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The crystal structure of the complex formed between acetone
and bromine has been determined between 14K and 200K.
The structure exhibits negative 2D thermal expansion at low
temperature and colossal thermal expansion in the
perpendicular dimension. At low temperature the C=0 bond
is significantly longer than that observed in free acetone.

Most materials expand upon heating and for molecular solids
values of the linear expansion coefficient comparable to that seen
in ice 55 MK™ (at 250 K)* are typical. When the value of the
linear expansion coefficient is greater than 100 MK™ such
expansion is called colossal thermal expansion®. Much rarer is
the phenomena of negative thermal expansion (NTE) that occurs
when a material contracts upon heating®*. It is possible for
materials to exhibit both positive and negative thermal expansion
in different directions®. Although rarer, NTE has been observed
in a variety of materials such as zeolites®, metal oxides’, metal
fluorides®, and cyanides®'®, however in molecular solids NTE is
much rarer***3, Recently we have shown that the halogen bonded
complexes PyICl and PylBr*(py= pyridine) undergo colossal
thermal expansion (147 and 176 MK™) coupled with negative
thermal expansion in another direction.

We have previously determined the structure using neutron
powder diffraction (110K) of one the best-known halogen bonded
complexes namely that between acetone and bromine'* which
consists of chains of acetone and bromine molecules. Linking
these molecules are strong halogen bonds between the acetone
and bromine. Our results showed that the presence of a short
intermolecular O----Br bond was accompanied by the elongation
of the Br-Br bond, a result which had not been observed in an
earlier study™®. In addition to these changes, we observed small
changes in bond length within the C=0 groups, but not at a
statistically significant level, whilst on a macroscopic level
colossal thermal expansion was observed. Our objective in this
study was to carry out an accurate low temperature study to
obtain a more accurate value for the C=0 bond length and a
thermodiffractometric study to investigate the thermal expansion
of this material together with the structural changes that
accompany heating.

The complex was prepared by mixing stoichiometric quantities
of perdeuteroacetone and bromine at 0 °C. The mixture was
pipetted into a pre-cooled (0 °C) vanadium can fitted with a thin
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walled quartz liner into which some amorphous quartz-glass wool
had been placed. The vanadium can was sealed and cooled on a
block of solid CO, prior to loading into a cryostat on the high
resolution powder diffractometer at the ISIS facility. The sample
was cooled to base temperature and 45 short data collections to
obtain lattice parameters were made between 14 K and 200 K, in
order to obtain information on the magnitudes and directions of
the thermal expansion tensor. These short runs were interspersed
with 4 longer runs. These longer runs were carried out with the
intention to obtain accurate structural parameters in addition to
the lattice parameters.

The use of neutrons as our radiation source has enabled us to
obtain more accurate positions of the atoms with low atomic
number in this complex and hence dimensions for the acetone
molecule. This is because of the comparable magnitudes of the
coherent scattering lengths of C, D, O and Br. This would not be
the case, in an X-ray structure determination, where the structure
factors would be dominated by the scattering from the bromine
atoms.

Lattice parameters were obtained by using Model independent
fits'®, and the structural parameters were obtained by Rietveld
refinement'’. Selected interatomic contacts are given in Table 1,
diagrams of the molecular structure are shown in Figure 1,
difference Rietveld plots are available as supplementary material.

The structure at all temperatures is similar to that which we
have previously described®, and there is good agreement for the
Br-Br and O---Br distances with a recent theoretical study on this
systemls_ In particular, there are two short O---Br interactions,
for each acetone molecule, such that the bromine molecules are
positioned towards the lone pairs of the oxygen atoms with a Br--
--O----Br angle of approximately 110°. All of these contacts are
significantly shorter than the sum of the van der Waals radii of
bromine and oxygen (3.45 A¥). These interactions result in
syntactic chains being formed. These chains lie parallel to the (1
0 -1) plane giving rise to a sheet structure (Figure 2). It is to be
noted that there are no strong intermolecular interactions between
the chains that build up the layers of the sheet. In addition to
these intermolecular interactions, there are also C-D---Br and C-
D---O weak hydrogen bonds, the latter of which occur between
the layers. At all temperatures the Br-Br bong lengths are longer
than observed in in either Br, vapour (2.28105 A%) or pure
bromine in the solid state (2.286(3) A%%) with the difference being
particularly pronounced at low temperature.
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It should be noted that an earlier study on solid bromine showed
that the bond length of the Br, molecules in the solid phase varies
significantly as a function of temperature so that whilst at 5 K it
is 2.301(2) A (which is comparable to our 200K measurement), at

5 250K it is 2.286(3), this was accompanied by an increase in the
intermolecular Br---Br contacts which expand from 3.286 A (5
K). to 3.368 A (250 K).

10 Figurel Structure illustrating Br---O and C-D---Br interactions
Distances in A

Figure 3 View showing weak hydrogen bonds between layers

15
Table 1 Selected interatomic contacts/A

Temp/K C=0O/A  Br-Br/A 0--Br/A Br---O---Br/°
14 1.248(4) 2.321(3) 2737(2)  109.3(1)
35 1.243(3) 2.327(3) 2.734(2)  109.5(1)
75 1.250(4) 2.328(3) 2.737(2)  110.1(1)

1107 1230(3) 2.322(2) 2748(2)  1105(1)
200  1.227(6) 2.309(5) 2.797(4)  110.1(2)
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A similar trend is observed in this study with short O---Br
intermolecular contacts being accompanied by the greatest
elongation of the Br — Br bond and occurring at low temperatures.
For our lowest temperature measurements the C=0 bond is
significantly longer than seen in either our previous 110 K
neutron structure 1.230(3)A, or the 200K structure (this work).
The C=0 bond length (110K) was at the longer end of the range
of values reported for structures of acetone. For the purposes of
comparison, the most pertinent of these were those given in a
NPD structure refinement of pure deuteroacteone in which C=0
bond lengths of 1.213(4) A and 1.202(4) A were determined for
the two independent molecules in the asymmetric unit?.

We now turn to the thermal expansion properties of the material
Figures 4-7 show the variation of lattice parameters, and unit cell
volume with temperature. From these graphs it can be clearly
seen that both the a and b axis undergo negative thermal
expansion at very low temp temperatures but positive thermal
expansion at higher temperatures. Fitting a quadratic function of
temperature over the range 14 — 75 K for both a and b give the
point at which positive thermal expansion starts at 42K and 35K
respectively. Whilst these plots are informative in establishing
the occurrence of phenomena such as negative thermal expansion
it has been pointed out that it is more useful to use the principal
axes of the expansion tensor to extract information on the
expansion properties>. Consequently, We have analysed the
lattice parameter data using the computer program PASCAL?.
Because of the occurrence of negative thermal expansion at low
temperature we have analysed the data for two separate
temperature ranges; the low temperature range 14 to 37 K, and
the higher temperature range 47 to 200K. The thermal expansion
coefficients and the normalised components of the principal axes
projected onto the crystallographic axes, are given in Table 3,
together with diagrams showing the thermal expansion for each
of these temperatures regimes (Figure 8). Plots of material
pertaining to the thermal expansion are available as
supplementary information.

Table 2 Selected contacts involving deuterium

Temp/K D6---Bri/A  D7---Brl/A D5---0/A
14 3.004(3) 3.017(3) 2.672(3)
35 2.994(3) 3.024(3) 2.666(2)
75 2.976(4) 3.049(3) 2.661(3)
110} 3.001(3) 3.060(4) 2.680(3)
200 2.986(7) 3.119(5) 2.777(5)
TlS
Table 3
Temperature Regime 14 — 37 K
Axes aMK!  caMK' a b c
X1 -39.6 6.3 -0.9997 0 0.0244
Xz -18.2 6.0 0.0 1.0 0.0
X3 157.6 2.2 0.3617 0.0 0.935
\% 109.6 129
Temp Regime 47 200 K
direction
Axes aMK?  caMK' a b c
Xy 42.4 0.5 0.9733 0 0.2295
) 67.3 21 0.0 -1.0 0.0
X3 169.3 33 -0.2682 0.0 0.9634
\% 284.6 55
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One of the striking features of this material is the occurrence at
low temperature of negative thermal expansion in two dimensions
together with positive thermal expansion in the third. The larger
of these contractions lies close to [-1 0 0] and the smaller is along
s [0 1 0]. It has been pointed out that the occurrence of negative
thermal expansion in two dimensions whilst accompanied by
thermal expansion in the third giving rise to negative 2D
expansion is itself quite rare”*?*?% and has only been seen in a
limited number of materials?®*® for example MOF’s?® LiBeBO3>
10 Group 10 cyanides?®, graphite?’, the low temperature form of
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Figure 4 Variation of a /A with T/K for (CD5),CO-Br, Complex
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Figure 6 Variation of ¢ /A with T/K for (CD3),CO-Br, Complex

arsenic®, low temperature B 2,4-dinitroanisole?, 1-ethyl-2,3-
dimethylimidazolium bromide® and the lithium aluminosilicate,
2 petalite®.  In addition to the negative 2D expansion there is
colossal expansion in the third direction. In the low temperature
regime it can be seen that the colossal expansion occurs close to
the [1 O 3] direction. In order to more clearly formulate the
factors responsible for this behaviour we have attempted to
25 associate these macroscopic expansion properties with specific

intermolecular interactions.

At first sight (figure 2) it would appear that the bonds associated

with expansion in the [1 0 3] direction are the intermolecular O---

Br bond, and intramolecular Br-Br bonds, together with the
30 changes in the angle between 2 O---Br halogen bonds. However

The 1-3 O---O distance has the same value 7.793 A at 14 and

35 K.

We believe that the expansion correlates primarily at low

temperatures with the reduction in the C4-D7---Br interactions,
35 but the C4-D5---O hydrogen bond which also acts across the

layers strengthen slightly. The net result is that adjacent chains
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2 Figure 8 Expansivity Indicatrix for low(left) and high (right)
temperature regions

move with respect to each other. This accompanied by the slight
increase in the Br---O---Br angle which can be seen to expand as
45 the temperature is raised (Table 1) At higher temperatures the C-
D---O interaction also significantly weakens (Table 2) and is
furthermore accompanied by weakening of the O---Br halogen
bond (Table 1). These features are accompanied by increasing
thermal motion of the methyl group further weakening these out
so Of plane interactions and can be seen by the increase in thermal
notion of methyl groups (supplementary data). At low
temperatures there appears to be strengthening of the C-D---O
interactions and it can be seen that there is a large component of
this bond is parallel to a, this would suggest that negative
ss expansion would result at the lowest temperature.
Finally it can be seen that the interaction C-D6---Br persists even
at 200K. This interaction is situated within the layers, which
explains its persistence, as increasing motion of the methyl

This journal is © The Royal Society of Chemistry [year]
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groups will not significantly affect its ability to interact with the
bromine atoms. This may also account for the negative
expansion at low temperatures as this bond is approximately
parallel to b. However, at higher temperatures increasing thermal
motion of the methyl groups leads to increasing separation
between the double chains within the layer. Thus the switching
off in turn of each of these interaction explains in part the
expansion properties.

Finally, some comment should be made about the observed
carbonyl bonds lengths. At all temperatures the C=0 double
bond length is somewhat longer that in acetone in the gas state
1.212(2)*. The bonding of acetone as an n’* ligand to metal ions
is well known. We have compared the bond lengths in our low
temperature structures to a series of metal atoms in which there
are no d-orbitals available for back bonding as this could
complicate any inferences we could draw about the metal ---O
bond because of potential back bonding into the n* orbitals of the
carbonyl group. We examined the C=0 distances when acetone
was coordinated to a s-block, p-block or lanthanide metal ions
and in all cases the C=0O bonds found in the database were
shorter®. It has been pointed out that elongation of the C=0
double bond can result from either a dipolar CO----M interaction
or from formal donation to form a dative bond®*,

Thus whilst lengthening of the C=0 bond cannot prove formal
donation, longer C=0 bond lengths are accompanied by longer
Br-Br distances at low temperature. When the temperature is
raised both bond lengths are shortened and are accompanied by
an increase in the O----Br distance. The simplest explanation for
this behaviour is that there is significant electronic donation from
the oxygen to the Br, molecule forming the halogen bond, as this
would account for both the elongation of the C=0 and Br, bonds
and shortening of the O---Br distance as these bonds become
stronger at the lower temperatures. At higher temperatures these
weak bonds are disrupted by increasing thermal motion, as we
have noted earlier, leading to interactions that are more dipolar in
nature. This accounts for both the changes in bond length but also
being in accord with the model we suggest to explain the
macroscopic expansion behaviour.

In conclusion we have shown that the use of variable temperature
neutron powder diffraction has enabled us to observe that the
interplay of relatively weak intermolecular C-D---O, C-D---Br
hydrogen bonds and C=0---Br halogen bonds are responsible for
the occurrence of the rare phenomenon negative 2D expansion at
low temperatures in this compound. Furthermore the use of
neutron diffraction has enabled us to show that the C=0 bond as
determined in the three low temperature structures we studied is
significantly lengthened with respect to free acetone, strongly
suggesting the interaction between oxygen and bromine involves
more than a simple electrostatic interaction.

Acknowledgments

We would like to acknowledge the contribution of the late Bill
Marshall for his enthusiasm, expertise and insightful comments
during the accomplishment of this work, and his extensive
contribution to the study of molecular solids using neutron
diffraction and his immense contribution to that of these materials
at high pressure. We also thank STFC for the funding of this
project.

60

65

7

=}

75

80

85

90

95

100

10

o

110

115

120

125

Notes and references

a 1cue

Tonitie. oA Reslo-fo- Appleton Lab, Harwell Oxford, ,
Didcot OX11 0QX, Oxon, England Fax 44 1235 4455720 Tel 44 1235
445434

® School of Chemical and Physical Sciences, Keele University, Keele, ST5
5BG United Kingdom. Fax 44 1792 712378, Tel: 44 1782 733033, E-
mail Chemistry@keele.ac.uk

¢ Department of Earth Sciences, University College London, Gower
Street, London, WC1E 6BT Unied Kingdom

9 Department Of Earth Sciences, The Natural History Museum, Cromwell
Road, London, SW7 5BD United Kingdom

+ Electronic  Supplementary Information (ESI) available: Futher
crystalographic data and details of The CCDC search are avaialable as
electronic supplementary material. CCDC deposition numbers 1562036,
1562265, 1562187, 1562188 [See DOI: 10.1039/b000000x/

1 Deceased.

1 K Rottger, A. Endriss, J. lhringer, S. Doyle, and W. F. Kuhs, Acta.,
Cryst., Setc., B, 1994, 50, 644-648.

2 AL Goodwin, M. Calleja, M. J. Conteriom M. T. Dove, J. S. O.

Evans, D. A. Keen, L. Peters, M. G. Tucker, Science, 2008, 319, 794-

797.

J. S. O Evans J. Chem. Soc. Dalton. Trans, 1999, 3317-3326.

C. Lind Materials 2012, 5, 1124-1154

5 D Das, T. Jacobs and L. J. Barbour, Nature Materials, 2010, 9, 936-
939.

6 (a)J. W. Couves R. H. Jones S. C. Parker, P Tschaufesser and C. R.
A. Catlow, J Phys Con Matt, 1993, 5, L329.-L332. (b) L. A.
Villascusa, P. Lightfoot, S. J. Teat, and R. E. Morris, J. Am. Chem.
Soc., 2001, 123, 5453-5459.

7 T.H. K Barron, J. G. Collins and G. K. White, Adv. Phys., 1980,29,
609 -730.

8 B. K. Greve, K. L. Martin, P. L. Lee, P. J. Chupas, K. W. Chapman,

and A. P. Wilkinson, J. Am. Chem. Soc, 132, 15496-15498.

A. L. Goodwin and C. J. Kepert Phys Rev B, 2005, 71, 140301

K. W. Chapman, P. J. Chupas and C. J. Kepert, J. Am. Chem. Soc,

2005, 127, 15630-15636

G. D. Barrera, J. A. O. Bruno, T. H. K. Barron, and N. L. Allan, J.

Phys.: Condens. Matter, 2005, 17, R217-R252.

H. Birkedal, D, Schwarzenbach, and P. Pattison, Ang Chem Int ed,

2002, 41, 754-756.

R. H. Jones, K. S. Knight, W. G. Marshall J. Clews, R. J. Darton,

D.Pyatt S. J. Coles and P. N. Horton Crystengcomm 2014, 16, 237-

243.

R. H. Jones, K. S. Knight, W. G. Marshall, S. J. Coles, P. N. Horton,

and M. B. Pitak, Crystengcomm 2013, 15, 8572-8577.

15 O Hassel, and K Stramme Acta Chem Scand 1959, 13, 275-280.

16 A. le Bail, H Duroy, and J. L. Fourquet, Mat. Res. Bull 1998. 23,447-
452,

17 (a) A.C. Larson and R.B. Von Dreele, "General Structure Analysis

System (GSAS)", Los Alamos National Laboratory Report LAUR 86-

748 (2000); (b) B. H. Toby, “EXPGUI, a graphical user interface

for GSAS”, J. Appl. Cryst. 34, 210-213 (2001).

R. Lo, A. Ballabh, A. Singh, P. Dastidarx and B. Ganguly,

CrystEngComm, 2012, 14, 1833-1841.

R. S. Rowland and R. Taylor, J. Phys. Chem, 1996, 100, 7384-7391.

K. P. Huber and G. Hertzberg Constants of Diatomic Molecules Van

Nostrand —Reinhold New Yorl 1979.

B. M. Powell, K. M. Heal and B. H. Torrie, Molecular Physics, 1984,

53, 929-939.

D. R. Allan, S. J. Clark, R. M. Ibberson, S. Parsons, C. R. Pulham, L.

Sawyer, Chem., Commun., 1999, 751-752.

M. J. Cliffe and A.L. Goodwin J Appl Cryst 2012, 45, 1321-1329.

M. J. Cliffe and A.L. Goodwin PASCal A web tool for Principal

Axis Strain Calculations http://pascal.chem.ox.ac.uk/

W Yao, X Jiang, R Huang, W Li, C Huang, Z Lin L Lic and C Chena

Chem. Commun, 2014, 50, 13499-13501

26 (a)S. J. Hibble, A. M. Chippindale, A. H. Pohl, and A. C. Hannon,
Angew. Chem. Int Ed .2007, 46, 7116-7118; (b) S. J. Hibble, A. M.

> w

©

11

12

13

14

18

19
20

21

22

23
24

25

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]


mailto:Chemistry@keele.ac.uk
http://pascal.chem.ox.ac.uk/

Chippindale,E. J. Bilbé, E. Marelli, P. J. F. Harris and A. C. Hannon,
Inorg Chem, 2011, 50, 104-113.

A. C.Bailey, and B.Yates, B.J. Appl. Phys. 1970 41, 5088.-5091.

R. W. Munn J. Phys C. 1972 C5, 535-542

H Takahashi and R Tamura Crystengcomm 2015, 17, 8888.-8896.

| de Pedro, A. Garcia-Saiz, J. DuPont, P. Migowski, A. Vallcorba, J.
Junquera, R. Ruis and J. Rodriguez-Fernandez Crystal Growth and
Design 2015, 15, 5207-5212

K. S. Knight J Miner Petrol Sci 2014, 109, 118-124.

F.J. Lovas and P Groner J Mol Spec 2006, 236, 173-177

C. R. Groom, I. J. Bruno, M. P. Lightfoot and S. C. Ward Acta Cryst.
2016, B72, 171-179

G Zhang, W Wang, D Chen, Chemical Physics, 2009, 359. 40-44.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5


http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Groom,%20C.R.
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Bruno,%20I.J.
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Lightfoot,%20M.P.
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Ward,%20S.C.
http://journals.iucr.org/b
http://journals.iucr.org/b/contents/backissues.html

