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Abstract: Anisotropic lattice expansion could be a source of misunderstanding in powder pattern
recognitions, especially in the case of organic crystals where for the interpretation of room temperature
patterns single crystal data at low temperature are usually used. Trying to rationalize the thermal
lattice expansion, we studied two close related β-blocker molecules with similar packing in the solid
state but with different thermal behavior. Solid state calculations, using the fast and accurate HF-3c
method and the quasi harmonic approximation for the simulation of the lattice expansion, were able
to reproduce the experimental trends with good accuracy. The complete analysis of the calculated
thermal expansion of the two structures, as well as of other structures with similar packing found
in a database survey, revealed the primary role of the hydrogen bonds. Secondary non-covalent
interactions in the plane perpendicular to the hydrogen bond system could also play a role.

Keywords: anisotropic thermal expansion; solid state calculations; organic crystals; quasi harmonic
approximation; β-blocker molecules

1. Introduction

Crystals are about equilibrium. In fact, in a crystal lattice, all repulsive and attractive forces are
balanced [1]. An external stimulus could trigger a transformation, such as a chemical reaction, a phase
change, and so on. The simplest is a change of the cell volume due to a temperature variation. In most
cases, a volume enlargement is observed with the same change of all cell axes, but in other cases
one axis could change at a different rate with respect to the other two. This phenomenon is called
anisotropic thermal expansion. The latter is well-known for minerals and inorganic materials. A search
on Scopus database with the term “Anisotropic thermal expansions” shows that only 2 of the 34 papers
of the year 2019 are related to organic crystals [2,3]. Although organic crystals are less studied, it could
be of great importance when we deal, for example, with APIs (Active Pharmaceutical Ingredients),
given that their phase purity, as well as phase composition in formulations, is usually assessed by
comparing powder diffraction patterns. In fact, as discussed by Stephenson [4], an unrecognized
anisotropic thermal expansion could cause the wrong assignment of room temperature powder pattern
recognitions, given that some peaks are unexpectedly more shifted with respect to those in the patterns
simulated using single crystal data, usually obtained at low temperatures. The variation in 2θ is
particularly significant in the diffraction patterns of crystal samples having unit cell axis dimension
smaller than 10 Å [4].

We first encountered a case of anisotropic thermal expansion studying metoprolol salts [5,6].
Metoprolol is a β1 selective β-adrenoreceptor blocking drug used to treat heart failure and
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cardiovascular diseases, such as hypertension, angina, acute myocardial infarction, and ventricular
tachycardia [7]. Because of its quite low melting point (323 K) metoprolol is usually administered
in salt-based formulations as tartrate, succinate, or fumarate salts. The latter formulations have a
different release dosage of API inside the organism. We observed that while metoprolol succinate and
metoprolol fumarate salts undergo an anisotropic lattice expansion on raising the temperature [6],
metoprolol tartrate behaves normally [5]. More recently, two of us (P.P. and P.R.) showed that the
metoprolol free base undergoes an anisotropic thermal expansion [8], while the polymorph I of the
closely related β-blocker drug betaxolol [9] (see Scheme 1) that gives rise to almost identical H-bond
motifs (R2

2(10), vide infra) [10] (see Figure 1) shows an isotropic thermal expansion. The same holds for
polymorph IV of betaxolol [11], i.e., its crystal lattice isotropically expands/contracts on changing the
temperature; however, in this case, the H-bond network is slightly different (alternating R2

2(10) and
R4

4(8) patterns).
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Scheme 1. Drawings of the molecules used in this study.

As highlighted in Figure 1, in both metoprolol and betaxolol I crystal structures, infinite columns
of API molecules extending along one axis direction (b and a, respectively) connected by two pair of
intermolecular hydrogen bonds are present. The hydroxyl and amine groups act both as hydrogen-bond
donors and acceptors, giving rise to a R2

2(10) hydrogen-bond pattern [10].
Three other structures having a molecular skeleton similar to metoprolol and showing an analogous

hydrogen bond pattern were found in the Cambridge Database [12]. These are the structures of
1-(4’-cyanomethylphenoxy)-2-hydroxy-3-(isopropylamino) propane (refcode KAZPOQ) [13] of racemic
propranolol (refcode PROPRA10) [14] and of (S)-propranolol (refcode IMITON) [15] (see Scheme 1).
In all the structures, the length of the axis along which the hydrogen bonded chains propagate, varies
from 4.980 Å for PROPRA10 to 5.449 Å for KAZPOQ.
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In the past, we have used both X-ray diffraction data and theoretical chemistry to rationalize
solid-state features and related behaviors of APIs, (e.g., isotropic vs. anisotropic thermal expansion,
hydration/dehydration processes, polymorphs transformation/stability) [5,7,8,16–19], to shed light on
the chemical properties of metal complexes (e.g., recognition and sensing, catalysis) [20,21] and of metal
coordination in solid state in relation with the supramolecular arrangement [22–25] as well as the ability
of the phosphorus lone pairs in phosphorene to form covalent bonds [26]. In these years, we have learnt
that quantum chemistry calculations are more than a simulation tool and they can be fruitfully used for
understanding and finding a correlation between the structural change and experimental observations.
In the present work, we applied our expertise to study the anisotropic/isotropic expansion of free
amine crystalline solid forms. These systems can be simulated using quantum mechanics methods,
as demonstrated by several authors in the last few years [24–29]. One of the major advances was the
introduction of the dispersion corrected Density Functional Theory (DFT-D) methods and their use
in noncovalent interacting systems such as organic crystals [27]. Low mean absolute errors such as
1–3 kcal/mol are expected for computation of electronic lattice energies [30–33]. A good compromise
in terms of accuracy and computational time is, on the other hand, the HF-3c method, which uses a
minimal basis set with Hartree−Fock corrections for London dispersion and basis set errors [34]. This
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method was recently evaluated for the thermal expansion study of carbamazepine, an organic molecule
comparable in size to the systems studied here [35]; thus, it was a convenient choice for our system.

In the present work, we aimed to find a correlation between structural arrangement and thermal
behavior for the metoprolol and betaxolol structures. We first compared the calculated and experimental
thermal expansion of metoprolol and betaxolol lattice, in order to verify the correct trend for the
calculated values using the theoretical framework employed. Then, we present the results for other
crystal structures with the same supramolecular arrangement and for a hypothetical polymorph of
metoprolol optimized in betaxolol lattice. Finally, on the basis of the results of the calculations, we shed
some light on the role of hydrogen bonding in the anisotropic thermal expansion for these systems.

2. Materials and Methods

The optimized geometries and energetics have been calculated at the HF-3c level of theory [36] by
using the CRYSTAL17 software package (Colleretto Giacosa (Turin), Italy) [37].

The HF-3c method is based on the Hartree-Fock calculation optimized for speed using different
corrections to include long-range London dispersion interactions, the basis set superposition error
(BSSE), and the short-range basis set incompleteness. The basis set MINIX [36] is a set of different
small basis set functions in dependence of atomic number of the atom. The method has a large
semiempirical character, but it is tested to provide, on average, a good estimations of the bond lengths,
it is self-interaction free, and it does not depend on the size of the grid for its analytical nature.
The coupling with a small basis set assures a fast calculation time. For our systems, the HF-3c method
can be used safely. Our structures are not too electronically complicated, and they do not contain
anionic systems where the absence of Coulomb correlation and the too small basis set could lead to
unrealistic results.

For each structure, as the starting point for geometrical optimization, the crystallographic
coordinates have been taken from the cif files. The P21/n space group of metoprolol lattice was changed
in P21/c as requested by the CRYSTAL17 code. The optimized geometries have been tested as minima
with a frequency calculation.

The thermal expansion has been simulated using Quasi Harmonic Approximation (QHA). With
this technique, it is possible to introduce the missing volume dependence of phonon frequencies by
retaining the harmonic expression for the Helmholtz free energy. The CRYSTAL17 code implements a
routine for automatically calculation of the thermal expansion after the required constrained volume
optimizations, frequency phonon computations, and interpolation of modes [38–41]. Optimized
coordinates and thermal properties calculated using Quasi Harmonic Approximation for all species
are reported in Supplementary Materials.

3. Results and Discussion

The calculated variations of the cell volume and axes between 10 and 300 K for metoprolol and
betaxolol I were compared with the experimental values and reported in Figure 2. The experimental
trends were well reproduced, while the error on the cell volume was around 3% and 6%, a difference
that is in accordance with the literature [34], confirming that our level of theory is adequate to reproduce
the experimental behavior. As shown in Figure 2c, for metoprolol, the change was positive for the
a and c axes, while a contraction was calculated for the b axis, confirming the anisotropic thermal
expansion. On the other hand, the betaxolol lattice showed a consistent expansion of all the three axes.
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Having established the feasibility of the method, we calculated the thermal expansion for the
molecules reported in the introduction and their corresponding crystal lattices, namely KAZPOQ,
PROPRA10, and IMITON, as identified by the CCDC refcode as well as for a theoretical polymorph of
metoprolol referred to as POLMET (see Figure 3 and Table 1). In fact, the strict structural similarity
between the metoprolol and the betaxolol molecules gave us the chance to build a metoprolol polymorph
that modifies the betaxolol structure. The two molecules have a different conformation given by
the different torsion angles around the ether moiety as τ shown in Scheme 2, and betaxolol can
be transformed in metoprolol just substituting the cyclopropane group with two hydrogen atoms.
The model structure obtained was fully optimized and the new theoretical polymorph was obtained.
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Figure 3. Plots of the relative variations of the cell axes and the cell volume for metoprolol (a), betoxolol
(b), POLMET (c), KAZPOQ (d), PROPRA10 (e), and IMITON (f) between 10 K and 300 K. The values
are normalized respect the value at 10 K. The axis parallel to the hydrogen bond columns is highlighted
with a broader line.



Crystals 2020, 10, 350 7 of 11

Table 1. Cell parameters (Å) at 10 K and at 300 K and their calculated variations using Quasi Harmonic
Approximation. The values in bold refer to the axis parallel to the hydrogen bond columns.

A b C

Metoprolol
16.2368 5.2503 21.6807 10K
16.4869 5.2400 21.8515 300K

0.54 −0.20 0.79 %

Betaxolol I
4.8626 9.6063 19.0185 10K
4.9347 9.7471 19.2575 300K

1.48 1.46 1.26 %

POLMET
4.7727 9.7570 17.4059 10K
4.8286 9.8942 17.8805 300K

1.17 1.41 2.72 %

KAZPOQ
5.3453 7.5992 16.2182 10K
5.3388 7.7851 16.2669 300K
−0.12 2.45 0.30 %

PROPRA10
11.4123 4.4098 26.5950 10K
11.4418 4.5209 26.8169 300K

0.26 2.52 0.83 %

IMITON
11.8377 4.9171 12.9885 10K
12.1394 4.9455 13.0292 300K

2.54 0.58 1.01 %Crystals 2019, 9, x FOR PEER REVIEW 6 of 12 
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Scheme 2. The torsion angle τ.

A close look at Table 1 and Figure 3 shows anisotropic thermal expansions for all considered
crystals except for betaxolol and in part for POLMET. Only for PROPRA10, the largest change in the
axes is correlated with the hydrogen bond column. In Figure 3 and in Table 1, the axis parallel to the
hydrogen bond columns is highlighted with a broader line and a bold entry, respectively. In any case,
a trend for the axis of the hydrogen bond column can be identified. If the axis is greater than 5 Å,
as for metoprolol and KAZPOQ, a shrinkage was calculated. In the other crystals, an increase was
observed instead.

In order to verify this behavior, a computational experiment was realized. We built a simplified
model of our structures, namely the 1-(isopropylamino)-3-methoxy-2-propanol, 1, as shown in Figure 4a,
where the skeleton of the compounds is maintained, while the phenyl moiety is substituted with a
methyl group. We arranged 1 in the same mono-dimensional hydrogen bond column (see Figure 4b),
and we fully optimized the structure.
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Figure 4. (a) Drawing of the simplified model, 1; (b) Optimized hydrogen bond column of 1.

The calculated equilibrium value for the column axis is 4.86 Å, a value consistent with the 5 Å
identified as the limit for the elongation or shrinkage of the axis of the hydrogen bond column.
Additionally, we optimized again the system fixing the axis between 4.20 Å and 5.50 Å. The energy
variation is reported in Figure 5, showing how the shrinkage of the axis is more or less twice easier
than its elongation.
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structure.

The graph in Figure 5 is consistent with the calculated results. When in a system the axis of
the hydrogen bond column is longer than the equilibrium distance calculated for 1 (e.g., metoprolol
or KAZPOQ), at the increase of temperature, a shrinkage of the axis is favored and an anisotropic
expansion is confirmed. On the other hand, when the axis is shorter, an elongation of the axis is
expected. In other words, as one of the reviewers pointed out, the hydrogen bonds in these systems
are stronger than the other forces acting in the crystals, and they will relax toward the preferred length
when the temperature changes. Having this in mind, we can conclude that the anisotropic thermal
expansion depends directly on the hydrogen bond column when the length of the hydrogen bond axis
is far away from the equilibrium distance, as for metoprolol or KAZPOQ or for PROPRA10. When
the axis is close to 5 Å the situation is more complicated and it is difficult to make predictions. In this
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case, the thermal behavior of the crystal should also be strongly influenced by the presence of other
non-bonding interactions in the plane perpendicular to the hydrogen bond column.

4. Conclusions

In conclusion, we have analyzed, using the Quasi Harmonic Approximation, the thermal behavior
of a series of β-blocker drugs with similar solid structures characterized by a particular type of
hydrogen bond columns. The HF-3c method is able to reproduce the volume and axes trends with
an overall accuracy between 3% and 6% with respect to the experimental values. While the number
of cases is relatively low, a general trend was detected when the axis length parallel to the hydrogen
bonds columns is compared with the calculated mono-dimensional hydrogen bond column. When the
value of the crystal axis is far away for the calculated equilibrium distance of the mono-dimensional
column, the anisotropic thermal expansion is predictable. In the other cases, other interactions could
play an important role in determining the final thermal behavior of the crystals. Our observations
could contribute to a deeper understanding of anisotropic thermal expansion in organic crystals.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/5/350/s1,
Optimized coordinates and thermal properties calculated using Quasi Harmonic Approximation of Metoprolol,
Betaxolol I, POLMET, KAZPOQ, PROPRA10 and IMITON.
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