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Anisotropic thermal expansion in 18-crown-6 -2 H,O -2 HNO;
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Reaction of aqueous HNO; with 18-crown-6 results in the isolation of the neutral inclusion compound
18-crown-6-2 H,O-2 HNOj; . Variable temperature single crystal X-ray and neutron diffraction data reveal that
the triclinic (P1) unit cell undergoes a highly anisotropic change in shape with temperature, with the
crystallographic f§ angle changing smoothly from 66.56° to 69.03° between room temperature and 20 K.
This arises from a change in shape of the crown ether in response to increases in hydrogen bond distances in

the HNOj- - -H,O- - -crown ether chain.

Introduction

The hydrogen bonding interaction between water and nitric
acid is of significant fundamental and applied interest, not
least because of its importance in atmospheric chemistry.!
Nitric acid-water or oxonium-nitrate hydrogen bonded inter-
actions also play a fundamental role in the remarkable aniso-
tropic thermal expansion properties of layered materials such
as guanidinium nitrate and monoguanidinium dioxonium tri-
nitrate.>~ Compounds showing anisotropic or negative ther-
mal expansion are of considerable interest in materials
applications, particularly the preparation of composite materi-
als with zero thermal expansion.®'® In this contribution we
report the preparation and temperature-dependent structure
of a new nitric acid hydrate involving hydrogen bonding to a
crown ether. This contribution forms part of a growing body
of work highlighting the utility of the crown ethers as hydro-
gen bond acceptors in the stabilization, isolation and study
of reactive or transient inorganic species.!! 16

Results and discussion

Crystallisation of 18-crown-6 from a 50% v/v solution of con-
centrated nitric acid and water results in the formation of
large, deliquescent, colourless crystals of the hydrate 18-
crown-6-2 H,O-2 HNOj3 (1). The solid state IR spectrum of
the compound as a nujol mull displays a broad, strong
v(OH) band at 3409 cm™! with 6(OH) at 1657 cm™", close to
the values of conc. HNO; (3410 and 1665 cm™!), although
the latter bands are broader. The v(NOs3) bands occur at
1353, 1294 and 958 cm™ !, again consistent with aqueous nitric
acid, although the first two bands are much sharper and less
intense than the free acid.

The compound was initially characterised by single crystal
X-ray crystallography at 100 K, which revealed the heavy
atom skeleton and suggested that the neutral formulation
H,O---HNOj;, rather than the zwitterionic H;0"..-O;N~
form, predominates, Fig. 1. The observed structure is consis-
tent with theoretical studies that have shown that much stron-
ger hydrogen bonds are formed between nitric acid and water
when the former acts as the hydrogen bond gonor.] The
water—crown ether O- - -O distances of 2.76-2.80 A are typical
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of moderate strength interactions of their type (Table 1),"”
whereas the much shorter nitric acid-water interaction,
O(5)- - -O(4), is consistent with a strong hydrogen bond typical
of highly acidic systems.'#!>7

Measurement of the crystallographic unit cell dimensions of
1 at 100 K and at room temperature (296 K), just below the
melting point of the crystals (320 K), showed a marked
increase in the unit cell dimensions @, b and ¢ with increasing
temperature (see Fig. 4 later) accompanied by an overall
increase in unit cell volume of 7.6%. The triclinic o and y angles
also showed small increases with temperature, however, the f
angle behaved differently, decreasing from 68.7° at 100 K to
66.6° at 296 K. In order to investigate this phenomenon fully
a series of X-ray crystal structure determinations were under-
taken in the accessible temperature range. This resulted in a
clear picture of the variation in unit cell dimensions and atomic
coordinates with temperature (Figs. 2 and 4). The X-ray data
were supplemented by the collection of single crystal neutron

0(8)

Fig. 1 X-Ray crystal structure of 1 at 100 K showing the three inde-
pendent OH---O hydrogen bonds (CH hydrogen atoms omitted for
clarity).
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Table 1 Selected hydrogen bond distances (A) and angles (deg.)”

(a) X-Ray data (100 K)

D-H--A d(D-H) d(H---A) d(D---A) <(DHA)
O(4)-H(42)---0(3) 0.855(18) 1.922(18) 2.7645(12) 168.1(15)
O(4)-H(41)- - -OQ)#1 0.868(19) 1.939(19) 2.7950(13) 168.7(17)
O(5)-H(51)- --0(4) 1.01(2) 1.50(2) 2.4817(13) 163.4(17)

(b) Neutron data (20 K)

D-H---A d(D-H) d(H---A) d(D---A) <(DHA)
0(4)-H(42)- --0(3) 0.975(3) 1.795(3) 2.7540(16) 167.02)
0O(4)-H(41)- - -OQ)#1 0.970(3) 1.823(3) 2.7828(17) 169.5(2)
0O(5)-H(51)- --O(4) 1.063(2) 1.433(2) 2.4772(15) 165.87(18)

(¢) Neutron data (250 K)

D-H A d(D-H) d(H- - -A) d(D---A) <(DHA)
O(4)-H(42)- - -0(3) 0.946(11) 1.861(8) 2.794(5) 168.4(5)
O(4)-H(41)- - -O)#1 0.954(11) 1.881(8) 2.825(5) 169.3(5)
O(5)-H(51)- - -O(4) 1.028(11) 1.476(8) 2.485(6) 165.5(6)

¢ Symmetry transformation used to generate equivalent atoms: #1 —x,—y+ 1, —z+2; D = hydrogen bond donor atom, A = hydrogen bond
acceptor atom.

data at 20 K and 250 K in order to accurately locate the water
and nitric acid protons.

The 20 K neutron structure (Fig. 3a) proved to be particularly
precise and confirmed the neutral formulation of the complex
with the acid O,NO-H bond length 1.063(2) A and a hydrogen
bonded distance H,O- - -HNOj; 1.433(2) A, Table 1. The nitric
acid OH bond length is significantly elongated compared to
the water OH units, while the OH- - -O hydrogen bond angle is
near linear at 165.87(18)°. The combined neutron and X-ray
data on hydrogen bond length variation with temperature are
shown in Fig. 4. While the three crystallographically indepen-
dent hydrogen bonding interactions do not behave in an identi-
cal manner, all show the expected increase in length with
temperature, arising from the increased thermal motion of the
acidic hydrogen atoms. Indeed on going to 250 K the covalent
0O,NO-H bond length apparently gets shorter as the hydrogen
bond lengthens in response to increased thermal motion

A Ao
HAB
® Ay

-1.5 4

Change in angle (deg)

2

-2.5

-3 T T T 1
0 100 200 300 400

T/IK

Fig. 3 Thermal ellipsoid plots (70% probability) of the single crystal
Fig. 2 Change in triclinic unit cell angles o, f and y as a function of neutron structure of 1 (a) at 20 K and (b) at 250 K. (CH hydrogen
temperature from 20 K to 296 K. atoms omitted for clarity.)
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Fig. 4 Variation in O---O hydrogen bond lengths as a function of
temperature.

(although covalent bond lengths are uncorrected for thermal
motion). The dynamic behaviour of H(41), H(42) and H(51) is
clearly demonstrated by the 250 K neutron data, Fig. 3b.
Importantly the crown ether does not adopt the usual Dsq
symmetry'® but distorts, such that the diameter approximately
parallel to the H,O---HNOj5 vector is markedly longer than
that perpendicular to it. This implies that hydrogen bonding
to the water ‘pinches in’ the pair of oxygen atoms involved.
As the temperature increases the OH:--Oc,ow, Interactions
become longer and weaker and their ability to distort the
crown ether becomes less pronounced. As a result the pinching
decreases and the macrocycle becomes more symmetrical. This
is equivalent to a decrease in the distance between O(1) and
O(1)', which are not involved in hydrogen bonding, from
6.16 to 6.01 A between 20 and 296 K, Scheme 1. The
O(1)---O(1) vector is aligned along {101}. Thus shortening
O(1)---O(1) has the immediate consequence of decreasing
the crystallographic f angle, Fig. 5. Thus there is an intimate
and readily appreciated link between the gross structural fea-
tures of the system and its solid-state dynamic behaviour.
Despite the fact that the 18-crown-6-2 H,O-2 HNO; unit is
centrosymmetric the directionality of the hydrogen bonding
interactions results in a distinctive shape change which is
intimately correlated to the bulk physical properties of the
crystal. Establishing such a chain of cause and effect from
atomic features to macroscopic properties necessarily repre-
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Scheme 1 Change in shape of 18-crown-6 in 1 from 20-296 K.
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Fig. 5 Crystal packing in 1 viewed along the b axis (CH hydrogen
atoms omitted for clarity). (a) Single molecule showing orientation
with respect to the unit cell axes, (b) packing diagram showing the
alignment of the O(1)---O(1) vectors. Increases in the three indepen-
dent hydrogen bond distances increase the width of the 18-crown-6
molecule in the direction of the hydrogen bonding interactions with
concomitant decrease in the perpendicular direction as measured by
the O(1)---O(1) (non-hydrogen bonded) separation which decreases
from 6.16 A at 20 K to 6.01 A at 296 K. The distance between oxygen
atoms hydrogen bonding to the water molecule O(2)- - -O(3) increases
from 4.61 A to 4.68 A over the same temperature range. The shrinking
O(1)- - -O(1) vector is shown as a thin solid line.

sents the first step in the rational design of materials with con-
trollable physical properties.

Conclusion

This study shows that ‘soft’ non-covalent interactions in
organic materials have significant, anisotropic effects on bulk
material properties of the substance. Such highly directional
interactions are subject to design and manipulation in a way
that is the topic of intense activity in crystal engineering. Thus,
the possibility of soft materials with designer thermal proper-
ties is raised. A great variety of materials are known with
strongly directional hydrogen bonding interactions. The next
step in this work will be to establish an empirical correlation
of hydrogen bonding properties and thermal expansion in a
variety of such compounds as a necessary prelude to prediction
and, ultimately, control.

Experimental

Crystallography

Crystal data for 1 (X-ray, 100 K): C12H30N,014, M 426.38 ¢
mol ™!, P1, a=74650(15) A, b=78137(16) A, c=
9.6921(19) A, o = 73.160(4)°, = 68.710(3)°, y = 87.818(4)°,
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U = 502.73(17) A z=1, unique data 2274 (26 < 55°), para-
meters 140, R, [F* > 20(F?)] 0.0367, wR, (all data) 0.0840.
Details of X-ray crystallographic procedures at King’s College
have been described previously.'* Crystal data (neutron, 20 K).
C12H30N2014, M 426.38 g I'l”lOlil,o PT, a = 74256(9) A,
b=71748309) A, ¢=9.6413(11) A, o=73.0193)°, f=
69.031(5)°, y = 87.728(5)°, U = 494.09(10) A* Z =1, unique
data 1530 (20 < 59.80°, 4 = 0.8390(3) A), parameters 263, R,
[F* > 26(F?)] 0.0195, wR, (all data) 0.0439. Neutron 250 K:
C12H30N2014, M 426.38 g 1’1'10171, aPT, a = 75600(15) A,
b =79619(15) A, ¢=9.7801(17) A, a«= 733146, =
67.323(7)°, y = 87.935(8)°, U = 518.44(17) A’ Z = 1, unique
data 1154 (26 < 59.80°, 2 = 0.8390(3) A), parameters 263, R,
[F* > 206(F*)] 0.0352, wR, (all data) 0.0772. For neutron
experiments a colourless plate shaped crystal (4.0 x 2.6 x 1.7
mm) was mounted using glass wool in quartz capillaries and
cooled to 20 K using an Air Products 201 helium Displex '
on the D9 instrument at ILL. Two standard reflections showed
no change in intensity throughout the data collection. Integra-
tion and geometric corrections were carried out using the
‘advance’ software.”® A face-indexed absorption correction
was applied. Neutron coherent scattering lengths were taken
from ref. 21. The X-ray data (vide supra) were taken as a start-
ing point for structure refinement using conventional alternat-
ing cycles of least squares refinement and difference Fourier
synthesis (SHELXL-97).>> The initial difference Fourier map
showed clearly the positions of all acidic hydrogen atoms
and these were incorporated into the model with full anisotro-
pic refinement. Over the course of cooling from 298 K to 20 K
a strong reflection was monitored and showed a smooth
change in peak position, see discussion regarding temperature
dependent change in unit cell dimensions.

CCDC reference number 196886 and 196887. See http://
www.rsc.org/suppdata /nj/b2/b207292k/ for crystallographic
data in CIF or other electronic format.

Preparation of 1. 18-Crown-6 (0.26 g, 1.0 mmol) was dis-
solved in aqueous nitric acid (50%, 3 cm®) and the resulting
colourless solution left to stand at room temperature. After
nine days colourless needle crystals of 1 were obtained. Contin-
ued standing with gradual evaporation of water over a period
of 12 months resulted in the growth of very large single crystals
suitable for the neutron study in essentially quantitative yield
based on 18-crown-6.
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