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Ab initio phonon dispersion in crystalline naphthalene using van der Waals density functionals
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Acene molecular crystals are of current interest in organic optoelectronics, both as active materials and for
exploring and understanding new phenomena. Phonon scattering can be an important facilitator and dissipation
mechanism in charge separation and carrier transport processes. Here, we carry out density functional theory
(DFT) calculations of the structure and the full phonon dispersion of crystalline naphthalene, a well-characterized
acene crystal for which detailed neutron-diffraction measurements, as well as infrared and Raman spectroscopy,
are available. We evaluate the performance, relative to experiments, of DFT within the local density approximation
(LDA); the generalized gradient approximation of Perdew, Burke, and Ernzerhof (PBE); and a recent van
der Waals—corrected nonlocal correlation (vdW-DF-cx) functional. We find that the vdW-DF-cx functional
accurately predicts lattice parameters of naphthalene within 1%. Intermolecular and intramolecular phonon
frequencies across the Brillouin zone are reproduced within 7.8% and 1%, respectively. As expected, LDA (PBE)
underestimates (overestimates) the lattice parameters and overestimates (underestimates) phonon frequencies,
demonstrating their shortcomings for predictive calculations of weakly bound materials. If the unit cell is fixed to
the experimental lattice parameters, PBE is shown to lead to improved phonon frequencies. Our study provides
a detailed understanding of the phonon spectrum of naphthalene, and highlights the importance of including
van der Waals dispersion interactions in predictive calculations of lattice parameters and phonon frequencies of

molecular crystals and related organic materials.
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I. INTRODUCTION

Organic optoelectronic materials have attracted significant
recent attention due to their relatively low production cost,
abundance, simple processing techniques, and compatibility
with flexible technologies, such as printed electronics [1,2]
or wearable photovoltaics [3]. In particular, organic materials
based on small molecules have shown great promise for
optoelectronic applications, exhibiting high electron mobilities
[4-8] and novel excited-state phenomena such as singlet fission
[9-14]. However, despite significant promise, understanding
and control of the mechanisms underlying these phenomena in
organic crystals is still lacking [8,15]. As those processes are
often subject to scattering from phonons, for example, leading
to phonon-assisted transport and dissipation [8,16], a detailed,
quantitative understanding of the vibrational spectra—and
in particular, the phonon spectra of extended molecular
crystals—is integral to future efforts to better harness these
materials for optoelectronic applications.

Prior ab initio studies of organic crystals, based on density
functional theory (DFT) and many-body perturbation theory,
have focused predominantly on electronic and optical proper-
ties [17-28]. Such excited-state properties are sensitive to local
geometry and molecular packing, and a principal challenge to
theory is that long-range dispersive van der Waals (vdW)-type
interactions play a significantly larger role for the cohesive
energies (and therefore the geometries) of sparse molecular
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crystals compared to their inorganic counterparts [22,29,30].
To account for vdW interactions quantitatively, several new
functionals and a-posteriori corrections to DFT have been
developed and are continuously being improved. Notable
examples are the vdW nonlocal functionals of the vdW-DF
family [31-33], and pairwise approaches such as those of
Tkatchenko and Scheffler (and its many-body extensions)
[34-37], Grimme [38—40], and Silvestrelli [41,42].

Among molecular crystals, the acene family is well suited
for detailed study of vibrational and optoelectronic phenom-
ena. Their relatively simple molecular and crystal structures—
and variable size range, from benzene to hexacene—have
facilitated significant experimental as well as computational
investigation. Naphthalene is the smallest monomer member
with the herringbone crystal structure, typical of acenes.
Furthermore, there is a plethora of experimental vibrational
spectra available for both gas and solid crystalline phases,
allowing a detailed comparison between calculated and ex-
perimental values. The first extensive Raman and infrared
(IR) studies of solid naphthalene were reported by Nedungadi
[43] and Pimentel and McClellan [44]. Since then, numerous
experiments have been performed to understand and assign
the vibrational spectra [45-54], in particular that of Natkaniec
et al. [49], who used coherent inelastic neutron scattering to
map out phonon dispersion curves of deuterated naphthalene
along several directions in the Brillouin zone.

Prior computational work on the phonon spectrum of
solid naphthalene used semiempirical force-field methods,
with parameters fit from experiments, for generation of both
zone-center frequencies [55-59] and wave-vector-dependent
dispersion [48,60—63], greatly aiding in the interpretation of
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the naphthalene phonon spectra. More recently, the vibrational
modes of gas-phase naphthalene—in particular, infrared and
Raman active modes—as well as the zone-center modes of
crystalline naphthalene have also been reproduced success-
fully with ab initio methods [53,59,64—68], although the
mode assignments depend somewhat on the level of theory
and functional [53,68]. Finally, Schatschneider et al. [69]
and Reilly and Tkatchenko [70] used vdW-corrected DFT
to obtain the zero-point energy and vibrational contribution
(integrated over the Brillouin zone) to the lattice energy of
several acenes, respectively, using the Tkatchenko-Scheffler
pairwise approach; however, these studies did not provide any
details of the phonon spectrum.

To our knowledge, only two ab initio phonon band
structures of acene crystals have been reported to date [71,72].
The full phonon dispersion of tetracene was recently calculated
using the local density approximation (LDA), capitalizing on
the tendency of LDA to overbind to partially compensate
for the lack of vdW corrections [72]. Band structures of
solid naphthalene calculated at different pressures have been
presented by Fedorov et al. [71] using the DFT-D3 approach
[40] but without any detailed comparison with experiment.
Considering the fundamental importance of phonons in or-
ganic crystals, there remains a need to assess and understand
the efficacy of existing approaches for calculating phonon
dispersions over the entire Brillouin zone in vdW-bound solids,
particularly in the context of a well-characterized system such
as naphthalene.

In this work, we compute the phonon dispersion of solid
naphthalene within DFT using LDA, the generalized gradient
approximation of Perdew, Burke, and Ernzerhof (PBE), and
the recently developed nonlocal density functional vdW-DF-
cx [73]. We provide the first detailed comparison between
computed and measured phonon spectra of a molecular
crystal across the Brillouin zone, assessing our results against
neutron-scattering experiments on perdeuterated naphthalene,
as well as IR and Raman spectra of solid perprotonated
naphthalene. Our results show that vdW-DF-cx is able to
reproduce both the ground-state structure and the full phonon
dispersion with high accuracy. Lacking any long-range cor-
relation, PBE overestimates the unit-cell volume by 29%
percent and, as a result, significantly underestimates phonon
frequencies relative to experiment. Notably, upon constraining
the lattice parameters to experimental values, PBE yields
good agreement, suggesting that it may reproduce phonon
spectra for other organic crystals with known experimental
geometry. LDA, in contrast, overbinds the naphthalene crystal
as expected, resulting in a primitive cell volume that is
10% smaller than experiment and significantly overestimated
phonon frequencies.

II. METHODS

For all calculations of solid naphthalene, we use den-
sity functional theory with a plane-wave basis and norm-
conserving Troullier-Martins pseudopotentials [74], employ-
ing the software suite QUANTUM ESPRESSO version 5.1.1
[75]. We perform calculations with the LDA, PBE, and
vdW-DF-cx (DF-cx) functionals. A kinetic energy cutoff of
110 Ry converges the total energy for all three functionals to

PHYSICAL REVIEW B 93, 195206 (2016)

FIG. 1. Crystal structure of naphthalene. Naphthalene takes up a
structure with the P2, /a space group, and with two molecules in the
unit cell, each situated at inversion centers.

within 1 meV/atom. Calculations with DF-cx use the PBE
pseudopotentials. As shown here and in our previous work
[76], DF-cx is able to reproduce structural and electronic
properties of acene crystals with high accuracy; e.g., lattice
parameters are within 1% of experiment.

As starting geometry for all calculations, we use the
experimental crystal structure of naphthalene measured at
5 K [77], available at the Cambridge Structural Database [78]
(ID: NAPHTHA31). Naphthalene belongs to the P2, /a space
group and contains two molecules per unit cell, each of which
is situated at an inversion center. The molecules form a layered
herringbone structure, with layers stacked in the ¢ direction.
The naphthalene unit cell is depicted in Fig. 1.

For relaxed lattice parameters we use the values obtained
in our previous work [76], which converge the total energy to
1 x 1073 Ry, using a Monkhorst-Pack k-grid of 8 x 11 x 8.
The calculated lattice parameters for all three functionals
are given in Table I. Prior to the phonon calculations, all
internal coordinates are relaxed again, while keeping the
lattice parameters fixed and the symmetry constrained, using
a smaller Monkhorst-Pack grid of 2 x 4 x 2 (corresponding
to the mesh used in our phonon calculations; see below). The
Hellmann-Feynman forces are convergedto2 x 10~> Ry/bohr
and the total energy to 1 x 1078 Ry. To ensure accurate forces,
the convergence threshold for all self-consistent calculations
is 1 x 107!2 Ry. We distinguish phonon dispersions obtained
at experimental and relaxed lattice parameters by denoting
results using experimental lattice parameters with “@ Qeyp,”
lattice parameters relaxed with LDA with “@Qrpa,”
etc.

Phonon band structures are calculated within a harmonic
approximation via a finite-difference (FD) approach with a

TABLE 1. Experimental and calculated lattice parameters for
naphthalene [76]. Lattice constants a, b, and ¢ are in angstroms,

unit-cell volume €2 in Ag, and angle 8 in degrees.

Expt. [78] DF-cx LDA PBE
a 8.08 8.06 7.74 9.13
b 5.93 5.91 5.76 6.31
¢ 8.63 8.75 8.37 8.99
B 1247 124.4 125.5 122.1
Q 340.4 344.4 304.0 4389

195206-2



Ab INITIO PHONON DISPERSION IN ...

2 x 4 x 2 supercell, using I"-point sampling. For zone-center
phonon calculations, a single primitive cell with a centered
Monkhorst-Pack k-grid of 2 x 4 x 2 is used, commensurate
with the supercell size above. We displace each atom by
0.00125 A to generate the force constants in our FD approach.
The frequency spectrum at each q-point is obtained by diago-
nalizing the Fourier transform of the real-space force-constant
matrix. The acoustic sum rule is enforced. For LDA and PBE,
our FD approach is in quantitative agreement with density
functional perturbation theory. Mode numbering throughout
this work includes the three acoustic modes; i.e., the first
nonzero mode at I" is designated as “mode 4.” We use 1.00794
a.u. for the mass of the hydrogen atoms in perprotonated
(d0) naphthalene or 2.01410 a.u. for those in perdeuterated
(d8) naphthalene, depending on the hydrogen isotope present
in the experiment we compare to. In plotting our phonon
band structures, we follow Ref. [49] for our high-symmetry
points and lines in q-space; however, the labels are adopted
from the more contemporary Ref. [79]. As the experimental
spectrum by Natkaniec et al. [49] was obtained at 6 K, we
assume anharmonic effects are negligible, and our comparison
with the FD method within the harmonic approximation is
valid.

III. RESULTS AND DISCUSSION

We divide the discussion of our results into two parts.
First, we discuss the intermolecular modes at lower frequency,
comparing the performance of different density functionals
to experiment. Then, we concentrate our analysis on the
intramolecular modes at higher frequencies calculated with
DF-cx and compare our results to IR and Raman measure-
ments. In accord with prior work [49,59,71], we find that
the phonon band structure shows a gap of roughly 40cm™!
between the intermolecular and intramolecular modes. While
we do confirm the observation of Coropceanu et al. [59] that
all translational modes show slight internal bending motion,
the mixing between inter- and intramolecular modes is very
small and can be neglected for the purpose of classification.
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A. Intermolecular modes

In Fig. 2 we show the phonon band structures of d8-
naphthalene, in an energy window below 150 cm™! focused on
the intermolecular modes, calculated with the vdW nonlocal
functional DF-cx, and with LDA and PBE. Given that PBE
leads to a large overestimate of the lattice parameters, we
only provide the phonon dispersion for PBE calculated by
constraining the lattice parameters to those of experiment. The
results are compared to experimental data obtained by neutron
scattering of d§-naphthalene at 6 K [49].

At first glance, all three functionals reproduce the experi-
mental curves quite well. The mean absolute percent deviation
from experimental data points is 7.8 % for DF-cx, 5.8% for PBE
(at the experimental geometry), and 12.3% for LDA. These
results are consistent with prior reports that PBE at experi-
mental lattice parameters and LDA with relaxed parameters
can yield good agreement for naphthalene (at the zone center)
and tetracene (throughout the zone), respectively [59,72].

A major drawback of the PBE functional for naphthalene is
that it requires prior knowledge of the experimental lattice
parameters. If the naphthalene unit cell is optimized with
PBE, the calculated volume is overestimated by 29% (Table I).
Similar overestimates have been noted by Byrd et al. [80] for
more polar molecular crystals. The calculated frequencies at
this grossly overestimated volume decrease dramatically, as
can be seen in Table II. Thus, using PBE to calculate phonon
frequencies of organic crystals can only be efficacious for
systems with known lattice parameters.

Despite being a purely local functional, LDA is known to
lead to lattice parameters in agreement with experiment for
certain vdW materials due to a cancellation of errors [81,82].
For naphthalene, the cancellation is apparently incomplete
and the LDA optimized unit-cell volume is 10% smaller
than experiment (Table I), a significant underestimate that
leads, in turn, to an overestimate of the phonon frequencies.
Thus, in general, the LDA is insufficient for quantitative
prediction of phonon band structures of vdW-bound organic
crystals. Interestingly, and unlike PBE, using experimental
lattice parameters with LDA results in frequencies far below
the experimental values (Table II). Evidently, the PBE gradient

TABLE II. Intermolecular mode frequencies of d8-naphthalene at I'. Experimental values are taken from neutron-scattering experiments
and compared to frequencies calculated with DF-cx, PBE, and LDA using experimental as well as relaxed lattice parameters (all values in
cm™"). Modes are ordered to best correspond to the symmetries reported experimentally.

DF-cx LDA PBE
Mode Symmetry (type) Expt. [49] @ QpE.cx @ Qexpt @Q pa @ Qe @ Qppg @ Qexpt
4 B, (libr.) 54.37 50.20 54.27 58.69 23.90 18.88 46.26
5 A, (trans.) 57.71 52.54 55.08 66.29 49.39 25.90 55.75
6 A, (libr.) 64.38 59.03 68.08 73.02 43.74 21.09 54.68
7 B, (trans.) 78.05 70.70 71.43 88.32 65.20 49.03 73.14
8 B, (libr.) 79.39 74.19 80.64 88.58 54.90 43.04 77.25
9 A, (libr.) 84.06 77.23 83.51 95.46 57.31 45.30 80.37
10 A, (trans.) 106.74 97.42 99.33 118.65 75.32 47.78 107.39
11 A, (libr.) 112.41 112.23 112.02 119.42 76.09 38.67 105.48
12 B, (libr.) 130.09 128.83 130.55 141.33 94.93 48.72 124.98
Mean absolute deviation (cm™') 4.83 2.37 9.52 27.18 51.28 441
Mean absolute percent deviation (%) 5.96 2.77 10.84 30.13 55.38 5.37
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FIG. 2. Calculated phonon dispersion (solid lines), shown and analyzed in a frequency range dominated by intermolecular modes and
compared with neutron-scattering experiments of d§8-naphthalene at 6 K [49] (grey circles; dashed lines to guide the eye). While (a) DF-
cX@QpE.cx and () LDA@Q p, use optimized lattice parameters, (b) PBE @ Q. results are shown as computed with experimental parameters.
(d) The level agreement is quantified by plotting the difference between the calculated and the experimental values as a function of the latter.
For the intermolecular modes DF-cx @ Qpg. shows a mean absolute percent deviation of 7.8%, PBE@ Q. 5.8%, and LDA@Q;py 12.3%.

corrections restore repulsive short-range intermolecular inter-
actions missing in LDA, leading to agreement with experiment
at the experimental lattice parameters.

DF-cx, on the other hand, predicts the naphthalene unit-cell
volume within 1% [76] while reproducing the experimental
intermolecular frequencies within 7.8%. Although the total
deviation is slightly larger than for PBE, the scatter plot in
Fig. 2 shows that the DF-cx frequencies below 100cm™! are

shifted by a more or less constant factor, while PBE errors are
more randomly distributed over the range of intermolecular
modes, indicating that DF-cx better reproduces the qualitative
structure of the phonon dispersion. The superior performance
of DF-cx for phonons is further evident when comparing
the calculated bandwidths of the two lowest optical bands.
While PBE and LDA display a pronounced minimum and max-
imum for the first and second optical bands centered on I" along
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FIG. 3. The nine intermolecular optical modes of crystalline
naphthalene. Modes 5, 7, and 10 are translational modes roughly
parallel to ¢, b, and a, respectively. The other modes are librational
modes with rotational axes roughly along a (4, 6), b (8, 9), and
c (11, 12).

Z — I' - X, DF-cx reproduces the saddle-point-like disper-
sion reported in experiment. Additionally, along the high-
symmetry line X — A, the slope of the lowest band calculated
with DF-cx matches the experimental spectrum, whereas
both PBE and LDA, incorrectly, predict a minimum. Clearly
these soft intermolecular modes, where the influence of
nonlocal vdW dispersive forces would be expected to be
most significant, have the largest dependence on the chosen
functional, and LDA and PBE exhibit the largest discrepancies.
Overall, DF-cx, which accounts for vdW-dispersion forces, is
more predictive and performs significantly better than either
PBE or LDA for these low-lying naphthalene intermolecular
modes across the Brillouin zone.

We now comment further on the systematic underestimation
of the frequencies of the first ten bands for DF-cx. If this
were simply due to an overall underestimate of intermolecular
forces, we would expect all frequencies to be uniformly
redshifted. However, the two highest bands (modes 11 and 12)
along I' - X and along I' — Y show excellent agreement
(see Fig. 2). What distinguishes these two modes from the
others? These are librational modes with the libration axes
roughly along the length of the molecules and parallel to the
c axis. (See Fig. 3 for a visualization of the displacement
vectors at I".) The nature of the libration in modes 11 and 12
is such that the atom-atom distances between molecular layers
remain relatively constant compared to the other modes. The
two modes are thus dominated by interactions within the ab
plane. Now, if we inspect the lattice parameters in Table I
more closely, we see that the 1% volume difference is mainly
caused by an elongated ¢ axis, while a and b are much closer
to experimental values. The longer ¢ axis results in weaker
interactions along that direction and overall lower frequencies
for displacements with the largest amplitudes between layers,
explaining the different behavior of modes 11 and 12 (which
have minimal amplitude along c¢) compared to the rest.

Further support for this explanation can be found at the
high-symmetry points Z and A, where DF-cx underestimates
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the frequencies of the two highest intermolecular mode bands
relative to experiment. The coupling of those two modes
at Z leads to a shift of the rotational axes to the edge of
the molecule. The displacement pattern associated with these
modes could be described as a flapping motion, similar to a
flag on a pole in the wind, and leads to atomic displacements
much further into the interlayer gap (and heightened sensitivity
to ¢). In contrast, at X, the rotational axes remain centered
on the molecules, and these calculated frequencies exhibit
the same excellent agreement with experiment as observed
at I'. Finally, at the high-symmetry point A, we observe
near degeneracy between the four modes 9-12. The mixing
between the two librational modes 11 and 12 with the
translational mode 10 along a, and a librational mode with
rotation axes along b, again leads to mode displacement
patterns with higher amplitudes between molecular layers
and an underestimate relative to experiment. In sum, we can
associate the underestimation of frequencies of many of the
intermolecular modes by DF-cx directly to the overestimate of
the c-axis parameter relative to experiment.

We can quantify this analysis further by comparing the
frequencies calculated with experimental lattice parameters
(DF-cx@Qcxp,) to the corresponding frequencies of DF-
cx@Qpp.. Indeed, most zone-center frequencies are shifted
upwards to give much better agreement with experiment, as
can also be seen by the much improved mean average and
percent deviation (Table IT). The mode frequencies are notably
sensitive to a small change in lattice parameters, essentially
1% along one axis. For example, in the case of mode 6 we
compute an increase of 15%, and an overall decrease in the
mean percent deviation by more than a factor of 2.

We note that the frequencies of modes 7 and 10, transla-
tional modes along the b and a axes, respectively, are largely
unaffected by the change in lattice parameters and continue
to deviate from experiment in both cases by 7-10%. This
remaining disagreement with experiment may at least partially
be associated with limitations of DF-cx. In addition, there
are still uncertainties regarding experimental and calculated
lattice parameters. The crystals used in the neutron-diffraction
experiments (d8-naphthalene) might exhibit small differences
from the dO-naphthalene structure measured by Capelli et al.
[77], which we use in this work. In fact, d8-naphthalene
is known to exhibit small quantitative differences in lattice
parameters relative to its perprotonated counterpart, resulting
in a difference in volume of about 0.5% at room tempera-
ture [83,84]. As this volume difference might be a finite-
temperature effect, its implications are not directly transferable
to our low-temperature study, however. On the other hand, our
calculated relaxed lattice parameters do not take into account
finite-temperature effects or zero-point anharmonic expansion,
which could increase the calculated cell volume even at 0 K
[85-87]. Considering the impact on the phonon dispersion
caused by the ~ 1% change in volume, as shown above,
such small differences in cell volume could account for the
remaining discrepancies between DF-cx and experiment.

In conclusion, accurate determination of lattice parameters
is central for the ab initio calculation of intermolecular phonon
frequencies in vdW-bound crystals. As we have shown, DF-
cx outperforms the conventional functionals LDA and PBE
and is able to reproduce qualitatively and quantitatively the
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dispersion of intermolecular modes across the Brillouin zone
of solid naphthalene.

B. Intramolecular modes

We now turn our discussion to the intramolecular modes
above 150 cm~'. Relaxations with the three functionals used
here lead to very similar internal coordinates, within 0.015 A,
or 1% for bond lengths and 0.3°, or 0.2% for angles (see
Table S1 in the Supplemental Material (SM) [88] for all
relaxed coordinates). As a result, all functionals predict very
similar frequencies for intramolecular modes, agreeing to
within 2.5% (Table S2 and Fig. S1 in the SM [88]); in contrast,
intermolecular frequencies (discussed above) differ from DF-
cx by 6.3-25% for LDA, and 2.9-10% for PBE. Thus, in what
follows, we limit ourselves to the analysis of DF-cx results.
In order to compare with experiments on dO-naphthalene, we
present both deuterated and nondeuterated naphthalene results.
Figure 4 shows both full isotopic band structures side by side
for comparison. To illustrate the isotope shifts of individual
zone center modes, we connect the frequencies corresponding
to the two eigenvectors with the largest projection with black
lines. For all frequencies and corresponding shifts see Table
S3 in the SM [88].

Interestingly, hydrogenation leads to isotope shifts wy/wp
with a rather large spread, from 0.998 to 1.394, and results
in considerable reordering of the normal modes. Notably, for
the two C-C stretch modes at around 1390cm™', we predict
a rather unexpected decrease in frequency by about 3cm™!
for dO- compared to d8-naphthalene. This can be explained
by additional strain on the bond angles, as the more inert
deuterium atoms do not displace as much with the carbon
atoms. The modified displacement pattern leads to an effective
increase in the force constant which more than negates the
effect of the higher mass. Additionally, the almost constant
shift of 1.35 for all high-frequency C-H stretch modes at
around 2275 cm~! and 3075cm™!, respectively, corresponds
almost exactly to the expected shift of /mp/my = 1.36.

Finally, we compare calculated DF-cx zone-center fre-
quencies of dO-naphthalene with experimental IR and Raman
frequencies measured and reported by Suzuki et al. [46]. (All
frequencies are listed in Table S2 in the SM [88]. For visual
comparison, we indicate the experimental values with black
circles along the I" point in the spectrum in Fig. 4.) Overall,
the agreement between theory and experiment is excellent,
resulting in a mean absolute deviation of 1%. Discrepancies
between experimental and calculated values can have several
origins. The IR and Raman measurements were performed
at room temperature, which lead to increased anharmonic
contributions, generally lowering the measured frequencies
relative to those computed within a harmonic approximation.
Another complication is the assignment of experimental
frequencies. Overtones and combination bands in a dense
spectrum may be challenging to distinguish from fundamental
frequencies. This can obfuscate mode assignments, as can be
nicely seen in the large table assembled by Lielmezs et al.
[51]. To help with the future comparison with these data, we
list all calculated frequencies and their respective symmetries
in the SM [88].
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FIG. 4. Comparison between phonon dispersion curves calcu-
lated with DF-cx of d8- and dO-naphthalene. The black lines in
the center illustrate the shift of zone-center frequencies (dots) by
connecting the two modes with the highest projection between
eigenvectors. The black circles along I' in the perprotonated
spectrum on the right are experimental IR and Raman frequen-
cies of solid naphthalene [46]. The intermolecular frequencies
below 150cm™! were measured at 4 K, the intramolecular fre-
quencies at room temperature. For the distinction between IR
and Raman active modes, see Table S2 in the Supplemental
Material [88].
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IV. CONCLUSION

In this work, we calculated the full phonon dispersion of d8-
and dO-naphthalene with density functional theory. We evalu-
ated results obtained with three different density functionals,
namely LDA, PBE, and vdW-DF-cx. Comparing the resulting
dispersion of the intermolecular modes to the experimental
data obtained with neutron scattering, we highlighted the
necessity of using a vdW-corrected approach to accurately
predict the phonon spectrum. More specifically, we find that
PBE fails to predict bulk lattice parameters for naphthalene
that result in reasonable frequencies relative to experiment.
However, using experimental lattice parameters, PBE can lead
to relatively accurate phonon dispersion (although qualitative
discrepancies remain for intermolecular modes). LDA under-
estimates the unit cell by 10% and consistently overestimates
the frequencies; unlike PBE, LDA performs significantly
worse at experimental lattice parameters. DF-cx, on the
other hand, captures both the ground-state geometry of the
crystal as well as the phonon dispersion, both quantitatively
and qualitatively. The small discrepancies with respect to
experiment are likely due to modest differences between the
predicted lattice parameters and experiments, as well as any
differences between the experimental structures of dO- and
d8-naphthalene.

Further, we presented calculations of the full phonon
dispersion of both d8- and dO-naphthalene, and compared the
I'-point frequencies of d0-naphthalene to experimental values
obtained by IR and Raman spectroscopy. Being less sensitive to
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long-range intermolecular interactions and lattice parameters,
excellent agreement with intramolecular mode frequencies
was obtained by all three functionals.

This study demonstrates that including vdW interactions in
the functional is crucial in order to obtain predictive structural
and vibrational properties for weakly bound organic crystals
and related materials like naphthalene. DF-cx, while already
performing well, is only one of many existing and potential
vdW approaches, and crystalline naphthalene is one of the
simplest organic crystals. Our study provides further insight
into the vibrational properties of these materials across the
Brillouin zone and is a starting point for benchmarking other
vdW methods with naphthalene and known molecular crystals.
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