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Structural changes that occur during the [2 + 2] photodimer-

ization of the metastable �0-polymorph of ortho-ethoxy-trans-

cinnamic acid at 293 K are presented here. Crystals of the �0-
polymorph were ®rst stabilized by exposing the �-polymorph

to UV light for a short period of time at 343 K. The

photodimerization reaction was then carried out at 293 K

and observed in situ by single-crystal X-ray diffraction. The �0-
polymorph contains three molecules in the asymmetric unit,

labelled A, B and C, which are arranged to form two potential

reaction sites. The intermolecular distance between the C C

bonds of molecules A and B (making up the AB site) is 3.6 AÊ ,

and these were observed to undergo photodimerization at

293 K. The corresponding distance between centrosymmetri-

cally related C C bonds in the CC site (made up of C

molecules) is 4.6 AÊ , and these remain unreacted even after

60 h irradiation at 293 K. The crystal of the ®nal product,

which corresponds to a 66.7% conversion (only two out of

three molecules in the asymmetric unit take part in the

photodimerization reaction at 293 K), contains an ordered

arrangement of the photodimer and unreacted monomer. The

crystal retains many structural features of the original

monomer crystal, including carboxylic acid hydrogen bonds

and CÐH� � �O interactions. Single-crystal X-ray diffraction

was used to monitor changes in the unit-cell parameters,

reacting molecules and molecular conformations as the

reaction progressed. The conformation of the photodimer

obtained from the solid-state reaction differs from that of the

photodimer obtained by recrystallization from solution.
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1. Introduction

Although solid-state photodimerization reactions have been

intensely studied over the last 40 years there has been a

renewed interest in reactions of this type (Ito et al., 2003;

Busse et al., 2002; Tanaka & Toda, 2000; Ohba & Ito, 2003;

Hosomi et al., 2000; Turowska-Tyrk, 2003). In more recent

studies there has been an emphasis on trying to carry out

photodimerization reactions in a single-crystal-to-single-

crystal fashion through the use of tail-end absorbed UV light ±

a technique ®rst used by Enkelmann and co-workers

(Enkelmann et al., 1993). Although relatively rare, single-

crystal-to-single-crystal photodimerization studies have been

successfully carried out in cinnamic acid (Enkelmann et al.,

1993), chloro-, methoxy- and nitro- derivatives of trans-
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cinnamic acid (using vibrational microspectroscopy; Atkinson

et al., 2002), 4-chlorocinnamoyl-O,O0-dimethyldopamine

(Ohba & Ito, 2003) and 5-benzylidene-2-(4-chloro-

benzyl)cyclopentanone (Turowska-Tyrk, 2003) amongst other

compounds. The hope is that through this process some

understanding and control over reaction pathways in the solid

state, and hence over the products obtained, will be achieved.

In an earlier paper we reported the existence of a fourth

ortho-ethoxy-trans-cinnamic acid (OETCA) polymorph, the

�0-polymorph which, although related to its parent �-poly-

morph, presents new possibilities in the study of photo-

dimerization reactions in the solid state (Fernandes et al.,

2004). The other three previously known polymorphs

(Schmidt, 1964), �-OETCA (triclinic, P�1), �-OETCA (a

solvate, hexagonal, R�3) and 
-OETCA (monoclinic, C2/c),

were recently fully characterized (Fernandes et al., 2001). The

relationship between the �- and �0-polymorph is shown in (I).

The �0-polymorph with two different reaction environments

(as de®ned by the closest C C distances between neigh-

boring molecules) provides an opportunity to study the effect

of UV light on these different environments. As mentioned in

the previous paper, it is possible to stabilize the �0-polymorph

by irradiaton with UV light at high temperature (in this case

343 K) for a short period of time (conversion of ca 8% of the

OETCA monomer to the dimer being suf®cient). It is there-

fore possible to study the behavior of this polymorph, in spite

of the reversible 333 K phase transition, under photo-

dimerizing conditions at room temperature (and lower) as well

as at elevated temperatures. We have found that the solid-

state photochemistry of this polymorph is temperature

dependent [see (I)]. The effect of temperature on photo-

dimerization pathways in organic crystals has also been

observed in 1,4-dicinnamoylbenzene (Hasegawa et al., 1985).

Here we report the effect on the �0-polymorph on irra-

diating with UV light at 293 K after stabilization at 343 K

[shown by the dotted arrows in (I)].

2. Experimental

2.1. Crystal growth

Crystals of the �-polymorph were grown by slow evapora-

tion from a saturated solution of OETCA in ethyl acetate at

room temperature (298 K) to yield prism-like crystals. The

melting point of these crystals as determined by DSC was

407.9±408.9 K.

2.2. Photodimerization

A sample of the �0-polymorph was kept on a Ko¯er hot

stage at 343 (3) K and exposed to UV light from a Philips

TL03 UV lamp (the emission spectrum is given in Fig. 1).

Crystals were extracted from the device after 6 and 12 h of UV

exposure and analysed by single-crystal X-ray diffraction. The

12 h crystals were then exposed to UV light at 293 K and

analysed at 12 h intervals (data sets were collected from the

same crystal after 24, 36, 48 and 60 h of UV exposure time). No

changes were observed after 48 h of exposure.

2.3. X-ray structural analysis

Intensity data for crystals at various time intervals were

collected at 173 K on a Bruker SMART 1K CCD area-

detector diffractometer with graphite-monochromated Mo K�
radiation (50 kV, 30 mA). The collection method involved !
scans of width 0.3�. Data reduction was carried using the

program SAINT+ (Bruker, 1999a). Structures were solved by

direct methods using SHELXTL (Bruker, 1999b) and re®ned
Figure 1
Emission spectrum of the Philips TL03 ¯uorescent UV lamp.



using a combination of restraints on bonds lengths and angles

(DFIX, SADI, SIMU and FLAT), and rigid bodies taken from

re®nements on data sets at other reaction times. Non-H atoms

were ®rst re®ned isotropically and then by anisotropic

re®nement with full-matrix least-squares calculations based on

F2 using SHELXTL. With the exception of the carboxyl H

atoms in the ®nal product crystal (after 48 h of exposure to

UV light), all H atoms were positioned geometrically and

allowed to ride on their respective parent atoms. The carboxyl

H atoms were located from the difference map and allowed to

ride on their parent atoms. All H atoms were re®ned isotro-

pically. The labelling system used in the structure solution of

the �0-polymorph has been retained (see Fernandes et al.,

2004). In crystals where the AB predimer pair (made up of

molecules A and B) has photodimerized, the photodimer has

been labelled as the DE product where D and E were the
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Table 1
Experimental details.

6 h 12 h 24 h 36 h 48 h

Crystal data
Chemical formula C33 H36 O9 C33 H36 O9 C33 H36 O9 C33 H36 O9 C33 H36 O9

Chemical formula
weight

576.62 576.62 576.62 576.62 576.62

Cell setting,
space group

Triclinic, P�1 Triclinic, P�1 Triclinic, P�1 Triclinic, P�1 Triclinic, P�1

a, b, c (AÊ ) 8.6452 (13), 10.8577 (17),
17.262 (3)

8.6164 (10), 10.8765 (14),
17.292 (2)

8.4919 (13), 10.9148 (17),
17.372 (3)

8.3863 (13), 10.9711 (18),
17.427 (3)

8.3099 (12), 11.0026 (16),
17.471 (3)

�, �, 
 (�) 92.470 (3), 92.102 (3),
112.563 (3)

93.157 (2), 92.001 (2),
112.657 (3)

96.027 (3), 91.772 (3),
111.956 (3)

98.323 (3), 91.809 (3),
111.336 (3)

99.768 (3), 91.912 (3),
110.392 (3)

V (AÊ 3) 1492.4 (4) 1490.4 (3) 1480.8 (4) 1471.6 (4) 1468.1 (4)
Z 2 2 2 2 2
Dx (Mg mÿ3) 1.283 1.285 1.293 1.301 1.304
Radiation type Mo K� Mo K� Mo K� Mo K� Mo K�
No. of re¯ections for

cell parameters
728 923 864 1002 794

� range (�) 2.37±26.28 2.36±24.08 2.59±27.20 2.62±26.99 2.53±28.07
� (mmÿ1) 0.093 0.093 0.094 0.094 0.095
Temperature (K) 173 (2) 173 (2) 173 (2) 173 (2) 173 (2)
Crystal form, color Irregular, white Irregular, white Irregular, white Irregular, white Irregular, white
Crystal size (mm) 0.38 � 0.33 � 0.24 0.45 � 0.24 � 0.14 0.45 � 0.24 � 0.14 0.45 � 0.24 � 0.14 0.45 � 0.24 � 0.14

Data collection
Diffractometer Bruker SMART 1K Bruker SMART 1K Bruker SMART 1K Bruker SMART 1K Bruker SMART 1K
Data collection

method
! scans with

0.3 � steps at
� = 57.4 �

! scans with
0.3 � steps at
� = 57.4 �

! scans with
0.3 � steps at
� = 57.4 �

! scans with
0.3 � steps at
� = 57.4 �

! scans with
0.3 � steps at
� = 57.4 �

Absorption correction None None None None None
No. of measured,

independent and
observed re¯ections

8177, 5500, 3167 8551, 5499, 2989 8447, 5471, 2825 8385, 5439, 3015 8381, 5409, 3394

Criterion for observed
re¯ections

I > 2�(I) I > 2�(I) I > 2�(I) I > 2�(I) I > 2�(I)

Rint 0.022 0.023 0.030 0.028 0.028
�max (�) 25.5 25.5 25.5 25.5 26
Range of h, k, l ÿ10) h) 8 ÿ10) h) 10 ÿ10) h) 10 ÿ10) h) 10 ÿ10) h) 10

ÿ13) k) 13 ÿ13) k) 8 ÿ13) k) 7 ÿ13) k) 7 ÿ13) k) 7
ÿ20) l) 20 ÿ20) l) 18 ÿ21) l) 19 ÿ21) l) 19 ÿ21) l) 19

Re®nement
Re®nement on F2 F2 F2 F2 F2

R[F2 > 2�(F2)], wR(F2),
S

0.053, 0.136, 1.03 0.053, 0.142, 1.00 0.062, 0.172, 1.03 0.054, 0.140, 0.99 0.046, 0.116, 1.01

No. of re¯ections and
parameters used in
re®nement

5500, 390 5499, 418 5471, 409 5439, 395 5409, 397

H-atom treatment Not re®ned Not re®ned Not re®ned Not re®ned Mixed
Weighting scheme w = 1/[�2(F2

o) +
(0.0572P)2 + 0.0749P],
where P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.0620P)2 + 0.0626P],
where P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.0700P)2 + 0.1699P],
where P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.0627P)2, where P =
(F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.0523P)2], where P =
(F2

o + 2F2
c )/3

(�/�)max <0.000 <0.000 <0.000 <0.000 <0.000
��max, ��min (e AÊ ÿ3) 0.14, ÿ0.21 0.16, ÿ0.22 0.19, ÿ0.35 0.19, ÿ0.26 0.18, ÿ0.22
Extinction method None None None None None

Computer programs used: SMART-NT (Bruker, 1998), SAINT+ (Bruker, 1999a), SHELXTL (Bruker, 1999b), PLATON (Spek, 2003), SCHAKAL-97 (Keller, 1997), ORTEP3 (Johnson
et al., 1997).
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original A and B molecules, respectively (Fig. 2). Data for

crystals at various reaction times are given in Table 1.1

3. Results and discussion

3.1. Reaction by UV radiation

The overall photodimerization reaction scheme studied in

this paper is shown in Fig. 3.

An �0-polymorph crystal was reacted with UV light for 12 h

at 343 K, resulting in the photodimerization of ca 22% of the

monomer molecules in the AB reaction site (or 15% for the

whole crystal). At this point the crystal was cooled down to

room temperature (293 K) and irradiated further. After an

additional 36 h (48 h total) of radiation all the monomer

molecules in the AB site had reacted, while those in the CC

site remained unchanged (Fig. 4). Irradiating the crystal for

another 12 h (60 h total) produced no further changes in the

crystal structure.

Plots showing the variation of the site occupancy of mole-

cules in the AB reaction site, and changes in the unit-cell

parameters and volume with time are shown in Fig. 5. The

reaction in the AB site follows ®rst-order kinetics. Changes in

the cell axes over the reaction range (12±48 h) are uniform

with the changes being ca ÿ0.31, 0.13 and 0.18 AÊ or ÿ3.6, 1.2

and 1.0% for the a, b and c axes, measured at 173 K, respec-

tively. The a axis therefore contracts signi®cantly, while both b

and c expand slightly. Unit-cell angles change signi®cantly

over the course of the reaction (12± 48 h): 6.611, ÿ0.089 and

ÿ2.265� or 7.10, ÿ0.10 and ÿ2.01% for �, � and 
, as

measured at 173 K, respectively. The cell volume decreases

gradually as the reaction proceeds. The gradual change in unit-

cell parameters is the result of the crystal adapting to the

shape of the photoproduct as the reaction proceeds. One

would expect that the geometry of the AB reaction site would

also be affected. Monitoring the predimer (`pre-photodimer')

C C to C C distances in the AB and CC sites shows that the

molecules in the AB site stay at an approximately constant

contact distance of 3.6 AÊ between double bonds. Molecules in

the CC site, which are initially at a very unfavorable predimer

C C contact distance (> 4.6 AÊ ), move closer to each other

(but never reach a distance less than 4.6 AÊ ), then move apart

as the reaction in the AB site reaches completion (Fig. 6). So

while photodimerization occurs in the AB site, molecules in

the CC site never become closer than 4.6 AÊ to each other and

hence never react.

It is unlikely that the C C contact distance in the AB site

would become much closer than 3.6 AÊ as this is close to the

sum of the van der Waals radii (Bondi, 1964). However, one

would expect the relative orientations of the molecules in the

AB site to gradually change as a result of the AB reaction site

adapting to the shape of the photoproduct as the reaction

proceeds. This was found to be the case for 5-benzylidene-2-

(4-chlorobenzyl)cyclopentanone (Turowska-Tyrk, 2003) and

5-benzylidene-2-benzylcyclopentanone (Turowska-Tyrk,

2001). The intermolecular C1BÐC11B� � �C12A and

C12A� � �C11BÐC12B (see Fig. 7) angles change from 87.95

and 105.93�, respectively, after 12 h of UV irradiation (22%

conversion in the AB site) to 88.93 and 104.18 �, respectively,

after 36 h (91% conversion in the AB site). The tendency for

these intermolecular angles to reach 90�, leading to improved

�±� interactions as the reaction proceeds, has also been noted

in 5-benzylidene-2-(4-chlorobenzyl)cyclopentanone

(Turowska-Tyrk, 2003). The intermolecular torsion angle

C11AÐC12A� � �C11BÐC12B stays approximately constant at

ca ÿ1.3� throughout the reaction process (12±36 h of UV

exposure), indicating that molecules A and B do not rotate

relative to each other.

Figure 3
The overall reaction scheme for the photodimerization of the �0-
polymorph at room temperature. Crystals of the �0-polymorph (Fig. 4a)
were irradiated initially for 12 h at 343 K to stabilize them. This resulted
in a crystal that contained a mixture of the DE product and monomer A
and B molecules in the AB reaction site (Fig. 4b). The crystal was then
further exposed to UV light at 293 K, leading to more DE product until
all A and B molecules were consumed. At this stage the product crystal is
composed of the DE dimer in the AB reaction site and the C molecule
(Fig. 4c). No further reaction occurs at 293 K.

Figure 2
Convention used for the naming of molecules in the monomer crystal (a)
structure and its product (b). Upon photodimerization the AB predimer
pair is labelled as the DE molecule (where D and E were the original A
and B molecules, respectively).

Table 2
Root-mean square deviations from planarity for the C molecule from the
various structures.

Exposure time (h)
Dimer site occupancy
factor

Deviations from
planarity (AÊ )

6 h 0.124 (2) 0.065
12 h 0.219 (3) 0.061
24 h 0.680 (4) 0.074
36 h 0.912 (3) 0.103
48 h 1.000 0.118

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: WS5010). Services for accessing these data are described
at the back of the journal.



3.2. Molecular structure

ORTEP diagrams for molecules in the �0-polymorph after

24 and 48 h of exposure to UV light are shown in Fig. 7. Owing

to the �0-polymorph having two reaction sites, one photo-

reactive and one photo-stable at 293 K, it is possible to

monitor the change in conformation of molecule C as a result

of stresses caused by the reaction process. Measuring the RMS

(root mean square) deviation from planarity for C molecules

at various reaction times indicates that it increases steadily

from 0.065 to 0.118 AÊ , after 6 and 48 h of UV exposure,

respectively (Table 2). The deviation from planarity is due to

slight changes in the conformation of the carboxylic and

ethoxy groups of OETCA (Fig. 8). Superimposing the dimer

molecule from 24, 36 and 48 h, where the DE molecule was

re®ned freely in all three structures, shows very little confor-

mational change as the reaction proceeds. Most of the changes

occur around C3D (the difference between 24 and 48 h being

0.07 AÊ ) and C22D (the difference between 24 and 48 h being

0.11 AÊ ).

The dimerization product of OETCA, 2,20-diethoxy-�-

truxillic acid, can occur as two different conformational

polymorphs, depending on whether the product was obtained

directly from the solid-state photodimerization or by recrys-

tallization of the dimer. Comparing the conformation of the

dimer molecule from the solid-state reaction (48 h) with that

obtained from solution growth (GK; Gopalan & Kulkarni,

2001; see also Fernandes et al., 2001) indicates that there are

differences in the orientation of the ethoxy and carboxylic acid

groups (Fig. 9). The solution-grown dimer (GK) sits on a

crystallographic centre of inversion with the ethoxy groups

lying above and below the plane of the cyclobutane ring. In

contrast, the solid-state reaction structure (48 h) has its ethoxy

groups pointing away from the cyclobutane ring and does not

sit on a centre of inversion; as a consequence each half of the

molecule is slightly different from the other. The torsion

angles t1 and t2 (Fig. 9; Table 3) in the two halves of 48 h differ

by ca 8.5 and 7.5�, respectively. The difference in t1 and t2
angles between the 48 h and GK structures is ca 144 and 35�,
respectively. A reason for these differences is that the solid-

state reaction (48 h) structure derives its conformation from

that of its parent monomer. In contrast, the solution-grown

dimer has had no such restraints on its conformation during its

growth and adopts the conformation best suited to create a

stable crystal.

3.3. Hydrogen bonding

Hydrogen-bond details are listed in Table 4. Molecules in

the 48 h structure are kept together by classical carboxylic

hydrogen bonds to form a string of molecules made up of two

dimer and two monomer molecules (Fig. 10a and b). Molecule

C is hydrogen bonded, in a non-centrosymmetric fashion, to a

dimer molecule through two different hydrogen bonds

(O11CÐH1C� � �O12E and O11EÐH1E� � �O12C; Fig. 10b and

Table 4). Using a graph-set notation

(Etter, 1990; Bernstein et al., 1995) the

®rst-level graph set for the hydrogen-

bond system is DD (where each

carboxylic acid hydrogen bond is

unique owing to the lack of an inver-

sion centre) and the graph set R2
2�8� is

obtained only when the second-level

graph sets are examined. This

accounts for two of the three

carboxylic hydrogen bonds. The

photodimers are hydrogen bonded to

each other in a centrosymmetric

fashion, which is described by the

®rst-level graph set R2
2�8�(O11DÐ

H� � �O12D). The hydrogen-bond

pattern is directly derived from that of

the parent monomer �0-crystal, where

the non-centrosymmetric hydrogen

bonds were originally the non-

centrosymmetric BC (the molecule

label B becomes E in the product

crystal) hydrogen dimers and the

centrosymmetric hydrogen bonds

were originally the centrosymmetric
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Figure 4
The �0-polymorph (a) before and (b) after stabilization at 343 K. Upon further exposure to UV light
at 293 K a ®nal product crystal containing only the C molecule and DE product is obtained (c).
Molecules in the CC site do not undergo photodimerization. Letters A and B de®ne the AB reaction
site while C de®nes the CC reaction site.

Table 3
Selected torsion angles t1 and t2 for the solid-state reaction product and
the solution-grown dimers (see Fig. 9 for de®nition).

t1 (�) t2 (�)

48 h-D ÿ171.42 ÿ157.81
48 h-E ÿ179.94 ÿ165.29
GK 54.20 160.77
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AA (the molecule label A becomes D in the product crystal)

hydrogen-bonded dimers (see Fernandes et al., 2004).

The hydrogen bond de®ned by O11DÐH1D� � �O12D has a

D� � �A distance of 2.714 (2) AÊ , which is at least 0.07 AÊ longer

than any such bond in the �-, 
- and �-polymorphs and more

than 0.10 AÊ longer than in the O11A� � �O12A (the original

monomer) distance in the �0-polymorph (measured in 6 h ±

necessary as this was the only way to determine the �0-poly-

Figure 5
Plots of site occupancy in the AB site and changes in unit-cell parameters and volume versus irradiation time (at 293 K).



morph structure at 173 K; see Fernandes et al., 2004; Table 4).

This is presumably a consequence of the contraction of the

monomer molecules on converting to the dimer in the solid-

state reaction. The photodimer molecules are smaller than the

original substrate molecules and as a result when the reaction

occurs the carboxylic atoms are pulled away from the original

carboxylic hydrogen-bond centre. This leads to a slight

increase in the D� � �A distances in the product crystal when

compared with the monomer crystal. In addition, the O11DÐ

H1D� � �O12D hydrogen bond appears to have an unusual

`step' geometry (Fig. 10a). This is also a consequence of the

solid-state reaction.

The CÐH� � �O distances for various structures are listed in

Table 5. In general, for the monomer structures (6 h in the �0-
polymorph as measured after 6 h irradiation, and in the �- and


-polymorphs) the C5ÐH5� � �O12 interaction tends to have a

longer D� � �A distance and a more linear DÐH� � �A angle

than the C6ÐH6� � �O11 interaction. In general, the difference

in the two distances is ca 0.2 AÊ . In contrast, the product crystal

(48 h) has almost equivalent C5� � �O12 and C6� � �O11

distances, with the exception of C5E� � �O12E and

C6E� � �O11C, which have distances resembling those of the

monomer crystals. The average C� � �O distance 48h is 3.453 AÊ

while in 6h and �- and 
-polymorphs it is 3.470, 3.529 and

3.534 AÊ , respectively. The average C� � �O distance is shorter in

48 h than in the other structures. The consistency of these CÐ

H� � �O interactions in all these structures ± even after a solid-

state reaction ± is interesting as it shows how important this

interaction is to the stability of these various structures. An

example of the CÐH� � �O interaction contribution to the

structure after 48 h is shown in Fig. 10c.
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Figure 7
ORTEP (50% probability level; H atoms omitted for clarity) diagrams of the asymmetric unit at (a) 173 K after 24 h UV exposure (the two monomer
molecules, with empty bonds and open spheres, and superimposed dimer molecule, with solid bonds and shaded ellipsoids) and (b) after 48 h of UV
exposure (100% conversion in the AB site).

Figure 6
Predimer distances in the AB and CC sites at various irradiation times.
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3.4. Crystal packing

The similarity between the structure after 48 h and its

parent crystal, the �0-polymorph, is obvious (Figs. 4a and c).

The corrugated sheet structure and the boundaries of the

original `ribbons' in the �0-polymorph can still be seen in the

structure after 48 h. As a consequence, the structure and

crystal packing after 48 h can be viewed entirely as derived

from its parent crystal. Whereas the hydrogen-bonded

OETCA dimer is the basic building block of the �0-polymorph,

the hydrogen-bonded set of molecules is composed of two C

molecules and two dimer molecules (Figs. 10a and b; see x3.3)

can be viewed as the basic building block of the

48 h structure. These hydrogen-bonded units are

further assembled via CÐH� � �O interactions

(derived from the monomer crystal) to form a new

`ribbon' running down the a axis. The `new ribbons'

are then held together by other weak interactions

to form a `slab' of molecules. The upper and lower

parts of the hydrogen-bonded units can be thought

of as de®ning the limits of a molecular `slab' (Fig.

11). The stacking of these `slabs' along the b axis

completes the structure.

4. Conclusion

At 293 K only molecules making up the AB reac-

tion site photodimerize, while molecules in the CC

site are left unreacted. The ®nal product crystal,

containing the photodimer in the AB reaction site,

retains much of the structure of the original

monomer crystal. In addition, the carboxylic acid

hydrogen bonds and CÐH� � �O interactions,
present in the monomer crystal, are retained in the

product crystal. During the reaction, the a axis

contracts, while the b and c axes expand, and the

cell volume decreases with time. Molecules in the

AB site remain at a constant distance from each

other during the whole reaction, while molecules in

the CC site initially move closer to each other, but

are never close enough to react. Molecules in the

AB site do not rotate, with respect to each other,

during the reaction. During the reaction the C

molecule deviates more from planarity owing to

conformational changes in the ethoxy and

carboxylic acid groups. In addition, the solid-state

product obtained has a conformation different to

that obtained from solution growth.

At 293 K only two molecules out of three in the

asymmetric unit take part in the photodimerization

reaction and the reaction therefore stops at 66.7%

conversion. Solid-state reactivity at 343 K (above

the phase transition temperature) differs remark-

ably from the 293 K case: photodimerization at

Table 5
CÐH . . . O interaction geometry in 48 h, 6 h (in the �0-polymorph as measured after
6 h irradiation), the �- and 
-polymorph (Fernandes et al., 2001).

All structures were determined at 173 (2) K.

Structure DÐH� � �A DÐH H� � �A D� � �A DÐH� � �A
48 h C5DÐH5D� � �O12Di 0.95 2.53 3.421 (2) 157
48 h C6DÐH6D� � �O11Dii 0.95 2.77 3.464 (2) 131
48 h C5CÐH5C� � �O12Ciii 0.95 2.62 3.447 (2) 146
48 h C6CÐH6C� � �O11Eiv 0.95 2.50 3.401 (2) 158
48 h C5EÐH5E� � �O12Eiii 0.95 2.63 3.536 (2) 159
48 h C6EÐH6E� � �O11Civ 0.95 2.65 3.446 (2) 142

6 h C5AÐH5A� � �O12Ai 0.95 2.68 3.545 (4) 151
6 h C6AÐH6A� � �O11Aii 0.95 2.52 3.346 (4) 146
6 h C5CÐH5C� � �O12Ciii 0.95 2.67 3.556 (3) 154
6 h C6CÐH6C� � �O11Biv 0.95 2.49 3.349 (3) 150
6 h C5BÐH5B� � �O12Biii 0.95 2.71 3.594 (4) 156
6 h C6BÐH6B� � �O11Civ 0.95 2.57 3.435 (3) 151

� C5ÐH5� � �O12v 0.95 2.76 3.645 (3) 155
� C6ÐH6� � �O11vi 0.95 2.55 3.413 (3) 151


 C5ÐH5� � �O12vii 0.95 2.76 3.665 (2) 160

 C6ÐH6� � �O11vii 0.95 2.60 3.403 (2) 143

Symmetry codes: (i) x� 1; y; z; (ii) ÿx� 2;ÿy;ÿz; (iii) x ÿ 1; y; z; (iv) ÿx� 1;ÿy� 1;ÿz� 1; (v)
x; yÿ 1; z; (vi) ÿx� 2;ÿyÿ 1;ÿz� 1; (vii) xÿ 1

2 ; yÿ 1
2 ; z.

Table 4
Hydrogen-bond geometry in 48 h, 6 h (in the �0-polymorph as measured after 6 h
irradiation), the �- and 
-polymorph (Fernandes et al., 2001), and the �-dimer
(Gopalan & Kulkarni, 2001).

Structures 48 h, 6 h, �, � and 
 were determined at 173 (2) K. The �-dimer was determined
at 130 (2) K.

Structure DÐH� � �A DÐH H� � �A D� � �A DÐH� � �A
48 h O11DÐH1D� � �O12Di 0.92 (2) 1.80 (2) 2.7138 (18) 169 (2)
48 h O11CÐH1C� � �O12Eii 0.87 (2) 1.80 (2) 2.6619 (18) 176 (2)
48 h O11EÐH1E� � �O12Cii 1.00 (2) 1.64 (3) 2.6350 (18) 169(2)

6 h O12AÐH1A� � �O11Ai 0.84 1.73 2.566 (3) 170.4
6 h O11CÐH1C� � �O12Bii 0.84 1.80 2.622 (3) 166.0
6 h O11BÐH1B� � �O12Cii 0.84 1.76 2.591 (2) 167.7

� O11ÐH11a� � �O12iii 0.84 1.80 2.637 (2) 172

� O12ÐH110� � �O11iv 0.84 1.78 2.618 (2) 177


 O11ÐH110� � �O12v 0.84 1.80 2.6249 (17) 165

�-dimer (GK) O2ÐH2a� � �O1vi 0.96 (2) 1.67 (2) 2.627 (3) 174 (5)

Figure 8
Superimposition of the C molecules from the 12, 24, 36 and 48 h
structures from a least-squares ®t of the corresponding C1C, C2C, C3C,
C4C, C5C and C6C atoms. The C molecule does not undergo
photodimerization at 293 K, but does show some conformational change
around the ethoxy (C22C) and carboxylic acid groups (C13C) as the
reaction proceeds.



343 K goes to 100% completion in two distinct stages. Details

will be discussed in a separate paper (Fernandes & Levendis,

2004).
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Figure 9
Comparison of the geometry of 2,20-diethoxy �-truxillic acid molecules
from (a) the solid-state reaction (48 h) and (b) from solution growth
(Gopalan & Kulkarni, 2001). The relative orientation of the carboxylic
acid and ethoxy groups differ between the two structures. Values for the
torsion angles t1 and t2 in the two structures are given in Table 3.

Figure 10
Hydrogen bonding in the solid-state reaction product crystal (48 h).
Molecules in the 48 h structure are kept together by three R2

2�8�
carboxylic hydrogen bonds to form a string of molecules composed of two
dimer and two monomer molecules (a) and (b). These are further
assembled through CÐH� � �O interactions to form a `ribbon' of
molecules running down the a axis, part of which is shown in (c) [ethoxy
H atoms have been deleted for clarity; (a) H5D� � �O12D, (b)
H6E� � �O11C, (c) H5E� � �O12E, (d) H5C� � �O12C and (e) H6C� � �O11E].

Figure 11
Crystal packing after 48 h (the product crystal), as viewed down the a axis.
The hydrogen-bonded unit, composed of two C and two dimer molecules
shown around the origin, is the basic building component of the crystal
structure (see text). These are held together by CÐH� � �O interactions
down the a axis. The upper and lower parts of these hydrogen-bonded
molecule units can be thought of as de®ning the limits of a molecular
`slab' (marked with dotted lines). Stacking of these `slabs' along the b-axis
completes the structure.



research papers

324 Fernandes and Levendis � Photodimerization of �0-polymorph. I Acta Cryst. (2004). B60, 315±324

References

Atkinson, S. D. M., Almond, M. J., Bowmaker, G. A., Drew, M. G. B.,
Feltham, E. J., Hollins, P., Jenkins, S. L. & Wiltshire, K. S. (2002). J.
Chem. Soc. Perkin Trans. 2, pp. 1533±1537.

Bernstein, J., Davis, R. E., Shimoni, L. & Chang, N.-L. (1995). Angew.
Chem. Int. Ed. Engl. 34, 1555±1573.

Bondi, A. (1964). J. Phys. Chem. 68, 441±451.
Bruker (1998). SMART-NT. Version 5.050. Bruker AXS Inc.,

Madison, Wisconsin, USA.
Bruker (1999a). SAINT+. Version 6.02 (includes XPREP and

SADABS). Bruker AXS Inc., Madison, Wisconsin, USA.
Bruker (1999b). SHELXTL. Version 5.1 (includes XS, XL, XP,

XSHELL). Bruker AXS Inc., Madison, Wisconsin, USA.
Busse, G., Tschentscher, T., Plech, A., Wulff, M., Frederichs, B. &

Techert, S. (2002). Faraday Discuss. 122, 105±117.
Enkelmann, V., Wegner, G., Novak, K. & Wagener, K. B. (1993). J.

Am. Chem. Soc. 115, 10390±10391.
Etter, M. C. (1990). Acc. Chem. Res. 23, 120±126.
Fernandes, M. A. & Levendis, D. C. (2004). In preparation.

Fernandes, M. A., Levendis, D. C. & de Koning, C. B. (2001). Cryst.
Engng, 4, 215±231.

Fernandes, M. A., Levendis, D. C. & Schoening, F. R. L. (2004). Acta
Cryst. B60, 300±314

Gopalan, R. S. & Kulkarni, G. U. (2001). Proc. Ind. Acad. Sci. (Chem.
Sci.). 113, 307±324.

Hasegawa, M., Saigo, K., Mori, T., Uno, H., Nohara, M. & Nakanishi,
H. (1985). J. Am. Chem. Soc. 107, 2788±2793.

Hosomi, H., Ito, Y. & Ohba, S. (2000). Acta Cryst. B56, 682±689.
Johnson, C. K., Burnett, M. N. & Farrugia, L. J. (1997). ORTEP3.

Windows Version. University of Glasgow, Scotland.
Ito, Y., Kitada, T. & Horiguchi, M. (2003). Tetrahedron, 59, 7323±

7329.
Keller, E. (1997). SCHAKAL-97. University of Freiberg, Germany.
Ohba, S. & Ito, Y. (2003). Acta Cryst. B59, 149±155.
Schmidt, G. M. J. (1964). J. Chem. Soc. pp. 2014±2021.
Spek, A. L. (2003). J. Appl. Cryst. 36, 7±13.
Tanaka, K. & Toda, F. (2000). Chem. Rev. 100, 1025±1074.
Turowska-Tyrk, I. (2001). Chem. Eur. J. 7, 3401±3405.
Turowska-Tyrk, I. (2003). Acta Cryst. B59, 670±675.


