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By means of generalized-ensemble Monte Carlo simulations, we investigate the thermodynamic behavior of a
flexible, elastic polymer model in the presence of an attractive nanocylinder. We systematically identify the
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structural phases that are formed by competing monomer—monomer and monomer—substrate interactions.
The influence of the relative surface attraction strength on the structural phases in the hyperphase diagram,
parameterized by cylinder radius and temperature, is discussed as well. In the limiting case of the infinitely

large cylinder radius, our results coincide with previous outcomes of studies of polymer adsorption on planar

www.rsc.org/pccp substrates.

| Introduction

Materials composed of soft and solid condensed matter have
been the subject of numerous studies in the past. There are
various reasons for this increasing interest, most of which are
triggered by the need of advanced technologies for miniature
functional devices on nanoscopic and mesoscopic scales such as
organic electronic circuits on inorganic substrates and biosensors.
However, to achieve systematic progress in understanding the
binding mechanisms of polymers at inorganic surfaces in experi-
ments is difficult and costly and theoretical approaches are limited
to very simple models. This leaves computer simulations the only
flexible tool for thorough studies of models that are capable of
reproducing generic features of such hybrid systems. Previous
computational studies of lattice and off-lattice polymer adsorption
studies on planar surfaces'™* and substrates with global and local
curvature™ > already provided insight into specific properties of
different structural phases of adsorbed polymer chains and the
analysis of their statistical mechanics.”®

In this paper, we extend previous studies on adsorption processes
of polymers at ultrathin nanowires and their structural hyperphase
diagrams'® "> to polymer adsorption at attractive cylindrical
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substrates'®® that resemble, e.g., nanotubes.?* The major goal

is the systematic investigation of the influences of the cylinder
radius and the surface attraction strength upon the formation
of structural phases for polymers of finite length in a thermal
environment. This will result in the construction of the struc-
tural hyperphase diagrams of polymer adsorption at cylindrical
substrates, parameterized by temperature and cylinder radius,
for different surface attraction strengths.

The paper is organized as follows. In Section II, we introduce
the model of a flexible, elastic polymer interacting with a
cylindrical substrate and describe the details of the simulation
method. The canonical statistical analysis of energetic and
structural quantities measured in the simulations is performed
in Section III. The hyperphase diagrams constructed by means
of the results of the thermodynamic analysis are discussed in
Section IV. The summary in Section V concludes our study.

II Model and methods

We investigate a generic hybrid model of a linear, flexible, and
elastic bead-spring polymer chain, consisting of N = 30 mono-
mers, interacting with a cylindrical substrate. The interaction
between pairs (i, j) of monomers of the polymer is described by
a modified Lennard-Jones (LJ) potential

UP () = { s

0, otherwise,

where the standard L] potential

wer=+| ()G e

is truncated if the distance between the monomers r; exceeds
the cut-off threshold r. = 2.50, and it is shifted by Uy,(r.) as to
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Fig. 1 Coordinates for integration of the Lennard-Jones potential in case
of the nanocylinder.

prevent a discontinuity at r = r.. In the simulations, the parameters
were set to ¢ = 1, 0 = 2~ ¥°r,, and r, = 0.7. The bond fluctuation
width between bonded monomers is regularized by the finitely
extensible nonlinear elastic (FENE) potential®®~'

K Tiit1 — 102
Urpng (Tii+1) = —512 log {1 - <¥) ] 3)

Minimum potential positions of the FENE and LJ potentials
coincide; the FENE potential diverges for r — ro & [ and [ = 0.3
was chosen. The FENE energy scale was adjusted by setting K = 40.

For the interaction of each monomer with the cylindrical
substrate we assume that the distribution of matter in the
cylinder is uniform. The integration of a standard L] potential
between a monomer, located at the distance D from the surface
of the nanocylinder with radius R (see Fig. 1 for illustration),
and a volume element of the cylinder yields:">

} 21 R 63 3
Uyl (D) = e . do opdp 645112 25372 ) (4)

with
s=(D+R)+p> — 2p(D + R)cos ¢. (5)
The integration along the cylinder axis in z direction has already

been performed. Different values of the adsorption strength para-
meter ¢ correspond to different nanocylinder materials.
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Fig. 2 Cylinder potential (4) for ¢. = 1.0 and different nanocylinder radii R.
The dotted line represents the potential for R — oo, which coincides with
the potential of a substrate with planar surface.

For computational reasons, we use in our simulations a
modified version of this potential:

0, 0<D<0.5,
Unt% (D) = Uire (D),  0.5<D <50, (6)
0 D> 5.0.

In order to avoid the computationally intensive calculation of
the integral in eqn (4) at each Monte Carlo step during the
simulation, the cylinder potential was discretized and tabulated
prior to the simulation and stored in memory.

For ¢. = 1.0, the cylinder potential is plotted in Fig. 2 at
different values of the cylinder radius R. In the limiting case
R — oo, the cylinder potential coincides with the potential of a
three-dimensional substrate with planar surface. In this case, the
integration of the Lennard-Jones potential over the half-space

that is occupied by the substrate yields:'""*®
1 1
Uplan,sc (D) = 4TE{IC m - @ . (7)

This allows a qualitative comparison of adsorbed structures at
cylindrical substrates with results from previous studies of
polymer adsorption at planar surfaces.***'*

For a given polymer conformation, represented by the coordinate
vector of N monomers X = (Fy,..., Iy) and interacting with a
nanocylinder with radius R, the total energy is given by

| N-1 N
Ere.(X) = 3 SOUT (ry) + > Urene(rin) + > Ui . (D).
by p p

i)

(8)

Simulations were performed in a simulation box with steric
walls in x and y direction. The size of the box in these directions
was set to R + 2N. This restriction keeps the polymer from moving
too far away from the cylinder. A limitation in z direction was not
necessary, since the cylinder extends over the whole z axis. Simula-
tions were performed using parallel tempering®*~° at 112 tempera-
tures in the interval T € [0.1, 2.5] for 5 different nanocylinder

materials with ¢, = {1.0, 2.0, 3.0, 4.0, 5.0} and 10 different radii
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R ={0.1, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 10.0}. For each
temperature T, cylinder adsorption strength ¢, and radius R, 5 x 107
Monte Carlo sweeps were performed to accumulate sufficient
statistics for the analysis of canonical quantities. Error bars were
obtained using the jackknife binning method.>®3¢38

[l Statistical analysis of polymer
adsorption at nanocylinders

In this section, we discuss thermodynamic properties of energetic
and structural quantities of a 30mer for various adsorption
strengths and cylinder radii and identify temperatures at which
pronounced thermal activity is observed. On this basis, we then
construct hyperphase diagrams for the polymer parameterized
by the temperature and material properties of the cylinder
(adsorption strength, radius) in the following section.

For the analysis of macroscopic states and the identification
of structural phases it is useful to investigate the response of
relevant thermodynamic quantities to thermal effects. In canonical
statistical analysis, the expectation value of an observable quantity
O is defined by

1

(ONT5R ) = 7R

JDXO(X)e‘ER-“c(X)/"“T, )
where DX is the formal integration measure for the phase
space of polymer conformations and

Z(T; R, &) = JDXC*ERJ;C(X)//(BT’ (10)

is the canonical partition function of the polymer interacting
with a cylinder whose material properties are characterized by
adsorption strength ¢ and radius R. Fluctuations of O can
suitably be defined by the temperature derivative of the mean,

do) 1
dT  kgT?

((OE) — (O)(E)). (11)

Extremal fluctuations help locate and identify structural transi-
tions of the polymer.

A Energetic fluctuations: specific heat

The most natural quantity and also the most general “order”
parameter to take a first look at is the mean energy (Eg ). Its
fluctuation is associated with the specific heat of the system
¢y = (1/N)d(Eg )/dT. Fig. 3 shows the specific-heat plots for
various cylinder radii R and adsorption strengths &.. For ¢ = 1.0,
the curves exhibit two peaks for most radii. The stable peak
position for all radii at T~ 0.35 signals the freezing or liquid-
solid transition of desorbed and adsorbed polymer structures,
respectively. Below that temperature all polymers, adsorbed or
desorbed, have a well defined crystalline structure. For R = 10.0
the freezing temperature is slightly shifted to a lower tempera-
ture. The reason for this becomes apparent later, when we
investigate the structural properties of the crystalline phase in
more detail.

The second peak at higher temperatures, visible for all radii
R > 0.25, signals the adsorption transition. In this case, the
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Fig. 3 Specific-heat curves for the interaction of a 30mer with nanocylinders
at 10 different radii R € [0.1, 10.0], plotted for adsorption strengths ¢. = 1.0,
3.0, and 5.0.

adsorption point is shifted to higher temperatures with increasing
cylinder radius. For larger adsorption strengths, also shown in
Fig. 3, the specific-heat curves exhibit more pronounced
features at temperatures below T = 1.5 that indicate additional
transitions. Their interpretation requires the analysis of more
specific order parameters.

B Order parameters and their thermal fluctuations

The canonical average of the squared radius of gyration,

(reye?) = % <(F,- - ch)2>/N, where 7m = f:?,—/N is the center
i=1 i=1

of mass of the polymer, is a measure for the compactness of a

polymer conformation. For this reason, it has been used as a

particularly useful quantity for the analysis of the critical

behavior near the collapse transition.

In Fig. 4(left panel), the squared radius of gyration is plotted
as a function of temperature for various cylinder radii and the
adsorption strengths ¢. = 1, 3, and 5. The fluctuations of this
quantity, d(r,”)/dT, are depicted in the right panel of the same
figure. These plots reveal a number of distinct features associated
with the cooperativity or competition of adsorption and structure
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Fig. 4 Mean squared radius of gyration and its fluctuation as a function of temperature for the 30mer for various cylinders radii and different values of

the adsorption strength e..

formation and the dependency of these processes on the system
parameters. It is important to note that the physical meaning of
transition signals like peaks or “shoulders” that lie close to each
other for different cylinder radii and adsorption strengths can be
different and depends on the precise values of these system
parameters.

The radius of gyration fluctuates the most if the polymer
structure experiences a significant change in its overall exten-
sion. Therefore, d(ry,”)/dT is useful for the identification of the
transition between random-coil structures (‘“‘gas phase’”) and
globular conformations (“liquid phase”), independently of
whether the polymer is adsorbed or desorbed.

To verify whether the polymer is adsorbed at the surface, we
introduce the number of surface contacts n.. A monomer is
considered to be in contact with the nanocylinder if its distance
from the cylinder surface is D < 0.95, which is slightly above the
distance of minimal cylinder potential. In Fig. 5, the average
number of surface contacts (n.) (left panel) and its thermal
fluctuation d(n.)/dT (right panel) is plotted as a function of
temperature for all simulated values of R and ¢.. The number of
contacts provides also insight into structural features in the low-
temperature phases and lowest-energy states.

This journal is © the Owner Societies 2015

Eventually, we have also measured the perpendicular distance
of the center of mass of the polymer from the cylinder surface,
r1, which offers additional structural information in the low-
temperature and in the adsorption/desorption regimes. The
canonical averages and the fluctuations about the mean are
plotted in Fig. 6.

These quantities form a set of order parameters that is helpful
for identifying and interpreting the structural transitions of the
polymer.

For ¢ = 1, we find particularly pronounced coil-globule
transition signals in the radius of gyration curves [Fig. 4(top)]
at temperatures T > 1 for all cylinder radii. However, these
signals indicate different scenarios, which becomes obvious
when comparing with Fig. 5(top). If the cylinder radius is
smaller than R = 1.5, there is only one peak at about T = 1.35.
In this case, the polymer is desorbed ((n.) ~ 0) and experiences
the typical @ collapse transition in free space between
desorbed-expanded structures (DE) and desorbed-globular
structures (DG). For larger radii, R > 1.5, however, the behavior
is more interesting. The transition signal splits into two. The
signal at lower temperature indicates the collapse transition of
the polymer while it is in contact with the cylinder, between

Phys. Chem. Chem. Phys., 2015, 17, 30702-30711 | 30705
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Fig. 5 Temperature dependence of the mean number of surface contacts (and fluctuations) of a 30mer with nanocylinders of different radii for three

adsorption strengths.

adsorbed-globular (AG) and adsorbed-expanded conformations
(AE). The number of surface contacts is nonzero and does not
exhibit a significant change.

The other transition signal at higher temperatures (T > 1.4)
is caused by the different conformational entropies of cylinder-
adsorbed polymer structures and entirely desorbed conformations.
While the radius of gyration does not account for changes in the
translational entropy, (r,) [Fig. 6(top)] does and possesses clear
peaks indicating the adsorption transition between AE and DE
conformations. Consequently, the number of surface contacts drops
rapidly upon passing the transition by increasing the temperature.

The low-temperature transition behavior is way more complex
and depends sensitively on the cylinder radius. If the radius is very
small (R < 0.25), the number of possible monomer-surface contacts
is extremely limited such that for ¢ = 1.0 the polymer effectively
ignores the presence of the substrate and remains desorbed most of
the time. This is also the case at very low temperatures, where the
polymer structures are desorbed-compact (DC).

For slightly larger radii, the polymer recognizes the cylinder
substrate in a well-defined way. Below R = 0.5, the polymer con-
formation remains most compact, the number of surface contacts is
nonzero but small (which means the polymer is adsorbed), and the

30706 | Phys. Chem. Chem. Phys., 2015, 17, 30702-30711

distance of the center of mass relatively large for an adsorbed
structure. This means the polymer binds to the cylinder as an
adsorbed-compact droplet (ACD). Upon increasing the cylinder
radius, ie., for less curved surfaces, the polymer forms more
regular adsorbed-compact structures with three layers (AC3) and
about 8 to 12 surface contacts; for radii R > 3.5 double-layers (AC2)
with about 18 contacts in the surface layer become energetically
favorable. It is worth noting that the surface attraction is too weak
to allow for single-layered (filmlike) structures.

If the cylinder attraction strength is increased to & = 3.0,
several significant changes in the polymer adsorption behavior
can be noticed. As expected, the adsorption transitions shift to
much higher temperatures. For example, if the cylinder radius
is chosen to be R = 0.5, the adsorption temperature changes
from T ~ 0.5 ate. =1.0to T ~ 1.5 at & = 3.0, as can be seen
easily when comparing Fig. 5(top right) and Fig. 5(center right).

Another interesting feature is that, while the © transition of
the “free”” polymers is obviously scarcely affected, the confined
O transition of the adsorbed polymers on the surface (AG/AE)
shifts to lower temperatures. This is clearly visible in the corres-
ponding curves for the fluctuations of the radius of gyration in
Fig. 4(center right). Toward larger radii, the AG/AE transition

This journal is © the Owner Societies 2015
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Fig. 6 Mean perpendicular (radial) distance of the center of mass of the polymer from the cylinder surface, (r,), and its fluctuation d(r, )/dT as a

function of temperature for the 30mer for different cylinder parameters.

temperature converges to about 7'= 0.75 for R = 10 (as compared to
T ~ 1.2 at ¢ = 1.0). The fact that adsorption occurs at higher and
the collapse into globular structures at lower temperatures suggests
that higher adsorption strengths quench the polymer and make it
bind to the substrate in entropically reduced and rather “flat”
adsorbed structures (AE) that prevent the monomers to assemble in
more ordered arrangement. Consequently, a stronger adsorption
strength effectively suppresses the formation of compact unit cells
of monomers as competing surface-monomer contacts become
favorable as well. The smaller extension of adsorbed polymer
structures in the directions perpendicular to the surface of the
substrate is obvious when comparing the corresponding (r,)
curves in Fig. 6 at ¢. = 1.0 and 3.0 for radii R > 1.

Despite this increased preference of disordered adsorbed
structures below the transition point, it is one of the most
remarkable features of all order parameter curves at ¢. = 3.0
(and higher) that the recognition of the cylinder geometry by
the polymer already occurs in the AE phase. The curves tend to
group, and these groups ultimately embark into the formation
channels of distinct and unique compact adsorbed structures
at very low temperatures. In this lowest-temperature regime,
the most noteworthy changes compared to the ¢. = 1 case are

This journal is © the Owner Societies 2015

the suppression of DC structures in favor of an extended phase of
adsorbed compact conformations (ACD), and the appearance of a
dominant compact monolayer phase (AC1). The filmlike monolayer
is maximally compact and all monomers are in contact with the
substrate. It is topologically two-dimensional. This is important to
note because at the adsorption strength considered here (&. = 3), the
polymer has to undergo a topological transition to reach the globular
phase AG, i.e., overcoming the surface tension and forming a
three-dimensional globular structure by increasing the tempera-
ture only is a cooperative one-step process. This rather unusual
highly cooperative behavior cannot be expected to prevail for
larger adsorption strengths.

Indeed, for ¢, = 5, we find that additional phases emerge.
The melting of the AC1 structures for radii R > 0.6 results in
the formation of two-dimensional monolayer, but not filmlike,
“globular” polymer conformations. Upon further increasing
the temperature, the contacts between the monomers are
released, but the monomers remain bound to the substrate.
For radii R > 1.5, the adsorbed-expanded structures are still
essentially two-dimensional (AE1), before additional heating allows
the now isolated monomers to lift off the substrate and enter phase
AE by experiencing a topological transition. The signature of

Phys. Chem. Chem. Phys., 2015, 17, 30702-30711 | 30707
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this rather weak transition is found in the fluctuations of r
shown in Fig. 6(bottom right).

IV Hyperphase diagrams

The careful extraction of the information gathered from the analysis
of the specific-heat curves and the fluctuations of the order para-
meters enables us to construct and compare the hyperphase dia-
grams for the hybrid system of the 30mer and nanocylinder. For the
cylinder adsorption strengths ¢. = 1.0, 3.0, and 5.0, the structural
phase diagrams in T-R space are shown in Fig. 7. Transition
lines were obtained by connecting transition points associated
with signals of extremal thermal activity (peaks, “shoulders”) in
the fluctuations of the thermodynamic quantities discussed
in the previous section. Since the polymer system is finite,
the estimated transition temperatures typically depend on
the choice of the thermodynamic quantity. This ambiguity is
inherent to the conventional canonical statistical analysis we
perform here. The associated uncertainty in the location of
transition points has been accounted for by drawing transition
bands rather than lines.

Since in our study the polymer is not grafted on the cylinder
surface, the hyperphase diagrams consist of two clearly separated
main parts: the phases of desorbed and adsorbed polymer con-
formations. The desorbed phases dominate for hybrid systems, in
which the cylinder radius is small and the surface attraction weak.
The polymer recognizes the energetic advantage of binding to the
cylinder only at lowest temperatures, where entropy is less relevant.
Thus, in the desorbed phases, the structural transition behavior of
the polymer is virtually the same as if it resides in unconfined free
space. The structural phases in this region are the random coils
(DE), the more compact but only locally ordered globular structures
(DG), and the crystalline compact conformations (DC). The transi-
tion between DE and DG is the well-studied © collapse transition,
but also progress in understanding the liquid-solid transition
DG < DC better has been made recently.’*™*' Representative
examples are shown in Fig. 8.

Well separated from the desorbed phases by the strong
adsorption transition line, the adsorbed phases can roughly
be distinguished in a similar way (AE, AG, AC), but local details
matter and, therefore, it is necessary to subdivide these phases
into local regimes. In this context it is also useful to recap that
in the limit of vanishing radius, the nanocylinder exhibits
features of a nanowire. The interaction of a flexible polymer
with a nanowire has been studied recently.'*>"** In the
opposite limit of very large radii, the local curvature of the
cylinder becomes negligible and the polymer adsorption beha-
vior is identical to that near a perfectly flat substrate."* Our
study interpolates between these two limits.

In the adsorbed-expanded phase AE, which dominates the
adsorption behavior at high temperatures, the polymer attaches to
the cylinder in an unspecified way. The polymer structure is
basically randomly extending into three dimensions and contacts
to the surface are loose. While the polymer recognizes the energetic
gain of binding to the substrate, it still takes advantage of large

30708 | Phys. Chem. Chem. Phys., 2015, 17, 30702-30711
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conformation-entropic freedom, but substantially loses transla-
tional entropy. This loss of translational entropy is the only reason
why the adsorption transitions (DE <> AE, DG < AG, DC < ACD)
of the nongrafted, finite polymer are discontinuous (first-order-
like)."* However, it should be noted that the adsorption transition
becomes continuous in the thermodynamic limit."

We would like to emphasize that the location of the adsorp-
tion transition depends also on the monomer concentration.
Translational entropy effects influence the adsorption behavior
and are stronger in the dilute regime. However, as it has been
shown recently,'® the finite-size effects of system and environ-
ment at constant concentration N/V, where N is the chain length
and V is the accessible volume of the simulation box, are minor.

In Fig. 9, we have plotted for &. = 3.0 and R = 0.5 the free energies
of the adsorbed and the desorbed states (up to an irrelevant

This journal is © the Owner Societies 2015
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contribution Fy(T) = —TS, due to the unknown absolute entropy
shift S),

Fads,des(T) - FO(T) = _kBTlrl Zads,des(T)) (12)

as functions of temperature 7. The respective partition func-
tions are given by Z,(7T)= E:’)“pg(E) exp(—E/kgT) and

Zaes(T) = jzepg(E) exp(—E/kgT). Here, g(E) is the density of

This journal is © the Owner Societies 2015
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states, E, is the ground state energy, and Ei, is the energy at
the separation point between the peaks of the equal-weight
bimodal energy distribution. We have also included the minimum
free energy curve in Fig. 9 (dashed line), which exhibits a kink at the
crossover point between adsorbed and desorbed phases. The
temperature at the kink location coincides with the transition point
in the phase diagram Fig. 7(b), indicating that the adsorption—
desorption transition is first-order-like.

The adsorbed-globular phase AG is dominated by disordered,
liquid-like conformations. While local ordering of contacts sets in,
no obvious long-range order on scales beyond nearest-neighbor
contacts emerges. In the intermediate temperature region, in which
this phase is located in the phase diagram, conformational entropy
is reduced further, and the energetically preferred formation of
surface contacts renders substrate binding stronger than in AE.

The most remarkable transition is associated with the
crystallization of the polymer on the substrate if the system is
cooled down below the freezing transition temperature.
Although the solid phases differ and the solid-solid transitions
among them relocate in R space upon changing the surface
attraction strength ¢, we did not find significant changes in the
transition behavior from the liquid into the solid phases. In
particular, the transition temperature is very stable at about
T = 0.35, independently of the cylinder properties. This means
that the geometric ordering of the monomers is not induced or
influenced by the surface; it is an inherent intra-monomeric
process of the polymer. Taking into account that at a given
cylinder radius R the type of the solid phase into which the
polymer crystallizes depends on the surface attraction strength,
one may conclude that the relevant phase space of geometric
polymer structures in the disordered phases, limited by the
system’s energetic scales, already determines the transition
pathways into the solid phases. A careful analysis of this
hypothesis is worth a future study, but exceeds the scope of
this paper.

The specific features of the solid phases depend on the
cylinder geometry and the energy scale of attraction. For very
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small radii, the optimal adsorbed energetic state of the polymer
is a structure that resembles the DC ground state: compact, with
smallest surface, and only locally attached to the nanocylinder.
We call these conformations adsorbed-compact droplets (ACD).
The more global recognition of the substrate at larger cylinder
radii leads to a rearranged monomer configuration and the
condensed droplets possess a more ordered internal structure.
Consequently, layered structures are formed, starting with a
triple-layer conformation (AC3). By increasing the cylinder
radius, the polymer is wetting the surface. Double-layer struc-
tures in phase AC2 are finally followed by monolayer films (AC1),
provided the surface attraction strength of the cylinder substrate
is large enough. The layered conformations can be bent and
wrap around the substrate. Because of the limited system size,
complete embracement of the cylinder was not observed, but is
possible for sufficiently long chains. Such polymer tubes have
been found in recent adsorption studies on nanowires."*>**

For increasingly large surface attraction strengths ¢, the mono-
layer phase becomes more and more dominant, ie., wetting the
surface out of the AE/AG phases is the major adsorption process.
However, the strong affinity of individual monomer adsorption
even at relatively high temperatures paired with the demand to
crystallize in a monolayer (which causes the polymer to experience
a topological transition) requires such a high cooperativity that the
AG and AE phases degenerate and additional subphases form [e.g,
for ¢. = 5.0 as shown in Fig. 7(c)]. For sufficiently flat substrates,
the system undergoes the topological transition from expanded
three-dimensional states (AE) to two-dimensional conformations
(AE1) without any ordering. Effectively, each monomer binds
individually, non-cooperatively to the substrate. Then local ordering
occurs in phase AG1. The transition AE1 <> AG1 is remarkable,
because it is a two-dimensional variant of the @ collapse transition.
Eventually, the local clusters bind to each other and form a
compact, crystalline monolayer (AC1).

V Summary and perspectives

In this paper, we have investigated the thermodynamic adsorption
behavior of a flexible homopolymer near an attractive cylindrical
surface. In extensive replica-exchange simulations of a generic
coarse-grained model for the hybrid polymer-cylinder system, we
systematically examined the influence of the cylinder radius and
attraction strength upon the cooperative effects that enable the
formation of adsorbed polymer conformations. For the identifi-
cation and investigation of the structural phases of the polymer, we
performed a comprising conventional canonical statistical analysis
of the thermal fluctuations of energy and appropriate order para-
meters (such as radius of gyration, number of surface contacts, and
perpendicular distance of the polymer center of mass from the
cylinder surface).

For this purpose, we studied the response of the order para-
meters to changes of the temperature for various system parameter
settings (cylinder radius and adsorption strength). Extremal fluctua-
tions were interpreted as signals of advanced thermal activity of the
system and used as indicators of structural transitions. The thus
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obtained transition points were used to construct complete struc-
tural phase diagrams for various adsorption scenarios. Effectively,
we performed parameter scans in model (or material) space, which
can only be done on the level of minimalistic generic models as
employed in this study. Hence, the structural phase diagrams,
parameterized by temperature and cylinder radius and fixed
cylinder adsorption strength, are hyperphase diagrams.

The complexity of this study limited the system size to
30 monomers, but by exemplified comparisons with larger systems
and previous studies of different substrates, we are confident that
the major qualitative features of the hyperphase diagrams are
representative. We would also like to emphasize that the extrapola-
tion toward the thermodynamic limit was not in the focus of this
study. Finite-size effects are essential for biological and nanotechno-
logical function and need to be considered as integral part of any
statistical analysis of functional soft matter on mesoscopic scales.
This impacts, for example, the “crystalline” structure of compact
conformations which typically do not possess specific long-range
symmetries, because of significant surface effects.

Since on one hand a cylinder with vanishing radius mimics a
nanowire and, on the other hand, a large radius entails a locally
almost flat surface, our study interpolates between these two well-
studied cases. The hyperphase diagrams clearly reveal the influence
of the cylinder radius upon the formation of structural phases, in
combination with its attraction strength. The adsorption processes
from the desorbed phases into the compact, firmly bound adsorbed
polymer conformations differ qualitatively when comparing systems
with different cylinder geometries. Generally, increased surface
attraction strengths favor the formation of monolayers, provided
the energy scale is sufficiently large. However, the topological
transition from three-dimensional expanded or globular conforma-
tions into two-dimensional structures requires high cooperativity. As
our results show, if the surface attraction strength is too small
compared to the internal attractive monomer-monomer interaction,
topological transitions do not occur. For relative energy scales
beyond a certain threshold, complexity dictates a cooperative adsorp-
tion process to pass through a topological transition that includes
multiple steps.

To summarize, our study has shown that geometric and
energetic parameters of cylindrical substrates influence the way
polymers bind to such substrates. Despite the simplicity of
nanocylinders, complex adsorption processes of polymers can
be modified and made substrate-specific.*”> Therefore, the
results of this study are potentially helpful for applications of
hybrid systems composed of soft and solid matter, such as
coating of nanotubes by polymers, that enable the manipula-
tion of physical properties (e.g., elasticity, conductivity) of
curved substrates. The specificity of binding that we found
makes cylindrical nanoparticles also interesting systems for
nanosensing macromolecules in polymer solvents.**
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