
S

P
P
h

J
F

a

A
R
R
A
A

K
C
X
S
P
H
D

1

b
t
s
m
i
m
c
s

s
i
s
m
p
p
l
p
t
s

1
d

Journal of Photochemistry and Photobiology A: Chemistry 232 (2012) 41– 43

Contents lists available at SciVerse ScienceDirect

Journal  of  Photochemistry  and  Photobiology  A:
Chemistry

journa l h o me  pa g e: www .e lsev ier .com/ locate / jphotochem

hort  note

hoto-induced  structural  transformations  in  crystals  at  high  pressure.
art  1.  The  crystallographic  studies  of  the  photochemical  reaction  at
igh  pressure

ulia  Bąkowicz,  Ilona  Turowska-Tyrk ∗

aculty of Chemistry, Wrocław University of Technology, Wybrzeże Wyspiańskiego 27, 50-370 Wrocław, Poland
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a  b  s  t  r  a  c  t

The  preliminary  results  of  high-pressure  X-ray  diffraction  studies  of  the  intramolecular  photochemical
Norrish–Yang  reaction  in single  crystals  of the  salt  of 6,6-diethyl-5-oxo-5,6,7,8-tetrahydronaphthalene-
2-carboxylic  acid and  (1S)-1-(4-methylphenyl)ethylamine  are  presented.  The  photo-induced  changes  in
the  cell  parameters  at high  pressure  along  with  the  time  of UV irradiation  and  the  changes  in the  cell
parameters  along  with  pressure  are  discussed.  The  percentage  change  in the  cell  parameters  brought
about  by  the  photochemical  reaction  at high  pressure  is  similar  to that at  normal  pressure.  The cell
eywords:
rystal
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tructural change
hotochemical reaction
igh pressure
iamond anvil cell

volume  decreases  non-linearly  with  increasing  pressure.  The  crystals  lose  their  crystallinity  above  2  GPa.
This  is  the  first  paper  in  scientific  literature  on  monitoring  photochemical  reactions  in  crystals  at  high
pressure  by  X-ray  diffraction.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The structural transformations proceeding in crystals and
rought about by intra- and intermolecular photochemical reac-
ions are the main subject of our research. In particular, we
tudy geometrical changes in a reaction center and movements of
olecules and molecular fragments in crystals [1–9]. For approx-

mately ten years we have carried out crystallographic studies on
onitoring photo-induced structural changes in crystals of organic

ompounds at normal pressure. Recently, we have undertaken
tudies at high pressure.

In scientific literature, we can find papers showing results of
tudies of pressure-induced chemical reactions. Until now, chem-
cal reactions in crystals at high pressure have been reported for
mall molecular systems [10] like nitrogen, carbon dioxide, carbon
onoxide and nitrous oxide, for simple unsaturated compounds, in

articular, for hydrocarbons [10–16] such as acetylene, ethylene,
ropylene or butadiene, and aromatic compounds [10,11,17–23]

ike benzene, styrene, furane and thiophene. Most of them undergo

olymerization, addition and amorphization. Some of the reported
ransformations were induced not only by high pressure itself, but
imultaneously by electromagnetic (laser) radiation. In many cases,
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the use of radiation made it possible to obtain a different compound
with different properties. Such a situation was observed for poly-
merization of butadiene [10,11,24–26]. Most chemical reactions at
high pressure were studied by means of spectroscopic methods,
mainly IR and Raman, and only sometimes final products and their
structures were characterized by X-ray diffraction methods, mainly
powder diffraction. In scientific literature there are no papers on
monitoring photochemical reactions in crystals at high pressure by
X-ray diffraction.

High-pressure techniques are important and useful tools in
material science. High pressure can induce various changes in crys-
tal and molecular structures, for instance: shortening distances
between neighboring atoms and molecules; changes in molecular
orientation; a decrease in cell volume and volume of a reaction cav-
ity and also a decrease in values of atomic displacement parameters
[27,28]. It can bring about phase transitions and chemical reactions
and influence their rate and direction.

In this paper, we  present the preliminary results of the
high-pressure X-ray diffraction studies of crystals of the salt
of 6,6-diethyl-5-oxo-5,6,7,8-tetrahydronaphthalene-2-carboxylic
acid and (1S)-1-(4-methylphenyl)ethylamine (1) undergoing the
Norrish–Yang reaction (Scheme 1). The Norrish–Yang reaction was

studied by us in the past for several compounds at normal pressure
[4,6,7,9] and compound 1 was  one of them [7].  The reaction consists
of two steps. In the first step, a �-hydrogen atom is abstracted and
transferred to an oxygen atom of a carbonyl group and, as a result,

dx.doi.org/10.1016/j.jphotochem.2012.01.014
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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orrish–Yang reaction for compound 1.
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Table 1
The changes in the cell parameters of the crystal of compound 1 with the time of UV
irradiation at 0.61 GPa.

0 min  60 min  240 min

˚

sure, we  cannot rule out the formation of two enantiomorphs of
the product in crystals.

We also monitored the changes in the cell parameters of com-
pound 1 along with the increase of pressure inside the DAC without
Scheme 1. The equation of the N

 1,4-hydroksybiradical is formed. In the second step, named the
ang photocyclization, a cyclobutane ring may  be formed from the
iradical [29–31] (Scheme 1).

. Experimental details

The experiments were carried out at high pressure and in dark-
ess. The crystal of compound 1 was closed in a high-pressure
oehler–Almax diamond anvil cell (DAC) [32]. The values of the
ressure in the DAC were determined on the grounds of the cell
olume of quartz inserted into the DAC together with the crystal
f compound 1. The relationship between the pressure and the cell
olume of quartz was taken from Angel et al. [33]. In the case of our
xperiments it was inadvisable to use a ruby crystal and a laser-
nduced fluorescence phenomenon as the measure of pressure
which is commonly done in high-pressure experiments [34,35])
wing to the photosensitivity of compound 1. The set of collected
eflections contained data coming from two diamonds, quartz and
ompound 1. Nevertheless, it was possible to remove reflections
oming from the diamonds and to group the remaining set into
wo separate parts: those coming from quartz and those from com-
ound 1, and to determine the cell parameters for both of them. The
alues of the pressure calculated from the above-mentioned rela-
ionship [33] were as follows: 0.66, 1.30 and 1.82 GPa. The X-ray
ata were collected using a CCD diffractometer and the cell con-
tants were determined on the basis of 500 strongest reflections
36].

During the experiments we noticed a gradual decrease in the
ntensities of the reflections along with increasing pressure. Pres-
ure higher than 2 GPa caused the total loss of crystal diffracting
ower. However, during this process the crystal did not change its
xternal appearance.

In the next experiment for the second crystal of compound
 (closed in the DAC together with quartz) at 0.61 GPa, we  suc-
essfully induced the photochemical reaction using UV radiation.
he crystal was irradiated in steps by means of a mercury lamp.
he beam was filtered by a WG-320 glass filter. The filter blocked
horter and transmitted longer wavelengths: 0% transmittance for

 < 300 nm,  ca. 95% transmittance for � = 350 nm and 100% trans-
ittance for � > 365 nm.  Such wavelengths enabled us to carry out

he reaction homogenously [37,38]. The length of the time of irra-
iation was: 0, 60 and 240 min  in total. After each irradiation we
arried out high pressure data collection using the CCD diffractome-
er and determined the cell constants. Owing to the small size of the
rystal of compound 1 (the last owned crystal) the cell constants
ere determined on the basis of 100 reflections, but with the same

ndices for all data collections.
. Results and discussion

The photochemical reaction of compound 1 at normal pressure
an be carried out in a single-crystal to single-crystal mode [7]. The
a (A) 6.681(14) 6.820(15) 6.818(16)
b  (Å) 11.68(4) 11.85(4) 11.86(4)
c  (Å) 25.48(8) 24.65(9) 24.64(9)

same is possible in the case of the irradiation of compound 1 at high
pressure. Owing to this, the crystal structure can be monitored by
X-ray diffraction as the photochemical reaction proceeds at normal
and high pressures. In this work, we monitored the cell constants.
In the case of normal pressure, the parameters a and b increased
slightly, but c decreased with the time of irradiation, namely by
2.0, 1.8 and −3.9%, respectively. The relevant data for the crystal of
compound 1 studied at ca. 0.61 GPa are presented in Table 1. As can
be noticed, the percentage change in the cell parameters brought
about by the photochemical reaction at high pressure is very simi-
lar to that observed at normal pressure, namely 2.0, 1.5 and −3.3%
for a, b and c, respectively. The values of the cell parameters change
only slightly after 60 min  of UV irradiation, which indicates that the
photochemical reaction was almost completed after that time. In
the case of normal pressure, but for a bigger crystal of compound 1,
the reaction reached 73% progression after 60 min  [7].  These data
indicate that the rate of the studied reaction in the high-pressure
diamond anvil cell is quite similar to the rate observed at normal
pressure (without the DAC). However, we  cannot exclude the pos-
sibility of some change in orientation of the reacting ethyl group
under high pressure. This means that, contrary to normal pres-
Fig. 1. The variations in the cell volume of the crystal of compound 1, V, with the
increase of pressure, p.
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hotoinduction. Fig. 1 presents the relevant data. As can be seen, the
ell volume decreases by 3.4% with the increase of pressure, which
s typical for molecular compounds [39,40].  The dependence is not
inear. At the beginning the changes are bigger. This is understand-
ble, because close intermolecular contacts in the crystal are then
onger and it is easier to shorten them.

. Conclusions

For the first time, the results of monitoring of the structural
hanges (by the cell parameters) brought about by the photochem-
cal reaction in crystals at high pressure are presented. We  plan
o extend the high-pressure studies of photochemical reactions to
-ray structure analysis.
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