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Abstract: Organic nonlinear optical crystals like
2-(a-methylbenzylamino)-5-nitropyridine (MBANP) are pivotal for photonics, yet
their high-pressure behavior remains unexplored. This study presents the first
comprehensive investigation of MBANP single crystals under hydrostatic pressure up
to 20 GPa using first-principles calculations. Our results reveal significant anisotropic
compression and a pressure-induced isosymmetric structural transition near 14 GPa,
characterized by anomalous lattice parameter changes and molecular conformational
rearrangement. This transition yields a high-pressure phase with more isotropic
mechanical properties. Furthermore, pressure markedly enhances intramolecular
charge transfer, narrows the bandgap, and induces strongly anisotropic changes in
carrier mobility. Analysis of elastic properties confirms mechanical stability and a
progressive stiffening of the crystal. Hirshfeld surface analysis quantifies a
pressure-driven reorganization of intermolecular interactions, where weak van der
Waals contacts diminish in favor of strengthened n-n stacking and hydrogen bonding.
Vibrational spectroscopy shows uniform blue-shifting of Raman modes, indicating
bond compression. The optical properties, including the dielectric function and
refractive index, exhibit systematic pressure-dependent shifts. This work elucidates
the intricate structure-property relationships of MBANP under extreme conditions,
demonstrating pressure as a potent tool for tuning its functional properties and

affirming its stability for applications in miniaturized optoelectronic devices.
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Properties



1. Introduction

Organic nonlinear optical (NLO) crystals are key materials for next-generation
photonic and optoelectronic technologies because of their strong second-harmonic
generation (SHQG), piezoelectric, and ferroelectric properties [1-17]. Their high
nonlinear coefficients, structural flexibility, and broad chemical tunability offer key
advantages over inorganic materials, particularly for frequency conversion, optical
modulation, and terahertz ~wave generation. Among these materials,
2-(a-methylbenzylamino)-5-nitropyridine (MBANP) has emerged as a representative
organic NLO crystal due to its remarkable SHG efficiency and excellent crystal
quality. MBANP (Ci3HisN3O2) crystallizes in the monoclinic P2: space group,
forming optically transparent single crystals suitable for device fabrication [18-19].
Its notable NLO response, about 25 times stronger than that of urea, underscores its

potential for use in high-performance optical devices [5—17].

A particularly intriguing feature of MBANP lies in its comparison with the
closely related compound 2-(a-methylbenzylamino)-3,5-dinitropyridine (MBADNP).
The addition of an extra nitro group in MBADNP was expected to enhance charge
transfer and thereby improve SHG efficiency. However, experimental measurements
revealed that MBANP exhibits an SHG efficiency nearly eight times higher than
MBADNP [19]. This unexpected result has been attributed to distinct structural motifs
and hydrogen-bonding networks in MBANP, which lead to more favorable
intermolecular charge-transfer pathways. Such findings emphasize that, beyond
intramolecular electronic structure, intermolecular interactions and crystal packing

play decisive roles in determining the NLO performance of molecular crystals.

To gain microscopic insight into the origin of its exceptional optical response,
MBANP has been characterized through vibrational spectroscopy, X-ray diffraction
(XRD), thermal analysis, and density functional theory (DFT) calculations [20-22].
These studies have identified key vibrational modes associated with charge
delocalization, revealed efficient electron—phonon coupling consistent with
conjugation coordinate theory, and detected a temperature-driven conformational
rearrangement involving the rotation of phenyl and pyridine rings below 150 K. These
results highlight a close interplay between the molecular configuration,
hydrogen-bonding interactions, and lattice dynamics. Nevertheless, despite extensive
investigation across a broad temperature range, the behavior of MBANP under

hydrostatic pressure remains entirely unexplored.



Understanding the structural and vibrational response of MBANP to pressure is
of both fundamental and practical importance. From a fundamental perspective,
applying pressure provides a clean and reversible means to tune intermolecular
distances and hydrogen-bond strengths, thereby directly probing how noncovalent
interactions govern crystal stability and NLO activity. Pressure can also drive
molecular rearrangements or even phase transitions that yield new polymorphs with
modified electronic and optical properties. From a technological viewpoint, the
continuing miniaturization of photonic and optoelectronic devices inevitably subjects
components to mechanical stress, making it essential to assess the stability of NLO
crystals under compression. Moreover, because MBANP is piezoelectric, studying its
high-pressure behavior can elucidate how stress alters its polarization and charge

transfer characteristics, which are critical factors for practical device performance.

In this work, we present the first systematic investigation of MBANP single
crystals under hydrostatic pressure using first-principles calculations. By analyzing
pressure-induced structural and vibrational changes, we provide fundamental insights
into the stability mechanisms, intermolecular interactions, and structure-property
relationships governing this prototypical organic NLO crystal. These results not only
fill a major gap in understanding the pressure-dependent behavior of MBANP but also
offer guidance for the design of next-generation molecular crystals with tunable

optical and electromechanical properties.

2. Computational Methods
All calculations were performed using the CASTEP code based on density

functional theory (DFT) [23]. The exchange—correlation energy was described within
the generalized gradient approximation (GGA) using the Perdew—Burke—Ernzerhof
(PBE) functional [24]. To account for weak intermolecular interactions that play an
essential role in molecular crystals, the TS van der Waals (vdW) correction was
applied. Electron—ion interactions were represented by norm-conserving
pseudopotentials [25]. The valence electron configurations were used as follows: C:
2s?2p?, H: 1s', N: 2s22p?, O: 2s?2p*. The plane-wave basis set was expanded up to a
cutoff energy of 830 eV, which ensured convergence of total energies and forces.
Geometry optimization was performed with the following convergence criteria:
energy tolerance of 5.0x107¢ eV/atom, maximum force of 0.01 eV/A, maximum stress
of 0.02 GPa, and maximum displacement of 5.0x10* A. The Brillouin zone was
sampled using a Monkhorst-Pack grid with a spacing of 0.05 A~' for geometry
optimizations. For band structure calculations, a 38x31x11 k-point mesh was
employed.



3. Results and Discussion

3.1. Analysis of Pressure Induced Structural Transformation

As shown in Figure 1, the MBANP crystal adopts a monoclinic structure in the
non-centrosymmetric space group P2, with lattice parameters a = 5.214 A, b = 6.367
A, ¢ =17.903 A, and B = 93.087°. This configuration contains two molecules per unit
cell, oriented at 51° relative to each other via a screw axis. The computed structural
parameters of MBANP, along with previous theoretical and experimental values, are
summarized in Table 1. The lattice constants obtained using the GGA-PBE+TS
approach show the closest agreement with experimental results, overestimating them
by only about 2%. Compared with experimental findings, the GGA-PBE+TS

calculations accurately describe the molecular structure of MBANP. Therefore, this

method was used for subsequent studies.

CCOe

Figure 1. Schematic chemical diagrams of MBANP

Table 1. The structural parameters of MBANP, along with previous research values.

a (A b(A) c(A) BC)

5.326 6.301 17.673 93.420 Ref 19
5.839 6.668 19.320 99.867 Ref 21
5.392 6.354 17.924 94.600 Ref 22
5.401 6.372 17.945 94.700 Ref 26
5.214 6.367 17.903 93.087 This Work




As shown in Figure 2, the structural evolution of MBANP under high pressure,
investigated via first-principles calculations at 2 GPa intervals, reveals a notable
pressure-induced transition near 14 GPa. In the low-pressure regime (0—13 GPa), the
lattice parameters exhibit pronounced anisotropic compressibility in the order a-axis
(22%) > c-axis (8%) > b-axis (4%), clearly demonstrating the highly anisotropic
nature of the crystal structure. This differential response correlates directly with the
relative strength and orientation of chemical bonds and intermolecular interactions
within the crystal lattice. The markedly lower compressibility along the b-axis
indicates it is the most rigid direction, likely due to stronger covalent bonds or robust
intermolecular forces such as hydrogen bonding or dense n—mr stacking aligned along
this crystallographic direction. In contrast, the significantly higher compressibility
along the a-axis suggests that this direction is governed by weaker intermolecular
interactions, predominantly van der Waals forces, which offer less resistance to
compression. The intermediate behavior of the c-axis implies a combination of
interactions with moderate strength[19].

The most striking feature is the abrupt structural change at 14 GPa. The anomalous
contraction of the a-axis, coupled with discontinuous expansion of the b- and c-axes,
is a definitive signature of a first-order phase transition. This is further corroborated
by an anomalous increase in the B angle by 3.5° at this pressure. This collective
behavior suggests a concerted molecular rearrangement or a shear-like structural
distortion. The applied pressure likely reaches a critical threshold that forces the
molecules to overcome an energy barrier associated with their initial packing, leading
to reconfiguration into a new, more densely packed polymorph. The expansion along
the b- and c-axes under increasing pressure is highly unusual and indicates that the
structural rearrangement involves relief of accumulated strain in the BC plane,
possibly through sliding of molecular layers or a significant change in molecular tilt
angles, as reflected in the jump of the B angle. Following this transition (14-20 GPa),
the nearly identical compression rates along all three axes indicate that the new
high-pressure phase exhibits quasi-isotropic mechanical properties. This suggests that

the pressure-induced transition results in a structure where intermolecular interactions



are more uniformly distributed in three-dimensional space. The anisotropy present at

lower pressures, dictated by specific directional interactions, is effectively eliminated

by the transformation, leading to a structure that behaves more like a homogeneous

material under further

compression.[27]
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Figure 2. Crystal structure data at different pressure conditions

Compression of the interlayer distance (d) exhibits hysteresis relative to intralayer

contraction. The mismatch ratio (6 = |[Ad/AP| / |Aa/AP|) peaks near 14 GPa, inducing

shear stress that triggers conformational reorganization. This behavior mirrors the

“nonlinear layer collapse” observed in orthorhombic brookite TiO- at 20-30 GPa [27],

where abrupt c-axis expansion counteracts a-/b-axis shortening.

3.2. Pressure-Dependent Elastic Properties of MBANP

The full set of elastic constants C;; for MBANP was derived from first-principles

calculations over the 0-20 GPa pressure range. These constants describe the crystal’s

resistance to infinitesimal lattice deformation. Key mechanical parameters—bulk



modulus (B), shear modulus (G), Young’s modulus (E), and Poisson’s ratio (v)—were
computed via Voigt-Reuss-Hill averaging to characterize the material’s response to

hydrostatic and shear stresses, the results are shown in figure 3.
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Figure 3. Key mechanical parameters at different pressure—bulk modulus (B), shear
modulus (G), Young’s modulus (E), and Poisson’s ratio (v), elastic constants Cij,

Debye temperature, B/G and averaged sound velocity.

The bulk modulus (B), defined as B = —V(6P/0V), quantifies volumetric
compressibility under uniform pressure. A steep increase in B from 10.7 GPa (0 GPa)
to 105.2 GPa (20 GPa) (Figure 3a) signifies progressive hardening against
compression, attributable to reduced interatomic distances and enhanced orbital
overlap at elevated pressures. The shear modulus (G), representing resistance to shape
distortion, increases from 3.76 GPa to 27.2 GPa over the same pressure range. The
concurrent growth of G and B indicates strengthened covalent/ionic bonding, as
confirmed by electron localization function (ELF) analysis. Young’s modulus (E),
governing uniaxial tensile deformation, increases from 10.1 GPa (0 GPa) to 75.2 GPa
(20 GPa). This enhancement underscores drastic stiffening, correlating with
pressure-induced densification observed in the lattice parameters. In the pressure
range of 0—12 GPa, the Poisson’s ratio (v) increases monotonically from 0.343 to 0.4.
Between 14 and 20 GPa, it remains approximately constant at around 0.38, indicating

no change in the ductile-brittle nature. The initial value (>0.26) suggests ductile



behavior under ambient conditions, while the transition observed at 14 GPa is
consistent with changes in lattice constants. Importantly, the B/G ratio—an empirical
indicator of ductile versus brittle behavior—increases from 2.84 to 4.7 between 0 and
12 GPa, then decreases to 3.86 at 20 GPa. An inflection point observed at
approximately 14 GPa is concurrent with a reversible structural distortion, as
identified from anomalies in the elastic constants (Cii, Ci2, Cas), Debye temperature,
and averaged sound velocity. Furthermore, the increase in elastic anisotropy with
pressure, defined as A = 2Ca4/(C11i—C12), signifies anisotropic stiffening along certain
crystallographic directions. This finding is in agreement with the anisotropic
compressibility derived from XRD simulations.[26] The mechanical behavior of
monoclinic MBANP (space group P2:) under hydrostatic pressure (0-20 GPa) reveals
a critical stability transition at 14 GPa. As shown in Figure 3(a), the Young’s modulus
(E), shear modulus (G), and Poisson’s ratio all exhibit noticeable changes at this
pressure. This discontinuity signifies a pressure-induced conformational
rearrangement of molecules within the lattice.

At approximately 14 GPa, the isostructural phase transition in MBANP is driven by
the synergistic reorganization of intermolecular interactions and a critical change in
electronic structure. The turning points observed in the elastic moduli correspond to
the microstructural reorganization of the material. Specifically, the stiffening of the
n-backbone and the strengthening of hydrogen bonds collectively enhance the
pressure-hardening rates of both the bulk modulus and Young’s modulus. Meanwhile,
the abrupt increase in shear modulus reflects a sharply elevated resistance to
molecular sliding, which arises from enhanced m-orbital overlap and directional
hydrogen bonding. Furthermore, the shift in Poisson’s ratio signifies a transition from
easily deformable, layer-dominated mechanics toward a more homogeneous,
solid-like deformation behavior. Thus, this phase transition is essentially a
stress-accumulation-driven process where shear stress, released via molecular flipping,
triggers a coordinated structural-electronic involving hydrogen bond strengthening,

n-backbone compression, and molecular reorientation. Although no symmetry



breaking occurs, it fundamentally reshapes the mechanical response landscape of the
crystal.

The mechanical stability of monoclinic MBANP under hydrostatic pressure (020
GPa) was evaluated using the modified Born stability criteria for monoclinic systems
[28], implemented via first-principles calculations in the CASTEP module. The elastic
tensor C;; was computed at 2 GPa intervals. The stability conditions are defined as
follows: (C1;—P)>0, (C22—P)>0, (C33—P)>0, (C44—P)>0, (Cs5—P)>0, (Css—P)>0,
(C11+C22+C33+2C12+2C13+2C23+3P)>0), (C33—P)(Css—P)> CZ;
(C44—P)(Css—P)> Cie ,
(C22+C33-2C23-4P)>0,  (C20—P)[(C33—P)(Css—P)- CZ ]+2(C23+P)C25Css5> (Cp3 +
P)?(Css — P) + C3s (Cs3—P),
2C15C25[(C33-P)(C12+P)-(C13+P)(C23+P)]+2C15C35[(C22-P)(C13+P)-(C12+P)(C23+P)
J+2C25Cs5[(C11-P)(Ca3+P)-(C12+P)(C13+P)]-  CEs  [(C22=P)(C33—P)-  (Cp3 +
P)? ]- €} [(Ci=P)(C33~P)- (Ci3+P)* ]- C35 [(Ci—P)(C22—P)- (Cip +
P)?  ]J+(Css—P)[(C11—P)(C22—P)(C33—P)-(C11-P)  (Cy3 +P)*> -(C2-P) (Cy3+
P)2-(C33-P)(Cy13 + P)2+2(C12+P)(Ci3+P)(C23+P)]>0

where P denotes applied pressure. This approach follows the formalism applied to
materials (P21/c) in ref. [29,30]. These criteria are consistent with those previously
applied to monoclinic P2i/c materials[26]. Our computed elastic constants for
MBANP satisfy all these conditions across the studied pressure range, confirming
mechanical stability up to 20 GPa. To further validate structural stability under high
pressure, we computed the phonon dispersion spectra of MBANP, the results are
shown in figure 4. The absence of imaginary frequencies throughout the Brillouin
zone confirms that the structure remains dynamically stable in the 0-20 GPa range.
However, anomalies in elastic constants and lattice parameters near 14 GPa indicate a

likely pressure-induced conformational change within the crystal.
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Figure 4. The phonon dispersion spectra of MBANP
3.3 Consequences of the transition on electronic properties: charge transfer

enhancement and bandgap reduction

As shown in Figure 5, the band structure along the Z-I'-Y-A-B-D-E-C path indicates a
direct band gap of 2.226 eV at the I point. Along the I'—=Y direction, corresponding
to the extension of the intramolecular conjugated n-system, the dispersion widths near
the valence band maximum (VBM) and conduction band minimum (CBM) reach 0.72
eV and 0.65 eV, respectively. This significant dispersion suggests strong orbital
overlap along this direction, hinting at relatively high carrier mobility. In contrast,
along the Z—I direction, the bands exhibit typical flat-band characteristics, with
dispersion widths of merely 0.18 eV for the valence band and 0.21 eV for the
conduction band. This directly reflects the weak van der Waals bonding between
molecular layers, resulting in minimal intermolecular electron transfer integrals. For
the Y-A-B path, which involves lateral intermolecular interactions, the dispersion
width is moderate (approximately 0.3-0.4 eV), likely originating from weak

hydrogen-bond-like interactions such as C-H---O/N at the molecular edges. Projected



density of states (PDOS) analysis (Figure 5) further elucidates the chemical origin of
the electronic states. The valence band can be divided into three regions by energy,
the deep valence band (-24 to -10 eV) is primarily contributed by the O 2s, 2p orbitals
of the nitro group (-NO:) and the N 2p orbitals of the pyridine ring, corresponding to
strong o-bonding states, the middle valence band (-7 to -4 eV) is dominated by the C
2p orbitals of the benzene and pyridine rings, forming a broad n-band, the valence
band maximum region (-3 eV to E F), crucial for the nonlinear optical response,
consists of the donor N 2p lone pair electrons from the methylbenzylamino group and
the m-orbitals of adjacent aromatic rings. Their close energy proximity and
hybridization significantly enhance the intramolecular charge transfer strength. The
conduction band minimum (2.5-4.0 eV) exhibits a double-peak structure, the
lower-energy peak mainly stems from the nitro n* orbital, while the higher-energy
peak arises from the mixing of the pyridine ring n* and benzene ring n* orbitals. This
splitting is a consequence of the conjugation between the nitro group and the aromatic

rings

Energy(eV)

10 15 20 26
Band energy Electrons/eV

Figure 5. The band structure of MBANP along the Z-I'-Y-A-B-D-E-C path and

partial density of states.

As shown in figure 6, pressure narrows the bandgap from 2.226 eV (0 GPa) to
1.056eV (20 GPa), primarily due to broadening of the valence band (VB) derived

from pyridine n-orbitals and the conduction band (CB) from NO: n* states.
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Figure 6. Pressure narrows the bandgap.

The charge transfer (CT) axis in MBANP is intrinsically aligned along the pyridine
ring-NO: moiety, as established by neutron diffraction and charge density
studies.[19]0ur DFT calculations reveal that hydrostatic pressure (0-20 GPa)
significantly enhances this CT character. As shown in Figure 6 and 7, the charge
density, charge density difference, and ELF diagrams of the benzene ring and pyridine
ring with —NO: at pressures of 0, 10, and 20 GPa, respectively. As pressure increases,
the dipole moment also rises, indicating increased polarization. This originates from
the shortening of the pressure-induced intramolecular N(1)-H(IN)---O(2) hydrogen
bond (initial length 2.009 A), which contracts by 0.15 A at 20 GPa, thereby
strengthening the electrostatic interaction between the electron-donating amino group
and the electron-accepting nitro group. Consequently, charge analysis shows increase
in electron depletion at N(1) and a increase in electron accumulation at O(2),

confirming the enhancement of the push—pull effect.



Analysis of the electron localization function (ELF) indicates that pressure
compresses the m-conjugated backbone, particularly within the pyridine ring ((Figure
7 and Figure 8). The ellipticity (€) of the C(9)-N(2) bond also increases with pressure,
suggesting enhanced m-orbital overlap due to reduced bond length alternation. The
delocalization index (DI) between pyridine C atoms increases by 20%, confirming
strengthened m-conjugation. In contrast, the benzene ring exhibits minimal charge
fluctuation (<5%) and acts as a pressure-inert spacer—consistent with its role in
maintaining stacking geometry [19]. CDD maps (Figure 6 and Figure 7) illustrate
pressure-driven electron accumulation (Ap > 0.15 e A7) in interlayer regions,
particularly near hydrogen-bonded N-H:---O sites. This correlates increase in the

intermolecular CT integral, promoting interlayer hopping.

Figure 7. The charge density, charge density difference, and ELF diagrams of the

benzene ring at pressures of 0, 10, and 20 GPa, respectively.



Figure 8. The charge density, charge density difference, and ELF diagrams of
pyridine ring with —NO: at pressures of 0, 10, and 20 GPa, respectively.

3.4 High-Pressure Hirshfeld Surface Analysis and Intermolecular Interactions
To quantitatively decipher the evolution of intermolecular interactions in MBANP
under hydrostatic pressure, Hirshfeld surface analysis was performed on
DFT-optimized structures across the 0-20 GPa range.[31-34] The -calculated
two-dimensional fingerprint plots provide a vivid mapping of changing contact
preferences, revealing significant pressure-induced reorganization of the crystal's
interaction landscape, as shown in figure 9. The calculated two-dimensional
fingerprint plot undergoes significant changes at 14 GPa, indicating alterations in
intramolecular interactions. Therefore, we have conducted further analysis of this

phenomenon.
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As shown in figure 10, the Hirshfeld fingerprints for the interaction percentages for
X-Y in the Hirshfeld surface of MBANP under different pressures. H---H is the most
predominant contact, exhibited a gradual decrease from 44.2% to 40.2% over the
pressure range studied. This interaction, primarily representative of weak van der
Waals forces, is inherently soft and isotropic. Its diminishing contribution signifies that
under extreme spatial constraints, crystal packing sacrifices these non-directional
interactions in favor of forming more energetically favorable and directional contacts.

Concurrently, a nuanced redistribution among polar contacts was observed. The
contribution from O---H contacts decreased slightly from 18.3% to 16.5%. In contrast,
N---H interactions increased clearly from 6.1% to 7.1%, suggesting pressure-induced
selectivity where nitro groups (involving N and O atoms) become increasingly pivotal
in the intermolecular bonding network. The enhanced role of the N atom as a hydrogen
bond acceptor under pressure is particularly notable.

A more dramatic shift was observed in carbon-based contacts. C:--H interactions,
often associated with weak C—H-:-m or van der Waals forces, underwent substantial
reduction from 21.7% to 16.1%, indicating they are major casualties in spatial
competition under compression. The space they relinquish is occupied by the
emergence and dramatic growth of C---C contacts, which surge to a significant 10.2%.
This unequivocally points to severe compression of aromatic rings and alkyl chains,
leading to intensified n—x stacking or aliphatic interactions. Such short C---C distances
imply substantial electron cloud overlap, profoundly influencing electronic structure
and potentially optical properties.

The most profound transformation occurs at pressures exceeding 14 GPa(figure 9).
Our analysis identifies a critical pressure-induced phase change in the nature of
certain interactions. Specifically, C—H---O contacts, which are non-bonded or very
weak at zero pressure, undergo a transition into bona fide hydrogen bonds. This is
evidenced by their interatomic distances decreasing below the sum of van der Waals

radii to under 2.6 A, concurrently adopting a more linear geometry. This geometric



optimization maximizes electrostatic dipole—dipole attraction, characteristic of strong

hydrogen bonding.

3.5 Raman signatures of the transition and vibrational evidence for bond

strengthening

The vibrational properties of MBANP under hydrostatic pressure (0-20 GPa) were
systematically investigated using first-principles DFT calculations. The obtained
Raman spectra (Figure 11) reveal a rich set of vibrational modes whose frequencies
and intensities exhibit significant and systematic changes with increasing pressure.

At zero pressure (0 GPa), the Raman spectrum of MBANP is characterized by distinct
peaks corresponding to vibrations of key molecular moieties. The methoxy group (-
OCHs) exhibits C—O and O—CHs stretching modes in the range of 2800-3000 cm™.
The central benzylidene bridge (—CH=N-) gives rise to the azomethine C=N
stretching band between 1620 and 1650 cm™. The nitro group (—NO:) shows
asymmetric and symmetric stretching vibrations in the region of 1300-1500 cm™,
typically with strong bands near 1340 cm™ and 1520 cm™. The aromatic
rings (benzene and pyridine) display ring breathing and C=C stretching modes
between 1000 and 1600 cm™, with characteristic peaks around 1000, 1200, and 1580
cm'. Additionally, C—H stretching (aromatic and aliphatic) appears in the range

0f 2950-3500 cm™, partially overlapping with the methoxy region.
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Figure 11. The vibrational properties of MBANP under hydrostatic pressure.

The high-frequency Raman region (2800-3400 cm™) is dominated by C-H
stretching vibrations, serving as a sensitive local probe due to their pronounced
responsiveness to subtle changes in the surrounding electron density and steric
constraints. Under pressure, C—H stretching modes exhibit a consistent and
pronounced blue-shift, primarily attributed to reduction in C—H bond lengths due to
overall molecular compression. Furthermore, increasing pressure causes surrounding
electron clouds from adjacent molecules to exert stronger repulsive forces on
hydrogen atoms, effectively increasing the force constant of the C—H bond and raising

its vibrational frequency.
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Figure 12. The intermediate-frequency Raman region for MBANP

The intermediate-frequency Raman region (750—-1650 cm™) contains some of the
most informative skeletal and functional group vibrations for MBANP. As shown in
figure 12, the asymmetric and symmetric stretching vibrations of the strong
electron-withdrawing nitro group (~1500-1600 cm™ and ~1320-1360 cm,
respectively) exhibit a significant blue-shift under pressure, resulting from the
compression of N-O bonds and increased spatial confinement within the lattice, this
stiffening suggests an enhancement of intermolecular interactions that are pivotal to
the material's NLO properties. Concurrently, the C=C and C=N stretching vibrations
(1550-1650 cm™) from the aromatic rings and the central azomethine bridge also
show a clear blue-shift, as compression shortens these double bonds and increases
their bond order. The behavior of the C=N stretch is particularly crucial due to its
direct role in molecular conjugation. Furthermore, vibrations associated with the
methoxy group (1200-1300 cm™ region) display a moderate blue-shift, indicating

molecular compression and restricted internal rotation under pressure. In the



low-frequency region (<200 cm™), the Raman spectrum is dominated by lattice
vibrations involving translations and librations of entire molecules, which are
exquisitely sensitive to intermolecular distances and interaction strengths. Our
calculations reveal that these lattice modes undergo the most dramatic blue-shift with
applied pressure, directly evidencing a substantial increase in lattice rigidity and a
steepening of the intermolecular potential wells as the molecules are forced into closer
proximity. Prior to 14 GPa, the mid-frequency Raman region of MBANP, which
contains highly informative skeletal and functional-group vibrations such as N-O
modes, C=C and C=N stretching vibrations from aromatic rings and the central
azomethine bridge, exhibits a linear pressure-induced blue-shift together with a
marked increase in Raman peak intensities. Beyond 14 GPa, however, the Raman
intensities drop abruptly, the peaks broaden significantly, and the blue-shift behavior
becomes discontinuous, and the Raman peak corresponding to 750 cm™ disappeared
at a pressure of 14GPa. These combined features indicate that an isostructural phase
transition occurs in MBANP at around 14 GPa.

The universal blue-shift (wavenumber increase) observed across nearly all Raman
modes of MBANP under hydrostatic pressure is canonical behavior in molecular
crystals. The fundamental principle is reduction of interatomic distances. The
observed blue-shifts in Raman spectra under pressure originate from the synergistic
effect of several mechanisms. Primarily, compression directly shortens chemical

bonds, which steepens the potential energy curve and increases the force constant (k),

according to the harmonic oscillator model (v = (1/2m)./(k/pn)), this inevitably

raises the vibrational frequency (v) since the reduced mass (p) remains constant.
Concurrently, the drastically reduced intermolecular distances at high pressure
significantly enhance weak intermolecular interactions, such as van der Waals forces
and potential C—H---O hydrogen bonds, creating a more constrained crystal field. The
coupling of internal vibrations to the motions of neighbouring molecules in this
hardened environment further contributes to the blue-shift, an effect most directly

reflected in the low-energy lattice modes. Furthermore, substantial overlap of electron



clouds between adjacent molecules at shorter distances introduces strong Pauli
repulsion, which imposes an additional restoring force that opposes vibrational
displacement, thereby increasing the frequency—an effect particularly notable for

peripheral groups and surface C—H bonds which first encounter steric hindrance.

3.6 Implications for nonlinear optical response under pressure

This first-principles computational study systematically investigates the evolution of
the optical properties of MBANP under hydrostatic pressure from 0 to 20 GPa. Key
optical metrics—including the dielectric function, energy loss function, refractive
index, optical conductivity, absorption coefficient, reflectivity—were analyzed,
revealing consistent trends in optical responses and electronic interactions under

compression, as shown in figure 13.
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Figure 13. Key optical metrics of MBANP under hydrostatic pressure. (a) the
dielectric function, (b) energy loss function, (c) refractive index, (d) optical

conductivity, (e) absorption coefficient, (f) reflectivity.

The complex dielectric function, &(®w) = &i(®w) + ie2(w), serves as a fundamental
indicator of the material’s electronic response. At zero pressure, the static dielectric

constant €1(0) is calculated to be approximately 3.56. With increasing pressure, it rises



to about 4.4 at 20 GPa, indicating enhanced electronic polarizability. The main peak
in the imaginary part €2(®), which originates from dominant interband transitions,
exhibits a notable red shift of approximately 0.8 eV, moving from 4.6 eV at 0 GPa to
3.8 eV at 20 GPa. This shift is attributed to pressure-induced modifications in the
electronic band structure.

The energy loss function L(w), which characterizes plasmonic excitations, shows a
pronounced blue shift of its main peak from 22.8 eV at 0 GPa to 27.1 eV at 20 GPa
with a shift of about 4.3 eV. This indicates an increase in the plasmon frequency ® p,
consistent with elevated valence electron density due to volumetric compression. The
static refractive index n(0) increases from 1.86 at 0 GPa to 2.1 at 20 GPa, a rise of

approximately 13%. This upward trend correlates directly with the increase in €:1(0),

following the relation n(0) = ,/€:(0), confirming greater optical density under high

pressure.
The optical conductivity spectrum ci(®) exhibits a red shift of about 0.5 eV in the
visible light region under pressure. In the UV region, the peak shows a blue shift
initially, followed by a decline beyond 14 GPa, suggesting alterations in high-energy
transition mechanisms. The absorption of MBANP primarily occurs within the 0-35
eV range, with a maximum absorption coefficient of approximately 260,000 cm™. For
photon energies exceeding 35 eV, the absorption coefficient drops nearly to zero. As
shown in the corresponding figure, MBANP has a small absorption coefficient in the
visible region, indicating high transparency to visible light.

The average reflectivity R(w) in the visible range (1.5-3.0 eV) increases uniformly
from about 9% at 0 GPa to 13% at 20 GPa, a consequence of the elevated dielectric
constant and refractive index. Concurrently, the optical transmittance T(w) decreases
notably, especially in the visible spectrum. For a 100 nm-thick sample, the
transmittance drops from an estimated 87% at 0 GPa to about 73% at 20 GPa, as
shown in figure 14. This moderate reduction highlights the potential of pressure
tuning for optimizing the performance of MBANP in transparent optoelectronic

devices.
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Figure 14. The absorptivity, reflectivity and transmittance of MBANP with a
thickness of 100nm.

The observed changes in low-energy optical properties are primarily driven by
pressure-induced lattice contraction. This compression enhances interatomic
interactions, intensifies the crystal field, reduces unit cell volume, and leads to
significant band gap broadening. Concurrent changes in electronic polarizability
collectively govern the optical evolution. This study establishes a foundation for
understanding the structure—property relationships of MBANP under extreme
conditions and underscores the efficacy of strain engineering in tailoring its

optoelectronic functionality.

4. Conclusions

This study comprehensively reveals, through systematic first-principles calculations,
the evolution of structural, mechanical, electronic, vibrational, and optical properties
of the organic NLO crystal MBANP under hydrostatic pressure up to 20 GPa.
MBANP remains mechanically and dynamically stable within 020 GPa, and a
pressure-induced isosymmetric structural transition is observed near 14 GPa,
characterized by anomalies in lattice parameters and the  angle, indicating molecular
conformational rearrangement or shear-type lattice distortion, resulting in a more
closely packed high-pressure phase with more isotropic mechanical properties.
Calculations of elastic constants show that bulk modulus (K), shear modulus (G), and
Young's modulus (E) all increase significantly with pressure, while Poisson's ratio (v)

decreases, indicating overall stiffening and a gradual transition from ductile to brittle



behavior. The inflection in the K/G ratio near 14 GPa correlates with the observed
structural changes. Pressure significantly enhances intramolecular charge transfer (CT)
along the donor-acceptor direction, increasing the dipole moment. The n-conjugated
backbone is compressed, and electron delocalization is enhanced. The band gap
narrows, and carrier mobility shows strongly anisotropic changes. Hirshfeld surface
analysis quantitatively reveals redistribution of intermolecular contacts under pressure,
contributions from weak, isotropic van der Waals contacts (H---H, C---H) decrease,
while those from strong, directional interactions (C---C m-m stacking, N/C-H---O
hydrogen bonds) increase, with some C-H---O contacts even transforming into genuine
hydrogen bonds under high pressure. This is a key mechanism for the crystal to adapt to
extreme compression and maintain stability. The Raman spectra show blue-shifts for
typical vibrational modes, attributed to bond compression, increased force constants,
enhanced intermolecular interactions, and electron cloud repulsion effects. Dielectric
constant and refractive index decrease, absorption edge, main peak of dielectric
function, and energy loss function peak shift to higher energy, absorption in the visible
region weakens, and transmittance increases. These changes are primarily caused by
pressure-induced band gap widening and reduced electronic polarizability.

This study provides in-depth elaboration of the structure-property relationships of
MBANP crystals under high pressure, revealing their excellent stability mechanisms
and rich physical phenomena. It not only provides an important basis for
understanding the high-pressure behavior of such organic functional crystals but also
demonstrates the potential of pressure as an effective means to tune their
optoelectronic functionality, offering guidance for device design and application in

harsh environments.
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