—10], may find some interesting applications as permanent
memories, optical switches, etc. Besides these features, a tempera-
ture increase may also induce spontaneous coloration in a photo-
chromic system (thermochromism) [11].

This review article highlights the effects of the temperature on
the photobehaviour of various molecular systems, belonging to
different classes of photochromic compounds, namely spiroox-
azines, chromenes and arylethenes. For thermoreversible photo-
chromic molecules, increasing the temperature increases the rate
of the thermal bleaching reaction, thus decreasing light-
stimulated colouration. Given that temperature raising can also
induce spontaneous colouration of thermochromic compounds,
a combination of thermochromism and photochromism data can
provide a complete description of the kinetics and thermody-
namics of the thermal reaction of such molecular systems.
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Lowering temperature may even reduce a complex photochemical
reaction, which yields several photoproducts, to a simpler one
giving a single photoproduct, or transform a thermo- and photo-
reversible system into a purely photoreversible one. On the other
hand, although temperature is not directly involved in the fading
process of photoreversible photochromic compounds, neverthe-
less an in depth study of its effects on the behaviour of these
molecules, in terms of an analysis of possible thermal activation
barriers in the colouration and/or decolouration pathways may
give interesting information about the reaction mechanism of such
systems.

2. The molecules

The molecules object of this report are shown in Scheme 1.

The two spirooxazines (1,3-dihydro-3,3-dimethyl-1-isobutyl-6'-
(2,3-dihydro-1H-indol-1-yl)spiro[2H-indole-2,3’-3H-naphtho[2,1-b]
[1,4]oxazine], SO-1, and 1,3-dihydro-3,3-dimethyl-1-neopentyl-6'-
(4""-N,N-diethylanilino)spiro[2H-indole-2,2’-3H-naphtho|[ 1,2-b] [ 1,4]
oxazine], SO-2), and the two chromenes (2-(4’-piperidinophenyl)-
2-phenyl-5-carbomethoxy-9-dimethylamino-2H-naphtho[1,2-b]
pyran, NP-1, and 2-(4’-dimethylaminophenyl)-2-(4’-methox-
yphenyl)-5-hydroxymethyl-9-pyrrolidino-2H-naphtho[1,2-b]pyran,
NP-2) were purchased from James Robinson Ltd. The 2,2-
diphenyl-5,6-dimethyl-8-nitro(2H)chromene (8-nitro-DPC) and
2,2-diphenyl-5,8-dimethyl-6-nitro(2H)chromene (6-nitro-DPC)
were synthesized at the laboratories of the University of Mar-
seille [12]. The 5,6-benzo(2H)dimethyl-chromene (5,6-DMBC)
was received from PPG Industries (Monroeville, PA, USA) and
kindly supplied by Dr. B. Van Gemert. The five dipyrrolyl per-
fluoro cyclopentenes (DPFC), bearing different substituents,
namely CN-DPFC, CO,CHs3-DPFC, phenyl-DPFC, thienyl-DPFC and
thienylethynyl-DPFC, were synthesized at the University of
Marseille [13]. The arylethenes 3,4-bis(2-methylbenzo[b]thio-
phen-3-yl)-1,1-dimethyl-2,5-dihydro-1H-silole (BTSi) [14], 3,4-
bis(2-methylbenzo[b]thiophen-3-yl)-1-phenyl-2,5-dihydrophosp-
hole 1-oxide (BTPO) [14], 1-benzyl-3,4-bis(2-methylbenzo[b]thi-
ophen-3-yl)-[1H]-2,5-dihydropyrrol-2,5-dione (SYM) [15],
tetra(2,5-dimethyl-3-thienyl)ethene (tetrakis) [16], were all
synthesized at the University of Marseille.
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3. Methodologies and data treatment

Most data were obtained by using continuous monochromatic
irradiation to promote the photoreactions and spectrophotometric
techniques to kinetically follow the photochemical and thermal
processes under controlled temperatures. Graphical and mathe-
matical methods were applied to the obtained absorbance/time
datasets.

In studying thermoreversible photochromic systems, the rate
constants of thermal bleaching were obtained by means of a first-
order treatment of the decay kinetics, according to Eq. (1):

A = Ale kit (1)

where A° and kj indicate the absorbance value at the photosta-
tionary state and the rate constant for thermal bleaching, respec-
tively. A linear treatment of Eq. (1) (Arrhenius equation, Eq. (2)),
was used in order to determine the activation energy, E;, and the
frequency factor, A, of the thermal back reaction.

Eq
Ink, = InA ~RT (2)
The maximum wavelength absorbance values of the open col-
oured forms, measured as a function of temperature, allowed the
enthalpies of reaction to be determined, making use of the van
t'Hoff equation [17,18], by plotting In A vs T~ Eq. (3):

dinK dlnA 4H°
- = - (3)

a(r) a(rr) R
where the equilibrium constant K can be derived, for a given
analytical concentration of the photochrome cp, once the absor-

bance A and the molar absorption coefficient ¢ of the open form in
the visible are known, Eq. (4).

[coloured| Ale _A
~ Jcolourless] — ¢g —Aje  coe

(4)

Hence, all thermodynamic parameters of the thermal reaction
are determined, including the rate constant k' and activation
energy E; for the forward thermal reaction (Eqs. (5) and (6)):

OH

R-DPFC
R = CN, CO,CHj3, Phenyl, Thienyl, Thienylethynyl

SYM Tetrakis

Scheme 1. Structures of the thermoreversible and photoreversible molecules investigated.
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ky = ka x K (5)

E, = AH® + E, (6)

Using the Eyring Eqgs. (7) and (8), where kg is the Boltzmann
constant:

ky kg AH'* AS*
ln<T> :ln(F> “RT +T (7)

kA kB AH* AS*

‘“(T) =In (F) “RT TR ®)
the activation thermodynamic parameters of both thermal col-
ouration (AH'*, AS’*, AG’*) and bleaching (AH*, AS¥*, AG¥) can
then be evaluated from the slope and the intercept of the In(ka/T)
vs. 1/T linear correlation.

Concerning the photoreversible photochromic systems, the
quantum yields for UV photocolouration and photodecolouration
and the molar absorption coefficient of the ring-closed isomer were
determined by means of the following algorithm. Eq. (9) describes
the formation of the coloured isomer Cin terms of its absorbance Ac
and molar absorption coefficient, ¢c, at the analysis wavelength, of
the photokinetic factor F = Agorat/(1—10"2%°21) [19—21], the initial
absorbance at the irradiation wavelength A%, the monochromatic
light intensity I° (number of photons dm~> s~!) and the quantum
yields of the forward (®o_ c) and back (®¢_, o) reactions.

% = ec®cI°FAY — | I°Feiso(Poc + Pc—0)|Ac 9)

A plot of dAc/dt vs Ac provides a straight line, from which the
sum (®o_ ¢ + Pc—, o) is obtained from the slope and @¢_, ¢ from the
intercept, once ¢c is known. The photobleaching quantum yield can
be also obtained by irradiating the photostationary solution (or the
solution of the pure colored form) with visible light and following
the color fading by means of Eq. (10) [22]:

_dAc
dt

where A'C is the absorbance of the coloured form at the irradiation
wavelength. From the straight line of the —dA¢/dt vs. 10~4c plot,
equal slope and intercept are obtained, wherefrom the quantum
yield of the closed to open photobleaching (®¢_. o) is achieved.

At low transformation percentage, an initial rate method was
considered to be the most reliable and was therefore preferred to
determine the quantum yields, Eq. (11):

- ec@cﬂolo(l - 10*A'c) (10)

Adc

At

The quantum yields were treated according to an Arrhenius-
type equation (Eq. (11)) [23]:

= ec®o_, cI°FA° (11)

1 Eq
ln[ibcqoil} = ﬁ+const (12)

The linear treatment based on Eq. (12), allows the activation
energies (Eq) for the ring opening reaction in the excited state and
the limit yields (@lc"io , virtually at T— «) to be determined from

the slope and the intercept, respectively.

4. Thermoreversible systems

In this section, the photobehaviour of some photochromic
systems which exhibit full or partial thermal reversibility will be

discussed. The effects of the temperature on two spirooxazines SO-
1, SO-2, and two chromenes NP-1, and NP-2, were investigated in
MeCN solution [24]. The spectral features of the four compounds in
their closed colourless forms and at the photostationary state, are
shown in Fig. 1. The spectral evolution under UV irradiation
(Aexc = 295, 301, 320 and 324 nm for SO-1, SO-2, NP-1 and NP-2,
respectively) and the colour bleaching in the dark were kinetically
followed at different temperatures, in the 266-245 K range. The
kinetic profiles of UV colouration and thermal bleaching, recorded
in this temperature interval, are shown in Fig. 2 for SO-2.

The quantum yields of UV colouration and the molar absorption
coefficients of the open coloured forms were determined by
making use either of the integral [19], or the initial rate [25], or the
photostationary [26] method. Quantum yields values ranging from
0.10 to 0.53 and from 0.59 to 0.71 were found for the spirooxanines
and chromenes, respectively [24]. The back reaction turned out to
be completely thermal for the spirooxazines, whilst a very small
residual absorbance was observed for the naphthopyrans. The rate
constants of thermal bleaching, measured by Eq. (1), were treated
according to Eq. (2) (Arrhenius) in order to determine the activation
energy, E,, and the frequency factor, A, of the thermal back reaction
for the four molecules (Table 1).

These compounds also exhibited thermochromic behaviour, due
to an endothermal ring—opening reaction, which was investigated
by recording the absorption spectra of concentrated solutions
(1-5 x 1072 mol dm~3) in the 243—343 temperature range, as
shown in Fig. 3 in the case of SO-1.

By using Egs. (3) and (4), the equilibrium constant K and all the
thermodynamic parameters of the thermal reaction were deter-
mined (Table 1). Furthermore, the rate constant k4’ and activation
energy E, for the forward thermal reaction were calculated
through Eqgs. 5 and 6. These parameters are collected in Table 2.
Using the Eyring equations 7 and 8, the activation thermodynamic
parameters of both thermal colouration (AH'*, AS’*, AG'*, Table 2)
and bleaching (AH”, AS™, AG¥, Table 1) were evaluated. Examples
of the linear correlation for Eqs. 2 and 8 are depicted in Fig. 4.

A combination of these thermochromic and photochromic results
can be exploited to bring about a complete description of the kinetics
and thermodynamics of the ground state reaction. This study [24]
shows that the compounds investigated behave as high-
performance thermochromic compounds at high temperatures,
while they exhibit efficient photochromic behaviour at low temper-
atures. All the compounds exhibited excellent photochemical and
thermal colourability, which can be suitably tuned upon changing
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Fig. 1. Absorption spectra of the two spirooxazines (full lines: SO-1, black; SO-2, grey)
and the two chromenes (dashed lines: NP-1, black; NP-2, grey) in their closed colourless
forms (thick lines) and at the photostationary state (thin lines), in acetonitrile at 263 K.
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Fig. 2. UV photocolouration (a) and thermal bleaching (b) profiles of SO-2 in aceto-
nitrile as a function of temperature. Inset: linear treatment of bleaching kinetics.

irradiation and temperature conditions. The colourability can be
conveniently expressed in terms of the absorbance of the coloured
form at the photostationary state, A”, relative to the concentration of
the photochromic compound ¢y, according to Eq. (13):

A®  Igeeegg-®-F*

a - Ip+eg+P+F> +kyp (13)

where Iy is the intensity of the irradiation light, F* is the photo-
kinetic factor at the photostationary state ¢ and ¢y represent the
molar absorption coefficients of the open and closed form,
respectively. From Eq. (13) it can be seen that, the smaller ka and
the larger ® and ¢ are, the greater the maximum colour intensity
attainable. As a consequence, a strong dependence of colourability
on temperature is normally observed if the activation energy
of thermal bleaching is high. Anyway, there might be some

Table 1

243K
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Fig. 3. Thermal evolution of the visible portion of the absorption spectrum of SO-1 in
acetonitrile.

applications where a photochrome with low thermal bleaching
activation energy can be required, in order not to have a large
temperature dependence of colourability.

In a wide series of 2,2-diphenyl-2H [1]benzopyrans, bearing
different substituents (methyl, thienyl, B(OH), and nitro groups)
recently studied in our laboratory [27], two examples of
compounds having this particular photobehaviour, 8-nitro-DPC
and 6-nitro-DPC, were found. The measurements were carried out
in the 250—280 K temperature interval, and at 180 K, in order to
weaken the thermal contributions to the overall mechanism. The
absorption spectra of the two DPC in 3-methylpentane at 180 K,
along with the corresponding open forms at the photostationary
state, are illustrated in Fig. 5.

The colouration kinetics were well-fitted by bi-exponential curves
in the whole temperature range, whereas, at 180 K, a single expo-
nential function allows a good interpolation of the experimental data.
The quantumyields, calculated at 180 K by using the integral method,
provided values of 0.55 and 0.66 for 8-nitro-DPC and 6-nitro-DPC,
respectively [27]. A very significant difference was observed when
recording the colouration kinetics and the absorbance photosta-
tionary values in the 280—250 K interval for the nitro-substituted
compounds and the other molecules investigated, belonging to the
same DPC series [27]. This feature can be easily evidenced from
a comparison between the photobehaviour of one of the nitro-DPC,
e.g. 6-nitro-DPC, and another DPC containing a different substit-
uent on the same position, for instance 6-B(OH),-DPC (Fig. 6).

It can be seen that colouration is scarcely influenced by the
temperature for the nitro-substituted molecule (Fig. 6a), which
possesses an uncommon low value of E; of the thermal back
reaction (see Table 3), whilst is markedly dependent on T for the
B(OH), analogue (Fig. 6b) that, on the contrary, is characterized by
a “normal” E, value of 75.9 k] mol~! [27]. The conversion
percentage at the photostationary state is almost constant for
6-nitro-DPC, whereas it undergoes a tenfold increase upon
decreasing temperature from 280 K to 250 K for 6-B(OH),-DPC. The
ring open coloured forms thermally reconvert to the colourless
starting material with visible photobleaching almost inefficient

Activation energies (E,) and frequency factors (A) for the thermal bleaching reactions, equilibrium constants (K), thermodynamic parameters (AH’, AG®, AS®) and thermo-
dynamic activation parameters (AH*, AG”, AS™) of the thermal bleaching reactions for the two spirooxazines and chromenes investigated. Data from ref. [24].

Compd E;(kfmol™') A(s™") K AH? (kk mol™")  AG® (kK mol™') AS°(Jmol 'K') AH” (kfmol~!) AG* (kjmol') AS™ (Jmol 'K)
SO-1 51 1x 10° 2x1073 123 16.0 ~12 485 72.2 —80

SO-2 77 1.5 x 10 3x1072 157 14.5 4 74.5 74.7 -0.7

NP-1 66.5 5x 10" 05x103 185 189 -1 64.0 78.5 —49

NP-2 61 3 x 10° 5x 103 134 13.2 ~0 58.7 80.1 -72
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Fig. 4. Arrhenius (a) and Eyring (b) plots for the thermal bleaching process of the four
photochromes in acetonitrile.

(¢ < 1073 [27]). The effects of temperature variations on thermal
bleaching were monitored in the 280—250 K interval and treated
according to the Arrhenius and Eyring equations, to estimate kp at
different T, A, E;, and the thermodynamic activation parameters
AH”, AS™ and AG™ (Table 3).

Beside the aforementioned interesting effect on colourability,
the temperature also showed a pronounced influence on the
mechanism of reaction. The bi-exponential trend of colouration
kinetics, observed in the 280—250 K temperature range, indicates
the presence of at least two photoproducts, which are generally
reported in the literature as the transoid-cis and transoid-trans
isomers, formed either in a consecutive or in a parallel pathway
from the starting chromene molecule [25,28—37]. However, when
the temperature was decreased to 180 K, the kinetic data of UV
photocolouration had a single exponential nature and this peculiar
behaviour, ascribed to the presence of an activation barrier in the
transoid-cis to transoid-trans photoisomerization, allowed the
quantum yield of photocolouration and the molar absorption
coefficient of the transoid-cis open form to be easily measured.

Table 2

Activation energies (E,), frequency factors (A) and thermodynamic activation
parameters (AH'*, AG’*, AS’™) of the thermal colouration for the two spirooxazines
and chromenes investigated. Data from ref. [24].

Compd E; A AH'* AG* AS*
(kfmol™") (s (kfmol™") (Kmol™') (Jmol 'K

SO-1 63.2 3x10° 609 88.3 -92

S0-2 92.7 3x 10" 905 88.9 5

NP-1 85.1 4x10"° 826 97.5 —50

NP-2 74.7 3x10° 722 93.2 —-70
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Fig. 5. Absorption spectra of 8-nitro-DPC (black) and 6-nitro-DPC (grey) in the col-
ourless form (full lines) and at the photostationary state (dashed lines) in 3-methyl-
pentane at 180 K (Aexc = 283 nm).

This evidence suggests that lowering temperature may
somehow reduce a complex photochemical reaction, which yields
several photoproducts, to a simpler one giving a single photo-
product, thereby allowing an easier mathematical analysis of the
experimental data from the photochromic system itself. This was
also observed in a study carried out for 5,6-DMBC in 3-methyl-
pentane solution [38]. Due to the very fast rate of the thermal back
reaction at room temperature (ks > 10 s~! [38]) this molecule
could only be investigated at relatively low temperatures, whereby
the behaviour upon UV photocolouration (Aexc = 318 nm) was
monitored in the 235-219 K and 160—140 K intervals. This
photochromic system turned out to be rather complicated and, in
the higher temperature range, the colouration process led to
a photostationary state where both a cisoid-cis and a transoid-cis
open species were simultaneously present, along with the parent
5,6-DMBC. When the UV irradiating source was removed, a ther-
mostationary state constituted by the transoid-cis form and the 5,6-
DMBC was attained. Only irradiation with visible light could
reconvert the transoid-cis to the original 5,6-DMBC. When the

T ¥ T ¥ T T T T
02F a _
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g
—,g 0.0 — + f + } + f ;
_!8 0.10 F b -1
<
0.05F =
0.00 L™ ) . 1 N 1 "

0 200 400 600 800
t/s

Fig. 6. UV colouration of 6-nitro-DPC (a, Aexe = 283 nm) and 6-B(OH),-DPC
(b, Zexc = 310 nm) at 280 K (black) and 250 K (light grey) in 3-methylpentane.
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Table 3
Activation and thermodynamic activation parameters of the thermal bleaching reactions for the two nitro-DPC in 3 MP. Data from ref. [27].
Compd Eq kJ mol™! As7! AH# k] mol ! AS* J K mol ™! AG* kJ mol ™!
8-nitro-DPC 363 14 x 10* 34.0 —-173 82.4
6-nitro-DPC 15.7 22 134 —246 823
T T 1 T T The most interesting effect of temperature variations on this
0.8 F 4 systems, in addition to the expected increase of the absorbance
value at the photostationary state with decreasing the temperature,
was observed in the bleaching process. After attainment of the
B o6t & photostationary state, if the UV irradiation was discontinued,
,:% thermal bleaching occurred at rates strongly dependent on the
o) temperature (activation energy ranging from 65 to 83 kj mol~! [22],
2 04 1 Table 4). The kinetic results obtained for CN-DPFC are depicted in
< Fig. 8.
02 L P | At 320 K (Fig. 8a), bleaching is thermal (ky = 2.4 x 1073 s~ 1)

0 1 L " "
300 400 500 600 700 800 900

A/ nm

Fig. 7. Absorption spectra of CN-DPFC in toluene at 280 K: before irradiation (full line)
and at the photostationary state (dashed line).

temperature was low enough to reduce the contribution of the
thermally activated processes, only the cisoid-cis open form was
observed, which remained stable in the dark. In this case, visible
irradiation did not allow the reconstitution of the starting material
whilst a side product was formed, whose nature was tentatively
assigned either to a hydroxyphenyl [39] or to an o-allenylnaphthol
[40—42] structure.

5. Thermo- and photoreversible systems

Not only can changes in temperature rule out a particular
reaction pathway, thus leading to a simplification of the overall
mechanism but, in some cases, it may even transform a thermo- and
photoreversible (T & P) system into a molecule which is only pho-
toreversible, as we found for some dipyrrolylperfluorocyclopentenes
(DPFC) [22,43]. Concerning the diarylethene photochromes, it
has been shown [9,44—51] that they can either be photo- and
thermoreversible or exclusively photoreversible, depending on the
aromatic stabilization energy of the aryl groups, which influences
the thermal stability of the coloured form. From this point of view,
the dipyrrolyl compounds have been classified as systems where the
cycloreversion reaction can occur both thermally and photochemi-
cally [9,52]. We investigated the photobehaviour of five molecules
belonging to this class, where different substituents, such as CN,
CO,CHs, phenyl, thienyl and thienylethynyl are present on the two
pyrrol rings [22,43]. The absorption spectra of the CN substituted
molecule in toluene, before and after UV photocolouration at 280 K,
are shown in Fig. 7.

while at 280 K (Fig. 8b) the thermal process is markedly slowed
down (ka = 8 x 10~ s~!) and the back conversion to the open form
is accelerated by visible irradiation. If the temperature is lowered to
200 K (Fig. 8c), the photoproduct obtained by UV irradiation
becomes thermally stable and only irradiation with visible light
induces cycloreversion to the starting molecular structure. This
study evidences that these DPFC exhibit relatively high quantum
yields for both UV photocolouration and visible photobleaching,
their values ranging from 0.37 to 0.81 and from 0.11 to 0.27,
respectively [22]. These molecules also underwent thermal
bleaching at sufficiently high temperature and this behaviour was
more pronounced for the three compounds bearing aromatic
substituents. The kinetic and thermodynamic parameters of
thermal bleaching were obtained as usual by Arrhenius and Eyring
treatments and are collected in Table 4.

On first examination the data in Table 4 might indicate that the
slow thermal back reaction observed for the aromatic derivatives is
probably ascribed to the entropy factor.

6. Photoreversible (bistable) systems

The effects of temperature variations were investigated on two
types of photoreversible photochromic arylethenes. In the
compounds of the first type, the photochromic activity is accom-
plished by inhibiting the cis-trans isomerization through a five-
membered ring which constrains the molecular geometry in the
cis position, as in the above dipyrrolyl compounds. In the systems of
the second type, although no rigid constraint is present, the peculiar
symmetry of the molecule renders the cis-trans photoisomerization
inactive. A few isolated examples of studies on the temperature
effect can be found in the literature, mainly by Irie and coworkers,
for molecules which belong to the first class, whereas, to the best of
our knowledge, no studies dealing with temperature effects have
been reported for the second type of compounds. The thermal
effects on the interconversion between the antiparallel (a-p) and
parallel (p) isomers of photochromic diarylethenes were investi-
gated by NMR [53]. The effect of the temperature on quantum yields
of both photocyclization [54] and photocycloreversion [54—57] as

Table 4

Activation and thermodynamic activation parameters of the thermal bleaching reactions for the DPFC in toluene. Data from ref. [22].
Compd Eq kJ mol ™! As! AH* k] mol ™! AS* J K~ mol~! AG* k] mol~!
CN 83+4 4 x 10" 80.6 -11.7 84.0
CO,CH3 71+4 5 x 10'! 68.6 -29.0 77.0
Phenyl 79 +4 5 x 10° 75.6 -67.3 95.1
Thienyl 67 +3 5 x 108 64.6 —86.4 89.6
Thienylethynyl 65+ 5 7 x 107 62.6 —-103 92.5




E Ortica / Dyes and Pigments 92 (2012) 807—816 813

02 F N
L a
0.1 Fluv .
dark
0.0 L 1 1 1 1 " 1
0.3 10 2000 4000 6000 8000
(] L 4
9 b
g 0.2 - )
5 01 VIS -
E L i
® 0.0

A 1 A 1 . n ]
0 1000 2000 3000 4000

0.0 " 1 " 1 " | " | N
0 2000 4000 6000 8000 10000

t/s

Fig. 8. Kinetic profiles of CN-DPFC in toluene: a) 320 K; b) 280 K; c) 200 K.
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Fig. 9. a) Absorption spectra of the colourless (full line) and coloured (dashed line)
forms of SYM (black, Aexc = 265 nm), BTSi (grey, Aexc = 266 nm) and BTPO (light grey,
Jexc = 267 nm) in 3-methylpentane at room temperature; b) photocolouration kinetics
of SYM in 3-methylpentane (4exc = 265 nm) at 200 K and linear treatment (inset)
according to Eq. (9).
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Fig. 10. Photobleaching kinetics of BTPO in 3-methylpentane (Aexc = 445 nm) at 200 K
(a); linear treatment according to Eq. (11) (inset); photobleaching quantum yields as
a function of temperature, according to Eq. (12) (b).

well as the activation energy for the visible light-stimulated cyclo-
reversion [54] were also determined.

Among the photochromic arylethenes of the first type, the
effects of temperature on the photobehaviour of some compounds
bearing various substituents in the five-membered ring, namely
(BTSi) [23], (BTPO) [23] and (SYM) [58] have been investigated. The
absorption spectra of the colourless open forms and those of the
ring-closed species obtained upon UV irradiation are shown in
Fig. 9a. The investigation was carried out over a large temperature
range, from 315 K down to 180 K in liquid solution, and in a rigid
matrix of 3-methylpentane (77—80 K). The quantum yields for UV
photocolouration (@¢_,¢) and visible photobleaching (®¢_, o) were
determined by means of the algorithm described above, employing
Eq. (9) and (10). An example of data treatment based on Eq. (9) is
shown in Fig. 9b for SYM, while an application of Eq. (10) is dis-
played in Fig. 10a.

Table 5
Quantum yields for visible stimulated photobleaching of SYM, BTSi and BTPO in
3-methylpentane solution and rigid matrix. Data from ref [23,58].

T/K @c_ o (visible light)
SYM BTSi BTPO

T— 0.92 0.95 0.99
315 0.52 0.80 0.80
300 0.51 0.58 0.75
290 0.56 0.76
280 0.47 0.56 0.72
260 043 0.52 0.63
250 0.40

240 0.38 0.50 0.56
230 033

220 0.31 0.39 0.47
200 0.245 0.31 0.45
180 0.16

80 (matrix) ~0 0.001 0.04
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Fig. 11. Absorption spectra of the colourless (full line) and coloured (dashed line)
forms of Tetrakis in 3-methylpentane at 77 K.

For the systems examined, the quantum yield of photo-
colouration was only barely affected by changing the operative
temperature, the main effect being an increase of ®¢_,¢ (from 0.37
to 0.99 for BTSi [23]) on passing from a 3-methylpentane fluid
solution at 290 K to a glassy solution at 77 K. This might be inter-
preted taking into account the percentage of the reactive a-p
conformation which is actually present in the system, that has
already been reported to undergo a slight increase with decreasing
temperature [53] and that is the only reactive species giving the
cyclized photoproduct under UV irradiation [50,59]. On the
contrary, the quantum yield for visible induced photodecolouration
(®c-0) turned out to be extremely sensitive to temperature vari-
ations, as can be seen from Table 5, where a regular decrease of
®c_,o with decreasing temperature can be observed for the three
molecules. The values become almost immeasurable in a rigid
matrix, where the cycloreversion is practically absent. The
quantum yields were treated according to the Arrhenius-type
equation (Eq. (12), Fig. 10b) [23], which allowed the activation
energies (Eq) for the ring opening reaction in the excited state
and the limit yields (#i™, , virtually at T— e, see Table 5) to
be determined. The activation energy values range from 6.0 [58] to
8.5 [23] k] mol™}, and are of the same order of magnitude as
those previously found by Irie and coworkers in a single-crystalline
phase [54].

Recently, we have been studying some relatively new photo-
chromic arylethenes where the competition between the photo-
colouration and cis-trans photoisomerization pathways is annulled
due to the particular symmetry of the molecular system [60]. An
initial analysis of the photochromism of Tetrakis has been reported

Table 6
Quantum yields for UV photocolouration and visible photobleaching of Tetrakis in
3-methylpentane solution and rigid matrix. Data from ref [60].

T/K Jexc = 286 nm Jexc = 445 nm
(I)OA»C lI:'(34~O
315 0.39 0.38
300 0.42
280 0.48 0.38
260 0.41 0.34
240 0.58 0.32
220 0.59 0.27
200 0.59 0.27
180 0.62 0.20
77 1.0 0.0

by Krayushkin [61], while Ikeda et al. [62—64] reported studies on
compounds having similar structures. Our work was focused on the
effects of temperature variations on the quantum yields of both
photocolouration and photobleaching processes of Tetrakis; the
experiments were performed in 3 MP over a wide temperature
interval, from 315 to 180 K (liquid solution) and 80 K (rigid matrix).
The absorption spectra of Tetrakis in a 3-methylpentane rigid
matrix, before and after UV irradiation at 286 nm, are displayed in
Fig. 11.

Upon irradiation with visible light (Aexc = 445 nm) the bleaching
was only partial and a residual absorption remained after the irra-
diation was discontinued. As a consequence, the initial rate method,
based on Eq. (11), was preferred to determine the quantum yields of
photobleaching. The results obtained are summarized in Table 6.

The quantum yield for the visible decolouration shows
a progressive decrease as the temperature is lowered and the
process is completely inhibited in a rigid matrix. By means of Eq.
(12) the activation energy of the closed to open reaction
(Eq = 3.1 k] mol~1) and the limit yield (0.7) are determined from the
slope and intercept, respectively, of linear plots of In (1/®¢c_o — 1)
vs T-1[60]. Unlike the aforementioned photochromic diarylethenes
having a pentatomic ring to the double bond, for Tetrakis an
increase of the quantum yield for UV colouration ®o_¢ with
decreasing the temperature was also observed. This “negative”
temperature effect probably reflects an increase of the reactive a-p
isomer as the temperature is lowered.

7. Conclusion

The results reported in this paper represent a brief collection of
examples where the temperature exerts a significant influence on
the photobehaviour of photochromic systems. For molecules which
undergo thermal colouration, such as some spirooxazines and
chromenes, a complete description of the kinetics and thermody-
namics of the ground state reaction can be achieved through
a combination of the thermochromic and photochromic data
obtained. The usually complex reaction mechanism reported for
chromenes may sometimes be simplified by reducing the operative
temperature, thereby rendering the thermal pathways completely
inefficient. Colourability may also be influenced by temperature
variations, in a way that depends on the substitution to the
molecular structure, as we observed for some nitro-substituted
chromenes. In the case of dipyrrolylperfluorocyclopentenes, the
temperature range where measurements are carried out is funda-
mental in determining the kind of reversibility of the photochromic
system: purely thermal, photo-thermal, purely photoreversible.
Even for photoreversible molecules, such as photochromic aryle-
thenes, the light activated processes are sensitive to the tempera-
ture. We have found that the quantum yields of photobleaching
may be significantly influenced by the temperature. Generally, the
quantum yield for decolouration, ®¢_, o, decreases with decreasing
the temperature, due to a barrier (of the order of a few k] mol~!) to
the ring opening reaction, which even hampers the cycloreversion
in a rigid matrix at 80 K. In contrast, in some cases the photo-
colouration quantum yield ®p_ ¢ was found to increases with
decreasing the temperature. This “negative” effect is assigned to an
increasing amount of the most easily isomerizable rotamer in the
conformational equilibrium as the temperature decreases.
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