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ABSTRACT 

Several experimental and theoretical studies have shown that 2D hybrid structures formed 

by boron, nitrogen and carbon atoms (h-BNCs) possess a highly tunable linear and non-

linear optical responses. Recent advances towards the controlled synthesis of these unique 

structures have motivated an important number of experimental and theoretical work. In 

this work, the confinement on the optical response induced by boron-nitride (BN) strings 

in h-BNC 2D structures is investigated using time-dependent density functional theory 

(TDDFT) and electron density response properties. The number of surrounding BN 

strings (NBN) necessary to “isolate” the optical modes of a carbon nanoisland 

(nanographene) from the remaining substrate has been characterized in two different 

nanoisland models: benzene and pyrene. It was found that for NBN ≥ 3 the excitation 

wavelengths of the optically active modes remain constant and the changes in the 

transition densities, the ground to excited state density differences and their associated 

electron deformation orbitals are negligible and strongly confined within the carbon 

nanoisland. Using a water molecule as model system, Raman enhancement factors of 106 

for the water vibrational modes are obtained when these electromagnetic “hot spots” are 

activated by an external electromagnetic field. The high tunability of the optical 

absorption bands of nanographenes through changes in size and morphology makes h-

BNCs be perfect materials to construct platforms for surface enhancement Raman 

spectroscopy (SERS) for a wide range of laser sources. 
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INTRODUCTION 

Recent studies focused on vacancy and doped graphene featuring tunable bandgaps have 

opened up many possible applications of these materials in fields such as electronics, 

photonics and plasmonics.1-3 In particular, a direct consequence of this bandgap tunability 

is reflected on the graphene optical activity as it allows shifting the plasmon emission 

from the THz region to the UV region,4 improving its functionality and applicability.5-7 

Thus, these materials appear to be good candidates for the development of flexible one-

atom-thick electronic and optical characteristics.8 

Among all the 2D monolayer materials, the hexagonal boron-nitrogen-carbon (h-BNC) 

hybrids show a unique versatility to introduce bandgap variations in an interesting 

manner.9 For years, the experimental work had focused on the synthesis of h-BNC 

through the use of growing techniques. Fortunately, important steps towards a reliable 

and controllable synthesis of h-BNCs have been taken recently,9-12 which have stirred the 

interest of the scientific community in these materials and their potential applications. 

Meanwhile, theoretical studies have revealed an unequivocal relationship between the 

bandgap sizes and the h-BN patterns within the 2D surface lattice.13-16 The high tunability 

of the optical response in h-BNC structures by means of modifying the size and shape of 

nanosized carbon and boron nitride embedded structures was previously shown by 

Karamanis et al.13,14 However, theoretical efforts have focused on exploring this 

relationship and less attention has been paid to understand other important issues, such as 

the localization of the optical response, the formation of electromagnetic “hot spots” on 

the carbon nanoislands or the interaction of near molecules with these “hot spots”. Indeed, 

this could be interesting for spectroscopic techniques enhanced by surfaces with 

plasmonic activity, such as Surface Enhanced Raman Spectroscopy (SERS), Surface 



4 
 

Enhanced Infrared Absorption (SEIRA) Spectroscopy and Surface Enhanced Hyper-

Raman Spectroscopy (SEHRS). 

The possibility of h-BNCs to be applied as substrates in Surface Enhanced Raman 

Spectroscopy (SERS) was suggested in a previous work,17 due to the large polarizability 

enhancement displayed by the carbon nanoisland at near-resonance conditions. Thus, 

strong Raman enhancements arise from resonance processes, such as the electromagnetic 

enhancement, the most important in metals, which is related to the plasmonic activity of 

the substrates, and the charge-transfer enhancement, which stems from electronic 

excitations between surface and molecule. Another weaker enhancement is associated 

with the surface-molecule interaction, which is known as chemical enhancement.18,19 It 

was recently found that an additional enhancement factor, the surface-molecule 

vibrational coupling, contributes significantly to the increase of the Raman activity on 

carbon substrates but marginally on substrates formed by heavier atoms, such as silver or 

gold nanoparticles.20-22 

In spite of the high sensitivity reached by metallic plasmonic surfaces,23 the search for 

new SERS substrates still keeps a lively interest due to the need to improve other aspects 

such as the molecular selectivity, the production cost, the chemical stability and the 

biocompatibility. Besides improving these other aspects, the new substrates should retain 

as much as possible the sensitivity displayed by plasmonic surfaces.  

One of the most promising SERS substrates discovered in last decade has been graphene. 

24-26 Its great chemical stability and adsorption capacity together with the noncovalent 

nature of the interactions stablished with most analytes make this substrate very attractive 

for SERS.27,28 Unfortunately, the Raman enhancement factors are significantly lower with 

respect to metallic nanoparticles due to the lack of plasmonic activity in the UV region, 

which is only partially compensated by a very low detection limit.29,30 Thus, the suitability 
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of graphene related structures as substrates for Raman enhancement is still being 

examined, on the one hand, with structure modifications, such as vacancy-defects,31 

doping32 or functionalization,33 and on the other hand, with metal-graphene hybrid 

structures,34 exploiting both the advantages of the graphene flat surface and the plasmonic 

activity of the metal. 

As mentioned above, an alternative way to augment the Raman enhancement factor of a 

graphene surface is through confinement of the optical response, such as in h-BNCs. 

Previous works suggested plasmonic activity in graphene molecules and polycyclic 

aromatic hydrocarbons (PAHs)5,6,35 and later simulations proved that large Raman 

enhancements in molecules interacting with a graphene nanodisk may be reached for near 

plasmon resonance frequencies.22 This work shows the same characteristics are found for 

carbon nanoislands within BN monolayers and stablishes the degree of confinement of 

the electromagnetic response within these nanoislands. Therefore, the electromagnetic 

“hot spots” created by the BN strings could be exploited in SERS applications or related 

spectroscopic techniques, improving the sensitivity of graphene based SERS where the 

Raman stems from charge-transfer or chemical factors. 

 

 

METHODOLOGY 

Two different models of carbon nanoisland were considered for this study, benzene and 

pyrene. The nomenclature employed in this work to denote the different h-BNCs contains 

the acronym Be or Py, for h-BNCs containing benzene or pyrene nanoislands, followed 

by the number of surrounding BN strings (NBN), which varies from 0 to 5 in benzene and 

from 0 to 4 in pyrene. Herein, BN strings, or CC strings in an analogous nanographene 

structure, are referred to closed chains of alternatively arranged boron and nitrogen atoms 



6 
 

which added to the carbon nanoisland allow generating larger and larger h-BNC 

structures preserving the spatial symmetry. This symmetry preservation is the reason for 

using these strings, particularly NBN, to study the size effects on the optical response. The 

structures with the largest NBN (Be-5 and Py-4) are shown in Figure 1, BN strings are also 

remarked with solid black lines. All the h-BNC structures were optimized using density 

functional theory (DFT) with the CAM-B3LYP functional and the split valence doubly 

polarized 6-31G(d,p) basis set. This functional choice was based on its suitability for the 

study of systems with strong π-electron delocalization,36 calculation of optical response 

properties37 and characterization of excited states.38 This functional was also the choice 

in previous studies of h-BNCs.13-15 The basis set chosen is not as large as desired and 

includes polarization functions but not diffuse functions in order to reduce the 

considerable computational cost expected for the largest systems studied. A similar basis 

set was also the choice in previous theoretical studies of the optical response in h-BNCs.13-

15 Frequency calculations confirmed that all the energy minima correspond to perfectly 

planar structures, with D3h and C2v symmetries for Be-NBN (NBN > 0) and Py-NBN (NBN > 

0), respectively. 
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Fig 1. Largest h-BNC structures considered in this work (Be-5 and Py-4). Carbon 
nanoislands are highlighted in red and a BN string is remarked with solid black lines. 
Peripheral hydrogen atoms are not shown. 
 

As mentioned in the previous section, the study was split into two parts. In a first step, 

the first twenty excited states of each h-BNC structure were obtained using time-

dependent density functional theory (TDDFT) and the same functional+basis set 

employed for the geometry optimization of the ground state. Vertical excitation 

wavelengths, transition dipole moments and oscillator strengths were calculated with the 

Gaussian09 program,39 the same software employed for the geometry optimizations. 

Afterwards, the transition density (TD), local transition dipole moments (LTDMs) for the 

carbon nanoislands, ground to excited state density difference (DD) and electron 

deformation orbitals (EDOs) associated with the DD were obtained for each optically 

active mode by means of an own Fortran code. Plots of TDs and DDs were drawn with 

Gaussview 5.0.40 Extensive theoretical information about the definition of LTDMs and 

EDOs is given as Supporting Information. 

In a second step, Py-NBN structures were employed as model to check the capability of h-

BNC carbon nanoislands to enhance the Raman activity (RA) of molecules adsorbed on 

their surfaces. A water molecule was selected for this part of the study due to its reduced 

size, which perfectly fits within the pyrene boundaries, and its simple Raman spectrum. 

This spectrum consists of three Raman-active vibrational modes; the symmetric and 

asymmetric O-H bond stretchings and the symmetric bending. RAs were calculated using 

off- and on-resonance conditions with the couple perturbed density functional theory 

(CPDFT) by means of the Gaussian09 program. For the on-resonance simulations, 

electromagnetic perturbations with wavelengths detuned 2 nm with respect to the 

resonance wavelengths in each of the two most active excitation modes were introduced 

in the calculations.41,42 These excitations correspond to two perpendicular in-plane 
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polarized modes. Thus, each represents a different kind of optical excitation in terms of 

symmetry. The corresponding Raman spectra were plotted using Lorentzian lineshapes 

with a half-height width of 5 cm-1 with the help of Gabedit 2.4.8 graphical interface.43 

In order to get insight into the role played by molecule-surface vibrational couplings in 

the Raman enhancement, the RAs were split into molecule and surface terms according 

to their respective contributions to the vibrational modes (see reference 20 for details). 

Hypothetical spectra obtained by removing the surface contributions from the RAs were 

generated and confronted to the full spectra. 

 

RESULTS AND DISCUSSION 

Confinement on the Optical Response 

The smallest carbon nanoisland that can be thought for a h-BNC structure is benzene. It 

is well known that the electronic absorption spectrum of benzene shows a strong band 

centred around 178 nm. This corresponds to the excitation of two in-plane degenerated 

modes of E1u symmetry. Our TDDFT calculations predict a slightly smaller excitation 

wavelength for these modes (165 nm). From a MO view, these excitation modes arise 

from the combination of single electron excitations from one of the doubly-degenerate 

HOMO (H) to one of the doubly-degenerate LUMO (L). The effect of surface enlarging, 

either introducing CC or BN surrounding strings, over the L-H energy gap, excitation 

wavelength and oscillator strength is shown in Fig. 2. As it can be observed, the excitation 

wavelength increases linearly with the number of CC strings in the pristine graphene 

nanodisks, which is the consequence of the progressive decay of the L-H gap. On the 

contrary, both the L-H gap and, consequently, the excitation wavelength do not change 

with the number of BN strings for nanodisks with NBN ≥ 3. Interestingly, the excitation 

intensity, as measured by the oscillator strength, increases linearly both with the number 
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of CC and BN strings. Even though the oscillator strength is substantially larger in pristine 

graphene nanodisks, it also shows a continuous growth in Be-NBN, giving rise to stronger 

signals as NBN increases but, contrary to graphene nanodisks, the optical response seems 

to be locked within the same surface area. For comparison, the L-H energy gaps obtained 

for analogous h-BN nanodisks are also included in the plot. As can be observed the gap 

also decreases monotonically with the number of BN strings, although this decrease is 

significantly less pronounced than in graphene nanodisks and the gap values are much 

larger. This is the expected result taking into account the well-known finite band gap of 

a BN monolayer (also known as white graphene) contrary to the zero gap displayed by 

graphene. Comparing the other two magnitudes represented in Fig. 2, excitation 

wavelength and oscillator strength, for h-BN does not make as much sense since they 

correspond to electronic excitation modes located on the central carbon nanoisland, which 

does not exist in the pure h-BN structures. 
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Fig 2. LUMO-HOMO energy gap (top-left), ∆EL-H, excitation wavelength (top-right), λ, 
and oscillator strength (bottom), fosc, vs the number of BN or CC strings, NBN/CC, in the 
h-BNCs and graphene nanodisks (denoted by C in the plots) with a central benzene and 
analogous h-BN nanodisks.   
 

In order to visualize the effect of the confinement, the DD associated with one of these 

degenerated modes has been represented in Fig 3 for graphene and Be-NBN nanodisks. As 

can be observed, whereas the response is spread out over the whole nanodisk surface in 

the graphene nanostructures, it is perfectly located on the carbon nanoisland and the near 

surrounding atoms in the Be-NBN nanodisks. In fact, the plots become indistinguishable 

when NBN > 2. Notice that the isosurface values employed for the h-BNC series is always 

the same but it decreases with the number of CC strings in the graphene nanodisks, 

reflecting a local attenuation of the response in the latter. We would like to remark the 

effect of symmetry change from D6h to D3h observed in the DD plots of Fig 3 when going 

from Be-0 to Be-1. A very recent study showed that the change from D6h to D3h symmetry 

in nanographenes may have a drastic effect on the electronic properties. This could also 

introduce interesting effects in h-BNCs with larger carbon nanoislands, such as coronene 

and circumcoronene.44   
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Fig 3. DDs in the h-BNCs (right) and graphene nanodisks (left) with a central benzene. 
The numbers indicate the isosurface value employed for each representation. 
 

The local confinement of the electromagnetic response may be further quantified by 

calculating the LTDMs for the central benzene unit in both types of nanodisks. The results 



12 
 

are collected in Table 1. Comparing the second and third column of this table, it can be 

observed that the LTDM decreases monotonically with the number of CC strings in the 

series of graphene nanodisks, whereas its change is negligible in Be-NBN when NBN > 2. 

The former stems from the spreading of the excitation mode to the whole nanodisk, where 

the latter is a consequence of the local confinement within the benzene nanoisland and its 

near surroundings.  

 

Table 1. LTDMs calculated for the central benzene and pyrene nanoislands for the 
strongest excitation modes. For Be-NBN nanodisks the results are confronted to those 
obtained for graphene nanodisks. 

NBN/CC Be-NBN Graphene Py-NBN (y) Py-NBN (z) 
0 1.876 1.876 1.798 2.082 
1 0.771 0.540 0.924 0.796 
2 0.622 0.302 0.615 0.990 
3 0.591 0.182 0.624 0.974 
4 0.596 0.101 0.626 0.968 
5 0.600 0.062   

 

The model of pyrene nanoisland introduces two elements with respect to benzene. First 

an enlargement of the carbon unit and second a partial symmetry loss. It is interesting to 

evaluate how these two elements affect the confinement of the electromagnetic response. 

As mentioned in the previous section, two perpendicular excitation modes have been 

studied in the Py-NBN nanodisks, one of them polarized in the y direction and the other 

one in the z direction. The symmetry reduction from D3h to C2v breaks the degeneracy 

previously found for the excitation modes in Be-NBN. The excitation wavelengths and 

oscillator strengths for these two modes are represented against NBN in Fig 4. The 

wavelength increases for the smallest nanodisks but keeps constant for those with NBN ≥ 

3, the same result found for Be-NBN. On the other hand, the oscillator strength decreases 

with the first BN string, contrary to that found in Be-NBN, but increases monotonically 

afterwards for nanodisks with NBN ≥ 2.  
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Fig 4. Excitation wavelength (left), λ, and oscillator frequency (right), fosc, vs the number 
of BN strings, NBN, in the h-BNCs with a central pyrene. The plots collect the results for 
the y-polarized (ExcY) and z-polarized (ExcZ) modes studied. 
 

The LTDMs of the pyrene nanoisland are collected in Table 1 for the two excitation 

modes. As previously found for Be-NBN, the strength of the transition dipole located at 

the pyrene unit decreases when one and two BN strings are added, but the change is 

negligible for nanodisks with NBN > 2. This reflects that the electromagnetic response is 

locally confined within the pyrene unit and the near surroundings, which encompasses, 

roughly speaking, the first two BN strings. Inspection of the DDs and TDs for the series 

of Py-NBN (Fig 5) confirms the outer region, including the third and fourth BN strings, 

contributes marginally to the response.  

The TDs for the two excitation modes are represented on the right side of Fig 5. Since 

Py-NBN nanodisks are not centrosymmetric unlike Be-NBN, the z direction in the figure 

appears in the nanodisks with an odd number of BN strings inverted with respect to those 

with an even number. Therefore, the plots also appear inverted but the density distribution 

is indistinguishable for nanodisks with NBN ≥ 2. The direction of the transition dipole 

moment is clear on the plots. The z-polarized and y-polarized modes are shown in the 

third and fourth columns, respectively. 
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Fig 5. DD (the two columns on the left) and TD (the two columns on the right) in the h-
BNCs with a central pyrene. The left and right columns of each representation correspond 
to the z-polarized and y-polarized modes, respectively. Isosurface values of 4·10-4 and 
1·10-3 are used for DDs and TDs, respectively 
 

In the MO picture that provides the KS-TDDFT, an excitation mode is the result of the 

combination of single electron excitations/deexcitations between occupied and virtual 

MOs, the relative weight of each is given by the square of the coefficients of the 

corresponding excitation/deexcitation in the solution of the Casida equation.45  
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Fig 6. Occupied to virtual MO electron promotion representing the excitation modes in 
h-BNCs with a central benzene (left plot) or pyrene (central plot for y-polarized mode 
and right plot for z-polarized mode). MO schemes are shown, from top to bottom, 
following an increasing order in NBN (Be-NBN(0-5) and Py-NBN(0-4)). 
 

Additionally, the decomposition of the DD into EDOs allows interpreting electronic 

transitions in terms of electron transfer channels induced by the electromagnetic 

perturbation and formed by combination of specific occupied and virtual orbitals (see the 

Supplementary Information). This is particularly useful for the study of charge transfer 
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transitions,46,47 herein, we are going to use this methodology to compare the electron 

transfer channels along the series Be-NBN and Py-NBN. 

The information about the electron transfer channels is summarized in Fig 6. The figure 

shows the occupied and virtual orbitals involved in the main channels as well as the 

number of electrons transferred from the ground to the excited state by each channel for 

the excitation modes of Be-NBN and Py-NBN series.  

In all cases, the electronic transition is composed of two channels. In Be-NBN, the MOs 

involved in the transition are the pair of degenerated H-1 and H and the pair of 

degenerated L and L+1. Obviously, these are the same MOs involved in the second 

degenerated mode. All the nanodisks and the benzene molecule display the same MO 

configuration for the two channels but Be-1. This configuration corresponds to the mixing 

of H-1 and L in one channel and H and L+1 in the other. In Be-1, both channels are 

formed by the joint mixing of these four MOs, differences between them lie in the relative 

weight of each MO in the mixing. On the other hand, differences in the magnitude of the 

electron transfer in each channel are negligible for nanodisks with NBN ≥ 2, which is the 

result of the response confinement discussed above. 

In pyrene molecule, the y-polarized excitation occurs by the mixing of H-1 and L in one 

channel and H and L+1 in the other. The z-polarized excitation involves the same orbitals 

but with different mixing, one channel is formed by H-1 and L+1 and the other channel 

by H and L. Once again, the introduction of the first BN string in Py-1 provokes noticeable 

differences with respect to the isolated hydrocarbon structure. Thus, the MO 

configurations of the channels change, increasing the MOs involved, namely, L+2 and 

L+3 in the y-polarized and z-polarized modes, respectively. For NBN ≥ 2, the MO 

configurations of the two excitation modes do not change among the different nanodisks 

but differences in the electron transfer are noticed. Thus, whereas in the Be-NBN series 
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the electron transfer of the main channels was practically the same for nanodisks with 

NBN ≥ 2, in Py-NBN the changes may be considered negligible only between the largest 

nanodisks, Py-3 and Py-4. 

 

Surface Raman Enhancement  

The electromagnetic “hot” spots located at the carbon nanoislands and their near 

surroundings could be exploited for electronic, magnetic or optical applications, 

depending upon the electronic configuration of the carbon nanoisland. In this subsection, 

we explore its application to the enhancement of the Raman activity of molecules 

adsorbed on the h-BNC surface. To this aim, we have chosen the Py-NBN surface model 

and placed a water molecule above the center of the pyrene unit (see Fig 7). The 

perpendicular conformation of the symmetry axis of the water molecule with respect to 

the h-BNC plane is not the most stable conformation, which corresponds to a parallel 

disposition of the water and h-BNC planes. However, it is the most interesting one for the 

SERS analysis performed here since, in the perpendicular disposition, we can distinguish 

between perpendicular and parallel orientations of the bending vibrational mode (the most 

enhanced mode) with respect to the transition dipole moments associated to the y and z-

polarized electronic excitations. The water-surface distance has been fixed for all the Py-

NBN nanodisks to that obtained in the geometry optimization of the pyrene-water 

complex. The surface geometries have been also fixed, allowing to reduce the changes 

observed in the Raman spectra to those arising from the different number of BN strings. 

Since the analysis has been focused on the Raman signals corresponding to the water 

vibrational modes, the water geometry has been fully relaxed in all cases.    
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Fig 7. Representation of the Py-NBN-water complexes from two different views. 

 

The three Raman signals corresponding to the water molecule placed above the Py-NBN 

nanodisks (0 ≤ NBN ≤ 4) are shown in Fig 8. They have been obtained using off-resonance 

and near-resonance conditions. For simulating near-resonance conditions, an 

electromagnetic perturbation of wavelength near the resonance wavelength of the y-

polarized or the z-polarized excitation mode has been introduced in the calculation of the 

Raman activity. As mentioned in the previous section, the contributions of water and 

surface atoms to the Raman activity have been calculated and the former has been 

employed to represent hypothetical spectra where the effect of molecule-surface 

vibrational coupling is hidden. These hypothetical spectra have been superimposed to the 

full spectra in Fig 8 and will be denoted as mol-spectrum. 

The bending mode is centred at 1662 cm-1 in the Py-0-water complex. It is slightly blue-

shifted to 1665 cm-1 in Py-1-water but it is progressively red-shifted again when 

increasing the number of BN strings up to reach 1664 cm-1 in Py-4-water. On the contrary, 

the displacement of the symmetric and antisymmetric stretching mode frequencies with 

the number of BN strings is negligible, being centred at 3849 and 3952 cm-1, respectively.  

The off-resonance spectra are represented on the left side of Fig 8. As it can be observed, 

the intensity of the bending mode increases as the nanodisk size increases, being its value 
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in Py-4-water three times that of Py-0-water. This increase is induced by the vibrational 

coupling with the surface, as reflected by the mol-spectrum, in which the bending mode 

tends to decrease slightly with the nanodisk size. On the contrary, the intensity of the 

stretching modes does not change significantly along the series and even decreases 

slightly from Py-0-water to Py-4-water. This is because no molecule-surface vibrational 

coupling is found for these modes (see the corresponding mol-spectra). These findings 

are in agreement with a general observation in SERS, namely, the bending modes are 

frequently the most enhanced by the surface. Water adsorbed on metal substrates is a 

well-known example of this.42 

Upon near-resonance conditions with the y-polarized mode of the Py-NBN substrate, an 

enhancement factor around 105 is observed for the bending mode signal (see the spectra 

in the middle column of Fig 8). This enhancement, although showing the same order of 

magnitude, decreases from Py-1 to Py-2 but afterwards it keeps almost constant for Py-2, 

Py-3 and Py-4, with a slight increase linked to the augmentation of the molecule-surface 

vibrational coupling already observed in the off-resonance spectra.    

When the electromagnetic perturbation is close to resonance with the z-polarized mode, 

the effect is quite similar to the y-polarized mode discussed above, however, two details 

are remarkable. First, the bending signal intensities in the mol-spectra are slightly larger 

than those obtained for the y-polarized mode but, in the full spectra, they are noticeably 

smaller. The former could be explained by the larger oscillator strengths of the z-polarized 

mode, which is also reflected on larger LTDMs in the pyrene unit, however, the latter has 

no simple explanation. The intensities in the full spectra depend strongly on the molecule-

surface vibrational coupling as it is manifested in Fig 8. The distribution of the excitation 

modes (the TDs) around the surface atoms more involved in the coupling is then crucial 

to understand the different enhancements observed. It is certainly not the aim of this work 



20 
 

to perform such a thorough analysis. The most important result extracted from this part 

of the study is the large Raman enhancement factors obtained for the water vibrational 

modes due to the proximity to the electromagnetic “hot” spots located at the pyrene 

nanoislands. This finding certainly points out the h-BNC hybrid 2D materials are possible 

candidates for SERS applications.  

 

 

Fig 8. Simulated Raman spectra for a water molecule adsorbed on h-BNCs with central 
pyrene. Off-resonance spectra (left) and near-resonance spectra (central for y-polarized 
mode and right for z-polarized mode) are shown in the figure. Spectra are shown from 
top to bottom following an increasing order in NBN. The full signal is shown in red 
whereas the contribution to the signal due to the water molecule is shown in light orange.  
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CONCLUSIONS 

In this work, the optical confinement exerted by boron-nitride strings on carbon 

nanoislands within BN monolayers has been investigated using quantum chemical 

methods. It has been found that the “isolation” of the optical modes of the carbon 

nanoisland is reached after two BN strings. This result has been obtained using two 

different nanoisland models: benzene and pyrene. Thus, excitation wavelengths, 

transition electron densities, ground to excited state electron density differences and their 

associated electron deformation orbitals have been shown to be independent on the 

number of BN strings when this number is larger than two. 

Under near-resonance conditions with the active optical modes of the nanoisland, Raman 

enhancement factors around 106 have been obtained for the vibrational modes of a water 

molecule placed over the pyrene nanoisland. This result points out the electromagnetic 

“hot spots” created by the BN strings could be exploited in SERS applications or related 

spectroscopic techniques. Moreover, the strong confinement and tunability of the optical 

response in h-BNCs through changes in the size and shape of the embedded carbon 

nanoislands makes these 2D materials more versatile than those based on charge transfer 

mechanisms, such as graphene or graphene oxide. This is because the charge transfer 

excitations are strongly dependent on the relative positions of surface and molecule 

energy levels, which change for different molecules.  
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