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Abstract: The dependency of substrate roughness on
wetting properties of self-assembled monolayers
(SAMs) has been studied extensively, but most previous
studies used limited selection of probing liquid and
range of surface roughness. These studies disregarded
the limit to observation of sub-nanometer odd-even
parity effect, hence are inconclusive. In this work we
report the role of solvent polarity on the roughness-
dependency of wetting behavior of SAMs by studying
static con-tact angle of a variety of probing liquids, with
different polarities, on SAMs formed on Ag-based
substrate with different surface morphology. By over-
lapping the roughness ranges with previous studies on
Au, the limitation of surface roughness (RMS=1 nm) to
observation of the odd-even effect using water as
probing liquid was confirmed, but other probing liquid
yielded different roughness-dependent behaviors, with
more polar solvent showing more roughness-dependent
behavior. Based on these observations, we concluded
that there exists a phase-transition like behavior in
SAMs due to substrate roughness and molecule chain
length, but whose determination is dependent on the

probing liquid.
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Introduction

Properties of self-assembled monolayers (SAMs) have
fascinated us since the effect of deposition of a drop of oil
on ripples on a pond was observed.! As an important type
of material, SAMs have shown unique properties with
potential applications in diverse fields such as sensing,™
molecular electronics,” functional coating,””! surface plas-
monic modifications,”) energy conversion,””) among others.
Although inherently nanoscale materials, SAMs benefit
from advances in organic synthesis, and therefore embody
the elegance of sub-nanometer tunability (bond-by-bond
modification) that is the cornerstone of the latter. This
tunability, however, introduces compositional variability
(entropy) that challenges a coherent delineation of univer-
sally defining rules that would form the basis of the field.
Defining these governing rules translates to predictability in
properties, an essential component for further development
of applications based on SAMs.! The well-studied n-
alkanethiolate SAMs on coinage metals illustrate the need
for careful delineation of the governing rules./*"#
We,[04e8459 and others,' have previously explored
the role of length of molecule making up the SAM or
substrate properties (roughness and identity) on SAM
properties. It is well understood that an odd-even parity
exists in the property of n-alkanethiolate SAMs, albeit only
for smooth surfaces. This odd—even parity in hydrophobicity
is, in part, due to an increase in attractive inter-chain van
der Waals forces upon addition of a methyl unit and
associated parity-dependent presentation of the terminal
methyl. Observation of such sub-nanometer structural
manifestation had been the basis of the Whitesides—Porter
disparity that was latter pinned to substrate roughness.[*?
Substrate roughness, therefore, has a significant impact on
SAM structure and/or any measurable property (Figure 1a).
The odd-even parity effect in hydrophobicity, for example,
decays linearly with roughness for SAMs on Aul"*! with an
observation limit for surface roughness root mean square,
Ry~ 1 nm.*81 It therefore follows that the odd—even parity
effect in hydrophobicity is an appropriate probe for the
quality of SAM order, as perturbations by substrate rough-
ness leads to its decay."*% This decay has been correlated
to molecular conformations, molecular length, and dichot-
omy of the associated energies (polar, EP*, and dispersive,
E**) through y, (a parameter others have referred to as the
Thuo-Chen constant).’*"! But roughness is challenging to
quantify given the stochastic distribution of atomically flat
regions (grains) on the substrate,® hence the need for a
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Figure 1. a) A schematic overview of the self-assembled monolayers
highlighting attributes that can affect wetting. Wetting on SAMs is a
complicated equilibration of the various forces acting on the molecules
as indicated. b) Summary of contact angle data using odd—even
asymmetry showcasing the phase-transition like behavior driven via
both probe liquid and substrate roughness.

rigorous statistical analysis of the data.'” Even with the
smoothest surfaces, given the nanoscale nature of SAMs and
associated thermal-driven (kg T+#0, T=temperature, kz=
Boltzmann constant) stochasticity, the observed property
may depend on probe properties.'® Wetting properties, for
example, depend on the equilibration of forces between the
probe liquid and the SAM surface —that is dependent on the
substrate hence, wetting depends on both the properties of
the probe liquid and the substrate.®™ Despite challenges
associated with understanding the coupled manifestation in
substrate roughness, molecular structure, and substrate
properties (identity and faceting), comprehensive under-
standing of SAMs requires convergent studies across these
variables. This complexity makes basic measurements, like
wetting, multi-dimensional tasks that converge to an equili-
brium state based on underlying interactions/forces (Fig-
ure la).

To quantitively analyze and understand changes in
contact angle and solve the discrepancy associated with
probe liquids, we adopted the Owens—Wendt-Kaelble
(OWK) model for work of adhesion to expand the well-
known Young-Dupre’s equation,'” in an effort to separate
associated dispersive forces from polar forces, the two major
forces affecting wetting [Eq. (1)]./4¢ 1413

cos(6,) = 2(\/ YicVic + \/@Vlzc) _1 )

YLG VLG

Since n-alkanethiolate SAMs have a weak dipole
moment,["! surface interactions are dominated by dispersive
forces. From the OWK model, we de*duce that the dispersive
component of interaction energy, E, = V7viv%s, while the
analogous polar component, E = ./y%;Y, s Based on

P
previous studies,’**1% we can deduce the effect of certain
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modification*on the SAM. First, as molecular chain length
increases, E, decreases as a result of more constrained
molecular vibration due to intermolecular interactions.®'*!
On the other hand, E, would increase both with significant
decrease (hyperconjugation in very short hydrocarbons) and
increase (enhanced rigidity hence amplification of contribu-
tion of surface normal dipole) in molecular chain
length.”d' 8b,d.e,17]

Properties of SAMs, however, are not dependent on a
singular contributor—e.g., probe liquid polarity, surface
roughness, or structure of the molecule, but rather a
combination of factors. A dependency of the odd-even
oscillation in 6, on substrate roughness and probe liquid can
be captured by normalizing the intra-parity differences to
the smoothest surface. Using the average differences in each
of the series, we define an average inter-parity static contact

AGMTS X

angle, 0,°;  , such that;
AngTS.X _

5O—E -

_ 2
— cosf’ @

even

—AngTSX -0 —AngTbX
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Where, cos@ff: **and coséﬁdg: ‘erepresent the average
static contact angle with a probe liquid X formed on a
substrate Ag™"S, while cos?,, and cosf,, are the analo-
gous average contact angle on the smooth Ag™. We capture
this interdependency in Figure 1b using evolution in the
wetting odd—-even effect across different molecular lengths,
roughness and with changing probe liquids. The coupled
interaction of these factors has not previously been demon-
strated in a single plot. Inspired by phase-transition theory,
an asymmetry in certain properties could be expected at or
near the boundary conditions. At a roughness R, greater
than the previously deduced odd-even limit,"***¥ an
asymmetry in the odd—even effect (Jy4qcven) that depends on
the properties of the probe liquid (y,/74) and roughness is
observed. With increasing roughness, a prominently observ-
able asymmetry in the odd-even effect is observed around
the polarity equivalence point y,=y, (Figure 1b, left), while
a pseudo-parabolic evolution is observed with increasing
roughness (Figure 1b right). This correlation between sur-
face roughness, probe liquid, and the odd-even asymmetry
suggests that perturbation of the order in the SAM by
substrate roughness significantly affects the contribution of
polar and dispersive interactions at the interface.

Herein we demonstrate the validity of this approach
using wetting and population-independent estimation plots
to quantitatively evaluate the contribution of each of these
system attributes. We then look for convergence points
(coherent trends) through Fourier transform of the gener-
ated data fits, revealing principle diagonal trends. We
demonstrate that properties of self-assembled monolayers
are riddled with complexity that calls for careful analysis if
we are to realize the full potential of these unique and highly
tunable supramolecular nanostructures.
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Results and Discussion

The two primary attributes that we aim to evaluate in this
work are the coupled role of substrate roughness and
probing liquid polarity on wetting properties of SAMs.
Based on previous studies, we limit molecular chain lengths
to the C;;—C,s range.’*'%!! Substrates with different surface
roughness were used in this work, viz; Ag', Ag”™™S, Ag"™s
and Ag®™7S, All four substrates were prepared as previously
described and characterized using atomic force microscopy
(AFM) to determine their root-mean-square roughness
(R.ms) and associated bearing volume (BV). For clarity, we
based our discussions on R, given its wide use. The
roughness of these substrates are: Ag™ R,,,,=0.63+0.08 nm,
BV =0.005940.0008 um*;, Ag®™™ R,,=1.15+0.17 nm,
BV =0.009440.0036 um*; Ag"™ R,,,=1.5340.13 nm, BV =
0.020340.0055 pm*, Ag™™ R,,=1.8940.18nm, BV=
0.0209+0.0092 um®. The Ag™ roughness falls within the
previously determined limit to the odd-even effect (albeit
using Au surfaces), while Ag”""® falls just outside the 1 nm
transition limit.”*"! The others, Ag"™" and Ag“™, extend
the roughness range to previously unexplored regions. Four
different probe liquids were used in this work, viz;
hexadecane (» =0mNm™, y*=27.5mNm™), ethylene gly-
col (»=16mNm™, »*=32.8 mNm™),* glycerol (y*=30,
74=34),”" and water (»=51.0mNm™, y¢=21.8 mNm™)."!
For clarity, we classify the probe liquids based on the ratio
of polar and dispersive component of surface tension (y,/y4)
such that the order based on the dominant force is:
hexadecane (y,/74=0) <ethylene glycol (y,/y4=0.5) <glycer-
ol (ylya=0.9)<water (y/ys=2.3). Besides substrate and
probe liquid variables, we explored wetting across different
lengths of n-alkanethiol across the so-called waxy region
(C,;—Cy) and into the solid/crystalline region (>C,,). For
clarity, and simplicity, we first compare trends in static
contact angles (6,) across these substrates, probe liquid, and
molecule variables prior to quantifying, and ranking, their
independent contribution to wetting properties. Given that
the equilibrium contact angle is a manifestation of force
balance between the SAM surface and the probe liquid, we
compared changes in the cosine of the contact angle (Acosé)
with changes in length of the molecule to decouple the
parity odd-even effect from substrate and probe liquid
effects. We employ population-independent statistics to
decouple the magnitude of contribution of each of the
variables hence delineate its impact on interfacial proper-
ties.

General Trends

As expected,’*®<!l we observed a general increase in 6, as
molecular length increases. The parity odd-even effect,
however, decayed with increase in roughness and/or y,/y,.
All probe liquids showed an odd—even effect on the smooth
Ag™ (R,,s=0.63 nm), further confirming the existence of a
roughness-dependent limit to this parity effect. Increasing
surface roughness (Ag"™), however, showed a probe-liquid
dependent odd-even effect (Figure 2).
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Figure 2. Static contact angles derived from different probe liquids and
n-alkanethiol SAMs on substrates bearing different R,.,.. a) hexadecane,
b) ethylene glycol, c) glycerol, d) water. For clarity, the C,, normalized
change in the cosine of the contact angle was captured in the insertion
to further highlight length-dependent trends.

With hexadecane (HD, y,/y4=0) as probe liquid, SAMs
formed on all substrates regardless of roughness showed
odd-even effect (Figure 2a). We observe that the odd-parity
thiols have higher contact angles than the homologous
evens, with the difference between a preceding even- to
odd-parity transition being larger than odd to even change,
ie., (6F — 0%)>(0° — 0F)—for brevity, abbreviated “a”
and “b” respectively (Figure 2a). The average asymmetry is
cosf=0.6° (Insert, Figure 2a). We observe that this differ-
ence decreases with increase in molecular length, further
supporting the prior inference that a transition point in the
structure of the SAM is likely across C,y,,."¢*™! Borrow-
ing from the critical point, 7, in phase transformation, we
infer that the C,—C,, range in chain length is analogous to a
system transitioning across two phases (e.g. liquid-solid)
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hence it is information rich. We, therefore, infer that wetting
data across the C;,—C,, lengths can be used to capture subtle
changes in interfacial force equilibration (thermodynamic
relaxation), hence inform other properties of SAMs akin to
theory in phase transition and criticality (e.g. Landau’s
theory and the role of order).*!

With a slight increase in polarity, albeit with dispersive
forces still dominating the interactions, i.e., y/74~=0.5, (i.e.,
ethylene Glycol, EG, as probe liquid), a more chaotic trend
is observed (Figure 2b). We observe that only Ag" shows an
odd-even effect across the length of the molecules (Fig-
ure 2b), albeit unlike in HD, the increase in difference
between odd and even parity molecules continue into the
crystalline regime (>C,,) for Ag™ but gets chaotic across
the C,,;, lengths with increase in roughness (Insert Fig-
ure 2b). Increasing the R, to 1.15 nm (Ag”™), the parity
effect breaks into three with C,—C,, and C,,—C,5 showing an
oscillation while C,,—C,, shows a linear increase in 0,
(Figure 2b). Whereas this is clear, and in line with a Cj;
transition, we exercise caution in over-interpretation of the
underlying phenomena. This breakdown in the odd-even
parity effect increases with increasing roughness. We infer
that increasing the polar component of surface tension leads
to enhanced distinction of subtle changes in interfacial
forces as SAM structure is perturbed by increasing substrate
roughness and molecular length. When the contact angles
are normalized to the C,;, change in cosf clearly shows a
parity and roughness dependence (Insert Figure 2b) that
rapidly decays across the 1 nm R, limit. We note that
Acosf oscillates between +0.2 for C,—C,, but is +0.5 for
C,,—Ci, the latter being comparable to HD values while the
former shows significantly diminished parity effect on Ag™.
A parity-dependent oscillation, albeit significantly reduced,
is observed at R,,;=1.15 nm.

When the dispersive and polar forces are almost equal,
/74 0.9, (Glycerol), we see further decay in the odd-even
effect with increase in surface R, (Figure 2c). All surfaces,
except Ag™, did not show any odd-even parity effect but
rather a gradual increase in 6, is observed (Figure 2c).
Normalizing Acosf to C, the lack of parity effect is clearly
observed as all values, except for Ag'™, show no zigzag
oscillation. These results further support the inference that
gradually tuning y, in the probe liquid reveals quality of the
SAM. Interestingly, parity oscillation can be deduced from
the edges of the length scale investigated here, further
supporting our inference that the C,,;, window likely
captures criticality of the equilibrating forces.

Finally, when polar interactions dominate interfacial
interactions y,/yq~2.3, (water), no odd-even parity is clearly
observable for all surfaces except Ag'™ (Figure2d). A
gradual increase in 6 is observed in all surfaces with R, >
1 nm continuing the trend in loss of the odd-even parity
effect with increase in y,. From the C,, normalized Acos®,
however, we observed very weak oscillation (=~ 40.05)
whose margin is not amenable to interpretation (insert
Figure 2d). Despite the low values, the general trends in
these oscillations are larger for the edges C,—C;, and
C,4+—Cys but are significantly diminished in the mid region
(C;—Cy,). This is the exact opposite of what is observed with
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HD (insert Figure la), but becomes predominant with
increase in y, This observation, albeit subtle, is likely
correlated with a property of the SAM, which we infer to be
order (symmetry) akin to phase change.

A closer look at the trends in the C;, normalized Acosf
shows a complicated trend across each length scale. For
example, for Ag™™ (green line), the parity oscillation in
C,—C; is larger and inverse to that observed for C;,—Cj,
(insert Figure 2d).

Given the complexity (multi-dimensional nature) of the
obtained data, it is important that we further investigate this
data set using population-independent statistics (estimation
plots and unpaired mean differences) to quantify role of
substrate, molecular length, and probe liquid properties in
wetting and, by extension, the SAM structure.

Effect of Substrate Roughness on Hydrophobicity of SAMs

We apply estimation plots and associated unpaired mean
differences in contact angles (460) to deduce the effect of
probe liquid or roughness on the contact angles. For brevity,
we discuss data derived from SAMs on the edge of the waxy
(Cyp) and the crystalline (C,,) regions— we provide other
data in the Supporting Information (Figure S1,S2). The
smoothest surface, Ag™ was used as the reference point
given the previously established odd-even limit of R, =
1 nm. As shown in Figure 3, we observed an asymmetric
trend in wetting with polar and non-polar solvents with
changes in substrate roughness. We note that for HD 40 <0
with increase in R,,,—except for C;; SAM on Ag"™,
Negative 46 implies that increase in roughness favors
wetting (lower 6;) with HD. Specifically, for HD on C,
(waxy region) on Ag“™ (Figure 3a), 40 =—4°, while Ag"™s
and Ag™™ decreased 6 by 0° and 1.8°, respectively. For HD
on C, SAM, however, a decrease (Ag”™"™ and Ag™™ A0~
—2°) and increase (Ag"™ A40=1.9°) was observed (Fig-
ure 3b).

Intermediate polarity liquids ethylene glycol, EG, (y,/
74=0.49) and glycerol ((y,/74=0.88) showed comparable
asymmetric trends in 460 with increasing R,,,. The 46 for
EG and glycerol does not significantly change with rough-
ness except for EG on Ag"™™ (R,,s=1.53+0.13 nm) SAMs.
We observe that 46>0 indicating that roughness leads to
increased de-wetting for these medium polarity probe
liquids. For EG on C,o, 46 =1°, 3°, and 0.9° for Ag*™™, Ag™
™S and Ag™™ respectively (Figure 3c)’ while on Cy; SAM,
EG gave 460=3°,0.9°, and 2.0° for Ag”"™S, Ag"™™S, and Ag™"
S respectively (Figure 3d). For glycerol on C;y SAM, Ag”™™®
gave A0 =0.4° compared to 40 =—0.2° and 0 on Ag"™™ and
Ag™™ respectively (Figure 3e). Similarly, for glycerol on
C,, SAMs, all three substrates gave 460 =2.8° (Figure 3f).

When the probe liquid is changed to water (Figure 3g
and h) increase in roughness gave 46<0 indicating
enhanced wettability. We observe an analogous general
trend (increase then decrease) in A6 for the shorter (C,y)
SAM, but a gradual decay for the solid-like (C;,) SAMs. For
water on C,,, a decrease in 460~—1.2°, —0.7°, and —1.6°
were observed with increase in R, from 0.63 nm to 1.15 nm

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
~~

Research Articles

a) Hexadecane - C10 b) Hexadecane-C14
Il | 3
2 sl ril | 44 . |
Sl s o
g 2 | , %
5 38 a1 ! bl I
o 40 e et
AgTS Ang\-TS AgTi-TS AgCu-TS AgTS Agln-TS AgTi-TS AgCu-TS
& 2
5 ’ ¥ o t>
Q2 0
4 = 2 P> f>
A8y gzn-1s A8 ri-1s A8 ggcu-ts A8y yzn-ts A8y ri-1s AB gcu-1s
) Ethylene Glycol — C14

Ethylene Glycol — C10 d)
. 84

o
g

N
3

ContactAngle
5
]

% AT

& U ot |

R e % |
CAC] :

AgInTS  AglTS  pAgCuTs AgeeTs
3 {> 34 *>
e 2 2 b
< | +\> g
| +,) H b/»
9 — — — 0
A0 ygzn-ts A8 ygri-rs A8 pgcurs A8 ggtnets ABricrs B gcu-rs
e Glycerol - C10 f) Glycerol - C14
@ 96 & 99
® 95 1 . 30
2 “dfe|
8 94 k)
£
8 93 1 ‘
Ag'S  AgInTS AglTS  AgCuTs
14
05 |
2 0 b ‘>
p
0.5
a
AEAgZ"_TS A@Agn_“ AéAgf"’" AaAgz"—rs AﬁAgrkr.\ AaA”mfrs
Water - C14

g) Water — C10 h)

AgTS AanrTS AgTi—TS AgCurTS

T>P{>

884 g2n-15 0B, gTi-Ts A8 g gcu-rs

AgTS AanrTS AgTi—TS AgCurTS

s P » P

A8 gzn-15 AB 5 11t AB ggcu-ts

W h koo

Figure 3. Roughness-dependent wetting behavior of SAMs probed with
liquids of different polarity.

(Ag”™™), 1.5 nm (Ag™™), and 1.9 nm (Ag“™) respectively
(Figure 3g). When this is evaluated on the solid-like SAM
(Cu), a gradual decrease in A0~ —-03°, —1.5°, —1.9° is
observed over the same substrate roughness range (Fig-
ure 3h). We note that the latter shows a linear decay in 40,
indicating that an increase in roughness leads to increase in
wettability with water for these rather hydrophobic mole-
cules. We infer that this increased wettability suggesting the
likely decrease in dominance of the surface properties by
the molecule. The effect of roughness, therefore, does not
align with the general trend in 6s, implying that a more
dominant factor, other than substrate roughness, might be at
play in the overall wetting behavior. We infer that substrate
roughness, in this context, may abet droplet pinning akin to
the rose petal effect.” For brevity and clarity, we have so
far limited the comparative analysis to even numbered
SAMs even though we are aware of the odd-even parity
effect. To fully comprehend the interdependency of rough-
ness, molecular chain length and wetting properties, an
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integration of these three variables into a surface profile is
needed.

Effect of Molecular Chain Length on Asymmetry in Odd—Even
Effect

To understand the contribution of molecular chain length in
wetting, pairwise comparison of consecutive homologs can
reveal the role of an odd vs even orientation and how this
evolves with substrate roughness and/or polarity of the
probe liquid. Using estimation plots, we calculate the
unpaired mean difference (460) with addition of a single
carbon, first for a) 6 — 69 (Figure 4a-d) then b) 6 — 6%
(Figure 4e-h) in the non-wetting (water) data. For smooth
surfaces, R,,,=0.63 nm (Ag™, Figure 4a), the C,y,, transi-
tion yielded a 2.6° increase in 6, a large change than for C,,.
13 (0.9°) and C,, ;5 (1.0°). Increasing substrate roughness to
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Figure 4. Summary of pairwise comparison of the effect of altering the
length of the alkanethiol by a CH,. We separate the transitions into “a”
(6% — 0°) and “b” (0° — 0OF) as previously described in Figure 2a.
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Rims=1.15nm (Ag™™, Figure 4b) the C,; transition
yielded a 2.0° increase in 6, while Cy,.;; and C,, 5 transition
caused a decrease in #, of —2.2° and —0.2° respectively.
Further increase in roughness R,,,=1.5nm (Ag"™™, Fig-
ure 4c) and R,,=1.9nm (Ag™™, Figure 4d), showed an
increase in 0 for C,y4; transition (2.5° and 3.1° respectively),
but a decreasing 0 for C,, 5 transition (—1° and —0.6°) and a
minimal change in 6 for C,, ;s transition (0.9° and 0.3°).
From these data we can infer that the C,y-; pair behaves
consistently i.e., favors dewetting, while trends in higher
molecular lengths depends on the substrate roughness with
chain length playing minimal role for rougher surfaces.

On the other hand, b angles (6 — 6%) yields slightly
different trends. For the smooth Ag™ (Figure 4e), the C;.1,
transition leads to a 1° increase in 6, while the C5, and C,s.
16 transition decreased @ by 1.1° and 0.8° respectively. On
Ag” T all transition led to increased by 2.1°(Cyy.p,), 2.1°
(Ci3.4) and 3.9° (Cys.6)- On Ag™ ™, however, C,;., transition
led to a 0.4° decrease in #, while the C,5,, and C;s5, raised 0
1.0° (Figure 4f and g). On Ag™™ (Figure 4h) Change in
length had minimal effect on contact angle with C;_j5, Cj3.14,
and C,5;s transition showing statistically insignificant
changes in 6 values with 40=0°(0.3°, 0.1° and 0.5°
respectively). As observed above, the trend in contribution
of molecular chain length to role of surface roughness-
dependent wettability is asymmetric across R,,~1nm as
captured here with enhanced wetting (decreasing 46) for
R, <1 nm and dewetting (increasing 46) for R,,,,>1 nm.

We infer that, generally, increase in molecular length
enhances de-wetting, hence de-pinning of the droplet, akin
to increased texturing in creation of self-cleaning surfaces
and the lotus leaf effect (vis-a-vis the rose petal effect).

Comparison of Roughness and Solvent-Dependent Behaviors
between Odd and Even SAMs

For quantitative analysis of 6, we recognized that substrate
roughness and probe liquid characteristics are independent
variables. Molecular chain length and terminal methyl group
orientation, however, are coupled by the structure of
SAMs."l We observed that odd- and even-SAMs have
different sensitivities to different perturbations (Figure 4),
hence are different homologous series. This present a
quandary in that, one cannot discuss a continuum in length
while negating the subsequent asymmetry in properties,
unless chain length is discussed as a parity-dictated dichoto-
mous characteristic. Periodic oscillation in the orientation of
the terminal moiety (Figure 1a) dictates that any discussion
of SAM properties be pinned on this dichotomous structural
homology rather than the commonly used continuum based
on length (A or nm) or number of carbons.

To further understand parity effects in SAMs, we
analyzed integrated changes in the cosine of the contact
angles after adding one carbon onto an odd SAM (A4cosf,44,
from average of “b”) or an even-SAM (Ac0s0.,,, from
average of “a”) with both changes in probe (y,/y4), and
roughness (R,,). To linearize the properties of the probe
liquid, for direct comparison with the R, we use the
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logarithm [In(y,/y4)]. Fitting the data to a surface gives a heat
map that captures the coupled effect of surface roughness
and probe liquid properties (Figure 5). From Acosf,4 (Fig-
ure 5a) and Acosf..., (FigureSb), a diagonal trend is
observed with a blue to red (bottom left to top right) and
blue to green (bottom right to top left) diagonals emerging.
From Figure 1b, however, a transition is observed at y, =74
albeit as perturbed by the previously observed®'”! small
surface normal dipole on the SAM. This coincides with the
previoustransitions in phase of the SAMs, hence emboldens
us to infer that these heatmaps do capture the surface
properties of the SAM irrespective of their structural or
electronic origin(s). Considering the x-axis, a transition
seems to appear around the R,,,=1.5 nm, albeit this broad-
ens with increase in y,/y4 to cover the 1-1.5 nm range (purple
region, Figure 5a and b). Based on these two transitions, a
hypothetical demarcation of the plot at In(y,/ys)~0.8 and
R.ns=1.5nm leads to a quadrant (Figure 5d). Assuming a
drive towards convergence, a Fourier transformation of the
plot reveals minor convergent points (figure Sc) that line up
along the diagonals with emergence of a “central valley”.
The applicability of a Fourier transform reveals convergence
—navigating towards an equilibrium,” of the underlying
behavior along the principal diagonal where a row of peaks
emerge. Orthogonal symmetry in peak heights in the off-
axis is also observed (Figure 5c). These heatmaps, therefore,
present a qualitative view of the interfacial interactions as
dictated by the three variables, viz; probe liquid, substrate
roughness, and molecular length, hence we can deduce that
each of the resulting quadrants represents domination of the
surface by one of these variables.
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Figure 5. Integrated roughness and probe liquid dependent behavior of
SAMs. a) The effect of probe liquid and roughness on even-to-odd
SAMs contact angle changes. b) The effect of probe liquid and
roughness on odd-to-even SAMs contact angle changes. c) Illustrative
Fourier transformation of (a) revealing the convergence points while
forming a central diagonal valley. d) A schematic summary of the
wetting behavior and the probe-liquid vs. surface roughness capture in
a so-called “scarlet quadrant”.
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From correlations above, we infer that there is an
interdependency of properties of a SAM on substrate
properties (roughness) and, for wetting, dispersive/polar
forces, with certain regions dominated by either factor. We
divide this into a quadrant with each of the four quadrants
illustrating a domination by one or combination of the two
effects -for brevity we refer to this as the “scarlet quadrant”.
It is therefore critical that properties of SAMs be described
using a similar quadrant (or analogous presentation) to abet
delineation, and avoid misinterpretation, of observed data.
Adopting the scarlet quadrant (Figure 5d), the first half on
the x-axis captures the SAM-dominated properties, while
the second half is the dominated substrate characteristics.
Similarly, on the y-axis, the bottom is dominated by non-
polar interactions while the top is dominated by polar
interactions. We infer that the first corner (bottom left, 4"
quadrant, blue color) captures a region dominated by the
SAM and symmetric (non-polar) interactions, while the top
left (1** quadrant, green color) captures the SAM dominated
asymmetric interactions. Analogously, the 2" and 3" quad-
rants capture polar and non-polar interactions albeit domi-
nated by substrate roughness. The presence of a “valley” on
the top-left to bottom-right diagonal, however, indicates a
likely divergence on the coupled behavior. To illustrate this
delayed divergence in the dataset, a 3D rendering of the
data is essential.

Big Picture: Understanding the Effect of Substrate Roughness
and Probe Liquid on Asymmetric Odd—Even Oscillation in 6,

Given the observed dependency of the odd—even oscillation
in 6, on substrate roughness and probe liquid, as captured by

AgMTS X . . . .
05°r , we further simplify this relation such that;

M-TS, X

Ag _
Oocg =
cosfe " _cosB®, | — |cos@e T — cos® )
odd odd even even
Can be shortened to;
JM-TS, X
068y = Ac0804gq — ACOSOyen 4

For each of the homologous parity series, we plot the
normalized difference in 6, (4cosO,yy Or Acosb..,) We
observe analogous trends in Acosf across the homologous
parity (SAM® vs. SAM°) series (Figure 5Sa vs. b), with
changes in substrate R,,, and probe liquid properties,
affirming that this is a viable inter-parity comparison
parameter. We note that probe liquid properties are plotted
on a logarithm scale while R, is linear. We analyze this
data to inform the coupled dependency.

i) Effect of substrate roughness on the probe liquid Wetting:
Figure 5a shows that the change in contact angle due to
change in probe liquid is mostly similar for SAM® and
SAMP. When substrate roughness is low, difference in
surface normal dipole would keep the hydrophobicity of
SAM® and SAMP slightly apart, leading to a clear odd—
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even effect. As substrate roughness increases, SAMs
formed on such substrates can no longer pack well, and
the small surface normal dipole is perturbed, hence
SAMs effectively becoming a layer of chaotic hydro-
carbons, that is a layer of “fat” as previously noted by
Whitesides and co-workers.™™ With increasing substrate
roughness, however, we observed a solvent dependency
on the asymmetry in wetting of SAMs, highlighted by
the difference in slope of the boundary around top-left
corner of figure5a and b. This difference is also
summarized in the deep valley shown on the left-center
panel of Figure 1b.

il) Impact of probe liquid on deducing the effect of substrate
roughness on the asymmetric wetting in SAMs. On the
other hand, we noticed similar yet different trend
studying the effect of substrate roughness with different
probe liquid. Analogous to observation above, solvent
with a high y,/y, and solvent with a low y,/y, both give
analogous wetting behaviors (Figure 3a vs. b). Solvent
with moderate y,/y4, however, can reveal regions where
substrate roughness changes can lead to different
response between SAM® and SAMC (Figure 4).
Although asymmetry in wetting behavior may neces-
sitate tuning substrate roughness and probe liquid
(Figure 5c), their tolerance to each of this variable is
different. From the shape of the valley in the center of
figure Sc, as well as the shape of the two center panels,
we notice that there exists a wider tolerance for
substrate roughness than for y,/y; (probe liquid) in
realizing the asymmetry in SAM wetting.

iii) Surface properties of SAMs are complicated and need
careful, deliberate description: Extending the arguments
above to the 3D rendering of this rather complex
property, we observe that the normalize cos6 is initially
linear (flat) for smooth surfaces (R,,,<1nm). Between
R.n=1-1.5nm, and y,/74=0.8, a rapid decline in the

normalized cos@:f: *"is observed creating a valley from
which the polar and non-polar interactions diverge. This
figure captures the roughness-dependent wetting prop-
erties and highlights the need to discuss roughness of a
surface in any study of SAMs if coherence is to be
obtained across different measurements.

Conclusion

From the statistical analysis of contact angle data of SAMs
with different probing liquids and substrate roughness, we
may infer that:

Controlling Substrate Roughness Is Critical to Revealing
Sub-Nanometer Properties of SAMs

As demonstrated, properties of SAMs depend on several
factors that interfere, to varied extents (as captured by the
estimation plots) with each other. In order to maximize
effect of molecular properties it is necessary to maintain a
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substrate that would induce least defects in the formed
SAMs. This is especially important if unfavorable interac-
tion (non-wetting) occur on the top (unbound) interface of
SAM:s.

A Progressive Limit to the Odd-Even Parity Effect in
Hydrophobicity of n-Alkanethiolate SAMs Was Observed

The previously deduced limit to the odd-even effect in
wetting with water was confirmed."¥ We also mapped the
progression of this limit with change in the polar component
of surface tension of the probe liquid. This progressive limit,
while derived from Ag-based SAMs, could also be appli-
cable to Au-based n-alkanethiolate SAMs upon adjustments
for associated differences, similar to differences in odd-even
effects for n-alkanethiolate SAMs on Au and Ag
substrates.™”

There Exists an Interdependency of Substrate Roughness,
Molecular Length, Probe Liquid Polarity and Surface Properties
of SAMs

We confirmed that changing the probing liquid can signifi-
cantly change the limit to odd-even effect, a phenomenon
indicating well packed-SAMs."*%1 We were also able to
create a heatmap summarizing the state of the SAMs based
on the developed asymmetry parameter (Figure 1b), which
can be further divided into four quadrants as shown in
Figure 5d:

Quadrant 1: Molecule/Polar interaction dominated. With
a non-wetting solvent as probe liquid and smooth surface,
we can observe clear, symmetric odd-even effect. Compared
with quadrant 4, wetting system that fall in this region
highlights possible polar interaction between the hydro-
phobic SAMs and the probe liquid.

Quadrant 2: Surface/Polar interaction dominated. With
non-wetting solvent as probe liquid and rough surface,
intermolecular interactions within SAMs are greatly sup-
pressed and little to no structure—property relationship tied
to the molecule would be revealed. Wetting within this
quadrant is likely chaotic (due to disorder), hence properties
represent an ensemble average of all possible SAM-liquid
configuration and therefore wetting is asymmetry.

Quadrant 3: Surface/Dispersive interaction dominated.
With a wetting solvent as probe liquid and rough surface, we
can still observe odd-even effect, though the amplitude may
be reduced and the oscillation is no longer symmetric.
Dispersive interaction dominated wetting scenario abets the
intermolecular interactions within SAMs to overcome minor
surface defects caused by surface roughness, helping to
retain certain structure—property relationship.

Quadrant 4: Molecule/Dispersive interaction dominated.
With a wetting solvent as probe liquid and smooth surface,
we can observe clear, symmetric odd-even effect. In this
quadrant, the smooth substrate induces minimal number of
defects within SAMs, leading to predictable structure-
wetting relationship. This is the quadrant that dominate
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most of the work on SAMs since any contact is considered
to be an insignificant perturbation.

This work resolves the Whitesides—Porter discrepancy by
illustrating the complex nature of wetting behavior while
giving pre-eminence to the need to clearly report substrate
properties. The inferences draw here also inform fields that
deploy SAMs by illustrating the need to consider any, and
all, interface perturbations on the SAMs to inform potential
shifts in the equilibrium structure. By understanding role of
polar and non-polar interactions at the interface, one can
predict potential interferences by either the substrate or
object/liquid contacting the SAM as depicted in the scarlet
quadrant. The assumption that all measurements are limited
to quadrant 4 is a simplification of otherwise complex
processes.

Experimental Section

Materials: All alkanethiols were purchased from Sigma-Aldrich
except n-Tridecyl mercaptan (C13) which was purchased from
Pfaltz&Bauer. 200 proof ethanol was purchased from Decon
Laboratories, Inc. All chemicals and reagents were used as received.
Nitrogen and argon gas (UHP) were purchased from Airgas and
used as supplied.

Preparation of silver substrate: Metal films were custom prepared by
Substrata Thin Film Solutions Inc or prepared by e-beam evapo-
ration as previously described.**51%4 For example, a 200 nm Ag
film was first evaporated onto an atomically flat silicon wafer, then
a 10 nm layer of an metal adlayer (Fe, Zn, Cu and Ti) was sputtered
onto the Ag film. The metal substrates were template stripped to
reveal the ultra-flat surface as previously reported.’¢3:1% Glass
supports were cleaned using ethanol and blow-dried with UHP
nitrogen gas. A piece of the cleaned glass supports was glued on the
metal surface with ~8 uL of optical adhesive (Norland Optical
Adhesive 61). All bubbles in the glue were gently removed by
tapping on the glass. The glue was then cured under a long-wave
UV light for 12 hrs.

AFM surface characterization: A Bruker Innova AFM was used in
contact mode to characterize the surface features of template-
stripped surfaces. Images obtained ranged from 3 to 5 um in length
and width using the highest resolution available (1 Hz). All samples
were measured immediately after template-stripping, and surface
morphology/roughness analyzed automatically using the Nanosco-
peAnalysis 2.0 software.

Preparation of monolayers: Freshly template-stripped AgM™ (M=
adlayer) pieces were cleaned using ethanol and blow-dried with
nitrogen stream. As previously reported, the Ag™' piece were
placed in a vial containing 5 mL ethanolic (200 proof) solution of
3 mMol alkanethiol. The surface and thiol solution were incubated
for 3hr. The so-formed SAM was cleaned with ethanol and blow-
dried with nitrogen gas. All measurements were carried out
immediately and lasted for less than 2 hrs.

Measuring the contact angle: Static contact angles formed between
the SAMs and probe liquids (deionized (DI) water, hexadecane
(HD), ethylene glycol (EG) and glycerol were measured using a
Ramé-Hart Goniometer (Model 100-00) with a tilting base. A
droplet of the probe liquid (5 uL) was dispensed onto the SAMs
through an integrated syringe pump. Images of the droplets sitting
on the SAMs were analyzed with the DropImage® software.
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