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Introduction

1 Molecular materials

In the last years the interest in molecular materials in the fields of electronics and
optics has increased. Firstly, they display uncommon physical properties and exotic
phase transitions related to their low dimensionality. Besides, the low temperature
solution deposition and the possibility to realize flexible, light weight and potentially
biocompatible electronic devices make them also attractive for technology. Nowadays,
molecular semiconductors are widely used as light emitters in OLEDs and the research
in organic transistors and solar cells is active. Many examples of organic metals,
semiconductors and ferroelectrics are known.

However, the carrier mobility and thermal stability still need to be improved.
In most systems, the intermolecular interactions are weak and anisotropic and the
overlap between the adjacent molecular orbitals is disturbed by lattice vibrations.
All these factors favor the localization of the charge carriers. Thus, the control of
the crystal packing and the structural order are critical for the applications and are
still open issues. Moreover, many organic compounds display polymorphism and the
obtained phase and morphology are strongly dependent on the deposition conditions.

These problems can be approached by rational design of the constituent molecules.
Indeed, an advantage of molecular systems is their flexibility, i. e. the possibility to
tune the molecular shape, the directional interactions and the electron donor/acceptor
strength by chemical substitution. By these means, it is often possible to obtain the
desired crystal packing and increase the mobility and the stability of the material.
To do this, a deep understanding of the effects of crystal packing on the physical
properties of the material is required.

In this context, vibrational spectroscopic techniques, as IR and Raman, are power-
ful tools to characterize molecular materials, in many ways. Firstly, the intramolecu-
lar vibrations can be affected by intermolecular interactions. For instance, the charge
transfer interaction shifts the vibrational frequencies by changing the bond orders or
through the electron-molecular vibration coupling mechanism. Secondly, the lattice
phonons are very sensitive to the crystal packing and the structural disorder. The IR
and Raman spectra in the THz frequency range, are the fingerprint of a crystal phase
and can be used to identify polymorphs and investigate phase transitions. Thirdly,
if single crystals are available, different crystallographic planes can be probed sep-
arately. Measuring with polarized light, it is possible to distinguish modes having
different symmetry. Finally, the combination of Raman and IR provides information
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on the unit cell symmetry, since the two spectroscopies have different selection rules.
In the present thesis two categories of materials have been investigated: charge
transfer cocrystals (Chapters 1-4) and single component semiconductors (Chapters
5-6). The first two chapters expand the well known TTF-haloquinone series with
two new systems containing fluoranil (FA) as an acceptor. Both compounds, showing
the Neutral to Ionic phase Transition, were characterized at high pressure and low
temperature. Chapter 3 presents a new series of CT crystals containing N,N, N’ /N’-
Tetramethylbenzidine (N-TMB) as a donor. Chapter 4 is a detailed spectroscopic
study of the analogue system N,N,N’ N’-Tetramethylphenylenediamine-TCNQ (TMPD-
TCNQ), aimed to clarify its stack symmetry. Chapter 5 is focused on the polymor-
phism of [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM), a fullerene derivative
widely used in organic photovoltaic cells. Chapter 6 describes the phase transi-
tion from crystal to liquid crystal of an high mobility semiconductor, 7-decyl- 2-
phenyl[1]benzothieno|3,2-b][1]benzothiophene (Ph- BTBT-10)

2 Charge Transfer Cocrystals and the Neutral to
Ionic Transition

Organic charge transfer (CT) cocrystals contain planar m-electron donor (D) and ac-
ceptor (A) molecules, arranged in 1D stacks due to the overlap between the frontier
orbital of the molecules. This structural motif results in strongly anisotropic optical
and electronic properties. For instance, these crystals show a low energy CT absorp-
tion polarized along the stack direction. Some typical D and A molecules are shown
in Fig 1.

ionicity The most important physical parameter defining these materials is the
ionicity p, that is the average charge localized on D and A molecules. Based on
the ionicity value, CT crystals can be Neutral (N) if p < 0.5 or Ionic (I) otherwise.
This depends on the balance between the D ionization energy, the A electron affinity
and the Madelung energy due to the 3D Coulomb interactions present in the crystal.
Another fundamental parameter is the hopping integral ¢, that reflects the overlap
between the D and A frontier orbitals and allows the charge delocalization between
the molecules, making intermediate p < 0.5 values possible. Without it, CT crystals
would be either fully N or I.

Mixed or segregated Most CT cocrystals have 1:1 stoichiometry. In this case,
the stack can be either segregated or mixed. In the segregated stacks D and A form
separate columns, while in the mixed ones D and A molecules alternate along the same
stack (Fig 2). This strongly affects their physical properties: while segregated stack
crystals might show metallic conductivity [1], mixed stack ones are semiconductors or
insulators. In addition, segregated stacks are ionic, while mixed stacks can be either
neutral or ionic. Thus, both the ionicity and the preferred stack motif depend on the
ionization energy and the symmetry of the frontier orbitals of D and A molecules [2].

Stack symmetry: regular vs dimerized CT crystals can also be classified based on
the stack symmetry: the stack can be either regular or dimerized. In the former, the
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D-A distances and CT integrals ¢ along the stack are the same, while in the latter
two different D-A distances alternate along the stack. In this case D and A molecules
no longer lie on symmetry centers. As will be described below, this fact has huge
spectroscopic consequences.

Donors
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Figure 1: Typical electron donor and acceptor molecules
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Figure 2: Stack motifs in C'T crystals with 1:1 stoichiometry

Both the ionicity and the stack symmetry may change under external stimuli, as
temperature or pressure. Due to their low dimensionality, CT crystal are affected by
Peierls or Spin-Peierls instability, that may induce the dimerization of the stack on
cooling down to a certain critical temperature.

A well known example of instability is the Neutral to Ionic phase Transition (NIT),
occurring in few mixed stack crystals at high pressure or low temperature [3, 4]. In
these conditions, the lattice contraction increases the strength of the 3D Coulomb
interactions. This may drive the system from a N ground state to a I one, originating
a collective CT called NIT [5]. Since I regular stacks are subject to Peierls instability
due to electron-phonon coupling, the ionicity increase is always accompanied by the
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dimerization of the stack [6, 7]. Thus, the NIT is both a valence and structural
instability (Fig 3).

D* A®

2= TT1I1

Low T or high P

Dimerized stack "
p>0.5

Figure 3: Schematic representation of the Neutral to Ionic Transition

The inversion symmetry breaking along the stack direction makes the I phase
potentially ferroelectric, as in the case of the prototypical Tetrathiafulvalene-Chloranil
(TTF-CA) [3, 4]. Besides, TTF-CA ferroelectricity has an electronic origin, since the
polarization is mainly due to intermolecular charge transfer [8]. Further studies on
TTF-CA revealed that the same transition can be also photoinduced [9, 10, 11]. Since
the first discovery of the NIT [3], other exotic phenomena such as dielectric anomaly
[12, 13, 14], soft modes [15, 16], quantum phase transitions [17, 18] have been observed
in correspondence with it.

The NIT is characterized by the interplay between two instabilities having dif-
ferent origin: a charge one, due to 3D Coulomb interactions, and a structural one,
due to electron-phonon coupling. While the former favors a discontinuous ionicity in-
crease, the latter drives the stack to a continuous symmetry breaking [6, 7, 19]. Thus,
depending on these parameters, the NIT can be first or second order. For example,
in TTF-CA the electrostatic interactions prevail, leading the system to discontinuous
NIT. Differently, in DMTTF-CA, having a bulkier donor, these interactions are weak-
ened and the transition is continuous [20]. Other mixed stack CT crystals undergoing
NIT fit well in this scenario [21].

Both the ionicity change and the symmetry breaking show typical spectroscopic
signatures and thus can be investigated separately. Briefly, the former affects the
vibrational frequencies of D and A, while the latter makes the Raman active totally
symmetric modes also IR active. These effects are explained in the following.

Firstly, the ionicity increase makes the neutral D and A molecules similar to
their radical ions (Fig 4). Since the partial ionization changes the bond orders, the
vibrational modes involving these bonds undergo large frequency shifts. For this
reason, they are known as 'charge sensitive modes’ [22, 23]. If the frequency shift
is linearly correlated to the ionicity, it can be used as a ionicity probe. The most
reliable charge sensitive modes are non-totallysymmetric and IR active, polarized in
the molecular plane. Thus, they are found in the IR spectra measured with the
electric field vector perpendicular to the stack direction.
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Figure 4: Left: ionization frequency shift of the CA antisymmetric C=0 stretching
mode, bi,vig. Right: IR spectra of TTF-CA polarized perpendicular to the stack at
81 (N phase) and 78 K (I phase). Reproduced from [15].
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Figure 5: Left: schematic representation of the e-muv coupling mechanism: the vibra-
tion along the normal coordinates QQ4,p modulates the energies €4 p of the molecular
orbitals, inducing charge flows along the stack. gap is the e-mv coupling constant.
Right: polarized IR spectra of TTF-CA at 300 and 15 K. Continuous line: polarization
along the stack. The strong bands occurring at low T indicate the stack dimerization
in the I phase. Reproduced from [24].

Also the stack dimerization has huge spectroscopic consequences, due to the cou-
pling between the intramolecular vibrations and the CT electron (e-mv coupling)
[25, 26, 27]. This means that certain vibrations, i.e. the totally symmetric ones,
induce charge flows along the stack, modulating the energies of the frontier orbitals
involved in the CT interaction (Fig 5). If the inversion symmetry of the stack is bro-
ken, these charge flows are associated with electric dipoles oscillating along the stack
direction. Consequently, the totally symmetric modes, Raman active, become also IR
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active, with huge intensity and polarized along the stack. Thus, in dimerized stacks
the IR and Raman spectra show the same peaks. Another effect of the e-mv coupling
is the frequency lowering of the coupled modes. Therefore, the totally symmetric
modes are not used as ionicity indicators.

But that is not all. Vibrational spectroscopy is also able to provide information
on the symmetry and multiplicity of the unit cell and on the electron-lattice phonon

coupling. These issues will be discussed in the following chapters, focused on the
NIT.



Chapter 1

TTF-Fluoranil rediscovered:
Temperature and Pressure Induced
Neutral to Ionic Transition

1.1 Introduction

Tetrathiafulvalene-Fluoranil (TTF-FA) was synthesized for the first time in 1979 [2],
together with TTF-CA, before the discovery of the NIT [3]. Since then, the effects
of chemical substitution on the NIT have been extensively studied by modification
of TTF and CA molecules [28, 29]. However, TTF-FA was missing in this TTF-
Haloquinone series, having been elusive until now. Probably due to its instability, it
has never been experimentally reproduced.

We firstly prepared TTF-FA as a powder by grinding the pure components. Then,
thanks to a kinetic control of the crystal growth by a rapid evaporation of the solvent,
we were able to obtain good quality TTF-FA single crystals. We found that TTF-FA
presents both temperature [30] and pressure induced NIT. Both neutral and ionic
phases were fully characterized by IR, Raman and X-ray diffraction. The transition
is strongly first order, associated with a ionicity jump, the stack dimerization and the
doubling of the unit cell in the ionic phase. The crystal breaking at the transition
made the investigation difficult.

1.2 Experimental

1.2.1 Synthesis

TTF-FA powders were prepared by grinding 10.63 mg of TTF (5.2*107* mol) and
9.37 mg of FA (5.2¥107* mol) in an agate mortar for 20 minutes. The powder turned
to brown after grinding for 3 minutes.

The following attempts to crystallize TTF-FA with slow methods always yielded a
red-brown amorphous product. Good quality single crystals were finally obtained by
mixing saturated toluene solutions of the two components in 1:1 stochiometric ratio

10



Chapter 1. TTF-FA 1.2. Experimental

and rapidly evaporating the solvent. The solution mixing resulted in a color change
from yellow to green due to the complex formation. The crystals, green and needle
shaped, grew mainly at the edge of the evaporating solution. The crystals, unstable
at room temperature due to FA sublimation, were stored at low temperature.

1.2.2 Structure determination

XRD measurements were performed in Parma by Prof Francesco Mezzadri. Single
crystal X-rays diffraction was collected at RT by using graphite monochromatized Mo
Ka wavelength on a Bruker Smart diffractometer equipped with an APEX II CCD
detector. Low temperature data were collected with a Bruker D8 Venture instrument,
equipped with a Photon II CCD area detector and micro-focused Mo Ka radiation
source. Temperature control was achieved with an Oxford cryostream system working
in nitrogen flux. Due to crystal breaking at the NIT transition, the low temperature
data collection required the sample to be placed into a glass capillary filled with
Fomblin®, a perfluorinated polymer that increases its viscosity as temperature is
lowered. In such a way crystal cracking was avoided without inhibiting the transition.
The single crystals data reduction was carried out by using the SADABS program
[31] The software Shelxt was used for structures solution while refinement was carried
out full-matrix by using the Shelxl program [32].

1.2.3 Spectroscopic measurements

The IR spectra were recorded with a Bruker IFS-66 FT-IR spectrometer coupled
to a Hyperion 1000 IR microscope, on the ac and on the ab face with the electric
field vector polarized parallel or perpendicular to the stack direction a. The crystal
faces were previously indexed by XRD. The measurements were performed mainly in
absorbance mode on the thinnest crystals, using KBr as a reference. Some spectra
were measured in reflectance mode on thicker crystals having a good quality surface,
using a metallic mirror as a reference.

The Raman spectra were recorded with a Renishaw 1000 spectrometer equipped
with the appropriate edge filter and coupled to a Leica M microscope using the 568.2
nm line of a Lexel Kr laser. Low frequency spectra have been acquired using a Horiba
LabRAM HR Evolution Raman spectrometer, equipped with a 633 nm HeNe laser and
a ULF Bragg filter to reject the Rayleigh scattered radiation. The diffraction grating
with 1800 grooves/mm allowed for a maximum spectral resolution of 0.3 cm™! and
a lowest accessible frequency of 4 cm™! . The laser power was always set below 0.1
mW to avoid sample heating. Raman spectra were measured with the exciting and
scattered light polarized parallel or perpendicular to the stack on both ac and ab
crystal faces.

The crystals were cooled down to 80 K using a Linkam HFS 91 stage and were
fixed to it to prevent sample disintegration during the phase transition. In the case of
Raman measurements, the crystals were pasted to the stage with a conductive silver
paste, while they were covered with a thin and flat KBr slide for transmission IR
measurements.

11



Chapter 1. TTF-FA 1.3. Results

For the high pressure measurements, the samples were placed in a diamond anvil
cell (DAC), shown in Fig 1.1, using brass gasket to allow a finer pressure tuning in
the range 0.1-1.5 GPa. The hole containing the sample was filled with Nujol oil,
used as pressure transmitting medium. The DAC was fitted under both IR and
Raman microscopes. In the case of Raman a 20x magnification objective was used,
as its working distance was suitable to focus the laser beam on the sample inside the
cell. The pressure was measured with the ruby fluorescence method (1.1) [33]. To
increase the wavelength accuracy, the spectrum of a Ne calibration lamp was acquired
together with the ruby fluorescence without moving the grating (pressure error 0.05
GPa). Measurements performed on rubies located in different positions of the hole
confirmed the pressure homogeneity. Two different crystals were used: a thick sample
was used mainly for Raman measurements while a thinner one was chosen for IR. Both
crystals lie on the ab face.

Diamond

Pressure

indicator P=10GPa

Sample

Pressure
medium

Intensity (1000 counts per
eC,
r
<

690 691 692 693 694 695 696 697 695 699 700 70l 702
peak position (nm)

Figure 1.1: Left: the cell used for the high pressure measurements. Center: scheme
of the DAC. Right: pressure shift of the ruby fluorescence band.

1.2.4 Calculations

Standard DFT computational methods (B3LYP, 6-31G(d)) were exploited for the
calculation of equilibrium geometry and vibrational frequencies of the constituent
molecules, in both the neutral and ionized state, using Gaussian 16 B.10 [34]. The
frequencies higher than 1000 cm™! were scaled by the factor 0.9613, as suggested
in [35]. First principles calculations following the approach described in [21] have
been performed on the crystal structures to estimate the tendency towards valence
instability.

1.3 Results

1.3.1 Crystal growth

At first, TTF-FA was obtained as powder by grinding the pure components. The iden-
tity of the product was later confirmed by IR spectroscopy: the spectra of the pow-
dered TTF-FA crystals and the ground powder are the same (Fig 1.2). However,the
brownish colour of the ground powder proves that it also contains the byproduct
found in many crystal growth attempts.

12



Chapter 1. TTF-FA 1.3. Results

The fact that TTF-FA crystals could be obtained only by rapid solvent evapo-
ration and using saturated solutions indicates that the crystal growth is kinetically
controlled. The key factors of this unusually fast growth method are the high solu-
bility of both pure components (~ 1M) and CT complex. This allows to grow large
crystals by dissolving a high amount of starting material without precipitation.

The green colour of the mother solution suggests that TTF-FA complex is formed
firstly in solution. However, Raman measurements on the mixed toluene solution
demonstrated that a large fraction of TTF and FA molecules were isolated. Thus,
the CT complex must be very weak. It was not possible to measure the absorption
spectrum of the mother solution due to the high concentration.

1 T T T T T T

Grinding
r — Crystals
0.8 _
g 0.6
% .
s}
‘g‘ J
<
0.4+ .
0.2 _
i 1 Il ‘ 1 1 1 ‘ 1 1 | Il 1 1 | Il 1 1 ]

750 1000 1250 1500 1750

-1
Wavenumber (cm )

Figure 1.2: IR spectrum of TTEF-FA obtained by grinding (green line) and of powdered
TTF-FA crystals (red line). The spectra are upshifted for clarity.

1.3.2 Relationship between morphology and spectra
The neutral phase

Single crystal XRD analysis confirmed the triclinic (P — 1) structure found by Tor-
rance et al. [2], characterized by a mixed regular stack, with TTF and FA molecules
alternating along a and laying on the inversion centers.

The green and needle-shaped TTF-FA crystals (Fig 1.3) are elongated in the stack
direction and usually show two different faces, parallel to the ac and ab planes (Fig
1.4). The stack direction can be easily recognized by optical spectroscopy due to the
presence of the CT excitation, occurring at around 6000 cm™! (Fig 1.5). The needle-
like crystal shape reflects the strong and directional CT interaction, that is the main
intermolecular force and drives a faster crystal growth along the stack direction. Also
the out-of-plane antisymmetric modes of the two molecules are mainly polarized in

13



Chapter 1. TTF-FA 1.3. Results

this direction. Differently, the in-plane antisymmetric modes can be observed in the
spectra polarized perpendicular to the stack. Since in a first approximation the Dy,
point group of the TTF and FA molecules is retained in the crystal, these vibrations,
polarized along the two in-plane molecular axes, have by, and by, symmetry. While
the spectra recorded on the ab face are dominated by the FA by, bands, the spectra
recorded on the ac face show mainly the by, vibrations and a small projection of by,
ones (see Fig 1.4 and Fig 1.6). The complete assignment of the IR spectra is reported
in Table 1.1.

h »

Figure 1.3: Microscopic images of TTF-FA crystals (unknown face). Polarized trans-
mitted light parallel (a) and perpendicular (b) to the stack axis. Polarized reflected
light parallel (¢) and perpendicular (d) to the stack axis.

Figure 1.4: Crystal structure of TTF-FA at room temperature, viewed along the [010]
(left) and [001] (right) directions. The spectra have been recorded on these two faces.
The C=0 by,v190 mode can be excited in the ac-face only.

14
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Figure 1.5: Comparison between the polarized IR spectra of TTF-FA (red, green and
blue) and the unpolarized spectra of thin films of TTF (orange) and FA (black).
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Figure 1.6: Comparison between the polarized IR spectra of TTF-FA (red, green and
blue) and the unpolarized spectra of TTFE (orange) and FA (black).

The Phase Transition

TTF-FA crystals undergo a temperature induced first order NIT, associated with
sudden sample breaking and colour change from green to brown. Fixing the crystal,

15



Chapter 1. TTF-FA 1.3. Results

we observed that the transition front propagates by jumps along the stack direction
a, with the appearance of many parallel cracks.

During the first cooling the transition temperature is not well defined and varies
in the range 120-160 K depending on the sample history and cooling rate. Also
the substrates used for the measurements may affect the transition temperature or,
sometimes, inhibit the transition. Indeed, the spectra recorded on different points of
the same crystal sometimes reveal the coexistence of the two phases, as observed in
other discontinuous NITs [36].

The transition is reversible with a large thermal hysteresis, with the ionic to
neutral (I-N) transformation taking place at 200 K on heating and the N-I one at
170 K on cooling again, in a reproducible way. The optical axes and the polarization
direction of the CT excitation are unchanged by the transition.

1.3.3 Ionicity

The NIT is characterized by two order parameters: the ionicity and the stack dimer-
ization. The degree of charge transfer can be obtained from the frequency shifts of
some selected “charge sensitive modes” [23] of the constituent molecules. The best
choice are the FA C=0 and C=C stretching bands, named by,v19 and bs, 115 respec-
tively, found in the IR spectra polarized perpendicular to the stack.

Temperature (K)
100 150 200 250 300

—05p i

m . i
II‘II\I'\I\I'\I\\'\\I\_O j

Absorbance
tn

—

0.5

800 1000 1200 1400 1600 1800

Wavenumber (cm'l)

Figure 1.7: Temperature evolution of the IR spectra of TTF-FA, recorded on ac face
with the electric field polarized perpendicular to the stack. The spectra are upshifted for
clarity. Inset: Ionicity changes of TTF-FA estimated from the FA bi,vio frequency:
first cooling (blue) and heating (red).

In the spectrum of the high temperature phase these bands are redshifted com-
pared to the same bands of the pure compound, as expected [37]. Indeed, passing
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Figure 1.8: IR spectra of the N (upper panel) and I phases (lower panel) of TTF-FA,
measured on the ab and ac faces with the electric field polarized perpendicular to the
stack direction a.

from haloquinone neutral molecules to their radical anions, these double bonds ac-
quire partially single bond character and for this reason their stretching frequencies
are strongly lowered (see Introduction, Fig 4) [22]. Furthermore, their frequency
shifts are known to show a linear behavior, making both modes good ionicity probes:
b1,v10 in the whole ionicity range and bg,r1g for neutral (p < 0.5) compounds only
[23]. In the case of FA the ionization frequency shifts were estimated through DFT
calculations due to the lack of experimental data on FA anion. According to the cal-
culations, by,v1o and by,v1g are redshifted 184 and 117 em ™! | respectively (Table 1.2).
The by, 110 full ionicity frequency shift is consistent with that of other haloquinones,
which is 160 ecm™! for both chloranil and bromanil [22]. At room temperature by,
and by, 15 occur at 1670 and 1651 cm™! | indicating that TTF-FA is on the neutral
side with a degree of charge transfer of 0.15. Also the frequency shifts of other se-
lected TTF charge sensitive modes [38], by, 14, biutie and bs,rvss (Table 1.3), yielding
values in the range 0.1-0.3, confirm the above estimate.

After the phase transition all the charge sensitive bands of TTF and FA shift,
showing a large ionicity increase (Fig 1.7). In particular, the two strong bands ob-
served at 1572 and 1616 cm™! can be assigned to FA by,vip and by, s, respectively.
Indeed, the former band is present only in the spectrum recorded on the ac face, while
the latter is found in the spectra of both ac and ab faces, as for the high temperature
phase (Fig 1.8). The by, frequency corresponds to a ionicity value of 0.7, showing
that TTF-FA crosses the neutral-ionic borderline at the transition. The tempera-
ture evolution of p estimated from the by,119 mode, shown in the inset of Fig 1.7, is
strongly discontinuous in both phases, even close to the transition.
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Table 1.1: Band assignment of TTF-FA polarized IR spectra, at 293 and 80 K. Par
is referred to a axis, parallel to the stack, while Perp is referred to b* and c¢*. All the
frequencies are in cm™! .

Perp 293K Perp 80K Par 293K Par 80K  Assignment

685 657 685 TTF, bs, 3,
735 TTF, agvs
720 705 FA, b3, 98
732 739 732 TTF, bi,vir
785 803 785 803 TTF, by,116
801 817 801 817 TTF, by, o5
908 TTF, bgul/24
985 985 FA, by, 90
1045 1049 1042 1029 FA, bi,v12
1099 1097 1099 TTF, by,vis
~1158 sideband
1180 FA, a,4vs
1258 1258 TTF, by, 103
~1283 sideband
1318 1311 FA, by,v19
1327 1325 1334 FA, bluVH
1390 TTF, a4vs
~1403 sideband
1527 1478 1527 1478 TTF, bi,v14
1521 TTF, ayvs?
~1542 sideband?

1550 FA, a41n
1597 FA, a,vy

1651 1616 FA, bo,v1s
1670 1572 FA, bi,10
1666 ?
1686 ?
~1692 sideband
3074 TTF, byyvao
3114 3114 TTF, by

! The band at 1542 cm™! is the right sideband of TTF a4v3 and hides
the left sideband of FA a4v;. This band should be centered around
1575 cm™! | assuming the effective Peierls mode frequency to be 65
cm~! . The two sidebands separate on lowering temperature due to
the softening of the Peierls mode (Fig 1.9).

In the case of TTF, the antisymmetric C=C stretching band is shifted to 1478
cm™! | as in the completely ionized molecules (p = 1). However, the other charge
sensitive modes indicate a lower degree of charge transfer (0.6 for bs,r34 and 0.4 for
b1u7/16)-

The frequency shifts of two Raman active TTF totally symmetric modes, a4, and
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vs, yield a ionicity value of 0.6-0.7, if the effects of e-mv coupling are considered [26, 5],
assuming the CT transition frequency to be 6000 cm™! as in the neutral phase. The
small discrepancies between the TTF IR bands are probably due to the deformation
of the molecules in the ionic phase, as described in Section 1.3.6.

Table 1.2: Assignment of some selected modes of FA in TTF-FA N and I phases.
The frequencies are in ecm™! and the calculated values have been scaled.

Mode FA TTF-FA 293K TTF-FA 80K  FA~

expt (calc) (calc)
agv; 1704 (1709) 1642 1547 (1545)
agus 1251 (1290) 1233 1170 (1269)
biuio 1700 (1704) 1670 1572 (1520)
boutns 1669 (1649) 1651 1616 (1532)

Table 1.3:  Assignment of some selected modes of TTF in TTF-FA N and I phases.
The frequencies are in cm™! and the calculated values have been scaled.

Mode TTF TTF-FA 293K TTF-FA 80K TTF*

expt(calc) expt(calc)
%) 1555(1582) 1540 1522 1505(1511)
agvs  1518(1538) 1475 1384 1420(1393)
b1, 1530(1560) 1527 1478 1478(1492)
biuv1ie 781 (782) 785 803 836 (831)
boavsa 639 (654) 657 680 705 (709)

1.3.4 Stack dimerization

While the IR spectrum polarized perpendicular to the stack gives information on
the ionicity, the parallel polarized one reflects the stack symmetry, being affected by
vibronic effects [25, 26]. In the spectrum of the neutral phase (Fig 1.10, upper panel)
the absence of vibronic activation of the totally symmetric modes demonstrates that
the stack is regular, with both molecules laying on inversion centers. However, some
strong and broad IR absorptions are found at the same distance, about 65 cm™ , from
the most strongly coupled totally symmetric modes, i.e. TTF a,v3 and FA a,11 and vs.
Similar features were observed in the IR spectra of the centrosymmetric neutral phase
of TTF-CA [15]. They are the so-called sidebands, two phonon excitations due to sum
and difference combinations between the totally symmetric intramolecular vibrations
and an effective Peierls phonon, the lattice mode that drives the stack dimerization.
Since such phonon is IR active and polarized along the stack, its combinations with
the totally symmetric vibrations have the same polarization. As in the case of TTF-
CA, all three pairs of sidebands shift towards the corresponding totally symmetric
bands on lowering temperature (Fig 1.9). This evolution reflects the softening of the
Peierls mode that remains incomplete, interrupted by the discontinuous transition.
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Figure 1.9: Temperature evolution of the sidebands in the IR spectrum polarized par-
allel to the stack. The corresponding totally symmetric mode of each pair of sidebands
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The spectra are upshifted for clarity.
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Figure 1.10: Comparison of TTF-FA parallel polarized IR spectrum and Raman spec-
trum recorded on ac face with both exciting and scattered light polarized perpendicular
to the stack, at 293 K (upper panel) and 80 K (lower panel). Aeye= 568.2 nm
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1.3.5 Lattice phonons

Some information on the stack symmetry and on specific lattice vibrations, such as the
effective Peierls mode, have been obtained from the parallel polarized IR spectra in the
range of the intramolecular vibrations thanks to vibronic effects. A deeper insight on
lattice symmetry can be achieved by direct Raman observation of the lattice vibrations
in the range 5-200 cm ™! . These spectra are very sensitive to crystal packing and the
number of Raman active intermolecular vibrations can provide information on the
symmetry and multiplicity of the unit cell.
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Figure 1.11: Low frequency Raman spectra of TTF-FA N- (upper panel) and I- phases
(lower panel), recorded on ac face. The polarization of exciting and scattered light is
the same: perpendicular (red continuous line) or parallel (blue dashed line) to the
stack. The relative magnitudes of all the spectra reflect the intensity of the light
scattered by the sample (the parallel polarized (a,a) spectrum of the I-phase has been
scaled by a factor of 8 for clarity). Aeye= 633 nm

In the case of the neutral phase, the P — 1 unit cell contains one D-A pair and
both molecules occupy sites with C; symmetry. Consequently, 9 optically active lattice
phonons are expected. Since the mutual exclusion rule holds, the six rotations should
be Raman active while the three translations IR active. In fact, the low frequency
Raman spectra of the neutral phase show six bands (Fig 1.11, upper panel). Both the
polarizations reported here (spectra recorded on ac face) share the same bands with
different relative intensities. The other polarizations do not add relevant information.

The phase transition is revealed by the appearance of many new bands and by
the intensity enhancement of the (a; a) polarized spectrum, in particular in the range
80-170 cm™! (Fig 1.11, lower panel), due to the activation of translational modes
coupled to the CT excitations. This spectrum shows 12 bands, most of which are
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in common with the (¢*, ¢*) polarization. Overall, 15 different bands can be distin-
guished in the spectral range 0-180 cm™! . Differently, in the (b*, b*) polarization the
majority of these bands are very weak (Fig 1.12), suggesting the occurrence of cell
doubling along the c-axis. If a triclinic unit cell is doubled, the arrangement of the two
adjacent dimerized stacks can be either ferrielectric, when the stacks are inequivalent,
or antiferroelectric if the stacks are equivalent and related by inversion symmetry. In
both cases 21 optically active phonons are expected, but the number of Raman active
ones is different in each situation. In the former case all the phonons would be both
IR and Raman active due to the lack of inversion symmetry. Differently, in the latter
case, due to the presence of inversion center situated between the chains, the mutual
exclusion rule would be still valid and only 12 Raman active phonons (6 rotations
and 6 translations) are predicted.
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Figure 1.12: Low frequency Raman spectra of TTF-FA ionic phase, recorded with
both exciting and scattered light polarized perpendicular to the stack, on ac (blue) and
ab (green) faces. Some bands are slightly shifted as the two spectra were recorded at
different temperatures. A\eze= 633 nm

Considering the fact that at 80 K the increased resolution due to band narrowing
makes the weakest bands detectable, the ferrielectric arrangement is unlikely. In fact,
both TTF and FA have low frequency intramolecular vibrations [37, 38]. All of them
might be Raman active due to the symmetry lowering of the molecule in the crystal.
In these circumstances, in absence of a symmetry center more than 21 Raman bands
are expected, in disagreement with the 15 ones observed. Finally, also the absence of
splitting of all the charge sensitive bands in the I phase indicates that the ionicity is
the same for all the D and A molecules, suggesting the equivalence of the two stacks.

1.3.6 Crystal structure of the ionic phase

The X-ray investigation of the I phase was a difficult task due to the crystal cracking.
Luckily, in this case immersing the crystal into viscous fluids did not inhibit the
transition [39]. X-ray diffraction clearly indicates a change of the lattice parameters
in the I phase(Table 1.4).
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Figure 1.13: Crystal structures of TTF-FA at 293 K (left) and 120 K (right), viewed
perpendicular to ac plane (referred to the N phase). The inversion centers are marked
in green. Intra- and inter-dimer D-A distances (molecular plane to centroid) are
reported.

Figure 1.14: D-A overlap in TTF-FA N (left) and I phases (right). The FA molecule
in the background is colored in light grey. View perpendicular to FA molecular plane.

Table 1.4: Structural parameters of N and I phases of TTF-FA. Respect to the spatial
arrangement of the molecules, the a and b azes of the N phase respectively correspond
to the b and a axes of the I phase, due to a crystallographic convention.

Neutral phase (293K) Ionic phase (120K)

Crystal system Triclinic Triclinic
Space group P—-1 P—-1

a (A) 7.054(5) 7.2023(2)
b (A) 7.304(6) 7.8625(3)
c (A) 7.359(5) 12.6272(4)
a(deg) 106.150(12) 83.040(2)
B(deg) 93.101(14) 73.7170(10)
~v(deg) 102.419(14) 77.224(2)
7 1 2

V (A?%) 353.0(5) 668.04(4)
R1 0.040 0.033

Structure refinement in P — 1 space group gave R1 agreement factor of 0.033.
No relevant improvement was observed in the P1 symmetry, despite doubling of the
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parameters. As a consequence, the centrosymmetric solution was chosen. Respect
to the spatial arrangement of the molecules, the a and b axes of the neutral phase
approximately correspond to the b and a axes of the ionic phase, respectively, while
the ¢ direction is unchanged. In the following, all the axis labels are referred to the
neutral phase.

The ionic phase is characterized by the doubling of the unit cell along the c-axis,
with two equivalent stacks, strongly dimerized and related by inversion symmetry
in an antiferroelectric arrangement (Fig 1.13, right). The intradimer and interdimer
distances (plane-centroid) are 3.17 and 3.29 A, respectively. The intradimer relative
orientation of TTF and FA is similar to that observed in the neutral phase. Differently,
the interdimer interaction is reduced as the dimers are shifted respect to each other
approximately along the c-axis, as shown in Fig 1.14.

Therefore, the interdimer and intradimer charge transfer integrals (¢; and t5)
become 0.41 and 0.16 eV respectively, starting from ¢=0.32 eV in the N phase. Thus,
the dimerization degree, calculated as (t; —t2)/(t1 +t2), is 0.44, much higher than the
0.24 value found in the TTF-CA I phase. These values have been calculated using the
corresponding DA pairs extracted from the corresponding crystal structures [40, 21].

Figure 1.15: TTF-FA structure viewed perpendicular to be plane (referred to the N
phase): a) N phase and b) I phase. The distances shorter than the sum of VAW radii
of the atoms of different molecules are marked in light blue. In both structures the
same group of molecules is colored while the other surrounding molecules are grey.

The shift of the dimers respect to each other also increases the angle between the
stack axis and the FA molecular planes from 18.3° to 35.3° For the same reason the (3
angle changes from 93.1° to 83.0° and the a parameter increases by 11%, from 7.054
to 7.863 A(Table 1.4). This expansion is likely responsible for the crystal cracking at
the transition. Indeed, the cracks are nearly perpendicular to the stack direction a.

The antiferroelectric arrangement of the ionic phase might be a consequence of the
interchain interactions that are also present in the neutral phase (Fig 77 and 1.16).
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This motif is maintained in the ionic phase.

Finally, the TTF molecules, no longer laying on the inversion centers, are not
planar, being twisted around the central C=C bond. This is likely a consequence of
the double bond weakening due to ionization.

Figure 1.16: TTF-FA structure viewed perpendicular to be plane (referred to the N
phase): a) N phase and b) I phase. The distances shorter than the sum of VAW
radii of the atoms of different molecules are marked in light blue. Only one layer of
molecules is shown for clarity.

1.3.7 Calculation of the microscopic parameters

The knowledge of the TTF-FA microscopic parameters is needed to understand its
behavior in the context of ms CT systems and to predict its tendency towards valence
instability. This can be done following the approach of Refs. [21] and [41], that
combines the Modified Hubbard Model and DFT calculations.

The model parameters z (half the energy required to ionize a DA pair) and ¢
(the hopping integral) are obtained from DFT calculations (wB97XD/6-31+G*) per-
formed on a CT dimer extracted from the crystal structure. It is known that both
the electrostatic intermolecular interactions and the electron-molecular vibration cou-
pling, favoring an uneven distribution of the CT electron on the molecular sites, may
induce discontinuous valence instabilities [7, 19, 6]. Thus, the most important param-
eter involved is e = €. + €, : €. =V — 2M accounts for the Coulomb interactions,
while €, is the vibrational relaxation energy of D and A molecules. Regarding €., V
is the nearest neighbor Coulomb interaction energy and M is the Madelung energy of
the crystal.

The (p — z/t) curve of TTF-FA predicts the occurrence of valence instabilities.
It is obtained from the universal (p-z.rs/t) curve [7], as z = zepp+ €p *p - €, . The
ground state ionicities are found using the z*/t value as abscissa, where z*/t = z—0.2
eV [21].

Since er/t > 1.8, the curve is S-shaped, indicating a large charge instability
range (Table 1.5 and Fig 1.17). In addition, according to the calculations, the room
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temperature phase is neutral while the low temperature one is ionic. Although the
ionicity difference between the two phases is overestimated, these results correctly
predict a strongly discontinuous phase transition. The computed model parameters
allow the comparison between TTF-FA and other ms CT systems. In this way TTF-
FA is close to TTF-CA: despite the differences in crystal packing and D-A overlap
[2], the two systems share similar microscopic parameters leading to a discontinuous
behavior.

Table 1.5: Comparison between the estimated Modified Hubbard Model parameters of
TTF-FA and TTF-CA. In the case of the I phase, the t and z values of the two non-
equivalent DA pairs are averaged.

System z(eV) t(eV) €, (eV) € (eV) er (eV) ep/t 2/t
TTF-FA (N) 0.45 0.32 0.61 0.88 1.49 4.81 0.81
TTF-FA (I)  0.30 0.28 0.61 1.02 1.63 5.82 0.36
TTF-CA (N) 0.44 0.22 0.47 0.89 1.36 6.18 1.09
TTF-CA (I) 028 021 047  1.02 149 710 0.38
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Figure 1.17: Comparison between the (p — z/t) curves of the neutral (black line) and
ionic (red line) phases of TTF-CA (upper panel) and TTF-FA (lower panel). The
triangles indicate the calculated ionicities of both phases, with the corresponding error
bar [21]

1.3.8 High pressure

TTF-FA undergoes a first order phase transition around 0.45 GPa, with color change
from green to brown, as at low temperature (Fig 1.18). Similarly, the coexistence
of both phases can be observed near the critical pressure, suggesting the presence
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of metastable phases. The transition is reversible without any detectable hysteresis
(pressure accuracy 0.05 GPa), but the crystals cracks with cycling the transition.

Figure 1.18: TTF-FA crystal inside the DAC, at 0.2 (left panel) and 0.8 GPa (middle
panel). Right panel: crystal cracking after cycling the transition.
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Figure 1.19: Pressure dependent IR spectra of TTF-FA, measured on the ab face, po-
larized perpendicular (left panel) and parallel to the stack (right panel). Some spectral
ranges are not accessible due to the absorptions of the pressure medium. The spectra
are offset for clarity.

On increasing the applied pressure the IR spectra (Fig 1.19) show the same evo-
lution observed on lowering temperature. The charge sensitive bands of TTF and FA
shift, indicating a ionicity increase. In these measurements the FA C=0 antisym-
metric stretching (by,19) was not accessible as the only crystals available presented
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an extended ab face (Fig 1.4). The band can be seen only as a small projection in
the parallel polarized spectra of the neutral phase (Fig 1.19, right panel), since the
molecular planes are inclined respect to the stack direction. At 0.4 GPa this band
is shifted from 1670 to 1656 cm™! , indicating a ionicity increase from 0.15 to 0.25.
At higher pressures it is no longer visible, hidden by the strong vibronic absorptions
appearing at the transition. Anyway, the frequency shifts of all the other charge sen-
sitive bands are similar at high pressure and low temperature. Thus, the transition
takes place at the same ionicity value and the associated ionicity jump is probably
the same, in both conditions.

Also the sidebands, visible in the parallel polarization, display the same evolution
observed on cooling. Although these bands are partially covered by the absorptions
of the pressure medium, the pair related to FA a,v3 is completely visible. The two
bands become closer and broader on increasing pressure. Their distance decreases
from 140 cm™! at atmospheric pressure to 90 cm ™! at 0.45 GPa. At this pressure the
transition suddenly takes place, with the appearance of the totally symmetric bands,
that saturate the spectrum. Thus, the stack is dimerized in the high pressure ionic

phase.
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Figure 1.20: Low frequency polarized Raman spectra of TTF-FA. The spectra are
offset for clarity.

The doubling of the unit cell is evident from the sudden appearance of many
phonon bands in the Raman spectra (Fig 1.20). Their pattern and relative intensities
in both polarizations (aa and bb) correspond to the low temperature spectra recorded
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on the ab face (Fig 1.8). The different bandwidth is just a thermal effect. All the
phonon bands display a linear frequency hardening on increasing pressure (Fig 1.20).
As expected, the hardening is larger than at low T, as the lattice contraction is much
larger with increasing pressure (Fig 1.21). The relative intensities are constant in
the whole pressure range, except for the bands at 50 and 150 cm™! | that show an
opposite behavior on increasing pressure. The same trends were observed on cooling,
to a lesser extent.
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Figure 1.21: Comparison between the frequency shifts of some low frequency Raman
active phonons at high pressure (left panel) and low temperature (right panels). The
phonons have the same symbol color in both graphs. The filled symbols correspond to
the neutral phase.

While the applied pressure has a strong effect on the lattice phonons, the fre-
quency shift of the intramolecular modes that are not charge sensitive is lower than
the instrumental resolution (2 cm™ ). These pressures are too low to affect the
intramolecular vibrations directly by lattice contraction.

Overall, there is clear evidence that the high pressure and low temperature phases
are the same ionic phase (Fig 1.22). Also the transition mechanism is probably
the same in both conditions. The IR and Raman spectra recorded near the critical
pressure are very similar (ionicity, IR sideband distance...) to the corresponding
spectra recorded near the critical temperature. The evolution of the spectra never
anticipates the transition.
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Figure 1.22: Comparison between Raman spectra with aa polarization (left) and IR
spectra polarized along the stack (right), at high P (upper panels) and low T (lower
panels).

1.4 Discussion and conclusions

In this study, the Neutral to Ionic phase transition of TTF-FA has been investigated
for the first time, both at low temperature and high pressure. The phenomena asso-
ciated with the transition and the resulting I phase are the same in both conditions.
The transition is first order, with a large ionicity jump (Ap ~ 0.5), stack dimerization
and doubling of the unit cell, taking place suddenly and simultaneously, together with
sample cracking. In each phase the evolution of the spectra is strongly discontinuous
and does not anticipate the corresponding spectra of the other phase approaching the
transition.

The same behavior is common with the first order T induced NITs observed in
TTF-CA and TMB-TCNQ. However, the space groups of the three CT systems are
different: in both TTF-CA and TMB-TCNQ the N-phase is monoclinic Py;/n, with
already two stacks in the unit cell that dimerize at the transition in the polar Pn
space group [40, 39]. On the contrary, TTF-FA N-phase is triclinic with one D-A
pair in the unit cell. At the transition the stacks dimerize in antiphase resulting
in an antiferroelectric order, associated with the doubling of the unit cell. From
this perspective TTF-FA broken symmetry is analogous to that of dimethyl-TTF-CA
[20]. However, in the latter system the phase transition is close to second order and
probably dominated by 1D stack dimerization over that of charge instability. In fact,
the softening of the effective Peierls mode is almost complete and the ionicity of the
low temperature phase remains below 0.5 [20].
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The presence of metastable phases and the large thermal hysteresis suggest a high
activation energy, probably due to the drastic structural rearrangement during the
transition. The same phenomena were observed in the case of TMB-TCNQ [36, 39].
As in TTF-FA, in the low temperature phase the tilt angle of molecular planes respect
to the stack direction increases, with an abrupt variation in the lattice parameters.
Thus, the crystal cracks, being unable to relax the resulting elastic stress. Differently,
the TTF-CA NIT is purely displacive and occurs with a small hysteresis and no crystal
breaking.

Since many simultaneous processes usually play a role in the NIT, the mechanism
is often difficult to identify in detail. However, a quite plausible scenario can be put
forward on the basis of the general understanding gained through the analysis of the
extended Peierls-Hubbard model [6, 42]. NIT is in fact characterized by the interplay
between the Peierls electron-phonon coupling, yielding the continuous dimerization of
the stack, and the Madelung energy which favors a discontinuous p increase. In this
case it is clear that the Madelung energy increase following thermal lattice contraction
prevails, inducing the observed discontinuous ionicity variation. Furthermore, the
low steric hindrance of FA, the smallest haloquinone, reduces the D-A intermolecular
distances increasing 3D interactions and the Madelung energy. This is the most likely
explanation for the relatively high transition temperature of TTF-FA, compared to
other TTF-haloquinone complexes [28, 29]. Also, the sizeable interstack interactions
between TTF and FA certainly play an important role in the doubling of the unit
cell, leading to an antiferroelectric ordering.

Finally, the modest critical pressure (0.5 GPa) is in agreement with the relatively
high critical temperature (160 K). This fact further supports a Madelung energy
driven NIT, with an increased chemical pressure effect due to the small acceptor
dimensions [29]. In this situation even a small lattice contraction would drive the
system to instability.

Interestingly, systems showing discontinuous NIT with a high activation barrier
might be subject to photoinduced NIT as well. This means that a pulsed excitation
can potentially generate a long-lived metastable phase, as in the case of TTF-CA
[10].
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Chapter 2

The strange case of
DMTTF-Fluoranil

2.1 Introduction

Among the TTF-haloquinone systems, the TTF-FA first order NIT occurs at a rel-
atively high temperature (170 K at atmospheric pressure) and at a modest pressure
(0.5 GPa at room temperature). This behavior was ascribed to the increased Coulomb
interactions due to the small acceptor dimensions. It is known that the introduction
of bulky substituents on the donor or acceptor molecules weakens these interactions
by expanding the crystal lattice, acting as a negative pressure. This results in an
increased critical pressure [29]. Thus, we attempted to do the same with TTF-FA,
through the substitution of TTF with the bulkier DimethylTTF (DMTTF) donor.
Indeed, DMTTF-FA has never been reported.

Following the same methodology of TTF-FA, we were able to grow DMTTF-FA
single crystals, that were characterized both at low temperature and high pressure.
The results were surprising: while DMTTF-FA does not display T induced NIT, it
undergoes the transition at the same modest pressure of TTF-FA.

2.2 Experimental

2.2.1 Crystal growth

DMTTEF-FA single crystals were grown according to the same method used for TTF-
FA (see Subsection 1.2.1) As the DMTTF used contained a brown insoluble impurity,
DMTTF was recrystallized from a filtered toluene solution before use.

The crystals were green and needle shaped, very similar to TTF-FA (Fig 2.1).
The best substrate for the growth was a watch glass, as the crystals grew orderly
from the edge of the evaporating solution towards the center of the glass. As in the
case of TTF-FA, slower growth methods or solvents different from toluene yielded a
brown amorphous substance. The crystals were stored at low temperature to prevent
decomposition.
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2.2.2 Structure determination

Single crystal XRD measurements were performed at 150 K.

2.2.3 Spectroscopic measurements

The spectroscopic characterization was performed in the same way described in Sec-
tion 1.2.3.

For the high pressure measurements, Nujol or perfluorocarbons were used as pres-
sure transmitting medium, to measure the whole mid-IR spectral range.

2.3 Results

2.3.1 Morphology and structure

The green DMTTF-FA crystals grow as elongated platelets, i. e. the same colour and
morphology of other known neutral TTF-haloquinone compounds, as TTF-CA [36],
DMTTF-CA and TTF-FA. The extinction directions are parallel and perpendicular
to the elongation direction of the crystals. Again, the parallel direction coincides with
the stack direction, as the CT excitation is completely polarized along it.

Figure 2.1: A DMTTF-FA crystal observed with polarized transmaitted light.

XRD confirmed the expected mixed regular stack structure, with 1:1 stoichiometry
(Fig 2.2). DMTTF-FA is isomorphous with DMTTF-CA, but the latter has larger
lattice parameters due to the bulky Cl atoms. The main difference is along the
b direction (corresponding to the ¢ one in DMTTF-FA). The interchain interaction
pattern and the DA overlap are the same in the two crystals (Fig 2.3). In both crystals
the quinone O-O axis is nearly perpendicular to the long TTF axis, differently from
TTF-FA.

In addition, X-ray analysis found that the structure is partially disordered (Fig
2.4). All the molecules have a 10% probability to be slightly rotated with respect to
the equilibrium position of the ordered structure, as shown in Fig 2.2.

Such disorder is more likely due to the presence of a fraction of cis DMTTF
molecules, that can arrange themselves differently in the lattice. Indeed, the starting
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DMTTF is probably a mixture of the two isomers and the purification by recrystalliza-
tion cannot separate them. Moreover, the two isomers cannot even be distinguished
by IR spectroscopy, according to DFT calculations performed on both molecules.
Thus, we cannot estimate the cis DMTTF fraction in the starting reagent or in the
cocrystal. Another possible explanation for the disorder is a random arrangement of
the DMTTF molecules in the crystal lattice. Due to the 2,5 substitution, DMTTF
has two equivalent orientations, related by a rotation of 180° around the long molec-

ular axis. The very rapid growth, required to prevent side reactions, can favor this
kind of disorder.

TTF-FA DMTTF-FA DMTTF-CA

A
e
NI

Figure 2.2: Comparison between the unit cells and DA overlaps in TTF-FA, DMTTF-
FA and DMTTF-CA

TTF-FA DMTTF-FA DMTTF-CA

ﬁjﬂ_ }/ rqajcjé'
a5 Rals AR

Figure 2.3: Comparison between the packing motifs of TTF-FA, DMTTF-FA and
DMTTF-CA. View perpendicular to the haloguinone molecular planes.
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Table 2.1: Comparison between the structural parame-
ters of TTF-FA, DMTTF-FA and DMTTF-CA

TTF-FA DMTTF-FA! DMTTF-CA

Space group P —1 P—-1 pP—-1
a (A) A 7.054%2  6.9278 7.7

b (A) 7.304 7.6275 8.66

¢ (A) 7.359 7.6919 7.321
a(deg) 106.15  97.581 104.94
B(deg) 93.101  97.447 91.84
v(deg) 102.419  93.074 95.91
V (A3) 353.037  398.467 468.721
dpa |/ A 3.365 3.234 3.428
7 1 1 1

I Measured at 150 K.
2 Stack direction

He’r S F

Y\ =
| - s s

Figure 2.4: Left: disorder in DMTTF and FA positions. The dashed lines indicate

the molecular orientation of the minority component. Right: trans- and cis- DMTTF
180Mers

2.3.2 Room temperature spectroscopic characterization

Due to the similarity between DMTTF-FA and TTF-FA, we present the DMTTF-
FA spectra following the same approach described in Subsections 1.3.3 and 1.3.4, to
discuss the ionicity and the stack symmetry. The ionicity determination requires the
assignment of the charge sensitive modes, found in the IR spectra polarized perpen-
dicular to the stack. Here we find the in-plane antisymmetric vibrations of DMTTF
and FA (Fig 2.5 and Table 2.2). Among them, the strong and charge sensitive FA
biuv10 and by, g [37, 22] are redshifted from 1700 and 1670 cm™! to 1672 and 1653
cm™! | respectively. According to the by,v19 mode, whose calculated ionization fre-
quency shift is 184 cm™! ( see Subsection 1.3.3), the ionicity is estimated to be 0.14,
very close to the TTF-FA value. Also the by, 115 shift is consistent with this value.
The DMTTF frequency shifts were not used to estimate the ionicity as they may
show nonlinear behavior, as in the case of TTF. Moreover, in neutral DMTTF the
antisymmetric C=C stretching (corresponding to by, 14 of the TTF skeleton) is very
weak. Although the experimental ionization frequency shifts of DMTTF are unknown,
DFT calculations suggest a blueshift of the C-H out of plane bending and the C-S

35



Chapter 2. DMTTF-FA 2.3. Results

stretching bands (748, 774 and 803 cm™! in the neutral molecule). These modes are
shifted to 764, 782 and 813 cm~! in DMTTF-FA.

The perpendicular polarized spectra recorded on different crystals are identical.
This means that the extended face is parallel to the same crystallographic plane. The
comparison between the spectra of single and powdered crystals demonstrates that all
the bands are visible measuring on the extended crystal plane. Since the two in-plane
molecular axes of DMTTF core and FA are not aligned to the a or b axes, we are
unable to identify this plane.

Table 2.2:  Assignment of the polarized IR spectra of DMTTF-FA. The frequencies
of the corresponding modes in the pure reagents are reported for comparison. The
frequencies are in cm™* .

Perp Par Assignment DMTTF FA
650 650
721 FA b3,108 737
764 C-H bending 748
782 782 C-8S stretching 774
813 813 C-S stretching 803
985 985 FA bQuVQO 994
1043 1042 FA b1 1046
1114 1112 1109
1152 sideband
(1213 1235) FA a4v5
1223 1220
1279
1312 FA b1 1330
1378 1374
1402 sideband
1430 1430 CHj; bending 1424
1444 1444 CHj3 bending 1436
1483 C=C sym stretching 1374
1542 sideband
1558 C=C asym stretching 1582
1653 1650 FA by, 118 1673
1672 FA bluV10 1700
1700 sideband

The IR spectrum recorded with the electric field polarized along the stack is
saturated above 4000 cm~! due to the strong charge transfer band, occurring at
around 6000 cm™! . As expected, the out of plane modes of both molecules (721
and 764 cm~! ) are mainly polarized in this direction (Fig 2.5). However, also the
in-plane bands have sizeable projections in this polarization, as the molecular planes
are tilted respect to the stack direction.

Most important, also the vibronic features are polarized along the stack. The
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broad absorptions in correspondence with three Raman active totally symmetric
modes (Fig 2.6) are easily recognized as sidebands [15] (see Subsection 1.3.4). In
addition, some weaker peaks are found between the sidebands, at exactly the same
frequencies of the totally symmetric modes. The band at 1483 ecm™! , assigned to
DMTTF symmetric C=C stretching (corresponding to TTF a4v3), cannot be acci-
dental, being absent in the perpendicular polarization. If the mutual exclusion rule
is not respected, the inversion symmetry of the molecular sites must be broken. The
weak intensity of these vibronic peaks excludes a dimerized stack and agrees with the
structural disorder found by XRD.

L e B Y L N B Y L B B B

— Pe
—Pa:p FAD, v, F[?/bmvm_
0g— FA -
: DMTTH
3 0.6
g8 |
2 0.4
02+
F—A—)AJ_LAJ‘“(MLJA L T e i A N

(=]

800 1000 1200 1400 1600 1800

Wavenumber (cm'l)

Figure 2.5: Comparison between the polarized IR spectra of DMTTF-FA (red and
blue) and the unpolarized spectra of thin films of DMTTF (orange) and FA (black).
The DMTTF-FA spectra offset for clarity.

Finally, the polarized Raman spectra in the intramolecular vibration range (Fig
2.7, lower panel) are very similar to the corresponding ones of the TTF-FA N phase,
both in the relative intensities and the frequencies of the bands. The three most
strongly coupled totally symmetric modes are redshifted in the same way by both
charge transfer and e-mv coupling in the two compounds. This is consistent with the
similar ionicity value and CT excitation frequency. At lower frequencies, in the range
0-200 cm™! |, five broad phonon bands can be resolved below 200 cm ™! (Fig 2.8, upper
panel). Such band broadening gives further evidence of disorder, of static or dynamic
nature.
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Figure 2.6: Comparison between DMTTF-FA parallel polarized IR spectrum and Ra-
man spectrum recorded with both exciting and scattered light polarized perpendicular
to the stack. The asterisks indicate the probable vibronic bands while the red arrows
indicate the sidebands
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Figure 2.7: Comparison between the polarized Raman spectra of TTF-FA (measured
on face ab) and DMTTF-FA. The exciting and scattered light are polarized in the
same direction, perpendicular or parallel to the stack.
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2.3.3 Low temperature behavior and disorder

Differently from TTF-FA, DMTTF-FA does not undergo any phase transition on
cooling down to 20 K. The mid-IR spectra show minor changes. In the perpendicular
polarization, the FA charge sensitive modes by,19 and bo,11g are redshifted to 1663
and 1650 cm™! | indicating slight ionicity increase (Fig 2.9). In the parallel polariza-
tion, the sidebands are almost unchanged and the totally symmetric bands are still
visible, with the same weak intensity as at RT.

In the Raman spectra the three most strongly coupled totally symmetric bands
are split and display a continuous intensity redistribution towards the lower frequency
components on cooling (Fig 2.10). This behavior, of unclear origin, has been fre-
quently observed in the neutral phases of many TTF-haloquinone cocrystals on low-
ering temperature or increasing pressure.

The lattice phonons display a continuous frequency hardening on lowering tem-
perature. The intensity decrease of the broad band at 25 cm™! is just a thermal effect
(Fig 2.11). Indeed, at such low frequencies many levels are thermally populated at
room temperature, resulting in an increased Raman intensity [43]. Despite the struc-
tural disorder detected by XRD, the phonon bands are much narrower at 80 K than
at room temperature. This suggests that the room temperature bandwidth is mainly
due to dynamic disorder, that might be enhanced by the static one. Finally, at low
temperature six bands can be resolved, in agreement with the predictions based on
the multiplicity of the unit cell, containing a DA pair.
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Figure 2.8: Comparison between DMTTF-FA parallel polarized IR spectrum and Ra-
man spectrum recorded with both exciting and scattered light polarized perpendicular to
the stack, at 293 and 82K. The corresponding perpendicular polarized spectra (dashed
blue line) are also shown to distinguish the projections of IR active modes from the
totally symmetric ones.
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Figure 2.9: Perpendicular polarized IR spectra of DMTTF-FA recorded at different
temperatures. The spectra are offset for clarity.
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Figure 2.10: Temperature evolution of the DMTTF-FA Raman spectra, recorded with

both exciting and scattered light polarized parallel to the stack. The spectra are offset
for clarity.
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Figure 2.11: Temperature evolution of the DMTTF-FA Raman spectra in the low
frequency range, recorded with both exciting and scattered light polarized parallel to
the stack. The spectra are upshifted for clarity.

2.3.4 The phase transition

DMTTF-FA undergoes a first order phase transition at 0.5 GPa associated with a
sudden color change from green to brown (Fig 2.12). The transition is reversible
without any detectable hysteresis, but with crystal damage. Many parallel cracks
appear if the process is cycled (Fig 2.12 ¢).

Figure 2.12: A DMTTF-FA crystal observed with polarized transmitted light, at 0.2
(a) and 0.6 (b) GPa. (c) Crystal cracking after the transition (red lines). The blue
lines indicate the stack direction. The crystal on the right is twinned.

2.3.5 Ionicity change

The IR spectra polarized perpendicular to the stack show a strongly discontinuous
evolution on increasing pressure. The ionicity is estimated using the frequency shift
of the FA C=0 antisymmetric stretching mode by, v1¢. In the green phase this band is
well resolved from the close C=c antisymmetric stretching mode by, 115. Differently,
in the brown phase a single strong and broad band centered at 1620 cm~! with a
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shoulder around 1600 cm™! is detected (Fig 2.13). These two band can be assigned
to FA by,v10 and by, 115, respectively. According to the by, 149 shift, the ionicity jumps
from 0.15 to 0.45 at the transition. In both phases these two bands are almost
unshifted on approaching the transition. As in the case of TTF-FA, the ionicity does
not increase above the critical pressure (Fig 2.13, inset). Differently, the Neutral-Tonic
borderline p = 0.5 is not crossed at the transition, that therefore can be defined a
valence instability rather than a true NIT.
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Figure 2.13: Pressure evolution of the DMTTF-FA IR spectra polarized perpendicular
to the stack. The spectra are offset for clarity. Inset: lonicity changes of TTF-FA
estimated from the FA by, frequency.

2.3.6 Symmetry breaking

At the transition, three strong absorptions appear in the IR spectrum polarized par-
allel to the stack, corresponding to the totally symmetric modes found in the Raman
spectra. This clearly indicates the dimerization of the stack (Fig 2.14).

The Raman bands are much broader than in TTF-FA, in the whole frequency
range. For this reason, some bands are difficult to study. For example, DMTTF
agv3 cannot be separated from the broad Nujol band around 1400 cm™"! and is easily
hidden by weak ruby fluorescence. At low frequency, the transition is associated with
the appearance of many new bands and the intensity enhancement of the (Par;Par)
polarized phonons (Fig 2.15). In the green phase the phonon band intensity is weak,
comparable with the low frequency signal due to the pressure medium. Differently,
in the brown phase all the bands are clearly visible.
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Figure 2.14: IR spectra polarized parallel to the stack, at atmospheric pressure (upper
panel) and 0.9 GPa (lower panel). In the latter two different spectra recorded at the
same pressure in PFC (above 1340 cm™ ) and in Nujol (below 1340 cm™ ) were

merged.
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Figure 2.15: Polarized low frequency Raman spectra recorded at atmospheric pressure

(upper panel) and 0.9 GPa (lower panel).
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Figure 2.16: Comparison between the low frequency Raman spectra of the high pres-
sure phases of DMTTF-FA (upper panel) and TTF-FA (lower panel).

Overall, in the spectra of the brown phase eight bands can be resolved, but more
weaker bands might be present. The exact number is uncertain due to the superim-
position of broad bands. The phonon bands are much broader in DMTTF-FA than
in TTF-FA at similar pressures (Fig 2.16). This means that the DMTTE-FA struc-
tural disorder is maintained in the high pressure brown phase. Anyway, the number
of bands suggests the doubling of the unit cell in the brown phase. The absence of
new bands with crossed polarization would be consistent with a triclinic symmetry,
as in the green phase. Finally, the pressure evolution of the lattice phonons never
anticipates the transition, as in TTF-FA. In both phases the bands display a linear
frequency hardening on increasing pressure.

2.4 Discussion and conclusions

The charge transfer crystal DMTTF-FA has been prepared and characterized for the
first time, revealing a first order valence instability induced by pressure. Despite the
relatively low critical pressure (0.5 GPa), the phase transition does not occur at low
temperature.

This behavior is unexpected. Kazmierczak et al. reported that applying pressure
between 0.2 and 0.5 GPa causes the same volume variation as cooling from 300 to 100
K [44]. This p-T correspondence is respected in the case of TTF-FA, whose transition
occurs at a pressure of 0.5 GPa at 300 K or on cooling to 170 K at atmospheric
pressure. Surprisingly, the phonon frequency hardening of the green DMTTF-FA
phase seems to obey the rule. Indeed, a pressure of 0.45 GPa and a temperature of
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200 K result in the same phonon frequency shift (Fig 2.17). Howewer, at this point
the pressure increase induces the transition, while the temperature decrease does not.
Further cooling results in larger frequency hardening.
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Figure 2.17:  Comparison between the temperature dependent low frequency Raman
spectra and the corresponding spectrum measured at a pressure of 0.45 GPa. Both
exciting and scattered light are polarized along the stack.

The pressure induced phase transition is very similar in TTF-FA and DMTTF-
FA: it is strongly first order, associated with ionicity jump, stack dimerization and
doubling of the unit cell. But DMTTF-FA presents a smaller ionicity jump (0.3). Also
the calculations based on the Modified Hubbard Model (see Subsection 1.3.7) gave
very similar microscopic parameters in the two crystals, despite the different packing
motifs (Table 2.3 and Fig 2.18). Since er/t > 1.8, DMTTF-FA shows bistability in
a wide ionicity range. Thus, it should be subject to valence instability as well.

Also the comparison with the isomorphous DMTTF-CA suggests that DMTTF-
FA should display both temperature and pressure induced valence instability. Since
the DMTTF-CA critical pressure and critical temperature are respectively 1.2 GPa
and 65 K, the DMTTF-FA critical temperature would be expected above 65 K at
atmospheric pressure. Concerning the calculated p — z/t curves, the s-shape is more
pronounced in DMTTF-CA than in DMTTF-FA, due to a smaller ¢ value 2.5. Ap-
parently, these results disagree with the experimentally observed behavior of the two
crystals. However, the model can only predict the occurrence of valence instabilities,
but cannot estimate the critical temperatures or pressures, dependent on thermal
expansion and compressibility.
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Table 2.3: Comparison between the estimated Modified Hubbard Model parameters of
TTF-FA, and DMTTF-FA. The DMTTF-CA parameters are reported from [21] for

cOmparison.

System z(eV) t(eV) V(eV) M (eV) €, (eV) e (eV) er (eV) ep/t z*/t
TTF-FA 0.45 0.32 -2.55 -1.72 0.88 0.61 1.49 4.68 0.78
DMTTF-FA 0.42 0.32 -2.45 -1.65 0.85 0.62 1.47 4.56 0.69
DMTTF-CA 0.4 0.21 -2.41 -1.6 0.79 0.49 1.28 6.10 1.09
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Figure 2.18: Comparison between the (p — z/t) curves of the neutral phase of TTF-
FA, DMTTF-FA and DMTTF-CA. The triangles indicate the calculated ionicities of
both phases. The DMTTF-CA parameters are reported from [21].

The most likely explanation for the DMTTF-FA discrepancy is that the green
phase might be metastable at low temperature. This means that the transition is
associated with a high activation barrier due to a significant structural rearrangement.
Such hypothesis is consistent with the extensive crystal cracking observed with cycling
the transition (Fig 2.12c). Sample damage occurred also in the case of TTF-FA, whose
transition is associated with a drastic rearrangement (see Subsection 1.3.6). In the
case of DMTTF-FA the activation barrier might be either intrinsically higher than in
TTF-FA or increased by the structural disorder.

A more unlikely explanation is that the different high pressure and low tempera-
ture behavior could be an intrinsic DMTTF-FA property. For instance, in the case
of the isomorphous system DMTTF-CA the low temperature phase and the high
pressure one are not the same [45]. Furthermore, in crystals the thermal expan-
sion coefficient and the compressibility are tensors and might be different in the two
environmental conditions [44].

The role of disorder can be clarified by growing new crystals, after a careful
DMTTF purification. This is a hard task, still in progress. Another interesting
issue is the structure determination of the high pressure phase, not possible with the
cell available in our laboratory.
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Chapter 3

N,N,N’,N’-Tetramethylbenzidine-
TCNQF, series

3.1 Introduction

The control of the crystal packing is a crucial issue in the design of functional molecu-
lar materials. It depends on many factors, mainly the strength and the directionality
of the intermolecular interactions and the molecular shape. These features can be
tuned by chemical modification of the constituent molecules. Consequently, the crys-
tal packing can be controlled through chemical substitution.

Here we pair the strong electron donor N,N N’ N’- Tetramethylbenzidine (N-TMB)
with three acceptors of increasing electron affinity: TCNQ, TCNQF,; and TCNQF,
(Fig 3.1). These acceptors have been recently paired with 3,3’,5,5’- Tetramethylbenzi-
dine (TMB), a regio-isomer of N-TMB with similar ionization potential and frontier
orbitals [46]. The difference between the two isomers is the position of the bulky
methyl groups, located on the terminal N atoms in the case of N-TMB and on the
aromatic rings in the case of TMB. As a consequence, the N-TMB molecule is longer
and narrower and, most important, is not a hydrogen bond donor.

The final aim of this work is the comparison between the crystals within the
N-TMB-TCNQF, series and with the TMB-TCNQF,, to investigate separately the
effects of acceptor strength, steric hindrance and H bond. The comparison is based
on the morphology and the polarized IR and Raman spectra, since the XRD structure
determination is still in progress at the time of writing. Surprisingly, in the case of
N-TMB-TCNQF, two polymorphs were found.
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Figure 3.1: Molecular structures and frontier orbitals of the donor and the acceptors.
The overlap between the donor LUMO and the acceptor HOMO is optimized if their
long molecular axes are aligned.

3.2 Experimental

3.2.1 Crystal growth
N-TMB-TCNQ and N-TMB-TCNQF,

The crystals were grown by slowly cooling hot acetonitrile or toluene solutions of the
two components, in 1:1 stoichiometric ratio. Since the CT compounds precipitate
at room temperature in both solvents, the solutions of the two components were
mixed at 80 °C and placed in a dewar filled with hot water. In both compounds the
crystals grew as bundles of dark needles in few days Their typical dimensions 5 x 0.05
x 0.01 mm?, shown in Fig 3.2, upper part. Neither of the two compounds showed
polymorphism and the needle-like morphology was independent of the solvent used.

N-TMB-TCNQF,

In this case, the crystals were grown by both solution and sublimation, obtaining two
different polymorphs. The first one, named Phase I, was grown from hot acetonitrile,
as in the case of N-TMB-TCNQ and N-TMB-TCNQF5. Due to the strong tendency
to precipitate, the starting solutions (60 uL, ¢ = 1072M) were added to 10 mL of hot
solvent. The obtained crystals are very small needles (typical dimensions 0.5 x 0.02
x 0.01 mm?), showing two lateral faces of different colors, purple and blue (Fig 3.11).
Toluene solutions yielded instead blue flaky precipitate. The same compound, named
Phase II, was obtained as single crystals by physical vapor transport. The two pure
components were placed in an open quartz tube under nitrogen flow, as described in
Ref [47]. After one day, many thin blue platelets (typical size 1 x 1 x 0.002 mm?)
were found in the colder zone of the tube (Fig 3.2).
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3.2.2 Spectroscopic characterization

The IR spectra were measured in reflectance or absorbance mode according to the
procedure described in Section sec:TTFFAmeasurements.

All the Raman spectra were recorded exciting at 632.8 nm, with the Horiba
LabRAM HR Evolution spectrometer. The exciting and scattered light were po-
larized parallel or perpendicular to the stack axis (see next section).

3.3 Results and discussion

All the N-TMB-TCNQF, crytals display strongly anisotropic morphologies and op-
tical properties, with a charge transfer band in the NIR, completely polarized along
an extinction direction. Thus, the crystals are positioned in a reference system where
the y axis coincides with the polarization direction of the CT excitation, identified as
the stack direction. The xy plane is parallel to the largest face, while the yz one is
perpendicular to it.

The reflectance spectra recorded with the light polarized along the stack direction
are shown in Fig 3.3. The frequencies of the CT bands could not be estimated
accurately as the spectral range is too restricted to perform a reliable Kramers-Kronig
transformation of the data.

N-TMB-TCNQ N-TMB-TCNQF,

T +

N-TMB-TCNQF, (1) N-TM B-TCNQF4 (II)

&“/Y\ }

Figure 3.2:  Microscopic images of the four N-TMB based crystals. The red arrows
indicate the polarization of the transmitted light. In the adopted reference system y is
the stack direction.

L.
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Figure 3.3: Extended IR reflectivity spectra of the four crystals, polarized along the
stack direction.

3.3.1 N-TMB-TCNQ

The crystal morphology is needle-like, with the elongation direction parallel to the
stack. Thus, the crystal growth is driven by the strongly directional CT interaction.
Such intermolecular force is favoured by the effective overlap between the frontier
orbitals of N-TMB and TCNQ, that have similar spatial extension and symmetry
respect to the inversion centre (Fig 3.1). Moreover, the N-TMB and TCNQ molecules
cannot form other intermolecular interactions of comparable strength.

The degree of charge transfer p was estimated from the frequency shift of the
charge sensitive C=C stretching band of TCNQ), by, 99 [48], visible in the IR spectrum
polarized perpendicular to the stack (Fig 3.4). This band is shifted from 1545 to 1533
cm ™!, corresponding to a p value of 0.29. Also the C=N stretching band by,v,
redshifted from 2228 to 2211 cm™! |, gives a similar value of 0.36.

The C=N stretching frequencies are also very sensitive to environmental effects
and often give overestimated ionicity values [49]. In this case, the effect is very small,
indicating that the C=N are not involved in strong interactions, differently from
TMB-TCNQ [50, 51]. To summarize, N-TMB-TCNQ is neutral and very similar to
the analogue TMB-TCNQ), but with weaker interstack interactions [50].
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Figure 3.4:  Polarized IR spectra of N-TMB-TCNQ crystals. The spectra of the
reagents are shown for comparison. The N-TMB-TCNC(Q) spectra are offset for clarity.
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Figure 3.5: Comparison between the N-TMB-TCNQF, IR spectrum polarized along
the stack and the Raman spectrum, measured with both exciting and scattered light
polarized perpendicular to the stack. The black arrows indicate two pairs of sidebands.
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As in the case of TMB-TCNQ), the main feature of the parallel polarized mid-IR
spectrum is a very broad band with a complex shape and medium intensity. Since
the totally symmetric modes of N-TMB and TCNQ, Raman active, are absent in
this IR spectrum, the stack is regular, with the molecules located on the inversion
centers. The broad band is likely due to the superimposition of many sidebands
related to the totally symmetric modes. Two pairs of sidebands can be singled out,
as shown in Fig 3.5. In the same spectrum the out-of plane modes of N-TMB and
TCNQ are found around 800 cm~! . Differently from the TTF-quinone cocrystals,
the projections of the in-plane modes are negligible. This suggests that the molecular
planes lie perpendicular to the stack direction.

200

150

100

Raman intensity (a.u.)

50

Raman shift (cmhl)

Figure 3.6: Polarized low frequency Raman spectra of N-TMB-TCNQ.

More structural information can be achieved from the low frequency Raman spec-
tra, where the lattice vibrations are detected. Overall, 7 bands can be resolved (Fig
3.6). In the zz and yx polarizations the bands show medium or strong intensity and
a typical Lorentzian shape. On the contrary, the yy polarized spectrum is very weak,
with broad and overlapped features. They might be due to combination bands or
disorder induced by the N-TMB methyl groups. The presence of new phonons with
crossed polarization suggests that the extended crystal plane contains a symmetry
element of order 2. Thus, a triclinic structure can be excluded.

N-TMB-TCNQ does not undergo any temperature or pressure induced phase tran-
sition, unlike TMB-TCNQ. Applying a pressure of 2 GPa caused only slight spectral
changes. The most likely explanation is that the absence of strong electrostatic in-
teractions inhibits the transition. Indeed, N-TMB-TCNQ and TMB-TCNQ are very
similar, but N-TMB is unable to form strong H-bonds, differently from TMB. This
further supports the role of 3D Coulomb interactions on valence instabilities.
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3.3.2 N-TMB-TCNQF,

The crystal morphology and optical properties are very close to those of N-TMB-
TCNQ. Similarly, the CT band is completely polarized along the elongation direction
of the crystals, that therefore corresponds to the stack axis. Thus, the discussion of
the spectroscopic data follows the same lines of N-TMB-TCNQ.

In the IR spectra polarized perpendicular to the stack (Fig 3.7) three charge
sensitive TCNQF, bands are easily identified at 1559, 1537 and 1381 cm™' [52].
Their frequency shifts respect to the neutral TCNQF; molecule, 17, 13 and 12
em~! respectively, indicate a degree of charge transfer of 0.27, on average. Thus,
N-TMB-TCNQF5 is neutral, despite the higher electron affinity of TCNQF,; with
respect to TCNQ. This fact is even more unexpected, considering that the TMB-
TCNQF ionicity was 0.7 [46].

|||||||||||||||||||||_E||y LI N
1537 —E”X 2214

Absorbance
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| I | e e | N | 1T 1 1 |
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Figure 3.7:  Polarized IR spectra of N-TMB-TCNQF, crystals. The spectra of the
reagents are shown for comparison. The N-TMB-TCNQF, spectra are offset for clar-
1ty.

The parallel polarized spectrum is saturated by many intense absorptions in the
mid-IR. These bands are accessible in reflectance mode. Their frequencies coincide
with those of the main Raman bands, suggesting that the molecules do not lie on
the inversion centers (Fig 3.8). However, CT crystals having both a low degree of
charge transfer and a dimerized stack are uncommon. A possible explanation is that
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the electron-phonon coupling is strong enough to cause Peierls instability even on the
neutral side [6]. The e-mv induced bands might also be due to static disorder along
the stack, related to a random orientation of the TCNQF3 molecules [53]. Due to the
2,5 substitution, two equivalent orientations are possible. However, such hypotheses
would require a careful experimental verification.
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Figure 3.8: Comparison between the N-TMB-TCNQF, IR spectrum polarized along
the stack and the Raman spectrum, measured with both exciting and scattered light
polarized perpendicular to the stack.
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Figure 3.9: Polarized low frequency Raman spectra of N-TMB-TCNQF,. The xx
spectrum has been divided by 3 for clarity.
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A clue leading to structural disorder along the stack is provided by the low fre-
quency Raman spectra (Fig 3.9). The spectrum measured with both the exciting and
scattered light polarized along the stack (yy polarization) shows a very broad feature.
Differently, the bandwidth is smaller in the other two polarizations. Finally, the five
phonons having crossed polarization, suggest the presence of a twofold symmetry
element in the unit cell, as in the case of N-TMB-TCNQ.

3.3.3 N-TMB-TCNQF,

As described in Sec 3.2, two crystal phases with different morphology were found:
the Phase I needles and the Phase II platelets. Growing N-TMB-TCNQF, single
crystals from solution is a hard task due to a very rapid precipitation. Anyway, it was
possible to obtain Phase I crystals from acetonitrile with a very low concentration
and a slow cooling rate. In this case, also a small fraction of Phase II platelets
was observed within the batch. Differently, toluene solutions always yielded a flaky
Phase II precipitate. Due to the complete insolubility of Phase II in organic solvents
even at high temperature, the compound could not be recrystallized. Good quality
Phase II single crystals suitable for polarized IR measurements were finally grown by
sublimation.

The powder IR spectra of both phases display a C'T band, demonstrating the CT
nature of both compounds (Fig 3.10, right panel). This band is single in Phase II,
while it contains two peaks in Phase I. Although Phase I could be obtained only from
acetonitrile, the absence of the solvent C=N bands at 2340 cm ™! excludes a solvated
phase (Fig 3.10, middle panel).
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Figure 3.10: IR spectra of the precipitates obtained by mixing acetonitrile or toluene
solutions of N-TMB and TCNQF,. The frequency ranges 1700-2100 cm™" and 2300-
3400 cm™t have been omitted due to the absence of significant bands.
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Phase | Phase Il

Figure 3.11:  Microscopic images of N-TMB-TCNQFy crystals, laying on the zy
and yz planes. The reflected light is unpolarized. The different blue tone of the two
phases only depends on the crystal thickness. The Phase II crystal is so thin as to be
transparent.

Despite the different morphology, the single crystals belonging to both phases
share many common features. Firstly, they appear blue and purple when laying on
the zy and yz planes, respectively (Fig 3.11). To compare the two polymorphs more
accurately, we performed the spectroscopic measurements on both planes. Secondly,
the polarized spectra measured on the corresponding planes show very similar pat-
terns. For this reason the two phases are discussed together.

If the crystals lay on the zy plane, in both phases the stack direction coincides
with one of the two extinction directions. In Phase I needles the stack is parallel to
the elongation direction, as in N-TMB-TCNQ and N-TMB-TCNQF;. In Phase II
rectangular platelets the stack is parallel to the longer side.

Viewed in transmission mode, the crystals appear blue when the light is polarized
along the stack. If the polarizer is rotated by 90° the color becomes very pale (Fig
3.2). On the contrary, N-TMB-TCNQ and N-TMB-TCNQF; appeared darker with
the transmitted light polarized perpendicular to the stack. This means that in N-
TMB-TCNQF, the in-plane polarized intramolecular electronic transitions cannot
be excited with this crystal orientation. Indeed, both phases show a high reflectivity
when laying on the xz plane only, indicating that the corresponding transition dipoles
are z-aligned.

In Phase I the IR spectra polarized perpendicular to the stack measured on the
two faces are different (Fig 3.12). In the Dy, point group of the TCNQF, molecule
the by, and by, modes have the same symmetry of the long and the short in-plane
axes, respectively. Thus, from the relative intensities of these modes we can determine
the molecular orientation respect to the x and z direction of the adopted reference
system.

The spectrum measured with the light polarized along = is dominated by the
TCNQF}4 by, modes, while the z polarized spectrum displays the TCNQF, by, modes,
together with many N-TMB bands (Fig 3.12). Thus, the short and the long TCNQF,
axes have a major projection along the x and z directions, respectively.

The charge sensitive TCNQF, ring C=C stretching vibration by, /33 is redshifted
to 1539 ecm ™!, indicating p=0.95. Also the frequency shifts of the two C=N stretching
bands by,v3s and by,vig, found at 2178 and 2196 cm ™! respectively, correspond to a
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ionicity value of 0.86 and 0.94. This means that this compound is fully ionic.

In the case of the thin Phase II platelets, the IR measurements were possible on the
extended xy plane only. The x polarized spectrum is very similar to the corresponding
spectrum of Phase I. The strong by, /30, bo,l33 and 3¢ bands are clearly visible at
2181, 1541 and 962 cm™! [49]. Therefore, in Phase II also the short molecular axes
are parallel to x. The by, 33 frequency shift respect to the neutral TCNQF, molecule,
-57 ecm™! | corresponds to p=0.92. In addition, based on to the C=N stretching bands
bouv32 and by, 19, we find p=0.79 and 0.85 respectively. Thus, also N-TMB-TCNQF4
Phase II is ionic. In both phases the charge sensitive bands are not split, meaning
that the ionicity is the same for all the molecules. Thus, the stoichiometry is likely
1:1 in both compounds.
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Figure 3.12: IR spectra of the two N-TMB-TCNQF4 phases, polarized perpendicular
to the stack direction y. The spectra of the reagents are shown for comparison and
the spectra of each phase are offset for clarity.

The high ionicity values are consistent with the blue color of the crystals. Indeed,
the lowest energy absorption of the TCNQF radical ion lies between 650 and 900
nm [54]. The associated transition dipole moment, having by, symmetry, is aligned
to the long molecular axis. Also the N-TMB™ cation shows an electronic transition
in the same spectral range, polarized along its long molecular axis.

According to the molecular orientation inferred from the IR spectra, the projection
of these dipoles would be zero along x and maximum along z. This explains both
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the pale color observed in transmission mode with the light polarized along x and the
high reflectivity on the zz plane. Finally, the blue color seen with the y polarization
suggests that the molecular planes are tilted respect to the stack direction.
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Figure 3.13:  Comparison between the IR spectra polarized along the stack and the
Raman spectra: Phase I (upper panel) and Phase II (lower panel).
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Figure 3.14: e-muv coupling perturbation of the totally symmetric intramolecular vi-
brations in segregated and mixed dimerized stacks.

The parallel polarized mid-IR spectrum of Phase I is dominated by strong ab-
sorptions (Fig 3.13, upper panel). However, the frequencies of these bands do not
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correspond to the Raman frequencies, but are lowered with respect to them. This
would be consistent with a dimerized segregated stack.

Dimerized segregated stacks are composed of dimers of identical radical ions.
Therefore, it is possible to define a symmetric (in phase) and an antisymmetric (out
of phase) combination of the totally symmetric modes of the isolated ions. The
antisymmetric one, having the same symmetry of the CT excitation, is coupled to
it, while the symmetric one is not (Fig 3.14, left). As a result, the antisymmetric
combination mode is IR active, with a frequency lowered respect to the symmetric
counterpart, that is Raman active [26, 55]. Differently from mixed dimerized stacks,
segregated dimerized stacks maintain the inversion centre, located between the ions.
Consequently, the mutual exclusion rule is still valid.

On the contrary, in mixed stacks it is not possible to combine the totally symmetric
vibrations of different molecules (Fig 3.14, right). For this reason these modes are
both IR and Raman active, with the same frequency, lowered by the e-mv interaction.
This is the case of case of Phase II: the IR spectra polarized along the stack display
many strong bands (Fig 3.13, lower panel) at the same frequencies of the totally
symmetric Raman bands.
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Figure 3.15:  Comparison between the polarized Raman spectra of the two N-TMB-
TCNQF, crystal phases. For the sake of clarity, the three polarizations are offset and
both the zz ones, enhanced by resonance, have been divided by 10.

Furthermore, all the totally symmetric Raman bands are redshifted in Phase II
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with respect to the corresponding modes in Phase I (Fig 3.15). This effect is stronger
for the most coupled bands, as TCNQF, a,v3, observed at 1456 and 1431 cm™! in
Phases I and II. As in the case of the polarized IR spectra of the two phases, the
Raman spectra follow the same pattern. The totally symmetric intramolecular vibra-
tions are very weak with the xx polarization and are amplified an order of magnitude
with the zz polarization. This is a clear resonance effect, since the 633 nm exciting
line is close to the absorptions of both radical ions. Indeed, the same intensity en-
hancement was observed also in the case of the fully ionic analogue TMB-TCNQF,. A
more detailed comparison between the two compounds is presented in the Appendix,
Section A.1. Differently, the yy polarized spectra are amplified at low frequencies, as
observed in most dimerized CT crystals.

As expected, the main differences between the spectra of the two polymorphs are
observed in the lattice phonon range. In the case of Phase I, six phonons are found
below 200 cm ™! | active with both parallel and crossed polarization on both yz and
yz planes. This suggests that the unit cell symmetry is triclinic. 11 phonons are
present instead in the spectra of Phase II (Fig 3.16). Four of them are visible only in
the zy polarized spectrum and not on the yz one. This would be consistent with a
monoclinic unit cell, with the twofold axis parallel to x. Also the rectangular shape
of the extended crystal face supports this hypothesis.
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Figure 3.16: Polarized low frequency Raman spectra of N-TMB-TCNQFy, Phase I.
The yz and zz polarized spectra are offset for clarity.

However, some common features exist between the spectra of the two phases. The
xx polarized spectra display a single narrow band around 20 cm~! . Then, the zz
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polarized ones are characterized by broad and overlapped bands, covering the whole
5-200 cm~! range, that indicate structural disorder present along the z direction. The
most likely explanation is that the N-TMB axial N-(CHjs) groups cause disorder along
the z direction, selectively. The same spectral pattern was indeed found in the low
frequency Raman spectra of the ionic mixed stack crystal TMPD-TCNQ (Fig 4.6),
whose donor also presents axial N-(CHjz)y groups. To summarize, the intermolecular
interactions have similar strength and directionality in the two N-TMB-TCNQF,
polymorphs, despite their different stack motif.
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Figure 3.17:  Polarized low frequency Raman spectra of N-TMB-TCNQF,, Phase II.
The spectra are offset for clarity.

Preliminary low temperature Raman measurements found that neither of the poly-
morphs undergoes apparent temperature induced phase transitions on cooling down
to 80 K. Their temperature dependent low frequency spectra, yy polarized, are shown
in Fig 3.18. Both display a strong band narrowing and a slight frequency hardening
on cooling. No new bands appear, even with the increased spectral resolution.

The two polymorphs have different thermal stabilities: decomposition occurs at
around 390 K in Phase I and 440 K in Phase II. Interconversion between the two poly-
morphs was never observed, consistently with their proposed stack motifs. A phase
transformation from a segregated to a mixed stack would indeed be very difficult.
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Figure 3.18:  Low temperature Raman spectra of N-TMB-TCNQF, in the lattice
phonon range, Phase I (left) and Phase II (right). The exciting and scattered light
are both polarized along the stack direction y. The spectra are offset for clarity.

3.4 Conclusions

The N,N, N’ N’-Tetramethylbenzidine-TCNQF, CT cocrystals have been synthesized
for the first time and characterized by polarized optical spectroscopy on single crystals.
According to the spectra, these crystals, having 1:1 stoichiometry, display different
degrees of ionicity and stack symmetries, exploring a wide phase space among CT
crystals.

N-TMB-TCNQ and N-TMB-TCNQF; are both neutral, with mixed stack motif.
While in the former the stack is regular, in the latter the presence of weak vibronic
IR bands suggests that the stack is dimerized or affected by disorder. Both the
N-TMB-TCNQF, polymorphs are ionic and dimerized.

Interestingly, N-TMB-TCNQF, grows in two polymorph phases. Their spectro-
scopic data point towards two different stack motifs: segregated in Phase I and mixed
in Phase II. This kind of polymorphism is rare: the only reported examples are
TMTSF-TCNQ [56, 57], BEDT-TTF-TCNQ [58, 59] and TTF-CA [24, 60]. How-
ever, in both CT systems the two polymorph phases have also a different ionicity.
While the segregated stack phases are ionic, the mixed stack ones are neutral, due
to the inefficient overlap between the frontier orbitals of the two molecules. On the
contrary, both phases are ionic in this case, with p=0.9. Indeed, the N-TMB HOMO
and the TCNQF,; LUMO have the same symmetry respect to the inversion centers
of the corresponding molecules. Thus, the overlap would be effective with both stack
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motifs.

According to the previous studies, analogue ionic systems like TMPD-TCNQ [61],
TMB-TCNQF, [62] and TMPD-TCNQF, [55] do not show such polymorphic behav-
ior. The stack motif is mixed in the first two systems and segregated in the third one.
Thus, also these systems might present different polymorph phases depending on the
growth conditions®.

The structural determination and the low temperature spectroscopic measure-

ments, now in progress, will soon complete the present study.

ITMPD-TCNQ and TMB-TCNQF, are presented in Chapter 4 and Appendix, Section A.1 for
other purposes. The two materials were obtained following the procedures described in the literature,
without finding any polymorphs.
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Chapter 4

TMPD-TCNQ revisited: regular or
dimerized stack?

4.1 Introduction

Charge transfer crystals based on TCNQ and aromatic diamines were firstly inves-
tigated more than 50 years ago. A member of this family, the mixed stack ionic
N,N,N’ N’-Tetramethylphenylenediamine-TCNQ (TMPD-TCNQ) gave contradictory
structural and spectroscopic data: X-ray diffraction found a regular stack while IR
revealed the activation of the totally symmetric vibrations, the signature of a dimer-
ized stack [63, 61]. Such disagreement was ascribed to the presence of some kind of
disorder affecting the local molecular environment. It is known that the two tech-
niques work on different spatial scales: XRD probes long range order, spectroscopy
is sensitive to the molecular surroundings.

The following spectroscopic study extends the previous one performed on powders
[61] with temperature dependent IR and Raman spectra measured on single crystals.
The selective enhancement of the vibronic bands at low temperature supports that
the stack is already dimerized at room temperature and such distortion is amplified
on cooling.

4.2 Experimental

The TMPD-TCNQ crystal growth from solution presented the same difficulties of the
N-TMB-TCNQF, series, due to precipitation. Good quality crystals were therefore
obtained from toluene following the same procedure, described in Section 3.2. The
crystals grew in a few days as dark needles or thick platelets, 1-2 mm long (Fig 4.1).
In the same experimental conditions, acetonitrile solutions yielded a flaky precipitate
of the same material. The identity of the product was confirmed by IR.

The crystals, having flat and good quality faces, were suitable for IR measurements
in reflectance mode.

The Raman spectra were obtained exciting at 633 nm, keeping the power below
0.1 mW to reduce sample heating. In both IR and Raman measurements the light
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was polarized parallel or perpendicular to the stack direction.
The low temperature spectroscopic measurements were performed using a liquid
nitrogen cryostat fitted under the IR and Raman microscopes.

4.3 Results and discussion

The identity of the product was confirmed by comparing the IR absorption spectrum
of powdered crystals with the known spectrum of TMPD-TCNQ 1:1 [61]. The other
known TMPD-TCNQ compound, of 1:2 stoichiometry, was never found with the cho-
sen growth method [64]. According to the literature, the TMPD-TCNQ 1:1 complex
crystallizes in the C'2/m space group, with Z=2. The molecules stack along the ¢ axis
and are located on the inversion centers [63].

The crystals display needle or platelet morphology, with a strong tendency to
twinning. Due to the crystal thickness, it was not possible to recognize the extinction
directions by polarized optical microscopy. Thus, the stack axis ¢ was identified as
the direction of maximum intensity of the CT band, occurring above 7000 cm™! . In
the case of the needles, the stack axis is parallel to the elongation direction. On the
contrary, in the twinned platelets the stack is parallel to the short side of each of the
two symmetric parts (Fig 4.1).

Figure 4.1: Microscopic images of typical TMPD-TCNQ crystals under polarized light:
needles (a and b) and platelets (¢ and d). The red arrows indicate the polarization of
the reflected light, while the blue arrows indicate the stack direction. The platelets are
twinned.

The IR spectra polarized perpendicular to the stack are dominated by the in plane
vibrations of TMPD and TCNQ. In the case of the needles, two groups of spectra
having different relative band intensities were observed, corresponding to different
orientations (Fig 4.2). In the first group only one TCNQ C=N stretching band
(b1y119) is observed, while in the other group the C=N bands are two (bg,r33 and
biu19). According to the relative intensities of the bands, the two faces are parallel
to the 010 and 110 planes (Fig 4.3). The platelets always gave spectra corresponding
to 010 orientation. Indeed, these faces are predicted to be the most extended ones by
BFDH calculations and the previous works found preferred 010 orientation [63, 65].
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The ionicity is estimated according to the frequency shift of the TCNQ antysim-
metric ring stretching, b;,v2. This band is found at 1503 cm™! , corresponding to
a ionicity value p ~ 1. Also the large frequency shifts of the two C=N stretching
modes are consistent, being redshifted to 2186 and 2163 W respect to 2228 cm ™ in
the neutral TCNQ molecule. The full TMPD-TCNQ ionicity, compared to the small
value of N-TMB-TCNQ (Chapter 3), is due to the much lower ionization potential of
TMPD [66].
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Figure 4.2: IR reflectance spectra of TMPD-TCNQ needles, recorded on two different
faces and polarized parallel or perpendicular to the stack axis c

Figure 4.3: TMPD-TCNQ unit cell viewed along 010 (left) and 110 (right) directions.
The methyl hydrogens were not determined in the reported structure (Ref [63], CCDC
refcode QMEPHE).

The spectra polarized along the stack direction are dominated by many strong
bands, at the same frequencies of the totally symmetric vibrations of TMPD and
TCNQ), also present in the Raman spectra (Fig 4.4). The IR-Raman coincidence was
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previously noted in Ref. [61], studying a powdered material. The present polarized
spectra confirm that such bands have indeed vibronic origin, being polarized along the
stack. This is the signature of inversion symmetry breaking along this direction, due
to dimerization or disorder. A likely source of disorder are the N-(CHjs)s groups, due
to their large conformational freedom. Anyway, the strong intensity of the vibronic
bands compared to the other IR active modes fits better with a dimerized stack than
with a local disorder.

In the same polarization the out-of-plane vibrations of the two molecules are also
present around 800 cm~! . Small projections of the b, bands of TCNQ and the b,
ones of TMPD are also visible due to the inclination of the molecular planes respect
to the stack direction.
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Figure 4.4: Comparison between the IR spectrum polarized along the stack and the
Raman spectrum. The common bands are marked with black arrows. The IR conduc-
tivity spectrum was obtained as the Kramers Kronig transformation of the reflectivity
data.

The polarized Raman spectra were also measured on the 100 (bc) plane, contain-
ing the short molecular axis, to better understand the crystal packing. The inten-
sity is enhanced with the a*a* polarization respect to the bb one in the 1000-2220
cm ™! range (Fig 4.5). Such amplification is clearly a resonance effect, as in the case
of N-TMB-TCNQF, and N-TMB-TCNQF, (Fig 3.15 and A.3). Indeed, the lowest
energy transitions of both radical ions are long axis polarized [65].

At lower frequencies, also the phonon band pattern reflects the anisotropy between
the two crystal planes (Fig 4.6). On the 010 (ac) plane the bands are very broad in
both cc and a*a* polarizations. On the contrary, the bb polarized spectrum displays
much narrower phonon bands. This means that some kind of disorder is present along
the both the stack direction ¢ and along a*, nearly aligned to the long molecular axis.
Indeed, the TMPD N-(CHjs), groups, suspected of inducing disorder, point towards
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these two directions. Furthermore, the observed phonons do not match the spectral
predictions based on the reported space group, C2/m. In that case, six phonon bands
would be expected, 24, + 4B, corresponding to the librations of the two molecules
contained in the primitive unit cell. Differently, 6 phonons with parallel polarization

(A, symmetry) are observed, suggesting that the symmetry is lower than the reported
one.
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Figure 4.5: Polarized extended Raman spectra of TMPD-TCNQ.
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Figure 4.6:  Polarized low frequency Raman spectra of TMPD-TCNQ. The spectra
are offset for clarity.
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No apparent phase transition is observed on cooling down the crystals to 80 K.
However, the IR spectra polarized along the stack display a large intensity enhance-
ment of the vibronic bands (Fig 4.7). On the contrary, the spectra polarized perpen-
dicular to the stack do not show any change in the intensity or frequency of the bands,
indicating that the ionicity remains close to 1. Similarly, the out-of plane ungerade vi-
brations, intrinsically IR active with polarization along the stack, are not enhanced at
low temperature (Fig 4.8, left panel). The CT transition frequency remains constant
(Fig 4.8, right panel). Thus, the e-mv coupled vibrations are amplified selectively.
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Figure 4.7: Low temperature IR reflectivity spectra of TMPD-TCNQ.

The thermal changes of the Raman spectra are very small. At high frequencies,
two totally symmetric bands of TCNQ), a4v3 and vy, are redshifted while two TMPD
bands (a,v2 and vs) are slightly blueshifted (Fig 4.9). At low frequency, the strong
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cc polarized bands display a typical frequency hardening and a slight narrowing.
Despite the increased resolution, the number of bands is unchanged at 80 K (Fig 4.10).
Anyway, their width is always above 10 cm™! | demonstrating residual structural
disorder.
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Figure 4.8: Low temperature IR reflectivity spectra of TMPD-TCNQ: out-of plane
modes (left panel) and CT band (right panel).
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Figure 4.9: Low temperature Raman spectra of TMPD-TCNQ. The spectra are offset
for clarity.
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Figure 4.10: Low temperature Raman spectra of TMPD-TCNQ, in the low frequency
range. Polarization: cc. The spectra are offset for clarity.

The presence of vibronic bands always indicates the absence of inversion symmetry
along the stack, at least at a local scale. This might be either long-range dimerization
or local disorder. In the latter case, vibrational spectroscopy and XRD might give
inconsistent results, as spectroscopy probes the molecular environment while XRD
probes long range order.

For instance, the mixed regular stack crystal CIMePD-DMDCNQI displays weak
vibronic bands in the neutral phase at room temperature, that continuously increase
in intensity on cooling [67]. The low temperature XRD analysis did not detect any
symmetry breaking along the stack [53]. Thus, the vibronic activation of the totally
symmetric modes was ascribed to the disorder induced by the polar donor molecule.
Differently, the intensity increase was due to the ionicity increase towards p=0.5. But
this is clearly not the case of TMPD-TCNQ), as the ionicity is unchanged.

Another interesting comparison can be made between TMPD-TCNQ and the
mixed stack system TMB-TCNQF,. Both crystals are almost fully ionic and were
found to have regular stack by XRD but show vibronic IR absorptions. TMB-
TCNQF, structure was recently revisited, finding a dimerized stack and an order-
disorder transition [62]. The local stack distortion changed into a long range antifer-
roelectric arrangement of dimerized stacks, but with just a slightly larger dimerization
amplitude. Such structural rearrangement resulted in much narrower phonon bands
and unchanged IR vibronic intensity. On the contrary, in TMPD-TCNQ the phonon
bandwidth changes slightly on cooling, while the vibronic intensities increase.

It is known that the vibronic intensity increases with the degree of dimerization,
keeping all the other microscopic parameters constant, i. e. ionicity, CT transi-
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tion energy... [26]. Thus, only a larger local structural distortion can explain the
observed TMPD-TCNQ behavior. The two crystals start from the same condition
but evolve in different ways. TMB-TCNQF, is both dimerized and affected by long
range disorder, that disappears on cooling. Also TMPD-TCNQ is disordered and
likely dimerized at room temperature, but cooling results in a larger distortion in-
stead, without establishing long range order. A dimerized stack is indeed expected in
TMPD-TCNQ: most ionic stacks are distorted or undergo a dimerization transition
on cooling, being intrinsically subject to spin-Peierls instability. Also the reported
magnetic susceptibility data are not consistent with a regular stack chain [68].

4.4 Conclusions

This work completes the previous low temperature studies on TMPD-TCNQ with the
polarized vibrational spectra, also in the lattice phonon frequency range. Thus, the
temperature evolution of ionicity, stack symmetry and crystal packing were followed
separately.

TMPD-TCNQ is fully ionic at all the temperatures and the Raman spectra do not
display any significant variation, both in the band frequencies and widths. The only
remarkable evolution is the continuous IR intensity increase of the totally symmetric
modes, with polarization along the stack.

Combining these data, many possible explanations for such behavior have been
excluded. The most plausible hypothesis is the increase of the dimerization amplitude
on cooling. A detailed structural analysis would clarify this issue, as done in the case
of TMB-TCNQF, [62].
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Chapter 5

Polymorphism and solvate phases
of the PCBM organic
semiconductor

5.1 Introduction

The organic semiconductor [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM), a
chemically modified fullerene, has been widely used as an electron acceptor for or-
ganic solar cells. The side chain increases the solubility in organic solvents and pro-
cessability but makes the crystallization difficult [69].

Since the electronic properties of PCBM strongly depend on the molecular pack-
ing, the knowledge of PCBM polymorphism is needed. It is known that PCBM
crystallization is influenced by solvents, substrates and temperature. Three different
crystal structures are known: two solvate phases [70] and a solvent-free one [71, 72, 73].
Another phase with hexagonal symmetry was also reported, whose structure is un-
known [74, 75].

The aim of this work is the characterization of the PCBM crystalline phases
grown from chlorobenzene or 1,2-dichlorobenzene solution on silica or Si substrates.
Two known phases were identified: the 1,2-dichlorobenzene solvate and a solvent free
phase. A third unknown phase was also found, probably solvent free.

5.2 Experimental

PCBM crystals grown from dichlorobenzene (DCB) or chlorobenzene (CB) solutions,
on Si or quartz glass substrates were provided by Prof. F. Cacialli, from University
College of London.

The Raman spectra were recorded with the Horiba Raman microscope, keeping
the laser power to 0.1 mW to avoid sample heating. For the low frequency spectra,
the 633 nm exciting line and a diffraction grating with 1800 grooves/mm were used.
With this configuration the lattice phonons were accessible down to 4 cm™! thanks
to the ULF Bragg filter. However, the intermolecular vibrations at higher frequencies
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were hidden by strong fluorescence with this exciting line. For this reason, the 532
nm line was chosen instead to measure the extended Raman spectra, using a grating
with 600 grooves/mm.

The IR spectra were measured on single crystals or powders, depending on the
crystal size and adhesion to the substrate. Single crystals of the DCB solvate phase
were heated to 360 K in nitrogen atmosphere to remove the solvent. Then, the
structural order of the resulting material was investigated by polarized IR and Raman
spectroscopy.

5.3 Results and discussion

The observed crystal morphologies and sizes were independent of the substrate mate-
rial and depended only on the solvent chosen for the crystal growth. Using the same
solvent, silicon and silica substrates yielded very similar crystals.

5.3.1 Phases obtained from DCB solution

The rhombus-shaped platelets obtained from DCB are very similar to the PCBM-
DCB 1:1 solvate crystals described in [71], whose extended face is parallel to the (101)
plane (Fig 5.1). This phase, whose space group is P2;/n, has a layered structure,
containing PCBM and solvent rich layers alternating along the (101) direction.
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Figure 5.1: Polarized low frequency Raman spectra of PCBM crystals grown from
DCB (a). Microscopic images of crystals laying on the extended face (b), parallel
to the (101) plane, and on a side face (c). Crystal structure of PCBM-DCB viewed
along the (101) direction (CCDC refcode EKOZOT).
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Although most crystals strongly adhered to the substrate, it was possible to re-
move some of them without damage. Viewing perpendicular to the lamellar plane,
the extinction directions, named z and y, coincide with the diagonals of the rhom-
bus. The orientation relationship between the in-plane extinction directions and the
crystallographic axes could be clarified by polarized IR spectroscopy (Fig 5.2). To do
this, the unit cell is viewed along the 1;0;-1 direction, perpendicular to the extended
face and parallel to the z axis of the adopted reference system. The only IR active
mode with a well defined polarization should be the C=0 stretching, found at 1738
cm ™! and polarized mainly along the bond axis. Since this band is completely po-
larized along y and the C=0 bond axis is nearly perpendicular to the b direction, x
likely coincides with the b axis. Furthermore, all the solvent bands are present in the
IR spectra, confirming that the crystals belong to the DCB solvate phase.
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Figure 5.2: Polarized IR spectra of a PCBM crystal grown from DCB, recorded on the
extended face. The IR spectrum of the solvent, reproduced from the NIST database,
18 also reported and the solvent bands are marked with black arrows.

The low frequency polarized Raman spectra are consistent with this crystal struc-
ture and orientation (Fig 5.1). Firstly, the presence of phonons with crossed polar-
ization agrees with the monoclinic symmetry and the 1;0;-1 orientation, on a plane
containing the b axis. More lattice phonons can be detected measuring on the few
vertically oriented crystals found on the substrate. Overall, 9 phonon bands can be
resolved below 70 ecm™! . It is sensible to assume that such low frequency phonons
involve motions of the large PCBM molecules rather than the DCB ones. Indeed, in
the P2 /n space group, with Z =4, 12 Raman active phonons due to PCBM motions
are expected, whose symmetry species are 6 A, + 6 B,.

At higher frequencies, using the 633 nm exciting line the Raman spectrum is
completely covered by a broad fluorescence band, occurring in the 600-800 nm range
[76]. Differently, with 532 nm excitation the Raman spectrum is completely visible,
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as it occurs at shorter wavelengths (Fig 5.3). Furthermore, some bands are enhanced
by resonance, as the exciting wavelength matches the lowest energy absorption of
PCBM [77]. The strongest Raman peak, occurring at 1464 cm™ | is assigned to the
fullerene pentagonal pinch mode [78]. The solvent bands are not visible, probably
due to the small DCB Raman cross section compared to the fullerene one.

PCBM-DCB does not show any phase transition on cooling down to 80 K. Thus,
low temperatures can be used to improve the spectral resolution thanks to narrower
phonon bands. Also the fluorescence band becomes narrower on cooling, reducing the
background with 633 nm excitation. This temperature behavior is common to all the
PCBM phases described in this chapter.

The solvent molecules can be removed by heating the solvate crystals to 360 K.
The sample shape is maintained during the transformation and on further cooling
to room temperature. However, the IR and Raman spectra of the heated material
are completely depolarized (Fig 5.4 and 5.5). Moreover, the Raman spectra show a
very broad feature at low frequency, without any recognizable phonon band. These
facts indicate structural disorder, i. e. amorphization following the solvent removal.
Since the heated material was cooled to room temperature without annealing, poor
crystallinity is expected. These results agree with the Molecular Dynamics simula-
tions, that predicted a disordered structure after solvent removal [79]. The relative
intensities of the bands in the IR spectra are different in the heated material. This
fact is probably due to a change in the 3D orientation of the molecules rather than
chemical degradation. Indeed, PCBM is known to be stable at least up to 200 °C [80].
Furthermore, both the intramolecular Raman bands and the fluorescence background
are unchanged, excluding any decomposition reaction, even on the surface.
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Figure 5.3: Polarized extended Raman spectra of PCBM crystals grown from DCB.
The spectra are offset for clarity. Inset: Fullerene pinch mode
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Figure 5.4: a) Polarized IR of a PCBM crystal grown from DCB, recorded on the
extended face, before and after heating. b) Microscopic images of the sample before
(upper picture) and after heating (lower picture). ¢) Low frequency Raman spectrum
measured after heating.
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Figure 5.5: Upper and middle panel: Polarized IR spectra of a PCBM-DCB crystal
be below and above the solvent loss temperature. Bottom panel: IR spectrum of DCB.
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5.3.2 Phases obtained from CB solution

The PCBM crystals grown from CB present two different morphologies: thin rectan-
gular platelets and thick prisms (Fig 5.6). The latter ones are much more abundant
than the former ones. As all the crystals were strongly adhered to the substrate, they
could not be removed without damage.

Si substrate Silica substrate
Phase | Phase Il

Figure 5.6: Microscopic images of PCBM crystals grown from CB on Si or silica
substrates.
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Figure 5.7: Raman spectra of Phase I (upper panel) and Phase II (lower panel).
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Figure 5.8: Fullerene pinch mode in the Raman spectra of Phase I (upper panel) and
Phase II (lower panel).

As in the case of PCBM-DCB, we adopt a reference system where the z and y
directions are parallel to the two symmetry axes of the extended crystal face. We could
not directly recognize the extinction directions by microscopy as the crystals and/or
the substrates were not transparent. This reference system is anyway convenient
since the Raman spectra are well polarized only if the exciting and scattered light are
polarized along these directions (Fig 5.7 and 5.9). This is true for the crystals of both
morphologies. The relative band intensities in the polarized Raman spectra measured
on different crystals with the same morphology are reproducible. This means that
these crystals lay on the same plane.

The Raman spectra clearly demonstrate that the two morphologies correspond to
different crystal phases. Thus, the rectangular platelets and the prisms are named
Phase I and Phase I1, respectively. Although the Raman spectra of both phases share
the same bands, Phase I displays narrower features, in the whole spectral range (Fig
5.7 and 5.9). Furthermore, in the Phase II spectra the fullerene pinch mode band is
split in two peaks at 1460 and 1464 cm™~! , while in Phase I a single band is found at
1464 cm™! (Fig 5.8).

Phase I presents the same morphology described in [72] and [76], that report a
solvent free PCBM phase grown from CB. Also the Raman spectra shown in [76],
Fig 2b, display a single narrow band peaking at 1464 cm™! |, as in the case of Phase
I. Thus, Phase I likely corresponds to the known solvent free PCBM phase, having
P2, /n space group and Z=4 [72]. Overall, the low frequency Raman spectra presents
8 phonon bands instead of the 12 ones expected from the unit cell symmetry and
multiplicity. However, some bands might be very weak or inaccessible with the only
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crystal orientation probed.
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Figure 5.9: Low frequency Raman spectra of Phase I (left panels) and Phase II (right
panels), at 293 (upper panels)and 80 K (lower panels).
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Figure 5.10: IR spectrum of powdered Phase II crystals. The solvent spectrum, repro-
duced from the NIST database, is also shown for comparison.
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Figure 5.11: Temperature evolution of the fullerene pentagonal pinch mode in Phase

11

On the contrary, the Phase II features do not match any of the reported PCBM
crystal phases. We measured the IR spectra of powdered crystals removed from
the substrate to obtain further chemical information. The absence of the strongest
CB solvent bands in the Phase II spectrum suggests that the crystal lattice does not
contain solvent molecules (Fig 5.10). In addition, the known PCBM-CB solvate phase
is triclinic [70], which is not consistent with the low frequency Raman spectra. Thus,
Phase II is likely a new solvent-free phase.

At room temperature the Phase II phonon frequencies are lower than in Phase I,
suggesting weaker intermolecular interactions. As Phase I, Phase II does not undergo
any phase transitions down to 80 K. The phonon bands display the typical continuous
frequency hardening on cooling. 10 phonon bands can be resolved at low temperature
thanks to low temperature narrowing (Fig 5.9). Two of them have complete crossed
polarization, which is consistent with at least a twofold symmetry element. Thus, the
Phase II space group could be either monoclinic or orthorhombic.

Despite the absence of phase transitions, some unexpected spectral changes were
observed at low temperature. The lower frequency component of the fullerene pinch
mode completely loses its intensity on cooling from 293 to 250 K (Fig 5.11). This
evolution is continuous and completely reversible without hysteresis. All the other
Raman bands do not show any significant changes in the same temperature range.
We do not attempt to explain such behavior, that would be completely speculative
without further structural information.
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5.4 Conclusions

We characterized the PCBM crystal phases grown from CB and DCB solutions on
either silicon or silica substrates. In this work the obtained crystal phases depend
only on the solvent and not on the substrate nature.

All the crystals obtained from DCB solutions only belong to the known PCBM-
DCB 1:1 solvate phase [70, 71], which on heating releases the solvent molecules yield-
ing an amorphous material. Differently, CB solutions yielded two polymorphs. One
of them was recognized as the solvent free phase reported in [72] Although the other
phase was not identified, the IR spectra suggest that it is solvent free as well. Further
structural characterization is needed to confirm this hypothesis and investigate its
unexpected thermal spectral changes.
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Chapter 6

Crystal to Smectic E phase
transition of the Ph-BTBT-10
molecular semiconductor

6.1 Introduction

The molecular semiconductor 7-decyl- 2-phenyl[1]benzothieno|3,2-b][1]benzothiophene
(Ph-BTBT-10) has been widely studied over the last few years for its high charge car-
rier mobility and chemical stability. The rigid Ph-BTBT core is functionalized with a
flexible decyl chain [81]. This structure was designed to achieve both good solubility
and ordered liquid crystal phases, as a precursor of uniform thin films with increased
2-D mobility [82, 83].

Liquid crystalline mesophases are characterized by a partial loss of the structural
order, given by the positional, orientational and intramolecular degrees of freedom.
Calamitic (rod shaped) mesogens, as Ph-BTBT-10, can form nematic or smectic
phases. While in the nematic phase the long molecular axes are aligned without
positional order, in smectic phases the molecules are also arranged in layers. Smectic
phases are classified based on the in-plane positional and orientational order and the
tilt angle between the long molecular axis and the layer normal (Fig 6.1).

The Smectic E phase (SmE), also known as Crystal E, is one of the most ordered
smectic phases. The unit cell is orthorhombic and the cores form a herringbone
arrangement within the same layer. The long molecular axis is perpendicular to the
smectic planes.

Ph-BTBT-10 undergoes three first order phase transitions on heating (Fig 6.2):
Crystal to SmE at 150 °C; SmE to SmA at 215 °C and SmA to isotropic liquid at 225
°C [81]. Due to the asymmetric substitution, Ph-BTBT-10 crystallizes in bilayers.
The monoclinic unit cell, space group P2;/a, contains four molecules, with the long
molecular axis nearly parallel to c. The rigid aromatic cores, arranged in herringbone
packing, are separated from the decyl chains [85].

In the Crystal to SmE transition the structure changes from bilayer to monolayer,
as the molecules are arranged head to tail. The transition is reversible with large
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Figure 6.1: Classification of the calamitic mesophases, on increasing structural order.
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Figure 6.2: Ph-BTBT-10 molecular structure and DSC' curves. Reproduced from [81]

hysteresis and strongly dependent on the cooling rate. Its mechanism and the detailed
structure of the SmE phase are still under debate [86, 87, 88, 89].

To clarify these unanswered questions, we investigated the transition by polar-
ized Raman and IR measurements on oriented single crystals. In the case of Raman,
we probed two different crystallographic planes: ab, parallel to the molecular layers
and bc, perpendicular to them. On each plane, the spectra were acquired with both
parallel and crossed polarization. Thus, we are able to assign directionality and sym-
metry to the lattice phonons and follow them separately approaching the transition.
Furthermore, we discuss the structural order in the SmE phase. The temperature
evolution of the phonons and the orientation relationship between the lattices of the
two phases provides a deeper insight into the mechanism of the transition.
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6.2 Experimental

Ph-BTBT-10 was synthesized at Université Libre de Bruxelles by the group of Prof
Y. H. Geerts following the previously reported procedure [81]. Single crystals were
grown at Bologna University by Dr L. Pandolfi, by recrystallization of the synthesized
powder in 1,2-dichlorobenzene.

The Raman spectra were recorded with the Horiba Lab RAM HR Evolution Ra-
man microscope, exciting with the 633 nm line. The confocal pinhole was closed
to 60 pum to reduce stray light close to the laser line. With this configuration, the
phonon bands were completely accessible down to 4 cm™! . The measurements were
performed in backscattering geometry on both bc and ab planes, with the exciting and
scattered light polarized parallel or perpendicular to the b axis (Fig 6.3). Since the
crystals, platelets with typical size 100 x 200 x 5 pum?, tend to overlap, the samples
were chosen checking complete extinction between two crossed polarizers. For the
measurements on the bc plane, a vertically oriented crystal was fixed between two
glass slides.

When comparing spectra recorded at different temperatures, the raw data were
converted into the imaginary part of the dynamic susceptibility x”(v) according to
this equation [90, 43]:

,, ()
X() o (vo—v)t n(v)+1
where
n(v) = leap(ar) 1]

The Bose-Einstein thermal factor n(v) corrects the intensity enhancement at small
wavenumbers due to the thermal excitation of vibrational modes. The factor (vy —
v)*, where 14 is the wavenumber of the exciting light, accounts for the scattering
probability at the absolute wavenumber of the scattered light. While the former factor
strongly reduces the intensity at small wavenumbers, the latter one has negligible
effects in the same spectral range.

The polarized IR spectra were measured in transmission mode on a single crystal
laying on the ab plane placed on a ZnSe slide, using a Bruker IFS-66 FT-IR spec-
trometer coupled to a Hyperion 1000 IR microscope.

The temperature was controlled from 80 to 488 K using a Linkam HFS 91 stage,
fitted under the microscopes. To evaluate the effect of the cooling rate on the SmE
to Crystal transition, the samples were cooled down to room temperature at a rate

of 0.5 K/min or 90 K/min.

6.3 Results and discussion

6.3.1 Room temperature spectra

The crystals show elongated platelet morphology and the two in-plane symmetry
axes coincide with the extinction directions. The observed morphology completely
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agrees with the prediction based on the Bravais, Friedel, Donnay and Harker (BFDH)
method, allowing the assignment of the longer in-plane axis to a and the shorter one to
b. These two directions are parallel to the molecular layers and nearly perpendicular
to the long Ph-BTBT-10 axis. This morphology is due to a faster growth along the
a and b directions, driven by the strong in-plane 7 interactions between the aromatic
BTBT cores [85].

a b
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Figure 6.3: BFDH morphology of Ph-BTBT-10 crystal, viewed along a) ¢* and b)
b directions together with the unit cell (CCDC refcode ROQSAT). The microscopic
images of a crystal viewed along the same directions are shown in c) and d). The
crystal shown in d) is about 5 um thick.

Table 6.1: Ph-BTBT-10 phonon frequency and symmetry at 295 K

Frequency | Polarization | Symmetry
4s be, cc B,
11s cc B,
11s cc Ay
16.5 s be, ab B,
19 m ce, bb, aa Ay
29 w aa, bb, cc Ay
35w be, ab B,
43 m cc, bb Ay
53 m aa, bb A,
62 w cc A,
84 m aa, bb Ay
95 m ab, bc B,

86



Chapter 6. Ph-BTBT-10 6.3. Results and discussion

——c(aa)c ——a(cc)a
——c(ab)c a(bc)a
c(bb)c a(bb)a

5 10 15 20 25

Raman Intensity

< T

4 1 1 1

1 1 1

25 50 75 100 25 50 75 100
Raman Shift (cm™) Raman Shift (cm™)

Figure 6.4: Low frequency polarized Raman spectra of crystalline Ph-BTBT-10, mea-
sured on the ab (left panel) and be planes (left panel). In the latter spectrum the 3-200
em~! range has been enlarged with a higher intensity scale. In some spectra a plasma

line from the laser at 7 cm™' has been removed.
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Figure 6.5: Fxtended polarized Raman spectra of a Ph-BTBT-10 crystal. The spectra
are upshifted and the cc polarized one has been divided by 10 for clarity.

In the case of the flexible Ph-BTBT-10 molecule it is difficult to single out the
number of lattice modes from symmetry and multiplicity of the unit cell, as the inter-
and intra-molecular vibrations are strongly mixed. The intermolecular vibrations,
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having small force constants and large effective masses, are always found at low fre-
quencies. Thus, we can assume that below 120 cm~! most modes have intermolecular
character. In the P2;/a space group the Raman active modes have A, or B, symme-
try. The former are visible with aa bb cc or ac polarization, while the latter are ab or
be polarized. The two letters indicate the polarization direction of the exciting and
scattered light, respectively.

As expected, the Raman spectra recorded with both exciting and scattered light
polarized parallel to the layers (aa, ab and bb) are very different from the out-of plane
polarized ones, cc and be, in the whole frequency range. In the low frequency range
(4-125 cm ™! ) all the in-plane polarized spectra (aa, ab and bb) show medium intensity
bands around 90 cm ™! while the out-of plane polarized ones, cc and be, display very
strong bands below 20 cm™! (Fig 6.4 and Table 6.1). The aa and bb spectra share the
same A, bands, with small differences in the relative intensities. The ab spectrum has
a similar pattern, but with different bands, having By symmetry. More interestingly,
in the bc spectra very low frequency B, bands are present with a huge intensity,
almost an order of magnitude more intense (see Fig. 6.4).

Due to the strong anisotropy of the Ph-BTBT-10 arrangement, the modes polar-
ized in the ab plane probably correspond to in-plane translations or rotations about
the long axis of the molecules. Differently, the out-of-plane polarized modes involve
translations along the long molecular axis. Such interpretation is consistent with the
calculated spectra of the analogue system C80-BTBT-OCS8 [91]. The assignment is
further confirmed comparing the polarized spectra of Ph-BTBT-10 and unsubstituded
BTBT, that also crystallyzes in a layered structure ( see Appendix B.1). Thus, the
in-plane polarized spectra mainly reflect the molecular packing in the layers while the
out-of-plane polarized ones are more affected by interlayer interactions. The lower
frequencies of the interlayer polarized phonons indicate weaker intermolecular inter-
actions between adjacent layers. This also agrees with the thin platelet morphology
of the crystals.

At higher frequencies, where the modes have complete intramolecular character,
the aa and bb polarized spectra are very weak (Fig 6.5). The intensity is instead
enhanced almost an order of magnitude in the cc polarization, as expected from the
molecular orientation respect to the crystallographic axes. Indeed, the molecular
Raman cross section is higher with exciting and scattered light polarized parallel to
the long axis of the BTBT cores. The high frequency Raman spectra will be discussed
further in Section 6.3.3, together with the IR spectra. The following section is focused
on the temperature evolution of the lattice phonons approaching the transition.

6.3.2 Towards the transition: the soft mode

On approaching the Crystal to SmE phase transition, two phonons with soft behavior
are evident in the be polarized spectra (Fig 6.6, left panel, and 6.7). The B, band
centered at 23 cm™! at 83 K strongly redshifts on increasing temperature, becoming
very broad. Around 300 K it gets closer to the phonon at 12 cm~! without crossing
it. The two modes get strongly mixed, as the spectral weight is redistributed between
them. Also the soft behavior is transferred to the lower frequency phonon, that moves
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to zero frequency close to the transition. The higher frequency band is weakened and
appears only as a broad shoulder close to the transition temperature.

In the same spectrum, the strong narrow band at 5 cm™! is no more accessible
above 320 K, cut below the ULF filter limit and we can’t investigate its behavior
near the transition. However, its temperature evolution in the available temperature
range, from 83 K to 320 K, is characterized by the absence of sizeable broadening and
seems to exclude any role in the soft mode. Being visible in many polarizations, it
might also be assigned to an intramolecular chain mode. Indeed, such low frequency
phonons have been predicted in alkylated BTBT derivatives [92].

T T T T T T T T a8
a(cc)a T(K)| — 403
393
383
373
363
353
343
\ — 320
\ — 280

x'(v)

10 20 30 40

Raman Shift (cm™) Raman Shift (cm™)

Figure 6.6: Low frequency Raman spectra with be (left panel) and cc (right panel)
polarization on heating from 83 K to 418, close to the transition. These spectra are
the imaginary part of the susceptibility calculated from the raw Raman data. The
spectra are upshifted for clarity.

The A, phonons show a typical temperature evolution, as can be seen comparing
the cc and the be spectra (Figs 6.6, right panel, and 6.7). The two lowest frequency
bands, initially superimposed to the two B, ones with soft behavior, do not shift
to zero frequency. Furthermore, these bands are narrower than the B, counterparts
at all the temperatures. Also the higher frequency phonons, visible in the in-plane
polarized spectra, do not display any effect anticipating the transition (Fig 6.9) .

Thus, the bilayer to monolayer phase transition is driven by a soft mode of B,
symmetry, strongly out-of-plane polarized. It is probably an effective soft mode,
due to the combination of two phonons. Before proposing a description of the mode
leading the transition, we remark that, being it Raman active, must have k=0, i. e., all
the unit cells move in phase. A sensible description would be the opposite translation
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Figure 6.7: Upper panel: comparison between the bc and cc polarized spectra on in-
creasing temperature. Lower panel: temperature dependent frequency shifts of the
bands found at 14 and 23 cm™' at 83 K in the two polarizations. The A, and B,
modes initially superimposed, behave differently on increasing temperature

A ——— > < Layers mixed with doubled density
¢ —— > < NOT observed

B —_— > > Layers mixed with same density
8 —— — Agreement with experimental data

Figure 6.8: Possible A, and B, modes involving the translation of the molecules along
their long axis, perpendicular to the layers.

along the ¢ axis of two adjacent molecules belonging to the same layer. If the two
opposite layers in the unit cell move out of phase, the resulting phonon would have
By symmetry. Indeed, the interpenetration of the two opposite layers by translation
of the molecules along the ¢ axis is thought to be the most likely mechanism of
the transition [93, 88]. This mode would mix the adjacent layers maintaining the
same molecular density. Following these displacements, two head-to-tail layers can
be obtained from two head-to-head ones with opposite orientation. On the contrary,
the A, counterpart would collapse two layers in one, also changing the macroscopic
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Figure 6.9: Low frequency Raman spectra with bb (left panel) and ab (right panel)
polarization on heating from 300 K to 418, close to the transition. The spectra are
upshifted for clarity.

dimensions of the sample and contradicting the experimental observation (Fig 6.8).
As will be shown in the following sections, the sample shape is unchanged during the
transition.

6.3.3 The SmE phase

Despite the soft mode, the transition is discontinuous: the bb polarized phonon bands
are suddenly replaced by a single broad one around 70 cm™! . The aa spectrum is
superimposable to the bb one. The ab polarized spectrum behaves similarly, but is
never superimposable to the other two. As in the crystal phase, the ab polarized band
peaks at a higher frequency (Fig 6.10, left panel), while a strong peak around 6 cm ™! is
present in the be and cc polarizations (Fig 6.10, right panel). This low frequency
band is absent in all the in-plane polarized spectra. Due to the complete interlayer
polarization, this band is more likely a lattice phonon than an intramolecular mode,
with a strong translational component along the ¢ axis. Indeed, low frequency pseudo-
lattice vibrations have been reported in smectic phases containing polar molecules
with antiparallel alignment. These bands were assigned to the opposite translation of
two antiparallel molecules along their long axis [90, 94]. Thus, the occurrence of such
phonon in Ph-BTBT-10 SmE phase is consistent with a monolayer structure. Overall,
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the relative intensity pattern of the in-plane and out of plane polarized spectra is
the same of the crystal phase. These facts give evidence that the layer structure
is maintained with the same orientation during the Crystal to SmE transition. In
addition, being the ab and bb polarized spectra different, some kind of in-plane order
must be present.

ab plane bb bc plane —cCcC

——ab ——bc
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Figure 6.10: Polarized Raman spectra of Ph-BTBT-10 on crossing the transition: ab
plane (left panel) and be plane (right panel). The dashed lines correspond to the center
of the band of the same color.

The in-plane orientational order can be conveniently assessed following the in-
tramolecular vibrational modes, found at higher frequencies. The relative intensities
of these bands depend on the molecular orientation. But the in-plane polarized Ra-
man spectra are very weak (see Fig 6.5) and require long exposure times under the
laser beam. This may damage the sample surface at high temperatures.

For this reason, the intramolecular modes were investigated mainly by IR. Thanks
to the limited sample heating, also the SmE to SmA transition at 488 K was accessible.
However, the SmA to isotropic liquid transition was not, as the thin samples easily
sublimate at these temperatures.

Differently from Raman, the IR measurements in transmission mode probe the
whole crystal volume. Depending on the diffraction limit and the optics of the mi-
croscopes, the spot size is around 500 nm in Raman and 50-100 gm in IR. For this
reason, the IR measurements on single crystals were possible on the ab plane only.
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With this sample orientation both the in-plane orientational order of the aromatic
cores and the conformational order of the chains can be followed on heating. These
two kinds of order can be assessed separately by observing the internal vibrations of
the cores (700-1500 cm™! ) or the aliphatic C-H stretching modes of the chain (2800-
3000 cm™! ). These parts of the molecule have different flexibility, conformational
freedom and type of possible interactions. Thus, their behavior can be different in
the various mesophases.

In the crystal phase the aromatic core vibrations show different relative intensities
in the spectra recorded with the light polarized along a or b (Fig 6.11). The intensity
ratio of these modes reflects the orientation of the aromatic cores respect to the two
in-plane axes. Also the C-H stretching modes are well polarized, being stronger in the
b polarization (Fig 6.12). As these modes are the most sensitive to crystal packing, the
splitting between the A, (b polarized) and B, (a polarized) modes is clearly visible.

Below the Crystal to SmE transition the spectral changes on increasing tempera-
ture are negligible, except for a small broadening of the bands. Crossing the transition,
the C-H stretching modes completely depolarize. The core vibrations are instead still
polarized, in the same way of the crystal phase. This means that in the SmE phase
the chains are conformationally disordered, as observed in other mesogens undergoing
crystal to SmE transition [95, 96]. On the contrary, the planes of the aromatic cores
maintain the same orientation of the crystal phase. This orientational order must
have long range character, as the IR measurements probe the whole crystal volume.

The in-plane orientational order is consistent with the nanosegregation between
molten aliphatic chains and in-plane ordered aromatic cores, proposed in [86]. Assum-
ing a mixed layer arrangement instead, it would be difficult to explain the in-plane
order. It is known that in SmE phases the cores assume a herringbone arrangement
[97], due to the 7 interactions between them. The presence of disordered chains
between the cores would weaken these interactions.

Also the Raman spectra of the SmE phase in the 700-1500 cm ™! frequency range,
with aa and bb polarization, show the same intensity pattern of the starting crystal
phase. Thus, the Raman spectra confirm the IR ones, but on a smaller spatial scale.
Furthermore, the absence of the band around 1600 cm~! , very strong in the cc
polarization (Fig 6.13), demonstrates that in the SmE phase the long molecular axes
are still normal to the layers.

The IR spectra of the SmE phase do not depolarize over time even at 480 K,
demonstrating that the in-plane order is stable. But at the SmE to SmA transition,
occurring at 488 K, the core vibrational bands suddenly depolarize. The relative
intensities of these bands are an average of the two polarized spectra of the SmE
phase. This means that the long molecular axes maintain the vertical alignment,
but the in-plane orientational order is lost. This is typical of SmA phases, where
the molecules freely rotate about their long axes. The C-H stretching bands are
unchanged respect to the SmE phase. Thus, in Ph-BTBT-10 the structural order is
lost step by step through the two smectic phases.

So, what are the structure and the source of disorder in the SmE phase? And
what motions are possible? Hofer et al. [86] reported that the unit cell of Ph-BTBT-
10 SmE phase contains two molecules and antiparallel molecules are mixed in the
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Figure 6.11: Polarized IR spectra of three phases of Ph-BTBT-10 in the spectral range
of the core vibrations: Crystal (302 K), SmE (428 K), SmA (488 K).
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Figure 6.12: Polarized IR spectra of three phases of Ph-BTBT-10 in the spectral range
of the C-H stretching modes: Crystal (302 K), SmE (428 K), SmA (488 K).

same layer with herringbone arrangement of the cores. Thus, in this picture four
distinct molecular orientations would be still possible, i. e. two alignments of the
long axis and two in-plane core orientations, as in the crystal phase. For this reason,
the parallel or antiparallel alignment of the long molecular axis must lack periodicity
between the adjacent layers and /or within the same layer. In addition, the correlation
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Figure 6.13: Polarized Raman spectra of the Crystal and SmE phase.

in the interlayer direction is likely short range, being the layers separated by fluid
layers of disordered chains. A molecular motion compatible with both the in-plane
orientational order and the head-to-tail disorder is the in-plane diffusion described in
Ref [98].

These hypotheses explain the monolayer structure without introducing the upside-
down flipping of the molecules about the short axes. Although it has been described in
other mesogens with SmE phases [99, 100], such motion would be difficult in a closely
packed phase, with a stable in-plane orientational order. For this reason flipping is
unlikely in the case of Ph-BTBT-10.

6.3.4 Cooling the SmE phase

The crystal to SmE phase is reversible with a large thermal hysteresis, depending on
the cooling rate. Fast cooling (rate >> 20 K/min) suppresses the recrystallization,
yielding a glassy solid, metastable at room temperature [81]. The vitrification of the
SmE phase is not apparent under the microscope: the shape of the starting crystal
is unchanged and no cracks appear on cooling (Fig 6.14, panels a-c). Surprisingly,
the glassy sample shows complete extinction along the same directions of the starting
crystal (Fig 6.14, panels d-e). If the cristal is randomly oriented, extinction does not
occur (Fig 6.14, panel f).

The same phonons observed at 430 K are still present, narrower and blueshifted.
The bands are always broader than in the crystal phase at the same temperature, con-
sistently with a more disordered structure. The interlayer polarized peak is blueshifted
from 6 to 8 cm ™! and is now completely accessible (Fig 6.15). Also the in-plane polar-
ized spectra show minor changes and maintain the same polarization pattern observed
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at 430 K. This means that the glassy solid has the same symmetry and 3D order of the
SmE phase. However, most thermal motions present in the SmE phase are hindered:
the dynamic disorder is frozen into static disorder.

Slow cooling results in recrystallization, occurring at around 115 °C, with a cooling
rate < 2K/min [81, 101, 93]. The SmE to crystal transition involves the sudden
cracking along the (110) and (110) directions of the starting crystal. These cracks on
the surface separate different domains. If the sample is rotated between two crossed
polarizers, extinction occurs at different angles in each domain (Fig 6.16). This fact
demonstrates the rotation of the crystallographic axes with respect to the starting
crystal, opposite to the fast cooling behavior.

Figure 6.14: a, b, c: Microscopic images of an oriented Ph-BTBT-10 sample, before
heating (a); at 430 K (b) and after cooling at 90 K/min (c). d, e, f: frozen SmE
phase, observed in reflection mode (d) and in transmission mode between two crossed
polarizers (e and f), whose polarization azes correspond to the red arrows. In the
reference single crystal domain, delimited with orange line, the a axis is the elongation
direction.

The rotation of the crystal axes with respect to the pristine ones were estimated
measuring the polarized Raman spectra in few domains. The sample was rotated
while the polarization directions of the exciting and scattered light were fixed (Fig
6.17). The spectra indicate an in-plane rotation of the a and b axes, demonstrating
that the layer orientation is maintained also in the reverse transition. These results
are further confirmed measuring on the bc plane: the cc polarized spectra are always
recovered on cycling the transition and never mix with the aa and bb ones (Fig 6.15,
middle panel).

In the recrystallized sample the bands are always broader than in the pristine
crystal at room temperature. Besides, the extinction in the recrystallized sample
is incomplete. These facts indicate a residual structural disorder, probably due to
the misalignment of some molecules along the ¢ axis [101]. At the same time, the
non-random cracking pattern and rotation angles of the domains reflect the ordered
herringbone arrangement of the starting SmE phase.
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Figure 6.15: cc polarized Raman spectra of Ph-BTBT-10 crystals: before heating
(upper panel) and cooled from the transition temperature to 295 K at 1 K/min (middle
panel) and 20 K/min (lower panel).

Before heating

Figure 6.16: Microscopic images of an oriented Ph-BTBT-10 sample obtained by slow
cooling, between two crossed polarizers, whose polarization axes correspond to the red
arrows. The rotation angle is indicated in each image.

Since the layer structure is maintained, the rotations about the short axes (upside-
down flipping) must be impossible during the phase transitions. The rotation of
the domains about the (001) direction gives evidence of molecular rotation about
the long axis at the SmE to Crystal transition. Such rearrangement follows the
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Figure 6.17: 15 Right panel: polarized Raman spectra recorded in two domains (in-
dicated in the image on the left) at 295 K on a slowly cooled sample. The exciting
and scattered light are polarized along x or y and rotation angles are the same as in
Fig 6.16. The crystal orientation of the domains is recognized comparing the observed
spectra with the in-plane polarized spectra of a single crystal (lower panel on the left).
The a and b azes are rotated by 90° in domain 1 and 52° in domain 2.

interpenetration of the layers due to the interlayer translations, as in the case of the
Crystal to SmE transition. The mechanism is therefore similar in both transitions,
but the partial disorder in the SmE phase results in a polycrystalline recrystallized
sample.

6.4 Conclusions

We investigated the bilayer to monolayer phase transition of Ph-BTBT-10 by polar-
ized Raman and IR spectroscopy on oriented single crystals. Based on the tempera-
ture evolution of the lattice phonons and the 3D order of the SmE phase we propose
a possible mechanism for the transition.

The transition is anticipated by an interlayer polarized soft phonon and associated
with a discontinuous broadening of the in-plane polarized bands. The spectra of the
resulting SmE phase demonstrate long range in-plane orientational order of the cores.
Finally, the optical axes and the layer orientation are the same of the starting crystal
phase.

Based on these findings, we are able to propose the following mechanism. As
described in Section 6.3.2, the phase transition involves the interpenetration of the
layers, driven by the soft phonon. Such phonon, having B, symmetry, maintains the
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inversion center of the cell, pairing two molecules with antiparallel alignment and
parallel cores. But it is known that in SmE phases the cores assume a herringbone
arrangement [97]. Moreover, the displacements associated with the soft mode would
yield a bilayer structure again, instead of a monolayer one.

These issues can be solved introducing a rotation about the long molecular axes
at the transition. Such rotation, induced by the 7 interactions between the adjacent
cores, can arrange them in a herringbone packing and could also explain the dis-
continuous evolution of the in-plane polarized spectra. In addition, such molecular
rotation must be interlayer correlated to achieve a herringbone packing with the same
core orientation of the starting crystal.

The proposed mechanism, involving the interpenetration of the layers driven by
the soft mode followed by in-plane rearrangement of the cores, is consistent with the
results found in previous works on Ph-BTBT-10. XRD measurements on oriented thin
films demonstrated that the layers maintain the same orientation through the Crystal
to SmE transition and herringbone packing is present in the SmE phase [86]. This or-
dered molecular arrangement in the SmE phase is fully consistent with the mechanism
proposed above. Another study proposed a similar mechanism by Molecular Dynam-
ics simulations: the first step of the transition was the interlayer translation of the
molecules [88]. Furthermore, a vibration described by the corresponding molecular
displacements would have B, symmetry, as the soft mode.

The present Raman investigation provides experimental evidence of this, through
the direct observation of the soft mode anticipating the phase transition. Low fre-
quency phonons with soft behavior close to transitions from crystal to smectic phases
have already been reported [102, 103]. However, these works investigated polycrys-
talline materials, losing the directional information accessible using single crystals. In
this study, the combination of polarized spectra measured on different crystal planes
allowed us to observe the soft mode selectively, together with its directionality and
symmetry, and thus suggest a likely description for the involved molecular displace-
ments.
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Appendix 1

A.1 N-TMB-TCNQF, and TMB-TCNQF,

To better understand the crystal packing of the two N,N,N’ N’-Tetramethylbenzidine-
TCNQF, (N-TMB-TCNQF,) polymorphs, their polarized IR and Raman spectra
were compared with the corresponding spectra of the ionic analogue 3,3’,5,5’-Tetramethyl-
benzidine-TCNQF, (TMB-TCNQF,), whose structure is known [62]. The ionicity is
similar (~0.9) in the three compounds, since the two donors, TMB and N-TMB, have
similar ionization potential [66]. The charge sensitive bands of the common acceptor
TCNQF, occur at almost the same frequencies (Fig A.1).
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Figure A.1: Comparison between the IR spectra of TMB-TCNQFy; and N-TMB-
TCNQF, (Phase II) polarized perpendicular to the stack direction. The TCNQFy
charge sensitive bands are marked with different colors. Their different relative inten-
sities in the two crystals are an orientational effect. The spectra of the pure reagents
are also reported for clarity.
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Appendix 1 A.l. N-TMB-TCNQF, and TMB-TCNQF,

In TMB-TCNQF, all the long molecular axes are parallel to the b direction, as
shown in Fig A.2, panels a) and b). For this reason, the orientation of the long
molecular axes respect to the crystal faces can be easily recognized based on the
resonance enhancement of the Raman spectra in the 900-1700 cm™! range (Fig A.3).
Indeed, the 633 nm excitation matches an electronic absorption band of the donor
and is close to the acceptor bands (Fig A.4), Ref [54]. The lowest energy absorptions
of the two radical ions are long axis polarized. In the case of the crystal shown in
Fig A.2, the maximum and the minimum Raman intensity are found with the light
polarized along the two diagonals of the hollow section in panel d), that are therefore
assigned to the b and ¢ axes respectively.

The same holds also for both N-TMB-TCNQF, polymorphs, as the N-TMB™ has
the same electronic structure of TMB™. Indeed, the Raman spectra of both phases
are strongly enhanced when the exciting and scattered light are polarized along a
specific direction, as shown in Fig 3.15. This demonstrates that the long molecular
axes are aligned with such direction.
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Figure A.2: TMB-TCNQF}, crystal packing, viewed perpendicular to the ab (a) and bc
(b) planes. The microscopic images of a crystal viewed along the same directions are
shown in ¢) and d). The crystal structure is reported from Ref [62]. The needle-like
crystals are frequently hollow, as shown in (d). Their sides extend along the 011 and
011 directions, following the H bond chain.
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Figure A.3: Polarized extended Raman spectra of TMB-TCNQF,. For the sake of
clarity, the three polarizations are offset and the bb one, enhanced by resonance, has
been divided by 20.
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Figure A.4: Comparison between the visible absorption spectra of the two N-TMB-
TCNQF, polymorphs and of TMB-TCNQF,. The spectra were measured on thin
films. The 633 nm exciting line used for the Raman measurements is marked.
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Appendix 2

B.1 BTBT Raman spectra

The polarized Raman spectra of a BTBT single crystal were recorded to help in the
interpretation of the low frequency spectra of Ph-BTBT-10. Since the two molecules
arrange in similar crystal structures, the spectra were measured following the same
approach.

Due to the w-interactions between the molecules, BTBT also crystallizes in a lay-
ered structure with an in-plane herringbone arrangement (CCDC refcode PODKEA,
space group P2;/c). The layers are parallel to the be plane, nearly perpendicular to
the long molecular axis (Fig B.1). Indeed, the interlayer polarized extended spectra
(Fig B.2) are an order of magnitude more intense than the in-plane polarized ones,
as in the case of Ph-BTBT-10.

While the asymmetric Ph-BTBT-10 crystallizes in a unit cell with Z=4, the BTBT
unit cell has Z=2, with the two molecules located on the inversion centers. Thus,
in BTBT the only active Raman phonons are the 6 librations of gerade symmetry,
being the translations all of ungerade symmetry and not active. The BTBT spectra
were therefore useful to distinguish rotational and translational phonons in the more
complex Ph-BTBT-10 spectra.

The BTBT low frequency Raman spectra are shown in Fig B.3. The low frequency
modes, found at 45 cm~! and the weak band at 62 cm™! |, have the same intensity
in the in-plane and out-of-plane polarized spectra, while the higher frequency mode,
occuring at 85 cm™! is completely in-plane polarized. According to the calculations
reported in Ref [104], the latter vibration corresponds to the rotation about the long
axis of the molecule, and the lowest frequency modes are assigned to rotations about
the axis perpendicular to the molecular plane.

Thus, the Ph-BTBT-10 low-frequency phonons, occuring below 30 cm™! , com-
pletely interlayer polarized, can be safely assigned to translations along the long axis
or wagging of the decyl chains. Furthermore, the in-plane polarized modes around
90-100 cm™! correspond to rotations about the long axes.
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Figure B.1: BTBT unit cell, view perpendicular to the be (left) and ab (right) planes.
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Figure B.2: Polarized extended Raman spectra of a BTBT single crystal.
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Figure B.3: Polarized low frequency Raman spectra of a BTBT single crystal, mea-

sured on the bc and ac planes.
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Conclusions

The present Thesis is dedicated to the spectroscopic study of molecular crystals and
their phase transitions induced by temperature or pressure. IR and Raman spectro-
scopies were widely exploited to achieve both relevant microscopic parameters and
structural information.

Spectroscopy became also a structural tool when measuring with polarized light on
single crystals with known orientation. For instance, it was possible to find the crys-
tallographic orientation relationship between the lattices of the two phases following
a phase transition, to understand the mechanism. Another important achievement
was the directionality assignment to the lattice phonons, aimed at recognizing lattice
dynamics occurring along specific directions. The latter issue is rarely investigated
in molecular materials, for two reasons. Firstly, the lattice phonons occur in the THz
frequency range, located very close to the laser line in Raman measurements. Sec-
ondly, organic crystals usually present very anisotropic morphologies and are often
very small.

These difficulties were overcome thanks to the Raman microspectrometer recently
acquired in our laboratory, that made accessible lattice phonons at very low frequen-
cies with high spectral resolution. In addition, the high magnification objectives
gave the spatial resolution required to characterize micron sized crystals with any
orientation, even on the thinnest faces.

The first part of the work dealt with the growth and the spectroscopic char-
acterization of charge transfer cocrystals, containing electron donor and acceptor
molecules. Firstly, we expanded the widely studied TTF-haloquinone series with two
newly synthesized fluoranil based crystals, TTF-FA and DMTTF-FA (Chapters 1
and 2). Thanks to a rapid growth method, we obtained these two materials as sin-
gle crystals, avoiding the side reactions that have prevented the characterization of
these sistems so far. Both CT systems are neutral and their stack motif is mixed and
regular.

TTF-FA undergoes a strongly first order Neutral to Ionic phase Transition, in-
duced by both low temperature and high pressure. Despite the extensive crystal
cracking at the transition we were able to resolve the low temperature structure, hav-
ing two dimerized stacks arranged antiferroelectrically in a doubled unit cell. The
spectra proved the high pressure phase to be the same ionic phase observed at low
temperature.

Also DMTTEF-FA displays a similar first order phase transition. Unexpectedly, the
transition does not occur at low temperature despite the low critical pressure. The
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most likely explanation is that the transition involves a high activation barrier that
cannot be overcome at low temperature. Furthermore, XRD analysis found structural
disorder, probably due to the inclusion of a different DMTTF isomer, very hard to
remove from the reagent used for the synthesis. Whether the DMTTF-FA behavior
is intrinsic or due to disorder is still an open issue.

In Chapter 3 we explored another well known CT crystal family, whose con-
stituents are chemically modified benzidine and TCNQ molecules. This work was
aimed at understanding the effects of chemical substitution on the crystal packing and
the relevant microscopic parameters. Surprisingly, in the case of N-TMB-TCNQF,
we found two polymorph phases, both ionic and sharing many spectral features. Al-
though the XRD analysis is still in progress, a detailed analysis of the spectra indicates
that their stack motifs are both dimerized, but one is mixed and the other segregated.
Chapter 4 deals with a close CT system, TMPD-TCNQ, that presents inconsistent
structural and spectroscopic data. The present spectroscopic investigation on single
crystals extended the previous study on powders. The combination between the tem-
perature evolution of different vibrational spectra suggests an increase of the stack
dimerization amplitude on lowering temperature, but without establishing long range
3D order.

The second part of the work was dedicated to single component molecular semicon-
ductor crystals presenting polymorphism or phase transitions. The first one, presented
in Chapter 5 is PCBM, a fullerene derivative widely used as an electron acceptor in
organic photovoltaics. However, many polymorph and solvate PCBM phases have
been reported and the crystal packing strongly impacts the charge carrier mobility.
Our purpose was the characterization of the crystal phases that could be grown from
solution deposition on different substrates. Among the three phases found, two were
identified. The third phase is likely a new polymorph, as its features do not match any
known PCBM phase. Interestingly, the IR spectra suggest that it does not include
solvent molecules and might therefore show improved charge transport properties.

Chapter 6 is a detailed spectroscopic study of the bilayer crystal to monolayer
Smectic E phase transition of the molecular semiconductor Ph-BTBT-10. The tran-
sition mechanism is currently under investigation as the ordered liquid crystal phase
is thought to be a precursor of the crystal phase during the deposition of ordered thin
films. The present work was focused on the lattice dynamics anticipating the tran-
sition and on the 3D order in the resulting Smectic E phase. Polarized THz Raman
measurements on oriented single crystals detected an interlayer polarized soft phonon
anticipating the first order transition. We thus proposed that the transition is firstly
driven by the soft mode through interpenetration of adjacent layers, followed by a
discontinuous in-plane rearrangement of the cores. A similar approach could also be
extended to other organic semiconductors with a layered 2D structure to probe se-
lectively the low frequency interlayer translational phonons, that have a crucial effect
on the carrier mobility.
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