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Abstract: Quantum yields of the formation of the colored form (II) of the spiropyran I were determined for
the direct and the sensitized photolysis in acetonitrile solutions at 366 nm and 24° in most experiments, The

compounds benzophenone and 2-acetonaphthone sensitize the formation of II,

Benzil has little effect either as a

sensitizer or as a quencher, while 9-fluorenone quenches rather effectively a fraction of the color formation in the

direct photolysis of I.

From a kinetic analysis of the initial rates of formation of II in the sensitized and quenched

reactions, quantitative estimates were made of the quantum yields of the primary reactions involved in the direct

photolysis of I.
react to form II.

The data suggest that in the direct photolysis at 366 nm both singlet and triplet excited states of I
Triplet-energy-transfer experiments indicate that the energy of the triplet state of I lies above

the ground state by 53-57 kcal/mol; this estimate is reasonably consistent with the observed position of the 0—0

band (58 kcal/mol) in the phosphorescence spectrum of 1.

he photochromism exhibited by the indolino-

benzopyrylospirans (commonly called “spiro-
pyrans”) was first observed in the low-temperature
matrix experiments by Fischer and Hirshberg.? This
photochromism and the photochemical and thermal
reversibility of the coloration have excited the interest
of both academic and industrial research groups.
Many of the features of the reactions of these com-
pounds have been well established. There is a great
variety of evidence concerning the nature of the struc-
ture and properties of the colored and the uncolored
forms which has been obtained from ultraviolet,
visible, infrared, esr, and nmr spectral data,2—!? dipole
moment determinations,® studies of the effects of
substituents on the reactions,?!-2? studies of the
properties of the molecules in polymeric matrices,?*—2®
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evaluations of kinetic, equilibrium,*—610.26—3 and
thermodynamic constants related to these reac-
tions, %618.3536 theoretical considerations of the bond-
ing in the different structural forms,* and the properties
of molecules adsorbed on polar and nonpolar mate-
rials,8—41

Reasonable extrapolation of the extensive previous
work on the spiropyrans suggests the following reactions
as the probable overall structural changes effected on
irradiation of the compound chosen for our studies,
5’,7 -dichloro-6’-nitro - 1,3,3 - trimethylindolinobenzo-
pyrylospiran (I). In the compound I the two halves of
the molecule, joined at the spiro-carbon atom, lie
in planes at right angles to one another. Tyer and

(24) Z. G. Gardlund, J. Polym, Sci., Part B, 6, 57 (1968).

(25) P. H. Vandevijer and G, Smets, ibid,, Part C, 22, 231
(1968).

(26) A.V. Shablya, K. B. Demidov, and Y. N. Polyakov, Opt. Spec-
trosk., 20, 412 (1966).

(27) E. Berman, R. E. Fox, and F. D. Thomson, J. Amer. Chem. Soc.,
81, 5605 (1959).

(28) C. A. Heller, D. A. Fine, and R, A, Henry, J, Phys. Chem., 65,
1908 (1961).

(29) T. Bercoviciand E. Fischer, J. Amer. Chem. Soc., 86,5687 (1964),

(30) J.-Ch. Métras, M. Mossé, and C. Wippler, J. Chim, Phys., 62,
659 (1965).

(31) G. I. Lashkov, A. V. Shablya, and D, N, Glebovskii, Opt.
Spectrosk., 20,95 (1966),

(32) J. Arnaud, M. Mossé, and J. J. Trillat, C. R, Acad. Sci., Paris,
264, 1145 (1967).

(33) J. Arnaud, C. Wippler, and F, B. d’Augeres, J. Chim. Phys., 64,
1165 (1967).

(34) R. E. Bowman, R. E. Fox, A. J. Kresch, and J. E. G. Taylor,
National Cash Register Company Report to School of Aerospace Medi-
cine, USAF Aerospace Medical Center (ATC), Brooks Air Force
Base, Texas, Defense Documentation Center, No, AD427601.

(35) R. Guglielmetti, M, Mossé, J.-Ch, Métras, and J. Metzger, J.
Chim, Phys., 65, 454 (1968).

(36) D. B, McQuain, A, J. Kresch, R, E. Fox, and R. E. Bowman,
National Cash Register Company Report to USAF School of Aero-
space Medicine, Defense Documentation Center, No. AD465855 and
AD464983.

(37) O. Bloch-Chaudé and J.-L. Masse, Bull. Soc. Chim. Fr., 625
(1955).

(38) A. Schonberg, A. Mustafa, and W, Asker, J. Amer. Chem. Soc.,
74, 5640 (1952).

(39) G.Kortiim and G. Bayer, Z. Phys, Chem. (Frankfurt am Main),
33,254 (1962).

(40) C. Balny and P. Douzou, C. R. Acad. Sci., Paris, 264, 477 (1967).

(41) (a) T. R. Evans, A, F. Toth, and P, A, Leermakers, J. Amer.
Chem. Soc., 89, 5060 (1967); (b) N. W. Tyer, Jr., and R. S. Becker, ibid.,
91, 1289, 1295 (1970).



Becker*® have shown recently that the absorption and
the emissions from the colorless form of the benzo-
spiropyrans are localized or originate in a particular
half of the molecule. Thus in our experiments (irradia-
tion at 366 nm) it seems probable that excitation is
localized largely in the chromene half (the right half)
of the molecule I.

Huc ch,

IIc

The structures labeled Ila-h represent the various
forms of the colored product of irradiation. Pre-
sumably Ila is the first product formed from an elec-
tronically excited I molecule, or in thermal reactions
from a ground state I molecule, through cleavage of the
O-C bond on the spiro-carbon atom. It is theorized
that the steric crowding in this molecule is released
through isomerization to forms such as IIb, Ilc, etc.
In both IIb and Ilc the bulky groups are in the trans
configuration, and these isomers probably represent
the lowest energy forms, and hence the dominant
colored species at thermal equilibrium at room tem-
perature. The five other forms of higher energy,
symbolized by IId-h, include two other trans and three
other cis forms. Light absorbed within the visible
(or ultraviolet) absorption bands of the colored forms
(IIb, IIc, ...) may result in isomerizations and a shift
of the distribution of isomers present at thermal equi-
librium. Specifically form IIa and possibly other cis
forms may be formed in part and subsequently undergo
a thermal, or possibly a photochemically induced ring
closure by a mechanism which is as yet ill-defined.
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There is significant evidence for the involvement of a
triplet excited state of the colorless 6/-nitro-substituted
indolinobenzopyrylospirans in the color-forming reac-
tions. (1) Color formation has been sensitized in
certain spiropyrans through the use of triplet-energy-
transfer reactions.?%4%4% (2) Esr signals corre-
sponding to a triplet species (Am = 2) have been ob-
served on irradiation of the 6’-nitro-substituted spiro-
pyrans in a polar matrix at 77°K.4 (3) Phosphores-
cence emisson from a triplet state of the nitro-; nitro-,
chloro-; and nitro-, methoxy-substituted spiropyrans
has been observed in rigid matrices at 77°K, 41b.42.45.46
(4) A transient absorption first observed by Windsor,
Moore, and Novak# in the flash photolysis of the 8’-
methoxy-6/-nitro-substituted spiropyran, has been
attributed to a triplet-triplet absorption in experiments
both at room temperature and at 77°K.%%* Re-
cently Bercovici, Heiligman-Rim, and Fischer*®® have
demonstrated the presence of an oxygen-sensitive
transient in the flash photolysis of several spiropyrans;
furthermore this transient seems to form the colored
compound at least in part. They have concluded that
there may be some involvement of the triplet spiro-
pyrans in direct photocoloration, but that a con-
siderable fraction of the colored form comes directly
from the first excited singlet state.

Although it has been shown in the previous work
that a triplet excited species can be found in certain
irradiated spiropyran systems, it remains uncertain to
what extent this triplet state may be involved in the
color-forming reactions in the direct photolysis of the
spiropyrans. For example, in the work of Lashkov,
Ermolaev, and Shablya,*? triplet energy acceptors did
not inhibit the color formation of the 6’-nitro-8'-
bromo-substituted spiropyran in toluene, and oxygen
had little or no effect on this reaction*?® and in the
photolysis of the unsubstituted spiropyran at —100°.2°
Obviously these results are not typical of reactions
involving triplet molecules. In the work reported
here we have delineated the extent of the involvement of
both the singlet and triplet states in the mechanism of
the direct photolysis of compound I at 366 nm. This
has been accomplished by the determination of the
quantum yields of color formation in triplet-sensitized
and direct photolyses of I with and without added
quenchers. Through the choice of compound I and
the polar solvent acetonitrile for these studies, the
reaction resulting in the thermal fading of the colored
forms (reaction 12 in the sequence presented in the
Discussion) has been minimized so that quantitative
experiments could be performed with the conventional
steady-state photochemical method in solutions at
room temperature, 24°,
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Figure 1. Benzophenone triplet-sensitized formation of the colored
product II from the spiropyran I; the optical density at 554 nm
as a function of time in the 366-nm irradiated solutions of the spiro-
pyran (Sp) and benzophenone (B) in acetonitrile at 24°; [Sp] =
2.1 X 10+ M; [B] X 108 M = 0, 1.6, 3.3, 6.7, and 13.3 in runs
labeled 1, 2, 3, 4, and 5, respectively.
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Figure 2. 2-Acetonaphthone triplet-sensitized formation of the
colored product II from the spiropyran I; the optical density at
554 nm as a function of time in the 366-nm irradiated solutions
of the spiropyran (Sp) and 2-acetonaphthone (B) in acetonitrile
at 24°; [Spl = 2.1 X 10~ M, [B] X 103 M = 0, 8, 20, and 40 in
runs labeled 1, 2, 3, and 4, respectively.

Experimental Section

The photochromic compounds, the colorless spiropyran I and its
colored form II, were synthesized and provided for our use by the
Materials Research Department, the National Cash Register Co.,
Dayton, Ohio.3¢ The solvent, acetonitrile (Spectrograde), and the
sensitizers and quenchers, benzophenone, 2-acetonaphthone, benzil,
and 9-fluorenone, used in this work were all products of the Eastman
Organic Chemicals Co.

The photochemical reactions were carried out in a l-cm path
length absorption cell. The cell could be sealed off with a Fischer-
Porter Teflon vacuum stopcock (5 mm), Solutions were prepared,
introduced into the cell (3.00 ml), and degassed on a vacuum system
(10-5 mm) with alternate freeze-thaw cycles (liquid nitrogen).
Then the cell was placed in the holder in the light train. The light
exposures were made in a collimated beam of 366-nm light derived
from a medium pressure mercury lamp (Hanovia, 673A) and a glass
filter system. The absorption due to the colored product was deter-
mined at intervals during the exposure by measurement at its ab-
sorption maximum in acetonitrile, 554 nm.

The molar extinction coefficient of the colored form II (esss
5.0 X 10¢ 1./(mol cm)) was determined by preparing acetonitrile
solutions of the colored form from weighed samples of the pure
colored compound, following the absorption at 554 nm as a func-
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Figure 3. The benzil-quenched formation of the colored product II

from the spiropyran I; optical density at 554 nm as a function of
time in 366-nm irradiated solutions of the spiropyran (Sp) and benzil
(Q) in acetonitrile at 24°; [Sp]l = 5.1 X 107¢ M, [Q] X 103 M = 0,
0.5,2.0,and 5.0inruns labeled 1, 2, 3, and 4, respectively.

tion of time, and extrapolation of the data to zero time. Our
measurements checked within the experimental error of the value
reported by McQuain, Kresch, Fox, and Bowman.®® The thermal
fade rate of the colored form was first order with &, = 2.0 X 1073,
1.4 X 1074, and 1.9 X 10~%sec™! at temperatures of 2, 24, and 52°,
respectively. The visible absorption spectrum and the rate constant
for the thermal fade of the colored form prepared from the solution
of the pure solid material were identical with these same quantities
determined from the colored product formed from I photochem-
ically. Obviously equilibration of the isomeric forms is achieved
very rapidly in acetonitrile at 24°, The extinction coefficients at
366 nm in acetonitrile were determined by conventional procedures
using a Bausch and Lomb Model 505 spectrometer: colorless
form of the spiropyran I, 1200; benzophenone, 50; 2-acetonaph-
thone, 8.3; benzil, 74; 9-fluorenone, 230 1./(mol cm).

The light intensity was determined using potassium ferrioxalate
actinometry.*®* The incident 366-nm light intensity was essentially
constant during the entire series of runs with an average value of
1.16 X 10% quanta/sec.

The rate of formation of II in the direct photolysis was not greatly
influenced by degassing the solutions or by temperature change
(2-52°). However, in the sensitized photolyses a major suppression
of the sensitized coloration occurred in nondegassed solutions. In
all kinetic experiments solutions were degassed.

In Figure 1 rate data from one of several series of experiments at
366 nm are shown for the formation of the colored compound II
in acetonitrile solutions of pure spiropyran (curve 1) and in solu-
tions of the spiropyran at the same concentration (2.1 X 107* M)
with benzophenone at concentrations from 1.6 to 13.3 X 1073 M.
Note that although benzophenone acts as an internal filter and
absorbs an increasing fraction of the incident light in the experiments
labeled 2-5, the rate of color formation increases. Obviously the
benzophenone sensitizes the color formation. The same result is
evident in experiments with added acetonaphthone, Figure 2.
However, the result is quite different in experiments with added
benzil (Figure 3) or 9-fluorenone (Figure 4). Here suppression of
the color formation occurs with the added compounds. The effect
is most evident with 9-fluorenone, The rate data given in Figures
1-4 and other similar data for other concentration conditions were
used to determine initial rates of color formation for each of the
series of runs. From these data quantum yields of formation of
the colored product II were calculated. The quantum yields from
the direct photolysis of both the pure spiropyran I and for spiro-
pyran-quencher mixtures ($ay.) were calculated from the initial
slope of the plot of the optical density of the product dye-containing
solutions at 554 nm vs. the time of the irradiation (as in Figure 3
and 4) using the following relation

(d(OD)554> (0.00300)(6.02 X 1023)
=0
¢dye

dt

I _ﬂ_> ] — 10~ solSpl —<al@l)
0<€Sp + € (

(49) C. G. Hatchard and C. A. Parker, Proc. Roy. Soc., Ser. A.235.
518 (1956).

€dye
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Figure 4. The 9-fluoroenone-quenched formation of the colored
product II from the spiropyran I, optical density at 554 nm as a
function of time in the 366-nm irradiated solutions of the spiropyran
(Sp) and 9-fluorenone (Q) in acetonitrile at 24°; [Sp] = 5.1 X
10-¢ M; [Ql X 10° M, = 0, 0.10, 0.25, 0.50, 1.0, 1.5, and 2.5 in
runs labeled 1, 2, 3,4, 5, 6, and 7, respectively.

where Sp and Q refer to the spiropyran I and the quencher molecule,
respectively, I is the light intensity in quanta/sec incident at the
front face of the solution. For the experimental conditions and
the method of calculation employed in most of these experiments,
the correction to the observed rates of colored product formation
due to the thermal reaction 12 is negligible. In a few runs at 52°
a correction of about 6% was necessary to adjust the data for the
rate of thermal fade of the product dye. Quantum yields of color
formation calculated in this fashion for runs at several spiropyran
I concentrations are summarized in Table I and for experiments

Table I. Quantum Yields of Formation of the Colored Form
of the Spiropyran (Sp) in its Direct Photolysis at 366 nm in
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Figure 5. Plot of the reciprocal of the quantum yield of benzo-

phenone triplet-sensitized formation of the colored product II from
the spiropyran I vs, the reciprocal of the spiropyran concentration;
data are from experiments at 366 nm in acetonitrile at 24° (Figure
1, Table II).

The trend of ®..ns With acetonaphthone concentration is not ex-
pected in theory and must be an artifact related to uncertainties
in the extinction coefficient data and the fraction of the incident
light absorbed by the acetonaphthone. Extrapolation of these
data to total light absorption by acetonaphthone and complete
energy transfer to the spiropyran in these mixtures, gives the
limiting value of ®sens =2 0.46; this is in reasonable agreement with
the limit ®sens = 0.43 == 0.06 derived from the benzophenone data
of Figure 5.

Table II. Quantum Yields of the Benzophenone (B)
Triplet-Sensitized Formation of the Colored Form of the
Spiropyran (Sp) at 366 nm in Acetonitrile at 24°

Acetonitrile Solution at 24° ¢ [B] X 103, M [Sp] X 103, M Daye, sens
[Sp] X 104, M Baye 1.0 0.10 0.29
10 0115 2.0 0.10 0.26
2.4 0.10 0.30
2.1 0.100
3.0 0.10 0.30
2.1 0.101
4.0 0.10 0.31
4.0 0.109
6.0 0.10 0.28
5.1 0.109
8.0 0.10 0.31
6.3 0.107
1.65 0.21 0.34
Av_0.107 3.3 0.21 0.37
s In a series of comparative rate experiments at [Sp] = 5.0 X 107* 6.6 0.21 0.34
M and at temperatures of 2 and 52°, the ratio of the quantum yield 13.3 0.21 0.34
of dye formation, (Paye)sze/(Baye)ze = 1.03 = 0.02; thus Baye is not 4.0 0.40 0.40
sensitive to temperature change. 6.0 0.40 0.39

with added quenchers in Table ITI. The sensitized quantum yields
of colored product II, ®.ens, were calculated in a similar fashion
using the following relation

<d(OD)554> (0.00300)(6.02 X 10%%)

dr ) -

(qu’dyeésp[Sp](l — IO—eSp[Sp]—ss[B])>
esp[Sp] + €x[B]

>(1 _ IO—ESD[SD] —zB[B])

Dyens =

( Ioég[B]
es[B] + €s,[Sp]

where B refers to the triplet sensitizer molecule. For our conditions
colored product formation by direct photolysis was not inappre-
ciable; the second term in the numerator represents this rate. In
the runs with benzophenone this term varied from 10 to 38 % of the
first term in the runs with [Sp] = 1.00 X 10~¢, [B] = 8.0 X 10~*
Mand [Sp] = 4.00 X 1074,[B] = 4.00 X 10~ M, respectively. The
quantum yields of benzophenone triplet-sensitized color formation
calculated in this fashion are summarized in Table II. In runs
with 2-acetonaphthone relatively high sensitizer concentrations
were necessary to avoid near equality of the terms in the numerator
of the ®eens relation. The rate data of Figure 2 gave the follow-
ing estimates of $eens: 0.61 (run 2), 0.55 (run 3), 0.48 (run 4).

Phosphorescence spectra of the colorless I and the colored forms
II of the spiropyran were determined on a Turner absolute spectro-
fluorimeter (Model 210) using an EPA matrix at 77°K. No emission
from I was observable in acetonitrile at 24°, Because of the con-
version of I to II, measurements of fluorescence or phosphorescence
with this system are very difficult. The time dependence of the
intensity of the phosphorescence bands gave indication of the
source of these bands. Bands centered at approximately 535 and
490 nm appeared to originate from the spiropyran I since these
bands become less intense as the colored form II is built up. The
maximum band in the emission of the colored species II is centered
at 606 nm. If the shortest wavelength band in the phosphorescence
of I is the 0~0 band, then the energy of the triplet of the spiropyran
I above the ground state is about 58 kcal/mol. This is a reasonable
check on the 53-57 kcal/mol estimate made by triplet energy transfer
experiments described in the Discussion section of this work.

Discussion

The present data can be rationalized well in terms of
the following reaction mechanism

Sp + A —> Sp(Sy) ]
Sp(S;) =——> dye 1)

Bach, Calvert | Spiropyran Photolysis
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Sp(S;) —> Sp(Ty) 1))
—> Sp 3)

Sp(Ty) —> dye G

—> Sp (5

B + v —> B(Sy) (6)
B(S1) —> B(T1) @)

B(T)) — B (®)

B(T)) + Sp—> B + Sp(Ty) %
Sp(Ty) + Q —> Sp + Q(Tw) (10)
Sp(8y) + Q —> Sp + Q(S (1D
dye —> Sp (12)

B(Ty) + dye —> dye(T,) + B (13)
dye(Ty) —> Sp (14)

—> dye (15)

where Sp represents a molecule of the colorless form of
the spiropyran I, dye indicates a molecule among the
equilibrated mixture of colored product molecules II,
B is a benzophenone or other molecule which acts as a
triplet sensitizer, Q is a quencher molecule, and S; and
T, represent electronically excited singlet and triplet
states, respectively. In view of the recent spectro-
scopic study of Tyer and Becker,*® who used the
6/-nitro derivative analogous to I, the S; and T; states
excited in I at 366 nm may be the lowest n — =* excited
states of the chromene half of the molecule.

The Direct Photolysis of the Spiropyran I. The quan-
tum yields of formation of the colored product dye
molecules II, Table I, are seen to be independent of the
spiropyran concentration. From the average value
of &4y, we can estimate ¢, + ¢4 = 0.107 = 0.013%
at 366 nm in acetonitrile solutions (2-52°). This
estimate is about a factor of 3 lower than that reported
by Bowman, Fox, Kresch, and Taylor?4 using ethanol
solutions, and a factor of 5 or 6 lower than the value
they observed in toluene or dioxane solutions. It is
not clear what the influence of the different solvents is
on ®4,.. Since the quantum yield of sensitized color
formation in I is found to be 0.43 = 0.06 in this work
(see the following section), the solvent-impurity quench-
ing in this work cannot account for more than a pos-
sible factor of 2 suppression of the quantum yields
reported here. Fluorescence and phosphorescence of
electronically excited spiropyran I are negligible from
2-52° s0 ¢3 + ¢s = 0.89 = 0.01 in the direct pho-
tolysis. One cannot rule out the possibility of a rapid
re-formation of I from the transient molecule of
structure Ila; the number ¢; + ¢; may be an artifact
of the time scale used in these experiments (see the
discussion of this point in the summary).

Triplet-Sensitized Formation of the Colored Product
Dye II. The data of Table II confirm the previous
observation that a very effective sensitization of the
colored product II occurs with benzophenone, 294243
From the present quantitative rate data we can test the
proposed reaction scheme and estimate the relative
quantum efficiency of primary processes 4 and 5.
From a steady-state treatment of the reaction scheme
the quantum yield of sensitized colored product
formation (®P.eqs) should be given by

(50) The error limits shown throughout this work are the 95 % confi-

dence limits (twice the standard deviation) as estimated by standard
statistical methods (least squares, etc.).
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1 — k4 + k5 (k4 + k5)k8 (16)
Qsens k4 k4kg[Sp]

Note from this relation that ®,.,. should be indepen-
dent of the sensitizer concentration. The data of
Table II show that this is the case. Relation 16 sug-
gests further that 1/®..,, should be a linear function of
1/{Sp]l. The data of Table II, plotted in Figure 5,
follow the expected linear relation within the experi-
mental error.  From the least-squares fit of the data of
Figure 5, we estimate

(intercept)pigure 5 = (ks + ks)fks = 2.3 = 0.3
(slope)rigure s = (ko + ksYks/kiko = (1.2 £ 0.3) X 104 M

(ME) = kofks = (1.9 = 0.5) X 10* L./mol
slope /Figure

The value of ks is probably near to that estimated for
this quantity for benzene solutions at 20° by Bick-
strom and Sandros,’! ks = 5.3 X 10° sec™!, Ac-
cepting this, our data give ky = 1.0 £ 0.3 X 10
L./(mol sec). Thus kg is near to the value expected
for a rate constant for a diffusion-controlled reaction
between reactants; in acetonitrile at 24°, kg =2 1.9
X 10%1./(mol sec).

From the value of the intercept of the function plotted
in Figure 5 one can derive the estimate, ¢s/¢p, = 1.3 =
0.3. The maximum benzophenone triplet-sensitized
quantum yield of color formation from excited triplet
spiropyran 1 is considerable less than unity; $e, =
0.43 £ 0.06. The previous qualitative studies of the
unsubstituted spiropyran in methylcyclohexane-2-
methylpentane at —100° gave a value near unity.?®* Our
results with 2-acetonaphthone as sensitizer are in
accord with those we found for benzophenone, al-
though the results are much less reliable. Extrapola-
tion of the acetonaphthone data to the condition of
complete triplet energy transfer gives ®,.,. = 0.46, in
reasonable agreement with the more reliable value from
benzophenone.

The Photolysis of the Spiropyran I in the Presence of
Quencher Molecules. The molecules benzophenone
and 2-acetonaphthone, with triplet energies of 69 and
60 kcal/mol, respectively, sensitize effectively the color
formation in the spiropyran I, so the triplet energy of
the spiropyran must lie lower than 60 kcal. Previous
attempts to quench the color formation in the direct
photolysis of the spiropyrans have failed.4%?* How-
ever, we employed sensitizers of decreasing triplet
energy in an attempt to locate the triplet level in the
spiropyran. Indeed quenching was observed with
certain compounds. Benzil, with Fr, =2 57 kcal/mol,
showed no sensitization but a slight inhibition of the
color formation (see the data of Table III). 9-Fluo-
renone, with Ep, = 53 kcal/mol, showed an effective
quenching of a fraction of the colored product Il in the
direct photolysis of the spiropyran I. The energy
levels of the excited singlet states are such that quench-
ing of the excited singlet spiropyran I by fluorenone
and by benzil may occur here as well (see Table 1IV).
In the fluorenone case, reactions 1, 1-5, 10, and 11 of
the reaction mechanism should apply. A steady-
state treatment of these reactions predicts the depen-

(51) H. L. J. Backstrom and L. Sandros, Acta Chem. Scand., 14, 48
(1960).



Table III. Quantum Yields of the Colored Form of the
Spiropyran (Sp) at 366 nm in Acetonitrile at 24° with Added
Quencher Molecules (Q)?2

[Q] X 103, M
(a) Q = Benazil

@dye.quench

0.00 0.109
0.50 0.097
2.00 0.090
5.00 0.084
(b) Q = 9-Fluorenone
0.00 0.109
0.010 0.106
0.030 0.106
0.050 0.099
0.10 0.084
0.25 0.079
0.50 0.077
0.75 0.071
1.00 0.067
1.50 0.060
2.00 0.057

a[Sp] = 5.1 X 10™¢ M.

Table IV. Approximate Energy Separations (kcal/mol) of the
Excited Singlet (S1), Triplet (T1), and Ground-State (S;) Molecules
and the Quantum Yields of Intersystem Crossing ($1sc) for
Compounds Studied in this Work

Compound Eg, — Eg,¢ Er, — Eg, Pi1sc
Benzophenone 74 69¢ 0.99¢
2-Acetonaphthone 78 60° 0.84¢
Benzil 65 570 0.92°
9-Fluorenone 63 536 0.93¢
Spiropyran (I) 66 58 0.048

53-57

@ These are very approximate values derived from the absorption
spectra of the given compound in acetonitrile; the energy at the
long wavelength limit of the absorption at ¢ 5 was chosen arbi-
trarily. ® W. G. Herkstroeter, A. A. Lamola, and G. S. Hammond,
J. Amer. Chem. Soc., 86, 4537(1964). °¢A. A. Lamola and G. S.
Hammond, J. Chem. Phys., 43, 2129 (1965).

dence of &4, on quencher concentration [Q] given by

L
¢dye B
(kl + k2 + k3 + kll[Q])(k4 + k5 + klO[Q]) (17)
kiks + kiks + koka + kikad Q]

In Figure 6 a plot of 1/®4,. vs. [Q] is shown for data
from the upper concentration range of the quencher.
There are two distinctive regions of quenching. We
shall interpret the effective quenching at low quencher
concentrations as due to a triplet quenching reaction.
At higher [Q] values the quenching is less sensitive to
[Q]l. For these conditions the following inequalities
hold: klO[Q] > k4 + k5 and klklo[Q] > k1k4 + k1k5
-+ kik 4, and relation 17 reduces to

R ki + ko + ks knfQ]
S N (18)

Extrapolation of the linear portion of the data for
9-fluorenone in Figure 6 gives

(intercept)pigure 6 = (k1 + ko + ks)/kl = 11.8 = 0.4
(slope)rigure s = ku/ki = (3.0 £ 0.3) X 108 M1

From the reciprocal of the intercept we estimate
¢ = 0.086 = 0.003., From the ratio of slope to
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cboye 9~Fluorenona
8
{9-Fluorenone) 0.5 1.0 1.5 2.0 2.5
(Benzil) 1.0 2.0 3.0 4.0 5.0
[ol, Mx 103

Figure 6. The quenching of the formation of the colored product
II at high quencher concentrations; plot of the reciprocal of the
quantum yield of colored product vs. quencher concentration in the
9-fluorenone- and benzil-quenched 366-nm photolysis of the spiro-
pyranI in acetonitrile at 24°,

intercept we find ku/(ki + k2 + k3) = 2.5 = 03 X
102 M-1. If the rate constant for the singlet energy
transfer step 11 is of the order of 10'! 1./(mol sec),
as seems probable, then the data suggest that the
lifetime of the excited singlet I is less than about 10-¢
sec. Since the Sp(S;) state excited in these experi-
ments may be an n — 7* state for which the radiative
lifetime may be quite long (~10-5 sec), it is not sur-
prising that the fluorescence of this state is not de-
tectable in our experiments.

For the experiments at low added quencher con-
centrations, where singlet quenching is unimportant,
function 17 reduces to

1 _ (ki + ko + ka)ks + ks + k1Q)) (19)
¢dye - ¢1 B k4k2

As derived above, ¢; = 0.086. The method of mea-
surement of &4, employed here is not sufficiently
precise to allow an accurate test of function 19. How-
ever, data from the low [Q] experiments are not in-
consistent with this function. A plot of the function
1/(®gye — ¢1) vs. [Q] gives the slope-to-intercept ratio,
kwolks + ks) = (6.2 = 4.4) X 105/(41 = 13) = (1.5 =
1.2) X 10* M—'. If the rate of the quenching reaction
10 is diffusion controlled (k1o = 1.9 X 10 1./(mol
sec)), then the data suggest &, + k; = (1.3 = 1.0) X
108 sec='. Thus the lifetime of the triplet spiropyran I
in the absence of intentionally added quencher is
estimated to be (0.8 = 0.6) X 10-¢ sec. This life-
time is approximately a factor of 60 smaller than the
lifetime observed for the triplet of the analog of I
without chlorine atom substitution; direct triplet-
triplet absorption following flash excitation®* gave r =
4.5 X 107° sec for the unchlorinated analog of I in
toluene solution near room temperature. Conceivably
the heavy chlorine atom perturbation of the spin-
orbit coupling in I may account for this difference,5?
although there is some uncertainty as to the theoret-
ically expected influence of heavy atoms on the lifetimes
of excited n — =* triplet states.5?

(52) D.S. McClure, J, Chem. Phys., 17,905 (1949),

(53) For example, see S. P. McGlynn, T. Azumi, and M, Kinoshita,
“Molecular Spectrcscopy of the Triplet State,” Prentice-Hall, Inc.,
Englewood Cliffs, N, J., 1969, p 276.
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We have presented in this work the first definitive
evidence that both triplet and singlet states are in-
volved in the color-forming reaction. From the
triplet energies of the sensitizers and quenchers of the
spiropyran color formation it can be concluded that the
energy of the spiropyran I triplet state is about 53-57
kcal/mol if there is no activation energy for reaction 4.
The shortest wavelength band of the phosphorescence
of Sp(T,) in EPA at 77°K corresponds to 58 kcal/mol
so that £, =~ 0.

The falloff in the rate of dye formation with time,
observed in all rate experiments (see Figures 1-4),
can be rationalized in terms of the several factors which
must contribute: the depletion of Sp as the run
progresses; light absorption by the product dye mole-
cules and photobleaching of the dye; thermal fading of
the dye by reaction 12 at long exposures; and a quench-
ing of excited Sp and/or B species by the colored dye
product by reactions 10, 11, 13, and 14. Tt is not
possible to sort out the extent of each reaction from
the data at hand, but the kinetics of the falloff of the
rate with time fits the form expected from these prob-
able reactions.

Summary of the Primary Quantum Yields in the
Photolysis of the Spiropyran I in Acetonitrile Solutions.
The quantum efficiencies for each of the reactions of the
excited spiropyran molecule I in the direct photolysis
at 366 nm in acetonitrile can be estimated from the work
which has been described.

¢, = 0086

dye
ont0 Tm =0021
Sp + v — SpSy Sp (Ty)
l¢5=04027
Sp

The results obtained in this work show that the dom-
inant reaction leading to the colored dye product II
in the direct photolysis of the spiropyran I in ace-
tonitrile at 24° involves the singlet excited state. The
triplet accounts for only about 2097 of the color forma-
tion for these conditions. Triplet excited states
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formed directly by energy transfer form colored
product only 43 % of the time. The inefficiency of the
chemical change in the direct photolysis (899 of the
excited Sp is unchanged) and the triplet-sensitized
photolysis (579 unchanged) may be due in part to
impurity quenching in the “pure’” solvent. It may be
also an artifact of the time scale employed in these
measurements. Cleavage of the carbon-oxygen bond
on the spiro-carbon atom may occur with considerably
higher efficiency than that observed as the net reaction,
but a large fraction of the initially formed product
dye molecules may be favorably disposed for rapid
re-formation of I in a structure such as Ifa. If this is
the case then it is somewhat surprising that the &4, is
independent of temperature over the range 2-52°, It is
possible that a direct internal conversion of the excited
singlet to a vibrationally excited singlet ground state
(81 m=+ S¢) accounts for the inefficiency in the singlet
color formation reaction; however, this mode of energy
dissipation has been considered to be unimportant in
the photolysis of many organic molecules in solution.54
It is an interesting but unexplained result that the
triplet excited state, once populated, is more efficient
in color formation than the excited singlet state.

The spiropyran molecule I appears to offer a unique
probe for the study of heavy atom effects on rates of
intersystem crossing. Our studies are continuing with
the determination of the effect on ¢; and ¢; of heavy
atoms in the solvent and as substituents in the spiro-
pyran molecule.
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(54) For example, see J. G, Calvert and J. N, Pitts, Jr., "'Photochem-
istry,” John Wiley and Sons, Inc., New York, N, Y., 1966, Chapter 4,



