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Thermochromism of a series of spiroindolinonaphthoxazines
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Five spiroindolinonaphthoxazines, synthesized by the authors, bearing different substituents on the basic skeleton
have been studied for their thermochromic properties in solvents of different polarity. The compounds were very
polarizable, which led to equilibrium between their colourless closed and coloured open forms in the absence of light at
temperatures of 20-60°C. The thermal equilibrium between the ground state populations of the colourless and coloured
forms was influenced by solvent polarity as well as by the nature of substituents. The concentration of the open form

increased with solvent polarity.
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INTRODUCTION

Spiroindolinonaphthoxazines (SO) are among the
most interesting functional dyes with potential ap-
plication in many new technologies, such as data
recording and storage, optical switching, displays,
and nonlinear optics [1-15]. These compounds com-
prise two heterocyclic moieties linked by a tetra-
hedral spiro-carbon, which prevents them from be-
ing conjugated (Scheme 1). As a result, the spiro-
compounds are almost colourless or pale yellow
since the lowest electronic transition of the molecule
occurs in the near UV region. Absorption of UV
light gives rise to isomerisation caused by breakage
of the spiro linkage C-O and subsequent rotation
about the 2-2' C-C bond. The photoisomerized
merocyanine (MC) dye molecules absorb in the
visible part of the spectrum [1-7].

Irradiation strongly displaces the thermal equilib-
rium between both forms to the side of open-chain
coloured photomerocyanine (MC), but it spontane-
ously converts to the colourless spiroform (SO) to
reach a thermal equilibrium immediately after re-
moving the light. We have recently reported [16-19]
on the synthesis and photochromic and solvato-
chromic properties of a series of spiroindolino-
naphthoxazines, both unsubstituted or bearing dif-
ferent substituents on the basic skeleton, and have
estimated their metal ion coordination ability. On re-
suming our investigation of this series of com-
pounds, in the present paper we describe a spectro-
scopic study of the effect of both solvent and struc-
ture on the thermochromic behaviour and equilib-
rium between SO and MC.

* To whom all correspondence should be sent
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EXPERIMENTAL

Materials

The molecules under study were five spiro-
indolinonaphthoxazines including four 5'-benzothi-
azolyl-substituted compounds: 1,3,3-trimethyl-5'-(2-
benzothiazolyl)-spiro(indoline-2,3'-[3H]naphth[2,1-
b][1,4]oxazine]) (1); 1-butyl-3,3-dimethyl-5'-(2-benzo-
thiazolyl)-spiro(indoline-2,3'-[3H]naphth[2,1-b][1,4]
oxazine]) (2); 1,3,3-trimethyl-5'-(2-benzothiazolyl)-
spironaphth(indoline-2,3'-[3H]naphth[2,1-b][1,4] ox-
azine]) (3), and 1-butyl-3,3-dimethyl-5'-(2-benzothi-
azolyl)-spironaphth(indoline-2,3'-[3H]naphth[2,1-b]
[1,4]oxazine]) (4), and one 5'-hydroxy-substituted
compound, 1,3,3-trimethyl-5’-hydroxyspiro(indoline-
2,3'-[3H]naphth[2,1-b][1,4]oxazine) (5).

The compounds (Scheme 2) were prepared and
characterized in our laboratory [16, 17]. Solvents
were used after distillation.

Instrumentation

Absorption spectra were taken on a Specord UV-
Vis (Carl Zeiss, Jena) spectrophotometer using
quartz cells. For absorption measurements at a vary-
ing temperature, the reaction cell was enclosed in a
thermostatic water jacket placed inside spectro-
photometer sample chamber. Spectral changes were
recorded at a constant temperature and repeated use
of the same solution at temperature intervals of ca.
5°C over a temperature range of about 30°C, and
waiting for ca. 30 min after resetting the tempera-
ture control to allow the solution to attain a thermal
equilibrium.
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Molar absorption coefficients

Spectral characteristics of merocyanines 1-4 in
acetone are listed in Table 1. Molar absorption coef-
ficients (¢) were calculated by the expression ¢ =
colourability/@. [10, 11] using own data on ‘colour-
ability’ [17] and quantum yield values (&c) of the
colour-forming reaction in acetone [19].

Table 1. Quantum yield of photocolouration [19] and
absorption characteristics of merocyanines 1-4 in acetone

D Amaxs Colourability g,
Compound 111 m[16] [16] MLcm
1 0.75 640 58900 78500
2 0.80 642 72500 90600
3 0.85 655 67600 79500
4 0.90 656 72800 80900
*this paper

Provided the molar absorption coefficient of the
1-4 open forms is known, the absorbance in the
visible region of the non-irradiated concentrated
solutions was used in the present study to calculate
the thermal equilibrium constant of the spiro-
oxazine-merocyanine systems in acetone.

Equilibrium constant values

Thermal equilibrium constant values were deter-
mined in acetone by measuring the visible absorb-
ance of the open form in relation to its maximum
absorption K, = [MC)/[SO] (Table 1) where the spiro-
form does not absorb. The equilibrium concentra-
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tion of the open form was derived from the equation
[MC] = Ale.b using the absorbance A of MC at Anax
and the molar absorptivity given in Table 1 forb=1
cm. The equilibrium concentration of the closed spiro-
form was found by the expression [SO] = ¢so-[MC],
in which cso is the initial concentration of spiro-
oxazine.

RESULTS AND DISCUSSION
Thermal equilibrium

We have reported [16-19] that spiroindolino-
naphthoxazines 1-5 in polar solvents like acetone,
ethanol, or acetonitrile are capable of transformation
to their open MC forms in the dark. As a result,
solutions of 1-5 (~10* mol.dm™) show a low
intensity absorption band in the visible region at
room temperature denoting that a thermal equi-
librium SO < MC between their open and closed
forms given in Schemes 3 and 4 is established. It is
affected by changes in solvent polarity at room
temperature in the absence of light.

Equilibrium constants derived from the equation
Ke = [MC]/[SO] at 25°C in acetone are reported in
Table 2 compared with our recently published data
[18] evaluated by using rate constants of the forward
and back reaction (K. = ky/k ;). An agreement with
the latter can be considered satisfactory since varia-
tions of K. for the same molecule are within the
experimental error.
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Table 2. Equilibrium constants, K, of SO «» MC in
acetone (25°C)

Ke = kafk 4 (x107)

K. = [MC]/[SO]

50 [18] (x109*
1 1.69 1.67
2 191 1.94
3 4.66 4.60
4 6.04 6.02
*this paper

The equilibrium constants presented in Table 2
increase on moving from 1 to 4 obviously due to
suppression of the thermal ring closure reaction [17]
when the benzene substituent in the indoline moiety
of 1 and 2 is replaced by naphthalene in 3 and 4 and
also when the N-imino CH; group in 1 and 3 is
replaced by C,H, in 2 and 4. The combined effect of
both substituents gives rise to a decreased rotational
freedom upon cyclization yielding decreased k.,
values, while the values of k; remain unchanged [19].

Thermochromism

Visible absorption intensity of 1-5, observed in
polar solvents, increases as the temperature raises
(Figs. 1-4), i.e. these molecules exhibit thermochro-
mic properties. For the parent unsubstituted spiroin-
dolinonaphthoxazine (Scheme 1) the coloured band is
hardly detectable, even in a saturated solution of
polar solvent at 47°C, the absorbance at 600 nm
being less than 0.005.

The enthalpy of reaction was evaluated
according to the Van’t Hoff equation, dInK/d(1/T) =
—AH%R, by measuring the absorbance of the
coloured form at several temperatures. Determina-
tions were carried out in the temperature range of
20-80°C, using sample concentrations within
1x10* = 5x10° mol.dm™, The accuracy can be
assumed £20%.

Plots of InK. vs. 1/T for 1-4 in acetone are shown
in figure 5 and the obtained AH® values are reported
in Table 3 along with AG® and AS° calculated by
means of the thermodynamic relationship AG® =
AH-TAS". Variations of AH® from 1 to 4 are within
the experimental error.

The reaction entropy is negative, which indicates
[7, 8] that the positive contribution to entropy due to
increased torsional freedom in the open structure is
strongly compensated by solvent reorganization
around the more polar merocyanine form.

The constants of thermal equilibrium between
SO and MC of compound 5 could not be calculated
because the ¢ value of its open form was not avail-
able and the same was valid about 1-4 in methanol,
ethanol, i-propanol, i-butanol, and acetonitrile. In
view of this we have calculated only the enthalpy
changes AH® by using the expression dInK./d(1/T) =
dinA/d(1/T) = —AH/R (Table 4). Plots of InA vs. 1/T
are shown in figures 6-10.
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Table 3. Thermodynamic parameters of SO « MC in Table 4. Calculated values of AH® [k mol™] for 1-5 in
acetone different solvents for SO <> MC using the relationship
dInA/d(1/T) = -AH/R

AH® AG® AS°
SO InK kJ mol™ kJ mol™ kJ mol™ AH?

1 -4.09 7.6 10.0 —34 SO aceto-  Acet- meth- ethanol  Pro-  i-buta-

2 -3.94 7.7 9.6 -33 nitrile one anol panol nol

2 ‘g-gi g-i ;-g ‘gg 1 67 76 67 66 6.7 5.8

= : : _ 2 6.5 1.7 6.8 6.5 6.7 5.8

3 7.6 8.3 7.8 7.7 8.9 6.5

4 7.9 8.4 8.3 7.8 8.8 6.4

5 114 104 9.8 11.6 8.2 13.6
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Fig. 7. Data (InA) on thermal equilibrium treated
according to the Van’t Hoff equation in methanol
solutions of compounds 1-5.
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Fig. 9. Data (InA) on thermal equilibrium treated
according to the Van’t Hoff equation in i-propanol
solutions of compounds 1-5.

CONCLUSIONS

Five newly synthesized spiroindolinonaphth-
oxazines bearing different substituents on the basic
skeleton were investigated with respect to thermo-
chromism in solvents of different polarity. Thermal
reactions involving the cyclic spiroform and the
open merocyanine form of the compounds with
benzothiazolyl substituent were studied. Acetone
was employed as a solvent to determine standard
thermodynamic parameters, AH’, AS°, and AG®, of
the reaction. It was found that the opening of the
spirocyclic ring was not a spontaneous reaction.
Both positive enthalpy changes and AS® negative
values contributed to the overall positive AG’
values. Negative standard entropy values were
attributed to a better arrangement of the solvent
molecules around each open polar MC form in
comparison with a starting spirocyclic molecule.
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Fig. 8. Data (InA) on thermal equilibrium treated
according to the Van’t Hoff equation in i-butanol
solutions of compounds 1-5.
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Fig. 10. Data (InA) on thermal equilibrium treated
according to the Van’t Hoff equation in acetonitrile
solutions of compounds 1-5.
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TEPMOXPOMUM3BM HA CEPUS CIIMPOMHAOJIMHOHA®TOKCA3HU

C. MI/IHKOBCKal*, b. )Kenﬂ3KOBaZ, Cn. PaKOBCKI/Il, T. ,Z[enMreopmeB2
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[Moctenuna Ha 7 okromBpu 2015 .

(Pesrome)

TepMOXpOMHI/ITe CBOICTBa Ha MET CHHpOHa(l)TOKcaSI/IHa, ChABbpPIKAIHN pa3IMYHU 3aMCCTUTCIIM B OCHOBHHUSA CKCJICT HA

MOJIEKyJlaTa, Cca CHHTC3UpaHH B Hamata JabopaTopusi W HW3YYEHH B pPa3TBOPUTEIH C pa3IMYHA IOJIIPHOCT.
CpeiMHEHHATA Ca CHJIIHO IOJSIPU3YyeMH, KOETO BOAM IO PaBHOBECHE MEXIy Oe3IBeTHaTa 3aTBOpEHa M OI[BETEHATa
oTBOpeHa ¢opma B uHTepBasa ot temmeparypu (20-60°C) B oTcheTBHE Ha CBETIHHA. TEPMHUYHOTO PABHOBECHE MEKIY
OCHOBHOTO 3aCEJIEHO CHCTOSIHME Ha Oe3I[BeTHaTa 3aTBOpeHa ¢opMa M I[BETHAaTa OTBOpPEHa (hopMma 3aBHCH KaKTO OT
MOJIIPHOCTTA Ha Pa3TBOPUTEINS, Taka M OT MpUpojara Ha 3amecturesnuTe. KoHIeHTpanusTa Ha oTBopeHaTa ¢opma ce
yBeJINYaBa C HapaCTBaHE MOJSIPHOCTTA HA PA3TBOPHUTEII.
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