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ABSTRACT

Cooperative phase transitions in organic crystals are attracting growing interest due to their reversible, diffusionless nature,
their ability to generate macroscopic dynamic phenomena, and their strong influence on the physicochemical properties of
molecular materials relevant to organic electronics. Yet, the microscopic mechanisms governing these lattice- and disorder-
driven transformations remain only partially understood. Because phase transitions amplify electron-phonon interactions by
pushing low-frequency modes into the anharmonic regime and reorganizing molecular packing within a few kelvins, they offer
a unique opportunity to directly probe lattice-electronic coupling in organic semiconductors. Here, we investigate single crystals
of 2,7-di-tert-butyl-[1]benzothieno[3,2-b]benzothiophene (ditBu-BTBT), a high-performance organic semiconductor undergoing
a diffusionless polymorphic transition near 70°C, to reveal how its electronic landscape, specifically the distribution of electronic
states and optical bandgap, evolves across a cooperative phase transition. Variable-temperature soft x-ray reflectivity at the carbon
K-edge and UV-vis absorption spectroscopy show the order-disorder transition, evidenced by energy shifts of specific resonances
attributed to increased dynamics of the lateral tert-butyl groups, which become intramolecularly disordered at high temperature.
Concurrently, the optical bandgap increases, reflecting reduced intermolecular interactions and band dispersion. These results
directly demonstrate how cooperative polymorphic transitions modulate the electronic structure of organic semiconductors.

first-order process involves a reversible, diffusionless displace-
ment of molecules within the crystal, often accompanied by
minor alterations in the herringbone packing of the aromatic

1 | Introduction

It has been recently established that crystalline materials charac-

terized by a rigid, aromatic backbone (core) linked to dynamic
lateral substituents [1-5] are prone to undergo solid-state poly-
morphic transitions in response to temperature changes, a
phenomenon referred to as cooperative phase transition. This

cores [1, 2, 6]. Because organic semiconductor performances are
governed by strong electron—phonon coupling, phase transitions
offer a formidable opportunity to study this complex process: as
lattice modes soften, mix, or become anharmonic and symmetry
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FIGURE 1 | (a)SchematicofditBu-BTBT in the low-temperature ordered phase. (b) In the high-temperature disordered phase, the disorder is shown
as a sum of three configurations of the tert-butyl side chain (for simplicity, this is shown for one side chain only). (c) Angle change in the herringbone

pair passing from the low-temperature phase to the high-temperature phase.

changes occur, the resulting shifts in intermolecular interactions
offer a rare, experimentally accessible handle to interrogate
the fundamental lattice-driven mechanisms that control charge
transport [7, 8]. This study focuses on ditBu-BTBT, a BTBT
derivative functionalized with two bulky tert-butyl side groups
(Figure 1a), undergoing a cooperative phase transition at ca. 70°C
[6,9].

Cooperative polymorphic transition in ditBu-BTBT single crystals
has been investigated extensively using low-frequency Raman
spectroscopy, x-ray diffraction (XRD), nuclear magnetic reso-
nance (NMR) spectroscopy, Differential Scanning Calorimetry
(DSC), and Polarized Optical Microscopy (POM) [1, 4-6, 9-13].
Chung et al. [6] revealed a small (~2°) dihedral angle change
in the herringbone motif of the ditBu-BTBT core units, which
is shown in Figure 1lc. This change, although small, has been
demonstrated to significantly alter the charge transfer integrals
and, in principle, this can sizably affect the electronic and optical
properties of the material [6]. Chung et al. [6] also concluded that
the rotational motion of the tert-butyl side chains with increasing
temperature could trigger the cooperative transition, because of
the enhanced repulsive forces between adjacent side chains.

To develop a rational design of next-generation organic elec-
tronics, it is essential to understand how cooperative phase
transitions influence the electronic band structure, the distri-
bution of the electronic states, and by-extension, the optical
bandgap. To investigate this, we applied variable-temperature
photon-in/photon-out spectroscopic methods on ditBu-BTBT
single crystals across the phase transition. Optical methods have
the advantage of being non-destructive and insensitive to sample
charging under irradiation with energetic photons. Specifically,
we employed UV-vis absorption spectroscopy and resonant soft
x-ray reflectivity (RSXRR) at the carbon K-edge. The former
directly probes the optical bandgap, while the latter provides
complementary evidence of both (i) the evolution of the band
structure, by probing the optical transitions to empty electronic
states, and (ii) the molecular arrangement and degree of order

within the crystal. RSXRR has been extensively used for the
characterization of organic crystalline materials and thin films
[11, 14-22], exploiting the sensitivity to the rapid variation of
the real and imaginary parts of the refractive index (eventually
anisotropic) across the carbon K-edge, which depends strongly
on the chemical and morphological properties of the system.
Furthermore, since the reflectivity is defined as the ratio between
the reflected signal and the incident beam, it is inherently
quantitative, allowing the data to be directly compared with
simulations [11, 14, 23]. RSXRR (in energy-scan mode) probes the
same energy range as near edge x-ray absorption fine structure
(NEXAFS), but with distinct advantages. Unlike NEXAFS, which
is often limited by surface sensitivity and sample charging [24],
RSXRR can access buried interfaces and bulk regions tens of
nanometres below the surface. Combined with simulations of the
dielectric constant, RSXRR enables a detailed characterization
of sample morphology. In this work, experimental reflectivity
curves as a function of photon energy at fixed grazing incidence
were compared with simulations based on the Parratt formalism
[25], allowing a quantitative interpretation of the structural and
electronic features of the layered systems. In the present case,
the crystal was treated as an aggregate of molecules. The optical
constants were derived from first-principles calculation of the
absorption cross-section of individual molecular building blocks.

2 | Materials and Methods

ditBu-BTBT was synthesized following a reported procedure and
used for crystallization without further manipulation [9]. Single
crystals were grown by slow evaporation from a 4 mg/mL solution
of chloroform at room temperature, yielding plate-like crystals
with lateral dimensions of 4-5 mm and thicknesses between 50
and 100 pm.

UV-vis absorption spectroscopy measurements were conducted
in transmission mode, as ditBu-BTBT single crystals are transpar-
ent in the range between 380 and 750 nm. Transmission spectra
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were recorded on a UV-vis spectrophotometer equipped with a
deuterium lamp for the ultraviolet region, and a quartz tungsten-
halogen lamp for the visible and near infrared regions (Ocean
Optics, DH-2000-BAL). The sample was mounted on a copper
sample holder using conductive copper tape, and the holder was
fixed on a heating plate. A K-type thermocouple was positioned
in close contact with the sample to monitor the temperature
in real time during the acquisition of the spectra. Spectra were
recorded from RT (25°C) to above 100°C, in the photon-energy
range between 250 and 1000 nm. To evaluate bandgap changes,
the cutoff onset in the transmission spectrum was determined by
extrapolating the linear region of the absorbance curve, and the
corresponding energy was taken as the optical bandgap [26-29].

Reflectivity was measured at the BEAR beamline of the Elettra
synchrotron, in ultra-high-vacuum (UHV) conditions [30]. In
this case, the temperature of the crystals could be varied by
direct heating of the sample holder by the Joule effect, through
a DC current passing in a tungsten filament. Also in this case,
a K-type thermocouple was used to monitor the temperature. X-
ray reflectivity across the carbon K-edge (~280-320 eV), with a
resolution of 0.1 eV, was measured by shining linearly polarized
light on the sample at a grazing incidence of 6, = 3°, a geometry
chosen to obtain a sizable intensity of the reflected beam, which
guarantees a high signal-to-noise ratio. A photodiode IRD AXUV
photodiode) mounted on the BEAR reflectometer arm was used
to measure the intensities of both the direct and reflected beams.
Measurements were performed in both s- and p-polarizations,
although only s-polarization data are reported, as the spectra
obtained in p-polarization did not offer further insight beyond
that provided by the s-polarization spectra.

UV-vis and RSXRR measurements were repeated on different
sample replicas to confirm observations.

Reflectivity was simulated adopting the Parratt’s formalism [25],
a recursive, dynamical method for calculating x-ray reflectivity
from layered structures, treating the crystal as a continuous
homogeneous medium with optical constants derived from the
scattering cross section of the single molecule [11, 14, 23]. Due
to the alternating herringbone orientation of the ditBu-BTBT
molecules in the crystal, we treated the system as isotropic
to simplify calculations - i.e., optical constants were evaluated
considering, on average, isotropic angular orientations of the
molecular units. This approach is reasonable, since experimen-
tally we did not observe any angular effects on the reflectivity line-
shape, i.e., by varying light incidence from s- to p- polarization,
which are usually related to the presence of strong anisotropies.

The real and imaginary parts of the refractive index were derived
starting from the Density Functional Theory (DFT) calculation
of the absorption cross section of the single molecule [11] using
the StoBe code [31]. The atomic geometry of the ditBu-BTBT
molecule was taken from the single-crystal structure obtained via
x-ray diffraction [9]. The ground-state molecular orbitals were
calculated using the revised Perdew-Burke-Ernzerhof (RPBE)
exchange/correlation functional and triple zeta valence polar-
ization (TZVP) atomic basis sets [31, 32]. Absorption spectra
in correspondence to the carbon K-edge for all nonequiva-
lent carbon atoms were calculated with the transition-potential
method [32]. The spectra from the various atomic centres were

ultimately merged, after applying a AKohn-Sham correction,
to achieve alignment on the energy scale [33, 34]. The optical
constants were obtained considering the crystal as an aggregate
of non-interacting molecules.

3 | Results and Discussion

Reflectivity spectra recorded at the carbon K-edge (Figure 2)
exhibit characteristic 7% and o* features. The region between
284 and 287 eV corresponds to Cls — 7* transitions within
the conjugated molecular core. The higher-energy structures are
attributed to Cls — o* transitions, involving both the core and
the lateral alkyl chains. The features in the experimental spectra
were first assigned based on literature [35-38] and then validated
through molecular calculations (see below).

Two main effects associated with the temperature variation are
observed. First, there is a progressive reduction of the overall
intensity, which we attribute to an increased diffuse scattering
caused by the formation of cracks and defects in the crystal during
the increase of the temperature, which could be clearly observed
by the naked eye (Figure S9) [39]. The incoming photon beam is
at a grazing incidence of 3° with respect to the crystal plane; this
results in a large beam footprint (ca. 2 mm), which averages over
a relatively large portion on the sample, encompassing multiple
cracks and defects that develop as the temperature increases. The
second effect is related to the displacement of the centroid of
the broad structure associated to Cls — o* transitions, around
305-310 eV. The structure exhibits a broadening as the temper-
ature passes from RT to above 100°C; this is interpreted in terms
of increased vibrational effects with temperature. Remarkably, a
sudden shift to lower energies of about 1 eV is also observed when
passing across the phase-transition temperature. To elucidate the
specific nature of the molecular levels involved in this effect
in more detail, first-principles simulations of the absorption
cross section of the molecules in the crystal were carried out.
These were then used to simulate the reflectivity line-shape.
Calculated absorption cross sections are shown in Figure 3a,
where the total cross section is presented together with the
isolated contributions of the carbons in the BTBT core and in
the side chains. Following a previously reported method [11], the
absorption cross section at the C K-edge was used to evaluate the
imaginary part of the molecular scattering factor (f,), and then,
through the use of Kramers-Kronig transformations, the real part
(f;)- Using the molecular density, derived from crystallographic
data reported in the literature [9], the real and imaginary parts
of the refractive index, n and k, were finally obtained (Figures
S7 and S8). Reflectivity simulations were carried out using the
Parratt formalism [25], a recursive method based on the Fresnel
equations, considering the experimental grazing incidence of 3°.

Figure 3b presents the comparison between the simulated and
the experimental reflectivity at RT. Despite the DFT simulation
being performed on a single molecule, the agreement between
experiment and theory is remarkable. The calculation provides
a parameter-free molecular reference based on DFT absorption
cross sections of the isolated molecule, from which the crystal’s
optical constants are constructed, therefore perfect agreement
with experiment is not expected, given the neglect of intermolec-
ular and solid-state effects. Despite this, it is remarkable that (i)
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FIGURE 2 | Reflectivity experimental spectra at the carbon K-edge, recorded from RT to 106°C. At increasing temperature, two main effects are

observed: a progressive decrease of the reflected intensity, and a shift of approximately AE =~ 1 eV associated with the maximum of the C1s — ¢* transitions.
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FIGURE 3 | (a)Calculated absorption cross sections arising from the
core, the lateral substituents and the entire molecule. (b) Comparison
between the simulated and experimental reflectivity.

the simulation reproduces quantitatively the overall intensity and
(ii) the main features observed experimentally are captured by
the simulation, allowing for a precise assignment of the different
spectral weights. Specifically, the simulation reproduces the main
m* and o* transitions. Spectral oscillations around 285 eV are
related to 7* transitions originating from the conjugated carbons
in the molecular core, while the high-energy structures above
290 eV, arising from o* transitions, are partially associated with
the carbons in the lateral tert-butyl chains, with maxima at about
293, 304-305 and 310-315 eV and partially to atoms in the BTBT
core (see simulations of the absorption cross sections along the
different molecular axes in Figures S2-S5).

Based on our simulations and on the reported observations [6]
on the role of the tert-butyl side chains in the transition, we
associate the o* peak shift to carbons in these terminal units,
especially to the features that simulations show at 310-315 eV.
We ascribe the shift to the increased structural disorder within
the molecule, as the system passes from the low-temperature
ordered phase to the high-temperature “disordered” phase. This
structural transition likely causes bond distortions (i.e., slight
elongation) and rearrangement in the chains, thereby resulting in
areduction in the excitation energy associated with the transition.
This experimental behavior supports the interpretation that
structural disorder inside the molecule, in the lateral chains, plays
a key role in driving the cooperative transition [6]. Moreover, o*
transitions in organic compounds are highly sensitive to the local
order and shifts associated with bond reorganization have been
observed several times in thin-film systems [22, 24].

The structural disorder inside the molecule, which becomes
particularly significant when the phase transition occurs, leads
to a weakening of the intermolecular interactions between
neighboring ditBu-BTBT molecules. This interpretation is con-
sistent with Raman data [1, 32], showing a sudden redshift and
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and do not represent fits.

broadening of the entire Raman spectrum at the transition,
coherent with substantially diminished intermolecular forces
that cannot be explained solely by thermal effects. Crossing the
phase-transition temperature drives the system toward reduced
crystallinity, contributing to the observed shift of the o* structure
(Figure 2) [40-45]. This is also consistent with structural analysis
showing variations in the crystalline arrangement [6] (Figure 1c).

Concerning the bandgap, the transmission spectra in the UV-
vis range are shown in Figure 4a. The ditBu-BTBT single
crystal shows complete transparency in the visible and IR
ranges, while featuring strong absorption between 250 and
350 nm, in the near-UV, due to w— z*transitions. It can be
noticed that, as the temperature increases during the mea-
surement, the overall intensity decreases, in consistency with
the increased scattering determined by the progressive for-
mation of defects and cracks, as already observed in the
reflectivity spectra. The sharp change in transmission consis-
tently occurs around the transition temperature, indicating that
while defects may form throughout the heating process, their
proliferation is enhanced at the phase transition, when the
system undergoes a structural reorganization. The transmission
onset is associated with the optical bandgap. This is evaluated
by linear extrapolation on the absorbance [26], as shown in
Figure S6.

The temperature dependence of the optical bandgap is shown
in Figure 4b. As expected for conventional semiconductors, the
progressive heating shows a general decrease of the bandgap
with increasing temperature. This behavior is typically attributed
to enhanced vibrational motion and increased structural dis-
order within the molecules as the system evolves from RT to
higher temperature. Remarkably, this trend is interrupted by a
sudden increase in the correspondence of the phase transition.
At temperatures approaching ~100°C, the bandgap begins to
decrease again. As the system transitions from the low to the
high temperature phase, the resulting structural reorganization
- involving less ordered molecular configurations with respect
to RT—induces weaker intermolecular interactions, leading to a
wider optical bandgap [46]. A comparable bandgap increase has
also been reported in hybrid perovskite semiconductors, where
phase transitions introduce enhanced structural disorder and

reduced band dispersion, ultimately weakening solid-state effects
due to the loss of long-range atomic order [47-50].

4 | Conclusions

The presented combined experimental and theoretical investiga-
tion reveals that the cooperative phase transition in ditBu-BTBT
single crystals has a clear impact on the electronic properties.
Our results establish phase transitions as a sensitive regime in
which lattice dynamics and packing reorganizations manifest
directly in the electronic structure, providing a valuable platform
for advancing phonon-engineering strategies in organic semicon-
ductors [7]. On one hand, reflectivity shows that the transition
involves an intramolecular reorganization, with a relaxation of
the bond lengths between C atoms in the lateral chains of the
molecular building blocks. This is attributed to an increased
disorder within the molecules, associated with the configuration
of the tert-butyl side groups. Therefore, the phase transition
induces not only collective structural changes but also localized
variations of the electronic states at the molecular level. Previous
structural studies showing that the system evolves above the tran-
sition into a less ordered conformation, accompanied by reduced
intermolecular interactions, support our interpretation. On the
other hand, UV-vis spectra show a small but sizable increase
of the optical bandgap at the transition temperature. This is
related to an intermolecular effect, i.e., the reduction of the solid-
state interactions associated with the increased level of disorder
in the crystal, as probed by structural analyses. These findings
demonstrate that phase transitions in amphidynamic molecular
crystals can induce considerable variations of the electronic
structure, with potential implications for organic electronics,
especially in applications requiring tunable or responsive materi-
als, in contexts where structure-function relationships are critical.
Although our measurements were performed on single crystals,
the insights gained provide a useful framework to interpret the
behavior observed in thin films, which are more relevant for
device fabrication and more sensitive to molecular packing. The
cooperative phase transition likely contributes to the reduction
of solid-state coupling in thin films, leading to smaller transfer
integrals and, consequently, lower charge carrier mobility, as
previously reported [6]. Notably, OFETs based on ditBu-BTBT
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thin films not only retain this cooperative phase transition but
also exploit it to achieve a functional memory effect, enabling
reversible and tunable modulation of charge carrier mobility
within transistors [6]. A deeper understanding of cooperative
phase transitions in organic systems and their influence on the
electronic behavior of thin-film devices is therefore crucial for the
design of next-generation smart, multifunctional materials with
controllable electronic responses.
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