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ABSTRACT: A system of hard rods with mutually attractive or sticky ends is investigated with the help of
Monte Carlo simulations. For low strengths of the attractive interaction, the system behaves qualitatively similar
to a hard rod system. At low densities and sufficiently high adhesive strengths, a novel scaffold-like phase is
found, which is characterized by a large number of triangles formed by three mutually adhering rods. For a
moderate adhesive strength, the scaffold structure is rather flexible, as revealed by lifetime measurements of
adhesive contacts. At higher pressure and high adhesive strength, the system forms small smectic-like bundles.
At pressures for which the hard rod system becomes nematic, the rods with attractive ends form a smectic A
phase, if the adhesive strength is large enough.

1. Introduction low concentrations. At higher rod densities, the scaffold structure

collapses and the rods form a smectic structure. Simulations
have been performed for various values of the pressure and the
strength of the attractive square-well potential, which can be

summarized in a global phase diagram.

Rodlike colloidal structures, such as rod-shaped viruses,
bacilli, or microfilament$ are abundant in nature. With modern
methods of synthesis one can produce colloidal rods like
Boehmite and silicon needlés$,cylindrical dendrimer$,and
polymeric rodéir] large amqunts.AIreadyinthe _15_3403, Onsager 2 Model and Simulation Method
showed that an isotropic dispersion of hard, infinitely long rods, ) ) ]
must undergo a first order orientational ordering transition at Wit\:]\/z;r?g;'\?ee’éﬁd“s“OE(;‘;EF;%ﬁ:rsgjﬁiwfggs?gzeé?gyg;‘l?r?ézr of
sufficiently high density.Later, systems of hard spherocylinders - y X

- : . lengthl and diameted and two-half spheres of radia#? attached
(HSC) were .StUd'ed extensively with the help of Monte_CarIo to t%e ends. The configuration of apsingle spherocylinder labeled
('V',C) glmulatlor!S. Ove_r the years, the cqmplete phase dlagram,by indexj is determined by its center of massand a unit vector
which includes isotropic, nematic, smectic, and several crystal- u; parallel to the cylinder axis, which points from— (1/2)u; to r;
line phases, has been determiriéd. + (1/2) u;. The shortest distance
In the experimental and theoretical studies of systems of

rodlike molecules, a lot of attention has been paid to the high- = mi 5l 5!

. i . . i= min [[{ri+—u)— i+ 5yl Q)
density region where the system shows global orientational I 1<s=1 '\ 270 2
order. However, interesting ordering effects are also visible at B

low densities in diffusion-limited cluster aggregafioand at

the percolation thresholéiof aspherical molecules. The shape between the cylinder axes of rodsand] defines the hard core

: . otential
anisotropy of the molecules, which leads to the mesophases aP
higher densities, also induces a large class of structures at low 0 ifA;=d
rod concentrations. The structure formation at low densities Upe = w if 2, <d &)

depends sensitively on the attractive fodd interaction. By

modifying the HSC model, attractive interactions between the between two rods.

rods can be considered, which allow to study model systems of ~Furthermore, an attractive square-well potential
self-assembling chemical and biological systems.

In this article, Monte Carlo simulations are used to investigate Uy, (llg, — gill) = { —e ifflgj—qll <a

0 ifllg-gllza ©)

a system of hard rods with adhesive regions at both ends. Such

chemically hete.rlogeneous rods are likely to fc.)rm. §tructures at is considered between all pairs of end poigyts= r; & (I/2)u; and

rather Ipw densities. For example., polar amphlph|!|c molecgles G = 1, + (I/2)u; of the cylinder axes of rodsandj. Therefore,

form micelles, membranes or vesicles. As shown in this article, e total interaction between two rodland] is given by

rods with two attractive ends form a scaffold-like phase at low

densities. The structure of the scaffold is rather flexible, similar ol oyl

to the filament network of the cytoskeleton of cells (see, for U =Up(4;) + Z Z U [{{Fi i) — |+ ’

example, ref 11). One realization for our model rods is provided o=F1 oj=F1 2 2

by very stiff telechelic block copolymers, which consist of a (4)

:Sngksgl}ljfli cen(tjral block fanld tr\:V?. Sglortkhydrolphoblcf end In the simulations, the rangeof the square well potential is set to
ocks =T € end groups o telechelic block copo YMErsIorm 5 — 1 24, while various values for the adhesive strengtlare

clusters that, interconnected by central blocks, build a three- -gnsidered.

dimensional, basically amorphous gel phase. The novel aspect previous studies on systems of hard rods without adhesive

in our model is the stiffness of the hydrophilic part which leads interactions have shown that hard rods with higher shape anisotropy

to the scaffold-like gel phase, that shows a high local order at exhibit a much richer phase diagram than systems of rods with an
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almost spherical geometf{2. MC studies revealed that smectic
phases appear in a system for rods with aspect ralti® 3.2 while
nematic phases occur ftid = 3.5. For rods with an aspect ratio
I/d =5, nematic and smectic phases are present in a relatively wide|
density rangé.In this article, the influence of attractive ends are
investigated for rods with the latter aspect rdfid= 5. For this
purpose, isothermalisobaric (NPT) Monte Carlo simulations are
performed, in which the pressure is chosen as a control parameter
and the system is allowed to level off at an equilibrium density by
successive trial changes of the volume. Considering a system of]
colloidal rods dissolved in water, which is not taken into account
explicitly here, the pressure must be taken as a partial pressure
which acts exclusively on the rods. One Monte Carlo sweep includes
N trial rod moves, both orientational and translational, plus one
trial volume move. In the following we use the reduced pressure
P* = PusdT wherewvs. = nd36 + z1d%/4 is the hard core volume
of a spherocylinder andl is expressed in energy units, in which
the Boltzmann constant is absorbed.

To prepare initial configurations, we start with perfectly aligned
HSC rods whose centers of mass are located on an fcc lattice, whic
is scaled along the rod axis by a factor{1/d). The rod axes are
oriented perpendicular to the 111 plane of the unscaled lattice. In
the absence of attractive interactions, this configuration is equili- Figure 1. Typical configuration of the scaffold phase for reduced
brated for various pressures until the equilibrium HSC phase is pressureP* = 1.34 and an adhesive strength= 2.5T.
reached. For each pressure, a series of simulations with the
ﬁi?gg’snealofscmzrz dwhgléi\f)emset?gzlg{ﬁ F%?r?;?hid tr\:\gthsyit:rtﬁpivsv IS€ properties of the scaffold phase, we introduce the following three
equilibrated before averages are sampled. Tracing in the oppositeomIer parameters.
direction with Ae < 0 is used to check hysteresis effects. The 1. The first is the average numbéN.[] of rods sharing one
number of sweeps needed to equilibrate the system depends on thend group cluster. The smallest end group cluster consists of
yalue ofe. For values ot < 3.0T, the system typically_equilibrates two end groups which form a “bond”. In general, an end group
in 6 x 10° sweeps. Fore = 4.0T, the system is equilibrated after  cjyster consists of all end groups that form a bond with another
2 x 10° sweeps. For even higher valuescpthe number of accepted member of the end group cluster.
rod rearrangements decreases and ergodicity is no longer guaran-

teed. 2. Then there is the average fractiamgl) of rods that are
involved in small smectic-like bundles, in which adjacent rods
3. Results adhere to each other on both ends.

We investigate systems of hard rods witd = 5, which 3. Finally there is the average numbelil] of triangle
. . . structures formed by three or more rods.
interact through an attractive square well potential of depth ) ) i )
at the ends of the cylinder axes. Simulations are performed for Note that the triangle configuration can involve more than
different values ot and the reduced pressiu®e For low values ~ three rods if the edges are formed by bundles. As shown in
of ¢, the system behaves basically like the HSC system. Figure 2, all three order parameters are close to zero for low

However, above a certain valiie that depends off*, the values ofe. Above a certain value = €(P*) all three order
system behaves qualitatively different. Especially, for low Parameters increase abruptly and denote the spontaneous
pressures the system forms an interesting new structure. appearance of the respective structures in the systemislf

3.1. Scaffold PhaseWe begin with systems at low pressures increased further, the three order parameters increase only

P* < 4.9 resulting in a volume fraction < 0.4 withn = puvse slowly. . .

wherep is the density ands.is the volume of the spherocylinder ~ If the system undergoes a genuine phase transition, the abrupt
as before. For low values of the adhesive strergthe system increase of the order parameters suggests a first-order transition,
is in an isotropic fluid state, as known from the HSC system. Put moving the system in the reverse direction from large to
When e is increased above a threshold vak(e*), the rods small values ok revealed very small hysteresis effects. For a

start to aggregate and a complex scaffold-like structure forms pr_ecise characterization of this transition more detailed studies
in the system. In the following, we call it the scaffold phase. Will be necessary.

Figure 1 shows a typical configuration of this phase which is  3.2. Lifetime Distribution of Adhesive Contacts. The
characterized by three structural properties. The most uniquescaffold phase is similar to a gel. In the scaffold phase, the
structural property of the scaffold phase is the formation of “bonds” between the rod ends provide a distinct short-scale
triangles consisting of three rods which are mutually adhering order, while on a longer scale the structure is rather amorphous.
at their headgroups. In a real system an adhesive contact ofApparently, there exists a large number of locally ordered
two headgroups could be mediated by hydrogen bonds, van derscaffold structures, which are separated by more or less high
Waals forces, entropic effects, specific lock-key interactions or free energy barriers. It is important to investigate how easily
a combination of several mechanisms. In the following, the the system can rearrange in the Monte Carlo simulation.
adhesive contact of two headgroups is called a “bond” . Two Therefore, we computed the lifetime of each “bond” in terms
adjacent rods can form “bonds” on both ends. Corresponding of Monte Carlo sweeps. The results also indicate the flexibility
smectic-like bundles of two or more parallel rods are a second of the real system, even though the “dynamics” of the Monte
feature of the scaffold phase. A third structural property is the Carlo simulation differs from the real dynamics, especially
occurrence of end group clusters, at which the ends of severalbecause the ratio between translation and rotation attempts of
not necessarily parallel rods meet. To investigate the structuralrods could not be adapted to the translational and rotati&rba\ll
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Figure 2. Order parameters of the scaffold phase as a function of the adhesive steelogth reduced pressuf®* = 1.34. (a) The average
number of rods[IN.[] sharing one end group cluster. (b) The average number of triafglelgc) The average fraction of rodsi[] participating

in a smectic-like bundle.
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Figure 3. Distribution p of lifetimes t of “bonds” in a system with
adhesive strength = 2.5T ande = 3.5T.

Less than 5% of the “bonds” have lifetimes longer than 2000
MC sweeps.

The average lifetime of the “bonds” increases with increasing
€. Lifetime statistics fore = 3.5T show that the number of
“bond” breaks registered in $8weeps decreased by about 45%
compared to a system with= 2.5T. Fore > 4.0T, more than
50% of the “bonds” have lifetimes that exceed 20000 MC
sweeps.

3.3. Stability of a Perfect Crystalline Scaffold.The scaffold
phase is characterized by a globally irregular, scaffold-like
structure with triangular arrangements of the rods. Furthermore,
tetrahedral clusters are formed, in which rods build the edges,
connecting the four vertexes. The regular tetrahedron can be
used to create a space-filling crystalline structure with an fcc
symmetry. The centers of mass of a conventional fcc crystal
are the locations of end group clusters in the scaffold crystal
which are connected by the rods. It is interesting to test whether
the crystalline scaffold structure is a stable state of the system
or whether the less ordered gellike scaffold phase is preferred.
Therefore, simulations were performed which started from an

diffusion times in the real system which remain to be determined jgeal scaffold crystal configuration. In the initial configuration

experimentally.

Results are discussed for the reduced presBtire= 1.34.
The probabilityp(z) that a “bond” between two rods lasts for
exactly t sweeps is shown in Figure 3 fer= 2.5T ande =
3.5T. The graphs op(r) cannot be fitted by a single-exponential

the rods connect points, arranged in an fcc lattice with a lattice
constant/d + 1. The rods are arranged in such a way that each
fce lattice point is connected with it's nearest neighbors, as
shown in Figure 4a.

For each “bond” between rods with indidesndj we measure

function, which indicates that there are more than one charac-the angledjj = arccosy;-u;) between the unit vectors andu;
teristic time scales for the duration of “bonds” . The distribution which are parallel to the rod axes and point away from the

decays fast for short lifetimes, but far = 80 the decay is
strongly diminished.
For e = 2.5T, the structure in the system is very flexible,

“bond”. In the crystalline scaffold structure, the an@jebetween
two rods with mutually adhering end groups /i$3. In our
simulation the scaffold crystal consists of 576 rods. The volume

and lifetimes of “bonds” are very short. More than 20% percent fraction of the initial state isy = 0.14. Simulations are
of the “bonds” last no longer than 10 MC sweeps. More than performed with different values ef Fore < €, the crystalline
50% of the “bonds” have lifetimes shorter than 100 MC sweeps. initial configuration is unstable and melts into an isotropic flldl;g)v
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Figure 4. (a) Initial crystalline scaffold configuration. (b) Confuguration for an adhesive strengtB.5T, where the crystalline scaffold becomes
unstable and collapses to the scaffold phase structure.
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Figure 5. Distributionp of anglest between mutually adhering rods for a relaxated system obtained from an initial crystalline scaffold configuration
with adhesive strength (&)= 2.5T and (b)e = 5.0T.

phase. Foe > €, the crystalline configuration melts again, but crystal. This corroborates the point that within this parameter
now into the scaffold phase, indicating that the scaffold phase region the scaffold phase is stable.

is, indeed, the favorite structure fer> ¢ (see Figure 4b). In 3.4. Simulations at Higher Pressure.For the reduced
Figure 5, histograms for the angtg are shown for systems  pressurd®* = 4.9, the HSC system is in a dense isotropic phase
started from the ideal crystalline scaffold. Ror= 2.5T, as in with a volume fraction; = 0.4. For low values of, the system
Figure 5a, the distribution of cag() for the equilibrated system  of rods with adhesive ends behaves in a qualitatively similar
shows the typical order of the gellike scaffold phase. The peak manner. Above a threshold val@é®* = 4.9) = 1.5T, the rods

at cos@jj) = 1 stems from the nearly parallel rods in the bundles. aggregate to form small smectic-like bundles. On a larger scale,
A broad maximum around cd&( = 7/3) = ¥/, is caused by  however, the system shows no global orientational order (Figure
the triangle configurations in the gellike scaffold phase. Only 6a). The density is distinctly higher than in the scaffold phase,
if e is increased up o' as in Figure 5b, the angle distribution  which prevents the formation of the space consuming triangular
shows a distinct maximum around cég(= />, indicating the configurations. As a consequence, the average number of

structure of the crystalline scaffold. However, in thisegion triangles decreases drastically as shown in Figure 7. At higher
the acceptance rates are low and so the system might be caughgressures 5.4 P* < 6.7, the HSC system becomes nematic.
in a metastable state. If € is increased above the threshold vali{E*), the system

It is noteworthy that in the range @f < ¢ < 5T andP* < performs a phase transition from the nematic to a smectic A

4.5 the same scaffold phase is obtained from two rather different phase (Figure 6b). Figure 8 showgr,), the pair correlation
starting configurations; the isotropic phase and the ideal scaffold function along the direction of the rod axis. For a referenceé%({/
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Figure 6. (a) Globally isotropic phase with small smectic bundles. (b) Smectic phase obtained for a reduced Presstré8, and an adhesive
strengthe = 2.25T.
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Figure 7. Average number of triangles as a function of the adhesive
strengthe for different values of the reduced pressie
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Figure 8. Pair correlation functiom, projected along the rod axis as
a function of the distance, from the reference rod.

with a center of mass atand a rod axis parallel to the unit
vectoru the functiong(r;) denotes the local density in a small
volume aroundr + ryu divided by the overall density. The
periodic oscillations ofy(r) identify the smectic layering.
With all the data collected from the simulation, a phase
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diagram has been constructed.

4. Phase Diagram
Systems of hard rods with adhesive end groups have beenfractionn = 0.4, the rods form small smectic-like bundles but

investigated here for a wide range of reduced presBtii@nd
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Figure 9. Phase diagram for hard rods with adhesive ends as a function
of the reduced pressuf® and the adhesive strengthin units of T.
The dashed line represents the phase bourigB". Below the dashed
line, the system is in the isotropic phase for low pressures and in the
nematic phase for higher pressure values. Above the dashed line, the
system is in the scaffold phase for low pressures, and in the smectic A
phase for sufficiently high pressures. Between the scaffold phase and
the smectic A phase, the system forms small smectic-like bundles, while
triangular structures are strongly neglected.

a phase diagram. Symbols denote the points where the respective
phases were determined. Lines are added to indicate the phase
boundaries. A more detailed localization of the phase boundaries
as well as determination of the order of the transitions requires
a more refined study with umbrella sampling or equivalent
method$* which have not been applied yet. The phase diagram
shows a phase boundary separating the diagram into & low
and a highe region. For values of < €(P*), the system behaves
gualitatively similar to the HSC system, which means it is
isotropic forP* < 5.7 and nematic for 5.7% P* < 6.7. For

€ > &(P*), three different states are found, depending on the
pressurd*. For P* < 4.5 and corresponding volume fractions

1 < 0.37 the system is in the scaffold phase, showing a scaffold
like three-dimensional structure with characteristic triangular
rod configurations. Aroun&* =5 and a corresponding volume

the system shows no global orientational order. In this high

adhesive strength In Figure 9, our results are summarized in  density structure the number of triangles is distinctly lower ta%\/
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