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ABSTRACT: A combined experimental and theoretical approach, consisting of lattice
phonon Raman spectroscopy and density functional theory (DFT) calculations, is
proposed as a tool for lattice dynamics characterization and polymorph phase
identification. To illustrate the reliability of the method, the lattice phonon Raman
spectra of two polymorphs of the molecule 2,7-dioctyloxy[1]benzothieno[3,2-b]-
benzothiophene are investigated. We show that DFT calculations of the lattice vibrations
based on the known crystal structures, including many-body dispersion van der Waals
(MBD-vdW) corrections, predict experimental data within an accuracy of≪5 cm−1 (≪0.6
meV). Due to the high accuracy of the simulations, they can be used to unambiguously
identify different polymorphs and to characterize the nature of the lattice vibrations and
their relationship to the structural properties. More generally, this work implies that DFT-
MBD-vdW is a promising method to describe also other physical properties that depend
on lattice dynamics like charge transport.

Understanding and controlling polymorphism is important
in materials science due to the significant impact a change

in the solid state packing can have on physical properties.1

Therefore, identifying different polymorphs of a material is key
for a full understanding and characterization of its properties.
Lattice phonon Raman spectroscopy is one method that has
found utility for polymorph discrimination. By measuring
Raman spectra in the low-wavenumber region (<150 cm−1), the
technique probes intermolecular interactions and is therefore
sensitive to the differences in molecular packing between
different polymorphs.2,3 Advantages of this technique are that it
is nondestructive and spatially resolved in the micrometer
range, meaning that in mixed-phase systems domains of
different polymorphs can be rapidly identified. This has
potential applications in many fields, for example, when
characterizing thin films of organic semiconductors.4 Here, it
is known that new polymorphs, so-called surface-mediated
phases,5 can appear, which have different properties than the
bulk polymorphs. The location and identification of different
phases is thus crucial in order to understand the properties of
organic optoelectronic devices produced from such thin
films.6,7

While differences in the Raman spectra in the low-
wavenumber region mean that one can conclude whether
more than one polymorph is present, linking the different

spectra to specific polymorphs remains a significant challenge.
The natural approach would be to compare against Raman
measurements of a sample containing only one polymorph.
However, to be able to link a Raman spectrum to a specific
phase, X-ray diffraction measurements of the reference samples
are necessary. Moreover, other issues such as crystal
orientation, crystal quality, or experimental resolution can
make phase identification difficult. Therefore, the precise
location and identification of specific polymorphic phases is
not currently possible using Raman spectroscopy without the
application of additional characterization methods. A potential
solution to this issue would be the calculation of lattice phonon
Raman spectra of a known crystal structure, which could then
be compared with the experimental Raman data to
unambiguously assign the phases present. This, nonetheless,
poses a substantial challenge with regards to the accuracy of
calculations of vibrational properties. Although Raman spectra
can be accurately calculated in the intramolecular region
(wavenumbers > 150 cm−1),8−11 good agreement between
theory and experiment in the low-wavenumber region has so far
proved elusive. Quasi-harmonic lattice dynamics calculations
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based on force field potentials (FFPs) have been shown to be in
qualitative agreement with experimental data (to within 20
cm−1).12 However, as Raman spectra of different polymorphs
will typically have peaks very close to one another in the low-
wavenumber region of the spectra (within <5 cm−1), this
degree of accuracy is not sufficient to clearly identify different
polymorphs. This calls for an accurate description of
intermolecular vibrations, which requires a model that correctly
describes van der Waals (vdW) interactions. The majority of
models rely on a long-range pairwise interatomic term that is
added to the total energy. In the framework of density
functional theory, a wide spectrum of approaches, with different
levels of accuracy, are currently available.13−23 In this work, we
show that highly accurate results can be obtained from DFT
calculations including many-body dispersion (MBD)-vdW
corrections.19 To demonstrate that, calculated Raman spectra
in the region of intermolecular vibrations (i.e., up to 150 cm−1)
are compared to experimental measurements. The method is
applied to two polymorphs of the organic semiconductor 2,7-
dioctyloxy[1]benzothieno[3,2-b]benzothiophene (C8O-BTBT-
OC8). C8O-BTBT-OC8 (Figure 1a) is known to form two

polymorphs with different packing motifs; the most thermo-
dynamically stable parallel stacked (PS) phase (Figure 1b) is
readily grown as a single crystal, while the metastable
herringbone (HB) phase (Figure 1c) is a surface-mediated
phase where the molecular packing conforms to a flat substrate
surface and can be kinetically trapped during crystal
growth.24,25 The crystal structure of the PS phase has previously
been determined, while only the unit cell of the HB phase was
so far identified;24 its precise crystal structure is determined
here for the first time.
Figure 2a,b,d shows the measured lattice phonon Raman

spectra, in the energy region below 150 cm−1, of the
polycrystalline powder and crystals grown from hexane solution

at different evaporation rates (see the Experimental and
Computational Methods section). The modes in this wave-
number region are mainly determined by intermolecular
interactions and in a first approximation can be thought of as
the librations and translations of the molecules as a whole. As a
consequence, they are very sensitive to the details of the
molecular packing. In Raman spectroscopy measurements, only
modes with wavenumber k = 0 (i.e., those in which the
molecules of all cells vibrate in phase) are detected, and the
resulting spectra represent the fingerprint of a specific crystal
structure.26 Two different Raman patterns are obtained
depending on the crystal growth conditions. The polycrystalline
powder obtained after material synthesis (Figure 2a), as well as
crystals grown from hexane solution in a partially covered vial
[C] (Figure 2b), show characteristic peaks at 12 and 88 cm−1.
Crystals grown from a hexane solution in an uncovered vial

Figure 1. (a) Chemical structure of C8O-BTBT-OC8 and (b)
molecular packing in the PS phase24 and the (c) HB phase. The HB
phase structure has been solved in this work from single-crystal X-ray
diffraction data. Carbon atoms are colored gray (dark gray in the
aromatic core and light gray in the alkyl chains), sulfur atoms yellow,
and oxygen atoms red; hydrogen atoms have been removed for clarity.

Figure 2. Experimental Raman spectra of C8O-BTBT-OC8 in the
lattice phonon regime of (a) polycrystalline powder and of crystals
grown from a hexane solution (b) in partially covered vials [C] and
(d) in uncovered vials [UC]. Experiments are compared to DFT
calculations of the Raman spectra of (c) the PS phase and (e) the HB
phase. For the sake of comparison, the square root of the intensities,
normalized to the maximum intensity, is plotted instead of linear
intensities. The Lorentzian functions around the calculated peak
positions are drawn as a guide for the eye.
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[UC] (Figure 2d) show a different pattern, with intense bands
at 7, 18, 89, and 103 cm−1, suggesting the presence of a
different polymorph compared to the powder and covered
hexane [C] sample.
On the basis of the known crystal structures of the two

polymorphs (see below), DFT calculations of the Raman
spectra of both the PS and HB phases were performed (Figure
2c,e). The experimentally observed peaks can be identified in
the calculated spectra to within an accuracy of ≪5 cm−1 (≪0.6
meV). On the basis of the calculated spectra, the lattice phonon
Raman spectrum of the polycrystalline powder (Figure 2a) and
also the spectrum of the crystal grown from hexane [C] (Figure
2b) can be assigned to that of the PS phase (Figure 2c).
Conversely, the Raman spectrum of the crystal grown from
hexane [UC] (Figure 2d) can be associated with the HB phase
(Figure 2e).
Polymorph identification from Raman spectra is validated by

X-ray measurements. X-ray powder diffraction measurements
show that the polycrystalline powder packs in the PS phase,25

while the crystal grown from hexane [UC] packs in the HB
phase. Bearing in mind that the polycrystalline powder and the
crystal from hexane [C] show the same characteristic Raman
spectra; this means that the hexane [C] sample also packs in
the PS phase. As the HB phase crystal structure has been solved
in this work from synchrotron single-crystal X-ray diffraction
measurements, a general description can be given here (detailed
crystallographic data is provided in Table 1s of the Supporting
Information27,28). It was found that the structure of the HB
phase has a monoclinic unit cell containing a half crystallo-
graphically independent molecule in the asymmetric unit. The
unit cell dimensions of a = 31.056(6) Å, b = 7.663(2) Å, c =
5.996(1) Å, α = γ = 90°, and β = 94.18(3)° are in excellent
agreement with the previously determined values (with the a
and c axis directions switched) of the metastable surface-
mediated phase.24 In contrast to the PS phase, where the
molecules arrange with an interdigitated layered structure in a

triclinic crystal system,24,25 a herringbone packing motif
without interdigitation of molecules is found (cf. Figure 1c);
this packing motif is also observed for other dialkylated BTBT
derivatives (Cn-BTBT-Cn, with n = 8, 10, 12).29

Aside from allowing unambiguous phase identification,
accurate phonon calculations also provide detailed information
on the nature of the vibrational modes. In particular, they
provide insight into their relationship to the structural packing
of the system. To illustrate this point, prototypical Raman-
active modes of both polymorphs are compared. A schematic
representation of these modes is provided in Figure 3; direct
visualization of all active modes reported in Figure 2c,e is
available through animations supplied with the Supporting
Information. The high-intensity peak measured at 12 cm−1

(calculated at 13 cm−1) for the PS phase is found to result from
a symmetrical wagging of the molecule perpendicular to the
plane of the aromatic units (Figure 3a). For the HB phase, two
Raman-active peaks are calculated in that wavenumber region at
7 and 18 cm−1. The former arises from a mode with the same
wagging character as the mode calculated at 13 cm−1 for the PS
phase (Figure 3b). For the mode at 18 cm−1, the number of
nodes in the displacement pattern increases (see vertical dashed
lines in Figure 3c), and the central segments of the molecules
tilt in directions opposite to the outer parts of the alkyl chains.
An equivalent vibration can also be found in the PS phase at 35
cm−1 (see animation in the Supporting Information). The
energy shift is attributed to the fact that in the PS phase
aromatic units neighbor alkyl chains, while in the HB phase
aromatic and aliphatic segments are next to each other. This
changes the interaction potentials and, consequently, the
energies of the vibrational modes. Raman-active modes
appearing in both polymorphs at very similar wavenumbers
can in fact correspond to fundamentally different vibrations.
This is very difficult to determine solely based on experiments
and is illustrated for the Raman-active modes calculated at 23
cm−1 (PS) and 22 cm−1 (HB). The former originates from out-

Figure 3. Visualization of different Raman-active lattice modes of the HB and PS phases given with the calculated peak positions. Arrows indicate the
direction of the displacement, while gray shadows depict the moving part of the system. Dashed gray lines indicate nodes.
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of-phase translations of neighboring molecules in the direction
of the long molecular axis (Figure 3d), while the latter
corresponds to wagging of the molecules perpendicular to the
plane of visualization in Figure 3e, combined with torsions of
the alkyl chains. Interestingly, both sets of vibrations occur in
both polymorphs, but only one of them is Raman-active in each
polymorph. This is associated with the fact that different
packing motifs yield different structural symmetries and hence
distinct responses of the polarizability to the vibrations of the
system.
Another interesting consequence of the packing differences is

observed for the Raman-active modes at 93 cm−1 (PS) and 86
cm−1 (HB). They are dominated by torsional motions of the
aromatic sections (Figures 3f,g), but the movement of the alkyl
chains in the two polymorphs (modes) is fundamentally
different. For the vibration at 93 cm−1 in the PS phase, atoms of
the alkyl chains stay immobile (Figure 3f). Conversely, the
packing of the HB phase favors librations of the alkyl chains for
the mode at 86 cm−1 (Figure 3g). This mode combines a
wagging of the aromatic core with torsions of the alkyl side
chains. Again, the different movements can be associated with
the different nearest-neighbor motifs with respect to the
different parts of the molecules in the PS (aromatic−aliphatic)
and HB (aromatic−aromatic, aliphatic−aliphatic) phases. A
further aspect relating the structure to vibrational properties is
associated with the change in volume between the two
structures. The increase in volume of the unit cell in the HB
phase (VPS = 1324.76 Å3, VHB = 1423.15 Å3) releases
constraints on the molecular vibrations due to a less dense
packing, which is consistent with the generally observed shift of
the lattice modes of this polymorph toward lower wavenumbers
(see the phonon density of states, Figure 1s, in the Supporting
Information).
Beyond the above considerations, the relationships between

the packing motif and intermolecular vibrations have direct
implications on all properties that depend on lattice vibrations,
such as charge and heat transport. For example, dynamic
disorder originating from thermal vibrations limits charge
transport properties in molecular semiconductors.30 Tightening
the intermolecular interactions, that is, the vdW forces, is thus
currently explored as a strategy to improve transport across
these systems.31 In this context, the present work shows that
DFT-MBD-vdW simulations are able to provide highly accurate
predictions of the vibrational properties of molecular crystals.
To show the portability of the DFT-MBD-vdW approach to
describe intermolecular vibrations, we also tested systems other
than C8O-BTBT-OC8. Also in those cases we found a similarly
good agreement between calculated and measured Raman
spectra. This is shown for two polymorphs of the molecule
dibenzo-tetrathiafulvalene (DB-TTF) in the Supporting In-
formation. The overall results presented here thus indicate that
DFT-MBD-vdW simulations could reliably assist in the design
of novel materials.
In summary, the two previously reported polymorphs24 of

the molecule C8O-BTBT-OC8 have been obtained by control
of the evaporation rate of hexane solutions. The crystal
structure of the HB phase has been determined from single-
crystal X-ray diffraction data. The two polymorphs show very
different lattice phonon Raman spectra in the intermolecular
region below 150 cm−1. Experimental and DFT calculated
Raman spectra show excellent agreement, typically within an
accuracy of ≪5 cm−1 (0.6 meV). As a consequence, provided
that the crystal structures of different polymorphs are known,

DFT-MBD-vdW calculations can be used to calculate lattice
phonon Raman patterns at a level of accuracy that allows
identification of the phases present in samples characterized by
Raman scattering measurements. This offers the possibility to
unambiguously identify and locate different polymorph
domains within mixed-phase systems. The advantage of the
simulations is that they provide direct access to the molecular
motions associated with the relevant eigenmodes. This in turn
provides insight into how intermolecular vibrations are affected
by changes in the packing motif. Moreover, from a knowledge-
driven materials design point of view, this work opens new
routes toward reliable prediction of vibrational-dependent
properties of materials, such as charge transport and thermal
transport in organic semiconductors.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Different batches of crystals of C8O-BTBT-OC8 were grown by
evaporation from hexane solutions in which the polycrystalline
C8O-BTBT-OC8 was dissolved. The rate of evaporation of the
solution was controlled by partially covering the vial during
evaporation (slower crystallization) or leaving it uncovered
(faster crystallization). For the crystal structure solutions of the
HB phase, data were collected at the XRD1 beamline of the
Elettra Synchrotron,32 Trieste (Italy).
Simulations were performed using the Python program

VASP_RAMAN.PY,33 which uses the VASP package34−37 as backend.
The Perdew−Burke−Ernzerhof (PBE) functional for the
exchange and correlation38 and projector-augmented wave
potentials for all of the elements were used.39,40

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpclett.7b01634.

Detailed information about the experimental procedures
and simulations, phonon density of states of the PS and
HB phases, and calculated Raman spectra of two
polymorphs of the molecule dibenzo-tetrathiafulva-
lene,4,41 compared to experimental data (PDF)
Crystallographic data of the HB phase crystal structure
(CIF)
Crystallographic data of the HB phase crystal structure
(PDF)
Animations of all Raman active modes reported in Figure
2c,e (ZIP)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: bedoyamartinez@tugraz.at (N.B.-M.).
*E-mail: roland.resel@tugraz.at (R.R.)
ORCID
Natalia Bedoya-Martínez: 0000-0001-9824-6129
Andrew O. F. Jones: 0000-0001-9624-6643
Tommaso Salzillo: 0000-0002-9737-2809
Nicola Demitri: 0000-0003-0288-3233
Egbert Zojer: 0000-0002-6502-1721
Notes
The authors declare no competing financial interest.
CCDC-1557531 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.7b01634
J. Phys. Chem. Lett. 2017, 8, 3690−3695

3693

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01634/suppl_file/jz7b01634_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01634/suppl_file/jz7b01634_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01634/suppl_file/jz7b01634_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01634/suppl_file/jz7b01634_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.7b01634
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01634/suppl_file/jz7b01634_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01634/suppl_file/jz7b01634_si_002.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01634/suppl_file/jz7b01634_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01634/suppl_file/jz7b01634_si_004.zip
mailto:bedoyamartinez@tugraz.at
mailto:roland.resel@tugraz.at
http://orcid.org/0000-0001-9824-6129
http://orcid.org/0000-0001-9624-6643
http://orcid.org/0000-0002-9737-2809
http://orcid.org/0000-0003-0288-3233
http://orcid.org/0000-0002-6502-1721
http://dx.doi.org/10.1021/acs.jpclett.7b01634


via www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_
request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; Fax: +44 1223 336033.

■ ACKNOWLEDGMENTS
This work was funded by the Austrian Climate and Energy
Fund (KLIEN) and the Austrian Research Promotion Agency
(FFG) through the project “ThermOLED” [FFG No. 848905],
and by the Austrian Science Fund [FWF No. 25887]. This
work has been financially supported by a concerted research
action of the French Community of Belgium (ARC Project No.
20061), by the Walloon Region (WCS Project No. 1117306),
and by the Belgian National Fund for Scientific Research
(FNRS, Project No. 2.4565.11). The computational results
presented have been achieved using the Vienna Scientific
Cluster (VSC). The authors thank the Elettra synchrotron for
the allocation of beamtime on the XRD1 beamline.

■ REFERENCES
(1) Bernstein, J. Polymorphism in Molecular Crystals; Oxford
University Press, 2007.
(2) Roy, S.; Chamberlin, B.; Matzger, A. J. Polymorph Discrimination
Using Low Wavenumber Raman Spectroscopy. Org. Process Res. Dev.
2013, 17, 976−980.
(3) Chang, C.-F.; Okajima, H.; Hamaguchi, H.-o.; Shigeto, S. Imaging
Molecular Crystal Polymorphs and their Polycrystalline Micro-
structures in Situ by Ultralow-frequency Raman Spectroscopy. Chem.
Commun. 2014, 50, 12973−12976.
(4) Brillante, A.; Bilotti, I.; Della Valle, R. G.; Venuti, E.; Girlando, A.
Probing Polymorphs of Organic Semiconductors by Lattice Phonon
Raman Microscopy. CrystEngComm 2008, 10, 937−946.
(5) Jones, A. O. F.; Chattopadhyay, B.; Geerts, Y. H.; Resel, R.
Substrate-Induced and Thin-Film Phases: Polymorphism of Organic
Materials on Surfaces. Adv. Funct. Mater. 2016, 26, 2233−2255.
(6) Mas-Torrent, M.; Rovira, C. Role of Molecular Order and Solid-
State Structure in Organic Field-Effect Transistors. Chem. Rev. 2011,
111, 4833−4856.
(7) Chung, H.; Diao, Y. Polymorphism as an Emerging Design
Strategy for High Performance Organic Electronics. J. Mater. Chem. C
2016, 4, 3915−3933.
(8) Roma, G. Linear Response Calculation of First order Raman
Spectra of Point Defects in Silicon Carbide. Phys. Status Solidi A 2016,
213, 2995−2999.
(9) Costa, S. N.; Freire, V. N.; Caetano, E. W. S.; Maia, F. F.;
Barboza, C. A.; Fulco, U. L.; Albuquerque, E. L. DFT Calculations
with van der Waals Interactions of Hydrated Calcium Carbonate
Crystals CaCO3·(H2O, 6H2O): Structural, Electronic, Optical, and
Vibrational Properties. J. Phys. Chem. A 2016, 120, 5752−5765.
(10) Demichelis, R.; Civalleri, B.; Ferrabone, M.; Dovesi, R. On the
Performance of Eleven DFT Functionals in the Description of the
Vibrational Properties of Aluminosilicates. Int. J. Quantum Chem. 2010,
110, 406−415.
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(21) Bucǩo, T.; Lebeǵue, S.; Ángyań, J. G.; Hafner, J. Extending the
Applicability of the Tkatchenko-Scheffler Dispersion Correction via
Iterative Hirshfeld Partitioning. J. Chem. Phys. 2014, 141, 034114.
(22) Ambrosetti, A.; Reilly, A. M.; DiStasio, R. A., Jr.; Tkatchenko, A.
Long-range Correlation Energy Calculated from Coupled Atomic
Response Functions. J. Chem. Phys. 2014, 140, 18A508.
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