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An Ab Initio Investigation of Ultra-Low Thermal
Conductivity in Organically Functionalized TaS2
Francesco Siddi, Antonio Cappai, Luciano Colombo, and Claudio Melis*

An ab initio characterization of the impact of tert-Butyl isocyanate (C5H9NO)
functionalization on TaS2 lattice thermal conductivity is presented. Such a
system has been previously synthetized and experimentally charachterized,
showing that the incorporation of covalently bonded C5H9NO on bulk TaS2
leads to a dramatic in-plane lattice thermal conductivity decrease by more
than two orders of magnitudes. To elucidate these experimental findings,
detailed calculations of the phonon dispersion relations and scattering rates
in TaS2 are performed. The analysis is addressed to discern the impact of
inter-layer covalently bonded C5H9NO molecules on these phonon properties,
providing insights into the underlying mechanisms of the observed thermal
conductivity decrease. Present calculations provide evidence that the
observed lattice thermal conductivity reduction is attributed to two effects: i)
the increase of inter-layer separation and ii) the presence of low-frequency
molecular optical modes. The first inhibits specific Van der Waals
quasi-acoustic inter-layer vibrational modes contributing as much as ≈55% in
bulk TaS2. The second effect dramatically decreases the phonon group
velocities as a consequence of phonon-crossing phenomena among
low-frequency molecular modes and TaS2 acoustic modes, eventually leading
to a strong reduction of all phonon lifetimes.

1. Introduction

Improving and expanding the capabilities of 2D materials has
emerged as a focal point in scientific research.[1,2] This focus
is motivated by their distinctive layered structures, which im-
part substantial advantages in electronic, mechanical, and ther-
mal properties. Apart from graphene, during recent years, vari-
ous 2Dmaterials have been successfully characterized and exper-
imentally fabricated.[3] Among the hundreds of available 2D ma-
terials, transition metal dichalcogenides (TMDCs) have recently
gained a central role inmany research fields.[4] Defined by the for-
mula MX2, with M denoting a transition metal (TM) atom rang-
ing from group IV to V, and X representing a chalcogen atom
(S, Se, or Te), TMDCs such as molybdenum disulfide (MoS2),
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tungsten disulfide (WS2), and tungsten
diselenide (WSe2) have attracted huge
attention. The layered structure of TMDCs,
depicted as X–M–X, introduces a plane
of metal atoms separating the two hexag-
onal planes of chalcogenides, offering a
distinctive structural arrangement. With
over forty different combinations of multi-
layered elements within the TMDC family,
diverse TM and chalcogen atom blends
contribute to their composition.[5] TMDCs
exhibit either trigonal prismatic (2H)
or octahedral (1T) coordinations, distin-
guishing them from graphene due to the
presence of a bandgap in their mono-layer
state. Significantly, the semiconducting
properties of TMDCs undergo a crucial
transformation as they transition from
bulk to mono-layer configurations, shifting
their bandgap from indirect to direct.[6]

The versatile electronic properties,
coupled with mechanical flexibility and
optical sensitivity,[7] set TMDCs as can-
didates for a diverse array of applica-
tions. These include semiconductor sys-
tems, lightweight wearables, and flexible

technologies. For instance, a MoS2 transistor can achieve a car-
rier mobility of up to 200 cm2V−1s−1.[8] High-performance light-
emitting transistors and field-effect transistors based on MoS2

[9]

and WS2 have also been produced.
[10]

In most of the TMDCs’ applications, thermal properties play
a pivotal role in determining the device performance.[11] For ex-
ample, efficient heat dissipation in high-performance electronic
devices demands a high thermal conductivity,[12] while thermo-
electric applications request a lower thermal conductivity.[13] For
this reason it is crucial to develop effective strategies to properly
tune the TMDCs’ thermal conductivities. Classical thermal trans-
port theory suggests that due to heavy atom mass TMDC sheets
exhibit low thermal conductivities. Therefore, mono- or few-layer
TMDCs sheets are considered potential thermoelectricmaterials.
However, the reported experimental values of thermal conductiv-
ities typically show large values, e.g., MoS2 (52 cm2V−1s−1[14]),
MoSe2 (44 cm2V−1s−1[15]), TaS2 (36 cm2V−1s−1[16]), TaSe2 (16
cm2V−1s−1[17]), at room temperature. For this reason, pristine
TMDCs are currently considered not mature yet for thermoelec-
tric applications even if they present remarkable electrical con-
ductivity and Seebeck coefficient.
A recent exploration has unveiled a potential strategy to de-

crease the thermal conductivity of TMDCswithout affecting their
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corresponding thermoelectric power factor, as documented by
Wang et al.[16] Notably, the incorporation of covalently bonded
organic side-chains, such as tert-Butyl isocyanate (C5H9NO),
leads to a dramatic decrease in the in-plane lattice thermal con-
ductivity by almost two orders of magnitude. Simultaneously,
this modification results in slight enhancements in both elec-
trical conductivity and the Seebeck coefficient. This issue sets
the TaS2+C5H9NO system as a highly promising candidate for
thermoelectric applications. Similar strategies have previously
proven successful in organic crystals, demonstrating that the in-
troduction of suitable side chains can significantly influence the
thermal transport properties.[18,19]

Although the experimental results confirm a significant reduc-
tion, the exact impact of functionalizing TMDCs with organic
molecules on their thermal properties is not thoroughly charac-
terized. For this reason a full atomistic investigation is crucial
to understand the mechanisms underlying this observed phe-
nomenon and its implications for the material thermal prop-
erties in practical applications. Specifically, the experimental
findings highlight that the functionalization of TaS2 with or-
ganic molecules resulted in an increased distance between the
TaS2 layers. This underscores the critical necessity to examine
whether the observed reduction in lattice thermal conductivity is
attributed to this separation or influenced by some explicit effect
of the vibrational degrees of freedom of the organic molecules.
In contrast to other 2D materials like graphene[20,21] and BN,[22]

all the TMDCs exhibit a general reduction in thermal conductiv-
ity from bulk to mono-layers.[17,23,24] Furthermore, the impact of
covalently bonded organicmolecules on the vibrational (both har-
monic and anharmonic) properties, as well as the thermal prop-
erties of 2D materials, remains incompletely characterized.
To elucidate the specific role played by organic molecules in

this phenomenon, we performed a thorough ab initio analysis
aimed at assessing the impact of covalently bonded organic side-
chains on the thermal properties of TaS2, encompassing both har-
monic and anharmonic vibrational properties.
The outcomes of our investigation underscore a notable

reduction in thermal conductivity, attributing this phenomenon
to a combination of two factors. A significant contribution is
the increase of inter-layer distance induced by the presence
of organic molecules. This increase in separation exerts an
influence by decreasing the thermal conductivity through the
disappearance of specific shearing inter-layer vibrational modes.
The second contribution is indeed attributed to the physical
presence of covalently bonded organic molecules. Specifically,
the existence of low-frequency molecular optical modes prompts
a corresponding reduction in TaS2 acoustic modes group ve-
locities, ultimately leading to an overall decrease in thermal
conductivity.

2. Results and Discussion

It has been already highlighted that the functionalization of
TaS2 with tert-Butyl isocyanate has two notable effects. First,
a significant increase in the inter-layer distance, from 6.03 to
10.36 Å, is observed. Second, this process results in the forma-
tion of a covalent bond between the carbon atom of the iso-
cyanate group and a sulfur atom of TaS2. The synergy between
these structural and chemical modifications is crucial, leading

to a remarkable 60-fold reduction in lattice thermal conduc-
tivity. To decipher the origin of such a remarkable reduction,
we performed a very careful analysis of the vibrational proper-
ties of three representative structures, each obtained through a
very accurate geometry optimization (see themethodological sec-
tion for technical details), namely: a) bulk TaS2 (see Figure 1,
left); b) elongated TaS2 (see Figure 1, center); c) functionalized
TaS2 (see Figure 1, right). The optimized structure (a) show an
inter-layer distance of 6.02 Å and a cell angle of 90◦ that are in
perfect agreement with the corresponding experimental values
(see Table 1).
In order to obtain the structure (c), we started from the op-

timized structure (a), and we manually introduced the tert-Butyl
isocyanatemolecules, ensuring an initial C-S distance of 3 Å. The
experimental procedure used to induce the formation of a cova-
lent bond between tert-Butyl isocyanate and TaS2 has been in fact
rather complex.[16] Initially, electrochemical reduction charged
TaS2, followed by electron doping to enhance sulfur atom reac-
tivity. This facilitated the binding of sulfur atoms with the car-
bon atom of isocyanates, forming covalent bonds. As a matter
of fact, reproducing such a complex chemistry is out-of-reach of
the theoretical framework here adopted (and, likely, in any case
overwhelmingly heavy as for the corresponding computational
workload); therefore, we opted for an alternative method to in-
duce the formation of an S-C covalent bond. Specifically, we func-
tionalized the oxygen atom of the isocyanate group by adding an
extra hydrogen atom. This functionalization effectively reduced
the double bond character of the C═O bond, thereby facilitat-
ing the creation of the corresponding C-S covalent bond. Since
we had no information of the concentration of the molecules,
we assumed the highest concentration possible, namely one tert-
Butyl isocyanate molecule every 4 TaS2 unit cells. The final struc-
ture after the geometry optimization show an inter-layer dis-
tance (see Table 1) as large as 10.96 Å, which is in very good
agreement with the experimental value of 10.36 Å. The C-S dis-
tance is found to be 1.8 Å (similar to the typical length of C-S
bonds of 1.7 Å), which indicates the creation of a covalent bond.
The closest distance between the H atoms of the tert-butyl iso-
cyanate and the S atoms of TaS2 is 3.25 Å, far exceeding the typ-
ical length of S-H bonds (as short as 1.4 Å). Additionally, we
observed a slight variation in the supercell angle 𝛼, although
this variation is minimal, being less than 1%. Finally, structure
(b) was obtained from structure (c) by removing the covalently
bonded tert-Butyl isocyanate molecules, and performing an in-
ternal geometry optimizationwhile keeping the supercell volume
fixed.
In Figure 2, we display the calculated phonon dispersion re-

lations for structures (a), (b), and (c), color-coded according to
their respective phonon lifetimes. In both system (a) and (b),
since we have six atoms per unit cell (three atoms per layer),
we have a total of 18 dispersion curves, 3 acoustic and 15 op-
tical. In system (c) there are 29 atoms per unit cell, there-
fore we have a total of 87 dispersion curves (3 acoustic and 84
optical).
As variance with structures (b) and (c), in structure (a) we ob-

serve three low-frequency optical phonon branches, denoted as
quasi-acousticmodes because of their strong similarities with the
corresponding acoustic modes.[25] Such quasi-acoustic branches
have been identified in numerous layered and 2D materials and
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Figure 1. Stick and balls representation of the three geometry optimized structures under study: a) bulk TaS2; b) elongated TaS2 and c)TaS2+tert-Butyl
isocyanate.

are attributed to the weak interactions between layers.[26–29] In
the case of TaS2, these quasi-acoustic branches are related to spe-
cific inter-layer shear phonon modes (see Figure 3) and are dom-
inated by the van der Walls interactions. The presence of quasi-
acoustic branches has two consequences: 1) they provide a sizable
contribution to the lattice thermal conductivity in addition to the
acoustic branches, and 2) they can scatter with acoustic phonons.
While the former effect enhances thermal conductivity, the latter
lowers it.
In structure (b), the planes are spaced enough to exhibit neg-

ligible van der Waals interactions, thereby hindering the quasi-
acoustic shearing modes. For this reason, since the interac-
tion between the layers is now negligible, all the dispersion
curves (both acoustic and optical) are now two times degener-
ate showing a total of nine visible phonon branches. Besides
the disappearance of the quasi-acoustic phonon modes, the in-

Table 1. Calculated inter-layer separation and tilting angle compared to the
corresponding experimental values for the (a) and (c) structures.

System Inter-layer separation (Exp[16]) 𝛼

TaS2 Bulk 6.02 (6.03) Å 90.00◦

TaS2 + C5H9NO 10.96 (10.36) Å 89.24◦

crease in separation alone results in a slight decrease of the
phonon lifetimes.
The introduction of tert-Butyl isocyanate (the (c) structure) fur-

ther diminishes phonon lifetimes and induces a significant mod-
ification of the dispersion relations. In particular, the introduc-
tion of the covalently bonded molecules gives rise to a signifi-
cant flattening of the TaS2 acoustic modes. Such an effect is at-
tributed to the presence of nearly dispersionless low-frequency
optical molecular modes that cross with the acoustic TaS2 modes
resulting in such a flattening. In Figure 4, we visualized such a
low-frequency molecular optical modes by red arrows: the first
two modes involve specific rotations of the butyl groups, and
the third involves the rotation of the whole tert-butyl isocyanate
molecule. The phonon-crossing phenomenon, identified in vari-
ous structures,[30–32] are usually correlated with a noteworthy de-
crease in acoustic phonon group velocities and a corresponding
strong increases of the vibrational anharmonicity, ultimately re-
sulting in a further decrease of thermal conductivity.[33]

Figure 5 shows the corresponding group velocities of the
acoustic (and quasi-acoustic for structure (a)) phononmodes (see
Figure 5). For structures (a) and (b), we note marginal variations
in the group velocities of the acoustic phonon modes. The most
noteworthy distinction is evident in the low-frequency ZAmode,
characterized by the lowest group velocity, where the elongation
further diminishes the group velocity.

Adv. Theory Simul. 2024, 7, 2400056 © 2024 Wiley-VCH GmbH2400056 (3 of 8)
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Figure 2. Phonon dispersion relations. Color code (right) showing their respective lifetimes for the three systems under study (a log scale is used for
phonon lifetimes).

Figure 3. Red arrows visualize the atomic displacements associated with the, first, second and third quasi-acoustic modes in bulk TaS2.

Figure 4. Red arrows visualize the atomic displacements associated with the, first, second, and third optical modes in the functionalized system TaS2
+ tert-butyl isocyanate.
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Figure 5. Group velocity of acoustic and quasi-acoustic modes for a) bulk TaS2, b) elongated TaS2, and c)TaS2 + C5H9NOOS.

Figure 6. Phonon lifetimes of a) bulk TaS2, b) elongated TaS2, and c)TaS2 + C5H9NO.

Moreover, as previously mentioned, in the case of the bulk
structure, we observe that the three quasi-acoustic phonon
branches show group velocities comparable to the acoustic ones,
therefore we expect a corresponding large contribution to the to-
tal lattice thermal conductivity.
Finally, the TaS2 functionalization with tert-Butyl isocyanate

(structure (c)), greatly reduces the acoustic group velocities due
to the occurrence of phonon-crossing with low-frequency molec-
ular optical modes. Finally, the TaS2 functionalization with tert-
Butyl isocyanate (structure (c)), greatly reduces the acoustic group
velocities due to the mixing of molecular optical bands with the
acoustic bands.
In Figure 6, we show the corresponding phonon lifetimes.

Surprisingly, the highest phonon lifetime in structure (a) are
the quasi-acoustic ones, with values above 100 ps. This obser-
vation, coupled with their high group velocities, suggests that
quasi-acoustic modes play a substantial role in the overall bulk
lattice thermal conductivity of TaS2. Besides the quasi-acoustic
modes, we observe slight differences in the phonon lifetimes
between structures (a) and (b). As due to the high density of
phonon branches upon the introduction of the covalently bonded

Figure 7. In-plane thermal conductivity of every system in respect of
the temperature. The inset emphasizes the comparison between the es-
timated thermal conductivity and the experimental values for TaS2 +
C5H9NO.

tert-Butyl isocyanate, we observe a dramatic decrease of all the
phonon lifetimes dropping below 50 ps.
Finally, from the information of specific phonon group ve-

locities and lifetimes, we can estimate the lattice thermal con-
ductivity (𝜅) by Equation (1). Figure 7 shows the estimated
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Table 2. Thermal conductivity at 300 K (WmK−1).

System Calculated Experimental[16]

TaS2 Bulk 37.03 36.00

TaS2 elongated 17.35 –

TaS2 + C5H9NO 0.19 0.60

thermal conductivities as function of temperature in the range
200 K ≤ T ≤ 500 K for structure (a) (red line), (b) (blue line)
and (c) (green line). Black dots represent the corresponding ex-
perimental values.[16] Since the reported experimental values in
ref. [16] referred to the total (lattice+electronic) thermal conduc-
tivity, we extract the corresponding lattice thermal conductivity
by subtracting the electronic contribution (as large as ≈10% for
pristine TaS2 and ≈89% for TaS2 + C5H9NO), estimated via the
Wiedemann-Franz law, from the experimentally reported total
thermal conductivity.[16]

Table 2 shows the the thermal conductivity values estimated at
300 K in comparison with the experimental values.
The calculated values are in very strong agreement with the

experiments with a discrepancy at 300 K as small as 3%. This
excellent agreement provides a robust validation of the accuracy
of all the methodologies used in estimating lattice thermal
conductivities. A deviation of about 5 % from the experiments
is observed for temperatures above 300 K. We attribute these
deviations to the use of a constant Lorentz number in the
Wiedemann-Franz law to determine the electronic contribution
to overall thermal conductivity. It has been shown that the
Lorentz number can exhibit slight temperature dependence.[34]

Therefore, taking this temperature dependency into account
could lead to a reduction in uncertainty with respect to the
experiments.
From Figure 7, we observe that the inter-layer separation in-

crease induced by the presence of the molecules, from 6.02 Å
(structure (a)) to 10.96 Å (structure (b)), significantly decreases
the lattice thermal conductivity from 37.03 Wm−1K−1 down to
17.35 Wm−1K−1. As mentioned above, we attribute such an
important decrease to the disappearance of the quasi-acoustic
phonon modes due to the reduction of the inter-layer Van der
Walls interactions. These modes exhibited notable group veloci-
ties and the longest phonon lifetimes, thus making a substantial
contribution to the lattice thermal conductivity in Equation (1).
This result deviates from conventional findings in well-explored
systems like graphene[20,21] or BNmono-layers,[22] where increas-
ing inter-layer separation typically leads to an increase in ther-
mal conductivity.
Explicitly considering the presence of the covalently bonded

tert-Butyl isocyanate molecule leads to a noteworthy additional
reduction in lattice thermal conductivity, down to 0.2 Wm−1K−1.
In addition to the previously described impact of inter-layer
separation, this further decrease is attributed to the combined
effects of a significant reduction in acoustic phonon group
velocities, as previously described, and a substantial reduction
in phonon lifetimes. The estimated lattice thermal conductivity
slightly underestimates the experimental value of 0.6 Wm−1K−1.
We attribute such a slight discrepancy to the molecular coverage
that we assumed in our simulations. As mentioned before,

since the actual molecular coverage was not explicitly stated
in ref. [16], we adopted the assumption of the maximum ob-
tainable molecular coverage. We expect that such a a high
molecular coverage might extensively affect the lattice thermal
conductivity.
In order to further characterize the contribution of specific fre-

quencies on the lattice thermal conductivity, we report in Figure 8
(left) the spectral thermal conductivity of all the structures and in
Figure 8 (right) the corresponding cumulative normalized ther-
mal conductivity. We observe that in the (a) and (b) structures
considered, the main contribution (≈90%) is attributed to rela-
tively low frequency modes below 100 cm−1. In the case of the (c)
structure, we observe that higher frequency modes extending up
to 150 cm−1 play a significant role in affecting the lattice thermal
conductivity. This is attributed to the abundance of optical modes
within the 100 to 150 cm−1 range. Despite exhibiting only a mod-
est group velocity, these modes possess a non-negligible life-
time, thus making an additional contribution to the total thermal
conductivity.
The decomposition of the thermal conductivity among acous-

tic, quasi-acoustic and optical contributions is reported in
Figure 9. We observe that for the bulk structure, the contribution
of quasi-acoustic modes (≈55%) is predominant over acoustic
(≈35%) and optical (≈15%) modes. In terms of absolute numbers
the acoustic modes give a contribution to the thermal conduc-
tivity of ≈14 Wm−1K−1. By increasing the inter-layer distance, al-
most all the contribution (larger than 90%) is attributed to acous-
tic modes which in terms of absolute numbers represent a 𝜅 con-
tribution of ≈15 Wm−1K−1. This gives evidence of two phenom-
ena: 1) the disappearance of the quasi-acoustic contribution is the
main reason for the decrease in the thermal conductivity induced
by the increase in the inter-layer separation; 2) the effect of the in-
creased phonon scattering due to the presence of quasi-acoustic
modes slightly lowers the thermal conductivity contribution due
to acoustic modes by ≈1 Wm−1K−1

3. Conclusion

In conclusion, by a fully ab initio investigation we have thor-
oughly characterized both the harmonic and 3rd order anhar-
monic properties of bulk TaS2 functionalized with C5H9NO. This
specific functionalization has been experimentally demonstrated
to induce a remarkable reduction in lattice thermal conductivity
as high as 98%. To provide insights into these experimental ob-
servations, we performed thorough calculations by analyzing the
phonon dispersion relations and scattering rates in both pristine
and functionalized TaS2.
We observed two notable structural effects as due to themolec-

ular functionalization: a significant increase in the inter-layer dis-
tance, from 6.03 Å up to 10.36 Å and the formation of a cova-
lent C-S bond between C5H9NO and TaS2. The interlayer separa-
tion increase is intrinsically responsible for a thermal conductiv-
ity reduction of ≈53% with respect to pristine pristine bulk TaS2.
Such a reduction is due to the suppression of specific interlayer
shearing quasi-acousticmodes that significantly contribute to the
bulk thermal conductivity. Additionally, the effect of covalently
bonded C5H9NOmolecules is to introduce low frequency molec-
ular optical modes which, due to phonon crossing with pristine
TaS2 acoustic modes, cause an overall reduction of phonon group

Adv. Theory Simul. 2024, 7, 2400056 © 2024 Wiley-VCH GmbH2400056 (6 of 8)
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Figure 8. a) Thermal conductivity spectrum b) Cumulative thermal conductivity.

Figure 9. Acoustic, quasi-acoustic and optical contributions to thermal
conductivity for the systems of interest.

velocities as well as lifetimes. These reductions lead to an addi-
tional decrease in thermal conductivity by approximately ≈46%
of the bulk thermal conductivity, contributing to an overall reduc-
tion of roughly ≈99%. Thus, it is evident that both factors sig-
nificantly contribute to the notable decrease in observed thermal
conductivity.

4. Theoretical and Computational Methods

4.1. Theory

The thermal transport properties of both pristine and function-
alized TaS2 were summarized by their thermal conductivity 𝜅

which was provided by the Boltzmann Transport Equation in Re-
laxation Time Approximation (BTE-RTA):[35]

𝜅𝛼,𝛽 =
1

NqV

∑

qj

ℏ𝜔qjvqj,𝛽vqj,𝛼𝜏qj
𝜕nBEqj
𝜕T

(1)

where the sum is over all the phonon branches j and the q-points
in the First Brillouin Zone, the corresponding mesh contains as
many as Nq points. This expression depends on the phonon fre-
quency 𝜔qj, on the Cartesian 𝛼 and 𝛽 components of the phonon
group velocity vqj, on the phonon lifetimes 𝜏qj and on the deriva-
tive of the Bose-Einstein distribution nBEqj with respect to temper-
ature T . The various 𝜔qj used in Equation (1) are obtained with
a pure harmonic approximation, while the 𝜏qj are obtained using
a third order anharmonicity, since three-phonon process usually
play the prevalent role in thermal transport phenomena. This is

a standard approach for this kind of calculations and proof of its
efficacy in this specific case will be provided below.

4.2. Computational Protocol

All calculations presented in this study rely on Density Func-
tional Theory (DFT) and had been performed using three dif-
ferent model systems: a) pristine bulk TaS2 (see Figure 1, left);
b) elongated TaS2 (i,e., bulk TaS2 with an expanded inter-layer
distance, see Figure 1, center); and c) functionalized TaS2 (bulk
TaS2 with both an enlarged inter-layer distance and the explicit in-
corporation of covalently bonded tert-Butyl isocyanatemolecules,
see Figure 1, right). Hereafter, the three systems would be re-
ferred as structure (a), (b) and (c), respectively. All the DFT cal-
culations were performed in periodic boundary conditions and
implemented in the Quantum Espresso package.[36] The cor-
rected generalized gradient approximation of Perdew, Burke,
and Ernzehof,[37] PBEsol,[38] was used in all calculations with
Projector-Augmented Wave (PAW) pseudopotentials[39] and a
plane-wave basis set. In all calculations, a plane-wave cutoff of
60 Ry and a charge-density cutoff of 480 Ry was adopted. The
force convergence criterion was set to 10−12 Ry/Å and the energy
convergence criterion was set to 10−15 Ry. In all the three cases
the k-mesh sampling was set to 0.1 Å−1.
In order to estimate 𝜅 from Equation (1), calculation of 𝜔qj

and 𝜏qj was needed by estimating the interatomic force constants
(IFCs). They were respectively obtained from harmonic IFCs and
from 3rd order IFCs. To calculate the IFCs, the finite displace-
ment method using the Alamode package was chosen.[40] In or-
der to evaluate the harmonic IFCs, a conventional hexagonal cell
obtained as a 4 × 4 × 2 replica of the primitive cell containing 96
atoms for the bulk and elongated systems and 232 atoms for the
functionalized TaS2 system was adopted. In order to reduce the
computational cost, that otherwise would be overwhelming, for
the 3rd order IFCs calculations the number of replicas was re-
duced to a 2 × 2 × 2 supercell corresponding to supercells with
24 for the bulk and elongated systems and 58 atoms for the func-
tionalized TaS2 system. A size effect evaluation was performed
for the bulk TaS2 system and no differences were observed on
the results between the 4 × 4 × 2 and the 2 × 2 × 2 supercells.
In the evaluation of the harmonic IFCs of all systems and for

the cubic IFCs of pristine and elongated TaS2, any cutoff for the
interatomic interactions had not been imposed. On the other
hand, in order to reduce the computational cost, for the evalua-
tion of 3rd order IFCs for the functionalized TaS2 system, a cutoff
corresponding to the first-neighbors distance was imposed.

Adv. Theory Simul. 2024, 7, 2400056 © 2024 Wiley-VCH GmbH2400056 (7 of 8)
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