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Anisotropic Adsorption of Molecular Assemblies on Crystalline Surfaces
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Orientational order of surfactant micelles and proteins on crystalline templates has been observed but, given
that the template unit cell is significantly smaller than the characteristic size of the adsorbate, this order
cannot be attributed to lattice epitaxy. We interpret the template-directed orientation of rodlike molecular
assemblies as arising from anisotropic van der Waals interactions between the assembly and crystalline surfaces
where the anisotropic van der Waals interaction is calculated using the Lifshitz methodology. Provided the
assembly is sufficiently large, substrate anisotropy provides a torque that overcomes rotational Brownian
motion near the surface. The probability of a particular orientation is computed by solving a Smoluchowski
equation that describes the balance between van der Waals and Brownian torques. Torque aligns both micelles
and protein fibrils; the interaction energy is minimized when the assembly lies perpendicular to a symmetry
axis of a crystalline substrate. Theoretical predictions agree with experiments for both hemi-cylindrical micelles
and protein fibrils adsorbed on graphite.

Introduction

Surfactants in aqueous solution form micelles due, in part,
to the limited solubility of their hydrocarbon tails. Spherical,
cylindrical, bilayer, and bicontinuous structures occur, depending
on the characteristics of the molecules and their concentrétions.
Atomic force microscope (AFM) studies show that, when these
micelles adsorb on crystalline templates, they display an
orientational order dictated by the crystal structure of the
template?~ Similar observations are made with proteins on
highly ordered pyrolytic graphite (HOP&)although the same
proteins in solution display a “wavy” fibrillar structuf€ The
fact that adsorption produces well-defined configurations sug-
gests that patterned structures can be organized at the nanometer
length scale. Molecular assemblies are especially appealing as
templates for building composite structures because the length
scale is small, typically a few nanometers, and controlled by
molecular architecture.

Orientational relationships appear insensitive to the composi-
tion of the adsorbate. For example, Aksay et showed that
cationic, hemi-cylindrical micelles of cetyltrimethylammonium

chloride (CTAC) adsorb on HOPG in patterns with (three) pre- hydrophobic tail (~ 2.5 nm)
ferred directions (Figure 1). While the micelles align perpen-
dicular to the symmetry axes of graphite, individual surfactant graphite symmetry axis

molecules on the surface are oriented parallel to the axes. Iden-

. . . . . _Figure 1. AFM image of hemi-cylindrical micellar assemblies of (A)
tical orientational relations are observed when de novo synthetlcCetyltrim ethylammonium chloride (CTAEpn HOPG. The underlying

p_rOte'_nS a‘?'so_fb onto HOPG (Figure®2)Not surprl_smgly, the carbon lattice structure is shown in the inset in (A). The schematic
directionality is absent on amorphous carbon (Figure 2B). side view (B) depicts hemi-cylindrical assemblies of CTAC. In the
Anisotropic adsorption of molecular assemblies has not beenorganized domains, the hemi-cylindrical rodlike micelles are aligned
limited to micellar and protein systems. Organic thin films Perpendicular to the symmetry axes.
grown by vapor deposition of planar molecules commonly
display orientational order on crystalline templates?s In
addition, simple alkane molecules such agHzo and GoHio2
show the alignment and domain formation on crystallite

templates® Epitaxy!” quasi-epitaxy? and van der Waals
epitaxy'® have been used to describe such ordered structures.
Forrest? reviewed the potential energy (PE) calculation basis
of orientational order for organic thin films where the adlayer
- - - - energies of adjacent molecular units were lumped into simpler
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Figure 2. AFM images of a de novo designgdsheet protein fibrils on HOPG (A) and amorphous carbon®(Bach fibril is a linear array of
3.5-nm widex 0.35-nm thick “strands®® The images show three distinct domains in (A) with orientations consistent with the symmetry axes of
HOPG. It is noted that there are misalignments for short protein fibrils. Random orientations occur on amorphous carbon (B). In the de novo
protein molecule, polar residues project up, and nonpolar residues project down. Note that dimensions in AFM images must be interpreted carefully
to allow for effects of tip curvatur&(Reprinted with permission from ref 8. Copyright 2002 American Chemical Society).

Figure 3. 500 nmx 500 nm AFM images of hemi-cylindrical surfactant aggregates formed on HOPG in a 10 mM CTAC so6luiages A-D

show the same area at intervals of 70 s. Note the dynamic competition between grains of two different angular orighgaiitftisPanel C also

depicts the threer and the thregs directions (parallel and perpendicular to the symmetry axes of graphite) that define the underlying graphite
lattice structure. After reaching thermal equilibrium the drift is less than 1 nm per min, and time-lapse imaging of a given region is possible. The
AFM is a Multimode/Nanoscope llla, Veeco Instruments, Santa Barbara, CA. (Reprinted with permission from ref 7. Copyright 2006 American
Physical Society).

faces, and thermal motion of the adsorbate plays an importantpredict orientations that are independent of the size of molecular
role on its configuration at nonzero temperatures. Further, the assembly and cannot explain the misalignment for shorter
pairwise summation of PE can be computationally intensive protein fibrils shown in the interior region of Figure 2A.
when applied to molecular assemblieslQ0 nm long or larger). Moreover, the role of water and the fact that molecules access
The geometric lattice misfit scheniéd®> developed as an  a large number of configurations at nonzero temperatures are
alternate approach deal with sufficiently large molecular over- not taken into account by these methods.

layers but do not give energy scales for different orientations.  In a recent study,we showed that the orientational order of
Thus, due to the lack of energetic considerations, these scheme€TAC hemi-cylindrical micelles at the graphite/water interface
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is well defined although the micelles and surfactants are in [a B
continuous motion (Figure 3). Interaction energy calculations x

at the molecular level using pairwise summation showed that p
the orientational energy differences of a single surfactant are 0

too small to explain anisotropic adsorption. In addition, Wanless
and Duckel® demonstrated that the spacing of micelles on
HOPG is not an integer multiple of the substrate unit cell which
precludes a templation mechanism at molecular length scale ag ¥
the governing mechanism. However, molecular assemblies show
anisotropic organization despite the absence of a molecular-
scale physical reason, suggesting that a more convincing
explanation exists at micellar level. At the micellar (colloidal)
level, a van der Waals torque on the micelles results from Figure 4. Schematic diagrams (top views) of orientations of: (A) a
collective effects. The misalignment of shorter protein fibrils rodlike micelle and (B) a protein fibril as deduced from experimental

Ei 2) also indicates that th isotropic ad ti . observationg® The short lines inside the rectangles denote individual
(Figure 2) also indicates that the anisotropic adsorption arises g, actant molecules in (A), and protein “strands” in (B). The micelle

_maimy from the energy difference for the Ial_'ger assembly s a hemi-cylinder whose radius is the length of a surfactant molecule,
instead of an individual molecule. The dynamic character of while the fibril is approximated as a cylinder with a radius equal to
molecular assembly during adsorption may be analogous to thehalf the length of a strand. Hereandy denote the directions parallel

continuous exchange of surfactants between micelles and bulkand perpendicular to one of the symmetry axes of the surface. The
solution at small time scalé8 orientation of the rod is given by the directq, lying parallel to the

. . ) long axis of the assembly.
The goal of this paper is to expand on our earlier work so as

to present a generalized theory for anisotropic adsorption of and an inorganic surface. The orientational ordering is pictured
molecular assemblies at the colloidal length scale, including as follows. In solution, each molecule or assembly undergoes
cylindrical and hemi-cylindrical geometries. The theory is based Brownian motion while being attracted to the surface by
on the orientation of already extant rodlike molecular assemblies ubiquitous van der Waals forces. On the surface, rodlike
on the surface, corresponding to surfactant systems above thestructures form where the van der Waals interaction is aniso-
critical micelle concentration (CMC). In some cases, e.g., the tropic and induces a torque that alters the probability of a
work of Manne and Gaubspherical surfactant micelles exist particular orientation. Near a surface, certain orientations are
in solution, whereas hemi-cylindrical micelles form on the favored, and random rotational motion is suppressed. However,
surface. Although it is not clearly known how the assemblies rotary motion parallel to the surface continues, and raft-like
form, evidently they arise from the locally high concentration aggregates (cf. Figure 4) experience a van der Waals torque
of surfactants on and near the surface. Here, we treat orientationuntil they are aligned in an energy minimum.

of preexisting rodlike micelles. On the colloidal length scale, = To describe the rotational motion parallel to the surface, we
we view the process as one where an entire assembly undergoegse a Smoluchowski equati®ro describe the evolution of the
adsorption followed by rotation to a preferred orientation. The orientation probability distribution functiony, in a quiescent
van der Waals interaction is implemented because it provides asystem, viz.,

credible mechanism for orientation with crystalline surfaces such

as graphité! We employ expressions for the van der Waals W _ D (p x i)[p x W + ¥ % i) 1)
interaction between a macroscopied (i.e., the molecular at o op KT ap

assembly) parallel to the surface of an underlying (anisotropic) . . .

substrate. The overall interaction depends on the orientation of.Here th_e interaction energyl, derives from_ van der Wagls
the rod with respect to the symmetry axes of the substrate an dmteractlons,Dr represents the rotary diffusivity of a rodlike

the separation between the (semi-infinite) substrate and the rod_assembly, ang is a unit vector denoting the orientation. At

. L equilibrium,
First, we develop a statistical model based on the balance
between van der Waals and Brownian torques for calculation dlny _ 19U >
of the probability of a particular orientation. The model is then p  kTap 2

applied to two different molecular assemblies: hemi-cylindrical

micelles and cylindrical protein fibrils. The calculations confirm Accordingly, the balance between the torque associated with

that the torque experienced by a molecular aggregate is sufficientBrownian motion and the van der Waals interaction establishes

to overcome the Brownian forces so that an assembly alignsthe orientation probability distribution of the assembly.

with respect to a symmetry axis of the graphite. Detailed As described in the appendixes, the van der Waals interaction

treatments of the methodologies are given in the appendixes.energy between a cylindrical or hemi-cylindrical rod of length,

Finally, we discuss the characteristics of molecular assembly |, and radiusa, and an anisotropic substrate is

such as its dynamic character, waviness, and interactions )

between assemblies. The formulation of the van der Waals Aﬁ”'s"(O)azl

interaction between a rod and an anisotropic surface is set out URO) =— 6R°

in the appendixes for cylindrical and hemi-cylindrical rods

following the treatment by Parsegian and We&ghe detailed where AZ™{6) denotes a Hamaker constant withbeing the

calculation of the dielectric properties of the graphite is also angle between the long axis of the rod and one of the symmetry

set out there, along with a discussion of the dielectric functions axes of a Substrate’ as indicated in FigurdQ[ldenoteS the

employed for the micelles and the protein fibrils. separation between a cylindrical rod and a substrate or the
A Probabilistic Description of Orientational Ordering. separation between a hemi-cylindrical rod and surface. Here

Anisotropic interactions between a cylindrical or hemi-cylindri- andl denote the radius and length of the assembly. For rotational

cal rod and a surface mimic those between a molecular assemblymotion in thexy plane, it suffices to consider one component

®3)
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of eq 2 and the probability distribution function can be found 10° o . . — T
from solutions of 3
P, 6R® |

where A’ is obtained from differentiation of the anisotropic
Hamaker constant with respect pg, and scaled okT. The
right-hand side of eq 4 is proportional to the torque experienced
by a rod at a certain separati®from the surface. From eq 4,
the probability functiory follows as

Relative probability

) ¥
y=C exp(—é a—lpxz) (5) Separation R (nm)
Figure 5. Relative probability relation for hemi-cylindrical micelles

o . . o (a= 2.5 nm) of different lengths adsorbed on graphite as a function of
where C is an integration constant. Upon normalization, the separation between a hemi-cylindrical micelle and the surface. A large

probability density functiori(py) is relative probability represents a strong tendency for alignment perpen-
R dicular to the symmetry axis of the graphite.
A
exp(—sz) 10° f— r ——
f(p) = (6) FL Y 1=500nm 1
1 A > Lo ]
‘/; dpx eXF{_pr ) E‘ - “‘ -‘ i
'% \ \
with A = A'a2l/6R3. Clearly the probability density becomes 8
uniform, i.e.,f(py) = 1, for isotropic substrates where= 0. ® 10 3
For A > 0, the probability is maximum fgpx = 0 (where rods % 3
are aligned perpendicular to the symmetry axis) and a minimum S ]
atpx = 1. Using the maximum and minimum probabilities, the T
tendency for the alignment of molecular assembly can be ]
evaluated as the relative probability ratio: 1o .y
10
~ Pperpendicular A Separation R (nm)
Y= P = F(E) (7) Figure 6. Relative probability relation for cylindrical roda & 1.75
parallel

nm) adsorbed on HOPG as a function of separation between a
- cylindrical rod and surface. A large relative probability represents a
where Pparaliel aNd Pperpendiculardenote probabilities for parallel  strong tendency for alignment of protein fibrils perpendicular to the
and perpendicular configurations of the rod, respectively. symmetry axes of the graphite surface. Relative probabilities are larger
Anisotropic Adsorption of Micelles and Protein Fibrils. than those for hemi-cylindrical cases due to the larger torque parameter
Next we look at two applications of the theory, first for micelles arising from the greater mass associated with a full cylinder.
and then for protein fibrils. For hemi-cylindrical micelles on
HOPG in an aqueous solution, we use the formulation for a .
hemi-cylindrical rod, eq A.24. The series representation for the Y 1=500nm
Hamaker functionAZ™° given in the appendix was summed
into ultraviolet region €107 rad/s); the wave vector integration
employed a 16-point Gaussaguerre quadrature meth&tThe
data summarized in the appendix enable calculation of the
dimensionless torque paramet&rfor a hemi-cylindrical rod 1
interacting with graphite across a thin film of water. When the
rod is long and close to the surface, the relevant quaAtign T .
be sizable even thougN is small, e.g., 1.99% 10757 Figure 0 02 04 06 08 1
5 depicts the relative probability as a function of the separation Py
and assembly size. As expected, the relative probability ratio, Figure 7. Probability density functions for cylindrical fibrillar
i.e., the tendency for the alignment perpendicular to the structures of different lengths with a 0.1-nm separation from the surface.
symmetry axis of graphite, increases substantially as the Note thatp, = 0 and 1 denote perpendicular and parallel alignments
Separa“on decreases. In addn:lon’ since the hydrophob|c S|dé)f the fibrillar structures with respect to the symmetry axis of the
of the assembly faces the graphite, close separations are possibl§UPstrate-
and the probability may be even higher than those shown in four different lengths at different separations. Note that the
Figure 5. relative probability increases significantly as the separation
To analyze the orientation of protein fibrils, we use the decreases.
formulation for a cylindrical rod, eq A.18 with the Hamaker Additional evidence for anisotropic adsorption is furnished
function summed as before. Taking the radius of a fibril as half by calculating the probability as a function of orientation at a
of the length of an individual protein strand (i.e.= 1.75 nm) particular separation. Figure 7 shows the results for three
andA’ = 9.4614x 1075 we calculate the relative probability  different fibril lengths. Interestingly, the relative probability for
ratio between the graphite surface and protein fibril for different | =50 nm (corresponding to 23 protein molecules stacked side
fibril lengths and separations. Figure 6 shows the results for by side) shown in Figure 6 is low even at very small separations,

.

- ‘ 1=250 nm L

1=100 nm

f(p) (=v/v)
N
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R ~ 0.1 nm, suggesting that short assemblies should be assembly a balance between the bending energy and the van
disordered. This is consistent with the relatively misaligned 50 der Waals torque determines the straightness of the whole
80 nm structures shown in the interior region of Figure 2A. molecular assembly. When a van der Waals torque on each
The existence of the “critical” length suggests that a fibril should segment is not sufficient to overcome the bending energy of
containO(100) molecules to experience an appreciable torque. molecular assembly, a wavy orientational ordering of molecular

Taken together, these results suggest that the anisotropicassembly would occur, which may qualitatively explain the
adsorption of rodlike entities depicted in Figures3lcan be meandering of the anisotropic adsorption of CTAC micelle on
explained in terms of an anisotropic van der Waals interaction mica surfacé.

with the substrate. Interaction between Molecular AssembliesAlthough the
theory is focused, for simplicity, on the orientational behavior
Discussion of an isolated molecular assembly, experimental observations

. i . i (Figures 1-3) show large patches with the same directionality.
The theory presented in the previous Sections improves ourrhe three symmetry axes of the substrate are dielectrically
understanding of the anisotropic adsorption for both micelles equivalent so that a symmetry-breaking term is needed to form
and protein fibrils but does not cover some characteristics of the unidirectional large patch. For an isolated molecular
mo'_e_c!“af assgmbly: () the dynam|c nature, (ii) mlce_lle assembly, the only interaction comes from the surface. However,
flexibility or waviness, and (iii) interactions between assemblies. |, an the assemblies exist on the surface, the configuration of
In this section, we discuss each and its implication for the theory. 5, assembly is determined not only by the interaction with the
Dynamic Character of Molecular Assembly.In the present  grface but also by interactions between assemblies. The
theory, we neglect the dynamics of the micelle disintegration minimum energy configuration between rodlike molecular
and reassembly sho_vvn in Figyre 3and disc_ussed in our previous;ssemblies occurs when they are in par&flelpd thus the large
paper! The dynamic behavior of the micelle results from nigirectional patch can be formed. As a first approximation,
molecular motions such as continuous exchange of surfactantse effect of interaction between molecular assemblies on the
between micelles on the surface and in the bulk solution. The grientational order might be examined by superimposing an
exchange would be more significant at grain boundaries because,qgitional energy term itV in eq 1. Note that the interaction
two different micellar orientations at the boundary give rise t0 petween molecular assemblies can be implemented along with

the discontinui_ty of micelles that was k_nown to be energetically ¢ temporal change of the length, although the interaction
unstable! The time scale for the dynamics of surfactant molecule petween molecular assemblies is described on “quasi-equilib-

is typically O(10~) s while the time scale associated with j,;m".
the orientation isO(1074) s (from the inverse of the rotary
diffusivity for 100 nm of molecular assembl§jConsequently,  conclusions
the micelles are indeed in quasi-equilibrium at the rotational ) ) )
time scale, which allows us to investigate the process by We have set out a detailed theory for the anisotropic
considering a micelle as the moiety of interest. adsc_ertlon o_f molfecul_ar assemblies on crystall_lne surfages._A
However, to gain a complete understanding of the anisotropic parncular orientation is favored because_ rotatl_onal motion is
adsorption, we should employ a temporal change of length of mflugnced py a van der Waals.torque_; orientation arises from
the molecular assembly due to continuous disintegration andth€ interaction between an anisotropic object (a rod) and an
reformation of molecular assembly. The temporal change of _anlsotroplc substre_lte._AIthough thg intrinsic torque parameter
length might be treated as a “reaction” of molecular assembly 1S small, the c_omblnatlpn of a relatively large rod volume and
whose rate constant is related to the disintegration and reforma-Cl0S€ separation provides the necessary torque. The theory
tion energies of the molecular assemBlyCombined with eq presented prowd_es an epr|C|t_ relatl_onsh|_p between the energy
1, we would obtain a temporal orientational probability distribu- @nd the orientational order, involving simple geometry and
tion as a function of time and length of molecular assembly as Physical properties. The theory also captures the essential
well as other parameters. The temporal change of the |engthfeatures qf the anisotropic adsprptlon of a molecular assembly
affects the tendency for the alignment over time, and under- and provides a basic formalism to which further detailed
standing of these processes would help resolve the dynamicconsiderations can be incorporated, such as the dynamic
behavior of the anisotropic adsorption. characte.r of molgcular qssemblles, the waviness of mo!ecular
Flexibility or Waviness of Molecular Assembly. The theory assemblies, the interaction between molecular assemblies.
presented above describes molecular assemblies as rigid rods.
Molecular assemblies are, however, inherently “flexible” or
“wavy” owing to an existence of a finite persistence length. A
persistence length of rodlike molecular assembly can be
understood as a length scale where elastic and thermal energie
are in balance. The persistence length is typic@(t0) nm
for cylindrical micellé” andO(100) nm for the protein fibriP
in aqueous solutions. Taking account of the waviness into the
theory, we view a wavy molecular assembly as connected rodsA di
whose lengths are comparable to the persistence length near ppendices
surface. In this description, while the “overall” rotational motion A. Formulation of the van der Waals Interaction between
of whole molecular assembly is determined by the “overall” a Rod and an Anisotropic Surface.To mimic interactions
van der Waals torque, a van der Waals torque on each segmenthetween a rod and an inorganic surface we employ the notion
collectively, straightens the whole molecular assembly. Here of an anisotropic dielectric permeability. First, in section A.1,
the overall rotational motion can be defined by the end-to-end we calculate the van der Waals interaction between two semi-
director of the assembly. Since the energy associated with theinfinite slabs in an isotropic medium using the Lifshitz
waviness can be represented by a bending energy of moleculamethodology set out by Parsegian and Wé{sdne body is a
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Medium tensor of body 2 by an angl&?? In other words, the anglé
can be considered as the mutual angle between the directions
of Aanda.

Now that we have two anisotropic semi-infinite slabs, we
can take advantage of results by Parsegian and \Ressained
from solving the Maxwell equations. Accordingly, the interac-
tion between such slabs in an isotropic media can be represented
as:

E(L,0) =

kT & ) -
167[2L220'j(;2n dg [ In[1 — A X(6.6)e "Ix dx (A.1)

where E(L,0) denotes the interaction between two slabss
the separation distanclejs Boltzmann’s constant, arfis the
temperature. The sum is over alelectromagnetic field modes
(i.e., frequency modes) that satisfy the boundary conditigns;
2 3 is an angle of a wave vector in polar coordinate system. The
integration variable ig = 2qL, whereq denotes the magnitude
Composite half slab Anisotropic half slab of the wave vector. The prime in the summation indicates that
(Body 1) (Body 2) then = 0 term is to be multiplied by 1/2. He&,2(6,¢) can be
Figure A.1. A schematic diagram showing two semi-infinite slabs represented as:
embedded in an isotropic medium. Body-1 consists of isotropic rods

(radiusa) in an isotropic medium; body-2 is an anisotropic slab. The

a—1\b—-1
distance between the slabslis An2(0,¢) = (é ¥ 1)(m) (A.2)

N

—~

composite consisting of aarray of dielectrically isotropic rods  \where
embedded in an identical medium; the other is a semi-infinite

slab with an intrinsic dielectric anisotropy. Next, in section A.2, B (A—B)
we derive an expression for the anisotropic van der Waals éz—\/ 1+ cos ¢ (A.3)
interaction between an individual rod and a semi-infinite slab. €m

The anisotropic interaction between a hemi-cylindrical rod and

a surface is set out in section A.3. and

A.1. The van der Waals Interaction between Semi-Infinite,

. ) . v . ~ o —
Anlsqtroplc SIabs.ConsMey the two semi- infinite glgb; erlcted =2 \/ﬁ + ( B) c 052(9 — ) (A.4)
in Figure A.1. Body-1 is a composite semi-infinite slab €nY Y y

composed of rods embedded in an isotropic medium; body-2 is

an intrinsically anisotropic semi-infinite slab. The intervening Next, substitutingh andb into eq A.2 and introducings =
aqueous medium is isotropic, and its dielectric teri®brs eql (A—B)/B, k = (0. — B)/B andd, = Bly, enables\,2(0,¢) to be
wherel is the unit tensor. Each rod is isotropic, and its dielectric rewritten as:

tensor can be expressed RIs= ¢/l. Thus, for the composite

semi-infinite slab, the dielectric tensét is: . ¢ —B /1 + 0, cog ¢
AS(0.9) =

A0 O €n+ By1+ d5c08¢

0BO \

00B em— 70, "1+ 026 — ¢) A5)
where the components parallel and perpendicular to the rods €nt yéf’%/l + k cos(0 — ¢)
(A and B) can be represented as + v(er — €m) and ey +
2vemAm/(1 — vAm), respectively’? Here Arm denotes ¢ — Given a small difference between and 8, x and 93 can be
em)l(er + em), and v is the fractional density of rods\za?, expanded in terms of as
whereN is the number of rods per unit cross-section. Note that
v < 1. Furthermore, the composite semi-infinite slab is € — €m )
anisotropic (with uniaxial symmetry) due to the geometric 03~ v = 2A,| + O(v9) (A.6)
anisotropy of the rods. m

For the anisotropic slab, the dielectric ten3ris: Expanding eq A.5 in terms of and d; provides a simplified

relation for Ay2(0,¢):
w00 n(0,6)
050

0 o AX0.6) = PR+ 6,QRco ¢ + kPSco (0 — ¢) +
y

k0,QScos ¢ cos(0 — ¢) (A7)
The other important assumption is that the dielectric axes of

two bodies perpendicular to the surfaces of the slabs coincideP, Q, R, and S depend on the dielectric properties of a rod,

with each other. This allows us to characterize the dielectric medium, and anisotropic semi-infinite slab as follows:
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p—n 5 A8
e, +B (A-8)
B® — Be,, B2
Q= + (A.9)
el— B (e,+B)
€. — 6 1/2
= % (A.10)
€m + Vél
112
Y~ €m0y Y
S= + yd,  (A.11)
(Em2 - V251 (€m T 7511/2)2)

Equation A.1 can be simplified by taking dominant term in the
series, viz., In[L— AX0,9) e~ — A(0,0) e % After
integrating with respect ta@, the interaction between two
anisotropic semi-infinite slabs in an isotropic medium is:

KT &
E(L,0) = — 20
16715
. (1+ 2 cogh)
J. |2PR+ kPS+ 0,QR+ 10,QS|x € *dx

(A.12)

It is noteworthy that the interaction shows an explicit angular

dependence due to the anisotropic nature of two slabs. On the
other hand, when we have an isotropic spherical particle, the

angular dependence vanishes becauise B or equivalently,
03 = 0. Accordingly, the geometrical anisotropy of the particle

and dielectric anisotropy of the surface are crucial ingredients

in the angular dependence shown in eq A.12.
A.2. The van der Waals Interaction between a Rod and
Anisotropic Semi-Infinite Slab. The next step is to obtain the

interaction between a single rod and the anisotropic semi-infinite

slab fromE(L,0). Since the volume fraction of the rods in body

1 (the composite semi-infinite slab) is very small, we can relate

V(R,0) with E(L,0) a pairwise summation analogous to Hamak-
er’s calculation:

E(L.6) =N /* dzVR6) (A.13)

Here z is measured perpendicular to the surfaces of the

composite and anisotropic semi-infinite slatx»= 0 andz= L

J. Phys. Chem. &

and

O~ — % + o) (A.16)
SinceP is O(v) andQ is O(1), all the terms in the summation
bracket in eq A.12 ar®(v), which implies that the pairwise
summation is appropriate. Using eq A.13 and leading order
expressions foP, Q, R,andS we obtain the interaction between

a single rod and an anisotropic semi-infinite SI§R,0) in terms

of the dielectric properties of a rod, medium, and anisotropic
semi-infinite slab:

V(RO) =

= Z}ﬁ:’ dx xe {2
8R™ n=

;6m—(ﬁy)”2(6 Lol 2
N+ " lem emt e

Y — em(vIB)? N
Em2 - IBV

€m (ﬁ)/)llz

em+ (BY)?

€m ™ €

+

€nt €

€m &

o —f)

enT €

perred
(en+ (BN
(@+2coso)y —enrl)” §

B\ a B0

@A) )

wherel is the length of a rod. After rearranging and simplifying
eq A.17, the anisotropic Hamaker constat*°follows as

(A.17)

3 e Jem— 1
KPR el o fr)(em+ B
(Tem+ €)en” = BY)

. _
1+2 co§0){a —B
16 | B

Thus, the interaction energy can be rewritten in terms of the

o—p
2, +

(em — €)(BY)?| (A.18)

correspond to the surfaces of the composite and anisotropicanisotropic Hamaker constant as

semi-infinite slabs, respectively; the separation between a

cylindrical rod and surfaceR = z + L. Thus, the interaction
follows from V(R,0) via a pairwise summation between a rod
and the anisotropic semi-infinite slab. Then, from eq A.13, we
obtainV(R,0) as

V(RO) = —

l(aE(L’H))L ) (A.14)

N\ oL
Before we calculat®/(R,0), we can show the expliciD(v)-

dependence of each term in eq A.12. ConsiEe®, R, andS

in eq A.12. ObviouslyR andSareO(1) to leading order because

they are related to the dielectric character of the anisotropic

semi-infinite slab (body 2). Expansions BfandQ in terms of
v give:

P~ —vA,, + O(v?) (A.15)

Aﬂ”isoazl
6R’
Note thatR denotes the separation between a cylindrical rod

and surface. For an isotropic semi-infinite slab (body-2), eq A.18
reduces to

V(RO) = — (A.19)

1/2

€m ™ €|[€m

) 3 2
A= —kTZO' J dxxe™ (A.20)
2 & €m T €l \em + (B1)*

Since the anisotropic dielectric property stems from the spatial
dispersion (i.e., the wave vector dependence) of the crystalline
substrate, it can be calculated from methods outlined in appendix
B. The angular dependence in eq A.18 is determined by
summations over both the wave vectors and frequencies.
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A.3. The van der Waals Interaction between a Hemi- o e — € \[en — (B2

Cylindrical Rod and Anisotropic Surface. Assuming thatthe  pdniso— :—ngZ)’ f°° dx xe ¥ (A.26)
= €m T 36 \e + (8y)2

planar side of a hemi-cylinder faces the surface, one can

approximate an anisotropic van der Waals interaction for a hemi-

cylindrical rod, similar to that for a cylindrical rod as described B. Dielectric Functions for Water, Protein, Surfactant, and

in section A.2. One important difference between a hemi- Graphite. To calculate the Hamaker constant using the formu-
cylinder and a cylinder is that the hemi-cylinder induces |ations set out in the A appendixes, one needs to know the
dielectric anisotropy in thg andz directions so that the three  gjelectric response functions for the suspending medium (water),
principal components of dielectric tensor ffof the composite  the rods (protein or surfactant), and the substrate (graphite). For
slab (Figure A.1) are all different. Following the formulation water, the dielectric response function can be modeled by Debye
used before, consider a cylindrical rod whose dielectric tensor rotational relaxation term and Lorentz harmonic-oscillator

isP = &l in one-half of the cross section aff = €ml in the absorp“on terms up to ultraviolet frequer@y_
other. The dielectric tens@ in the directions of principal axes
becomes: €naeli&n) =
d, 11 f;
AO0O 1+ + Z (B.1)
0BO 1+ &/oy  F1+4 g(EJo) + EJo)
00C

whered, andf; represent the oscillator strengths for the rotational
relaxation and infrared and ultraviolet absorptien, and w;
are resonance frequencies, ajdis the bandwidth. Heré, =
27kTn'h whereh is the Planck’s constant divided byr2andn
is a nonnegative integer. Numerical values of oscillator param-

where the components parallel to the hemi-cylindés gnd
perpendicular to the hemi-cylinderB @nd C) are dependent
on the dielectric properties of the hemi-cylinder and the isotropic
medium and volume fraction = Nza? as

(€ — ) eters are tabulated in the literatdfdVe assume a hydrocarbon-
A=c + Um (A.21) like dielectric response for proteifsHydrocarbons typically
m 2 have one absorption peak in the ultraviolet so the dielectric
(. —€.) response function of the protein or surfactan®is:
B=¢,+ 2 R (A.22)
(  3m) €protein or surfactaf&n) = 1+ ;2 (B.2)
(6~ € G
C=¢,+ 2, v-—— A.23
m ™ (3¢, + €,) ( ) wheref = 1.0 andw = 1.5 x 10 (rad/s).

Graphite requires a more elaborate consideration. Since the
Following the development set out in sections A.1 and A.2, hexagonal lattice belongs to the class of uniaxial crystal
we obtain the anisotropic Hamaker constant and van der Waalsstructures, the optical properties of in-plane dielectric response

interaction as are equal, i.e.o(w) = p(w). However, when the separation
between two slabs is of an order of nanometers, electromagnetic
(em— fr) modes of wavelength comparable to interatomic spacing become
a"'s° kTZ)j(') dx xe * important, and it turns out that the full dielectric function, which
(en + (ﬁy)l’z)z has both frequency and wave vector dependence, has to be
considered. The anisotropy of the in-plane dielectric function
(47¢,2 + 14e,.€, + 3¢, (e,> — By) )2 €m is generated via the wave vectprand therefore we shall denote
a 1 the two components of the dielectric tensordoyw,q,) andp-
(3e; + €m)(€ + 3ep) 36+ ém (w,qy). Perpendicular to the graphite layer (the extraordinary
oa—p 1+2 coé 9)((1 _ ﬁ\ (€m—€) axis) the dielectric response functigw,q) has weak depen-
+ (ﬁy)ll2 dence on wave vector so that the oscillator mé&detovides
B 16 \ p }2(€r + 3ep) an adequate description, i.e(w,q) ~ y(w,q = 0). Within the
(A.24) random-phase approximation, the dielectric response function
for a(w,qx) andf(w,qy) of a two-dimensional graphite layer is
and given by
anisq,2 d2k
V(RO) = — A (A.25) graphlte(w Q=1- _Z.flst BZ |m' k+
6R’ 2m)?
. . Lo ' f(En’,k + q) - f(En,k)
HereRis the separation between the hemi-cylinder and surface, ql e'q"|n,kD12 (B.3)
anda is the radius of the hemi-cylinder. The Hamaker constant En,'k +q En,k — (0w +1i1)

shown in eq A.24 approximates the hemi-cylinder case because

dielectric properties of the bottom half of the hemi-cylinder and where f is the Fermi distribution function an@ represents
the intervening medium are identical. The identical dielectric broadening in the absorption spectrum. The matrix elerfgit
property gives rise to less interaction compared to that of the + | 97|nkrepresents an integral ovierwhich is a position
cylinder as well. Notice that they character irP! (eqs A.21- vector in real space. The summation denotea/oyis over all
A.23) induces an angular dependence on the anisotropicvalence and conduction bands; the integration is over crystal
Hamaker constant (eq A.24). For an isotropic semi-infinite slab momentunk in the first Brillouin zone. The calculation can be
(body-2), eq A.24 becomes carried out either by the tight-binding moétebr from first-
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TABLE B.1: Comparison between the Current Methodology and Extant Results for Several Systems in Terms @ﬂi"

current experimental other theoretical
methodology results calculations
graphite-water—graphite 24 123243738 28%
graphite-air—graphite 53 53143% 613°
hydrocarbor-water—hydrocarbon 1.0 ~1.2 -

aThe frequency mode summation is carried up to the ultraviolet regidi®{ (rad/s)) at 300 K. For graphitg, was obtained at the zero wave
vector limit.

principles method® We adopted the tight-binding model (7) Saville, D. A.; Chun, J.; Li, J.-L.; Schniepp, H. C.; Car, R.; Aksay,
approach in the current study. The energy leglgs and other I A. Phys. Re. Lett. _2006 96, 18391' ) .

tight-binding parameters can be taken from the first-principles Che(n? 5525”36201251,’ ggjg}" I A; Saville, D. A.; Hecht, M. HI. Am.
calculation. For energies below 15 eV, Lin efashowed the (9) Brown, C. L. Bachelor of Arts Thesis; Princeton University,
anisotropic dielectric response function of graphite for several Princeton, New Jersey, 2001.

wave vectors. In general, the imaginary dielectric response _ (10) West, M. W.; wang, W.; Patterson, J.; Mancias, J. D.; Beasley, J.

- - . . - R.; Hecht, M. H.Proc. Natl. Acad. Sci. U.S.A999 96, 11211.
functions,a(i&n,0x) andf(i&n,qy), are monotonically decreasing (11) Novaco, A. D.: McTague, J. Phys. Re. Lett. 1977, 38, 1286.

functions in the imaginary frequené§,. Their magnitudes also (12) So, F. F.; Forrest, S. Rhys. Re. Lett. 1991 66, 2649.
become smaller aggrows larger, so we model the wave vector (13) Forrest, S. RChem. Re. 1997, 97, 1793.
dependence of(i&,,q) similar to the trend iroc and . (14) Last, J. A.; Hooks, D. E.; Hillier, A. C.; Ward, M. Dl. Phys.

As a check of the calculated dielectric response functions, Ch(elrg)' E\aAl/99da boaDGgﬁ?" Re. 2001 101 1667
ard, . D. em. Re. .
we used eq ﬁ.Z%.to evgluat? rI;|agja|ker pofnstapts fcf)r sev;ral (16) Rabe. J. P.: Buchholz, Sciencel991 253 424,
systems. Further discussion of the dielectric function of graphite  17) Hara, 'M.: Sasabe, H.. Yamada, A.; Garito, AJgn. J. Appl. Phys.
can be found in Li et at® Results are shown in Table B.1; our 1989 28, L309.
calculations are in accord with the experimental and theoretical  (18) Koma, A.Surf. Sci.1992 267, 29.
resultst.37-40 (19) Wanless, E. J.; Ducker, W. Aangmuir1997 13, 1463.

The polar groups of the protein or surfactant molecule, which Pug)zlig)htfr\éanl\sl’evl\llYoFl;l;( Vlvggferg"“ H. The Colloidal Domain VCH
originate an intrinsic permanent dipole moment, merit a further = (1) |nteractions due to permanent dipoles may also play a role in
comment here. We can set= 1.0 andw = 1.5 x 10'%(rad/s) anisotropic adsorption. The methodology set out here can be generalized
for a typical nonpolar hydrocarbon in eq B.2. However, in the 10 include such contributions, cf., Appendix B.

examples of the de novo designed profeimne side of the gg Ei;se’a'é"ég\l‘v;&s\’v‘;‘ssiﬁhs'TAh‘g(‘)?S'O(;}lggj 3&2?95 namics
p-sheetis made up of polar and charged residues. In the presencg,arendon Press: Oxford, 1986. Y Y Y

of charged residues, there will be counterions to neutralize the (24) Press, W. H,; Teukalsky, S. A.; Vetterling, W. T.; Flannery, B. P.
protein. As a result, the protein has a permanent dipole moment,TéJg;erlcal Recipes in FORTRANambridge University Press: Cambridge,
and interactions of Debye-type (dipelenduced dipole) should : ) . .

be considered as a driving force in the orientational ordering of (e fone s . oundations of Colloid Scienclarendon Press:
the self-assembly structure. In such cases, the mobile counterions (26) cates, M. EMacromolecule987, 20, 2289.

near charged amino acids will give rise to a random and (27) Cates, M. E.; Candau, S. J. Phys.: Condens. Matter99Q 2,
fluctuating dipole moment. The polarizability, and hence the ©6869. it A ¢ Elastic

magnitude of the dielectric response function, would be larger Prég? haéc\?%rkL'lgéeLl shitz, E. M.Theory of Elasticity Pergamon
tha}n the values we employgd herg. For a proper choitawd ' (29) parsegian” V. AJ. Chem. Physl972 56, 4393.

w in eq B.2, the treatment in sections A and B can be carried (30) Russel, W. B.; Saville, D. A.; Schowalter, W. Rolloidal
over to a more general case where polar molecules are involved Dispersions Cambridge University Press: New York, 1989.

In view of a larger dielectric constant, a larger anisotropy in gg nor;]ig,wB.;JNi?\lholr:s, A.gci\iggelggs 262, 1144; i p
. . . ananty, J.; NiInham, bB. ISpersion ForcesAcademic Fress:
the van der Waals interaction is expected. New York, 1976.

(33) Djurisic, A. B.; Li, E. H.J. Appl. Phys1999 85, 7404.
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