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Pressure- and temperature-driven transitions and conformational 
conversions of n-hexyl substituted perylene diimide (PDI-C6) 
crystals
Paulina Ratajczyk,a Szymon Sobczak,a Michał Andrzejewski,b Francesco Marin,c Marianna 
Marchini,c Lucia Maini,*c Andrzej Katrusiak*a

Perylene diimides (PDIs) are organic semiconductors with properties suitable for applications in electronic devices. This 
study presents a comprehensive investigation of PDI-C6, a perylene diimide modified with an n-hexyl alkyl chain at the 
imide position, under non-ambient conditions, with a focus on the rich diagram of structurally varying phases and their 
anisotropic strain. Five distinct polymorphs of PDI-C6 have been found. The ambient phase I transforms to phase II at 465 
K, which at 521 K transforms to phase III. The perylene cores arranged in parallel stacks in phase I rotate in the scissor-
opening motion by 33° in phase II. Under high pressure, phase I transforms to phase IV at 1.22 GPa and to phase V at 1.50 
GPa. The transitions between phases I, IV and V stepwise modify the conformation of the n-hexyl substituents. 
Surprisingly, all five polymorphs are of space-group type 𝑃1, which is unprecedented as the symmetry of phases usually 
involve the space-group changes. These findings significantly enhance our understanding of the structural transformations 
of the next-generation electronic materials and highlight the role of the crystal engineering in constructing novel organic 
semiconductors with high sensitivity to the environmental stimuli. 

Introduction
Organic charge-transfer complexes and π-conjugated 
compounds are prospective materials for efficiently harvesting 
solar energy, proposed in response to the pressing demand for 
new environment-friendly sustainable energy sources. 
Presently, the mass production of silicon and hybrid-perovskite 
solar photovoltaic (SPV) panels poses significant drawbacks. 
Silicon panels are expensive and energy-demanding in 
production, their disposal is environment polluting and 
recycling difficult and expensive; the main problems connected 
to the presently innovative hybrid perovskites, such as 
[CH3NH3]PbI3 (MAPbI3), are their contents of metals, often 
poisonous and contaminating the environment both at the 
production and disposal stages, not to mention a relatively 
high susceptibility to humidity, temperature changes and 
stress. The mass production of Si-based panels threatens the 
environment and biosphere and more environment-friendly 
materials are intensely sought.1,2

Organic materials are attractive due to their practically 
infinite ways of modifications and tuning properties, 

production and disposal. π-Conjugated molecular materials 
have recently attracted a significant attention in the field of 
organic electronics due to their potential for practical 
applications, driven by the promising combination of superior 
charge carrier mobility and robust stability.3 Recent extensive 
research has focused on designing and synthesizing new 
materials, understanding their structures, properties and 
emerging opportunities for developing innovative devices.4 
Compared to their inorganic counterparts, organic 
semiconductors offer not only high efficiency of the 
photoelectric conversion, but also new qualities, including high 
flexibility and light weight, making them attractive for the 
next-generation electronic devices,5,6 such as photovoltaic 
tapes and foils for highly flexible photovoltaic panels and 
tissues, apart from substituting the roof and other panels. The 
envisaged applications for the organic photovoltaics (OPVs) 
panels can be similar to those already witnessed for similar 
organic light-emitting diodes (OLEDs) and organic thin-film 
transistors (OTFTs).7–10

Thermal expansion, compressibility and polymorphism are 
key issues for organic semiconductors, because different 
crystal forms of a compound vary in properties and they are 
additionally modified by the temperature and pressure-
induced strain.11,12 Molecular engineering through chemical 
synthesis is a direct method to tailor the optoelectronic 
properties of materials,13,14 but they may be enhanced or 
deteriorated by the monotonic changes and phase transitions. 
The synthesis process is usually time-consuming, labor-
intensive and expensive, but the polymorphism of products 
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can improve or diminish envisaged applications.15,16 Most 
organic semiconductors crystallize in two or more polymorphic 
forms with different molecular packings in solid state,17–21 
leading to different properties.22,23 The electronic, optical, 
mechanical, and charge transport properties of organic 
materials are heavily dependent on the molecular packing, 
which is governed by various types of strong and weak 
intermolecular interactions.24,25 Thus, investigating and 
controlling crystal structures and polymorphism is crucial for 
tailoring optical and electrical properties of organic 
semiconductors. Application of pressure and high- or low-
temperature efficiently modifies intermolecular interactions 
and reveal the polymorphic behaviour of molecular 
compounds.26,27 Including this important physical variables in 
the study of organic materials opens new exciting 
opportunities for investigating and developing high-
performance semiconductors for optoelectronic devices.28–30

Perylene-3,4,9,10-tetracarboxydiimides, commonly known 
as perylene diimides (PDIs) are a class of compounds with 
polyaromatic π-conjugated flat molecules. PDIs offer a number 
of attractive characteristics, including high photo- and 
thermal-stability along with chemical inertness,31 and have 
been extensively studied as semiconductors for OFETs,32–35 
and OPVs.36–38 The properties of these n-type semiconducting 
materials can be efficiently modified through appropriate 
functionalization of the PDI core, achieved either by 
introducing different substituents at the imide N-atom or by 
modifying the core at the bay or ortho positions.39 Such 
substitutions effectively alter crystal packing and solubility, 
influencing the optical and electrochemical properties.36,40 
Particularly effective, in the context of enhanced solubility, is 
the imide-site substitution by long alkyl chains. Several PDI 
systems with different alkyl chain length are known, but their 
polymorphic behaviour remains underinvestigated.41–44

Here, we present our study on N,N′-dihexyl-3,4,9,10-
perylenedicarboximide (denoted as PDI-C6), a commercially 
available PDI derivative functionalized with a hexyl alkyl 
moiety at the imide position (Scheme 1). The UV-Vis spectrum 
shows the high absorbance (Figure S1) characteristic of highly 
efficient photovoltaic materials. Although two high-
temperature transitions of PDI-C6 were reported,32–35 they 
have not been thoroughly investigated, and the structures of 
those phases remain unknown. Recently, Madhu and 
coworkers reported the crystal structure of PDI-C6 phase I at 
173 K, revealing its one-dimensional (1D) columns, 
characteristic of PDI alkyl derivatives, stabilized by π-π stacking 
and C−H⋅⋅⋅O hydrogen bonding interactions.45 Some of PDIs, 
such as PDI-C5, have been studied at both room and high 
temperature, showing intriguing phase transitions, including 
polymorph obtained at 494 K that is characterized by a criss-
cross arrangement of the aromatic cores.46,47 However, high-
pressure studies of perylene diimides, and other organic 
photovoltaic (OPV) materials remain exceptionally rare.9,48–53 
To fill this gap, we explored the polymorphism of PDI-C6 at 
various temperatures and high pressure by combining multiple 
techniques, including synchrotron and in-lab X-ray diffraction, 
as well as differential scanning calorimetry (DSC).

Scheme 1. Structural formula of N,N′-dihexyl-3,4,9,10-perylenedicarboximide (PDI-C6).

Results and discussion
Previous calorimetric studies of PDI-C6 revealed two phase 
transitions during heating, occurring around 464 and 519 K, 
and two during cooling, at 494 and 409 K,34 but they were not 
further investigated. To maintain consistent labelling with that 
previously introduced for PDI-C5,47 a PDI derivative with an n-
pentyl chain, we will refer to the form stable under room 
conditions (296 K/0.1 MPa) as phase I, with subsequent phases 
labelled according to their order of appearance. 

PDI-C6 at room conditions

At room conditions, PDI-C6 phase I crystallizes in the triclinic 
space group P1, with the PDI-C6 molecule located on an 
inversion center (Z’ = 0.5). This observation agrees with the 
structure reported by Madhu et al. at 173 K (CSD refcode: 
TIXTUS).45 In this structure, the molecules π-stacked into 
columns along the [100] crystal direction (Figure S2). The 
distance between π-stacked molecular cores (dπ-π) at room 
conditions is 3.3809(15) Å, somewhat shorter than the typical 
range 3.4−3.6 Å usually reported for π-stacked aggregates.54 

The perylene core of the PDI molecules is planar, while the 
alkyl chains protrude off the plane in trans conformation. The 
inclination of the n-hexyl chain in the respect to the perylene 
core can be described by torsion angle C1–N1–C13–C14 (τ1), 
while the conformation of the alkyl chains is characterized by 
four torsion angles (Scheme 1): N1–C13–C14–C15 (τ2), C13–
C14–C15–C16 (τ3), C14–C15–C16–C17 (τ4) and C15–C16–C17–
C18 (τ5). In analogy to the ethane-like molecules, the hexyl 
chain conformers can be represented using four-letter 
descriptors.55 In phase I, the alkyl chains adopt anti-anti-anti-
anti conformation denoted by descriptor AAAA, corresponding 
to angles τ2, τ3, τ4, τ5 all approaching 180°. The conformations 
involving gauche+ and gauche- torsions (60° and -60°, 
respectively), present in subsequent phases, are denoted e.g. 
G+AG-A. The eclipsed conformation (E) describes a molecular 
arrangement in which adjacent methylene or methyl groups 
are in close proximity, with the torsion angles between 0° and 
± 30°, or close to 120°. The overall packing consists of 
alternating layers, with interdigitated alkyl chains and layers 
composed of rigid aromatic cores.

Temperature effect on PDI-C6
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The thermal behaviour of PDI-C6 has been investigated by 
several complementary techniques, including differential 
scanning calorimetry (DSC); thermogravimetric analysis (TGA); 
hot-stage microscopy (HSM); variable-temperature 
synchrotron X-ray powder diffraction (VT-PXRD) and in-lab 
single-crystal X-ray diffraction (VT-SCXRD). These methods 
allowed us to explore a broad temperature range from 100 K 
up to the decomposition at 823 K with TGA (in a N2 
atmosphere, Figure S3 in Supporting Information) or at 673 K 
using VT-PXRD (in air).

During the heating cycle, according to the DSC 
thermogram, phase I transforms to phase II at TI→II = 465 K, and 
at TII→III = 521 K phase II transforms to phase III (Figure 1). 
These transitions are consistent with the VT-SCXRD and HSM. 
The thermograms collected for the PDI-C6 cooled at a rate of 
20 K min-1 indicate that the transitions from phase III to phase 
II and from phase II to phase I are reversible, as previously 
reported.34 

The HSM revealed intriguing behaviour during the heating 
and cooling of the crystals related to the transition between 
phases I and II. The transitions occured at slightly different 
temperatures for individual crystals, which is characterictic of 
1st-order reconstructive transitions. The phase I to phase II 
transition observed upon heating was characterized by clearly 
visible propagating fronts that induced wrinkle formation on 
the crystal surface (as visible for crystal 1 in Figures 2a and 2b). 
A different behaviour was observed upon cooling, at approx. 
392 K, all the PDI-C6 needles elongated (Figure 2c,d), leading to 
the movement, jumping and bending of some crystals (Figure 
S18e,f). Simmilar polymorphism and thermomechanical 
behaviour were observed for other organic semiconducting 
materials.56,57 This macroscopic changes in single-crystal 
morphology can be attributed to the mutual rotation of the 
perylene cores, where the transformation of stress 
accumulated due to molecular rearrangement is converted 
into mechanical force.47 

Figure 1. Differential scanning calorimetry (DSC) thermogram of PDI-C6 in the heating 
(top) and cooling (bottom) cycles. Temperatures of phase transitions are indicated.

Our VT-PXRD analysis shows that, on approaching the 
transition to phase II, simultaneously the reflections of both 
phases II and III appear, while above TII→III, at 538 K only phase 
III is present (Figure 3). The coexistence of phases II and III is 
evident from two distinct peaks at 2θ below 1.25° in the PXRD 
pattern collected at 475 K (Figure S4). Because the transition 
from phase I to phase II is acompanied by a strong 
deformation, the unexpected appearence of phase III at 469 K 
can be associated with this strong mechanical effect ‚pulling‘ 

Figure 2. Hot stage microscopy of PDI-C6 crystals during the heating cycle: (a) phase I at 
470 K, (b) transition from phase I to phase II at 473 K; and during cooling cycle: (c) 
phase II at 423 K, (d) transition from phase II to phase I at 363 K, reshaping the crystals. 
Additional images are provided in Figures S18 and S19 of the SI.

small portions of the crystals into the adjacent higher-
temperature phase III. The observation of phases outside their 
stability regions are occasionally experianced for other 
compounds, too, e.g. resorcinol or benzimidazole.58,59 This 
recourse of a portion of the fine-powder sample to phase III at 
469 K contrasts with all our experiments on single crystals and 
DSC measurments, all of which transformed to phase II, as 
expected. Upon cooling, phase III demonstrates strong 
hysteresis, persisting up to 353 K, when a simultaneous 
transition into phases II and I occurs (Figure S9). This extended 
hysteresis of phase III in the cooling run may result from a 
substantial thermal contraction, as indicated by thermal-
expansion tensor plot (Table S7), potentially hindering the 
spatial reorganization of molecules during the transition to 
phases II/I. Notably, a significant difference is observed in the 
phase transition temperature across different thermal 
analyses (cf. Figure S8). This suggests that crystal morphology, 
particularly crystal size, plays a crucial role in influencing the 
kinetics of phase transition events, as it was observed for 
other materials.60 

In order to better understand the structural changes and 
the temperature effect on PDI-C6 crystals, we performed a 
series of VT-SCXRD experiments up to 470 K. Heating phase I 
from 100 K to TIII, gradually elongates the unit-cell 
parameters aI and cI (the index indicates the phase). 
Parameter bI initially elongates up to 338 K; on further heating 
to 430 K this trend is reversed and bI shortens; and between 
430 K and 465 K, bI hardly changes with temperature (Figure 
4a). This unexpected behaviour can be attributed to the 
conformational changes of the n-hexyl chains. The π-
conjugated stacking columns of PDI-C6 molecules aligned along 
direction aI in phase I, can be described by the pitch and roll 
inclinations relative to the ideal cofacial π-stack, as reported by 
Curtis et al.61 In this analysis, the pitch (P) angle corresponds to 
the displacement caused by the shift of adjacent molecules 
along the long molecular axis, whereas the roll (R) angle refers 
to the relative shift between adjacent molecules perpendicular 
to the long axis of the molecule (or along its short molecular 
axis). As the temparture increases in phase I, the P angle 
decreases from 42.88(6)° at 100 K to 42.31(4)° at 440 K, while 
the R angle slightly increases from 20.49(7)° to 21.11(5)° over 

Page 3 of 12 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

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

4 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/4
/2

02
5 

6:
05

:3
8 

PM
. 

 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/D5TC00809C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D5TC00809C


ARTICLE Journal Name

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Figure 3. Temperature-resolved powder X-ray diffractograms of PDI-C6 upon heating (left). The dashed lines indicate the transition temperatures identified in the DSC 
measurement: TI→II = 465 K and TII→III = 521 K. The color scale represents intensity variations. Crystal structures of PDI-C6 phase I (b) and II (c) showing: the packing arrangement 
along the 1D columnar alignment (left) and the columnar stacking, including conformer descriptors (right). Molecules located at the inversion center with a trans conformation are 
depicted in purple, while those in general positions with a cis conformation are shown in orange.

the same temperature range (Figure 5a). The distance 
between π-stacked molecular planes (dπ-π) increases from 
3.321(2) Å at 100 K up to 3.4397(13) Å at 440 K (Table S2). The 
calculated volumetric thermal expansion coefficient (αV) in the 
100–354 K range, is 162 ⋅ 10-6  K-1, which is close to the typical 
value of 170 ⋅ 10−6 K−1 observed for organic compounds.62 
However, between 368 K and 461 K, the αV increases sharply, 
reaching 446 ⋅ 10-6 K-1, which is nearly three times the value 
observed in the previous temperature range (see the 
Supporting Information for more details).

The phase transition from phase I to phase II fractures the 
single crystals, which complicated the accurate determination 
of high-temperature structures. Despite these difficulties, we 
successfully solved the structure of phase II at 470 K, revealing 
its triclinic symmetry of space group P1. The unit-cell 
parameters of PDI-C6 phase II closely resemble those of high-
temperature phase III of PDI-C5 (a = 11.624 Å, b = 11.617 Å, c = 
17.415 Å, α = 98.21°, β = 71.25°, ɣ = 116.06°, CSD refcode: 
DICMUX01) and its number of molecules in the unit cell (Z = 3) 
is the same.47 These similarities extend to the molecular 
packing and in PDI-C6 phase II one molecule lies at an inversion 
center, while the other occupies a general position. The alkyl 
chains of the Ci-symmetric molecule are in trans conformation 
(i.e. they protrude to the opposite sides of PDI core), whereas 
the alkyl chains in the molecule at general position are cis 
(they protrude to the same side). The trans-molecule adopts 
the AAEA conformation, while the cis molecule has AAAE and 
AEAE conformers (Figure 3c). Within the columns, every two 
parallel cis-molecules are followed by a trans-molecule, whose 
perylene core is rotated by approximately 33° about the 
column axis and slightly tilted relative to the cis molecules. 
This results in an alternating sequence of two molecules cis, 
criss-cross π-stacked to one molecule trans, followed by two 
molecules cis, etc. Above 521 K, the strong reconstructive 

transition occurs, which hampered our attempts to determine 
the structure of PDI-C6 phase III. The unit-cell parameters of 
phase III are reported in Table 1. 

PDI-C6 under pressure
High-pressure single-crystal X-ray diffraction measurements 
were performed on PDI-C6 at room temperature, up to 4.61 
GPa. The discontinuities in the unit-cell dimensions as well as 
the doubling of parameter b at 1.22 GPa and its subsequent 
halving at 1.52 GPa evidence two pressure-induced phase 
transitions (Figure 4b). Phase I is stable up to 1.05 GPa and 
then transforms to phase IV, which at 1.52 GPa transforms to 
phase V. The high-pressure phases IV and V are of the same 
triclinic space group type P1 as phases I, II and III. In phases I 
and V, the asymmetric part of the unit cell comprises half of 
the PDI-C6 molecule, while Z’ = 1 in phase IV. The 
crystallographic information are summarized in Table 1 and 
the crystal and experimental data are detailed in Table S16 in 
SI. 

The compression of the phase I significantly reduces aI and 
cI dimensions, which is associated with decreased π–π 
distances and deformations of the alkyl chains. The parameter 
bI is hardly affected by the pressure and upon the compression 
to 0.73 GPa, it decreases by only -0.14%. Intrestingly, at 1.05 
GPa, just before the transition to phase IV, the bI is 
approximately +0.01% longer compared to its length at 0.1 
MPa. These changes correlate with variations in the shortest 
hydrogen bond CH4⋅⋅⋅O2, which shortens from 2.4752(15) Å at 
0.1 MPa to 2.37(3) Å at 0.73 GPa, before lengthening slightly to 
2.39(2) Å at 1.05 GPa. At 0.1 MPa, the P angle is 42.53° and the 
R angle is 20.75°. The compression of phase I from 0.1 MPa to 
1.05 GPa of PDI-C6 has a small impact 
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Figure 4. Temperature (a) and pressure (b) dependence of the unit-cell dimensions a, b, c (top) and molecular volume (Vm = V/Z, bottom) of PDI-C6. Estimated standard deviations 
(ESDs) are smaller than plotted symbols. The data at 173 K (squares) were taken from Madhu et al.45 The unit-cell parameters of phase III determined during the cooling cycle are 
marked with a lighter color. The data measured at 296 K is highlighted in blue. Lines joining the points are for guiding the eye only. The triclinic angles are plotted in Figure S21.

Table 1. Selected crystallographic data of PDI-C6 phases I, II, III, IV and V (cf. Table S16 and S17 in SI for details).

on the P angle, reducing it by only 0.33°. In contrast, the 
changes of the R angle and π-π stacking distance (dπ–π) are 
much more pronounced. The compression to 1.05 GPa, 
decreases the R angle by 1.75° and shortens the dπ–π distance 
to 3.278(6) Å from 3.3882(4) Å measured at 0.1 MPa (Figure 
5b).

The unit cell of phase IV clearly corresponds to that of 
phase I, as evident from compression of parameters (Figure 
4b) and the structural comparison presented in Figure 6. The 
nearly monotonic compression of a reflects the gradual 
contraction of π-π stacking distance between adjacent PDI-C6 

molecules within the stacks. The unit-cell vectors of phases I 

(aI, bI, cI) and IV (aIV, bIV, cIV) are related by the following 
equation (1):

𝒂𝐈𝐕
𝒃𝐈𝐕𝒄𝐈𝐕

=  
―1    0 0
0 ―2 0
0 ―1 1

 
𝒂𝐈
𝒃𝐈𝒄𝐈

                                    (1)

Apart from doubling of the b parameter (bIV = 2bI), the 
transition from phase I to IV leads to an abrupt reduction of 
the c'IV parameter by -2.20%, which can be recalculated in 
relation to the cI parameter of phase I with the Equation (2):

𝑐′IV = 𝑐2
IV + 𝑏2

IV/4 ― 𝑐IV𝑏IV cos 𝛼IV                                           (2)

Unit cell
p (GPa)/T (K) Phase

a (Å) b (Å) c (Å) α (°) β (°) γ (°)
V (Å3) Z/Z‘ dπ-π (Å)

0.0001/298 I 4.7568(10) 8.5487(16) 17.576(2) 81.678(14) 84.850(15) 83.169(16) 700.3(2) 1/0.5 3.3809(15)

0.0001/470 II 11.443(7) 11.988(8) 19.506(9) 96.05(5) 73.16(5) 114.90(6) 2323(3) 3/1.5 3.579(8)

0.0001/537 III 7.676(2) 10.148(1) 21.559 (2) 84.35(2) 83.34(4) 90.52(3) 1665.5 (5) 2/1 –
3.2643(6)

1.41/296 IV 4.5308(1) 16.9532(3) 17.887(1) 66.484(3) 95.489(2) 96.287(1) 1250.21(8) 2/1
3.2044(5)

1.95/296 V 4.4643(1) 8.6151(1) 15.8664(8) 90.750(3) 92.236(3) 97.490(1)  604.46(3) 1/0.5 3.2049(6)
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Figure 5. Temperature (a) and pressure (b) effects on the π-stacking of PDI-C6 molecules under pressure: orange and purple symbols represent the pitch and roll angles and grey 
squares mark the distance between π-stacked molecules (dπ–π).61 Inset: graphical representation of P, R and dπ–π. The alkyl substituents and H-atoms are skipped for clarity. The 
corresponding numerical values can be found in Tables S2 and S10 of the SI.

The transformation to phase IV releases the structural 
strain accumulated during compression by lowering the crystal 
symmetry and doubling the number of independent 
molecules. As a result, due to conformational alternation of 
the n-hexyl chains, the Z’ in phase IV increases from 0.5 to 1. 
One of the molecules retains Ci symmetry, maintaining the 
AAAA conformation of alkyl chains, as observed before in 
phase I, with τ2–τ5 torsion angles close to 180°. The other 
molecule adopts a gauche+/gauche- (G+/G-) conformation, 
where τ3 and τ5 remain near 180°, while τ2 and τ4 twist to 
approximately ±60°. Consequently, the conformers descriptors 
for two independent molecules present in phase IV are 
AAAA/AAAA and G+AG-A/G-AG+A (Figure 7). The discrimination 
of molecules into two independent conformers affects their π-
stacking in phase IV and significantly impacts the elastic 
response of the crystal. The pressure-induced deformation of 
the AAAA stacks follow the trends observed in phase I, with 
the P angle decreasing by 0.71°, and dπ–π by 0.42% compared 
to their values at 1.05 GPa. Under the same conditions, the R 
angle increases by 1.5°. The accommodation of new 
conformers G+AG-A/G-AG+A requires the P angle to increase by 
1.73° and R angle to decrease by 0.93°, compared to AAAA 
conformer at 1.41 GPa. As a result, the enhanced flexibility of 
G+AG-A/G-AG+A conformers allows for more efficient packing 
and the dπ–π distance shorter by 1.84% compared to that 
between conformers AAAA at 1.41 GPa. 

At 1.5 GPa, a drop in the parameter c lenght and the 
halving of the parameter b mark another phase transition, 
changing the unit-cell vectors to resemble those of phase I:

𝒂𝐕
𝒃𝐕𝒄𝐕

=  
―1    0 0
0 ―1/2 0
0 ―1/2 1

 
𝒂𝐈𝐕
𝒃𝐈𝐕𝒄𝐈𝐕

                                        (3)

In phase V, the Z’ number is reduced back to 0.5, and all 
molecules adopt the G+AG-A/G-AG+A conformation (Figure 7). 
As the pressure increases from 1.74 to 4.61 GPa, the aV 
parameter shortens by -4.12%, and cV by -3.62%, while 
parameter bV is hardly reduced (-0.48%). This unusual effect 
results from the preserved characteristic motif of π-stacking 
into columns, similarly as in phase I. The G+AG-A/G-AG+A 
conformation effectively accomodates compression, as 
evidenced by a negligible change in dπ–π distance up to 2.1 
GPa. Above this pressure, dπ–π decreases significantly with 
compression, by 9.09% at 4.61 GPa compared to 0.1 MPa. The 
deformation of the π-stacked columns in phase V becomes 
more pronounced, with the P angle increasing by 0.22° and the 
R angle decreasing by 2.95° between 1.74 and 4.61 GPa (Table 
S10).

Figure 6. Lattice relations between phases I (0.1 MPa/298 K), II (0.1 MPa/470 K), IV 
(1.41 GPa/296 K), and V (1.95 GPa/296 K) in PDI-C6, illustrated for maintained 
orientations of the π-stacked molecules; the orange axes in phase IV indicate the 
corresponding directions in phases I and V.
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Figure 7. Conformational changes in PDI-C6 molecules in phases I (grey), IV (orange) and V (violet) illustrated by (a) superimposing fragment of the perylene core, and (b) torsion 
angles τ1-5 plotted as a function of pressure. In the description of the torsion angles, asterisks refer to the atoms in phase IV. Hydrogen atoms are omitted for clarity.

Conclusions
We comprehensively investigated the solid-state phase 
transitions of the semiconductor PDI-C6, employing a 
combination of differential scanning calorimetry, hot-stage 
microscopy, and X-ray diffraction under high pressure and 
various temperatures. Our research highlights an 
unprecedented polymorphic diversity of PDI-C6, identifying 
reversible transformations between five distinct polymorphic 
forms. This includes two high-temperature polymorphs, 
previously observed only through DSC analysis, and two new 
high-pressure phases. Notably, all identified polymorphs 
crystallize in the same triclinic space-group type P1. 

The transition from phase I to phase II involves a scissor-
like rotation of the perylene cores, accompanied by a 
significant conformational rearrangement of the alkyl chains. 
However, the structure retains its 1D columnar stacking and 
the interdigitation of the alkyl chains. PDI-C6 phsse II is 
isomorphic to phase III of PDI-C5. The close structural 
relationship is further evidenced by similar mechano-
responsive behaviour of crystals upon cooling from phase II 
back to phase I, which is characterized by moving, jumping and 
reshaping of single crystals. Due to the reconstructive phase 
transition, the structure of phase III could not be determined; 
however, we were able to establish the unit-cell parameters 
and characterize its thermal contraction upon cooling. This 
significant thermal strain may hinder the spatial 
rearrangement of molecules, leading to a high hysteresis upon 
cooling as observed in the VT-PXRD.

The volume changes observed in PDI-C6 phase I on 
lowering the temperature from 298 to 100 K, on average, 
correspond to the compression from ambient pressure to ca. 
0.5 GPa, fulfiling pressure–temperature corespondance rule.63 
Conversely, in the temperature range from 100 to 440 K, the 

PDI-C6 phase I follow the rule of the inverse relation of the 
thermal expansion and compressibility, exemplified by thermal 
expansion along [z], which corresponds to the strongest 
compressibility in the same direction. While the thermal phase 
transition from phase I to II is dominated by the rotation of the 
aromatic core, the experimental and theoretical computations 
consistently indicate that the conformational flexibility of the 
n-hexyl substituents at the imide position is the driving factor 
of pressure-induced phase transitions. The stepwise 
emergence of conformers G+AG-A/G-AG+A during compression 
in phase IV, where half of the molecules preserve the 
conformation AAAA/AAAA, while in phase V all molecules 
adopt the G+AG-A/G-AG+A conformation, indicates that such 
conformational conversion facilitates more efficient molecular 
packing and thus effectively reduces the π-stacking distance by 
9.09% between 0.1 MPa and 4.61 GPa. 

Experimental Methods
Crystallization

PDI-C6 was purchased from Aldrich and used without 
additional purification. Crystals of PDI-C6 were obtained using 
a solvothermal reactor. The process involved preparing a 
supersaturated solution of the PDI-C6 in toluene, p-xylene, 
CH2Cl2, or CHCl3, heating it to 453 K (or 373 K for chlorinated 
solvents) overnight, and then gradually cooling it to room 
temperature.

Differential Scanning Calorimetry (DSC)

The DSC measurement was performed with PerkinElmer 
PyrisDiamond DSC-7 equipped with a PII intracooler, in N2 
atmosphere and a scanning speed of 20 K min-1. The 
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temperatures of phase transitions were determined using the 
method of intersecting slope and baseline lines.

Hot-Stage Microscopy (HSM)

The HSM analysis was performed using an OLYMPUS BX41 
microscope equipped with a VISICAM 5.0 and a NIKON DS FI3 
camera. A Linkam TMS-94 stage was used for the temperature 
control. The images were taken under polarized light to 
highlight modifications in the crystals due to solid-state 
transition, with a 40× magnification.

Variable-Temperature Single-Crystal X-ray Diffraction (VT-SCXRD)

The single-crystal measurements were performed on Xcalibur 
diffractometers with microfocus sources (CuKα = 1.54178 Å 
and MoKα = 0.71073 Å) and an Oxford Cryojet attachment. For 
data collection and processing, the CrysAlisPro software was 
employed. The crystal structures were initially solved using 
SHELXT and subsequently refined using SHELXL within the 
Olex2 suite.64,65 All non-H atoms were refined with anisotropic 
thermal parameters. H atoms were located in the difference 
Fourier map and from the molecular geometry. All crystal 
structures were analysed and compared using the software 
Mercury.66 We conducted measurements at 100, 298, 440 and 
470 K. Additionally, we determined the unit-cell parameters 
between 450 and 465 K from quick-experiments. The final 
crystal data are summarized in Table 1 and have been 
deposited in the CCDC with numbers 2421994, 2422224, 
2412030 and 2421130.

Variable Temperature X-ray Powder Diffraction (VT-PXRD)

VT-PXRD experiments were conducted in the 312–537 K range 
at the ALBA Synchrotron and Powder Diffraction beamline 
BL04-MSPD equipped with the High-throughput Position 
Sensitive Detector (PSD) MYTHEN and an FMB Oxford hot air 
blower. Indexing of the high-temperature phases was achieved 
using a 30-second X-ray exposure, λ = 0.41235(1) Å, over the 
2θ range of 0.8°–15°. Figure 3a presents the VT-PXRD patterns 
obtained upon heating the material, while Figure S9 contains a 
temperature-resolved diffractogram collected during cooling 
the PDI-C6 powder. Indexing of the PXRD data collected at 499 
K was hampered. However, we successfully indexed the data 
collected at 537 K, which allowed the determination of the 
triclinic primitive unit-cell parameters of high-temperature 
polymorph III of PDI-C6. Furthermore, the data for PDI-C6 
phase III at 537 K were refined using Pawley fitting in Topas-
Academic V5 (TOPAS).67 The final crystallographic data are 
summarized in Table 1.

High-Pressure Single-Crystal X-ray Diffraction

All high-pressure experiments were conducted using a 
modified Merrill-Bassett diamond anvil cell (DAC) with 
diamond anvils supported on steel discs.68 The diamond culets 
were 0.8 mm in diameter. The gasket was made of 0.3 mm 
thick tungsten foil with spark-eroded holes 0.4 mm in 
diameter. Strongly elongated thin plate crystals were prepared 

by cutting them to the dimensions required for the 
experimental chamber. The DAC chamber was loaded with the 
single-crystal sample and a ruby chip. Daphne Oil 7575 was 
used as the pressure-transmitting medium to maintain 
hydrostatic conditions.69,70 Subsequently, the DAC was closed 
and compressed. Pressure was generated by controlled 
tightening of three screws. The experimental details are shown 
in Figure S20 of the supporting information. Pressure was 
calibrated before and after the measurement using the ruby 
fluorescence method with the Photon Control spectrometer, 
affording an accuracy of 0.02 GPa.71,72 Single-crystal X-ray 
diffraction measurements were conducted on a 4-circle 
diffractometer equipped with a CCD detector and MoKα X-ray 
source (λ = 0.71073 Å) and with synchrotron radiation (see 
below Synchrotron X-ray Diffraction Measurements for 
details). The DAC chamber was centered using the gasket-
shadowing method.73 The CrysAlisPro software (ver. 43.98a) 
was used for the data collection, reduction and absorption 
correction. The structures were solved with direct methods 
using SHELXS and refined using least-squares methods with 
SHELXL, all within the Olex2 software suite.65,74 Anisotropic 
displacement parameters were applied to all non-hydrogen 
atoms. The hydrogen atoms were initially identified through 
different Fourier maps and recalculated based on the 
molecular geometry after each refinement cycle. The isotropic 
displacement parameters (Uiso) of H atoms were fixed at 1.5 
Ueq(C) for methyl groups, and at 1.2 Ueq(C) for methylene and 
aromatic H atoms. In-lab X-ray diffraction measurements were 
conducted at pressures of 1.05, 1.74 and 2.41 GPa. 
Additionally, quick experiments were carried out at 1.22, 1.33, 
1.47, and 1.52 GPa, where only the unit-cell parameters were 
determined. All reference images collected during the 
diffraction measurements were consistent, testifying that no 
transformations took place during these experiments.

Synchrotron X-ray Diffraction Measurements

X-ray diffraction measurements were performed at the 
Materials Science beamline of the Swiss Light Source75 using 
synchrotron radiation of approx. 0.4920 Å, focused and 
collimated to 150 μm (exact wavelengths were placed in Table 
S16). High-pressure diffraction data was collected for single 
crystals of the PDI-C6 systems placed in a DAC in a steel gasket 
(thickness ~90 μm and a hole diameter 250 μm). A ruby 
fluorescent method was used to determine pressure inside the 
DAC. Daphne Oil 7575 was used as a pressure transmitting 
medium. We conducted measurements at 0.1 MPa, 0.5, 0.73, 
1.41, 1.95, 2.05, 2.74, 3.43, and 4.61 GPa. The final crystal data 
from high-pressure measurements are summarized in Table 1 
(cf. Table S16) and have been deposited in CIF format in the 
Cambridge Crystallographic Database with numbers CCDC 
2412018-2412029 (from in-lab and synchrotron 
measurements).
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Data for this article, 

Pressure- and temperature-driven transitions and conformational conversions of n-hexyl substituted 
perylene diimide (PDI-C6) crystals

By Paulina Ratajczyk, Szymon Sobczak, Michał Andrzejewski, Francesco Marin, Marianna Marchini, Lucia 
Maini,* Andrzej Katrusiak* for publication as a paper in J. Mat. Chem. C.

Have been included as part of the Supplementary Information, and

The crystallographic data for compound PDI-C6 has been deposited at the CCDC with numbers 2421994, 
2422224, 2412030 and 2421130 (varied-temperature data) and 2412018-2412029 (high-pressure data) 
and can be obtained in the form of CIF files from https://www.ccdc.cam.ac.uk/.
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