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Abstract

Kinetics of thermally driven reactions in solutions of photochromic 1-methyl-2,4,4,6-tetraphenyl-1,4-dihydropyridine (DHP) has been
studied. The processes have been monitored by measuring the isothermal bleaching of species absorbing at ca. 520 nm, produced L
UV irradiation of solutions of DHP in chloroform and in chloroform/PMMA. The decay curves can be interpreted assuming a contribution
from two coloured species produced in a sequence of elementary processes. A comparison of quantum-chemical calculations with rest
of spectroscopic and kinetic measurements seems to indicate that the initial step following an electronic excitation of DHP involves radic:
formation, the absorption around 520 nm being probably associated y#thS and T, — T, transitions in one of intermediate products.
©1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

X=0,S,NR,
. . . . . Rs Ry, Ry, Rg=aryl
Photochemical properties of derivatives of dihydropy- R, = CH, anyl

ridines, pyranes, and thio- and selenopysare a family R2=H ;Hs
of photochromic compounds of the general formula shown R: H’
in Fig. 1 — havebeen studied for some time [1-19] but °

. . . . . R R; = H, alkyl
details of the reactions responsible for their photochromic 5

behaviour hfave beer? SUbJeC_t to some d'Sp_Ute: an IntIj"’lmolleC'Fi(_:j. 1. Chemical formula of the family of photochromic compounds under
ular aryl shift associated with the formation of a bicyclic stuay.

compound [1-6], a reversible 3,5-bridge formation [8—16]
and a hydrogen shift following the aryl shift [17,18] have

been put forward.

A substantial part of the research mentioned above
has been carried out on dihydropyridines (X=NR)
[2-4,7-9,12,13,15,19], most of the available experimental
results being collected for 1-methyl-2,4,4,6-tetraphenyl-1,4-
dihydropyridine (structure | in Fig. 2; hereafter referred to
as DHP). The absorption spectra of the stable and coloured

forms of solutions and polycrystalline samples of DHP are DHP [13] were interpreted assuming a first-order character

z:c:gltlz?ers((;fr.elzilr%o?\z,eg}ﬁ tsr:rengig%éﬂilr%?élglgptrgitegzss;mb?)thOf bleaching reactions, whereas the kinetics of much slower
cases. The stable form of DHP has its long-wavelength bleaching processes occurring in polycrystalline samples

was interpreted assuming additionally a distribution of the
rate constants [8,19].

* Corresponding author. Tel.: +48-71-3203468; fax: +48-71-3203364 In our previous paper [19], we put forward a reaction
E-mail address:sworakowski@kchf.ch.pwr.wroc.pl (J. Sworakowski) scheme according to which the primary photochemical

absorption edges in the near UV, irradiation into its UV
absorption band giving rise to a build-up of additional ab-
sorption bands which in solutions are located at ca. 520 nm
(shifting to ca. 550nm in solid samples), and around
400nm. The resulting coloured species can be bleached
thermally, the rate of the latter process depending critically
on conditions of the experiments [8,13,19]. The experi-
ments performed in the microsecond range on solutions of

1010-6030/99/$ — see front matter ©1999 Elsevier Science S.A. All rights reserved.
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Fig. 2. Chemical formula of the stable form of DHP (l), and of possible intermediate and final products of its photochemical reactions. The numbering
of the molecules corresponds to that employed in our previous paper [19].
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Fig. 3. UV-Vis spectra of solutions and polycrystalline DHP. Broken lines: DHP prior to irradiation; full lines: after irradiation with UV lightesClur

and 2: acetonitrile solution (adapted from [13]); curves 3 and 4: polycrystalline DHP in KBr matrix (adapted from [19]). To facilitate compagison, th
curves 2-4 have been vertically displaced by 0.5, 1 and 1.5a.u., respectively.

process — intramolecular phenyl shift — is essentially ir- first-order process, is characterised by the rate constant
reversible; the photochromic cycle consists of two possible amounting to ca. 5 10*s~! [13], whereas preliminary
parallel reactions: a 2,4-ring closing and a hydrogen shift. results of similar measurements in the millisecond range
Our results indicated that the 3,5-bridge formation is impos- [19] point to the presence of another slower process with
sible in DHP due to high energy barriers in both ground and the rate constant of the order of2A® s 1. It should be
excited states. The model, apparently reconciling most of noted that the kinetics reported in [13] and in [19] were
the existing experimental material (in particular, spectra and measured in different conditions: the former one [13] was
kinetic measurements) with results of quantum-chemical monitored by following decays of the absorption at ca.
calculations, leaves nevertheless a few questions which390 nm, whereas the latter paper [19] contained results of
should be addressed. measurements at 520 nm. Furthermore, a closer inspection
Previously reported ambient-temperature kinetic exper- of the decays published in [19] reveals the presence of a
iments performed on solutions of DHP, showed that the plateau around 1 ms (see the curves shown in Section 3.2 of
bleaching in the microsecond range, if interpreted as a this paper), which cannot be accounted for by assuming two
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parallel processes as was done in [19]. Thus, the questiondescribed in this section, as well as preliminary results of
arises concerning the nature of the absorbing species andolid-state ESR experiments, seem to confirm such a possi-
sequence of elementary processes. bility. It should, however, be noted that the radicals need not
be identified with transition species for intramolecular reac-
tions in which rearrangements of molecules occur without a
2. Experimental complete breaking of bonds between moieties involved.
The calculations reported in this section supplement those
Polycrystalline samples of DHP were obtained from published in [19]: in addition to the geometries of the sta-
Prof. J. Kuthan and Dr S. Bohm (Prague Institute of Chem- ble form of DHP, possible intermediate and final products
ical Technology). The synthesis and purification of the of photochemical reactions (cf. Fig. 2), as well as of tran-
material have been described elsewhere [9]. The bleach-sition species between the products, we carried out calcula-
ing experiments reported in this paper were carried out tions of the geometries of radicals whose formation seemed
using chloroform solutions of DHP, the solute concentra- probable: (i) a radical formed from the stable form of DHP
tions ranging between 10~4 and 4x 10~4mol dm 3. (molecule 1) by breaking the C(4)—phenyl bond (hereafter re-
We also performed measurements of the decay kinet-ferred to as RA), and (i) a radical formed from Il by break-
ics in function of the solution viscosity. In this case, we ing the C(3)-H bond (RB). Moreover, calculations were
used chloroform solutions of DHP additionally containing performed of the energies of the ground and low-lying ex-
PMMA (May~ 5 x 10° gmol~1) at concentrations reaching cited states of all species involved in the postulated reaction
0.11gcnt3. The viscosities of the solutions obtained in scheme.
such a way reached cax410-2Nm~2s. The ground-state geometries of all structures shown in
The kinetics of the bleaching reaction of oxygen-free DHP Fig. 2, and of all transition species were fully optimised us-
solutions was studied using a conventional flash-photolysising the semiempirical MNDO method of Dewar and Thiel
setup identical to that described elsewhere [13]. The sampleg21], whereas the semiempirical GRINDOL method [22]
were excited with a 15 ns pulse from a frequency-quadrupled was employed to calculate the excitation energies. Two hun-
Nd : YAG laser ¢ =266 nm); the bleaching kinetics was then dred singly excited configurations were included into the
measured by following the decay of the absorption band configuration interaction scheme. The calculated energies of
peaking at ca. 520 nm. Typically, the time span of the mea- the ground states and of the excited states of all relevant
surements reported in this paper amounted to 5-10ms.  species are listed in Table 1. For most species, we display
We also carried out auxiliary measurements on solid sam-only the energies of the lowest singlet and triplet states,
ples of DHP in KBr matrices. In this case, crystallites of
DHP were mixed with KBr (ca. 1:400), ground and pressed
atp=2x 107 Pa. The samples obtained in such a way were 122 1 o .
. .., Energies of the ground states, and the lowest excited singlet states in
mounted in a temperature-controlled sample holder inside DHP (I), and possible transition and metastable species produced in a
a Shimadzu UV-2101PC spectrophotometer, at ambient at-sequence of photochemical reactions. The symbols denoting the molecules
mosphere. The samples were irradiated with a high-pressureare identical as in Fig. 2. All values are given in kJ molrelative to the
Hg lamp supplied with a bandpass filter allowing us to shine energy of the ground state of the stable form of DHP
into the UV absorption band of the material. The transmis- Molecule Ground and lowest excited Ground and lowest excited
sion range of the filter covered essentially the 313 nm emis- states of molecules states of radicals
sion of the lamp; however, the transmittance of the filter at S0 1 S1 T2  Ground state Excited states
shorter wavelengths (down to ca. 290 nm) was found small
but non-negligible.

Stable and metastable molecules (see Fig. 2)
| 0 290 402

1l 29 48 247 296
[\ 17 306 465 378
3. Results Y -59 167 293 295
VI 19 377
3.1. Quantum-chemical calculations Transition species for purely intramolecular reactions

(GID)] 335 318 457 550

i i ceo s (V) 71 113 305 338
It was mentioned above (see also Fig. 3) that the irradi i) 117 i s s

ation of DHP results, among others, in the appearance of a l-V) 298 201
band peaking at ca. 400 nm. On the other hand, the results o - adical
quantum-chemical calculations reported in [19], indicate that S5

- 177 309
none of the molecules displayed in Fig. 2 should exhibit any 456
appreciable absorbance at 400 nm. However, since the reacrp 195 356
tion resulting in the production of coloured species involves 477

rearrangements of chemical bonds, it is likely that radicals — ara + phenyl; RA=1 with phenyl detached from the position 4.
are produced. Indeed, the quantum-chemical calculations PRB+H; RB=IIl with hydrogen detached from the position 3.
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A(a.u)

t(ms)

Fig. 4. Ambient-temperature bleaching kinetics of DHP in solution. (1) Pure chloroform (relative viscosity equal to 0), (2) chloroform + PMNA& (relat
viscosity equal to 86). Full lines are the reconstructed curves calculated using Eq. (10) and the rate constants determined from the fits. The curve 1 h
been vertically shifted by 0.5a.u.

whereas for the radicals the energies of two lowest-lying A(t) = £1eXp(—kshort) + &2€XP(—kiongt) — £3€XP (—k),t),
states are given: our calculations show that in some radi- 1)
cals taken into consideration there exist excited states at ca.

11,000-12,000 cm', possibly deciding about the reaction ) ) o
path, as well as states at ca. 25,000 émvhich might be where A is the absorbance normalised to its initial value,

responsible for the absorption at 400nm. A more detailed 21dé1, £2 and3 stand for time-independent positive co-
discussion of the results will be given in Section 4, at this €fficients. In our previous paper [19], we attributed the two

point we only want to turn the reader’s attention to the fact decays to two parallel processes; such a scheme, however,
that the calculated energy of the lowest excited state of the ©annot account for the presence of the plateau: in the sim-
RA radical is located well below that of the transition state P€St case, such a shape of the bleaching kinetics should in-

whose position would determine the barrier for a purely in- volve a sequence of consecutive reactions, with two species
tramolecular pheny! shif. absorbing at 520 nm. It should also be stressed at this point

that the type of kinetics described by Eq. (1) requires that
the absorbing molecules be disconnected, i.e., separated

3.2. Kinetic equations and analysis of experimental decays by at least one non-absorbing species in the sequence of
elementary processes.

As was mentioned above, the experiments were per- Taking into account results of the quantum-chemical cal-
formed in chloroform solutions, in some cases containing culations presented in Section 3.1 (see also the discussion
additionally PMMA which Changed the solution ViSCOSity in Section 4), we put forward a simplified sequence of ele-
being otherwise neutral. Fig. 4 shows experimental decaysmentary reactions as shown in Fig. 5. The symbols denoting
of the absorbance at 520 nm, measured at ambient tempermolecules are those used in Fig. 2, RA is the radical absorb-
ature for two limiting cases: a chloroform/DHP solution jng at 400 nm, and X is an unknown intermediate product
(viscosity equal to ca. 0.5 10->Nm~?s), and for a chlo-  whose nature at this stage of research can only be subject
roform/PMMA/DHP solution (ca. 4& 10-*Nm~2s). Irre-  tg speculations. The model presented in this paper modifies
spective of the viscosity, all curves were found to consist of jnitial stages of photochemical processes following the ex-
an initial section of a rapid decay, separated from a slower citation of DHP, put forward in [19]. First, breaking one of
decay by a clearly discernible plateau around 0.8-1.5ms.the C(4)—phenyl bonds and formation of the radicals (RA
This type of decay can be fitted with the following and®) opens possible paths for the recombination, result-
equation ing in the reproduction of stable DHP (molecule 1), and/or in
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r wherea is the initial concentration of RA produced by a
I I, RA*+ @ light flash, andr = 1/ka.
h If the recombination of the RA radical is a second-order
L i, process, then a general solution of Egs. (3) and (4) in closed
' ‘ ( K forms is impossible; let us note, however, that reasonably
k, 3T Y accurate solutions can be obtainedifs kpt, k3> kpx,
I'<——Ra+ o Koy which seems to be the case in the experiments described in
\ / this paper. Then, irrespective of the type of the recombina-
kg K, tion kinetics, initial concentrations of the molecules 11l in
ks m ——w the T; and $ states amount to
k
5 l cr(t ~0) = yra 9)
& d ca(t ~ 0) = nea (10)

Fig. 5. The proposed sequence of elementary processes in DHP following _ .
a UV pulse. The processes inside the dashed line box occur at timesWhere ni =ki/k. Hence the expressions fof(t) and cg(t)

shorter than the time scale of the experiment described in this paper.  read

c1 = nraexp(—kxt), (11)
formation of the coloured species (molecule IlIl), and, pos-
sibly, also of a molecule VI. Note that the latter molecule
has a relatively low-lying ground state and may appear quite <G = "164&XP(—koa!) +1ta [caexp(—koer)
stable. Moreover, its optical gap almost coincides with that —k2eXp(—kpx 1) + k3eXp(—kx1)], (12)
of the molecule V (29,900 criversus 29,400 crt, cf.
Table 1). Secondly, the recombination of radicals may re-
sult in formation of the molecules I, 1l and VI in both, kx kpx

wherek; (i=1, 2, 3) are combinations of the rate constants

S and Tp states. For the purpose of this paper, of inter- 1= (kpg — kx)(kpg — kpx)’ (13)
est is a possibility of the formation of they@nd T; states

of the molecule IIl. Our calculations indicate that the opti- ., — kxkox , (14)
cal gaps for the & S; and T, — T» absorption are quite (kpg — kpx) (kpx — kx)

close (18,000 cmtversus 20,700 cm' cf. Table 1); use of kexckpx

other methods of calculations (not reported here) results ink3 = (15)

kpG — kx) (kpx — kx)
an even better agreement [23]. ( D.G x)(kox = kx) _ _
The above scheme can be solved for the concentrationsintroducing the Lambert-Beer law, one finally obtains an ex-
of the relevant products (the RA radical, and the ground-and pression describing the temporal evolution of the absorbance

triplet state forms of 1l1). at 520 nm, equivalent to Eq. (1)
dZIjA — kerace. @) A =oexp(—kxi) + pexp(—kpet) — yexp(—kpxt). (16)
q whereA stands for the absorbance normalised to its initial
T _ katcrace — kxcr, ©) value, andy, 8 andy are time-independent parameters de-
dr fined by the equation
dcg
T = k3agcraceo + kpxct — kpccea, (4) o = ETNT + EGNTK3 (17)
ETNT + EGNG
where
_ &anG + eenTKl (18)
k = ki + k3 + ke, (5) etnT + e6nG
k3 = k3T + k3G, (6) _ _ EGNTK2 (19)
kpg = ka + ks. ) ETNT + €GNG

with ¢; being molar absorbances of species absorbing at
520 nm. The rate constants of the processes controlling the
temporal evolution of the absorbance can be determined
in the following way: exponential fits to the short-and
long-time sections of experimental curves allow one to es-
timate two rate constant&snort andkiong, and to calculate

-1 the functionAghor(t) = &1 exp (—Kshort). The rate constants
(RA=Co =4 <1+ ?) ’ (®) determined in such a way should be closegoand kog.

Let us note that bleaching of the RA radical is a bimolecular

process. In case of its geminate recombination with phenyl
this results in a second order kinetic equation; consequently
the solutions for temporal dependence of the concentration
of RA and® should read
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Fig. 6. Viscosity dependence of the parametgr(cf. Eq. (1)). The line serves only to guide the eye.

Unfortunately, the functional form of Eq. (15), symmetrical the radical RA, both in the ground state and in the low-
with respect to the above rate constants, does not allow oneest excited state are much lower than those of a transition
to decide whethekx >kpg (i.e., kshort=kx) or kx <kpg species for a purely intramolecular reaction between the sta-
(i.e., kshort=kpg). The third time constankfx) can be de- ble form of DHP (1) and the molecule absorbing at 550 nm
termined from the condition for a maximum of the temporal (lll). This result may indicate that the initial step of the se-
dependence of theA[t) — Ashor(t)] function. The values of  quence of elementary processes following the excitation of
the rate constants obtained in such a way are then optimisedhe stable form of DHP (molecule I) is the formation of rad-
to achieve the best fit to experimental points. icals rather than a purely intramolecular process assumed in
Using the above equations, we analysed the experimentalearlier papers [1-19]. Indeed, the presence of paramagnetic
curves measured on the DHP solutions in pure chloroform, species (radicals and/or triplets) has been confirmed by ESR
and in chloroform/PMMA of various viscosities. Three time measurements performed on irradiated polycrystalline DHP
constants were determined in the way shown above, the ac{24].
curacy of the determination being checked in all cases by Admitting a possibility of the radical formation has
fitting the entire curve with Eq. (16). The average values de- its consequences for the postulated mechanism of the
termined from 6 independent measurements performed onphotochemical reactions. First, the recombination is a bi-
pure chloroform solutions of DHP were found to amount to molecular process; in case of a geminate recombination
(60004 1000)s1; (500+100)s ! and (1200t 300)s L. (which seems to be the most likely case under experimen-
To within the accuracy of our measurements, the viscosity tal conditions reported in this paper), this should result in
of the medium seems to influence to some extent the ki- a second-order kinetics of the first step in the sequence
netics of the processes under study: we observed a systemef reactions. Secondly, the recombination may (at least in
atic trend in the viscosity dependence of the paramgter  principle) proceed not only by the attachment of the phenyl

(cf. Fig. 6) as well as, possibly, the rate constlast. The in the position 3, but also in the positions 2 and 4 of the
spread of experimental results, however, does not allow uscentral ring, resulting in formation of the molecules I, |
to draw any further-reaching conclusions. and VI, and consequently decreasing the yield of produc-

tion of the coloured species Ill. Furthermore, one may ask
whether, under favourable conditions, one could not expect

4. Discussion and conclusions also a non-geminate recombination of RA and phenyl (i.e.,
an intermolecular reaction). It seems, however, that both

The results presented in this paper allow us to extend thethe formation of the molecule VI and an intermolecular
analysis presented in our previous paper [19]. An analysis reaction, though not impossible, seem to be of a lesser
of the results given in Table 1 shows that the energies of importance: earlier experiments [12,20,25,26] performed



J. Sworakowski et al./Journal of Photochemistry and Photobiology A: Chemistry 129 (1999) 81-87 87
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