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Abstract: Melamine (C3H6N6; 1,3,5-triazine-2,4,6-triamine) is an aromatic substituted s-triazine,
with carbon and nitrogen atoms forming the ring body, and amino groups bonded to each carbon.
Melamine is widely used to produce laminate products, adhesives, and flame retardants, but is also
similar chemically and structurally to many energetic materials, including TATB (2,4,6-triamino-1,3,5-
trinitrobenzene) and RDX (1,3,5-trinitroperhydro-1,3,5-triazine). Additionally, melamine may be a
precursor in the synthesis of superhard carbon-nitrides, such as β-C3N4. In the crystalline state
melamine forms corrugated sheets of individual molecules, which are stacked on top of one another,
and linked by intra- and inter-plane N-H hydrogen bonds. Several previous high-pressure X-ray
diffraction and Raman spectroscopy studies have claimed that melamine undergoes two or more
phase transformations below 25 GPa. Our results show no indication of previously reported low
pressure polymorphism up to approximately 30 GPa. High-pressure crystal structure refinements
demonstrate that the individual molecular units of melamine are remarkably rigid, and their
geometry changes very little despite volume decrease by almost a factor of two at 30 GPa and
major re-arrangements of the intermolecular interactions, as seen through the Hirshfeld surface
analysis. A symmetry change from monoclinic to triclinic, indicated by both dramatic changes in
diffraction pattern, as well as discontinuities in the vibration mode behavior, was observed above
approximately 36 GPa in helium and 30 GPa in neon pressure media. Examination of the hydrogen
bonding behavior in melamine’s structure will allow its improved utilization as a chemical feedstock
and analog for related energetic compounds.
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1. Introduction

The six-membered aromatic ring of s-triazine, particularly when substituted with nitro (-NO2)
groups, is a structural motif often found among molecular energetic materials [1]. Melamine, (C3N6H6,
1,3,5-triazine-2,4,6-triamine) is a simple and very stable heterocyclic aromatic molecule based on the
s-triazine ring. At ambient conditions melamine forms a crystalline molecular solid with monoclinic
symmetry, with space group P21/a, in which intermolecular interactions are dominated by N-H···N
hydrogen bonds. At ambient conditions individual melamine molecules are linked to others via eight
N-H hydrogen bonds, balanced between donor and acceptor roles. The superstructure of melamine
forms corrugated sheets of individual melamine molecules, where kinked planes of molecules are
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stacked on top of one another. When used as a salt or mixed with resins, melamine is an effective fire
retardant, in part due to the release of flame-smothering nitrogen gas when burned [2]. When combined
with formaldehyde, melamine forms a very durable thermosetting plastic used in a broad variety of
kitchenware and household goods [3]. Despite its stability and flame-retardant properties, melamine
is also very closely related, both structurally and chemically, to the widely used molecular explosives
RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine), TATB (2,4,6-triamino-1,3,5-trinitrobenzene), and to
2,4,6-trinitro-1,3,5-triazine, a hypothetical new explosive [4] which has not yet been successfully
synthesized [5,6]. As a curiously stable cousin of these explosives, melamine is a worthwhile target
of investigation in the search for new energetic materials with enhanced safety and stability while
maintaining sufficient explosive potential [7].

The primary motivation for studying the high-pressure behavior of melamine ultimately stems
from its intermediate position between energetic species and ultra-hard materials; for instance,
melamine may be a functional precursor for synthesis of a hypothetical β-C3N4 phase, with a
β-Si3N4 structure, predicted to be a super-hard material [8]. Melamine appears to be a good reagent
for the high-pressure, high-temperature solid state reactions where carbon nitrides are formed;
however, the transformations it exhibits are rather complex, and the products strongly depend on the
conditions of pyrolysis and presence of catalysts. Montigaud et al. [9] demonstrated that pyrolysis
of melamine at 2.5 GPa and 800 ◦C in presence of hydrazine leads to formation of a bi-dimensional
honeycomb-type structure close to those expected for the theoretical graphitic-like g-C3N4. Similar
syntheses successfully producing g-C3N4 and closely related byproducts utilizing pure melamine have
also been achieved [8,10]. Synthesis of C-N nanotubes was also observed in high-pressure catalytic
pyrolysis of melamine with NaN3-Fe-Ni at 35 MPa and 650 ◦C [11]. Interestingly, another recent
high-pressure pyrolysis experiments at 5 GPa and 800 ◦C showed formation of a different molecular
crystalline monoclinic solid [12].

Given the complexity of coupled high temperature and pressure pyrolysis, a good starting
point for understanding the reaction potential of melamine is through a thorough examination of the
compression mechanism. One of the first high-pressure studies of melamine to 4.0 GPa utilized infrared
spectroscopy [13], and while noting number of important band frequency shifts, it did not report
any discontinuous changes in the compression behavior. In contrast, a Raman study to 8.7 GPa in
alcohol pressure medium reported discontinuities in the pressure-dependence of some modes, possibly
indicating two phase transitions at 2 and 6 GPa [14]. Indeed, a later synchrotron energy dispersive
(EDX) powder diffraction study to 14.7 GPa in alcohol pressure medium [15] seemed to confirm the
notion of the two low pressure phase transitions, where a new triclinic phase was suggested to form at
1.3 GPa, and transform to an orthorhombic polymorph above 8.2 GPa. The resolution and sensitivity
of the EDX experiments, however, were not sufficient to constrain the structures of the new phases,
as less than ten indexable diffraction peaks were observed. Recently, Liu et al. [16] carried out a
Raman spectroscopy experiment with melamine powder without pressure medium to 25 GPa, but did
not confirm any of the earlier reported discontinuities. A soft mode behavior was observed for one
of the N-H vibrations, and N-H vibration peaks gradually disappeared above 10 GPa. A detailed
Raman, far-IR, and angular-dispersive X-ray diffraction study conducted by Galley et al. reported
three potential phase transitions of powdered melamine with KBr as a pressure-transmitting medium,
two of which were observed previously [15,17], with an additional high-pressure phase forming at 16
GPa. As with previous spectroscopic studies, it was observed that the modes associated with N-H
stretching, particularly at 3116 and 3325 cm−1, broaden significantly with pressure. This study also
documented irreversible amorphization of the sample, attributed to weakening of the internal bonds,
which could foster polymerization of the sample.

In each of these previous experiments, the effects of non-hydrostatic stress, hydrogen-bond
interactions between melamine and polar solvent-based pressure media, or inter-grain interactions
exist. In order to re-examine the details of compression behavior of melamine and reconcile the
different results of previous studies we have conducted a combined X-ray diffraction and Raman
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spectroscopy investigation using high quality single crystal samples in quasihydrostatic noble gas
pressure transmitting media.

2. Materials and Methods

The high-pressure X-ray diffraction and Raman spectroscopy experiments took place over
several experimental sessions between 2010 and 2015, where experiments were conducted at the
Advanced Photon Source (APS) at Argonne National Laboratory. Data were collected at the 13-IDD
and 16-IDB beamlines of GeoSoilEnviro-CARS (GSECARS) and the High Pressure Collaborative
Access Team (HPCAT), with gas-loading of diamond anvil cells and Raman measurements conducted
at GSECARS [18]. Prior to each experiment, melamine powder of >99% purity was recrystallized
from saturated aqueous solution, and crystals approximately 10 × 30 × 30 µm in diameter were
loaded into symmetric type diamond anvil cell equipped with conical Boehler-Almax type anvils and
backing plates [19]. These crystals were accompanied by chips of ruby as a pressure calibrant, with
helium (2010) or neon (2015) as a pressure transmitting medium. Diffraction data were collected with
Kickpatrick–Baez mirror-focused monochromatic X-rays (λ = 0.3344 at GSECARS and 0.4066 Å at
HPCAT), focused onto the sample crystals. At each pressure point, the sample was rotated during
X-ray exposure around theω-axis of the instrument, with diffraction images collected at three detector
positions, each perpendicular to the X-ray beam, and differing by 7 cm detector translation. For the
2015 experiment, the internal pressure was changed without removing the cell from the instrument,
using a gas-driven membrane device with a Druck PACE 5000 electronic valve controller. Pressure was
measured by the ruby fluorescence method [20] during pressurization and after a complete diffraction
data set was collected.

Diffraction images collected during each experiment were analyzed using the ATREX IDL
software package [21], where peak intensities were corrected for Lorenz and polarization effects.
Peaks were indexed using cell_now [22], while the orientation matrix was refined and unit cell
parameters were obtained using RSV [21]. Integrated peak intensities were used for the structure
refinement. Refinements were conducted using SHELXL [23] with isotropic atomic displacement
parameters and full site occupancies for all atoms. Amino hydrogens were constrained using the
riding hydrogen model of AFIX 94, preventing the H-N-H angle from varying from 120◦, but allowing
some variance in the N-H bond distance and no limitations on the rotation angle of each amino group.
Due to limitations on accurately reporting donor-hydrogen distances determined by X-ray diffraction,
donor-acceptor distances are primarily used to gauge intermolecular interactions. No additional
constraints or restraints were utilized to fix bond distances or the character of the central triazine
ring. Equation of state results, such as bulk modulus and its pressure derivatives (K and K′),
as well as linear compressibilities were determined with EOSFit7-GUI [24], fitting experimental
unit cell values with a third-order Vinet equation of state [25,26]. Additional analysis, including
hydrogen bond geometries and Hirshfeld surface generation, was conducted using Olex2 [27] and
CrystalExplorer [28], respectively.

For Raman experiments, a separate symmetric Princeton-type diamond anvil cell was prepared.
We used low-fluorescence, modified brilliant cut diamond anvils with 0.3 mm culets, mounted on WC
backing plates. The gasket preparation technique was identical to the one used for the X-ray diffraction
experiments. One good optical quality, single crystal of melamine, approximately 15 × 50 × 50 µm,
and two small ruby spheres were loaded in neon pressure medium. Raman spectra were collected over
a total spectral range of 250–3700 relative cm−1 with a holographic 1800 gr/mm grating, utilizing the
green line of a 200 mW Ar+ laser (λ = 514.532 nm) for excitation, and a Horiba Triax 550 Spectrograph,
equipped with a liquid nitrogen-cooled Princeton Instruments CCD detector, at the GSECARS Raman
Spectroscopy Lab. Sample Raman spectra were collected every 3–5 GPa from 1 GPa up to 33.1(1) GPa
in three separate spectral ranges of 250–1200 relative cm−1, 1400–1900 relative cm−1, and 3100–3650
relative cm−1. Raman data were processed in Spectragryph 1.2.8 [29], where individual adaptive
baseline subtractions were applied to each spectrum to better compare between pressure steps.
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3. Results

3.1. X-ray Diffraction

After initial compression and gas-loading with helium to 0.96(5) GPa, the unit cell parameters
of melamine were a = 10.410(6) Å, b = 7.465(2) Å, c = 7.086(6) Å, and β = 113.89(4)◦ in the space
group setting of P21/a. Multiple data sets, between 2010 and 2015, provide nineteen pressure points
where the compressional effects on the structure of melamine was observed. All nineteen data points
were used for equation of state fitting, whereas seventeen were of sufficient data quality to permit
hydrogen bonding geometry analysis. The crystal structures obtained during the compression pathway
show little deviation in the overall molecular geometry with pressure. At 0.96(5) GPa, each individual
melamine unit is connected to its neighbors via eight N-H···N hydrogen bonds, as is the case at ambient
pressure, forming layers of melamine molecules, approximately parallel to (010), that are hydrogen
bonded within, and also linked to neighboring layers (Figure 1a). Additionally, in neighboring layers,
there are pairs of melamine molecules whose central rings lie within parallel planes and overlap.
Neighboring pairs of molecules are offset by 33.8(9) degrees, forming the corrugated structural motif.
With each pressure step up to 36.2(1) GPa, full structure refinement was conducted, initially based
on the structure of melamine reported from ambient pressure neutron diffraction experiments [30].
Selected data collection and refinement information from initial and final pressure steps for this
structure are listed in Table 1. The evolution of unit cell parameters with pressure is listed in Table 2.
Equation of state and linearized axial compressibilities are depicted in Figures 4 and 5, with the
accompanying F-f plot depicted in Figure A1. Additional information, including fractional atomic
coordinates, symmetry operators, and selected bond lengths and angles are listed in Appendix A
Tables A1–A4. On compression beyond 36.2(1) GPa in helium or 31.8(1) GPa in neon, a reversible
phase transition to a twinned triclinic polymorph (where a = 6.08(1) Å, b = 7.267(2) Å, c = 7.82(1) Å,
and α = 78.25(4)◦, β = 80.1(2)◦, γ = 80.48(4)◦ at 38.9(1) GPa) was seen, with pronounced changes in the
diffraction pattern, as shown in Figure 2. This transition was reversible, however, further compression
past approximately 45 GPa in helium resulted in irreversible amorphization, accompanied by loss of
diffraction signal and easily identifiable change of the color and opacity of the crystal (Figure 3).
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Figure 1. Hydrogen bonding network of melamine at (a) low (0.96(5) GPa) and (b) high (36.21(5) GPa)
pressures. Potential hydrogen bonding interactions between anti-parallel amino N-H groups induced
by pressure are displayed in red. Bonds behind and in front of the plane of view are omitted for clarity.
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Table 1. Selected data collection and refinement details from lowest and highest pressure points. The
opening angle of the diamond anvil cell in the 2015_10 experiment was larger by 20◦ compared to the
2010_1 experiment, producing higher number of observed peaks.

2010_1 (0.96(5) GPa) Parameters 2015_10 (36.21(5) GPa) Parameters

No. of reflections collected 453 No. of reflections collected 654
No. of independent reflections 186 No. of independent reflections 221

Rint 0.1272 Rint 0.0944
R[F2 > 4σ(F2)] 0.0611 R[F2 > 4σ(F2)] 0.0700

wR(F2) 0.1396 wR(F2) 0.1652
Goodness-of-fit 1.114 Goodness-of-fit 1.231

No. of parameters refined 40 No. of parameters refined 40
No. of restraints used 0 No. of restraints used 0

Table 2. Unit cell parameters as a function of pressure. 2010 data were collected in Ne, 2015 data in He.

Data Set P (GPa) a (Å) b (Å) c (Å) β (◦) V (Å3)

2010 10−4 10.606(1) 7.495(1) 7.295(2) 112.26(2) 536.7(2)

2010 0.96(5) 10.410(6) 7.465(2) 7.086(6) 113.90(4) 503.5(6)

2010 2.9(1) 10.148(6) 7.389(2) 6.954(6) 115.93(4) 468.9(5)

2015 3.5(1) 10.099(1) 7.372(1) 6.866(1) 116.47(1) 457.6(6)

2010 4.7(1) 9.962(6) 7.333(2) 6.821(6) 117.14(4) 443.4(5)

2015 6.3(1) 9.906(1) 7.306(1) 6.737(6) 117.62(3) 432.0(4)

2010 7.7(1) 9.807(4) 7.274(1) 6.705(4) 118.07(3) 422.0(4)

2015 9.0(1) 9.740(1) 7.250(1) 6.623(7) 118.47(4) 411.1(5)

2010 10.5(1) 9.678(6) 7.235(1) 6.616(5) 118.34(4) 407.8(4)

2015 12.8(1) 9.572(1) 7.191(1) 6.481(6) 119.21(3) 389.4(4)

2010 16.8(1) 9.446(6) 7.151(2) 6.350(5) 119.89(4) 371.9(4)

2015 17.1(1) 9.404(1) 7.136(1) 6.359(6) 119.86(4) 370.1(4)

2010 19.8(1) 9.366(7) 7.122(7) 6.252(6) 120.47(5) 359.4(5)

2015 22.0(1) 9.246(1) 7.083(1) 6.287(7) 120.00(4) 356.6(4)

2010 23.5(1) 9.254(4) 7.103(4) 6.279(4) 120.14(3) 356.9(3)

2015 27.1(1) 9.219(1) 7.039(1) 6.195(7) 120.44(5) 346.6(4)

2015 30.8(1) 9.057(2) 7.013(1) 6.128(7) 120.57(5) 335.1(4)

2015 34.3(1) 9.006(1) 6.990(1) 6.081(7) 120.67(4) 329.3(4)

2015 36.2(1) 8.965(1) 6.966(1) 6.075(7) 120.48(5) 326.9(4)
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Figure 2. Diffraction patterns at the central detector position of low- and high-pressure phases of
melamine, displaying the change in pattern before and after the reversible structural phase transition
above 36 GPa in helium.
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3.2. Equation of State and Bond Compressibility

Previously, Ma et al. [15] documented the P-V equation of state of melamine, but only to
approximately 15 GPa. Although that study describes a transformation to a triclinic structure below
2 GPa, there exist similarities between that study and the current results. In both cases, there is a
precipitous drop in the unit cell volume below 5 GPa. However, in the present study, there is no
evidence of a phase transformation. Rather, there is a smooth and continuous reduction in the unit cell
volume that is well described by the Vinet equation of state [25,26].

P = 3K0
(1− fV)

f 2
V

e(
3
2 (K

′−1)(1− fV))

where fV =
(

V
V0

) 1
3 , V0 is the initial cell volume, K0 is the isothermal bulk modulus, and K′ is its

derivative when the pressure is equal to zero. The output of this equation of state, with V0 fixed to
the ambiently determined value of 536.7(2) Å3, is K0 = 12.9(8) GPa, and K′ = 7.4(3). The linear axial
compressibilities (defined as βl0 = 1/3Kl0) [31] were determined using a linearized version of the Vinet
equation. The increase of the unit cell’s β angle was well-described by a three-parameter exponential
rise-to-maximum function. The progression of each of these values with pressure can be seen in
Figures 4 and 5. By 36.2(1) GPa the unit cell volume has experienced a 40 percent collapse, driven
primarily by the shortening of the a and c axes. As each axis shrinks the β angle opens, reflecting the
shift of molecules with respect to one another, rising to a predicted maximum of 120.7(1) degrees at
40 GPa.

When comparing the bulk moduli other common six-membered ring molecules such as benzene
(5.5 GPa) or aniline (5.44 GPa), as well as extended structures with ring motifs such as graphite
(33.8 GPa), the compressibility of melamine is closer to the former [32–34]. This can be readily explained
by the type of dominating intermolecular interactions and arrangement of molecules with respect to
each other, where graphite is held more rigidly in covalently-bonded planar sheets, while individual
benzene or aniline molecules are not covalently bonded to their neighbors. Both polymorphs of aniline
also form extended stacked layers held together by hydrogen bonding, where its singular amino
group participates in N-H···N and N-H···π hydrogen bonds [33,35]. Individual aniline units do not
experience significant structural or energetic modification in pressure, yet its hydrogen bonds decrease
in length to the point of destabilization [35]. Benzene does not share hydrogen atoms below a theorized
point of metallization [32,36], and π-π interactions act as the driving intermolecular interaction with
increasing pressure. For solid benzene-III, a recent theoretical study [36] suggested that at 50 GPa,
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despite an almost two-fold reduction in unit cell volume, the intramolecular bond lengths stay basically
unchanged. A similar situation appears to occur with melamine: while the intramolecular deformation
is minimal, intermolecular hydrogen bonds accommodate pressure changes within the crystal without
departing from the original space group and basic structure.
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Figure 4. Evolution of unit cell volume of melamine with pressure. Data points were fitted with a
third-order Vinet equation of state, V0 = 536.7(2) Å3, K0 = 12.9(8) GPa, and K′ = 7.4(3). Open circles
indicate 2010 data collected in Ne, filled circles indicate 2015 data collected in He.
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areβa0 = 6.54(5)× 10−3 GPa−1,βb0 = 1.89(1)× 10−3 GPa−1, andβc0 = 9.0(1)× 10−3 GPa−1.

In comparison to energetic materials, the bulk modulus of melamine is analogous to or slightly less
than β-HMX (12.4 GPa), α-RDX (13.9 GPa), and TATB (16.2 GPa) [37]. Interestingly, these values were
obtained using powder X-ray diffraction techniques in methanol-ethanol-water, argon, and hexane
pressure media, respectively [38–40]. The use of powders, as well as non-hydrostatic and non-inert
pressure media likely introduces similar uncertainties and irregularities as those encountered with prior
high-pressure experiments of melamine. Significant variations in compressibility for these compounds,
including elastic constants and phase transformation behavior, have been shown to greatly depend on
the hydrostatic character of the pressure media [41,42]. Hydrogen bonding has also been demonstrated
to be the driving interaction in crystalline networks of RDX and TATB, where intermolecular hydrogen
bonding networks could be disrupted by participating polar-solvent pressure media or inter-grain
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boundaries [43]; when compressional hydrostaticity is ensured, highly energetic molecules like TATB
have been shown to remain crystalline past 100 GPa [44].

For inorganic substances and minerals, a very common notion for understanding a compression
mechanism is the Rigid Unit Mode model, in which it is assumed that each subunit (i.e., tetrahedra
or octahedra) is very stiff compared to the framework in which it resides [45]. As a result, rotation
of whole units is preferable to alteration of bond lengths within a unit. Although it is an organic
molecule, within this frame of reference melamine subunits (primarily the aromatic s-triazine ring
and amine nitrogen) can be considered as the inflexible subunit, and are relatively unchanged with
pressure. In contrast, intermolecular hydrogen bonds greatly compress and shift position with pressure,
and individual NH2 units have some ability to rotate, in order to accommodate pressure changes and
avoid repulsive H-H interactions. This is evident from the relative lack of change in carbon-nitrogen
bond lengths with substantial increases in pressure, as shown in Figure 6; for both ring and amine
carbon-nitrogen bonds, the bond length decrease is less than about 0.05 Å, while the donor-acceptor
lengths of hydrogen bonds decrease by nearly 0.5 Å over the same compression path.

The compressional behavior of melamine from the perspective of an individual molecular unit can
also be visualized through Hirshfeld surfaces. This method of crystal analysis condenses properties
such as interatomic angles and distances, crystal packing schemes, and intermolecular interactions into
models that can be easily and qualitatively interpreted, yet are derived from quantitative analysis [46,47].
Hirshfeld surfaces are differentiated from other molecular surface representations such as electron density
maps or van der Waals surfaces by accounting for both a molecule and its proximity to its nearest
neighbors, making it well-suited for the analysis of molecular crystals. Two surfaces, the shape index
and normalized contact distance (dnorm), are particularly useful for describing the packing of molecular
crystals such as melamine.
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Figure 6. Average carbon-nitrogen bond lengths for ring and amine components of melamine.
Each follows a loosely linear decrease in length with pressure.

The shape index is a Hirshfeld surface that identifies concave or convex areas of a molecule’s
surface based on charge density. Red areas indicate concave areas, whereas blue indicates convex.
For the purpose of examining compressional behavior, any change in the intramolecular geometry
is distinguishable by changes in color. For melamine, the relative lack of change between low and
high pressure is apparent (Figure 7), mirroring the small changes in covalent bond lengths and overall
inflexibility of the aromatic component with pressure.



Crystals 2018, 8, 265 9 of 20
Crystals 2018, 8, x FOR PEER REVIEW  9 of 20 

 

 
(a) 

 
(b) 

Figure 7. Hirshfeld surfaces displaying the shape index of melamine at low (0.96(5) GPa), (a) and high 
(36.21(5) GPa), (b) pressures. Concave areas, shown in red, correspond to areas where a 
complimentary neighboring molecule may interact. 

Hirshfeld surfaces of the normalized contact distances tell the other half of the story, and are 
shown in Figure 8; this parameter describes the internal (di) and external (de) contact distances of the 
Hirshfeld surface to the nearest atomic nucleus, normalized by the van der Waals (vdW) radii of the 
atoms involved. The result is a surface where intermolecular contacts longer than the sum of the 
atoms’ vdW radii are displayed in blue, and contacts shorter than the vdW radii are displayed in red. 
At low pressures, this highlights the points of contact for the N-H···N hydrogen bonds, where the 
bond contracts the intermolecular distance. As pressure increases, contact points with distances 
shorter than the vdW radii appear on the previously non-interacting amine nitrogen and atoms of 
the central ring. 

 

Figure 8. Hirshfeld surfaces displaying dnorm at 0.96(5), 17.10(5), and 36.21(5) GPa. As pressure 
increases, intermolecular contacts are induced, primarily as new hydrogen bonds. 
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exclusively to ring-based nitrogen atoms. In previous ambient-pressure X-ray and neutron diffraction 
studies, it was observed that of the six symmetry independent hydrogen atoms in NH2 groups, only 
four strongly participate in hydrogen bonding [30]. The two remaining hydrogen atoms are subject 
to hindrances that prevent strong hydrogen bonding interactions, and are denoted in this study as 
H3 and H5. In the case of H5, the hydrogen atom is in close contact with another H5 on a neighboring 
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Figure 7. Hirshfeld surfaces displaying the shape index of melamine at low (0.96(5) GPa), (a) and high
(36.21(5) GPa), (b) pressures. Concave areas, shown in red, correspond to areas where a complimentary
neighboring molecule may interact.

Hirshfeld surfaces of the normalized contact distances tell the other half of the story, and are
shown in Figure 8; this parameter describes the internal (di) and external (de) contact distances of
the Hirshfeld surface to the nearest atomic nucleus, normalized by the van der Waals (vdW) radii of
the atoms involved. The result is a surface where intermolecular contacts longer than the sum of the
atoms’ vdW radii are displayed in blue, and contacts shorter than the vdW radii are displayed in red.
At low pressures, this highlights the points of contact for the N-H···N hydrogen bonds, where the bond
contracts the intermolecular distance. As pressure increases, contact points with distances shorter than
the vdW radii appear on the previously non-interacting amine nitrogen and atoms of the central ring.
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increases, intermolecular contacts are induced, primarily as new hydrogen bonds.

3.3. Hydrogen Bonding Behavior with Pressure

At ambient and low-pressure conditions, individual melamine molecules are linked with
neighbors through pairs of complementary hydrogen bonds connecting amino hydrogens exclusively
to ring-based nitrogen atoms. In previous ambient-pressure X-ray and neutron diffraction studies,
it was observed that of the six symmetry independent hydrogen atoms in NH2 groups, only four
strongly participate in hydrogen bonding [30]. The two remaining hydrogen atoms are subject to
hindrances that prevent strong hydrogen bonding interactions, and are denoted in this study as H3
and H5. In the case of H5, the hydrogen atom is in close contact with another H5 on a neighboring
molecule, and repulsive interaction occurs as distance decreases. For H3, steric hindrance prevents it
from being sufficiently close to a ring nitrogen acceptor atom, allowing only weak interaction with a
NH2 group on a neighboring molecule. Each ring nitrogen atom also acts as a hydrogen bond acceptor
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for a total of four bonds per ring, with one nitrogen (denoted here as N4) acting as acceptor for two
bonds (Figure 1a).

The hydrogen bonds in melamine can also be distinguished by whether they link molecules
within a given corrugated plane or between them; for instance, the decrease in donor-acceptor distance
for intra-plane molecules decreases smoothly as a function of pressure akin to the behavior of the
unit cell parameters, while the inter-plane behavior is less consistent (Figures 9 and 10). This is likely
caused by the larger influence of the intra-plane bonding, as there are more hydrogen bonds within
a layer, as well as small amounts of rotation and torsion to accommodate the increased intra-layer
bonding and repulsive interactions between close-contact hydrogens. Ultimately, the intermolecular
hydrogen bonds are capable of significant shortening with response to pressure, without any significant
changes in the pattern of the original hydrogen bonds. Compression through 36.2(1) GPa decreases
donor-acceptor distances substantially, which increases the covalent character of a bond and increases
its strength [48].
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Notably, none of the original hydrogen bonds present at ambient pressures are broken below the
phase transition pressure; instead, new hydrogen bonds between amino hydrogens and ring nitrogens
form by 9.0(1) GPa and persist until at least 36.2(1) GPa (Figure 11). As pressure increases further,
amino groups are pushed into close contact with one another, and interactions between oppositely
aligned N-H atoms occur as each hydrogen is brought closer to an opposing nitrogen’s lone pair
of electrons. These interactions, although primarily electrostatic in character, are stabilized by their
anti-parallel orientation to one another, with pressure overriding unfavorably shallow D-H-A angles,
steric crowding, and repulsive interactions. At 36.2(1) GPa, sufficiently short bond distances indicate
bi- and tri-furcation of these bonds, as shown in Figure 1b, by the previously un-bonded H3 and
H5 atoms.
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Figure 11. Hydrogen bonding network of melamine at (a) low (0.96(5) GPa) and (b) high (36.21(5)
GPa) pressures, as viewed down <010>, displaying the layered structure. New hydrogen bonds to the
central ring have been highlighted in green. Some bonds, including weak amino N-H interactions,
have been omitted for clarity.

The new pressure-induced hydrogen bonds are not sufficiently strong to create a stable
high-pressure configuration, as the transformation between monoclinic and triclinic phases is reversible.
This is However, the new pressure-induced hydrogen bonds with ring nitrogen atoms may foster
changes in the intermolecular interactions of π electrons in the high pressure phase; at ambient
conditions, inter-layer hydrogen bonds link molecules where the centroid planes of the rings are
parallel to one another, resulting in a skewed parallel-displaced arrangement where an electron-rich
ring nitrogen is roughly aligned with a moderately electron-deficient ring center. At high pressures, the
new hydrogen bonds also link molecules whose planes are at an offset to one another, introducing an
interaction between these rings not experienced at lower pressures. Furthermore, compression reduces
the distance and shift between the ring centroids (depicted in Figure A2), as well as reducing the
angle between offset pairs of molecules (Figure 12), increasing the likelihood of extended interactions
between multiple pairs of molecules. Although the term “π-π stacking” does not correctly describe
the contact between neighboring melamine molecules [49,50], the distances and angles between
ring centroids are within limits for attractive electrostatic π-σ interactions at both ambient and high
pressures [49,51,52]. However, the N-H···N hydrogen bonds ultimately direct the supramolecular
changes in the melamine crystal; this provides exceptional stability when compared to un-substituted
s-triazine, which does not have the ability to act as a hydrogen bond donor [49,53,54].
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Figure 12. Electrostatic potential surfaces of neighboring melamine molecules at 6.33(5) (a) and 36.21(5)
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3.4. Raman Spectroscopy

In general, Raman spectroscopy is an excellent tool for detecting pressure-induced structural
phase transitions in solids, which usually manifest themselves as discontinuous changes in vibration
mode behavior. For instance, symmetry lowering related to displacive phase transitions typically
results in splitting of Raman peaks. The case of molecular crystals, however, is often more complicated
than simple inorganic solids. The starting crystal symmetry is often lower, and the number of Raman
modes can be very significant. At the same time, there are more types of competing interatomic and
intermolecular interactions (e.g., hydrogen bonds, van der Waals forces, electrostatic interactions,
charge transfer), which affect the vibration force constants. At high pressure the balance between these
various interactions changes and may cause discontinuities in the Raman mode behavior unrelated to
first-order structural phase transitions. An example of such was found in benzene, for which Raman
experiments [55] described the existence of phase transitions between the II-III and III-IV phases
at about 4 and 11 GPa. However, later studies combining both IR spectroscopy and powder X-ray
diffraction cast doubt on tose proposed transitions, as the observed discontinuities and changes in
vibrational modes did not correspond to symmetry-altering first-order structural changes [32].

The ambient pressure Raman spectrum of melamine was first quantitatively interpreted in
terms of mode assignment by Schneider and Schrader [56]. The assignment of the collective ring
vibration modes can be made by analogy to the unsubstituted parent-molecule of s-triazine [57].
There are also several recent Raman studies of solid salts of melamine [58,59] that are useful in
interpretation of individual vibration modes, such as those from hydrogen bonds. In the spectral
range covered by our experiments, the Raman spectrum of melamine can be divided into three regions:
the 250–1200 relative cm−1 is the collective ring vibration mode region, from 1400–1900 cm−1 is
the C-NH2 vibration mode range, and the 3000–3700 cm−1 range is the N-H vibration mode range.
This last region proves to be the most informative; at ambient pressure there are four distinct Raman
peaks, at 3128, 3333, 3420, and 3471 relative cm−1 [16]. The two peaks at lower wavenumbers are very
broad and quite asymmetric, whereas the peaks at higher wavenumbers are sharp and symmetric,
as seen in Figure 13.

The non-uniformity of the hydrogen bonding interactions can also be seen in the Raman spectra.
The sharp Raman peaks of 3420 and 3471 cm−1 at close to ambient pressure conditions can be
associated with the non-hydrogen bonded N-H vibrations, such as from H3 and H5. The broad
features, reminiscent of the O-H peak shapes in other hydrogen-bonded crystals, e.g., solid H2O,
correspond to the two groups of hydrogen-bonded NH2. With increasing pressure, as intermolecular
distances are reduced and hydrogens are forced into closer vicinity of nitrogen atoms, these peaks
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broaden and fade. As these previously non-interacting atoms are forced into hydrogen bonding
interactions, the signal for each is muddied until the point of transition.Crystals 2018, 8, x FOR PEER REVIEW  13 of 20 
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stacking offset.

The changes in the Raman spectra accompanying the monoclinic-to-triclinic phase transition,
observed in diffraction data at approximately 30 GPa in Ne and 38 GPa in He, are quite pronounced in
all three spectral ranges, with the appearance of new spectral features often occurring slightly before
the observed transition pressure. In the ring breathing mode range the high wave number component
of the 750 cm−1 peak splits into a doublet, as does the 1100 cm−1 peak, shown in Figure 14. This is
indicative of a change in the interaction between inter-layer molecules, potentially between newly
crystallographically and energetically inequivalent ring systems after the phase transition [60–62].
In the C-N vibration range (Figure 15) a whole new family of peaks appear before the point of
transition between 1500 and 1600 relative cm−1, with new peaks forming at approximately 1700
and 17900 rel cm−1 above approximately 30 GPa. This corroborates a change in the electronic state
beginning at 26.86(5) GPa, culminating in a change in symmetry. Similarly, in the N-H range two new
high wavenumber peaks appear between 3500 and 3600 cm−1 at approximately 30 GPa, and strengthen
with increasing pressure.
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4. Discussion and Conclusions

The compressional behavior of melamine closely resembles that of other hydrogen-bonded
molecular solids, where individual molecular subunits and internal covalent bonds are not significantly
altered with pressure [33,35,54,63,64]. Instead, hydrogen bonds can readily accommodate the increase
in pressure, becoming more stable with decreasing donor-acceptor distances and linearization of
donor-hydrogen-acceptor angles up to a critical pressure [48,65]. Melamine is notable for its extensive
network of hydrogen bonds when compared to other substituted aromatics [54,63], which allows
it to remain structurally stable over the same pressure range where many other molecular crystals
irreversibly amorphize or decompose [44]. Additionally, this increase in hydrogen bonding stability
(and by extension, covalent character) seems to overrule or direct other steric and electronic interactions
that would otherwise exhibit more control over compressional behavior and reactivity. This is especially
apparent when comparing against non-hydrogen bonded molecular crystals; for instance, although
s-triazine shares the same fundamental aromatic ring system as melamine, its behavior is controlled
by π interactions, resulting in susceptibility to electronic modification with pressure and increased
reactivity [53,65,66], ultimately becoming irreversibly amorphous at 15.2 GPa. Similarly, benzene
amorphizes into extended polyaromatic compounds at 23 GPa. Crystallinity is also generally limited
to lower pressure ranges in molecular solids with limited or weak hydrogen bonding character;
pyrimidine amorphizes at 22.4 GPa [67], pyrrole at 14.3 GPa [68], and pyridine at 22 GPa [69]. Each of
these amorphization transitions is irreversible, indicating significant changes in the covalent bonding
environment, often through ring-opening and polymerization [67].

In molecular crystals with extended hydrogen bonding networks (often with “rosette-type”
hydrogen bonding geometry) such as melamine and its related adducts, as well as TATB,
the pressure–stability relationship appears to be more complex. In a 1:2 melamine-boric acid adduct,
a reversible amorphization transition was reported at 18 GPa, indicating a loss of periodicity
but not chemical alteration [70]. For a 1:1 cyanuric acid-melamine adduct, an irreversible phase
transition at 4.9 GPa to a quenchable crystalline phase of lower symmetry was reported [71].
This was accompanied by a pronounced change in the crystal’s opacity, not unlike what is seen
in the irreversible amorphization of melamine. Surprisingly, TATB in hydrostatic helium was found to
be stable up to at least 150 GPa, after experiencing several subtle, reversible phase transformations
that produced visible color changes in the crystal [44].
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In melamine, the phase transformations to the triclinic polymorph and amorphous phase
occur at roughly double the pressure than other molecular solids, at upwards of 36 GPa in helium.
The reversible transformation to the triclinic structure results from a rearrangement of the hydrogen
bonding network in melamine, where electronic and electrostatic interactions not seen at ambient
conditions are kept stable at high pressure but revert upon decompression. Upon further compression,
the crystal can no longer accommodate these forced interactions, and an irreversible transition
occurs to release the imposed stress on the structure. The large pressure stability field of melamine,
combined with the interesting behavior of melamine adducts with pressure, indicate some potential
for using melamine-based substituted triazines or adducts to design functional crystals held together
by extensive pressure-stabilized hydrogen bonding networks.
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Appendix A

Table A1. Selected bond lengths and angles for melamine at 36.21(5) GPa (2015_10). Amino C-N-H
angles are set to 120◦ by the AFIX hydrogen bond command.

Bonded Atoms Length (Å) Atoms in Angle Angle (◦)

C(1)-N(1) 1.26(2) N(1)-C(1)-N(6) 121.5(6)
C(1)-N(6) 1.345(17) N(1)-C(1)-N(5) 118.1(12)
C(1)-N(5) 1.361(8) N(6)-C(1)-N(5) 120.4(14)
C(2)-N(2) 1.302(14) N(2)-C(2)-N(6) 120.1(6)
C(2)-N(6) 1.316(17) N(2)-C(2)-N(4) 115.8(11)
C(2)-N(4) 1.345(8) N(6)-C(2)-N(4) 124.1(10)
C(3)-N(5) 1.30(2) N(5)-C(3)-N(4) 125.8(8)
C(3)-N(4) 1.317(15) N(5)-C(3)-N(3) 117.3(10)
C(3)-N(3) 1.335(10) N(4)-C(3)-N(3) 116.9(14)
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Table A2. Atomic coordinates (×104) and equivalent isotropic displacement parameters (A2 × 103) for
carbon and nitrogen atoms melamine at 36.21(5) GPa (2015_10). Ueq is defined as one third of the trace
of the orthogonalized Uij tensor.

Atom X Y Z Ueq

C(1) 1771(16) 6196(8) 290(40) 11(1)
C(2) 1307(16) 4725(7) 3230(40) 9(1)
C(3) 634(16) 7829(8) 2330(40) 11(1)
N(1) 2234(14) 6180(7) 1340(40) 10(1)
N(2) 1280(12) 3193(7) 4440(30) 7(1)
N(3) 252(13) 9514(7) 2970(30) 10(1)
N(4) 586(15) 6305(7) 3570(40) 11(1)
N(5) 1098(13) 7850(7) 610(30) 10(1)
N(6) 2005(14) 4661(7) 1780(40) 11(1)

Table A3. Definitions of symmetry operators.

Atom Symmetry Operators

1 x, y, z − 1
2 −x + 1/2, y − 1/2, −z
3 −x + 1/2, y + 1/2, −z
4 x, y − 1, z
5 −x + 1/2, y − 1/2, −z + 1
6 −x, −y + 1, −z + 1
7 x Y + 1 z
8 −x −y + 2 −z
9 −x −y + 2 −z + 1

Table A4. Hydrogen bond D-H··A lengths and angles at 36.21(5) GPa (2015_10). Hydrogen bonds
linking to neighboring triazine ring nitrogen atoms are displayed in bold.

D-H··A Symmetry d(D-H) d(H··A) <DHA d(D··A)

N1-H1···N5_$2 0.935 1.792 155.72 2.672(8)
N1-H2···N6_$3 0.935 1.821 134.85 2.568(7)
N2-H3···N4_$5 0.865 2.16 126.5 2.763(12)
N2-H3···N6_$5 0.865 2.688 117.55 3.182(16)
N3-H6···N5_$8 0.886 1.89 139.51 2.628(18)
N2-H4···N4_$6 0.865 1.703 161.53 2.538(13)
N1-H1···N2_$1 0.935 2.481 120.73 3.067(18)
N1-H1···N3_$2 0.935 2.379 134.58 3.108(10)
N1-H2···N2_$3 0.935 2.477 127.01 3.131(14)
N2-H3···N1_$2 0.865 2.49 131.52 3.131(14)
N2-H3···N3_$4 0.865 2.152 122.47 2.717(10)
N2-H4···N3_$6 0.865 2.561 129.4 3.182(12)
N3-H6···N1_$3 0.886 2.546 121.95 3.108(10)
N3-H6···N2_$7 0.886 2.158 120.4 2.717(10)
N3-H5···N2_$6 0.886 2.565 127.35 3.182(12)
N3-H5···N3_$9 0.886 1.96 159.3 2.81(3)
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