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Abstract: YoungÏs moduli of selected amino acid molecular
crystals were studied both experimentally and computationally
using nanoindentation and dispersion-corrected density functional theory. The Young modulus is found to be strongly facetdependent, with some facets exhibiting exceptionally high
values (as large as 44 GPa). The magnitude of YoungÏs
modulus is strongly correlated with the relative orientation
between the underlying hydrogen-bonding network and the
measured facet. Furthermore, we show computationally that
the Young modulus can be as large as 70–90 GPa if facets
perpendicular to the primary direction of the hydrogenbonding network can be stabilized. This value is remarkably
high for a molecular solid and suggests the design of hydrogenbond networks as a route for rational design of ultra-stiff
molecular solids.

In recent years, there has been growing interest in the

mechanical properties of molecular solids,[1–9] often deduced
from nanoindentation experiments.[10–13] Partly, this interest is
driven by practical issues, as mechanical considerations affect
the stability of molecular solids across a diverse range of
applications, from pharmaceuticals[3, 14–16] to energetic materials.[4, 5] But the research is also driven by basic science, as some
molecular solids exhibit YoungÏs moduli much higher than
that expected from naive considerations.[1, 2, 17]
Recent theoretical work has suggested that the enhanced
stiffness of molecular-solid-based materials, such as diphenylalanine-based materials, arises from a particular crystalline
arrangement featuring a preponderance of inter-molecular
van-der-Waals interactions that help stabilize a solid comprised of tube-like structures.[17] It therefore stands to reason
that equally high, or even higher yet, YoungÏs moduli could be
obtained from crystals that also possess significant intermolecular hydrogen bonds. Indeed, this is hinted at by the
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report of a reduced elastic modulus of about 16–21 GPa for
the energetic molecular solid, cyclotrimethylene trinitramine
(RDX),[4, 5] and elastic moduli exceeding 30 GPa for the
sucrose molecular solid,[18] but no direct link to the hydrogenbonding network is established.
A simple yet important class of molecular solids in which
this issue can be assessed unequivocally and quantitatively is
the amino acid crystals. However, to the best of our knowledge, little work along these lines has been performed. Early
work[19] has reported YoungÏs moduli for several amino acid
crystals, but directional measurements were not reported, and
relatively small values were found. More recent work appears
to support the hypothesis of large YoungÏs moduli indirectly:
the bulk moduli of various amino acid crystals were deduced
from high pressure measurements,[20–26] and relatively high
values were found. Also the microhardness of l-serine[27] and
l-phenylalanine benzoic acid[28] was determined to be comparable to that of hard matter. Still, we are not aware of direct
studies, either experimental or theoretical, showing high
YoungÏs moduli for amino-acid crystals. Even more importantly, the specific role that hydrogen-bonding plays in the
mechanical properties of amino acid crystals, including their
possible directionality, has not been elucidated.
Herein, we report a combined experimental and computational study of YoungÏs moduli in five prototypical amino acid
molecular crystals: a-glycine, g-glycine, l-alanine, dl-serine,
and glycylglycine (Figure 1). These were chosen because they
all exhibit the same zwitterionic group, yet their packing
arrangements offer a rich variety of directionality and hydrogen-bonding scenarios. In particular, we investigate the
directional dependence of YoungÏs modulus. We find
YoungÏs modulus to be strongly facet-dependent. Some
experimentally accessible facets exhibit exceptionally high
values (as large as 44 GPa) and other, presently inaccessible
facets are predicted to exhibit values as high as 90 GPa. These
findings are rationalized in terms of the underlying hydrogenbonding network and its orientation with respect to the
measured facet, opening the door to rational design of ultrastiff molecular solids.
YoungÏs modulus along a specific axis is defined as the
ratio between the applied stress and the resulting strain along
that axis, within the elasticity limit. YoungÏs moduli, obtained
from nanoindentation experiments (see Methods Section for
details) for the five amino acid crystals examined in this work,
are given in Table 1. Two important observations stand out;
First, YoungÏs moduli are very large across the board: the
smallest measured value is more than 20 GPa and the largest
one is 44 GPa. These values should be compared to YoungÏs
moduli of 1–15 GPa for many molecular solids.[29–32] Second,
for the two crystals where a YoungÏs modulus could be
measured for different crystal faces (a-glycine and l-alanine),
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Figure 1. Schematic view of various projections of the crystalline structure of a) a-glycine, b) g-glycine, c) l-alanine, d) dl-serine, and
e) glycylglycine. For each, a picture of the crystal, with the crystalline faces marked, is given as an inset. Hydrogen bonds are depicted by dashed
lines. The direction of maximum stiffness, in the c direction for cases (a)–(c), in the ac plane for cases (d)–(e), is denoted by a brown solid arrow.
Carbon, oxygen, nitrogen, and hydrogen atoms are shown in gray, red, blue, and white, respectively.
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Table 1: Measured and calculated Young’s moduli (in GPa, with the
uncertainty representing the standard deviation), obtained for five
amino-acid crystals along specific crystallographic directions (given in
parentheses), as well as computed minimal and maximal Young’s
moduli. The direction of the maximal Young modulus is indicated in
Figure 1, and the complete distribution of Young modulus values is given
in Figure 2.
Material
a-glycine

Method Crystallographic Face
Exp
Theo

g-glycine
l-alanine
dl-serine
glycylglycine

Exp
Theo
Exp
Theo
Exp
Theo
Exp
Theo

26  1 (010); 29  2 (110); 33  1
(011); 44  1 (001)
29 (010); 32 (110); 41 (011); 57
(001)
28  1 (100)
19 (100)
21.2  0.3 (010); 20.8  0.4 (120);
34.4  0.2 (011)
19 (010); 27 (120); 34 (011)
23.1  0.5 (100)
24 (100)
26  2 (001)
21 (001)

min max

26

94

19

75

15

68

11

31

14

91

the results are strongly facet-dependent: variance up to 70 %
for a-glycine and 65 % for l-alanine.
To gain insight into these results, we performed firstprinciples calculations of the elastic constants, based on
dispersion-corrected density functional theory (DFT; Methods section). In this approach, conventional DFT approximations, which do not (or only barely) capture dispersive
interactions, are augmented by pairwise interatomic terms
that are damped at short range. This preserves the successful
description of strong (ionic, covalent) bonds, but adds the
missing long-range dispersion that is essential for hydrogenbond and van der Waals interactions.[33–35] Such corrections
have been shown to be highly successful for molecular solids
in general and for their response properties in particular.[36]
A prerequisite for predicting response properties accurately is the attainment of accurate equilibrium structural
parameters. Although the DFT calculations are performed at
0 K, comparison to structural data obtained at room temperature is meaningful, owing to the relatively small thermal
expansion coefficients of the amino acid crystals studied
herein.[37, 38] The computed equilibrium geometries were
found to be in very good agreement with the experimental
values, with an absolute average error in lattice parameters of
< 0.7 % for all structures studied (Supporting Information).
The structural accuracy allows us to compute YoungÏs
moduli explicitly, for an arbitrary direction.[39–41] This is based
on the calculation of a frozen-nuclei elastic tensor from
stress–strain relations[42] augmented with corrections for the
force-response internal-strain tensor (see the Supporting
Information for full details and for validation against
calculations of elastic constants from energy–strain and
stress–strain curves).[43] The computed YoungÏs moduli
obtained along the experimentally accessible crystallographic
directions, as well as the minimum and maximum values, are
given in Table 1. Three-dimensional renderings of the anisotropy of YoungÏs moduli[41, 14] are given in Figure 2.
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Analysis of the computational data leads to two important
observations. First, the agreement between theory and
experiment is excellent in most cases (deviations of the
order of  10 %, often on par with the experimental
accuracy), but in some cases larger deviations are found,
notably around 20 % for glycylglycine and around 32 % for gglycine. Even with these larger deviations taken into account,
the computational results agree fully with the experimental
results in predicting the unusually large values of YoungÏs
moduli, their overall range, and the strong facet dependence.
Even more importantly, Figure 2 reveals that for all cases,
except dl-serine, there is a very high degree of anisotropy in
the YoungÏs modulus. In fact, the results suggest that YoungÏs
moduli range between minimum values of the order of 10–
20 GPa to extremely high maximal values of the order of 70–
90 GPa. Actual observation of such high values would
necessitate the stabilization of an appropriately oriented
surface, which is not always achievable experimentally. Still,
the highest value obtained (44 GPa for a-glycine) was
measured along the (001) face, which is not a natural cleavage
plane but instead was obtained by polishing. Nevertheless, our
findings show that the potential stiffness of amino acid based
crystals has not been fully exploited yet.
What dominates the unusual stiffness of these systems?
Careful comparison of YoungÏs modulus anisotropy given in
Figure 2 with the detailed crystallographic directions given in
Figure 1 suggests that ¢NH3+···¢O¢ intermolecular hydrogen
bonds strongly contribute to the stiffness, as maximal YoungÏs
modulus values are obtained when pressure is applied along
the overall direction of such hydrogen-bond networks. For
example, for a-glycine the maximal YoungÏs modulus is found
along the c direction, which is the direction of the strongest
hydrogen-bond network, with secondary locally maximal
Young modulus values found close to the weaker hydrogenbond networks along the a and b directions. A similar picture
of global and local maxima obtained along the stronger and
weaker hydrogen-bond network directions is found for
glycylglycine. Lower moduli, which are still quite high for
organic materials, are obtained for the natural crystallographic faces (Table 1). This is because the pressure applied is
either not directly along the hydrogen bond direction or
because the structures along these directions exhibit structural (crystallographic) voids, which soften the material (see,
for example, the voids inside the unit cell of Figure 1 c).
As shown in Figure 2, dl-serine is exceptional in the sense
that its highest computed YoungÏs modulus, 31 GPa, is
substantially smaller than the maximal YoungÏs moduli
computed for the other crystals and that its anisotropy is
much smaller. Two factors can explain this observation. First,
it exhibits relatively large voids in all planes. Second, this
crystal contains, in combination with the zwitterionic bonds
along some directions, much weaker hydrogen bonds from the
alcohol group of the serine molecule.
In conclusion, we have performed a combined experimental and computational study of prototypical amino acid
crystals. Experimentally, we find YoungÏs modulus values as
high as 44 GPa, which are exceptionally large for such simple
molecular solids. Theoretically, we have confirmed these
values and explained them in terms of a dominant contribu-
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Figure 2. Computed three-dimensional rendering of Young’s modulus of: a) a-glycine, b) g-glycine, c) l-alanine, d) dl-serine, and e) glycylglycine.
Each plot features a two-dimensional surface, constructed by setting the distance from the origin of each point on the surface to the value of
Young’s modulus in the direction of the vector pointing from the origin to that point. Therefore, the axes are
given in GPa and negative signs
!
!
!
!
!
indicate direction only. Lattice vectors have been aligned following the convention of x k a , z k ( a Ö b ).[50, 51]

tion from the underlying hydrogen-bond network to the
mechanical stiffness. Furthermore, we find that YoungÏs
modulus values are usually highly anisotropic, as they
depend on the relative orientation between the crystal facet
and the hydrogen-bond network directions. In fact, we predict
theoretically that these values could be twice or three times as
large as the observed values if special facet orientations can
be stabilized. This opens a route to rational design of ultrastiff materials based on molecular solids.

Experimental Section and Methods

Pure crystals of a-glycine (Alfa Aesar 99.5 + %), glycylglycine
(Apollo Scientific 99 %), l-alanine (Sigma 98 %), and dl-serine
(Alfa Aesar 99 %) were grown by a slow evaporation technique from
aqueous solutions at 23 8C, in a clean-room environment. The gglycine crystals were obtain by growing glycine in the presence of
15 % (w/w) ZnCl2. Large transparent single crystals (shown as insets
in Figure 1) were chosen, washed with pure Millipore water, and dried
with filter paper. The packing arrangements were verified and the
major faces were indexed with an UltimaIII (sealed X-ray tube, Cu
anode, 3 kW, RIGAKU, Japan) X-ray diffractometer.
Mechanical characteristics were measured using an Agilent XP
nanoindenter, equipped with a Berkovich indenter tip. Typically, 12–
16 separate indentations were performed on three different crystals.
Angew. Chem. Int. Ed. 2015, 54, 13566 –13570

The tip was loaded into the sample at a strain rate of 0.05 s¢1, until the
ultimate depth of 800 nm was reached (at 15–20 mN load). The Young
modulus, E, and nanohardness, H, were recorded continuously during
the loading using continuous stiffness measurement. The latter
imposed a small (2 nm) modulation on the quasi-static load, allowing
continuous reading of both E and H as the load on the sample was
increased. E and H for each test were taken as their average between
depths of 350 to 700 nm. The tip area function was determined by
calibration on a fused quartz sample, with E calculated by the Oliver–
Pharr technique.[10] From the DFT calculation, Voigt and Reuss
averaged Poisson ratios[41] are between 0.27 and 0.36 for all amino
acid crystals studied. Therefore, a Poisson ratio of 0.3 was assumed for
all measurements. Strictly, this technique applies to isotropic materials. Computational techniques for treatment of anisotropic materials[44, 45] would only affect results for some of the crystal faces and not
change the observed qualitative trends.
All calculations were performed using the generalized gradient
approximation (GGA) exchange-correlation functional of Perdew,
Burke, and Ernzerhof (PBE),[46] augmented by Tkatchenko–Scheffler
dispersive pairwise-correction corrections.[47] Details of the Brillouin
zone sampling are given in the Supporting Information. The total
energy was converged to 10¢7 eV per unit cell in all calculations and
all forces in the optimized structures were smaller than 5 ×
10¢3 eV è¢1, with the stress optimized to better than the ratio
between the minimal force and the lattice face area.
All calculations were performed using VASP,[48] a projectoraugmented planewave code, with a high energy planewave cutoff of
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950 eV, needed to obtain converged stress calculations. YoungÏs
moduli were then computed based on the method of Wu et al.[43] and
further verified against explicit energy-strain calculations[49] for aglycine (see the Supporting Information for details).
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