
Journal of Photochemistry and Photobiology A: Chemistry 200 (2008) 44–49

Contents lists available at ScienceDirect

Journal of Photochemistry and Photobiology A:
Chemistry

journa l homepage: www.e lsev ier .com/ locate / jphotochem

A new family of photochromic compounds based on the photoinduced
opening and thermal closing of [1,3]oxazine rings

Massimiliano Tomasuloa, Salvatore Sortinob,∗, Françisco M. Raymoa,∗
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a b s t r a c t

We have developed a new family of photochromic compounds with fast switching speeds and outstanding
fatigue resistances. Their molecular skeleton combines a 3H-indole heterocycle and a phenoxy fragment
to form a [1,3]oxazine core, which can be assembled in two synthetic steps starting from commercial
reagents. Following this general synthetic strategy, we have prepared ten compounds differing in the
substituent (R1) on the chiral center of their [1,3]oxazine ring, the group (R2) in the para position, relative
to the oxygen atom, of their phenoxy fragment and/or the substituent (R3) in the para position, relative to
the nitrogen atom, on the 3H-indole heterocycle. The [1,3]oxazine ring of four of these compounds opens
in less than 6 ns, upon laser excitation, with quantum yields ranging from 0.08 to 0.28. The photoinduced
ring-opening process generates zwitterionic isomers, incorporating a 3H-indolium cation and a phenolate
anion. These two fragments can be designed independently to absorb in the visible region by regulating
the nature of the substituents R1 and R2. The photogenerated isomers revert thermally to the original
species with first-order kinetics and lifetimes ranging from 25 to 140 ns. In fact, a complete switching cycle
can be completed on a nanosecond timescale with these photochromic compounds. Furthermore, their

photoinduced isomerization is not accompanied by degradation and they tolerate thousand of switching
cycles in air even in the presence of molecular oxygen. Thus, our novel photochromic compounds can, in

vativ

1

i
c
t
d
r
i
t
i
a
a
t
o
r
t

(

t
e
s
a
e
i
a
c
p

t
t
i

1
d

principle, evolve into inno

. Introduction

Nitrospiropyrans are members of one of the most popular fam-
lies of photochromic compounds [1–4]. Their molecular skeleton
ombines a 3H-indole and a nitrobenzopyran through a spirocen-
er. The two fragments are orthogonal to each other and, hence,
o not communicate electronically in the ground state (S0). As a
esult, these compounds are generally colorless. Upon ultraviolet
rradiation, however, they switch to a colored form. For example,
he nitrospiropyran 1a (Fig. 1) switches to the merocyanine 1b upon
rradiation with a quantum yield (� in Table 1) of 0.10 in acetonitrile
t 25 ◦C [5]. The photogenerated isomer has an extended �-system
nd, hence, absorbs in the visible region. In fact, the photoinduced

ransformation of 1a into 1b is accompanied by the appearance
f color. The colored species, however, is thermally unstable and
everts to the original isomer with first-order kinetics and a life-
ime (� in Table 1) of 400 s in acetonitrile at 25 ◦C upon storage in
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he dark. As a result, the colorless and colored isomers can repeat-
dly be interconverted simply by turning on and off an ultraviolet
ource. Furthermore, these compounds can be operated in solution
s well as within rigid materials and their transformations can be
xploited to photoregulate the absorption coefficient and refractive
ndex of the overall material. Indeed, the photoinduced absorptive
nd dispersive effects associated with the transformation of these
ompounds have already been employed to develop a diversity of
hotoresponsive materials and devices [1b,6–12].

The ultraviolet excitation of 1a results in the efficient popula-
ion of its first triplet state (T1) [5,13]. After intersystem crossing,
he [C O] bond at the spirocenter cleaves to form a ring-opened
ntermediate on a picosecond timescale [14–18]. Once formed, this
pecies can undergo a cis → trans isomerization about the [C C]
ond adjacent to the spirocenter and then decay to S0. Alternatively,

t can decay to S0 first and then undergo the cis → trans isomeriza-
ion. In both instances, the final product is the colored isomer 1b,

hich is formed on a microsecond timescale [5,13]. This species

everts to the original form 1a on a minute timescale [5,13], after a
low trans → cis isomerization followed by the fast reformation of
he [C O] bond at the spirocenter [19]. The relatively long time
equired for the thermal decoloration imposes a stringent limi-
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mailto:fraymo@miami.edu
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Table 1
Quantum yield (�) for the photoinduced isomerization of the spiropyran 1a and of
the [1,3]oxazines 2a, 3a, 8a and 9a and lifetime (�) of the photogenerated isomersa

� � (ns) Ref.

1a 0.10 4 × 1011 [5]
2a 0.03 25 [37b,h]
3a 0.10 25 [37a,b,h]
8a 0.08 38 [37f,g]
9a 0.28 140 [37f]

a � and � were determined by laser flash photolysis in acetonitrile at 20–25 ◦C.

F
c
d

t
i
p
r
t
0
p
s
s

[
c
r
o
h
r
d
l
p
d
o

2

i
a
c
o
a
[
t
1

a
b
m
c
t
s
m
t
c
a
o
t
p
v
r
e
f
p
u
b
o

f
c
d
c
n
a
t
f
b
o
a
s
[
t
t

3

n
a
i
f
a
H
c
f
s
2
s
t
l
t
t
T
2
a

ig. 1. The ultraviolet (UV) irradiation of the colorless spiropyran 1a generates the
olored merocyanine 1b, which reverts to the original species upon storage in the
ark [5,13].

ation on the switching rate of these systems, which can only be
n the Hertz regime. In fact, several minutes are required to com-
lete a single switching cycle. In addition, the involvement of a
elatively long-lived T1 in the photoisomerization process causes
he formation of singlet oxygen (1�g) with a quantum yield of
.10 [5,13f]. This species promotes the oxidative degradation of the
hotochromic switch. Consistently, the fatigue resistances of nitro-
piropyrans increase considerably in the presence of singlet-oxygen
cavengers [20,21].

In principle, all-optical logic gates [22–26], optical limiters
27–31] photoresponsive filters [7] and switchable probes [32]
an all be designed around the unique properties of thermally
eversible photochromic compounds. The poor fatigue resistances
f nitrospiropyrans together with their slow switching speeds,
owever, have limited considerably their practical applications and
estricted their use to the implementation of only few prototypical
evices [33–36]. In search of viable strategies to overcome these

imitations, we have designed a new family of photochromic com-
ounds [37]. In this account, we illustrate the logic behind our
esign and provide an overview on the photochemical properties
f this novel class of photochromic switches.

. Design and synthesis

The analysis of the mechanism responsible for the reversible
nterconversion of 1a and 1b shows that two main chemical steps
re responsible for both the coloration and decoloration pro-
esses [5,13]. In one instance, the [C O] bond at the spirocenter

f 1a cleaves first and then the adjacent [C C] bond undergoes
cis → trans isomerization to form 1b. In the other instance, the

C C] bond of 1b undergoes a trans → cis isomerization first and
hen the [C O] bond is reformed to regenerate the spirocenter of
a. The changes in the configuration of the [C C] bond, however,
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re significantly slower than the cleavage/formation of the [C O]
ond. Thus, the need for cis → trans and trans → cis isomerizations is
ainly responsible for the relatively slow switching speeds of this

lass of photochromic compounds. On the basis of these considera-
ions, we have envisaged the possibility of designing photochromic
witches based exclusively on the photoinduced cleavage and ther-
al formation of a [C O] bond. Specifically, we have synthesized

he [1,3]oxazines 2a–11a (Fig. 2) [37,38]. In analogy to 1a, these
ompounds incorporate a carbon atom between a nitrogen atom
nd oxygen atom, but lack the adjacent [C C] bond. Upon ultravi-
let irradiation, their [C O] bond is expected to cleave and open
he [1,3]oxazine ring. The resulting isomers 2b–11b incorporate a
henolate chromophore, which can be engineered to absorb in the
isible region by regulating the substituent (R2) in the para position
elative to the oxygen atom. Upon storage in the dark, the photogen-
rated isomers 2b–11b are expected to switch back to the original
orms 2a–11a after the reformation of the [C O] bond. Thus, the
hotoinduced coloration and thermal decoloration of these molec-
lar switches does not require slow cis/trans isomerizations and can
e significantly faster than those associate with the interconversion
f 1a and 1b.

The [1,3]oxazines 2a–6a can be prepared in two steps starting
rom phenyl hydrazine (Fig. 3) [37a,b,d–f]. In particular, this reagent
an be condensed with an appropriate ketone, under acidic con-
itions, to generate the corresponding 3H-indoles. The resulting
ompounds can be N-alkylated with either a chloromethylphe-
ol or a bromomethylphenol to assemble the target molecules,
fter the spontaneous cyclization of their [1,3]oxazine ring. Instead,
he compounds 7a–9a can be synthesized in one step starting
rom the [1,3]oxazine 3a [37f,g]. Specifically, they can be prepared
y condensing 3a with benzaldehyde, 4-phenylbenzaldehyde
r trans-4-(2-phenylethylene)-benzaldehyde, respectively, under
cid conditions. Finally, the [1,3]oxazines 10a and 11a can be
ynthesized by coupling trans-1-vinylstilbene and preformed
1,3]oxazines with an iodide atom in the para position, relative to
he nitrogen atom, of the 3H-indole (R3 = I), under the assistance of
riethylamine amine and palladium(II) bisacetate [37f].

. Spectroscopy

The [1,3]oxazines 2a and 3a are the first two members of this
ovel class of photochromic compounds that we have synthesized
nd investigated [37a,b,h]. They both incorporate a nitro group
n the para position, relative to the oxygen atom, of the phenoxy
ragment (R2 = NO2) and a hydrogen atom in the para position, rel-
tive to the nitrogen atom, of their 3H-indole component (R3 = H).
owever, they differ in the nature of the group attached to the

hiral center of their [1,3]oxazine ring, which is a methyl group
or 2a (R1 = Me) and a phenyl ring for 3a (R1 = Ph). Their steady-
tate absorption spectra (a in Fig. 4), recorded in acetonitrile at
5 ◦C, show a band at 308 nm, corresponding to the S0 → S1 tran-
ition of the 4-nitrophenoxy fragment. In fact, this band resembles
he ground-state absorption (b in Fig. 4) of 4-nitroanisole. The
aser excitation of 2a and 3a at a wavelength (355 nm) within the
ail of this band results in the cleavage of the [C O] bond and
he opening of the [1,3]oxazine ring with quantum yields (� in
able 1) of 0.03 and 0.10, respectively. The photogenerated isomers
b and 3b incorporate a 4-nitrophenolate chromophore, which
bsorbs in the visible region. Consistently, the absorption spec-

ra (c in Fig. 4), recorded 30 ns after the excitation of 2a and 3a,
how a band centered at 440 nm, corresponding to the S0 → S1
ransition of the 4-nitrophenolate fragment of 2b and 3b. In fact,
his band resembles the ground-state absorption of tetrabutylam-

onium 4-nitrophenolate (d in Fig. 4). In agreement with this
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ig. 2. The ultraviolet (UV) irradiation of the colorless [1,3]oxazines 2a–11a is expe
pon storage in the dark [37,38].

ssignment, the transient absorption spectrum of 4-nitroanisole,
ecorded under otherwise identical conditions, does not show any
ignificant absorption in the same temporal regime [39]. Further-
ore, the laser excitation of 2a and 3a is not accompanied by the

eneration of singlet oxygen, excluding the participation of long-
ived triplet states in the photoisomerization.

The photogenerated isomers 2b and 3b revert thermally to the
riginal species 2a and 3a with first-order kinetics and a lifetime (�
n Table 1) of 25 ns in both instances. Consistently, the absorbance at
40 nm (Fig. 5) decays monoexponentially with these transforma-
ions. Thus, a full switching cycle can be completed on a nanosecond

imescale with these photochromic compounds. Furthermore, the
ack of singlet oxygen translates into outstanding fatigue resis-
ances. For example, the steady-state absorption spectra of 3a,
ecorded before and after 3000 switching cycles performed in the
resence of molecular oxygen, are virtually identical, showing that

i
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generate the colored zwitterions 2b–11b, which can revert to the original species

he reversible interconversion of 3a and 3b is not accompanied by
ny degradation.

The group (R2) in the para position, relative to the oxygen atom,
n the phenolate chromophore dictates the absorption wavelength
f the photogenerated state of our photochromic compounds.
n principle, the introduction of a 4-nitrophenylazo appendage
n place of the nitro group of 2b and 3b can be exploited to
hift bathochromically their absorption bands. On the basis of
hese considerations, we have synthesized and investigated the
1,3]oxazines 4a and 5b [37d,e]. Their steady-state absorption
pectra (a in Fig. 6), recorded in acetonitrile at 22 ◦C, show an

ntense band at 377 nm, corresponding to a S0 → S1 transition of
heir trans-4-nitrophenylazophenoxy chromophore. Consistently,
his band resembles the ground-state absorption of trans-4-
itrophenylazoanisole (b in Fig. 6). However, the [1,3]oxazine ring of
hese compounds does not open upon laser excitation. The absorp-
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Fig. 3. The [1,3]oxazines 2a–6a can be prepared in two steps starting form phenyl
hydrazine [37,38].

Fig. 4. Steady-state absorption spectra (0.1 mM, MeCN, 22 ◦C) of 3a (a),
4-nitroanisole (b) and tetrabutylammonium 4-nitrophenolate (d). Transient absorp-
tion spectrum (0.1 mM, MeCN, 22 ◦C) of 3a (c) recorded 30 ns after laser excitation
(355 nm, 6 ns, 8 mJ) [37a,b,h].

Fig. 5. Temporal evolution of the absorbance at 440 nm of a solution of 3a (0.1 mM,
MeCN, 22 ◦C) after laser excitation (355 nm, 6 ns, 8 mJ) [37a,b,h].
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ig. 6. Steady-state absorption spectra (0.1 mM, MeCN, 22 C) of 5a
a), trans-4-nitrophenylazoanisole (b) and tetrabutylammonium trans-4-
itrophenylazophenolate (d). Transient absorption spectrum (0.1 mM, MeCN,
2 ◦C) of 5a (c) recorded 4 �s after laser excitation (355 nm, 6 ns, 8 mJ) [37d,e].

ion spectra (c in Fig. 6), recorded 4 �s after excitation, do not
eveal the absorption of the trans-4-nitrophenylazophenolate chro-
ophore of 4b and 5b, which is supposed to be centered at 576 nm

d in Fig. 6). Instead, the spectra show the bleaching of the band
ssociated with the trans-4-nitrophenylazophenoxy chromophore.
his change is persistent on a microsecond timescale (Fig. 7), but
ventually the original steady-state absorption spectra are fully
estored, after several milliseconds. This behavior is indicative of
he trans → cis isomerization of the 4-nitrophenylazophenoxy chro-

ophore followed by its thermal cis → trans reisomerization. Thus,
his particular photoinduced transformation competes successfully
ith the opening of the [1,3]oxazine ring and prevents the forma-

ion of the ring-opened isomers 4b and 5b.
The photoinduced opening of the [1,3]oxazine ring of 2a and 3a

rings the group (R1) on their chiral center in conjugation with the
H-indolium cation of the resulting isomers 2b and 3b. In prin-
iple, the introduction of an extended �-system in place of the
ethyl group of 2a or phenyl ring of 3a can be exploited to generate

nother chromophore able to absorb in the visible region, after the
hotoinduced transformation. Indeed, the corresponding photo-
enerated isomers would incorporate an 3H-indolium cation with
xtended conjugation in addition to the 4-nitrophenolate anion.
n the basis of this design logic, we have synthesized and investi-
ated the [1,3]oxazines 6a–9a [37f,g]. Their steady-state absorption

pectra (a in Fig. 8), recorded in acetonitrile at 20 ◦C, are approx-
mately the sum of those (b and c in Fig. 8) of their constituent
hromophores. Upon laser excitation, however, only 8a and 9a ring
pen to generate the corresponding isomers 8b and 9b with quan-

ig. 7. Temporal evolution of the absorbance at 380 nm of a solution of 5a (0.1 mM,
eCN, 22 ◦C) after laser excitation (355 nm, 6 ns, 8 mJ) [37d,e].
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ig. 8. Steady-state absorption spectra (0.01 mM, MeCN, 20 ◦C) of 8a (a),
-vinylbiphenyl (b), 4-nitroanisole (c), 12 (e) and tetrabutylammonium 4-
itrophenolate (f). Transient absorption spectrum (0.05 mM, MeCN, 20 ◦C) of 8a (d)
ecorded 30 ns after laser excitation (355 nm, 6 ns, 8 mJ) [37f,g].

um yields (� in Table 1) of 0.08 and 0.28, respectively. The redox
otentials of model compounds suggest that the transfer of one
lectron from R1 to the excited 4-nitrophenoxy fragment of 6a and
a is exoergonic with a free energy change of −0.5 and −0.6 eV,
espectively. Presumably, the photoinduced electron transfer pro-
ess competes successfully with the ring-opening step and prevents
he formation of 6b and 7b.

In the case of 8a, the absorption spectrum (d in Fig. 8), recorded
0 ns after excitation, shows an intense band at 430 nm. This band

s the sum of the ground-state absorptions of its 3H-indolium
ation and phenolate anion and, in fact, resembles the steady-state
ands of the model 3H-indolium cation 12 (e in Fig. 8) and tetra-
utylammonium 4-nitrophenolate (f in Fig. 9). As a result of the
ichromophoric character of the photogenerated isomer 8b, the
hotoinduced change in absorbance associated with this particular
hotochromic system is approximately twice that observed for an
ptically matched solution of the parent photochrome 3a. Indeed,
he transition from the monochromophoric photochrome 3a to the
ichromophoric photochrome 8a translates into an increase in col-
ration efficiency of 1.8 ± 0.3 [40].
In the case of 9a, the absorption spectrum, recorded after laser
xcitation, shows a band at 420 nm. As observed for 8b, this band is
he sum of the ground-state absorptions of the 3H-indolium cation
nd 4-nitrophenolate anion of 9b. Both photogenerated isomers

ig. 9. Steady-state absorption spectra (0.02 mM, MeCN, 20 ◦C) of 10a (a), trans-4-
inylstilbene (b), 4-nitroanisole (c), and tetrabutylammonium 4-nitrophenolate (d).
ransient absorption spectrum (0.01 mM, MeCN, 20 ◦C) of 10a (e) recorded 80 ns
fter the laser excitation (355 nm, 8 mJ) [37f].
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evert to the original species with first-order kinetics. Consistently,
heir absorbance in the visible region decays monoexponentially.
owever, their lifetimes (� in Table 1) are longer than those of
b and 3b. Specifically, the lifetime of 8b is 38 ns, while that of
b is 140 ns. The increase in lifetime is, presumably, as a result of
he extended conjugation of the 3H-indolium cation of the photo-
enerated isomers, which can stabilize these species and delay the
ing-closing process.

The introduction of an extended �-system in the para posi-
ion (R3), relative to the nitrogen atom, on the 3H-indole fragment
an also be exploited to generate bichromophoric photochromes.
he photoinduced opening of the [1,3]oxazine ring of the resulting
ompounds should extend the conjugation of the corresponding
H-indolium cation, forming a chromophore able to absorb in
he visible region together with the 4-nitrophenolate anion. On
he basis of these considerations, we have synthesized and inves-
igated the [1,3]oxazines 10a and 11a [37f]. Both incorporate a
rans-stilbenylvinyl appendage on their 3H-indole fragment (R3),
ut differ in the nature of the substituent attached to their chi-
al center, which is a methyl group for 10a (R1 = Me) and a phenyl
ing for 11a (R1 = Ph). Their steady-state absorption spectra (a in
ig. 9), recorded in acetonitrile at 20 ◦C, reveal an intense band at
68 nm. This band is bathochromically shifted by 42 nm relative to
hat of trans-4-vinylstilbene (b in Fig. 9), suggesting that the trans-
tilbenylvinyl appendage and 3H-indole fragment interact in the
round state. In addition, this band has a tail at shorter wavelengths
orresponding to the S0 → S1 transition of the 4-nitrophenoxy
hromophore (c in Fig. 9). Upon laser excitation, however, the char-
cteristic absorption of the 4-nitrophenolate chromophore (d in
ig. 9) of the ring-opened isomers cannot be detected. Indeed, most
f the exciting photons at 355 nm are absorbed by the extended �-
ystem associated with the 3H-indole fragment, rather than the
-nitrophenoxy chromophore. As a result, the absorption spec-
rum (e in Fig. 9), recorded 80 ns after excitation, shows a band at
10 nm corresponding to a transition in the triplet manifold of the
rans-stilbenylvinyl-3H-indole assembly. Consistently, this band
esembles the T0 → T1 absorption of trans-4-phenylvinylstilbene
41] and decays monoexponentially with a lifetime of 2 �s. Thus,
ntersystem crossing competes successfully with the ring opening
f 10a and 11a, preventing the formation of 10b and 11b.

. Conclusions

Photochromic compounds with fast switching speeds and
utstanding fatigue resistances can be designed around the pho-
oinduced opening and thermal closing of a [1,3]oxazine ring.
he core of these compounds can be assembled in two syn-
hetic steps, which culminate with the fusion of 3H-indole and
enzo[1,3]oxazine heterocycles within the same molecular skele-
on. The substituent (R1) on the chiral center of their [1,3]oxazine
ing, that (R2) in the para position, relative to the nitrogen atom, on
he 3H-indole heterocycle and/or the one (R3) in the para position,
elative to the oxygen atom, on the phenoxy fragment can easily
e varied either during or after the assembly of the [1,3]oxazine
ore. Four of the ten compounds constructed according to this
ynthetic strategy ring open upon laser excitation. In particular,
he [C O] bond at the junction of the two heterocyclic fragments
leaves with quantum yields ranging from 0.08 to 0.28 to gener-
te a zwitterionic product, incorporating a 3H-indolium cation and
phenolate anion. The absorption properties of the cationic and
nionic components of the photogenerated species can indepen-
ently be regulated by varying R1 and R2. In fact, either one or both
hromophores can be designed to absorb in the visible region. The
hotogenerated isomers have lifetimes ranging from 25 to 140 ns
nd revert to the original species after the thermal reformation of
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