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Abstract

A series of new spirooxazines (SPO) containing phenanthroline were synthesized and their photochromic properties were investigated. Photo-
isomerization of the spirooxazine was facilitated by electron donating groups in the indole moiety, a polar solvent and metal complexation. Their
complexes (PMC)3Ni2+ were very stable at room temperature and exhibited excellent negative photochromism.
� 2007 Elsevier Ltd. All rights reserved.
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As the application of photochromic compounds in optical
devices is of great interests, various photochromic compounds
have been prepared and examined [1e4]. Spirooxazine (SPO)
derivatives are well-known photochromic compounds that
isomerize to the corresponding photomerocyanine (PMC)
form upon UV irradiation; the PMC can be reversed to SPO
upon visible irradiation or by heating [5e7]. Recently, the
coordination of photochromes with metal ions attracted great
interests [8e12]; the metal ions were found to influence pho-
tochromism of the metal complexes, some of which exhibited
negative photochromism, which may bode well for potential
new applications for photochromic compounds. However, in-
vestigations in this field are few [8e11].

Compared with conventional spiro[indoline-naphthoxa-
zines], spiro[indoline-phenanthrolinoxazines] contain two
more nitrogen atoms in the phenanthroline connected to the
oxazine moiety; the presence of the nitrogen atoms provides
interest from the viewpoint of complexation with metal ions.

For conventional spirooxazine, complexes are formed by
the metal ion coordinating with the photomerocyanine form
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of the dye, leading to a non-photochromic metal complex
that exists only transiently [12]. In the case of spiro[indo-
line-phenanthrolinoxazines], a ligand is incorporated into the
spirooxazine framework and the metal ion is, therefore, bound
to a ligand-functionalized group in spirooxazine and remains
bound in both the opened and the closed forms of the spiroox-
azine. When the metal complex of the closed form is irradiated
with UV light, it can transfer to a colored form (shown in
Scheme 1), which differs to that of conventional metal
complexes of spirooxazine. Some of the opened form metal
complexes of spiro[indoline-phenanthrolinoxazines] are quite
stable at room temperature [13], which provides an opportu-
nity for exploring the negative photochromic behaviours of
photomerocyanine complexes.

This paper concerns the syntheses of a series of 5-substituted
1,3,3-trimethyl-1,3-dihydrospiro[2H-indole-2,20-[2H]bipyrido
[3,2-f][2,3-h][1,4]benzoxazine] (aef) and the studies of their
photochromic behaviours. UVevis spectrophotometry revealed
that the substituents, solvents and the metal ion Ni2þ each had
a marked effect on the positive photochromism of the spirooxa-
zines; in addition, the complex was found to exhibit good nega-
tive photochromism. Spirooxazines aef were prepared by
condensation of the corresponding 5-substituted 1,2,3,3-tetra-
methyl-3H-indolenium iodide (Fischer’s procedure [14]) and
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Scheme 1. Isomerization and complexation of the title compounds and their colored form. (a) R¼ CH3, (b) R¼ benzo, (c) R¼Br, (d) R¼Cl, (e) R¼H,

(f) R¼CH3O.
the mono-oxime of 1,10-phenanthroline-5,6-quinone (based on
Yamada [15] and Hiort [16]) in the presence of triethylamine and
anhydrous sodium sulfate. The structures were confirmed by 1H
NMR spectroscopy, mass spectroscopy and elemental analysis
[17]. Continuous UV irradiation at 254 nm resulted in conver-
sion from the colorless form to the colored form, photomerocya-
nine (lmax¼588 nm). When the PMC was irradiated with 600-
nm light, the concentration of the colorless form increased (as
shown in Fig. 1).

An electron donating group in the 5 position of the indole
moiety and a polar solvent impart a bathochromic shift of
the lmax of PMC and resulted in stabilization of the PMC,
as shown by reduced thermal fading rate (Table 1). The
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Fig. 1. Absorption spectra change of compound c (2.2� 10�5 M) in methanol

under irradiation with 254 and 600-nm light.
solvents also affected the thermal equilibration between SPO
and PMC; polar solvents moved the equilibrium to the colored
form (PMC), so that solutions of aef in methanol were dark
blue while in cyclohexane were colorless. This may be due
to the electron donating group having increased the electron
density of the nitrogen atom in the indole moiety through
the conjugation system, so stabilizing the colored PMC
form. The positive solvatochromism indicates the delocalized
charge structures of SPO and PMC.

In terms of the influence of metal complexation on photo-
chromism and the equilibrium between the closed and opened
forms, Fig. 2 shows that upon addition of the Ni2þ ion to the
methanolic solution of compound c in the dark, the absorption
band between 500 and 650 nm increased gradually, indicating
that the complexation ability of PMC was stronger than that of
SPO and the formation of the PMC complex with Ni2þ facil-
itated the thermoisomerism of the spirooxazine moiety to the
photomerocyanine form. No further changes occurred until

Table 1

5-Substituent and solvent effects on the maximum absorption wavelength data

and thermal bleaching constant of PMC

Entry R lMax (nm) (3� 104 cm�1 M�1) k (�104 s�1)

Methanol Chloro-

form

Cyclo-

hexane

Methanol Chloro-

form

Cyclo-

hexane

a CH3 600 603 580 2.40 0.53 157.04

b Benzo 613 616 588 1.76 0.24 97.86

c Br 596 598 580 22.87 5.17 ea

d Cl 595 600 580 61.49 2.54 ea

e H 591 597 569 13.81 0.61 207.62

f CH3O 610 615 602 0.14 0b 11.92

a Bleaching rate is too fast to be measured using conventional method.
b The opened form is so stable that no ring-closing was observed based on

our experimental conditions.
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the ratio of Ni2þ/c increased to 1:3, with the result that com-
pound c was completely coordinated to Ni2þ, forming a 1:3
(PMC)3Ni2+ complex. The photochemical kinetic parameters
k of the complex are summarized in Table 2; thermal bleach-
ing of the complex can be neglected at room temperature
under the experimental conditions employed as metal com-
plexation lowered the negative charge density of the indole
moiety through inductive effects [18].

As the (PMC)3Ni2þ complex was very stable in the dark at
room temperature, this provided the opportunity to explore its
negative photochromism. Upon irradiation with 600-nm visi-
ble light, the solution of the complex (PMC)3Ni2þ was
bleached immediately (shown in Fig. 3). The bleached state
of the (PMC)3Ni2þ complex is (SPO)3Ni2þ; when the visible
light was switched off, the (SPO)3Ni2þ complex reverted to
the (PMC)3Ni2þ complex during a 600-s color-forming pro-
cess. The absorption spectra were identical before and after
multiple, visible irradiation cycles. This reversible photoiso-
merization processes indicated that the (PMC)3Ni2þ complex
has excellent negative photochromic properties.
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Fig. 2. Absorption spectral changes of c in methanol upon addition of Ni2þ in

dark. The ratio of Ni2þ/c is 0, 1:8, 1:6, 1:4, 1:3, 1:2, 1:1 and 3:1, with 30 min

interval, respectively.

Table 2

Absorption maximum wavelength of complex (PMC)3Ni2þ and photochemical

bleaching constant of the complex in methanol solution

Entry R lmax opened form (nm)

(3� 104 cm�1 M�1)

k (�104 s�1)

a CH3 596 0.71

b Benzo 611 0.66

c Br 595 12.34

d Cl 594 13.26

e H 590 2.29

f CH3O 607 0a

a The opened form is so stable that no ring-closing happens during visible

light irradiation with our experimental conditions.
In summary, we have synthesized a series of spiro[indoline-
phenanthrolinoxazines] and studied their positive behaviours
and negative photochromic properties of the colored (PMC)3

Ni2þ complexes. 5-Substituent in the indole moiety, solvent
and metal ion binding affected the positive photochromic behav-
iours of the spirooxazines combined with phenanthroline. The
colored (PMC)3Ni2þ complexes exhibited excellent negative
photochromism, which might pave the way for new applications
for the spirooxazine. Further studies on their complexation with
rare earth metal ions are in progress and the results will be
reported later.
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