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Phenyl-substituted perylene diimide (PTCDI-Ph) derivatives are prospective organic, electronic and
optoelectronic materials. In this study, the effects of modified intermolecular interactions and molecular
conformations on the energy gap and the optical properties of PTCDI-Ph were explored at high pressure
and various temperatures by calorimetry, X-ray diffraction, UV-vis absorption, and photoluminescence
spectroscopy. Below 498 K, PTCDI-Ph transforms from phase | to phase Il, which is stable down to 93 K at
least. Above 3.0 GPa, phase Il transforms into phase lll. The compressed intermolecular distance between
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perylene cores linearly narrows the band gap, due to the intensified n—=n stacking. The negative linear com-
pressibility of the crystal along [100] coincides with the negative thermal expansion in this direction. Owing
to the strong pressure and temperature dependence of the luminescence spectrum, the PTCDI-Ph
derivatives constitute a promising class of highly stimuli-responsive elastic organic materials with broad
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Introduction

Owing to their low cost, low molecular weight, high electron
mobility, and excellent chemical and thermal stability,
perylene-3,4,9,10-tetracarboxylic acid diimide derivatives, often
referred to as perylene diimides (PDIs), are intensely studied for
use in electronic devices, such as organic field-effect transistors
(OFETs),"” organic light-emitting diodes (OLEDs),*” organic photo-
voltaics (OPVs),* "' and dye-sensitized solar cells (DSSCs).">'* An
important advantage of PDIs over traditional photovoltaic materials
is the possibility of modifying their physical, optical, electronic, and
aggregation properties by chemical functionalization at the imide,
ortho, and bay core positions (Fig. S1 in the ESI{)."> The
introduction of different substituents at the imide position
strongly affects the solubility and aggregation of PDIs, but less
so for their absorption and emission. Modification of HOMO
and LUMO orbital energy levels, and thus the band gap energy,
plays a crucial role in determining the power-conversion effi-
ciency (PCE) of PDIs, and can be achieved by introducing an
electron-donating substituent at the bay core position. Different
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potential for tailoring their optoelectronic properties through physical and chemical modifications.

electron-donor or -acceptor groups at the bay positions of the
perylene core were shown to modulate the electronic and optical
properties.'* Halogen substituents improve their solubility, facil-
itating PDI processing and making them suitable for solar-cell
applications. For example, 1,(6)7-dibromo-N,N’-diacetyl PDI is
well soluble in organic solvents, while its analogue without Br is
not."® The solubility of PDIs in halogenated solvents, commonly
used to prepare the active layer in bulk-heterojunction (BHJ)
solar cells,'® can be improved by introducing long alkyl or aryl
substituents at the imide and bay core positions,” while the
incorporation of the hydrophilic moieties at the imide positions
yields water-soluble PDIs."”*® The n-n stacking of the perylene
cores (Fig. 1), which governs the crystal packing and electron
mobility, can also be altered by introducing appropriate steric
hindrance between the bulky substituents.” All these factors
can be employed to design the PDI structure, optimized for its
physical, chemical, and optoelectronic properties, which are
necessary to maximize the high PCE.

A significant challenge in the development of novel organic
semiconductors is their polymorphism, illustrating the effect of
aggregation and interactions on the properties of compounds;
hence the recent research in the field of perylenediimide-based
organic semiconductors (PDIs-OSCs) has explored the mechanisms
of molecular aggregation not only in terms of chemical
derivatives,'®" but also by temperature changes.’>** It is
well known that mechanical impact on soft organic materials,
particularly in the form of thin films, can strain the PDI-OSC
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Fig. 1 Molecular structure of N,N’-diphenyl-3,4,9,10-perylenedicarb-
oximide (PTCDI-Ph) (a) with the perylene core coloured in blue and with
an indicated soft C11-N1-C13-C18 torsion angle (1); and (b) the closest
interaction map indicating the strongest intermolecular interactions types
formed at 0.1 MPa/296 K.

structure and affect its quantum efficiency. The associated
structural changes (molecular conformation, n-m stacking,
etc.) can distort the n-type semiconducting properties. Thus,
the understanding of structure-property relationships is vital
for developing next-generation electronic devices.

In recent years, techniques employing high-pressure and
various temperatures have been successfully used to investigate
and model strain-induced changes in inorganic and hybrid
perovskites.>*® However, organic photovoltaic materials were
only sporadically studied under extreme conditions.>’*° To the
best of our knowledge, few studies have focused on specific
aspects of semiconducting perylene diimide derivatives, such as
their structural or optical response to pressure and temperature
changes.”**?%3! These scarce comprehensive studies signifi-
cantly increased the understanding of the structure-property
relationships as a function of temperature and pressure. In our
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present study, we employed the varying-temperature and high-
pressure synchrotron and in-lab X-ray diffraction techniques,
alongside differential scanning calorimetry (DSC), UV-vis absorption,
and photoluminescence (PL) spectroscopy to explore the effects
of structural deformations under external stimuli on the opto-
electronic properties of a chemically and thermally stable
phenyl-substituted PDI derivative, N,N’-diphenyl-3,4,9,10-
perylenedicarboximide (PTCDI-Ph). In light of our results,
PTCDI-Ph is a promising material for highly efficient organic
electronic and optoelectronic devices.*>*

Results and discussion

Under room conditions (296 K/0.1 MPa), PTCDI-Ph crystallizes
in monoclinic phase II, space group P2,/c, with the molecule
located on the inversion centre (Z’ = 0.5). The perylene-diimide
skeleton of PTCDI-Ph is flat, but the terminal phenyl rings are
rotated off the plane by 58.5°: this rotation is measured by the
torsion angle C11-N1-C13-C18, denoted t (Fig. 1a). The rotation
of phenyl substituents is crucial for m-electron coupling in the
alternative systems of conjugated bonds. Several examples in the
literature demonstrate that flattening of conjugated systems
increases m-electron coupling, whereas the off-plane rotations of
substituents hamper the electron mobility.***” Furthermore, the
angle reflects the intermolecular interactions within the structure,
specifically the stacking distance (d,._,) and stacking displacements
(tagg and Pagy), which are key factors for the charge-transfer
characteristics. In phase II, the PTCDI-Ph molecules are n-stacked
into columns along the crystal [010] direction, as shown in Fig. 2
(¢f S3 in the ESIt). Hydrogen bonds CH- - -O dominate the inter-
actions between the neighbouring columns (Fig. 2). This type of
aggregation stabilizes the structure of phase II in a remarkable
temperature range from 490 K down to 93 K at least,® as well as at
a high pressure to 2.85 GPa (Fig. 3). We have corroborated different

Fig. 2 Aggregation of molecules in PTCDI-Ph phase Il: one column is
drawn in the space-filling style and the other as balls-and-sticks. The
CH-..O contacts between n-stacked molecules are blue and those
between adjacent columns are purple.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Temperature (a) and pressure (b) dependence of the unit-cell dimensions a, b, ¢ (top) and its volume (bottom) for PTCDI-Ph phase Il. Open
symbols mark the data previously reported by Sato and Mizuguchi.®*® The estimated standard deviations (ESDs) are smaller than plotted symbols. The blue
highlight indicate the data measured at 296 K. The changes in monoclinic angle f are shown in Fig. S5 in the ESL}

structural and physicochemical properties within its phase-
stability region using various techniques, including the effects
of temperature (490 K to 130 K), and high-pressure probed by in-
house and synchrotron X-ray diffraction (up to 3.55 GPa),
differential scanning calorimetry (from 200 to 573 K), photo-
luminescence (293 to 573 K and up to 6.44 GPa), and UV-vis
spectra (up to 4.99 GPa). The results are presented in the
following paragraphs.

Thermal expansion

The result of our systematic study on the temperature dependence
of PTCDI-Ph is consistent with the previously reported single-
point structure determination at 93 K/0.1 MPa.>® Notably, the
PTCDI-Ph phase II crystals exhibit unusual changes in the sign of
thermal expansion upon cooling: above room temperature, the
crystal shrinks in directions [100] and [001], and the expected
elongation with an increase in temperature is observed only along
direction [010], as shown in Fig. 3. However, the thermal expan-
sion is strongly non-linear, and below room temperature, the
linear thermal expansions become positive in all directions
(Fig. S7a, ESIt). The observed changes in the thermal expansion
of the crystal can be connected with its strongly anisotropic
structure. The CH---O contacts; CH2---O1 and CH3---O1
(Fig. S2 in the ESIY), on the H-donor site formed in the plane of
the perylene-imide skeleton with adjacent molecules, effectively
support the structure perpendicular to direction [010] (Fig. 2).

This journal is © The Royal Society of Chemistry 2023

At low temperatures, the N-substituted phenyl group rotates to a
lower 7 angle from 7 = 58.5(7)° at 296 K to 55.7(3)° at 93 K (Fig. 4a),
which coincides with the negative thermal expansion along
direction [100]: from 130 to 296 K, the lattice parameter a shrinks
by —0.035 A (cf. Table S1, EST+). The packing of PTCDI-Ph phase IT
correlates with the phenyl position, the most non-planar molecu-
lar fragment (Fig. 4a), and in fact, the calculated intermolecular
potentials®*>*° indicate a reduction in total packing energy from
—294 kJ mol ™" at 296 K/0.1 MPa to —295.5 k] mol ™" at 130 K. This
modifies the PTCDI-Ph optoelectronic properties, as described by
Kasha’s theory,”* ™ further extended by Spano explicitly for PDI
dimers.”® The main contribution to the cohesion forces comes
from the m-r stacking (—170 kJ mol™ ' at 296 K/0.1 MPa) and
H-bonds (about 10% for the carbonyl O1 atom and 5% for the O2
of the total energy). Thus hydrogen bonds CH---O account for
over 15% of the crystal cohesion forces (cf. Fig. S4, ESIT).
According to Kasha,"* a blue-shifted absorption maximum
and suppressed radiative decay rate occur for molecular dimers
stacked face-to-face or in a card-pack arrangement, while those
stacked head-to-tail exhibit a red-shifted absorption maximum
and enhanced radiative decay rate. These dimers are known as
H-aggregates and J-aggregates, respectively. The arrangements
of the interacting molecules in the linear chain can be differ-
entiated by the packing angle describing the shift between
molecules, and thus for the H-aggregates o,q, approximates
90° and for J-aggregates o4, = 0°.** However, in certain packing

J. Mater. Chem. C, 2023, 11, 11055-11065 | 11057
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Fig. 4 (a) Change of the torsion angle 7 (C11-N1-C13-C18) as a function of temperature (blue symbols), and pressure (purple symbols) in the PTCDI-Ph

molecule. An open symbol refers to the previously reported structure by Sato and Mizuguchi.®! Inset: Potential energy of the isolated PTCDI-Ph molecule
with rotation around one torsion angle (another t was fixed at 55.92° as derived from the X-ray measurement). (b) Packing arrangements in PTCDI-Ph
phase Il at varying temperatures: purple circles mark the distance between n-stacked molecules (d,-,) and blue symbols represent the packing angles
(ctagg @Nd Pagg). The o594 denotes the angle formed by the imide N-atom, perylene core centroid, and the centroid of the closest molecule from the same
stack, and the fi,q4 is the angle between two C-atoms (C3 and C9) of one perylene core and a carbon atom (C9) of the neighbouring molecule.

arrangements, such as in m-stacks, the distance between
the rigid backbone of the molecules is close enough (when
d.x < 3.5 A) to allow for significant wave-function overlap and
the emergence of short-range interactions.*> In such stacks, the
exciton bandwidth and curvature at the band centre are deter-
mined by interference between short-range coupling, due to the
wave-function overlap and long-range Coulomb coupling arising
from transition dipole-dipole interactions.**** This, sometimes
unfavoured interference, can result in an unusual situation where
the chromophore aggregate displays monomer-like properties
(null aggregates).”*** This situation was described as a character-
istic of PDIs, where the positive long-range coupling may induce
H-aggregate behaviour, whereas counteracting short-range cou-
pling can induce J-aggregate behaviour, combining into so-called
HJ-aggregate properties.”®

To correlate the changes in the optoelectronic properties of
PTCDI-Ph with the inclination from an ideal n-stack in our
solid-state structures, we adopted the descriptors o,e, and fagy
analogous to the pitch and roll angles developed by Curtis et al.
(¢f Tables S6 and S7 in the ESIf).*® The o, inclination
translates adjacent stacked molecules relative to one another
in the direction of the long molecular axis while f3,4, inclination
translates the molecules along the short molecular axis
(Fig. 4b). Our analysis of the temperature-induced changes in
the aggregation of PTCDI-Ph molecules revealed that below
room temperature (296 K), the n-stacking geometry is hardly
affected: o,g, increases by 0.09°, while f,,, decreases by 1.57° in
the 296-93 K range; the distance between molecules decreases
quite significantly, from 3.523(7) A at 296 K to 3.448(2) A at
93 K. According to our calculations, this process is connected to

11058 | J Mater. Chem. C, 2023, 11, 11055-11065

the phenyl rotation, influencing the potential energy, E,, (Fig. 4a
and Fig. S10, ESIT).

Above 300 K, adjacent n-stacked molecules significantly shift
as the thermal motions build up progressively. This process is
clearly visible as the elongation of the unit-cell direction b,
directly related to the stacking distance. Although the expan-
sion of the unit-cell increases above 350 K, the intermolecular
CH-: - -O distances hardly change, confirming their important
role in the stability of phase II (Fig. S2, ESIT). The thermally-
induced strain is compensated by the rotation of the terminal
phenyl ring towards the lower-energy conformation (Fig. 4a and
Fig. S10, ESIt). This conformational alteration elongates the d,._
distance, which at 490 K is 3.59(5) A. Simultaneously, oag,
decreases while f,, increases, which may be interpreted as
the packing adjustment towards the J-aggregate.

The considerable interest in developing materials with tunable
luminescence susceptible to physical parameter changes, such as
temperature and pressure,”’ " inspired us to measure the photo-
luminescence of PTCDI-Ph crystals subjected to varying thermo-
dynamic conditions. The PL spectrum of PTCDI-Ph in phase II
consists of two distinguishable emission bands: an intense band A
at A ~ 680 nm and a lower intensity band B at A ~ 737 nm (Fig. 5).
When the system is heated, the overall luminescence intensity of
both bands decreases by 53% (at 473 K), but the relative intensity
of band B compared to A evolves monotonically.”® This observation
is consistent with the previous investigation by Spano et al.>* Above
350 K, the emission band starts to broaden and at 490 K, its full
width at half maximum (FWHM) doubles, compared to the room
temperature. Above this point, the discontinuous change in the PL
spectrum shape marks a phase transition to high-temperature

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Normalized emission spectra of the PTCDI-Ph heating cycle up to
573 K after excitation at 4 = 411 nm. Inset: Changes of the full-width at half
maximum (FWHM) upon phase transition at high temperature.

phase I. This phase transformation, additionally confirmed by our
powder diffraction data (Fig. 12), is reversible upon cooling. The
absence of hysteresis and the DSC peak shape (Fig. 6) indicate a
second-order character of this phase transition.

As the temperature continues to increase up to 523 K, the
emission intensities of overlapped bands with a maximum at
A =& 692 nm increase, which can be linked to the change from
an oblique head-to-tail structure to the head-to-tail card-pack
aggregation, which involves a change in the n-r intermolecular
stacking. In phase I at 523 K, thermal quenching is observed
again and continues up to 573 K. The hypsochromic shift of the
emission bands at higher temperatures confirms intensified
head-to-tail stacking in phase I.>*

The observed changes in luminescence, such as the
increased emission intensity and the generation of one broad-
band, may be attributed to the changes in the excited
energy levels and the occurrence of phosphorescence (T — S,)
at the expense of fluorescence (S; — So) due to the altered
packing and defects appearing when the crystal transforms
to phase 1.°3
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Fig. 6 Differential scanning calorimetry (DSC) thermogram of PTCDI-Ph
in the heating and cooling cycles.
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High-pressure behaviour

The X-ray diffraction data collected up to 3.55 GPa at room
temperature (Table 2) show that phase II can be compressed to
about 2.85 GPa without any signs of phase transition. However,
the measurement at 3.20 GPa revealed a symmetry change: the
unit-cell angles « and y deviate from 90°, indicating a transition to
the triclinic system (phase III). Due to this symmetry reduction,
single crystals were twinned and broken, which hampered the
structural analysis above 2.85 GPa and allowed only for the
collection of the powder diffraction pattern of phase III (Fig. 11).

The molecular volume of a PTCDI-Ph crystal compressed to
2.85 GPa decreases by about —16% (the compressibility and
Birch-Murnaghan coefficients are provided in the ESIt). Over
this pressure range, the unit-cell parameters are compressed: a
by —0.4%, b by —12.5% and ¢ by —3.8% (Fig. 3b). The strongest
compressibility in the [010] direction correlates with a decrease
in the distance between weakly-bonded n-stacked perylene cores.
The d,.. distance changes from 3.523(7) A at 0.1 MPa to
3.183(3) A at 2.85 GPa. Interestingly, below 0.78 GPa, the crystal
exhibits negative linear compressibility (NLC) along [100]. Nega-
tive compressibility is an unusual elastic response when the
crystal becomes longer in one direction, despite increased
hydrostatic pressure.*® In PTCDI-Ph, NLC exists only up to
0.78 GPa, above which it reverses to the positive linear compres-
sibility along the [100] direction. This phenomenon can be
rationalized by the presence of a wine-rack motif of CH:--O
bonded PTCDI-Ph molecules.’®”® Such a mechanism arises from
the soft CH9---O2 bond formed between stacked molecules,
parallel to the [010] direction, and the much stronger CH2- - -O1
bond, linking the molecules from adjacent columns. Further-
more, compression reduces the t angle to 50.5° at 2.85 GPa, as
the PTCDI-Ph molecule becomes flatter (Fig. 4a). The PTCDI-Ph
molecules tied by the intramolecular interactions are forced
to reduce the d, . distance (Fig. 7). Also, the H-aggregating
properties are enhanced when the material is compressed as
Oage increases to 86° at 2.85 GPa. Such structural changes
are mirrored in the absorption-band shifts observed at high
pressure. By measuring the UV-vis spectra of the PTCDI-Ph
crystals compressed in the DAC chamber, we determined the
pressure dependence of the absorption edge (Fig. 8a). At 0.03
GPa the absorption edge of PTCDI-Ph at about 629 nm corre-
sponds to the energy band gap of around 1.97 eV, which is
comparable with the results reported by Ichikawa and co-
workers.”” Up to 4.99 GPa, a strong bathochromic shift is
approximately 33 nm GPa ' in the 630-793 nm range. As the
pressure increases, the crystal visibly changes its colour from red
to black (Fig. 8b). This change is fully reversible, and after
reducing the pressure, the original colour returns. The deter-
mined optical energy gap (E,), plotted as a function of pressure
in Fig. 8b, shows that the bandgap narrows linearly, from 1.97 eV
at 0.03 GPa to 1.56 eV at 4.99 GPa. After releasing pressure, the
absorption-edge values are very close to the initial ones. Impor-
tantly, we do not observe significant changes in the absorption-
edge shift above the phase transition; the bandgap continues to
narrow linearly.
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The photoluminescence properties of PTCDI-Ph crystals at
high pressure were investigated using excitation at 4 = 411 nm,
which correlates with the broad absorption band at 400-
600 nm (Fig. 9). The resulting emission spectra show a broad
band in the range of 600-950 nm with the peak maximum at
4 =~ 679 nm (band A) and at 4 &~ 750 nm (band B), with a total
FWHM of approximately 57.44 nm at 0.01 GPa. A gradual bath-
ochromic shift of the PTCDI-Ph emission band was observed
during the compression cycle. The band centroid of PTCDI-Ph
phase II bands A and B shifts almost linearly with a rate of
6.26 nm GPa " up to 3 GPa (Fig. S8a in the ESIt). However, above
the transition from phase II to phase III, the bathochromic shift
drastically decreases and above 3.2 GPa, bands A and B change
with a rate of 2.09 nm GPa . Within phase III the bandwidth
further broadens with a rate of 0.20 nm GPa ™', to 65.17 nm at
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Fig. 9 Normalized emission spectra of PTCDI-Ph in the compression
cycle up to 6.44 GPa after excitation at A = 410 nm. Inset: Changes in
the full-width at half maximum (FWHM) of the band.

6.5 GPa, compared to the maximum FWHM value of 64.11 nm in
phase II just before the transition.

Pressure and temperature sensing

The astonishing optoelectronic properties and excellent chemical
and thermal stability are the prerequisites desired for the
potential application of PTCDI-Ph as an extreme condition sensor
(¢f Experimental section). To investigate the sensing performance
of PTCDI-Ph, we have calculated the absolute sensitivity (S,)
parameter separately for high pressure up to 6.44 GPa (Fig. 10a)
and for high temperature up to 450 K (Fig. 10a). We fitted the
experimentally assigned shift of the band A centroid (MP) as a
function of the stimuli (E) using empirical polynomial functions
(¢f Fig. S8 and S9 in the ESIt) and calculated the sensitivity

(b)
2.0 T T T
I phase III
19 | ~
o
218}
o
©
o
°
s LA 0.03 GPa 4.99 GPa
Q ]
[
1.6 | E
]
(]
15 M 1 " 1 " 1 M 1 i 1
0 1 2 3 4 5

pressure (GPa)

Fig. 8 Pressure evolution of the (a) absorption spectra and (b) optical band gap; closed and open symbols correspond to the compression and
decompression runs, respectively. The inserted photos show the PTCDI-Ph film prepared for measurements of UV-vis spectra at 0.03, 1.31, 3.43 and

4.99 GPa, showing the darkening of the sample as the pressure increases.
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Fig. 10 Schematic drawings of experimental setups with PTCDI-Ph crys-
tals applied as (a) high-temperature and (b) high-pressure sensors. The
accompanying plots illustrate the shifts in the respective luminescence
spectra (cf. Fig. 5 and 9).

response to external stimuli using the following equation:

Sy = 81\/[7137
OFE
for which we found a high degree of correlation in both ranges: for
high pressure R* > 0.99 and for elevated temperatures R> > 0.98.
Up to this point, the most extensively investigated group
for high potential as temperature and pressure sensors were
inorganic materials containing rare earth ions.”®®” However, due
to the high cost of rare-earth elements, other less expensive, safe,
and stable carbon-based alternatives that can act as high-
performance contactless sensors are intensively sought. For com-
parison, the S, values obtained for PTCDI-Ph are considerably
higher than those reported for other luminescence-based tempera-
ture sensors in the literature (Table 1 and Table S8 in the ESIt).
PTCDI-Ph exhibits a remarkable sensitivity to temperature up to
370 K, where the S, parameter reaches 0.068 nm K '. Above this
temperature, the sensitivity gradually decreases, through the values
of 0.065, 0.055, and 0.045 nm K * observed for 380, 400, and 420 K,
respectively. While there is a limited number of reports®® on
contactless thermometers based on the band shift at varying
temperatures, our study highlights the broad operating temperature

Table 1 Comparison of the most sensitive shift-based sensors under
extreme conditions of temperature (nm K™% and pressure (nm GPa™)

Sensitivity line shift, S,

Host/emitting ion nm K nm GPa™' Ref.
PTCDI-Ph 6.8 x 1072 8.33 This work
YVO,/Er** 5.16 x 107° 1.766 58
SrFCl/Sm** 2.36 x 10°° 111 59
BaLi,Al,Si,Ng/Eu** — 1.58 60
Y,Si0s/Pr** — 1.04 61
Y,Geg.10Si0.0005/Pr*" — 1.28 61
YAlO;/Cr** 7.6 x 1073 0.70 62
NaBiF,/Er*" — 0.8 63
Bi,MoOg/Er*", Tm**, Yb** 8.5 x 107° — 64
SrB,O,/Eu*" 4.8 x 10°* 0.17 65
SrB,0,/Sm>" 1x10* 0.255 69-71
YPO,/Tm** — 0.8 66
AlL,Oz/Cr** 6.2 x 1073 0.365 72

This journal is © The Royal Society of Chemistry 2023
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range of PTCDI-Ph (up to 450 K), low-temperature quenching, high
signal stability, and its satisfactory sensitivity and repeatability.

Similarly high performance was observed at high pressure,
where the S, parameter of PTCDI-Ph increases dramatically
from ambient conditions, for which S, = 1.34 nm GPa™!, to
1.76 GPa where it reaches a maximum value of 8.33 nm GPa .
Within this range (up to 1.76 GPa), the sensing performance of
PTCDI-Ph significantly exceeds most of the described inorganic
sensors, for which the pressure sensitivity is not higher than
3 nm GPa .”>”* Although the structural changes related to
the phase transition decrease above 3.2 GPa, the S, value at
5.19 GPa (S, = 1.88 nm GPa ') is still much higher than the
sensitivity reported for most of the inorganic sensors. In the
pressure range between 5.19 and 6.44 GPa, the high S, value is
restored, increasing to 5.43 nm GPa .

The photoluminescence quantum yield (@) is a crucial factor
in determining the performance of luminescent materials. We

calculated the quantum yield using the following equation:

Is

o=——
Er — Es

x 100%,

where @ is the quantum yield, Is is the integrated intensity of
luminescence, and Ex and Eg are the intensities of LED excitation
radiation scattered on the reference material (La,O5;) and inten-
sities of the excitation light scattered on the investigated sample,
respectively. The difference in the scattered light between the
reference and sample provides information on the number of
photons absorbed by the material. Our calculations show that
under ambient conditions, the value of @ is 0.56%. The low
value of the quantum yield can be attributed to the high
absorption of the radiation and low probability of energy transfer
to the emission center of the investigated material. Notably, the
& value strictly depends on various factors, such as the func-
tional substituents at atom N1, type of aggregation, solvents and
concentration.”>”’® Despite the low @ value, the application of
PTCDI-Ph as a sensor material is advantageous owing to the
large shift value and excellent sensitivity parameter for the
investigated temperature and pressure conditions.

Conclusions

Our study shows that PTCDI-Ph is a highly stable n-type
semiconductor with impressive phase stability, attributed to
the strong n-m interactions between the perylene cores and
CH- - -O bonds that further stabilize the crystal structure. Phase
II is stable in a wide range of temperatures up to 490 K and
compression up to 3.0 GPa. We also characterized two distinct
phases above this range: phase I stable above 493 K, and phase
III stable above 3.0 GPa. These findings provide new insights
into the behaviour of PTCDI-Ph under extreme conditions,
highlighting the potential of PTCDI-Ph as a stable optoelectro-
nic stimuli-responsive organic luminophore, whose properties
can be tailored through chemical modifications and physical
stimuli. For the PTCDI-Ph phase II crystals subjected to the
temperature and pressure stimuli, the observed energy gap and
luminescence clearly show the importance of the n-stacking
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distance, prevailing over other structural transformations.
Consequently, the pitch-and-roll model® has been extended
to the pitch-roll-squeeze model, which stresses the importance
of intermolecular n-t and p-p orbital overlaps.”®

Due to the specific pattern of the H-bonds between the
n-stacked columns, the crystals of PTCDI-Ph exhibit the negative
linear compressibility and negative thermal expansion, both in
the same direction [100]. The high rigidity in the direction
perpendicular to soft n-stacks sustains the non-radiative pathways
upon application of external stimuli (high pressure/temperature).
The significant structural changes impacting the molecular aggre-
gation have been correlated with its luminescence as a function of
temperature and pressure. The properties of PTCDI-Ph and its
chemical inertness are ideal for multimodal-sensor applications.
In particular, its sensitivity in the range of up to 1.76 GPa, where
S,=1.34 nm GPa ', and temperatures up to 350 K, for which S, is
0.068 nm K™, significantly outperforms those of most of the
previously described inorganic sensors.

Experimental methods
Materials

N,N'-Diphenyl-3,4,9,10-perylenedicarboximide of 98% purity
was purchased from Merck and further purified by sublimation
at 650 K in a sealed glass tube (cf Section S1 in the ESIt). The
attempts to recrystallize PTCDI-Ph in various solvents, including
methanol, ethanol, chloroform, dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), hexane, ethyl acetate, and dichloro-
methane, using moderate heating (up to 100 °C) and stirring did
not succeed due to insufficient dissolution.

High-pressure X-ray diffraction

High-pressure X-ray diffraction measurements were performed in a
membrane-driven diamond-anvil cell (DAC). A single crystal of
PTCDI-Ph together with a small ruby, used as a pressure
calibrant,**®! were mounted inside a 0.3 mm hole in a steel gasket.
The remaining volume was filled with a mixture of methanol:etha-
nol (4:1), used as the pressure-transmitting medium.** The single
crystal of PTCDI-Ph was isothermally compressed up to 3.78 GPa.
The in-situ high-pressure synchrotron X-ray diffraction data were
measured at the ID15B beamline at the European Synchrotron
Radiation Facility in Grenoble.** A monochromatic X-ray beam with
a wavelength of 0.4099 A was used, and a single w-scan 432°
strategy was applied. Unfortunately, the phase transition between
phases II and IIT led to the destruction and partial amorphization of
the single crystal, and above 3.5 GPa we were able to collect only
powder diffraction patterns (Fig. 11).

In this case, the collected diffraction images have been
summed up using PyMCA, and subsequently integrated into
powder diffraction patterns with Dioptas software. The CrysA-
lisPro software was used for data collection and reduction.®* The
crystal structures were solved and refined with SHELX software
implemented in Olex2.5>®® The crystallographic data and experi-
mental details are summarized in Table 2 and Table S12 in the
ESIf and have been deposited in CIF format in the Cambridge
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Fig. 11 PXRD collected for PTCDI-Ph phase Il at 0.1 MPa, 2.85 and
3.20 GPa as well as phase Il at 3.55 GPa. The measurements were
performed using synchrotron X-ray diffraction (1 = 0.4099 A). Patterns
for 0.1 MPa and 2.85 GPa are the calculated diffractograms from single-
crystal measurements.

Crystallographic Database with numbers CCDC 2253183-
2253192.F Structural illustrations were prepared using the pro-
gram Mercury 2021.3.0.%”

Varied-temperature X-ray diffraction

The low- and high-temperature single-crystal measurements
were performed on SuperNova and Xcalibur diffractometers,
respectively, with a microfocus source (CuKo = 1.54178 A) and
an Oxford CryojetHT (allowing for measurements in the range of
90-490 K). A series of six measurements for the cooled and three
for the heated sample between 130 and 490 K were collected. The
resulting data were then processed as described above for the
high-pressure experiments. The final crystal data are summar-
ized in Table 2 and Table S11 in the ESIt and have been
deposited in the CCDC with numbers 2253193-2253201.1 As
the phase transformation between phases II and I occurs slightly
above the capabilities of the Cryojet, we could only collect a
powder diffractogram of phase I at 493 K (Fig. 12).

High-pressure optical absorption

The ultraviolet-visible (UV-vis) spectra of the solid-state PTCDI-Ph
layer were recorded using a Merrill-Bassett diamond-anvil cell
equipped with diamond IIA anvils. The diamond culets were
0.8 mm in diameter. The gasket was made of 0.1 mm thick
tungsten foil with a sparked-eroded hole 0.45 mm in diameter.
The PTCDI-Ph layer was prepared on the diamond culet: a small
amount of the sample was strongly pressed by a thick glass plate
until it smashed into a uniform layer. Daphne Oil 7575 was used as
the pressure-transmitting medium. The UV-vis spectra of PTCDI-Ph
at high pressure were recorded with a Jasco V-770 spectrophot-
ometer adapted for use with a DAC. The absorbance was measured
at a scan speed of 200 nm min " in the 400-900 nm range.

High-temperature and high-pressure photoluminescence

The photoluminescence properties (i.e., emission spectra, PL) of
the PTCDI-Ph powder were measured by exciting the samples

This journal is © The Royal Society of Chemistry 2023
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Table 2 Selected crystallographic data for PTCDI-Ph phase Il as a function of temperature and pressure
Unit cell

pIT a (A) b (A) c(d) B () v (A%) D, (gem™?)
0.1 MPa/130 K 16.755(5) 3.9243(13) 18.288(4) 98.69(2) 1188.7(6) 1.516

0.1 MPa/296 K 16.72(4) 4.0187(8) 18.355(3) 98.55(6) 1220(3) 1.477

0.1 MPa/490 K 16.52(3) 4.344(4) 17.92(4) 97.10(19) 1276(4) 1.411

0.35 GPa/296 K 16.773(19) 3.8482(6) 18.186(3) 98.64(6) 1160.5(14) 1.553

2.85 GPa/296 K 16.644(13) 3.5187(2) 17.670(3) 98.14(4) 1024.4(8) 1.759

intensity (a.u.)

| oS 5 -
r ST \\0\,\/\ A ]
M calc.phase Il at 490K
N _
5 10 15 20 25 30
2 theta (°)

Fig. 12 High-temperature PXRD of PTCDI-Ph (phase Il at 350, 400 and
490 K and phase | at 493 K) measured with Cu Ko, and the pattern at the
bottom with indicated hk! planes is the calculated diffractogram from the
single-crystal measurements collected at 490 K.

with a 411 nm LED light with the use of an Andor Shamrock 500
spectrometer coupled with a silicon CCD detector (Fig. 10). For
high-temperature measurements, the sample was placed in a
tube-furnace. The high-pressure measurements were performed
in a membrane diamond-anvil cell equipped with diamond IIA
anvils. Daphne Oil 7575 assured the hydrostatic pressure up to
4.78 GPa.*®® All photoluminescence data were corrected for the
apparatus response, ie., the emission spectrum of the SLS201L
light source provided by the manufacturer, and the emission
spectrum of the SLS201L light source measured on the CCD
detector. Photoluminescence quantum yield was measured
using an integrating sphere, /;gp = 411 nm, as an excitation
source, and an Andor spectrometer as the detector.

Differential scanning calorimetry

The PTCDI-Ph was characterized by differential scanning calori-
metry (DSC) using Thass DSC XP-10 apparatus. The measurement
in a heating (from ambient temperature to 573 K) and cooling
(from 573 K to 200 K) cycle at a rate of 5 K min™~ " was carried out
under a N, atmosphere.

Ab initio calculations

The potential energy (Ep,) of the isolated PTCDI-Ph molecule
depending on rotation about one torsion angle was calculated
using the Gaussian 16 program, Revision C.01°° by applying the
B3LYP basis set 6-311++g(2d,2p). Atomic positions were first

This journal is © The Royal Society of Chemistry 2023

retrieved from the CIF file for the measurement collected at
296 K/0.1 MPa and optimized with one of the torsion angles
fixed at v = 55.92°. All H-atoms were renormalized. The
energy values in hartee were converted to k] mol ' (1 hartee
is 2625 k] mol™*). Al HOMO and LUMO energy levels (Tables S9
and S10 in the ESIT) were calculated using MOPAC 2016 and
the PM6 method.”*
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