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ABSTRACT

Hamaker interaction energies and cutoff distances have been calculated for disordered carbon
films, in contact with purely dispersive (diiodomethane) or polar (water) liquids, using their
experimental dielectric functions £(g, @) obtained over a broad energy range. In contrast with
previous works, a g-averaged <& (g, w)>q is derived from photoelectron energy loss spectroscopy
(XPS-PEELS) where the energy loss function (ELF) < Im[-1/ (g, w)] >4 is a weighted average
over allowed transferred wave vector values, ¢, given by the physics of bulk plasmon excitation.
For microcrystalline diamond and amorphous carbon films with wide range of (sp’ / sp*+sp’)
hybridization, non-retarded Hamaker energies, 4;3; (L < 1 nm), were calculated in several
configurations, and distance and wavenumber cutoff values were then calculated based on A3,

and the dispersive work of adhesion obtained from contact angles. A geometric average

approximation, H, ., = (HO e Hy L,,L) "2 holds for the cutoff separation distances obtained for

Carbon-Vacuum-Liquid (CVL), Carbon-Vacuum-Carbon (CVC) and Liquid-Vacuum-Liquid
(LVL) equilibrium configurations. The linear dependence found for Acyy, AcLe, AcLy values as a
function of Acvyc, for each liquid, allows predictive relationships for Hamaker energies (in any

configuration) using experimental determination of the dispersive component of the surface

tension, 7, , and a guess value of the cutoff distance H,, ., of the solid.



1. Introduction

Lifshitz theoretical formalism [1, 2] to calculate dispersion forces between electrically neutral
macroscopic bodies based on their dielectric functions, (g, @), has been considerably developed
over the last sixty years to understand experiments in condensed matter physics, colloid science,
self-assembly, biology and surface physics [3-5]. Particular interest has been devoted to some
applications of carbon-based materials including stability of carbon black or nanocarbon

dispersions [6-8], nanocomposite strength [9] and tribology of magnetic disk coatings [10-12].

The Lifshitz equation for van der Waals (vdW) interaction energy per unit area as a function
of separation distance, L, between parallel planar half-spaces 1 and 2 separated by intervening
medium 3, is given by:

Ein=—Aio(L)/ 127 L (1)
where A4;3(L) is the Hamaker energy. Simple geometrical corrections have been established for
different configurations [3].

Dispersion forces are related to changes of the zero-point energy of the electromagnetic field
due to spontaneous electromagnetic fluctuations and their correlations [3, 13]; in condensed
matter, they can alternatively be represented in terms of surface modes excited in macroscopic
homogeneous dielectric bodies [3, 14]. The free energy of the system being described as a sum
over all electromagnetic modes, Laplace equation in charge-free homogeneous space can be
solved with boundary conditions including continuity of potential @ and normal component of
electrical displacement ¢ (V®), [3, 14, 15]. In this context, the Hamaker energy, A3, (L), is
defined by [1-3, 16]

A,(L %kBT T x| Lafl— A K |+ Ll - A A et ] 2)

where k, is the Boltzmann constant The prime symbol indicates that the zero-frequency term of
the interaction has to be multiplied by 1/2. The quantities A*jk and A, for the spontaneous

electromagnetic fluctuations (Transverse Magnetic and Transverse Electric modes, respectively) at

frequency ¢ are given by

. S, =S, ES. —&.S. 2L :
Ajk: k J Ajk: J ok k®j Sf=x2+ ( é/nj (gk_83) (3)

Spt+s; E;8, &5, c

where the continuum dielectric response functions, &, =&, (i ), are evaluated at imaginary

frequencies with ¢, =n 27 k,T/h (for n =0, 1, 2 ...). The expressions given for A*jk and A,
3



(Egn. 3) mean that interactions result only from electromagnetic field fluctuations at identical

frequencies ¢, in each material. Here, parameter 7, =2L(, (83)1/2 /¢ accounts for retardation

effects due to the finite speed of light, c. The London dispersion function, (i<, ), is defined via

the Kramers-Kronig (KK) transform:

e(z‘e’,,)=1+% Tlm[e(w)] 4)

i a)2 +é/n2
of the dielectric function and requires experimental knowledge of ¢ (g, @) over several tens of eV.

While the quality of experimental data and extrapolation schemes in the extreme ultraviolet (EUV)

energy range have been widely considered [3], the choice of the ¢ wave vector range has seldom

been addressed [15, 17-19].

Equation (2) can also be taken in its non retarded form where the interaction energy E13x(L)

at small distance is [1, 2]:

o  keaxn
E(r)=-5T 3 ] dk k| Lnfl= & e o Ll = A A e ] } )

- 27[ n=0 0
k is the transverse wave vector of the fluctuating electromagnetic field. The divergence in van der
Waals interaction energy Ej3; (L — 0) is alleviated by considering minimum separation distance,

H, ;,, at equilibrium or alternatively some maximum cutoff wavenumber, given by £k, ;, =

(1/H,,3,), which better meets thermodynamic constraints [17-18]. This concept of material-
specific cutoff wavenumber value has been revisited recently for decane-water-air interfaces [19].

In this work, Hamaker interaction energies and cutoff distances have been calculated for
disordered carbon films in contact with purely dispersive (diiodomethane, DIM) or polar (water,
W) liquids, using their experimental dielectric functions £(g, @) obtained over a broad energy
range. In contrast with previous works, a g-averaged <& (g, w)>q is derived from photoelectron
energy loss spectroscopy (PEELS) where the energy loss function (ELF) < Im[-1/g(q, )] >qis a
weighted average over allowed transferred wave vector values, g, given by the physics of bulk
plasmon excitation (see Section 2.1). XPS-PEELS data for Cls photoelectrons are obtained over
50 eV energy loss range in a classical X-ray photoelectron spectroscopy (XPS) experiment, for
several well-characterized amorphous carbon (a-C) and microcrystalline diamond (mc-diamond)
films with wide range of (sp’ / sp+sp’) hybridization, optical gap, atom density and hydrogen
content (Table 1).



Table 1: Characteristics of a-C and mc-diamond films derived from XPS and SE: sp® / (sp> + sp’)
hybridization ratio (+0.05), atom density Nat = Neer /4 (EQN. 9), ELF peak energy E, (£0.3 eV),

cutoff wavenumber ¢q. for plasmon excitation, real dielectric function &, (E =0) (£0.03), Tauc energy
gap E, (0.2 eV) at the onset of optical absorption. Dispersive surface energy 7/3,, (+2 mJ/m®) was

derived from the measured contact angle &,,,, (£1°) [21].

Disordered Sp3 /(Sp2 +Sp3) N E, qc g(E=0) E, eD[M yZV
carbon (10* atem™) | (eV) | (nm™) (eV) (mJ/m?)
a-C 0.18 9.9 28.0 14.1 5.29 04 31.4° 43.8
Sputtered
a-C:H 0.88 10.3 24.0 134 4.00 25 47.3° 359
Plasma
a-C:H 0.13 9.3 26.5 13.9 3.60 05 29.5° 44.6
Sputtered
ta-C 0.52 14.5 31.0 14.6 6.25 0.6 38.5° 40.5
PLD
mc-diamond 1.0 17.6 34.5 15.1 5.66 55 30.9° 44.0
HF-CVD

The methodology given in Sections 2.2 and 2.3 allows calculation of non-retarded Hamaker
energies in several configurations (including C-Vacuum-C, C-Water-C, C-DIM-C, C-Vacuum-
Water, C-Vacuum-DIM) and wavenumber cutoff values were then calculated based on A;3; and
the dispersive work of adhesion obtained from contact angles. For liquid water and
diiodomethane, oscillator models of the dielectric function and London dispersion [19-20] have

been used. This set of results for disordered carbon surfaces provides cutoff separation distance,

H, ;,, and wave number, k, ,,, for Carbon-Vacuum-Liquid (CVL), Carbon-Vacuum-Carbon

(CVC) and Liquid-Vacuum-Liquid (LVL) configurations (Section 3). Some predictive

relationships for amorphous carbon films in contact with a liquid are discussed in Section 4.

2. Methodology

Experimental details on amorphous carbon and microcrystalline diamond film deposition,
spectroscopic ellipsometry (SE) analysis, contact angle (CA) measurements and XPS-PEELS
characterizations have been given in previous reports [21-25]. Amorphous carbon films are usually
classified into different families according to the mean ion energy and hydrogen atom flux during
the deposition process [26, 27]. In contrast with the sp”-rich films grown by sputtering techniques
(a-C or a-C:H), the sp’-rich carbon material grown by pulsed laser deposition (PLD) is named here

as ta-C for "tetrahedrally-bonded amorphous carbon". Plasma decomposition of hydrocarbons
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produces sp’-rich hydrogenated carbon (plasma a-C:H). Very smooth surfaces are obtained for all
the above techniques, with sub-nm roughness as obtained from Atomic Force Microscopy [23, 28].
In contrast, boron doped mec-diamond films ([B] = 10" cm ™) grown by hot filament chemical vapor
decomposition (HF-CVD) of hydrocarbons have a rough and strongly faceted topography with
pyramidal crystallite height smaller than 0.5 micron [24].

In a previous work, contact angles have been measured with purely dispersive or polar liquids;
measurement reproducibility (+1°) provides error bars on dispersive surface energy, y&, , smaller

than 2 mJ/m’ [21]. Surface energies were correlated with the sp® / (sp> + sp’) average hybridization
deduced from X-ray photoelectron spectroscopy, after decomposition of Cls spectra into two Voigt
peaks separated by 0.77 eV [21]. XPS survey spectra show some oxygen contamination on
sputtered a-C, while other carbon surfaces have very small contamination from the ambient ([O] <3
at.%), well below one monolayer. The atom density, Nar, of amorphous carbon films has been
tentatively estimated from the (o+m) plasmon peak energy observed in photoelectron energy loss

spectra or from sum rules (Nat = Ngrr/4) (Table 1) [25].

In the following, XPS-PEELS data acquisition and analysis are briefly recalled and the

methodology used to relate contact angle measurements with Hamaker energies is detailed. Two

methods will be compared in order to retrieve the cutoff separation distance, H, ;,, and cutoff

wave number, k;,;,, for Carbon-Vacuum-Liquid (CVL), Carbon-Vacuum-Carbon (CVC) and

Liquid-Vacuum-Liquid (LVL) configurations.

2.1 PEELS method and g-averaged dielectric function

Photoelectron Energy Loss Spectroscopy (XPS-PEELS) is a highly valuable non-destructive
tool which extends the analytical capabilities of XPS (chemical composition obtained from core
level peak intensities) to provide detailed insight in electronic properties (near-surface dielectric
function derived from kinetic energy losses of photoelectrons). Experiments can be performed with
usual XPS laboratory spectrometers and do not need monochromatic X-ray source, although the
latter is strong advantage in order to obtain accurate (sp’ / sp’+sp’) hybridization ratio of carbon-

based materials [21].

In disordered carbons (e.g. amorphous carbon and microcrystalline diamond), the main energy-
loss channel is related to excitation of o+m plasmon excitations, i.e. the collective oscillation of all
valence electrons in the vicinity of their C nucleus [22-25]. XPS-PEELS data are representative of

the near-surface material within a few inelastic mean free paths (IMFP); as the C atom density

6



decreases, the IMFP Ap (970 eV) increases from 1.2 nm to 1.6 nm, assuming a cutoff plasmon

wavenumber, ¢, given by a free electron model [25].

PEELS data analysis is based on self-consistent separation of bulk (BP) vs surface (SP)
plasmon excitations, deconvolution of multiple BP losses and evaluation of Bethe-Born sensitivity
factors for bulk and surface loss distributions. An inversion algorithm provides several material
parameters: (1) energy loss function for BP excitation, (2) dielectric function £(g, ) of the near-
surface material, (3) inelastic mean free path, Ap (Ey), for plasmon excitation, (4) effective number

Ngrr of valence electrons participating in the plasma oscillation.

Owing to the collective nature of plasmon excitation, the ELF is best described in terms of
complex dielectric function, &/%®), of the solid [29-31]. For electrons travelling through an infinite
medium, the differential inverse inelastic mean free path (DIIMFP) is the probability density per
unit path length, K(Ey, %), of losing an energy Aw:

.
K(Eo,ha))=na—iE0 qj %Im{jal))} (6)

where Ej is the initial kinetic energy of the photoelectron, ay is the Bohr radius, and ¢ is the wave

vector transferred from the electron:

12
gt = {271’720 } [Eol/z n (Eo B hw)l/z] %

are g vector limits imposed by energy and momentum conservation during inelastic scattering. In

addition, a cutoff wave vector transfer, ¢, is introduced to account for plasmon decay to single

particle excitations (g, << ¢q, ) [32].

It is emphasized that the ELF distribution obtained in PEELS analysis is normalized using the

Hence, analysis of spectroscopic ellipsometry data with a suitable Tauc-Lorentz parameterization of

KK relationship near 7 — 0 :

the dielectric function of amorphous semiconductors [33] is useful to obtain the refractive index
extrapolated to 0 eV, n(0), which is needed in the inversion algorithm. Furthermore, the effective
number of electrons per atom, Ngpp, involved in the dielectric function is determined applying the

Bethe sum rule [25, 34]:

2e,m, ¢ L
N = | Im( - (T)j TdT 9)



2.2 Contact angles and work of adhesion

Provided that roughness effects at the solid surface and chemical reactions at the solid carbon
film / liquid (CL) interface are negligible, the contact angle & at a rigid solid surface [35] contains

information about the surface tensions of solid and liquid surfaces through Young’s equation:

Y CosO0=yc -7 (10)

where y,,, 7. and y., are respectively the interfacial tensions of the liquid-vapor, solid-vapor

and solid-liquid interfaces. This equation reflects the equilibrium between cohesive forces in the
liquid drop and adhesion forces at the liquid-solid interface [5]. In order to derive the solid surface

tension, ., , from the experimental values of y,, and €, an estimate of the thermodynamic work
of adhesion for a solid and a liquid in contact (Young-Dupré equation):
WCL:(_7CL+7CV+7LV):7LV(1+C059) (11)

has to be obtained.

One possibility (used in Method B, as detailed below) is to consider that 7, can be taken as
the geometric mean of the work of cohesion of the solid (2y¢, ) and the work of cohesion of the
liquid (277, ):

We =2 [rlri ] (12)
hence the Rayleigh—Good equation is obtained for a purely dispersive liquid. Assuming additivity
of dispersive (d) and polar (AB) components of the work of adhesion (y/, = yg,, +y2%), the acid-

base model proposed by van Oss, Chaudury and Good [5, 36-38] introduces an asymmetric

behavior in the polar component, 7, including Lewis-acid (electron acceptor) and Lewis-base
(electron donor) components, 7" and y~, leading to:
1/2 . )2 L2
Yo =Vey TV —2 l(ygﬂ/gl/) +(7CV7LV) +(7CV7/LV) J (13)

Since a non-polar liquid with only dispersive surface free energy interacts with only the dispersion

component (72, ) of the solid, one non-polar liquid is used to derive the dispersive (or Lifshitz —

van der Waals) component ¢, from the contact angle equation:

(1+cosf)=2 {&} (14)

d
Vv



Within this multicomponent model of surface tension, at least two polar liquids are needed to obtain
7oy and Yo, values. In order to describe the Lewis acid-base properties, carefully selected

dispersive and polar liquids should be used in order to obtain intrinsic consistency and well-behaved

data for fitting the polar work of adhesion. [21, 39]

In this work, DIM is used as nonpolar liquid because of its high surface tension (7§, = 51.0

mJ/m?) and water as a polar liquid (¥, = 21.8 mJ/m®, y,, = 72.8 mJ/m®) due to its ubiquitous

importance in applied physics and chemistry. Models for London dispersion spectra have been

established for both dispersive and polar compounds [19-20] and we use these models for liquid

water and diiodomethane, while for vacuum the dispersion spectrum is taken to be 1. Hence, }/gV is

determined for each carbon surface using &,,,, (Table 2) and Eqn. 14. In the case of water (and

any other polar liquid), for comparison with Hamaker energies, we are interested only in the

dispersive part of the work of adhesion (Eqgn. 12).

2.3 Hamaker energies and cutoff parameters

In the calculation of Hamaker energies, retardation and many-body effects are naturally
incorporated in Lifshitz formalism (Eqn. 2-4), along with both transverse electric and transverse
magnetic modes. Lifshitz model further assumes abrupt interfaces between homogeneous materials,
i.e. at liquid surfaces, it excludes interface reorganization of surface active functionalities [40]. In

the following, we consider two methods to retrieve cutoff distance and cutoff wave number at a

liquid / solid interface, which requires the experimental contact angle, 6,,,, and the tabulated
surface tension of the liquid, }/fV; consistency between contact angle experiments and Lifshitz

theory requires that H .,, is not necessarily a constant.

Method A: The first approach follows previous analysis of dispersive liquids in contact with

polymer surfaces [20, 41], where the energy of adhesion W, equals the van der Waals interaction

free energy, E.,, (L), taken at the equilibrium distance H, ., , this method is based on the

expressions for E,,, (Eqn. 1) and W, (Eqn. 11), along with y{, and y!, (defined as half the

work of cohesion of the liquid and the solid, respectively) given by:

A
d _ LVL 15a
T = San H:,, (152)



A
d _ cve 15b
Yer = an H? e (15b)

The experimental contact angle of a dispersive liquid given by (1+cos@)E,,, =2 E_,, or:
H 2
24
1+cosf =20 21T (16)
LVL HO CVL
along with calculated Hamaker energy values, 4,,, and 4., , provide the cutoff distance ratio (

H,,, /Hy o, ). The tabulated surface tension value, y¢,, for a purely dispersive liquid gives

H,,,, (Eqn. 15) and H, ., is thus obtained from Eqn. 16. Since this first method is restricted to
non-polar liquids, a second method also valid for polar liquids is proposed.

Method B: The second approach is valid for all usual liquids with tabulated values of the
dispersive component, 7¢, , of the surface tension. The limitation of method A is circumvented by
using: (i) the geometric approximation for the work of adhesion given by Eqn. 12 ; (ii) the
dispersive component, y¢,, of the surface tension of the solid obtained from Eqn. 14 for the

contact angle of a dispersive liquid (e.g. DIM). Hence, the calculated Hamaker energy, 4., , value

provides the cutoff distance H ., (and the cutoff wavenumber &, .,, = 1/H, ., ):

A
W — 2 d d 1/2 — CVL 17
CcL [7CV7LV] 127 H; o (17)

Once the cutoff distances have been obtained for the different configurations, the geometric mean

and arithmetic mean values of H,, ., and H, ,,, will be compared with H ., values, in order to

check for the best combining rules [16, 17, 20] :

geometric mean H, ., :(HO . Hy CVC) 12 (18a)

arithmetic mean H ., = (HO T H, CVC) /2 (18b)

Finally, the respective London dispersion functions and non-retarded Hamaker energies were
calculated in different planar configurations with either vacuum, water or DIM as intervening
medium (including C-Vacuum-C, C-Water-C, C-DIM-C, C-Vacuum-Water, C-Vacuum-DIM)
which allows to search for some correlations between calculated A.,-, Ac e, Aoy, and A,

values, with expected validity over a wide range of disordered carbon-based materials.
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3. Results

As expected from their variable sp® / (sp® + sp®) hybridization ratio, very different bulk ELF
distributions (Fig. 1.a) have been derived from XPS-PEELS spectra (Supplementary Information,
Fig. S1) for the four amorphous carbon films. As shown in detail in our previous work [25], the
o+7 plasmon peak energy increases in the series PL a-C:H (24 eV) < SP a-C:H (26.5 eV) <SP a-C
(28 ¢V) <PLD a-C (31 eV) and reaches 34.5 eV in mc-diamond (Table 1).

Table 2 : Calculated Hamaker energies, 4,,,, cutoff wave numbers, %, ,5,, and cutoff distances,
H, ;,, of a-C and mc-diamond films derived using methods A and B (see text, Section 2.3). For
the liquids, water and DIM, one obtains respectively: 4 ,,,, =0.242¢eV, 4 ,,,=0.449 ¢V, k;
=6.51nm™, k, ,,,=7.30nm™, H, ,,,, =0.154nm™, H, ,,,=0.137 nm™".

Material Acve Acwe | Acoc ko cve ko CcvD ko Ccvw Ho cve Ho CcVD Ho cvw
eV) | (V)| (eV) [A, B] [B] [A, B] [B]
(nm™) (nm™) (nm™) (nm) (nm) (nm)
a-C 1.164 | 0.460| 0.260 421 5.66 5.32 0.237 0.177 0.188
Sputtered
a-C:H 1.232| 0.496| 0.309 3.71 5.36 5.01 0.270 0.187 0.200
Plasma
a-C:H 0.968 | 0.322| 0.177 4.66 5.99 5.61 0.271 0.187 0.200
Sputtered
ta-C 1.943| 1.048| 0.789 3.13 497 4.63 0.319 0.201 0.216
PLD
mc-diamond | 1.924| 1.024| 0.778 3.28 5.11 4.74 0.305 0.196 0.211
HF-CVD

The corresponding imaginary part of the dielectric function (Fig. 1.b) clearly shows distinct
c—o* (15+1 eV) and n—n* (3.5 eV) contributions in the spz—rich sputtered a-C film. In contrast, a
narrow o-c* peak is observed at 9.5 eV in the plasma-deposited a-C:H film with small sp* C
content. Finally, in the low-density sp*-rich sputtered a-C:H (Ep = 26.5 eV) and in the high-density
PLD a-C (Ep = 31 eV) films, n-n* and o-c* transitions have nearly merged into a broad peak,
extending from 5 eV to 15 eV at half maximum. A monotonous increase of the o-c* transition
energy, from 9.5 eV to 15 eV, is observed as the sp” hybridization increases.

This set of very different disordered carbon-based materials is thus useful to examine some

general trends in calculated Hamaker energies and in distance or wave number cutoff parameters.
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3.1 Hamaker energies

The KK transform of the imaginary part of the dielectric function (EqQn. 4) provides the

London dispersion spectrum which is a real function, monotonically decaying from &, (£ =0) to 1,

as frequency increases (Fig. 2b). Its strength is thus dependent on the normalization of PEELS data
(Egn. 8) performed using optical measurements in the near-infrared range (in this work,

spectroscopic ellipsometry data near 1 eV).

Herein, for liquid water and diiodomethane, the London dispersion spectrum (Fig. 2a) was
derived from index of refraction matching oscillator models given respectively by Shardt [19] and
Drummond [20]. Comparison of Hamaker energies obtained using water and DIM as intervening
medium are very interesting because they have very similar London dispersion in the EUV range,

above 13 eV (Fig. 2.a) while they differ by a factor of about 1.5 in the UV-VIS-IR range. Hamaker

energy A,,,(L) of parallel half spaces for a Liquid — Vacuum — Liquid configuration, at separation
distance L = 0.5 nm, is 0.242 eV for water and 0.449 eV for DIM. Using " (DIM) = 51.0 mJ/m’

and 7" (W) =21.8 mJ/m*, Eqn. 15a provides the respective cutoff distances H, ,,,, = 0.154 nm

and H, ,,, =0.137 nm.

The role of intervening medium in the Hamaker energy A4,;,(L) of parallel half spaces has been

investigated in the Carbon — Vacuum — Carbon, Carbon — Water — Carbon and Carbon — DIM —
Carbon configurations. The separation distance, L = 0.5 nm, used in the computation corresponds to
the non-retarded dispersive interaction energy, since retardation effects become significant only
beyond 2 nm (Supplementary Information, Fig. S2). Fig. 3 shows partial Hamaker energies entering

the spectral summations (Eqn. 2) giving 4.,-(L), Acye(L) and A.p-(L). The overall interaction

strength decreases as the London dispersion function of the intervening medium gets stronger,
arising from an important screening effect; e.g. at 10 eV, the partial Hamaker energy ratio values
(Acpc! Acye) are in the range 0.15-0.40 for this set of disordered carbons. In addition, the spectral
weight strongly decreases in the IR-VIS range and shows a minor decrease in the UV-EUV range,
resulting in stronger relative weight in the EUV range (10-120 eV) in particular with DIM as
intervening liquid.

Integrated values of Hamaker energies are reported in Table 2 for the CVC, CWC and CDC

configurations for all disordered carbon films. Convergence of the sum is obtained for a high energy

limit of the order of 100 eV. As expected from Fig. 3, a systematic decrease of the dispersive

12



interaction energy is observed as a function of increasing strength of the London dispersion function

of the intervening medium ( 4.y > Aqye > Acpe )-

Fig. 4 shows non-retarded (L = 0.5 nm) Hamaker dispersion energies calculated in different

configurations: C-Vacuum-C, C-Water-C, C-DIM-C, C-Vacuum-Water, C-Vacuum-DIM; for both

liquids, it gives evidence of a linear dependence between calculated values of A4.,,, 4., and 4.,

Hamaker energies, as a function of A4, . Interestingly, this correlation appears to be valid for a-C

and me-diamond, over a broad range of sp> / (sp® + sp°) average hybridization:

DIM Ay, =—0.53+0.6824.,0, Ayp=+042+0.2274.0, Aopy =+0.05-0.2734., (192)

W A =—0.40+0.7454.,0, Aoy =+0.30+0.1824,,, Ay =—0.04—0.2054.,.  (19b)

Comparison of the results obtained with water (4 ,,,, = 0.242 eV) and DIM (4 ,,, = 0.449 eV),
corresponding respectively to the open and filled symbols in Figure 4, indicates that A,
decreases (while A, increases) as a function of increasing strength of the London dispersion

function of the intervening liquid phase. Note that 4., values are always negative with a small
difference found between liquid DIM and water (Fig. 4).
3.2 Cutoff distance and wavenumber parameters

The H, ., values derived for the disordered carbons investigated in this work are in the range

0.23-0.32 nm (average value 0.284+0.04 nm). Carbon-liquid equilibrium distances with both DIM

and water are found in the range H, ., = 0.19+0.02 nm (Table 2); however, for each carbon
surface, a larger distance is found for a contact with water, i.e. (H, o - Hy op) = 0.013 nm is
always positive.

In Table 2, for better comparison with the wave number range involved in PEELS (¢ <q,

with g. ~ 15 nm™), we have chosen to report the cutoff wavenumber, k, ,, , taken as the inverse

of cutoff separation distance, H, ., . This work shows that £k, ., << q. for a wide variety of
carbon films.

In the case of DIM, £, ., values obtained from both methods A and B are fully consistent, as

expected. Interestingly, with method B, the values of &, ., are slightly smaller for water as
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compared to DIM (less than 10% difference). The values of &, ., derived from Eqn. 15, range
from 3.1 to 4.7 nm™', and they are systematically smaller than ko cpw (4.6-5.6 nm™) with liquid

water and k, ., (5.0-6.0 nm™) with liquid DIM, for all the investigated carbon surfaces.

Fig. 5 shows that the geometric average of H, ., and H, ,,, (using cutoff distances H, ,,,

=0.154 nm and H,, ,,, = 0.137 nm) is a very good approximation of H, ., , in contrast with the

arithmetic average value (Eqn. 18).

4. Discussion

In this section, calculated Hamaker energy values are discussed in terms of their spectral
weight, without considering retardation effects since all calculations were performed in the non-
retarded regime, at separation distance L = 0.5 nm. The potential role of the g-dependence of the
ELF and dielectric function ¢ (g, @) is addressed and compared with previous works. Finally, the
cutoff distances and cutoff wave numbers, derived from experimental contact angles and calculated

Hamaker energy values, will be discussed for predictive purposes.

4.1 Hamaker interaction strength

In this XPS-PEELS study, kinetic energy losses of Cls photoelectrons have been obtained over
a 50 eV range and the ELF was extrapolated beyond 100 eV; negligible differences in the dielectric
function have been found for power-law extrapolation of the ELF as £, using different exponents
(p = 4 to 6) [25]. Using a wide range of amorphous carbon and microcrystalline diamond films
allows investigation of some tendencies in Hamaker interaction strength and cutoff parameters

behavior. As far as the disordered carbon properties are concerned, some reasonable correlation
between Hamaker energy 4., and real dielectric function &, (E =0) is found (Fig. 6), as expected

from EQn. 4 and Fig. 2b. Similar trend has also been reported for a wide range of compounds [42] ;

however, some limitations of the XPS-PEELS method are discussed in Section 4.4.

For each disordered carbon surface, we observe that 4. . decreases with increasing strength

of London dispersion function of the intervening liquid phase. Comparison of DIM and water

shows that large London dispersion value of the intervening liquid in the IR-visible range results in
small values of partial Hamaker energies; extremely small Hamaker energy, A ., is found for

plasma-deposited a-C:H (0.31 eV), sputtered a-C (0.26 eV) and sputtered a-C:H (0.18 eV) with
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DIM as intervening liquid (Fig. 3c). This result clearly illustrates the screening effect of the

intervening medium on 4., values.

Rather than considering spectrally integrated values, this work focuses on detailed information
derived from the spectral weight of partial Hamaker energies. Fig. 3 shows that 4., (E) is shifted

towards higher energies as the London dispersion function of the intervening liquid gets stronger.
With water, the maximum generally occurs in the near IR-visible range (Fig. 3.b), while with DIM,
the shape of the spectral response depends strongly on the dielectric function of the carbon film
(Fig. 3.c): the maximum is found in the near IR range for sp*-rich a-C, while for hydrogenated a-
C:H films, sp’-rich ta-C and mc-diamond, it is located in the UV-EUV range (E > 5 eV). However,
due to equidistant energies used in the spectral summation (EqQn. 2), the integrated Hamaker energy

is strongly dominated by the dispersive interactions in the UV and EUV range (10-120 eV).

The above results may have a broad impact in self-assembly of nanoparticles or tribological
applications. In the case of water, 4 .,-> 4 ,,,, holds for all investigated carbon films because
water has a small Hamaker energy, 4 ,,,, = 0.242 eV (Table 2). In contrast, since DIM displays

high Hamaker energy, 4 ,,,= 0.449 eV, we find three amorphous carbon samples (sputtered a-

C:H, sputtered a-C and plasma a-C:H) with opposite behaviour, i.e. 4 ., <4 ,,,, which means that

the energetically favourable situation (at equilibrium) is an air-gap configuration between liquid

coated solid surfaces (DVD) rather than a bridging DIM liquid configuration (CDC).

4.2 g-averaged dielectric function <& (g, ®)>q

It 1s emphasized that calculation of Hamaker energy based on a g-averaged <e&(q, @w)>q
dielectric function, as obtained from XPS-PEELS analysis of the solid surface, slightly modifies
A’;k and A, values (Eqn. 3) obtained for disordered carbons and usual liquids. Since the plasmon
energy E,(q) of the solid is displaced to higher energy values as compared with the plasma
oscillation in the optical limit, E,(g =0), partial Hamaker components are decreased at energies

near E£,(q=0) and increased at higher energies. The overall Hamaker energy is weakly affected

but some stronger retardation effects are expected.

To estimate the effect of the transferred wave vector in ¢(g, @) on calculated A, values, a
semi-quantitative evaluation should take into account: (i) the (1/¢) weighting factor (Egn. 6) given

by the physics of bulk plasmon excitation, (i1) the cutoff wave vector, ¢, due to plasmon decay
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into single-particle excitations, e.g. for amorphous carbon, g. ~ 15 nm™ has been estimated in a

free electron gas approximation [25], and (iii) the plasmon energy E.(g) dependence. The latter
characteristic has been derived from scattering angle-resolved EELS experiments [43] for

amorphous carbon with a relatively low atom density (£, =22.8 eV):

2.2
Ep(q)=Ep(q=0)+D, a,'k, " = E,(q=0)+D, (aq)’ (20)
with a dispersion coefficient D, = 10.85 eV. This value coincides with the free electron
3E. D,/2

approximation o = if E.= 152 eV. Simulations show that this £,(¢) behaviour

5E, 136
introduces additional contributions to the measured ELF in the energy range Ep — 2Ep, as compared
with the optical limit. With an upper limit g, ~ 15 nm™ and the typical D, value estimated for a-C,
one obtains some weak contributions to the ELF displaced to higher energies, by an amount up to

E (q.)-E(g=0)=D, (a,9)’~ 6 eV (at the expense of ELF components near E,(q =0)).

Prediction of losses in microcrystalline diamond is much more complex due to anisotropy of
plasmon excitation and E,(gq) dispersion [44] and to the textured crystalline orientation typically

observed in mc-diamond thin films [24]. However, comparison between spectral weights of

Hamaker energies obtained from our g-averaged <& (g, w)>q and that derived from optical data

£(q=0, w) [45] indicates that the decreased interaction below FE,(¢=0) = 34 eV is nearly
compensated by the increased interaction above E,(g = 0) (Supplementary Information, Fig. S3).

In the context of van der Waals energy computations, previous derivation of the dielectric
function over a very broad energy range has been performed either by vacuum ultraviolet
spectroscopy (¢ = 0, optical limit) [46] or by EELS at low loss energy, also called VEELS for
Valence Electron Energy Loss Spectroscopy [47]. Note that in VEELS, the g-range for ELF
integration depends on the angular deflection and the analyzer resolution, e.g. with 100 keV
primary electron beam, a spectrometer collection angle of 9 mrad corresponds to an integration over

scattering vectors out to ¢ = 2.4 nm™' [48, 49]. Since previous high resolution EELS experiments

were typically performed using ¢,,;,¢= 1.0 nm™" (a-C:H) [50], ¢,z,5= 1.5 nm" (ta-C) [51] or
Qyeps = 2.0 nm™ (oxides) [49], the dispersive behavior of plasmon excitation is probably not fully

captured in VEELS experiments ( gz, << 4. ).
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4.3 Cutoff distance and cutoff wave number

Some comparison with previous investigations of liquids can be useful to check for
consistency of the method. In this study, the cutoff wavenumber k, ,,,, = 6.51 nm™ (0.154 nm) for
water is larger than that obtained in previous simplified calculations of k, ,,,, = 4.76 nm™ (0.210

nm) derived using the same Parsegian representation [19]. In addition, the equilibrium distances,

H, ,,» =0.154 nm and H, ,,, = 0.137 nm for water and DIM respectively, obtained from the
calculated Hamaker energy and tabulated liquid surface tension, are slightly smaller than the

standard reference value, H, = 0.16 nm for liquid pairs [40].

For disordered carbon surfaces, the Hamaker cutoff wave numbers &, ., obtained in this
work, taken as the inverse of cutoff separation distance H, .., have been found in the range from

3.1 to 4.7 nm™. They are consistent with the value k, o, = 3.60 nm™ obtained with similar
theoretical approach in a previous investigation of a-C films used as magnetic disk coatings [12].

For the selected amorphous carbon surfaces reported in Table 2, since H, ., > H, ,,, one
also finds H, .,, > H, ,,, for both liquids, with nearly constant ratio, H, .,, =(1.4£0.2) H, ,,, .

Similarly, a nearly constant ratio H, ., =1.07 H ., is observed. The cutoff wave number

globally decreases i.e. the cutoff distance increases, with increasing sp’ hybridization (Fig. 6b); this
result confirms the conventional view that the equilibrium distance should reflect an average
interatomic distance. Overall, this work indicates that the cutoff distance value is not unique for

different allotropes of the same condensed phase material.

4.4 Predictive relationships

The linear correlation between Hamaker energy A, at room-temperature and real dielectric

function in the IR range, ¢ (E =0), shown in Fig. 6, can be used for predictive purposes:
Ao =g, (E=0)-1]x0.38 eV (21)

However, the sp’—rich hydrogen-free (sputtered) a-C film appears to depart from the regression line
in Fig. 6, and deserves additional comment. As discussed in our previous work [25], the accuracy
and reproducibility of PEELS data treatment depends primarily on the quality of zero-loss peak
removal; for ta-C and a-C:H films with a large bandgap energy value (weak m-m* transitions),

robust results have been obtained and several methods provide essentially similar ELF and
17



dielectric function [25]. However, energy losses smaller than about 1 eV remain beyond the
capability of the current XPS-PEELS method and further improvements are crucial for the
investigation of some sp”-rich a-C and other materials which display a strong Drude contribution at

very low energy [52].

Some limitations of this modelling of Hamaker energy should also be addressed. Possible
interface reorganization of surface active functionalities in the liquid phase [40], e.g. preferential

dipole orientation of water or DIM molecules at the interface are not considered in Lifshitz theory.

Finally, a linear dependence has been found between calculated Acvr, Acre, AcLy and Acve
values, using water and DIM (Eqn. 19). It would be interesting to check whether other usual liquids
also follow similar linear trend. Assuming that this behavior can be extrapolated to other disordered
carbons, then the calculated Acyc value can be used to predict Hamaker energies in other

configurations (for a given liquid).

On the other hand, Eqn. 15b implies that an approximated value of Acyc for any disordered

carbon material with unknown dielectric function, can be derived from the dispersive component of

the surface tension, 7, , and a guess value of the cutoff distance, H, ..., of the solid. In practice,

the dispersive component of the surface tension, y¢, , is readily obtained from the experimental
contact angle with DIM (Eqn. 14) while an average value of H .= 0.2840.04 nm (Table 2), for

disordered carbons can be tentatively used in first approximation.

5. Conclusion

This work shows that g-averaged <e (g, @)>q dielectric functions derived from experimental
energy losses of photoelectrons (XPS-PEELS) can be used to calculate non-retarded and retarded
Hamaker energies in CVL, CVC and LVL configurations (L = DIM or Water). In contrast with

previous VEELS experiments, this g-averaged <e&(g, w)>q captures the whole range of wave

numbers up to the cutoff g, given by the physics of plasmon excitation (14+1 nm™ in disordered
carbons). The g-dependence of plasmon energy, E,(q), slightly increases London contributions to

Hamaker energy above E,(q =0), as illustrated in this study by mc-diamond.

Typical cutoff wavenumbers for Hamaker interaction, &, .., are found in the range 3.1 — 4.7

nm’', hence k, ., << ¢, for a wide variety of carbon films. It appears that the cutoff wave
number for solid-liquid contacts cannot be considered as a constant and extends previous
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conclusions drawn for liquid pairs [19]. For amorphous carbon and microcrystalline diamond films,

the geometric average approximation holds for the solid-liquid equilibrium distance (H, ., )

2 _ . . .
Hy.,=H,,, H, . and some linear dependence is found for Acvr, Acic, AcLv as a function of

Acve values, for both DIM and water. More generally, once correlations between calculated
Hamaker energies have been established for a given liquid (see e.g. Eqgn. 19), predictive

relationships for solids with unknown dielectric function only require some independent

experimental determination of », and a guess value for H, ... of the solid.
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Fig. 1. PEELS analysis (normal emission angle, & = 0°) of amorphous carbon surfaces, PLD ta-C,

plasma a-C:H, sputtered a-C:H and sputtered a-C : a) bulk energy loss function with high energy

extrapolation as £ . b) Imaginary part of the dielectric function &(E).
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Fig. 2. London dispersion spectra: a) diiodomethane (DIM) and water (H,O), b) PLD ta-C, mc-

diamond, plasma a-C:H, sputtered a-C:H and sputtered a-C. Data at 7S, =0 eV (n = 0) are not

shown for DIM (5.32) and water (78.8). The bold circles in (a) and the first point in (b) are located at
hg, =n 2z k,T=0.157 eV (n=1).
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Fig. 3. Partial non-retarded Hamaker energies at L = 0.5 nm, for C-Vacuum-C (a), C-Water-C (b),
C-DIM-C (c) configurations. Note that the spectral weight is shifted to the UV range and the overall

strength is decreased as the London dispersion function of the intervening medium gets stronger.
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Fig. 4. Calculated 4., (circles), A~ (squares) and A4, (triangles) Hamaker energies for a-C

and mc-diamond surfaces, showing a linear correlation with 4., given by Egn. 19 (water: open

symbols and dash-dotted lines, DIM: full symbols and bold lines). The arrows represent the

tendency with increasing strength of the London dispersion function of the liquid medium.
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Fig. 5. Approximations of H, ., , using geometric (G) and arithmetic (A) averages of H,, .,

and H, ,,, (Eqn 18). The lines are guides-to-the-eye.
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Fig. 6. Calculated A, Hamaker energy for a-C and mc-diamond films, showing a linear

correlation with the real dielectric function in the IR range (Eqn. 21).
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XPS-PEELS spectra measured at normal emission angle (o = 0°), for different a-C films
with variable sp>-sp® content and (o+7) plasmon energy: a) Raw XPS spectra obtained with non-
monochromatic Mg Ka X-ray source (1253.6 eV) ; b) numerically monochromatized loss spectra

J(T) using satellites Kas/Ka » = 0.08 and Kaw/Ka.» = 0.04 at -8.4 and -10.2 eV, respectively.
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Fig. S2  Retarded Hamaker interaction energy Acvyc(L) for disordered carbon films.
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Fig. S3  Partial Hamaker interaction Acpc (L = vacuum, water, DIM), using experimental XPS-

PEELS data for mc-diamond or tabulated optical dielectric function of diamond (Ref. 45).
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