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The photochromic behavior of 2-(Z'-dinitrobenzyl)pyridine ¢-DNBP) has been followed in poly(methyl
methacrylate) (PMMA) films and benzene solutions to clarify the behavior of a precursor state, previously
identified in studies on crystalline-DNBP at low temperatures. In PMMA films, photolysis at temperatures

<50 K led to the concurrent formation of a NH tautomer and a colorless intermediate, which was stable for
several hours. On irradiation at low temperatures and warming the sample, the colorless intermediate was
seen to react to produce the NH tautomer in a higher yield than that found in the direct photolysis. Further
information on this intermediate has come from flash photolysis studies in benzene solution, in which a new
transient absorption has been observed at 335 nm and assigned to this species. This decays within a few
microseconds at room temperature to form an OH tautomer, which then interconverts to the NH tautomer.
The precursor state is not quenched by oxygen or naphthalene. From consideration of the kinetic and spectral
data, it is suggested that this new species corresponds to a nonrelaxed tautomeric form of the OH state of
o-DNBP.

1. Introduction SCHEME 1

The molecule 2-(24'-dinitrobenzyl)pyridine ¢-DNBP) is
well-known for its photochromic properties, both in liquid
solutions and in the solid phase. Since the first report of the N \
photochromism oftx-DNBP by Chichibabin (Tschischibabin) b o x NO,
and co-workers$,a large number of studies have been presented S
to attempt to characterize the basic photochemical and photo- Tl h), |
physical processes involved. These have been summarized in / H "
ref 2. The earliest studies showed that the photochromism
involves an intramolecular proton transfer (PT), leading to
different tautomers for which various structures have been H No,
suggested. However, it is only recently that definite assignments
have been madeThese structures and interconversion processes
are shown in Scheme 1. For convenience, the three tautomergomplemented by density functional theory and molecular
that have presently been characterized are referred to as the CHJynamics calculations, which suggest that transfer of the proton
OH, and NH forms. The stable, colorless form is the CH occurs on a time scale of roughly 1004©n the basis of
tautomer, which, upon irradiation with UV light, is transformed femtosecond pumpprobe transient absorption spectroscopy, a
into the yellow OH form or into the long-lived blue NH form  reaction time for intramolecular proton transferceDNBP in
(lifetimes of seconds in solution, hours in crystal at room acetone solution of 328500 fs has been estimatedhis is
temperature), or both. The ratio of the two forms depends on followed on a picosecond time scale by relaxation to the
both temperature and environment. Back PT reactions can eitherphototautomer. However, the dominant route for proton transfer
occur thermally or be photoinduced. is likely to depend on the rates of interconversion between the

However, although the identification of these photochromic Vvarious excited states. The actual reaction pathway does not
forms has been achieved, little is known about the reaction justinvolve the initial photoinduced step but follows a complex,
mechanisms leading to their formation. A theoretical study but interconnected, scheme.
using ab initio methods, coupled with semiempirical calculations  Recent transient absorption experiments on longer time scales
using the PM3 Hamiltonian, has suggested different possible performed on crystalline-DNBP over a wide temperature range
routes for the phototautomerism and has shown that protonhave shown that two competitive proton-transfer routes exist
transfer in the excited singlet state may proceed through aupon irradiation of the CH stable tautomer: a fast, direct, and
process with zero activation energy. These studies have beertemperature-independent one, assigned to an excited-state
process, and a much slower, thermally activated one, involving
* To whom correspondence should be addressed. F&83) 476 635 a multistep proton transfer in the ground state via a colorless

495. E-mail: roger.casalegno@ujf-grenoble.fr. precursor state. This was detected kinetically but not observed
T Universite Joseph Fourier-Grenoble. . . . g
* Universited'Alger. spectroscopicall§ Possible assignments for this precursor state,
8 Universidade de Coimbra. having a lifetime of about 1«s at room temperature for a

10.1021/jp0140825 CCC: $22.00 © 2002 American Chemical Society
Published on Web 04/03/2002



Downloaded by PORTUGAL CONSORTIA MASTER on July 2, 2009
Published on April 3, 2002 on http://pubs.acs.org | doi: 10.1021/jp0140825

Photochromism ofi-DNBP

't 0.001 eV

CH CH

Figure 1. Schematic potential energy curves of photoinduced proton
transfer in crystallinex-DNBP and energy barriers of the thermally
activated processes from ref 6.

hy

polycrystalline film, include a long-lived excited triplet state, a
biradical, or an additional ground-state tautomer.

The level diagram shown in Figure 1 has been sketched from
these previous studies realized in polycrystalline films of
o-DNBPS$ This shows the occurrence of a precursor state P
between the CH excited state and the OH species in the groun

state, which is tentatively assigned to an additional ground-state
tautomer. Direct connections between the excited state and the
two OH and NH species have been detected, but their rates Weret
too fast to be measured with the experimental setup used in ref
6. For slower processes occurring in the ground state, the rate

constants were identified from flash photolysis measurements
and from the time evolutions of each tautomer under continuous
irradiation. These data permitted the determination of activation
energy barriers existing for the multistep PT mechanism
indicated in Figure 1.

The objective of this paper is to elucidate the properties of

this precursor state in an attempt to characterize it. Because the

spectral characterization of this P state is not possible in

crystalline samples for the reasons given below, the experiments

presented here were conducted in a polymer matrix and in liquid
solutions. The transient absorption spectra obtained-iDNBP

in such samples show that the reaction mechanism does no
depend significantly on the environment, and two similar PT
routes have been detected in these media.

2. Experimental Section

2.1. Transient Absorption Measurements in PMMA Films.
Samples of poly(methyl methacrylate) (PMMA) films of a few
tens of micrometers thickness doped with 49®NBP (Lan-
caster Synthesis, after recrystallization from ethanol) were
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photomultiplier output was sent via a transient digitizer to the
data processing system as described in ref 7.

3. Results and Discussion

3.1. Photochromism of a-DNBP-Doped PMMA Films.
3.1.1. Preliminary Obseitions. It has been known for over
30 years that no detectable coloration appears after UV
irradiation of polymer samples doped withtDNBP at liquid
nitrogen temperature but that heating a previously irradiated
sample in the dark results in a transient blue coloratidhis
behavior reflects the existence of a colorless precursor in the
photochromism ofx-DNBP, in agreement with the results of
ref 6 described in the Introduction. Thus, a more systematic
study of this “trapping” phenomenon has been carried out at
low temperature to study the colorless reaction intermediate
assigned to be the P form (Figure 1), by monitoring the effect
of irradiation duration and temperature variations on solid
samples.

In thin pure polycrystalline samples afDNBP, such as that

dJsed in ref 6, UV irradiation at low temperature (10 K) resulted

in a blue coloration of very low efficiency involving only the
excited-state PT route. However, no further coloration was
detected upon heating the sample in the dark. This lack of
rapping of the P precursor in microcrystals can be related to
an efficient deactivation of this form at low temperature to
produce the stable CH tautomer, in preference to the formation
of the colored OH form (see Figure 1). This interpretation is
consistent with the kinetic data obtained for polycrystalline
samples in ref 6 because theykpc ratio is expected to be very
small at 10 K £1074% wherekpo is the rate of the P~ OH
process andkpc is the rate of the P~ CH one). Thus, no
trapping of the P form is expected in crystals at this temperature
or even at temperatures up to 150 K, where this ratio reaches
unity. An additional necessary condition for observation of the
delayed blue coloration upon heating an irradiated sample is
the occurrence of an efficient OH NH process. Because the
tkinetic data available shows that this is unlikely fTfDNBP
crystals, we have turned to the study of polymer samples, in
which such a process has been already obsérved.

3.1.2. Effect of Photolysis and Heating of Filnsa-DNBP-
doped PMMA samples, the trapping of a colorless intermediate
following photolysis was found to be efficient, even at 10 K.
Thus, the kinetic parameters of the P decay in PMMA, that is,
the activation energies and preexponential factors, must be quite
different from those measured in the crystal. This is consistent
with the fact that the ground-state PT process involves large

prepared by a standard method using toluene or chloroform asconformational changes, which are expected to be sensitive to

solvent and then evaporating the solvent in the dark. The UV
irradiations were performed with a filtered 500 W Hg lanip (
< 326 nm), while the probe beam consisted of a 50 W halogen

the environment. In agreement with this remark, large differ-
ences in the activation energies of the NHCH process have
been previously reported in going from crystal, where the

lamp. Two mechanical shutters (60 ms opening time) were usedactivation energy is found to be90 kJ/mol?~13 to polymer

to define the irradiation and acquisition durations. Because of

matrixes, where this value falls te-25 kJ/mol*314 The

possible degradation of the photochromic molecule, new samplesimportance of molecular packing factors in photoinduced proton

taken from different regions of the same polymer film were

transfers of 2,4-dinitrobenzylpyridine derivatives has been

used for each series of transient absorption measurementsdiscussed in detail elsewhei@t> 17

Temperature control in the range-1800 K was maintained
using an Oxford Instrument cryostat CF 1204. The detection
system involved a Jobin-Yvon Spex 270M spectrometer as-
sociated with a cooled photodiode array.

2.2. Flash Photolysis Experiments in Solution.Flash
photolysis studies in solution were performed using a Q-
switched, frequency-tripled JK Lasers System 2000 Nd:YAG
laser for excitation and a xenon arc lamp, high-radiance
monochromator, and photomultiplier setup for detection. The

Figure 2 presents the absorption spectra observed following
successive irradiations of equal duration @DNBP-doped
PMMA films performed at 50 K. Similar experiments done at
10 K showed that the formation efficiencies of the NH tautomer
(maximum absorption wavelengthnax = 570 nm) were the
same at these two temperatures. This can be compared with
results in the crystdl,where the formation efficiency of NH
was found to be temperature-independent between 10 and 220
K. This nonthermally activated NH formation is assigned to a



Downloaded by PORTUGAL CONSORTIA MASTER on July 2, 2009
Published on April 3, 2002 on http://pubs.acs.org | doi: 10.1021/jp0140825

4274 J. Phys. Chem. A, Vol. 106, No. 16, 2002

0.02+- / 50 K E
RN
0.01 1

4

600 700
wavelength (nm)

400 500

Figure 2. Formation efficiencies at 50 K after cumulative irradiations
of 30, 60, and 90 s ofi-DNBP in a PMMA film.
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Figure 4. Absorption spectra oft-DNBP in a PMMA film at room
temperature (a) just after an irradiation of 60 s and after (b) 1 min, (c)

2 min, and (d) 4 min in the dark. The insert shows the corresponding

time evolution of the OD at 580 nm.
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Figure 3. Absorption spectra of-DNBP in a PMMA film: (a) after
an irradiation of 60 s at 50 K and then with the sample kept in the 4 441]
dark at increasing temperatures of (b) 150 K, (c) 200 K, and (d) 250 ) L ! . ! 1 L

K. To correct for a drift with time of the baseline, the ODs have been 300 350 400 450 500 550 600 650
set to zero at 400 and 750 nm, wavelengths at which there is no NH
absorption.
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Figure 5. Transient absorption spectra of an Ar-saturated solution of
fast PT reaction in the excited state. No formation of absorption a-DNBP (1.03x 1072 M) in benzene obtained 285 (¥), 14us (a),
between 400 and 430 nm, attributable to the OH tautomer, was2°4S (@), and 83us (W) after excitation by a 15 ns laser pulse at 355
detected under these experimental conditions, in contrast to what™
was found with the crystal. This can be due either to a much competing mechanism, involving only PT in the excited state
lower formation efficiency of this species in the polymer matrix (OD max= 0.02 after 60 ms irradiation at 50 K reaches 0.07
than in the crystal, where this form is detected even upon after heating).
irradiation at 10 K, or to a shorter lifetime of the OH form, that It must be noted from Figure 4 that the NH optical density
is, less than the 60 ms necessary to record the transient(Amax= 570 nm) at long times does not become zero but instead
absorption spectrum. decreases to a constant, nonzero value. This can be related to
Because similar behaviors were observed over the whole the fact that incorporation af-DNBP in a polymer matrix can
spectral window with a sample irradiated at 10 K and then lead not only to isolated molecules but also to nanocrystalline
heated to 50 K while maintained in the dark and with samples aggregates, as reported for highly doped (33%) poly(vinyl
irradiated at 50 K (Figure 2), subsequent experiments were chloride) (PVC) filmst* Assuming similar behavior in PMMA
performed starting from this higher temperature. These were and PVC, comparison of the maximum OD valuelatx =
carried out as follows: the sample was irradiated for 60 s at 50 570 nm just after irradiation (0.09) with the constant OD value
K and then kept in the dark. No significant changes (less than reached after several lifetimes (0.02) allows the estimation of
or equal to a few percent) were observed in the OD, even afterthe concentration of nanocrystallites in the film as beir%.
10 min at this temperature, indicating a lifetime greater than a  3.2. Flash Photolysis ExperimentsFollowing flash pho-
few hours. The temperature was then increased in a controlledtolysis of an Ar-saturated solution of-DNBP (6.1 x 107*M)
fashion keeping the sample in the dark. A noticeable increasein benzene using 15 ns pulses from a frequency-tripled
was observed in the OD of the NH form. This OD increase Nd:YAG laser (355 nm), three absorption bands were observed
upon heating in the dark (Figure 3) was observed for temper- at 335, 400, and 540570 nm (Figure 5). The bands at 400
atures up to about 250 K. At higher temperatures, the OD startedand 546-570 nm are attributed to the OH and NH phototau-
to decrease due to a reduction in the NH lifetime. At room tomers ofa-DNBP. The rate of grow-in of the OH phototau-
temperature, this lifetime was found here to be 47 s from the tomer at 400 nm is, within experimental error, identical to that
data of Figure 4. of decay of the 335 nm transient, suggesting that the 335 nm
Comparison of the evolution of the ODs in Figures 2 and 3 transient is a precursor to this species. We therefore feel that
shows that, as in the crystal phase, the photochromic reactionthe species absorbing at 335 nm corresponds to the P form,
efficiency is higher in the route involving the precursor state identified kinetically here in PMMA films, and previously in
and the multistep PT in the ground state than through the crystallinea-DNBPS The kinetics were studied with an Ar-
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Figure 6. Transient absorption recorded at (a) 335 nm and (b) 410
nm of an Ar-saturated solution cEDNBP (1.03x 1072 M) in benzene
following excitation by a 15 ns laser pulse at 355 nm.

TABLE 1: Rate Constants, k (s71), Obtained from Laser
Flash Photolysis of Solutions of DNBP (1.03 1072 M) in
Benzene

Ar-saturated aerated
decay at 335 nm 2.42 10° 2.25x 1C¢°
grow-in at 410 nm 3.2 1P 3.77x 1P
decay at 410 nm 1.09 10 0.91x 10¢

saturated solution of DNBP (1.08 1072 M) in benzene. The
decay at 335 nm and the grow-in and decay at 410 nm all
followed good first-order kinetics (Figure 6). The lifetime for
the P form in benzene solution at room temperature-4fus

is close to the reported rise time L0 us) for formation of the
OH form in transient absorption studies on crystaltirBNBP 8

In benzene solutions, the OH form decayed with a lifetime of
~100us. Further information on the nature of P was obtained
by studying the kinetic behavior of aerated solutione-@NBP

J. Phys. Chem. A, Vol. 106, No. 16, 200275
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Figure 7. Transient absorption recorded at 570 nm following laser
flash photolysis of an Ar-saturated solution of 6¢110~4 M o-DNBP
in benzene.

The formation of the absorption at 54670 nm, assigned
to the NH tautomer, follows complex kinetic behavior. For the
Ar-saturated solution (6.% 104 M), part of the absorption is
fully formed within the measurement time of the system (ca. 1
us (Figure 7)), as expected for the ultrafast photoinduced proton
transfer from the CH to NH tautomép. The rest grew-in on a
longer time scale. Detailed kinetic studies were not carried out
on the Ar-saturated solution, but with the aerated solution of
1.03 x 102 M DNBP, the grow-in did not appear to fit either
first- or second-order kinetics. However, the rate of this grow-
in is similar to that of the decay of the absorption at 410 nm,
supporting the view from previous studiethat some of the
NH form is produced from the OH tautomer of DNBP.

4. Conclusions

Previous studies on photolysis of crystallioceDNBP at
temperatures between 10 and 300 K have shown that there is a
delay in the formation of the OH tautomer and have suggested
the presence of a precursor state, P, absorbing outside of the
observed spectral windofwThe present studies show that in
PMMA this precursor also exists and feeds the NH species.
Various possible candidates can be suggested for this species.

in benzene at the same concentration. Within experimental error,In time-resolved resonance Raman studies co®DNBP in

oxygen ([Q] = 1.9 x 103 M)*8 had no effect on the kinetic
behavior. Rate constants are presented in Table 1.

acetonitrile solution, a short-lived transient assigned to the anion
radical was reportetl. However, the formation of such a charged

The fact that the decay of the 335 nm transient is not affected species as a relatively stable entity in crystals or doped PMMA

by oxygen suggests that it is unlikely to be either a triplet state
of a-DNBP or a biradical. Further evidence that P is not a triplet

films at low temperatures is highly unlikely. Another possibility
is a biradical, as suggested from picosecond transient absorption

state comes from attempted quenching studies using naphthaspectroscopic studies ofnitrobenzyl compound® In contrast

lene. From pulse radiolysis experiméfitsand theoretical
calculations? the triplet energy otr-DNBP is estimated to be
around 2.8 eV. The triplet energy of naphthalene (2.65%%?)

to the normally accepted proton-transfer mechanisnof@-
NBP photochromism,with the o-nitrobenzyl systems studied,
it was suggested that hydrogen abstraction may be involved and

is expected to be lower than this, and if the 335 nm transient is that this may proceed through a biradical intermediate. Could

the a-DNBP triplet state, quenching is expected to be observed.

Aerated solutions of DNBP (1.5% 10-3 M) in benzene in the

P be such a biradical? Another potential candidate is the triplet
state of a-DNBP. However, both species seem unlikely

presence of naphthalene (0.062 M) were studied by laser flashcandidates witho-DNBP because the species P is stable for

photolysis. Following flash photolysis of this solution, both the

hours at low temperature and there are no precedents for such

spectra and the kinetic behavior at 335, 410, and 570 nm werelong-lived triplet states or biradicals with simple organic
very close to that in the absence of naphthalene. Consideringcompounds. Further information comes from flash photolysis
errors introduced by the strong absorption of naphthalene atexperiments in benzene solution, in which a transient species

the analytical wavelength, the decay at 335 nm was similar in
the presence (3.45H7.8%) x 10° s1) and the absence (2.22
(£14.1%) x 1C° s1) of the additive. If the small observed

was detected absorbing at 335 nm, which was assigned to the
P on the basis of observation of the expected behavior of
interconversion to the OH form. This was not quenched by either

difference is real and because of a second-order processoxygen or naphthalene, so is unlikely to be either biradical or
involving the 335 nm transient and naphthalene, the calculatedtriplet state. The only likely candidate that remains after

rate constantkp < 2 x 10° M~1 s71) would appear to be very
low for a process involving triplettriplet energy transfer. These

eliminating these other species that can have a lifetime of several
hours at low temperature is some other ground-state tautomer.

results support the idea obtained from the oxygen quenching Some assumptions can be made on the nature of this

experiments that the species P is not a triplet state of DNBP.

additional tautomer. Actually, it cannot be a conformer of the
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NH form, which, in this case, would not feed the OH form in (4) Franck, I.; Marx, D.; Parrinello, MJ. Phys. Chem. A999 103
; ; ; 7341.

contrast to what is c_)bserved in crystal and solution. We can (&) Takeda, J.; Chung, D. D.: Zhou, J.; Nelson, K.@hem. Phys.

also exclude formation of a different CH conformer because | ¢t 1995 200 341.

this would mean that for this route no proton transfer could (6) Ziane, O.; Casalegno, R.; Corval, @hem. Phys1999 250, 199.

take place in the excited state. The most reasonable explanation ~(7) Butler, J.; Hodgson, B. W.; Hoey, B. M.; Land, E. J.; Lea, J. S.;

that we have found is that the P form involves some ground- 'éi:dé% E.J.; Rushton, F. A. P.; Swallow, A.Radiat. Phys. Chenl989

state OH 'Spepies that .iS not Completely r.el.axed and that has a (8) Sousa, J. A.; Loconti, J. (Bciencel964 146, 397.

conformation intermediate between the original CH one and the  (9) Clark, W. C.; Lothian, G. FTrans. Faraday Socl958 54, 1790.
final OH form. This must be associated with a weaker 196(3:(L)01)-'>6H?1£1dWiCk’ R.; Mosher, H.; Passailaigue, Rans. Faraday Soc.
conjugation of the molecule, as can be.seen by the position of (11) Sixl. H.: Warta, RChem. Phys1985 94, 147,

its absorption band at 335 nm, which is located between the  (12) scherl, M.; Haarer, D.; Fischer, J.; DeCian, A.; Lehn, J.-M.; Eichen,
absorption band of CH form (below 300 nm) and the one of Y. J. Phys. Chem1996 100, 16175.

OH at 410 nm. It will be a challenge now for high-level (13) Rackow, B.; Gawlytta, M.; Schirmer, B. Chem.1969 9, 436.

: ; (14) Nunes, T.; Eichen, Y.; Bastos, M.; Burrows, H. D.; Trommsdorff
theoretical calculations to suggest a structure. H. P.J. Phys. D Appl. Phys1999 32, 2108.
. ) (15) Seff, K.; Trueblood, K. NActa Crystallogr.1968 B24, 1406.
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