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Phase transitions in self-assembled monolayers of alkanethiols containing
the polar group
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Equilibrium states of the system of self-assembled monolayers~SAMs! of n-alkanethiol
molecules HS~CH2!n21(X) with polar group X chemiabsorbed on the Au~111! crystal surface are
considered. The couplings between the atoms~C, H! of the n-alkanethiols are approximated
by the Lennard–Jones potential. The couplings between then-alkanethiols and the crystal surface
are approximated by the 12-3 potential. The interactions of polar groups and the self-images
with the metal substrate are taken into consideration. The phase-transition temperatures, the
structural order and equilibrium tilt, and the twist and azimuthal angles of the
macromolecules, which depend on the dipole moments, are found. ©1998 American Institute
of Physics.@S1063-7761~98!01507-8#
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1. INTRODUCTION

The self-assembled monolayers~SAMs! are a compara-
tively new type of organic monolayers,1–3 which are formed
by spontaneous chemisorption of long-chain molecules fr
a solution to many different solid substrates~e.g., Au, Ag,
Cu, Al, GaAs, and Si!. The self-assembled monolayers a
presently the focus of considerable attention for technolo
cal and fundamental reasons. They have potential app
tions in such areas as corrosion prevention, wear protec
sensing devices, and the formation of well-defined mic
structures.1,4,5 They also present an excellent opportunity f
the study of two-dimensional, condensed, organic solids
the microscopic level. Chemisorption of the thiol headgro
to the surface results in long-range translational and orie
tional lattice structures. The stable monolayers have b
studied extensively by transmission electron spectroscopy6–9

optical ellipsometry,10–12 infrared spectroscopy,13,14 electro-
chemistry,15,16 and helium diffraction.17,18 These monolayers
form at a fixed surface density, which remains nearly c
stant with changing temperature. This fact simplifies
study of rotational and conformational states of SAMs.

The most thoroughly studied and robust SAM system
CH3~CH2!n21SH adsorbed on the Au~111! crystal surface.
Theoretical investigations of its properties have provided
portant insight into the nature of the long-range orderin
of SAMs. To the extent possible, phenomenologi
methods,19,20 molecular dynamic~MD! simulations,21–26and
models of the SAMs such as the two-dimensional Is
model27,28 have explained the ground state structure a
thermal-equilibrium orientational states of the SAM. One
the objectives is to study SAMs with more complex molec
lar chains, i.e., self-assembled monolayers of alkanethols
contain a polar group. Molecular dynamic simulations
Langmuir–Blodgett monolayer with dipole group have
ready been considered.29,30 However, these simulations
which are based on the so-called united atom model
treats CH2 groups as single interaction sites, and allowan
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for the packing patterns of alkyl chains with one or tw
molecules per unit cell, give rise to an incorrect monolay
structure, the tilt angle, and tilt direction for zero dipole m
ment.

In this paper we are considering the effect of incorpor
ing the polar group into self-assembled alkanethiol monol
ers on the phase transitions and the molecular structure o
phases. We use an all-atom model for hydrocarbon ch
interactions. In order to avoid gauche or kink defect in alk
chains we placed the polar group at the end of the chain

2. MOLECULAR MODEL

The model describes then-alkanethiol rigid chains tha
terminate the polar group. The SH headgroups of the
kanethiols form a ()3))R30° triangular lattice to adjus
with ~coordinate! Au~111! substrate. An all-atom model in
cludes hydrogen which is connected by rigid-bond co
plings. This model is based mainly on the molecular mo
which was accepted by Hautman and Klein22,23and Mar and
Klein,24 except for the interactions between the chains. T
chain has a zig-zag form and consists of hydrocarbon gro
CH2, which begin with sulfur and end with a polar grou
which a dipole momentd directs along the chain axis. W
assume that arbitrary dipole moment belongs to the mole
lar group CH3. Hydrocarbon groups CH2 and CH3 are rep-
resented by single interaction sites that include hydroge
We assume that the chain may freely rotate about the c
axis as a whole with the twisting angle as the dihedral an
between the plane consisting of the normal to the gold s
face, and the chain axis and plane defined by trans segm
of the zig-zag molecular chain. We also assume that
chain may rotate relative to the crystal surface in such a w
that the sulfur does not take part in this rotation. This ro
tion is determined by two angles: the tilting angleu and the
tilt direction w ~the precession angle of the long molecu
axis about the surface normal to the gold crystal surfa!
~Fig. 1!.
© 1998 American Institute of Physics
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Following Ref. 27, let us consider the Lennard–Jon
interactions between the atoms H, C, and S

U~R!54eF S s

RD 12

2S s

RD 6G . ~1!

The Lennard–Jones~LJ! parameterse ands were chosen by
fitting the potentials~1! to the van der Waals~vdW! potential
exp(2r26) in such a way that the potentials would have t
same position, depth, and second derivatives at the poin
minimum of the potentials. These parameters are listed
Tables I and II. We used the LJ potential since the vd
potential has a negative divergence for small distanc
which means that all chains have a tendency to collapse
each other.

Following Hautman and Klein,22 the interaction of the
hydrocarbon groups CH2 and CH3 with the Au substrate was
modeled by the 12-3 potential

V~z!5
C12

~z2z0!122
C3

~z2z0!3 , ~2!

where C1252.83107 K Å 2, C3517100 K Å3, and z0

50.86 Å.
The dipole–dipole coupling of the dipolesdi anddj is

W~Ri j !5(
a,b

Wi j
a,bdi

adj
b , ~3!

where

Wi j
a,b5

da,b

Ri j
3 2

3Ri j
a Ri j

b

Ri j
5 , ~4!

FIG. 1. u is the tilt angle of the molecule,x is the chain twist~rotation!
angle, andw characterizes the tilt direction along the surface plane.
s

of
in

s,
on

andRi j is the vector between the dipole moments; the m
nitude of a dipole moment is measured in units of 1D54.8
310218 CGSE•cm.

The coordinates of thekth carbons in the local coordi
nate system withu50, w50, andx50 for the zig-zag chain
in Fig. 2 are

RCk5 H ~r , 0, l 01~k21!l /2!,
~0, 0, l 01~k21!l /2!,

k51,3,5,... .
k52,4,6,..., ~5!

where the distances in the chain are shown in Fig. 2, andx is
the twisting angle. The coordinates of the hydrogen are

RHks5H ~r 1h cosa, hs sin a,
~2h cosa, hs sin a,
l 01~k21!/ l /2), k51,3,5,...,
l 01~k21!l /2), k52,4,6,... .

~6!

The coordinates of the dipole are the same as those of Cn .
In order to find the coordinates defining the carbon a

hydrogen atoms of then-thiol chain in the coordinate system
of the substrate, it is necessary to use the transformation
rotations determined by the Euler matrix

T~w,u,x!5S cosw 2sin w 0

sin w cosw 0

0 0 1
D S cosu 0 sin u

0 1 0

2sin u 0 cosu
D

3S cosx 2sin x 0

sin x cosx 0

0 0 1
D .

This gives a transformation

R~w,u,x!5T~w,u,x!R. ~7!

Experimental data8,9 show that the chain is tilted to th
next nearest neighbor~NNN! in the direction from the NNN
direction (w;10°). Below we consider the tilted phase (u
.0) only. The number and equilibrium angular positions
the chains of the paraelectric phase depend on the symm
of the system. We see that the one-body potential of
chain-S~1! and the chain-Au~2! is fourfold degenerate with
respect to the angular positions of a chainR~w,u,x!, R
(2w,u,2x), R(p1w,u,x), R(p2w,u,2x). If the contri-
bution of the potential of the chain from the straight chain
carbon atoms@in ~5! r 50# is taken into account, then th
chain-chain interactions~1! remove the mirror symmetry in
theyz plane. Hence, the total one-body potential of a chain
twofold degenerate with respect to the angular positio
TABLE 1. Parameters of the van der Waals potentialA exp(2Br)2C/r 6.
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TABLE II. The Lennard–Jones coupling parameters.
n
ins

al

ne

th

o

y,
R~w,u,x! and R(2w,u,2x). This degeneracy was show
quantitatively in Ref. 27. The equilibrium state of the cha
R(w0 ,u0 ,x0) and that of the mirror planexz R(2w0 ,u0 ,
2x0) is found from the minimum thermodynamic potenti
for T.Tc and defined below.

In order to consider the phase transition with sponta
ous breakdown of the symmetry we follow Vaks36 and write
the following expressions for the rotated coordinates of
atoms:

Rs5R~sw,u,sx!

5
1

2
@T~w,u,x!R1T~2w,u,2x!R#

1s
1

2
@T~w,u,x!R2T~2w,u,2x!R#

5Ri1sR' , s561. ~8!

Obviously, sinceRi5(R111R21)/2, R'5(R112R21)/2
and uR11u5uR21u,

RiR'50,

andR' is directed along they axis, as shown in Fig. 3. As
the basis vectors of the two-dimensional triangular lattice
sulfur atoms we chose the vectors

FIG. 2. Coordinates defining the model of the zig-zagn-thiol chain chemi-
sorbed to a gold substrate;l 051.58 Å, l 52.506 Å, r 50.878 Å, h
51.04 Å, anda555°.
-

e

f

a15a~)/2,1/2,0!, a25~0,1,0!, ~9!

where the lattice constanta54.97 Å. Now let us specify the
coordinates of the atoms of thej th chain on the surface:

Rjgk5Rj1Ri ,gk1sjR',gk , ~10!

wherej runs over all sites of the triangular lattice,k runs over
the atomic groups CH2 and CH3 along the chain, andg runs
over the specific atomic groups (g5C, H1, and H2). Accord-
ingly, the dipole moment of thej th chain is

dj5di1sjd' , ~11!

whered'iy, anddid'50.
Substituting expressions~8! and ~10! into the potential

interactions~1! and ~2!, we obtain the following expression
for the LJ coupling chain-chain energy:

1

2 (
i , j

(
g,g8

(
k,k8

Ugg8~Ri j 1R0,gk2R0,g8k8

1siR1,gk2sjR1,g8k8!, ~12!

whereRi j 5Ri2Rj , and for the total chain-surface energ
which includes a coupling of then-thiol atoms~C, H! with
the sulfur atoms,

(
i

(
g

(
k

V~R0,k
z 1siR1,k

z !

1(
i , j

(
g

(
k,k8

UgS~Ri j 1R0,gk1siR1,gk!. ~13!

In accordance with Eq.~1!, we introduce the notation

FIG. 3. Symmetrical positions of an atom of then-thiol chains in the tilted
phase.
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Ug,g854eg,g8F S sg,g8
R D 12

2S sg,g8
R D 6G , ~14!

and the notationUgS means the interaction of the chain
atoms with the sulfur.

A single dipole spaced apart from a metal feels an in
action with its self-image, so a dipole-dipole part of t
chain-chain energy consists of dipole-dipole, dipole-ima
and image-image interactions. Substituting expressions~9!
and ~10! into ~3!, we obtain the energy of the dipole-dipo
coupling

(
i , j

FW~Ri j 1~si2sj !R',Cn
!

1
1

2
W~Ri j 1Z121~si2sj !R',Cn

!G , ~15!

whereZ12 is the vector between the real dipole and its se
image.

In order to simplify expressions~12!, ~13!, and~15! we
introduce the projection operatorss65(16s)/2. Then for
any function f of the two operatorss1 and s2 there is an
identity36

f ~xs11ys2!5~s1
11s1

2!~s2
11s2

2! f ~xs11ys2!

5s1
1s2

1 f ~x1y!1s1
1s2

2 f ~x2y!

1s1
2s2

1 f ~2x1y!1s1
2s2

2 f ~2x2y!.

~16!

Using this identity, we can write the following expression f
the total energy of the SAM:

E5E02
1

2 (
i j

Ji j ~u,w,x!sisj . ~17!

In accordance with Eq.~16!, we obtain the expressions

E05
1

4 (
i j

(
s,s8

~Us,s8
i j

1Ws,s8
i j

!1
1

2 (
i

(
s

Vs
i , ~18!

Ji j 5
1

4 (
s,s8

ss8Us,s8
i j

1
1

4 (
s,s8

ss8Ws,s8
i j , ~19!

where

Us,s8
i j

5
1

2 (
gg8

(
kk8

Ugg8~Ri j 1Ri ,gk

2Ri ,g8k81sR',gk2s8R',g8k8!,

Ws,s8
i j

5W~Ri j 1~s2s8!R',Cn
!

1
1

2
W~Ri j 1Z121~s2s8!R',Cn

!,

Vs
i 5(

g
(

k
V~Ri ,k

z 1sR',k
z !

1(
j

(
g

(
k

UgS~Ri j 1Ri ,gk1sR',gk!. ~20!
r-

e

-

The linear term( iBisi is absent in Eq.~17! due to the sym-
metry.

3. MEAN-FIELD APPROXIMATION

According to ~17!, the thermodynamic potential of th
SAM is

F5E0~u,w,x!2T ln Tr$si %

3expF1

2 (
i j

Ji j ~u,w,x!
sisj

T G . ~21!

A mean-field approximation of Eq.~21! is given by the
expression36

F5E0~u,w,x!1
1

2 (
i j

Ji j ~u,w,x!^si&^sj&

2T(
i

lnF2 coshS (
j

Ji j ~u,w,x!
^sj&
T D G . ~22!

We see from Eq.~22! that in the paraelectric phase (^si&
50) the minimumE0(w,u,x) with respect to the angle
gives equilibriumw0 ,u0 ,x0 SAM’s chains. The order pa
rameter^si&Þ0 is defined as a solution of the equations
state37

^si&5tanhF(
j

Ji j ~u,w,x!
^sj&
T G . ~23!

A substitution of solutions of this equation into~22! and
self-consistent minimization of the thermodynamic poten
over three angles give the complete equilibrium state of
SAM. Next, according to Eq.~23!, the structure ordered
phase is determined by the wave vectorq0 , for which

Jq5(
j

Ji j exp~ iqRi j ! ~24!

takes on the maximum value, andTc5Jq0
.37

The first item transform in~19! under nearest-neighbo
chain-chain coupling is given by the expression27

U~q!52J1 cos~2pj1!12J1 cos@2p~j12j2!#

12J2 cos~2pj2!, ~25!

where the wave vectorq5j1b11j2b2 is written about the
basis reciprocal to~9!

b154pa21~1/),0,0!, b252pa21~21/),1,0!,
~26!

J1 is the coupling constant along the vectors6a1 , 6(a2

2a1), and J2 is the coupling constant along the vecto
6a2 .

One points to fact that atd50 expression~24! reduces
to ~25!, maximums which give the following structure o
dered phase and the transition temperature:27

1) j150, j250, Tc54J112J2 ~ ferro!;

2) j150.5 j250, Tc524J112J2 ~231!;
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3) j150.5j2 , Tc52
J1

2

J2
22J2, U J1

2J2
U<1 ~ IC!.

~27!

The phase diagram, which corresponds to Eq.~27!, is shown
in Fig. 4.

The dipole-dipole interaction transform of~19! is com-
puted by Ewald’s method38 by fitting to the 2D lattice. For-
mally, the Fourier transform~4! can be found as follows:

Wq,x
a,b52

]2

]xa]xb
(

l

eiql

u l2xu
, ~28!

FIG. 5. Curves of the temperature transitionTc and the equilibrium angles
of the n-thiols, plotted as functions of the dipole moment, are described
the solid (n58), dashed (n510), dot-dashed (n512), and dotted (n
517) lines for the coupling parameters from Ref. 32.

FIG. 4. Phase diagram of the Ising model on the triangular lattice.
where l5 l 1a11 l 2a2 ,l 1 ,l 2 is an integer, anda1 and a2 are
defined by expressions~9!. According to Ewald, the series o
~28! for a plane lattice is presented by the sum of two ser

(
l

eiql

u l2xu
5(

l

erfc~Ru l2xu!
u l2xu

1
p

S0
(

g

eix~q1g!

ug1qu

3Fezuq1guerfcS uq1gu
2R

1zRD
1e2zuq1gu erfcS q1gu

2R
2zRD G , ~29!

where

erfc~x!5
2

Ap
E

x

`

e2y2
dy.

Hereg5g1b11g2b2 ,g1 ,g2 is an integer,b1 andb2 are de-
fined by expressions~26!, S0 is the unit cell area,z is the
component along thez axis of the vectorx, and R is the
adjustable parameter of the velocity convergence of the
ries. Note that Eq.~29! was obtained in Ref. 29 forq50.

The results of self-consistent numerical minimizati
procedure of~22! are given in Figs. 5–8 and Table III. Th
first feature of the temperature transition is high sensitivity

y

FIG. 6. The components of the wave vector of the ordered structurej1

~solid! andj2 ~dashed! for the coupling parameters from Ref. 32.
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the choice of the coupling constants listed in Table II. F
the choice of the coupling constants defined in Refs. 32
35 there is ordered phase sequence from the ferroelectr
231 to the IC~Figs. 6 and 8!. However, for the choice o
coupling constants defined in Refs. 31, 33, and 34 there i
phase~Table III!, where the transition temperatureTc in-
creases with increasing dipole moment.

4. DISCUSSION AND CONCLUSIONS

An advantage of using the Ising variable is that a r
variety of the couplings between atoms of then-thiols and
the couplings with the crystal surface is reduced to a f
competing exchange parameters. Ford50 they allow one to
establish a simple phase diagram of the system shown in
4. The SAMs are described by the Ising model on the tri
gular lattice with exact solution.39 Ferroelectric, 231, and
incommensurate phases are the only possible ordered s
of the system of then-thiols which are self-assembled on th
crystal surface Au~111!. For dÞ0 competition a LJ interac
tion and a dipole-dipole coupling can give rise to vario
combinations of the structures.

The most interesting behavior of the critical temperat
and a sequence of ordered structures upon change in

FIG. 7. The same as in Fig. 5 for Ref. 35.
r
d
or

IC

ig.
-

tes

e
the

dipole moment has been found for the LJ’s parameters fr
Refs. 32 and 35. The transition temperature dependenc
that Tc with dÞ0 can be reduced whend50. In particular,
the lowest temperature of the phase transition is realized
the parameters taken from Refs. 32 and 34.Tc is very sen-
sitive to the coupling parameters which change many tim
Moreover, it is necessary to take into consideration that
coupling parameters listed in Table I are given for the case
three-dimensional crystals in which the distances betw
the atomic groups CH2 may differ in comparison with the
case of the SAM. Therefore, the coupling constants listed
Tables I and II should be considered carefully. As far as
structure of the ordered phase for any set coupling par
eters is concerned, with increasing dipole moment the
commensurate phase is described by the modulation ve
either nearj5(0.25,0.5) or nearj5(0.3,0.6).

The phase transition leads to a freezing of the jumps
the chains between twofold degenerate states with equ
rium azimutal and twist anglesw0 , andx0 is given in Figs. 5
and 7 and Table III for various references. The values
these angles agree with the experimental observations
theoretical considerations except for the azimutal an
which was determined experimentally to bew;10° for d
50 and 10,n,20 ~Ref. 9!.

The final feature of the phase transition to the twist

FIG. 8. The same as in Fig. 6 for Ref. 35.
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TABLE III. The critical temperatures, the wave vector, and the equilibrium angles.
so
th
es
a

ur
w
im
s
tilt
d

n
or
a

ti

h
ss,
ordered phase is that it is a first-order transition. The rea
is analogous to the effect of elastic media on the order of
phase transition,36,40 where the spontaneous ordering giv
rise to a distortion of the crystal, which in turn leads to
slight increase in the exchange integrals. Hence, the C
temperature from the paraelectric phase turns out to be lo
than the Curie temperature from the ordered phase. S
larly, in the system of then-thiol’s chains a spontaneou
twist ordering of the chains give rise to a change in the
This in turn leads to a change of the exchange integrals
fined by Eq.~19!.
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