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The photochromic and solvatochromic behavior of four phenanthroline-containing spirooxazines bearing various
alkyl long-chain substituents has been investigated in different polar and nonpolar solvents at various
temperatures. These derivatives always appeared in an equilibrium mixture of spiro forms and open
merocyanines. Depending on the substituents and the solvents, the percentage of the spontaneous merocyanine
open form ranged from less than 10% to more than 30%. These results have been corroborated by independent
NMR and photokinetic analysis. The main spectroscopic, thermodynamic, and photochromic parameters of
such photo- and solvatochromic systems have been determined. Special illustrative diagrams showing
guantitative substituent and solvent effects on absorption wavelengths, molar absorption coefficients, thermal
equilibrium, interconversion rate constant, and quantum yields have been established. Thalkyblong-
chain-substituted compoun@sand 4 behave similarly, as do thi-alkyl derivativesl and 2. Opposition

between polar and nonpolar solvents was also clearly illustrated. A global energy diagram including a short-
lived cisoid merocyanine intermediate allows the interpretation of all solvent and temperature effects in terms
of the relative solvation of the various short- and long-lived species and transition states.

Introduction merocyanine TTC formE), where ring opening allows a larger
_conjugation and consequently gives visible absorption.
Photochromes are those substances that undergo reversible The photochromic effect can be interpreted by the photoi-
molecular rearrangements between two states characterized by¥omerization oA to B (1) and the thermal reversiéof B to A
different spectral parameters. Such properties are of interest to(11). However, more complicated behavior is also found, namely
provide systems that could operate as molecular electronicthe superimposition of photobleaching Bfto A (1Il) and the
switches or as new elements for optochemical memories. thermal coloration of to B (V). The presence of the thermal
Photochromic compounds applicable to such devices shouldequilibrium (Il + IV) (B — A; A — B) makes the system
possess a large variety of properties, including high thermal spontaneously colored, and hence, the merocyanine open form
stability, high photoreaction quantum vyields, feasability of B is semipermanent. In such a case, the most parcimonious

biphotonic photochromism, and insensitivity to photodegrada- mechanism that can be postulated is a two-species, four-process
tion. However, molecules combining all these requirements have scheme:

yet to be synthesizeH.
Among the numerous organic photochromic substances A —B (hv; Dpp) 0
available, it is possible to identify classes exhibiting some of

the required parameters. A careful examination of their basic B— A (A Kga) (n
properties is needed in each particular case. Our purpose is to B— A (hv; ®g,) (1)
quantitatively determine the photochromic parameters including

environmental factors such as solvent effects and temperature. A — B (A; Kyg) (V)

From this point of view, phenanthroline-containing long-chain
spirooxazine% are of interest. They are expected to have a Such photochromic systems are likely to be common but are
greater photostability than the more widely studied structurally often difficult to investigate. For instance, it could be necessary
similar spiropyrans. Moreover, the presence of both a hydro- to increase the temperature to observethe B thermoprocess
phobic long chain and a polar phenanthroline moiety gives to (IV) or to use special equipment to record the wdak> A
the molecule an amphiphilic character. This is a decisive photoprocess (lll). This is the probable reason such systems
advantage for probing the microenvironment and polarity have been described in a simpler way, i.e. taking into account
changes that occur during the photoisomerization process. Inonly two or three processes instead of f&0ere are several
the simplest case (i.e. without taking into account the distribution examples in the literature of quantitative descriptions of two-
of the short-lived merocyanines isom§rghe photochromism  process (H- 17 and Il + IV8) or three-process @ Il + 1I1°
of spirooxazines is related to the presence of two isomers: theand I+ Il + 1V 19 photo- or thermochromic systems. However,
spiro UV-absorbing closed fornA( and the most stable open quantitative analysis of complete four-process systems remains
to be achieved.
t Institute of Physical Organic Chemistry. In this paper, we propose to quantitatively investigate the first
* UniversitePaul Sabatier. experimental example of att Il + Il + IV four-process system
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1.8 Hz, 3-H), 9.05 (1H, ddJ = 4.3 and 1.8 Hz, 1eH), 9.12
(1H, dd,J = 4.4 and 1.8 Hz, 7H).

(b) NMR Analysis of the Equilibrium. The equilibrium of
closed A) and openB) forms was investigated in GOD at
296 KIH NMR spectra were recorded on a Varian Unity-300
spectrometer witBD lock. B form percentages were determined
from the ratio of intensities of the'-3 signals of the corre-
sponding spirooxazines.

in the spirooxazine series. We describe several cases in which, (c) Photokinetic Technique!* Absorption spectra were
under normal conditions, it was possible to simultaneously recorded on an Ocean Optics fiber optic diode array spectro-
observe thermal and photochemical equilibria between the two photometer enabling simultaneous crossed beam operation. The
forms. Although the problem would be made easier if one or photochemical irradiation was derived from a 200 W high-
two isomers could be separated for quantitative spectral deter-pressure mercury lamp equipped with interference filters
mination!! no isolation was possible in these cases due to the enabling transmissions of a selected single emission line. The
presence of the thermal equilibrium. The only way to determine monochromatic light intensity was determined directly in the
all the photochromic and spectral parameters was to usereactor using either an aqueous solution of potassium ferrioxalate
photokinetic analysis of the absorbance vs time kinetic curves [15313 = (4—6 + 0.1) 10°® mol-L 1571, 1365 = (5-7 4+ 0.1)
recorded under continuous monochromatic irradiation at several10-6 mol-L~1-s~1] or a toluene solution of Aberchrom 54Q7¢
independent wavelengths. The direct and reverse quantum yields= (3—4 4 0.1) 105 mol-L~%-s71]. Then, the photon flux was

of photocoloration and photobleaching and the spectral, kinetic, checked by a semiconductor photosensor before and after each
and thermodynamic parameters were obtained for the differently experiment. The reactor was a quartz cell (1xrft cm optical

substituted long-chain spirooxazines in several solvents.

Experimental Part

path, 2 cm solution) closed with a Teflon bung. The photo-
chromic solution was stirred continuously with a magnetic bar
driven by a variable-speed stepper motor. The whole setup was

The following compounds were studied in various spectro- €nclosed in a thermostatic blocR=t 283-323 K). Several
scopic grade solvents: acetonitrile (A), ethanol (E), methanol Wavelengths, including those for irradiation, were monitored

(M), toluene (T), and in some casesheptane (H). For the

simultaneously. The data were stored and processed on the

structures of the spirooxazines, please refer to the generalSPectrometer desk PC computer using homemade software. To
formula shown in Scheme 1. The substituents are as follows: determine the desired parameters, a single differential equation

1 2 3 4
R1 CH«; n-C16H33 CH3 CH3
R2 H H n-OCgH 19 n-OCyeH33

(a) Synthesis. Compoundsand4 were prepared according to
a previously described methédd.Compounds2 and 3 were

obtained by coupling 6-hydroxy-5-nitroso-1,10-phenanthroline

with substituted 2,3,3-trimethylFs-indolium iodides according
to the method described for the synthesis of compouhds
and4.
3,3-Dimethyl-1-hexadecylspiro[indoline-2-RH]bipyrido-
[3,2-f][2,3-h][1,4]benzoxazine](2). Yield: 45%. Mp: 91-92
°C. Anal. Calcd for GgHsgN4O: C, 79.28; H, 8.53; N, 9.48.
Found: C, 79.33; H, 8.56; N, 9.484 NMR (CDCl): ¢ 0.85
(3H, t,J = 6.9 Hz, 1-GgH33), 1.21 (26H, m, 1-GHs3), 1.34
(3H, s, 3-CH), 1.38 (3H, s, 3-Ch), 1.61 (2H, m, 1-GgH33),
3.19 (2H, m, 1-GgHs3), 6.60 (1H, d,J = 7.8 Hz, 7-H), 6.89
(1H, td,J = 7.5 Hz and 0.9, 5-H), 7.09 (1H, dd,= 7.4 and
1.2 Hz, 4-H), 7.21 (1H, td) = 7.7 and 1.3 Hz, 6-H), 7.52 (1H,
dd,J = 8.3 and 4.4 Hz, 6H), 7.67 (1H, ddJ = 8.4 and 4.3
Hz, 11-H), 7.81 (1H, s, 3H), 8.42 (1H, ddJ = 8.3 and 1.8
Hz, 12-H), 8.94 (1H, ddJ = 8.3 and 1.7 Hz, 5H), 9.07 (1H,
dd,J=4.3 and 1.7 Hz, 1eH), 9.13 (1H, ddJ = 4.4 and 1.8
Hz, 7-H).
5-Nonyloxy-1,3,3-trimethylspiro[indoline-2;R2H]bipyrido-
[3,2-f][2,3-h][1,4]benzoxazine]3). Yield: 52%. Mp: 116-111
°C. Anal. Calcd for G3HzgN4O2: C, 75.83; H, 7.33; N, 10.72.
Found: C, 75.77; H, 7.36; N, 10.784 NMR (CDCl): ¢ 0.87
(3H, t,J = 6.9 Hz, 5-OGHg), 1.27 (10H, m, 5-O¢H ), 1.34
(3H, s, 3-CH), 1.39 (3H, s, 3-Ch), 1.45 (2H, m, 5-O@GH,g),
1.77 (2H, m, 5-OGH1g), 2.69 (3H, s, 1-CH), 3.93 (2H, tJ =
6.6 Hz, 5-OGH1g), 6.47 (1H, d,J = 9.1 Hz, 7-H), 6.74 (2H,
m, 4-H, 6-H), 7.52 (1H, ddJ = 8.3 and 4.4 Hz, 6H), 7.66
(1H, dd,J = 8.4 and 4.3 Hz, 11H), 7.82 (1H, s, 3H), 8.40
(1H, dd,J = 8.3 and 1.8 Hz, 12H), 8.95 (1H, ddJ = 8.3 and

(eq 1) and one phenomenological one (eq 2) are used:

—d[AJ/dt = I'F(Ppge AlIA] — Ppac's[B]) — knglAl +
kealB] (1)

with
Abs= €,[A] + €g([Clo — [A]) (2)

[Clo is the initial concentration, [@]= [A] + [B]; €ea andeg

(I = 1 cm) are the molar absorption coefficients of theand

B forms; () indicates the irradiation wavelengtlf, is the
photokinetic factor,F = (1 — 107Ab%)/Abs; and Io is the
incident monochromatic photon fluxbag and dga are the
guantum yields of photoreactiods— B andB — A, andkap
andkga are the thermal rate constants of the corresponding dark
processes. In accordance with the postulated mechanism, it was
shown that thermal relaxation was rigorously monoexponential
for more than 97% of the kinetics, excluding any photoinduced
aggregation behavibr or the presence of more than one
kinetically coupled photoisomer. Experimental photokinetic
curves (Abs,g) were fitted by the model (Akgd. The values
Abs:qic Were obtained by numerical integration (Rungé@utta
semiimplicit) of eq 1 followed by application of eq 2. The
residual error was RE 3,3 j(Abscadj) — Absexdi))?/pi, where

pis the number of plots fitted simultaneously grihe number

of points in each plot. The minimization algorithm is of the
Powell type. Its consists of fitting parameters by returning them
automatically to the numerical integration step until a minimum
is reached in RE. Nine photokinetic curves were fit simulta-
neously (see Figure 2). Among the fifteen parameters of the
model, five are known: [G] 16513 16365, 1946 andkops= kap +

ksa, While the others (10) are adjustablgag, ¢sa, Kas, €A%,
€n385 €g313 €305 %46 ¢g577, and eg®'l The uniqueness of
the solution was demonstrated by showing that whatever their
guessed initial values, the same set was reached at convergence.
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Figure 1. Absorption spectra of spirooxazirgin ethanol ([Ch = Figure 3. Thermal bleaching kinetics o8 in ethanol at 296 K,
4.5 x 10°°> mol-L~%) before and during 365 nm irradiation. monitored atlmax = 611 nm. Inset: first-order kinetic treatment.
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Figure 2. Absorbance of a 6.2 107° mol-L ! solution of4 in ethanol

at 296 K vs time under continuous monochromatic irradiation. The
first figure indicatesions and the secondi,. For each photokinetic
run, the starting point was the thermal equilibrium position. Dots are
experimental data, continuous lines are numerical fittings using the
model.

fm (nm)

Figure 4. A—A4 plots of compoundsl—4 in various solvents (A,
acetonitrile; E, ethanol; M, methanol; T, toluene; H:heptane).
Polygons have been drawn to make the figure more readable. Red
polygons: illustration of the effect @-alkyl substitution L vs @ + 4)];
Green polygons: similar behavior in ethanol and methaBol{M).

absorption coefficientsa313, 5365, €g313, 5365, 5546 5577 and
eg®L From the equilibrium displacements vs temperature,

Figure 1 shows an overlay of UV/visible spectra3aduring thermodynamic parametefsH® and AS® were also extracted.
irradiation. All these parameters were obtained for spirooxazited in

Under UV light (where botiA andB bands are irradiated),  various solvents.
there was an increase of the open foBm(photocoloration),
while under visible irradiation (where only th® band was  Results and Discussion
irradiated), there was a decrease of the open form (photobleach-  gpirgoxazined—4 were characterized by their spectroscopic,
ing) (shown in Figure 2). New steady states (i.e., different from tnermodynamic, and photochromic parameters.
the thermal equilibrium position) were reached in each case. () Spectroscopic Data.The maximum absorption wave-
Photoinduced variation of the absorbance under the influence|engihs of the closedifa(A)) and open formsina(B)) are
of three different irradiation wavelengths (313, 365, and 546 potted in Figure 4 showing the relative positions of compounds
nm) were recorded at several selected wavelengths, includingi—4 in various solvents. Red polygons show that, whatever the
the irradiation ones. solvent, O-alkyl long-chain substitution i3 and 4 induced a
After switching off the irradiation light, the system relaxed bathochromic effect on the absorption wavelengths of both
to the initial equilibrium position. Kinetic analysis of the closed and open forms (compourgiand4 vs 1). The strongest
relaxation curves allowed the extraction of the global rate pathochromic effect was otia(A) for 3 and4 between toluene
constantKkops = kap + ksa (Figure 3). and acetonitrile, whiléN-alkyl-substituted compoundsand 2
Photokinetic analysis of the absorbance vs time kinetic curves, appeared less solvent sensitive. On the other hand, green
as shown in Figures 2 and 3, allowed the accurate determinationpolygons show that whatever the compound under consideration,
of the main photochromic parameters, namely, quantum yields protic solvents ethanol (E) and methanol (M) behaved similarly;
dpp and Ppp (assumed to be wavelength-independent), the E was always close to M, while aprotic polar acetonitrile (A)
equilibrium constanKe, rate constantkag andkga, and molar and nonpolar toluene (T) behaved quite differently. These

Photokinetic Measurements and Data Treatment
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variations. Red polygonseg variations according to the substituent nonpolar solvents.

and the solventl(+ 2) vs (3 + 4) in nonprotic solvents vs3(+ 4) in

alcohols). Green polygons, variations according to substitutioft [ TABLE 2: Solvent Effect on K, and 4g?
vs @+ 4)]inH, T, and E).

low Ke highKe
TABLE 1: Comparative Analysis of the Percentage of the low Ag 1T,A,M,E; 2T; 3H, 4H 2AM.E
Open TTC Form (B) Obtained by Two Independent neitherA nor B stabilized B stabilized
Methods: NMR (CD3;OD, 296 K) and Photokinetics high e 3T: 4T 3A,M,E: 4A,M,E
(CH30H, 296 K) B* stabilized B andB* stabilized
%_B aB, open form, ground stat®&*, open form, excited state. In each
method 1 2 3 4 case, closed form, ground sta fias been taken as reference.
NMR 11.8 24.2 31.6 31.9 . . .
photokinetics 81 25.4 30.2 31.2 From the comparison of spectroscopic and thermodynamic

data, it is postulated that the same solvation effects are

preliminary results show that solvent and substituent effects areresponsible for the variations of the equilibrium position and
responsible for these spectroscopic shifts and are intimately the spectroscopic shifts. Table 2 summarizes the four main cases
correlated. encountered. They were interpreted according to the stabilization

Frome—e plots (Figure 5), it appears that molar absorption of the more polar open fornBj, taking the closed formX) as
coefficients are also sensitive to the solvents and the structuresg reference. When a loWe. is associated with a lowg (ie., a
Regarding the variation ofg (red polygons), it appears that higher energy transition), ground staB and excited stateB)
several subsets can be distinguished. Compo(raisi2 gave are only weakly stabilized. This was the case forGHs-
the lowesteg values, whatever the solvent, while-alkyl- substituted spirooxazind in all solvents and long-chain
substituted3 and4 were more solvent sensitive; they exhibited Compounds in nonp0|ar solvent® m toluene and3 and4 in

mediumeg values in non-hydrogen bonding solvents and higher n.heptane). A highKe with a low 1g was interpreted as

values in ethanol and methanol. Forin toluene,n-heptane,  stapilization ofB (2 in polar solvents), while a lovKe value

and ethanol, green polygons again show the opposition betweenjth a highig was related to the stabilization BF (3 and4 in

the N—-CHjs-substitutedl and theO-alkyl-substituted3 and 4. toluene). The most solvatable molecusnd4 in the most
(b) Thermodynamic Data. Equilibrium constantsKe) were polar solvents (A, M, and E) are stabilized in both st&emd

obtained by two independent methods. Table 1 shows the goodg+ giving rise to high values of botke andAg.
correlation between NMR and photokinetic determinations.
From variable-temperature measurements, thermodynamic~_ TR . i L
parameteraH° andAS were determined. PlottingH° vs AS (0] aIkyI.sut?sntutlon is of more |mportar.1ce than N substltutlgn.
gives rise to an isothermodynamic diagféFigure 6). It shows (c) Kinetic Data. The thermal relaxation process occurs with
that the thermodynamic parameters depend on the structuredh® @pparent rate constaitgs = kag + kea With kag = Keken.
and the solvents. The slope of the linear fit of the diagram (not From variable-temperature experiments, l_<|net|c rate constants
shown in the figure) corresponds to an isothermodynamic Xas for A — B andkea for B — A were obtained togetherB\/iwth
temperature of around 540 K. This rather high value indicates the corresponding Arrhenius activation enerdig’® andE."A.
that under our experimental conditions (296 K), the main effect Figure 7a shows that the slowdsk andksa were exhibited
was of enthalpic origin. The higher equilibrium constants with by O-alkyl-substituted compounds and4 in alcohols, while
more than 20% oB open form are noted a&«(+), while the the fastest were foll and 2 in acetonitrile. Except for these

These results confirm that, from the solvation point of view,

lower constants with less than 10% Bform are noted ake- two extreme sets, all the remaining rate constants behaved
(-). In polar solvents, long-chain-substituted merocyanine Similarly and did not exhibit any clear-cut solvent or substitution

displays a much lower equilibrium constant. This effect is seen compensation effects.

from the red polygons. On the other hand, the green polygon Figure 7b is anEs-E, plot, it shows, as expected, that
shows that whatever the substitution, nonpolar solvents suchactivation energies are strongly correlated with a quasilinear
as toluene and-heptane only have a weak stabilization effect, dependence. This effect is not surprising, as it is shown in Figure
giving rise to a lower equilibrium constan{(—)]. 6 that the main equilibrium effects are of enthalpic origin. For
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Figure 7. Structural and solvent effects on the thermal relaxation
kinetics. Diagram a is &—k plot showing rate constanigg Vs kga.
Diagram b is arE,—E, plot showing activation energies. Note, in both
diagrams the compensation effect for most compounds is in the medium
range region.

a given compound in a given solvent (S), their differen&s&¥

(S) — ELA(S)] are of the same order of magnitude as the

corresponding standard enthalfaif®(S). The highest activation

energies are exhibited 9-alkyl derivatives in alcohols3M,

4M and 3E, 4E), in accordance with their slower kinetics.

Results from thermodynamic and kinetic analysis show Bhat

is higher in energy thaA and that there is an uphill transition

state in between. Moreover, for compour@ignd 4, it was

shown that the energy level of the transition state is solvent

sensitive. For instance, going from methanol (M) to toluene (T),

the activation energy differenceg{*8(M) — E;*B(T)) ~ 26.5—

36.7 kdmol™1] is much higher than the enthalpy difference

[(AH°(M) — AH°(T)) ~ — 6.5 to — 8.4 kJmol™Y. This

confirms that forO-alkyl-substituted compounds, the transition

state B¥) is much more solvent sensitive than the ground state

(B).

(d) Photochemical Data.Figure 8 is ad—® plot. Photo-

coloration quantum yieldsdsg) were always higher than

photobleaching onesbga). The ratio®ag/®pa ranged from 3

to 90, depending on molecular structures and solvents. A global

trend is that the higher th@,g value, the lower th@ga value.
Except forN-alkyl-substituted spirooxazin2in acetonitrile

and O-alkyl-substituted4 in toluene, group X + 2) gives rise

to higher® g values than group3(+ 4). Independently of the

solvent,®ap(1 + 2) is around 2x ®ap(3 + 4). This effect is

J. Phys. Chem. A, Vol. 105, No. 37, 2008421
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Figure 8. ®—® plot of spirooxazined—4 in various solvents. Red
polygons: variation of®,s between theN-alkyl- (1+ 2) and the
O-alkyl-substituted § + 4) groups. Green polygons show the solvent
effect on®ga for all compounds [(T+ H) vs (A + E + M)].
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Figure 9. Schematic energy diagram for the photo- and solvato-
chromism of spirooxazine$—4. The closed form ground-state level
(A) has been taken as reference. The levelXpfA¥, and X* are
qualitative. The levels oB, B*, B*, andA* are representative of our
experimental results. Solvent polarity effects are showrBfds*, and

B* energy levels.

shown by red polygons. On the other hand, the green polygons
show a remarkable solvent effect obga: whatever the
compound®ga(polar) is about & ®ga(nonpolar). To interpret

the quantum yield variations, an energy diagram including the
spectroscopic, thermodynamic, and kinetic data is reported
(Figure 9). Its main feature is the presence of an intermediate
cisoid structure X” lying betweenA andB. Such intermediates
have been postulated from time-resolved measurement in the
nanosecond to the picoseconld and femtosecorf domain

and, in the particular case of spiropyrans, from semiempirical
calculationg® The kinetic behavior ofX is decisive for the
relative values of the quantum yieldbag and ®ga. The
successive process¥$ — X — oA + (1 — a)B2! show that

the simple variation of the branching ratiois likely to give

rise to a global negative correlation betwekgs and®ga. For
compounds3 and4, the highest activation energies correspond
to the highesi®ga (in M and E) and that the lowedt, are
related to the lowesbga (in T), the solvent effect o®Pga can

be interpreted by a high@* transition state in polar solvents.
Figure 9 shows that a high&F transition state is related to a
higher branching ratia. and consequently to a highéga. A

high E, is associated with a higfga and a low®ag, while a
lower E; is related to a lowefPga and a highedag. Solvent
rearrangement due to polarity changes and volume increase at
the onset of ring closure is the most probable origin of the energy
increase in the transition sta@&. This assumption is supported
by pretty good linear correlationdgR(> 0.994) between the
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