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Abstract

Adjacent patches of alkanethiol molecules whose chain lengths range from 11 to 15 carbon atoms are
fabricated by nanografting within a Self-Assembled Monolayer matrix. Atomic Force Microscopy and
Electrostatic Force Microscopy are employed to investigate their structural and electronic properties,
highlighting the key role of the substrate roughness. In particular, the topographic phase signal allows to
establish an odd-even dependence of the local stiffness versus the alkyl chain length, while the
electrostatic force signal provides evidence that the conformational order versus the alkyl chain length

follows an asymmetric parabolic trend induced by the substrate roughness.



Introduction

In the vast literature on alkanethiol Self-Assembled Monolayers (SAMSs) [1], most of the studies
on their structural and electronic properties were carried out employing techniques that operate on a large
area, i.e. the information is averaged on a few mm?, like X-ray Photoelectron Spectroscopy [2] or Kelvin
Probe [3]. On smaller areas, i.e. hundreds of nm? or below, Scanning Tunneling Microscopy
investigations [4] were carried out to obtain complementary information that is difficult to extend to
larger areas. Bimodal Atomic Force Microscopy (AFM) [5], Kelvin Probe Force Microscopy [6-8] and
Electrostatic Force Microscopy (EFM) [9] have successfully up scaled the information on structural and
electronic properties from nm to micrometric scale. In those works, SAMs of diverse alkyl chain length
were individually prepared. In this study we exploit nanografting, a lithographic approach based on AFM
[10,11], to fabricate micrometric patches of alkanethiol SAMs characterized by alkyl chains of increasing
lengths (from 10 to 15 carbon atoms). Then, AFM [12] and EFM [13] phase imaging are employed to
investigate their structural and electronic properties, and to establish their dependence on the substrate
roughness. The validity of this differential comparison of molecular properties was already demonstrated

by measuring the tunneling decay constant of alkanethiols as a function of their length [14].
Materials and Methods

Materials. The substrates are prepared by evaporating Au (99.99% pure, from Metalli Preziosi S.p.a.,
Milan, Italy) on muscovite mica (Goodfellow Cambridge Limited, Huntingdon, England). SAMs
solutions are obtained dissolving alkanethiols in ethanol (99.8%, from Fluka and Sigma Aldrich) at a
final concentration of 100 mM. Five alkanethiol molecules with increasing alkyl chain length have been
chosen for this study (all from Sigma Aldrich): 1-decanethiol (CHs(CH2)9SH), 1-undecanethiol

(CH3(CH2)10SH), 1-dodecanethiol (CH3(CH2)1:SH), 1-tetradecanethiol (CHs3(CH2)13SH) and 1-



pentadecanethiol (CH3(CH2)14SH). The chain length is indicated with Cn, where n stands for the number

of carbon atoms (e.g., C10 indicates 1-decanethiol). Thus, n ranges from 10 to 15 here.

Preparation of Au Substrates and SAM Matrices. Two kinds of Template Stripped Gold (TSG) ultra-
flat substrates are prepared for this work: annealed (SUB1) and not annealed (SUB2). In both cases, an
Au layer (100 nm thick) is deposited at moderate deposition rate (= 0.1 nm-s™), using an electron beam
evaporator in vacuum (10~ mbar), on a freshly cleaved piece of mica. SUBL1 films are immediately flame
annealed with a reducing hydrogen torch flame [15], and subsequently quenched in a stream of nitrogen.
SUB2 substrates are prepared following the Template Stripped Gold (TSG) procedure, as described by
Gupta [16]. In short, samples are glued from the Au side to small pieces of fused silica (about 5 mm x 5
mm in side size, 0.5 mm thick) with a drop of SU8-100 (Kayaku Advanced Materials, MA, USA). Then
the polymer is cured (20 minutes under a 70 pW-cm, 462 nm, UV lamp and baked at least 3 hours at
95°C). The ultra-flat Au surface is cleaved from the Au-mica interface by using a razor blade. Freshly
annealed and peeled samples are immediately soaked in a freshly prepared 100 mM solution of C10
alkanethiol in ethanol to obtain a SAM hosting carpet acting as a molecular reference. After an incubation
time of 24 h, samples are rinsed with pure ethanol and dried in a gentle blow of nitrogen and mounted in
the liquid cell of the nanolithographic AFM. The C10 SAM formed on both substrates represents the
matrix for the nanografting process and a barrier preventing the lateral diffusion of patch-immobilized
thiolated molecules. From now on, it will be termed C10 matrix. In SUB1, Au annealing gives rise to
grains composed of flat terraces (typical dimensions of about 1.0 um) with an average roughness of ~1
A [15] (see Fig. 1a). In SUB2, Au grows in contact with the mica surface reproducing its morphology
and flatness in the form of randomly oriented grain edges resulting in a macroscopically flat surface with

a roughness of ~3 A [17] (see Fig. 1b).



Fabrication of Alkanethiol Patches with Nanografting. Nanografting has been performed with a
Solver PRO AFM microscope (NT-MDT, Zelenograd, Moscow, RU) in an open liquid cell using silicon
rectangular cantilevers (MikroMash NSC36/noAl, spring constant k =~ 0.6 nN-nm). Micrometric and
sub-micrometric patches embedded in the matrix have been fabricated using the Xu procedure [18]. The
matrix has been imaged first at a very low force (= 0.5 nN) in an ethanol solution of alkanethiol (grafting
concentration ¢ = 50 mM). Then, the C10 molecules have been shaved upon scanning a small portion of
the surface at high force (= 50 nN) and high scan rate (1 pm-s™). A single raster scan is enough to expose
the underlying Au film. Shaved off C10 molecules disperse in the solution where the target alkanethiol
molecules are present at high concentration, thus immediately leading to self-assembly on the freshly
exposed Au. The result is a patch of the target alkanethiol embedded within the C10 matrix.
Reproducible, well-ordered and densely packed patches are fabricated keeping the shaving force, the
scan rate, and the alkanethiol concentration constant during all the experiments [14]. In particular, a scan
rate of 1 um-s? enables to grow patches composed of large alkanethiol domains and with a molecular
packing comparable to SAMs obtained by classical wet assembly [19]. Two kinds of nanografted samples
have been fabricated: sub-micrometric patches of about 0.75x0.75 pm? on the SUB1 surface (C11-C12-
C14-C15, Samplel) and micrometric patches (2x2 pum?) on the SUB2 substrate (C14-C15, Sample2).
Based on the results obtained using Samplel, Sample2 has been specifically prepared only with C14 and
C15 in order to test the effects of Au substrate roughness. The lateral dimensions of the patches for both
samples are large enough to yield a molecular packing and, consequently, a Young’s modulus
comparable to those of solution-assembled SAMs [20]. This evidence supports once again the general

scalability of the nanografting process [21].

AFM Phase Imaging. Intermittent Contact Mode (ICM) is an AFM technique in which the amplitude
modulation allows to evaluate the morphology and the phase the local stiffness [22]. The averaged tip—

sample force (F) is relatively low for a high amplitude set-point Asp (in nm), correspondent to a small



reduction of the free oscillation amplitude of the cantilever Ao (in nm, attractive regime), while it becomes
relatively high for a low Asp, i.e. in a high decrease of Ag (repulsive regime). (Fts) can be calculated using
the relationship reported by Garcia [23] with the cantilever elastic constant k (in N-m™) calibrated with

the Sader method [24]:

(Fo) =" 1 (%2)° @

where the driving force Fo (in nN) is Ao-k. The ICM measurements are performed with silicon cantilevers
coated with Pt (NSC36/Pt, MikroMash, Sofia, Bulgaria). The topographic images are collected in the
repulsive regime employing two different cantilevers exerting an average force (F) of ~ 6.1 and 11.3

nN.

Simultaneously to the topographic image, the phase image is recorded on the whole area. Away
from the surface, the phase @ (in rad) of the free cantilever oscillations is equal to 7/2 with respect to the
sinusoidal driving signal®. When the tip interacts with the surface, its energy is partially dissipated and a
phase lag A@ occurs [25]. The phase 6 is then /2 + A8, with 8 > 1t/2 in the attractive regime and 6 < /2
in the repulsive regime, as reported by Cleveland [26]. Thus, A@ is positive when the tip is in the repulsive
regime and negative in the attractive one. In the repulsive regime, the tip indents the surface and the
overall derivative forces o exerted by the tip on the sample can be approximated to the local time-
averaged sample stiffness (S), if o << k [22]. This approximation holds true in our case, hence the phase

lag A6 can be related to the local stiffness (S) through the relationship:

(S) = gAa @)

! Two different notations are used to distinguishing the mechanical phase, 9, from the electrical one, ¢.



where Q is the cantilever quality factor. As shown in Eq. 2, phase imaging provides a map of the
stiffness variations of the sample surface (i.e. a stiffer region presents a larger A8). As described in the
phase imaging theory [27], (S) can be correlated to the effective Young modulus E* and the time-

averaged value of the tip contact area (A):
(S) o (A)-E*=>A90c% (A) - E* (3)

Eq. 3 shows that (S) is proportional to E*, that is dominated by the modulus of the sample when
the tip is much stiffer than the sample. SAMs with a length from 5 to 18 exhibit Esam ranging from~ 0.1
to = 1 GPa, respectively [28]. In our case, the tip is coated with a Pt film ~ 20 nm thick with Ept = 160
GPa [29]. Thus, we have Ept >> Esam and phase imaging should distinguish patches with different
Young’s moduli. However, the stiffness is also proportional to (A)”, and a softer material could have a
larger contact area (A) thus yielding an enhanced phase contrast. This is the case of phase imaging on

polymers [22], where (S) is larger on a surface region with smaller Young’s modulus if (A) dominates

(S).

EFM Phase Imaging. In Phase-mode EFM (EFM-Phase), electrostatic imaging can be performed using
a dual pass system: in the first pass, the topography is recorded in standard amplitude modulation ICM;
in the second pass the tip is lifted up to a fixed height H = 50 nm above the surface and moved along the
previously recorded topographic profile while applying a DC bias voltage to the tip (Vip) with respect to
the grounded substrate [13]. The phase signal depends exclusively upon the electrostatic interaction
between the oscillating tip and the surface held at a constant separation. For a null electrostatic
interaction, i, is equal to 7/2. A Smena AFM microscope (NT-MDT, Zelenograd, Moscow, RU) and

silicon cantilevers coated with Pt are employed for these measurements. The samples are electrostatically



characterized by measuring ¢; (V) for -2.5 < Viip <2.5 V, a voltage range leading to the linear dependence

of i vs. V [13].

Results

Mechanical response. Due to the limited difference in length between the grafted and the hosting
molecules, it is difficult to distinguish the patches from the color contrast in the topographic images of
the two samples (Fig. 2a-c), while molecular patches are easily distinguishable in term of contrast in the
phase images (Fig. 2b-d). The analysis of topographic profiles across a patch is useful by the fact the step
height of the top of the patch with respect to the reference matrix is indicative of the molecular packing
[30]. From the cross-section of the C15 patch a step height in agreement with the literature is obtained
[3]. However, Samplel shows a step height of ~0.3 nm (see the inset of Fig. 2a) whereas in Sample2 it
increases to ~0.9 nm (see the inset of Fig. 2c). This difference can be ascribed to either the imaging force
(Fts), doubled for Sample2, or to the Young’s modulus that increases at increasing alkanethiol lengths or
both. By using the force-indentation curves reported in Ref. [28], the difference between the indentation

of C10 and C15 SAMs is =0.4 nm, close to the step height of Samplel.

In the phase image of Samplel, patches show an increasingly brighter contrast for increasing
alkyl chain length (see Fig. 2b, from C12 to C15), except for the C11 patch that has a phase contrast
slightly different to the C10 matrix (only 0.009 rad). By analysing the phase contrast on the base of Eq.
3, Afc1o < Abcn for all n because of the Young modulus increases for increasing alkyl chain length [28].
Eq.3 includes also the square-root of (A) that works at the opposite of E*. Indeed, a softer SAM leads to
a larger contact area (A) and thus A& decreases for alkyl chain length. The combination of E* and (A) can
explain the little phase contrast observed in the C11 patch: a distinct transition of SAMs from a liquid-
like to a crystalline phase occurs at C11 [31] together with a transition from disordered to ordered films

was observed in the range from C10 to C12 [32], so E*c10 < E*c11 but (A)cio > (A)c11 hence Afcio S



Afc11. As visible in Figure 2a, the C11 patch is the only patch formed on Au monoatomic steps; possibly,

this might be responsible for additional molecular disorder (see Supplementary Materials).

For Sample2 (see Fig. 2d), the phase contrast increases as well with increasing the alkyl chain
length, but the phase contrast of the patches is less pronounced and homogeneous compared to Samplel.
These observations could be due, respectively, to: (i) similar Young moduli for C14 and C15 or, (ii) a
morphological disorder induced by the roughness of SUB1 and enhanced by the higher imaging force
(Fts). The average stiffness (S) calculated from Eq.2 encompasses these observations. As shown in Fig.
3, (S) is proportional to E* for both samples and increases for increasing chain length [28]. The linear
regression of Samplel (dashed green line) points out an odd-even effect of (S) that may be correlated to
what is reported in the literature [33]. The odd-even effect is hindered in Sample2: a larger imaging force
(Ftsy may cause a greater (A) and thus a higher (S), which is consistent with the phase contrast observed
on the patches in Fig. 2d that are less homogeneous thus with larger (S) error bars. Thus, a packing
disorder of the patches induced by the roughness of SUB2 seems to be responsible for this behaviour
because the disorder increases the SAM compressibility making (S) almost constant. This increased

compressibility hints a possible explanation on the larger step height measured on Sample2.

Electrostatic response. The electrostatic contrast of the C10 matrix for Samplel and Sample2 is firstly
investigated. For Samplel, the phase curve ¢ versus Vip can be fitted with a parabola (sand color solid
line in Fig. 4a) with the following formula:

2
T Q- (Vup—Vy) d?C (0
= gr LU o o) (o) ®

where C is the tip-sample capacitance, z is the tip-sample distance, a (in rad) is the vertical offset, b (in

V) is the parabola stretching and ¢ (in V) is the horizontal translation Vo at Vi, = 0 embodying static



charges, surface polarization and work function difference between the tip and the sample, also defined

Contact Potential Difference, CPD (see Supplementary Materials for the full demonstration of Eq. 4).

The term b depends on the cantilever properties, through Q/k and the tip—sample capacitance
d?C/dz? that represents the sensitivity of the EFM-phase measurement for which a higher b produces a
larger gi. For Samplel, b is (1.76 + 0.05)-102 V2 and dC/dz? = (3.7 + 0.1)-10* F-m with Q/k = 94,

values comparable to the highest stretched parabola obtained on Au samples with Pt tips [13].

The CPD, i.e. ¢ = Vo =(0.08 £ 0.02) V, is related to the general form of the work function @ for

a metal [34]:
CD = cbbulk + VD (5)

where Ok is the bulk work function and Vp is the potential shift due to the total dipole produced by the
sum of the SAM dipoles with a potential shift of Vp-sam, and the dipole due to the adsorbed molecules
from air, with Vp_aps. Considering the work function of the tip @y as the reference electrode, the CPD

is equal to:

_ cbtip - q)sample _ q)tip,bulk + VD—ADS - CI)sample,bulk - VD—ADS - VD—SAM
—e —e

0

(6)

APy = Vp_sam
—e

where Vp.aps is assumed equal for tip and sample metals. The polycrystalline Pt tip has ®ptpuk = 5.65
eV, while the Au(111) surface of SUB1 has ®au-buik = 5.31 eV [35]. Therefore, AdDpuk is 0.34 eV. The
positive sign of Vo for the SAM/Au surface is opposite with respect to the negative one obtained on bare
polycrystalline Au [13]. This is consistent with the presence of a dipole sheet on the Au surface [36] that

modulates the Au work function shifting the vacuum energy level [37]. From Eq. 6, the potential shift



induced by the C10 matrix is Vp-oL = €Vo + A®puik = (0.42 + 0.02) eV. Then, the Au work function

increases in agreement to both Eq. 5 and the literature (see Supplementary Materials of Ref. [38]).

For Sample2, the phase curve ¢i versus Vip is asymmetric (see Fig. 4b) and data fitting is possible
with a linear combination of two parabolas in two consecutive Vip ranges, i.e. [-1.5; 1] and [1; 2.5] V.
Asymmetric parabolic branches can be fitted with two parabolas (purple solid line in Fig. 4b)
characterized by different stretching b: one relatively small (pink dashed line), the other relatively high
(green dashed line). The fitting curve has a geometric continuity in Vip = 1 VV where the two parabolas

merge together within the absolute error of ¢; (1 V) (see the inset in Fig. 4b).

The horizontal translation of the fitting curve, i.e. ¢ = (0.84 £ 0.05) V, is determined by the right
parabolic branch. The polycrystalline surface of SUB2 has ®au-buik = 5. 1 eV [35]. Therefore, ADpui is
0.55 eV. From Eq. 6, the potential shift induced by the C10 SAM for Sample2 is Vp-sam = (1.39 £ 0.05)
eV, that is higher than the one calculated for Samplel. The parabola stretching b for the left branch is
(0.75 + 0.08)-10% V2, correspondent to a d’C/dz? = (1.5 + 0.2)-10* F-m? with Q/k = 97, values
comparable to the lowest stretched parabola obtained on polycrystalline Au imaged by Co tips [13]. In
the right parabolic branch, the phase sensitivity is much larger than the left one with b = (2.37 £0.14)-10°
2\/2 and then d?C/dz? = (4.9 + 0.3)-10* F-m™. Like for the mechanical properties, the morphological

disorder induced by the roughness of SUB2 seems to affect the electrical properties of the C10 matrix.

The alkanethiol patches can be analysed on the basis of the interpretative framework prepared for
the C10 matrix. The electrostatic contrast increases for increasing alkyl chain length in both samples,
except for C11 where the electrostatic contrast is equal to the C10 matrix (as an example, Fig. 5 shows
EFM-phase images for Vip =— 1.5 V; movies with full Vs, ranges are available in Multimedia materials).
Such an increased contrast corresponds to an increase of ¢i [39], which is due to the increase of the

molecular polarizability with the chain length [3].



Cn a B c d*c/dZ Vb-sam
%102 rad x102 V-2 V %104 F-m? eV
Samplel 10 0.8 1.76 £0.05 0.08 £0.02 3.7+0.1 0.42 +0.02
11 0.8 1.76 £0.05 0.08 +0.02 3.7+0.1 0.42 +0.02
12 0.9 1.75+0.05 0.15+0.02 3.7+0.1 0.49 +0.02
14 0.6 1.77 £ 0.04 0.51 +0.02 3.79+0.09 0.85+0.02
15 0.8 1.70 £0.05 0.67 +0.02 3.62+0.11 1.01 £0.02
0.75+0.08 (L) 15202 (L)
Sample2 10 1 0.84 £0.05 1.39+0.05
2.37£0.14 (R) 4.9+03 (R)
0.64 £0.07 (L) 1.3+0.1(L)
14 0.9 0.98 £0.05 1.53+0.05
2.27£0.18 (R) 4.7£0.4 (R)
0.73+0.09 (L) 15+02 (L)
15 0.9 0.99 £0.06 1.54 +0.06
2.24 £0.20 (R) 4.6 £0.4 (R)

Table 1: Parameters extracted or calculated from the parabolic fitting of data for Samplel and Sample2. For both

samples, a is negligible.

As shown in Fig. 6, the phase curves of the patches shift progressively towards more positive
values of Vip for increasing Cn, in agreement with the literature [3]. As reported in Table 1, Samplel
exhibits a large shift of Vp.sam for C14 and C15 vs. C10, whereas this shift is little for Sample2. The term
b is constant to (1.75 + 0.05)-10 V2 for Samplel and to (0.71 + 0.08)-102 and (2.29 + 0.17)-102 V2
for the left and right branch of Sample2, respectively. Accordingly, dC/dz? values are (3.7 + 0.1)-10*

F-m2 for Samplel and (1.5 + 0.2), (4.7 + 0.4)-10* F-m2 for Sample2.

At a zeroth-order approximation, the tip-sample capacitance C depends on the distance z between
the tip and the Au/SAM interface, which is assumed as the reference interface. Such distance is H + t

where H is referred to the sample surface and t is the SAM thickness. The capacitance C is the series of



the tip, Ctip, and the SAM, Csam, capacitances. As proved in the Supplementary Materials, Csip referred
the bare Au surface at a distance H is always larger than C at a distance z, which is why SAM reduces
the system capacitance. The capacitance per unit area (F-m2) of the SAM layer is expressed by Csam =
eo-esav Tt Where g is the vacuum permittivity and esawm is the relative permittivity of the SAM, fixed to
(2.7 + 0.3) [40]. Consequently, the larger is t the smaller is Csam. The second derivative of C is d*C/dz?
~ 0%Cl 612 = 2¢e0-esam-(s0-esam-Crip T + )3, therefore d2C/dz? has to decrease for increasing alkyl chain
length (see Supplementary Materials). As shown in Table 1, this effect is clear in the right branch of
Sample2, but it is hindered by experimental errors, probably due to a resolution loss caused by the
relatively high H [13]. On the other hand, d?C/dz? is clearly different for Samplel and Sample2 where,
apparently, SAMs are thinner in Samplel versus Sample2 for the left branch, while they appear thicker

in the right one.

In both samples, the potential shift Vo induced by SAMs increases progressively for increasing
alkyl chain length. As shown in Fig. 7, Vo shows two linear fitting in Cn ranges from C10 to C12 and
from C12 to C15 for Samplel. The linear slope, i.e. the potential shift per methylene units (-CHa-), is
(0.035 + 0.020) V = (35 £ 20) mV in the first range, a value comparable with the literature [2]. In the
second Cn range, Vo is (174 £5) mV, almost five times larger and suggesting an improved order of the
patches with longer alkyl chain length on SUB1 [41]. Vice versa, the relative disorder induced by SUB2
in Sample2 back again the slope to (32 + 4) mV, which agrees to the result obtained in the range from

C10 to C12 of Samplel.
Discussion

The C10 matrix and the nanografted patches may be considered a two dimensional dipole sheet
[3]. Its orientation can inferred from the positive shift of CPD with respect to bare Au [13] that, in

molecular terms, implies an effective dipole R*-S", with R=CnH2n+1, larger than the Au*-S™ dipole [3].



The R*-S™ dipole measured by EFM has a direction normal to the surface and a magnitude on dependent
on the alkyl chain length and its tilt angle Q [42]. Thus, Q introduces a structural effect on the modulation
of ®au-buk by SAMs (also dependent on molecular (dis)order [38,43]), while the aforementioned
molecular scheme explains why ®au-buik 1S modulated by SAMs [44]. The potential shift Vp.sam of the

vacuum energy level per unit area (V-m?) induced by the dipoles sheet is [45]:

Nypor * - cos )
Vp_sam = e (7)
Esam€o

where Nmoi (in molecules/m?) is the alkanethiol surface density and p is the magnitude of the total dipole

moment (in C-m or Debye D).

As reported in previous studies [2], i has an average value of ~ 2.45 D and is rather insensitive
to the number of methylene units (-CH2-), changing by ~ 0.2 D as the chain grows from C3 to C18. This
modest change cannot be responsible for the large slope per CH: observed in the range from C12 to C15,
suggesting that a structural effect of the dipole sheet affects Vp-sam (See Supplementary Materials for a

rough calculation of Q).

As aforementioned, the range from C10 to C12 marks a transition region [32], where SAMs shift
from a lesser conformational order (liquid-like, disorder phase, lower Nmoi and higher average tilt angle
Q) to a higher one (crystalline-like, ordered phase, higher Nmoi and lower average tilt angle Q) [46]. At
or above C14, the alkanethiols are well-ordered/highly packed and form rigid, crystalline SAMs where
the alkyl chains exhibit all-trans conformations [47]. At the opposite, the slope measured on SUB2 in the
range from C10 to C15 is comparable to one measured on SUB1 in the range from C10 to C12, suggesting
that the increased roughness of SUB2 augments intentionally the disorder phase of the C14 and C15
patches making them comparable to the intrinsic disordered phase of SAMs in the range from C10 to

C12.



Additional evidence of an order/disorder transition comes from the symmetry loss of the EFM-
phase parabolas in Sample2 (see Fig. 6). Such deviated parabolas lose symmetry under negative voltages
where a linear combination of parabolas is necessary to fit the raw data (see Fig. 6b). These observations
are peculiar and similar to the one observed in van der Waals heterostructures [48]. The asymmetric
parabolic behavior suggests an electric field screening in Sample2, as confirmed also by the capacitance
C and its double derivatives d°C/dz> (see Table 1), that changes slightly in the left and right branches
with a higher and lower parabolic stretching, respectively. A conformational disorder of the alkanethiols
induced by the SUB2 roughness might be responsible to this asymmetry (see the sketch in Fig. 8): a
higher molecular disorder means a lower molecular surface density Nmoi and a higher tilt angle Q, leaving
exposed the negative charges at the Au/SAM interface to the negative charges of the EFM tip. Such tip
charges are therefore screened by the negative charges of the sample, causing a lower electric force and
thus lower ¢; values. The opposite occurs when the tip is positively biased, with an increase of both the
electric force and ¢ values. This order/disorder effect reminds to the one induced by the curvature radius

on the SAM shell of Au nanoparticles [49].

Conclusions

The structural and electronic properties of alkanethiol SAMs with increasing alkane chain length
from C10 to C15 have been herein investigated. The use of the nanografting technique, by forming
patches of different alkane chain length in the same scanned area, enabled a genuine differential
comparison of molecular properties. AFM phase imaging has been able to highlight the odd-even effect
for the stiffness vs. chain length, while EFM phase imaging has provided deeper details of the
conformational alkanethiol order. Their combination has allowed to identify the role of the substrate

roughness in the packing order of the SAMs patches.
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Figure 8




Captions

Figure 1: Topographic images of the two different template-stripped Au substrates: flame annealed
SUBL (a), and not annealed SUB2 (b). Substrates topographies were obtained in two consecutive steps:
firstly, the SAM is removed by nanoshaving [18], and then the exposed substrate surface is imaged by
contact mode with the same tip used for shaving the SAM. The size of the images is = 300 x 750 nm?,

comparable with the dimension of the nanografted patches.

Figure 2: Topographic (a, ¢) and phase (b, d) images of the nanografted samples (Samplel: a, b;
Sample2: ¢, d). The alkanethiol patches present small height changes in the topographic images. The
inset plots in Figure (a) and (c) show the topographic cross-section profiles of the two C15 patches (see
white line profiles with end markers in topographic images — additional line profiles are reported in the
Supplementary Materials). The features of the Au substrates are clearly visible due to the different
methods adopted for their preparation (cp. to Experimental and Method sections). To boost the phase
contrast, a Gray-inverted color bar and an adaptive non-linear color mapping is used [50], especially in
order to distinguish the C10 and C11 patches in Figure (a). The ICM measurements are performed by
using silicon cantilevers with (a) resonant frequency wo ~ 131 kHz, cantilever quality factor Q = 178,

and k =~ 1.89 N-m?; and (b) wo = 128 kHz, Q =~ 237 and k = 2.44 N-m*

Figure 3: Average stiffness (S) versus alkanethiol length Cn, where n stands for the alkane chain length

ranging from 10 to 15, and correspondent regression fitting lines for Samplel (red dots) and Sample2

(blue dots).



Figure 4: Phase curves ¢i versus Vip obtained on the C10 SAM matrix for Samplel (a) and Sample2 (b).
The fitting is performed with a parabola for Samplel (sand color solid line) or a combination of two

parabolas (green and pink dashed lines) to perform a better data fitting (purple solid line).

Figure 5: EFM-phase images of Samplel (left) and Sample2 (right) for Vip = — 1.5 V. The false color

bar for the phase values reports the raw data recorded by the microscope, i.e. in degree.

Figure 6: Phase curves ¢;i versus Vip obtained on the C10 SAM matrix for Samplel (a) and Sample2 (b).
The fitting is performed with a parabola for Samplel (sand color solid line) or a linear combination of

two parabolas (green and pink dashed lines) to perform a better data fitting (purple solid line).

Figure 7: Progress of the CPD V, for increasing alkane chain length Cn. Two portions with a linear
fitting can be observed for Samplel, while only one for Sample2 that has a slope comparable to the lower

one of Samplel (dashed lines).

Figure 8: Sketch of the electrostatic forces (Fe) acting between the EFM tip (negatively biased) and a
disordered alkanethiol SAM on a rougher Au layer (the disorder is intentionally amplified for graphical
purposes). The positive charges at the SAM/air interface determine an attractive force on the tip, that

becomes repulsive when the tip is exposed to the negative charges at the Au/SAM interface.



