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Abstract

The photochromism of the 1,3,3-trimethylspiro[indoline-naphthoxazine] A has been studied under continuous monochromatic irradiation

(313 and 365 nm) in liquid toluene solution at 278 K. The values of the main photochromic parameters (quantum yields and absorption

coef®cients) have been determined by kinetic modelling of absorbance (Abs) versus time curves recorded under continuous irradiation. We

showed that the quantum yields of both photocoloration and reversible photochemical bleaching were wavelength-dependent. Under

365 nm irradiation, photodegradation processes that are not sensitive to the presence of oxygen were observed. The degradation occurs

either from the direct irradiation of the closed spiro form A or from the thermal decomposition of the open photomerocyanine form B.

Under our experimental conditions, photochemical decomposition of the open photomerocyanine form B was negligible. # 1999 Elsevier

Science S.A. All rights reserved.
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1. Introduction

Photochromism is a photoinduced reversible phenomenon

(i.e. the transformation of a photosensitive substrate into an

isomer exhibiting a different absorption spectrum in the

visible region). Photochromic compounds are of interest for

practical applications like variable optical ®lters. Develop-

ment of such applications requires (besides the elaboration

of new compounds), a detailed understanding of the

mechanisms involved, including those of the photodegrada-

tion processes.

Spiro-compounds are the most well-known organic

photochromes. Among them, spiro-[indoline-naphthoxa-

zines] (spironaphthoxazines) comprise two heterocyclic

moieties linked by a tetrahedral spiro-carbon which prevents

them from being conjugated. 1,3,3-trimethylspiro[indoline-

naphthoxazine] A that corresponds to the unsubstituted

basic skeleton has been submitted to extensive investigations

[1]. Under UV irradiation, the Cspiro±O bond breaks, facil-

itating the formation of the quasi-planar open form B
(photomerocyanine). This bond cleavage is believed to

occur in the sub-picosecond time-scale leading to a fast

equilibrated mixture where the transoid±transoid±cisoid

conformer (TTC) predominates [2±5] (Scheme 1). For a

long time-scale, this mixture behaves as a single species.

Photomerocyanine B shows a characteristic absorption band

in the visible region due to the extended conjugation of �
electrons. It has been suggested that the open form B is able

to undergo ring closure to the initial spiro-compound either

thermally or photochemically [6,7].

The literature related to the determination of quantum

yields (�) or molar extinction coef®cients of the open form

B ("B) of the spironaphthoxazine A is rather contradictory

and incomplete. As a possible explanation, it must be

pointed out that these determinations are not a trivial

problem because the concentration of B needs to be known
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with precision. Flash photolytic techniques [8] based on

absorption measurements after excitation or `colourability'

experiments [9] are dif®cult to interpret without any external

assumption as they always provide the product `�."B' and

never each individual term. To avoid this dif®culty, it is often

assumed that low temperature or high intensity experiments

lead to a `nearly completely converted' system from which

the molar absorption coef®cient of the photomerocyanine B
could be readily obtained. However, this is not always true

because photobleaching can also occur. It is generally

recognised that thermal bleaching after photocoloration

(i.e. thermal ring closure of B to the initial spironaphthox-

azine A) obeys ®rst-order kinetics [10±13] and that this

reaction is accelerated by the presence of traces of acid [14].

Photodegradation processes have also been investigated

[15±18]. Results show that photo-oxidation plays an impor-

tant role but other competitive non-oxidative processes also

occur [19]. It then appears that the photochemistry of the

spironaphthoxazine involves several simultaneous photo-

chemical and thermal processes and that the determination

of quantum yields and rate constants of each individual

process is not an easy task. From this point of view, con-

tinuous irradiation methods and kinetic analysis [20±24]

deserve a special mention because, in simple cases, the

estimation of some photochromic parameters is possible.

In this paper, it is shown that kinetic modelling of absor-

bance (Abs) versus time curves recorded under continuous

monochromatic irradiation allows to obtain quantitative

information related to the photochromism and the photo-

degradation of the spironaphthoxazine A.

2. Photochromism of the spironaphthoxazine

2.1. Kinetic modelling

In this section, we will focus on the photochromic pro-

cess, ignoring photodegradation. For short continuous irra-

diation time (<40 s), photodegradation can be neglected as

the absorbance stabilises at a photosteady state. The photo-

chromism of the spironaphthoxazine A in toluene solution

can be described by the kinetic Scheme 2, which involves

three processes: the photoisomerisation of the closed form A
to the photomerocyanine B and re-isomerisation from B to

A, twice, one thermal and one photochemical.

Two experiments were carried out using two irradiation

wavelengths (�0 � 365 nm and �00 � 313 nm). For each run,

the evolution of the absorbance under continuous mono-

chromatic irradiation was monitored at two wavelengths: the

irradiation wavelength �0 or �00 and the �max of the photo-

merocyanine B (592 nm) (see Fig. 1).

The four kinetic curves were ®tted simultaneously using

the kinetic model shown in Scheme 2 (see Experimental

section for the corresponding rate equations). For these

calculations, all the parameters that were experimentally

accessible were ®xed. The initial concentration of the spiro-

naphthoxazine A ([A]0) and its UV±Vis spectrum were

determined ("�A). The thermal ring closure rate constant

(kBA) was measured at the end of each run. We checked

that the monochromatic photon ¯uxes at the irradiation

wavelengths (I�
0

0 and I�
00

0 ) remained within �5% between

the start and the end of each experiment. Fitted parameters

are the values of the quantum yields of photocolouration

(�AB) and photobleaching (�BA) together with the molar

extinction coef®cients of the open form B ("313
B , "365

B and

"592
B ). During the parameters optimisation procedure, we

found that neglecting the photobleaching process (i.e. taking

�BA � 0) failed to give a satisfactory ®t. Moreover, to repro-

duce perfectly the kinetic curves obtained using the two

different irradiation wavelengths, we had to introduce a wave-

length dependence for the photocoloration and photobleach-

ing quantum yields. Values of the parameters that give

satisfactory ®tting are listed in Table 1. The absolute errors

given in this table take into account that satisfactory curve

®tting can be obtained with a slightly different set of ®tted

parameters.Extremevalueshavebeenconsideredineachcase.

Scheme 2.

Fig. 1. Plot of the absorbance at 592 nm and at the irradiation wavelength

of a non-degassed toluene solution of spironaphthoxazine A under

continuous irradiation at two monochromatic wavelengths (a) 365 nm

and (b) 313 nm. Experimental parameters were [A0] � 1.02 � l0ÿ4

mol lÿ1 , "313
A � 6690, "365

A � 3660 l molÿ1 cmÿ1 , "592
A � 0, (a)

I365
0 � 2 .2 � l 0ÿ5 mol lÿ1 sÿ1 and k B A � 6 .2 � 10ÿ2 sÿ1 , (b )

I313
0 � 0.6 � l0ÿ5 mol lÿ1 sÿ1 and kBA � 7.5 � 10ÿ2 sÿ1 (T � 278 K).

Values of the fitted parameters are listed in Table 1.

Table 1

Parameter values from the curve fitting on Fig. 1

313 nm 365 nm 592 nm

�AB 0.3 � 0.05 0.5 � 0.1 ±

�BA 1.4 � 0.2 0.3 � 0.2 ±

"B 5400 � 400 1500 � 400 40 000 � 7000
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2.2. Quantum yield of photobleaching �BA

No satisfactory ®tting can be obtained without taking this

process into account. This result is interesting as this is for

the ®rst time that approximate values of the photobleaching

quantum yield �BA have been estimated for the spiro-

naphthoxazine A. Our results also show that visible irradia-

tion is not required for photochemical ring closure and that

photomerocyanine B exhibits photoreactive absorption

bands in the same region as the closed form A. In these

conditions, measurement techniques based on the assump-

tion that at low temperature or under high photon ¯ux,

the closed form A could be nearly completely converted

into the open form B (i.e. [B] � 100% [A]0) should be

viewed with caution since due to the photobleaching pro-

cess, the conversion rate may be reduced to an unknown

extent.

2.3. Wavelength dependence of �AB and �BA

Values of the same order of magnitude as those reported in

the literature [25] were found for �AB. Moreover, our kinetic

analysis shows that in toluene solution at 278 K, the quan-

tum yield of photocoloration �AB is wavelength-dependent,

being higher for longer wavelength. Such a property has

been described by Kholmanski et al. [26] in EtOH at 243 K,

who reported values similar to ours (�AB � 0.22 at 313 nm

and 0.41 at 365 nm). In order to interpret this wavelength

effect, it has been suggested that 365 nm irradiation light

which is absorbed by the oxazine moiety is expected to be

more ef®cient in breaking the Cspiro±O bond than 313 nm

light which is absorbed by the indoline moiety. The photo-

bleaching quantum yield is also wavelength-dependent. �BA

at 365 nm was estimated to be around 0.3 � 0.2, this value

being of the same order of magnitude as the photocoloration

quantum yield �AB at the same irradiation wavelength. �BA

at 313 nm was even higher with a ®tting value around

1.4 � 0.2. This value exceeding unity may perhaps be

accounted for by experimental errors or by a defect in the

model. However, another interpretation could be that the

formation of 313 nm light induced protonated photomero-

cyanine (BH�). It is known that this species is able to

catalyse the thermal ring closure, thus providing an extra

amount of the rate of reisomerisation from B to A. Using two

irradiation wavelengths, Bohne et al. [6,7] have suggested

that in a non-polar solvent, photomerocyanine B regenerates

the starting material by visible light irradiation. However, no

value of �BA has been given. Other authors recognize the

existence of a photobleaching process [27,28], while others

just neglect it [29] or simply do not mention it.

2.4. Molar extinction coefficient of the photomerocyanine

B ("�B)

From the whole spectrum of the reacting medium under

continuous irradiation and using calculated photoconversion

rate, the spectrum (", L molÿ1 cmÿ1) of the photomerocya-

nine B can be obtained (see Fig. 2).

Our numerical calculation leads to "592
B � 40 000 �

7000 l molÿ1 cmÿ1 in toluene at 278 K. This value is com-

parable to literature data: Wilkinson et al. [29] give 31 000 in

the same solvent and Favaro et al. [30], 38 000 in methyl-

cyclohexane at room temperature. Values from 52 000±

81 000 (L molÿ1 cmÿ1) are given in polar solvent [31,32].

We have calculated the spectrum of the photomerocyanine B
even in the wavelength region where A is involved in

absorption. The spectrum of B clearly exhibits several

absorption bands in this region.

3. Photodegradation of the spironaphthoxazine

3.1. Kinetic modelling

For longer irradiation periods, an irreversible degradation

of the photochromic properties occurred (see Fig. 3). This

effect is known as photodegradation simply because it is

caused by light irradiation of the photochromic compound

without making any mechanistic assumptions. In order to

avoid parasitic phenomena in the irradiation of toluene, we

chose to conduct the photodegradation experiments under

365 nm monochromatic irradiation. At this wavelength,

toluene does not carry out absorption. In contrast to the

experiments carried out at 3l3 nm (where oxygen accelerates

photodegradation), our experiments at 365 nm showed no

difference between oxygen and argon bubbled photodegra-

dation kinetics. This result may appear surprising as most of

the photodegradation effects stem from photooxidation i.e.

in the presence of oxygen [33]. However, it should be

pointed out that there is an important difference between

our experiment and the conventional photooxidation studies.

In order to simulate daylight, conventional photooxidation

Fig. 2. Dashed line: calculated UV±Vis spectrum (", L molÿ1 cmÿ1) of the

photomerocyanine B. Continuous line: measured spectrum of the

spironaphthoxazine A (note the presence of several bands and shoulders

on both spectra in the UV region). The solvent is toluene at 278 K.

V. Pimienta et al. / Journal of Photochemistry and Photobiology A: Chemistry 122 (1999) 199±204 201



studies are often carried out using high pressure polychro-

matic Xe or Hg lamps, allowing direct irradiation of the

highly absorbing charge transfer visible band of the photo-

merocyanine B. Lower energy excited states of B are

produced, and in the presence of oxygen, they lead to

photooxidation processes. Under 365 nm monochromatic

irradiation, such photooxidation is unlikely to take place

and photodegradation will thus not be oxygen-sensitive. In

order to construct a photodegradation model (see Scheme 3),

we therefore added three irreversible degradation processes,

two from B (one thermal and one photochemical) and one

photochemical degradation from A to the previous photo-

chromic Scheme 2. The corresponding photodegradation

products were C, D and E, respectively. Their chemical

structures have not been speci®ed. Corresponding rate equa-

tions can be found in the Experimental section.

A more than 200-fold longer duration of irradiation than

that used for the previous experiment was employed at two

different values of light intensity. Variation in the mono-

chromatic light irradiation photon ¯ux could distinguish

between a thermal degradation from B (its rate law would

be independent of I0) or a photochemical one (its rate law

would be dependent on I0).

3.2. Parameters of photodegradation

These curves were simultaneously ®tted using the kinetic

Scheme 3 model. All the parameters obtained from the

previous ®tting in Fig. 1 were set to their optimised values.

Only the parameters related to the formation of C, D and E
were ®tted. During this calculation, it was impossible to

obtain satisfactory simultaneous curve ®tting if direct photo-

chemical decomposition of B was considered (i.e. if �BD

was taken 6� 0). It can be concluded that degradation under

365 nm irradiation does not originate from the photoche-

mical excitation of the open form B. However, using these

experimental curves, our kinetic modelling technique was

not able to discriminate between the two other irreversible

processes that were considered, namely a direct photoche-

mical decomposition of A or a thermal decomposition of B.

If we consider only the photochemical decomposition of A,

the quantum yield would be �AE � 5 � 10ÿ4, while on the

other hand, if there was only thermal degradation from B, the

rate constant kBC would be 7 � 10ÿ5 sÿ1. This last hypoth-

esis is in line with literature data [19] reporting that a small

proportion of ground state photomerocyanine B does not

undergo ring closure to A but decomposes itself or reacts

with the solvent.

Using the extent of degradation from the model, we

calculated the UV spectrum of the whole set of photode-

gradation products. The same spectrum was obtained with

oxygen and argon bubbling. It is thus likely that the set of

these photodegradation products are of non-oxidative origin.

A possible primary reaction mechanism is assumed to be a

cleavage of Cspiro±C in B, leading to naphth[l,2-d]oxazole 1

whose UV spectrum (�max � 321 nm, "321 � 3300 l molÿ1

cmÿ1 in toluene solution) is not incompatible with the

extracted UV spectrum of the whole set of photodegradation

products (�max � 321 nm, "321 � 4500 l molÿ1 cmÿ1).

Other compounds derived from the interaction of B, with

toluene acting as an hydrogen-donating solvent or from the

radical reaction of the indoline moiety are likely. However,

their spectra cannot be extracted with suf®cient accuracy to

enable comparison with authentic samples.

4. Conclusions

Our study shows that pertinent information can be

obtained from the kinetic modelling of Abs versus time

curves recorded under continuous monochromatic irradia-

tion of photochromic spironaphthoxazine A in toluene

solution at 278 K. �AB is wavelength-dependent, being

higher for longer irradiation wavelength. Photobleaching

also occurs at the same irradiation wavelength as photo-

colouration, the values of the photobleaching quantum yield

being of the same order of magnitude or even higher than

that of photocolouration. Under 365 nm continuous irradia-

Fig. 3. Plot of the absorbance recorded at 592 and 365 nm (irradiation

wavelength) of an argon bubbled toluene solution of spironaphthoxazine A

(1.3 � 10ÿ4 mol lÿ1) under continuous irradiation at two successive

incident photon fluxes (a) I0 � 0.66 � 10ÿ5 and (b) I0 � 1.43 � l0ÿ5

mol lÿ1 sÿ1 (T � 278 K). Oxygen bubbled experiments produced similar

results.

Scheme 3.
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tion, there is a photodegradation process which is not

oxygen-dependent. Kinetic analysis shows that, at this

wavelength, photochemical degradation from the photomer-

ocyanine B is negligible. Degradation occurs either from

direct irradiation of the closed form A or more likely from

thermal decomposition of the open form B.

5. Experimental

5.1. Kinetic runs

Spironaphthoxazine A was supplied by Enichem Synth-

esis and used without further puri®cation. The solvent was

spectroscopic grade toluene. The irradiation was derived

from a 200 W high-pressure Hg lamp equipped with shutter,

interference ®lters and ®bre optic light conductor. The

2.1 ml reactor was a quartz cylinder closed with a Te¯on

bung allowing gas bubbling. The contents were stirred

continuously with a magnetic bar driven by a speed con-

trolled stepper motor. The whole set-up was enclosed in a

thermostatic copper block at 278 K and placed inside the

sample chamber of a HP8451 diode array spectrophoto-

meter. Monochromatic light intensity was determined

directly in the reactor using an aqueous solution of

5 � 10ÿ4 mol lÿ1 of potassium ferrioxalate at pH 1 [34].

Measurement of the extent of photoreduction of FeIII was

performed by UV±Vis spectrophotometry without using

1,10-phenanthroline complexation. Spectroscopic para-

meters and quantum yields that were used are: �0 � 313 nm,

� � 1.24, "FeIII � 2150, "FeII � 250 and �0 � 365 nm,

� � 1.21, "FeIII � 700 and "FeII � 75. Units of " are

L molÿ1 cmÿ1. The sampling time was chosen to deliver

at least 20 points over the curved portion of each plot. For

each run, absorbances at two wavelengths (one being the

irradiation wavelength) were recorded simultaneously. Pure

toluene or water was used as reference. All the experimental

parameters were assumed to be accurate at �5%.

5.2. Data treatment

The data were transferred and stored on a HP9000/380

workstation. Simulation and optimisation procedures were

performed by using numerical integration [35] and a non-

linear minimisation algorithm for the ®tting of the model to

the experimental data.

Kinetic rate and related algebraic equations for the photo-

chromic process shown in Scheme 2 are

d�A�
dt
� ÿ��0

ABI�
0

0 "
�0
A F�A� � ���0

BAI�
0

0 "
�0
B F � kBA��B�

with F � (1 ÿ 10ÿAbs0)/Abs0 (photokinetic factor), �0 refer-

ring to the irradiation wavelength and

�B� � �A�0 ÿ �A�; Abs� � "�A�A� � "�B�B� �1 � 1 cm�
where � refers to any observation wavelength.

The kinetic rate and related equations for the photode-

gradation process shown in Scheme 3 are

d�A�
dt
� ÿ���0

AB � ��0
AE�I�

0
0 "

�0
A F�A� � ���0

BAI�
0

0 "
�0
B F � kBA��B�

d�B�
dt
� ��0

ABI�
0

0 "
�0
A F�A� ÿ ���0

BAI�
0

0 "
�0
B F � kBA � kBC��B�

�C� � �E� � �A�0 ÿ �A� ÿ �B�;
Abs� � "�A�A� � "�B�B� � "�C��C� � �E�� �1 � 1 cm�

Spectral calculations were performed by application of

the Beer±Lambert's law and using the values of concentra-

tions calculated from the model.
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