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ABSTRACT: The discovery of graphene and its unique physicochemical properties has catalyzed intensive research
into alternative two-dimensional (2D) materials, with a view to their prospective applications in diverse fields of physics,
chemistry, and materials science. In this context, there is a notable scientific interest in developing computationally
efficient theoretical approaches capable of reliably estimating key parameters of organic films deposited on 2D surfaces.
This objective necessitates a rigorous selection and validation of appropriate computational methods, ensuring an
optimal balance between computational cost and predictive accuracy. This study presents a method for evaluating the
thermodynamic and structural characteristics of alkane monolayers on the surfaces of 2D materials: graphene and
boron nitride nanosheet (BNNS). The proposed approach employs the semi-empirical PM6 method, supplemented
with corrections for dispersion interactions and hydrogen bonds. This enables the calculation of large alkane aggregates
interacting with surface model molecules (tricircumcoronene C;50Hjz for graphene and B;5N75Hzo for BNNS), allowing
identification of the key interaction increments that govern monolayer formation. The calculations demonstrate that
the D3H4 correction is required for an accurate description of C-H- - 7 interactions during alkane adsorption on
BNNS surfaces, whereas the DH2 correction suffices for similar interactions on graphene-like surfaces. The evaluated
interaction increments reveal that C-H- - - 77 interactions are less advantageous on BNNS compared to graphene. How-
ever, unfavorable type of C-H---H-C interactions between alkane molecules counterbalance the favorable C-H--- 7
ones, setting a threshold chain length for alkanes capable of forming crystalline films on these surfaces. According
to the results, alkanes with 14 carbon atoms in the chain can spontaneously form 2D films on BNNS at standard
temperature. It is one carbon atom longer than on graphene. Two packing arrangements in 2D monolayers: “straight”
and “herringbone”, are analyzed. They exhibit similar clusterization Gibbs energies, with a slight disadvantage for
the “herringbone” arrangement in longer-chain alkanes at standard temperature. The presence of the “herringbone”
2D structure may represent a pre-melting solid-solid phase transition, accounting for a 1.9 K difference in melting
temperature, as confirmed by experimental data.
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1 Introduction

The study of the adsorption properties of various materials in relation to alkanes and their functional
substitutes is relevant both from a theoretical and practical point of view. Pilot works in the middle of
the last century on the experimental assessment of the adsorption heats of alkanes [1] and alkanols [2] on
graphite were subsequently supplemented by numerous results concerning the structure of the resulting
mono- and multilayers using AFM and STM methods [3-5], X-ray diffraction analysis [6], differential
scanning calorimetry [7]. The spectrum of the surfactants studied has also been significantly expanded [5].
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Research priorities in this field shifted at the dawn of the 2Ist century towards 2D graphite analogues, a
development catalyzed by the emergence of graphene as the first and most prominent example [8]. Graphite
may be considered as an ordered assembly of parallel-stacked graphene layers interconnected exclusively via
van der Waals interactions. They determine the differences in properties for graphite and its 2D analogue.
The recent advances in exfoliation methodologies have significantly intensified scientific interest in the
investigation of 2D nanostructures. This interest is primarily driven by the pronounced influence of surface
and interface effects, which become particularly dominant at the nanoscale and manifest most prominently
in low-dimensional systems.

The well-documented and extensively publicized exceptional properties of graphene [9,10] have cat-
alyzed significant interest in the exploration of alternative 2D materials derived from elements of the IITA and
VA groups of the periodic table. A prominent example is hexagonal boron nitride nanosheet (BNNS) [11],
which possesses an isoelectronic structure relative to graphene, demonstrates high chemical and thermal
stability, and, in contrast to graphene, displays dielectric behavior. Concurrent efforts to synthesize additional
2D materials exhibiting either analogous or divergent electronic structures—such as GaN, BAs, and MgO—
have generated substantial theoretical interest in elucidating the molecular-scale behavior of alkanes and
other organic compounds upon these surfaces [12]. This line of inquiry is particularly pertinent to the
development of advanced sensor and catalytic systems [13,14], as well as to the systematic investigation of
the adsorptive characteristics of these novel 2D surfaces.

The development of advanced computational methods, such as molecular dynamics modeling [15],
DFT [16-18], and semi-empirical quantum chemical approaches [19,20], has significantly enhanced the
ability to reveal the structural characteristics of alkane monolayers and their derivatives. These methods also
allow for a quantitative evaluation of how various intermolecular interactions influence the thermodynamic
parameters of adsorption and film formation processes. Notably, the dispersion-corrected semi-empirical
PM6 method has proven effective in describing the film formation of n-alkanes and n-alkanols on graphene
surfaces [19,20]. Complementing this, a substantial array of experimental data exists on the adsorption heats
and melting points of 2D alkane crystalline monolayers deposited on graphite and hBN substrates [15,21,22].
This combination of theoretical and experimental insights facilitates the further use of the PM6 method,
particularly in assessing hBN nanosheet potential as an adsorbent and in modeling the temperature
dependent conditions for the spontaneous formation of C,H,,,, alkane crystalline monolayers (n = 2-16)
on isoelectronic surfaces.

2 Calculation Scheme and Methods

To model the surfaces of graphene and boron nitride 2D sheet, polyaromatic molecular systems were
employed: tricircumcoronene (C;soHs) for graphene and its structural analogue B;5N75Hzo for BNNS
(Fig. 1). This choice aligns with established practices in computational studies [16,23-26], where polyaromatic
systems serve as finite-cluster models for assessing thermodynamic parameters of molecular interactions
with carbon-based surfaces. Such models are routinely used to study: interactions of small molecules (H,, N,
He, H,0, G,H,, C,HsOH, etc.) with carbon surfaces; physisorption of noble gases on hBN [27]; adsorption
of larger molecules on hexagonal boron nitride [28,29].

Notably, the use of finite single-layer models with hydrogen-terminated edges as in Ref. [27] has been
validated in studies of heterocycle adsorption on B/N/BN-doped graphene [30]. These works demonstrated
that even a coronene molecule (Cy4H;;) can adequately represent a doped graphene surface for adsorption
studies, with larger systems (Cy,H;6—CesHzo) confirming this conclusion. Building on this foundation,
previous studies [19,20] established that tricircumcoronene (with 51 condensed aromatic rings) provides
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sufficient lateral dimensions to orient alkanes up to tetradecane. This justifies its use, as well as its BNNS

analogue, in simulating alkane adsorption and clusterization processes.

B75N7sH30 tricircumcoronen CisoHzo

Figure 1: Optimized geometric structure of B;sNysHsp and CysoHsp within PM6-D3H4 and PM6-DH2 method
correspondingly (C is dark grey, H is light grey, N is blue, B is light pink).

Alkane molecules can adopt two orientations on the regarded surfaces: parallel or perpendicular

depending on the alignment of the alkane chain C-C-C “zigzag” plane relative to the graphene or BNNS

sheet. Computational studies [3,31] show that alkanes preferentially adsorb in a parallel orientation on
graphite (graphene) surfaces. This trend is also observed for hexagonal boron nitride: Ref. [15] confirms that
alkanes from ethane to octane adsorb more favorably in a parallel configuration on BNNS, as demonstrated
by molecular modeling with a universal force field.

The strategy for calculation of the thermodynamic parameters of alkane film formation as well as their

derivatives on flat surfaces includes the following main steps:

©)

(2)

(3)

Construction of complexes alkane-model surface molecule (tricircumcoronene C;50Hzo and
B;5N75Hj; for graphene and BNNS, respectively), where alkane molecules adopt the most elongated
all-trans conformation according to STM data [32,33].

Calculation of thermodynamic parameters of binding for homologous series of alkanes and the model
surface molecule. The enthalpy and entropy of binding are calculated using the expressions:
bind
AHTm = AfH(I)“,complex - AfH(T)",surf.mol. - AfH(Y)",HC’ O
bind
ASTm = S(Tj“,complex - S(I)",surf.mol. - S(T)",HC’ (2)
where A¢H (%) complex and S‘%) complex AT€ the enthalpy and absolute entropy of intermolecular complex

formation (T =298 K), AfH(%’SM.mOL, S(%’Swf.mol_ and AfH(I)",HC’ S(Y)',HC are the enthalpies and absolute
entropies of formation of the model surface molecule and alkane correspondingly.
The free binding energy is calculated as:

AGhm = ARSI TASYIM, (3)

Quantifying the contribution of C-H--- 7 interactions to the formation of complexes alkane-model
surface molecule
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(4) Calculation of thermodynamic parameters characterizing alkane interactions during monolayer
growth in two propagation directions, using the following formulas:

AH§' = AfHY.,, —m - AfHY e, (4)
ASS = AfSY. , —m- ArSY e (5)

Here A¢HY., and S, denote the formation enthalpy and absolute entropy of alkane aggregates at
temperature T with m indicating the number of alkane molecules in the associate (for example, m = 2
in case of dimers).

(5) The use of the principle of pair additivity for alkane-adsorbent and alkane-alkane interactions. It
enables the construction of a scheme for the thermodynamic parameters of film formation, which
incorporates C-H-- - interactions, CH---HC interactions, and the contributions of terminal CHj
fragments, evaluated for both propagation directions of the monolayer per alkane molecule within the
2D layer.

In a pioneering study, Vysotsky et al. [34] proposed the concept of additive energy variation for attaching
fatty alcohol molecules to clusters, later refined and summarized in Ref. [35] for multiple surfactant classes,
while neglecting cooperative effects important in H-bonded systems. It is acceptable assuming that the liquid
expanded to liquid condensed phase transition in studied monolayers goes via dimer or trimer aggregation
and their subsequent enlargement up to 2D film. This simplified approach proved effective, allowing
prediction of the minimum chain length needed for spontaneous monolayer formation at the air/water
interface (consistent with experiments); chain length dependence of surface pK, values for carboxylic acids,
and other experimentally verified trends.

(6) Analysis of geometric parameters of the monolayer unit cells.

(7)  Establishing the relationship between the crystallization/melting temperature of alkane monolayers
and hydrocarbon chain length using expressions for enthalpy and entropy of the film formation per
molecule. Calculations are performed using schemes of varying theoretical validity. Comparison with
experimental data.

Geometric optimization of individual molecules and molecular complexes, along with thermodynamic
parameter calculations, was carried out using the MOPAC2016 software package [36]. The semi-empirical
quantum chemical PM6 method, supplemented with DH2 and D3H4 dispersion and hydrogen-bonding
corrections, was employed for these calculations. The thermodynamic parameters of alkane film formation
on the graphene surface are estimated using the PM6-DH2 method. The results obtained in Ref. [19]
indicate an adequate reproduction of the threshold chain length of alkanes capable of film formation on
the graphene surface at the standard temperature. In this case, the Gibbs energy serves as the stability
criterion for the calculated alkane-C;s50Hjy complexes, in contrast to many works that limit themselves
to estimating only the heat or enthalpy of adsorption, or the interaction energy in the complex (for
example, in the Ref. [17]). However, D3H4 correction for PM6 method is required for consideration alkane—
B;5N75Hj3¢ complexes, unlike alkane-C,50Hso systems. Additionally, density functional theory calculations
were performed using the ORCA software package (version 5.0.4) [37]. The hybrid B3LYP-D3 functional and
the 6-311G** basis set were employed for small complexes: borazole-methane, benzene-methane, coronene
and B;;Nj,Hj,with alkanes from ethane to butane. Basis set superposition error (BSSE) correction was
applied via the counterpoise method according to Boys and Bernardi [38].
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3 Results and Discussion
3.1 Interactions in the Borazole-Methane and Benzene-Methane Systems

To verify the semi-empirical PM6 method (including various corrections for dispersion interactions
and hydrogen bonds), the geometrical parameters of the borazole molecule (B3N3Hg) as a structural unit of
the 2D hBN plane were calculated. The results for bond lengths (B-N, N-H, and B-H), dipole moment, and
polarizability are presented in Table S1 of the Supplementary Materials. The data show that the PM6 method
with DH2 and D3H4 corrections yields nearly identical values for these parameters, which closely match the
results from Ref. [39] except for the polarizability of B;N3Hs. The semi-empirical estimate of polarizability is
approximately 15% lower than the values obtained from DFT calculations using the B3LYP and CAM-B3LYP
functionals within the 6-31+G** and 6-31++G** basis sets. Furthermore, the dipole moment of the borazole
molecule calculated via the PM6 method is roughly two orders of magnitude lower than the DFT results
reported in study [39], and is effectively zero. This finding aligns with available experimental data [40]. It
is also noteworthy that the D3H4 correction combined with the PM6 method significantly underestimates
the heats of formation for alkanes. Table S2 of the Supplementary Materials compares the calculated and
experimental values of A fHJyg and S, for all compounds considered in this work. Despite this limitation,
subsequent sections will demonstrate that the PM6-D3H4 approach is nevertheless adequate for describing
intermolecular interactions in the alkane-BNNS system.

The satisfactory agreement between semi-empirical calculations of the borazole structure and higher-
level theoretical data justifies proceeding to the calculation of simple borazole-methane complexes. Fig. 2
illustrates the structures of these small complexes, alongside benzene-methane complexes for comparison.
All presented associates were optimized using the PM6 method with DH2 and D3H4 corrections, as well
as density functional theory at the B3LYP-D3/6-311G** level. This dual approach enables a preliminary
evaluation of the semi-empirical method’s adequacy (and the effectiveness of the corresponding corrections)
for describing intermolecular interactions in larger alkane-BNNS systems discussed later in the work. The
choice of the structures of benzene-methane complexes shown in Fig. 2 is due to the fact that they are among
the most energetically advantageous according to the literature data [41,42]. Borazole-methane complexes
similar to them are considered in order to assess the relative energy preference of C-H--- 7 interactions
realized in isoelectronic structures.

Complex 1 Complex 2

A A

(S % NNy (G GR—
B3N3Hs—CHy Cs¢H¢—CH4 BsN3;He—CHs CsHe¢—CHa4

Figure 2: Optimized geometric structure of borazole-methane and benzene-methane complexes (B3LYP-D3/6-311G**
level of theory).
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The computational results reveal some differences in the accuracy of the semi-empirical PM6 method
for benzene-methane vs. borazole-methane complexes. The distance from the methane carbon atom to the
center of the benzene ring d(C-. --C¢Hg) in complex 1, estimated using the semi-empirical PM6 method, is
(0.11-0.20) A shorter than that obtained at the B3LYP-D3/6-311G** level of theory (see Table 1). The experi-
mentally recorded value of d(C---C¢Hg) is 3.8 A [24]. In contrast, for structurally similar borazole-methane
complexes, the distance d(C---B;N3Hs) estimated by the PM6-D3H4 method shows excellent agreement
with DFT calculations. The experimentally found value of d(C-.--CsHp) is 3.6 A for complex 2 of benzene
with methane [43], which is accurately reproduced by DFT. The semi-empirical approach underestimates
this distance by (0.15-0.17) A. Particularly, DFT calculations across a wide range of functionals (reported
in Ref. [23]) estimate this distance within the range of (3.46-3.79) A using a very representative number of
functionals given in the study [23].

Table 1: Calculated thermodynamic and structural data for borazole-methane and benzene-methane complexes.

AHSM KJ/mol  ASSin? J/(mol-K) AGEim g /mol Distance d, A

Method CeHe- BsN3He- CeHe- BiN;Hg- CeHg-  BsN;Hg-  Cooe C--
CH,4 CH,4 CH,4 CH,4 CH,4 CH,4 CeHs B;N;Hg

Complex 1
PM6-DH2 -6.29 =5.21* —-26.06 -53.76* 1.47 10.81* 3.55 3.66
PM6-D3H4 -6.43 —5.12* —42.55 —38.97% 6.25 6.49* 3.64 3.83
B3LYP-
D3/6-311G** -8.34 -7.01 -31.67 -40.04 1.10 4.92 3.75 3.87
Complex 2
PM6-DH2 —-6.05 —-7.48 -69.79 -48.59 14.75 7.00 3.43 3.43
PM6-D3H4 -6.88 -7.14 -73.36 -75.38 14.98 15.32 3.41 3.42
B3LYP-
-7.62 -7.58 —-38.20 —-26.98 3.76 0.46 3.58 3.54

D3/6-311G**

Note: *methane molecule in BsN3;Hg—CH,4 complex 1 was “frozen” because this structure transformed into complex 2
during optimization procedure in PM6 with both corrections DH2 and D3H4.

From the Gibbs binding energy, it can be seen that all the considered complexes are unstable at the
standard temperature. However, it is possible to compare the values of AGS#? for them. The borazole-
methane complex 1 is less energetically preferable than the similar structure of the benzene-methane
complex. Semi-empirical optimization of borazole-methane complex 1 leads to its transformation into the
more energetically favorable complex 2. To calculate the thermodynamic parameters of complex 1 formation,
the coordinates of the methane molecule in the B;N;Hg—CH, system were therefore ‘frozen’ during the
calculation. The data shown in Table 1 indicate a greater adequacy of the PM6-D3H4 method in estimating
the value of AGé’ég‘d for complex 1 of BsN3Hg—CH, and, conversely, the PM6-DH2 method for CsHg—
CH,4 complex 1. Consideration of this particular structure of the CsHg—CH, and B;N3;Hg—CH, complexes,
where one hydrogen atom of methane interacts with benzene or borazole, is important because the parallel
orientation of long-chain homologues on the surface of graphene or BNNS results in C-H- - - 7 interactions
between one hydrogen of each methylene fragment of alkane and one 7-electronic system of the adsorbent.

The enthalpy component of one C-H- - - 7 interaction for the complex 1 of BsN3;Hs—CH, is approximately
1 kJ/mol lower (in absolute value) than for CsHg-CH,, when estimated using the PM6 method with both
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corrections, as well as in the DFT calculation. The experimentally determined dissociation energy for the
methane-benzene complex is (4.3-4.7) kJ/mol [44], consistent with prior estimates of C-H- - - 7 interaction
energies (4.4-8.0) kJ/mol reported in Refs. [23,45,46]. For the BsN3Hg—CH, system, however, no equivalent
theoretical or experimental data are available in the literature for comparison. The calculated values of
AH gg;gd in the CsHg—CH,4 complex correlate with the values of the contributions of the C-H- - - 7 interactions
of the considered structure to the adsorption heats of alkanes on the surface of highly oriented pyrolytic
graphite 7.53 kJ/mol. While the corresponding contribution of C-H- - - 7 interactions to the adsorption heats
of alkanes on hBN was lower and amounted to 5.60 kJ/mol [15]. Given the strong alignment of results
with both experimental measurements and higher-level theoretical calculations, the PM6-D3H4 method is
recommended for future studies of alkane-BNNS systems. Specifically, the inclusion of the D3H4 correction
enhances the accuracy of the method, providing outcomes that are consistent in both qualitative and
quantitative terms.

In Ref. [19], the influence of polyaromatic hydrocarbon molecule size used to model the graphene sur-
face on the thermodynamic parameters of methane binding was investigated using the PM6-DH2 method.
The calculations revealed that, starting from tricircumcoronene (Cs4H;g), the thermodynamic parameters
of methane binding are nearly identical to those obtained for larger polyaromatic hydrocarbons(PAHs) such
as di-(CoHy4) and tricircumcoronene (C;50Hzp). Complementary findings were reported by Smith and
Patkowski [24], who studied methane interactions with graphene-like surfaces using the B3LYP functional
with D3 dispersion correction and other benchmark methods. They demonstrated that extending the
PAH beyond circumcoronene induces only a minor change in interaction energy. This justifies the use of
circumcoronene as a sufficient model for graphene surfaces, provided that the PAH diameter exceeds the
alkane molecule length by two rings of condensed nuclei; this condition minimizes the influence of terminal
hydrogen atoms on the calculated parameters. The diameter of tricircumcoronene (C;s50Hso) meets this
requirement for studying alkane binding up to decane. However, complexes involving longer-chain alkanes
need additional optimization procedures. A similar approach was applied to evaluate the thermodynamic
parameters of alkane binding to B;5N75Hso.

The use of finite surface models enables precise differentiation of interaction contributions between
alkane fragments (methyl and methylene groups) and the condensed nuclei of the model molecules
Cis0Hs0 and B;5N;5H30. Importantly, these interaction patterns remain consistent even for larger surface
fragments. Thermodynamic binding data for alkanes with chain lengths of 2-14 carbon atoms, as reported
in the subsequent section, provide sufficient information to establish a regression relationship between
binding parameters and alkane chain length. Consequently, there is no necessity to increase the size of
the surface-modeling molecule when calculating larger alkane complexes or their associates. This approach
offers significant computational advantages. It substantially reduces calculation time, even when using
semi-empirical methods. The benefits become even more pronounced when employing DFT methods. As
demonstrated in study [16], DFT calculations require approximately 1000 times more computational time
than PM6 calculations, yet they yield a comparable level of accuracy in estimating interaction energies for
small molecule complexes on PAH models of graphene surfaces.

3.2 Assessment of Alkane (n = 2-14) Interactions with B,;N,,H,,

Fig. 3 presents the optimized structures of alkane complexes formed on the surfaces of hexagonal
B;5N75Hso and tricircumcoronene, using decane as an illustrative example. In these structures, the alkane
molecule adopts a “linear” conformation and lies parallel to the adsorbent surface. Conversely, a perpendic-
ular orientation of the alkane carbon chain relative to the adsorbent plane is energetically less favorable [19]
and is practically not observed under standard temperature conditions. Enthalpy, entropy, and Gibbs energy
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of formation and binding were calculated for C,-C;4 alkane complexes with model adsorbents (B;5N75Hj,
Ci50H;30) using the PM6 method (without correction, with DH2, and with D3H4 corrections for dispersion
interactions and hydrogen bonds). This approach helps assess the suitability of each correction for the studied
systems. Results are presented in Table 2.

top view side view top view side view

front view front view

(@) (b)

Figure 3: Optimized structures of decane-B;5N;5Hj;, complexes (a) and decane-C,50H; (b) in PM6-D3H4 and PM6-
DH?2 method correspondingly.

Table 2: Thermodynamic parameters of binding for alkane-C;50Hj;( and alkane-B;5N75Hjs, complexes in PM6 method.

Parameters of Complex Binding

Alkane- Qads > k] /mol
Surface AHL, ASIRY, AGhRY, AHLY, AShi?, AGHLRY, AHa', AShed, AGh',  [15,47]
kJ/mol J/(mol-K) kJ/mol KkJ/mol J/(mol-:K) kJ/mol KkJ/mol J/(mol-K) kJ/mol
Graphene (Ci50Hzo) PM6 PM6-DH2 PM6-D3H4
CyHs-Cis0Hso -2.64 -51.99 12.86 -22.81 —88.21 3.47 -20.30 -50.33 -5.30 20.08
C3Hi6-Cis0Hso -3.95 —-81.44 20.32 -30.05 -107.23 1.90 -2776  —67.80 -7.55 27.45
C4Hi0-Cis0Hso -5.82 —88.35 20.51 -3742  -118.39 -2.14 -35.78 -76.02 -13.12 34.43
CsHj2-Ci50H30 =715 -99.50 22.50 -45.11 -129.37 -6.56 -43.97 -90.35 -17.04 41.71
CsHi4-Cis50H3zo —8.46 -109.33 24.12 -52.64 -140.55 -10.76 -51.75 -111.30  -18.58 49.62
C;H16-Cis50H3o -9.74 —119.43 25.85 -60.57 -149.80 -15.93 -59.58 -113.86 —25.64 -
CsHis-Cis50Hszo -11.07  -129.62 27.56 -68.52 -161.08 -20.52 -67.39 -12991 -28.67 -
CoHz0-Cis0Hso -12.38 -138.25 28.82 -76.45 -180.82 -22.56 -75.17 -139.10 -33.71 -
CioH22-Ci50Hso -13.70 -148.77  30.63 -84.24 -183.57 -29.53 8292 -15691 -36.16 -
Ci1H24-Cy50Hzg -15.01 -166.19 34.52 -92.01 -21590 -2767 -90.58 -170.91 -39.64 -
Ci2H6-Ci50Hzg -16.20 -170.95 34.74 -99.34 -228.28 -31.31 -97.79 -171.61 —46.65 -
Ci3H25-Ci50H3zo -17.37  -189.70 39.16 -106.64 -24708 -33.01 -104.92 -181.63 —50.80 -
Ci14H30-Ci50Hso -18.48 -200.58  41.29 -113.06 -244.52 -40.19 -112.08 -173.75 -60.30 -
BNNS (B75N75H30) PM6 PM6-DH2 PM6-D3H4
C,Hg-B75N75Hsg -1.06 -30.93 8.16 -20.99 -55.45 -4.46 -17.05  -54.48 -0.81 20.48
CsH;6-B7sN75Hsg -1.22 -40.19 10.76 -30.37 -74.57 -8.15 —-22.72  =58.07 -5.42 26.24
CsHj0-B75N75H30 -1.61 —53.37 14.30 -36.81 -92.30 -9.30 —-29.28 -74.86 -6.97 32.46
CsHj2-B75N75H3p -1.99 —65.40 17.50 —-46.92 -113.14 -13.21 -35.87 —-84.91 -10.57 38.20
CsHi4-B75N75H30 -2.37 -73.82 19.63 -55.12 -126.42 -17.45 -42.33 -101.47 -12.10 43.87

(Continued)
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Table 2 (continued)

Parameters of Complex Binding

Alkane- : : - : : - : : - Q.ds> kJ/mol
Surface AHSM, AShind AGhInd, AHBI, AShind AGEIM AHYIM, ASEIY AGHMY,  [15,47]
kJ/mol J/(mol-K) kJ/mol KkJ/mol J/(mol:K) kJ/mol KkJ/mol J/(mol-K) kJ/mol
C7Hi16-B75N75H3g -2.74 -83.33 22.09 -63.34 13511 -23.08 -48.69 -l11.67 -15.41 46.15
CsHis-B75N75H3g -3.15 -89.09 23.40 -71.30  -13731 -30.38 -55.15 —-125.52 -17.75 52.34

CoHz0-B75N75Hso -3.55 -91.37 23.68 -79.30 14793 -3522 -61.63 -14141 -19.49 -
CioHz2-B7sN7sHzg =395 —-103.09  26.77 -8714 -160.37 =3935 -67.78 -146.97 -23.98 -
Ci1H24-BssN7sHzg —4.36  —-131.20 34.73 -9494 -18735 -3911 7392 -161.74 -25.73 -
Ci2Hys-B7sN7sHzo  —4.77  —130.42  34.09 -102.54 -200.67 -42.74 -80.09 -175.72 -2772 -
C13Has-B75N75Hso =517  -14235 3725 -10998 -212.71 -46.60 -86.18 -177.69 -33.23 -
Ci4H30-B7sN7sHzg  —=5.54 -153.94  40.33  -116.57 -220.07 -50.99 -91.66 -192.97 -34.16 -

It can be seen that using the PM6 method without correction does not lead to any satisfactory results.
In this case, AG%"? > 0 indicating the disadvantage of the alkane binding with both types of adsorbents,
which does not correspond to available experimental data [15,47,48]. The use of corrections of both types
radically changes the calculation result: AG2i? < 0 indicating possibility of alkane binding to the regarded
surfaces. At the same time, the type of correction has almost no effect on the results of calculating the
binding enthalpy of alkanes to tricircumcoronene, unlike to B;5N;5Hj;o. Thus, the contribution of one
C-H--- 7 interaction to AH%’gd for alkanes on the surface of B;sN;sHj;, differs by about 25%-30%
(1.6 kJ/mol) for the calculated values using DH2 and D3H4 corrections. In addition, the use of DH2
correction for alkane-B;5N;5H;, complexes yields AH%Q"’ values slightly higher than those for alkane-
tricircumcoronene complexes, which contradicts experimental data on the isosteric adsorption heats of these
compounds on the regarded adsorbent types [15,47], indicating a greater thermal effect upon adsorption on
a carbon surface.

The calculation results are used to form correlation dependences for thermodynamic binding parame-
ters in alkane-C;50Hj and alkane-B;5N75H;zo complexes of the form:

AAI;JHCI — (Ulblnd + AUlblnd) 'K;—,+ (‘/lhlnd 4+ A‘/ibind), (6)

where AA%" is the thermodynamic parameter of binding (enthalpy, entropy, Gibbs energy) of alkane
molecule with Ci50Hz¢ or BysN75Hsp; the contributions of Uih ind and Vib ind depend on the considered
thermodynamic characteristic, selected adsorbent, temperature (T = 298 K) and calculation method; K,
is the number of intermolecular C-H--- 7 interactions between hydrogen atoms of CH, and CHj alkane
fragments with aromatic rings of adsorbent (it is equal to the length of the alkane chain (n) provided
its “parallel” orientation on the adsorbent surface). The coefficients of regression dependences are shown
in Table 3.

Let us compare the obtained contributions of C-H: - 7 interactions into AHZi"¢ with experimental
values and values estimated in the framework of the density functional theory B3LYP-D3/6-311G** (see Table
S3 of the Supplementary Materials). Thus, the average increment of the isosteric heat of alkane adsorption
on graphite per methylene fragment is 7.06 kJ/mol, and on hBN—5.60 kJ/mol according to the experimental
data of studies [15,48], correspondingly. These values correlate quite well with the semi-empirical calculation
data from the Table 3, as well as DFT calculations for short-chain alkane (C,-C,) complexes on coronene and
its BNNS counterpart: —5.99 and —5.62 kJ/mol, respectively. For the case of alkanols (C,-C,) on coronene,
the increment of C-H- - - 7 interaction into the binding energy amounts to —5.77 kJ/mol in PM6-DH2 and
-5.92 kJ/mol in B3LYP-D4/6-311G**. Enlargement of the molecule, modelling the surface of adsorbent, leads
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to the increase of the value of the mentioned increment to —6.40 and —7.81 kJ/mol on tricircumcoronene in
PM6-D3H4 and PM6-DH2 correspondingly.

Table 3: Coefficients of linear dependences of the type AA%"d = (Ubind 1+ ybind) . K, + (Vbird 1 vPind) for binding
thermodynamic characteristics in complexes alkane-C;50Hj; and alkane-B;5N75Hsg, R is correlarion coefficient, S is
standard deviation.

System Parameter Ufi"d + U?i"d V?i"d + V:’“‘d R S
AHEM KJ/mol  -762+0.08  -754+0.83 09996 0.62

ASLind J/(mol')K)  -14.62 +0.94 -48.42+973 0.9858 730
AGYn KJ/mol ~ -326+027  6.89+279 09766 2.09

AHEM KJ/mol 756 +0.06  —6.87 058 09998 0.44
ASLind /(mol' K) — —9.47 +1.05  —5517 +£10.80 0.9599 8.10

Alkane—Cl50 H30 (1n PM6-DH2
method)

Alkane—C150H3o (111 PM6-D3H4

thod .

method) AGLnd KJ/mol  -474+027  957+278  0.9889 2.08

, AHEM KJ/mol  -8.01+0.08  —6.30+0.69 09995 1.05
Alkane_B”iifjﬁg(Sn PM6-DH2 = \qbind 1(molK) -1327£052  -3717+460 09916 703
AGSind Kj/mol ~ —4.06 + 0.16 478 +1.44 09912 220

AHSM KJ/mol  -6.30+0.03  -4.41+028 09999 0.43

Alkane—B75N75H3o (m PM6-D3H4

A bind’ 1. K -12. 2 -27 24 . 1 71
method) S29s"> J/(mol-K) 00 + 0.27 766 +243 09971 3.7

AGY kJ/mol ~ -2.72 + 0.07 383+0.58  0.9968 0.89

The contribution of C-H:-- 7 interactions to AS%:" exhibits a comparable variation in both systems

when using either correction. Specifically, this difference amounts to approximately 30% for alkanes adsorbed
on tricircumcoronene and nearly 20% for those on the boron nitride fragment. Consequently, an analysis
of the key interaction contributions to alkane binding at the considered surfaces (as reflected in AG%i1%)
supports the recommendation to use the PM6-D3H4 method for further calculations of alkane film
formation parameters on BNNS. In contrast, prior studies [19,20] on alkane film formation on graphene
surfaces have demonstrated the adequacy of combining the DH2 correction with the PM6 method. This
approach successfully reproduced the chain length of alkanes capable of spontaneous monolayer formation
on graphite-like surfaces—14 carbon atoms in accordance with the experimental data obtained using
STM [4,49,50] and AFM methods [51], X-ray diffraction analysis [6], as well as incoherent elastic neutron
scattering [52]. The increments of C-H.: - 7 interaction into AG2#? derived from data calculated within
DFT amounted to —4.19 and —3.73 kJ/mol for alkanes on C,4Hj, (coronene) and B;,N;,H;, correspondingly,
indicating less favorable interactions for the later. It is only 1 kJ/mole more than was assessed within semi-
empirical PM6 method with corrections (see Table 3). The slightly lower preference of C-H- - - r interactions
into AG2i1¢ for alkanes on BNNS than on graphene (approximately 10%) gives rise to predict lower melting
temperatures of alkane monolayers on BNNS than on graphene, which is recorded experimentally [15].

3.3 Thermodynamics of Crystalline Film Formation for C,H,,,, Alkanes (n = 6-14) on the BNNS Surface

To determine the thermodynamic parameters of alkane clusterization on the BNNS surface, the same
methodological approach applied to alkane films on graphene [19] should be used. In addition to C-H:-- 7
interactions between the alkane and the polyaromatic system, it is essential to account for intermolecular
interactions between alkane molecules in two possible directions of monolayer propagation (p and q).
Differential scanning calorimetry studies of alkane melting on carbon-containing surfaces and hBN revealed
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distinct features in the thermograms: (1) prominent peaks corresponding to the melting of the 3D phase; (2)
barely discernible peaks attributed to 2D monolayers, which melt at higher temperatures [21]. The two small
melting peaks for alkane monolayers on hBN differed by 1-2 K, interpreted by the authors as a pre-melting
solid-solid phase transition. We propose that this phenomenon reflects a possible rearrangement of alkane
molecules: after the 3D bulk alkane phase melts, a less stable monolayer forms and subsequently reorganizes
into a more thermodynamically stable monolayer structure.

In this context, two possible packing types of alkane molecules in monolayers on isoelectronic surfaces
(graphene and BNNS) are considered: “straight” and “herringbone”. Fig. 4 illustrates fragments of such
monolayers for BNNS, while analogous structures for graphene are shown in Fig. S1 of the Supplemen-
tary Materials. Alkane dimers are marked with dotted ovals; their intermolecular interactions should be
considered when developing an additive scheme to evaluate the thermodynamics of film formation for the
corresponding monolayers. The thermodynamic parameters of dimerization for isolated structures (without
polyaromatic systems) are provided in Tables S4 and S5 of the Supplementary Materials.

p-direction g-direction

g-direction
p-direction

(a)

Figure 4: Fragments of 2D monolayer structure of alkanes on BNNS with “straight” (a) and “herringbone” (b)
molecular packing (by the example of hexane-B;5N;5Hjo complex).

As already noted in previous study [19], the Gibbs energy of dimerization for all identified alkane
dimer types exhibits subtle dependence on either the alkane chain length or the number of CH:--HC
interactions. This behavior stems from the fact that, in the g direction, alkane dimers involve only a single
interaction between the terminal methyl groups of the alkane chains. Using the PM6-DH2 method, the
average dimerization Gibbs energy for these associates is (16.37 + 3.27) kJ/mol for the “straight” monolayer
structure and (17.01 + 1.33) k]J/mol for the “herringbone” structure; these values do not differ significantly
within the computational uncertainty. The average values of AG4" within the PM6-D3H4 method for the
same dimer structures in the g direction are (15.92 + 2.41) and (17.11 + 1.86) kJ/mol for the “straight” and the
“herringbone” monolayer, respectively, which is also indistinguishable, given the estimation errors.

The value of AGY™ is practically independent of the alkane chain length for dimers in the p direction

« »

due to the implementation of the energetically unfavorable “e” type of intermolecular CH-:--HC interac-
tions, in contrast to the “a” type formed during the monolayer formation of substituted alkanes at the
air/water interface [53]. The average Gibbs energy of dimerization of such clusters is (17.95 + 1.20) and
(19.58 + 3.23) kJ/mol for the “straight” and the “herringbone” monolayers in PM6-DH2, and in PM6-D3H4

it was slightly lower, at the level of (1710 + 1.35) and (18.04 + 1.71) kJ/mol, respectively. The coefficients of the
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linear dependences AH% and ASi" on the alkane chain length (1) in the PM6 method with two types of
corrections are given in Table 4 for dimers formed in both directions of monolayer propagation:

AA%«im — (Uldzm :i:AUidim) ‘n+ (Vidim :i:AVidim), (7)

where AA%™ is the thermodynamic dimerization parameter (enthalpy, entropy, or Gibbs energy) of alkanes;
the contributions of U?™ and V#™ depend on the considered thermodynamic characteristic, the type
of dimer, temperature (T = 298 K), and the calculation method; Uf“m characterizes the contribution of
CH- --HC interactions between the methylene groups of alkanes, and V4™ is the contribution of interactions
between the terminal methyl fragments of alkanes.

Table 4: Coefficients of linear dependences of the type AA4L = (U™ £ AUS™) . n + (VA" £ AVA™) for thermo-
dynamic dimerization parameters of alkanes, R is correlarion coefficient, S is standard deviation.

System Parameter Ulim 4 Aydim ydim 4 Ay dim R S
For “straight” monolayer
. AHZ™, KJ/mol ~2.45 £ 0.01 2.33 014 0.9999 0.11
D PM6-DH2 298 >
mer p ( ) AS%im 7/(mol-K) 740 + 1.84 ~65.28 +19.01 0.8352 14.26
AHZ™, KJ/mol ~3.04 + 0.00 2.61 £ 0.01 1.0000 0.01
Di PM6-D3H4 298 >
imer p ( ) AS4im '/(mol K) 1111 + 0.43 ~42.48 + 6.45 0.9948 3.34
AHZ™ KJ/mol - -6.23 + 0.01 - -
Di PM6-DH?2 298 >
imer q (PM6-DH2) AS%im 1/(mol-K) - ~75.86 + 11.00 - -
. AHZ™ kJ/mol - -1.90 + 0.48 - -
D PM6-D3H4 298 >
imer q ( ) AS%im 7/(mol-K) - ~59.82 + 8.80 - -
For “herringbone” monolayer
AHS™, k) /mol ~2.61 £ 0.11 6.49 +1.51 0.9964 0.46
Di PM6-DH2 298 >
imer p (PM6-DH2) AS%im 7/(mol-K) ~8.29 + 0.87 ~40.92 + 9.97 0.9537 9.14
. AHZ™, KJ/mol ~3.05 £ 0.09 488 +0.91 0.9971 0.68
D PM6-D3H4 298 >
imer p ( ) AS4Em '/(mol K) ~11.73 £ 0.83 ~29.26 + 8.62 0.9827 6.47
AH{i™ kJ/mol - -3.74 +0.12 - -
Di PM6-DH2 298 >
imer q (PM6-DH2) AS4im 7/(mol-K) - ~69.53 + 4.03 - -
AHZ™, kJ/mol - -4.59 + 0.17 - -
Di PM6-D3H4 298 >
imer q (PM6-D3H4) AS%im 7/ (mol-K) - ~70.18 + 4.70 - -

Table 4 shows that interaction contributions in alkane dimers, calculated with semi-empirical correc-
tions for dispersion and hydrogen bonding, do not differ significantly within the standard error except for the
enthalpy of dimerization of Dimer q in the “straight” monolayer. Including both enthalpy and entropy factors
yields AG4i" values that are nearly independent of chain length and the number of CH- - -HC interactions
between alkane molecules.

The obtained energy contributions of interactions during the formation of alkane dimers, as well as
interactions between alkanes and polyaromatic systems, make it possible to create the additive scheme. This
scheme, in turn, enable to assess the possibility of alkanes to form 2D monolayers of various structures on
the surface of BNNS and graphene at the given temperature and length of the alkane chain. Let’s denote
the numbers of contributions realized in the dimer structures in the p and g directions of the monolayer
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propagation as #, and 7, and define them as follows:

np=q-(p=1), ng=p-(q-1), (8)
where p and g are the numbers of alkane molecules in the corresponding directions of the monolayer
propagation.

Intermolecular C-H- - - 7 interactions realize in both directions of the monolayer propagation. In this

case, the dependence of their number on the length of the alkane hydrocarbon chain (1) can be determined
as follows:

K,=p-q-n. (9)

In order to define the number of mentioned interactions per molecule of the infinite 2D cluster, it is
necessary to divide the Eqs. (8) and (9) obtained above by the number of monomers in the cluster (m = p-q),
and then take the limit from these values as the number of molecules in the cluster tends to infinity. Then
these dependences transform into the next:

Ngoo/M =1y oo/ = 1. (10)

It is possible to calculate the number of intermolecular C-H- - - 77 interactions per monomer in the 2D
film according to the expression outlined below:

Ky oo/m =n. (11)

Substitution of Egs. (10) and (11) into Eq. (6), combined with the additives for dimer interaction
from Eq. (7), yields an expression for the Gibbs clusterization energy per monomer in the 2D alkane film:

AG2C918,oo/m = Uz‘Cl “n+ ViCl> (12)

where the coefficients US! and V! are given in Table 5 for two considered types of monolayers on the
isoelectronic surfaces of BNNS and graphene using the PM6 method with DH2 and D3H4 corrections.

Table5: Coeflicients of linear dependences for calculation of the Gibbs energy of 2D film formation per alkane molecule
at standard temperature.

Method Adsorbent Parameter
UiCI, kJ/mol V,.Cl, kJ/mol
For “straight” monolayer
BNNS -4.00 40.27
PMé-DH2 Graphene -3.26 42.43
BNNS =272 37.64
PM6-D3H4 Graphene -4.74 43.44
For “herringbone” monolayer
BNNS -4.00 4119
PM6-DH2
6 Graphene -3.26 43.48
PM6-D3H4 BNNS -2.72 38,92

Graphene -4.74 44.72
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STM, X-ray diffraction as well as incoherent elastic neutron scattering studies show that alkanes require
at least 12-14 carbon atoms to form crystalline monolayers on carbon surfaces, and 14 atoms on hBN surfaces
under standard conditions [4,6,21,49,51]. These values are consistent with the calculated results for alkanes
on graphene using the PM6 method with DH2 correction, and for alkanes on BNNS—with D3H4 correction.
It is illustrated in Fig. 5 showing the graphical representation of the obtained dependences AGZCQI&oo /m.
The need to apply various corrections of the PM6 method can also be illustrated by the dependence of the
temperature of spontaneous alkane film formation on the chain length, since it can be easily assessed using
the expression for AGSyg . /m calculation.

— "straight” monolayer on BNNS
50 - - - - -"herringbone" monolayer on BNNS
—— "straight” monolayer on graphene
40 | ----"herringbone" monolayer on graphene |

30 4
20 4

10 4

AG®,,, /m, kd/mol

410

-20 -

(a)

o
-4
-
-

—T =T 1
12 14 6 18

Alkane chain length, n

AGC,,, Jm, kd/mol

(b)

Figure 5: Dependences of clusterization Gibbs energy per alkane molecule of 2D monolayer assessed within PM6-DH2
(a) and PM6-D3H4 (b) at standard conditions.

Several schemes were previously developed for this purpose in study [54], differing in their degree of
theoretical validity. These schemes were validated through assessments of the spontaneous film formation
temperature for ten surfactant classes at the air/water interface. Particularly, even the most simplified
scheme reproduces experimental data with a relatively low error of 3%-5%. Within the framework of the
simplest scheme, the required temperature for spontaneous clusterization (or the melting temperature of the
monolayer, T,,) can be estimated using the following expression:
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_ AHg918,o<>/’/n

- bl (13)
ASZC918,oo/m

m

where the values AHZCJ&OO /m and ASZC9I&<><> /m linearly depends on the number of C-H--- 7 interactions

(K7,00/m), numerically equal to the length of the alkane chain (). The film formation parameters can be
expressed in terms of the corresponding thermodynamic parameters of alkane binding to the surface of
adsorbents according to Eq. (6) and the parameters of alkane dimerization in the p and g directions of the
monolayer propagation according to Eq. (7). Then Eq. (13) takes the form:
bind , rrdi di bind | 7di di
T (Uar" +Usip + Uag) -0+ VA + Vi, + Var, (14)
m = .

bind dim dim bind dim dim
(URS™ + Uggly + Uisly) -+ Vg™ + Vi + Vi

The values of the corresponding coeflicients U; and V; are given in Tables 3 and 4. The calculated values
of the onset temperature of alkane spontaneous clusterization on 2D hexagonal boron nitride and graphene
qualitatively reflect the experimental dependences [21], although with a systematic error, which increases
with the elongation of the alkane chain (n):

0 =(65.55+4.66) — (4.83 £ 0.41)n for “straight” 2D monolayer on BNNS, (15)
0 =(58.09 £5.34) — (4.78 £ 0.47)n for “straight” 2D monolayer on graphene-like surface. (16)

Accounting for this error significantly improves the agreement of calculated and experimental data
on the onset temperature of 2D alkane film formation (Table S6 of Supplementary Materials). It should
also be noted that the calculated temperature difference of spontaneous film formation for the “straight”
monolayer and the “herringbone” monolayer, for instance, for dodecane is 1.9 K in excellent agreement with
the experimentally recorded value of 2.0 K [21]. The authors of this work interpret it as pre-melting solid-solid
phase transition. A similar behavior of dodecane has also been recorded during its melting on the surface of
graphite [55]. While for the shorter-chain heptane, differential scanning calorimetry have shown no trace of
molecular rearrangement in 2D monolayer preceding the melting of the bulk phase.

As demonstrated in Fig. 6, alkane films exhibit greater thermal stability on graphene surface compared
to BNNS surface. Quantitative analysis reveals the following average relative differences between the melting
temperatures of alkane monolayers and the corresponding 3D phase: 5% for even-chain alkanes, 9% for
odd-chain alkanes on BNNS; 11% for even-chain alkanes, 14% for odd-chain alkanes on graphene. These
computational results are in good agreement with experimental data reported by Arnold et al. [21], who
observed: “on h-BN, the monolayer seems to melt at a temperature approximately 5% above the bulk melting
point (for even chain length molecules) or 8% (for odd chain length molecules), compared with approx-
imately 10% above the bulk (even) or 14% (odd) for alkanes on graphite”. This consistency confirms that
C-H--- & interactions between alkanes and solid surfaces contribute differently to monolayer stabilization,
despite their isoelectricity. Particularly, C-H- - - 7 interactions on graphene are more energetically favorable
than those on BN plane. To elucidate this difference, a detailed examination of the properties of benzene’s
isoelectronic analogues where carbon atoms are replaced by boron and nitrogen is required.
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Figure 6: Dependences of the melting temperatures of 2D monolayers and the bulk phase of alkanes on the chain
length on the surface BNNS (black line and circles) and graphene (blue line and circles). Lines just guide the eye.

Interactions between molecules with closed electron shells which are responsible for the processes of
physisorption, film formation and crystallization realize mainly due to the dispersion forces. These include,
in particular, CH- - -HC and C-H- - - w interactions. The experimental study [56], devoted to the charge density
distribution of benzene, borazole and their halogenated derivatives, show that intermolecular interactions in
the crystals of these compounds are also governed by the X—H- - - m (where X designates C, N or B atoms) and
m--- 7 interactions. Furthermore, as in benzene, these X—H: - 7 interactions in borazole are controlled by
the Pauli repulsion and the London dispersion. It is quite logical to associate the energy of such interactions
between alkanes and aromatic compounds with the aromaticity of the solid surfaces, which differs despite
their isoelectronics.

The aromaticity of borazole B;N3;Hg, as the inorganic analog of benzene C¢Hs and the structural
element of BNNS, was recognized after rather long discussion [57-59]. Theoretical studies available in the
literature and comparisons of the properties of these two molecules, as well as isoelectronic carborazole
C;B;N,Hs, have shown that all of them exhibit aromatic properties, however, decreasing in the series C¢Hg
> C,B,N,Hg > B;N3Hg. The lower aromaticity of other six-membered cycles containing boron and nitrogen
atoms in different sequences is confirmed in Ref. [60]. In addition, studies of a number of BN-[n]helicenes
have also confirmed their somewhat atypical aromaticity [61]. The calculation of the electron density of
delocalized bonds (EDDBp-7) performed by Wu et al. [57] showed that the 7 electrons are the best and
equally delocalized on all carbon atoms in the benzene molecule. Boron atoms in carborazole and borazole
have the least number of delocalized electrons compared to other atoms in the molecule. Thus, from the
view point of the EDDB population analysis, boron atoms determine the lower limit of the entire electron
delocalization, and, consequently, the aromaticity of the compared molecules.

Natural energy decomposition analysis for energy in the interaction of noble gas molecules with surfaces
of graphene and BNNS [62] showed that contributions from the various terms follow the relative order:
charge transfer > polarization > dispersion > exchange > electrostatic for the case of inert gas adsorption
on BNNS. At the same time, major contribution to the attractive term comes from the dispersion term
for the case of adsorption on graphene-like surfaces [62]. Therefore, based on this assumption, the lower
energetic increment of C-H- - - m interactions between aliphatic chains and aromatic 7-systems of graphene-
like surfaces comparatively to hexagonal boron nitride surfaces is quite reasonable and proved by the
experimental studies [15,21].
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Finally, a detailed analysis of geometric parameters for n-alkane monolayer unit cells on BNNS
(Fig. 7) and graphene (Fig. S2 in Supplementary Materials) reveals subtle but important peculiarities of
alkane packing on regarded isoelectronic surfaces. Table 6 compiles data for “straight” and “herringbone”
arrangements, validated against X-ray diffraction measurements [63]. For the “straight” structure on hBN,
extrapolation from longer homologues (C;yHys, C14H30, Ci6Hsa, [63]) shows a linear trend: the b side
elongates by 5.35 A per two methylene units, while the a side remains fixed at 4.32 A. Therefore, the data
presented for the longer side b of the hexane unit cell are obtained by extrapolation. In “herringbone”
structures, the angle ¢ between molecular axes for lamellas differs slightly: 120° on BNNS vs. 122° on
graphene. These values align well with experimental data for alkanes and their substituted ones [18,64],
confirming the accuracy of the optimized models. In general, the systematical larger unit cell dimensions on
hBN are observed by ~2% increase in interplanar lattice constant: 2.52 A vs. graphite’s 2.46 A.

Figure 7: Illustration of geometrical parameters of the unit cell for 2D monolayer structures of alkanes on BNNS with
“straight” (a) and “herringbone” (b) molecular packing.
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Table 6: Parameters of 2D unit cells for alkane monolayers on isoelectronic surfaces.

BNNS Graphene
Monolayer Structure
Calc. PM6-D3H4 Exptl. [63] Calc. PM6-DH2 Exptl. [63,65]
“Straight” (4.41 x 19.07) A (4.32 x18.25) A* (428 x1744) A (4.92 x17.04) A
“Herringbone” (5.15 x 17.01) A (5.01 x 1715) A (5.08 x16.94) A (4.90 x 16.90) A

Note: *extrapolated for C¢H, 4 using data for C;,Hyg, Ci4Hzp, Ci6Hss in Ref. [63].

4 Conclusions

This study reports quantum chemical semi-empirical calculations of thermodynamic and structural
parameters for 2D alkane film formation on isoelectronic adsorbents: BNNS and graphene. The performed
calculations showed that:

(1) accurate PM6-based modelling of “hydrocarbon-model surface molecule” systems requires dis-
persion interactions and hydrogen bond corrections as their contributions are crucial for the
intermolecular C-H- - - 7 interactions occurring in such systems. In the case of alkane binding to the
BNNS surface, the D3H4 correction should be applied, while the DH2 correction is more adequate for
the case of graphene surface, when comparing experimentally estimated values of adsorption heats.

(2) C-H---m interaction contributions to alkane binding are ~20% lower on BNNS than on graphene,
due to the lower aromaticity of borazole ring compared to benzene as structural elements of the
corresponding isoelectronic adsorbents.

(3) the threshold chain lengths of alkanes capable of forming crystalline monolayers on the surface of
BNNS and graphene differ by one methylene fragment and amount to 14 and 13 carbon atoms, respec-
tively.

(4) there are two possible types of alkane molecule packing during their 2D monolayer formation
on the chosen surfaces: the so-called “straight” and “herringbone” monolayers. In terms of Gibbs
clusterization energy, these monolayer structures are similar, with a slightly lower preference for the
“herringbone” monolayer for longer hydrocarbons on the BNNS surface. The possible existence of two
types of alkane monolayers can be interpreted as pre-melting solid-solid phase transition.

(5) the dependence of the temperature of spontaneous alkane film formation on the chain length is
estimated for two solid surfaces. The calculated temperature difference between spontaneous film
formation of the “straight” and “herringbone” monolayer for dodecane is 1.9 K, in agreement with the
experimentally recorded value of 2.0 K.

The obtained results are of interest in the theoretical justification of the experimental data available in
the literature. It is valuable due to the lack of micrographs for the structure of alkane adsorption layers on the
hBN surface, because of the dielectric properties of boron nitride and the inability to conduct STM studies,
as well as the neutron absorption property of 1B isotope, hindering the neutron scattering studies.
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monolayer on isoelectronic surfaces and 3D bulk phase; Figure S2: Illustration of geometrical parameters of the unit
cell for 2D monolayer structures of alkanes on graphene with “straight” (a) and “herringbone” (b) molecular packing.
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