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Abstract

We report a theoretical investigation of the structural and optical responses of a

molecular crystal based on a push-pull chromophore subjected to increasing isotropic

pressure ranging from 1 to 30 kbar. Geometry optimizations at the DFT level re-

veal pronounced changes in unit cell parameters, particularly along the stacking and

charge-transfer directions, accompanied by significant volume compression, reaching

17% at the highest pressure. Pressure also alters key intramolecular torsional angles

and intermolecular stacking geometries, with non-linear variations and discontinuities

observed in the evolution of these parameters. Time-dependent DFT calculations on
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pressure-adapted geometries of molecular dimers show that these structural changes

lead to abrupt shifts in excited-state energies, oscillator strengths, exciton localization,

and charge-transfer character. The external pressure is also shown to strongly influence

the second-harmonic generation (SHG) response of the dimers, which are considered

representative of the stacking arrangements in thin films. As rationalized using a

truncated sum-over-states (SOS) approach, the pressure-induced variation in the SHG

response is closely linked to changes in the charge-transfer character and absorption

strength of a small set of low-lying excited states. Overall, our calculations indicate

that increasing the external pressure from 1 to 30 kbar leads to an 11% decrease in the

static first hyperpolarizability of the dimer. The dynamic first hyperpolarizability com-

puted at an incident wavelength of 800 nm evolves non monotonically with pressure,

exhibiting a maximum around 8 kbar due to resonance effects at the second harmonic,

and overall reduction of 74% from 1 to 30 kbar. These results suggest that external

pressure provides an effective means to modulate the nonlinear optical properties of

2D materials based on these push–pull chromophores.

Introduction

Responsive materials whose optical responses can be reversibly tuned by external stimuli are

of considerable interest for modern photonics and optoelectronics.1–4 Among them, nonlinear

optical (NLO) materials play a central role, underpinning key technologies such as frequency

conversion, optical signal processing, electro-optic modulation, optical switching, and high-

density data storage. Organic materials based on π-conjugated chromophores are especially

promising in this context, owing to their large optical nonlinearities, structural versatility,

and the strong sensitivity of their electronic properties to changes in molecular conformation,

packing, and intermolecular interactions.5–13

Among the various external stimuli that can be exploited, mechanical pressure offers a

direct and powerful means to modulate these interactions in the solid state. Controlling

2
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the optical properties of organic solids based on π-conjugated chromophores through the

application of external pressure is indeed crucial for a wide range of advanced applications,

including mechanically responsive optoelectronic and photonic materials, pressure-sensitive

sensors, stress-controlled optical modulation schemes and energy-harvesting systems.14–19 In

this context, mechanochromic and mechanofluorochromic materials, exhibiting changes in

absorption and emission properties, respectively, in response to mechanical stimuli such as

grinding, pressing, shearing or stretching, have attracted considerable interest.20 Recent ex-

amples include donor-acceptor type fluorophores such as phenylenevinylene oligomers,21,22

diphenylamine23 and triphenylamine24 derivatives, organoboron complexes,25,26 carbazole-

based conjugates,27 molecular co-crystals,28 diketopyrrolopyrrole-based materials,29 as well

as pyridylvinylanthracene-based compounds,30,31 which exhibit pronounced and reversible

mechanoresponsive optical behaviour driven by changes in molecular packing or π−π inter-

actions.

Going beyond linear optical responses, NLO properties such as Second Harmonic Genera-

tion (SHG) of organic solids can also be tuned by mechanical stimuli, spanning stress-driven

mechanochromic NLO materials and hydrostatic pressure–tunable NLO systems. Recent

studies have shown that mechanical damage and deformation can have a direct impact on

NLO responses in organic crystals. For instance, mechanical fracturing of self-healing or-

ganic NLO crystals based on dibenzoate derivatives leads to a decrease in SHG intensity at

crack sites, with SHG intensity being restored after healing.32 Mechanical bending or twist-

ing can also largely modify the SHG intensity in flexible molecular crystals.33–35 Regard-

ing pressure–tunable NLO materials, early studies by Drickamer et al. demonstrated that

phase transition triggered by hydrostatic compression in organic crystals are accompanied

by significant variations in the SHG intensity.36,37 Pressure-induced conformational changes

in weakly hydrogen-bonded molecular crystals, arising from the collapse of supramolecu-

lar frameworks, have been shown to significantly modify the SHG efficiency.38 Amino acids

such as sarcosine, which has shown potential for NLO applications, exhibit large variations

3
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in their optical properties under hydrostatic pressure.39 In organic–inorganic systems such

as hybrid perovskites, compression has been shown to enhance organic–inorganic interac-

tions and induce structural distortions, leading to a substantial increase in SHG intensity.40

Furthermore, SHG has been employed as a sensitive probe of pressure-induced structural

ordering in thin films.41

In this context, Roncali and coworkers reported, over a decade ago, theNLO mechanochromic

behaviour of a material based on a push-pull chromophore.42 This chromophore features a

diphenylamine (DPA) donor unit N-substituted with an oligo-oxyethylene chain, linked via a

thienyl (Th) π-conjugated spacer to a dicyanovinyl (DCV) acceptor group (Figure 1b). In the

crystalline state, both head-to-tail and face-to-face molecular arrangements were observed.

Notably, thin-film interfaces of this compound, presumed to retain the non-centrosymmetric

face-to-face aggregation found in the crystal, were shown to generate a SHG signal under

800 nm laser excitation. The disappearance of this NLO response upon mechanical smear-

ing of the film suggested that SHG originates from ordered crystalline domains, and that

mechanical disruption of the local non-centrosymmetric structure leads to extinction of the

SHG signal. This interpretation was further supported by thermal annealing experiments:

annealing temporarily suppressed the SHG signal, which gradually reappeared after approxi-

mately 30 minutes under ambient conditions, indicating a reorganization toward the original

molecular packing.

In this work, we present a computational study aimed at providing deeper insight into the

role of molecular aggregation and of external mechanical stress on the linear and nonlinear

optical responses of this material, hereafter referred to as DPA-Th-DCV. Our computational

strategy relies on the combined use of periodic density functional theory (DFT) to model the

crystal structure under increasing isotropic pressure (from 1 to 30 kbar) and time-dependent

(TD) DFT calculations to evaluate the associated linear and nonlinear optical responses.

This approach allows for the rationalization of the evolution of the optical properties based

on the impact of an applied mechanical constraint on the geometry and spatial organisation

4
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of the molecular units within the crystal. The results demonstrate how fine-tuning of inter-

molecular interactions through pressure offers a viable strategy for the controlled modulation

of the optical properties in this push-pull system.
 

 
(a) 

(c) (d) (e) 
Torsion angle θ1 
Torsion angle θ2 

Thiophenyl Planes 
Phenyl Planes 

!1 
!2 

θ1 θ2 

(b) 

N
CN

NC S
O

O

Figure 1: Top: Scheme of the optimized crystal structure (a), and chemical structure of
DPA-Th-DCV (b). Bottom: Molecular dimer (c) extracted from the unit cell for subsequent
calculations of the optical properties. The torsion angles θ1 and θ2 discussed in the text are
also defined. Angles between the planes of the phenyl rings (γ1) (d) and between the planes
of the thiophenyl rings (γ2) of the two monomers (e).

Computational Methods

Geometry Optimizations and Calculation of Molecular Optical Prop-

erties

Geometry optimizations of DPA-Th-DCV conformers were carried out using DFT with the

Gaussian 16 program,43 using the CAM-B3LYP44 exchange-correlation functional (XCF)

with the Grimme D3 empirical dispersion correction45 and the 6-311G(d) basis set. Molec-

ular structures were confirmed to be real minima on the potential surface by the subse-
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quent computation of harmonic vibrational frequencies and the absence of imaginary values.

The vertical excitation energies and oscillator strengths associated to the low-lying excited

states, as well as the components of the first hyperpolarizability tensor, were computed using

TD-DFT at the same CAM-B3LYP-D3/6-311G(d) level of approximation. Linear optical

properties were calculated both in the gas phase and, to compare with previously reported

results,42 in three solvents of increasing polarities: hexane (ϵ0 = 1.88), dichloromethane (ϵ0

= 8.93) and acetonitrile (ϵ0 = 35.69). Solvation effects were simulated by means of the

polarizable continuum model in its integral equation formalism (IEF-PCM).46

Optimization of Crystal Structures

Periodic DFT calculations were performed with the Quantum Espresso (QE) package47,48 us-

ing the vdW-df2-c09 XCF, which was shown to accurately describe dispersion-bound van der

Waals complexes.31,49–51 The ultra-soft pseudopotential scheme was employed in all calcula-

tions, with pseudopotentials obtained from the standard solid-state pseudopotentials (SSSP)

library.52–54 The BFGS quasi-newton algorithm was used with a threshold of 10−4 Ry/Bohr3

on all the atomic forces, and 0.05 GPa (0.3 × 10−5 Ry/Bohr) on the largest component of

stress tensor when cell relaxation was applied. The bulk calculations were conducted using

a regular 1x1x1 k-point sampling of the first Brillouin zone. After standard testing, kinetic

energy cut-offs of 70 Ry for the wave functions and 490 Ry for the augmentation charge

density were adopted to achieve stable convergence of forces and stress. Self-consistent-field

(SCF) convergence was achieved with a threshold of 10−6 Ry on the total energy. The

QE calculations were pre- and post-processed using the Atomic Simulation Environment

(ASE).55 The Mercury program56 developed by the Cambridge Crystallographic Data Cen-

tre (CCDC), as well as the VESTA program,57 were used for visualization and exploitation

purposes. XRD crystal structures were used as starting guess for geometry optimizations,

first without any external constraint to assess the reliability of the computational level, and

then upon applying increasing isotropic pressures (up to 30 kbar) to monitor the structural

6
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deformations induced by the mechanical stress. To eliminate the possibility of falling into

a local minimum, optimizations under pressure were also carried out using the structure

obtained at the next lower pressure as the initial guess; the resulting geometries were iden-

tical to those obtained when starting from the XRD structure. Note that the experimental

crystallographic structure contains two acetonitrile molecules per unit cell, which could not

be refined experimentally. Including these solvent molecules was essential to achieve con-

vergence. The calculations converged towards the same structure regardless of their initial

orientation.

Calculation of Excited States and Optical Properties of Crystalline

Aggregates

As the non-centrosymmetric co-facial (or face-to-face) arrangement adopted by the molecules

within the crystal was assumed by Roncali and coworkers42 to provide a good description of

the supramolecular organization in thin films, the associated dimers were extracted from the

optimized unit cells (Figure 1). Low-lying excited states and second-order NLO responses

were then computed at the TD-DFT/CAM-B3LYP-D3/6-311G(d) level on these structures.

The local or intermolecular charge transfer character (CT) of the excited states was further

analysed with the TheoDORE toolbox, which uses the one-electron transition density matrix

to decompose the excitation into different local and CT contributions.58

The first hyperpolarizability components (βijk) of monomers and dimers extracted from

the optimized crystal structures were calculated both in the static limit and the dynamic

(frequency dependent) regime of the second harmonic generation, using the experimental

incident wavelength of 800 nm.42 The components and norm of the first hyperpolarizability

vector were then calculated as:

βi =
1

3

∑
j

(βijj + βjij + βjji) (1)

7
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β =
√

(β2
x + β2

y + β2
z ) (2)

where z is the charge transfer axis of the molecules. The anisotropy of the NLO response

was also characterized as the ratio between the longitudinal and transverse components:

αβ =
|βz|√
β2
x + β2

y

(3)

Furthermore, the contributions of the low-lying electronic excited states (Sn) to the NLO

responses were analyzed using the Sum-Over-States (SOS) expression of the first hyperpo-

larizability.59–61 Although this scheme is known to overestimate hyperpolarizability values,

especially truncated implementations, it has the advantage of expressing the NLO responses

in terms of spectroscopic quantities, allowing for a qualitative understanding of the NLO

properties. According to this formalism, the general expression of the dynamic diagonal

component βzzz in the case of the SHG process reads:

βSOS
zzz (−2ω;ω, ω) = 2

∑
n̸=0

∑
m̸=0

{
µz
0n(µz

nm − µz
00δnm)µz

m0

(∆E0n − 2h̄ω)(∆E0m − h̄ω)

+
µz
0n(µz

nm − µz
00δnm)µz

m0

(∆E0n + h̄ω)(∆E0m − h̄ω)
+

µz
0n(µz

nm − µz
00δnm)µz

m0

(∆E0n + h̄ω)(∆E0m + 2h̄ω)

}
(4)

where µz
0n is the z-component of the transition dipole between the ground (S0) and nth

singlet excited state (Sn), µz
nm the z-component of the transition dipole moment between

states Sn and Sm, µz
00 the z-component of the ground state dipole moment, δnm the Kronecker

delta function, and ∆E0n the energy of the S0 → Sn optical transition. For a dynamic

NLO process, the denominators also depend on the energy of the incident laser field. For an

incident wavelength of 800 nm, h̄ω = 1.55 eV, while h̄ω = 0 in the static limit. All quantities

involved in equation 4 were calculated at the TD-DFT level with Gaussian16, except the

µz
nm terms, which were obtained using the Multiwfn software.62,63 More details on the SOS

expressions are provided in the supporting information (Section 6). In the following, all β
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values are reported in atomic units (1 a.u. of β = 3.63 × 10−42 m4 V−1 = 3.2063 × 10−53 C3

m3 J−2 = 8.641 × 10−33 esu), according to the T convention.64

The adopted computational scheme, in which the geometries of the DPA-Th-DCV dimers

used in the NLO calculations are extracted from crystal-structure optimizations performed

under periodic boundary conditions, captures pressure-dependent structural effects aris-

ing from intermolecular steric interactions; however, electrostatic interactions and mutual

polarization effects are neglected in the computation of the NLO properties. To evalu-

ate the importance of these missing contributions, calculations were carried out using the

hybrid QM/MM “Own N-layered Integrated Molecular Orbitals and Molecular Mechan-

ics” (ONIOM) approach,65 in which the DPA-Th-DCV dimer constitutes the quantum-

mechanical (QM) region, while the surrounding molecular units are treated classically in

the molecular-mechanical (MM) region using the Universal Force Field (see details in the SI,

Section 5.1). The results, obtained for P = 0 and P = 30 kbar, indicate that the pressure-

induced variations of the NLO properties are very similar, whether they are calculated for

the isolated DPA-Th-DCV dimer or for the environment-embedded system. Consequently,

environmental effects were not explicitly included in the final calculations. Furthermore,

as shown in Table S18, the acetonitrile molecules present in the unit cell have a negligible

impact on the pressure-induced variations of the NLO properties and were therefore also

omitted from the calculations.

Results and Discussion

Molecular Electronic and Optical Properties

As presented in Table S1, DPA-Th-DCV possesses four quasi isoenergetic conformers dif-

fering by the orientation of the thiophenyl linker and the terminal DCV substituent. In all

conformers, the thiophenyl and DCV groups are coplanar with θ1 ∼ 1◦, while the thiophenyl

and phenyl groups make an angle of θ2 ∼ 30◦ (see Figure 1 for the definition of the dihe-
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dral angles). In addition, all conformers display a significant charge transfer between the

DPA donor and DCV acceptor in their electronic ground-state, resulting in dipole moment

values exceeding 10 D. The charge distributions within the different chemical fragments of

the most stable conformer, calculated using the Mulliken and Natural Population Analysis

(NPA) approximations, are reported in Figure S1. The π lone pair of the DPA nitrogen

is partially delocalized, as indicated by the NPA electron orbital occupancy of 1.759. The

π-electron conjugation is also reflected in the near-zero (0.026 Å) Bond Length Alternation

(BLA) along the conjugated bridge connecting the donor and acceptor groups. The UV-Vis

absorption spectra of DPA-Th-DCV in the gas phase and in different solvents, computed

by weighting the spectrum of each stable conformer by its Boltzmann statistical population

at room temperature (Table S1), show a first absorption band in the near-UV range and a

second, more intense, in the visible domain (Figure S2). The calculated spectra reproduce

the overall shapes observed experimentally,42 and correctly capture the absence of signifi-

cant solvent effects, although the computed bands are systematically shifted towards higher

energies. The S0 → S1 absorption band results from a combination of HOMO→LUMO

and HOMO-1→LUMO (π− π∗) electron excitations, with the former contributing the most

(the numerical details are collected in Tables S2-S5). As shown in Figure 2, the HOMO

is spread over the whole conjugated part of DPA-Th-DCV, while the LUMO is shifted to-

wards the DCV acceptor, resulting in a significant intramolecular charge transfer (ICT) upon

light absorption, as quantified by the large dipole moment variation between the S0 and S1

states (Table S6). The electron density variation map (Figure 2) further illustrates the light-

induced ICT from the DPA to the DCV group. It also shows that the oligo-oxyethylene

chain does not contribute to the ICT, in accordance with the absence of delocalization of

the MOs involved in the S0 → S1 transition over this part of the molecule.

The static and dynamic components of the first hyperpolarizability vector for each con-

former are reported in Table S7. Owing to the overall planar geometry of the molecule

and its strongly dipolar character, the longitudinal contribution βz, driven primarily by the

10

Page 10 of 34Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 1
:5

0:
53

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CP04030B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp04030b


CHAPTER 3. RESULTS 6

Figure 3.3 | Experimental (left) and simulated (right) absorption spectra of compound 1 in di!erent solvents. The calculations were performed at the CAM-B3LYP-
D3/6-311G(d) TDDFT level of theory. The simulated spectra were obtained by "rst computing each conformer’s absorption spectrum, in each solvent, while considering
the "rst ten excited states. The average spectrum in each solvent was then obtained by weighting the conformers’ spectra with their associated Boltzmann contribution
(Table 3.1).

To better understand the absorption properties of compound 1, the nature of the absorbing excited states was

studied. The results are summarized in tables A.7, A.8, A.9, A.10 in appendix A and show that the vertical

excitation from the ground state 𝜔0 to the "rst vertical excited state 𝜔1 contributing to the absorption is the result

of a combination of two electron excitations between highest occupied (HOMO) and lowest unoccupied (LUMO)

molecular orbitals: HOMO → LUMO and HOMO-1 → LUMO. The transition between the two frontier molecular

orbitals (HOMO → LUMO) is contributing the most. The HOMO appears to be mainly located on the donor block

and the LUMO on the acceptor block (Figure 3.3). Given the di!erent localization of these two molecular orbitals,

a signi"cant intramolecular charge transfer (ICT) [5] occurs upon light absorption. This ICT was quanti"ed by

calculations of the variation of the dipole moment between the ground state 𝜔0 and the "rst vertical excited state𝜔1; those results are presented in Tables A.4, A.5, A.6 in Appendix A and are averaging around 10 Debye in each

solvent. Furthermore, the electron density variation map shown in Figure 3.3 indicates that during the ICT, the

electron density of the donor block decreases and that of the acceptor block increases. Besides, the oligo-oxyethylene

chain does not seem to contribute to the ICT as none of the orbitals involved in the 𝜔0 → 𝜔1 transition delocalizes

over this part of the molecule.

Figure 3.4 | HOMO-1, HOMO, LUMO and electron density variation occuring upon the 𝜔0 → 𝜔1𝜀 vertical excitation. Green (red) lobes are associated with positive
(negative) values. Dark (light) blue lobes in the density map are associated with an increase (decrease) in electronic density. The calculations were performed at the
CAM-B3LYP-D3/6-311G(d) TDDFT level of theory.

Emission

The experimental emission spectra showed a hypsochromic (blue) shift of the maximum emission wavelength as

the polarity of the solvent decreased. The simulations yielded similar results but with a smaller shift amplitude. For

Figure 2: Frontier molecular orbitals of DPA-Th-DCV and electron density variation involved
in the S0 → S1 vertical excitation. Dark (light) blue lobes in the density map are associated
with an increase (decrease) in the electronic density. The calculations were performed at the
TD-DFT/CAM-B3LYP-D3/6-311G(d) level.

βzzz tensor component, dominates over the normal components, consistent with the internal

charge transfer pathway being aligned along the z-axis (Table S7). This dipolar character

of the NLO response is further evidenced by the Unit Sphere Representation (USR)66 of

the β tensor, which provides a visual illustration of the symmetry of the second-order NLO

response as a function of the molecular shape (Figure S3). The large difference between the

dynamic and static β vectors (βdyn/βstat ∼ 18) highlights significant frequency dispersion ef-

fects, as expected from the high absorption intensity of the molecule at the second harmonic

wavelength (400 nm). Additionally, the anisotropy factor exhibits a strong dependence on

the conformer geometry in both regimes, indicating that it is highly sensitive to dynamic ge-

ometrical variations. However, such fluctuations are expected to be considerably constrained

in the crystalline state.

Impact of Mechanical Strain on the Crystal Structure

The crystal geometry was first optimized without any external constraint. As shown in Table

S8, the calculated lattice parameters show only slight differences with the experimental ones,
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validating the chosen computational level. The lattice parameters were thus computed using

the same level of approximation under increasing isotropic pressures (Table S9). Their

deviations with respect to the parameters optimized with no external pressure are presented

in Figures 3a and 3b. While the a cell edge remains quasi constant throughout the entire

pressure range considered, the lengths of b and c, which are respectively aligned with the

stacking axis and the ICT axis of the molecules (see Figure 1), decrease steadily under

mechanical stress, resulting in significant volume compression (Figure 3c). The α angle

between b and c cell edges decreases by 4.6° from 0 to 30 kbar, while the two other interaxial

angles show less significant variation (< 1◦).

(a) (b) (c)

Figure 3: Evolution of the unit cell parameters a, b and c (a), of the interaxial angles (b) and
of the unit cell volume (c) with external pressure (% deviation with respect to the parameters
optimized without external pressure).

Pressure-induced variations in the geometric characteristics of molecular dimers extracted

from the optimized unit cells were also monitored, and are reported in Tables S10 and S11.

Figure 4a depicts the evolution with increasing pressure of the stacking angles γ1 and γ2

(see their definition in Figure 1). The two angles decrease smoothly up to 9 kbar, indicating

that the mean planes of the two monomers become increasingly parallel as the unit cell

is compressed by the external mechanical stress. At 10 kbar, both angles drop abruptly

(the evolution of γ2 over the 0-10 kbar pressure range is illustrated in Figure S4). Beyond

this point, the evolution of the two angles differ: while γ1 continues to decrease, γ2 instead

increases steadily with pressure. Another (smaller) discontinuity is observed at high pressure,

around 27 kbar. Similar abrupt variations are found in the evolution of the intramolecular
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torsional angles θ1 and θ2. As discussed in the following sections, these structural changes

alter the overall conjugation and the magnitude of the ICT within individual molecular units,

thereby modulating both the linear and nonlinear optical responses of the aggregate. We

also note that the θ1 and θ2 dihedral angles in the crystal at zero external pressure (θ1 = 9.7◦

and −0.5◦, and θ2 = 4.0◦ and −5.3◦ for monomers 1 and 2, respectively) differ significantly

from those of the isolated molecule (θ1 = −1.4◦ and θ2 = −29.4◦, see Table S1), highlighting

the influence of crystalline confinement on the molecular geometry. In particular, molecules

in the crystal adopt a more planar conformation, which favors π-electron conjugation and

contributes to the observed spectral redshift compared to the isolated molecule, as discussed

below.

(a) (b) (c)

Figure 4: Evolution of the stacking angles γ1 and γ2 (a) and of the molecular torsional angles
θ1 (b) and θ2 (c) with external pressure. See Figure 1 for the definition of the angles.

To further characterize the evolution of intermolecular interactions with pressure, we

resorted to the Non-Covalent Interactions (NCI) method.67,68 This approach uses the pro-

molecular density ρ(r) for the determination of the reduced density gradient scalar field

(RDG, s(ρ)), and the sign of the second eigenvalue of the Hessian density matrix (λ2) to

determine the attractive or repulsive nature of the interactions. Moreover, the NCI results

can be interpreted semi-quantitatively by calculating the interaction volume (ΩNCI). Figure

5a and 5b show the RDG and a three-dimensional view of the interaction regions between the

molecules within the dimer taken at P = 0 kbar (see Figure S5 for equivalent representations

at higher pressures). As expected, all intermolecular interactions are dominantly of the weak
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van der Waals type, with the majority occurring between the conjugated backbones of the

molecules. The evolution of ΩNCI with pressure (Figure 5c) shows that the volume of NCI

interactions progressively increases (up to 25%) as the unit cell is compressed, and reaches

a plateau at about 20 kbar.

(a) (b) (c)

Figure 5: (a) Reduced density gradient s(ρ) versus sign(λ2)ρ at P = 0 kbar, where the
colour scheme goes from blue for strong attractive interactions to red for strong repulsive
interactions, passing through green for weak van der Waals interactions; (b) NCI regions
in the molecular dimer at P = 0 kbar; (c) Evolution of the interaction volume ΩNCI with
pressure.

Impact of Mechanical Strain on the Linear Optical Properties

Figure 6 displays the nature of the first four singlet excited states (S1-S4) of the dimer at

zero external pressure, showing the main contributing electronic excitations and the asso-

ciated molecular orbitals, all of which remain fully localized on individual molecular units.

The S0 → S1 transition is computed at 2.71 eV and exhibits a very low oscillator strength

(f01 = 0.043), consistent with Kasha’s model for H-aggregates. This transition is primarily

composed of HOMO-1 → LUMO and HOMO → LUMO+1 excitations, indicating its in-

tramolecular character. In contrast, the S0 → S2 and S0 → S3 transitions, located at 3.00

eV and 3.06 eV respectively, exhibit high oscillator strengths (f02 = 1.414 and f03 = 0.797)

and involve a significant HOMO → LUMO contribution, suggesting a partial intermolecular

charge transfer nature. Finally, the S4 state at 3.42 eV is a dark (f02 = 0.020) intermolecular
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CT state.

S1 S2 S3 S4

56%

30%

31% 38%

25%

51%

38% 96%

HOMO

HOMO-1

LUMO

LUMO+1

Figure 6: Molecular orbitals and contributions (in %) of the main electronic excitations
involved in the first four excited singlet states of the dimer with no external pressure. Only
contributions >10% are reported.

The pressure-dependent evolution of the vertical transition energies and oscillator strengths

associated with the S1-S4 states is reported in Table S12 and Figure 7. As expected, the dis-

continuities observed in the evolution of the dihedral angles around 10 and 27 kbar (Figure

4) are reflected in the evolution of the optical properties, with each state being altered dif-

ferently. The energy and oscillator strength of the (dark) S0 → S1 transition remain nearly

constant across the entire pressure range, indicating that this transition is not affected by

the structural changes induced by external mechanical strain. At low external pressures (0-9

kbar), the energy of the S0 → S2 transition is virtually unchanged while the associated os-

cillator strength gradually decreases from 1.4 to 1.1. At 10 kbar, both the transition energy

and oscillator strength exhibit a sharp increase, followed by a gradual decline as pressure is
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further raised. The transition energy towards the S3 state follows a similar evolution with a

discontinuity at 10 kbar. However, opposite to the trend observed for the S0 → S2 transition,

the intensity of the S0 → S3 transition dramatically drops at 10 kbar, with the oscillator

strength decreasing from 1.095 to 0.238. Beyond this point, it fluctuates and eventually van-

ishes at the highest pressures. Finally, the S0 → S4 transition, which is dark in the absence

of external pressure, exhibits a gradual decrease in energy up to the structural discontinuity,

after which it remains almost constant. Meanwhile, the corresponding oscillator strength

increases from 15 kbar onward, reaching a substantial value of ∼ 0.8 at higher pressures.

(a) (b)

Figure 7: Pressure-dependent evolution of the energies (a) and oscillator strengths (b) asso-
ciated with the optical transitions towards the four first excited singlet states of the dimer.

The results reported in Figure 7 show that, while the structural changes induced by

isotropic pressure only have modest impact on the optical properties within the 0-9 kbar

range, they significantly alter the singlet state manifold at higher pressures, both in terms

of transition energies and absorption intensities. In order to gain a deeper insight into the

topology of the excited states, excitations were decomposed into local (intramolecular) and

intermolecular CT contributions using the TheoDORE toolbox.58 Electron-hole correlation

plots for the S1-S4 excited states of the dimer are displayed in Figure S6, while the pressure-

induced evolution of their respective CT character is depicted in Figure 8, together with
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the associated exciton size (see Tables S13 and S14 for numerical data). The nature of the

excited states at key pressures (P = 0, 10 and 30 kbar) is further illustrated by the variation

of the electron density upon excitation towards the S1-S4 states, as well as the corresponding

charge transfer vectors, following the procedure proposed by Le Bahers and coworkers69,70

(Figures S7 and S8).

(a) (b)

Figure 8: Pressure-induced evolution of the intermolecular charge transfer character (a) and
of the exciton size (b) in the S1 − S4 excited states.

At zero external pressure, the S0 → S1 transition is purely local in nature and corresponds

to intramolecular excitations on both monomers, as expected from the MO contributions

shown in Figure 6. This local character is conserved at all pressures, with the intermolecular

CT contribution remaining below 5%. The exciton size of about 5 Å reflects an intramolecular

CT from the donor to the acceptor moiety within the two monomers, as confirmed by the

charge transfer vector parallel to the conjugation axis of the molecules. In contrast, the

S2 state displays a partial intermolecular CT character of 37% at zero pressure, and larger

exciton size (5.8 Å). The CT character gradually increases to 52%, then abruptly drops to

15% at P = 10 kbar, before rising smoothly again to reach 31% at P = 30 kbar. Analysis

of the electron–hole correlation plots reveals that the CT character of S2 observed before

the structural transition corresponds to a charge transfer from monomer 1 to monomer 2.

In contrast, the exciton becomes more localized on monomer 1 after the discontinuity, as
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also illustrated by the density variation maps and CT vectors in Figures S7 and S8. The

abrupt decrease of the CT character of S2 at 10 kbar aligns with the decrease of the exciton

size from 5.9 to 5.3 Å, as well as with a larger absorption intensity, as indicated by the

evolution of the oscillator strength of the S0 → S2 transition (Figure 7). The S3 state

evolves symmetrically to S2, starting with a dominant CT character (59%) at zero pressure,

corresponding to a charge transfer from monomer 1 to monomer 2 with an exciton size of 6.2

Å. This CT character gradually decreases up to the structural transition at 10 kbar, before

rising abruptly to reach a quasi-pure CT character (89%), corresponding to a charge transfer

from monomer 2 to monomer 1. Here as well, the abrupt variation of the CT character of

S3 aligns with a sharp increase of the exciton size and decrease of the oscillator strength

associated to the S0 → S3 transition. After 10 kbar, while the CT character of S3 continues to

increase progressively with pressure (reaching 95% at P = 30 kbar), a close inspection of the

electron-hole correlation plots reveals that S3 gradually evolves towards a charge resonance

state. This is further confirmed by both the density variation map and the central position of

the CT vector oriented parallel to the CT axis of the molecules. Finally, S4 initially exhibits

a dominant CT character that gradually decreases with increasing pressure, as the exciton

becomes more confined. At zero pressure, the charge transfer occurs from monomer 2 to

monomer 1, and reverses direction at P = 10 kbar, after which the transfer occurs from

monomer 1 to monomer 2. Beyond this point, and similarly to S3, S4 progressively evolves

into a charge-resonance state.

Impact of Mechanical Strain on the Nonlinear Optical Properties

The significant structural changes shown in the previous section to significantly affect the

linear optical properties are also expected to strongly influence the NLO response. The

evolution with pressure of the static and dynamic components of the first hyperpolarizability

vector of the dimer, along with the anisotropy of the NLO response, are summarized in

Tables S15 and S16. As in the monomer (Table S7), the β norm (Equation 2) closely
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follows that of the βzzz component in both the static and dynamic regimes, confirming

that the NLO response is predominantly governed by the diagonal component aligned with

the intramolecular charge transfer axis. At P = 0, the static βzzz response of the dimer

is roughly twice that of the monomer, albeit slightly lower, as expected for a face-to-face

molecular arrangement. In contrast, the monomer and dimer dynamic βzzz responses yield

βdim
zzz /2βmon

zzz ∼ 2.1, indicating that frequency dispersion effects enhance the NLO response of

the aggregated dimer. This enhancement arises from the presence of two highly absorbing

excited states, namely S2 and S3, near the second-harmonic wavelength (400 nm, 3.1 eV).

As illustrated in Figure 9, the static and dynamic β responses of the dimer display markedly

different behaviours under pressure. The static β decreases progressively as pressure increases

and exhibits a sharp discontinuity at 10 kbar, which aligns with the abrupt changes observed

in the linear optical properties. Conversely, the dynamic β increases with pressure, reaching

a maximum at 9 kbar before decreasing at higher pressures. Notably, the evolution of

β(−2ω;ω, ω) does not present any clear discontinuity, suggesting that the fine dependence

of the SHG response to the nature of the excited states is overridden by frequency dispersion

effects. Interestingly, the static anisotropy ratios αβ regularly increase with the pressure,

from 25.9 to 43.6, highlighting that the 1D directionality of the NLO response is reinforced

by the applied mechanical strain. In contrast, the dynamic anisotropy ratios are lower than

the static ones (ranging between 8.7 and 12.1), and display much weaker variations with

pressure.
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(a) (b)

Figure 9: Pressure-induced variation of the static (a) and dynamic (b) values of β and βzzz,
as calculated at the TD-DFT/CAM-B3LYP-D3/6-311G(d) level.

The pressure dependence of βzzz can be further interpreted using the SOS formalism

(Equation 4). In both regimes, the inclusion of only the first four excited states S1-S4 is

sufficient to reach a converged βzzz value, as evidenced in Figure S10. As depicted in Figure

10, although the βzzz values obtained from the SOS formalism are systematically larger

than those computed with TD-DFT, both methods display the same pressure-dependent

behaviour.

(a) (b)

Figure 10: Pressure-induced evolution (in % variation with respect to the value calculated
at zero pressure) of the static (a) and dynamic (b) first hyperpolarizability, as calculated
at the TD-DFT/CAM-B3LYP-D3/6-311G(d) level and using the SOS scheme including the
first four excited states.
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The SOS formalism also enables the decomposition of the total βzzz component into con-

tributions from individual excited states, as illustrated in Figure 11. In the static regime,

the pressure-induced evolution of the individual state contributions closely mirrors the cor-

responding changes in their respective oscillator strength. In the dynamic case, however,

interpretation of the results is more complex, as the contributions depend both on the in-

trinsic static response of each state and on frequency-dependent dispersion factors. Among

the states considered, S2 and S3 provide the largest contributions, owing to their excitation

energy (∆E ≈ 3.0− 3.2 eV across the pressure range) remaining close to resonance with the

3.1 eV second harmonic light (corresponding to λ = 400 nm), see Figure 7). The contribu-

tion from S3 is initially positive (for ∆E < 3.1 eV, up to ∼ 9 kbar), but becomes negative

as its excitation energy shifts above the resonance. In contrast, the contribution of S4 is

negligible at low pressures and becomes increasingly negative at higher pressures. Overall,

the bell-shape evolution of the dynamic NLO response with pressure shown in Figure 10 can

be largely rationalized by considering only the contribution of the dominant excited-state,

namely the contribution of S3, which increases with pressure between 0 and 9 kbar, and that

of S2, which decreases with pressure in the 9-30 kbar pressure range. However, as illustrated

in Figure 11b, considering only these dominant contributions would result in a discontinuity

in the NLO response around 10 kbar. The contribution of S3, which becomes negative above

9 kbar, smooths out this discontinuity, consistent with the continuous behavior observed in

Figure 10.
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(a) (b)

Figure 11: Contribution of states S1-S4 to the static (a) and dynamic (b) βzzz components
(a.u.), as calculated using the SOS formalism.

Finally, it is worth emphasizing that the pressure dependence of the NLO responses

observed for the flexible chromophore studied here contrasts with that computed for more

rigid confined structures such as hydrogen-bonded complexes by means of analytical potential

models.71,72 While those studies concluded that changes in the electronic first hyperpolar-

izability due to spatial confinement effects are dominated by electron-density compression,

with geometry relaxation playing only a minor role, the calculations reported in Section 5.1

of the SI reveal a different picture. In the present system, electrostatic interactions with the

molecular environment have little effect on the pressure-induced variations of the NLO prop-

erties, whereas geometrical distortions, particularly changes in the supramolecular packing

and dihedral angles controlling the strength of π-conjugation within the molecules, are iden-

tified as the main origin of the large variations observed in the second-order NLO responses.

However, as shown in Table S17, electrostatic environment effects induce a 11% reduction of

the static first hyperpolarizability at both P = 0 and P = 30 kbar, while the dynamic first

hyperpolarizability increases by 9% and 15% at P = 0 and P = 30 kbar, respectively, owing

to enhanced frequency-resonance effects. Therefore, whereas the calculations reported here

correctly capture the trend in the evolution of the NLO response with increasing pressure, an

explicit treatment of environmental interactions remains necessary to achieve quantitative
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accuracy.

Conclusion

In this study, we report a theoretical investigation aiming at rationalizing how external pres-

sure influences the structure and optical properties of a molecular crystal based on the DPA-

Th-DCV push–pull chromophore. Periodic DFT optimizations of the crystal structure under

increasing isotropic pressure reveal that the applied mechanical strain leads to substantial

changes in the unit cell parameters, particularly along the stacking and charge-transfer axes,

resulting in a pronounced volume reduction. Pressure also alters key intramolecular torsional

angles that directly modulate π-conjugation within the chromophore, as well as intermolec-

ular stacking angles that define the relative orientation of the molecular planes within the

crystal. The evolution of these structural parameters is non monotonic and marked by

discontinuities, which are mirrored by abrupt changes in both the energies and oscillator

strengths of the low-lying excited states, as calculated on molecular dimers extracted from

the optimized crystal structures. Detailed analyses of the first four excited singlets also evi-

dence that pressure-induced structural changes significantly impact the exciton localization

and the charge-transfer character of the electronic transitions. Furthermore, TD-DFT cal-

culations indicate that external pressure strongly influences the second harmonic generation

response of the dimers, considered representative of the stacking arrangements in thin films.

The pressure-induced variation of their SHG response is closely related to the variation of a

few set of low-lying excited states, as rationalized using a truncated sum-over-state approach.

Overall, these findings suggest that applying external pressure offers a promising route to

finely tune the SHG properties of 2D materials based on these push-pull chromophores. Such

pressure- and aggregation-induced tunability could be exploited in mechanically responsive

nonlinear optical elements, including optical strain or pressure sensors, as well as in adaptive

photonic components where the nonlinear response can be modulated by external mechanical
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constraints. Experimental validation of these theoretical predictions, along with systematic

combined theoretical and experimental studies, would be highly valuable for establishing

general structure-property relationships and designing new pressure-tunable NLO materials.

Conflicts of Interest

There are no conflicts of interest to declare.

Acknowledgement

We thank Drs. J. Roncali and M. Allain for helpful discussions and for providing us with

the experimental crystal structures. J. O. acknowledges the Donostia International Physics

Center (DIPC) for her PhD grant. This work was supported by the Transnational Common

Laboratory QuantumChemPhys (Theoretical Chemistry and Physics at the Quantum Scale,

grant number ANR-10- IDEX-03-02) established between the Université de Bordeaux (UB),
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ii) pressure-dependent geometries of the crystal unit cell (cif format), iii) geometries of the

DPA-Th-DCV dimers used in the NLO calculations (pdb format).
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Nonlinear Optical Switching Behavior in the Solid State: A Theoretical Investigation

on Anils. Chemistry of Materials 2011, 23, 3993–4001.

(8) Castet, F.; Rodriguez, V.; Pozzo, J. L.; Ducasse, L.; Plaquet, A.; Champagne, B. De-

sign and characterization of molecular nonlinear optical switches. Accounts of Chemical

Research 2013, 46, 2656–2665.

25

Page 25 of 34 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 1
:5

0:
53

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CP04030B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp04030b


(9) Schulze, M.; Utecht, M.; Moldt, T.; Przyrembel, D.; Gahl, C.; Weinelt, M.;

Saalfrank, P.; Tegeder, P. Nonlinear optical response of photochromic azobenzene-

functionalized self-assembled monolayers. Phys. Chem. Chem. Phys. 2015, 17, 18079–

18086.

(10) Schulze, M.; Utecht, M.; Hebert, A.; Rück-Braun, K.; Saalfrank, P.; Tegeder, P. Re-

versible Photoswitching of the Interfacial Nonlinear Optical Response. The Journal of

Physical Chemistry Letters 2015, 6, 505–509.
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