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Raman spectroscopy is used to study the pressure response of crystalline fluorene up to 9 GPa. Pressures higher
than 2.5 GPa cause a reversible rearrangement of the molecular stacking, changes in the electronic properties
and structural stiffening, leading to a decrease of the pressure coefficients of the intermolecular peak frequencies.
The coefficients are further reduced above 6 GPa where fluorene is fully transformed to its isostructural high-
pressure phase, while the coexistence of the two phases is evident in the downstroke spectra. The phase tran-

sition has less profound effects on the intramolecular modes with the exception of the C-H vibrations.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) comprise a large family of
molecular systems of two or more fused aromatic rings that have
attracted significant attention due to their remarkable physical and
chemical properties, stemming from the delocalization of the n-electrons
in their aromatic rings. These properties depend on the number of rings
comprising the molecules and the dihedral angles between them [1-4].
PAHs and their derivatives find a wide range of applications, including
pharmaceuticals, plastics, dyes, liquid crystals and opto-electronic de-
vices [5-7]. Fluorene or 9H-fluorene, Ci3Hig, is classified as a
three-membered ring PAH, even though it is composed of two aromatic
hexagonal rings connected by a non-aromatic pentagon into a
quasi-planar configuration [8-10]. For commercial purposes, it is ob-
tained from coal tar and its derivatives are used for dyes and
anti-inflammatory drugs [11,12]. In the solid state, fluorene forms white
molecular crystals that exhibit violet fluorescence, from which its name
is derived. At ambient conditions, the crystal structure of fluorene is
orthorhombic (space group: Pnma) with four molecules in the unit cell,
forming a layered herringbone structure that is typical for rigid rod-like
organic molecules [9].

In organic molecular crystals, owing to the much weaker intermo-
lecular interactions compared to the strong intramolecular bonding,
most of their properties are mainly determined from those of the cor-
responding individual molecules. Nevertheless, the intermolecular
interaction strength, determined by the distance of the constituent
molecules and their relative orientation, plays a crucial role in the
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electronic and optical properties of these systems [13-15]. Moreover,
the relative weakness of the intermolecular interactions, renders them
by far more sensitive than the intramolecular bonding to external
stimuli, such as pressure or temperature [16,17]. Consequently, pressure
application on an organic molecular crystal, like solid fluorene, causes
the substantial reduction of the intermolecular distances, often followed
by changes in the relative orientations of the constituent molecules and
structural transitions without altering their chemical structure. This al-
lows the systematic tuning of the electronic and optical characteristics of
the system under consideration [18]. Indeed, the high-resolution X-ray
diffraction (XRD) study by Heimel et al. has revealed that pressure
application higher than 3 GPa on fluorene causes its reversible iso-
structural phase transition, characterized by abrupt changes in the lat-
tice constants due to a molecular rearrangement from the ambient
pressure herringbone pattern towards n-stacking [18]. The low- and the
high-pressure phase co-exist up to ~5 GPa, where fluorene crystals are
completely transformed to the high-pressure phase of smaller
compressibility. In addition, their theoretical calculations predict that
pressure application induces a gradual redshift of the energy bandgap,
while the new molecular packing in the high-pressure phase alters the
bandgap from indirect to direct, and the effective hole masses become
comparable to those for conventional semiconductors [18].

Here we report on the pressure response of crystalline fluorene and
its structural stability, as determined by Raman spectroscopy for pres-
sures up to 9 GPa. Raman spectroscopy, probing both the intermolecular
(external, lattice) and the intramolecular (internal) vibrations, is a non-
destructive and versatile tool for the study of molecular crystals and
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their evolution under external perturbations, including pressure appli-
cation [19-21]. The vibrational spectrum of fluorene has been exten-
sively studied in the past, employing polarized and conventional Raman
and/or infrared spectroscopic measurements along with lattice and
molecular dynamical calculations, allowing the extensive assignment of
both the intermolecular and the intramolecular vibrations [22-31].
Moreover, to our knowledge, there are so far two vibrational studies of
crystalline fluorene under high pressure, a Raman spectroscopic one,
regarding the intermolecular and the intramolecular modes [32], and a
theoretical one, focusing on the intermolecular modes [29]. Nonethe-
less, both these research works were limited to relatively low pressures
(up to 3.5 and 3 GPa, respectively) and hence they reported on the
pressure evolution of the mode frequencies solely in the low-pressure
phase of fluorene. Finally, high pressure Raman studies of the inter-
mediate frequency (1100-1700 cm 1) intramolecular modes of the poly
[2,7-(9,9 -bis(2-ethylhexyl)fluorene] (PF2/6 polyfluorene) revealed
significant changes in the peak lineshapes and the pressure dependence
of the peak frequencies for pressures higher than 4 GPa [33,34]. These
changes were associated with the pressure-induced structural and
electronic phase transition reported by Heimel et al. [18,34].

2. Material and methods

Raman spectra of fluorene (Nacalai Tesque Inc.) were recorded in the
backscattering geometry using a LabRAM HR (HORIBA) spectrometer.
For excitation, the 632.8 nm line of a He-Ne laser was focused on the
sample by means of a 50x super long working distance (SLWD) objec-
tive, while the laser power was kept below 0.4 mW on the focusing spot
of ~2 pm in diameter, in order to eliminate any laser-heating effects. By
using the 600 g/mm grating and a confocal pinhole of 80 pm, the
spectral width of the system was ~3.5 cm ™. Pressure was generated by
a Mao-Bell type diamond anvil cell (DAC) using the ruby fluorescence
method for pressure calibration [35]. Daphne 7474 oil, being a
non-polar medium (hence it is expected to affect to a lesser extent the
fluorene molecular crystals and their pressure response compared to
polar fluids) that solidifies at 3.7 GPa at room temperature, was used as
the pressure transmitting medium (PTM) [36,37].
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3. Results and discussion

The Raman spectrum of fluorene can be divided into two main fre-
quency regions. In the low frequency region (<200 cm ™), the intermo-
lecular (lattice) vibrational modes, as well as the molecular skeleton
deformation modes, are expected [22,23]. On the other hand, at higher
frequencies, the Raman peaks appearing in the spectrum originate from the
intramolecular modes, while particularly those located in the frequency
region 2800—3200 cmare assigned to C-H stretching vibrations [22,23,
30]. First, we focus on the low frequency region. Group theory predicts 21
lattice modes for the Pnma space group of the crystalline fluorene at the I'
point of the Brillouin zone (k = 0), belonging to the following irreducible
representations: 2byy+2bay+2b3y+3ag+3ay+3b1g+3bag+3bsg, of which
12 correspond to torsional and 9 to translational molecular motions. The 12
intermolecular modes with ag, big, bag, and b3y symmetries are Raman
active [22,25,26,38].

Raman spectra of crystalline fluorene in the frequency region
60—280 cm ™! recorded at various pressures are illustrated in Fig. 1.
Note that the value of ~60 cm ™! corresponds to the lower reliable limit
of the obtained spectra due to the Edge Filter cut-off in the spectrometer
used. At ambient conditions, three Raman peaks are resolved at 66, 91,
and 125 em™ !, attributed to intermolecular modes with big, ag, and ag
symmetry, respectively [22,26]. With increasing pressure, all Raman
peaks in the low frequency spectral region shift to higher frequencies, as
expected due to the volume contraction and the concomitant bond
hardening. At the same time, significant relative intensity changes take
place with increasing pressure (Fig. 1(a)). Moreover, with increasing
pressure, two additional Raman peaks are resolved, which are distin-
guished from the peaks at 66 and 91 cm ! owing to their different
pressure slopes, while two more peaks enter the studied spectral region
from lower frequencies due to their pressure induced hardening. The
latter peaks, located at frequencies lower than 60 cm™' at ambient
conditions, can be attributed to the b;g and bsg intermolecular modes
[22,26]. As for the other two additional peaks appearing at elevated
pressures, the Raman peak emerging from that at 66 cm ™! could be
assigned to an intermolecular mode of b;; symmetry, while that sepa-
rated from the peak at 91 cm™! to an intermolecular mode of bag
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Fig. 1. Raman spectra in the intermolecular (lattice) modes frequency region of fluorene upon pressure (a) increase (upstroke) and (b) decrease (downstroke).
Vertical arrow marks a remnant peak of the high-pressure phase upon pressure release that has disappeared in the spectrum recorded at 2.19 GPa.
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symmetry [22,26]. However, despite its largest frequency upshift with
pressure among all the observed Raman peaks, the detailed polarized
high pressure Raman study by Chan et al. has ascribed the second peak
to an intramolecular “butterfly” mode of B; symmetry, the frequency of
which is also expected to be very sensitive to pressure application [32].

The pressure dependence of the frequencies of all the well-resolved
Raman peaks in the low frequency region is presented in Fig. 2. For
P < 2.5 GPa, the pressure induced frequency shifts of the Raman peaks
are quite large and parabolic, as expected for the lattice modes in a
molecular crystal where the intermolecular interactions are initially
relatively weak and strengthen gradually upon volume contraction [16,
17]. Note that similar large frequency shifts for the Raman peaks
assigned to the intermolecular modes, compared to the much smaller
ones for those corresponding to the intramolecular modes, have also
been observed upon cooling of fluorene crystals from 300 K down to
80 K [26]. The coefficients of the linear terms of the quadratic functions
used to fit the o vs. P data are also given in Fig. 2. These values are in fair
agreement with the experimental high pressure Raman study by Chan
etal. [32] and the theoretical one by Serov et al. [29]; the only exception
is the overestimation of the pressure slope for the a; mode at 125 em™?
in the theoretical study (almost double as that obtained experimentally
here and in Ref. [32]).

For pressures higher than 2.5 GPa, the gradual structural trans-
formation of fluorene to its high-pressure phase, having almost double
bulk modulus (By =11.3 GPa) than that of the low-pressure phase
(Bo = 5.9 GPa), as well as reduced pressure derivative B’y (5.4 from the
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Fig. 2. Frequencies of the intermolecular (lattice) Raman peaks of fluorene as a
function of pressure. Open (solid) circles correspond to data obtained upon
pressure increase (decrease). Thicker edge thickness symbols indicate stronger
Raman peaks upon pressure increase. Grey solid circles correspond to a
remnant Raman peak of the high-pressure phase of fluorene upon pressure
release. Red lines through the experimental data are their least-square fitting,
while numbers refer to the pressure slopes of the corresponding Raman peak
frequencies. Dotted vertical lines indicate pressure values where changes in the
pressure evolution of the Raman peak frequencies occur.
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value of 7.5 at low pressures) [18], cause the quasi-linear pressure
evolution of the Raman peak frequencies and the decrease of their
pressure coefficients. The pressure coefficients further decrease above
6 GPa, where the studied material is fully transformed to its
high-pressure phase associated with the molecular stacking rearrange-
ment (Fig. 2). As can be inferred from Fig. 2, the number of the observed
Raman peaks is generally retained in the high-pressure phase, except for
the appearance of a rather weak peak at ~200 cm™! above 6 GPa. This
experimental observation is compatible with the isostructural nature of
the phase transition observed by XRD [18].

It is worth pointing out that there is no apparent phase coexistence in
the pressure region 3—5 GPa for the Raman spectra recorded upon
pressure increase (Fig. 1(a)), as that observed in the case of the high
pressure XRD data [18]. Nevertheless, upon pressure decrease, there is
clear retention of the stiffer high-pressure phase down to ~2.4 GPa,
reflected by the Raman peak marked by the vertical arrows in Fig. 1(b),
while the corresponding b;; mode of the low-pressure phase at lower
frequencies emerges and gains gradually in intensity at the expense of
the former. The pressure dependence of the frequency position of this
high-pressure remnant Raman peak is represented in Fig. 2 by the grey
solid circles and appears to be parabolic. Note that the solidification
pressure (3.7 GPa [36]) of the PTM used is well above the pressure of
2.5 GPa where the changes of the pressure dependence of the Raman
peak frequencies begin upon pressure increase. The worse hydrostaticity
of the PTM at the highest pressure attained in our experiments (~9 GPa)
could influence the pressure evolution of the Raman spectra upon
pressure decrease. However, the pressure induced frequency shifts of all
the other intermolecular Raman peaks are fully reversible upon pressure
decrease (Fig. 2). Moreover, the direct comparison between the Raman
spectra illustrated in Fig. 1(b) (downstroke experiment) with those in
Fig. 1(a) (upstroke experiment) reveals that, apart from the spectral
region including the aforementioned remnant peak, the pressure
induced changes of the relative intensities are also reversible. The
spectrum of the sample recovered after the complete pressure cycle is
apparently the same as that of the starting material (bottom spectra in
Fig. 1(a) and (b)).

Raman spectra of crystalline fluorene recorded in the whole spectral
region at various pressures (upstroke data) are illustrated in Fig. 3. As
can be inferred from the figure, with increasing pressure, almost all the
intramolecular modes exhibit a hardening but, as expected, with
significantly reduced rates than those for the intermolecular vibrations.
Above 3 GPa, the overall enhancement and the strong modification of
the -electronic in origin- background lineshape in the frequency region ®
< 700 ecm ™2, possibly signal the onset of the electronic transition pre-
dicted theoretically by Heimel et al. to accompany the pressure induced
structural transition [18]. As was mentioned in the introductory section,
their density functional calculations revealed the decrease of the indi-
rect bandgap of crystalline fluorene, which turns into a direct one (thus
implicating an enhanced luminescence signal in the visible spectral re-
gion) upon molecular reorientation and stacking rearrangement in the
high-pressure phase of the system, caused by the increase of the elec-
tronic band widths and curvatures. This electronic transition should also
be the cause for the significant intensity redistribution among the
Raman peaks and the change of the overall spectrum profile in the
intermolecular and C-H stretching vibrations frequency regions at
~3 GPa (Fig. 3).

The majority of the peaks in the Raman spectrum of fluorene in the
frequency region >250 cm™! has been assigned to particular intra-
molecular vibrations [22,23,27,28,30]. Note that for the Co, symmetry
of an individual fluorene molecule (in the solid state, the site symmetry
is Cy), the vibrational spectrum consists of 22 A;, 10 Ay, 11 By, and 20 By
in-plane and out-of-plane vibrational modes, all of them being Raman
active, though in several cases with vanishingly small intensities [22,30,
39,40]. The pressure dependence of the frequencies of all the
well-resolved Raman peaks in the intermediate frequency region
(250—1700 cm™!), mainly corresponding to the intramolecular
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Fig. 3. Raman spectra of fluorene recorded at various pressures. The frequency region 1300-1400 cm™! has been excluded due to the strong Raman signal of the
diamond anvils. Arrows denote Raman peaks appearing in the spectra at elevated pressures, while asterisk marks the broad Raman band originating from the C-H

stretching vibrations of the Daphne oil used as the PTM.

backbone and aromatic vibrational modes, is presented in Fig. 4(a) and
(b) along with their linear pressure coefficients dw/dP. All these pressure
coefficients are positive, except for the Raman peak at 1146 em ™},
associated with the in-plane C-H bending [23,28], which exhibits a
small negative value for P < 2.5 GPa. As in the intermolecular modes,
the pressure dependencies of the intramolecular peak frequencies are
also compatible with the earlier high pressure Raman study in the
low-pressure phase of fluorene by Chan et al. [32].

Apart from the Raman peaks at 1576 and 1611 cm™?, attributed to
the in-plane quadrant stretching of the hexagonal rings [23,28], the

pressure coefficients and/or the pressure evolution of the peak fre-
quencies undergo small changes on going from the low- to the
high-pressure phase of crystalline fluorene. Of particular interest is the
pressure evolution of the Raman peaks in the frequency region
700—1050 cm ™ (Fig. 4(b)) that are mainly assigned to C-H in-plane
scissoring or rocking and out-of-plane wagging vibrations [23,28].
Hence, these intramolecular vibrations are expected to be quite sensitive
to the changes in the molecular environment caused by the structural
transition of fluorene. As the material enters the high-pressure phase,
weak satellite Raman peaks (marked by the vertical arrows in Fig. 3)
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appear close to the stronger pre-existing ones with similar pressure
slopes. The appearance of these peaks is a strong indication of differ-
entiations within a fluorene molecule in the C-H environments due to
the different molecular orientations and packing in the high-pressure
phase. Moreover, all Raman peaks presented in Fig. 4(b) exhibit small
frequency redshifts in the pressure region ~6 GPa, being suggestive of a
rather abrupt strengthening of the molecule-molecule interactions dur-
ing the complete transformation of the studied material to its
high-pressure phase, causing, in turn, the softening of the intramolecular
C-H bending.

The pressure dependence of Raman peak frequencies attributed to
the intramolecular C-H stretching vibrations in fluorene is shown in
Fig. 5. In agreement with the high pressure Raman study by Chan et al.
[32], the frequencies of these vibrations exhibit the larger pressure shifts
among the intramolecular modes, befitting the peripheral nature of the
hydrogen atoms in the fluorene molecule. The Raman peaks in this
frequency region also undergo significant intensity redistribution with
increasing pressure, appearing quite sensitive to volume contraction and
molecular reorientation. The structural transition of fluorene causes
again the reduction of the majority of the pressure coefficients of the
peak frequencies (numbers in Fig. 5), with the exception of the two
higher frequency C-H stretching vibrations where the pressure co-
efficients increase in the high-pressure phase. All these spectral changes,
regarding the frequency shifts and the relative intensity of the observed
peaks, as well as the pressure coefficients of the peak frequencies, are
fully reversible upon pressure decrease. Noticeably, according to the
data presented in Fig. 5, the frequencies of the quite strong Raman peaks
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Fig. 5. Pressure dependence of the well-resolved intramolecular Raman peak
frequencies originating from the C-H stretching vibrations of fluorene as a
function of pressure. Open (solid) circles correspond to data obtained upon
pressure increase (decrease). Thicker edge thickness symbols indicate stronger
Raman peaks upon pressure increase. Red lines through the experimental data
are their least-square fitting, while numbers refer to the pressure slopes of the
corresponding Raman peak frequencies. Dotted vertical lines indicate pressure
values, where changes in the pressure evolution of the intermolecular Raman
peak frequencies occur.
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at 2906 and 2916 cm™! (attributed, respectively, to the asymmetric (B,
symmetry) and the totally symmetric (A; symmetry) C-H stretching
vibrations in the CHy units of the “free” pentagon vertex [22,28]) are
more susceptible to pressure application and the structural transition of
crystalline fluorene from the herringbone pattern to the n-stacking.

Similar to fluorene, subtle structural transitions at moderate pressure
conditions (P < 6 GPa) have also been observed by means of vibrational
(Raman and/or infrared) spectroscopy in various PAHs with molecules
comprised by 2-4 hexagonal carbon rings (naphthalene, biphenyl,
anthracene, phenanthrene, and pyrene), including parent benzene [21,
41-43]. These transitions are usually associated with rearrangement of
the molecular orientations and stacking without any considerable
distortion of the constituent molecules. Moreover, they appear to be
kinetically sluggish and reversible, as in the case of fluorene studied
here. Therefore, the findings of the present work complete the picture
regarding the pressure response of the vibrational modes of the basic
PAH materials and the peculiarities induced by molecular reorientation
and structural transitions.

4. Conclusion

To conclude, we have presented here a detailed study of the pressure
response up to 9 GPa of both the intermolecular and the intramolecular
Raman modes of crystalline fluorene. The pressure evolution of the
Raman spectra and the frequencies of the Raman peaks authenticate the
reversible and sluggish isostructural phase transition of the material in
the pressure range 2.5—6 GPa, characterized by the reorientation and
the different stacking of the fluorene molecules. Our experimental data
at elevated pressures are also compatible with the theoretically pre-
dicted changes in the electronic properties of fluorene crystals upon the
pressure-induced transformation to their high-pressure phase.
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