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ABSTRACT: Elucidating the influence of the monolayer interface versus bulk on the macroscopic properties (e.g., surface hydro-
phobicity, charge transport, and electron transfer) of organic self-assembled monolayers (SAMs) chemically anchored to metal sur-
faces is a challenge. This article reports the characterization of prototypical SAMs of n-alkanethiolates on gold (CH3(CH2)nSAu, n = 
6–19) at the macroscopic scale by electrochemical impedance spectroscopy and contact angle goniometry, and at the molecular level, 
by infrared reflection absorption spectroscopy. The SAM capacitance, dielectric constant, and surface hydrophobicity exhibit de-
pendencies on both the length (n) and parity (nodd or neven) of the polymethylene chain. The peak positions of the CH2 stretching modes 
indicate a progressive increase in the chain conformational order with increasing n between n = 6 and 16. SAMs of nodd have a greater 
degree of structural gauche defects than SAMs of neven. The peak intensities and positions of the CH3 stretching modes are chain 
length independent but show an odd-even alternation of the spatial orientation of the terminal CH3. The correlations between the 
different data trends establish that the chain length dependencies of the dielectric constant and surface hydrophobicity originate from 
changes in the polymethylene chain conformation (bulk), while the odd-even variation arises primarily from a difference in the 
chemical composition of the interface related to the terminal group orientation. These findings provide new physical insights into the 
structure-property relation of SAMs for the design of ultrathin film dielectrics as well as the understanding of stereostructural effects 
on the electrical characteristics of tunnel junctions.

Introduction 

Organic self-assembled monolayers (SAMs) formed on semi-
conductor, metal or metal oxide surfaces are an integral compo-
nent of molecular electronic devices, for electrical insulation, 
charge storage, and charge transport.1-3 A recent series of inves-
tigations of the charge transport properties of large-area, solid-
state tunnel junctions comprised of SAMs of the redox-active 
ferrocenylalkanethiolates (Fc(CH2)nS)4-5 or insulating n-al-
kanethiolates (CH3(CH2)nS)6-9 have sparked renewed interest in 
the odd-even (or parity) effect,10-23 which refers to the alterna-
tion of a material’s structure and/or property due to an odd or 
even number of repeat units in the molecule. Parity effects in 
solid condensed phases often arise from differences in intermo-
lecular interactions and molecular packing. A classic example 
is the odd–even variation of the melting points of solids of odd‐ 
and even‐numbered n‐alkanes and n-alkyl carboxylic acids.24-25 
SAM properties exhibiting parity effects include surface wetta-
bility, friction, and electron transfer rate.26 Charge tunneling 
across metal/SAM/metal junctions is particularly sensitive to 
the SAM structure. The presence of an odd versus even number 
of methylenes (nodd/SAModd or neven/SAMeven) in the polymeth-
ylene chain determines how the organothiolate molecules or-
ganize at the supramolecular level and how they couple to the 
electrodes, which in turn influence the electronic structure and 
tunnel current density of the junction.5, 15, 23  

In Fc(CH2)nS SAMs chemisorbed to gold or silver, the parity 
of the polymethylene chain influences the tilt angle of the ter-
minal ferrocene unit with respect to the surface normal; there is 
a difference of 5–6o between nodd and neven for n = 6–15.5 This 
odd-even effect in the ferrocene tilt angle leads to a small parity 
effect in the surface dipole, which in turn causes odd-even ef-
fects in the work function and HOMO onset energy of the 

Fc(CH2)nS-functionalized metal surface.5, 23 These differences 
in the electronic properties of the SAM alter the shape of the 
tunneling barrier and lead to an odd-even modulation of the 
electron tunneling rate across the junction diode in the on state.4-

5 A smaller ferrocene tilt angle also reduces the steric hindrance 
and maximizes the chain-chain van der Waals interactions. The 
computed molecule packing energy is 1.7 ± 2.9 kJ mol−1 lower 
for SAMeven (smaller tilt angle) than SAModd (larger tilt angle) 
on gold.4, 13 Such a small difference in the molecular packing 
seemingly impacts the performance of devices of which the 
SAM is the active component. Specifically, Fc(CH2)nSAu 
SAMs of neven exhibit higher redox potentials and yield a 25% 
larger redox-induced micromechanical actuation than nodd.13, 18, 

21 Fc(CH2)nSAu SAM-based junctions with neven present lower 
leakage currents and rectify current, while those with nodd do 
not.4-5 

In the case of junctions formed by SAMs of CH3(CH2)nS on 
gold, whose idealized all-trans extended structure is shown in 
Figure 1a, SAMseven yield higher tunneling current densities 
than their SAModd homologues.6 The odd-even effect in the tun-
neling rate is attributed to a difference in the van der Waals in-
teractions at the interface between the SAM and contacting 
electrode due to the different orientations of the terminal groups 
in SAModd and SAMeven.6, 8  

Clearly, it is essential to optimize the supramolecular organ-
ization of the SAM via the parity of the repeat units in its back-
bone to harness its full functionality. The perception that due to 
the large body of published work everything is known about the 
structural characteristics of SAMs,27 including the odd-even ef-
fect,26 is false.12, 14 Early structural characterizations of SAMs 
did not consider the role played by the roughness of the metal 



 

surface on the SAM order, thereby leading to contradictory re-
sults on the existence of a parity effect,12 examined a limited 
number of odd-even homologues,28-30 or focused on chains of 
nodd

31. Since the presence of multiple electrodes and interfaces 
makes it challenging to elucidate the contribution of the inher-
ent supramolecular structure of the organic SAM to the junction 
properties, recent investigations of the odd-even effect have fo-
cused on SAMs chemisorbed to a metal electrode or substrate, 
probing either the structure of the SAM/ambient interface (near 
edge X-ray fine structure spectroscopy,5 photoemission spec-
troscopy,23 static contact angle,20 sum frequency generation 
spectroscopy,19 quartz crystal microbalance22) or the electronic 
structure of the SAM/metal interface (ultraviolet photoelectron 
spectroscopy)5. None of these studies however probed directly 
the conformational order of the polymethylene chains of the 
SAM; inferences are made in some cases from the odd-even ef-
fect observed in the interfacial SAM property (e.g., wettabil-
ity)20 or the spectral signal(s) of the terminal functional 
groups19, 32. The structural characterization of both the organic 
interface and bulk of the SAM is essential for understanding 
how the former relates to the latter and how each influence the 
SAM properties. 

 

 

Figure 1. (a) Schematic views of all-trans extended conformers of 
CH3(CH2)nS with an even vs odd number of CH2 repeat units (neven 
vs nodd) chemisorbed on a gold surface. The Au-S-C bond is fixed 
at 110o and the linear backbone of the polymethylene chains is 
tilted ~20–35o away from the surface normal (to maximize the 
chain van der Waals interactions), based on current structural mod-
els.26-27, 33-34 The shaded gray and red slabs denote the bulk and or-
ganic interfacial regions of the SAM. The calculated thicknesses of 
the ethyl-like (neven) and methyl-like (nodd) interfacial layers are 
0.185 nm and 0.055 nm, respectively.6 The SAMs were character-
ized using (b) nonfaradaic electrochemical impedance spectros-
copy (capacitance and ), (c) contact angle goniometry (surface hy-
drophobicity), and (d) infrared reflection absorption spectroscopy 
(intramolecular organization). 

In this regard, we have investigated the chain length depend-
encies of the dielectric behavior, surface wettability, and supra-
molecular order of gold-supported SAMs of CH3(CH2)nS over 
a large span of chain lengths (n = 6–19). Because parity effects 
in the electrical properties of SAMs can have significant tech-
nological implications, the focus is on charge storage in the in-
terfacial double layer. We sought to identify the respective con-
tributions of the monolayer bulk (polymethylene chain order) 
and exposed interface (orientational order of the chain termini) 
to the relative permittivity or dielectric constant (), a key prop-
erty governing phenomena in electronics, optics, and solid-state 
physics. SAM characteristics such as the surface coverage den-
sity, molecular orientation, polarizability of the terminal group, 
and bond conjugation have a large effect on the value of .35-36 
We employed nonfaradaic electrochemical impedance spec-
troscopy (EIS) to determine the capacitance (C) and  (Figure 
1b). Water contact angles characterized the surface hydropho-
bicity of the SAM (Figure 1c). Both dielectric properties as well 
as the surface hydrophobicity exhibit marked chain length de-
pendent parity effects. Infrared reflection absorption spectros-
copy (IRRAS) tracked the evolution of the chain gauche con-
formational defects and the orientation of the terminal CH3 
(Figure 1d) as a function of the molecular length and parity. The 
IRRAS and contact angle data reveal the structural origins of 
the odd-even and chain length trends of dielectric properties of 
the SAM. 

 

Experimental Section 

Details of the chemical reagents used, synthesis and purifica-
tion of n-alkanethiols, preparation of the gold substrates and 
SAMs, EIS measurements, calculation of the complex capaci-
tance quantity, contact angle goniometry, and IRRAS analyses 
are given in the Supporting Information. 

Results and Discussion 

Interfacial Capacitance of SAMs of CH3(CH2)nS on Gold. 
The electrochemical impedance of polycrystalline gold bead 
electrodes (Figure S1a of the Supporting Information) modified 
with SAMs of CH3(CH2)nS of n = 6–19 was measured in 1.0 M 
NaClO4(aq) over a frequency span of 1 MHz to 1 Hz at a struc-
turally non-perturbing potential.37 The SAMs are highly imper-
meable to ions and the SAM-modified gold interfaces exhibit 
near ideal Helmholtz capacitor behavior (Figure S2 and Table 
S1). Specifically, the complex impedance plane plots comprise 
nearly vertical lines and the CH3(CH2)nSAu SAMs present a 
phase angle of 89o at low frequency (see Supporting Infor-
mation for a more detailed discussion).38-39 The reactance or op-
position of the SAM-modified gold interface to changes in the 
current flow induced by the ac perturbation of the applied po-
tential, and characterized by the imaginary part ZIm of the com-
plex impedance Ẑ, shows dependencies on the length and parity 
of the chain (Figure S3). These chain length and odd-even ef-
fects in ZIm are in turn reflected in the mathematically-related 
CRe (discussed below). No odd-even effect is however observed 
in the real part ZRe of the impedance, which is a measure of the 
resistance of the SAM interface to the dc current flow. 

 



 

Figure 2. Nonfaradaic EIS of gold electrodes modified with CH3(CH2)nS (n = 6–19) in 1.0 M NaClO4(aq) (details in Supporting Information). 
(a) Complex plane plot of the imaginary CIm vs real CRe part of the complex capacitance Ĉ. Symbols are the experimental data and the solid 
curves represent the fits of the data to the equivalent circuit (shown in inset), consisting of the solution resistance Rs in series with the film 
capacitance. (b) Plot of the reciprocal of the capacitance C-1 as a function of the number of methylene units n. Each data point is the mean 
values of at least 10 electrodes. Error bars represent the 95% confidence intervals. Dashed blue lines are linear regressions: r2 = 0.9993 for 
neven and r2 = 0.9986 for nodd. Full black lines are guides to the eye. 

Shown in Figure 2a are plots of the imaginary part CIm versus 
real part CRe of the impedance-derived complex capacitance Ĉ 
(eq S2–S5). CRe corresponds to the capacitance and CIm to losses 
in the form of energy dissipation.40 The complex capacitance is 
better suited to the analysis of insulating dielectric layers than 
the complex impedance as it highlights the electric charge stor-
age characteristics of the interface rather than its resistive con-
tributions.41-42 The complex capacitance plane plots immedi-
ately show that (i) the static capacitance (i.e., low-frequency in-
tercept of the semi-circle on the real axis)42 decreases with in-
creasing number of methylene units n and (ii) the magnitude of 
the static capacitance is the same for a SAM of nodd and its 
longer chain even neighbor (neven = nodd+1). Bode plots of CRe 
(Figure S4) display the same chain length and odd-even depend-
encies at frequencies ≲ 1 kHz, where CRe is independent of fre-
quency. 

The impedance data was fit to the series RC-type electrical 
circuit used to describe the impedance response of ion-blocking 
SAMs (Figure 2a, inset),18, 38, 43-44 to extract the exact static ca-
pacitance value, referred to as C (Figure S4 and Table S2). The 
addition of an extra monolayer film resistance (RSAM) in parallel 
to the capacitance does not improve the fits of the data and gives 
very large values of ≳ 108  cm2, with fitted errors ≳ RSAM, for 
the resistance to ion transport in the SAM across the chain 
lengths n = 6-19 investigated (Figure S5), attesting to the highly 
ionic insulating character of the SAMs.39 In other words, RSAM 
is physically meaningless for the SAMs investigated here,44-45 
and these can be considered to be effectively free of defects, 
meaning that current leakage at monolayer defect sites is negli-
gible.  

C-1 is plotted as a function of n in Figure 2b. CH3(CH2)nSAu 
SAMseven and SAMsodd exhibit the linear increases of C-1 with n 
expected from a linear increase of the film thickness with chain 
length (Figure S6).46-48 Superimposed on the increase in C-1 is 
the parity effect evident in the complex capacitance plane plots. 
The capacitances of nodd / (nodd+1) neighbors are statistically in-
distinguishable, while there is a statistically significant increase 
in C-1 between neven and (neven+1) (99% confidence level, Table 
S2). A (quasi-)linear increase in C-1 with chain length has been 
observed in previous electrochemical investigations.31, 38, 49-50 
However, none of these studies report an odd-even effect. In 
some cases, this is simply due to the use of chains of only nodd,31, 

38 and in other instances, this can be ascribed to the short-chain 
odd-even homologues investigated (n  9)49-50.  

More recently, Jiang and coworkers observed an odd-even 
chain length dependency in the capacitance of CH3(CH2)nS 
SAMs on silver in large-area junctions with Ga2O3/EGaIn.9 The 
results presented in Figure 2b indicate that the parity effect in 
the film capacitance is not limited to (i) solid-state electrical 
measurements on SAMs sandwiched between metal contacts, it 
also manifests itself in wet electrochemical conditions and (ii) 
SAMs formed on silver, which present significant structural dif-
ferences to SAMs on gold26-28. Both systems present a parity 
effect in their interfacial charge storage capacity, but a compar-
ison of the measured impedance reveals significant differences 
in the electrical transport characteristics of the metal-SAM-
metal junction versus the ionic insulator properties of the SAM 
investigated here. We and others38 have shown that densely-
packed CH3(CH2)nSAu SAMs effectively behave as blocking 
layers to ion permeation in electrolyte solution under non-fara-
daic electrochemical conditions. By contrast, SAM-based junc-
tions (e.g., Ag-SAM-Ga2O3/EGaIn9 and Au-SAM-
PEDOT:PSS-Au51) present complex impedance responses as-
sociated with electronic conduction and that cannot be de-
scribed by a series RC circuit.42, 52 The resistance of the 
CH3(CH2)nSAg SAM to electron transport across the tunnel 
junction increases with n and is 103 (n=16) to 108 (n=6) lower 
in magnitude (Supporting Information of ref 9) than the re-
sistance to ion transport measured herein for CH3(CH2)nSAu 
SAMs. The charge transport resistance of the CH3(CH2)nSAg 
SAM also exhibits an odd-even effect that follows the electron 
tunneling current density – nodd of lower charge transport re-
sistance yields a larger tunneling current density than nodd-1 of 
higher charge transfer resistance.9 The ion transport resistance 
of the insulating CH3(CH2)nSAu SAMs does not exhibit an ap-
parent dependence on n (Figure S5). While defect-free 
CH3(CH2)nS SAMs block ion transport in the potential stability 
region,37 they allow electron transport because the charge carri-
ers travel through the alkyl chain backbone of the SAM6. The 
different mechanisms of electron and ion transport within the 
SAM explain its distinct dielectric response in electrical versus 
electrochemical environments. 
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SAM Dielectric Constant and Odd-Even Effect in the 
SAM Capacitance. There is no evidence that SAMs of neven are 
more leaky or permeable to ions, and therefore exhibit a higher 
capacitance with respect to their chain length, than SAMs of 
nodd. So what is at the origin of the observed parity effect? To 
answer this question, we look to the linear dependence of C-1 on 
n.31, 49-50 It is consistent with the behavior of an ideal spherical 
capacitor (i.e., the electrode is a spherical bead), with the gold 
surface acting as one of the concentric capacitor shells and the 
physisorbed ions at the SAM/electrolyte interface as the other 
shell: 

SAMo

1

4π

1

εεd)r(r

d
C 




  (1) 

where r is the radius of the gold bead (r ൌ 1.4 mm), d is the 
thickness of the SAM dielectric medium separating the two 
shells (1.0 ≲ d ≲ 2.5 nm), SAM is the relative permittivity or 
dielectric constant of the SAM, and o is the permittivity of free 
space (8.85419 × 10-12 F m-1).53 Since r ≅ (105–106)d, r + d ≅ 
r, and eq 1 simplifies to eq 2 after rearrangement to give the 
capacitance expressed per unit area: 

SAMo

1

εε

d
C 

   (2). 

The different linear dependencies in C-1–n between SAModd 
and SAMeven suggest a difference in their respective dielectric 
constants. Instead of determining an average value of  for 
SAMeven and SAModd from the slopes of the C−1–n (or C−1–d) 
data,9, 31, 38, 54-55 a value was obtained for each chain length to 
reveal the structure-related variation of SAM (Figure 3a and Ta-
ble S3). Our calculations of SAM include the weak odd-even 
fluctuation of 0.2 Å in the SAM thickness (Figure S7) from 
the different orientations of the chain termini (Figure 1a). The 
impact of the parity effect in d on SAM is relatively small. The 
mean values of SAM span 1.92 to 2.38. Published values of  
determined by electrochemical or optical methods for 
CH3(CH2)nSAu SAMs range from 2.0 to 3.0.31, 38, 48, 50, 56 

First and foremost, the plot of SAM versus n indicates that  
of SAMeven is systematically higher than  of SAModd over the 
entire range of chain lengths investigated (n = 6 –19). A least-
squares polynomial fit of the SAM data to separate the contribu-
tion of the chain parity from that of the chain length yields an 
odd-even variation of 0.16 (Figure S8). An odd-even variation 
of 0.4 was measured in 	for analogous SAMs of CH3(CH2)nS 
on silver in junctions with Ga2O3/EGaIn.9 We also conducted 
EIS measurements on selected chain lengths (n = 9–12) using a 
different electrolyte, i.e., 1.0 M NaCH3SO4(aq), to verify that the 
dielectric behavior observed in NaClO4(aq) is not electrolyte-
specific. Indeed, the odd-even difference of SAM of 0.17 deter-
mined in NaCH3SO4(aq) (Figure S9) is similar to that obtained in 
NaClO4(aq). The symmetric ClO4

- anion has a zero-dipole mo-
ment, while CH3SO4

- possesses a calculated permanent dipole 
moment of ~6 D (see Supporting Information). One might ex-
pect a stronger interaction of the CH3SO4

- with the terminal 
groups (surface dipoles) of the SAMs compared to the ClO4

-, 
and hence, a difference in the odd-even capacitances deter-
mined in the presence of these two electrolyte anions. The ab-
sence of such a difference suggests that the observed parity ef-
fect in the capacitance does not originate from differences in the 
dipole interactions between the electrolyte anions and the ter-
minal groups, whose different orientations in SAMsodd and 

SAMseven (Figure 1a) yield different interfacial dipole mo-
ments.11, 20, 57  

Figure 3. Comparison of the chain length dependencies of (a) SAM 
dielectric constant SAM determined from the capacitance using eq 
2 and film thickness d calculated assuming a 30o tilt from the sur-
face normal of all-trans extended alkyl chains and Au-S layer thick-
ness of 0.19 nm6, 48 and (b) static contact angle of water w. Error 
bars represent the 95% confidence intervals. Solid black lines and 
dashed blue curves are guides to the eye. Each data point for w is 
the mean value of at least 4 different SAMs. 

We therefore conclude that the observed odd-even effect in 
the capacitance originates from an odd-even difference in the 
SAM dielectric constant. On moving up in n from neven to nodd, 
an increasing film thickness d and a lower SAM move C (C-1) in 
the same direction, i.e., to a lower (higher) value. Moving on 
from nodd to neven, a higher SAM compensates the decreasing ef-
fect of an increasing d, resulting in little or no change in C. 
Thus, due to the opposing effects of d and  on C (eq 2), the 
capacitance of the longer-chain SAMeven of higher  remains 
(nearly) the same as that of its shorter-chain SAModd neighbor 
of lower .  

In addition to a parity effect, the plot of SAM versus n shows 
a linear increase between n = 6 and 15,  = 0.033 ± 0.002 per 
CH2 for neven and  = 0.032 ± 0.002 per CH2 for nodd, followed 
by a tendency towards limiting values for n > 15. The dielectric 
response of saturated hydrocarbons is the same at low and high 
frequency.35 The optical (high-frequency) dielectric constant of 
CH3(CH2)nSH liquids increases near-linearly with chain length 
(Figure S10) due to the higher dielectric constant of CH2 ( = 
2.164) versus CH3 ( = 1.399).58-59 The variation of the optical 
dielectric constant of CH3(CH2)nSH with chain length,  ≅ 
0.0035 per CH2, is an order of magnitude smaller than that ob-
served here in the static (low frequency) dielectric constant of 
the SAM, suggesting that the chain length dependence of SAM 
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does not stem from the number of CH2’s in the molecule. More-
over, the observed increase in SAM with n is not due to an in-
crease in the surface coverage density, as predicted by theoreti-
cal calculations,35, 60-61 since the chemisorbed thiolate coverage 
does not change with chain length or parity over n = 6–19 (re-
ductive desorption data62-64 and high resolution AFM imag-
ing65). 

Odd-Even Effect in the SAM Hydrophobicity. The odd-
even chain length dependence of the water contact angle (w) 
on the CH3(CH2)nSAu SAMs formed on thermally-evaporated 
gold thin films (Figure S1b) parallels that of SAM (Figure 3b), 
indicating that the same molecular effects are at play. SAMsodd 
presenting a "methyl-like" surface exhibit higher contact angles 
(greater surface hydrophobicity) than SAMseven of comparable 
chain length exposing an "ethyl-like" surface (Figure 1a), in 
agreement with previous reports.16, 66 The odd-even variation of 
w of 1.6o (Figure S11) is attributable to a difference in the sur-
face free energies of SAMsodd (20 mJ m-2) and SAMseven (21 
mJ m-2) related to the terminal group orientations.30 On the 
other hand, the increase of w from n = 6 to 16 reflects a change 
in the bulk phase state of the SAM.16 Our IRRAS data, pre-
sented in the next section, and that of Porter and coworkers,31 
indicate an evolution of the CH3(CH2)nSAu SAMs from a con-
formationally-disordered liquid-like phase at short chain 
lengths to a crystalline-like environment at n ≥ 16 due to an in-
crease in the cohesive, interchain van der Waals interactions. 
Additionally, there is a variation in the chain tilt angle (from 
22–30° for n = 6 to 30–35° for n ≥ 12) and tilt direction with 
chain length (grazing incidence X-ray diffraction and molecular 
dynamics simulations).10, 67-68 Analogous to w, the observed in-
crease in SAM as a function of n for 6 ൑ n ൑ 15 likely reflects 

an evolution of the molecular organization and conformational 
order within the SAM with chain length. The next section ad-
dresses these structural characteristics. 

Odd-Even Effects in the SAM Molecular Organization. 
We employed IRRAS to relate the odd-even chain length de-
pendence of the SAM dielectric constant to changes in the 
polymethylene chain conformation and orientation in the bulk 
and at the interface of the SAM. IRRAS is performed at a graz-
ing angle of incidence with p-polarized light to selectively en-
hance the electric field normal to the metal surface. Hence, only 
the vibrational modes that have a component of their dipole 
change perpendicular to the surface, and interact strongly with 
the electric field, are detected.69 This metal surface selection 
rule yields unique information about the spatial geometry of the 
adsorbate.  

Spectra for selected chain lengths of SAMs on gold thin films 
are presented in Figure S12. These spectra resemble those al-
ready published.28-29, 31, 70 The region of interest is that of the CH 
stretches between 2800 and 3000 cm-1.  

SAM Interface. We begin by assessing the orientation of the 
terminal CH3 groups (Figure 4a). The intensity of the symmetric 
CH3 stretching mode, s(CH3), at 2878 cm-1, whose transition 
dipole moment is colinear with the C-CH3 axis,28 is systemati-
cally larger for nodd than neven. This tendency indicates that the 
permanent dipole of the CH3 group is oriented more parallel to 
the surface normal for nodd than neven (Figure 1a). The antisym-
metric stretching mode, a(CH3), at 2965 cm-1, shows the op-
posite trend because its transition dipole is perpendicular to the 
C-CH3 bond and parallel to the C-C-C plane,28 thus corroborat-
ing the change in the orientation of the terminal CH3 between 

Figure 4. IRRAS of CH3(CH2)nSAu SAMs. Chain length dependence of (a) a(CH3) and s(CH3) peak intensities, (b) a(CH3) and s(CH3) 
peak positions, (c) a(CH2) peak position, and (d) s(CH2) peak intensity. Inset in (c) is a plot of the difference between the experimental 
positions and those determined from the polynomial fit of the neven data points. Each data point is the mean value of 5–12 independently 
prepared SAMs. Error bars represent the 95% confidence intervals. Dashed blue curves in (c) are second order polynomial fits of the data. 
Full and dotted lines are guides to the eye. Gray zone in (d) indicates region of odd-even fluctuation. 
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nodd and neven. The magnitude of this odd-even variation is con-
stant with chain length, analogous to the constant odd-even al-
ternations of SAM and w (Figure 3). The parity effect in the 
s(CH3) and a(CH3) peak intensities, also observed in previous 
studies,28, 30, 71-72 is significant because it signals the presence of 
orientational order at the interfaces of the SAMs prepared 
herein. Additionally, both the symmetric and antisymmetric 
CH3 stretching modes exhibit an odd-even oscillation of their 
peak positions (Figures 4b and S12d), a characteristic hereto re-
ported only for CH3O(CH2)nSAu SAMs.73 There is a 0.7 ± 0.2 
cm-1 difference in the s(CH3) peak positions of neven and nodd 
and a 1.1 ± 0.2 cm-1 difference for a(CH3). This odd-even effect 
could originate from: (i) the different interactions/chemical en-
vironments of the CH3 groups in SAModd and SAMeven and as-
sociated intermolecular inductive effect (CH3

…CH3 in nodd and 
CH3

…CH2 in neven),73-74 (ii) a difference in the conformational 
disorder near the chain termini,10, 29 or (iii) the different interac-
tion potentials of molecules (e.g., water) physisorbed to SAMs 
of nodd versus neven

75. We cannot at present say which of these 
three possibilities is the operative mechanism. 

Bulk of the SAM. The peak positions of the CH2 stretching 
modes are qualitative indicators of the degree of conformational 
disorder, in the form of gauche bond defects, within hydrocar-
bon-based molecular assemblies, with increasing wavenumber 
corresponding to increasing disorder.76 The symmetric mode, 
s(CH2), at 2850 cm-1 and antisymmetric mode, a(CH2), at 
2920 cm-1 both show similar chain length dependencies, but 
we focus on a(CH2) (Figure 4c) because it is more sensitive to 
gauche bond defects than s(CH2) (Figure S13).31, 77 There is an 
exponential-like decrease in wavenumber with increasing n, as 
observed previously by Porter and coworkers for SAMsodd.31 
The peak positions of 2922.2 and 2853.2 cm-1 for the shortest 
SAM of n = 6 point to significant conformational disorder, 
while the values of 2919.2 and 2850.5 cm-1 for n = 18 are indic-
ative of polymethylene chains in a predominantly trans-ex-
tended conformation for the longest SAMs.31, 70, 77-78 This de-
crease of the CH2 stretching peak positions with increasing n 
reflects an ordering of the polymethylene chains and evolution 
of the SAM phase state from a liquid- to solid-like environ-
ment.31 Limiting values of the peak positions are attained at n ≥ 
16 for a(CH2) and n ≥ 14 for s(CH2). Molecular dynamics sim-
ulations by Ramin and Jabbarzadeh of the chain length depend-
ence of the structural properties of CH3(CH2)nS SAMs on 
Au(111) are concordant with the observed trend.10 Their calcu-
lated percentage of gauche bonds along the molecule decreases 
from 12% for n = 6 to 4% for n = 11 and remains constant at 
1.5% for n > 15.10 Densely-packed long chain SAMs contain 
gauche bonds due to thermal motions (concentrated near the 
chain termini)29 and conformational defects at SAM crystal 
edges from the limited size (5–15 nm) of the CH3(CH2)nSAu 
domains formed at room temperature67, 79-80.  

Once the degree of intramolecular order stabilizes for chain 
lengths of n ≥ 16, the SAM supramolecular structure (including 
molecular packing defects), and consequently SAM and w, 
cease to vary (or vary less) with n.  

Most importantly, the odd-even effect in the a(CH2) peak 
positions parallels the one seen in the C-1–n plot (Figure 2b). 
Polynomial (empirical) fits of the data show that neven and nodd 
exhibit a similar evolution with chain length, but with the peak 
positions of SAMsodd shifted to higher wavenumber across the 

whole series of CH3(CH2)nS. It is important to note that the re-
ported peak positions are the average of multiple spectra ac-
quired on independently prepared SAMs and that the wave-
number shifts, while small, are telling. The experimentally de-
termined peak positions of SAMsodd are 0.7 cm-1 higher for n 

= 7 and 9 and 0.4 cm-1 higher for n = 11–19 than the “hypo-
thetical” positions (i.e., positions in the absence of an odd-even 
effect) of the SAMsodd on the fitted SAMseven curve (Figure 4c, 
inset), pointing to a greater number of gauche bond conformers 
in SAMsodd versus SAMseven. This odd-even effect in the 
a(CH2) peak position validates the general conclusions of pre-
vious theoretical calculations: SAMseven have a lower percent-
age of gauche defects than SAMsodd (i.e., 1.5% lower for n = 
11–14) and are consequently structurally and thermally more 
stable than SAMsodd.10 A greater conformational order should 
favor closer packing of the polymethylene chains in SAMseven 
and lead to a higher dielectric constant. 

We also followed the intensities of the CH2 stretching modes 
as they provide information on the orientation of the polymeth-
ylene chains. The s(CH2) and a(CH2) modes are both perpen-
dicular to the main molecular axis. We focus on the s(CH2) 
peak as it is less affected by interfering absorption from other 
vibrational modes than the a(CH2) peak. As expected, the in-
tensity increases with the number of CH2 units in the SAM 
backbone (Figure 4d). Small local fluctuations of the experi-
mental data are also apparent. Notably, the peak intensity of the 
shorter nodd is statistically indistinguishable from that of its 
longer neven neighbor for n = 7–16. Both the percentage of 
gauche defects and average tilt angle of the polymethylene 
chains in the SAM influence the CH2 stretching peak intensity 
for a given n.77, 81 The greater s(CH2) intensity of SAModd with 
respect to its chain length is consistent with the greater orienta-
tional disorder denoted by the higher CH2 stretching peak posi-
tions (Figures 4c and S13). Gauche conformers partially ran-
domize the orientation of the monolayer CH2 groups relative to 
the surface (interruption of the all-trans conformation), increas-
ing the intensities of the CH2 stretching modes.77 The molecular 
dynamics simulations that predict a greater conformational dis-
order for nodd versus neven calculate smaller average tilt angles 
for nodd compared to neven (i.e., ~3–4o smaller for n = 11–14).10 
A more vertical orientation of the chains would accommodate 
the greater number of gauche bonds found in SAMsodd by in-
creasing the chain-to-chain spacing (without the need for a 
lower chemisorbed surface coverage). A smaller chain tilt angle 
with respect to the surface normal would lower the value of the 
peak intensity (HCH planes of the CH2 groups are more parallel 
to the surface when the tilt angle is smaller).31, 77 We deduce 
that the contribution to the measured peak intensities of an odd-
even difference in the number of gauche defects is greater than 
that of an odd-even variation in the orientation of the polymeth-
ylene chains. The relative intensity of s(CH2) and a(CH2) 
bands provide additional information on the twist angle of the 
polymethylene chains because their transition dipole moment is 
parallel and perpendicular to the C-C-C plane, respectively.28 
The intensity ratio does not vary with n nor with the parity of 
the chain (Figure S14), in agreement with previous work,28 in-
dicating the absence of a chain length dependence of the twist 
angle. 

Bulk or Interface? We employ the chain length trends in the 
molecular conformational order and orientation within the 
SAM to discriminate between bulk and interface effects, re-
spectively, to the odd-even effects in the SAM wettability and 



 

dielectric constant. The length of the CH3(CH2)nS molecule af-
fects these macroscopic properties irrespective of the chain par-
ity. The SAM surface becomes more hydrophobic (w in-
creases) and SAM increases with n as the degree of conforma-
tional order of the polymethylene chains in the monolayer bulk 
increases. Since SAModd has more gauche bond conformers 
(greater conformational disorder) than SAMeven, its surface 
should be more hydrophilic than that of SAMeven of comparable 
chain length. The opposite behavior is however observed, w of 
nodd > w of neven, reaffirming that the parity effect in the SAM 
hydrophobicity originates from the orientation of the chain ter-
mini at the SAM interface (Figure 1a). When the terminal CH3 
is oriented parallel to the surface normal (nodd), the SAM hydro-
phobicity and w increase compared to when it is tilted away 
from the surface normal (neven) due to the lower energy of the 
methyl-like versus ethyl-like surface.30 The bulk and interface 
of the SAM move w in opposite directions.   

By contrast, the value of SAM moves in the direction expected 
from the degree of chain conformational order, i.e., SAM of 
SAModd < SAM of SAMeven. This does not mean that the parity 
effect in the SAM dielectric constant is dictated by the bulk. 
First, the amplitude of the odd-even variation in the a(CH2) 
peak position decreases with n (Figure 4c, inset), contrary to the 
parity effect in SAM which remains constant across the entire 
range of chain lengths investigated. If the odd-even alternation 
of SAM stems from the bulk, it should show a reduction in mag-
nitude with n.  Second, we can estimate the magnitude of the 
decrease in  of SAModd that would arise from the difference in 
the number of chain gauche defects between SAMeven and 
SAModd using the chain length dependence of the a(CH2) peak 
position as a metric. If we equate the change in SAM of 0.312 
between n = 6 and 16 to the corresponding change in the 
a(CH2) peak position of 3.1 cm-1, then the average shift of 0.53 
cm-1 for nodd (7–15) with respect to its hypothetical even posi-
tion suggests that SAM would be lowered by an average of 0.049 
from its hypothetical value on the trend line of SAMseven. The 
dielectric constants of SAMsodd of n = 7–15 determined from 
the SAM capacitance are 0.16±0.02 lower (i.e., 3.3 fold lower) 
than the hypothetical even values of . The organic interface 
layer must account for the majority of the experimentally ob-
served parity effect in SAM. 

Based on the parallels between the odd-even chain length de-
pendencies of the CH3 and CH2 stretching modes and global 
SAM dielectric constant SAM, we propose a bilayer stack model 
(Figure 1a), which assigns separate dielectric constants to the 
bulk (or interior) of the SAM (bulk) and to the layer of terminal 
groups exposed at the SAM/ambient or SAM/electrolyte solu-
tion interface (interface).35 The increase of  with n (odd or even) 
reflects an increase in bulk due to the progressive ordering of the 
polymethylene chains and decrease of the gauche defects within 
the SAM improving the chain packing. The constant CH3 peak 
intensities and positions (Figure 4 a,b) imply that the terminal 
group orientations and chemical environments in SAMseven and 
SAMsodd are independent of chain length for a given parity. The 
different water contact angles (Figure 3b) and friction forces30 
measured for SAMseven and SAMsodd corroborate the distinct 
chemical nature of the exposed chain termini. These odd-even 
differences in the chemical composition of the SAM interface 
influence interface, analogous to the SAM hydrophobicity. 

Assuming that the CH2 and CH3 groups occupy the same vol-
ume, the refractive indices of the individual groups yield an op-
tical dielectric constant of 1.761 for the ethyl-like terminal 
group (see Supporting Information for the calculation).59 The 
optical dielectric constant of the terminal methyl group is 1.399, 
while that of the remaining polymethylene chain is 2.164.59 Cal-
culations by Ratner et al. indicate that the dielectric constant of 
a bilayer film is dominated by the behavior of the layer of the 
material with the lowest dielectric constant, even if it is much 
thinner than the accompanying layer of material with higher .35 
What this means is that the lower interface dominates over the 
higher bulk of the SAM. The ions and water molecules located 
at the capacitor plate formed by the SAM/electrolyte interface 
(Figure 2a, inset) are physisorbed onto an ethyl-like surface of 
higher dielectric constant in the case of the SAMeven versus a 
methyl-like surface of lower dielectric constant in SAModd. The 
estimated difference in the optical dielectric constants of the 
ethyl and methyl groups of 0.36 is of comparable order of mag-
nitude to the odd-even difference in SAM of 0.16 derived from 
the capacitance. The calculated difference represents the ex-
treme case of pure methyl and ethyl surfaces. It does not take 
into account the contribution of the monolayer bulk to SAM or 
the orientation of the terminal groups in the SAMs. Even in the 
idealized representations of Figure 1a, SAModd and SAMeven do 
not present neat methyl and ethyl groups, respectively, due to 
the imperfect interfacial orientations of the terminal groups in 
the SAMs. Consequently, the effective dielectric constant of the 
terminal methyl in SAModd would be somewhat larger than the 
calculated value and that of the ethyl group in SAMeven would 
be lower, thereby yielding a smaller odd-even difference in 
SAM. Additionally, the presence of gauche bond conformers in 
the polymethylene chains, defects at the SAM domain bounda-
ries, and the contribution of the bulk layer (whose chemical 
composition, and hence bulk, is the same for odd/even neighbors 
of similar chain lengths) to SAM should also lower the differ-
ence measured experimentally between SAModd and SAMeven. 
Having ruled out dipole-governed interactions, we ascribe the 
parity effect in the SAM dielectric constant mainly to the dif-
ferent dielectric constants/chemical compositions of the interfa-
cial layers of the terminal moieties (interface). 

Conclusions 

We have used surface IR spectroscopy to draw conclusions 
about the state of the CH3(CH2)nSAu SAM (dis-)order and as-
sociated interface with the number of methylene units (odd and 
even) in the SAM backbone. This structural information allows 
us to elucidate the relative contributions of the bulk versus in-
terface of the SAM to the dielectric properties determined by 
electrochemical impedance spectroscopy. 

Odd-Even Chain Length Dependence of the Chain Con-
formational Order and Orientation. The chain conforma-
tional order of the CH3(CH2)nSAu SAM improves with molec-
ular length and stabilizes at n ≥ 16, consistent with the findings 
of Porter et al.31 The CH2 peak positions also reveal an unprec-
edented odd-even difference in the degree of gauche bond de-
fects across the whole series of CH3(CH2)nS investigated, with 
SAModd having more gauche conformers than its shorter 
SAMeven neighbor. Previous temperature-dependent current–
voltage and IR spectroscopy measurements on monolayers of 
polymethylene chains chemically bound to oxide-free silicon 
indicate that thermally-induced intramolecular disorder de-
creases the electron transport efficiency along the molecules 



 

and the measured tunneling current.82 The greater number of 
gauche conformational defects in SAModd may therefore con-
tribute to the lower tunneling current densities observed for 
junctions of CH3(CH2)nSAu SAMsodd with respect to their 
SAMeven homologues.6 

The different spatial orientations of the terminal methyl 
groups in SAMeven and SAModd manifest themselves as an odd-
even alternation of the CH3 peak intensities. Additionally, the 
constant spectral intensities in SAMseven and in SAMsodd, also 
reported by Chen et al. down to n = 4,71 indicate that the termi-
nal group orientations are not affected by the chain length de-
pendent conformational disorder. This chain length independ-
ent trend explains why the parity effects observed in the 
CH3(CH2)nSAu SAM dielectric constant, surface hydrophobi-
city, and in the electron transport rate across CH3(CH2)nSAu 
SAM-based junctions6, which are all ascribed to an odd-even 
difference in the terminal group orientation, persist down to 
short chain lengths. It challenges a common view, derived from 
the bottom-up organization of tilted, all-trans polymethylene 
chains, that gauche defects in the chain randomize the spatial 
orientation of the terminal group, thereby blurring the distinc-
tion between the surfaces presented by CH3(CH2)nS of neven and 
nodd.20 Our data sets imply that disorder in the bulk of the SAM 
does not preclude the preferential orientation of the chain ter-
mini at the surface/interface. This finding has immediate rami-
fications for the interpretation of the odd-even chain length de-
pendence of SAM interfacial properties, in which the diminu-
tion or absence of odd-even fluctuations at shorter chain lengths 
is ascribed to increased chain conformational defects and the 
consequent loss of interfacial order.20 

Capacitance Spectroscopy Directly Reveals Odd-Even 
Chain Length Differences. The complex impedance response, 
of the as-prepared SAMs is consistent with ionic insulating be-
havior. Conversion of the complex impedance to the complex 
capacitance brings to the fore the charge storage in the interfa-
cial double layer. The capacitance spectra of the insulating 
CH3(CH2)nSAu SAMs display outrightly the chain length (ex-
pected) and odd-even dependencies of the SAM capacitance. 
The capacitance of the longer chain neven is statistically indistin-
guishable from that of its shorter nodd neighbor. 

Odd-Even Effect in the SAM Dielectric Constant. The 
SAM dielectric constants derived from the capacitance values 
using an ideal capacitor model exhibit a chain length depend-
ency and a constant odd-even oscillation of 0.139, with  of 
SAMeven   of SAModd. The higher dielectric constant of 
SAMeven raises its capacitance to the value of its shorter-chain 
SAModd neighbor of lower dielectric constant. The odd-even 
chain length dependence of SAM cautions against the use of a 
single dielectric constant in ellipsometric measurements of 
SAM thicknesses.31, 46-48 

Orientation-Induced Changes in the Chemical Composi-
tion of the SAM Interface are the Origin of the Odd-Even 
Effect in the SAM Dielectric Constant and Surface Hydro-
phobicity. The observed odd-even difference in the SAM ca-
pacitance is primarily due to differences in the dielectric con-
stants of the ultrathin layers of the terminal moieties exposed at 
the surfaces of SAMeven and SAModd. More than two decades 
ago, Gupta and Abbott reported a dramatic 90o rotation in the 
macroscopic azimuthal orientations of nematic liquid crystals 
deposited on SAMseven versus SAMsodd of CH3(CH2)nS formed 
on gold surfaces with an anisotropic topography.83 No odd-even 
effect was observed in the liquid crystal anchoring on SAMs on 

silver, for which the methyl orientation is similar in SAMseven 
and SAMsodd.28 Gupta and Abbott thus concluded that the ori-
entation of the terminal groups within the SAMs formed on gold 
plays an important role in determining the azimuthal orienta-
tions of liquid crystals on these surfaces. They hypothesized 
that if a flexoelectric polarization of the liquid crystals is the 
cause of the observed parity effect, the different orientations of 
the methyl groups in SAMeven and SAModd must change the di-
electric constant of the SAM in contact with the liquid crys-
tals,83 just as these alter the surface hydrophobicity. Our results 
experimentally validate their hypothesis. 

In summary, the odd-even effect in the SAM dielectric con-
stant derived from the interfacial capacitance highlights the dis-
tinct physicochemical properties that the orientation of the 
chain termini can impart to the surface/interface. The findings 
have implications for charge storage at/charge transfer across 
interfacial molecular assemblies in applications such as gate di-
electrics for organic field-effect transistors, molecular tunneling 
junctions, and capacitive biosensors as well as for theoretical 
studies on the structure and stability of SAMs. 
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