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Photoprocesses in Spirooxazines and Their Merocyanines
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The photocoloration of four spirooxazines upon excitation of the closed form and the subsequent relaxation
were studied in various solvents at different temperatures. The relaxation kinetics contain a minor shorter-
lived component and a major longer-lived one. Both are activated processes leading back to the ring-closed
form; the activation energy is typically 70 kJ mél The activation parameters are used as a basis to examine
the photomerocyanine form(s), where weak fluorescence appears in glassy mefl#64C. Excitation (at

530 nm) of the photomerocyanine in solvents of different polarity at room and lower temperatures leads to
reversible bleaching in the visible range and weak absorption in the UV. The lifetime &€ 25in the

0.5-5 us range and the activation energy is-29 kJ mot . These oxygen-insensitive changes are attributed

to cis—trans photoisomerization. The mechanism of photochromism and relaxation and the photoprocesses in
spirooxazine-derived merocyanines are discussed.

Introduction CHART 1

Indoline spirobenzopyrans (BIP$sand especially their
6-nitro-substituted derivatives (NEBIPSs) have been investi-
gated intensiveRr 13 because of the wide application potential,
e.g., in information processing. The photochromism of the
spiropyran/photomerocyanine couple has been reviewed pre-
viously =2 The photocoloration is fasand the quantum yield
(Pco) is in the 0.2-0.9 range for N@-BIPSs and lower<€0.1)
for BIPSs!~13 A deeper insight into the mechanism has been
obtained for N@-BIPSs, where the cleavage of the spireG picosecond range and a triplet precursor has a lifetime of6 ns.
bond the subsequent ring opening occurs in the triplet The ground state equilibrium and the relaxation kinetics of SOs,
manifold?~*3 The colored merocyanine isomers have a zwit- in contrast to several NEBIPSs#6 are rather independent of

terionic charactet.” The photophysics, trans- cis photo-  the solvent polarity:2 The photostability and the degradation
isomerization, and the thermal back-reaction of NEIPS- processes of SOs is the subject of various stutdieEhe
derived merocyanines were characterized at various tem-properties of the merocyanine isomers are not fully understood,
peratureg:10 albeit information has been obtained by the two-pulse two-color

A related system is given by spirooxazines (SOs). The technique?223

spectroscopic, photqphysical and photochemical properties of | his paper, the photophysical and photochemical properties
SOs have been studied by ChiPand several groups over the  of three naphthospiroindolineoxazines—3) and a phenan-
years:®“2 This class of photochromic compounds has also throspiroindolineoxazinetf were studied by nanosecond laser
attracted much attention due to its versatile applications, e.g., photolysis in solution at various temperatures. Irradiation into
for ophthalmic lense¥! The spiroindoline part is nearly  the most stable photomerocyanine in several solvents at lower
orthogonal with respect to the naphth- or phenanthroxazine part.temperatures leads to reversible bleaching. The activation

Cleavage of the spiro €0 bond is efficient,®co = 0.2- parameters of these changes, which are attributed to photo-
18,25,27 28a

0.7,%>#"*and the kinetics of the overall photocoloration takes  jsomerization, are determined and mechanistic implications are

place in the picosecond rangfe'’21.2The ground state equi-  g§iscussed (Chart 1).

librium is on the side of the closed (colorless) form and after
irradiation the open (colored) form reverts almost completel . .
back.14~18'2°v27’28’3% ( ) PIETEY Experimental Section

Compoundsl (also denoted as naphthoxazine-spiroindoline
or spiroindoline-naphthoxazine) addwere from Aldrich and
purified by recrystallization, where&sand3 were synthesized
according to methods described elsewHé#€. The solvents
(Merck) were of the purest spectroscopic quality available, e.g.,

Also for the 6-nitro-substituted derivatives (MSOs) the acetonitrile (Uvasol); methylcyclohexane (MCH), 2-methyltet-

kinetics of the overall photocoloration of SOs are in the 'ahydrofuran (MTHF), butyronitrile (Fluka), and ethanol were
purified by distillation. The absorption spectra were recorded

*On leave from the Center of Photochemistry, Russian Academy of ON @ Perkin-Elmer 540 spectrophotometer and the emission
Sciences, 117421 Moscow, Russia. spectra on Spex-Fluorolog and Perkin-Elmer LS-5 spectrofluo-
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TABLE 1: Absorption Maxima of the Sp and . T
trans-Merocyanine Forms, Ratio of Absorbances, and
Relaxation Time of the Trans Isomer(s}
compd solvent  Asp(nm) AP (nm)  A/Asp,  Ti-s5° (S)
1 cyclohexane 315 580 <0.001 1.4
toluene 316 585 <0.001 1.3
acetone <320 590 <0.002 0.7
acetonitrile 315 595 <0.002 0.7
ethanol 319 610 <0.002 1.4
2 toluene 300 575 <0.001 2.8
acetonitrile 300 580 <0.005 2.1 hax o
3 toluene 362 565 0002 19 aA 30 ns LS, Q ¢
acetonitrile 360 585 0.008 17 05 , ¢ o
4 cyclohexane 340 575 0.008 13 @
toluene 340 585 0.03 6 o ®
acetone 350 595 0.05 0.9 @ o®® ®
acetonitrile 335 590 0.13 0.4 00®® ®
ethanol 340 600 0.15 0.25 0 aa? | I
aAt 25 °C.bObtained at the pulse end usirige = 354 nm. 300 400 300 5 (pmy 600

Cc
Compare Table 3. Figure 1. (a) Absorption spectrum of in acetonitrile at 25°C and

a- (b) transient absorption spectra, = 354 nm) ofl in toluene at 50
ns (open) and 500 ns (full) after the 354 nm pulse; inset: kinetics at
593 nm.

rimeters. Time-resolved experiments were performed by excit
tion with the second or third harmonic from a Nd laser (JK
Lasers) dexc = 530 or 354 nm, respectively; in some cases the
308 nm line of an excimer laser (Lambda Physics, EMG 200) TABLE 2: Molar Absorption Coefficient at 4, and Quantum
was used. The laser setup was essentially the same as usedield of Sp — trans-Merocyanine Photocoloration from the
previously?-12 Absorbances of 052 (in 1 cm cuvettes) were  Literature and the Relative Yields®

typically used for Aexc = 354 nm, corresponding to SO €
concentrations of 0:20.4 mM, and forlexc = 530 nm, the compd solvent (10*M™lcml) ®cy ref Peo®P AA™® ¢
concentrations were<0.1 mM. The kinetics of decoloration 1 cyclohexane 2.4 0.41 25 023 07
were measured after a 308 or 354 nm pulse using appropriate MCH 3.8 0.41 28 0.36
interference filters, e.g., 593 nm. The increase in absorbance at toluene 3.1 023 18,28 0.16 07
At (e.g., 1us after the pulse) for optically matched conditions 3.1 033 25 0.23
o : , . acetone 0.7
(€.9.,Ags4 = 1.0+ 0.03) is linear with the laser intensity. The acetonitrile 06
slope was taken as the relative quantum yield for coloration ethanol 6.1 0.32 28 045 0.7
(AA®. 5.1 0.24 25 0.28
3 cyclohexane 0.8
Results and Discussion MCH 4.2 0.55 28 0.53
toluene 3.2 0.42 24,28 0.31 0.8
Ground State Properties.The absorption spectrum of each 3.2 0.74 25 0.54
SO in several solvents at ambient temperature has a major acetone 0.85
maximum {sp) at 300-360 nm which is due to the closed form acetonitrile 0.95
. ethanol 6.7 0.65 28 1.0 1.0
(denoted as Sp). In several cases the absorption spectrum , cyclohexane 0.75
contains a second weak band with maximuty)) &t 560-600 MCH 5.1 0.49 28 0.57
nm (Table 1). This band is attributed to the respectrams toluene 0.8
merocyanine isomer (denoted as trans) which is in equilibrium aceion_fi | (C))-g55
; acetonitrile .
with the Sp form. ethanol 8.7 0.29 28 0.58 0.75
a aAt 25 °C using dexe = 354 NM.P Pgo/® = (@ co))/(€:P o)™
SP‘C trans @ ¢ Obtained in this V\?Ol’k. ( . )
An example for4 in acetonitrile is shown in Figure la. The Spm’ 1Sp* 2)
molar absorption coefficient éaltsp is esp = (0.5-1.0) x 10*
M~*em™*?7 and the values of th#ansmerocyanine af; (e;) Sp*— — trans A3)
are relatively large and show some variation with structure and
solvent (Table 2). The quantum yields of the Sp> transmerocyanine photo-
Based oreyesp = 3.8 and using the ratio of absorbandes coloration of the SOs are compiled in Table 2. Ran MCH

Agp at 20°C, the equilibrium constarlt,/k_; was obtained as  and ethanol®. is 0.41 and 0.32, respectivelj;the largest
0.8 x 1073 4 x 1073 and 20 x 103 for 3 in toluene, value of @™ = 0.74 has been reported f8rin toluene?®
acetonitrile, and formamide, respectively. Rin acetonitrile While the Sp form ofl shows virtually no fluorescence even
in the range of 1630 °C the free energy changkG = 13.5 at —196 °C, that of 3 was reported to exhibit weak fluores-
kJ mol1, the enthalpyAH = 1.4 kJ mot%, and the enthropy  cence®® A fluorescence ofl at room temperature has been
AS=11.2 J moi! K~1 were obtained. The respective values suggested to originate from a solvent-stabilized intermediate,
in formamide are 9.4 kJ mo}, 18 kJ mof?, and 29 J moi! which does not contribute significantly to photocoloratiéa?
K- Interestingly, the weak fluorescence with maximum at 422 nm

Photocoloration. The trans isomer concentration in equilib- in ethanol at room temperature is more than 30-fold enhanced
rium with the Sp form can be greatly increased upon irradiation when 1 is present in microheterogeneous media, e.g., Triton
atA < 400 nm. X-10020°
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<« Temperature (°C) TABLE 3: Activation Energies and Rate Constants for
104 %0 6|0 3|0 Thermal Decoloration?
E'tsp 1t'sp® Ei-sp r-sP
compd  solvent (kJ mopl) (s) (kImolY) (sh refe
1 cyclohexane 0.75 18, 20
MCH 78 18 65 0.7
71 0.24 28
toluene 69 20 62 0.7
61 35 56 0.54 20
MTHF 10 1.3
acetone d 79 15
acetonitrile d 80 15
1.85 18, 20
70 1.1 39
ethanol d 85 0.7 (0.9
69 0.7 20
81 0.23 27,28
86 0.6 39
2  toluene 68 0.3
acetonitrile d 75 0.5
ethanol (0.3)
3 MCH 88 0.04 28
toluene 54 200 75 0.053
64 0.035 27
. acetone 150 76 0.5
| | RN 0 acetonitrile 220 65 0.6
2.8 3.0 32 3.4 ethanol 100 3(3)
103T (Kl —— 41 0.58 27,28
. . . . N 58 1.9 39
Figure 2. Arrhenius plots obtained from decoloration kinetics at 593 4  MCH 63 160 60 0.08
nm (after the 354 nm pulse) far(circles),3 (triangles), andl (squares) 79 0.07 28
in toluene; full and open symbols refer to the shorter and longer lived toluene 56 120 70 0.17
component, respectively. 66.5 0.14 27
MTHF 120 0.22
SOs (without nitro group) exhibit no phosphorescetfdbe acetone 60 79 11
ring opening occurs in the;$tat@%37and intersystem crossing :tcrf;ﬁg'lt”'e gg ?8 i'é 9
either in their Sp or trans geometries does not take place. The 66 32  27.28

energy of the triplet state of the Sp form is about 200 kJhol A Using due = 354 nm.> Measured at 25C using/ue = 593 nm:
as obtained by energy transferd® This is in agreement with major Com;cx)cn ent: g, Minor component: s © lg’;’ém this work
the phosphorescence of HSOs at—196°C;29'35th(_e quantum  ypjess indicated! No fast component detectabRValues in paren-
yield and lifetime of phosphorescence of the 6-nitro derivative theses refer to naphthalene-sensitized excitation in argon-saturated
of 1 in petroleum ether are 0.002 and 15 ms, respectitfely.  ethanol.

The photocoloration ofl in several solvents at room
temperatureAe = 354 nm) appears in a two-step process with  Closer inspection of the relaxation kinetics at shorter times,
a major component within 10 ns and a very minor second one however, reveals a second minor-@0%) component in most
with ty, < 1 us (Figure 1b). This delayed coloration is not due ~cases (Figure 3). Its inverse relaxation time'(14p) also follows
to a triplet state as precursor since it appears even in oxygen-an Arrhenius dependence (filled symbols in Figure 2). The
saturated solution. A similar behavior has also been reportedVvalues oft't-sp = 5-50 ms at 25°C may be compared with
previously!83740 The nature of this process is tentatively 7t-sp = 0.5-5 s (Table 3). The activation energf'(-sp) is
ascribed to a change in isomer distribution (see below). The comparable with theE.s, value of the major relaxation
relative absorption signals 4t(AAc®) are compiled in Table component. A biexponential thermal decoloration of SOs has
2. They are compared with the steady-state colorability values, already been reported by Pottier et&Bince a fully established
Peol = & Do, taken from the literature and normalized with  €quilibrium between two photoisomers cannot account for the
respect ta3 in ethanol. TheAA.® values are generally larger ~ Observed biexponential relaxation, we suggest two separate steps
than theP® values and their changes with respect to polarity €ading to the ring closure.
and variation of the structure are relatively small. The thermodynamic activation parameters, obtained from the

Relaxation Kinetics. It is well-known that the relaxation  kinetic data of the major component, have already been
kinetics of thetransmerocyanine form follow first-order decay ~ discussed’ For example, values in ethanol at 25 of AH* =
in solution at various temperaturég0.2427.28 3jrst-order decay ~ 78-6 kJ mott, AG* = 76.5 kJ mot?, andAS" = 6.7 J mot*
of the absorbance (e.g., at 593 nm) after preirradiation of Sp atK %, and AH* = 63.1 kJ mot*, AG* = 69.9 kJ mot?, and
354 nm was also found in this work, e.g., at elevated temper- AS = —23 J mol* K~* were reported fol and4, respectively.
atures. The log of the rate constantr(14,) is linearly dependent ~ The activation entropy ranges from close to zero when the
on 1/T throughout. From these Arrhenius plots (open symbols barrier is large toAS" = —120 J mof* K~* when AH* is
in Figure 2) the activation energf(.s,) was determined. The ~ smaller?” For the minor component df and4 in toluene, we
relaxation time at 25C is in the order ofr_sp = 0.5-10 s, calculatedAS" = 17 and—19 J mof* K%, respectively.
and the activation parameters are in agreement with those in Indoline spiropyrans and their photomerocyanine are sepa-
the literature (Table 3). Th&—s, values show a remarkable  rated by an energy barrier; for N@BIPSs the activation energy
variation with substitution and solvent, but a clean trend on of thermal coloration i€s, = 80—110 kJ mof%.14 There is a
polarity can be ruled out. general agreement that cleavage of theQC bond in the
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W % Figure 4. Transient absorption spectra4in argon-saturated ethanol
k4 upon naphthalene-sensitized excitation at 1003)s L us (&) and 10
0 us (@) after the 308 nm pulse; inset: kinetics at 414 and 593 nm.
300 400 500 A (nm) 600

Figure 3. Transient absorption spectra 8fin (a) cyclohexane and  Yi€ld. A strong decline of the potential energy of thesSate is
(b) ethanol at<1 ms (open) and 50 ms (full) after the 354 nm pulse; expected on going from the Sp form to the most stable
ground state, full line; insets: kinetics at 580 nm. merocyanine. To account for the results gt is well below
unity, there should be &S~ S pathway left from the maximum
SCHEME 1 of the E—sp barrier. Whether or not the potential energy surface
at the position of the CCC isomer has a minimum remains open.
The potential energy surface of the ground state along the
reaction coordinate should have at least one major maximum
(referring toE.—sp) and at least one minor barrier.

Sensitized Coloration.Coloration is enhanced in the presence
of high-energy donor&:2°In order to test for the triplet pathway,
the method of sensitized coloration was applied using naph-
thalene as sensitizer in argon-saturated ethanolgne= 308
nm. The decay of the triplet state of the donéd¥), e.g., at
415 nm, is reduced in the presencelef4. The SO concentra-
tion was adjusted such that the decay’df was 2—5 times
faster. Under appropriate conditions, e.g., using a high enough
naphthalene concentration, the amount of direct excitation of
the Sp form was 10% or less, as measured by the absorption
increase at longer wavelengths. An example4ds shown in
Figure 4. TheAAsq value, which at the end of the pulse is
=<5% of the maximum value, increases with the same first-order

benzopyran portion leads initially to the CCC (es—cis) rate constant as the decay38f. This shows that another way
structure and subsequently to one or several trans isonfers. of photocoloration of SOs runs via triplet states, i.e., by reactions

several NG-BIPSs (albeit not alf at room temperature it has 4 and 5

been shown that_spincreases with the solvent polarft§ This '

is due to the zwitterionic character of the merocyanine iscmérs 3 s e s

which is probably much smaller for BIPS itself. D* +Sp— D+ "Sp (4)
The structure of the involved merocyanine in the case of SOs Bcx

is still the subject of some controver&3240Cleavage of the Sp*— —trans ®)

C—0 bond should lead to the CCC isomer and subsequently to i .

the stable isomers with trans geometit.NMR measurements Folr4 the rate constant for energy transfekisv 14 ><1109 M

and MO calculations indicate that the TTC (traitgans-cis) s™L. This is in agreement witk, =5 x 10° M~* s* for 1 or

isomer has the lowest energyThe small effect of solvent 3in toluene using acetonaphthone as sensi&#z&he ¢ vglues

polarity on the A/As, ratio andri_s, for 1 and 2 at room atA; =600, 615, 580, and 600 nm fay 2, 3, and4, respectively,

temperature (Tables 1 and 3) may be due to the quinoide &€ ca. 5 times larger than that of the donor triplet. The rate

character of the merocyanine isomers and the result3 &od constant of the major (slower) decay process was found to be
4 indicate a more pronounced zwitterionic character. Neverthe- Practically the same as upon direct excitation (Table 3). It should
less, this point has not unambiguously been settled a&yatL be noted that the quantum yield of triplet-sensitized coloration

The potential energy surface of the relevanstte, leading is close to unity:>
from the Sp form via the CCC to the TTC isomer or essentially ~ Photoinduced Processes from thérans-Merocyanine. A
a trans isomer, is illustrated in Scheme 1. The kinetics of ring weak fluorescence signal of in polar solvents at room
opening are very fadf17.21.26which favors the efficiency of ~ temperature ®; <106 has been reported to originate from
photocoloration, in agreement with the rather high quantum the merocyanine forr?# Under steady-state conditions, the trans
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Figure 6. Arrhenius plots obtained from kinetics of bleaching recovery
(560-600 nm) after 530 nm pulsing dfin MCH (O), MTHF (a) and
butyronitrile ), 3 in MTHF (¥) and4 in MCH (m).

°C and (b)—80 °C; (a) at the end of the 530 nm pulse)(and after
5us (»), and 20us (@) and (b) after<0.1 ms ©), 3 ms (1) and 10
ms (@); insets: kinetics at 360 nm (absorption) areb80 nm
(bleaching).

isomer of a SO shows virtually no fluorescence in fluid solution, TABLE 4: Preexponential Factor, Activation Energy, and

e.g., at temperatures betwee20 and—130 °C usinglexc = Rate Constant for Isomerizatior?
500-560 nm. However, weak fluorescence from thens A (= Ko
merocyanine was recorded fbr-4 in MTHF at —196 °C; the compd solvent (stx 100 (kImoll) (s!x 10P)
maxima are at 666670 nm, indicating a value of about 180 1 cyclohexane 24 23
kJ mol® for the level of theltrans* state. heptane 27 23

After UV irradiation of a SO in a given solvent at temper- MCH 0.5 25 2
atures below-10 °C, the color remains stable within the time |t\(/|)l1t'1|32€ 30'4 2%1 4?1
of the mgasurement<(10 s). Upon excitgtion of thérans ' acetone 30 o5 ((20)
merocyanine at 530 nm, a strong bleaching over the whole vis butyronitrile 50 28 70
spectrum and a weak transient absorption below 400 nm was 2 cyclohexane 8
observed. Examples fdrin MTHF are shown in Figure 5. The MTHF 2 27 4
kinetics of bleaching recovery and absorption decay are first 3 cyclohexane 18

. . . . . . toluene 17

order and practically identical (inset in Figure 5). The behavior MTHE 0.7 22 7)
is similar in most cases, but fdror 4 in polar solvents, such acetone 2
as acetonitrile or ethanol, the bleaching is much smallei5(2 4 cyclohexane 20
times) and almost no recovery could be observed. In solvents MCH 13 22 (20)
of low and moderate polarity, however, the rate constiant) toluene 24
decreases with temperature. Where the scatter is low enough, MTHF 0.7 25 82)
the plot of logk.—: depends linearly on T/ (Figure 6). The 2 Using Aexc = 530 nm.” Measured directly at 28C. ¢ Taken from

activation energiesH. ) are compiled in Table 4. The lifetime,  ref 23.¢Values in parentheses: extrapolated to°25©Major com-
extrapolated to 25C, is in the 0.5-5 us range. For comparison, ~ Ponent.

the lifetime of the observed cis isomer of BBIPSs at room a5 ca. 130 ns, but the activation energy is similar to those in
temperature is generally longer and varies frops20 1.4 ms. solvents of lower polarity (Table 4).

In those cases whermg-g; is long enough, the spectral and The reversible bleaching is now attributed to fastLQ ns)
kinetic measurements were also possible under continuousphotoisomerization from the relaxed trans isomer into a mixture
irradiation at room temperature, using either the whole analyzing containing at least one cis isomer which has a lakgealue
light of the setup or a part after passing through an interference only below 400 nm. An alternative intermediate, where a four-
filter. These results (Table 4) can be directly compared with membered ring with a bond between N and O is for#feems
those obtained by Scaiano and his gis#dwho applied the less likely in view of activation energies of ca. 40 kJ midior
two-pulse two-color technique at room temperature. Essentially several NG-BIPSs? The E.—; and k. values of the major
the same reversible spectral changes in solvents of low andreversible component are suggested to be due to back-isomer-
moderate polarity on the one hand and almost no or a ization. Note thaE. is significantly smaller than th&'—gp
nonreversible bleaching in polar solvents on the other were and E—s;, values. To account for the two relaxation pathways
observed by their and our methods. Nevertheless,1fan (see above) one could imagine that the reaction coordinate in
butyronitrile, which is almost as polar as acetonitrile, the major Scheme 1 should be better expanded in two directions according
bleaching in the temperature range from 25tt00°C (Figure to two different stereoisomers, the structure of which is yet to
6) was found to be reversible. The lifetime at Z5is as short be established.
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Conclusions

A major longer-lived and a minor shorter-lived relaxation time

Chibisov and Gmer

Barachevsky, V.; Alfimov, M.; Lokshin, V.; Guglielmetti, R.; Samat, A.
17th Int. Conf. Photochem. Warsat997, 3P72.
(20) Pottier, E.; Dubest, R.; Guglielmetti, R.; Tardieu, P.; Kellmann,

for the four SOs at various temperatures indicate two distinctly A-; Tfibel, F.; Levoir, P.; Aubard, JHelv. Chim. Actal99Q 73, 303.

different photomerocyanines and separate pathways for the

thermal back reaction to the closed Sp form. A third, more

(21) Aramaki, S.; Atkinson, G. HChem. Phys. Lett199Q 170, 181.
Tamai, N.; Mashuhara, HChem. Phys. Lettl992 191, 189.
(22) Bohne, C.; Fan, M. G.; Li, Z.-J.; Lusztyk, J.; Scaiano, JJ.Chem.

twisted, stereoisomer was spectroscopically and kinetically Soc., Chem. Commuh99Q 571.

observed on irradiation of the most stable photomerocyanine

preferentially in solvents of low and medium polarity. Replacing

(23) Bohne, C.; Fan, M. G,; Li, Z. J.; Liang, Y. C.; Lusztyk, J.; Scaiano,
J. C.J. Photochem. Photobiol. A: Chert992 66, 79.
(24) Wilkinson, F.; Hobley, J.; Naftaly, MJ. Chem. Soc., Faraday

the naphtho- by the phenanthrooxazine has no influence on thetrans. 1992 88, 1511.

overall pattern and only minor effects on the various thermal
and photochemical parameters. This is also the cases,for
containing the bulky piperidine substituent.
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