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Single-crystal X-ray diffraction has been used to elucidate the
structure of two polymorphs of isopropyl alcohol, one grown
through in-situ cryo-crystallisation, the other through high-
pressure crystallisation. The packing in both structures is
dominated by O-H::-O hydrogen bonds, with the high-pressure
polymorph being significantly more dense than the low-
temperature structure.

Introduction

Isopropyl alcohol is a very important laboratory chemical,
employed as a low-boiling polar protic solvent. Despite the
ubiquitous use of isopropyl alcohol in chemistry laboratories
worldwide, no crystallographic structure has been hitherto
reported. There are two principle techniques for crystallising a
liquid, namely cryo-crystallisation at ambient-pressure, and
high-pressure crystallisation at ambient-temperature.'

It is well known that high-pressure crystallisation of liquids
sometimes generates different polymorphs to those seen
through cryo-crystallisation. Examples include water ice,’
benzene,’ phenol,* acetone,’ 1,2-dichloroethane,®
monofluorotoluene,’ 4-fluorophenol,®  chlorotrimethylsilane’
and 1-bromo-2,4,6-trifluorobenzene.'® This is interesting as it
provides an alternative way to study intermolecular
interactions in simple systems. Furthermore, kinetic variations
in either freezing technique, such as the rate of cooling or
compression may further increase the diversity of polymorphs
obtained.'""?

Crystal structures of such simple solvents are useful for
several reasons. Firstly, the simplicity of typical solvent
molecules allows one to isolate and understand the effect of a
particular intermolecular interaction on the packing of
molecules.”® Secondly, low melting-point liquids such as
isopropyl alcohol represent an interesting method through
which one can study the different effects of temperature and
pressure. This is because the two crystallisation conditions
(cryo-crystallisation and high-pressure crystallisation) are
thermodynamically distinct, with large deviations of pressure
or temperature from ambient conditions needed to freeze the
solvent molecules. Thirdly, free energy calculations utilizing a
solvent crystal structure may be used to computationally
predict the formation of solvates of a particular molecule.'*'

Herein, we report and discuss the low-temperature and high-
pressure polymorphs of isopropyl alcohol.

Experimental Section

The low-temperature crystal form was obtained by filling a
Lindemann capillary with pure isopropyl alcohol and sealing
the tube. This was attached it to a modified mount'® fitted to
the omega circle of a Bruker AXS 6K X-ray diffractometer.
The sample was then cooled at 360 Kh™! to 120 K, left at this
temperature for 10 minutes, and then warmed at 360 Kh'! to
180 K to induce crystallisation. A single crystal of suitable
quality was then isolated through rapid temperature cycling
between 183 and 185 K at 360 Kh™'. This temperature cycling
about the melting point (184 K) resulted in the growth of
larger crystals whilst melting the smaller crystals.

The high-pressure polymorph was grown in a diamond anvil
cell, with a 0.8 mm culet, using a stainless steel gasket. A
sample chamber of diameter 0.3 mm was drilled through the
gasket. Pure isopropyl alcohol and a ruby chip were then
added to the chamber. Compression alone was not sufficient to
induce crystallisation, therefore a modified strategy was
employed.

The diamond anvil cell containing the sample at ambient
pressure was immersed in liquid nitrogen for approximately
five minutes to induce crystallisation, forming a powder. The
cell was then removed from the liquid nitrogen, and before the
crystalline sample could melt, an over-pressure was applied.
The sample was then allowed to slowly warm to room-
temperature over approximately 20 minutes. Pressure-cycling
around the melting point isolated a suitable single crystal
grown from the powder seeds. The cell was then left for
approximately 24 hours for the pressure to equilibrate and
then the pressure was measured using the Ruby Ry
fluorescence method.'” The pressure was measured at 11.2 (2)
Kbar.

Very low melting point compounds can often provide
challenges during crystallisation. We find that this is more
commonly observed for the cryogenic conditions due to the
delay between and observation and temperature manipulation.
In our experience, however, if a compound can be induced to
form a microcrystalline powder phase, it is almost always
possible to isolate a suitable single crystal, given enough time
and patience. One particularly fruitful method for the most
challenging systems is to warm the microcrystalline sample to
one or two Kelvin below the melting point and apply a zone
melting technique, either as described by Boese and
Nussbaumer using an OHCD laser'® or by touching the bottom
end of the capillary to melt all but a thin layer of crystals at
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the top of capillary and leaving the system for a couple of
hours for crystals to grow down the capillary. If crystal
growth is too rapid, and an excess of small crystals is formed
then the process should be repeated at a slightly higher
temperature.

High-pressure data were collected using XIPHOS IL" a
diffractometer that has been custom-built for the collection of
high-pressure X-ray diffraction images. This diffractometer
forms part of the XIPHOS diffraction facility?® currently
based at Newcastle University. XIPHOS II uses an Incoatec
Ag IpuS system®’' for generating X-rays. The shorter
wavelength radiation produced by Ag is advantageous for
high-pressure diffraction experiments for two principle
reasons. Firstly, it reduces the absorption of the X-radiation by
the diamond anvils. Secondly, it allows for more data to be
collected within the restricted geometrical constraints of the
body of the cell.

ECLIPSE?* was used to produce files masking areas of the
high-pressure diffraction pattern occluded by the body of the
diamond anvil cell. SAINT?* and SADABS** were used (as
part of the APEX2 software suite’) for the integration and
scaling of data respectively. The SHELX software suite of
programs>® was used for solution and least squares refinement
of the data, within the Olex2 GUL?*

Results and Discussion

The low-temperature polymorph was found to crystallise in space
group P2,/c, Z=3, with 1-dimensional helical chains of O-H:--O
hydrogen bonds along the a axis. It is well known that
monoalcohols have a tendency to crystallise with a Z' value
greater than 1,® with Z'=3 being especially common as it allows
for the formation of a hydrogen-bonded helix without the side
chains having to match in a symmetric fashion. The helical
hydrogen-bonding motif in the low-temperature structure of
isopropyl alcohol is shown in figure 1, and the full crystal
structure is shown in figure 2.

Fig. 1. One-dimensional helical chain of hydrogen-bonding in the
low-temperature polymorph of isopropyl alcohol.
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Fig. 2. Crystal structure of the low-temperature polymorph of isopropyl
alcohol crystal structure, showing 1-dimensional helical chains down the
a axis.

The high-pressure polymorph was also found to crystallise in a
high Z' structure, this time with Z'=4, in space group P2,/c. We
see a very different arrangement of hydrogen bonds in this
structure, with isolated 8-membered rings formed. Secondary
alcohols are known to form rings and chains with approximately
equal propensity,”’ and it is satisfying to see that isopropyl
alcohol will adopt either motif depending on the crystallisation
conditions.

The eight-membered ring seen in the high-pressure polymorph is

shown in figure 3.
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Fig. 3. Hydrogen-bonded ring in the high-pressure
polymorph.

One of the four independent molecules in the high-pressure
structure is disordered, with the side chain having two possible
orientations, with refined occupancies of = 0.5 in both positions.

The full crystal structure of the high-pressure polymorph is
shown in figure 4.
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Fig. 4. Crystal structure of the high-pressure polymorph of
isopropyl alcohol, viewed down the a axis.

One can see that the eight membered rings in the high-pressure
polymorph are closely-packed, but with no strong intermolecular
interactions between each ring.

Comparison of the structures of isopropyl alcohol to the simplest
alcohols, methanol and ethanol, is interesting. In methanol, the
high-pressure structure has more strained hydrogen-bonding
interactions than the low-temperature structure. These strained
interactions are tolerated in order to achieve a greater packing
efficiency.”® However, in ethanol, the high-pressure structure has
more linear hydrogen bonding interactions than the low-
temperature structure.’! (It should, however, be noted that the
high-pressure form has highly distorted C-O and C-C bond
lengths in order to achieve both a high-packing efficiency and a
linear hydrogen-bonding network.*")

The C-C and C-O bond lengths in the two polymorphs of
isopropyl alcohol do not differ significantly. The length and
directionality of hydrogen-bonds and densities of both
polymorphs of isopropyl alcohol are listed below in table 1.

Table 1 Table showing hydrogen bond lengths and angles
and densities of the two polymorphs of isopropyl alcohol.

Polymorph | O--O | C-H:--O | Density /
Distance /| Angle/° gem™
A
Low- 27190 (12) | 174.143(3) | (958
Temperature |5 2555 (12) | 172.498 (8)
2.7289 (14) | 172.561 (2)
High-Pressure | 2.681 (8) 165.8 (4) 1.131
2709 (7) | 154.1(6)
2711 (7) | 166.4(5)
2.733(7) | 156.4 (4)

It is apparent that the hydrogen bonds in the two structures of
isopropyl alcohol are of similar lengths. However, as observed in
methanol, the high-pressure bond angles are rather strained and
diverge significantly from linearity, with the low-temperature
structure having fairly linear hydrogen bonds. The density of the
high-pressure phase was found to be approximately 18% higher
than that of the low-temperature phase.

Conclusions

Two polymorphs of isopropyl alcohol have been isolated and
characterised, one through cryo-crystallisation, the other through
a modified high-pressure crystallisation protocol. The two
polymorphs have very different packing motifs and densities. The
high-pressure polymorph is much denser, with the molecules
forming hydrogen bonded rings. In the low-temperature
polymorph there are 1-dimensional helical chains of molecules
linked by hydrogen bonds.
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1 Summary of Crystallographic Data:

Low-Temperature Polymorph: Chemical formula = C;H30, Formula
weight = 60.09, Temperature = 180 (2) K, Pressure = 0.001 Kbar,
monoclinic, space group = P2//c,a=6.542 (3) A,b=13.415 (14) A, c =
14.469 (11) A, B=99.79 (2) °, V=1251.3 (17) A’, Z = 12, Fcalc =
0.958, u=10.069 mm™', unique reflections = 1487, observed reflections =
1369, completeness = 92.1 %, Omax=21.770, R1 = [ > 25] 0.0468, wR2 =
[all] 0.1231, goodness-of-fit = 1.002.

High-Pressure Polymorph: Chemical formula = C;HsO, Formula weight =
60.09, Temperature = 292 K, Pressure = 11.2 (2) Kbar, monoclinic, space
group = P2,/c,a=8.7267 (18) A, b=21.838 (6) A, c =8.408 (3) A, B =
118.243 (8) °, V=1441.6 (7) A’, Z = 16, Fcalc = 1.141, p=0.052 mm’',
unique reflections = 1234, observed reflections = 743, completeness =
60.2 %, Omax = 15.340, R1 [I>20] = 0.0585, wR2 [all] = 0.1429,
goodness-of-fit = 1.109.
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