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The translational and orientation order of arg-cysteamine molecules chemiabsorbed ofilttie Au
crystal surface is considered. Couplings between carbon, nitrogen, and hydrogen atoms of the
n-alkanethiols are approximated by the Lennard-Jones potential. Moreover, hydrogen bonds
between oxygen and nitrogen and dipole—dipole interactions of the dipole moments of different
atomic groups are taken into account. It is found that molecules are arrangedxi2 éaftice and

have the total symmetrg€¢X Z,. The critical temperature of the phase transition to the tilted state
T.1, which breaks the symmetrfg, is estimated to be extremely high. The spontaneous
breakdown of the remaining symmetry leads to the twisted state of the molecules and has the
critical temperaturd .,=340 K. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1631920

I. INTRODUCTION the intermolecular interactions. Several studies show lateral
hydrogen bonding in thiols by including peptide bonds in the
The self-assembled monolayd83AMs) are a compara- alkane chaift?3

tively new type of organic monolayér; formed by sponta- A special kind of adsorbates with high potential
neous chemisorption of long-chain molecules from a solutions cysteine-containing peptides. These peptides can be
to many different solid substrate®.g., Au, Ag, Cu, Al, linked to a gold surface through thiol chemistry and con-

GaAs, S). The most thoroughly studied and robust SAM tain peptide bonds that induce formation of inter-
system is CH(CH,),-1SH(G,) absorbed on a AQ1l) crys-  molecular hydrogen bonds, resulting in lateral stabilization.
tal surface. SAMs are presently the focus of considerablgn this work we are studying arg-cysteamine molecules
attention for both technological and fundamental reasonssH(CH,),NHCOCH(NH,);NHC(NH,)NH, since arginine
Not only do they have potential applications in areas such aglays a specific role for G-protein recognitith.The
corrosion prevention, wear protection, sensing devices, and-protein is important for the 7-helix transmembrane GPCR,
the formation of well-defined miCl’OStrUCtUréé’,s but they which is a receptor for Vision, odor Sensing’ and pain recep-
present an excellent opportunity to study two-dimensionation. The second and third intracellular loops and the
condensed organic solids at the microscopic level. C-terminal tail of the 2A GPCR are important sites for
Chemisorption of the thiol main group to the surface G_protein binding and interactiort8-*7 It is of great interest
results in long-range translational and orientational latticgp ynderstand how G-proteins interact with the receptor and
structures. The investigation of the adsorption of functionaltg find the minimum sequence of recognition. A peptide se-
ized thiols and disulfides on gold surfaces is becoming imyyuence with unique binding properties for G-protein would
portant for studies of phenomena at surfaces and interfacege jnvaluable, but even high selectivity for the G-protein
especially in the field of biomaterial sciefideand biosensor would be excellent for drug screening. We have studied
technology?™'® Alkyl thiols are known to form well- G-protein interaction of arginine-containing dipeptides by
organized self-assembled monolayefSAMs) on solid ~ gpRI819we also have ongoing studies of larger arginine-
surfaces? Such properties as packing density, molecular Ofi~rich peptides with very promising results.
entation, tilting angle, binding strength to substrate and sta- | this paper, a theoretical study of the ground state for
bility alkyl thiols have been extensively studied for the laste arg-cysteamine adsorbates is presented. The ground state
15 years. The thermal stability for alkyl thiols has been stud—energy of a monolayer self-assembled on(#i) reveals a
ied and it. has been shown that irreversible disordering of thﬁexagonal structure of 22. This is compared to the ordi-
alkyl chains occurs already at 80 °C. One way to improve the,ary /3% v3 structure reported for long-chained alkyl thiols.
stability is to introduce lateral hydrogen bonds to increaserpggretical calculations of phase transitions to tilted and

twisted states for these adsorbates are also presented. More-
dElectronic mail: almsa@ifm.liu.se, almas@tnp.krasn.ru over, we studied the role of the hydrogen bonds. We found
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FIG. 2. Schematic drawing of three angles that specify position of arg-
cysteamine molecule relative to the crystal surfék¥) of gold (shown by
black circles. 6 is the tilt angle of the moleculey is the chain twis{rota-
tion) angle, andy defines the tilt direction along the surface plane.

following values® dcc=1.54A, des=1.82A, dcy
=1.04 A, dco=1.23 A, dey=1.45A, d;y=1.02A, and
deny=1.37 A for the peptide linkage. Bond angles were set
equal to the ideal valent ones. The molecular chain
SH(CH,),COH(NH,CH,),, has a zig—zag form as shown in
Fig. 1, terminated by group NHand all of them are repre-
sented by single interaction sites including hydrocarbons.
The total length of the molecule is found to be 14 A.

We assume that the chain may freely rotate about the
chain axis as a whole with the twisting angle as the dihedral
angle between the plane composed of the normal to the gold
surface, and the chain axis and plane definedrags seg-
ments of the zig—zag molecular chain. Moreover, we assume
FIG. 1. View of an arg-cysteamine molecule. Spheres show atoms identifielN@t chain may rotate around the normal to the crystal surface
as, for example, S-1 as the type of atom and its number in the moleculdn such a way that the sulfur does not take part in this rota-
r_espect?vely. Two sphere_s de_noted as Ip mean lone pairs which form addjon. This rotation is specified by two angles: the tilting angle
tional dipole moments given in Table Il. 6 and azimutal projectiop (the precession angle of the long

molecular axis about the surface normal to the gold crystal
&urface as shown in Fig. 2All the atoms, including hydro-
gen, were represented by sites that interact with one another
eﬁ]rough potentials. The atom—atom potentials can be ap-

The ground state and phase transitions were studi imated in diff ; In Ref. 26 th : th
theoretically mainly for self-assembled monolayers of gl-Proximated n dierent ways. in i<et. €y are given as the
an der Waals potential

kanethiols deposited on the gold surface. The first approacyl
is molecular dynamic simulatiort8;?® which succeeded in .
establishing the ground state properties of the SAM and ther- V(r)=Ae *'— 6 @
mally equilibrium orientational states at fixed temperature. . ) ) ]

The second approach, developed in Refs. 28-30, is a syn‘{‘l”h constants specified for each pair of |den't|cal gtoms:
metry analysis to study phase transitions in the mean fiel§—C» N=N, O-0O, H-H. The constants for unlike pairs of
approximation. In the present paper we will use the last ap@l0ms can be calculated a&;;=VA/A;, Cjj=VCiCj,

proach in application to the system of arg-cysteamines devherei andj enumerate atoms. However this potential has a
posited on the A(L11) crystal surface. negative divergence for small distances. Hence, following

Refs. 27-29, we take interactions between atoms of neigh-

boring chains as the Lennard-Jones ones
o\12 ()6

The model adopted for the arg-cysteamine molecule U(R)=4e ﬁ) —<§>
shown in Fig. 1 consists of all 40 spherical atoms connected
by rigid bond constraints. The molecule is chemicallywhere parameters and o were chosen by fitting the poten-
adsorbed on the crystal surface of goldll) via tial (2) to the Born—Meyer potentigll) in a way that both
the sulfur atom. Bond lengths were constrained to thepotentials have the same position and a depth of minimum.

that the hydrogen bonds in fact increase the temperature
phase transition by 40 K.

Il. MOLECULAR MODEL
: @
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TABLE |. Atom—atom Lennard-Jones parameters. TABLE II. Dipole moments of molecular bonds.

Atom pair eK) a(R) Bond Dipole momentDebye
H—H 14.87 2.50 S(1)-C(2) 1.2
c-C 39.86 3.39 H(21)-N(4) 0.5
N-N 33.85 3.20 C(5)-0(13) 2.3
0O-0 61.52 2.90 H(22)-N(14) 0.76
H-C 24.84 2.94 H(23)-N(14) 0.76
H-N 22.56 2.83 Lp of N(14) 0.6
H-O 29.75 2.70 C(9)-N(10) 1.26
C-N 36.72 3.29 H(31)=N(10) 0.87
Cc-0 50.55 3.12 C(11)-N(10 0.87
N-O 46.25 3.04 C(11)-N(12) 0.87
S-C 78.11 3.52 C(11)-N(15) 0.58
S—H 25.74 3.26 H(32)-N(12) 0.55

H(33)-N(12) 0.55
H(34)—N(15) 0.58
Lp of N(15) 0.6

The calculated Lennard-Jones parametgfsand o;; are
listed in Table I.

The constants for the S—C and S—H couplings were By distances between atoms and bond angles one can
taken from Ref. 31. In addition, the hydrogen bond interacfind the coordinates of atoms in the local coordinate system
tions are considered as the Lennard-Jones pote@iatith ~ With =0, ¢=0, andy=0. The distances are listed in Table
parameter¥ e(K)=226.4K, 0=2.168 A, and the bond Ill. The bond angle for carbon groups is 109.5° and the bond
angles (N—H---0)=160°+5° and #(H---O=C)=150°  angle for nitrogen groups is 107.3*We neglect slight dis-
+5°. These angles suggest the statistical significant terfortions of these angles as the molecular groups are bonded
dency for hydrogen bonds to occur in the directions of theln the arg-cysteamine molecule.

conventionally viewed oxygeap2 lone pair5‘°f3 To find the coordinates defining the carbon and hydrogen
Following Hautman and Kleif! the interaction of atoms atoms of then-thiol chain in the coordinate system of the
with gold substrate was modeled by the 12-3 potential, substrate it is necessary to use transformations of rotations
determined by the Euler angles. This procedure is described
V(z)= Ci Cs 3) in Ref. 28 and is not given here.

(z— 20)12_ (z— Zo)3 .

In fact, this potential is sharply decreasing with distamce Ill. THE SYMMETRY OF THE GROUND STATE
Therefore, it is reasonable to include (8) only interaction ~AND PHASE TRANSITIONS

of the gold surface with the nearest atoms such as sulfur and
the CH, group. The parameters of the potentia) are the
following.?! For the methylene group:
C1,=2.8x10" K-A,12 C,=17100 K- A3, z,=0.86 A. For
the sulfur: C;,=4.09x 10" K-A,? C;=180600 k A2, z,

=0.27 A. As a first step, we assumed there were two types of self

_ Finally we took into account the dipole—dipole cou- jsqempy of the arg-cysteamine molecules on the gold sur-
plings of the dipole moments of different bonds formed by, .q(119) as shown in Fig. 3. The first type corresponds to

moIecuIar.groups. Moreqver, we included the dipole momenfy . sH main groups of the arg-cysteamines, which form a
,Of Io_ne pair(1p) (Ref. 34 in the NH, and NH groups shown (V3 Xv3)R30° lattice shown in Fig. 3 by black circles simi-
in Fig. 1, lar to the alkanethiol self-assemBf/The second type is the
2% 2 lattice shown in Fig. 3 by gray circles. The gold atoms
W(R;j) =2, WePdedf, (49 are shown by light circles. For each type of lattice the total
“p energy of the self-assembly consisted of

In order to find possible phase transitions in the system
of arg-cysteamine molecules self-assembled on the gold sur-
face it is necessary to consider the symmetry of the system in
the ground state. Then phase transitions can be classified as
consequent spontaneous breakdown of this symnietry.

where
@B_ 5a,ﬁ_ 3RﬁRﬁ TABLE Ill. Atom—atom distances.
Wit R T TR ©
1 1 Atom—atom Distance§A)

andR; is the vector between the dipole moments; the mag- c_s 182
nitude of a dipole moment is measured in the Debye units c-C 1.54
D=10 * CGSE cm. Dipole moments were calculated with C-N 1.45
the help of the CS Gaussian Client package by Cambridge- C-H 1.09
Soft Corporation and are listed in Table Il. The dipole mo- E:g 11523

ments are directed from the first atom to the second one iBgpige linkage c—N 137
the bond. Numbers of atoms are presented in Fig. 1.
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the crystal surface of gold11) (Refs. 28, 29in tilted phase,
there is additionalZ, symmetry with twofold degeneracy.
The sameCgXZ, symmetry is observed for the arg-
cysteamines chemisorbed on the gold crystal surfat®. A
minimization of the total energy results in the following
equilibrium angles:

110) = (0o=84°+ mn/3,x0= — 41°,00=4.7°),
120) = (o= —4°+ 7N/3xo=41° 0o =4.7°), (7)

wheren=0,...,5. Therefore, the total symmetry of the system
is CeXZ,. A spontaneous symmetry breakdown of g
symmetry gives rise to the tilted state, while the spontaneous

FIG. 3. Two patterns of self-assembly of the SH main groups on the gochSymmetry breakdown of chz symmetry gives rise to the

H 8
crystal surfacé11D) shown by black circlefthe (/3x v3)R30° latticg and  tWisted staté’ _ _ o
by gray circlegthe 2x 2 lattice). The gold atoms are shown by light circles. Let us consider at first the possibility of the phase tran-

sition to the tilted state. Six degenerated states in the ground
. state are specified by angl€g. Let us consider the central
arg-cysteamine molecule and its six nearest neighbors at sites
E(e.0.x)= szl %: [Uan(QDﬁW)_ an(<P,9,X)|) j=1,2,...,6 shown in Fig. 3 by gray circles. The state of each
: molecule is given by the numbeg=0,...,5 in Eq.(7). Then

the energy of the system mapped on to stdi§scan be
N2 V(zo(9,0,x)) +Eql ®  Luritten as
where index runs over the nearest neighbors; inderesd
n; run over atoms of the arg-cysteamine moleciNes the (,EJ> n%,- E(ni.ny), ®)

number of the arg-cysteamines in the unit area Bpds the . . . .
total dipole energy of all dipole moments listed in Table I, where(i ,J)_means_ that we take into a consideration only the
computed by Ewald's methad:®® A single dipole spaced "€arest-neighbor interaction. _

apart from a metal experiences an interaction with its self- If the molecules were linear chains we would have only

image, so a dipole—dipole part of the dipole energy consist@reg enerfgiehs Of_ inter?ctri]oﬁ(n,nvLm),m_=r?,_1,.éi.,5 inde-
of dipole—dipole, dipole—image, and image—image interacP€ndent of the sites of the nearest neig horsiowever,

tions. Equatior(6) is the basic equation, a variation of which because of the complicated structure of the arg-cysteamine

allows us to find the ground state of the arg-cysteamine@OIecu!e shown in Fig. 1 we cr)]t_)tﬁir;a higc?er nbumhber: O.f the

adsorbed on the Att12) crystal surface and symmetry of the Interaction constantE(ni.,.nj) which depend on both t en-

system tegersn; ,n; and the positions of the molecules. Substituting
A variation of Eq.(6) relative to the angles gives us the

the stateg7) into (6) we have calculated the interaction con-
following result. For the ¥3Xv3)R30° lattice we obtained stants listed in Table IV. ,
Eo=435.50 KIA with ¢p=41°, 6,=1.7°, xo=2°, while Note that because of the symmetdy(n,n’)=J;(n
for the 2x2 lattice we obtainedEy=2344.9 K/A2 with ¢, ™" +m) ~we presented in this table only
—84°, 0,=4.7°, yo=—41°. Therefore, the 22 structure J;j(1,1),J;(1,2),...3;(1,6). Moreover, because of cyclic

is more stable relative to the/§xv3)R30° lattice. More- symmetry, .for example]j(7,2_)=Jj(1,2).

over, since the X2 lattice has the lower surface density in . L_et us mtroduce occupation numbezs=0,1. Then each

comparison with thew3Xv3)R30° lattice, the equilibrium pair interaction(8) can be presented as a

angles fixing the arg-cysteamines relative to the crystal sur- 6

face are larger in the former lattice. E=2 X Ji(n,n")cCjn - 9
Next, consider a symmetry of the system. First of all, the Inn’

system is degenerated relative to rotations of the symmetr@imilar to the mean-field theory of the Potts mddele

groupCq because of the hexagonal symmetry of the crystalntroducex,=(c;,), which are the fraction of the molecules

surface. Moreover, as was shown for thelkanethiols on that are in the state=1,2,...,6, subject to

TABLE IV. Interaction constantg;(n,n’) in K.

n; 1 2 3 4 5 6

j=1 -1733 ~1231 436 -788 -810 —996
j=2 -810 -695 ~536 -391 ~750 -1186
j=3 -1336 -996 ~750 ~1224 1.6<10° ~773
j=4 -1733 ~1186 1.6<10° 9685 —2555 -2118
j=5 -810 ~773 —2555 ~1961 ~1611 ~1231
j=6 -1336 -2117 1611 ~1374 436 ~694
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where the interaction constanlg(n,n’) are listed in Table

; Xn=1. (100 |v. Then the free energy per molecule is given by the ex-
pression
Then, to the mean-field energy and entropy per molecule are
E 12 ,
N=5121 2 3(n0")XeXnr F=KTX X,Inx,+ 3> K(n,n" )Xy, (12)
=Ll nn’ n n,n’
(11)

S
—=—-k2, X, Inx,, )
N ; neen where matrixK(n,n")=32J;(n,n") equals

—7757 —6998 1.6<10" 3946 1.6<10° —6998
—6998 —7757 —6998 1.6<10" 3946  1.610’
1.6x10° —6998 —7757 —6998 1.6<10" 3946
K= 3946  1.6x10° —6998 —7757 —6998 1.6x10° |° (13
1.6x10° 3946 1.6<10° —6998 —7757 —6998

—-6998 1.6<10° 3946 1.6x10" —6998 —7757

On the basis of numerical values of matfik3) it fol-

lows that the free energyl2) can be presented approxi- E=Eo— %Z Jij (00,0, X0)SiS; , (17
mately as .
wheres;=*+1, and
F=KTY, XnInX,— 3K X2~ KoXpXns1, (14) y )
roon " o Jj=i2 sS(Ul +wl ), (18)
s,s’

whereK;=7757 K, K,=6998 K. The free energy is to be
minimized relative to six-manifold variables, subject to il =1 U.(R:+Rn-—Re1+SRy - —S' R s
(10) andS XX+ 2= 0, 3 1 XnXn+ 3~ 0. The last equations fol- ss 2% ' (Rij +Ron=Ron o )
low from matrix elements(13). In contrast to the Potts (19

model®” a nonlinear procedure to minimize this free energy B
is a hard task even numerically. However, it is obvious that W'S{S,zE W(Rjj+(s—s")Ryp)
the critical temperature of the phase transition is basically P
determined by matrix elements; K, to be estimated as +IW(R;j+Zp+(5—S")Ryy), (20)
T.~(K;+K5)/2In5~=5000 K by an analog with the Potts '
model®’ Therefore, we can conclude that the self-assemble/here the vector, runs over image dipoles. If restricting by
monolayer of the arg-cysteamine molecules is always in théhe nearest ne|ghbors, numerical evaluation of formulas
tilted state with the X 2 lattice structure. (18)—(20) results in

Now, let us consider the possibility of the next phase  j = —61.%K, J,=148.XK, J;=40.K. (21)
transition related to spontaneous breakdown of the remaining o ) )
Z, symmetry. TheZ, symmetry allows us to crucially sim- ~S shown in F|g. 4_we h_ave Six nt_aarest nelghbor_s. However,
plify a consideration by reducing the total energy of the Sys_three pthers coincide witf21). Whll_e the_ alkanethlols have
tem to the Ising model. Following the same procedure adhe mirror plane 02‘; symmetry which gives rise to two ex-
developed in Refs. 28 and 30, we write the following expreshange integral€*” in the present case there is no such

sions for the rotated atom’s coordinates: symmetry. B _
The phase transition temperature of the 2D Ising model
R<=R(S¢g,0y,Sx0)=Ro+SR;, s==*1, (15 on the triangular lattice is found exacify
whereR, is directed along the-axis (along the next-nearest §162+ E283+ 6163=1, (22

neighboj and R, is perpendicular tdRy. Then the atom’s
coordinates of thg¢th arg-cysteamine molecule are specified
as follows:

where & =exp(—B.J), B=1/kT. However, for the case de-
scribed in(21), Eq. (22) has no solution. Therefore we have
to return to model17) in which summation runs over all
Rin=R;+Ron+SR1n, (16) sites because of dipole—dipole interacti¢®g). Then we can
evaluate the temperature of the phase transition in the mean
where n specifies thenth atom of the molecule. Then the field approximation to obtaikT,=J(0)=2;J;; . Performing
total energy is reduced to the elementary but tedious procedure of summation of inter-
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from the those of the alkanethiols. Therefore the exchange
integrals (21), which define the temperature of the second

phase transition to the twisted state, are also different in
comparison to those for the alkanethiols self-assembled on
the Au11l) crystal surface.

Both phase transitions were calculated with account of
only discrete states of corresponding symme@yXxZ,.
However each molecule arg-cysteamine is oscillating around
equilibrium positions. These vibrations form phonon modes
in the self assembly contributed by bulk phonon modes of
the gold crystal. In turn, these modes contribute to the en-
tropy term of the free energy to decrease temperatures of
FIG. 4. Exchange integrals between the arg-cysteamines shown by the maphiase transitions. So it is necessary to consider the critical
atoms S(black circles. a;,a, are unit vectors forming an elementary unit temperatures found in this work as upper estimations. More-
cell. over the calculated temperature of the phase transitjgrio
the twisted state has an accuracy in the same extend as the
van der Waals potential interactiond) with empirical
choice of the constants by formulas given beldw As was
shown in Ref. 28 the value of critical temperature is rather

:lztcié?si;%)Kv.vaTsheesr?oTr?:;?Jr;irc:virh;hgvs;ﬁ)gler_cilgglﬁa ¢|rr11ter- sensitive to choice of the atom—atom interaction parameters.
P g P ' Hence we can conclude that the second phase transition to

order to find the role of the hydrogen bond interactions be’[he twisted state takes place nearby room temperature while

tween the arg-cysteamine molecules we resumed all calcula- ” . . :
. oo . . S h ransition he til h is extremely high.
tions, switching off these interactions. We found in this case e phase transition o the tilted phase is extremely hig

kT.,~300 K. Thus, indeed, the hydrogen bonds stabilize the
SAM on the gold surface. ACKNOWLEDGMENT
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