
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Isotopic Polymorphism in Pyridine

Citation for published version:
Crawford, S, Kirchner, MT, Blaeser, D, Boese, R, David, WIF, Dawson, A, Gehrke, A, Ibberson, RM,
Marshall, WG, Parsons, S & Yamamuro, O 2009, 'Isotopic Polymorphism in Pyridine', Angewandte Chemie
International Edition, vol. 48, no. 4, pp. 755-757. https://doi.org/10.1002/anie.200803589

Digital Object Identifier (DOI):
10.1002/anie.200803589

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
Angewandte Chemie International Edition

Publisher Rights Statement:
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. All rights reserved.

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 26. May. 2023

https://doi.org/10.1002/anie.200803589
https://doi.org/10.1002/anie.200803589
https://www.research.ed.ac.uk/en/publications/d0123c85-53f5-4149-b9a5-fb084553d7bb


 

Isotopic Polymorphism in Pyridine†** 

Stephen Crawford,
1
 Michael T. Kirchner,

2
 Dieter Bläser,

2
 Roland Boese,

2,
* William I. F. David,

3
 Alice 

Dawson,
1
 Annette Gehrke,

2
 Richard M. Ibberson,

3
 William G. Marshall,

3
 Simon Parsons

1,
* 

and Osamu Yamamuro
4 

 

[1]
EaStCHEM, School of Chemistry, Joseph Black Building, University of Edinburgh, West Mains Road, 

Edinburgh, EH9 3JJ, UK. 

[2]
Institut für Anorganische Chemie, Universität Duisburg-Essen, Universitätstrasse 5, 45117 Essen, Germany. 

[3]
ISIS Facility, Rutherford Appleton Laboratory, Harwell Science and Innovation Campus, Didcot, 

Oxfordshire, OX11 0QX, UK. 

[4]
 Neutron Science Laboratory, Institute for Solid State Physics, University of Tokyo, 106-1 Shirakata, Tokai, 

Naka-gun Ibaraki 319-1106, Japan. 

[
*

]
Corresponding authors; R.B. e-mail: roland.boese@uni-due.de, fax: (+49) 201-183-2535; 

S.P. e-mail: s.parsons@ed.ac.uk, fax: (+44) 131-650-4743 

[
**

]
We thank Professor G. R. Desiraju for suggesting crystallization of pyridine-d¬5¬, and STFC for 

provision of neutron beam-time and a studentship for SC. RB gratefully acknowledges the support of the DFG 

FOR 618. 

[
†

]
We dedicate this paper to Dr Frank Allen on the occasion of his retirement as Executive Director of the 

Cambridge Crystallographic Data Centre. 

Supporting information: 
Supporting information for this article is available on the WWW under http://www.angewandte.org or from 

the author. Crystallographic information files can be obtained from the Cambridge Crystallographic Data 

Centre, quoting deposition numbers CCDC 695956 – 695959. A summary table of crystal data is also given in 

the Supporting Information. 

Keywords: 

Polymorphism; Crystal Engineering; Crystal Growth; High Pressure Chemistry; Isotope Effects 

 

This is the peer-reviewed version of the following article: 

 

Crawford, S., Kirchner, M. T., Blaeser, D., Boese, R., David, W. I. F., Dawson, A., Gehrke, A., 

Ibberson, R. M., Marshall, W. G., Parsons, S., & Yamamuro, O. (2009). Isotopic Polymorphism in 

Pyridine. Angewandte Chemie-International Edition, 48(4), 755-757. 

 

which has been published in final form at http://dx.doi.org/10.1002/anie.200803589 

This article may be used for non-commercial purposes in accordance with Wiley Terms and 

Conditions for self-archiving (http://olabout.wiley.com/WileyCDA/Section/id-817011.html). 

 

Manuscript received: 23/07/2008;Article first published: 26/11/2008 

roland.boese@uni-due.de
s.parsons@ed.ac.uk
http://www.angewandte.org/
http://dx.doi.org/10.1002/anie.200803589
http://olabout.wiley.com/WileyCDA/Section/id-817011.html


Page 1 of 8 

Synopsis 

It is normally assumed that deuteration has only a minor effect on the stabilities of crystal structures. This 

assumption is wrong for pyridine. A low-temperature polymorph exists for pyridine-d5, but not for pyridine-

h5, adding a further twist to the already unusual structural chemistry of one of the simplest and most familiar 

laboratory chemicals. 

 

Graphical abstract 

 

 

Abstract 

The ab initio calculation of the relative stabilities of isomers of gas phase molecules rates as one of the 

outstanding scientific achievements of the twentieth century. Our understanding of the structure of solid state 

is, by comparison, much less well advanced. The problem is illustrated by the crystal structure of pyridine. 

Pyridine (C5H5N or ‘h5’ hereafter) is one of the simplest heteroaromatic compounds but its crystal structure 

(phase h5-I) is unusually complicated, having four independent molecules in the asymmetric unit (Z’ = 4).
[1]

 

Price et al. have surveyed the potential for polymorphism in pyridine using ab initio crystal structure 

prediction methods, finding over a dozen crystal structures that were energetically competitive with h5-I.
[2]

 

In parallel with Price’s theoretical work an intense experimental search was made by one of us (RB group) for 

new low-temperature polymorphs of pyridine. Though all attempts to crystallize h5 failed to yield anything 

but the h5-I phase, crystallization of pyridine-d5 (d5) from pentane yielded a new phase, d5-II, at 188 K. 

Recrystallization from a low-melting solvent such as pentane has been shown in the past to circumvent high-

temperature phases because saturation of the solution occurs below the temperature of the phase transition.
[3]

  

The new d5-II phase has one molecule in the asymmetric unit (Z’ = 1), but does not correspond to any of the 

predicted polymorphs of h5.  

The effect of temperature on the crystal structure of pyridine-d5 was subsequently investigated further using 

neutron powder diffraction. The sample was ground at 77 K
[4]

 and then rapidly cooled to 2 K. The powder 

pattern was successfully modelled as d5-I (see Fig. S1a in the Supplementary Information). The sample was 

then warmed in steps of 2 K, with patterns being acquired at each temperature. When the sample reached 170 

K it began to undergo a sluggish phase transition into d5-II. After collecting a clean d5-II neutron powder 
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diffraction data set suitable for structure refinement at 195 K (Fig. S1b), the sample was again warmed in 2 K 

steps, collecting powder patterns at each stage. At 215 K the sample transformed back to d5-I, remaining in 

this phase until it melted at 230 K. The two transitions are clearly seen in a plot of molecular volume against 

temperature (Fig. 1). 

 

 

Figure 1. Molecular volume versus temperature for pyridine-d5. The open circles and filled squares 

correspond to phases d5-I and d5-II, respectively. Data obtained by Pawley-fitting of neutron powder 

diffraction patterns.  

 

The phase transitions observed by diffraction were investigated further using calorimetry. A sample of 

pyridine-d5 was quenched at 80 K and the heat capacity measured from 80 K to 300 K. Exothermic and 

endothermic events appeared with on-sets near 170 K (d5-Id5-II) and 215 K (d5-IId5-I), respectively, 

consistent with the neutron powder experiments. However, when a sample was first allowed to anneal at 200 

K for 12 h, only the endothermic event at 215 K was observed. These results are supported by single-crystal 

X-ray diffraction: a crystal of phase d5-I grown at 220 K could be rapidly cooled to 150 K without any phase 

transition. Warming the sample from 150 K to 195 K generated a twinned crystal of phase d5-II, which could 

be cooled to 100 K without transforming back into phase d5-I. 

Combining these results shows that that d5-I becomes metastable on cooling below 215 K. It can be 

transformed to the stable phase (d5-II) by first cooling below 170 K and then increasing the temperature into 

the range 170-215 K. Between 215 K and the melting point d5-I is the stable form. The data in Fig. 1 might be 

mistakenly taken to show that d5-II has a ‘window of stability’ bounded either side by d5-I. While such 

behaviour has been seen in malonitrile,
[5]

 in pyridine the formation of phase d5-I on rapid cooling of the liquid 

phase is a kinetic effect, and below 215 K d5-II is the thermodynamically stable phase.  
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The only way that we have found to obtain d5-II directly from a liquid phase by cooling is the way we first 

obtained it, from a 1:1 mixture of pyridine-d5 and pentane. While similar experiments applied to h5 

consistently failed to yield anything but h5-I, we have shown that both h5-II and d5-II may be obtained at high 

pressure (1.1 GPa). Though it is usually neglected at ambient conditions, the pressure  volume term strongly 

influences enthalpy and free energy differences between phases at elevated pressures. The lower molecular 

volume in phase-II relative to phase-I is clearly shown in Fig. 1, and the h5-II would thus be expected to 

become more stable at high pressure.   

The structural relationship between phases-I and II can be seen by recognizing that both polymorphs contain 

layers which lie parallel to the (100) planes in phase-I and the (110) planes in phase-II (Fig. 2 a, b). The most 

prominent interactions in both phases are CH…N and CH… contacts. PIXEL calculations
[6]

 show that the 

energies of the CH…N and CH… interactions are similar, 8-10 kJ mol
-1

, and during the transition from form 

II to I some CH…N contacts between the layers are replaced by CH… contacts as the result of changes in 

the orientations of the molecules (Fig. 2c). 

 

 

Figure 2. The relationship between the crystal structures of pyridine I and II. Layers are formed in pyridine-I 

perpendicular to the (100) planes (a), while in pyridine-II similar layers lie parallel to the (110) planes (b). 

The four crystallographically independent molecules in phase-I have been color-coded in (a). (c) Stacking of 

the molecules perpendicular to the planes shown in (a) and (b); notice that the CH··· interaction in the 

middle of the phase-I chain (top) is converted into a CH···N contact in phase-II. CH···N contacts less than 3 

Å are shown. 
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The surface of the layers shown in Figs 3 a and b are formed into bumps and hollows by the pyridine 

molecules; on stacking the bumps of one layer fit into the hollows of the next layer. This is shown in ‘cartoon’ 

form in Fig. 3; a conventional packing diagram in the same orientation as Fig. 3 is available in the 

supplementary material (Fig. S2). To understand the relationship between phases-I and II we first have to 

distinguish between two types of layer. One layer (shown in green in Fig. 3) is common to both phases, while 

the other (shown in blue) is mirror-related to the first layer and only occurs in phase-I. The blue layers are 

generated from the green ones by glides, which are present in space group Pna21, but absent in P212121. The 

blue ‘mirror-layers’ still form bumps and hollows, which fit into the surface of the original (green) partner. 

According to this scheme exact overlap is achieved in phase-I for layers 1 and 5, 2 and 6 etc., so that the unit 

cell has four times the volume of phase-II, requiring four molecules in the asymmetric unit.  

Pyridine therefore shows the unusual property of isotopic polymorphism, and our results are consistent with 

i.r. spectroscopic measurements carried out forty years ago.
[7]

 Other systems exhibiting isotopic 

polymorphism have recently been listed by Harbison,
[8]

 and include co-crystal of 4-methylpyridine and 

pentachlorophenol, potassium dihydrogen phosphate, ammonium dihydrogen phosphate and arsenate and 

chromium hydroxide oxide. It seems rare for organic or molecular compounds, and although isotopic 

substitution changes spectroscopic and kinetic properties of materials, the assumption is usually made that it 

has little effect on the stabilities of crystal structures. While this is supported by a recent survey of pairs of 

normal and deuterated small molecule crystal structures,
[9]

 our results indicate that the assumption is wrong 

for pyridine.  

 

Figure 3. Cartoon illustrating the layer-stacking schemes in phases I (left) and II (right). Blue and green layers 

are related by glide operations which are present in phase-I, but absent in phase-II.  
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Isotopic polymorphism has been described for the co-crystal of 4-methylpyridine and pentachlorophenol 

(4MPPCP).
[10, 11]

 The crystal structure of 4MPPCP with a normal isotropic composition is triclinic, showing a 

strong OH…N H-bond. Replacement of the H-bond forming H-atom with D (4MPPCP-d1) leads to a 

monoclinic structure. It has been suggested,
[8, 11]

 with support from solid state NMR and inelastic neutron 

scattering experiments, that the H and D zero point energies (ZPEs) of the triclinic form are straddled by the 

ZPEs of the monoclinic form. The monoclinic structure is stable for the deuterated form, whereas the triclinic 

structure is favored for the proteated form. If a similar straddling pattern applies for pyridine, the sequence of 

phases according to their decreasing ZPE is: h5-II, h5-I, d5-I and d5-II. To summarize: the most stable phases 

we observe are h5-I and d5-II. d5-I is only observed above 215 K, below 215 K it is merely metastable and the 

transformation from phases I to II is slow. Phase h5-II is less stable than h5-I at all temperatures and, though it 

is never observed at ambient pressure, it can be formed at high pressure. 

The importance of isotopic substitution lies in its relevance to the understanding of polymorphism. 

Polymorphism is the existence of different arrangements of the same molecule in the solid state. Isotopic 

substitution is the smallest possible modification of a molecule, yet this can yield polymorphs for systems 

which are otherwise monomorphic. The dynamical changes attendant on isotopic substitution, which lead to a 

temperature-dependent variation in the size difference between H and D, have recently been described by 

Dunitz and Ibberson for benzene.
[12]

 In pyridine they lead to formation of different polymorphs. Such 

examples of isotopic polymorphism under varying conditions of temperature and pressure will form 

particularly sensitive test cases when dynamics are introduced into crystal structure prediction methodologies. 

Experimental Section 

Low-temperature single crystal X-ray study of d5-II: Phase d5-II was crystallized at 188 K from a 1:1 mixture 

of pyridine-d5 and pentane; crystal data at 158 K in P212121: a = 5.5960(17), b = 6.961(2), c = 11.493(3) Å, V 

= 447.7(2) Å
3
, Z = 4, Dcalc = 1.174 g cm

-3
, R1 = 6.26%. Structure was solved by direct methods, and refined 

against F
2
.
[13]

 Structures were visualised using Mercury2.0.
[14]

 

High pressure single crystal X-ray study of h5-II: Phase h5-II was obtained at high pressure by loading 

pyridine-h5 into a Merrill-Bassett diamond anvil cell,
[15]

 and then applying enough pressure to solidify the 

sample into a polycrystalline mass. The pressure was reduced to just above the melting pressure, and the cell 

was heated until just one small seed crystal remained, and the apparatus then allowed to cool to room 

temperature. Data were collected and reduced according to previously published procedures.
[16]

 Crystal data 

for h5-II at 1.1 GPa (measured by ruby fluorescence) in P212121. a = 5.4136(8), b = 6.8001(17), c = 11.425(3) 

Å, V = 413.95(16) Å
3
, Z = 4, Dcalc = 1.269 g cm

-3
, R1 = 6.78%. The structure was solved by direct methods 

and refined against F
2
 using all data with atoms modelled with isotropic displacement parameters.  
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Low-temperature neutron powder diffraction study of d5: Time-of-flight neutron powder diffraction data were 

recorded over the d-spacing range of 0.6–2.6 Å at backscattering (<2ϴ> = 168°) on the HRPD instrument at 

the ISIS Facility using a vanadium-tailed helium-flow orange cryostat. Coordinates for phase-I were taken 

from ref [2]; those for phase-II were determined from the single crystal X-ray data.  

Data for d5-I at 5 K in Pna21: a = 17.24296(5), b = 8.88178(3), c = 11.22288(3) Å, V = 1718.76(1) Å
3
, Z = 16, 

Dcalc = 1.300 g cm
-3

, Rwp = 2.97%, S = 1.75. Data for d5-II at 195 K in P212121: a = 5.64729(2), b = 

6.98010(3), c = 11.46507(5) Å, V = 451.94(1) Å
3
, Dcalc = 1.236 gm

-3
, Rwp = 1.98%, S = 1.23. The structures 

were refined using the Rietveld method as implemented in TOPAS-Academic.
[17] 

The intramolecular 

geometry was modelled using the Z-matrix formalism assuming C2v symmetry. TLS tensors were used to 

model the anisotropic displacement parameters. 

High pressure neutron powder diffraction study of d5: High pressure powder diffraction of d5 was also carried 

out on the PEARL instrument at ISIS, with pressure applied using the Paris-Edinburgh cell; full details of 

these experiments will be published separately, but the transition for d5-I to d5-II was observed at 1.1 GPa. 
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