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Spectral properties and photochromic behavior of a series of ng@gBttrimethyl-1,2-tetramethylenespiro-
[7H-furo(3,21)-(2H-1)-benzopyran-7,;2ndolines]1—4 have been studied. The mechanism of the photoinitiated
ring-opening reaction involves the formation of an acoplanar cisoid intermediate, the lifetime of which

in the case of 6tért-butyl) derivative4 is long enough to observe its absorption and fluorescence spectra
under conditions of continuous irradiation. The occurrence of the intermediate on the reaction paths of the
thermal and photochemical ring-opening processes has been also shown by the DFT and CIS calculations.
The TD-B3LYP/6-31G**//HF/6-31G** calculated spectrum of the intermediate well matches that observed
experimentally. For spiropyra®with a 6-NQ, group, kinetic and activation parameters of the photoinitiated
coloration and dark bleaching reactions have been determined.

1. Introduction for spiropyrans with a nitro group, a triplet state plays a crucial
role in the photochemical ring-opening reaction. The participa-
tion of the low-energy triplet state structures in the reaction
hastens the photodegradation proce8desut they may be
substantially dampened in the compounds having no substituents
with low-lying z*- and/or n-orbitals. For such spiropyrans, the
mechanism of the photochemical reaction is represented by
Scheme 2, where the structure of the singlet excited state
intermediaté'Sp*per, cOrresponds to that formed upon immedi-
ate cleavage of the &—O bond. According to the complete

Spiropyrans are among the most amply studied families of
photochromic compoundsExhibiting high quantum efficiency
of their photoinitiated rearrangements governed by the reversible
photochemical cleavage of thesf—O bond in the BPi-
chromene ring (Scheme 1, whef@C and CTC stand for,
respectively strans-trans-s-cis ands-cis—trans-s-cis forms
of the colored merocyanine isomers) and possessing high two-
photon absorption coefficients, the largest among the photo-

chromic compounds, spiropyrans, have a significant potential <~ : . . .
for diverse technical applications such as molecular switches 2¢tive space self-consistent field (CASSCF) modeling of this

and high-density photochemical erasable memdies. process,the structure similar t8Sp*per, in Scheme 2 does not

To enhance the above indicated important properties of cOnform to a real intermediate but to a crossing point, i.e., a
spiropyrans and to amend the principal drawbacks of this classconical intersection between the .Iowe'st singlet e>§C|ted and
of photochromic compounds caused by generally low-energy ground state energy surfaces. At this point, two reaction valleys

barriers to their dark back ring-closing reactions and insufficient &€ generated, one of which leads to ring closing to the initial
fatigue resistance, extensive synthetic work on structural s_p|rocy_cl|c form an_d another one to the format_lon of shes— )
modifications of spiropyran molecules continues to be carried ¢'S™SCIS (€cC) ”“g'OPe”ed form. The existence of this
out. For a targeted approach to these goals, comprehension oftermediate, usually designated thdorm, was first proposed

the mechanisms of both photoinitiated and thermal reactionsn the study of the photochemistry of spiropyrans in low-
of the photochromic system is necessary, and considerablel€Mperature matrixes. On the basis of nano-, pico-, and
efforts have been devoted to gaining insight into the nature of femMtosecond spectroscopic détathe acoplanar ciscisoid

the active states and intermediates of the reversible rearrangeStructures€CC) corresponding (X in Scheme 1 were assigned
ments of spiropyrans; see ref 3 for a recent review. The initial t© the primary photoproducts that emerge after excitation at the
step of the photochromic reaction of spiropyrans is the dis- 10ngest wavelength of the ring-closed form of spiropyrans. In
sociation of a G-O bond in an electronic excited state. The the case of13,3-trimethyl-6-hydroxy-(41-1)-benzopyran-2;2
nature of the active excited state is determined by substitution idoline, a part of a metastable specke3!c appearing in less

in the benzopyran ring. Studies of the reaction dynamics with than 100 fs after excitation at 300 nm, reestablishes the broken
the use of time-resolved resonance Raman spectroddapgr Cspic—O bond on the time scale of 200 fs, whereas the rest

flash photolysi$ and quenching experimefitsave shown that, ~ CONVerts to a mixture of merocyanine conformers with a decay
time constant of about 100 ps. Similar mechanisms were also

* Corresponding author. Telephonet7 863 2434700. Fax:+7 863 found to govern the photochromic behavior of spirooxazii@s,
2434667. E-mail: minkin@ipoc.rsu.ru. which are the closest structural analogues of spiropyrans.
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*Southern Scientific Center of Russian Academy of Science. Although the time-resolved spectral studies bear rather

8 UniversiteP. Sabatier. convincing witness to the involvement of the acoplanar inter-
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SCHEME 1: General Scheme for the Reversible Rearrangement of Photochromic Spiropyrans
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SCHEME 2: Principal Mechanism of the cyanine forms. In the simplest way, it may be realized in the
Photorearrangement of Spiropyrans in the Singlet spiropyrans containing bulky groups in positions 3 and 8 of a
Manifold 2H-chromene ring. To examine this supposition, we have
o M. o synthesized a series of spirbé{-furo(3,2f)-(2H-1)-benzopyran-
P == 'Sp = 'SP perp X)—> CTC+TIC 7,2-indolines] 1—4 shown in Scheme 3 and studied their

photochromic behavior and spectral properties. Whereas several
thousand diversely functionalized spiropyrans have been cur-
rently known and their photochromic properties reported, the
compounds with a heterocyclic fragment in the photoresponsive
2H-chromene ring, known to possess enhanced persistence to
tphotodegradatioi‘n,are rare in number and their study presents
an independent interest.

mediatesX in the mechanism of the photochromic transforma-
tions shown in Scheme 1, there exists also an alternative
interpretation of some of their results. Thus, it was pointed out
that the 100 and 200 fs processes observed in indolinoben-

to the formation and structural relaxation of 8€C intermedi-
ate, but to redistribution of the kinetic energy among the
vibrational modes providing for stretching they—0O bond 2. Experimental Section

and the subsequent decay through the conical intersection 2.1. SynthesisSpiropyransl—4 have been prepared follow-
channel. It has been also argued that the peak around 490 nning the previously described general procedir&sin yields
observed in the femtosecond resolved transient absorptionof 60—85%. 1.4 yellowish crystals, mp 164165 °C. 2:
spectrum of 33-dimethyl-I-methylspiro[H-naphtho(1,2e)- yellowish needles, mp 158160 °C. 3: dark-yellow needles,
1,4-oxazine-2,2indoline] belongs not to the corresponding mp 139-140°C. 4: yellowish needles, mp 132133°C. The
CCC intermediate, but is caused by thg<S S; absorption of structures of compounds 2, and3 have been proved by X-ray

the unbroken oxazine chromophdfeNlo CCC-type intermedi- determininationg®

ate has yet been detected under standard conditions of continu- 2.2. Spectral Measurements.Absorption spectra were
ous irradiation of solution of a spiropyran. One may expect that recorded on a thermostated Varian Cary 50 spectrometer.
it would be possible to prolong the lifetime of the acoplanar Solvents were of spectroscopic grade (Acros Organics). Low-
isomerX, i.e., increase the energy barrier to its conversion to temperature absorption spectra were recorded on a Specord
the energy-favore€TC and TTC forms, by stabilizing the UV —vis spectrophotometer equipped with a homemade ap-
former relative to the latter (destabilizing the latter relative to paratus allowing variation of the temperature of a solution
the former) in the spiropyrans with sterically strained mero- between 77 and 293 K. Irradiation light was derived &tféém

SCHEME 3: Structural Transformations of the Photochromic Spiropyrans 1—4
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Intermediates of the Rearrangements of Spiropyrans

a 250 W high-pressure mercury lamp equipped with glass filters
for allocation of lines of a mercury spectrum. The intensity of
monochromatic light was determined using potassium ferriox-
alate actinometry.

The luminescent measurements were carried out with Shi-
madzu RF-5001PC and Elumin 2M spectrofluorimeters. The

fluorescence quantum yields were determined using 3-meth-
oxybenzanthrone (quantum yield of fluorescence is 0.1, toluene)

as a reference.
2.3. Kinetic MeasurementsPhotochromic parameters have
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TABLE 1: Wavelengths of Maximum Absorption Amax (in
nm) and Corresponding Absorption Coefficientse (in 10° L
mol~1 cm™Y) in Parentheses of the Cyclic Forms of
Spiropyrans 1 in Toluene and Ethanol Solutions at 293 K

/‘Lmax (E)

toluene ethanol
304 (18.2); 352(3.2) 250 (21.2); 299 (21.8); 3463.2)

compound
1

2 305(21.0);355(5.1) 247 (24.5); 302 (21.4); 35{4.8)
3 301(19.2);380(5.1) 242 (19.60); 298 (18.0); 378.8)
4 312(13.9);380(9.0) 240 (30.6); 316 (15.8); 378 (10.9)

been determined using photokinetic analysis of absorbance vs aa shoulder.

time curves recorded under continuous monochromatic irradia-
tion!718 using an already described experimental séfupo
determine the desired parameted®; (@2, emc(4), ki(T), and
ko(T)), a differential equation (1) and a phenomenological
equation (2) have been used:

—d[Spl/dt =
I'oF(P1€'sJSPl — Pe'c[Mc]) + ki[Sp] — k[Mc] (1)

Abs@t) = es{A)[SP + enc(W)([Clo — [SP)  (2)

where [C} is the initial concentration of the photochromic
compound, [C] = [Sp| + [Mc]; esyA) andewmc(4) (I = 1 cm)
are the molar absorption coefficients of t8p andMc forms
at wavelengtfi. €'spande'y values were taken at the irradiation
wavelength {'). F = (1 — 107Ab)/Abs is the photokinetic
factorZ0 'y is the incident monochromatic photon flug; and
®, are the quantum yields of photoreacti@s— Mc andMc

— Sp; they are assumed to be wavelength independgrind

k. are the thermal rate constants of the correspon&pg—
Mc andMc — Sp dark processes. Experimental photokinetic
curves (Abs,, vs t) were fitted by the model (Akg. The
adjustable parameters a®;, ®,, kp, €sy(313), €sy(365),
GMC(313), GMC(365), GMC(546), 5M0(525), and 6MC(566). The

of programs. For evaluating environmental effects on the
geometry and electronic distribution of the merocyanine form
of spiropyran3, semiempirical calculations based on the SM5.4/
PM3agolvation model as incorporated into the AMSOL %%
program have been performed.

3. Results and Discussion

3.1. Absorption Spectra.ln toluene solutions, all spiropyrans
1-4 exist as their ring-closed spiro formSy). The longest
wavelength absorption of compounds-3(Sp) consists of a
band with the maximum in the spectral region of 3(BD5 nm
having a shoulder at 35280 nm. For4(Sp), the longest
wavelength absorption band appears at 380 nm. Ethanol and
acetonitrile solutions of spiropyraids2, and4 are very weakly
colored, which fact is indicative of the presence of small
amounts of respective merocyanine isomers in the equilibrium
(Scheme 3) with the predominant ring-closed forms. The ring-
closed form is also prevalent for spiropyr&rhaving a nitro
group in the benzopyran ring. However, in this case the
equilibrium amount of the merocyanine isomer increases to
1-2% in ethanol, which corresponds to the equilibrium constant
K296 = 1.6 x 1072 From the temperature dependence of the

robustness of the solution was demonstrated by showing that3(SP)= 3(Mc) equilibrium, its thermodynamic parameters have
whatever their guessed initial values were, the same final setbeen 9fterm|ned:AG°296 = 10.2 J;Jrrlcil*l, AH® = 2.9
of parameters was delivered at convergence (Figure 1S, SupkJImol™, and AS’ = —24.7 Jmol™*-K™%. The absorption

porting Information). The activation energiegs of Sp— Mc
and Mc — Sp thermal reactions were calculated using the
Arrhenius equationk(T) = keexp(—E4RT). The thermodynamic
parameteraH® andAS’ were calculated from the dependence
of equilibrium constants on temperature.

2.4. Computational Methods.Molecular geometries of the

spectra of the ring-closed forms of compourids4 are very
slightly affected by solvents and the temperature of the solution.
Table 1 contains the data on spectral properties of spiropyrans
1-4.

UV irradiation of isopentane/2-propanol (4:1) solutions of
spiropyransl—4 cooled to temperatures lower than 250 K results

stationary points on the ground state potential energy surfacein the intense coloration caused by the photoinitiated ring-

(PES) of the isomers of spiropyrdnwvere optimized using the
B3LYP hybrid functional, which comprises the Beékéhree-
parameter exchange and Leéang—Parf? correlation func-
tionals with 3-21G** basis set. The nature of the stationary

points on the PES was characterized by analyzing the Hessian

force constant matrixes. Single point energy calculations of the
structures were performed at the B3LYP/6-31G** level of
approximation.

Calculations of the excitation energies were based on the TD-
DFT method?®® Since these values were found to be highly
sensitive to the input molecular geometry, the structure corre-
sponding to the intermediatéX) on the ground state PES was
reoptimized at the HF/6-31G** and B3LYP/6-31G** levels and
subsequently used in TD-B3LYP/6-31G** calculations of
spectral parameters. The configuration interaction with single
excitations CIS/3-21G** method was employed to localize an
intermediate of the ring-opening reaction of spiropyraon
the first singlet excited state PES.

Density functional theory (DFT) and ab initio calculations
were carried out using the Gaussiart98nd GAMES$® sets

opening reaction resulting in the formation of the merocyanine
isomers. Figure 1 pictures the spectral changes of the rearranged
system, as exemplified by spiropyr@n The spectral pattern
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Figure 1. Absorption spectra of spiropyré&nin the mixture isopentane/
2-propanol (4:1) ([ = 6.3 x 10°° mol-L%, T = 77 K) before (A)
and after irradiation with 313 nm light for 60 (B), 180 (C), 360 (D),
and 630 (E) s.
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Figure 2. Normalized absorption spectra of spiropyim the mixture
isopentane/2-propanol (4:1) ([C¥F 5.6 x 105 mol-L™, T = 77 K)
after irradiation with 313 nm light for 300 (A) and 1200 (B) s.

XE
Figure 3. Linear relationship between the wavenumber= 1/1g of
the absorption maximum of the colored forms of spiropy8aamd the
xs (blue shift) Brooker's solvatochromic parametéfs.
closely resembles those reported for other photochromic spiro-have been found to be solvent sensitive (negative solvato-
pyrans rearranging according to the mechanism shown inchromism). The absorption frequencies well correlate with
Scheme 2:2 The long wavelength absorption maxima of the Brooker’s yg solvatochromic parametéfs(Figure 3). This
merocyanined—4(Mc) appearing at 585592 and 482483 correlation may be regarded (see ref 19) as an indication of the
nm (with, respectively, two and one shoulders) are assigned toprevailing contribution of the zwitterionic forms to the resonance
S — S and $ — S, electronic transitions in the most stable, hybrid describing the structure of merocyani8eMc). This
presumablyT TC, merocyanine conformer. As seen from Figure conclusion is in agreement with the results of X-ray structural
1, illumination of the solution o2(Sp) with the 313 nm light determination® of a series o TC conformers of merocyanine
(with intensity 0.3x 10'¢ quanta/s) results in the fast accumula- isomers of 6-nitro- and 8-nitro-B',3-trimethylspiro[2H-1-
tion of the colored merocyanine isom2(Mc), whereas the benzopyran-2, '2indolines] that differed fronB only by the
formation of the intermediat¥ has not been traced under these absence in their molecules of a tetramethylenefuran fragment
conditions with the use of absorption and fluorescent spectra. and also with the geometries and charge distributions calculated
No backMc — Sp photoreaction occurs at 77 K. In general, for 3in various solvent environments. Results of the calculations
the photoinitiated ring-opening reaction may result in the carried out with the use of the Solvent Model 5.4/PM3 method
formation of not onlyTTC and CTC conformers shown in intended to provide insight into the responses of a molecular
Scheme 3, but also of two additional conforme@s,T and structure to the effects of solvation are shown in Figure 4. It is
TTT, with trans configuration at the central CC bond of a seen that with increase in polarity of a solvent the double bond
merocyaniné.Before reaching a photostationary state, the four character of the central CC bond 8fincreases and those of
conformers of the ring-opened merocyanine undergo photo- the adjacent CC bonds decrease. The higher polarity of a solvent,
chemical and thermal rearrangements leading to equilibration, the higher is the N(Ck} — (C=0) and N(CH) — (NO,) charge
in which the most stabl@ TC and CTC forms are predomi- transfer along the chain of the conjugated bonds. Worth noting
nant327 Such a type of photoinduced equilibration reactions can is that although the €0 bond of3 in polar solvents is elongated
be substantially slowed in viscous or rigid glassy media. We compared with that in toluene, it does not approach the typical
were able to trace the corresponding transformations by observ-length of a phenolate CO bond. These data point to the
ing spectral changes occurring immediately after UV illumina- zwitterionic structure of3 to which the aci-nitro resonance
tion of the solid isopentane/2-propanol solutions of spiropyrans structure3(c) bears a contribution. An appreciable contribution
1-4 at 77 K. Thus, as shown in Figure 2, the absorption band of such a resonance form has been recently indicated for the
with a maximum at 644 nm that appears immediately after UV case of a close thione analogue of merocyaBiffeThe spectral
illumination of the solution of spiropyraB under continuous behavior of spiropyrad in isopentane/2-propanol solutions at
illumination gradually shifts to 625 nm. Table 2 contains data temperatures higher thanl100 K (Figure 5) is similar to that
on spectral properties of spiropyrais-4 in isopentane/2- of 1-3. The spectral changes portrayed by Figure 5 occur under
propanol solutions before and after their UV illumination on irradiation of a solution o#(Sp) at 178 K with more intense
reaching the photostationary states. For spiropy3arit is light (2.9 x 106 quanta/s), but are accompanied by a signifi-
possible to detect the absorption spectra of merocy&a3(ive) cantly slower accumulation of the colordt species than in
formed upon irradiation of solutions &fin a series of solvents  the case o2(Sp). The established photostationary equilibrium
at room temperature. The positions of the absorption maxima contains a low concentration of tiMc isomers. Such photo-

TABLE 2: Wavelengths of Maximum Absorption and Luminescenceimax (in nm) of the Isomeric Forms of Spiropyrans 1-4 in
Isopentane/2-Propanol Solutions at 77 K

compound isomeric form absorption excitation of fluorescence fluorescence excitation of phosphorescence phosphorescence
1 Sp 301, 348 346 540, 585
Mc 482, 546, 587, 627 470, 610 648, 695
2 Sp 302, 348 348 374 345 548, 577
Mc 458, 482, 550,585, 6253 473, 550, 585, 626 659, 718
3 Sp 298, 380 382 512, 553, 598
Mc 483, 5922625, 644 468, 620 656, 710
4 Sp 312,379 379 540, 570
X 471 468 543, 572
Mc 482, 5507 585, 625 480, 582, 625 653, 698

a A shoulder.
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Figure 6. Absorption spectra of spiropyrahin the mixture isopentane/
2-propanol (4:1) ([ = 9.4 x 10°® mol-L%, T = 77 K) before (A)
and after irradiation with the 365 nm light of a mercury lamp for 180
(B), 480 (C), 1080 (D), 4800 (E), and 9600 (F) s and after irradiadiation
with the nonfiltered light of a mercury lamp for 1800 s (G).

Figure 4. Bond lengths and electronic distributions (italics) in THeC of its fluorescent and excitation of fluorescence spectra with
merocyanine isomer of spiropyrad calculated in various solvent  those characteristic of thelc form obtained at 178 K. The
environments using the SM5.4/PM3 metHétiThe figures placed from dynamics of the spectral transformations occurring under
the top to the bottom correspond to increase in the polarity of a solvent jrradiation is characterized by four isobestic points, which is
in the following order: toluene, ethanol, acetonitrile, dimethyl sulfoxide. jndicative of the formation of a single species absorbing.ak

= 471 nm and preceding the formation of the ultimate product

12 of the photorearrangement. The observed spectral behavior may
ol be explained as a consequence of the kinetic stabilization of
g the intermediate ciscisoid isome#(X) (Scheme 3, R=t-Bu),
§ osf the bulkytert-butyl group of which creates a sufficiently high
s 1 energy barrier to the rotation around the central CC bond and
2 °°r hinders the dark reaction in the rigid matrix at 77 K. This
04l assignment is supported by the TD- B3LYP/6-31G** calculation
3 of the absorption spectrum of(X). It is known that for
02 conjugated molecules results of such a type of calculations are
ool very sensitive to the input molecular geometries, in particular
200 300 400 500 600 700 to the degree of bond length alternation, i.e., to the difference

Anm in length between the adjacent single and double bonds in the
gigure 5. '?\?Zolr)li)t(i[%% Spgcira Olf ;gifopiliﬂln;he T;Xgulg L)Sofpent%E/ conjugated system, and to its deviation from planarity. On the
-propano : =9.4 X mol-L™ | = erore i i i i i i
and after irradiation with 365 nm light for 600 (B), 1500 (C), 2700 Egi}iggteex(;egrsg;\éiiiaLChLlrlglrt:]c:)npsh%fr:lS),S?[r\;:/)\,t;jlosn Cp;gg%%l;;?ftxzrlous
(D), and 4800 (E) s. .

TD-DFT computed spectral properties may be more accurately
chemical behavior cannot be a consequence of the dark backpredicted when the input geometries obtained at the Hartree
Mc — Sp reaction because this reaction does not proceed for Fock level of approximation are used since the DFT B3LYP
spiropyransl—4 even at 250 K. However, at 77 K irradiation  approach tends to slightly overestimate electronic delocalization
of an isopentane/2-propanol solution #fat 365 nm leads to  and, hence, equalization of the lengths in the conjugated chains.
the appearance of the longest wavelength absorption with aBy the TD-B3LYP/6-31G**//RHF/6-31G** method, the posi-
maximum at 471 nm (Figure 6). No formation of the corre- tions of the two longest wavelength absorption maxima of the
spondingMc isomers has been observed under these conditionsintermediate4(X) were calculated at 473 nm (2.62 eV=
(spectral curves AF). Irradiation of the solution in the region  0.1618) and 412 nm (3.01 e¥,= 0.1552), which is in good
of the longest wavelength @f(X) induces the fast back — agreement with the experimental data (471 nm, 2.62 eV, the
Sp photoreaction. After establishing the photostationary equi- next absorption band is strongly overlapped with the near-lying
librium initiated by illumination with the light at 365 nm, further  others) for isopentane/2-propanol solution (Figure 6). At the
prolonged irradiation with nonfiltered light of a mercury lamp same time, the TD-DFT//HF scheme cannot be applied to
gives rise to the appearance of the 5825 nm long wavelength  calculation of spectra of the merocyanine isomers due to the
absorption band (spectral curve G) manifesting the formation RHF — UHF instability and large spin contaminatiof{(1=
of the 4(Mc) isomeric form. This is confirmed by the identity 2.04) of the UHF solution caused by a contribution of the

SCHEME 4: Main Resonance Structures of the Merocyanine Form of 3

3(a) 3(b) 3(c)
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Figure 7. Absorption (A), excitation fluorescence (B), fluorescence
(C), and phosphorescence (D) spectra of spiropgranthe mixture
isopentane/2-propanol (4:1) ([CF 8.7 x 105 mol-L~%, T = 77 K).
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(C) spectra of spiropyra# in the mixture isopentane/2-propanol (4:1)

([Clo = 9.3 x 10°° mol-L~%, T = 293 K).

biradical component of the zwitterionic structure 4fMc)
forms. Spectrum of the nonconjugated ring-closed fd(3p)

was calculated by usual scheme TD-B3LYP/6-31G**//[B3LYP/

6-31G** to give the absorption maxima at 345 nm (3.52 &V,
= 0.0808) and 311 nm (3.99 eV¥,= 0.0560), which can be
compared with the experimental data (380 nm, 3.26 eV, and Cguirg—O bond and the formation of the eisisoid merocyanine
312 nm, 3.97 eV, respectively). The difference between intermediate4(X). The CIS/3-21G** calculations performed
experimental and calculated transition energies within-0.3
eV is usually considered typical of the TD B3LYP approd¢h.
3.2. Luminescence PropertiesThe ring-closed forms of
spiropyrans possess either very low intensity fluorescence or cisoid intermediate in its ground state (Figure 11). The excitation
do not possess this property at’&B3Among spiropyrand—3,
only 2 displays low intense fluorescence of the ring-closed form timated, but a recognized advantage of the method is that it
at 374 nm with a Stokes shifiv = 2000 cnT? in isopentane/
2-propanol solution (Figure 7, Table 2). The phosphorescenceexcitations and provides for correct characters of stationary
observed for the ring-closed forms of spiropyrahisand 3
witnesses the existence of a triplet channel of deactivation of on the § PES helps to explain the ASS of the fluorescence of
the excited state of these compounds characteristic of spiropy-4. Because of the steric hindrances produced by a bigky
rans with nitro and heavy atom group substituénts:8 By
contrast with1—3, the fluorescence of spiropyran(Figure 8)
is characterized by the anomalous Stokes shift (A&8)=

A ®)
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Figure 9. Absorption (A), excitation fluorescence (B), and fluorescence
(C) spectra of spiropyraf preliminarily irradiated by the filtered (365
nm) light of a mercury lamp for 9600 s in the mixture isopentane/2-
propanol (4:1) ([C] = 9.3 x 105 molL~%, T = 77 K).

7200-8150 cnt!, the magnitude of which increases with
increase in solvent polarity, whereas the quantum yields of the
fluorescence decrease as the polarity of the solvent increases
(Table 3).

Fluorescence spectra of the merocyanine isomers of spiro-
pyrans 1—4(Mc) contain low-intensity diffuse bands with
maxima at 648710 nm (Table 2). FoB(Mc), the quantum
yield of fluorescence in ethanol solution 481073 (Ama =
656 nm, 1®*¢ = 468, 620 nm). The fluorescence of the
intermediate photoprodud{(X) initially formed on irradiation
of a rigid isopentane/2-propanol solution 4{Sp) at 77 K
appears as the bands at 543 and 572 nm (Figure 9) in the same
spectral region as the ASS fluorescence of the latter observed
at room temperature. Prolonged irradiation at the longest
wavelength o#(X) transforms its fluorescence spectrum to that
characteristic of the merocyanine forfifMc) with AmaiV =
653 nm and a shoulder at 698 nm (Table 2). These results
indicate that the origin of the ASS fluorescence4dSp) is
associated with the fast rearrangement of its structure occurring
in the § electronic excited state due to the cleavage of the

have shown, indeed, that the BES of4 contains a local
minimum corresponding to such an intermediate (Figure 10),
the structure of which is similar to that calculated for the—cis
energies calculated by the CIS method are expectedly overes-
well predicts changes in geometry occurring on the5S$;
points on the SPES3* The appearance of the intermedid{X)

butyl group in4(X), the energy barrier against the rearrangement

of 4(X) to the merocyanine in the excited state is expected to
be substantially increased compared with those for spiropyrans

TABLE 3: Fluorescent Properties of Solutions of Spiropyran 4 in Different Solvents at 293 K

Amad{nm
solvent absorption excitation of fluorescence fluorescence guantum yield of fluorescence
hexane 312 316 515 0.012
376 375
toluene 318 320 526 0.008
379 380
ethanol 316 321 532 0.003
378 378
acetonitrile 316 318 542 0.003
375 376
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SCHEME 5: General Scheme of Photoinitiated
Transformations of Spiropyrans 1—42

Sp*S) — X(Sy)

il s

SpSo) ~—— X(So) — Mc(Sy)

aic, internal conversion; flu, fluorescence; flu(ASS), anomalous
Stokes shift fluorescence.

By contrast with the properties of excited states, the above-
mentioned drawback of the DFT method related to the slight
overestimation of the bond length alterations (BLA) effebas
very little influence on the ground state energieSince all
ZNC,C,C=372 photochemical reactions begin and terminate on the ground state
£CC.CL 162 potential energy surface, we have first examined the minimal
energy reaction path (MEP) for the thermal rearrangement of
409 [S.] 4. The structures of all transition states and intermediates
. - . . appearing along the two possible MEPs leading from the ring-
Figure 10. CIS/3-21G** computed geometry of intermediatéX) on closed spirocydlic to the most stablETC and CTC) ring-

the § PES. Bond lengths are in angstroms, and angles are in degrees. S - ' )
opened merocyanine isomeric formsiadre depicted in Scheme

1-3. This leads to extension of the lifetime 4¢X) in the § 6 and Figures 1114. The energy characteristics of these

excited state, which allows detection of the fluorescence. structures are listed in Table 4 and also shown in Figure 14,
Therefore, on the basis of the data presented, the mechanisnwhich portrays the energy profile of thé&(Sp) = 4(Mc)

of the photoinitiated transformations of spiropyrahs4 can rearrangement. The bond lengths calculatedd{@p) (Figure

be described by the general Scheme 5. 11) are generally in good agreement (within t86.01—0.02

3.3. Quantum Mechanical Modeling.This explanation is A range) with the values obtained in X-ray determinations of
corroborated by the results of the DFT calculations of the spiropyransl—3(Sp)® A distinctive feature of the structure of
detailed mechanism of the rearrangement of spiropytan 4(Sp)is its significantly stretched &io—O bond, the B3LYP/
performed at B3LYP/3-21G** and B3LYP/6-31G** levels of  3-21G** calculated length of which is 0.045 A longer than those
approximations, the applicability of which to calculations of X-ray determine#f for 1(Sp) and 1—2(Sp), respectively. As
energy profiles of ground state reactions is well documetited. for 1—3(Sp) and other spirobenzopyranindolirsthe pyran

ZNC,C.C,=103

MC(CTC) /NC,C,C=1796

MC(TTC)

Figure 11. B3LYP/3-21G** computed geometries of the spirocyclic and merocyanine isomers of spiragpyBand lengths are in angstroms, and
angles are in degrees.
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SCHEME 6: Minimal Energy Paths for Thermal

Rearrangement of the Conformers of Spiropyran 4 (R=

tert-Bu) as Calculated by the B3LYP/3-21G** Method
CHy CHs R

O /o
Ran S O,

CHs

_ // TS(Inv) \\\\
CH CH, 9
‘ ' o/i (_/
N

CH, Sp' ﬂ

N Hg—o CHs
CHj

Ts(TTC-All) ﬂ ﬂ Ts(CTC-X)

CH; CHs
HO.

N N 7

CH,
Int(All)

Ts(CTC-All)

ring in 4(Sp)is folded along the C(3)0 line. The calculations

Minkin et al.

ZNC,C,C=30.4
£C,C,C.C=279

Int(X)

Int(All)

Figure 12. B3LYP/3-21G** computed geometries of the intermediates
Int(X) andint(All) occurring in the ring-opening reaction of spiropyran
4(Sp) Bond lengths are in angstroms, and angles are in degrees.
geometries of the merocyanine isomergid@fFigure 11) reveal

the effects of equalization of the lengths of the conjugated CC
bonds as well as the substantial elongation of the carbonyl CO
bond, which features the substantial zwitterionic character of
these structures. In accordance with the experimental data, the
ring-closed spirocyclic isome®p is calculated to be the most
stable isomeric form of4, which is 16.3 kdmol™* energy

reveal two virtually energy equivalent and readily interconvert- favorable compared with its most stable ring-opened merocya-

ible (the calculated barrier is less than 2rkal~1) conformers
of the spirocyclic isomer oft shown in Scheme 6 aSp and
Sp with bending along the C(3)O line by 9.7 and 17.9,
respectively. It may be noted that in one X-ray study '8 13-
trimethyl-6-nitrospiro[H-1-benzopyran-2,2Zndoline], usually

nine formMc(TTC).

As seen from Scheme 6 and Figure 14, the rearrangement
starts with stretching and cleavage of thgi&-O bond of4(Sp)
and splits into the two distinguishable disrotatory-like reaction
paths (since oxygen in theH2pyran ring has no substituents,

abbreviated as 6-N&BIPS, similar conformers were found to  the assignment to a particular mode of the rearrangement is

exist in a crystal as independent molecife3he calculated

arbitrary) starting from the conforme8p andSg, respectively,

TABLE 4: Total Energies, Total Energies with Zero Point Energy (ZPE) Corrections, and Relative Energies of Structures
Corresponding to the Stationary Points on the PES for the Thermal Isomerization of Spiropyran 2

B3LYP/3-21G**

B3LYP/6-31G**//B3LYP/3-21G**

structure Ewot + ZPE/au AE/kJmol~t Efau AE/kJmol-1t

Sp —1322.476 008 0 —1330.211 818 0

Sp —1322.475 249 2.0 —1330.211 423 1.0
Ts(Sp-X) —1322.449 195 (i1171.8, 22.9) 70.3 —1330.187 510 64.0
Int(X) —1322.450 903 66.1 —1330.193 259 48.5
Ts(CTC-X) —1322.432 510 (i265.1, 15.2) 123.4 —1330.175 746 94.6
Mc(CTC) —1322.458 438 47.7 —1330.201 966 25.9
Ts(CTC-All) —1322.435 745 (i1282.2, 21.9) 105.9 —1330.170 953 107.1
Int(All) —1322.444 681 82.4 —1330.183 526 74.5
Ts(TTC-AII) —1322.435 281 (i1300.7, 24.2) 107.1 —1330.170 878 107.5
Mc(TTC) —1322.462 153 35.1 —1330.205 682 16.3
Ts(Sp-TTC) —1322.432 536 (i235.8, 20.2) 114.4 —1330.177 085 91.2

a|lmaginary and lowest real frequencies for the transition states are given in parentheses.in cm
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ZNC,C,C= 55.4
£CCLLCm 189,

Ts (Sp-X)

ZC.LCLL905 ZC.C,CL=88.4

Ts (Sp-TTC) Ts (CTC-X)

Figure 13. B3LYP/3-21G** computed geometries of the transition state structis€Sp-X), Ts(Sp-TTC), andTs(CTC-X) (Scheme 6). Bond
lengths are in angstroms, and angles are in degrees.

to routes 1 and 2 in Figure 15. The branching of the MEP for the rotations are strongly coupled along the intrinsic reaction
the thermal interconversion off2pyran and 2,4-pentadienal coordinate$ (IRC). A similar conclusion has been also made
was also revealed by the previous semiempirical calculations on the basis of DFT calculatioffsof the mechanisms of the
of the mechanism of this electrocyclic reactiras well as the thermal cyclization reactions of spiroindolinenaphthoxazines,
recent B3LYP/6-31G* calculatiod%of the mechanism of the  which are close structural analogues of spiropyranindolines. As
conversion reactions of a model spirobenzopyranindoline de- seen from Figure 14, no local minima on the PES corresponding
rived from the archetypal’ B',3-trimethyl-6-nitrospiro[2-1- to intermediates of the ring-closing reaction were found when
benzopyran-2,2indoline] (6-NQ-BIPS) through substitution of ~ moving along route 2, which terminates in t8g conformation
the geminal methyl groups at the tetrahedrakc&bon by of 4(Sp) Much more complicated is the alternative reaction
hydrogen atoms. However, in those cases the bifurcation of thepath (route 1), where the rotation about the centt@H—CH—
minimal energy paths (MEPS) originated from the existence on bond of theMc(TTC) form serves as the principal component
the PES of two energy close disrotatory- and conrotatory-like of the reaction coordinate and the cyclization results in the
reaction valleys. For spiropyrah one of these reaction channels formation of theSp conformation of4(Sp) with the almost
(that for which the rotations about the CC bonds of the structure planar pyran ring. At the first stage of the multistep ring-opening
formed upon cleavage of thes§—O bond result in drawing reaction, stretching and cleavage of thg,&-O bond ac-
the geminal 3,3methyl and 6tert-butyl groups closer together)  companied by the rotation about te H—CH= bond for~28°
is sterically blocked and the occurrence of two MEPs of the leads to the formation of the skewed <emsoid (CCC)
ring-opening reaction is due to the differences in the structure intermediate denoted in Scheme @rit$X) (Figure 12), which
and vibrational spectra of the starting conformers. then rearranges to the merocyaniie(CTC). A local minimum
When analyzing MEPs of the electrocyclic reactions, it is corresponding to th€CC structure has been also detected by
usually convenient to choose as the starting point a ring-openedthe DFT calculatior®$ of the MEPs of the thermal recyclization
structure?® the part of which is played in thé(Sp) = 4(Mc) of 6-nitrospiro[H-1-benzopyran-2,2ndoline]. In the absence
rearrangement by the most energy favorable merocyanine formof the steric strain created by the geminal methyl groups at the
Mc(TTC). In a semiempirical (MNDO/PM3) study, the 3'-carbon center, the cisisoid (CCC) conformer was found
mechanism of the merocyaninspiropyran interconversion has to be the most energy favored form among all possible
been examined for the case of 6-NBIPS and interpreted as  merocyanine isomers of this model compound. The equilibrium
the stepwise transformation of the ring-opened isomer (of the between thé/ic(CTC) and the most stable ring-opened isomer
TTC type) to the corresponding cigisoid (CCC) form of the spiropyranMc(TTC), is also established in two steps
occurring through sequential rotations about the CC bonds of with the inclusion of the intermediatkt(All) . This allenic
the =C—CH—-CH—C= triad. Our calculations showed that at intermediate is formed through a low-energy barrier (58
the initial stages of the reaction paths of the rearrangement allkJmol~1) 1,5-sigmatropic shift of a hydrogen atom along the
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in the rearrangement depicted by Scheme 6 is expected to be
negligible. However, intermediate species of such a type may
play a more important role in the photochemical and thermal
rearrangements of other spiropyrans and their structural ana-
logues. Thus, the NMR monitoring of the photochromic
rearrangement of 2,2-di(4-fluorophenyl)-6-methoxy4(2)-
chromene presented definite evidence for the involvement of a
similar type o-allenylp-methoxyphenyl intermediate in the
mechanism of the ring-opening reactitnNo such type of
structures has yet been found in previous theoretical DFT and
ab initio studies of the mechanisms of the electrocyclic reactions
of spiropyrans and spirooxazin&s!344

The calculated geometries of the intermedidt¢dCCC) and
Int(All) are shown in Figure 12, and those for the transition
state structures appearing along the “conrotatory” and “disro-
tatory” reaction paths of the ring-opening reaction are presented
by Figures 13 and 14. In the B3LYP/6-31G**//B3LYP/3-21G**
approximation, the energy barrier against the thermal ring-
opening reaction of#(Sp) is estimated as 94.6 #dol~L, the
value of which is close to that found for the activation energy
barrier to the thermal ring-opening (coloration) reaction of
spiropyran 3(Sp) in ethanol solution, as discussed in the
following section.

3.4. Kinetics of Photointiated and Thermal Rearrange-
ments. The photocoloration of solutions of spiropyrahs4
was observed in a wide temperature interval o296 K. The
guantum vyields of the direct and back photorearrangement
reactions measured f@& in ethanol at 285 K are 0.046 and
0.035, respectively. The molar absorption coefficient of the
colored form at the maxima of the long wavelength absorption

Figure 14. B3LYP/3-21G** computed geometries of the transition band is 54 300 L mGI_l cm .1' qu spiropyrand —3, th(.:" rate of .
state structure§s(CTC-All) and Ts(TTC-All) (Scheme 6). Bond  the back photoreaction significantly decreases with lowering
|engths are in angstroms, and ang|e5 are in degrees_ the temperature of solution and at 77 K drOpS to zero. At 77 K
the photobleaching reactions are fully retarded, which points
C—H---O hydrogen bond oMc(CTC). As stems from the  to the existence of a substantial energy barrier to the ring closing
calculations (Figure 15, Table 4), its steady state concentrationof the CTC and/orTTC merocyanine isomeric form$4c) at

o
ZNC,C,C,= 46.5

Ts (CTC-AIl)

£ NC,C,C,= 147.4

Ts(TTC-All)

AE,
kJ mol”
1 Ts(CTC-X)
123.4 (94.6)
1 Ts(Sp-TTC)
Ts(CTC-All)  TS(TTC-All) 114.4 (91.2)
105.9 (107.1) 107.1(107.5)
80 1
Ts(Sp-X)
70.3 (64.0) 82.4 (74.5)
Int(All)
66.1 (48.5)
40 T Int(X)
47.7 (25.9)
Mc(eTe) 35.1(16.3)
MC(TTC)
Route1 Route2 0(1.0)
> q

Figure 15. B3LYP/3-21G** ground state adiabatic potential energy profile for the reaction paths of the ring-opening/closing rearrangdment of
B3LYP/6-31G**//B3LYP/3-21G** energy levels calculated for the optimized structures corresponding to the local minima and saddle points are
shown as the bold horizontal bars (relative energies in parentheses). Relative energies are in kilojoules per mole.
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