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ABSTRACT

Vibrational properties associated with the intra- and intermolecular bonding of the crystalline Dibenz[a,
h]anthracene at low temperatures are investigated by Raman scattering. A complete characterization of
phonon spectra is given for this material. In the 120-150 K temperature region, several lattice modes
show abrupt changes of splitting and the discontinuities in the temperature shift, but no emergence of
new modes. Moreover, the intensity ratio of Isg/sg is greater than 1 below 130 K. Meanwhile, the aromatic
C-C stretching modes exhibit anomalous behaviors in frequencies, widths, and intensities at about 130 K.
These spectroscopic results demonstrate a disorder-order transition occurred at about 130 K. However,
the modes, corresponding to C-H out-of-plane bending, C-H in-plane bending, and/or C-H rocking, have
no significant change in the whole temperature range. It indicates that the transition mainly results from
the change of the tilt angle between the molecules. Our work is of great significance to understand the
internal vibrational properties of Dibenz[a,h]anthracene, and it also provides considerable supports for
the further study of this material.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) such as naphthalene,
anthracene, and Dibenz[a,h]anthracene, consisting of extended 7-
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conjugation, have various potential applications in optoelectronic,
organic sensors, organic light emitting diods due to their high
chemical stability, high charge-carrier mobility, and good fluores-
cence properties [1-7]. In previous studies, Ginzburg suggested
the possible realization of high superconducting transition temper-
ature (T.) and even room temperature superconductivity in organic
materials with a crystal structure made primarily of a complex net-
work based on carbon and/or hydrogen [8]. The PAHSs’ electronic
structure with 1 electron networks can be modified by metal dop-
ing, superconductivity having been found in the potassium-doped
picene (C,,Hq4) materials [9]. Motivated by this discovery, several
PAHs become superconducting after the intercalation of alkali
metal atoms, for example phenanthrene (C;4H;), coronene
(Cy4H13), and 1,2:8,9-dibenzopentacene (CsgHqg) [10-13]. The T,
was found to increase dramatically from 5 K to 33 K with increas-
ing molecular chain length. Theoretical research showed that
molecular edge structures as well as molecular sizes are closely
related to the strength of electron-phonon coupling and T.s [14].
Besides, high-temperature superconductivity in hydrogen-rich
materials has been reported in several systems at high pressures
[15-17]. Recently, near-room temperature superconducting transi-
tion (at approximately 288 K) has been reported lately in carbona-
ceous sulfur hydride at about 270 GPa [18]. A number of
theoretical works have been carried out to investigate the under-
lined superconducting mechanism in hydrogen-containing materi-
als due to the electron-phonon interactions [19-23]. Knowledge of
the physical and vibrational properties of these material is helpful
to understand the electron-phonon coupling.

Raman spectroscopy is a well-known tool for the observation of
vibrational excitations in materials, especially organic materials
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[24-26]. Experimental studies have found that the edge structure,
armchair or zigzag, of the organic molecule may play an important
role in superconductivity of PAHs, the armchair edge is thought to
be a key factor for superconductivity [12]. Thus, we have chosen
one of PAHs, Dibenz[a,h]anthracene (Cy;Hq4) with armchair edge,
to explore the vibrational properties. Dibenz[a,h]anthracene is
the isomorphic alloisomer material of picene and is being exam-
ined as a potential candidate for exploring its superconductivity.
Pure Dibenz[ah]anthracene possesses othorhombic symmetry
with four molecules per unit cell, the space group Pcab and lattice
parameters: a = 8.263(2) A, b = 11.466(2) A, c = 15.238(2) A [27].
Dibenz[a,h]anthracene is a wide band gap insulator with a band
gap about 3.3 eV and its physical properties are similar to picene
[19]. Furthermore, Dibenz[a,h]anthracene nanoaggregates pos-
sesses the exceptionally long singlet exciton diffusion length and
superradiant property, which makes it a promising material for
potential applications [28]. Besides, Dibenz[a,h]anthracene exhi-
bits unusual physical, chemical, unreactive/reactive, bio-
accumulating and carcinogen properties, and has been exploited
in the process of bioremediation due to its unique physico-
chemical properties [29-30]. In general, the Dibenz[a,h]anthracene
molecule was found to consist of parts having resemblance with
anthracene as well as phenanthrene molecules. It has been well
established that phenanthrene undergoes a disorder-order type
of phase transition at around 200 K [31]. However, in contrast to
the other two materials, little attention has been paid toward
Dibenz[a,h]anthracene. The theoretical models suggest that the
electron-electron correlations play an important role in doped
PAHs. It is important for understanding the intermolecular interac-
tion and electron-phonon interaction of Dibenz[a,h]anthracene,
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Fig. 1. (a) X-ray powder diffraction patterns of Dibenz[a,h]anthracene at room temperature. The open circles represent the measured intensities and the red lines the results
of profile refinements by the best Le Bailfit with the space group of Pcab. The positions of the Bragg reflections are marked by vertical lines and the difference profiles are
shown at the bottoms (blue lines). The R values are R, = 0.68%, R, = 0.30% for the fitting. (b) Crystal structure of pristine solid Dibenz[a,h]anthracene, solid lines delineate unit
cells [27]. (c) Raman spectra of Dibenz[a,h]anthracene at 300 K, measured with 660 nm laser excitation. Classifications of the vibration modes over the spectrum of 300 K are
taken from Ref. [39-40]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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thus, a thorough study focused on the molecular vibrational prop-
erties of Dibenz[a,h]anthracene is highly desirable.

In this work, we measured the temperature dependent Raman
spectra of Dibenz[a,h]anthracene from 5 to 300 K. The temperature
effects on the vibrational modes from the lattice vibrations to the
high-frequency modes are studied in detail. The results reveal a
disorder—order phase transition occurred in Dibenz[a,h]anthracene
at approximately 130 K. We compare the temperature dependence
of the vibrational modes located in different frequency regions, and
speculate that the transition may result from the change of the tilt
angle between the molecules. Our work provides a basis for the
further studies on Dibenz[a,h]anthracene.

2. Experimental details

High-purity Dibenz[a,h]anthracene was purchased from TCI Co.
and used without further purification. The x-ray diffraction exper-
iments at room temperature with synchrotron radiation were per-
formed at the Shanghai Synchrotron Radiation Facility (SSRF). The
wavelength of the x-ray is 0.6265 A. The sample-to-detector dis-
tance and the image plate orientation angles were calibrated using
CeO, standard. The two-dimensional diffraction images were con-
verted to 20 versus intensity data plots using the FIT2D software.
The Rietveld fitting was performed using the GSAS package.

The sample was sealed in a quartz tube for Raman-scattering
experiments in a glovebox maintained at moisture and oxygen
levels below 0.1 ppm. An objective with X20 magnification (Mitu-
toyo) was used both for focusing the excitation light (660 nm) and
for collecting the scattered light. The power was less than 1 mW
before the objective to avoid possible damage of the sample. The
1800 lines/mm grating provides a spectral resolution of ~ 1 cm™ .
The Raman spectra were collected by a high-resolution
(1024 x 1024) charge-coupled device designed by Princeton. The
low-temperature conditions were obtained by using an in situ
pressurized superfluid helium cryostat (CRYO). A continuous-flow
liquid-helium cryostat was used to obtain a low-temperature con-
dition from 5 to 300 K, and a vacuum pump was used to assist in
achieving the temperature less than 40 K. Five accumulations with
an exposure time of 20.0 s each were collected for all spectra. The
spectra were collected from 10 to 1650 cm™ .

3. Results and discussion

Raman scattering, which measures phonons (lattice and molec-
ular vibrations) in Brillouin zone center, is known to be a powerful
technique to detect phase transition or small structural distortion
or the change of molecular configuration via the observation of
the band splitting and/or soft modes [24-26]. First we performed
x-ray diffraction measurements on Dibenz[a,h]anthracene. The
results of measurement together with the structure refinement at
room temperature are shown in Fig. 1(a). The diffraction data can
be fit using the space group Pcab and the fitted results are in a good
agreement with those in the literature [27]. The crystal structure
and molecular structure of Dibenz[a,h]anthracene are shown in
the inset of Fig. 1(b). In this study, we have measured the Raman
spectrum of Dibenz[a,h]anthracene within the temperature from
5 to 300 K. The Raman spectra of Dibenz[a,h]anthracene at 300 K
are presented in Fig. 1(c). The active modes were predicted from
a group-theoretic analysis of I'-point lattice vibrations of Dibenz
[a,h]anthracene [32]. The irreducible representations for Dibenz
[a,h]anthracene are I" = 36 Ag + 18 Bg + 18 A, + 36 B,. The infrared
spectrum possesses 29 B, and 7 A, [33]. Based on the analysis of
molecular structure, it is clear that the vibrational properties of
Dibenz[a,h]anthracene are similar to those of polycyclic aromatic

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 274 (2022) 121107

hydrocarbon [34-38]. The modes assignments for Dibenz[a,h]an-
thracene are depicted over the spectrum at 300 K in Fig. 1 [39,40].

Raman spectra of Dibenz[a,h]anthracene collected at low tem-
peratures down to 5 K are shown in Fig. 2. For organic molecules
the lattice and intramolecular vibrational modes are situated in
different wavenumber regions. For clarity, the Raman spectra could
be divided into two regions shown in Fig. 2(a), (b). In the low
wavenumber range, we observed a great variety of Raman bands
arising from the lattice modes of the sample. When looking at
the evolution of the Raman spectra as a function of temperature,
the lattice modes exhibit distinct changes in the number, intensity,
and sharpness of peaks. At high temperatures, the lattice modes in
the Dibenz[a,h]anthracene show very broad features and often
overlap to some indistinguishable peaks. With decreasing temper-
ature down to 130 K, a shoulder peak appears on the high-
wavenumber side of L,, and the vibrational mode gradually sepa-
rates from the L, mode with the decrease of temperature. Interest-
ingly, the intensity of the L, mode is higher than L; at ambient
temperature, however, the mode L, gains intensity rapidly as tem-
perature is decreased and is stronger than the mode L; below
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Fig. 2. (a) Representative Raman spectra of Dibenz[a,h]anthracene in the low
wavenumber range of 10-800 cm™', (b) Selected Raman spectra of Dibenz[a,h]
anthracene in the high wavenumber range of 1000-1650 cm™~'. The arrows indicate
the changes of Raman modes.
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130 K. This behavior points to the exchange of the symmetry of the
two modes and may result from Fermi resonance [41]. In addition
to this, the broad peak at 84 cm ™! splits into two separate modes at
130 K. Meanwhile, a shoulder peak on the low- wavenumber side
of Ls obviously raises in Raman spectra. At low temperatures, one
can clearly see that the spectra show obvious splits on some peaks.
However, we observed that the Raman spectra between 210 and
1250 cm~! show a subtle change with decreasing temperature. In
this spectral region, the C-C-C out of plane bending modes are
located in the spectra region between 210 and 600 cm~!. The
region of 680-1000 cm™! is characterized by the C-H out of plane
bending, while the C-H in-plane bending and/or C-H rocking
modes can be seen in the interval of 1000-1250 cm™. In the high
wavenumber regions, the peak located at around 1500 cm™~! loses
its degeneracy and splits into two modes below 130 K. The behav-
ior of Raman spectra of Dibenz[a,h]anthracene as a function of
temperature is very similar to that of p-oligophenyls [42]. As the
temperature decreases, there is an obvious splitting for the broad
peaks, especially the lattice modes. Moreover, most of the full
widths at half maximum (FWHMs) of the vibrational modes
decrease as temperature is decreased [25]. These features in the
Raman spectra suggest the substantial changes may occur in this
region of 120-150 K. In the whole temperature range, no new peak
emerges. This indicates that this transition belongs to order-disor-
der transition or molecular-conformation change.

Details of the temperature evolution of the Dibenz[ah]an-
thracene Raman spectra in the lattice vibration range are shown
in Fig. 3. In order to analyze the Raman spectrum accurately, a con-
stant background was removed from the raw data. The scattering
intensities have been normalized by I (w) = Iy (w) | [ n (w,
T) + 1]. Where n (w, T) is the Bose-Einstein distribution function
evaluated at mode energy w and temperature T, and Iy (w) is the
observed intensity. Fig. 3(a) shows the temperature-dependent
Raman intensity map of Dibenz[a,h]anthracene (upper panel) and
the Raman spectra at 5 K and 300 K (lower panel). We can observe
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that the wavenumbers of all the observed Raman bands have pro-
gressive upshifts, and the linewidths become narrowed with
decreasing temperature from 300 to 130 K. Meanwhile, some lat-
tice modes show a clear splitting at around 130 K. The wavenum-
bers of lattice modes are almost stable below 120 K. Comparing
with the Raman spectra at 300 K, the number of Raman spectra
at 5 K has an obvious change, which is result from the splitting
of the intermolecular modes. The splitting of lattice modes is a
good indicator of the disorder-order transition. Based on the above
analysis, we can infer that the transition may belong to order-dis-
order transition without structural modulation.

In order to precisely determine the temperature at which the
order-disorder transitions take place, the temperature dependen-
cies of lattice modes have been plotted out in Fig. 3(b). The lattice
modes L, and Ls show a dramatic increase in frequency with
decreasing the temperature at first. At around 150 K, the bands
L, and Ls split into two modes, respectively, and then have a smal-
ler change below 120 K. The lattice modes L and Lg show an inter-
esting behavior where the wavenumber position first increases
sharply with decreasing temperature, and then decreases with
decreasing temperature after evolving through a maximum value
at around 130 K. It is clear that there is an obvious discontinuity
in the data at around 130 K confirming our conclusion of temper-
ature induced transitions.

Now paying attention to the singe peak Ls, one can clearly see
from Fig. 3(c) that the FWHM of lattice mode L; is about 12 cm™!
at room temperature. With decreasing temperature, the FWHM
of lattice mode L3 exhibits a monotonous decrease (0.035 cm™!/
K). However, the Ilattice mode L; decreases with the rate
0.024 cm™!/K below 130 K. A discontinuity of the FWHM of lattice
mode L; occurs in the temperature region 120-150 K. It can be
interpreted that the temperature-induced FWHM narrowing may
reflect the decreased anharmonic effect of the phonons after enter-
ing into the ordered state [43-45]. The intensity of the mode L, is
much stronger than the mode L3 at 300 K from the lower panel of
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Fig. 3(a), however, at 5 K it exhibits a reverse tendency. Fig. 3(d)
shows the Raman intensity ratios for the selected modes as a func-
tion of temperature. The intensity ratio of Isg/3s is less than 1 below
130 K, possibly due to the exchange of the symmetry of the modes
or the unsaturated carbon converting into saturated carbon. The
inflexion of the tendency is found around 130 K, which is consis-
tent with the order-disorder transition point. Additionally, the
wavenumber difference between the Lg and the Ls peak positions
is presented in Fig. 3(e), which is about 12 cm™' at 300 K. It
decreases consecutively with decreasing temperature and almost
saturates at 7 cm~' below 120 K, also providing evidence of the
order-disorder transition at around 130 K. The temperature evolu-
tion behavior of Dibenz[a,h]anthracene in lattice modes is similar
to that of p-quaterphenyl [46]. Below the transition temperature,
most of the lattice peaks exhibit a clear splitting. The low energy
peaks first rapidly increase in wavenumber position with decreas-
ing temperature, and then have a subtle change below the transi-
tion temperature. Moreover, their FWHM exhibit a sudden drop
above the transition temperature. Zhang et al. [46] indicated that
the dramatic changes in the widths, intensity, and the splits of
the lattice modes mainly result from the order-disorder transition
taking place in p-quaterphenyl. A similar feature is observed in the
Raman spectrum of Dibenz[a,h]anthracene. Thus, it can be inferred
that the order-disorder phase transition occurs between 120 and
150 K in Dibenz[a,h]anthracene.
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Fig. 4(a) shows the Raman spectra of Dibenz[a,h]anthracene at
various temperatures down to 5 K in the range between 680 and
780 cm™'. Over the whole temperature range, the modes have no
significant change in intensity and peak position. The detailed tem-
perature dependencies of v4 and vs modes have been plotted out in
Fig. 4(b). The mode at frequency of 712 cm ™, corresponding to C-H
out-of-plane bending, keeps almost constant value upon cooling.
Another C-H out-of-plane bending mode located at 744 cm™! fluc-
tuates between 744 and 742 cm~!, but almost stabilizes at low
temperatures. The evolution behavior at low temperatures of the
four modes of vg, vg, Vip and vq4, associated with C-H in-plane
bending and/or C-H rocking, are depicted in Fig. 4(c) and (d). The
figures show that the four modes of vs, Vg, V19 and v;; are found
be to stable at low temperatures except some subtle changes in
wavenumber position. Based on the change of vibrational modes,
we can infer that the effects of temperature on the molecular
arrangement is larger than on the molecular shape.

We now focus our attention on higher wavenumber region (see
Fig. 5). The region of 1250-1650 cm™~ ' is characterized by the aro-
matic C-C stretching. The fitted peak position and FWHM of the
mode vq4 are shown in Fig. 5(a). The peak position of mode v4
exhibits a pronounced rise as temperature decreases, reaches a
maximum of 1331.8 cm~! at 140 K, and then shows a negative
wavenumber shift upon cooling. It is worth noting that the FWHM
of vibrational mode vq4 has a drastic decrease with decreasing
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temperature, then becomes almost constant below 130 K. This pro-
vides further evidence for an order-disorder transition taking place
around 130 K. Meanwhile, one can see from Fig. 5(b) that the inter-
nal mode of v;g shows a similar trend as that of v,4 at low temper-
atures. However, the mode of v,3 shows a smooth and stable blue-
shift with decreasing temperature. The calculated position differ-
ence V,3-Vq4 of Dibenz[ah]anthracene is shown in Fig. 5(c). The
difference gradually starts to decrease with decreasing tempera-
ture, and then shows a sudden increase when the temperature
drops to 140 K. This scenario is well in accord with the order-dis-
order transition case. The intensity of the peak located at
1597 cm™! increases with decreasing temperature, whereas the
peak at 1580 cm™! almost stabilizes its intensity. The intensity
ratio of I 597/1580 is about 2.5 at 300 K, as shown in Fig. 5(e). One
can clearly see that the intensity ratio of Ijs97/1580 rapidly
decreases with decreasing temperature. After entering into the
ordered state, we detected a modest decrease of the intensity ratio
of I1597/1580 upon further cooling. The dramatic changes of the aro-
matic C-C stretching modes also illustrate any possible phase tran-
sitions occurring within the sample in the region 120-150 K [24]. It
is important to point out that the changes of the aromatic C-C
stretching modes are more obvious than that of C-H out-of-plane
bending, C-H in-plane bending, and/or C-H rocking modes at low
temperatures. This phenomenon indicates that a decrease in tem-
perature has a significant impact on the tilt angle between the
molecules. The reemergence of the tilt angle between the mole-

cules also occurs in similar aromatic hydrocarbons triphenylene
under pressure [37]. The combined experimental and computa-
tional study on triphenylene reveals that the angles between the
molecules as a function of pressure have a kink at 6.0 GPa, coincid-
ing with the change of lattice modes at about 6.0 GPa. The anomaly
of angles between the molecules at high pressures yields to the
change of lattice modes.

In addition to this, N. J. Tro et al. [31] reported that phenan-
threne (three rings) undergoes a disorder-to-order transition at
200 K from the sudden changes in the absorption and fluorescence
spectra, while the disorder-to-order transition take place at about
130 K in Dibenz[a,h]anthracene (five rings). Benzene is suggested
to have no disorder-to-order transition below 300 K. Based on
these findings, it can be determined that the transition tempera-
ture decreases with increasing number of benzene rings, which
may result from the gradual decrease of the tilt angle between
the molecules with increasing molecular chain length. Previous
studies found that superconductivity in aromatic hydrocarbons
can be achieved by alkali metal doping. Furthermore, the super-
conducting transition temperature of hydrocarbon superconduc-
tors is found to substantially increase with increasing number of
benzene rings. There is a connection between the reemergence of
the tilt angle between the molecules and the properties at low
temperatures. A study of the spectrum at low temperatures is help-
ful to understand the properties and mechanism of superconduc-
tivity in aromatic hydrocarbons.



Xiao-Miao Zhao, Yong-Kai Wei, K. Zhang et al.
4. Conclusion

In conclusion, we have investigated the vibrational properties of
Dibenz[a,h]anthracene by Raman scattering measurements from
5 K to 300 K. Comprehensive analysis of the intra- and intermolec-
ular vibrational modes has been completed to understand the pho-
non behaviors. The modes located in the librational motion range
all shift toward higher frequency with decreasing the temperature.
Below 130 K, the spectra show the splitting of bands, the disconti-
nuities in the temperature shift, and the changes in FWHM of
modes. Meanwhile, the modes, corresponding to aromatic C-C
stretching, show a slope change in frequency and intensity ratio.
These experimental results reveal a disorder-order transition
occurred between 120 and 150 K without structural modulation.
For the intramolecular modes, the anomalies mainly focus on the
modes with higher frequencies. Over the whole temperature range,
the modes, associated with C-H out-of-plane bending and C-H in-
plane bending and/or C-H rocking, have no significant change.
We can reasonably speculate that a decrease in temperature has
a significant impact on the tilt angle between the molecules. These
findings at low temperatures are of great importance for under-
standing the physical properties in Dibenz[a,h]anthracene.
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