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Monitoring structural transformations in crystals.
6.' The [4 + 4] photodimerization of 9-methyl-

anthracene

The structural changes in a crystal of 9-methylanthracene (1)
during the [4 + 4] photodimerization were monitored by
means of X-ray diffraction. This is the first example in the
literature of such a study of a [4 + 4] photodimerization. The
results obtained were compared with data for the [2 + 2]
photodimerization. The shape of the product molecules and
their preferred packing can explain the crystal disintegration.
This was the reason that the reaction was monitored only to
28% completion. As far as could be determined the reaction
proceeds with a constant rate. The cell volume increases at the
beginning of the transformation and decreases afterwards. The
product molecules do not assume a fixed position in the crystal
during the photo-reaction, but move in a smooth way that
includes a rotational component. The movements of the
reactant are much smaller. Movements of molecules char-
acterized by a rotational component were also observed in the
case of the [2+ 2] photodimerization of 5-benzylidene-2-
benzylcyclopentanone and 5-benzylidene-2-(4-chlorobenzyl)-
cyclopentanone. The distance between the reacting atoms of
the adjacent monomer molecules of (1) decreases with the
degree of reaction completion, but more slowly than in the
case of the [2+ 2] photodimerizations cited above. The
orientation of the neighbouring monomer molecules changes
during the phototransformation so that the monomer pair
resembles the dimer product.

1. Introduction

The photochemical reactions proceeding in crystals have been
known for a very long time. In recent years the interest in
them has increased significantly. Nevertheless, the crystal-
lographic structural studies of the photo-reactions were
usually limited to a comparison of structures of pure reactant
and pure product crystals (Anderson et al., 1979; Ehrenberg,
1968; Guru Row et al., 1983; Harada et al., 1995, 1996; Jones &
Theocharis, 1984; Suzuki et al., 1994; Theocharis & Jones, 1984,
1985; Theocharis et al, 1981; Wang & Jones, 1987). In some
cases the structures of mixed reactant—product crystals were
given as evidence that the photo-reactions had proceeded
(Enkelmann et al., 1993; Harada et al., 1999; Kawano et al.,
1999; Leibovitch et al., 1998; Nakanishi et al., 1981; Novak et
al., 1993a,b; Theocharis et al., 1984; Yamamoto et al., 2003a,b)
and sometimes they were an important component of the
analysis of the photochemical aspects (Hosomi et al., 2000;
Ohba et al., 2001). Mixed-crystal structures were examined for
several stages of the racemization induced by X-rays (Ohashi,
1988; Ohashi et al., 1993) and the following thermal reactions:
isomerization (Bogadi et al., 2002), [4 + 2] dimerization (Kim,
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Hubig et al., 2001; Kim, Lindeman & Koch, 2001) and poly-
merization (Foley et al., 1999). Recently, studies of the changes
in the crystal structures for many stages of the photo-induced
[2 + 2] dimerization were carried out (Turowska-Tyrk, 2001,
2003).

In this part of the series we broaden our studies to include
[4 + 4] photodimerization [see (I) for the equation of the
reaction]. The aim of this article is to discover the structural
changes proceeding during [4 + 4] photodimerization of a
compound and to compare them with the data for the [2 + 2]
photodimerization [see upper part of (I)]. 9-Methylanthracene
(1) was chosen for study. It had been reported that it under-

(@)

S e
B e 8%”*‘&”;%

[

//l = o—ﬁ ; 3
A 945!)"‘“\)‘“

(b)

Figure 1

(a) ORTEP3 (Johnson et al., 1997) view of the product molecule (filled
bonds) superimposed on two reactant molecules (empty bonds) for the
mixed crystal containing 24% of the product. (b) A fragment of the
crystal lattice (dimer molecules only) is also shown. The H atoms were
omitted for clarity. The displacement ellipsoids were drawn at the 10%
probability level.

goes the photoreaction in a solid state (Bart & Schmidt, 1971;
Heller & Schmidt, 1971).
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It is worth adding that in the case of the cited references the
structures were analysed for crystals having molecules in a
ground state. The recent development of time-resolved tech-
niques has also enabled studies of the structures for an excited
state (Kim et al., 2002; Moffat, 2001; Ren et al., 1999; Techert et
al., 2001).

2. Experimental

A crystal of (1) was irradiated in steps, after each of which X-
ray data were collected and the structure determined. The
crystallization, the irradiation and the X-ray diffraction
experiments were carried out in the dark. All the X-ray
experiments were carried out on the same crystal. The crystal
was irradiated by a 445 nm line (of width 10 nm) from a Xe
150 W lamp. We decided to use this line because wavelengths
of higher energy caused crystal damage (cracking; Enkelmann
et al., 1993; Novak et al., 1993a,b) and wavelengths of lower
energy did not bring about the reaction. The intensities of the
reflections were collected by means of an area-detector (CCD
camera) diffractometer. The general strategy of the data
collections used for the area-detector diffractometers was
described by Scheidt & Turowska-Tyrk (1994). The cell
constants were determined on the basis of the representative
part of the reflections (Kuma Diffraction, 2000). The data
were corrected for Lorentz and polarization effects (Kuma
Diffraction, 2000). The structures were solved with
SHELXS97 (Sheldrick, 1990) and refined with SHELXL97
(Sheldrick, 1997). For mixed crystals, i.e. crystals containing
the reactant and the product molecules, the atomic coordi-
nates for the monomer were taken from the parent crystal.
The first atoms of the dimer were found in a difference-
Fourier synthesis and the positions of the remaining ones were
calculated geometrically. The percentage of the product and of
the reactant in the crystal was determined during the refine-
ment process. The molecules of the monomer and the dimer in
the mixed crystals were described anisotropically and isotro-
pically, respectively. H atoms were taken into consideration
with constraints for the monomer molecules for all the reac-
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Table 1
Experimental details.

8%D 15%D 24%D 100%D
Crystal data
Chemical formula CisHy, CisHy, CisHypp CsoHay
M, 192.25 192.25 192.25 384.49

Cell setting, space group
a, b, c (A)

B(C)

V (A%

V4

D, (Mg m™)

Radiation type

No. of reflections for cell
parameters

6 range (°)

p (mm™")

Temperature (K)

Crystal form, colour

Crystal size (mm)

Data collection

Diffractometer

Data collection method

Absorption correction

No. of measured, inde-
pendent and observed
reflections

Criterion for observed
reflections

Rinl

O (°)

Range of h, k, |

Refinement

Refinement on

R[F*> 20(F*)], wR(F?), S
No. of reflections

No. of parameters
H-atom treatment

Weighting scheme

(A16)max

ADmaxs APumin (€ A7)
Extinction method
Extinction coefficient

Monoclinic, P2,/c

8.8718 (13), 14.587 (2),
8.0776 (12)

96.489 (15)

1038.6 (3)

4

1.229

Mo Ka

500

4-22

0.07

293 (2)

Plate, pale yellow
0.50 x 0.35 x 0.20

Kuma KM4CCD
 scans

None

3389, 1942, 1171

1>20(])

0.028

26.0

—-10=h =10
—17 = k=16
-9=1=5

FZ

0.074, 0.265, 1.15

1942

198

Mixture of independent
and constrained refine-
ment

w = 1/[c*(F?) + (0.1577P)*
+ 0.0018P], where P =
(F? +2F%)/3

<0.0001

0.32, —0.19

SHELXL

0.009 (12)

Monoclinic, P2,/c

8.8574 (16), 14.556 (3),
8.1209 (15)

96.58 (2)

1040.1 (3)

4

1.228
Mo Ka
500

4-22

0.07

293 (2)

Plate, pale yellow
0.50 x 0.35 x 0.20

Kuma KM4CCD
w scans

None

3414, 1942, 1044

I>20(I)

0.035

26.0

—-10=h =10
—17 = k= 16
-10=>1=5

F2

0.095, 0.352, 1.21

1942

198

Mixture of independent
and constrained refine-
ment

w = 1[o*(F2) + (0.2P)%],
where P = (F2 + 2F%)/3

<0.0001
036, —0.19
SHELXL
0.04 (3)

Monoclinic, P2,/c

8.8359 (17), 14.519 (3),
8.1512 (19)

96.74 (2)

1038.5 (4)

4

1.230
Mo Ka
500

4-22

0.07

293 (2)

Plate, pale yellow
0.50 x 0.35 x 0.20

Kuma KM4CCD
 scans

None

3122, 1752, 953

1> 20(I)

0.045

25.0
—-10=h=10
—-17= k=16
—9=1=14

Fv2

0.109, 0.385, 1.34

1752

198

Mixture of independent
and constrained refine-
ment

w = 1/[o*(F2) + (0.2P)%],
where P = (F2 + 2F2)/3

<0.0001
0.38, —0.20
SHELXL
0.07 (4)

Monoclinic, P2,/c

9.7650 (13), 13.6035 (19),
8.1177 (10)

113.308 (15)

990.3 (2)

2

1.289

Mo Ka

958

4-22

0.07

293 (2)

Plate, colorless
0.32 x 0.15 x 0.12

Kuma KM4CCD
 scans

None

3166, 1695, 1000

1> 20(I)

0.071

26.0
—-2=h=12
—15= k=13
—-10=>1=5

P
0.078, 0.250, 1.07

1695

185

Refined independently

w = 1[o*(F?) +
(0.1425P)?], where P =
(F +2F)/3

0.001

0.25, —0.22

SHELXL

0.07 (2)

Computer programs used: KM4CCD (Kuma Diffraction, 2000), SHELXS97 (Sheldrick, 1990), SHELXL97 (Sheldrick, 1997), ORTEP3 (Johnson et al., 1997) .

tion stages and for the dimer only for the crystal of 24, 26 and
28% reaction progress. The reactant—product superposition
required the use of restraints and constraints of geometrical
and thermal parameters. Their number and type depended on
the refinement. The following possibilities from SHELXL97
(Sheldrick, 1997) were applied: DFIX, DANG, FLAT, AFIX
and SIMU. Selected experimental data are given in Table 1 for
four of the refinements; data for all refinements (at 0, 3, 4, 6, 8,
11, 15, 18, 24, 26, 28 and 100%D) are given in the supple-

mentary material.2

% Supplementary data for this paper are available from the IUCr electronic
archives (Reference: BK0138). Services for accessing these data are described
at the back of the journal.

3. Results and discussion

The equation of the [4 + 4] photodimerization of 9-methyl-
anthracene (1) in crystals together with the atom labels is
presented in (I). Also shown is a scheme for the [2 + 2]
photodimerization, the photoreaction for which the structural
changes proceeding in crystals were monitored and described
(Turowska-Tyrk, 2001, 2003).

Fig. 1 presents the product molecule (filled bonds) super-
imposed on two reactant molecules (empty bonds), as found in

the crystal containing 24% of the dimer. A fragment of the

crystal lattice (product only) is also shown. Adjacent
monomer molecules are situated head-to-tail and are related

by an inversion centre. The symmetry of the dimer molecule is
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also of this type. At first sight it seems that the overall shapes
of the monomers and the dimer are very similar. The
comparison of this figure to the analogous one for the [2 + 2]
photodimerization of 5-benzylidene-2-benzylcyclopentanone
and 5-benzylidene-2-(4-chloro-benzyl)cyclopentanone
(Turowska-Tyrk, 2001, 2003) reveals that in the case of the
[4 + 4] dimerization of (1), the overall shapes of the molecules
differ more significantly. The atoms of one peripheral ring of
the dimer moved beyond the borders of the monomer. This
fact can be one of the explanations for the crystal cracking
during irradiations. The crystal damage was the reason we
carried out the reaction only to 28% completion, i.e. to 28% of
the dimer in the crystal (see §2). Nevertheless, after the single
crystals desintegrated the pure dimer was still formed (Heller
& Schmidt, 1971). The [2 + 2] photodimerization proceeded to
100% of the product without single-crystal damages in the

Figure 2

ORTEP3 (Johnson et al., 1997) view of the molecule in the pure dimer
crystal; a fragment of the crystal lattice is also shown. The displacement
ellipsoids were drawn at the 20 and 10% probability levels, respectively.
The H atoms were omitted for clarity.

case of 5-benzylidene-2-benzylcyclopentanone (Nakanishi et
al., 1981; Turowska-Tyrk, 2001) and 96% (Turowska-Tyrk,
2003) or 100% (Jones & Theocharis, 1984) in the case of
5-benzylidene-2-(4-chlorobenzyl)cyclopentanone.

In order to obtain a crystal of the pure dimer, we irradiated
powder of (1) and afterwards recrystallized it. Fig. 2 presents
the molecule for the crystal obtained in this way and a frag-
ment of the crystal lattice.

The structure of the pure monomer crystal has been
published previously (Bart & Schmidt, 1971; Cox & Sim,
1979), but we redetermined it more precisely. The results are
presented in Fig. 3.

The comparison of Figs. 1 and 2 shows that although the
mixed reactant—product crystal and the pure product belong
to the same space group (P2;/c), the dimers in the crystals are
situated in a slightly different way. Additionally, the cell
constants for the pure monomer and for the pure dimer are

Figure 3

ORTEP3 (Johnson et al., 1997) view of the molecule in the pure monomer
crystal and of a fragment of the crystal lattice. The displacement ellipsoids
were drawn at the 20 and 10% probability level, respectively.
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Table 2

The mutual orientation parameters.

Compound d (A) a(°) 7 (°) @ (°) K (°)

(1) 3.859 108.2 0 0 74.3

5-Benzylidene-2-benzyl- 4.188 111.4 0 0 85.6
cyclopentanone

5-Benzylidene-2-(4-chloro- 4.027 109.7 0 0 86.7
benzyl)cyclopentanone

Ideal values <42 90 0 0 90

different (see Table 1). These differences can also explain the
tendency of crystals of (1) to disintegrate.

The mutual orientation of monomers adjacent in the crystal
is not ideal for the [4 + 4] photodimerization; the molecules
are shifted relative to each other. The orientation of the
molecules of the anthracene derivatives in crystals can be
described in a quantitative way by the following parameters:

(i) a: C9---C10---C9' and C10---C9---C10' angles [(i)
2 —x,1—y,—z]; see (I) for the labels of atoms. The ideal
value is 90°.

(ii) ¢: the angle between the middle rings of the adjacent
monomer molecules. The ideal value is 0°.

(iii) 7: the torsion angles C9-.--C10---C9"--C10' and
C10---C9- - -C10" - -C9". The ideal value is 0°.

(iv) k: the angle between the plane of the middle ring of the
parent molecule and the plane formed by C9, C10, C9' and
C10' atoms. The ideal value is 90°.

(v) d: C9- - -C10' and C10- - -C9' distances. The ideal value is
<42 A (Wang & Jones, 1994; Thmels et al., 2000).

Some of these parameters, defined as above or similarly,
were already proposed for the [2+ 2] photodimerization
(Gnanaguru et al., 1985) and the [4 + 4] photodimerization in
crystals (Wang & Jones, 1994; Thmels et al., 2000). Table 2 gives
the values of these parameters for the pure monomer crystal
of (1) and also, for comparison, the values for 5-benzylidene-2-
benzylcyclopentanone and 5-benzylidene-2-(4-chlorobenzyl)-
cyclopentanone, which both undergo a single-crystal-to-single-
crystal phototransformation. As can be seen, the d distance is
smaller and the « parameter has a slightly less preferable value
in the case of (1). This comparison may indicate that the
monomer movements necessary for reaction are not the
reason for the cracking of (1), since in the case of the exam-
ined cyclopentanones the movements are not much different,
but crystal disintegration was not observed.

Fig. 4 presents the dependence between the content of the
product molecules in the crystal, D, and the time of the irra-
diation, t. The percentage of the product was calculated during
the crystal structure refinement. It would also be useful to
have points for longer irradiation times. Unfortunately, the
quality of the structures for the longer times were not satis-
factory. The observed relation is linear in the experimentally
available region and can be described by the following equa-
tion

%D = 1.75(5)t + 0.9 (4)

with the correlation coefficient » = 0.997.

An exponential dependence of reaction progress on irra-
diation time was observed in the case of the [2 + 2] photo-
dimerization of 5-benzylidene-2-benzylcyclopentanone and
5-benzylidene-2-(4-chlorobenzyl)cyclopentanone (Turowska-
Tyrk, 2001, 2003). Nevertheless, if for the crystal of the latter
compound we take into account only points to 50% reaction
progress, the relation D versus t can also be described by the
linear function with the correlation coefficient = 0.988. In the
case of 5-benzylidene-2-benzylcyclopentanone it is not
reasonable to make such calculations because too few points
are available.

In order to check if the [4 + 4] photodimerization of (1)
stopped after the removal of the source of the radiation and
the dimer content was a function of the irradiation time only,
we carried out two data collections in the following way: the
first, as usual, immediately after the irradiation and the second
one after 24 h. The structure determinations showed that the
percentage of the dimer in the crystal was exactly the same in
both cases.

Fig. 5 presents the variation in cell constants and cell
volume of a crystal of (1) with irradiation time. For a more
accurate comparison the range of the axes was the same for
Figs. 5(a)-5(c). The cell constants change in a complex way.
The b parameter is constant in the first stages of the photo-
reaction, whereas a and ¢ change from the start. The a and b
constants decrease and c increases. The B angle does not
change at the beginning of the photoreaction, but afterwards it
slowly increases. The cell volume changes in an interesting
way: it increases in the first several stages and decreases
afterwards. A dependence of this type was also observed for
the [2+2] photodimerization of 5-benzylidene-2-benzyl-
cyclopentanone (Nakanishi ef al., 1980, 1981), but it should be
added that in the case of 5-benzylidene-2-(4-chlor-
obenzyl)cyclopentanone the volume decreased from the
beginning of the photoreaction (Nakanishi et al, 1981;
Turowska-Tyrk, 2003) and for 5-benzylidene-2-(4-bromo-
benzyl)cyclopentanone it was almost constant (Nakanishi et
al., 1981). Unfortunately, for the [4 + 4] photodimerization the

301
254
201
D /% 157
104
54

04 =

0 2 4 6 8 10 12 14 16
. t/h
Figure 4
The relationship between the fraction of the dimer molecules in the
crystal and the time of the irradiation.
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Figure 5
The variation of the cell constants and the cell volume in a crystal of (1)
with the irradiation time.

relations between cell constants and the time of the irradia-
tions are unknown.

Our studies showed that the dimer molecules did not
assume a fixed position in the crystal during the reaction, but
moved smoothly. The movements included a rotational
component. Fig. 6 presents the variation in the dimer orien-
tation with the reaction progress, namely the variation in the
angle between the C9D, CIl0D, C9D', Cl0D' plane
[(1))2 —x,1 —y, —z] and xy, xz and yz planes, respectively. We
considered the C9D, C10D, C9D', C10D' plane because it was
formed by the internal atoms which were not so influenced by
the environment as the peripheral atoms of the molecule could

DT I

46+

44

Ny / deg
| )

421

401

38

0 5 10 15 20 25 30
D/%

0 5 10 15 20 25 30
D /%

44 .

n,./ deg

381

361 =

0 5 10 15 20 25 30
D /%

Figure 6

The variation of the angle between the C9D, C10D, C9D', C10D! plane
[G) 2 —x,1—y, —z] and the (a) xy, (b) xz and (c) yz planes. For better
comparison the range of the axes was set to be the same. The relations
were described by the following equations: &,, = 399 (3) +
12.9 (13)exp[—D/5.7 (9)] with r = 0987; 5., = 434 (3) —
12.0 (12)exp[—D/5.5 (9)] with r = 0.988; and §,, = 87.52 (18) —
8 (3)exp[—D/2.7 (9)] with r = 0.932.
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be. In the case of the pure dimer crystal the angles 4,,, 8., and
dy, mentioned are: 52.2, 77.7 and 19.8°, respectively. These
values and Fig. 6 indicate in a quantitative way that the
orientation of the dimer in the mixed crystals and in the pure
dimer crystal differ greatly.

The movements of the monomer were monitored by the
angles between the molecule plane, and xy, xz and yz planes,
but they were much smaller (ca 0.5°) than for the dimer.
Nevertheless, even for them we observed certain trends.

The movements of the dimers and the monomers having a
rotational component were also observed in the case of the
[2 +2] photodimerization of 5-benzylidene-2-benzylcyclo-
pentanone  and  5-benzylidene-2-(4-chlorobenzyl)cyclo-
pentanone (Turowska-Tyrk, 2001, 2003).

We analysed the influence of the dimer molecules on the
monomers during the crystal phototransformation. Fig. 7(a)
presents the variation in the distance between the directly
reacting atoms of two monomer molecules, COM- - -C10M" [(i)
2 —x,1 —y, —z], with the photoreaction progress. The line 1
is for compound (1) and lines 2 and 3 are for the [2 + 2]
photodimerization of 5-benzylidene-2-(4-chlorobenzyl)cyclo-
pentanone (Turowska-Tyrk, 2003) and 5-benzylidene-2-
benzylcyclopentanone (Turowska-Tyrk, 2001), respectively.
As can be seen from Fig. 7(a) the lines are not parallel.
Relation 1 can be described by the following equation

d = 3.862(2) — 0.00086 (15)D, r = 0.89,

a) 4207 3
4.151
4.101
4.051
4.001
3.951
3.904
3.85
3.80

COM--C1OM’ /| A
N

b) 75.41
75.2

75.0

k / deg

74.81 .
7461 -

74.44

74.2

D /%

Figure 7

(a) The variation in the distance between the reacting atoms of two
adjacent monomer molecules, COM- - -C10M' [(i) 2 —x, 1 — y, —z], with
the dimer content for (1) — line 1. The lines 2 and 3 are for the [2 + 2]
photodimerization of 5-benzylidene-2-(4-chlorobenzyl)cyclopentanone
and S5-benzylidene-2-benzylcyclopentanone, respectively. (b) The varia-
tion in the ¥ mutual orientation parameter with the dimer content for (1).

where d is the distance between the reacting atoms of the
adjacent monomer molecules and D is the dimer content in
the crystal.

The relations 2 and 3 were described as follows (Turowska-
Tyrk, 2001, 2003)

d =4.00(2) —0.0018 (3)D, r =10.922
and
d =4.18(2) —0.0030 (3)D, r = 0.968,

respectively.

The slope for the first line is different from the slopes for the
second and third lines at the 30 probability level, i.e. with the
probability 99.7%. The above three equations indicate that the
power of the influence of the dimer molecules on the mono-
mers or/and the sensitivity of the monomer molecules
decrease in the following order: 3, 2, 1. The intermolecular
distances between the reacting adjacent monomers decrease
in the same order.

The variation in the intermolecular distance between the
reacting atoms is not the only symptom of the influence of the
product molecules on the reactants. Fig. 7(b) presents the
dependence of «, the mutual orientation parameter of the
monomer molecules, on the dimer content in the crystal. The
following relation can be observed: the greater the per cent
dimer, the closer the « angle is to the ideal value, i.e. 90°
observed for the dimer molecule. The change, which is smaller,
was found for the a orientation parameter. Similar effects were
also observed in the case of 5-benzylidene-2-(4-chloro-
benzyl)cyclopentanone (Turowska-Tyrk, 2003).

4. Conclusions

We monitored the structural changes in a crystal of 9-methyl-
anthracene (1) during the [4 + 4] photodimerization by means
of X-ray diffraction. This is the first example of such a study
for a [4 + 4] photodimerization. We compared the results with
the data for the [2 + 2] photodimerization. The following
similarities were observed:

(i) the molecules did not take a fixed position in the crystal,
but moved in a smooth way as the reaction progressed; the
movements included a rotational component;

(ii) the distance between the reacting atoms of the adjacent
monomer molecules decreased as the reaction progressed;

(iii) the mutual orientation of the monomers changed
towards the one more resembling the dimer.

The following differences were observed:

(i) studies of the [4 + 4] photodimerization of (1) were
possible only up to 28% progress because of the crystal
cracking; the crystal disintegration of (1) was explained by
means of the shape of the reactant and the product molecules
and their preferred packing;

(ii) the distance between the reacting atoms of the adjacent
monomer molecules changes more slowly with the reaction
progress than in the case of the [2 + 2] photodimerization of 5-
benzylidene-2-benzylcyclopentanone and 5-benzylidene-2-(4-
chlorobenzyl)cyclopentanone.

Acta Cryst. (2003). B59, 779-786
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