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S1 Modeling Complex Dispersions of substrates

Complex dielectric functions e(iw) are obtained from optical constants n and k, via

the Kramers-Kronig relation,
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where g2 || = 2n, k1 and j =||, L for anisotropic substrates. We use the geometric

mean &(iw) = [g) (iw) - £, (iw)]Y/? for all our substrates[1]. The permittivity e(iw) is

fitted using the insulator model[2]

e(iw) =1+ (n* = 1)/(1 + w?/w?) (S2)

where 1 and w, are fitting parameters representing the refractive index at optical
frequencies and a characteristic electron absorption frequency, for 4H—SiC, diamond,

sapphire, quartz, and glass. We use an empirical ten-oscillator fit for the e(iw) of water,



HOPG, and the TMDs:
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We assume that there is no temperature dependence of €(iw) for all solid substrates
considered, and that e,qp =~ 1 for saturated vapor for all relevant temperatures
(upto 550K). Calculated dispersions for all solid materials are shown in Figure Sla.

Calculated €5, | for all solid materials considered are shown in Figure S2.

S1.1 Temperature dependence of water complex permittivity

We utilize experimental data measured at saturation over the relevant temperature
range for the static permittivity of water [3] , shown in Figure S1b. For its complex
permittivity we utilize the experimental dispersion data from Ref. [1] shown in Figure
Slc with solid symbols. The complex permittivity must be treated more carefully, as
it reduces towards that of the saturated vapor with increasing temperature (they are
indistinguishable at T;). As a simple heuristic, we use the Havriliak-Negami relaxation

model for the temperature dependent complex permittivity of water[4],

e0(T) -1

s(iw,T)HN =1+ W

(54)
where we use 7 = 2ps as the dipole relaxation timescale, n = 2 and m = 1. We utilize
experimental data shown in Figure S1b for the static permittivity of water 0(T).
Normalizing Eq. (S4) with its value at 300K, we obtain a function that describes the

attenuation of the dispersion at any frequency:

E(iw,T)HN
T) = 27 /2N S5
f( ) E(iw,300)HN ( )
Multiplying this scaling function with the experimental fit for water, Eq. (S3), we

obtain a heuristic temperature dependence of the dispersion of water as shown in
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Fig. S1 Dielectric dispersion for all materials materials used in this study. a. Temperature-
independent dispersion for solid materials. The solid lines show fits to the dispersion extracted by
Kramers-Kronig analysis. The outer figure for 2D materials shows fits using a 12-term sum-over-
oscillator series, while the inset shows single-oscillator fits for insulators. b. Temperature dependent
behavior of the static dielectric permittivity of water along the saturation line. The data and fit used
for this study are depicted by cyan markers and the solid black line, while an earlier experimental
benchmark is depicted by the dashed red line. c. Dielectric dispersion of water over a wide range
of frequencies. Cyan markers show data given in Ref. [1], and the blue line represents the fit to the
data. The blue line is a piece-wise function, with one part comprising of the fit to the full range of
experimental data (cyan markers; 0.1 — 100 eV) using a 12-term sum-over-oscillator series, while the
“static” part comprises of a fit to the data in the range w < 0.7eV in addition to the static part
€(0) = 88. The dashed black lines depict the heuristic of mapping the Havriliak-Negami relaxation
model with the data in b. to the full dispersion. Temperature ceases to have an effect on the disper-
sion above ~ 0.1eV. d. All dispersion data plotted together to depict the strengths of the dielectric
dispersions, and suggest the strength of the Hamakers constant - which is small when the dispersions
are close together.

Figure Slc, with dashed lines showing the temperature dependence of the modified
dispersion. We find that any temperature dependence is confined to infra-red regimes
below 0.1 eV, which is lower than the first Matsubara frequency at room temperature

(0.15eV). For higher relaxation times, such as those suggested by recent simulations[5],



the frequency cut-off for temperature dependence is even lower. Figure S1d overlays
the dispersion of all materials on a log-log scale, providing a visual queue describing
the van der Waals attraction between any two materials, where greater differences in

permittivity result in higher vdW attraction.

S2 Calculating Hamaker’s constants

Hamakers constants between two pairs of materials in a background of a third material
are calculated by sampling the corresponding permittivities over Matsubara frequen-
cies, which are derived from treating each medium m as a collection of oscillators each
with energy g; = —kpT'In Z(w;) where Z(w;) = >.°  exp(—E, ;/kgT) is the par-
tition function and E, ; = hw; (n+ ) are the energy levels with eigenmodes n of

the simple harmonic oscillator, and requiring that these should be summed over each
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“surface mode” j of electromagnetic waves with radial wavevectors p,, = p — =2£3

that are characterized by the boundary conditions of Maxwell’s equations at the inter-
faces and at infinity, for all possible values of p[1]. The full formulation accounts for
electromagnetic retardation at large distances when the effect of high frequencies do
not have sufficient time to propagate the requisite distance to contribute to modifying
the fluctuations, and includes the contrast in magnetic permeabilities p for all mate-
rials interfaces. For our purpose, we ignore the contributions of p of the materials to
the full Hamaker’s constant, which typically have a negligible effect beyond optical
frequencies, where they take on the value of that of free space (u;; = 1), and con-
sider only the nonretarded formulation of Hamaker’s constant for small length scales

< 103A such as those pertinent for the effects of adsorption.

S2.1 Plane-Plane interactions

Based on the theory of Dzyaloshinskii, Lifshitz, and Pitaevskii[6], the interaction

between materials 1 and 2 separated by a medium 3, A;32, is computed from dielectric



contrasts at imaginary Matsubara frequencies w,, = (27)?nkgT/h as,

Az = 3k2BT Z "[A13(iwy) - Ags(iwy,)] (S6)
n=0
Ay icon) = ;i (iwy,) Ejj(zwn) (S7)

where k; is Boltzman’s constant, 7' is the temperature, the prime denotes a half-
weight on n = 0, and ¢;, &;(iw) are the static and complex dielectric permittivities
of materials i respectively, which has been calculated in the previous section. This
expression assumes negligible magnetic contributions (y;; = 1) and uses the non-
retarded approximation, appropriate for nanometric film thicknesses[1]. The Hamaker

constant thus separates into static and dispersive contributions

A1z = Astat + Adisp (S8a)
3

Astar = ikaAl?’A% (S8b)
3h [ . .

Adisp = y Aq3(iwn) Ags (iwy, ) dw (S8c)

where we have used the transform kgT' Y oo | — 4= f:f dw(2].

For all temperatures we set the lower limit of the integral in Eq. (S8¢) to 0.1eV,
which is lower than, for example, the first Matsubara frequency at 550K (0.3eV).
Thus we realistically exclude any temperature dependence of the dispersive term.
We choose the fixed lower limit for the dispersion integrals because it consistently
exhibits only a small deviation of the calculated Hamaker’s constant from that cal-
culated using the explicit sum over a wide range of temperatures. The deviation is
smaller at higher temperatures. In the most extreme case (HOPG-vacuum-HOPG),
we find a deviation under 6% at 300K which reduced to 5% at 500K. Additionally, the

integral is much faster to compute than the sum, and allows for easily broadcasting



the computation to multiple materials interfaces over continuous temperatures. The

results of the calculation of Agyy for different configurations are shown in Figure S3.

S2.2 Atom-surface interactions

The simple adsorption model uses a general potential for the interaction between
an adsorbate molecule and a half-plane of substrate separated by vacuum that has
been shown to be a van der Waals’ interaction ~ —C3/23, where Cj is the Lifshitz—
van-der Waals Hamaker constant for atom-surface interactions. For such interactions,
Cj3 is derived from the total polarizability cy,; of the adsorbate which is comprised
of a dispersive part due to dipole- induced-dipole and induced-dipole-induced-dipole
fluctuations, cnq4, and a static part aperrm due to the permanent dipole moment fiq;p
of water and the static dielectric contrast of the substrate with the vacuum (also
known as the surface response function)[1, 7, 8]. For adatoms with a permanent dipole

moment, the corresponding equations are

_ kBT > atot(iwn) .
Cs == T; e (iwn)AAm(zwn) (S9a)
Qot (an) = Qind + Qperm (Sgb)
N3 ga(iw) — e (iw)
Qina(iw) = [Ea(iw) + 2e,, (iw) (59¢)
1
div (S9d)

Gperm = 3kT (1 + wr)

where ¢, = 1 (in gaussian units) for taking the background to be the vacuum, a is
the spherical radius of the water molecule, and 7 is a dipole relaxation time scale of
water, which is large enough that the term does not present in the dispersive part of
Eq. (S9a); thus we take w — 0 in Eq. (S9d). Converting from gaussian to mks units,

and then to cgs units using ogguss *€0 = Omks and amks = 4TE9Qcgs, Eq. (S9c) becomes



Qind (W) mks = aoﬁ v where ag = 4mega® is the static polarizability volume of the
adsorbate in cgs units, and Ay (iw) represents the term in brackets in Eq. (S9¢) and
inherits the same convention as Eq. (S7). Once again, we make the low-temperature
sum-to-integral transformation for Eq. (S9a), to obtain C3 = C3,,  + Cs,,,, + C3

perm

paralleling Eqgs. (S8a) - (S8c) where

C’gdig = E/ aoﬁLv(iw)Asv(iw)dw (SlOa)
S
1 ~
Cuae = ghsTa0ALv Asy (S10b)
2
Hai
C3perm = 12p Agy (S10c)

This expression for the Lifshitz-Cs, which is valid for dilute gases, is equivalent
to that used in previous studies on the simple model[7, 9-13] except that we do
not make the single-excitation Drude-model approximation for the polarizability of
water. To better model the temperature dependent wetting of highly polar molecules,
we utilize the theoretically predicted temperature dependence of pqi, and o from
the modified Onsager-Kirkwood-Frohlich theory[14]. We note that in the temperature
regime relevant to this experiment, ag ~ 5.3A3 while faip exhibits a roughly linear
15% decrease, starting at 2.8D at 300K. Additionally, we find that the contribution of
the permanent dipole moment of water is approximately one-third (~ 324 4%) of the
total C3, and is primarily responsible for the temperature dependence of Cs, being

over ten times larger in magnitude than the static part of Cj.

S2.3 Comparison of Hamaker Constants

Cj5 is an analogue of Agy 1, the interaction between a substrate and adsorbate acting
across a vacuum, and thus they can be compared by 6mrApCs = Agy . Calculations
of all components of C3 and finally its comparison to both Agyy and Agpy is shown

in Table S1:



Substrate C3p O3 C3pim Cs 6mAsry/pCs  6mAsyr/pCs

4H-SiC [15] 601.3 27.1 3311 9595 0.4399 0.8096
HOPG [16, 17] 6749 29.0 354.6 10585 0.5156 0.8234
Quartz [18] 4202 193 2361  675.7 0.2212 0.8077
Sapphire [19] 621.6 271 3308 9795 0.4444 0.8253
(H) Diamond [20] 825.0 23.2  284.0 1132.2 0.6537 0.9368
WS, [21] 8249 269 3284 1180.1 0.6469 0.8979
MosS [22] 7674 273 3342 11290 0.6014 0.8737
Glass [23] 4268 193 2361 6822 0.2325 0.8121

Supplementary Materials Table S1 Data from experimental optical data of Cs in meV A3
with the dispersion of water taken at 300K. The substrate-vapor adhesion through liquid C3 is
significantly smaller for Quartz and Glass than that for the other materials, suggesting that
short-ranged effects may play a bigger role as T' — T,. The last two columns compare the A’s
against C3, and show that Agy 1, is better matched with C3 as both consider the adhesion of water
with a substrate in a vacuum background.

As expected the Hamaker’s constant Agpy calculated in the previous section is
quite different from the calculated C3, while Agy;, is within 20% of C3. Because we
utilize free parameters in this study (heq for the thermodynamic model and the well
depth for the simple model), the precise value of the interaction strength does not

matter as much as its temperature dependence to explain the temperature dependence

of the contact angle.

S3 Thin-film Perturbation to V39 Potential

Let Viot,(zr,d;) represent the total potential Vin(z) in terms of reduced variables.
Apply a perturbation to its point of closest approach, which should be linear in devi-

ated parameters dC and dD for small deviations: Z =z, , + A-dC + B -dD. Being

an extremum, Z is set as the solution to the equation AV (z,.,d,.) = Mﬁgf(f“‘m | =0.

Expanding AV (z,,d,) in a Taylor series to first order around dC,dD =0

T~ dCdD™ AV ()
AV (zr, dr) ~ Z_O alm! 9dCmddD™ (S11)

1
~ 2—7dC’~D1(a1 +as - A)

1
+ 3=dD - Di(by + by - B)



we find the criteria for A and B in terms of the constants aq, as, b1, b2 (which are deter-
mined by d,.) - the trailing terms in parentheses in Eq. (S11) should simultaneously
vanish to describe the minimum of the perturbed potential. Given a reduced integral
and point of closest approach, we can evaluate the integral again using a Taylor Series

expansion to first order in dC and dD:

Cs1

1 (D1

)1/3 / V;fot,,,(zr; dr)dzr (812)

= (C3:D)Y3(—0.601 + XdC + YdD)

where X and Y depend on d,., as shown in Figure S4.

S4 Dielectric dispersion for monolayer coated

materials

Having calculated C5 from perturbation theory, we can decompose it into its static and
dynamic parts, and calculate the dispersion of the modified substrate using Eq. (S2). A
third parameter is then thes0 appearing in Eq. (S10b), which should also be extracted

from the fit. This data is presented in the main text.

S5 Experimental Methods

We selected our substrates based on their relative polarities, chemical and/or struc-

tural similarity to graphene, and applicability in wide ranging industries.

The polarity of the single crystal CVD diamond is the most tunable on the surface
as it depends on how the surface carbon ‘dangling bonds’ are terminated. The original
sample with < 100 > crystallographic orientation (Element Siz, Santa Clara, CA) was

oxygen terminated by acid cleaning after production. We then followed a reversible



technique to convert the o-diamond to h-diamond by annealing it at 850 © C at
atmospheric pressure in the presence of hydrogen gas[24]. Because fluorine terminated
diamond has been proposed as a solution for hydrophobic devices with enhanced
resistance to oxygenation[25, 26], we fluorinated the sample in a plasma etcher at
room temperature and chamber pressure of 50 mTorr by flowing C,Fg at 100 sccm for
100 seconds, with RF power of 200 W[25]. The hydrogen- and fluorine- terminated

samples were imaged as soon as they became ready, without further cleaning steps.

We selected 4H-SiC (4H-polytype with crystallographic orientation (0001)) and
monolayer-graphene epitaxially grown on 4H-SiC(henceforth termed “l1L-graphene”,
from Graphensic AB, Linkoping, Sweden) for their relatively simple crystal struc-
tures. They also address the controversy surrounding the wetting transparency of
graphene[27-32] by providing the bulk and composite materials using which we could
test our perturbation theory. Before each trial, these samples were cleaned with
acetone followed by isopropyl alcohol to remove any adsorbed airborne hydrocarbons
and other debris, followed by DI water to wash off the organic solvents and passivate

the surface. Then they were dried in a closed environment.

We used the same experimental apparatus and imaging techniques as in Ref.
[12] to generate our data. The wetting transition over 4H-SiC and 1L-graphene was
recorded in two ways. The first was by directly imaging the sessile drop resting on
the substrate. The high contrast profile of the drop was fitted to the Young-Laplace
equation APy(r) + Apgz(r) = opvk, where x is the total curvature, z(r) is the
height of the drop, and APy(r) = P;, — Py is the difference in pressure between
liquid and vapor phases at the surface at distance r from the center of the drop, and

Ap = pr, — py is the mass density difference between liquid and vapor phases. Using

_ L)) (z)
w2 = SEar e

in cylindrical coordinates for an axisymmetric drop in the
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Young-Laplace equation, the resulting second order differential equation satisfying
the conditions 7'(z = H) = r(H) = 0 ( where H is the maximum height of the
drop at the center) was solved numerically to return the total drop profile r(z) that
best matches the experimental data. Because of the global fit that could be tuned
to match the high contrast portions of the drop shape in any image, we have high
confidence in the macroscopic 6 extracted in this way. Because the cell was sealed at
room temperature, the pressure inside the cell was determined from the saturated
vapor pressure of water at any temperature. Establishing a saturated vapor pressure
is critical for the sessile drop to remain in the liquid phase even at high temperatures,
and allows us to drop any gradients in the chemical potential. A good approxima-
tion to estimate the saturated vapor pressure is given by the Antoine equation[33],
with saturated vapor pressure inside the wetting cell reaching 55.8 atm at 544K][34].
Despite precautions to maintain an isothermal environment within the wetting cell,
we estimate a ~ 1°C temperature difference between the center of the cell where the
substrate was placed and its boundaries, which were radiatively heated, resulting in
condensation on the surface of the cell. The second recording of the wetting transition
was to image the vertical face of the crystal surface and mark the temperature when
the wetting behavior transitions from drop-wise to film-wise condensation at Ty,.

Details of the fit and associated errors are discussed in Ref. [12].

For all materials, £(iw) was calculated from the Kramers-Kronig analysis of exper-
imental optical constants performed on Mathematica. Data was extracted manually
from published material containing tabulated values (Quartz, Diamond, Glass). Data
was extracted from plots using the freely available WebPlotDigitizer tool [35]. The
data was verified by super imposing onto the original image. For HOPG and MoS,,
we use previously reported fits to e(iw)[36]. We use data extracted from Refs. [16, 17]

for greyed points in Figure 5 b of the main text.
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The various materials properties and constants required for this study are cited

below.
Parameter Reference  value type value
Apry [37] data set  fit function
oLV [38] fit equation fit function
radius (oxygen, fluorine, carbon) [39] constants  3.24, 3.082, 3.609 bohr
Monolayer Thickness Graphene [40] constant  3.45 A
Monolayer Thickness WS, [41] constant  6.16 A
Monolayer Thickness MoS, [42] constant 6.5 A
€0 4H-SiC [43] constant  9.99
€0 Diamond [44] constant 5.7
0 HOPG constant  15.12
€0 quartz (a-SiOs) constant 3.8
€0 sapphire (a-Aly03) [19] constant 9.9
€0 glass (a-SiOs) constant 3.8
0 WS, [45] constant 9.6
€0 MoS, [45] constant  10.5
g9 4H-SiC [15] data set KK analysis
g2 HOPG [36] data set KK analysis
g2 Quartz [18] data set KK analysis
€9 Sapphire [19] data set KK analysis
g9 (H) Diamond [20] data set KK analysis
g9 WS, [21] data set KK analysis
g2 MoS [22] data set KK analysis
g9 Glass [23] data set KK analysis

Supplementary Materials Table S2 Other experimental data and constants
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Fig. S2 Dielectric surface response function calculated from data presented in Figure S1 over the
available range of frequency (dashed blue line) and fitted by a Lorentzian model with two fitting
parameters go and ws (solid black line) for a) 4H-SiC, b) Sapphire, c) Graphite, d) Diamond, e)
Quartz, f) Glass, g) WS,, and h) MoS,.
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Fig. S3 Evaluation of the Hamakers constant using the schematic of (a.) wetting over a bulk sub-
strate with thickness D, and a wetting film with thickness heq , and (b.) wetting over a bulk substrate
covered by a monolayer of thickness d. Because D >> x > z, we ignore the contributions of wet-
ting from the other side of the underlying substrate (labeled by adsorption layer thickness heq and
h’eq respectively. c. Calculated components of Hamaker’s constant for various materials used in this
study, where blue and orange boxes represent A,,—¢ for bulk substrates at two different temperatures,
and grey-blue and red boxes represent the same for the monolayer composite. Cyan and yellow boxes
represent A, o for all materials at T = 300K and 500K respectively. The hatched area depicts the
interaction between the substrate-monolayer interface and the liquid-vapor interface. In all cases the
static contribution is an order of magnitude less than that due to dispersion, while the contribution
to the total Hamakers constant due to the monolayer is over 3 times that from the substrate when it
is screened by the monolayer.
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Supplementary Figure 4
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Fig. S4 a. Schematic of binding interaction of a composite comprising of a thin film slab capping
a bulk substrate on an adsorbate molecule. b. Condition for transparency as ‘reduced’ thickness
increases. For d, < 0.75, dC must have same sign as dD for transparency. For monolayer films and
beyond, dC and dD must have opposite signs (compensating one another) to establish transparency.
The crossover occurs when d ~ 0.75, and the ratio —dD/dC asymptotically approaches ~ 0.5 as
dy — oco.
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