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1. Introduction

Odd—even effects on structure and property is a widely
observed phenomenon in chemistry, physics, biology, and
materials sciences. In general, it describes an alternative
alteration of materials structures and/or properties depending
on the odd or even number of structural units in a molecule.
The structural unit could be one Glgroup, one metal atom,
or another more complicated unit. It exists in macroscale
materials such as in the boiling points of liquiealcohols!

It was also revealed in microscale materials such as in the
odd—even difference in properties of nanoclusters which are
made of an odd or even number of atofn%In addition, it

is widely observed at various organic/solid surfaces and
interfaces.

Surface and interfacial interactions are a central issue for
the growth of heterogeneous materials, such as heterogeneous
catalysts and various functional organic thin films, and for
the design of nanodevices and biosensors. Interactions at the
surface and interface can be categorized as weak noncovalent
interactions and strong chemical-bond interactions. Recent
systematic studies have shown that organic thin films can
be formed through these two distinctly different interfacial
interactions at the organic/solid interfaté?
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surface by tailoring molecular structures and functional
groups. With increasing studies devoted to organic thin the growth and function of various organic thin films on solid
films, a number of self-assembled monolayers of organic syrfaces.
molecules and biospecies on solid surfaces have been Thjs review will focus on the structure and property edd
developed, and their growth mechanisms, monolayer struc-even effects of various organic monolayers self-assembled
tures, and interfacial and surface properties have beenon solid surfaces. It is organized by the class of solid
systematically investigated~1" A classic example of the  substrate on which organic self-assembled monolayers were
organic thin films formed via weak noncovalent interactions formed and includes HOPG, molybdenum disulfide (oS
is the self-assembled monolayer on highly oriented pyrolyic metal substrates including Au(111), Ag(111), Cu, Al, and
graphite (HOPG) formed via weak van der Waals forces. Hg, and inorganic compound substrates@land SiQ/Si.
For organic thin films formed on solid surfaces via chemical For each substrate, the presentation is Categorized by the
bonds, one representative example is the self-assembledjifferent series of organic molecules. The edaen effects
alkanethiolate monolayer on Au(111) formed via strong seen for the different categories of organic molecules on the
chemical bonds. same substrate are compared when they are described.

In the studies of these self-assembled thin films, a great Following the description of structural effects, the induced
number of new oddgeven chain-length effects have been odd—even differences in various properties and functions of
observed. They originate from various complex interactions these thin films are rationalized. Finally, the origin and
between the self-assembled molecules and the substratefeatures of oddeven effects on different substrates are
interactions among the packed molecules in the monolayer,contrasted and discussed. Table 1 briefly lists various-odd
or both. More importantly, these structural edgelven effects even effects of organic self-assembled thin films on different
induce odd-even alterations of chemical, physical, and solid substrates formed through weak noncovalent interac-
surface and interfacial properties such as chemical reactivity,tions and strong chemical-bond formation.
electronic property, friction behavior, and electrochemical For the preparation of organic self-assembled monolayers
property. Understanding the oddven effects of various on HOPG, a HOPG surface is prepared by peeling off layers
structures and properties based on organic/solid interfacialto expose a mirror-like smooth fresh layer. This substrate
interactions is an important part of mechanistic studies of has a high affinity for numerous categories of organic
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Table 1. Brief Summary of Odd—Even Effects in Molecular Self-Assembled Monolayers on Different Substrates Formed through Weak

Noncovalent Interactions and/or Chemical Bonds

section in
substrate self-assembled monolayers structural and propertyeved effect main refs review
HOPG CH(CH)n-2COOH molecular packing, chirality 41, 4519 2.1
cis-CH3(CHy)p-1HC=CH(CH)m-1COOH molecular packing, chirality 51 2.1
(P =m)
cis-CHs(CHz)m-1HC=CH(CH,)-1COOH molecular packing, chirality 51 2.1
Br(CHz)n-1COOH molecular packing, chirality 52 2.2
CHs(CHy)n-2COOH coadsorption with molecular packing, chiral separation 585 2.3
CHs(CH,)1:CHBrCOOH
CH3;—(CH;)7—NH—COO—(CH,),—OOC—  molecular conformation, hydrogen-bond network 65, 66 2.4
NH—(CH,),CHs
CHs3(CH2)n-1—R—(CH)n-1CH3 (R = molecular packing, chirality 67 25
all-trans alkyl chain)
N=C—(C¢H4)2—O—(CH)n-1CH3 molecular packing 72,73 2.6
N=C—(C¢H1)2—(CHz)n-1CH3 molecular packing 72,73 2.6
HO(CHy)n-1COOH molecular packing, hydrogen-bond network 75,76 2.7
HO(CH,)n-1CHs molecular packing, melting point 78 2.8
MoS, N=C—(C¢Hs)>—O—(CHy)n-1—CHs molecular packing 72,73 2.6
N=C—(C¢Hs)2—(CHz)n-1CH3 molecular packing 72,73 2.6
Au(11l) CH(CH.).SH monolayer structure, wettability, tribological 12,79,9499, 3.2.1,3.55,
property, chemical reactivity 186-190 3.6.1
CHs(CH.)CSH monolayer structure, wettability 101, 102 3.2.2
CeHs(CHy)nSH monolayer structure, wettability 79 3.2.3
CeHs—(CeHa)2—(CH2)n—SH monolayer structure, wettability 16312 3.24
CH3—(CgH4)2—(CHy)n—SH monolayer structure, wettability, molecular 63,113-116, 3.2.5,3.5.4,
exchange kinetics, chemical reactivity 173,174 3.5.7
4-CHy(CH2)mOCsH4CsH4—4-CH,SH monolayer structure, wettability, chemical reactivity ~ 100 3.2.6,3.6.1
6-CHs(CH)mOCioHs—2-CH,SH monolayer structure, wettability 100 3.2.6
4-CHy(CH2)mOCsH4CsHs—4-SH monolayer structure, wettability 100, 190 3.2.6,3.6.1
CR(CHp)nSH monolayer structure, surface work function, 96, 103, 3.2.7,3.5.2,
chemical reactivity 124, 170 3.6.1
diamidothiols molecular structure, electron transfer 129 3.2.8,35.6
HO(CH,),SH adhesion, friction 171 3.5.3
HOOC(CH,),SH adhesion, friction 171,181 3.5.3,355
CHs(CHy)15—C=C—CC—(CH),—SH polymerization, phase formation 228 3.6.3
Ag(111) CH(CH.)SH monolayer structure 100, 149 3.3.1
CeHs—(CsH4)2—(CH2)n—SH monolayer structure 106 3.3.2
CH3—(CgH4)2—(CHy)n—SH monolayer structure 113,115 3.3.3
4-CHy(CH2)mOCsH4CsHs—4-CH,SH monolayer structure, wettability 100 3.34
6-CHs(CH2)mOCioHs—2-CH,SH monolayer structure, wettability 100 3.34
4-CHy(CH2)mOCsH4CsHs—4-SH monolayer structure, wettability 100 3.34
CH;(CH),COOH monolayer structure, wettability 30 3.35

molecules. A droplet of solution of the molecule of interest tion procedure does not result in an identifiable differences
in a suitable solvent is very gently added onto a freshly in structures and properties of the self-assembled monolayers.
cleaved HOPG surface, allowing homogeneous spreading onPreparation of other substrates such as Cu, Al, and Hg and
the surface. A few minutes or longer is needed for a complete inorganic compound substrates such agOAland SiQ/Si
spreading and two-dimensional (2D) crystallization of the and self-assembled monolayers on them have been described
molecule on the surface. in detail elsewheré?-3¢

Metal surfaces such as Au and Ag supported on mica, The surface structures of all the self-assembled monolayers
silicon wafer, or glass are prepared by various methodson graphite and MoSdiscussed here were studied by
including physical vapor deposition (PVERL°electrodepo- scanning tunneling microscopy (STM) and X-ray diffraction
sition° or electroless depositidh.?* The deposited Auand  (XRD). For the self-assembled monolayers on metal surfaces,
Ag thin films have a dominant (111) surface structure. There STM, atomic force microscopy (AFM), and XRD were used
is a tremendous amount literature about the preparation offor investigation of the surface structures. Conventional X-ray
Au(111) thin film and functionalization of this substrate with photoelectron spectroscopy (XPS) and synchrotron-based
inorganic, organic, and biomolecu!é8?® The self-as- high-resolution XPS were employed to study chemical
sembled monolayers of organic molecules on metal substratedinding between the head groups of organic molecules and
such as Au(111) or Ag(111) films were generally prepared the atoms of the substrate. A number of techniques including
from organic solution. A metal substrate is immersed into high-resolution electron energy loss spectroscopy (HREELS),
an organic solution of the target organic molecules for some infrared reflection absorption spectroscopy (IRAS), Raman
time, and then the sample is carefully rinsed with solvent spectroscopy, near-edge X-ray absorption fine structure
such as chloroform or pure ethanol. Several factors including (NEXAFS), and ellipsometric measurement of film thickness
solvents, solution concentration, substrate temperature, im-were used to investigate molecular packing, the geometry
mersion time, cleanliness of substrate, purity of solution, and of the alkyl chain, and the orientation of the terminal group.
even oxygen content of the solution can influence the quality Ultraviolet photoelectron spectroscopy (UPS), contact angle
of these self-assembled monolaythotably, although each  measurement, and theoretical simulation have also been used
research group may use slightly different procedures to growto study the surface and interfacial properties of the self-
self-assembled monolayers, this slight difference in prepara-assembled monolayers. Low-energy ion/surface collision and
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electron irradiation techniques have been employed to study
the reactivity of the self-assembled monolayers.

2. Odd—Even Effect of Organic Self-Assembled
Monolayers on HOPG

HOPG is widely used as a model substrate for exploring
molecular self-assembly at a sofitiquid interface3”2° It
has a layered structure as do mica and Md$each layer,
the carbon atoms adopt%bpybridization. The remaining p .
orbitals are perpendicular to the plane and parallel to each
other. Thus, all atoms in one layer form an infinite super-
conjugatedrz-bond network at the macroscopic scale of the
sample size (Figure 1a). This provides a good substrate for
investigating how the molecutesubstrate interaction influ-
ences formation of the self-assembled structures of various
molecules. Two adjacent layers with a large separation of
3.35 A are weakly linked by van der Waals forces, which
make it easy to prepare a fresh surface by simply peeling
off the outer layers. As shown in Figure 1b, the lattice of
two adjacent layers andB) is offset from each other. Each
atomic layer of graphite packs in a"BABAB-- pattern.
Thus, the upper layer has one-half of the atoms overlapping
with its adjacent lower layer. This overlap makes one-half
of the atoms of the upper layer identifiable in a STM image.

The graphite surface has three-fold symmetry, and the
carbon atoms along the direction of a@y axis display the
same zigzag extension as the zigzag skeleton of the carbor
backbone of an all-trans alkyl chain (Figure 1c). The distance
2.46 A between two interval carbon atoms along @gyxis
is very close to the separation of two interval carbon atoms
of the all-trans alkyl chain, 2.52 A. This coincidence makes
the all-trans alkyl chain match very well with the underlying
zigzag lattice of the graphite surface when it self-assembles
on graphite, maximizing the molecutsubstrate interaction.
This lattice match for self-assembly of all-trans long-chain
organic molecules on HOPG has been confirmed wigfel.

O S 2.46 A
—.— Upper layer (4)
2.1. Odd—Even Effect on Packing Structure and lower |

Chirality of n-Carboxylic Acids —O— E’;;r ayer (B)

Those achiral organic molecules which may be induced
to have 2D chirality upon self-assembly on an achiral surface
mainly include carboxylic acids, anhydrides, esters, and
amides due to the asymmetry of the carboxyl groups in these
molecules. Recent investigatidhs’® of self-assembled
monolayers of myristic, palmitic, stearic, arachidic, behenic,
heptadecanoic, and nonadecanoic acids on HOPG demon
strated an oddeven effect in the molecular packing and
induced chirality of these-carboxylic acids. Fatty acids with
an even number of carbon atoms in the alkyl chain spontane-
ously separate into two categories of enantiomer domains
with opposite chirality during self-assembly. In contrast, acids
with an odd number of carbon atoms form racemic structures
on HOPG.

To understand the formation of distinctly different self-
assembled structures and the accompanying chirality from

saturatech-carboxylic acids with an even and odd number (C)
of carbon atoms, Figure 2 illustrates two possibilities for each
of the two classes of acids. @€H,);¢COOH and CHCHy)e- Figure 1. (a) Positional relationship between two adjacent graphite

layers A and B. (b) Graphite structure can be described as an
COOH are used as the examples for them, respectivély. alternate succession of these planeABABAB--. (c) Structural

the simulated racemic structure formed from an acid with match between the carbon skeleton of all-trans long-chain organic

an even number of carbon atoms, the H atoms of one-half ygjecules and the zigzag lattice of the graphite surface. The

of the COOH groups are much closer to the H atoms of the superimposed zigzag chain represents the carbon skeleton of an
adjacent CH groups marked with green solid circles in all-trans alkyl chain.
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Fatty acid with even number of carbon atoms Fatty acid with odd number of carbon atoms

“ § mi'rror .. R | ' . 1 | mirror P

chiral domain chiral (opposite) ~ nonchiral chrial domain chiral (opposite) nonchiral
for even domain for even racemic for odd domain for odd racemic
- ~ ~ for even - J for odd
Y

enantiomorphous images enantiomorphous images

Figure 2. Possible molecular arrangement of carboxylic acid molecule with even number of carbon atoms sugtCas)eg@OOH and
carboxylic acid molecule with odd number of carbon atoms such ag@H{);COOH. (a-c) Acid with even number of carbon-atom
series. (a and b) Two enantiomers with opposite chirality. (c) Racemic mixturd) Atid with an odd number of carbon atoms. (d and

e) Two enantiomers with opposite chirality. (f) Racemic mixture. (Red dashed line) Mirror plane between two 2D enantiopure images. All
circles mark the interactions between the H atom of the COOH group and one H atom of the termiigab@tof one adjacent molecule.

Figure 2c than those in the enantiomer domains marked withclear, though the trans conformation of the=C bond does
green dashed circles in Figure 2a,b. Apparently, this large not alter the zigzag extension of the carbon skeleton for the
steric repulsion makes the racemic structure of(CHiy)10- all-trans alkyl chain. This kind of unsaturated acid may not
COOH unstable. The steric repulsion between two adjacentadopt the head-to-tail packing of saturated acids in a lamella.
molecules in a lamella is weakened in the enantiomer For example, brassidic acid self-assembles on HOPG via a
structures (Figure 2a,b) due to the reduced steric repulsionhead-to-head arrangeméhtallowing the off-center &C
between the end methyl groups of one molecule and thebonds to pack adjacent to one another in the structure.
hydroxyl group of its adjacent molecule in a lamella. Thus,  For unsaturated acids with a cis conformation at the
structural analysis suggests that thermodynamic factorsC=C bond, the extension of the carbon skeleton is changed
determine the preferred formation of the two categories of abruptly at thecissC=C bond. Experimental investigation
2D enantiomer domains with opposite chirality for an acid combined with simulation of molecular packing and analysis
with an even number of carbon atoms. For the acid with an of structural models suggests different eda/en effects in
odd number of carbon atoms, however, two adjacent two categories ofis-unsaturated carboxylic actdThe first
molecules in the enantiomer domains (Figure 2d,e) haveclass iscis-CHz(CHy),-iHC=CH(CH,)m,-1COOH (p = m,
larger steric repulsion than in the racemic mixture (Figure m= 2nor 2n — 1). For acis-CHs(CHy),-1HC=CH(CH,)2-1-

2f). This suggests that the racemic structure is thermody- COOH (p = m, m = 2n) acid such agis-15-tetracosenoic
namically preferred over chiral domains for the acid with acid, it is possible to form two enantiomers with opposite
an odd number of carbon atoms. The energetically favorable2D chirality (Figure 3a,b). Foris-CHs(CHy),-1HC=CH-

2D molecular arrangement and the induced chirality as shown(CH,)2,—,COOH (p = m, m = 2n — 1), however, there is a

in Figure 2a,b,f are consistent with the experimental large steric repulsion (marked with a pink ring in Figure 3d)
observation® 47 in which only domains of the racemic between the-OH and thex-CH, of two adjacent molecules

structure were seen for GHCH,),—,.COOH ( = odd) and in a lamella, though the packing possibly forms a hydrogen-
only the enantiomorphous structures for {fEH,),—-,COOH bond network between two adjacent lamellae, indicating that
(n = even). Cis-CH;(CH,)p-1HC=CH(CH,)2»2,COOH (p = 2n — 1)

This odd-even effect of structure and chirality of saturated possibly cannot form a stable self-assembled monolayer. This
all-trans fatty acids demonstrates that a subtle structuralprediction for CH(CH,),-1HC=CH(CH,)2,-,COOH is sup-
variation of the individual molecule can result in a significant ported by the absence of any observable self-assembled
difference in the molecular arrangement and chirality upon domain ofcis-CHg(CH,);CH=CH(CH,)sCOOH>5! Therefore,
self-assembly, showing the complexity of the molecular the cisunsaturated acids having two alkyl chains with
packing and introduction of chirality for the achiral molecules different chain-lengthcis-CHz(CHy)p-1HC=CH(CH,)m-1-
on an achiral surface. Notably, whether the eéden effect COOH (= m, m= 2n or 2n — 1) exhibit an odée-even
seen for the saturated all-trans acids can be applied to theeffect which is somewhat different from that of the saturated
unsaturated acids with one or mdarans-C=C bonds is not acids.
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-
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Figure 3. (a and b) STM images of two enantiomers with opposite 2D chirality in which molecules use face 1 and face 2 to pack on
HOPG, respectively. Faces 1 and 2 are defined as the faces with anglé2@fand 240 from short chain to long chain in the clockwise
direction. (c) Molecular arrangement cis-15-tetracosenoic acid with its face 1 packed on HOPG. (d) Simulated molecular packing model
of cis-CHz(CH,)p-1HC=CH(CH)»-1COOH ( = m, m = 2n — 1) on HOPG. The pink circles mark the large steric repulsion.

The second category ofs-unsaturated acid is the category cis-C=C bond ¢is-CHz(CHz)m-iHC=CH(CH,)-1:COOH,m
containing two alkyl chains with an equal number of all- = odd), the large steric repulsion between two neighboring
trans carbon atom$ (& m) on both sides of theis-double molecules in each lamella (Figure 6) argues that no stable
bond, as ircis-CH3(CH;)m-1HC=CH(CH,)m-1COOH. This self-assembled pattern can be predicted for this acid, though
category of molecule exhibits another e¢elven effectcis- a hydrogen-bonding network is possibly formed. Therefore,
10-Nonadecenoic acid is one examplecisf CHz(CHz)m-1- this second kind ofcis-unsaturated carboxylic acid also
CH=CH(CH,;),-1COOH (m = even). It forms both enan-  exhibits an odé-even effect on structure and chirality.
tiomer and racemic domains as shown in Figure 4a and b,

respectively. Figure 5 presents the simulated self-assembled 2, Odd—Even Effect on Packing Structure and

patterns of the two enantiomers (Figure 5a,b) and racemicChirality of Terminal Substituted = n-Carboxylic
structure (Figure 5c) for the acid with an even number of Acids

all-trans carbon atoms on each side of di®C=C bond.

Definitely, there is not any large steric repulsion similar to  As indicated above, the saturated fatty acids;(CiHt,),—o-

that predicted in Figures 2e and 3c. Thus, this molecule COOH can form racemic and enantiomorphous domains for
forms a chiral enantiomer structure (Figure 4a) and an achiraln = odd and even, respectively, exhibiting an edden
racemic structure (Figure 4b). However, for the acid with effect based on alkyl chain length. However, a significantly
an odd number of all-trans carbon atoms on each side of thedifferent odd-even effect is induced if one of the hydrogen
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Different from normal carboxylic acid, the two Br-
substituted acid molecules are ordered in a direction parallel
to but not in the direction perpendicular to the molecular
long axis. Between the two images there is a significant
difference in the extension direction of the bright pairs in
the areas of multiple pairs marked with “D” and “T". For
Br(CH,)12.COOH, one lower bright pair shifts to the left or
right side from its adjacent upper pair (green and blue boxes
in Figure 7a). However, the lower pair only shifts to the right
side from its adjacent upper pair in the domain of BrgzH
COOH (blue boxes in Figure 7b). This difference is
illustrated in their packing structures (Figure 7c,d). The
schemes in Figure 8a,b rationalize the origin of this-edd
even effect.

As shown in Figure 8al Br is on the same side as the OH
group along the molecular long axis for Br(@i{COOH
but on the opposite side for Br(GH,COOH in Figure 8b1.
This difference drives a different assembly pattern for these
molecules. Br(Ch)1;,COOH assembles along the extension
direction of the molecular long axis, alternately up and down
(square-wave style as in Figure 8a2 and the black line of
Figure 7c). However, Br(Chhi0)COOH assembles only up
or down (staircase style as in Figures 8b2 and 7d).

For Br(CH,)10COOH the next row of molecules can only
orient with the same configuration (the same face to pack)
as the original one, giving rise to a shift to the right side
(Figure 8b3). If one molecule has the other configuration
(the other face), which can be obtained by flipping the
molecule 180 along its long axis, by which the lower bright
pair will shift to the left side compared to the original one,
another staircase-like molecular profile assembling in the
opposite direction will form. However, there must be a gap
between the two staircases extending along different direc-
tions, making the monolayer unstable. For Br{zRCOOH,
however, due to the alternate “up and down” extension along
the molecular long axis direction, the next row with the other
configuration (Figure 8a4) can assemble together with the
original one (Figure 8a3) without a gap via shifting the
distance of the molecular length along the molecular long
axis as marked with two red arrows between Figure 8a3 and
8a4. Thus, for Br(Ck);:COOH, assembling two profiles with
different configurations together results in both a right shift
(blue box in Figure 7a and blue arrow in Figure 8a3) and a
left shift (green box in Figure 7a and green arrow in Figure
8a4) of one bright Br pair, corresponding to the areas marked

Figure 4. (a) STM images of an enantiomer os-10-nonadece-

noic acid. This acid is one example ofs-CHy(CHp)p_1HC= with “1” and “2” in the structure pattern of Figure 7c.
CH(CHp):-1COOH (M = even) (the second category afs- This describes the odeeven difference in molecular
unsaturated acid). (b) STM image of the racemic structureisef packing for this category of substitutedcarboxylic acid.
10-nonadecenoic acid. In addition, these molecules also exhibit an egden

. . . . difference in chirality. The Br(Ck);;COOH monolayer

atoms of the terminal Ckbf the acid molecule is substituted (Figure 7a) does not display any chirality due to the

by a large atom such as bromine. ____inhomogeneous distribution of two configurations with
12-Bromododecan0|c_a0|d and 11_-brom0and_ecan0|c ac'dopposite chirality. On the other hand, the image of Br{GH

are used to exemplify this odceven differencé: Figure 7a  cooH (Figure 7b) is an enantiomer domain because all

and b shows STM images of Br(GiCOOH and Br(Ch)c- packed molecules have the same configuration in terms of
COOH, respectively. The two adjacent Br atoms appear asineair 2p chirality.

two bright spot&+2®> and pack together as a pair (a twin)

bridging over two adjacent lamellae in gach image._This 2.3. Odd—Even Effect on the Chiral Separation of
common feature for the two representative Br-substituted Racemic Mixtures via Coadsorption

acids shows that two adjacent Br atoms in a lamella pack
together with a head-to-head geometry which is different Coadsorption of saturated carboxylic acids such as
from the head-to-tail arrangement seen for normal saturatedCH;(CH,):4COOH and CH(CH,)1sCOOH with derivatives
acids. Another interesting feature of the two images is that of normal saturated acids such as 40&H,);3CHBrCOOH

two or three pairs of bright twin spots possibly pack together exhibits a new oddgeven effect in the self-assembled
as marked with D (double) and T (triple) in Figure 7a,b.  structures and their chirality. Pure gi&€H,);3CHBrCOOH
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Figure 5. Packing model oftis-CHz(CHy)m-1HC=CH(CH,),-:COOH (M = even). (a and b) Structures of the two enantiomers with
opposite chirality. (c) Structure of the racemic domain.

Figure 6. Packing models otis-CHz(CH;)m-1HC=CH(CH,),-1COOH (M = odd). (a and b) Structures of the two enantiomers with
opposite chirality. (c) Racemic structure. The pink circles show the large steric repulsion between one H atom of the tepnimilaGH
the H atom of the carboxylic acid group of its adjacent molecule in a lamella.

forms domains with a 45angle between the lamellar direc- from the 90 angle seen for CHCH,),,-,COOH*:4549 This
tion and molecular long axf$,which is distinctly different special molecular packing structure results from the competi-
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Figure 7. (a) STM image of 12-bromododecanoic acid. One molecular length is indicated by a black bar. Capital letters S, D, and T point

to the strips with single, double, or triple pairs of bright spots, respectively. Capital letters R and L point, respectively, to the positions
where the lower twin in a strip of double or triple twins shifts right or left relative to the higher twin. (b) STM image of 11-bromoundecanoic

acid. (c) Top view of a computer-generated model of the monolayer of 12-bromododecanoic acid in an all-trans conformation. Yellow
represents bromine atoms, green represents carbon atoms, gray represents hydrogen atoms, and red represents oxygen atoms. The blac
lines outline the alternate “up-and-down” profile formed when the twin structures are assumed by 12-bromododecanoic acid. Numbers 1
and 2 refer to two configurations in which the molecules shift right (1) or left (2) relative to the row above. (d) Top view of a computer-
generated model of the monolayer of 11-bromoundecanoic acid. The black lines outline the staircase-like profile formed when twin structures
are assumed by 11-bromoundecanoic acid on graphite. Reprinted with permission from ref 52. Copyright 1998 American Chemical Society.

tion and balance between the hydrogen-bond interaction ofarea can be roughly considered as a rectangle. Although the
two adjacent carboxylic acid groups and the van der Waals bromine atoms are randomly distributed in the coadsorption
interaction between two bromine atoms. The-Br interac- monolayer, the atom is always located at the left-top or right-
tion plays a major role, thereby producing a preferred bottom of the rectangle as schematically shown in Figure
orientation of the bromine atoms. In addition, the racemic 9c,d. Clearly, formation of a rectangular dim area with one
CHs(CH,)1sCHBrCOOH spontaneously self-assembles into bright spot is due to the interdigital arrangement of two acids
two enantiomer domains with opposite chirality. in terms of the head-to-tail arrangement of the molecules in
In the coadsorption system of G#€H,);«COOH and a lamella. In the molecular packing model (Figure 9d) all
CH3(CH,)1sCHBrCOOR* two different domains are ob- hexadecanoic acid molecules use the same face as do all
served as in Figure 9a,b. The black and turquoise bars at2-bromohexadecanoic acid molecules. Thus, Figure 9a is an
the lower right part of Figure 9a mark G{H,)14,CO0OH enantiomorphous domain for the two acids. Interestingly, in
and 2-bromohexadecanoic acid, respectively. Each bright spotanother domain of the same coadsorbed monolayer (Figure
corresponds to one bromine atom neighboring one carboxylic9b) the bright spots due to the bromine atoms are located at
group. Each homogeneously arranged dim area (as markedhe right-top or left-bottom of each dim rectangle corre-
by a green arrow in Figure 9a) in the troughs between lamellasponding to two hydrogen-bonded carboxylic groups, as
is assigned to two adjacent carboxylic acid groups bound shown in Figure 9e,f. Compared to Figure 9d, hexadecanoic
together via hydrogen bonds, showing a head-to-tail packing acid uses the other face to pack as does 2-bromohexadecanoic
geometry of the acid molecules in each lamella. Each dim acid in Figure 9f. Therefore, for both G{CH,)1,COOH and
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Figure 8. (al) Structure of 12-bromododecanoic acid molecule in the all-trans conformation. (a2) Four molecules have been arranged to
show the “up-and-down” profile described in the text. (a3 and a4) Two groups of molecules have been arranged to show the situation in
which the lower twin shifts right or left relative to the upper twin. (b1) Structure of 11-bromoundecanoic acid molecule in the all-trans
conformation. (b2) Four molecules have been arranged to show the staircase-like profile described in the text. (b3) The bromine group and
the hydroxyl group are on different sides of the long molecular axis, as depicted by the arrows. A group of molecules has been arranged
to show the situation in which the lower twin only shifts right relative to the upper twin. Reprinted with permission from ref 52. Copyright
1998 American Chemical Society.

2-bromohexadecanoic acid Figure 9a,b is two enantiomor- method of identifying a 2D enantiomer by “tagging” it with

phous images with opposite chirality. Thus, racemic 2-bro- a bromine atom which exhibits a bright feature in STM. In

mohexadecanoic acid separates iRoand S-enantiomer addition, coadsorption of the normal saturated acid containing

domains due to coadsorption with GEH,);s.COOH on an odd number of carbon atoms, such ag(CiHl,)1sCOOH,

HOPG. along with two enantiomers having opposite chirality such
However, 2-bromohexadecanoic acid exhibits distinctly asR-CHz(CH,);sC'HBrCOOH andS-CHz(CH,):sC"HBrCOOH

different coadsorption with CHICH,);sCOOH containing an  in one monolayer suggests a potential method to determine

odd number of carbon atorisFigure 10a is a typical image  the enantiomeric excess of a chiral molecule.

of this coadsorption system. The troughs between two

adjacent lamellae are divided into two types alternately 2.4. Odd—Even Effect on Molecular Conformation

marked with “=” and “*". Each bright spot is located at |nduced by the Length of the Alkyl Spacer

one corner of a dim rectangle. In the troughs marked with i _
“—» the location of the bromine is top-right or bottom-left ~ An odd—even chain-length effect was observed early in

of a rectangle, which is the same as that in Figure 9b,e.Several categories of three-dimensional crystals including
However, it is located at bottom-right or top-left of the dim n-alkanes? o,w-alkane diols;"*® and a,w-alkane diacid®
rectangle in the “*” troughs of the same domain (Figure 10a), Which have an alternating change in their packing geometry.
identical to that of Figure 9a,c. Figure 10b is the molecular This odd-even phenomenon is also displayed in the alternat-
packing model of this imag®. Definitely, Figure 10a is a NG physical properties of liquid-crystalline polyméfs?
racemic domain for CE{CH,);.CHBrCOOH. polyesters? and polyamide$?

Clearly, coadsorption between 2-bromohexadecanoic acid For example, the crystal structure determination of di-
and CH(CH,),-,COOH withn = even and odd forms chiral ~ carbamate Ckt-(CH,);—NH—COO—(CH;),—OOC-NH—
enantiomer and racemic domains, respectively, exhibiting an(CHz)7CHs (n = 4 or 5, abbreviated as 8-4-8 or 8-5-8,
odd—even effect for this coadsorption chemistry. Thisedd  respectivelyy %> shows an odeteven effect in the packing
even effect is associated with and driven by the-eelden geometries of the 3D crystals. The odd or even length of
effect of the pure CE{CH,),-COOH self-assembled mono- the middle chain (also called the alkyl spacer, H
layers as described in section 2.1. The self-assembleddetermines the extension directions of the two side functional
structure of CH(CH,),_,COOH determines the self-assembly ~groups. For the 8-4-8 dicarbamate containing an even number
framework of the coadsorption monolayer to which the of CH; units between the two carbamate groups, the two
2-bromohexadecanoic acid is forced to conform. The 2-bro- terminal alkyl chains have an anti conformation in terms of
mohexadecanoic acid fits in the 2D lattice mtarboxylic a parallel packing geometry for the two side functionalities.
acids such as CHCH,)14.COOH and CH(CH,);sCOOH, However, those of the 8-5-8 dicarbamate have a syn
exhibiting an odd-even effect in molecular packing and conformation. Recent studies have shown that this 3D-odd
chirality. Hence, the coadsorbed monolayers display ar-odd €even effect can be transferred to the 2D self-assembled
even difference in self-assembled structure and chirality. This monolayer of these molecules on HOP<&®
odd—even effect of the coadsorption demonstrates a strategy Dicarbamates 8-8-8, 8-9-8, and 8-12-8 were used to
for designing chiral structures from racemic mixtures and a demonstrate a similar odeeven effect in 2D self-assembled
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Figure 9. (a) STM image of hexadecanoic acid molecules (black bar) and an occadR)yabfomohexadecanoic acid molecule (blue

bar), both of which are configured in the all-trans conformation. An enlarged portion (inset of Figure 9a) reveals a consistent orientation
of bromine atoms relative to carboxyl groups. A green arrow marks one representative rectangular dim area. Black lines are superimposed
onto the dim rectangular area. (b) STM image of a domain of hexadecanoic acid intersperseg)-@ibirqmohexadecanoic acid. This
orientation of bromine atoms is highlighted by the superimposed black lines. (c) Scheme for the locations (left-top or right-bottom) of Br
in a dim rectangle in image a. (d) Top view of a model of hexadecanoic acid interspersBli ¥promohexadecanoic acid physisorbed

onto the graphite surface. The black line superimposed on one of the bromine/carboxyl combinations mimics the arrangement found in the
STM image (a). An arrow marking the clockwise direction from the bromine to alkyl group via carboxylic acid group classifies the brominated
molecules as th& conformer. (e) Scheme for the locations (right-top or left-bottom) of bromine atoms in a dim rectangle for image b. (f)
Top view of a model of hexadecanoic acid interspersedd»2{bromohexadecanoic acid on the graphite surface. An arrow demonstrating

the counterclockwise direction from the bromine atom to the alkyl chain via the carboxylic group identifies the brominated molecules as
the S conformer. Parts a, b, d, and f were reprinted with permission from ref 54. Copyright 2000 American Chemical Society.

monolayers. Figure 11 clearly illustrates the structure dif- groups as in 8-9-8 (Figure 11b) are pointing in the same
ference depending on whether the alkyl spacer has andirection in terms of a syn geometry. Thus, adding or
even or odd number of GHyroups. For 8-8-8 and 8-12-8 removing one CH unit forms a different conformation in
(Figure 11a,c), the two terminal alkyl chains point in oppo- which the two side chains have the same or opposite
site directions. Compared to the dicarbamate with a spacerextension directions.

with an even number of CHunits, the two side chains linked This odd-even packing also leads to a definite edelen

at the two ends of the spacer with an odd number of CH difference in hydrogen bonding between two adjacent
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(b)

Figure 10. (a) STM image of a 1:1 mixture by volume of
heptadecanoic acid with racemic 2-bromohexadecanoic acid. Theln contrast, molecule 2 uses the same face to pack and forms
bright spots (topographical protrusions) that sporadically accomp- an enantiomer phase.

any the troughs are assigned to bromine atoms and hence coad-
sorbed brominated molecules. Superimposed black lines high-

light the bromine/COOH orientations and reflect a mirror-image

pattern along alternating troughs. The brominated molecules in the

(*) troughs are identified a®-2-bromohexadecanoic acid, while
those in the {) troughs areS2-bromohexdecanoic acid. (b)

Chemical Reviews, 2007, Vol. 107, No. 5 1419

2.5. Odd—Even Effect on Packing Structure and
CRiraIity Induced by the Length of the Side
Chain

The above discussion shows that the odden length of
the moleculaalkyl spacercan drive an oddeven difference
in the molecular packing pattern on HOPG. In fact, the length
of theside alkyl chairfor molecules such as GHCHy)n—1—
R—(CHy)n-1CHs (R = all-trans alkyl chain) possibly induces
an odd-even difference in the packing structure and even
in the chirality for their self-assembled monolayers on
HOPG.

Figure 12 presents two structures of 1,5-substituted an-
thracene derivatives. Each of the molecules has two
equivalent side alkyl chains. Molecules 1 and 2 are substi-
tuted with odd-numbered (&H,3) and even-numbered
(Ci2H2s) all-trans alkyl chains, respectively. The STM images
of their self-assembled monolayers on HOPG are shown in
Figure 13a,b. In each of them the molecules densely pack
into a lamella via an interdigitated arrangement similar to
that seen fon-carboxylic acid, if a lamella is defined as the
area between two turquoise dashed lines in Figure 13. For
molecule 1, as seen in Figure 13a, the long axes of two
adjacent molecules marked with red arrows in a lamella are
not parallel and form an anglke 70°. However, they are
parallel for molecule 2, as seen in Figure 13b. Thus, there is
a clear odd-even difference in the packing structures of
molecules 1 and 2. Furthermore, their self-assembled mono-
layers exhibit an oddeven difference in chirality. The
superimposed molecular models on the image of molecule
1 (Figure 13a) shows that two adjacent molecules in a lamella
adopt two opposite faces in terms of the packing of two
different 2D enantiomers. It forms a racemic structure similar
to n-carboxylic acid with an odd number of carbon atoms.

Similar to the odd-even effect seen far-carboxylic acids
(Figure 2), the oddeven difference exhibited in the structure
of these anthracene derivatives is driven by minimization of

intermolecular steric repulsion. Figure 14 shows the packing
structure of molecules 1 and 2 on HOPG. For each molecule

Molecular model depicting a typical domain of a heptadecanoic 2 the ending terminal C¥CH,— moiety marked with a
acid/racemic 2-bromo-hexadecanoic acid mixture. The location of green line is parallel to-CH,*—C?(of anthracene) labeled

the Br atom in a dim box of two adjacent acid groups is marked
by superimposed black bars. For bar 1, the Br atom is at right-
bottom of a dim rectangle. For bar 2, the two Br atoms are at
left-bottom and right-top, respectively. For bar 3, the two Br atoms
are at the left-top and right-bottom, respectively. Reprinted with
permission from ref 55. Copyright 2002 American Chemical
Society.

molecules of a lamella of this structlfeA dicarbamate with
a spacer of an even number of £toups can form stronger

with a blue line because its side alkyl chain has an even
number of carbon atoms. Thus, the terminal;Qtoup of
one molecule points in the same direction ag#@&H, group

of its adjacent molecule (see the red arrows in Figure 14)
with the same face for all molecules in a lamella. For
molecule 1, however, the GHCH,— moiety and—CH,*—
C(of anthracene) form an angle of70°. To make the CHh
and-CH; groups point in the same direction as molecule 2
for minimization of intermolecular repulsion, molecule 1 has

hydrogen bonds than the dicarbamate with a spacer of anto use the opposite face to pack compared to its adjacent

odd number of CHunits. The same odeeven variation in

molecules in the same lamella.

the frame of hydrogen bonds has also been observed in the As discussed in section 2.4, the length of the alkyl spacer

3D crystal. It leads to an odekven difference in the melting
points of the 3D crystal%!6>

In addition, alkyl-substituted bisurea derivatives are an-
other class of molecule exhibiting a similar etdelven effect

of a molecule possibly induces an odelven difference in

the extension direction of the two side groups in the packing
structure. Considering the alkyl chain between the sulfur
atom and the anthracene group as an alkyl spacer, this spacer

in their 2D and 3D packing geometries, depending on the will possibly result in another odédeven difference in

odd or even number of CHunits in their middle alkyl
chain® In principle, an organic molecule with a general
formula like R—(CH)m—R: (R = all-trans alkyl chainm

= 2n and 2+1) would be predicted to exhibit a similar
odd—even effect.

molecular packing structure. Since the sulfur atoms in
molecules 1 and 2 do not result in a significant bending for
the whole side chain-(CHz)m—S—(CHy)n-1CHjs, the two
possible ode-even effects for (Chm and (CH),-1CH3 can
be considered together by counting the number of total
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Figure 11. STM images of alkyl dicarbamate physisorbed monolayers. (a) The 8-12-8 dicarbamate has an anti configuration of the two
terminal alkyl chains due to the even number of Qhits in the alkyl spacer. An optimized molecular model is superimposed on this
image to aid visualization of the molecular conformation. White arrows designate the column direction, which is nearly perpendicular with
respect to the central alkyl chain and forms an acute angle with the two terminal alkyl chains. (b) The 8-9-8 dicarbamate has a syn configuration
of the two terminal alkyl chains due to the odd number of carbons in the alkyl spacer. (c) STM image of 8-8-8 dicarbamate showing an anti
configuration of the two terminal alkyl chains as in the case of 8-12-8 dicarbamate. (d) Enlarged molecular models of 8-12-8 (top panel),
8-9-8 (middle panel), and 8-8-8 (bottom panel) dicarbamates. Reprinted with permission from ref 65. Copyright 2005 American Chemical
Society.

CiiHzs CizHas g four different packing structures on HOPG. In addition, the
o-CH; odd—even effects on the packing structure and chirality will

B-cH; 1|/ €' Cof anthracene) 4 be maintained if the linking group of the two side chains,
OOO the anthracene moiety, is replaced by another functionality
OOO which does not make two side alkyl chains extend on the
5 5 same axis. For example, anhydride 0EH,),—;—C(=0)-
O—(0=C)—(CHy)n-1CH3 may possibly exhibit a similar
S~CyHp3 S~CyaHas odd—even effect upon self-assembly on HOPG. The-edd
Molecule I: -(CH),.,CH, (n=odd)  Molecule 2: (CH,), ,CH, (n=even) even effects discussed in sections 2.4 and 2.5 demonstrate

that any alkyl chain of a molecule possibly induces an-edd

Figure 12. Molecular structures of two 1,5-substituted anthracene even effect on the packing structure and Ch”‘a“ty upon self-
derivatives (molecules 1 and 2). Reprinted with permission from assembly on HOPG

ref 67. Copyright 2004 American Chemical Society.

carbon atoms and sulfur atom,+ n + 1. Thus, the lengths 2.6. Odd—Even Effect in the Monolayer Structure

of the whole side chain of molecules 1 and 2 are 14 and 15, of Liquid-Crystal Molecules

respectively. However, the molecular packing structures will ~ The self-assembly chemistry of liquid-crystal molecules
be more complicated if the two sulfur atoms are replaced n-alkyloxy-cyanobiphenyl fOCB) and n-alkyl-cyanobi-

by two carbamate groups-NH—COO-). The structural phenyl fiCB) on HOPG has been studi&d’® These self-
odd—even difference formed by (Ghi, and the odé-even assembled monolayers present an-oeden effect in mo-
alternation produced by (Ghi-1CHs will possibly induce lecular alignment. Figure 15a,b schematically illustrates that
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Figure 13. (a and b) STM images of molecules 1 and 2, respectively. The area between two turquoise dashed lines defines a lamella. The
red arrows show the relative orientation of two anthracene groups of two adjacent molecules in a lamella. Reprinted with permission from

ref 67. Copyright 2004 American Chemical Society.
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Molecule 2: (CHQ)l ICH; n—even)

Figure 14. Packing structures of molecules 1 and 2 on HOPG. The ending &lid 5-CH, groups are highlighted with purple.

CHe—

CY(of anthracene) and GHCH, are marked with blue and green lines, respectively. Red arrows show the directions @hGH

B-CH,. Reprinted with permission from ref 67. Copyright 2004 American Chemical Society.

the zigzag carbon backbone of the alkyl chain is perpen- the related orientation between the zigzag pattern of the alkyl

dicular to the substraté’*The odd-even difference between
two molecules with an even and odd number of,Ciits

is the orientation of the terminal methyl group.n@®CB (n

= even), the terminal CHpoints away from the substrate.
In contrast, the terminal CHis closely attached to the
substrate fomOCB (n = odd). The understanding of the
odd—even difference in the orientation of the terminal £H
is based on distortion in the alkyl chain to form a zigzag

chain and the biphenyl plane is not clear.

This difference results in an odeven alternation in
molecular alignment when this molecule self-assembles on
HOPG. FornOCB (n = odd), the motion of the terminal
carbon atom is limited by the strong van der Waals
interaction between methyl groups and the substrate. There-
fore, this molecule could be well packed via intermolecular
van der Waals interactions, similar to the self-assembled

pattern perpendicular to the substrate. This structural distor-n-alkanes on HOPG, forming a parallel alignment (Figure

tion is supported by molecular dynamics simulatidns

15c). However, the terminal methyl @lOCB (nh = even)

However, there is no substantive evidence for the distortion points away from the substrate, offering it the possibility of

in the alkyl chain due to the low resolution of the STM
images of these self-assembled monolay&féln addition,

free motion. The motion of this CHargely weakens the
interaction between substrate and alkyl chain, thereby making
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Figure 15. (a and b)nCB andnOCB molecules on a substrate surface, respectively. (c) Parallel assignm@C€Bf(h = odd) on HOPG.
(d) Antiparallel alignment ohOCB (n = even) on HOPG. Reprinted with permission from ref 72. Copyright 2001 The Japanese Society
of Applied Physics.

the intermolecular van der Waals interactions less dominant2.7, Odd—Even Effect on Packing Structure of the
in determining the molecular alignment. Alternatively, the Bifunctional Molecule HO(CH 3),—;COOH
intermolecular dipole-dipole interaction becomes the main

driving force for forming a 2D self-assembled structure on Al the above odé-even effects are associated with single-
HOPG. Consequently, theOCB (n = even) tends to have  ¢,nctional molecules. Bifunctional molecules such as 15-
i\ggnu-parallel alignment on the substrate as shown in Figure hydroxypentadecanoic acid and 16-hydroxyhexadecanoic
- - acid exhibit an odé-even difference in their self-assembled
N=C—(CeHz)o—(CHp)n-1—CHs (NCB) has a similar mo- 4\ oyyyreg5.76 Figure 16a and ¢ presents STM images of the
lecular skeleton less the ether group linking the phenyl ring self-assembled monolayers of the two molecules, respec-

ol el o th lormation of & 2D selfasSebled el Each lamels of HO(CHCOO forms both an
y ' group piay H—0---H—0 trough marked with +” and an H-O—C=

a carbon atom in the alkyl chain. Thus, the terminalz;CH 0-+*H—0—C=0 trough marked with “** between adjacent

group ofnCB (n = even) andnCB (n = odd) are closely . .
attached to and detached from the substrate, respectivel)).amﬁ”ae' Thle:.head'ltg})heHad paCkln%g(geggtgﬁ mol:‘eCUIe
(Figure 15a).nCB (n = odd or even) displays a similar IS shown In Figure 16b. However, (G 1 sell-
packing structure asOCB (n = even or odd), respectively assembles into a distinctly different structure (Figure 16c).
Thus. it exhibits a reverse oddven effect’compared tc; Between two adjacent lamellae there are ordered large dark
' areas. Each area is roughly a rectangle. Figure 16d is the

nOCB but for the same molecular reason.
Interestingly, the similar oddeven effects for liquid- ~ Proposed model of the monolayer of HO(HCOOH.

crystal moleculesiOCB andnCB as seen on HOPG were Further examination shows that all dark areas can be
observed on Mo§273 MoS, in general is described as classified as two types by the angle from the .Iong axis of
consisting of a layered structure, like graphite, mica, and ©ne dark rectangle to the molecular long axis along the
other materials, that is composed of stacked planes. All of clockwise direction. One category is T1 and T2 (120
these layered-structure materials exhibit much stronger marked with red lines in Figure 16c,d. Another one is T3
bonding within the lateral planes than the interaction betweenand T4 (60) marked with yellow lines in Figure 16c,d.
two adjacent planes. Figure 15¢,d exemplifies theegicen ~ Clearly, each dark area is formed by two acid groups and
difference in packing structure ofiOCB in their self-  two hydroxyl groups. The four groups are assembled together
assembled monolayers on Mo®bservation of the similar ~ through six hydrogen bonds to form a tetramer. Notably, the
odd—even effect regardless of the category of substrate two categories of dark areas are mirror images of each other.
suggests that this odebven effect is not strongly associated For example, T1 (or T2) and T3 (or T4) use opposite faces
with the molecule-substrate interaction. Instead, it is mainly to pack, suggesting the opposite chirality in the two
attributed to the different intermolecular van der Waals categories of dark tetramers. Clearly, HO@:EHCOOH and
interactions resulting from the orientation of the terminakCH HO(CH,):sCOOH self-assemble into different structures on
group in the adsorbed molecules. HOPG.
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Figure 16. (a) STM image of 15-hydroxypentadecanoic acid at the interface of a 1-nonanol solution and the basal plane of graphite. The
asterisks (*) mark troughs that are composed of carboxylic acid groups, and the ptysesrk troughs that are composed of alcohol
functional groups. (b) Top view of a computer-generated model of 15-hydroxypentadecanoic acid on a graphite surface. (c) STM image of
16-hydroxyhexadecanoic acid in a hexanol solution on graphite. One molecular length is indicated by one of the blue bars. These blue bars
are collinear, indicating that the fatty acids occupy the same graphite lattice rows. The dark spot T1 is identical to T2 and corresponds to
a tetramer of two-COOH functions and twe-OH functions connected through hydrogen bonding. The red and yellow bars depict the two
different orientations observed for the dark spots. For example, T3 and T4 have the same orientation but are tilted from that of T1 and T2.
(d) Top view of a model of 16-hydroxyhexadecanoic acid on a graphite surfaeel & torrespond to the-COOH and—OH functional

groups that are hydrogen bonded and to the STM image in Figure 16c. Note that the orientations of T1 and T2 are identical and that T3
and T4 are identical. Furthermore, T1 and T2 are mirror images of T3 and T4. Reprinted with permission from ref 75. Copyright 2003
American Chemical Society.

This is a classic example of a significant change of the hydrogen-bond density of the self-assembled monolayer of
packing structure driven by a subtle difference in molecular HO(CH,),-1COOH ( = even), every four molecules form
length. In fact, this odeleven effect originates from a basic a tetramer (the dark areas in Figure 16c and yellow boxes
principle for 2D self-assembly of all molecules on solid in Figure 17c) where the molecules adopt a head-to-tail
substrates in terms of the optimization of surfaeelsorbate =~ arrangement.
and adsorbateadsorbate interactions. The difference of  This odd-even effect is different from the others dis-

chain length for the two molecules is only 7.7%, which can cussed. It results from maximizing attractive hydrogen-
only result in a very small difference in the overall energetics honding density. However, other oddven effects associated

of the surface structures due to the contribution from with carboxylic acid molecules are driven by reducing
intermolecular van der Waals forces. Thus, the driving force intermolecular repulsions.

for the odd-even difference in the self-assembled structure

must be attributed to the intermolecular hydrogen bonds. 2 8 Odd—Even Effect on Melting Behavior of

Figure 17 clearly presents the difference in the hydrogen ,_a|cohol Monolayers

bonding of the structures. The-OH terminations of

HO(CH,),-1COOH ( = odd) are in a favorable orientation In organic chemistry the melting and boiling points of
to form an H-O---H—O hydrogen bond with the adjacent molecules such as unbranched alkanes exhibit an obvious
molecules in a lamella (green box in Figure 17a). However, odd—even effect The effect of chain length of the alkane
for the molecules with an even number of carbon atoms, in an adsorbed monolayer on its melting behavior has also
the added Chkigroup adjacent to the terminal OH creates an been consideretl.Recent studies revealed that the 2D self-
unfavorable conformation whose OH group cannot form a assembled monolayers afalcohols with less than seven
hydrogen bond with the OH group of its adjacent molecules carbon atoms present an o¢delven difference in their melting

in a lamella (red box in Figure 17b). To maximize the behaviors® The saturated monolayer afalcohol with an
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Figure 17. Top views of models describing a similar arrangement of four molecules of 15-hydroxypentadecanoic acid (a) and four molecules
of 16-hydroxyhexadecanoic acid on a graphite surface (b). In a) the OH of one alcohol molecule is in a favorable orientation (see green
box) to form a hydrogen bond to give the pattern shown in Figure 16a. (b) The OH groups of the two adjacent molecules in a lamella are
in an unfavorable orientation (because one extra methylene group marked by a black asterisk lies between the two hydroxyl groups) and
cannot hydrogen bond with the two adjacent lamellae. (c) Top views of models describing the arrangement of one tetramer of
16-hydroxyhexadecanoic acid where the superimposed black line shows the direction of the alkyl chain and the green arrow points to the
long axis of the rectangular dim area. In c, the chemical functionalit® and —COOH are close to each other, forming a densely
packed tetramer of hydrogen-bonded H-donor and H-acceptor groups. Reprinted with permission from ref 75. Copyright 2003 American
Chemical Society.

odd number of carbon atoms melts through a 2D smectic rotation of the terminal CHaround its adjacent-€C bond
mesophase in contrast to directly melting via a footprint or even formation of a gauche conformation at the molecule
reduction mechanism for threalcohol with an even number  end. In the center of two adjacent lamellae all the OH groups
of carbon atoms. The melting behavior mflcohols with are still packed together through a hydrogen-bond network,
more than seven carbon atoms does not show this-eden though the terminal Ckgroups at the two sides of one
effect as the subtle differences in energetics are overcomeherringbone unit made of two adjacent lamellae have an
by the increasing chain length. enhanced out-of-plane motion. This structural feature may
The monolayers oh-alcohols on HOPG adopt a her- cause a random displacement of a pair of lamellae along the
ringbone packing pattern via a head-to-head arrangementlamella direction without breaking the hydrogen bonding in
The OH and terminal Cklhave a cis conformation for the this pair. The random displacement results in a random
n-alcohols with an even number of carbon atoms, while they stacking of pairs of lamellae and thereby contributes to
have a trans conformation for thealcohols with an odd  formation of a smectic mesophase for £€H,),-1:OH (n
number of carbon atoms. The difference in molecular = odd), as seen by X-ray diffraction patterns of the self-
conformation results in an oddven difference in the assembled monolayefs.
packing of the terminal Ckon HOPG, though a herringbone Originating from the real microscopic difference in the
structure is in general formed for the self-assembled mono- packing of the terminal Ckin-alcohols with an even number
layers of alln-alcohols. The difference in molecular con- of carbon atoms do not melt via the 2D smectic mesophase.
formation results in a slightly closer packing of the terminal Moreover, the melting behavior of the partial monolayer of
CHg in individual lamellae for CH{CH,),-10H (n = even) the molecules with an even number of carbon atoms does
than for CH(CH,),-10H (n = odd)’® As shown in Figure not display coverage dependence. In this case, melting may
18 a dense packing of the terminal €t formed for proceed via a footprint reduction mechanigsimilar to the
n-alcohol molecules with an even number of carbon atoms self-assembled monolayers of butane and hexane on
(a) and a slightly looser packing faralcohol molecules with  graphite’®8! In this mechanism, motion of the adsorbate
an odd number of carbons (b). Definitely, the latter gives an molecules normal to the substrate surface (footprint reduc-
enhanced out-of-plane motion of the terminal {iie to tion) induces vacancies in the monolayer, therefore providing



Odd-Even Effects in Organic Self-Assembled Monolayers Chemical Reviews, 2007, Vol. 107, No. 5 1425

interactions. All molecules of one monolayer lie on the
substrate, and the planes of the molecular carbon skeletons
are parallel to the substrate. For organic molecules containing
head groups with a chemical affinity for the solid substrate
such as Au(111), however, all molecules stand upright on
the metal surface with a specific tilt angle. In this case the
interaction between the head group of the organic mole-
cule (such as the sulfur atom of a thiol) and the metal
atom is a chemical bond with a strength €60 kcal/mol

on Au(111)%% As expected, the strong chemical binding
between organic molecules and the metal substrate possibly
plays a more important role in molecular self-assembly and
determining the oddeven effects.

For organic self-assembled monolayers formed via chemi-
cal reaction with a substrate such as thiolate monolayers on
Au(111), the terminal group/moiety, the head group/moiety,
and the length and geometry of the all-trans alkyl chains
between the terminal and head groups/moieties significantly
impact their surface structures and various properties. This
influence exhibits a number of structural odelven effects
which further induce corresponding oddven alternation
in various chemical, physical, and interfacial properties of
these interesting self-assembled monolayers.

3.1. Surface Structures and Adsorption Sites on
(b) Au(111) and Ag(111)

Figure 18. Structures of the crystalline monolayer whexanol The most widely used substrates for growth of organic
(@) andn-heptanol (b) adsorbed on graphite. They demonstrate a gg|f a5sembled monolayers through chemical binding are thin

slightly different molecular packing density betweealcohols with . . . i -
even and odd number of carbon atoms. Reused with permission/IMS Of coinage metals supported on mica or silicon single

from Kunimitsu Morishige and Takako Katdournal of Chemical crystals. Generally, the grown films on these substrates have
Physics 111, 7095 (1999). Copyright 1999, American Institute of & dominant (111) texture for the fcc coinage metals. For ex-
Physics. ample, Au and Ag films grow epitaxially into a strongly
oriented (111) surface structure on the (100) surface of mica.
sufficient space on the surface to make molecules disorderThe fabricated Au(111) and Ag(111) films have the same
both translationally and rotationally during melting. The foot- structure as shown in Figure 19a, though their lattice param-
print reduction could be obtained by changing the molecular eters are slightly different. The distance between the two
conformation or tilting molecules away from the surface. adjacent Au atoms is 2.88 A. There are three categories of
Therefore, the self-assembled monolayers nedicohols adsorption sites including the on-top site, 2-fold bridge site,
exhibit odd-even differences in their melting behaviors.  and 3-fold hollow site. The separation of the two adjacent
hollow sites is~2.9 A. For the (111) surface of coinage metal

3. Odd—Even Effects in Organic Self-Assembled substrates such as Au(111) and Ag(111) films, the head group
Monolayers on Au(111) and Ag(111) sulfur atom of the organosulfur marked with a light-aqua
toroid in Figure 19b typically bonds on a 3-fold hollow site.

The surprising interest and tremendous efforts in the self-

assembly of organic molecules on metal surfaces were3 2 Odd—-Even Effect on Structure of Organic

motivated by a wide spectrum of technological requirements. Monolayers on Au(111)

Compared to other thin film techniques such as molecular

beam epitaxy and chemical vapor deposition, molecular self-  Self-assembly of organic monolayers on Au(111) films is

assembly can controllably incorporate various organic func- @ model of developing self-assembled organic monolayers

tionalities and form highly ordered and oriented monolayers on metal substrates. Itis historically the most studied system,

with fine chemical control at the molecular level. The self- and a complete discussion of the many systems investigated

assembled organic surfaces on metal substrates are currentlis well beyond the scope of this review. One important reason

of promising technological applicatici§3such as corrosion ~ for focus on the Au(111) film is that the Au(111) film is

inhibition and coating? lubrication® adhesiorf® molecular not oxidized at a temperature lower than its melting

electronics’ catalysis® and sensor devicé%:®! In addition, point. However, many metal substrates such as Cu(111) and

chemical attachment of organic layers on metal surfaces isAl(111) films can easily be oxidized at room temperature

an excellent approach to tuning surface composition, physicaland under ambient conditions.

and chemical properties, and surface and interfacial functions The self-assembled GKCH,),S—Au monolayer is taken

via controllable tailoring of molecular functional groups and as a model of organic monolayers on metal substrates for

surface structurd. defining molecular geometry upon self-assembly. Figure 20
For the self-assembled monolayers of organic moleculesschematically describes the geometry of methyl-terminated

on HOPG (and Mog exhibiting diverse odé¢even effects alkanethiolate self-assembled on the metal substrate. The self-

on structure and chirality, the interactions between organic assembled monolayer exhibits @3 x +/3)R30 surface

molecules and substrate are primarily weak van der Waalsstructure. The surface geometry of the all-trans alkyl chain
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(b)

Figure 19. Structures and adsorption sites of Au(111l) and

Ag(111) surfaces. (a) Top view of a clean (111) substrate. (b) Top

view of an organic self-assembled monolayer wifB x +/3R30

surface structure. Each light-green circle represents one organic

molecule which chemically binds to a 3-fold adsorption site of

the (111) substrate. The labeled structure parameters are for

Au(111).

attached to the surface through a A8 bond can be
described by a tilt angley, and a twist anglej, as shown
in Figure 20a. The angle is defined as the angle between

the molecular long axis in the plane containing the all-trans
zigzag carbon skeleton and the surface normal. The angle

of chain twist, 5, is defined as the rotation of the plane

containing the zigzag carbon chain along the long axis of

the alkyl chain (Figure 20a). Ik is 0°, the terminal CH of
a chain with either an even or an odd number of,CiHits

Tao and Bernasek

Substrate |

(a)

odd number of CH,

Au(111)
(b)

Au(111)
(c)

Au(111)

(d)

even number of CH,

Au(111) | [Au111) ] [Au(111)
(e) (f) (@)

Figure 20. (a) Scheme showing the definition of tilt angle)(

has the same projection along the surface normal (Figureand twist angle£) of all-trans alkyl chains of organic molecules

20b,e), showing no odeeven effect of terminal CH
orientation and subsequent properties. Waés not @, the
alkyl chain with an even number of Ginits has a different
orientation of the terminal CHand CH—CH,— moiety in
terms of a larger exposure of the topmost,Cidit compared

to the molecules with an odd number of €¢toups (Figure
20c,f). Figure 20d,g shows the geometry of the alkyl chain
after rotating an angl@ along the long axis of the alkyl

self-assembled on solid surfaces—) Geometries of alkyl chains
of CHz(CH,)»S—Au monolayer f = odd). (b)a. = 0°, 5 = 0°. (c)
az0°p=0°(d)a=0,p=0.(e—g) Geometries of alkyl
chains of CH(CH,),S—Au monolayer ( = even). (e)o. = 0°,
=0 fa=0,6=0.() a=0°p= 0. Figure 20a was
reprinted with permission from ref 9. Copyright 2005 American
Chemical Society.

phenyl ring or carboxylic acid group, respectively, the

chain. For an alkanethiol whose terminal moiety or head geometry of their alkyl chain can still be described with these
moiety is substituted by another functionality such as a two parametersy andg.
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Figure 21. lllustration of the ode-even effect on the orientation
of the terminal methyl group and GHCH,— moiety for the self-
assembledh-alkanethiolate monolayers on Au(111).

3.2.1. CHs(CH,),SH

Alkanethiol CH(CH,),SH is the simplest example to
demonstrate the odeeven chain-length effect on the struc-
ture of organic self-assembled monolayers on metal surfaces.
On the basis of the $phybridization of the bonded sulfur
atom upon chemical binding, the alkyl chain has an orienta-
tion of ~30° from the normal of an Au(111) surface and a
twist anglef ~ 50°.1294% Depending on the even or odd
number of CH units of the all-trans alkyl chains, the terminal
CHs; groups have different orientations (Figure 21) under an
assumption that the self-assembled monolayer exhibits a 2D
crystal ordering. The expected oddven effect on the
orientation of the terminal Cigroup which in turn is
evidence of the 2D crystallization of GHCH,),SH on Au

Intensity (cps)

had been confirmed by vibrational spectroscopy and other
techniques§’—1% \ ¥ C
Vibrational signatures of the self-assembled monolayers o A ) 10
of CH3(CH,),S—Au obtained from high-resolution electron RS 4o B o Al
energy loss spectroscopy (HREELS) provide clear evidence . o il
for the odd-even difference in the orientation of the terminal 0 1000 2000 ; 3000
CHs group. The terminal Ckl can be identified by its Energy Loss (cm )
vibrational signatures including tredeformation mode at  ri;ure 22. HREEL spectra of CHCH,).S—Au monolaversif =
~1380 cnt and thed-deformation mode at-1460 cnr* 9,910, 11, 14, 15) onpAu. (Insett)g(Scﬁg]matic models )(/)f mrglecules

as well as the symmetric and asymmetric stretching modeswith odd and even carbon number on Au. Notalstyin the label

around~2850-3000 cn1'.°8 Figure 22 shows a series of Cparound each spectrum presents the total number of carbon atoms

vibrational spectra corresponding to the self-assembled©f one molecule. Reprinted with permission from ref 98. Copyright

monolayers of alkanethiolates with 206 carbon atoms on 2002 American Chemical Society.

the Au surfaces. This figure clearly shows that the appearance . i

and absence of the Gl4-deformation mode at1380 cnt confl_rmed the odeeven eﬁect_ on the orientation of j[he

completely depends on whether the number of @hits of ~ terminal CH (or CHs—CH,—) (Figure 23). The alkanethio-

an alkyl chain is odd or even, respectively. The appearancelate monolayer with an odd number of €hhits has a larger

and absence in fact rely on the orientation of the terminal contact angle in terms of a lower wettability compared to

CHs—CH,— moiety. For CH(CH,),S—Au with n = odd or the monolayer with an even number of €hhits’® For a

even, the terminal Ci-CH,— tends to be parallel to the ~monolayer of CH(CHz),S—Au (n = odd), the surface is

surface normal or tilt from it, largely enhancing or weakening Predominantly composed of methyl groups because its

the dipole scattering and producing the difference in the terminal CH—CH, bond is perpendicular to the substrate.

vibrational features of the terminal Glgroup (Figure 22).  1he terminal CH—CH,— moiety of the CH(CHz),S—Au

In addition, the intensity of the CHrocking mode also monolayer (1 = even) is tilted away from the surface nor-

alternately changes for molecules with an even or odd Mal, producing a surface that is composed of methyl groups

number of CH units. In fact, the infrared spectra with a @nd topmost methylene groups. The contact angles of

higher resolution than HREELS show an e¢elen effect CHs(CH;)aS—Au (n = even) are lower because the exposure

on intensity of veym(CHs), vasy{CHs), and the intensity of the underlying methylene units increases the number of

ratio between them for the self-assembled monolayers ofattractive dispersive contacts with the area of the liquid drop

CHs(CH,)nS—Au.1% The odd-even alternation of intensity ~ compared to the monolayers of @8H;),.S—Au (n = odd).

of the CH; stretching mode further supports that the

orientation of the terminal CHs dependent on whether the 3.2.2. CH5(CH2nCSzH

number of CH groups is even or odd. To test whether different binding chemistry of head groups
Contact angle measurement on the ;@GHH,),S—Au to the hexagonal lattice of the Au(111) surface can change

monolayers using methylene diiodide and nitrobenzene the structural feature and modify the odelven effect of the
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Figure 23. Advancing contact angles measured on thezCH
(CH)nS—Au and GHs(CH),S—Au monolayers using methylene
iodide (© and®), nitrobenzeney andv), and dimethyl formamide
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sion from ref 79. Copyright 2001 American Chemical Society. 40 =

self-assembled monolayers, aliphatic dithiocarboxylic acids 1

CH3(CH,),CSH (n = 8—17) were selected as a prolyé102 T T
Figure 24a shows the molecular structure of this category 0 T rrrrererrT

of molecule. Upon adsorption, the-& bond dissociates on 10 11 12 13 14 15 16 17 18 19

the Au(111) film and both sulfur atoms of the head group Number of Carbon Atoms per Chain
equivalently bond to the Au surface as shown in Figure 24b.

In the self-assembled thiolate monolayer {d&EH,),.S—Au (c)

the separation between two adjacent tethered sulfur atomsFi TR o

. . gure 24. (a) Aliphatic dithiocarboxylic acids C¥CH,),.CSH.

IS ~5.0 A (Figure 19b). Compared to G@HZ)”S_AU' the (b) Binding geometry of dithiocarboxylic acid group on Au sur-
distance between the two sulfur atoms in ones(CiH),- face. (c) Advancing contact angles of hexadecane on self-assem-
CSH molecule is~2.9 + 0.3 A%t suggesting a different  bled monolayers of CHCH,).CS—Au (filled squares) and
chemical binding on the Au(111) film. In contrast to the CHs(CH),S—Au (empty circles). Notably, th& axis shows the

alkanethiolate monolayer, this gives rise to a modified-edd number of all carbon atoms in a molecule of £€H,),CS—Au
even effect. or CHs(CH,)nS—Au. Figure 24c was reprinted with permission from

. ) ] ] ~_ ref101. Copyright 1998 American Chemical Society.
The vibrational evidence for the alternating variation in

the intensity of CH vibrational modes for the dithiocar- terminal CH—CH,— moiety for CH(CH,),S,—Au mono-
boxylic acids with odd and even number of €ldnits layers.

suggests that the terminal @igroups have different orienta- Generally, the oddeven effects on wettability of the
tions191 The terminal CH—CH,— moiety of molecules with monolayer of alkanethiolate and its derivatives are under-
an odd number of CHunits tilts from the surface normal; stood as a greater exposure of the topmost Gidups of

in contrast, that of molecules with even number of CH the self-assembled monolayer having an even number of CH
groups appears to be normal to the surface. This-eden units giving a lower contact angle in terms of stronger
alternation of the Ck-CH,— orientation is further supported ~ wettability 29100103104 Thys, the larger exposure of the
by contact angle measuremeHtsThe value of the contact  topmost CH resulting from the larger separation between
angles of monolayers with an even number of,QHits is two adjacent chains in G{CH,),CS,—Au monolayers with
higher than that with an odd number of ggtoups (Figure ~ an odd number of carbon atoms compared to;(CHi)-
24c). The difference of contact angles between the evenS—Au monolayers with an odd number of carbon atoms
series and the odd series for €8H,),CS,—Au monolay- gives a smaller contact angle, increasing the-eeleen differ-
erd%is dramatically greater than that for @&H;,),S—Au® ence in measured contact angle for thes(@HH;).CS—Au

as shown in Figure 24c, indicating that the geometries of series. A comparison of oddeven effects between the
the alkyl chains in CK{CH,),S,—Au are different from those ~ CH3(CHz)nS—Au series and the C{ICH,).CS—Au series

of the alkanethiolate monolayers. It may be partially due to indicates that the different binding configuration of the head
the different binding configuration of the tethered group group and geometry of the alkyl chain on Au(111) may
Au—S—C—S—Au for dithiocarboxylic acid compared to modify the odd-even effect of these self-assembled mono-
Au—S of the alkanethiol. Compared to @Q&H,),S—Au layers.

monolayer, the chelation effect of two terminal sulfur atoms
bonded to two nearest 3-fold hollow sites largely enhances 3.2.3. Cetts(CHz)nSH

the structural constraints in terms of torsional stiffening,  To determine the possible change of the eduen effects
increasing the oddeven difference in the orientation of the  of alkanethiolate monolayers depending on different terminal
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Figure 25. Schemes of phenyl-terminated self-assembled monolayers of 12-phenyldodecanethiolate (a) and 13-phenyltridecanethiolate
(b). (c) Average tilt angles of the terminal phenyl groups @fi§{CH,),S—Au monolayers with odd number (left panel) and even number

(right panel) of CH units. Reprinted with permission from ref 79.

groups, the oddeven effect of phenyl-ring-terminated
alkanethiolates §15(CH),.S—Au (n = 12—15) was inves-
tigated’® CsHs(CH,),SH bonds to the Au surface via the
same chemical binding as the alkanethiol. Vibrational
analysis and contact angle measurement show an@deh
effect of the orientation of the terminal phenyl ring. It was
determined that the '&C* ring axis of the phenyl ring is
oriented from the surface normal by80° for molecules with
an odd number of CiHunits’® However, it is~60° for
molecules with an even number of ggroups. This ode
even difference is schematically shown in Figure 25.

The contact angle measurements confirmed the-edén
difference in the orientation of the terminal phenyl rifig.

Copyright 2001 American Chemical Society.
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Measurements using methylene iodide, nitrobenzene, orFigure 26. Ratio of intensity betweemsyr(CH,) andvasyn{CHy)

dimethyl formamide as the contacting liquid exhibit an edd
even alternation of advancing contact angles on the odd an
even numbers of CHunits in the alkyl chains (Figure 23).
The contact angle of §ls(CH,),.S—Au is always smaller
than that for CH(CH,),S—Au when the same contacting
liquid is used for the measurements (Figure 23)which
possibly implies different origins of the odgaven effects

in wettability. For CH(CH,),S—Au, as mentioned above,
the odd-even difference of contact angles results from the
greater exposure of the topmost £¢roups for molecules
with an even number of CHunits?100.193.104n contrast,
the dependence of contact angles ofHECH,),S—Au
monolayers on the odd and even number of,@kbups is
mainly determined by the orientation of the terminal phenyl
ring due to the blocking effect of the large phenyl ring on
the topmost Chlgroup.

IR results for the @Hs(CH2),S—Au monolayers sug-
gest a novel oddeven difference in the twist angle of the
alkyl chain. This odé-even difference is not observed for
CH3(CHy),.S—Au monolayers. Figure 26 shows that the
intensity ratio betweervs,{CH,) and vasyn{CH) varies
alternately depending on the odd and even number of CH
groups in the @Hs(CH,),S—Au monolayers? The lower
ratio of the intensity for molecules with an even number of

as a function of the number of GHinits for GHs(CH,),.S—Au
dand CH(CH,),S—Au self-assembled monolayers. Reprinted with
permission from ref 79. Copyright 2001 American Chemical
Society.

leads to a different degree of chain twist between molecules
with an even or odd number of GHunits. It could be
considered as a new ogdeven effect induced by a substi-
tuted terminal group such as a phenyl ring. In addition, the
much lower intensity ratio betwees,{CH,) andvasy«{(CH,)

of CH3(CH,),S—Au compared to that of §Hs(CH,),S—Au

in Figure 26 indicates a larger twist angle for the alkyl
chains of normal alkanethiolate monolayers, though there is
no odd-even difference in the chain twist. Compared to
CH3(CH,)nS—Au, the small chain twist of gHs(CHy)-
S—Au may result from the blocking effect of their large
phenyl rings on the rotation of the alkyl chains in this
monolayer.

Although the ode-even effect of phenyl-ring-terminated
alkanethiolate monolayers is somewhat different from that
of the methyl-terminated alkanethiolate monolayers, their
chemical bonding, lattice spacing of the backbone chain,
lattice ordering, and surface coverage are indistinguishable
from one another.

CH, units indicates that the molecules in these seIf-assembIed3_ 2.4, CgHs—(CeHa)r—(CH2):—SH

monolayers have a larger twist of the backbone cH&it>
though the contribution of chain tilting cannot be excluded
entirely. This oda-even difference in chain twist is proposed

Compared to eHs(CH,)SH, 4, 4-terphenyl-substituted
alkanethiol GHs—(CgH4)>—(CH,),—SH (TR,, n = 1-6) has

to be possibly related to the different degree of interaction two more phenyl rings. Its self-assembled structure and

among the terminal phenyl groups suchsassz stacking

interfacial properties on Au(111) were studied using XPS,

or/and steric repulsion associated with the distinctly different HREELS, IRAS, NEXAFS, contact angle measurement,

orientation of the phenyl group of the molecule with an odd
or even number of CHunits. For example, the different
extent ofz—m overlap as shown in Figure 25a,b possibly

AFM, and STM1%5-112 |dentical to the odeteven effect of
the orientation of the phenyl ring ofs8s(CH,),S—Au, the
terphenyl moieties of the molecules with an even number
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Figure 27. Schemes showing the orientation of the terminal
terphenyl rings and the binding geometry of,TiRonolayers on
Au(111) (a) and Ag(111) (b). (c) Effective film thickness of
TP/Au(111) and TR/Ag(111) derived from the ellipsometry data.
Figure 27c was reprinted with permission from ref 106. Copyright
2004 American Chemical Society.

Film thickness (A)

of CH, units tilt from the surface normal by a larger angle
than those with an odd number of ggroups as schemati-
cally illustrated in Figure 27a. The odeven oscillation of
tilt angles of the terminal terphenyl moieties is supported
by IRAS and NEXAFS. This oddeven effect is also
consistent with the oddeven alternations of the molecular
packing densities and effective film thickness of the self-

Tao and Bernasek

(HRXPS) and ellipsometry data (Figure 27c), respectiV&ly.
Similar odd-even effects in molecular packing density and
effective film thickness are expected fogHz(CH,),S—Au,
though there is no report on them.

The odd-even variation of intensity of the Ghétretching
mode of GHs—(CeH4)>—(CH,)n—S—Au possibly indicates
a slight odd-even alternation of the orientation of the alkyl
chain in terms of chain tilt°® This possibly results from an
odd—even change ofr—m repulsion of two adjacent
molecules in the self-assembled monolayers. However, it is
not conclusive due to the small oddven difference in the
intensity of the CH stretching mode. No similar odgeven
effect reported for CE{CH,),.S—Au, CHz(CH,),S;—Au, and
CeHs(CH,)nS—Au is possibly due to the absence of large
m—z repulsion in these self-assembled monolayers.

No pronounced oddeven changes in the contact angles
were observed for §Hs—(CgHs)2—(CHz)n—S—Au monolay-
ers when the contacting liquid was watéfsuggesting the
complexity of the origin of the wetting property. The weaker
and weaker oddeven difference for contact angles from
CH3(CH2)nS;—Au, CH3(CHz)nS—Au, CsHs(CHy)nS—Au, to
CeHs—(CsHa4)2—(CH,)n—S—Au indicates that the wetting
property is at least partially determined by the exposure of
the topmost CH group in the self-assembled monolayers.
Notably, a weak odeleven effect of contact angle fors—
(CsHa)2—(CH,)n—S—Au monolayers is possibly observed if
different contacting liquids such as methylene iodide or
nitrobenzene are used. The reason is that a contacting liquid
with a small dipole moment such as® did not reveal an
odd—even difference for monolayers such agHg{CH,).-
S—Au, but an obvious oddeven effect was observed when
a strongly dipolar liquid such as methylene iodide or
nitrobenzene was uséd.

Overall, GHs—(CeHy4)2—(CHz)h—S—Au exhibits odd-
even effects similar to g15(CH,),S—Au. Compared to the
two series @Hs—(CeHs)2—(CHy)—S—Aul® and CH-—
(CeHz)2—(CH2)n—S—Ault*116 to be discussed in the next
section, CH(CH,),S—Au monolayers do not exhibit the
odd—even effect of molecular packing density. However, a
pronounced oddeven effect of wetting properties was
observed in Ch(CH,),S—Au monolayers, which is only
weakly observed in phenyl-ring-substituted alkanethiolate
monolayers. These differences in the eddwen effects
between methyl-terminated alkanethiolates and phenyl-ring-
terminated alkanethiolates demonstrate that structures and
properties such as packing density and wettability of the
organic self-assembled monolayer as well as their-adan
effects may be modified by substituting the terminal group
of the self-assembled molecule.

3.2.5. CHy—(CgHa)—(CHz)—SH

Compared to the organosulfur molecules discussed above,
odd—even effects for methyl-terminated biphenyl-substituted
alkanethiols ChH—(C¢Ha)2—(CH2)—SH (BR, n = 1-4)
were systematically studied using various experimental
techniques coupled with theoretical calculation, particularly
employing synchrotron-based HRXPS and STWL3116|n
addition to the odeteven alternation of packing density and
effective thickness, new odeeven effects such as an odd
even difference in the inhomogeneity of adsorption sites of
CH3—(CgHs)>—(CH2),—S—Au were revealed.

The Cls photoemission feature of BBelf-assembled
monolayers on Au is a main peak-a284.0 eV and a small

assembled monolayers obtained from high-resolution XPS shoulder at the side of higher binding energy (BE). The
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layers. (b) Normalized intensity of the S2p doublet. (c) Schematic
Figure 28. Cls photoemission features of BBelf-assembled  drawings of the orientation and packing of the £HiCeHa)o—
monolayers on Au(111) and Ag(111). (a) BE position of the (CHz)»—S—Au monolayers with odd and even number of {Ihits
shoulder compared to its corresponding main Cls peaksYthe in the alkyl part. Note that for clarity the large intermolecular
axis shows how much the shoulder shifts from the main peak of distance for the case of unfavorable packing in the self-assembled
the same spectrum. (b) Intensity of the shoulder of C1s photo- monolayer BR (n = even) is exaggerated. Parts a and b were
emission feature. (c) Ratio of C1s photoemission intensity between reprinted with permission from ref 113. Copyright 2001 American
the shoulder and its corresponding main peaks. Reprinted with Chemical Society.
permission from ref 113. Copyright 2001 American Chemical
Society. tethered sulfur atoms in terms of molecular absolute coverage

on the Au surface (Figure 29c¢) directly determines that the
position and intensity of the shoulder with respect to the main S2p intensity exhibits an odeeven effect. From this point
C1s peak of Cht=(CeHas)2—(CHz)»—S—Au presents a pro-  the S2p intensity of BRP(n = odd) is higher than that of
nounced odeeven alternation as seen in the XPS0n BP, (n = even) due to its higher packing density. On the
the basis of the odédeven variation in the peak position and other hand, the effective film thickness of B = odd) is
intensity (Figure 28a,b), the higher BE shoulder results from |arger than that of BP(n = even) due to the orientation of
the low-energy shake up excitation in the aromatic matrix. the biphenyl moieties (Figure 29c), resulting in a higher
Considering the high surface sensitivity of synchrotron-based photoionization cross section for each sulfur atom of a
HRXPS obtained by choosing optimal excitation energy to molecule with an even number of Ghinits. Overall, the
enhance photoemission from biphenyl groups, this assign-effect (decreasing surface coverage of sulfur atom) of
ment of the higher BE shoulder is reasonable. Therefore, decreasing S2p intensity from odoh)(to even (n+ 1) is
the odd-even variation of the position and intensity of the nearly overcompensated by the second effect (decreasing
C1s shoulder reflects the odeéven difference of the tilt  effective film thickness) of increasing S2p intensity due to

angle of the biphenyl ring moiety. the increase of photoionization probability from odhd) to
Although the sulfur atoms of C{(CgHs).—(CHz)n—SH even M+ 1). Thus, from BR (m= odd) to BRyys (m+ 1
bond to Au(111) via the same Spybridization, the BE and = even), the S2p intensity remains constant or is slightly

intensity of the S2p exhibit an obvious oddven alternation  enhanced as compared to the average downward trend
with the length of the alkyl chain as shown in Figure 29&b.  (Figure 29b). From evem{+ 1) to odd (n + 2) the effect

The odd-even effect of S2p BE suggests an edden of packing density on increasing S2p intensity is overcom-
variation of Au—=S binding configuration which is possibly pensated by the effect of the effective film thickness in
driven by the odd-even difference in the molecular packing decreasing the S2p intensity, thereby resulting in an overall
density and biphenyl orientation as a function of the number decrease of the S2p intensity from BPto BR,,. Although

of CH; units in the molecule. The odektven variation of an odd-even effect of S2p intensity for ¢8s—(CHy)n—

the S2p intensity which gradually decreases with increasing S—Au and GHs—(CsHa)>—(CH,),—S—Au monolayers was
length of the alkyl chain may be attributed to two opposite not reported, a similar trend is predicted since they have the
effects. The oddeven change of packing density of the same odéeven difference in the orientation of terminal
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the fwhm of S2p for CH(CH,)1:S—Au and CH(CH,)1:S—Ag. The
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fur atoms from the 3-fold sites of the Au(111) film or
slightly different spacing of those sulfur atoms from the
substrate. This new odteven effect onthe extent of
inhomogeneityf the adsorption geometry was not observed
for the CH(CH,),S—Au monolayers, possibly due to the
absence of the terminal phenyl rings which contribute to this
odd—even effect. It is expected that JTPossibly exhibits a
similar odd-even effect, though there is no high-resolution
XPS reported on this series of organothiolate monolayers.
STM and LEED studies of the monolayer structure o BP
and BR confirm the odd-even effect of molecular packing
density and intermolecular distance driven by the-eelden
difference in the orientation of the terminal bipheny! riig.
Figure 31a and b shows the structural models of thé32
x /3) overlayer of CH—(CsHs)o—(CHa)s—S—Au and (5/3
x +/3) overlayer of CH—(CsH,)2—(CHz2)s—S—Au, respec-
tively. The black box in Figure 31a shows the unit cell with
a size ofa = 4.8+ 0.25 A andb = 10.0+ 0.45 A. Each
unit cell has two molecules with an area of 21.8 per
molecule. However, the unit cell of GH(CeH4)2—(CHz)4—
S—Au in Figure 31b is definitely different from that of GH
(CsHz)2—(CH,)3—S—Au. If each molecule in Figure 31b
occupies the same 21.62%area as the Ck(CeHa)o—
(CH2)s—S—Au in Figure 31a, each unit cell of Figure 31b
should have 10 molecules. However, the high-resolu-
tion STM image of the Ckt(CeHz)>—(CHz)4—S—Au mono-
layer (Figure 31c) shows only eight molecules in each
unit cell, demonstrating a less dense molecular packing for

dashed lines in ¢ are only a guide for the eyes. Reprinted with CH;—(CgH,),—(CH,)s—S—Au. The low packing density of

permission from ref 113. Copyright 2001 American Chemical
Society.

phenyl rings and similar molecular geometry and self-
assembled structure.

Strikingly, the fwhms of all core-level photoemission
features (Figure 30) including Augd, S2p, and C1s display
synchronous oddeven effects® The odd-even effects of
Au4f;, and S2p fwhms are driven by a difference in the

CHg_(CeH4)2—(CH2)4_S_AU shows that CH—(CGH4)2_
(CHy)4s—S—Au definitely adopts adsorption sites different
from CH;—(CgH4)2—(CHz)s—S—Au. The odd-even differ-
ence in binding sites is reasonable since the energy difference
between different sulfur adsorption sites for thiolate on
Au(111) is fairly smalt-*2°and less dense packing of gH
(CeHa)2—(CHp)s,—S—Au offers the flexibility of slightly
moving the sulfur atom away from th&3 x /3 site.

extent of inhomogeneity of the surface adsorption sites 3 2 6. 4'.CH;(CH,),0CsH,CsHy-4-CH2SH, 6-CH3(CHz)n-
dependent on whether the molecule has an odd or evengcC,,Hs-2-CH,SH, and 4'-CHs(CHz)nOCsH4CsHy-4-SH

number of CH units. In addition, the consistent oddven

variations of fwhms of various atoms suggest that the

The above discussion involves the normal alkanethiols

inhomogeneity of molecular adsorption sites influences the CH(CHz)nSH and phenyl-ring-substituted alkanethiols at

whole molecule. Compared to BPn = even), the larger
fwhm for BR, monolayer ( = odd) shows a higher extent

their terminal moieties. The documented difference in the
odd—even effects of the two categories of molecules (normal

of inhomogeneity of adsorption sites. The overall decreasing alkanethiol and substituted alkanethiol) demonstrates that
trend of C1s fwhm is possibly related to a better localization replacing the terminal group/moiety can alter the edulen
of the C1s core-hole placed further away from the surface effects of CH(CH;)xS—M (M = Au or Ag) and induce new

with the increase of the alkyl chain length. The better

odd—even effects. The terminal moiety containing one or

localization decreases the influence of inhomogeneity of more phenyl rings introduces larger-x steric repulsion at

adsorption sites on the Cls photoionization probability,
leading to a C1s peak with a smaller width.

the upper part of the self-assembled monolayer for molecules
with an odd number of CHunits than molecules with an

Considering the existence of two larger-size phenyl ring even number of Chlunits. For example, the different—z

groups, the oddeven difference in the inhomogeneity of

steric repulsion of the terminal phenyl rings possibly slightly

adsorption geometry may associate with the different distancemodifies the adsorption sites of the tethered atoms to a
between two adjacent tethered sulfur atoms on the Au surfacedifferent extent, leading to a new ogdven difference in

induced by the oddeven alternation of the orientation of

the inhomogeneity of the adsorption sites for sulfur atoms

the phenyl ring groups (see Figure 29c). Notably, compared ©n the Au surface.

to the S2p fwhm of the alkanethiolate monolayer, the small

odd—even difference in fwhm of S2p for BRmplies that

In this section three series of molecules with different
head moieties but the same upper part as alkanetHiol, 4

the inhomogeneity of adsorption sites does not mean really alkoxybiphenyl-4-methanethiol,’ £ Hz(CH,) O CsH4CeHa-
different chemical binding sites. Considering the less densely 4-CH,SH (series 1), (6-alkoxynaphth-2-yl)methanethiol, 6:CH

packed BR monolayers i = even) compared to alkane-

(CH2)mOC,oHs-2-CH,SH (series II), and'4alkoxybiphenyl-

thiolate monolayers, the inhomogeneity may result from a 4-thiol, 4-CHs(CH,)nOCsH4CsHs-4-SH (series 1l1) (Figure

slightly different shift of the binding positions of the sul-

32) were chosen for discussing how the different head moiety
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of series 1, Il, and Il with an odd number of GHinits (n

= 15) are 8-10° greater than those with an even number of
CH, groups (h= 16). This odd-even effect on wettability

is similar to that of normal alkanethiolates due to the same
terminal long alkyl chain. Notably, this odeeven difference

in contact angle for series 1, Il, and Il is much larger than
that seen for normal alkanethiolate monolayer (series V),
though all four series have the same hexagonal lattié® (

x +/3)R3C. This is related to the biphenyl and naphthalene
of the head moieties. An eclipsing effect of the-O,y bond

on the aromatic-group plafé123induces a rotation barrier
to the alkyl chain which results in a lower twist angjg,
under the same tilt angle of the alkyl chain, This is in
contrast to then-alkanethiolate on Au(111) because the
eclipsing effect is definitely absent in the case of the
alkanethiolate monolayers. In addition, IR studies revealed
a larger odd-even difference in the orientation of the
terminal CH for series Il compared to normal alkanethiolate
monolayers.

As seen previously, the stretching mode of the terminal
CHsis an indication of odeteven structural alternation. For
molecules of series | on Au, the intensity 8f,(CHs) is
larger for molecules witim = odd than that of molecules
with m = even, whereas the reverse is true for ihgnr
(CHz) mode. Series Il and Il exhibit the same otdeven
variation as series |. Because the extent of this-eslcen
effect is related to the absolute direction of the terminag CH
and the extent of chain tilt and twist, these similar edd
even effects indicate a very similar geometry of the alkyl
chain in terms of chain tilt and twist among series |, 1l, and
I, even though their head groups are different.

Since the molecules of series | and Il have a similar tilt
angle of the alkyl chains upon self-assembly and the same
orientation of the SC bond relative to the long axis of the
alkyl chain (two red arrows for each molecule in Figure 32),
their head sulfur atoms must bond on Au(111) through the
same sphybridization and form the same-<S—Au bond
angle. As shown in Figure 33, both molecules | and Il bond
to Au(111) films with sp hybridization and assemble with
a herringbone packing° Although the alkyl chain of series
Il has a tilt angle similar to that of series | and Il upon
self-assembly, its sulfur atom has to adopt different hybrid-
ization because the orientation of the-S bond relative to
the long axis of the alkyl chain is different from that of series
Figure 31. (a) Top view of a structural model for the ¢B x | and Il as shown in Figure 32. Due to the absence of one

3) overlayer of a BPmonolayer on Au(111). (b) Top view of & c3rhon atom between the sulfur atom and the biphenyl rings

structural model for the (@3 x +/3)rect overlayer of a BP . ; o ) . )
monolayer on Au(111). (c) 3D STM image where three different " SET€S 11, to have a similar orientation of the alkyl chain

heights observed in the unit cell of BBre marked with different 1N the self-assembled monolayer requires a-&+C bond
colors. Reprinted with permission from ref 116. Copyright 2003 angle of~180°, suggesting sp hybridization for the sulfur
American Chemical Society. atom of series Ill on the same/B x +/3)R30 lattice (Figure
33e). This demonstrates that slightly different head moieties
modifies the ode-even effect for organosulfur on the Au  may significantly alter the chemical binding of the sulfur
surface or even whether these head groups could induce nevatom on the substrate. A significant change for the binding
odd—even effects for the self-assembled monolayer ot®Au. chemistry of the sulfur atom driven by slightly modifying
In addition, the long spacer of the all-trans alkyl chain above the terminal group was not observed in the serig$s(CHy)n-
the phenyl rings was used to probe the ordering of the chain SH, GHs—(CeHa)>—(CHy)n—SH, and CH—(CeHa)>—(CHy)n—
packing and possible oddven effects. Thus, they are good SH, which have the same head group but different terminal
templates for examining the interplay of various interactions groups. Thus, it is understandable that the terminal group
involved in the process of self-assembly and its associationand head group play different roles in determining the
with various odd-even effects. chemical binding, structure of self-assembled monolayer, and
For the monolayers of the series I, II, and 1l their static OPserved odeeven effects for organosulfur monolayers on

advancing contact angl@é,(hexadecane) presents a strong Au.

dependence on the odd or even number of Giits in their In addition, a trend of decreasing oddven difference in
alkyl chains, (CH),.1°° The contact angles of monolayers the orientation of the terminal GHand wettability with
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Figure 32. Molecule structures of '4CH3(CH,)nOCeH4CsH4—4-CH,SH (series 1), 6-Ch{CH,)mOCoHe—2-CH,SH (series 1), 4CHs-
(CHZ)mOCsH4CeH,—4-SH (series Ill), and CKH{CH,),SH (series V).
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Figure 33. (a) Top view of proposed structures of monolayers of series | (and Ill) on8ex +/3)R3C overlayer of Au(111) and
Ag(111) films. (b) Top view of proposed structures of monolayers of series Il oniBex( v/3)R30 overlayer of Au(111) and Ag(111)
films. Each superimposed small circle shows one bonded organothiolate molecule. Each black line crossing one small circle indicates the
tilting direction of the alkyl chains. (c, d, and e) Side views of monolayers of series I, I, and Il on Au(111) and Ag(111) films. They have

the same orientation and packing of terminal alkyl chains and biphenyl rings/naphthenes. Reprinted with permission from ref 100. Copyright
1994 American Chemical Society.

increasing length of the alkyl chain is observed fer progressive, the end of a longer chain may rotate more than
alkanethiol monolayers on Al This trend is suggested to  that of a short chain. Rotation of the alkyl chain can obscure
be associated with the rotation of the alkyl chains of the the odd-even difference in the orientation of the terminal
molecules. Because the rotation of the alkyl chain is methyl. Because the odakven effects in vibrational features
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and wetting properties are directly associated with the-odd
even difference in the orientation of the terminal methyl and
the exposure of the topmost GHespectively, these oed
even effects decrease with increasing length of the molecular
chain. However, this trend does not hold for molecules with
a terminal molecular moiety containing a larger group such
as C5H5(CH2)nSH, QHs_(C6H4)2—(CH2)n—SH, and CH-
(CsHa)2—(CHz)n—SH. The reason is that the large terminal

group can block rotation of the alkyl chain. . A ' "9 "9
| Au(111) | | Au(111) |
3.2.7. CFs(CHznSH even number of CH, odd number of CH,

The above sections show that the substitution of a Figyre 34. Scheme for the oddeven alternation of the orientation
functional group at different regions of a normal alkanethiol of terminal CF, the orientation of the GF=CH,— moiety, and the
molecule results in a different impact on various e@éden surface dipole of CFCH,— in CRs-terminated alkanethiolate
effects observed for organosulfur molecules on the Au monolayers on Au surfaces.
substrate. This might be called an effect of substitution at
the level of a functional group. Another substitution is at interaction with the strongly polar contacting liquid than
the level of an atom in a molecule. For example, replacementmonolayers with an even number of ghinits. Definitely,
of hydrogen atoms at the terminal methyl with fluorine atoms the orientation of the GFdipole plays a dominant role in
for normal alkanethiols forms fluoroalkyl-terminated al- the wettability of this system.
kanethiolates. Notably, for methyl-terminated alkanethiolate monolayers,

Self-assembled monolayers of £EH,),.S—Au were the interaction with strongly dipolar contacting liquid is not
systematically examined3124The tilt angle of the terminal @ main driving force for formation of an odceven alterna-
CFs; group displays the same oddven effect as for methyl- ~ tion in contact angle because the surface dipole is weak. As
terminated alkanethiolates. Both of the series exhibit the samediscussed before, the larger exposure of,QR CHs-
odd—even effect on advancing contact angle if the contacting (CHz)sS—Au (n = even) contributes to a lower contact angle
liquid is water or glycerol. This oddeven effect on  than CH(CH.),S—Au (n = odd). Thus, this comparison
wettability is associated with the different exposure of the indicates that introduction of a polar terminal moiety may
topmost CH group depending on whether the carbon number tune the surface properties and modify the eduen effect
of the alkyl chain is odd or eveR. in the self-assembled monolayer.

The odd-even effect on wettability measured using a L
strong dipolar liquid such as acetonitrile (molecular dipole 3.2.8. Diamidothiols
moment 3.47 B%9) or dimethyl formamide (3.63.7 D'%9) Diamidothiol, HS(CH),NHCO(CH;),COOHCONHCH,
is more pronounced than that seen for a weak dipolar liquid contains amino acid groups at the head and terminal end
such as HO (2.4-2.6 D'%"). Definitely, substitution of CHl separated by an alkyl spacer. One end of the molecule is
with CF; introduces a strong dipole at the monolayer terminated with a thiol group. Figure 35a presents four
termination. The self-assembled monolayer terminated with diamidothiol molecules with differing length alkyl group
CF; has an ordered array of the oriented dipoles. The spacers. Similar to alkanethiols and substituted alkanethiols,
interaction between this ordered array of dipoles in the self- diamidothiol molecules self-assemble onto the Au substrate
assembled monolayer and the dipole of the strongly polarvia forming a Au-S—C bond!?® Different from other
contacting liquid can enhance the wettability (decreasing the organothiols, however, the amino acid groups can form

advancing contact angle). intermolecular hydrogen bonds which modify the eden
However, the fluorine-substituted and nonsubstituted al- effect of the self-assembled monolayers.
kanethiolate monolayers exhibit reverse e@den effects Figure 35b,c schematically shows the self-assembled

for advancing contact angles in terms of wettability when monolayer of diamidothiol with an even or odd number of
the contacting liquid acetonitrile, dimethyl formamide, or CH, groups in the alkyl chain between the two amino acid
nitrobenzene is used. Those reverse-oelden effects are  groups. The tilt angle of the alkyl chain from the surface
ascribed to two different mechanisms. Substitution of tri- normal in the diamidothiolate monolayers was suggested to
fluoroalkyl groups for the terminal methyl groups in an be ~18°,'2° though it is~30° for alkyl chains of alkane-
alkanethiolate monolayer creates an oriented force field thiolates tightly packed on Au(1113%%31 For monolayers
which is distinctly different for CE{CH),S—Au (h = odd) of diamidothiolates withn = even, two hydrogen bonds
and CR(CH,),S—Au (n = even), leading to an alternating C=0---H—N form between two adjacent molecules (Figure
difference of interaction with contacting liquid moleculés. 35b). However, only one hydrogen bond is formed between
Figure 34 shows two schemes of the self-assembled mono-two molecules withh = odd because the two=€0 of one
layers of CR(CH,)1:S—Au and CR(CH,)10S—Au, respec- molecule are on the same side of the molecular carbon
tively. For CR-terminated alkanethiolate with an even skeleton (Figure 35c). In addition, to maintain the linearity
number of CH groups such as GFCH.)10S—Au, the of C=0---H—N hydrogen bonds in these self-assembled
terminal dipoles (marked with a double arrow in Figure monolayers, the tilt angle of the alkyl chain could ©&8°
34a) are far away from the surface normal. They can par- or even slightly lower thar-18°. The absence of a hydrogen
tially compensate each other. However, fors@rminated bond between two adjacent terminal groups of diamido-
alkanethiolates with an odd number of €hhnits such as  thiolate monolayers witlh = odd results in a much less
CRs(CH,)1:S—Au, the terminal dipoles are oriented almost crystalline and ordered layer than for the monolayers with
normal to the substrate and parallel to each other. Thus, the= even. Furthermore, the structural egelven difference in
monolayers with an odd number of Ghroups have a larger  formation of intermolecular hydrogen bonds and the extent
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Figure 36. Advancing contact angles for self-assembled mono-
layers ofn-alkanethiolates on (a) Au(111) films, (b) Ag/Au (upd,
454 mV), (c) Cu/Au (upd, 108 mV), and (d) Bi/Au (upd, 220 mV).
The probe liquids are water (square) and hexane (circle). Reprinted
with permission from ref 148. Copyright 2004 American Chemical
Society.

Au(lll) Figure 36a presents the oddven effect of the contact
angles of CH(CH.),S—Au (n = 4—11, 13-15) self-
n=odd assembled monolayers on bare Au(111) films. However, the
odd—even effect of these molecules on UPD Ag layer
(C) deposited on Au(111) films (Figure 36b) is opposite to that

Figure 35. (a) Molecular structures of diamidothiols. is the on the pure Au(ll.l) films but the same as that on pure
nugmber of C(H)groups between the two=€0 in the molecule. (b) ~ Ad(111) films® This odd-even effect is associated with

Molecules with an even number of Gidnits between two €0 the sp hybridization of the sulfur atom bonded on the
groups can form two intermolecular hydrogen bonds between Ag(111) film to be discussed in section 3.3. For alkanethi-
molecular chains at the head moiety and terminal moiety. (c) glates on the UPD Cu layer on Au(111) films (Figure 36c¢),

Molecules with an odd number of GHgroups between two €0 the same oddeven effect and sulfur hybridization as for
gro_up;s only form one intermolecular hydrogen bond at the head alkanethiolate monolayers on Ag deposited on Au(111)
moiety.

(Ag/Au) were revealed. However, self-assembled monolayers
of crystalline ordering of these self-assembled monolayers of alkanethiolates on Bi/Au (Figure 36d) exhibit the same
induces an oddeven difference in the conductivity of these odd—even effect as those on pure Au(111) films.
monolayers which will be discussed in section 3.5.6. Notably, although there is no obvious odeven effect
. found for the self-assembled monolayer of alkanethiolate on
‘égdg_ é’\}g%eg?fgcc;foTgrggﬁﬁ:sﬁge/\gglfsl gﬁlﬂayer on the Hg/Au from the contact angle measurements, the IRAS
clearly shows oddeven effects for UPD Hg on Atfé As
Previous studies have shown that the chemisorption of shown in Figure 37b at low coverage of Hg on Au, the
sulfur atoms of organosulfurs on Ag and Cu single-crystal absorbance intensities @fsy«{CHs) andvsy(CHs) exhibit
surfaces is stronger and more stable than on Au single-crystathe same oddeven effect as those on bare Au(111) films
surfaces in vacuur¥? 137 However, due to the chemical (Figure 37a). The bonded sulfur atoms for a low coverage
inertness of the Au film under ambient conditions, the of Hg have sphybridization. An in-situ XRD study revealed
excellent reproducibility in preparing high-quality organo- an open structure of a/3 x +/19) adlattice formed from
thiolate monolayers on the Au substrate and the easy partialbisulfate-stabilized Hg"™ dimers!*? However, on a full
oxidation of Ag and Cu surfaces, Au is a better substrate monolayer coverage of UPD Hg on Au (Figure 37c) the
for self-assembly of organic molecules under ambient monolayer displays an oetkven effect opposite to that at
conditions. Recently, the technique of underpotential deposi-low coverage and the bonded sulfur has sp hybridization.
tion (UPD)\*¢ 142 was used to controllably deposit a sub- This coverage dependence of the edden effect for
monolayer or a full monolayer of foreign metals such as Ag alkanethiolates on UPD Hg deposited on Au(111) films
or Cu in the Au substraté3 147 More importantly, these  demonstrates that the structure of the self-assembled mono-
studies show that no oxide is formed on the deposited atomiclayer and binding of the head group could be modified by
layer and the bonded external atomic layer on Au is more controlling the coverage of the deposited foreign atomic
stable than its bulk form. Thus, the UPD metallic layer such layer. In addition, these observed e¢&l/en effects of contact
as Ag, Cu, Bi, and Hg on Au could be used to modify the angles for alkanethiolates on Ag/Au, Cu/Au, and Bi/Au were
binding geometry, molecular packing, and surface propertiesconfirmed by the IRAS data in Figure 37d, e, and f,
of the self-assembled monolayers on 8&Some odd-even respectively. The hybridization of bonded sulfur atoms on
effects different from those seen for organothiols directly deposited Ag, Cu, and Bi is sp, sp, anc®,sgspectively.
self-assembled on bare Au were also revealed. The structural oddeven effects of the monolayers on
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(a) (b) ~13,"9whereas it is~30° on Au(111)%*%This difference

2 2 results from the different chemical binding of the sulfur
v\f\f'\u o™o atoms in these monolayers: 3spn Au and sp on Ag.
A structural odd-even effect is seen in the wetting
1 W M properties and intensity of thessyn{CHs) and veym(CHs)

modes forn-alkanethiol with short chain C{ICH,),.SH (n

= 3-9) on Ag(111)'*° However, this odeteven effect is

4 7 10 13 16 4 7 10 13 16 quite weak for alkanethiolates with longer chains =
10-15, 17), which is possibly associated with the diminution
(d) of the odd-even difference for alkanethiolates with long
2 alkyl chains reported in the self-assembled monolayers of

D\f alkanethiolates on Ag(114}? It is understandable that the
E\f rotation of the alkyl chain can weaken the difference in the
orientation of the terminal methyl between chains with an
H’",-\/\- . 1 - odd or even number of carbon atoms. Since the rotation can
be progressive, the GHdf the longer chain may rotate more

4 7 10 13 16 4 7 10 13 16 than that of a shorter one. In fact, the §8H,),S—Au

monolayers also exhibit a trend of a weakening of the-odd
even difference in the orientation of the terminal 3ifoup

_—
2
N

Absorbance (X 10-3)
—

(e) U) with an increase of chain lengtf
2 c\/“ 2 j\u The existence of an odeeven effect for CH(CH,),S—
Ag with a short alkyl chain is controversial. The otleven
variation of the contact angles of Gi€H,),.S—Ag measure-
1 W ' 1 W V mentd®149and IR spectr@4°was not obvious in another
study?® Whether an odégeven effect can be observed or
y r y y not is possibly associated with the adventitious oxidation of
4 7 10 13 16 4 7 10 13 16 the evaporated Ag films prior to adsorption of thme
n alkanethiol. It was noted that there is some difficulty in
CH,(CH,) SH preparing high-quality monolayers of alkanethiolates with a
short chair?®14°
Figure 37. Absorbance ofvasyr{CHsz, ip) and vsy,{CHs) versus Notably, compared to the odaeven effect on Au(111),

the number of CH units for self-assembled monolayers of the odd-even effect ofn-alkanethiolate monolayers on

n-alkanethiolates on (a) bulk gold, (b) Hg/Au (upd, 887 mV), (c) ;
Hg/Au (upd, 527 mV), (d) Ag/Au (Upd, 868 mV), () Cu/Au (upd. Ag(111) is offset by one CHgroup. For example, the

8 mV), and (f) Bi/Au (upd, 220 mV). The open and solid circles Monolayer of CH(CH;),S—M (M = Au or Ag) with n =
denote intensities 0faym(CHs, ip) and vs,{CHs), respectively. even for Au andn = odd for Ag exhibits a higher
Reprinted with permission from ref 148. Copyright 2004 American vasyn{CHs) absorbance than monolayers with—= odd for
Chemical Society. Au and those withn = even for Ag, respectivel}014°
More straightforwardly, the CHCH,— moiety of both
Ag/Au, Cu/Au, and Bi/Au do not exhibit coverage depen- CHs(CH,),S—Au (n= odd) and CH(CH,),.S—Ag (n = even)
dence. These investigations clearly show that the-aden monolayers has smaller a tilt angle than that of the chains
effect of organothiolates on Au can be altered by depositing with an even number of CHunits for Au and chains with
a submonolayer or saturated monolayer of foreign metal an odd number of CiHgroups for Ag (Figure 38). The
atoms on the Au surface before self-assembling the organo-driving force for this specific offset of the two odaven
thiol monolayer. In addition, the stability of the self- effects on Au(111) and Ag(111) films is the chemical
assembled monolayer on the substrate could be improvedbonding of the sulfur atom to the metal substrate. As has
by underpotential deposition of metal atomic layers between been well studied, the geometry of the alkyl chain of the
the self-assembled organic monolayer and the original alkanethiolate on Au(111) is rationalized with a bond angle
substrate. Notably, there are still some open issues about theAu—S—C of ~110° % in terms of sp hybridization for the
self-assembly of organic molecules on a metal atomic layer bonded sulfur atoms. Figure 38a,b schematically presents the
deposited on a solid substrate such as Au(111), includingbonding of alkanethiolate on Au(111) via a AG&—C angle
the role of the original substrate such as the Au(111) filmin of ~110°.%° The offset of the odeeven effect by one CH
molecular self-assembly, the chemical binding of different unit for alkanethiolate on the Ag substrate suggests that the
deposited metal atomic layers, and the driving force of the Ag—S—C bond is a nearly linear configuration because of
coverage-dependent oddven effects and the corresponding sp hybridization upon bonding (Figure 38cX)14°

switch of sulfur hybridization. The driving force for the difference in bonding of sulfur
) atoms with Au(111) and Ag(111) films is not quite under-

3.3. Odd—Even Effect on Structure of Organic stood. The different electron-accepting ability of the two

Monolayers on Ag(111) metals is believed to play an important role. A number of

physical parameters of the metal substrate such as work
3.3.1. CHs(CHz),SH function*® ionization potential®® electronegativity'>* and
Compared to the alkanethiolate monolayers on Au(111) electronic band structu¥® suggest that the Ag(111) surface
films, the largest difference in molecular packing on has a higher trend toward oxidation than the Au(111) surface.
Ag(111) is the tilt angle of the alkyl chains from the surface Ag is a stronger Lewis acid than Au. The bonding of thiols
normal. On the evaporated Ag thin film surface it is only on Ag is more ionic in nature; thereby, the attachment to
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Figure 38. Scheme of binding geometry of the sulfur atom,
orientation of the terminal Ckgroup of CH(CH,),.S—Ag, and CH-
(CH,)»S—Au monolayers with an even or odd number of {hiits.

Ag will be more dependent on bonding through the lone pair
of the sulfur atom.

3.3.2. CeHs—(CsHa)—(CH2)y—SH

Compared to the simple organosulfur molecules(@HH,) -

SH, substituting the terminal methyl with terphenyl leads to
new odd-even effects for the monolayers of J{ = 1—6)

on Ag as well. Two pronounced odaven effects with
respect to the number of CH, units of the alkyl spacer
were noted® A clear odd-even difference of 18015% of
the packing density of the terphenyl films was determined
using HRXPS6 The change of packing density is closely
associated with the odeeven alternation of the terphenyl
orientation. IRAS and NEXAFS data further show that the
tilt angle of the terminal terphenyl exhibits a pronounced
odd—even difference by #14°.1% |n fact, as mentioned
before, a similar odgeven effect was observed for this series
of molecules on the Au(111) filrf® which however is
reverse to the effect seen on the Ag(111) film. A larger
inclination of the terphenyl moieties and a lower packing
density was seen for T,Rvith an even number of CHunits

on Au(111) and for TRwith an odd number of CHunits

on Ag(111).

Similar to normal alkanethiolate on Au(111) and Ag(111)
films,1% the offset of one CH unit for TR, on the two
substrates originates from the different bonding of the sulfur
atoms on them in terms of the hybridization of the sulfur
atoms and the €S—M (M = Au or Ag) bond angle. Figure
27a,b schematically presents the difference in binding
configuration of 4,4terphenyl-substituted alkanethiolate
monolayers on Au(111) and Ag(111) films.

Compared to TPmonolayers self-assembled on Au(111)
and Ag(111), no oddeven variation of packing density as

Tao and Bernasek

a function of the number of CHunits was observed for
normal alkanethiolate self-assembled monolayers on the two
substrates. Again, this difference demonstrates an approach
for tuning packing structure and surface properties of the
self-assembled thin film on a metal surface by tailoring the
terminal group.

3.3.3. CH3—(CsHs)~(CHs)~SH

HRXPS, IRAS, and NEXAFS were used to study the
adsorption structure of the self-assembled monolayers pf BP
(n = 1-4) on Ag(111)}*3%5 The combination of these
techniques offers a precise characterization of both the
monolayer/metal interface and the interior of the monolayer.
Odd—even effects similar to that of T;Pmonolayer on
Ag(111) film were revealed for BPThe odd-even alterna-
tions of BE and intensity of the C1ls main peak and its
shoulder and the S2p intensity in XPS suggest that the-odd
even effects of packing density in terms of molecular
coverage and effective monolayer thickness on Ag(111) film
are opposite to those on Au(111). Clearly, the opposite-odd
even effects are driven by the M6—C (M = Au and Ag)
bonds at the surface. The fwhms of Cls and S2p photo-
emission peaks also exhibit ogdven effects on Ag(111),
suggesting a slight difference in the extent of heterogeneity
of the adsorption geometries. Interestingly, these-aeleen
effects of the fwhm of S2p and C1s are consistent with but
not opposite to those on Au(111). The synchronicity of all
these fwhm (C1s, S2p, Au3d/Ag3d) alternations as a function
of alkyl length in either BRAu or BP/Ag suggests that the
inhomogeneity of adsorption sites influences the whole
molecule!>153

Notably, no odd-even effects on the fwhms of S2p and
Cls were observed in the alkanethiolate monolayers on
Au(111) and Ag(111) films. This indicates that the edd
even difference in the orientation of the terminal phenyl rings
is possibly the driving force for the oeddbven change of
the Cls and S2p fwhms and the existence of the inhomo-
geneity of adsorption geometries.

The above discussion for the molecular packing and
geometry of the alkyl chain of the normal alkanethiolate and
phenyl-ring-terminated alkanethiolates on Ag(111) films
shows that modification of a terminal group can tune the
molecular packing density, effective film thickness, orienta-
tions of the terminal group, and geometry of the alkyl chain
and even slightly vary the adsorption site of the binding

group.

3.3.4. 4-CH3(CHo)nOCsHyCoHa-4-CHySH, 6-CH3(CHa)p-
OCoHg-2-CH,SH, and 4 -CHg(CHz)mOC5H4C(,‘H4-4-SH

Three categories of molecules, series I, Il, and Il (Figure
32), were investigated for probing the impact of the head
moiety on odd-even effects in molecular packing and
monolayer structure¥® For the same reason as discussed
in section 3.2.6, the oddeven difference of contact angles
of the monolayers of series I, I, and Ill on Ag(111)
films, respectively, is definitely larger than that seen for
CHz(CH,),S—Ag monolayerg®

A nearly identical ode-even effect for the orientation of
the terminal CH group was observed for series I, I, and IlI
on Ag(111) films, indicating a similar geometry of the alkyl
chains for these molecules, though they have different head
moieties as shown in Figure 32. Molecules of series | and Il
bond on the Ag(111) film through 3pybridization of sulfur
atoms. However, molecules of series Il chemically bind to
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even number of CH,

()

Notably, for any of the three series the same -edden
AQ); all three series of molecules have head moieties much o
SH (series b), Ck(CeH4)2—(CH2)n—SH (series c¢), and
to their small head moiety CHunits compared to large  an even and odd number of GHnits on the Ag(111) surface.
All of the above-discussed molecules chemically bind to Ag(111) films. For CH(CH,).S—Ag, the intensity of the
Ag(111) film in an ordered arra¥’. The two oxygen atoms Vasy(CHs) OF veyn(CHs), respectively. It is proposed that a
films. difference in odd-even effects between GICH,),CO,—
contact angle is measured with hexadecane and bicyclo-to it and so the rest of the alkyl chain. That is, since the
number of carbon aton®.Correspondingly, the intensity g the Au or Ag atom via a AgS or Ag—S single bond
bonded on the Ag(111) surface. For the chain with an even acid monolayers on Ag. This difference demonstrates that a
counts the two carbon atoms of the terminal methyl and

Ag(111) via sp hybridization of the sulfur atom. The different surface normal
hybridization of molecules of series | and Il is driven by i,
the extra CH group between the biphenyl group and the B-;::::
sulfur atoms in the molecules of series I. V‘
]
effect in packing density, chain tilting, and binding config-
uration is exhibited in terms of the same hybridization of )
the sulfur atom on both Au(111) and Ag(111) (series | and ;\‘ -
I, sp® for both Au and Ag; series Ill, sp for both Au and Vu(CH)E
larger than CH units. However, the oddeven effects on
Au(111) and Ag(111) films are opposite for the self-
assembled monolayers of phenyl-ring-substituted alkanethiols
such as GHs(CH,) SH (series a), 85— (CsHz)>—(CH2)n— \ )
Ag(Ill) |
CH3(CHy):SH (series d) because each series of these odd number of CH,
molecules has different chemical binding{sm Au and sp )
on Ag). I_:urtherm_ore_, each of the four series (a,_ b, c, and d)
having different binding (sifor Au and sp for Ag) is related  Figyre 39. Proposed structure afalkanoic acid monolayers with
biphenyl or naphthalene in series |, Il, and lll. For example, Represented with permission from ref 30. Copyright 1993 American
the least sterically demanding alkanethiolates allow a greaterChemical Society.
density of packing on Ag(111) but not on Au(111).
Notably, the odd-even difference of the methyl vibrational
3.3.5. CH3(CH,),COOH modes of the carboxylic acid on Ag(111) is much more
pronounced than that for alkanethiol on Au(111) and
Au_(lll) and Ag(111) films via the sulfur atom-Alkanoic Vasyn{CH) OF Ve CHs) of the molecule with an odd number
acids can also form stable self-assembled monolayers on CH, units is 1.3 or 0.7 of that of the molecule with an
Ag(111) via chemical binding of the carboxylic acid group. - eyen number of Crgroups, respectively. Far-alkanoic
The carboxylic acid dissociatively chemisorbs on the 4.4 on Ag(111), however, the ratio is 2.2 or 0.5 for
of one carboxylate bond are nearly symmetric on the surface..qnsjderable population of gauche conformations exists in
More |mportant'ly, the orientation of the ;ermlnal egroup the CH(CH,)»S—Ag monolayer, but chains of acid mono-
and the wettability of monolayers exhibit odéven effects |3vars on Ag(111) films are more ordered with fewer gauche
similar to those of alkanethiolate monolayers on Ag(111) gefects along the molecular chains. On the other hand, the
MO”O'ayerS of acid mOle_CUles with alkyl chains haVing Ag and CH}(CHZ)nS_Ag m0n0|ayers is also associated with
an odd number of Clunits (corresponding to an odd the different binding configurations of the carboxylic acid
number of carbon atoms) have a lower contact angle thanand thiol groups. As shown in Figure 39, the bonded
those having an even number of carbon atoms when thecarboxylate group limits the conformation of the Chext
heXyl. In addition, the intensities of the vibrational mode of bonded Carboxy|ate moiety cannot rotate, its a|ky| chain
the terminal CH show an obvious oddleven alternation  cannot rotate or at least it experiences much limitation.
as schematically shown in Figure 39. The intensity of However, this constraint does not exist for alkanethiolate on
Vasy(CHa) (~2965 cnt?) is higher for a chain with an odd  Ay(111) and Ag(111) films because the sulfur atom bonds
of vyn(CHs) is higher for the chain with an even number of - which can easily rotate. This results in a large population
carbon atoms. These results consistently confirm the differ- of gauche defects in GfCH,),.S—Au monolayers and
ence in the orientation of the terminal methyl group based CH3(CH2)nS_Ag mono|ayer5_ ThUS, these mon0|ayers ex-
on the same tilt angle of the alkyl chain for 8H,),COOH hibit a weaker odereven effect than that seen fioralkanoic
number of carbon atoms, the @HCH,— moiety is closer (different anchoring configuration of the binding group may
to the surface normal. However, for the chain with an odd modify the odd-even effect of monolayer structures, further
number of carbon atoms, its GHCH,— points away from  tuning surface and interfacial properties of the self-assembled
the surface normal. Since the number of total carbon atomsmonolayers.
bound carboxylic acid group, this od@ven effect is
consistent with that of CKHCH,),SH on Ag(111) film (Figure
38c,d) but opposite to that of GBH,),SH on Au(111)
(Figure 38a,b). Thus, the carboxylate binding group is

3.4. Self-Assembly of Organic Molecules on Cu,
Al, Hg, Al ,03, and SiO,/Si Substrates

The self-assembled monolayers of alkanethiol amd

perpendicular to the substrate as shown in Figure 39, whichalkanoic acid formed on C¥;3° Al,3° Al,05,3! Hg %334 and
schematically presents the geometry of the molecular chainsSiO/Si*4 3¢ surfaces under ambient conditions have been

with an even and odd number of GHlnits on Ag(111),
respectively.

studied as well. However, measurement of wettability shows
no odd-even effect on these substrates.
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In the RAIS spectra of the self-assembled monolayers of uration of head groups, and interactions between terminal
n-alkanoic acids on Cu, the ratio of intensity between groups.
vasyn{(CHz) around 2964 cmt and vsyn{CHs) around 2877 -
cm ! stays nearly the same for molecules with an odd 3.5.1. Odd—Even Effect on Wettability
number (1) of CH, units and molecules with an even number
(n £ 1) of CH; groups. This suggests that the projection of
transition dipoles along the surface normal is the same for

these molecules. Definitely, these results show no-alen self-assembled monolayefsThe wetting properties of a

effect forn-alkanoic acid on Cu. Very similar results obtained |, ,per of organic monolayers on Au(111) and Ag(111)
from alkanoic acid on Al and alkanethiol on Cu suggest the films79.96.103,124.156159 axhibit odd—even effects of chain

absence of an odeeven effect. length as discussed in sections 3.2 and 3.3. The above
Compared to various odeeven effects observed on  gections summarized the dependence of the—aven

Au(111) and Ag(111) films, the absence of an e@¥en jfference in contact angles on molecular functional groups
effect on Cu and Al surfaces shows that the surface chemistry,t head and terminal moieties and on the geometry of the

and structure of Cu and Al substyates must be different from alkyl chains. The wettability of these organic monolayers is
those of Au(111) and Ag(111) films, as supported by XPS grongly associated with the contacting area of the self-
studies of these substraf@3?? XPS data clearly show that  gcsembled monolayers with the contacting licRgiép0.102.104

the Cu substrate under ambient conditions is not metallic | is in general determined by the exposure of the topmost
but a hydrous surface oxide related to,OuThis kind of  cH, the orientation and dipole of the terminal group, and
oxide layer is highly active for COand other reactive  he geometry of the alkyl chain. It is also associated with
impurities. The formed oxide layer is not chemically and ihe geometry of the head moiety and even the binding

structurally homogeneous. Definitely, the quality of this chemistry of the tethered functional group.
surface with an unevenly distributed oxide layer cannot

ensure formation of a well-ordered self-assembled monolayer3.5.2. Odd—Even Effect on Surface Work Function

exhibiting an odd-even effect of the orientation of the . . .
terminal group. Chemical attachment of organic molecules on solid

In fact, alkanethiol dissociatively chemisorbs on the clean Surfaces is an important approach for modification of solid
Cu(111) surface via forming a Gt chemical bond in  Surface physical properties. One general strategy for this
ultrahigh vacuum (UHVY541551n this case, we expect that modification is to tailor the molecular structure or functional
the self-assembled monolayers of alka{nethiols on cleandroup of organic layers, which is conflrmed_by the experi-
Cu(111) in UHV would display a clear oefven effect mentally observed changes of surface potential resulting from

similar to that on Au(111) and Ag(111) films under ambient Vaiation of the molecular chain length or terminal functional
conditions. (D 9(111) groups with different electronic affinit}f3.160-167

Similarly, there is no odeeven effect observed for the ~ On€ Specific example of the surface modification of
organic self-assembled monolayers on oxidized aluminum ©r9anic layers is tuning the surface work function by varying

and silicon oxide surfaces. The major reason is the roughthe surface dipole with a self-assembled monolayer. The
; fglependence of the work function on the surface organic layer

these substrates because they are formed under ambier] due to the electron distribution at the surface. It is known
conditions. The importance and requirement for the surface that the e'eC”Of.‘ density oscnla_tes near the surface befo_re
of a substrate on which organic self-assembled monolayerdecay'”g slowly into vacuum, which produces an electrostatic

exhibiting odd-even effects in structure and interfacial diPole layer at the surface. Referring the electrostatic
property will be discussed in sections 4 and 5. potential to the mean potential in the bulk gives an expression

for the work function in terms of the surface dipofe= D
_ ; ; — Er (or A¢p = AD — Ef). The surface dipole, Dis a

3.5. Odd—-Even Effect on Interfacial Properties function of the surface structure and adsorbate. SHgce

As mentioned before, self-assembly of organic molecules the Fermilevel, is a bulk property, modification of the surface
to form organic thin films is an important strategy for with a self-assembled monolayer in terms of changing the
modification of chemical and physical properties of the solid surface dipole will directly tailor the surface work function.
surface. It is one of the main approaches for functionalization An STM study of CHC,—;H2,-1S—Au and CRCn—1H2n-1-
of solid surfaces as the properties and functions of the S—Au'” suggested that the dipole can be expressed as dipoles
attached organic layers are generally absent for inorganicat both the organic/solid interface and the organic/vacuum
substrates. More importantly, this organic modification and interface. Compared to a clean metal surface, the change of
functionalization allows surface and interfacial properties to surface potential upon adsorption of an organic layer can
be tailored controllably, since myriad organic molecules are be approximately considered as a combination of three
available and the structure and property of organic materialscontributions: AU = eDchemisorptionT €Dmotecule T €ADmetat
can be systematically varied. This advantage is based on theDchemisorpiioniS the dipole moment contributed by the charge
principle that the surface and interfacial structures determinetransfer based on formation of new chemical bonds at the
surface properties and functions. In fact, the significant organic/metal interface such as the-A8 bond; Dholecule iS
structural dependence is evidenced by the observeed-odd the dipole moment of the chemisorbed moleculesDgeta
even effects in interfacial properties such as wettability, is the change of metal surface potential resulting from
surface work function, adhesion, exchange kinetics, friction, addition of the adsorbed molecules. The last term is mainly
and electron transfer. This section demonstrates how thedependent on the nature of the metal but not strongly on the
odd—even effects of interfacial properties are dominated by identity of the attached moleculé®:1%816°For a series of
the odd-even difference in surface and interfacial structural alkanethiolate monolayers {B2n+1S—Au) and fluorine-
issues including intermolecular interactions, binding config- substituted monolayers {Ban1-mFmS—Au) there is no

The wettability was extensively studied for various organic
self-assembled monolayers on Au(111) and Ag(111) films
via measuring the contact angle of contacting liquids on the
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terminated monolayers. The oddven effect on the surface
work function results from the odeeven difference in the
dipole along the surface normal (listed in Table 2 and
illustrated in Figure 34), which is induced by the etelen
difference in the orientation of the terminal €§roup as
schematically shown in Figure 34. This interpretation is based
on the fact that the dipole along the most exposed-®@onds
dominates the probability for the escape of the low-kinetic-
energy photoelectroff. In addition, atomic substitution of
H by F for methyl-terminated alkanethiolate monolayers
induces odd-even effects of interfacial properties such as
wettability?® as discussed in section 3.5.1 and probe ion
neutralization probabilitid€® as discussed in section 3.6.1.

Intensity

|

5

3.5.3. Odd—Even Effect on Maximum Adhesion

As demonstrated above, the surface structure can be
controllably tuned at the atomic scale by tailoring the
terminal functional group of the self-assembled monolayer
on the substrate. This ability offers applications in the

an even number of carbon atoms in the molecular chain. The low- developm_ent of molecula_r electr_om(_:s, nanotnbo_logy, and
KE edge region in a has been expanded to show the difference innanografting. One specific application is chemical force
KE of this edge for even- and odd-numbered carbon chains in b. microscopy in which surface functional groups are used to
Reprinted with permission from ref 96. Copyright 2003 American identify chemical inhomogeneity of the surface. Many of
Chemical Society. these applications involve interfacial properties such as
adhesion and friction. Thus, the chemical effects on the
adhesion and friction between two self-assembled alkane-
thiolate monolayers X(Ch,S—Au (X = CHz;, OH, COOH)
were studied using molecular dynamic simulatiéfiSome

T T T 1

9 10 11 12
Kinetic Energy (eV) Kinetic Energy (eV)
(a) (b)

Figure 40. UV photoemission spectra for a series of alkanethiolate
monolayers having a single @Eermination with either an odd or

10 16 20

Table 2. Shifts in Measured Effective Work Function and
Calculated Dipole Moments for Au(111) Films upon Formation
of Self-Assembled Au-S(CH.),CFs Monolayers (from ref 96)

low-KE %r;g::%ﬁgf %%?]Ige odd—even effects as a function of chain length of the self-
cutoff  work function normal assembled alkanethiolate monolayers were revealed.
molecule monolayer (eVv) (eVv) axis (D) Au—S(CH)X (X = CHs, OH, COOH,n = 8, 9, 12, 13,
Au 10.45 0.00 0 16, and 17) self-assembled monolayers on Au were inves-
HS(CH)1.CF Au—S(CH):1.CF  10.57 0.12 —0.7 tigated by molecular dynamics simulatiotfs.Figure 41
:gggggmgg ﬁﬂ:gggglﬁiz ig'gi _%1119 :é-? shows two self-assembled monolayers of HOOC{gH
HS(CHz)ECFg AU—S(CHz)ECFg 10.33 —012 18 S—Au with different relative displacement to exemplify how

the adhesion and friction of the self-assembled monolayers
Au—S(CH).X were studied. For adhesion and friction
significant difference in the total of &@Rmisorption €ADmetal studies a second layer mirroring the first one was included
since these monolayers have the same chemical linkagen the calculation with an initial vacuum gag, of 10 A
Au—S bond and the same solid surface Au(111). Thus, the between the outermost hydrogen atoms in the terminal groups
difference in the variation of surface dipole momentJ) (Figure 41a).D is defined as the relative displacement of
for different alkanethiolate and fluorine-substituted alkane- the two monolayers which could be equal to the vacuum
thiolate monolayers is mainly the gBecuie This is evidenced  gap,S,or not. For example, at this starting state b8tand

by the continuous increase in the shift of effective vacuum D equal 10 A. Figure 41ac shows the structures of the
level with the increased extent of fluorination at the chain alkanethiolate monolayers at various relative displacements.

terminus in the order CHCH,)155—Au, CR(CH,)15S—Au,
CF5(CR,)(CHy)14S—Au, CR(CF,)o(CH,)eS—Au.%

Just as with the important contribution of the adsorbed
molecule for the variation of the surface dipole, an edd

These simulations were performed with the COMPASS force
field.93172 The sulfur atom was kept frozen during the

simulation. The binding of thiol on the Au substrate was
considered constant under the condition of the simulation

even effect on the change of surface dipole depending ondue to the strong AuS bond length of-50 kcal/mol? Al

the chain length of CfCH,),S—Au has been seen. Figure
40 shows the UV photoemission feature for-A8(CH,)n-
CF; monolayers with either an even or an odd number of
carbon atoms in the molecuie.The low-kinetic energy

least three structures for the self-assembled alkanethiolate
monolayers on Au includingy(3 x +/3)R3C, herringbone,

and c(4x 2) were used as templates for these simulations.
However, the force separation curve does not depend on

cutoff for these valence spectra is greater for molecules with the choice of the original structure of the alkanethiolate self-

an odd number of carbon atoms than for molecules with an assembled monolayer on the Au substrate.

even number of carbon atoms by0.3 eV. Table 2 lists The normal pressure of each of the two monolayers shown
the measured dipole moments of alkanethiolate and partiallyin Figure 41 is O at a separation greater than the cutoff

fluorinated alkanethiolate monolayers compared to the cleandistance for the nonbonded interaction (12 A). When brought
Au(111) surface and the calculated dipole along the normal together, they are attractive due to the Coulomb and van der
axis. The surfaces of the self-assembled monolayer with Waals interactions between their terminal COOH groups. It

molecular chains having an odd number of carbon atomsis understandable that an attractive minimum in the normal

have a larger effective work function than those having an pressure-separation curves occurs at a small separation in
even number of carbon atoms for these fluoromethyl- all cases.
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ﬂ:b') Figure 42. Chain length dependence of maximum attractive normal

pressureRnmay for (CH,),—X monolayers, X= CH; (@), OH (a),
COOH @). Pressures were determined from equilibrium simulation
at the minimum position. Solid lines connect every e@den pair

for CHz and OH. For COOH, the least-squares fit for the even and
odd series is given with two dashed lines. Error bars are shown for
the COOH. Reprinted with permission from ref 171. Copyright 2003
American Chemical Society.

Figure 41. Structure of two self-assembled monolayers of
Au—S(CH,)sCOOH--HOOC(CH,)sS—Au at various relative dis-
placements: (a) at the separatiSr= 10 A, (b) at the maximum
attraction,D = 2.9 A, and (c) at a highly compressed positidn

= —4 A. The H atoms are gray, the C atoms are cyan, the O atoms

are red, and the S atoms are yellow. The distéisethe average
separation between the terminal carbon atoms of two self-assemblec
monolayers. While&SandD are almost equal in a, they are different
inb,S=3A, and in cS= 2 A. Reprinted with permission from (@)
ref 171. Copyright 2003 American Chemical Society.

Figure 42 demonstrates the odgeiven dependence of the
maximum attractive pressurBq{a.y calculated as a function
of the number of CHlunits of the three series of substituted
alkanethiolate monolayers At5(CH,)X (X = CHjs, OH, ,%
and COOH). Although the values &,.« for a monolayer
terminated with CH (marked with circles) are much smaller ‘-(‘f
than those for monolayers terminated with OH (triangle) and '(%

COOH (square) monolayers, there is still a slight odslen “ "*‘b
difference for the three pairs of GHCH,).S—Au (n = 8

versusn = 9, n = 12 versus = 13, andn = 16 versusm o
= 17). Pmax Of the monolayer witm = odd is larger than /"5

that of the monolayers with + 1. The odd-even difference -

for self-assembled monolayers € 13) terminated with the  Figure 43. Four-chain cells of HOOC(Chl,S—Au showing

COOH group is large. Fan > 13 however this oddeven oxygen-hydrogen separation. (a) Cell made of four HOOC-

effect becomes weaker, which will be rationalized at the end g“k&ﬁ;ﬁ%ﬁ%‘e%fzisgg%C%g'l'ag‘eal‘ggaogréog;{/e';‘]?r?%ggg

of this 5‘?‘3“0”- Th_e Oddeve.n Eﬁe.Ct fon < 13is Q““b“ted Coloring is the same as in Figure 41. Reprinted with permission

to the difference in the orientation of the terminal COOH o ref 171. Copyright 2003 American Chemical Society.

group which impacts the possibility of forming hydrogen

bonds. molecules. The interlayer separation between the terminal
Another important factor is the specific arrangement of carbon atoms (the carbon atoms of COOH groups of the two

the atoms of the terminal COOH group which influences self-assembled monolayers) is 4 A, which approximately is

formation of interlayer hydrogen bonds. Figure 43 presents the separation @mnax Table 3 lists the separation between

the calculated models for HOOC(G)gS—Au and HOOC- the H and O atom from two carboxylic acid groups in this

(CHy)oS—Au at a tilt angle of 15 with a cell having four model. Definitely, all the labeled five pairs (1, 2, 3, 4, and
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Table 3. H—O Distances in the Calculated Models of Figure 43
(from ref 171) 1004 BP2
distance (A)
label HOOC-(CH,)s—S—Au HOOC—(CH)o—S—Au 80 / BP4
21 1.9

1 5
2 28 23 g _— ¥ BP6
3 35 3.1 % 60|
4 54 1.9 = BP5
5 2.1 2.3 ° / -

S

s

O {BPI

43b) can form hydrogen bonds. However, only two of five

pairs can form hydrogen bonds for the system of HGOC

(CH,)s—S—Au (Figure 43a). This difference in the interlayer 04

hydrogen bonding suggests thi.« between two HOOE

(CH,)9—S—Au monolayers is larger than that between two

Au—S(CH,)sCOOH--HOOC—(CH_)s—S—Au monolayers, Immersion time/h

consistent with the odeeven effect shown in Figure 42.  Figure 44. Change of the capacity of the self-assembled, BP
In fact, a slight deformation of the alkyl chain (only tenths Monolayers on Au with time of immersion & 1 mMsolution of

of 1 A) can obviously increase the number of hydrogen bonds gex_adecane thlol_(MC16). The perceEtage change of capacity is

: _ : efined by [Gprt = 0)—Capr(1))/[Crrr(t = 0)—Cucie] With Cgp(t

in HOOC—(CH,)n—S—Au (n = even). Itis understandable =gy a5 the capacity of the BPnonolayer after immersion time

that the longer chain needs less energy for this deformation.and Gycs as the capacity of a pure MC16 monolayer on Au(111).

Therefore, with the increase of chain lengththe number Solid lines are guides to the eye. Reprinted from ref 173, Copyright

of interlayer hydrogen bonds for= even can be more easily 2003, with permission from Elsevier.

increased via a slight chain bending. Therefore, this-odd

even difference is weakened with the increase of the chainrate. Obviously, the even-numbered BRonolayers if =

length, as indicated in Figure 42. 2, 4, and 6) are more prone to exchange with external thiol

molecules than the odd-numbered ones<1, 3, and 5).

3.5.4. Odd-Even Effect on Exchange Kinetics Clearly, the odd-even effect on the exchange kinetics
The BR, self-assembled monolayers were immersed into results from differences in the film structures. The odd and
a solution of hexadecane thiol to investigate the exchangeeven numbers of CHunits of BR, impact the thiolate
of self-assembled molecules with external solution molecules substrate bonding. The od@ven difference in the structure
and the influence of this exchange on capacitance and chargeef the self-assembled monolayers B® complex. For BR
transfer raté’® Although the capacitance and charge transfer (n = odd) shown in Figure 29c, the sulfur 3sponding
of the self-assembled monolayers of B = 0—6) on configuration forms a favorable bulk-like close packing of
Au(111) did not display an odeeven effect, the exchange the aromatic ring8®7* For BR, (n = even), however, the
kinetics of these self-assembled monolayers with externallong axis of the biphenyl rings is closer to the substrate, in
alkanethiol molecules in solution such as hexadecane thiolcontrast to the monolayer with= odd, resulting in a lower
did exhibit an ode-even effect on the length of the alkyl coverage of BR with an even number of CHunits. To
chain of the self-assembled monolayér. increase the molecular coverage for forming an energetically
The stability of the BR self-assembled monolayer deter- favorable bulk-like packing of the biphenyl units for B
mines how fast the external hexadecane thiol molecules= even), the G-S—Au has to deviate from the normal 109
displace the chemisorbed aromatic thiolates; BRd BR of sulfur sp hybridization. In contrast, the increase of
are used as an example to illustrate the-eeiden difference.  coverage will increase intermolecular repulsion, which is
The IRAS spectra revealed a substantial difference in the energetically unfavorable. Thus, a competition of the two
replacement of the self-assembled,BRolecules with the  opposite trends of increasing molecular coverage via distort-

. u /
5) of the hydrogen acceptor and hydrogen donor in the E
system of Au-S(CH,)gCOOH+-HOOC(CH)sS—Au (Figure 20+ {/
/

=4
[9/]
[y
(]
[y
9]
[
(=]
N
n

hexadecane thiol molecules in solutigh.For the BR ing C—S—Au bond angle versus increasing intermolecular
monolayer, characterization of hexadecane thiol in terms of repulsion gives the monolayen & even) with 10-15%
the C—H asymmetric stretching mode in Gt ~2966 cm'* lower coverage than the monolayer of molecules with

can still be observed after only 10 min immersion. However, odd. Overall, for BR (n = even) the less dense packing
this vibrational feature is absent for BRit the same  structure has weaker intermolecular interactions. Therefore,
immersion time. In addition, the peak intensity of the C the self-assembled BPnonolayer withn = even is higher
ring stretch at~1500 cm't is obviously decreased for BP in energy. This is further supported by the desorption
in contrast to BR which remains the same as before behavior and electrochemical stability of these self-assembled
immersion. These differences suggest that BBplays a BP, monolayers based on an odeven alternation of the
higher stability and slower exchange rate than.BP reduction desorption peak potentt&l Since the BRmono-

Figure 44 presents the variation of the capacity of thge BP layer withn = even is more energetic, it is understandable
self-assembled monolayer as a function of the immersion that the activation energy for molecular exchange with the
time in a solution of hexadecane thiol for various self- external thiol for BR (n = even) monolayers is lower than
assembled monolayers BRn = 1—-6). The measured that for BR, (n = odd) monolayers. This is consistent with
capacity change reflects the exchange kinetics of the self-the odd-even difference in exchange kinetics of the,BP
assembled BPmonolayer with the external thiol molecules monolayer with external hexadecane thiol shown in Figure
in solution. Larger capacity changes means higher exchanged4.
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Figure 45. Friction force €) versus the contact loaé ) for CHs-
(CH2)nS—Au (n = 12—16) monolayers on Au. The inset pladts
versusn at Fy = ~25 nN and the absorbance of the lower energy
symmetric methyl stretching mode,,(CHs) obtained for each
monolayer. Reprinted with permission from ref 99. Copyright 1998
American Chemical Society.

3.5.5. Odd-Even Effect on Tribological Property

The friction of organic self-assembled monolayers on soli

surfaces attracts considerable interest because the self
assembled organic layers could be used as lubricants in th

development of microelectromechanical machitie&’éFric-
tion and related topics have been addre3&€ethe interfacial

and surface friction was studied with interfacial force micros-

copy (IFM) which can provide quantitative and stable force

Tao and Bernasek

possibly a mechanical contribution such as adlayer elasticity
which is associated with the increase of chain ledgtHe°
This mechanical contribution to the friction is superimposed
on the contribution of friction force resulting from the odd
even difference in the orientation of the terminal {3ithe
self-assembled monolayers. It is suggested that the-odd
even effect on friction is driven by an ode@ven difference

in the compressibility of the self-assembled monolayers,
which is closely related to the spatial orientation of the
terminal group of the self-assembled monola¥er.

Another model was proposed for interpreting the edd
even alternation of the friction properties of the self-
assembled monolayers of normal alkanethiols on Au(111).
In this model the different exposure of the topmost,CH
group gives rise to an odeeven change of van der Waals
interactions between the organic monolayer and the contact
AFM tip. Compared to the self-assembled £EH,),S—Au
monolayer with an odd number of GHinits, the topmost
CH, unit of CHs(CHy),S—Au (n even) has a larger
exposure. Thus, the larger van der Waals interactions
between the CK{CH,),.S—Au monolayer f = even) and the
contacting tip resulting from a larger exposure of the topmost
CH; unit leads to a larger friction response than that seen
for the CH(CH,),S—Au monolayer ( = odd).

There is not an obvious odaeven difference in the friction
properties for the self-assembledHs(CH,),.S—Au mono-
layers, though the friction response of this series of phenyl-
ring-terminated monolayers generally decreases with in-
creasing chain lengtl?. The reason for the absence of an
odd—even effect on friction force in this system is not clear.

d On the basis of the second model it may possibly be

attributed to the blocking effect of the large overlying phenyl
ing on its underlying CH groups. This blocking effect
argely obscures the odteven difference of the van der
Waals interaction between the self-assembled monolayer and
the contacting tip.

To resolve the intrinsic driving force for the odéven

measurements over a wide spectrum of interfacial interac- &ffect of friction behavior of these self-assembled monolay-
tions. It simultaneously measures the normal force (both ers. further study on this issue is necessary. Since the expo-
attractive and repulsive) and lateral friction of the self- Sure of the topmost CHn the three series of self-assembled

assembled monolayer. There are two methods for studies offonolayers 4CHs(CH;)mOCeH,CeHa-4-CH,S—Au, 6-Ch-
interfacial force. One is direct measurement with a naked (CH2mOCioHe-2-CH,S—Au, and 4-CHy(CHy)OCeHaCoHa-

probe tip. Another is carried out using a tip coated with

4-S—Au are larger than that of ¢Els(CH,),S—Au monolay-

organic molecules such as alkanethiolates on a Au-terminatec’s, studying the friction behavior of these three series of

tip, which explores the friction at the organic/organic
interface.

One example of the first method is the study of the
tribology between the self-assembled {EH,),.S—Au (n
= 12-16) monolayers and a bare probe tip using friction
force microscopy (FFM$? The friction force at a micro-

contact is a function of the contact load, contact area, and
surface free energies of the two contacting materials. Figure
45 presents the microcontact friction force between the self-
assembled monolayer and tip as a function of contact load

(Fn). The inset of Figure 45 shows an odeven alternation

of vsym(CHs) absorbance intensity, clearly demonstrating the

odd—even difference in the orientation of the terminal £H
groups in the self-assembled monolayers;@HH,),.S—Au.

More importantly, the inset illustrates a complex dependence

of friction at F, ~ 25 nN on molecular chain length. Clearly,
there is an oddeven alternation in the friction force
depending on the odd or even number of QHlits in the
molecular chain. This overall decreasing trend of friction

molecules as a function of chain length will be helpful in
resolving the two models discussed above and elucidating
the intrinsic driving force for the oddeven effect of
tribological properties of the self-assembled monolayers on
Au(111) films.

Using the second method of tribology study, one example
is the tribological properties of AuS—(CH,)COOH self-
assembled on Au(111) single-crystal surfaces measured with
a HOOC-(CH,)m—S-coated Au tip or CE{CH,)mS-coated
Au tip. For tips coated with CE{CH,)1sSH, a difference in
the friction behavior is observed for the self-assembled
monolayers of HOOC(Ch)is—S—Au and HOOC(CH)1o—
S—Au, possibly due to the odeeven difference in the
orientation of the ending COOH groups of the two self-
assembled monolayel&.

3.5.6. Odd—Even Effect on Electron Transfer

Ferrocyanides are well suited for differentiating the
conductivity of membrane systems due to the fact that the

force with the increase of chain length implies that there is electron-transfer rate from these ions is quite s&it8
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0SS n= — molecules evidenced in the negative shift of the desorption

60 2|7 n=7 peak with an increase of molecular chain lentth.
20 ﬁ e In addition to the oddeven effect on the desorption
o 0 or oz o3 o4 05 potential of BR, the area of the desorption peak presents an
Potential (V) odd—even effect as wel’*In each series (odd series or even

Figure 46. Cyclic voltammetry of the self-assembled monolayers series) the peak area continuously Increases Wlth. the increase
of diamidothiolates having an alkyl chain with an even or odd of molecglar chain length. The trend of Increasing area in
number 6 = 7, 8, 11, 12) of CH units on Au(111) films showing  €ach series results from the decrease of capacitance due to
the electron-transfer behavior of these monolayers. Reprinted with the increasing thickness of the self-assembled monolayer.
permission from ref 129. Copyright 2000 American Chemical This odd-even change in desorption peak area possibly
Society. involves a contribution from both capacitive current and
Faradaic charge. It can be simply attributed to the-edd
Cyclic voltammetry of ferrocyanide ions in bulk water is a even variation in the capability of ion penetration as thg BP
common technique for measuring the conductivity of mono- monolayer (i = even) with a lower coverage has larger
layers. It has been used to study electron transfer throughchannels provided for penetration of ions into this self-
the self-assembled monolayers of diamidothiolates on assembled monolayer, in contrast to the, Bonolayer §
Au(111) films. As shown in Figure 46, the diamidothiolate = odd).
monolayers with an even number of €dnits are better
insulators than those with an odd number« 1) of CH, 3.6. Odd—Even Effect on Chemical Reactivity of
groups**® This behavior indicates that the self-assembled QOrganic Self-Assembled Monolayers
monolayers of diamidothiolates with an even number ot CH
units are much less permeable to ferrocyanide ions than those3.6.1. Odd—Even Effect on Reactivity Measured by
with an odd numbem(— 1) of CH, groups. This odeteven  lon/Surface Collision
difference is related to the orientation of terminal €@nd Organic functionalization of a solid surface is the most
N—H groups which influences formation of the hydrogen ,romising strategy to controllably modify surface chemical
bond between the terminal moieties of two adjacent mole- anqg physical properties. lon/surface collisions have been
cules in the self-assembled monolayer as shown in F'gureextensively used to probe the physical and chemical proper-
35Db,c. ties of surfaces. For organic self-assembled monolayers on
_ . metal surfaces, this technique was used to study the chem-
3.5.7. Oda—Even Effect on Electrochemical Property ical reactivity of self-assembled monolayers such as
The electrochemical properties of both alkanethiolate and CHz(CHz)m-1SH (M = 11-16, 18)1867190 4'-CH3(CHy)nr
BP, self-assembled monolayers were studied experimentally. OCsH4CeH4-4-SH (m = 14—17)*%and CR(CH).SH (h =
For alkanethiolate monolayers, the desorption potential 12—15)7° on Au(111).
exhibits a continuous negative shift with increasing chain  Generally, pyrazine ands-benzene molecular ions were
length. There is no oddeven alternation observeéep. used as probe ions because they form product ions with the
However, a clean odedeven effect on the desorption potential hydrocarbon-covered monolayer surfé&eFor example,
of BP, self-assembled monolayer was reved@drigure 47 CeDe™ + H-SAM surface— C¢Dg + C3Hs™ — C/DgH™T +
shows the observed od@ven effect. The average potential C,H,. Detection of the product DsH* shows addition of
difference between monolayers with an odd and even numberH atom of the self-assembled monolayer onto the incident
of CH, units is 83 mV&7# In addition, Figure 47 shows a  probe ion GDs". The odd-even effects on the extent of the
continuous shift superimposed on the edxen variation. addition reactions of hydrogen atoms and methyl groups of
This odd-even effect is proposed to be related to theodd the CH(CH,)m-1S—Au monolayers with probe ions were
even difference in the intermolecular interaction schemati- revealed.®
cally shown in Figure 29c. The larger coverage of,Bir= For the self-assembled monolayers of {{&EH,)m-1S—Au
odd) associated with a strong intermolecular interaction canthe probe ions used were)N,t and GDs". For both
stabilize these BPmonolayers to a larger extent, in contrast pyrazine andds-benzene the ratio of the hydrogen addition
to BP, monolayersif = even). The role of intermolecular fragment ion versus the corresponding surface-induced
interactions in stabilizing the BAnonolayers is consistent  dissociation daughter ions was taken as the extent of the
with the stabilization effect of the intermolecular interactions hydrogen addition reaction. The measured ratios were used
between the CH groups of two adjacent GCH,),S— to compare a series of self-assembled;(CHH,)m—1S—Au
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toward the substrate (Figure 38b), resulting in a lower
reactivity for hydrogen addition. For the G{€H,),.S—Au
monolayer with an odd number of GHnits in terms of an
even number of carbon atoms in the molecule, the terminal
CH;—CH,— bond is nearly perpendicular to the substrate.
This results in methyl addition with the incident probe ions
occurring more readily than for the monolayers with an even
number of CH groups.

The reactivity for hydrogen addition and methyl addition
of the self-assembled-CHz(CH;) OCsH4CsHs-4-S—Au (m
= 14—17) monolayer$°was also investigated. For hydrogen
addition, monolayers witin = odd exhibit higher reactivity
than those withm = even. Similarly to the CECH,).-
S—Au monolayers, methyl addition of 'CHz(CHy)m-
OGCsH4CsH4-4-S—Au monolayers displays an od@ven
effect opposite to its hydrogen additidii.

As mentioned before, a smaller oddven difference in
the orientation of the terminal GHCH,— moiety revealed
in the studies of wettability and vibrational features of the
CHs3(CH),S—Au monolayers than those of-€Hz(CHy)n-
OGCsH4CeH4-4-S—Au monolayers is probably due to the low
rotation barrier of the alkyl chain in G{CH,),S—Au

molecular ions versus the number of carbon atoms in a molecule compared to the high rotation barrier associated with the head
for n-alkanethiolate monolayers on Au(111) films. (b) Normalized moiety in 4-CHg(CHy,)OCsH4CoH4-4-S—Au 10012123 How-
methyl addition vz 95) of pyrazine molecular ions versus the ever, the small oddeven difference in the orientation of

number of carbon atoms in a molecule foralkanethiolate
monolayers on Au(111) films.

monolayers. Figure 48a shows the extent of reaction for
hydrogen addition from the self-assembled monolayer as a

function of the number of carbon atonms, An odd—even

the terminal CH for alkanethiolate monolayers is clearly
identified by ion—surface reactions as shown in Figure 48.
This shows the high sensitivity of this technique in dif-
ferentiating surface structure. Thus, the low-energy ion/
surface reaction could be developed as an analytical tool for

effect is revealed. The molecules with an odd number of characterizing the structures and properties of organic self-
carbon atoms have larger reactivity for hydrogen addition. @Ssémbled surfaces.

The same oddeven effect was observed whdgbenzene
was used as a probe ion. Thus, the edsen difference in

reactivity was attributed to the structural eeglven difference

of the self-assembled monolayers.

The ion—surface reactions of GE CRCF,-, and GoF2-
terminated alkanethiolate self-assembled monolayers on the
Au substrate display interesting oddven effectd’® Com-
pared to CH-terminated alkanethiolaté€® 18 substitution of

Figure 48b shows the extent of alkyl addition reaction with CnHant1 With all-trans GiFzm+1 as a terminal moiety signifi-
the probe ion as a function of molecular length. The reaction cantly impacts the ionsurface interaction processes includ-
between the incident pyrazine molecular ions and the ing atom/group transfer, electron transfer, and energy transfer.
alkanethiolate self-assembled monolayer results in a directNotably, as the CECH,),S—Au monolayers exhibit an odd

methyl addition to GHs;N;" and then formation of the
CsH;N,™ ion. A clear odd-even alternation of the extent of

even effect on the wettability and orientation of the terminal
CF; groupi®1 their ion—surface reactivity presents an

methyl addition which is independent of the incident probe odd—even effect as wel’°First, the reactivity for F addition

ion was revealed in Figure 48b. Opposite to the -edden

between the incident benzene ion and the surface fluorine

effect of hydrogen addition, the self-assembled monolayers atoms for the monolayers with an even number ot Qhits

of CH3(CH,)m-1S—Au with m = even have higher reactivity

for methyl addition than the monolayers with= odd.

The two opposite oddeven effects on the hydrogen
addition and methyl addition result from the structural edd

is greater than that for the monolayers with an odd number
of CH, groups. This is because the exposed fluorine atoms
of CR(CHy),S—Au (n = even) are more accessible to
abstraction by the incident ion than those of 3(TFH,).-

even difference of the self-assembled monolayers. For theS—Au (n = odd) (see Figure 34). For the H addition reaction

monolayers Ch{CH,),S—Au with an even number of CH

of the CR(CH,),S—Au monolayer, its odegeven effect is

units in terms of odd number of carbon atoms in a molecule opposite to that of the F and H addition of the £H

(Figure 38a), one €H bond of the terminal Ckigroup is

terminated alkanethiolate monolayers. This is understandable

aligned approximately perpendicular to the Au substrate. This Since the topmost CHgroups of CR(CHz)nS—Au mono-
geometry makes the alkanethiolate monolayer with an evenlayers play the same role as €lgroups of CH(CH;)s-

number of CH groups more reactive in hydrogen addition.

S—Au monolayers in the H addition reaction. Also, the

In addition, the higher reactivity of the hydrogen addition is terminal CRCH,— group of the monolayers with an odd
possibly partially attributed to the exposed hydrogen atoms number of CH units has higher reactivity than that for the

of the outermost Ckigroup in terms of high exposure of

monolayers with an even number of €igroups because

the topmost Chigroup. For a molecule with an odd number the former has a vertical GEH,— moiety which is more
of CH, units, however, all three hydrogen atoms of the accessible for the projectile ions (Figure 34), consistent with
methyl group are in a plane nearly parallel to the Au substrate the odd-even effect for methyl addition by the methyl-

and the hydrogen atoms of the topmost Qlhits point

terminated alkanethiolate monolayers.



Odd-Even Effects in Organic Self-Assembled Monolayers Chemical Reviews, 2007, Vol. 107, No. 5 1447

3.6.2. Odd-Even Effect on Degradation of Monolayer
upon Electron Irradiation

Using electron-beam patterning of self-assembled mono-
layers to develop one category of new lithographic resist is
a promising strategy to extend lithography down to the
nanometer scal®® One advantage of using the self-

¥ d1 R jR
72 4 /
R R |

assembled monolayer as a resist is that the induced chang—R R

by electron bombardment can be controlled via different | substrate

molecular structure of the monolay€f. %! For example, d;=d,=47-52A
4'-nitro-1,2-biphenyl-4-thiol self-assembled monolayer on <3500m | s 40A— vs 450

Au was selected as a model to study the electron-beam-
induced modification because the resistance of the aromatic
self-assembled monolayers toward electron irradiation per-
mitted subsequent selective chemical modification of the
terminal functional groups, allowing the design of chemical y
lithographic patterns and templat€31°3

In contrast to the damage and disorder seen for self-
assembled monolayers of normal alkanethiolates upon electronl
beam irradiatiortp®-200-202208 damage to the self-assembled
CH;—(C6Hy4)2—(CHz)n—S—Au monolayer was found to be : , —
reduced In addition, the orientational order of the self- . Y PN
assembled monolayer and molecular chemical bindingtothe ~ (b) IS R N f
Au surface were retained upon electron irradiation, though PR DR L A y
both are slightly reduced. Although the general trend of the 7z A /4"/' Ly _As'—/
modification by electron irradiation is similar for this series A Az ¢ {
of molecules with different (CkJ, chain lengths, the extent P 2 : ’ ¢
of the change of the surface structure induced by electron P I (" p) PO &
irradiation strongly depends on the original structure of the /% y 5 & -
self-assembled monolayer before irradiation. 3 ! : [

Some of this series of self-assembled monolayers such as 499A
BP;, BP,, and BR display pronounced odekven differences
in their reactions toward electron irradiation and the change (c) ) \ \
in the monolayers upon electron-beam irradiafiinThe q ¢ ¢ e
densely packed monolayers with= odd such as BPand "-xﬁ\//“: 7 */ ~ s s s -{i
/'
-~

o

BPs are much more stable with respect to electron irradiation P / 2,.\‘1 S
than the less densely packed monolayers witheven such \ '
as BR, evidenced by their difference in the extent of 4’ «
degradation of monolayer upon electron irradiation. This is S,B A\
likely because the more ordered and densely packed mono- I [ )
layer (h = odd) is better able to delocalize and more rapidly - 4.99 A

relax the initial electronic excitation. Figure 49. (a) Steric constraints for the diacetylene self-assembled

. monolayers required for polymerization on a solid substrate. (b)
3.6.3. Odd—Even Effect on Phase Formation of the Schematic representation of the structures of unpolymerized di-

Polymerized Monolayer upon UV Irradiation acetylene monolayers for odd (five GHnits, left) and even (six

. . . CH; groups, right) numbered alkyl spacers. (c) Schematic repre-
The chromatic phase transitions of polydiacetylenes (PDAS), sentation of the structure of polymerized diacetylene monolayers
such as the transition between blue and red phases, have be&dr odd (five CH units, left) and even (six CHunits, right)

observed for single crystals and Langmtiliodgett (LB) numbered alkyl spacers. Notably, for a clearer presentation, a
films.209-214 Notably, in this section blue and red phases refer Eg_r?i)nal Cf;]ai_n C]!E(CHz)s_ is ug;g lE|0)relogezsecnt(t;h_eéer(r?:iﬂ&;l €H
i i i >)15— Chaln O monomers, b)15—C=C—C=C— 2)n—
Egsgggir\?jgfs_o}vgﬁhIt'?gngﬂdksgv?/:]t &%T“Jtﬂzu?gc;ﬁggéh’ fS—Au. Reprinted from ref 228, Copyright 2000, with permission
. . rom Elsevier.
chemical environment of the backbone of the polymer may
significantly impact its chromatic propertié¥-2'2 Studies standing structural factors of polymerization. Studies on how
show that sulfurized diacetylenes can self-assemble ontothe structural distortion of diacetylenes upon self-assembly
Au(111) films and then be polymerized upon UV irradia- on Au influences the polymerization efficiency and chromatic
tion 215222 Compared to formation of LB polymer films, the  properties of the polymerized self-assembled monolayer is
covalent binding between sulfurized monomer and the key for potential application of these materials as a chemical
Au(111) film via molecular self-assembly and subsequent sensop24-226
UV-induced polymerization definitely limits the degree of Previous studies show that an effective polymerization of
free motion within the monolayer. This limitation possibly diacetylene monolayer requires a tilt angle) (of the
may be used to tune the polymerizability of monomer diacetylene group of45° with respect to the surface normal
monolayers and even the chromatic property of the polym- as schematically shown in Figure 49&21322"The diacety-
erized films. lene (DA) monomers studied are @BH,);5sC=C—C=C—
Polymerization of diacetylene monomer monolayer self- (CHy),—S— including 15,4-DA, 15,5-DA, 15,6-DA, and
assembled on Au(111) is taken as an example for under-15,9-DA corresponding ta = 4, 5, 6, and 9, respectively.

| S
~ / o 5 g
|
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Notably, to constrain the tilt angle of¥45° for the require- for a stable binding in this self-assembled polymer monolayer
ment of effective polymerization, significant modification and the sphybridized sulfur can be easily accommodated
of the Au—S—C bond angle at the interface between the for this spacer. Thus, the alkyl spacer chain with an odd
sulfurized diacetylene monomer and the Au substrate is number of CH groups in the polymerized monolayer is an

necessary. As shown in the left panel of Figure 49b for the all-trans chain without gauche defects. Compared to the
alkyl spacer with an odd number of Gidnits between the  odd-numbered alkyl chain, however, the alkyl spacer with

bonded sulfur atom and the diacetylene group, the &4C an even number of CHyroups in the polymerized monolayer
bond angle of the self-assemblednomemonolayer should  has significant gauche defects because it needs to accom-
be distorted into~18C° to maintain ay angle of~45° for modate the sphybridized sulfur atom with a nearly linear

effective polymerization®®However, previous studies have C—S—Au bond angle (right panel of Figure 49c). Further-
shown that the binding of the head group sulfur vid sp more, these gauche defects partially transfer strain in the alkyl
hybridization with a Au-S—C bond angle of~109 is the spacer into the polymer backbone, resulting in formation of
most energetically stable. To obtain both thélsgbridization shorter-conjugation-length red-phase polymer fromno-
in terms of the Au-S—C bond angle of~109 for stable merswith an even number of CiHunits. Formation of high-
chemical binding on Au(111) and the diacetylene tilt angle conjugation-length polymer (blue phase) from monomers
of ~45° for effective polymerization, some gauche defects with an alkyl spacer having an odd number of Cithits
must occur within the alkyl spacer with an odd number of and short-conjugation-length polymer (red phase) from
CHo, units in the sulfurized diacetylene molecules of the self- monomers with an even-numbered alkyl spacer was con-
assemblednonomemonolayer$?® The gauche defects were firmed by the observation and absence of downshifted
confirmed by the observed vibrational feature centered at C=C and G=C transitions at~1459 and 2088 cn#.28
2928 cm! of the disordered component in the infrared
spectra of the self-assembled monomer monolayers with an4, Comparison of the Origin and Features of
odd number of Chiunits (15,5-DA and 15,9-DAJ® Odd-Even Effects on Different Substrates

For an alkyl chain with an even number of €thits (the
right panel of Figure 49b), however, the all-trans alkyl chain
without gauche defects can meet the requirements of both
~109 of sp? hybridization and~45° for effective polym-
erization. Thus, there are no gauche defects in the alky
spacer with an even number of @Hnits, supported by the
absence of vibrational feature at 2928 ¢nn the infrared

Organic self-assembled monolayers exhibiting-edden
effects can be classified into two types on the basis of the
different interactions between the organic molecule and the
| substrate. In the first category of organic monolayer (category
I) the interaction is weak van der Waals interaction. This
kind of monolayer includes various organic self-assembled
spectra of the self-assembled monomer monolayer before UyMonolayers on HOPG and other layered substrates such as

MoS,. The second type (category Il) is the organic self-

i i 28

polymerizatior? ) assembled monolayer chemically bonded to a substrate, such

The structural odeteven d|ffer(_ance of the self—assempled as organosulfur monolayers on Au(111), in which organic
monolayer ofmonomersresults in an odeeven effect in - mglecules self-assemble on a substrate via forming strong
the phase formation of polymer and polymerization efficiency chemical bonds between a molecular head group and the
upon UV excitation. For a highly conjugated system, the gyrface atoms of the substrate. The difference in the two
C=C and G=C transitions are significantly shifted in contrast categories of molecutesubstrate interactions partially con-
to transitions of 6=C at 1620 cm* and G=C at 2260 cm* tributes to the difference in the od@ven effects on

in the monome#?*"2*! The sharp peaks with high intensity  siructures and properties of the two categories of organic
at 1459 cm* for C=C and 2088 cm' for C=C in the  gelf-assembled monolayers on solid surfaces.
Raman spectra of the self-assembled monolayer of the The odd-even effects of the two classes of self-assembled
polymer show that thenonomermonolayer with an alkyl  monolayers have different driving forces. The driving force
spacer of an odd number of Gldnits can form appreciable  for production of odd-even effects in the first class of self-
amounts of the long-conjugation-length blue-phase poly- assembled monolayer is maximization of intermolecular
mer??® However, a monolayer ahonomerswith an alkyl interactions, including interactions between two adjacent
spacer of an even number of gHnits almost exclusively  mglecules within a lamella and interaction between molecules
forms a short-conjugation-length red-phase polymer, evi- from two adjacent lamellae. Particularly, interactions between
2088 cnm1.228 role. The moleculesubstrate interactions do not play as
This odd-even difference in the phase formation of important a role as these interactions are similar for self-
polymerization on Au(111) is attributed to the limited extent assembled monolayers of different organic molecules. In fact,
of freedom within the alkyl spacer. Figure 49c schematically previous extensive STM studies of the first type of self-
shows the structure of the polymer monolayers formed on assembled monolayéts® confirmed that all long-chain
Au(111) films in which the polymer backbone (diacetylene organic molecules adopt a closest packing pattern on HOPG
units) is constrained at an orientation parallel to the Au in which two adjacent molecules maintain a spacing-df2
surface. For the polymer phase formed from monomers with A. Molecules with different functional groups do not give
an alkyl spacer of an odd number of gHiits, the CG-S— rise to a significant difference in the surface coverage of
Au bond angle nearly remainsatl09 (left panel of Figure CH. units of these self-assembled monolayers. This suggests
49c). However, it tends to be180C for the polymer phase  similar molecule-substrate interactions for different self-
formed from monomers with an alkyl spacer of an even assembled monolayers.
number of CH groups (right panel of Figure 49c). Definitely, As previous studies have shown oe¢elven effects were
a spacer with an odd number of €idnits in the polym- not observed in the self-assembled monolayersn-ai-
erized monolayer is the least strained structure because th&anes!'3® Compared ton-alkanes, substituting its GHbr
Au—S—C bond angle is already close to the 106quired ending CH moiety by another functional group such as
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Figure 50. Schematic presentation for the structural difference between two categories of organic self-assembled monolayers which have
distinctly different origins and features of oddven effects. (al and a2) Plane of the carbon skeleton is parallel to the HOPG surface. The
interaction between the self-assembled molecules and graphite is a weak van der Waals interaction-&henodifference is seen in the
molecular packing structure and chirality. (b1 and b2) Two oxygen atoms of the carboxylic acid group chemically bind to the metal surface.
The molecular alkyl chain is tilted from the surface normal by a certain angle. The offset of onantitbf the alkyl chain results in
odd—even effects in the orientation of the terminal £HCH,— moiety and interfacial properties of the self-assembled monolayers.

COOH possibly may induce an ode@ven effect. Once a  structural difference in the self-assembled monolayers of
functional group is added to threalkane, the intermolecular  categories | and Il exhibiting odeeven effects.
interaction must be different. Repulsion between two adjacent The difference in the driving force for formation of odd
molecules, such as the interaction between the termingl CH even effects also results in a difference in the tunability of
of one molecule and the COOH of an adjacent molecule, these odereven effects. For the first class of organic
could be different between monolayers of molecules with monolayer the structure and property eda/en effects
an odd number of CHunits and those with an even number cannot be modified by simply substituting molecular head
of CH, units. In order to maximize intermolecular interac- or terminal groups because the head or terminal groups play
tions and form the most stable self-assembled structure, eacta dominant role in the production of the odéven effects.
of the two monolayers could adopt a different molecular For each molecule of a self-assembled monolayer on HOPG
packing pattern such as packing with two opposite facesit experiences at least three interactions including the
alternatively as in Ck{CH,),—.COOH ( = odd) but the interaction with its adjacent molecules in a lamella, the
same face as in GCH,),—-.COOH ( = even). Thus, interaction with its neighboring molecules of the adjacent
compared to molecutesubstrate interactions, intermolecular lamellae, and the interaction with its substrate. Each of these
interactions are the major driving force in the production of interactions is associated with molecular functional groups,
odd—even effects of the first category of self-assembled shape, and size. The first and second interactions (called
monolayer. intermolecular interactions) determine the molecular packing
The odd-even effects seen in the second type of organic pattern in the self-assembled monolayer. Replacing one
self-assembled monolayer are driven by chemical binding moiety/group of this molecule may significantly change the
of the molecular head group to the substrate but are not sointermolecular interactions and therefore make new mol-
strongly governed by maximization of intermolecular weak ecules adopt a different packing pattern to reach a new ener-

interactions. Thus, the oddeven effects exhibited in the
monolayers chemically bonded to solid surfacesduemi-
cal-bonddriven odd-even effects, in contrast to thveeak-
interactiondriven odd-even effects in the first kind of

getic equilibrium. The structure of the new equilibrium sys-
tem possibly does not exhibit an oddven effect in the
molecular self-assembled structure. For example(CHb)—o-
COOH exhibits structural and chiral og@ven effects.

organic monolayer. Figure 50 schematically presents the Replacing the COOH group with an OH group or £loup
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results in disappearance of the original edgdven effectand  in structure and property. All the oddetven effects revealed
in a very few cases introduction of new ones. in the self-assembled monolayers on solid surfaces have a

For the second kind of organic self-assembled monolayer common structural feature of self-assembled molecules: the
(category II), which is bonded to a substrate via formation odd—even number of CHunits. This review has mainly
of a chemical bond between the head group and the substratediscussed oddeven effects on structure and property
the originally exhibited odeteven effects still exist if its revealed in organic self-assembled monolayers on solid
terminal moiety (see sections 3.2.3, 3.2.4, 3.2.5, 3.2.7, andsubstrates. Two categories of organic self-assembled mono-
3.2.8) or some group of the head moiety (see sections 3.2.2ayers bound to substrates via weak van der Waals interac-
and 3.2.6) is replaced. It is understandable that there istions and strong chemical bonds, respectively, were reviewed.
possibly some modification for the original odldven effects In general, the scope of self-assembled monolayers
upon replacement of the head moiety and/or the terminal exhibiting odd-even effects could be extended by replacing
group by other groups. In fact, modification of odeven the molecular moiety/group/atom and using a different spacer
effects via substitution of the functional group is important. unit. A simple approach is replacement of the terminal
It suggests the possibility that the odeven effects on ~ moiety/group, some portion of the head moiety, or the
structure and property can be precisely tuned via introduction tethered group of the head moiety. Notably, simple replace-
of a new functional group without changing the molecular ment of the molecular functional group does not produce an
frame. Thus, self-assembled monolayers of a number of otherodd—even effect for the first class of self-assembled mono-
organic molecules of category Il could exhibit new edd layers of organic molecules. However, it is an effective way
even effects. for introduction of an odeeven effect for the second

For each type of self-assembled monolayer exhibiting an category of self-assembled monolayer.
odd—even effect the weak van der Waals interaction between For the second class of self-assembled monolayer, a num-
molecules and substrate for category | (or the strong chemicalber of new substrates including various metal and semicon-
bond for category Il) should be equivalent for every molecule ductor single-crystal surfaces which have 2D lattice ordering,
of the self-assembled monolayer. This requires that the homogeneous structure, and evenly distributed reactive sites
substrates should have microscopic equivalence in geometrycan be prepared easily under vacuum conditions. For
chemical affinity for molecule, and macroscopic ordering example, Si(100)-Xx 12327234 Sj(111)-7x 7,235 Ge(100)%6
of the 2D lattice. This understanding is consistent with the and metal surfacé¥ have a homogeneous surface structure
absence of an odeeven effect for organic monolayers on and reactive sites as well as high chemical reactivity for
rough substrate surfaces without lattice ordering such as thevarious organic molecules. Thus, future study using these
natural SiQ layer of a silicon single-crystal wafer. The substrates will possibly significantly extend the scope of
inhomogeneous binding sites in structure and chemistry at aodd—even effects of organic self-assembled monolayers on
microscopic scale will definitely not produce a macroscopic solid surfaces. To develop the self-assembled monolayer
structural ordering and chemical homogeneity of the organic formed by weak van der Waals interactions between organic
monolayer. Because the main analytical techniques used tomolecules and the substrate surface, Au(111) is definitely a
examine the oddeven effects, such as XPS, FTIR, and good substrate since the adsorption energy of eachu@i
contact angle measurements, take average macroscopion this surface is-6.0 kJ/moR® Although for Au(111) there
information over a large detection area of a photo or electron is not the same lattice match as that between the carbon
beam (0.5 mm), an ode-even difference in structure and  skeleton of the all-trans alkyl chain and the zigzag surface
property cannot be observed in this kind of self-assembled lattice of HOPG, formation of self-assembled monolayers
monolayer, even though odeven effects on structure and via weak van der Waals interactions could be possible.
property could possibly exist at a microscopic scale. In Whether these proposed monolayers can exhibit an-odd
addition, obtaining a homogeneous chemical binding in the even effect on packing structure and even chirality on the
second category of self-assembled monolayer also requiresAu(111) surface or not is an interesting topic to study.
that the reactivity of the self-assembled molecules with the  On the other hand, observation of an edr/en effect for
substrate should be specific. Otherwise, an-eglekn effect a molecular self-assembled monolayer on some substrate may
will not be observed, though the substrate has homogeneougprovide an analytical method for examining the structural
reaction sites. For example, an edelen effect will possibly ~ and chemical homogeneities of the solid surface since the
be absent if both ending groups A and B of molecule homogeneity is a main factor determining whether the-edd
A—(CH,),—B have a similar reactivity with the surface of even effect in the structure and property of the organic self-
the substrate. assembled monolayers can be observed or not.

Due to the above requirements of the geometrical and
chemical homogeneity for the substrates, the-eslgen effect 6. Acknowledgments
was not observed in organic self-assembled monolayers on . . . )
substrates except HOPG, Mo®u(111), and Ag(111) under This w_ork was partially supported by the National Science
ambient conditions. This is because these clean substrate§oundation. F.T. acknowledges the support of the Harold
with homogeneous structure and evenly distributed reactive V- Dodds Honorific Fellowship from Princeton University.
sites can be prepared well under ambient conditions.

7. References

5. Summary and Future Work (1) Wade, L. JOrganic Chemistry5th ed.; Prentice Hall: New Jersey,
. . 2002.

~ The molecular chain length oddven effect is an (2) Naher, U.; Bjornholm, S.; Frauendorf, S.; Garcias, F.; GueRlys.

important phenomenon in physical chemistry and materials Rep.-Re. Sect. Phys. Lettl997 285 245.

science and closely related to surface structures and functions (3) Torres, M. B.; Fernandez, E. M., Balbas, L. Rhys. Re. B 2005

of these materials. A Wide_ spectrum of molecular self- (4) Largo, A.; Redondo, P.; Barrientos, T.Phys. Chem. 2004 108
assembled monolayers exhibit numerous-eeden effects 6421.



Odd-Even Effects in Organic Self-Assembled Monolayers

(5) Pellarin, M.; Cottancin, E.; Lerme, J.; Vialle, J. L.; Broyer, M,;
Tournus, F.; Masenelli, B.; Melinon, FEur. Phys. J. D2003 25,
31.

(6) Zhao, J.; Yang, J. L.; Hou, J. ®hys. Re. B 2003 67, 085404.

(7) Hakkinen, H.; Landman, WPhys. Re. B 200Q 62, R2287.

(8) Brechignac, C.; Busch, H.; Cahuzac, P.; Leygnied, Chem. Phys.
1994 101, 6992.

(9) Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides,
G. M. Chem. Re. 2005 105, 1103.

(10) Ma, Z.; Zaera, FSurf. Sci. Rep200§ 61, 229.

(11) Giancarlo, L. C.; Flynn, G. WAnnu. Re. Phys. Chem1998 49,
297.

(12) Ulman, A.Chem. Re. 1996 96, 1533.

(13) Kramer, S.; Fuierer, R. R.; Gorman, C. 8hem. Re. 2003 103
4367.

(14) Tirrell, M. V.; Katz, A. MRS Bull.2005 30, 700.

(15) Bein, T.MRS Bull.2005 30, 713.

(16) Boncheva, M.; Whitewsides, G. NMRS Bull.2005 30, 736.

(17) Pflaum, J.; Bracco, G.; Schreiber, F.; Colorado, R.; Shmakova, O.
E.; Lee, T. R.; Scoles, G.; Kahn, Aurf. Sci.2002 498 89.

(18) Venables, J. Alntroduction to Surface and Thin Film Processes
Cambridge University Press: Cambridge, U.K., 2000.

(19) Kern, W.; Vossen, J. LThin Film Processes ]IAcademic Press:
San Diego, CA, 1991.

(20) Schlesinger, M. P.; Paunovic, M. Rlodern Electroplating John
Wiley & Sons: New York, 2000.

(21) Baudrand, DPlat. Surf. Finish200Q 87, 42.

(22) Hou, Z. Z.; Abbott, N. L.; Stroeve, R.angmuir 1998 14, 3287.

(23) Dubrovsky, T. B.; Hou, Z. Z.; Stroeve, P.; Abbott, N.Anal. Chem.
1999 71, 327.

(24) Pham, T.; Jackson, J. B.; Halas, N. J.; Lee, TL&gmuir2002
18, 4915.

(25) Poirier, G. EChem. Re. 1997, 97, 1117.

(26) Liu, G. Y.; Xu, S.; Qian, Y. LAcc. Chem. Re®00Q 33, 457.

(27) Houston, J. E.; Kim, H. IAcc. Chem. Re2002 35, 547.

(28) Schreiber, FProg. Surf. Sci2000 65, 151.

(29) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y. T.; Parikh,
A. N.; Nuzzo, R. GJ. Am. Chem. S0d991, 113 7152.

(30) Tao, Y. T.J. Am. Chem. S0d.993 115 4350.

(31) Allara, D. L.; Nuzzo, R. GLangmuir1985 1, 45.

(32) Allara, D. L.; Nuzzo, R. GLangmuir1985 1, 52.

(33) Ocko, B. M.; Kraack, H.; Pershan, P. S.; Sloutskin, E.; Tamam, L.;
Deutsch, M.Phys. Re. Lett. 2005 94, 017802.

(34) Magnussen, O. M.; Ocko, B. M.; Deutsch, M.; Regan, M. J.; Pershan,
P. S.; Abernathy, D.; Grubel, G.; Legrand, J.Nature 1996 384,
250.

(35) Gun, J.; Iscovici, R.; Sagiv, J. Colloid Interface Sci1984 101,
201.

(36) Gun, J.; Sagiv, Jl. Colloid Interface Sci1986 112, 457.

(37) Shalamov, V. TGraphite Norton: New York, 1981.

(38) Rowntree, P. A.; Ph.D. Thesis, Princeton University, 1990.

(39) Cyr, D. M.; Venkataraman, B.; Flynn, G. \E€hem. Mater1996 8,
1600.

(40) Tao, F.; Cai, Y. G.; Bernasek, S. Langmuir2005 21, 1269.

(41) Tao, F.; Bernasek, S. L. Phys. Chem. R005 109 6233.

(42) Cai, Y. G.; Bernasek, S. LJ. Am. Chem. So003 125, 1655.

(43) Cali, Y. G.; Bernasek, S. LJ. Am. Chem. So2004 126, 14234.

(44) Cai, Y. G.; Bernasek, S. lJ. Phys. Chem. B005 109 4514.

(45) Hibino, M.; Sumi, A.; Tsuchiya, H.; Hatta, J. Phys. Chem. B998
102 4544.

(46) Hibino, M.; Sumi, A.; Hatta, IJpn. J. Appl. Phys. Part 1995 34,
610.

(47) Hibino, M.; Sumi, A.; Hatta, IJpn. J. Appl. Phys. Part 1995 34,
3354,

(48) Kishi, E.; Matsuda, H.; Kuroda, R.; Takimoto, K.; Yamano, A,;
Eguchi, K.; Hatanaka, K.; Nakagiri, TUltramicroscopy1992 42,
1067.

(49) Kuroda, R.; Kishi, E.; Yamano, A.; Hatanaka, K.; Matsuda, H.;
Eguchi, K.; Nakagiri, TJ. Vac. Sci. Technol. 8991, 9, 1180.

(50) Cali, Y. G.; Ph.D. Thesis, Princeton University, 2003.

(51) Tao, F.; Goswami, J.; Bernasek, S.JLPhys. Chem. B00§ 110,
4199.

(52) Fang, H. B.; Giancarlo, L. C.; Flynn, G. W. Phys. Chem. B99§
102 7421.

(53) Fang, H. B.; Giancarlo, L. C.; Flynn, G. W. Phys. Chem. B998
102 7311.

(54) Yablon, D. G.; Giancarlo, L. C.; Flynn, G. W. Phys. Chem. B
2000 104 7627.

(55) Yablon, D. G.; Wintgens, D.; Flynn, G. W. Phys. Chem. R002
106, 5470.

(56) Boese, R.; Weiss, H. C.; Blaser, Bngew. Chem., Int. EAL999
38, 988.

Chemical Reviews, 2007, Vol. 107, No. 5 1451

(57) Thalladi, V. R.; Boese, R.; Weiss, H. 8angew. Chem., Int. E200Q
39, 918.

(58) Thalladi, V. R.; Boese, R.; Weiss, H. @. Am. Chem. So00Q
122 1186.

(59) Thalladi, V. R.; Nusse, M.; Boese, R.Am. Chem. Sa200Q 122
9227.

(60) Tsai, C. J.; Chen, YJ. Polym. Sci., Polym. Cher2002 40, 293.

(61) Mizuno, M.; Hirai, A.; Matsuzawa, H.; Endo, K.; Suhara, M.;
Kenmotsu, M.; Han, C. DMacromolecule002 35, 2595.

(62) Hirano, H.; Watase, S.; Tanaka, M. Appl. Polym. Sci2004 91,
1865.

(63) Fey, T.; Holscher, M.; Keul, H.; Hocker, H.olym. Inst.2003 52,
1625.

(64) Alimova, L. L.; Atovmyan, E. G.; Filipenko, O. Kristallografiya
1987, 32, 97.

(65) Kim, K.; Plass, K. E.; Matzger, A. J. Am. Chem. So2005 127,
4879.

(66) De Feyter, S.; Grim, P. C. M.; van Esch, J.; Kellogg, R. M.; Feringa,
B. L.; De Schryver, F. CJ. Phys. Chem. B998 102 8981.

(67) Wei, Y.; Kannappan, K.; Flynn, G. W.; Zimmt, M. B. Am. Chem.
Soc.2004 126, 5318.

(68) Kadotani, T.; Taski, S.; Okabe, H.; Kai, $n. J. Appl. Physl996

35, L1345.

(69) Kadotani, T.; Taki, S.; Kai, Slpn. J. Appl. Phys., Part 1997, 36,
4440.

(70) Taki, S.; Sagara, K.; Kadotani, T.; Kai, Jn. J. Appl. Phys1999
68, 709.

(71) Taki, S.; Kadotani, T.; Kai, Sl Jpn. J. Appl. Physl999 68, 1286.

(72) Taki, S.; Kai, SJpn. J. Appl. Phys., Part 2001, 40, 4187.

(73) Taki, S.; Okabe, H.; Kai, Slpn. J. Appl. Phys., Part 2003 42,
7053.

(74) Ooaishi, M.; Okabe, H.; Taki, S.; Takeuchi, M.; Kamiya, N.; Kai, S.
Tech. Rep. Kyushu Uni1999 72, 147.

(75) Wintgens, D.; Yablon, D. G.; Flynn, G. W. Phys. Chem. R003
107, 173.

(76) Tao, F.; Bernasek, S. lLangmuir2007, 23, 3513.

(77) Taub, H. INNATO Adanced Study of Institute, Series C: Math-
ematical and Physical Sciengesang, G. L. G., F., Ed.; Kluwer:
Dordrecht, 1988, Vol. 228.

(78) Morishige, K.; Kato, TJ. Chem. Phys1999 111, 7095.

(79) Lee, S.; Puck, A.; Graupe, M.; Colorado, R.; Shon, Y. S.; Lee, T.
R.; Perry, S. SLangmuir2001, 17, 7364.

(80) Hansen, F. Y.; Newton, J. C.; Taub, 8. Chem. Phys1993 98,
4128.

(81) Herwig, K. W.; Wu, Z.; Dai, P.; Taub, H.; Hansen, F. X.Chem.
Phys.1997, 107, 5186.

(82) Ulman, A.An introduction to ultrathin organic films: from Langmuir-
Blodgett to self-assemblAcademic Press: Boston, 1991.

(83) Whitesides, G. MSci. Am.1995 9, 146.

(84) Ulman, A.Thin films: self-assembled monolayer of thid\sademic
Press: San Diego, 1998.

(85) Bowden, F. PThe Frication and Lubrication of SoligOxford
University Press: London, 1968.

(86) Kaelble, D. H.Physical Chemistry of Adhesign§Viley-Inter-
science: New York, 1971.

(87) Fendler, J. HChem. Mater2001, 13, 3196.

(88) Kakkar, A. K.Chem. Re. 2002 102 3579.

(89) Flink, S.; van Veggel, F. C. J. M.; Reinhoudt, D. Adv. Mater.
200Q 12, 1315.

(90) Chaki, N. K.; Vijayamohanan, KBiosens. Bioelectror2002 17, 1.

(91) Mirsky, V. M. Trends Anal. Chen002 21, 439.

(92) Nuzzo, R. G.; Zegarski, B. R.; Dubois, L. H. Am. Chem. Soc.
1987, 109, 733.

(93) Dubois, L. H.; Nuzzo, R. GAnnu. Re. Phys. Cheml992, 43, 437.

(94) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D. Am.
Chem. Soc1987, 109, 3559.

(95) Nuzzo, R. G.; Dubois, L. H.; Allara, D. LJ. Am. Chem. S0d.99Q
112 558.

(96) Alloway, D. M.; Hofmann, M.; Smith, D. L.; Gruhn, N. E.; Graham,
A. L.; Colorado, R.; Wysocki, V. H.; Lee, T. R.; Lee, P. A,
Armstrong, N. R.J. Phys. Chem. B003 107, 11690.

(97) Nishi, N.; Hobara, D.; Yamamoto, M.; Kakiuchi, J. Chem. Phys.
2003 118 1904.

(98) Kato, H. S.; Noh, J.; Hara, M.; Kawai, M. Phys. Chem. B002
106, 9655.

(99) Wong, S. S.; Takano, H.; Porter, M. Bnal. Chem1998 70, 5209.

(100) Chang, S. C.; Chao, |.; Tao, Y. J. Am. Chem. Sod 994 116,
6792.

(101) Colorado, R.; Villazana, R. J.; Lee, T. Rangmuir1998 14, 6337.

(102) Nuzzo, R. G.; Fusco, F. A.; Allara, D. I. Am. Chem. S0d.987,
109 2358.

(103) Graupe, M.; Takenaga, M.; Koini, T.; Colorado, R.; Lee, TJR.
Am. Chem. Sod 999 121, 3222.



1452 Chemical Reviews, 2007, Vol. 107, No. 5

(104) Shon, Y. S.; Lee, S.; Colorado, R.; Perry, S. S.; Lee, T1.RAm.
Chem. Soc200Q 122, 7556.

(105) Tamada, K.; Nagasawa, J.; Nakanishi, F.; Abe, K.; Ishida, T.; Hara,
M.; Knoll, W. Langmuir1998 14, 3264.

(106) Shaporenko, A.; Brunnbauer, M.; Terfort, A.; Grunze, M.; Zharnikov,
M. J. Phys. Chem. B004 108 14462.

(107) Ishida, T.; Mizutani, W.; Aya, Y.; Ogiso, H.; Sasaki, S.; Tokumoto,
H. J. Phys. Chem. B002 106, 5886.

(108) Fuxen, C.; Azzam, W.; Arnold, R.; Witte, G.; Terfort, A.; Woll, C.
Langmuir2001, 17, 3689.

(109) Ishida, T.; Choi, N.; Mizutani, W.; Tokumoto, H.; Kojima, I.;
Azehara, H.; Hokari, H.; Akiba, U.; Fujihira, M_.angmuir 1999
15, 6799.

(110) Ishida, T.; Mizutani, W.; Akiba, U.; Umemura, K.; Inoue, A.; Choi,
N.; Fujihira, M.; Tokumoto, HJ. Phys. Chem. B999 103 1686.

(111) Ishida, T.; Mizutani, W.; Choi, N.; Akiba, U.; Fujihira, M.; Tokumoto,
H. J. Phys. Chem. B00Q 104, 11680.

(112) Ishida, T.; Mizutani, W.; Tokumoto, H.; Choi, N.; Akiba, U.; Fujihira,
M. J. Vac. Sci. Technol. 200Q 18, 1437.

(113) Heister, K.; Rong, H. T.; Buck, M.; Zharnikov, M.; Grunze, M.;
Johansson, L. S. Q.. Phys. Chem. BR001, 105, 6888.

(114) Frey, S.; Rong, H. T.; Heister, K.; Yang, Y. J.; Buck, M.; Zharnikov,
M. Langmuir2002 18, 3142.

(115) Rong, H. T.; Frey, S.; Yang, Y. J.; Zharnikov, M.; Buck, M.; Wuhn,
M.; Woll, C.; Helmchen, GLangmuir2001, 17, 1582.

(116) Azzam, W.; Cyganik, P.; Witte, G.; Buck, M.; Woll, Cangmuir
2003 19, 8262.

(117) Beardmore, K. M.; Kress, J. D.; Gronbech-Jensen, N.; Bishop, A.
R. Chem. Phys. Lett1998 286, 40.

(118) Yourdshahyan, Y.; Zhang, H. K.; Rappe, A. Rhys. Re. B 2001,

63, 081405.

(119) Gottschalck, J.; Hammer, B. Chem. Phys2002 116, 784.

(120) Seki, K.; Ito, E.; Oji, H.; Yoshimura, D.; Hayashi, N.; Sakurai, Y.;
Hosoi, Y.; Yokoyama, T.; Imai, T.; Ouchi, Y.; Ishii, FSynth. Met.
2001 119, 19.

(121) Li, T. W.; Chao, I.; Tao, Y. TJ. Phys. Chem. B998 102 2935.

(122) Allen, G. Finternal Rotation in MoleculedNiley: New York, 1974.

(123) Spellmeyer, D. C.; Grootenhuis, P. D. J.; Miller, M. D.; Kuyper, L.
F.; Kollman, P. A.J. Phys. Chem199Q 94, 4483.

(124) Colorado, R.; Lee, T. Rl. Phys. Org. Chen200Q 13, 796.

(125) Breitung, E. M.; Vaughan, W. E.; McMahon, RR®. Sci. Instrum.
2000 71, 224.

(126) Dhull, J. S.; Sharma, D. R. Phys. D: Appl. Physl982 15, 2307.

(127) Coulson, C. A,; Eisenber. [Proc. R. Soc. London A966 291,
454,

(128) Chabinyc, M. L.; Chen, X. X.; Holmlin, R. E.; Jacobs, H.; Skulason,
H.; Frisbie, S. D.; Mujica, V.; Ratner, M. A.; Rampi, M. A,
Whitesides, G. MJ. Am. Chem. So2002 124, 11730.

(129) Schneider, J.; Messerschmidt, C.; Schulz, A.; Gnade, M.; Schade,
B.; Luger, P.; Bombicz, P.; Hubert, V.; Fuhrhop, J. Eangmuir
2000Q 16, 8575.

(130) Whitesides, G. M.; Laibinis, P. Eangmuir199Q 6, 87.

(131) Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G.
M.; Nuzzo, R. G.J. Am. Chem. Sod.989 111, 321.

(132) Hatchett, D. W.; Stevenson, K. J.; Lacy, W. B.; Harris, J. M.; White,
H. S.J. Am. Chem. S0d.997, 119, 6596.

(133) Azzaroni, O.; Vela, M. E.; Andreasen, G.; Carro, P.; Salvarezza, R.
C. J. Phys. Chem. B002 106, 12267.

(134) Wang, M. C.; Liao, J. D.; Weng, C. C.; Klauser, R.; Shaporenko,
A.; Grunze, M.; Zharnikov, MLangmuir2003 19, 9774.

(135) Liao, J. D.; Wang, M. C.; Weng, C. C.; Klauser, R.; Frey, S.;
Zharnikov, M.; Grunze, MJ. Phys. Chem. B002 106, 77.

(136) Azzaroni, O.; Vela, M. E.; Fonticelli, M.; Benitez, G.; Carro, P.;
Blum, B.; Salvarezza, R. Cl. Phys. Chem. B003 107, 13446.

(137) Brewer, N. J.; Foster, T. T.; Leggett, G. J.; Alexander, M. R.;
McAlpine, E.J. Phys. Chem. R004 108 4723.

(138) Alkire, R. C.; Gerischer, H.; Kolb, D. M.; Tobias, C. \Wdvances
in Electrochemistry and Electrochemical Engineerilgiley-Inter-
science: New York, 1978.

(139) Adzic, R.; Gerischer, H.; Tobias, C. Wdvances in Electrochemistry
and Electrochemical EngineeringViley-Interscience: New York,
1984.

(140) Trasatti, SThe Work Function in ElectrochemistrViley-Inter-
science: New York, 1977.

(141) Herrero, E.; Buller, L. J.; Abruna, H. Them. Re. 2001, 101, 1897.

(142) Li, J.; Abrdra, H. D.J. Phys. Chem. B997, 101, 244.

(143) Jennings, G. K.; Laibinis, P. H. Am. Chem. S0d.997, 119, 5208.

(144) Zamborini, F. P.; Campbell, J. K.; Crooks, R. Mangmuir 1998
14, 640.

(145) Lin, S.Y.; Tsai, T. K.; Lin, C. M.; Chen, C. H.; Chan, Y. C.; Chen,
H. W. Langmuir2002 18, 5473.

(146) Liu, Y. C.Langmuir2003 19, 6888.

(147) Liu, Y. C.; Chuang, T. CJ. Phys. Chem. R003 107, 9802.

Tao and Bernasek

(148) Chen, I. W. P.; Chen, C. C.; Lin, S. Y.; Chen, C.}Phys. Chem.
B 2004 108 17497.

(149) Walczak, M. M.; Chung, C. K.; Stole, S. M.; Widrig, C. A.; Porter,
M. D. J. Am. Chem. S0d.99], 113 2370.

(150) Weast, R. GHandbook of Chemistry and Physi¢hemical Rubber
Co.: Boca Raton, FL, 1981.

(151) Mortimer, C. EChemistry: A Conceptual Approachth ed.; Van
Nostrand: New York, 1979.

(152) Kevan, S. D.; Gaylord, R. HPhys. Re. B 1987, 36, 5809.

(153) Sellers, H.; Ulman, A.; Shnidman, Y.; Eilers, J. E.Am. Chem.
Soc.1993 115 9389.

(154) Bao, S.; Mcconville, C. F.; Woodruff, D. Burf. Sci.1987, 187,
133.

(155) Prince, N. P.; Seymour, D. L.; Woodruff, D. P.; Jones, R. G.; Walter,
W. Surf. Sci.1989 215 566.

(156) Miura, Y. F.; Takenaga, M.; Koini, T.; Graupe, M.; Garg, N.; Graham,
R. L.; Lee, T. R.Langmuir1998 14, 5821.

(157) Colorado, R., Jr.; Graupe, M.; Takenaga, M.; Koini, T.; Lee, T. R.
Mater. Res. Soc. Symp. Prd999 546, 237.

(158) Colorado, R., Jr.; Graupe, M.; Kim, H. |.; Takenaga, M.; Oloba, O.;
Lee, S.; Perry, S. S.; Lee, T. RCS Symp2001, 781, 58.

(159) Colorado, R., Jr.; Lee, T. Rangmuir2003 19, 3288.

(160) Evans, S. D.; Ulman, AChem. Phys. Lettl99Q 170, 462.

(161) Campbell, I. H.; Kress, J. D.; Martin, R. L.; Smith, D. L.; Barashkov,
N. N.; Ferraris, J. PAppl. Phys. Lett1997 71, 3528.

(162) Campbell, I. H.; Rubin, S.; Zawodzinski, T. A.; Kress, J. D.; Martin,
R. L.; Smith, D. L.; Barashkov, N. N.; Ferraris, J. Phys. Re. B
1996 54, 14321.

(163) Zehner, R. W.; Parsons, B. F.; Hsung, R. P.; Sita, LL&gmuir
1999 15, 1121.

(164) Bastide, S.; Butruille, R.; Cahen, D.; Dutta, A.; Libman, J.; Shanzer,
A.; Sun, L. M.; Vilan, A.J. Phys. Chem. B997, 101, 2678.

(165) Vilan, A.; Shanzer, A.; Cahen, Dlature 200Q 404, 166.

(166) Ashkenasy, G.; Cahen, D.; Cohen, R.; Shanzer, A.; VilarAck.
Chem. Soc2002 35, 121.

(167) Bruening, M.; Cohen, R.; Guillemoles, J. F.; Moav, T.; Libman, J.;
Shanzer, A.; Cahen, . Am. Chem. S0d.997 119 5720.

(168) Crispin, X.; Geskin, V.; Crispin, A.; Cornil, J.; Lazzaroni, R,;
Salaneck, W. R.; Bredas, J. . Am. Chem. So2002 124, 8131.

(169) Peisert, H.; Knupfer, M.; Fink, Appl. Phys. Lett2002 81, 2400.

(170) Smith, D. L.; Wysocki, V. H.; Colorado, R.; Shmakova, O. E.;
Graupe, M.; Lee, T. RLangmuir2002 18, 3895.

(171) Park, B.; Chandross, M.; Stevens, M. J.; Grest, GaS8gmuir2003
19, 9239.

(172) Sun, HJ. Phys. Chem. B998 102 7338.

(173) Felgenhauer, T.; Rong, H. T.; Buck, M.Electroanal. Chen003
550, 309.

(174) Long, Y. T.; Rong, H. T.; Buck, M.; Grunze, M. Electroanal.
Chem.2002 524, 62.

(175) Maboudian, RSurf. Sci. Rep1998 30, 209.

(176) Houston, J. E.; Kim, H. IAcc. Chem. So002 35, 547.

(177) Persson, B. N. Bliding Frictiory Springer-Verlag: Berlin, 1998.

(178) Thomas, R. C.; Houston, J. E.; Crooks, R. M.; Kim, T.; Michalske,
T. A. J. Am. Chem. Sod.995 117, 3830.

(179) Finot, M. O.; McDermott, M. TJ. Am. Chem. S04997, 119, 8564.

(180) Joyce, S. A.; Thomas, R. C.; Houston, J. E.; Michalske, T. A.; Crooks,
R. M. Phys. Re. Lett. 1992 68, 2790.

(181) Kim, H. I.; Houston, J. EJ. Am. Chem. So@00Q 122 12045.

(182) Rouse, T. O.; Weininge, J. 1. Electrochem. S0d.966 113 C77.

(183) Conway, B. E.; Currie, J. d. Electrochem. Sod978 125 257.

(184) Fuhrhop, J. H.; Bedurke, T.; Gnade, M.; Schneider, J.; Doblhofer,
K. Langmuir1997, 13, 455.

(185) Widrig, C. A.; Chung, C.; Porter, M. 3. Electroanal. Cheml 991,
310, 335.

(186) Waolf, K. V.; Cole, D. A.; Bernasek, S. lLangmuir2001 17, 8254.

(187) Wolf, K. V.; Cole, D. A.; Bernasek, S. L1. Phys. Chem. R002
106, 10382.

(188) Wolf, K. V.; Cole, D. A.; Bernasek, S. lAnal. Chem.2002 74,
5009.

(189) Evans, C.; Pradeep, T.; Shen, J. W.; Cooks, RR&id Commun.
Mass Spectronl999 13, 172.

(190) Angelico, V. J.; Mitchell, S. A.; Wysocki, V. HAnal. Chem200Q
72, 2603.

(191) Colorado, R. L., T. RJ. Phys. Org. Chen00Q 13, 796.

(192) Eck, W.; Stadler, V.; Geyer, W.; Zharnikov, M.; Golzhauser, A.;
Grunze, M.Adv. Mater. 200Q 12, 805.

(193) Golzhauser, A.; Eck, W.; Geyer, W.; Stadler, V.; Weimann, T.; Hinze,
P.; Grunze, MAdv. Mater. 2001, 13, 806.

(194) Lercel, M. J.; Redinbo, G. F.; Pardo, F. D.; Rooks, M.; Tiberio, R.
C.; Simpson, P.; Craighead, H. G.; Sheen, C. W.; Parikh, A. N.;
Allara, D. L. J. Vac. Sci. Technol. B994 12, 3663.

(195) Baer, D. R.; Engelhard, M. H.; Schulte, D. W.; Guenther, D. E.;
Wang, L. Q.; Rieke, P. CJ. Vac. Sci. Technol. A994 12, 2478.



Odd-Even Effects in Organic Self-Assembled Monolayers

(196) Seshadri, K.; Froyd, K.; Parikh, A. N.; Allara, D. L.; Lercel, M. J.;
Craighead, H. GJ. Phys. Chem1996 100, 15900.

(197) Hild, R.; David, C.; Muller, H. U.; Volkel, B.; Kayser, D. R.; Grunze,
M. Langmuir1998 14, 342.

(198) Maoz, R.; Cohen, S. R.; Sagiv,Aldv. Mater. 1999 11, 55.

(199) Heister, K.; Frey, S.; Golzhauser, A.; Ulman, A.; Zharnikov,M.
Phys. Chem. B999 103 11098.

(200) Zharnikov, M.; Frey, S.; Heister, K.; Grunze, Mangmuir 200Q
16, 2697.

(201) Frey, S.; Heister, K.; Zharnikov, M.; Grunze, Rhys. Chem. Chem.
Phys.200Q 2, 1979.

(202) Olsen, C.; Rowntree, P. A. Chem. Phys1998 108 3750.

(203) Rowntree, P.; Dugal, P. C.; Hunting, D.; Sanche].lPhys. Chem.
1996 100, 4546.

(204) Jager, B.; Schurmann, H.; Muller, H. U.; Himmel, H. J.; Neumann,
M.; Grunze, M.; Woll, C.Z. Phys. Chem.-Int. J. Res. Phys. Chem.
Chem. Phys1997, 202, 263.

(205) Muller, H. U.; Zharnikov, M.; Volkel, B.; Schertel, A.; Harder, P.;
Grunze, M.J. Phys. Chem. B99§ 102, 7949.

(206) Zharnikov, M.; Geyer, W.; Golzhauser, A.; Frey, S.; GrunzePNys.
Chem. Chem. Phy4999 1, 3163.

(207) Volkel, B.; Golzhauser, A.; Muller, H. U.; David, C.; Grunze, 3/.
Vac. Sci. Technol. B997, 15, 2877.

(208) Kondoh, H.; Nozoye, HJ. Phys. Chem. B998 102, 2367.

(209) Kuriyama, K.; Kikuchi, H.; Kajiyama, TLangmuir1996 12, 2283.

(210) Day, D.; Lando, J. BMacromoleculed98Q 13, 1478.

(211) Tieke, B.Adv. Polym. Sci1985 71, 79.

(212) Lando, J. B. InPolydiacetylenesBloor, D. C., R. R., Ed.; Dor-
drecht: Nijhoff, 1985.

(213) Enkelmann, VAdv. Polym. Sci1984 63, 91.

(214) Schott, M.; Wegner, G. INonlinear Optical Properties of Organic
Moleucles and CrystajsChemla, D. S., Zyss, J., Eds.; Academic
Press: Orlando, 1987.

(215) Batchelder, D. N.; Evans, S. D.; Freeman, T. L.; Haussling, L.;
Ringsdorf, H.; Wolf, H.J. Am. Chem. S0d.994 116, 1050.

(216) Kim, T.; Ye, Q.; Sun, L.; Chan, K. C.; Crooks, R. Mangmuir
1996 12, 6065.

Chemical Reviews, 2007, Vol. 107, No. 5 1453

(217) Chan, K. C.; Kim, T.; Schoer, J. K.; Crooks, R. M. Am. Chem.
Soc.1995 117, 5875.

(218) Mowery, M. D.; Evans, C. El. Phys. Chem. B997, 101, 8513.

(219) Menzel, H.; Mowery, M. D.; Cai, M.; Evans, C. E. Phys. Chem.
B 1998 102, 9550.

(220) Menzel, H.; Mowery, M. D.; Cai, M.; Evans, C. Edv. Mater.1999
11, 131.

(221) Menzel, H.; Mowery, M. D.; Cai, M.; Evans, C. Hlacromolecules
1999 32, 4343.

(222) Mowery, M. D.; Menzel, H.; Cai, M.; Evans, C. Eangmuir1998
14, 5594.

(223) Kim, T.; Chan, K. C.; Crooks, R. Ml. Am. Chem. S0d.997, 119,
189.

(224) Mino, N.; Tamura, H.; Ogawa, K.angmuir1991, 7, 2336.

(225) Charych, D. H.; Nagy, J. O.; Spevak, W.; Bednarski, MSBience
1993 261, 585.

(226) Cheng, Q.; Stevens, R. 8dv. Mater. 1997, 9, 481.

(227) Cao, G.; Mallouk, T. EJ. Solid State Chen1991 94, 59.

(228) Menzel, H.; Horstmann, S.; Mowery, M. D.; Cai, M.; Evans, C. E.
Polym.200Q 41, 8113.

(229) Lieser, G.; Tieke, B.; Wegner, Ghin Solid Films198Q 68, 77.

(230) Mino, N.; Tamura, H.; Ogawa, K.angmuir1992 8, 594.

(231) Bower, D. I.; Maddams, W. FThe Vibrational Spectroscopy of
Polymers Cambridge University Press: Cambridge, 1989.

(232) Hamers, R. J.; Coulter, S. K.; Ellison, M. D.; Hovis, J. S.; Padowitz,
D. F.; Schwartz, M. P.; Greenlief, C. M.; Russell, J.Atc. Chem.
Res.200Q 33, 617.

(233) Filler, M. A,; Bent, S. FProg. Surf. Sci2003 73, 1.

(234) Wolkow, R. A.Annu. Re. Phys. Chem1999 50, 413.

(235) Tao, F.; Xu, G. QAcc. Chem. Re004 37, 882.

(236) Loscutoff, P. W.; Bent, S. Annu. Re. Phys. Chem2006 57, 467.

(237) Ma, Z.; Zaera, FSurf. Sci. Rep200§ 61, 229.

CR050258D



