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ABSTRACT

Amorphous carbon (a-C) represents a broad and technologically relevant class of carbonaceous materials whose rich morpho-
logical diversity, characterized by nanoporosity and defective networks, endows them with unique electrical, chemical, and opti-
cal properties. Despite their potential for light-matter interaction and enhanced-chemistry applications, a microscopic
understanding of the optical response of a-C remains elusive, primarily due to the absence of long-range order and the resulting
need to model systems containing hundreds of thousands of atoms. In this work, we combine atomistic models generated through
the dynamic reactive massaging of the potential energy surface (DynReaxMas) approach with a recently developed, fully classical
yet atomistic method for calculating their optical response, named frequency-dependent fluctuating charges (wFQ). This meth-
odology enables the simulation of large-scale a-C structures with near-ab initio accuracy, unveiling a complex optical behavior
characterized by strong and spatially inhomogeneous local field enhancements (“hot spots”). Four distinct types of hot spots are
identified, corresponding to unsaturated carbon dangling bonds, confined regions between graphene-like sheets, single carbon
chains, and atomistic defects. Our results demonstrate that these localized field enhancements can, in principle, drive selective
sensing and photochemical activity in a-C materials, thereby providing a microscopic basis for their design and functionalization
in optical and catalytic applications.

1 | Introduction optical, chemical, and mechanical properties, which, apart

Amorphous carbon (a-C) is a commonly employed label term from an intrinsic scientific interest, make them very attractive

for a broad class of carbonaceous materials which, at variance
with diamond, graphite, graphene [1-3], nanotubes [4, 5],
cyclocarbons [6-8], and other more regular allotropes [9],
do not present long-range structural order [10, 11]. Due to
the greater freedom associated with the lack of repetitive units,
these materials can exhibit unique and diverse morphological
features such as nanoporosity (possibly multimodal), curved
traits, tunnels, rough or smooth surfaces, and any combination
thereof. This structural freedom, combined with the rich
chemistry of carbon, endows them with remarkable electrical,

and widely exploited in applications, from photoelectrocataly-
sis to smart materials, to energy storage, to sensing [11-15].
Some of these potential applications are inherently linked to
their optical response. In particular, their disordered morphol-
ogy, characterized by subnanometric gaps, irregular curva-
tures, and atomistic defects, provides a versatile platform for
generating strong and spatially inhomogeneous local field
enhancements. Such features make these materials especially
appealing for light-matter interaction phenomena relevant to
enhanced chemistry, from spectroscopic signals [16-18] to
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photocatalytic processes, such as CO, reduction [19-23], where
localized hot spots can selectively modify the electronic struc-
ture of adsorbed molecular species.

Deploying this appealing and ambitious strategy presents two
major challenges. First, knowledge of the atomistic structure
of a-C materials is a prerequisite, a task achieving which is far
from trivial for phases with an intrinsic multiscale amorphous
character, as witnessed by the many different approaches pro-
posed in the literature to generate their atomistic configurations,
from Monte Carlo [24-26] to reactive molecular dynamics
[27-32] to the reactive packing of molecular building blocks
[33-37]. Indeed, the lack of long-range order combined with a
rugged potential energy landscape [38], exhibiting a multitude
of local minima separated by high energy barriers associated with
breaking/reforming strong covalent bonds, makes it very difficult
to first produce and then identify typical configurations.

Second, again due to the lack of long-range order, the size of the
systems that need to be dealt with to achieve realistic and accu-
rate structural models is very large, counting at least several
thousands atoms (more precisely: from several tens of thousands
to millions of atoms) [27, 32]. Accurately describing the optical
response of systems of such size is particularly challenging. In
fact, conventional methods for the prediction of excited-state
and optical properties, such as time-dependent density functional
theory (TDDFT), can be applied only to systems containing a few
hundred atoms [39]. Even when resorting to semi-empirical
extensions, such as time-dependent density functional tight-
binding (TDDFTB) [40], the accessible system size can be
extended to a few thousand atoms, which is far from the typical
size of a-C.

Here, we propose a practical path to realize the strategy outlined
above. To address the first challenge, we use atomistic models
generated via the dynamic reactive massaging of the potential
energy surface (DynReaxMas) approach [27, 32]. DynReaxMas
has been designed to run within affordable time scales at
realistic simulation temperatures (1500-2000 K), thus managing
to correctly capture the interplay of activated versus diffusional
processes and the resulting phase morphology in the simulation
of the growth. This entails that the resulting DynReaxMas struc-
tures can reproduce simultaneously both medium-length-scale
and microscopic atomistic features of a-C phases (indeed, a
proper account of medium-range structural features is necessary
to get correct atomistic structures) in excellent agreement with
experimental high-resolution transmission electron microscopy
imaging, as well as pair distribution profiles of interatomic
distances and several other descriptors fully in tune with experi-
mental phases [27, 32]. Also, collateral properties such as the
mechanical behavior are predicted to be in good agreement with
experimental data [41].

To address this second challenge and accurately predict the
optical response of such large systems, we employ a recently
developed fully classical yet atomistic approach, named frequency-
dependent fluctuating charges (wFQ) method [42-45]. This frame-
work models the linear optical response of carbon-based materials
by assuming a Drude-like conduction mechanism modulated by
quantum tunneling effects [43]. Owing to its classical formulation
and favorable computational scaling, wFQ can be applied to sys-
tems comprising hundreds of thousands to millions of atoms, such
as a-C, while retaining near-ab initio accuracy. In fact, wFQ

provides an accuracy comparable to that of ab initio methods
for graphene-based nanostructures of various sizes and shapes
[43], and it also captures the optical response of graphene nano-
gaps [46] and defected polycrystalline graphene [47].

We find that a-C materials exhibit an interesting optical response,
exhibiting regions of strong electric field enhancement corre-
sponding to “hot spots” of four types depending on the nature
of the a-C: (1) unsaturated carbon dangling bonds, (2) confined
regions between parallel graphene-like sheets, (3) single carbon
chains, and (4) atomistic defects. Our findings demonstrate that
selective sensing of molecular species via hot spot electric field
enhancement in a-C materials is indeed possible and opens
the path to its fundamental understanding and eventual exploi-
tation for technological and chemical applications.

The article is organized as follows. Section 2 describes our meth-
odological tools. Section 3 reports and discusses our results.
Section 4 summarizes our findings and conclusions.

2 | Methods
2.1 | DynReaxMas

The DynReaxMas approach combines reactive molecular dynam-
ics with potential energy surface (PES) deformation techniques to
achieve highly realistic atomistic configurations while keeping
simulated times within very affordable levels (<0.5ns). The
approach is generally applicable and can be implemented using
avariety of force fields, here we follow our original work from ref.
[27], in which the ReaxFF potential [48] has been employed
to describe the PES. This choice is justified by the multiple perks
of the ReaxFF. First, there exists an accurate parameterization for
carbonaceous materials that includes noncrystalline carbon
phases in its training set: the C-2013 forcefield [49]. Second, most
ReaxFF parameters have a clear physical interpretation,
providing us with more physical ground in selecting the param-
eters to be worked on during the PES deformation step, which we
call a “massage”. Third, ReaxFF is widely available for use in
many widespread software packages, both open source (such
as LAMMPS) and proprietary (SMC, Materials Studio, ...),
and, thanks to the KOKKOS library [50], can run on GPUs with
a >tenfold acceleration with respect to CPU-only machines for
systems of the size investigated here. Fourth, ReaxFF performs
well in terms of accuracy and comparison with experiment with
competitor force fields [51]. Finally, the inclusion of other ele-
ments is easier with the ReaxFF than with other similarly accu-
rate potentials (for instance, EDIP [52]), thus making heteroatom
inclusion possible.

More in detail, the DynReaxMas protocol works as follows. The
starting point is a random configuration of carbon atoms in a
cubic simulation box with a proper atom number to cell size ratio
to target the desired final density of the model. Then, a short
50 ps molecular dynamics run is performed on the massaged
PES that is obtained by halving one of the 15 ReaxFF parameters
that are related to interconversion barriers, which include bond
breaking, but also rotations and torsions. The procedure is then
repeated seven more times by massaging different ReaxFF
parameters, to yield a total of eight iterations. Finally, a global
optimization step is performed to reduce the amount of high-
energy defects. In principle, there exists a very large number
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of combinations of massage parameters, and the flexibility of the
approach relies on the fact that not all massages yield models
with the same features. In this work we take the structures from
ref. [27] by choosing the ones with the most diverse descriptors.
For the sake of simplicity, we streamline the original massage
notation, from MMn/MMm into Mnm, so, the structure refered
to as MM1/MMS in [27], will become M18 in this work, and anal-
ogously for the other cases. Further information on the rationale
behind the DynReaxMas strategy given in Section S1 of the
Supporting Information.

Besides the PES deformation, the other relevant parameter of MD
for our application is the temperature. The DynReaxMas works
at typically lower temperatures than other reactive MD methods,
ranging between 1500 and 2500 K. Temperature has a major
effect on the morphology of the structures. As expected, higher
temperatures lead to a higher degree of graphitization, with more
regular sheets and a higher ratio of 6-member rings to 5- or
7-member ones. Most importantly, by playing with the nature
of the massages and the temperature, we can generate structures
with a different degree of defectivity (e.g. unsaturated bonds), or
regularity of the sheets (see also Section S1.2 of the Supporting
Information). This allows us to better understand the effect that
these structural features have on field enhancement in carbona-
ceous amorphous phases.

Additionally, in order to expand our database to include more
regular yet morphologically complex structures, we also recently
introduced into the DynReaxMas protocol a post-processing step
[32], i.e., a high temperature treatment, that we call curing. This
consists of running a 5 ns MD at 2500 K on the structure resulting
from the massaging stage. This high-temperature post-processing
does not destroy the overall morphology of the DynReaxMas as-
produced phase, but leads to a local rearrangement of the bond
structure, without oversimplifying the mesoscale, as it happens
instead in other computational protocols when structures are
generated at very high temperatures in the growth phase.
Moreover, this curing step also has the benefit of closely mimick-
ing the high-temperature post-processing treatments that are typ-
ically realized at the experimental level, precisely to reduce the
defectivity of the as-prepared experimental phases.

Specifically, in this paper, we explore the optical response of five
structures. Since the initial guess is the same for all of them, we
can unambiguously refer to them through the massage sequence,
the temperature, and whether they are cured or not. Under
this convention, we have the M18-2000 uncured and cured,
the M34-2000 uncured and cured, and the M18—2500 cured
structures.

We focus on a-C phases at a mass density of p = 0.50 g/cm?. This
is the density most commonly used in sensing and catalytic appli-
cations as it allows the system to exhibit nanopores of reasonable
size (between 1 and 4 nm), which then have good transport prop-
erties combined with good graphiticity and thus good conducting
properties [15] depending on the growth temperature and post-
processing treatment. We select DynReaxMas structures gener-
ated via two different sets of massages: M18 and M34, which
can be taken as representative of a more uniform (M18) versus
a bimodal (M34) distribution of pore sizes, see Figure 3 of ref.
[27]. Additionally, we compare as-grown DynReaxMas structures
(hereafter named “uncured”) with structures subjected to the
post-processing “curing” treatment as described in Section 2.

The curing protocol significantly decreases the number of unsat-
urated carbon atoms with dangling bonds, and the number of
fivefold rings by inducing their migration to the edges of gra-
phitic sheets, improving the smoothness of the graphene-like
planes, see ref. [32] for a discussion, Section S1 of the
Supporting Information for more quantitative analysis, and more
details on the curing protocol. Figure S1 of the Supporting
Information shows schematic depictions of the phases here
considered.

All carbon models were generated according to the DynReaxMas
protocol using LAMMPS with 3D PBC. The simulation cells con-
tain 25,056 carbon atoms with an initial periodic cell size of
100 x 100 x 100 A® for p=0.50 g/cm?. The Cartesian coordi-
nates of the structures here employed can be found in the
Supporting Information of ref. [32].

2.2 | Frequency-Dependent Fluctuating Charges
(wFQ)

oFQ is a fully atomistic classical approach designed to investigate
the optical response of plasmonic metal nanoparticles [18, 42,
44, 45, 53-58] and carbon-based nanomaterials [43, 46, 47, 59].
In wFQ, each atom is assigned a complex Gaussian charge
distribution that fluctuates under the action of an external
monochromatic field oscillating at frequency . The charge
exchange between the atoms follows the Drude model of conduc-
tion, integrated by a phenomenological treatment of quantum
tunneling, allowing an accurate description of both local and
nonlocal contributions to the optical response [42, 44].

For a system composed of N,oms atoms, in wFQ the time
evolution of the atomic charges is written as [42]:

Natoms

dg; i i
T= > Alne) - () - Iy) @
J

where (p) denotes the average momentum exchanged along the
trajectories linking atoms i and j, iij is the unit vector connecting
them, and n represents the electronic density. The term .4; speci-
fies the flux area through which charge exchange takes place.

In the frequency domain, wFQ charges are computed by solving
[42, 43, 59]:

Naoms ,
o= [P ) ) @
ij

l—iwt\ m &
j=1

where 7 is the scattering time, v is the Fermi velocity (which for
carbon-based materials is fixed to 10® m/s). lj is the atom-atom
distance, and (/)f’ is the electrochemical potential acting on atom
i, accounting for the interaction with the external field and the
other charges. By following graphene electronic structure [2], in
carbon-based materials, the Fermi energy, which is defined as
Ep = hvgy/z - n, can be modulated to modify the electron density.
The effective mass in this kind of nanostructures is finally
defined as m*=/z-n/vp [2]. f(I;) is a Fermi-like function
which mimics quantum tunneling, which is crucial for correctly
describing the optical properties of subnanometer gaps
[42, 44, 60-62], and atomistic defects [46, 47, 58], as in a-C nano-
structures. It is defined as:
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1

fly)= o
1+ exp [_d<s 'Jlg—l>}

where l‘i} is the nearest-neighbor atomic distance, and d and s

3)

determine the charge-transfer profile. All parameters used in
the wFQ calculations, as well as the dependence of the results
on the chosen 7z, are presented in Section S2 of the Supporting
Information.

Equation (2) is solved for each input frequency. The resulting
charges describe a discretized induced density, from which
the total induced complex dipole moment and the polarizability
tensor (a) can be computed. From the diagonal polarizability
imaginary components (Im[ay]), the absorption cross-section
6° can be evaluated as:

o™ (w) = %2 Imlag(w)] k€ {x.y.2} “4)

o (w) = %;ﬁ“(w) (5)

where Equations (4) and (5) represent the absorption cross-
section along the k direction, and the isotropic average, respec-
tively. All wFQ calculations are performed by using plasmonX
[63].

In addition, the electric field induced by the charges at a spatial
point r, can be computed as [44]:

e [ (2 I
mato= = ot ((5) - oo (- ))
’ lz:; l |rip|3 Rflz \/ER‘L' Réi

(6)

where R, is the width of the Gaussian charge distribution asso-
ciated with the atom i, r;, is the vector connecting the atom i and
the point p, and X indicates whether the real (Re) or imaginary
(Im) component of the charge is considered.

From the calculation of the induced electric field in Equation (6),
the field enhancement can be calculated at a specific point. This
is a fundamental quantity in optical simulations, as it is directly
related (through its second and fourth powers) to the enhance-
ments that are measured in surface-enhanced (SE) spectroscop-
ies, such as SE infrared absorption [64-66] and surface-enhanced
Raman scattering (SERS) [16, 18, 57, 67-69]. By considering an
incoming external field intensity E,, the field enhancement can
be defined as:

B, \/Bre(®) P+ B (1)

B - | @

3 | Results and Discussion

We begin our discussion by examining the absorption cross sec-
tions of the a-C M18—-2000 and M34—-2000 phases, in both their
uncured and cured forms. In this way, a sufficiently large dataset
is studied, which allows us to draw meaningful conclusions about
the structure—properties relationship. The considered systems are
generated by replicating the unit cell 27 times (see Figure 1)
along each direction. This procedure ensures that hot spots
and their periodic images are spatially separated, effectively

b

X Y x27 Replicas
100 & 004 E— 300 A
PN
¢ 100 A
Unit Cell Superstructure

FIGURE 1 | Graphical representation of the simulated unit cell and
the a-C superstructure.

removing artificial boundary effects. The resulting M18—2000
and M34-2000 superstructures are composed of 676 512 atoms.
The simulation of the optical response of such large structures
at full atomistic detail is prohibitive for nearly all atomistic
theoretical methods, but wFQ. In the present work, we take
advantage of the favorable scaling of the wFQ method, which
makes it possible to investigate such extended systems with a
level of accuracy that is comparable to that of fully ab initio
methodologies [42, 44, 45].

»FQ absorption spectra, computed along the X, Y, and Z direc-
tions and normalized with respect to the total number of atoms in
the system, are reported in Figure 2, together with their isotropic
average. The optical response of all systems is characterized
by a main peak at the plasmon resonance frequency (PRF).
For the M18-2000 superstructures (Figure 2ab), the PRF
remains essentially unchanged, at ~0.36 eV, for both the cured
and uncured forms. In both cases, the optical response does not
exhibit substantial variations as a function of the incident polari-
zation, with all absorption spectra closely following the isotropic
average. This behavior is particularly evident for the cured form
(Figure 2b). However, the two nanostructures differ significantly
in the relative absorption intensities along the three directions,
with the X and Z components inverting their relative strength
upon curing. Notably, our results are consistent with experimental
observations on related nanoporous carbon systems, where mid-
infrared plasmons are found at comparable energies for Fermi
levels similar to those used in our simulations [70].

In contrast, the M34—2000 superstructures (Figure 2c,d) preserve
the same ordering of absorption intensities in both the cured and
uncured forms, with the PRF again placed at around 0.36 eV. In
this case, the curing process induces a noticeable broadening of
the absorption band (Figure 2d). To further investigate this effect,
Figure S3 in the Supporting Information compares the cured
M34-2000 structure with the cured M34-2500, both generated
from a 50% replication of the unit cell. A further broadening of
the band is observed, while the PRF remains fixed at 0.36 eV and
the relative order of the peak intensities is unchanged. It is also
worth noting that, differently from the M18—-2000 case, the
M34-2000 structures exhibit a clear anisotropy in both forms.
In particular, the X absorption substantially deviates from Y,
Z, and from the isotropic average.

The overall optical response appears similar across all the studied
systems, in both cured and uncured forms. Nevertheless, subtle
differences arise, hinting at underlying distinct structural mor-
phologies. To gain a more comprehensive understanding of this
relationship, we analyze the enhancement of the electric field
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FIGURE 2 | FQ absorption cross section of M18—2000 (a,b) and
M34-2000 (c-) a-C superstructures, in their uncured (a,c) and cured
(b,d) forms. Vertical dashed lines indicate the PRF.

(see Equation (7)) as calculated at the PRF for an incident field
polarized along the X, Y, and Z axes.

In Figure 3, we report the electric field enhancements as three-
dimensional density maps computed within the unit cell (iso-
value = 0.4). This representation highlights the regions where
the local field enhancement reaches maximum intensity. By first
focusing on the M18-2000 systems (Figure 3, first and second
columns), we observe that in the uncured form, the field
enhancement appears to be confined to smaller regions, whereas
the cured morphology displays more extended domains charac-
terized by strong enhancements for X and Y polarization direc-
tions of the applied electric field. In contrast, the M34—2000
systems (Figure 3, third and fourth columns) exhibit only minor
differences in field localization between their cured and uncured
forms. Nevertheless, the cured morphology shows a tendency
toward more localized field enhancements, particularly evident
for external field polarizations along the Y and Z directions
(see Figure 3b,c). All these trends are a direct consequence of
the induced charge density calculated at the corresponding
PRFs (see Figure S4 in the Supporting Information).

To gain further insight into this behavior, we analyze the field
enhancements on planes orthogonal to the incident polarization
(see Figure 3), spanning the unit cell from 0 to 10 nm with con-
stant steps of 1nm (see Figures S5-S16 in the Supporting
Information). For each incident field direction, representative
planes of each structure are selected to highlight regions of strong
field enhancement and relate them to relevant morphological
features (see Figure 3). We immediately state that four diverse
hot-spot regions can be recognized, characterizing each structure
(vide infra): stacked graphene-like sheets, dangling bonds, single
carbon chains, and atomistic defects. Notably, the maximum
value shown in the color scale of each plane might not corre-
spond to the global maximum field enhancement reported in
Table 1, as the sliced planes do not necessarily intersect the exact
spatial location where the maximum enhancement occurs.

A comparison between the cured and uncured M18—2000 struc-
tures (Figure 3, first and second columns) reveals that the
uncured form develops pronounced hot spots originating from
regions where graphene-like sheets are arranged in a stacking
configuration (see highlighted red portions). These stacked hot
spots are less present in the cured structure, which nonetheless
exhibits more localized regions of strong field enhancement,
associated with atomistic defects. In contrast, the M34—2000 sys-
tems (Figure 3, third and fourth columns) display significant
modifications in the topology of the hot spots. As an example,
in the case of a Z-polarized incident field (Figure 3c), the uncured
structure exhibits a very delocalized enhancement within a single
carbon chain, whereas the corresponding cured structure dis-
plays a stacking-like topology that is, however, much more local-
ized. We further note that in the M34—2000 cured system, the
Y-polarized incident field gives rise to extremely intense and
highly localized field enhancements associated with single car-
bon chains and atomistic defects, reaching values of about 40.
Remarkably, such a strong enhancement might, in principle, cor-
respond to a SERS amplification on the order of 10 (|E|*/|E,|*
[16], which is typical for noble-metal nanostructures but has
never been reported in the context of carbon-based nanostruc-
tures [71, 72]. We note that such enhancement factors can also
be influenced by the adsorption geometry and by the laser
frequency, which can resonate with molecular electronic
transitions, providing an additional enhancement mechanism.
This observation, therefore, highlights a promising potential
application of these substrates that could propel further experi-
mental investigations.

To quantify the qualitative differences highlighted in Figure 3,
we calculate the effective volume V), which is defined as [73-75]:

2
V= A ||Eé2||zd3r ®)

where E™ is the maximum of the induced electric field E(r) in the
studied volume € (in this case, the unit cell highlighted in Figure 3).
The effective volume V provides a quantification of the localization
of the induced electric field [73-75]. The numerical values of V for
the studied systems as a function of the incident field polarization
calculated at the PRF are reported in Table 1, together with the
computed maximum field enhancement observed in the volume
Q. We remark that the values reported in Table 1 for the maximum
|E|/|E,| and the effective volume are computed over the central
unit cell of the a-C superstructure.
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(Uncured) (Cured)

@
|E|/|Eo]

|EI/|Eq|
z

b

M34-2000

(Cured)

FIGURE 3 | wFQ electric field enhancements for X (a), Y (b), and Z (c) field polarizations, depicted as 3D density maps (top) and 2D color maps on
planes orthogonal to field propagation (see left panel) for M18—2000 and M34—2000 in their uncured and cured forms. The maps are provided within the

central unit cell.

TABLE1 | Effective volume and maximum electric field enhancement |E|/|E,| for M18—2000 and M34—2000 a-C superstructures in their uncured

and cured forms as a function of the field polarization calculated within the central unit cell. Average values are reported as (-).

Effective volume (nm3)

M18-2000 M34-2000
Polarization Uncured Cured Uncured Cured
]:fx 9.16 1.38 1.78 3.33
Ey 7.22 7.34 13.68 1.88
EZ 1.78 6.56 10.43 2.51
Average 6.05 5.09 8.63 2.57

Maximum |E|/|Ey|

M18-2000 M34-2000
Polarization Uncured Cured Uncured Cured
]:fx 18.64 49.98 18.11 29.28
Ey 21.73 20.07 15.41 43.74
EZ 43.31 19.69 17.01 34.92
(IE|/|Eq) 27.89 29.91 16.84 35.98
(|E|/|Eo|)* 6.05% 10° 8.00%x10° 8.04 x 10* 1.68 x 106
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For both the M18—2000 and M34—-2000 structures, the effective
localization volume is, on average, larger in the uncured forms
than in the cured ones. This indicates that the curing process
leads to a stronger confinement of the electric field within
specific regions. This trend is consistent with the 2D field
enhancement maps shown in Figure 3. In fact, we noted above
that the uncured structures exhibit more delocalized regions of
enhancement, corresponding to the stacked graphene-like micro-
environments. The difference between the uncured and cured
morphologies is particularly pronounced for M34—2000, where
the curing process drastically reduces the effective field volume
(from 8.63 to 2.57). It should be noted, however, that this
observation is valid on average, while for specific field polariza-
tions, the trend may be reversed (as for Z and X directions for
M18-2000 and M34—2000, respectively).

The overall behavior can be rationalized by referring to the 3D
field enhancement maps in Figure 3. For example, in Figure 3b,
corresponding to Y polarization, the electric field distribution
shows that the uncured structure exhibits a more delocalized
field compared to the cured one, in agreement with the effective
volume values reported in Table 1. For other polarizations, how-
ever, this correspondence is not as straightforward, underscoring
the importance of the present quantitative analysis. To further
explore this aspect, Table S5 in the Supporting Information
reports the effective volume and effective area corresponding
to the red-highlighted regions in Figure 3. The effective volume
is defined within a slab of thickness +1 A along the coordinate
normal to the plane, whereas the effective area is computed as
A=V/h, where h denotes the slab thickness along the normal
direction. In line with the trends discussed above, both the effec-
tive volume and the effective area of the marked regions are sig-
nificantly larger in the uncured structures than in their cured
counterparts, for both M18—2000 and M34—2000.

The effective volume V is directly related to the maximum value
of the electric field within the studied volume Q (see Equation
(8)). In Table 1, we also report the maximum field enhancement
|E|/|E,| for the various field polarizations. On average, the elec-
tric field enhancement is larger for the cured structures. This
behavior is consistent with the stronger field localization
observed in these systems. Similarly to what was found for the
effective volume, the maximum field enhancement more than
doubles for M34—-2000 upon curing, while for M18—-2000, the
increase is around 7%. For the M18—2000 structures, however,
the X and Z polarizations display the opposite trend in both V
and the maximum field enhancement after curing. This inversion
directly mirrors the change in the relative absorption peak inten-
sities observed in Figure 2a,b. Such a correspondence highlights
the inherent connection between the different optical response
quantities that can be computed using the ®FQ method and
the underlying structural morphology.

To establish a final structure-property connection, Figure 4 pro-
vides a graphical representation of the spatial locations corre-
sponding to the maximum field enhancements reported in
Table 1. Each panel offers a visual overview of the different
hot-spot regions discussed above. In the case of the M18—2000
uncured structure, the maximum enhancement is localized
within stacked graphene-like sheets for the X and Y polariza-
tions. Similar regions are also observed for the cured morphology
under Y polarization, whereas for the Z polarization in the cured
form, the enhancement is mostly localized near dangling bonds.

M34-2000

FIGURE 4 | Spatial locations of the maximum field enhancement
(red dots) identified for the M18—2000 and M34—2000 structures in their
uncured and cured morphologies.

In contrast, for the M34—2000 system in the uncured form, the
regions of maximum enhancement correspond to single carbon-
chain domains for the Y and Z polarizations and to dangling
bonds for the X polarization. The remaining enhancement
regions are mainly associated with atomistic defects. These fea-
tures are generally present in the cured morphologies
(M34-2000, all polarizations; and M18—-2000, X polarization),
but can also appear in the uncured forms, as observed for
the Z polarization in M18-2000. It is worth noting that
these defect-related regions correspond to the strongest local field
enhancements, which can reach values close to 50 (M18—2000, X
polarization). This behavior is expected, since subnanometer
gaps [60] with atomistic features are formed, giving rise to unique
plasmonic characteristics analogous to those reported for atom-
ically defective metallic nanostructures, such as picocavities
[58, 62, 74, 75].

All of our findings can be rationalized by considering that the
curing process relaxes the atomic network, resulting in more
localized atomic defects. In contrast, the uncured structures tend
to preserve stacked domains and dangling atoms, which, on aver-
age, increase the effective field volume and, correspondingly,
reduce the maximum field enhancement.

A final note regards the generality of the present results with
respect to a-C phases, e.g. at mass density different from
p=0.50 g/cm3. Indeed, in our previous work we have investi-
gated phases at both higher (1.15 g/cm?) and lower (0.16 g/cm?)
mass density. Now, as discussed in the original references, the
phases at higher density are intended to mimic a-C coatings, pos-
sess limited graphiticity and a large number of sp* carbon atoms.
They will thus basically not exhibit stacked graphene planes, nor
chains, but they may exhibit defects and unsaturated atoms, that
will therefore determine their optical response. The phases at a
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lower mass density, that we claim are the structural basis of carbon
aerogels [41], are instead more diverse, ranging from very sparse
carbon networks to 1D-fiber-like clumps interconnected with fila-
ments or strings. Here we expect to encounter a higher percent of
chain motifs in the filaments, whereas the fiber-like motifs may
exhibit a significant optical response, but of possibly limited use,
e.g. in sensing due to the inability of species to be sensed to access
the interstacking regions where the resonance will reach its maxi-
mum. How to engineer a-C phases to maximize the presence of
stacked graphitic planes at a proper distance optimal for sensing
represents a question that we are unable to answer at present.

4 | Summary and Conclusions

In this work, we have combined large-scale atomistic models of a-
C generated by the DynReaxMas protocol with the wFQ method to
understand the structure-property relationships governing their
optical response. The DynReaxMas approach enabled us to
construct realistic morphologies with hundreds of thousands of
atoms, while wFQ provided near-ab initio accuracy at reasonable
computational cost for systems of this size. Across all studied
superstructures, the absorption spectra exhibit a dominant plas-
mon resonance at 0.36 eV, with M18—2000 showing nearly isotro-
pic behavior and M34—-2000 exhibiting a pronounced anisotropy.
Curing produces distinct spectral signatures, which are also deeply
connected with electric field enhancements. Our analysis reveals
that curing on average increases field localization and the maxi-
mum field enhancement, while reducing the effective localization
volume, an effect that is particularly marked for M34—2000. By
mapping enhancement distributions in 3D and on polarization-
orthogonal planes, we identified four recurring classes of hot spots
that rationalize the observed trends: (i) unsaturated dangling
bonds, (ii) confined regions between stacked graphene-like
sheets, (iii) single carbon chains, and (iv) atomistic defects.
The most intense enhancements (up to 50 in |E|/|E,|) arise in
defect-mediated sub-nanometric gaps, quantitatively en par to that
encountered in atomically defective metallic nanojunctions. These
results demonstrate a direct link between mesoscale morphology
(e.g., stacking motifs, chain segments) and the direction-dependent
optical response, thereby providing a microscopic basis for engi-
neering hot-spot topology and strength in a-C.

Our findings establish a practical route to design a-C substrates for
enhanced-chemistry applications (e.g., surface-enhanced spectros-
copies and photocatalysis): the DynReaxMas+ @FQ workflow
connects synthesis-controllable parameters (massage sequence,
growth/curing temperature) to the hot-spot profile and field met-
rics (PRF position, enhancement maxima, effective volumes).
Future work will extend this framework to heteroatom-doped
and functionalized a-C, explore excitation-wavelength and envi-
ronment (dielectric) dependencies, and pursue experimental
validation [76, 77] of predicted hot-spot classes and enhancement
factors. This integrated approach opens the way for rational
tailoring of a-C for selective sensing and light-driven chemical
transformations.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Schematic atomistic depiction
of the different a-Carbon phases in their simulated unit cells. Supporting
Fig. S2: wFQ absorption spectra of the cured M34-2000 structure (gener-
ated from a 50% replication of the unit cell) using T = 170 a.u. and © = 600
a.u.. Supporting Fig. S3: oFQ absorption spectra of the cured M34-2000
and M34-2500 structures (generated from a 50% replication of the unit
cell), normalized by the total number of atoms. Supporting Fig. S4:
wFQ induced densities for X, Y, and Z field polarizations for M18-
2000 (a,b) and M34-2000 (c,d) in their uncured (a,c) and cured (b,d)
forms. The maps are provided within the central unit cell.
Supporting Fig. S5: 2D field enhancement maps on XY planes for
the uncured M18-2000 structure. Supporting Fig. S6: 2D field enhance-
ment maps on XZ planes for the uncured M18-2000 structure.
Supporting Fig. S7: 2D field enhancement maps on YZ planes for
the uncured M18-2000 structure. Supporting Fig. S8: 2D field enhance-
ment maps on XY planes for the cured M18-2000 structure. Supporting
Fig. S9: 2D field enhancement maps on XZ planes for the cured M18-2000
structure. Supporting Fig. S10: 2D field enhancement maps on YZ
planes for the cured M18-2000 structure. Supporting Fig. S11: 2D field
enhancement maps on XY planes for the uncured M34-2000 structure.
Supporting Fig. S12: 2D field enhancement maps on XZ planes for
the uncured M34-2000 structure. Supporting Fig. S13: 2D field enhance-
ment maps on YZ planes for the uncured M34-2000 structure.
Supporting Fig. S14: 2D field enhancement maps on XY planes for
the cured M34-2000 structure. Supporting Fig. S15: 2D field enhance-
ment maps on XZ planes for the cured M34-2000 structure. Supporting
Fig. S16: 2D field enhancement maps on YZ planes for the cured M34-
2000 structure. Supporting Table S1: Structural descriptors for the M18
and M34 phases discussed in the paper, in both their as-prepared and
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cured forms. Supporting Table S2: Percent number of sites versus total
number of carbon atoms that are available for saturation with a reactive
water probe for the phases discussed in this paper, for both as-prepared
and cured forms. Supporting Table S3: FQ parameters exploited in the
calculations.®> Supporting Table S4: Maximum electric field enhance-
ment |E|/|Ey| for the M34-2000 Cured structure (generated from a
50% replication of the unit cell) using T = 170 a.u. and T = 600 a.u. as
a function of the field polarization. Supporting Table S5: Effective vol-
ume and effective area for M18-2000 and M34-2000a-C superstructures in
their uncured and cured forms as a function of the field polarization cal-
culated on the representative planes shown in Figure 3 in the main text.
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