
� ������������	��
 ���
��
 
��

�������� �	����� ������
�� ��� ���
�����	� �
����
 �����

�� �������* �� �������
��� �� ������ �� ������� !� "�
�#� ��# $� ��#�%

��������	
� �
�
�� �� ����������� � ���������� ������	
 ����� � �!��� ���������� "��
��#
��������� �� $������� %	���	�� "������� %	
��� �� &�
�� �������� '��� (�
��)� ���������#� '��� !�� *��!� +�,��
���,���
��� �� -,,���� �
�
����#� .�	���# �� /����������� /
�
� ���������#� $����#�
�� /
�
� 01� *�00� +�,��
2��,���
��� �� �
�
����#� .�	���# �� %	���	�� �3�#�
� ���������# �� %	���	�� 4����	
� � �� �3�#�
� 0�� ����� +�,��

Received 10 December 2000; Revised 20 March 2001; Accepted 22 March 2001

ABSTRACT: The solid-state thermal transformation of rac-3,8-di(tert-butyl)-1,5,6,10-tetraphenyldeca-3,4,6,7-
tetraene-1,9-diyne (1) into 4,5,9,10-tetraphenyltricyclo[6.2.0.02,6]deca-1,3,5,7,9-pentaene (3) was investigated by
x-ray crystallography and atomic force microscopy (AFM) on two different faces. The enantiopure crystals of 1 that
were picked from the conglomerate were monoclinic in the chiral space group C2 (No. 5) and were refined to an R-
factor of 0.0375. The monolayers stack in a straight manner without displacement leaving (001) cleavage planes. The
layered structure is seen in AFM traces at certain stages of the reaction. The overall shape of single crystals of 1 does
not change even though they turn deeply blue–green at 140–150°C. However, the initial roughness in the micrometer
region is flattened out or thoroughly rearranged by long-range molecular movements giving phase rebuilding and
phase transformation without detachment of the product from the parent crystal. Thus, the chemical reaction is limited
to the surface region and to internal cracks of the crystal. A topotactical transformation is experimentally excluded
and cannot be modelled at the given crystal structure. The chemical yield depends on the crystal size and is significant.
The thermochrome 3 reverts to 1 but only in the outer surface region at anaerobic storage, whereas the known solid-
state oxidations occur in air. The topographic differences of these processes were traced with AFM. The release of
strain in the surface region is evidenced by anisotropic crack formation that initially follows the crystal packing of 1
and could be imaged and compared with an ordinary microscope after the thermal reversion or oxidation. Copyright
 2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc

KEYWORDS: atomic force microscopy; thermochrome; x-ray crystallography; crystal structure analysis; molecular
migrations; solid-state reactions
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Organic reactions in crystals may proceed topotactically
or non-topotactically. The former require that the overall
geometric changes stay below 4% (Nakanishi criterion).1

In such cases single crystal to single crystal conversions
may occur.2 The latter lead to molecular migrations and
disintegration of the initial crystal.2 Our previous
observation that heating of the crystalline diallene 1 to
140°C gives the solid thermochrome benzodicyclobuta-
diene 33,4 (Scheme 1) without change in the overall
crystal shape5 was at odds with these findings because the
molecular shapes of 1 and 36 have nothing in common.

We therefore performed an x-ray study of 1 and an
atomic force microscopic (AFM) study of its thermal
conversion and report on unexpected results.
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The crystal structure of 1 was solved by direct methods
using a Rigaku AFC7R diffractometer and refined to an
R-factor of 0.0375. The molecular structure and number-
ing of 1 are given in Fig. 1 with important bond lengths
and ellipsoid representation (50%).

Enantiopure monoclinic crystals of the chiral space
group C2 (No. 5) were selected from the conglomerate of
racemic 1 with a = 24.425(3), b = 7.431(2), c = 9.456(2),
� = 98.50(2) and two formula units in the unit cell with a
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calculated density of 1.062 g cm�3. The prismatic crystal
forms exhibit prominent {001} (rhombus) and {100}
faces (rectangles with skew {110} faces on top and
bottom). Full data, including structure factors, are listed
in the epoc material at http://www.wiley.com/epoc.
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Heating of single crystals, micronized powders and KBr
pellets (mortar) of 1 for 2 or 4 h at 140–150°C created the
blue–green color of 3. If the heating was performed under

������ �� 5
��
�� ��������
����� �� � ����  6��
 �
� ,����
�� �����
������� ���
�
� ����� ����� �7������� 6��
 ���

$	��
� �� $���	���� ����	���� �� �8 5
� 
���	��� 
�� 	�#���������,
�	 �6� ����
�#

���# �
����
 �
� 	����� �� �
� ��9��: ����8 %���	��� ���� �����
� ;-< =
��� ������ ;°=> ��9�� ? �8�1�;2=� ��9�! ? �822�;2=� ��9�� ? �8221;2=�
��9�2 ? �8���;2=� ��9��* ? �8���;2=� �29�� ? �8��1;�=� ��9��: ?
�8���;�=� ��9��� ? �82*!;2=� ��9��9�! ? �0*8�;�=� ��9��9�� ?
�0082;�=� ��9��9�2 ? ��*81;�=� ��9�29�� ? �0!�!;�=� �29��9��: ?
��*8�;�=

Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 444–452

A NON-TOPOTACTICAL THERMAL REARRANGEMENT 445



vacuum the yield was 17–25, 20–28 and 50% (the pellet
must be prepared under Ar or N2), respectively. The rest
of the material was 1. The ratio of 1 and 3 was judged
from the intensities of the out-of-plane deformation
vibrations of 1 (692 and 759 cm�1) and 3 (713 and
741 cm�1). If similar heating was carried out in air the

single crystals of 1 gave 8–10% of 3, besides the
oxidation products 4 and 5,5,7 and much unreacted 1. If
the green pellets or the crystals of pure 3 were stored
under Ar or N2 they did not change their color for months
at room temperature. The crystals’ deep blue–green color
faded to yellow at the surface in the course of several
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days both in vacuum and in air. The shape of the crystals
did not change visibly,5 but microscopic inspection at
100-fold magnification revealed marked microscopic
changes (Fig. 2). Clearly, sharp edges remained at the
rhombic and rectangular faces despite the chemical
reactions. In the left image in Fig. 2 irregular yellow
crystallites grew on the still green crystal and this color
persisted for several weeks. The yellow material consists
of 1 (singlet at 1.22 ppm in CDCl3). It could by easily
removed. The initial roughness of that face was of
profoundly different character.

Heating of 1 in air for 5, 30, 60 and 120 min with
interrupts for AFM measurements (see below) and then
resting in air led to totally different results. The initially
rough surface (heights and depths of about 1 �m) became
very smooth with initially three microscopic trenches on
(001) along the long crystal edge. The trenches that are
seen in the middle and right images of Fig. 2 developed
gradually after 1–6 and 3 days in air when the color
changed to yellow with residual green spots under the
surface. The trenches in the middle image on (001) go
along [010] and [100] and those in the right image on

$	��
� %� 5#,�	�� 18� �
 -.$ ��,����,
��� �� � 	�#���� �� � �� ;���= ;��	������= ������ ��� �����

������ �� �2�°� �� � ��	��
@ 
������ ��
�� ��� A �	��� �� �
 ��� �� ����	���� ������ ��� ����� �
�
���8 &��
 ��� ��6 ���������� B4$C �
���� �� ;�=D;	= ��� ��������� �� �
� �,�	 6������ �� 
��,>EE
66686���#8	�
E�,�	

$	��
� /� 5#,�	�� 08� �
 -.$ ��,����,
��� �� � 	�#���� �� � �� ;���= �� ������� ������������ ��� �
�
���� ���6 ������ ��� ����� 
������ �� ��� �� �2�°�@ 
������ ��
�� ;!� ����	���� ���� �� ���

��
,������� �� ���= ��� A �	���� �� �
 ;������ ������ �� �
= ��� �� ����	���� ������ ��� ����� �
�
����8 &��
 ��� ��6 ���������� B4$C �
���� �� ;�=D;�= ��� ��������� �� �
� �,�	 6������ �� 
��,>EE
66686���#8	�
E�,�	

Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 444–452

A NON-TOPOTACTICAL THERMAL REARRANGEMENT 447



(100) along [010] and [001]. Therefore, Fig. 2 shows that
in the presence of oxygen roughly orthogonal cracks in
three directions cut numerous small crystals out of the
mother crystal but these stick together on the surface.
Such behavior was enhanced further if the heating to
140°C was not interrupted but applied in one step: the
cracks in all three directions appeared immediately at
roughly the frequency of Fig. 2 and more distinct. Hence
the change in color is not related to the crack formation.
The chemical result was studied after 1 month’s rest in
air, when all residual green 3 had disappeared. 1H NMR
analysis indicated the presence of 1 with 8% of 4 and 4%
of 5 and a singlet peak of unknown origin at 1.55 ppm. If
the micronized material that had largely faded in vacuum
was analyzed, only 1 was detected in the 1H NMR
spectrum besides the oxidation products of residual 3 that
form upon dissolution in CDCl3: 4, 5 and the epoxide
precursor7 to 4. Therefore, we have a thermochrome in
the solid state. However, the left image of Fig. 2 indicates
that the reversion of 3 to 1 occurs primarily at the surface
and thus the thermochromic behavior may profit from the
cracks in the crystal that provide additional surface.
Similarly, the higher yield of 3 upon heating of ground 1
in KBr pellets is explained by the higher surface area for
the product formation. However, if the surface is
excessively enlarged by using micronized powder of 1,
there is no marked increase in the yield as compared with

that found in the single crystal. This observation shows
that not much 3 survives as its transformation into 1
occurs primarily at the surface region and not in the bulk.
A submicroscopic AFM study revealed further mechan-
istic details for the understanding of the rather involved
behavior.
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The starting crystals of enantiopure 1 (C2) (conglomerate
from acetone) were very rough on their most prominent
(001) and (100) faces [Figs 3(a), 4(a), 5(a) and 6(a)].
They were measured by AFM at various sites to establish
the roughness everywhere. They were then heated at
140°C for 5, 30, 60 and 120 min both in vacuum and in
air with intermittent measurement of the surface changes
by AFM. It turned out that the rough surface on (001)
changed considerably at the submicroscopic level if the
heating was performed in a vacuum. The initially smooth
large blocks, that extend at an angle of 30° to the long
crystal axis [010], became structured with floes and later
with islands (300–450 nm high) and smaller volcano-like
hills (up to 110 nm high). Figure 3 indicates that the
initial surface was completely changed with the straight
edges becoming irregular, even though the macroscopic
shape of the crystal was retained. A rather drastic change
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of the surface is seen in images (e) and (f) after 12 days
rest in a vacuum when the dark green color at the surface
had essentially turned to yellow owing to re-formation of
1. Both islands and terrace-like structures are seen after
that transformation in crystal regions of lower roughness
(cf. Fig. 2, left image). Anyhow, the material anisotro-
pically migrates over long distances above the crystal
surface upon the thermal reactions and we have
thermochromism at the surface. As expected, the
behavior is different on (100) of 1 (Fig. 4). The initially
rectangular basins are completely lost and the surface
becomes fairly smooth with some islands on it. Clearly, a
levelling of the surface prevails.

These experimental findings indicate long-range
anisotropic movements of molecules upon thermal
isomerizations of 1 via 2 to 36 and of 3 to 1. They
exclude topotactic reactions even though the macro-
scopic crystal shape is retained. It is known that
crystalline 3 oxidizes slowly at room temperature in air
to give 13% of the tetrabenzoylbenzene 4 and 50% of the
quinomethide 5.5,7 It was of interest to study that reaction
by heating 1 in air and storing the green crystal in air.
Interestingly, but not unexpectedly, the AFM results from
aerobic heating were totally different from those from
anaerobic heating (Figs 5 and 6). It turned out, that the
surfaces became increasingly flatter the longer the
heating period, while the crystal turned green owing to
formation of 3 and some 4 and 5 (IR evidence).

The irregular surface shape in Fig. 5(a) became flatter
and structured after 5 min (b) and 30 min heating (c).
After 120 min heating sporadic trenches parallel to the

long crystal axis are seen (d), but the now formed plane is
very flat in the areas without trenches (e) (roughness:
Rms = 0.36 nm). If the deep green sample was left under
ambient conditions for 3 or 6 days it developed a yellow–
greenish color and steep slopes (typically 30°, some
�55°) were found at selected sites at dislocations (f) that
have heights in the range of 1 �m and run along the long
crystal edges [010] and more rarely at right-angles to it.

A different behavior was found on (100) of 1. The
initially rough surface [Fig. 6(a)] became flat more
directly [Fig. 6(b)–(d)] and high dislocations with steep
(�55°) trenches along [010] were found upon standing
for 3 days in air on the now more yellow crystal surface
[Fig. 6(e) and (f)]. Interestingly, the sharp edges may be
straight or wavy and there was a further decrease in the
roughness Rms from 1.44 [Fig. 6(d), left] to 0.3–0.4 nm on
the plateaux in Fig. 6(e) and (f).
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	#������ ������	��� The microscopic and submi-
croscopic investigations of the thermally transformed
crystals of 1, that form 3 apparently via 26 and keep their
overall shape even upon further reaction to give back 1 or
4 and 5, show that we do not see topotactic single crystal
to single crystal reactions but controlled crystal disin-
tegrations without detachment of material at outer and
inner surfaces (cracks). The calculated crystal densities
of 1 are 1.060 and of 3 1.195 g cm�3, which represents an
increase of 13%. The resulting strain is certainly not fully
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developed as we have a mixture of 1 with 3 in the surface
region of the single crystal. The strain is relieved but
slowly if oxygen is excluded {only a few sporadic cracks
in the [100] direction of the original crystal; not seen in
Fig. 2 (left)} and it takes a long time to form the increased
features of the Figs 5 and 2 (left) by the reverse thermal
reaction.

Conversely, the strain is released by crack formation if
oxygen had formed the additional products 4 and 5, as
can be seen in the early stages by AFM and later after the
reverse reaction on the surface by ordinary light
microscopy (Figs 2, 5 and 6). It is essential for these
results that the reacted surface material does not detach
after the phase rebuilding [e.g. Fig. 5(b) and (c)] and
phase transformation steps [e.g. Fig. 5(d) and (e)].
Otherwise, the thermal transformation of 1 into 3 could
be complete, although 3 would revert into 1 at room
temperature.

The molecular packing of 1 exhibits interlocked
monolayer sheets of molecules of 1 with one methyl
group and five aromatic hydrogen atoms per molecule
pointing outward on either side. That feature is most
easily visualized with a large section of the crystal (four
stacks along a, three along c and three along b, the latter
hidden behind the front molecules). The (001) cleavage
planes are seen at the (long) a-axes of the unit cell in Fig.
7. These cannot, of course, be used on the (001) face.
That feature fits very well with the AFM results: owing to
the interlocking we obtain no trenches initially [such
trenches would be expected on the non-occurring (010)
face] but only at the end of the reaction when the reacted
crystal relaxes. The first cracks on (001) (cleavage plane)
appear in the [010] direction (Fig. 5), but that finding
cannot be derived from the initial lattice of 1. A second
feature is the involvement of layers on (001) particularly
in Fig. 5(b), that gives a good impression of how they
help in having the molecules move from the surface
roughness to form a very smooth flat crystal surface.
Importantly, it is easier to generate cracks on (100) along
[010], as the cleavage planes end there. The (nearly)
orthogonal cracks that follow later cannot be derived
from the original lattice as they occur after completion of
long-range molecular movements that are evident from
the flattening of the very high (although submicroscopic)
roughness in Figs 5 and 6 as detected by AFM.

��
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�
 ������	��� The interpretation of the mol-
ecular mechanism has to take into account the enormous
geometric changes in the crystal confinement. The lack of
melt phases is confirmed by the DSC results (that have
exotherms well above the reaction temperature) and the
very distinct AFM images. The possibilities for internal
rotation and twist in crystals have been investigated in
detail,2,8 whereas the structures and mechanistic details
for 1 → 2 → 3 have been exhaustively investigated for
the solution reaction.6 It does not appear that these
processes may occur in the solid bulk. In particular, it is

not possible to envisage an internal rotation step as
formulated in Scheme 1 within the crystal of 1: rotation
around the central bond in the fixed lattice by as little as
�10° or �10° leads to severe van der Waals interactions
(e.g. 64% of the standard distance). These become
unsurmountable at 20° rotation (e.g. 39% of C/H, 43% of
H/H and 50% of C/C standard distances). Fortunately,
both the AFM and microscopic images and the variation
in yield in relation to the crystal size point to mere surface
reactions both at the rough outer surface and at cracks
that may be present inside the crystal. That is, the internal
rotations occur only outside the confinement of the
crystal and a significant conversion is possible by the
long-range molecular movements with formation of
characteristic surface structures if 3 is formed. A similar
problem exists for the reverse reaction of 3 to 1. Again it
occurs only outside the crystal confinement. At room
temperature it does not easily penetrate into the
previously formed new phase. Thus, the green color
survives for several days (shorter in the presence of
oxygen) and that is true even at elevated temperatures of
40–50°C. Importantly, the crystal photos (Fig. 2) indicate
that the green that was formed at certain spots inside the
crystal survives for several weeks as there is a higher
confinement. Most importantly, the surface dependence
of the yield of 3 (no increase with micronized powder but
about double the yield with ground material in KBr)
supports well what the careful look at the images
indicates.
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The presumed single crystal to single crystal transforma-
tion of the thermochromic system 1/3 could not be
verified by close scrutiny with AFM, microscopy and
yield determinations. The fact that sharp crystal edges are
only slightly modified is insufficient evidence for a
topotactic conversion. Clearly, a surface reaction that
produced a very deep green color and significant
transformation due to long-range molecular movements
(phase rebuilding and phase transformation2 as guided by
the crystal packing) and the lack of detachment of reacted
material hid the fact that nothing occurred under the
surface region in the bulk except at internal cracks. A
1 �m high roughness and more was levelled or created on
the crystals of 1 upon the thermal reaction. However, the
yield of 3 was considerably larger than what might be
derived from a 1 �m layer on the single crystal.
Therefore, it is important to note that microscopic images
of thermochromic crystals and even AFM measurements
on those crystals (the same applies to photochromic
crystals) may give an incomplete analysis and require
further tests with regard to yields and their dependence on
the grain size. The puzzle of internal rotation around a
single bond within the crystal lattice that could not be
modelled owing to unsurmountable interactions was
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resolved: the forward and backward reactions occur only
at the surface in this particular case even though
considerable conversion is observed.
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IR spectra were measured with a Perkin-Elmer 1720-X
FT-IR spectrometer and 1H NMR spectra with a Bruker
WP300 spectrometer. AFM measurements were made
with a NanoScope II; all AFM surface data are given in
fully interactive VRML files at the epoc website at http://
www.wiley.com/epoc.

Compound 1 was prepared as described previously3

and recrystallized from acetone. Single crystals of 1
having approximate dimensions of 3.2, 1.3 and 0.5–1 mm
were glued to a magnetic support for easy mounting on
the AFM head. The AFM procedure and imaging details
have been described elsewhere.2 After measuring the
untreated crystal, the sample was heated in a vacuum or in
ambient air to 140–145°C and probed after the specified
times, after remounting as close as possible to the initial
site where a change in the angle of measurement might
have been necessary for an optimized image, owing to the
particularly strong changes in the topographies.

Microscopic inspection and photography were per-
formed on a standard Zeiss microscope at 100-fold
enlargement with illumination from above. Anaerobic
manipulations were performed in a glove-box under
99.998% argon. The ball-mill technique has been
described elsewhere.2 A Teflon beaker and Teflon balls
were used for micronizing 1 down to largely adhering
particles about 1 �m in size.

.�
�� ���
��	�� ���� 	����	����8 A colorless prismatic
crystal of 1 (C42H38) having approximate dimensions of
0.34 � 0.20 � 0.16 mm was mounted on a glass fiber. All
measurements were made on a Rigaku AFC7R diffract-
ometer with graphite monochromated Mo K� radiation
and a rotating anode generator.

Cell constants and an orientation matrix for data
collection, obtained from a least-squares refinement
using the setting angles of 25 carefully centered
reflections in the range 23.89 � 2� � 28.48°, corre-
sponded to a C-centered monoclinic cell with dimensions
a = 24.425(3) Å, b = 7.431(2) Å, c = 9.456(2) Å, � =
98.50(2)°, V = 1697.6(7) Å3. For Z = 2 and FW =
542.76, the calculated density is 1.062 g cm�3. Based
on the systematic absences of hkl (h � k ≠ 2n) packing
considerations, a statistical analysis of intensity distribu-
tion and the successful solution and refinement of the
structure, the space group was determined to be C2 (No.
5). The data were collected at a temperature of 23 � 1°C
using the � �2� scan technique to a maximum 2� value
of 55.0°. Omega scans of several intense reflections,
made prior to data collection, had an average width at
half-height of 0.42° with a take-off angle of 6.0°. Scans of

(1.57 � 0.30tan�)° were made at a speed of 16.0° min�1

(in omega). The weak reflections [1 � 10.0�(I)] were
rescanned (maximum of five scans) and the counts were
accumulated to ensure good counting statistics. Station-
ary background counts were recorded on each side of the
reflection. The ratio of peak counting time to background
counting time was 2:1. The diameter of the incident beam
collimator was 1.0 mm and the crystal to detector
distance was 235 mm. The computer-controlled slits
were set to 3.0 mm (horizontal) and 3.0 mm (vertical).

���� ����	����8 Of the 2412 reflections which were
collected, 2113 were unique (Rint = 0.011). The inten-
sities of three representative reflections were measured
after every 150 reflections. No decay correction was
applied.

The linear absorption coefficient, �, for Mo K�
radiation is 0.6 cm�1. An empirical absorption correction
based on azimuthal scans of several reflections was
applied which resulted in transmission factors ranging
from 0.96 to 0.99. The data were corrected for Lorentz
and polarization effects. A correction for secondary
extinction was applied (coefficient = 2.05915 � 10�6).

The structure was solved by direct methods9 and
expanded using Fourier techniques.10 The non-hydrogen
atoms were refined anisotropically. Hydrogen atoms
were included but not refined. The final cycle of full-
matrix least-squares refinement was based on 2303
observed reflections (all data) and 191 variable par-
ameters and converged with unweighted and weighted
agreement factors of R(F) = 0.0375 for observed data
[l � 2�(I)] and wR(F2) = 0.1080 for all data. All calcula-
tions were carried out using the teXsan crystallographic
software package11 (CCDC 159144).

,��� ����
	�


The supplementary material available at the epoc website
at http://www.wiley.com/epoc contains the crystal struc-
ture details of 1 in CIF format together with the structure
factors as well as the color images in GIF format and
interactively usable full original 3D data of the images in
VRML format in high and low resolution in order to
allow for critical evaluation of the AFM results, their
analytical use with suitable imaging software and future
data mining. Interactive viewing is possible with public
domain software, e.g. Cosmo Player or Blaxxun via
Internet Explorer.
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