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Abstract

An intermolecular hydrogen transport process, as a source of photochromism in a crystal, was identified in 1-methyl-2,4,4,6-tetraphenyl-1,4-
dihydropyridine (DHP). The photochromic form of that compound, dark violet in color, according to EPR measurements is triplet biradical in
nature. According to photoluminescence measurements, the lowest excited triplet state (T;) as well as the excited singlet state (S;) of the DHP
molecule is of w,m* type. Two active non-symmetrical biradical forms, absorbing at 400 nm and 550 nm, are proposed connected with a hydrogen
transfer process created by transformation of the forms on mutual terms (‘hydrogen cascade’). Optical generation of the photochromic form was
followed by steady-state UV—vis spectroscopy. The rate constants are equal to ks =4.36+0.17 x 1073 s7! and ksso=5.87 £0.56 x 10757,
respectively. The values of energy of activation of these two parallel processes obtained by analysis of non-isothermal kinetics of the bleaching
process are equal to 10.96 kJ/mol and 31.2 kJ/mol, respectively. The IR spectra together with EPR measurements as well as X-ray structural analysis

and calculations on the semi-empirical AM1 level method seem to support the intermolecular hydrogen transfer chain process.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Investigations of the photochemical properties of organic
photochromic materials have a long history because of their
potential applications in different areas of technology, science
and human life [1]. In modern magnetochemistry preparation
of high-spin organic molecules and investigation of their struc-
ture are the main research topic at this moment. So, reinforcing
interest in magnetic materials with bi- and polyradical frag-
ments as elements of hierarchic structures, opens a new field of
application for systems with optically generated bulk magnetic
properties (‘molecular magnets’) [2-5].

In 2000, Tanaka and Toda announced a novel photochromism
of biindenylidene based on the formation of triplet biradicals in
the crystal [6,7]. So, coexistence of photomagnetism and pho-
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tochromism, a new feature of organic materials, may lead to
preparation of a novel, well-defined magnetic-type compound.

Our previous work on the optical properties of 1-methyl-
2,4,4,6-tetraphenyl-1,4-dihydropyridine (Fig. 1) showed that
this compound also exhibits certain photo-magnetic properties
[8-10].

DHP belongs to the class of photochromic materials. For sub-
stituted 1,4-dihydropyridines a photochromism was observed in
different environments [11-14]. The original form of DHP, a
representative compound for that group, is transparent in the
visible range. Irradiation of that material in the UV absorp-
tion range, within the S <— Sy transition, yields a new colored
species characterized by absorption bands in the visible range.
This phenomenon was also observed both in the solid state and
in solution [10,15-17].

The colored form of DHP in the solid state is very stable (days:
in the crystal; a year: in a solid matrix) [18]. The bleaching pro-
cess might be realized in two possible ways: spontaneously — in
the crystal, in the dark in a long-lasting process as mentioned
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Fig. 1. Molecular formula of 1-methyl-2,4,4,6-tetraphenyl-1,4-dihydropy-
ridyne, DHP.

above, or as a thermally driven reaction [19,20]. Concerning
the mechanism of the DHP photochromic process there is gen-
eral agreement that more than one reactive center is responsible
for that property. There is no consensus on the structure of the
photocolored species of DHP or on details of the photo and
thermally initiated reaction pathways [11-13,21,22]. In spite of
the negative results of EPR measurements, two biradical struc-
tures as intermediates are included in the photoreaction scheme
proposed in [11]. However, they did not confirm the presence
of such colored biradicals [11]. Additionally, the results of IR
spectroscopy and NMR measurements were also negative from
the point of view of detection of the 1,4-dihydropyridine pho-
tochromic species. However, the formation of intermediate(s)
containing a cyclopropyl moiety at an early stage of the photo-
process was observed [21]. A monoradical recombination cycle
as one of the steps in the reaction path explaining the photochem-
ical activity of DHP is proposed in [10]. The process following
the excitation of the original form seems to be formation of a
radical rather than a purely intramolecular rearrangement pro-
cess. In this model, breaking of one of the C(4)—phenyl bonds
(cf. Fig. 1) and formation of the radicals opens the possibility
for recombination, resulting in the re-formation of the original
molecule. The possibility of generation of a biradical structure
is not discussed.

The aim of the present work is to identify the photochromic
form of DHP and determine the reaction path. Modifying our
earlier model [8,17], we have focused on the first steps of the
photochemical reaction following illumination of the material
under study. We carried out UV—vis absorption as well as steady-
state IR spectra and EPR measurements of different forms of
DHP in the solid state. Using the isothermal as well as the
non-isothermal technique, the parameters of the kinetics were
determined. The results of thermally driven measurements were
analyzed according to the method presented in [23]. Molecular
packing of crystalline DHP as well as possible intermolecular
contacts were re-analyzed. The experimental data were sup-
ported by theoretical considerations on a semi-empirical level
by the AM1 method. Two non-symmetrical biradical structures
derived from DHP were proposed and discussed. Their mutual
transformation is due to an intermolecular hydrogen transfer
process. The scheme of the reaction path is proposed. The conse-
quence of that reaction for observed photo-magnetic properties

of DHP is also discussed. The energy value and nature of the
lowest excited singlet and triplet states of the DHP molecule
were identified, based on analysis of low-temperature photolu-
minescence spectra.

2. Experimental

DHP crystals were illuminated using a high-pressure HBO
200 lamp with a band pass filter allowing irradiation with
the wavelength corresponding to the UV absorption band of
the compound. The transmission range of the filter covered
essentially the 313-nm emission of the lamp. However, the trans-
mittance of the filter at shorter wavelengths, down to 290 nm was
found to be very small, though not negligible. The exposure time
ranged between 1 and 1.2 x 10*s. The optically generated pho-
tochromic form of DHP reported here was obtained from direct
UV-vis experiments. Crystallites of DHP were mixed with KBr
(ca. 1:400), ground and compressed at p =2 x 107 Pa. The kinet-
ics of the non-isothermal bleaching reaction in polycrystalline
DHP in a KBr matrix, mounted in a temperature-controlled sam-
ple holder was determined spectrophotometrically by following
the decay of the absorbance on the band peaked at 550 nm. Time-
dependent evolution of absorption bands was measured with a
Shimadzu UV-2101PC spectrophotometer. The IR steady-state
spectra of DHP in the crystalline state were registered using
a Perkin Elmer System 2000 FTIR with Multiscope system in
reflection mode. Low-temperature photoluminescence measure-
ments were carried out on a HITACHI F-4500 Fluorescence
Spectrophotometer. An Oxford Instruments DN1704 cryostat
was mounted inside the HITACHI spectrophotometer. The tem-
perature of the sample, in a quartz tube, was reduced rapidly to
120 K, and then was slowly cooled down to 77 K.

3. Results and discussion

3.1. Optical generation of the photochromic form and
thermal bleaching in the solid state

The absorption spectra of the polycrystalline DHP in both
stable and colored forms (corrected due to scattering) are shown
in Fig. 2. As seen in the figure, the low-energy absorption band
of the stable form of DHP, which peaks at 34 000 cm™!, has a
low-energy tail extending to ca. 28 000 cm ™. Illumination of the
colorless samples with 313 nm light results in the appearance of
two new absorption bands in the visible region; the DHP crystal
becomes violet. This color change was also observed when the
crystal was exposed to the sunlight for a few minutes.

Analysis of the UV-vis absorption spectrum of sam-
ples containing the colored form, performed with the
Marquard—Levenberg method assuming Gaussian shapes of
the bands, reveals the presence of three peaks centered at
34050cm™!, 24800cm ™!, and 17920 cm™!, the ratios of their
integral intensities amounting approximately to 31:1:6 [18].

Optical generation of the photochromic form and the isother-
mal kinetics of each entity responsible for the color of the
crystal were studied by analysis of the evolution with time of
the absorption band(s) in the visible spectral range. Collections
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Fig. 2. Absorption spectra of polycrystalline DHP in a KBr matrix at ambient
temperature: original form (1), and the sample after 180 min of irradiation (2).
The arrow indicates the energy of the light quanta. The deconvoluted bands are
also shown.

of some time-dependent long-wavelength sections of the spec-
tra measured by irradiation in the range of 10! to 10*s are
shown in Fig. 3. Unfortunately, a very noisy signal centered
at 400 nm (Fig. 3), appears after illumination. We experienced
some problems with correct setting of the baselines because of
the background scattering. Despite this inconvenience we reg-
istered small but distinct growth of absorbance as the time of
illumination was increased; the changes of absorbance were
larger than the inaccuracy in the absorbance.

The experiments performed for DHP in solution have demon-
strated that the bleaching reaction is of the first-order [8].
For generation of the colored form we also adopted first-
order kinetics. Time-dependent changes of absorbance were
related to the changes of concentration of the colored form
using the equations resulting from the Lambert—Beer law:
(n/ng) =(Aco—A)(Asc—Agp), Where A, Ag, Aso denote momen-
tary absorbance and absorbances at t=0 and ¢ — oo. The rate
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Fig. 3. Time-dependent evolution of UV absorption spectra of DHP in a KBr

matrix; T=295K, UV exposure using HBO 200 lamp with 313 nm filter; illu-
mination time 10! to 10* s (from bottom to top).
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Fig. 4. First-order isothermal kinetics of generation of the colored forms of DHP
monitored at absorption bands centered at 400 nm (full square) and 550 nm (open
circle); T=295K, Ajr =313 nm.

constant was determined from the slope of the time dependence
of the reactant concentration, plotted in semi-logarithmic coor-
dinates. Fig. 4 shows the results of monitoring the absorption
bands that appear at 400 nm and 550 nm after illumination of
the solid sample.

The values of the rate constants of the photocoloration
processes are equal to ks50=35.87£0.56 x 10~%s~1 and
k4oo=4.36£0.17 x 103 s~! for the high- and low-intensity
absorption bands, respectively. Two such different values indi-
cate independent processes, which are active at the beginning
of generation of the colored forms. Most probably, more than
a single process is connected with the entities characterized by
the 400 nm absorption band, especially over a long-time scale.
Unfortunately, because of the procedure used, only the first time
period of sample coloration (‘fast behavior’) could be taken into
account.

Having in mind the poor reversibility of the pho-
tochromic system under study, the non-isothermal technique
was employed. The method essentially consists in measuring
the kinetic response of the sample upon linearly increasing its
temperature. In only one experimental run was the extraction of
Arrhenius parameters possible. Therefore, we used the elegant
methodology offered in the series of papers [23] to estimate the
energy of activation of the DHP bleaching reaction.

Briefly, the basic equation for the temperature dependence of
concentration of reactant is the following:

v [T E,
n =ngp exp <_.3/T exp <_RT> dT) @))]
0

where n, ng denote momentary concentration and concentra-
tion at t=0, v, frequency factor, and B, E;, R and T denote
heating rate, activation energy, Boltzmann constant and tem-
perature, respectively. If E, 3> RT and T'> Ty, the Eq. (1) can be
approximated to

VRT? E,
n =ng exp {— BE, exp (_RTﬂ . 2)
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Fig. 5. Non-isothermal kinetics: the result of transformations of the kinetics data
according to the Eqgs. (2) and (3), and plotted in Arrhenius coordinates. Inset:
Non-isothermal measurements of absorbance decay of polycrystalline DHP in
a KBr matrix monitored at 550 nm with heating rate ca. 0.25 K/min.

The absorbance changes were converted into concentrations
according to the Lambert—Beer law, as mentioned above. Addi-
tionally, a new function defined as

ZT)=T"21n % 3)

in combination with Eq. (2) should be able to obtain the acti-
vation energy from the rectilinear portion of the plot of Z(7)
versus 1/7. The experimental results were transformed according
to the procedure presented above (Fig. 5). Two processes char-
acterized by different activation energy were estimated in the
320-360 K range of temperature. These values are 31.20 kJ/mol
and 10.96 kJ/mol for the high- and low-temperature processes,
respectively.

The activation energy of the high-temperature process in the
340-360 K temperature range can be assigned to 2,4-bridge
formation of the decay product. Almost the same value was
obtained from the isothermal method for a DHP polycrystalline
sample deposited in an MgO matrix [9]. According to theoretical
predictions the activation energy, equal to 40 kJ/mol, has been
attributed to the reaction between the non-biradical forms, result-
ing from phenyl migration, and the 2,4-bridged form [10,17].

We have related the activation energy of the low-temperature
process, in the 320-340K temperature range, estimated as
10.96 kJ/mol, to reactions of biradicals (cf. Section 3.3).

3.2. The IR spectrum of DHP in the solid state

Figs. 6-9 show the IR as well as the differential spectra of
colorless and colored forms of DHP. Prominent differences in
fundamental vibration frequency together with intensity changes
were seen only in the 3400-2500 cm ™! range. In the IR as well as
in the differential spectra of the photochromic form one can find
two new fundamental vibration frequencies at ~2852 cm™~! and
~2922cm™! (Figs. 6 and 7). Their relative integral intensities
with relation to the stretching fundamental vibration frequency
vCH,,=3051.8 cem~! were 0.226 and 0.428, respectively.
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Fig. 6. The 3400-2500 cm™! range of IR spectra (normalized) of DHP original
(colorless) stable form (A) and colored form (B).

The observed frequency values correspond to the well-known
fundamentals of the CH; group. However, the CH; group does
not exist in the basic molecular structure of DHP (cf. Fig. 1).
Thus we postulate that the new IR bands identified are due to a
newly created photochromic form having the structure discussed
in Section 3.3 (cf. the structure proposed in Fig. 11).

The violet DHP crystal turned to russet-yellow, after multi-
ple irradiation <> thermal bleaching cycles. The IR spectrum of
the sample was congested, mostly because of products of side
reactions (Fig. 8). For that reason the spectra were difficult to
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Fig. 7. The differential IR spectrum of colorless — photochromic form of DHP
solid sample in 3400-2500 cm™! range.
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Fig. 8. The 3400-2500 cm™~! range of the IR spectrum (normalized) of a sample

of russet-yellowish crystalline DHP (in a KBr matrix) after multiple irradia-
tion <> bleaching cycles.

interpret. However, the 3400-2500 cm ™ !-range of the spectrum
discussed seems to be well resolved. The spectral pattern of
the IR spectrum is similar but non-identical to that of the orig-
inal form of the DHP sample (cf. Figs. 6 and 8). In detail, in
the CH stretching range the fundamental vibration frequency of
2852 cm™! has disappeared. In the IR differential spectrum we
observe two separated bands with maxima at 3024cm~! and
3056 cm™ !, the latter with a positive sign, and weak fundamen-
tal vibration frequency signals at 2938 cm™! and 2904 cm™!,
respectively (Fig. 9).

These values correspond well to the cyclopropyl fragment
identified in the vibrational spectra of bicyclo[2.1.0]pentane

1,0x10™

3056

0,0
< -1,0x10"
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Fig. 9. The IR differential spectrum of original-thermally bleaching product of
side reaction.
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Fig. 10. EPR signals of DHP in the solid state: (1), original stable form; (2),
colored (dark-violet) form; after irradiation with Aexe =365 nm and ¢ =30 min;
(3), sample after annealing at 400 K during 30 min.

[24,25]. In the molecule under study it can be related to the 2,4-
bridged DHP product, which possesses a cyclopropyl moiety
(cf. Fig. 12). The fact that the photochromic form resulting from
the thermally driven reaction is converted to contain a cyclo-
propyl moiety was theoretically predicted in our earlier papers.
In particular, the results of calculations showed the possibility of
2,4-bridge formation, associated with the energy barrier equal
to 40kJ/mol [8,17].

3.3. Biradicals and hydrogen transfer chain structure

The results of EPR measurements of different forms of DHP
crystal are shown in Fig. 10. The violet crystal gave an EPR sig-
nal without hyperfine structure, which is assignable to a triplet
biradical. The EPR lines are broad as a result of interaction of the
two electrons with unpaired spin, and asymmetric due to the dif-
ference in g-factor of the two radical sites. The effective g-value
equals t02.0167 (B=334.6 mT) and 2.2939 (B=294.2 mT). The
intensity of the EPR signal diminished after annealing the sam-
ple at a high temperature (400 K).

Taking into consideration the stability of the newly created
structure, the presence of a CH; group and preservation of the
quinoid ring structure, we postulate the presence of two stable,
weakly coupled structures denoted as A and B in Fig. 11.

The structure of non-symmetrical triplet biradical forms of
DHP is in agreement with the experimental results mentioned
above. According to calculations on the semi-empirical AM1
level, the B structure with well-separated radical centers is lower
in energy than the A structure, with two radical centers located
inside the same phenyl ring. The absorption of the former one,
labeled as ‘photochromic’, has a maximum at 700 nm, while the
latter one with absorption maximum at 300 nm, is closer to the
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(A)

Fig. 11. Proposed photogenerated biradical structures active in the first step of
photoreaction.

first absorption band of the original form of DHP. In the colored
form the two radical centers are located on different fragments
of the molecule: the methylene (former methyl) moiety being
attached to the nitrogen atom and on the carbon atom in the
phenyl ring attached to position 4 of the central pyridine ring
(cf. Fig. 11). The large separation in that form, enforced by
molecular non-planarity, warrants low-spin coupling and leads
to the triplet biradical isomer of DHP. The proposed biradical
structures and intermolecular hydrogen transfer chain process
are presented in Fig. 12.

The postulated intermolecular hydrogen atom transfer is not
in contradiction with the geometry of interacting molecules in
the solid state. According to the results of X-ray structural anal-
ysis, such hydrogen transfer is possible, as the intermolecular
C...H distance between the reacting centers equals d=3.4 A.
ORTEPIII visualization of neighboring DHP molecules engaged
in the hydrogen atom transfer process is shown in Fig. 13.

The photochemical reaction that starts on the crystal
surface proceeds by an intermolecular ‘hydrogen cascade’
—[-CH3- - -CAr—CH3- - -Ca—]— (Fig. 13). However, structural
imperfections, e.g. ‘single effect of defects’ in the crystal lattice

Fig. 12. Intermolecular hydrogen transfer scheme of DHP in the solid state.

Fig. 13. ORTEPIII

drawing (100
—[-CH3- - -Cao—CHj3- - -Car—]— cascade; all the hydrogen atoms except
those in the CH3 group are omitted for clarity.

view) of the intermolecular

[2], may disrupt the reaction chain of hydrogen atom transfer.
As a consequence, photoreaction may be limited to the specific
crystal volume only. Comparison of the integral intensities of
the experimental bands and oscillator strength obtained from
quantum-chemical calculations allows us to estimate that the
conversion of DHP to the colored form does not exceed 25%
[18]. Identification of the photochromic triplet biradical form
in the framework of the intermolecular chain sequence using
the X-ray method was unsuccessful. Localization of the H atom
for the partly occupied structure, i.e. different in a thin layer
close to the surface from that inside of the crystal volume, was
impossible because of too low maxima on the Fourier map of
density differences. The same difficulty was pointed out in dis-
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H

photochromic form

Fig. 14. The proposed reaction pathway of formation of different biradical structures derived from DHP after UV light pulse.

cussion of the photochromic behavior of other compounds, e.g.
spiropyranes [26,27].

Fig. 14 shows the proposed sequence of further steps of pho-
tochromic behavior of DHP, assuming participation of a triplet
biradical. At room temperature, in the dark, the violet crystals
returned to the colorless form spontaneously but very slowly.
The additional (mostly thermally driven) reaction stream in this
figure shows intramolecular phenyl migration. Probably a birad-
ical ‘partner’ for the thermally driven bleaching reaction leads
to 2,4-bridge formation, which is proven by the IR spectrum
(Fig. 8). In Fig. 14 a reversible reaction within the transforma-
tion of the biradicals <> colorless system is pointed out, as one
parallel to the generation of the 2,4-bridged form.

As was stated in [28], the value of activation energy of an
intra- and intermolecular photochemical hydrogen-abstraction
reaction in liquids, glasses or single crystals is on the whole
between 8 kJ/mol and 16 kJ/mol. Our results of non-isothermal
kinetics are in agreement with this statement. It seems that the
activation energy 10.96 kJ/mol can be related to biradicals and/or
to mutual rearrangements in the biradical structure.

In contrast to numerous papers reporting on the pho-
tochemical activity, much less attention was paid to their
spectroscopic properties, especially those in a rigid matrix.
Using low-temperature photoluminescence spectra, the nature
of the excited electronic states of DHP was investigated. The
luminescence spectra of DHP in n-heptane at 77 K are shown
in Fig. 15. In addition to the phosphorescence, fluorescence
and fluorescence excitation spectra monitored at the 0-1413
vibronic transition, the S,, <— S absorption spectrum at ambient
temperature was determined.

It is interesting to note that the markedly non-planar DHP
molecule (cf. Fig. 12) exhibits the structure of V(%) — S as

well as of the 3(mr, %) — S electronic transition in a Shpolskii
matrix. The decay curves of phosphorescence are exponential.
The phosphorescence lifetime (tpn) monitored at the 0-0 tran-
sition (ET = 67.6 kcal/mol) was found to be equal to 4.9 +0.1s
[29]. The lowest electronic excited singlet and triplet states are
of w,*-type. The singlet—triplet energy gap determined exper-
imentally, AEgTt =16.3 kcal/mol, is rather too low for that of
excited states of w,m*-type [30].

Nevertheless, DHP in a Shpolskii matrix did not show pho-
tochromic behavior. Probably, the molecular geometry and in
consequence the intermolecular interaction of DHP in frozen
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Fig. 15. Low-temperature photoluminescence spectra of DHP in n-heptane at
77K (energy excitation =37 040 cm~!) and absorption spectrum at 295 K (dot-
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solution, is not suitable for creation of the chain structure nec-
essary for the hydrogen transfer process.

Intensive studies of biological systems prove that hydrogen
transfer processes are expected to show appreciable quantum
mechanical behavior in practical in every example investi-
gated [31-33]. It is interesting to study theoretically how that
intermolecular process develops in a photochromic system.
Theoretical studies concerning the alternative paths and the
structures of transition state and intermediates, their geometry
and energy as well as their spectral properties by molecular mod-
eling on the ab initio level are currently being performed and will
be a subject of separate paper.

4. Conclusions

It has been demonstrated for the first time that an intermolec-
ular hydrogen transfer process (‘hydrogen cascade’) induces
photochromism in an organic compound in the solid state.
Moreover, photomagnetism and photochromism are insepa-
rable. 1-Methyl-2,4,4,6-tetraphenyl-1,4-dihydropyridine is the
first example of a photochromic material exhibiting this novel
feature.

Movement of a hydrogen atom from the CH3 group to an aro-
matic carbon atom realizes the intermolecular hydrogen transfer
process in the solid state over the distance of 2-3 A.

Our experimental results allowed us to identify the processes
in which non-symmetric biradicals have played a crucial role.
The photochromic form as a triplet biradical is relatively stable
at room temperature. In the dark, it slowly returns to the state
before irradiation.
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