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ABSTRACT: Nanoparticle surfaces, such as cylindrical nanowires and
carbon nanotubes, are commonly coated with adsorbed polymer corona
phases to impart solution stabilization and to control molecular interactions.
These adsorbed polymer molecules (biological or otherwise), also known as
the corona phase, are critical to engineering particle and molecular
interactions. However, the prediction of its structure and the corresponding
properties remains an unresolved problem in polymer physics. In this work,
we construct a Hamiltonian describing the adsorption of an otherwise linear

polymer to the surface of a cylindrical nanorod in the form of an integral
equation summing up the energetic contributions corresponding to polymer
bending, confinement, solvation, and electrostatics. We introduce an
approximate functional that allows for the solution of the minimum energy configuration in the strongly bound limit. The
functional is shown to predict the pitch and surface area of observed helical corona phases in the literature based on the surface
binding energy and persistence length alone. This approximate functional also predicts and quantitatively describes the recently
observed ionic strength-mediated phase transitions of charged polymer corona at carbon nanotube surfaces. The Hamiltonian and
the approximate functional provide the first theoretical link between the polymer’s mechanical and chemical properties and the
resulting adsorbed phase configuration and therefore should find widespread utility in predicting corona phase structures around
anisotropic nanoparticles.

Hydrophobic : Hydrophilic:

H INTRODUCTION However, there is a dearth of understanding about the
adsorbed polymer configuration at nanoparticle surfaces,
particularly for cylindrical particles. The prediction of which
polymers will adsorb onto a given cylindrical nanoparticle and
the configuration of adsorbed polymer molecules on these
nanoparticles remains difficult. Even for the comparatively
well-characterized system of single-stranded DNA (ssDNA) on
single-walled carbon nanotubes—which are used to separate
nanotubes by size and chirality'* and produce molecular
recognition constructs'*—sequences that will bind to certain
nanotube surfaces and the properties these adsorbed molecules
impart remain poorly understood.

In this work, we develop a theoretical framework to describe
the configuration of an adsorbed single polymer chain on a
nanoscale cylindrical surface. We begin by proposing a
Hamiltonian to describe the energy of a polymer chain
interacting with the surface of a nanocylinder and use the
calculus of variations to derive energetic criteria to predict

A theoretical framework that is capable of predicting the
adsorbed configuration of a polymer on a surface is
fundamental to understanding the properties and behavior
such functionalization imparts. While polymer adsorption onto
flat surfaces is well studied,' the polymer configuration on
curved surfaces is strongly dependent on the surface’s radius of
curvature. Monte Carlo simulations have been used to develop
phase diagrams for homopolymer adsorption to spherical
surfaces,” where the extent of adsorption and the resulting
configurations are governed by the spherical radius. Config-
urations on ellipsoidal and cylindrical surfaces have been
predicted using worm-like chain models’ and coarse-grained
bead-and-spring models”® and through energetic scaling
analysis,” self-consistent field theory simulations,” and experi-
ments.® Further, the conformational reconfiguration or
desorption from these surfaces brought about by external
chemical, electrical, or thermal stimuli is also important for
understanding how particles interact for nanoparticle drug

delivery,” carbon nanotube—polymer composites,'’ and Received: November 22, 2021
organic solar cells."' The structure of an adsorbed polymer Revised: ~ December 8, 2021
phase around a nanoparticle can also facilitate molecular Published: December 28, 2021

recognition and binding,'* enable nanoparticle separation and

purification,'”'* and allow interfacing with biological sys-
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tems.
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which linear homopolymer chains will uniformly adsorb onto a
nanocylinder surface. Further, we find energy-minimizing
configurations of a single adsorbed polymer to a nanocylinder
surface. We find that the helical polymer configurations we
predict match well with available imaging'’ and data on
observed thermodynamic phase transitions®””' of such
systems. Finally, the developed framework is expanded beyond
the prediction of homopolymer configurations to the unique
configurations of several hydrophobic—hydrophilic block
copolymers. While this work solves only the solution for the
configuration of a single chain, we emphasize that cases may
exist where the configuration of multiple mutually interacting
chains can be understood only through treating more than one
chain at a time. It is our hope that the single-chain solution will
serve as a basis to craft innovative multi-chain descriptions that
are more tractable than current methods.

B METHODS

We employ a worm-like chain model and consider an achiral
polymer whose backbone is represented by the regular
Cartesian space curve: r(s) = [g(s)%; g(s)y; &(s)Z], as
shown in Figure la. This polymer is adsorbed, partially or fully,

a) 7(S = Smnax) b) O
R
| BY.
I( ) : maxg |
v A S
x (s = 0) x /v

Figure 1. (a) General space curve in Cartesian coordinates. (b)
General helical configuration of a polymer around a nanocylinder,
with the helical radius, R, and pitch, 22C, wrapping a cylinder of
radius R, Helical configurations represent one subset of config-
urations that may be adopted from polymer adsorption to a
nanocylinder surface.

on an infinite achiral cylinder with the longitudinal axis aligned
along 7, as shown in Figure 1b. Bold terms in this work
represent three vectors, with the arrow notation representing
unit vectors. For a regular space curve, llr'll > 0 everywhere,
and s, the parametric variable ranges from 0 to some upper
value s, to trace the full chain. Because the polymer’s
configuration is not necessarily radially symmetric in general,
Cartesian coordinates are maintained—facilitating the exten-
sion of the approach to non-cylindrical nanoparticles such as
the sphere or platelet. The polymer contour length, L, is
constant

L= me“|| Nd
o (1)

For simplicity, we take the space curve to be parameterized
by arc length (as is possible for any regular space curve),
defining ll'll = 1 and s, = L.

A general Hamiltonian for the chain under interaction with a
nanocylinder surface is as follows:
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H= chrvature + Htorsion + Hextension + Hadsorption
+ Hsolvation + Hexternal (2)

This has energetic contributions from the chain’s curvature
(bending), torsion, any enthalpic contribution from length-
ening of the chain’s backbone under high extensional force,*
adsorption to the nanoparticle surface,” polymer—solvent
interactions, and last the contribution from any externally
applied force on the chain.

For this work, the general Hamiltonian is simplified to
neglect contributions from torsion, leading to a significant
reduction in problem complexity (see further discussion in the
Supporting Information). This assumption is justified in that
incorporation of torsional rigidity is found to have a negligible
effect on the behavior of worm-like chains in solution.”*
However, it is noted that for the case of ssDNA interacting
with chiral carbon nanotubes, spontaneous torsional rigidity is
responsible for small but important energetic contributions
which allow for chiral recognition,25’26 and such contributions
may be included in the presented approach if necessary.
Double-stranded DNA and other highly torsionally rigid
polymers deviate from this approximation and should be
considered by accounting for these energy contributions.
Additionally, chains are not extended beyond their original
contour length, and the resulting enthalpic effects are ignored.
The reduced Hamiltonian becomes

H= chrvature + Hadsoprtion + Hsolvation + Hexternal (3)
For a worm-like chain, the energetic contribution from
curvature, Hoyraures 1 given as

Smax | )

Homne = kT [ 100

curvature B 0 2 p( ) ( 4)

where k is the chain’s curvature, defined for an arc-length
parameterized curve as

(5)

where [, is the persistence length and kT is the product of the
Boltzmann constant and temperature. The contributions from
polymer adsorption onto the cylindrical surface and solvation
are incorporated as a single lumped surface interaction in the
form of a Lennard-Jones potential

k= llr"ll

H

adsorption

=/‘max V(r)ds
0

Smax T
= / g —
0 llr = (r- 7l = Rey

6

+ H,

solvation

12

'm

2]
llr — (r-?;yl)ll - R

(6)

where & and r,, are the depth of the potential well and the
cylinder—chain distance where the potential takes this
minimum value, respectively. The bending energy and this
energy of attraction correspond to an implicit treatment of
solvent—polymer and solvent—nanocylinder interactions.”’”
The above potential also takes into account solvation effects,
where the depth of the potential energy well applied
corresponds to the difference in energy between a fraction or

https://doi.org/10.1021/acs.jpcb.1c09998
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whole chain adsorbed to the surface and the free polymer chain
in solution. The employed persistence length incorporates
solvation effects on the polymer also.”®

Last, the energetic contribution from an external force acting
on the chain, F, is found as the product of chain extension in
the direction of the force

Smax ¢’
H = f ——-F ds
eml = Jo el )

The only force we consider acting on the polymer is an
entropic restoring force which resists chain extension.”” Such a
force is mechanical in original—as the ends of a given chain
extend further and further apart, fewer configurations can be
adopted by the chain. Extending the polymer reduces the
entropy of the system and acts to increase the total energy of
the chain. To capture this phenomenon, we employ a single-
term modification to the tradltlonal Marko and Siggia
expression for a chain in 3D,’” where the magnitude of this
restoring force is a function of persistence length and chain
extension, given as the ratio of end-to-end distance, h, and total
contour length, L,

h = 1Ir(0) — r(s I (8)
‘= ho_ Ir(0) — r(spu)!!
L L ©)
1 3.,
F — —_ J—
s(¢) = L é’ 4(1 ~ C)Z 44’ (10)

Many approximations exist for this force; we choose the
above for simplicity accuracy.”’ Further discussion of this force
is included in the Supporting Information. This restoring force
acts in the direction opposite to chain extension, which we
approximate as extension along the longitudinal axis of the
nanocylinder—assigned to the z-direction—in the positive
direction

E({) = E7, (11)

The total energy of the chain is then given by the following

functional:
(k T2 — (” :”) F] + V(r)|ds

e /0 ) (12)

Space curves which minimize the value for the above energy
functional are found through solution of the Euler—Lagrange
equations for the functional in eq 12.*

Cwed o
+Z( D@ = -

These, when applied to eq 12 for the x-, y-, and z-
coordinates, are

’ 2 l
e = 0V(r) d 0 ( r s) d d p(”r””)z
Ox ds ax' U Il ds ox"\ 2
=0 (14)
’ 2 1
g= ) 49 (— o s) d—zi =y
Y oy ds oy’ U Irll ds® dy"\ 2
=0 (15)

do( r &
S B 11
“ dsaz’( I S) 4’ a"( ( )]
(16)

Any space curve which satisfies all three Euler—Lagrange
equations above necessarily represents an energy extrema of eq
12, from which energy-minimizing configurations can be
found. However, an adequate number of boundary conditions
for the partial differential Euler—Lagrange equations are
required to determine a unique energy-minimizing config-
uration. Ultimately, we choose to solve the Euler—Lagrange
equations of eq 12 imposing the position of the chain ends as
boundary conditions, (s = 0) and r(s = s,,,,), separated by
some distance along the nanocylinder, which also impose a
specific, constant entropic restoring force, F,({). In general,
however, the Euler—Lagrange equations may be solved leaving
one or both of these end points unspecified, requiring further
optimization to obtain their position.*

B RESULTS

To begin, we determine the conditions under which a polymer
molecule will favor adsorption to any nanocylinder surface
through scaling analysis of ¢, and ¢, The magnitude of the
attraction modeled as the Lennard-Jones potential is compared
against the contributions from curvature and entropic
elasticity. In the regime where the attractive force dominates,
we can say that uniform polymer adsorption is energetically
favored.

Scalings for all terms in eqs 14 and 1S are chosen as follows:
x and y scale as the radius of the nanocylinder, R.,;. For an arc
length parameterized curve, |[#'ll = 1, and x’ and y’ scale as
unity with the parametric variable, s, scaling as contour length,
L. With curvature defined as x = llr"ll, this value equals the
reciprocal of the radius of curvature of the chain. Taking this
radius of curvature to scale as the radius of the nanocylinder,
the scaling of curvature and thus x” and y” is taken to be R, ™"
The entropic force resisting chain extension is approximated to
scale as lp_l. The attractive force between the chain and the
cylinder surface is taken to scale as &. Note that because the
scaling for " and y’, and x” and y’ are the same, the non-
identical equations &, and ¢, scale identically.

When the energetic contribution from the entropic restoring
force and curvature are negligible compared to that of the
attraction between the polymer and nanotube surface, £, and ¢,
are well approximated as

N ov(r) _
¥ YT ox (17)

& > lp

kBT LRcyl (18)
& > ZP

kT~ 17 (19)
a g Ro

kBT LlP (20)

Inequalities eqs 18 and 19 represent scaling of the attractive
force against that of curvature, and inequality eq 20 represents
the scaling of this force against the force resisting chain

https://doi.org/10.1021/acs.jpcb.1c09998
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Figure 2. (a) TEM image of a PNES-wrapped carbon nanotube in aqueous solution. The polymer adopts a helical configuration around the less
than 1 nm diameter carbon nanotube. The rigid polymer molecule enforces that the helical configuration is sparse, with a large pitch, nearing 10
nm. Reproduced with permission from Deria et al ¢ (P. Deria, L. E. Sinks, T. H. Park, D. M. Tomezsko, M. J. Brukman, D. A. Bonnell, M. J.
Therien. Organic Solvent Solubility of Single-Walled Carbon Nanotubes Helically Wrapped by Ionic, Semiconducting Polymers. Nano Lett. 2010,
10, 4192. Copyright 2010 American Chemical Society). (b) Predicted helical pitch from polymer persistence length vs experimental observations of
helically wrapped carbon nanotubes for the following polymers: ssDNA,"™*! polyacetylene,”” PNES,**** alginic acid,”” PPES,* and chitosan.*’
Values are normalized against the helical radius to account for varying carbon nanotube diameters.

extension. When inequalities eqs 18—20 are satisfied, the
polymer is approximated to be uniformly adsorbed to the
nanocylinder surface.

Helical wrapping of individual polymer molecules around
carbon nanotubes is one well-documented class of corona
phase configurations which exist in this limit. This config-
uration is defined by two parameters: R, the helical radius, and
C (taken to be positive), which sets the pitch (height of one
complete turn) equal to 27C, as shown in Figure 2a. We note
that this defines a right-handed helix and that the presented
Hamiltonian contains no terms which favor either right-
handed or left-handed wrapping on an achiral nanocylinder.
The polymer’s and/or nanotube’s chirality will influence the
favored direction of the helical configuration, as has been
predicted for ssDNA in numerical simulation.”* The general
space curve is

r(s) = [R Cos(s)X; R Sin(s)y; CsZ] (21)

When eqs 18—20 are satisfied, €, and ¢, reduce to eq 17 and
are only satisfied when the helical radius becomes

R= Rcyl +r, (22)

Ultimately then, an energy-minimizing helical configuration
exists only if €, can be satisfied at this radius, with &, becoming

CR? 1

—2lpm + (Fs(2)) ﬁ

B I
(R + )

=0 (23)

where

350

C
JR* + C°
€, is a fourth-order differential equation requiring four initial or
boundary conditions to produce a unique solution. Here, the
helical radius and pitch uniquely define a single value of chain

extension given a polymer contour length, L. This effectively
enforces the pair of essential boundary conditions z(s = 0) = 0

c
and z(s,,,) = Lm
Z(s=0)=2(s = s5p5) = C.

The existence of an energy-minimizing helical configuration
ultimately depends on the energetics of polymer—carbon
nanotube interactions, the nanotube geometry, and the
physical properties of the polymer: &, r,,, and [,. For a range
of experimentally and computationally measured helical
configurations of a polymer on a cylinder, often reported in
terms of the helical pitch adopted, the persistence length which
would result in such a configuration can be found from eq 23
and compared to that polymer’s known or estimated
persistence length. These results are presented graphically in
Figure 2b and tabulated in the Supporting Information.
Agreement is seen between the predicted and both
experimentally and computationally observed helical polymeric
wrappings on carbon nanotube surfaces. We note that the
chirality of the polymer and the nanotube around which it is
configured will ultimately decide the preferred handedness of
the helical wrapping, as would be the case for a polymer
molecule possessing spontaneous torsion. Here, the exper-
imental reports rely heavily on samples of chirally impure
HiPCO or CoMoCAT single-walled carbon nanotube
samples,” and chiral assignment of the nanotube—polymer
composite when the helical pitch is measured is not always
conducted.

As another test of the presented approach, we consider the
separate problem of ionic strength-mediated phase transitions
of ssDNA on carbon nanotube surfaces. Salem et al. reported a

(24)

. The helical form also enforces that

https://doi.org/10.1021/acs.jpcb.1c09998
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Figure 3. Ionic strength dependence of surface area coverage of a poly(T) helical wrapping compared to the concurrent fluorescence quenching of
carbon nanotubes. The percent surface coverage of a ssDNA helical wrapping of a 0.8 nm diameter carbon nanotube is determined by treating the
polymer as a 1 nm ribbon on the tube surface. Fluorescence data from carbon nanotubes wrapped in poly(T) at various ionic strengths in the
presence of riboflavin are reported by Salem et al.*® with error bars representing the standard deviation over three experimental measurements.
Fluorescence tracks with the surface coverage provided by the wrapping—as the ionic strength increases, the effective persistence length of the
poly(T) wrapping decreases, allowing for a tighter helical wrapping and increased surface area coverage. As the surface area coverage increases,
there is less unexposed nanotube surface where riboflavin may bind and cause fluorescence quenching, which leads to higher total fluorescence.
Inlay: visualization of the altered helical configuration of ssDNA wrapping carbon nanotubes. The TEM ima%e shows gold nanoparticle-
functionalized ssDNA molecules wrapping around carbon nanotubes. Reproduced with permission from Salem et al.” D. P. Salem, X. Gong, A. T.
Liu, V. B. Koman, J. Dong, M. S. Strano. Ionic Strength-Mediated Phase Transitions of Surface-Adsorbed DNA on Single-Walled Carbon
Nanotubes. J. Am. Chem. Soc. 2017, 139, 16791. Copyright 2017 American Chemical Society.

configurational phase change for poly(thymine) wrapping
(poly(T)) from high surface coverage at high ionic strength to
low coverage at low ionic strength (Figure 3 Inlay). This
reconfiguration was monitored by measuring the relative
separation of gold nanoparticles functionalized to both ends
of ssDNA stands which wrapped the nanotube. Further, by
exposing the ssDNA-wrapped carbon nanotube at various ionic
strengths to the small molecule riboflavin, fluorescence
quenching was observed as a result of riboflavin adsorption
to the exposed surface of the nanotube where not covered by
poly(T) strands.'®** We find that by expanding the presented
model to include the ionic strength dependence of persistence
length on poly(T) ssDNA,*’ we are able to accurately predict
surface coverage of the wrapping as it tracks with ionic
strength. By treating the ssDNA as a nanometer wide ribbon
lying flat on the tube’s surface,"* we find that the ionic-
strength-dependent fluorescence quenching shown by Salem et
al. and the predicted surface coverage are in strong agreement,
as shown in Figure 3, further validating the model’s ability to
describe the corona phase configuration and physical proper-
ties.

Helical wrappings represent only a single class of polymer
configurations on cylindrical nanoscale surfaces—the varia-
tional approach introduced in this work is easily extended to
more complex polymers through numerical solution of the
Euler—Lagrange equations. To demonstrate this, we predict
the configurations of several different polymer systems as
shown in Figure 4. Here, the weak formulation of the Euler—
Lagrange equations for the Hamiltonian under the isoperi-
metric constrain of eq 1 was solved using finite element
analysis in COMSOL Multiphysics S.5.

For example, an adherent homopolymer that produces a
helical wrapping of a 15 nm pitch, as in Figure 4a, will produce
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Figure 4. Examples of predicted polymer configurations upon
interaction with a nanocylinder. All polymers are defined to have a
contour length of 100 nm and a constant persistence length of 5 nm.
Blue sections represent hydrophilic monomer units where & = 0. Red
sections represent hydrophobic monomer units whose attractive force
satisfied inequalities eqs 18—20. Polymers are configured around a
nanocylinder of 1.5 nm diameter and SO nm length. (a) Predicted
homopolymer helical wrapping. (b) ABA hydrophobic—hydrophilic—
hydrophilic block copolymer, consistent with rhodamine isothiocya-
nate-difunctionalized poly(ethylene glycol)-wrapped carbon nano-
tubes used for sensing applications.'® (c) BAB hydrophilic—
hydrophobic—hydrophilic block copolymer representative of a
poloxamer.*® (d) Random copolymer with low-mole-fraction hydro-
phobic monomers such as methacrylic acid and styrene-containing
copolymers, whose composites with carbon nanotubes have been used
for the development of molecular recognition sensors.*”**

a 5.7 nm loop when an interior hydrophilic block is inserted at
a constant total polymer length. This “anchor-loop” config-

https://doi.org/10.1021/acs.jpcb.1c09998
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uration has been observed indirectly via experiments and
directly in explanatory molecular simulations'® and is
consistent with a 2D equation of state description of the
associated corona phase.”> The predicted configuration in
Figure 4b is consistent with a rhodamine isothiocyanate-
difunctionalized poly(ethylene glycol) previously shown to
readily disperse carbon nanotubes for sensing applications.'®
Inverting this triblock polymer with hydrophilic domains
moved to the ends produces a centrally adsorbed corona phase
consistent with that of a poloxamer or Pluronic polymer
consisting of the polyethylene oxide (PEO)—polypropylene
oxide (PPO)—polyethylene oxide (PEO) triblock polymer as
shown in Figure 4c, where the predicted configuration agrees
with recent simulations.*® As a final example, Figure 4d shows
a random copolymer of hydrophobic and hydrophilic moieties,
with a low hydrophobic content. Such random hydrophobic—
hydrophilic copolymers have found use in creating artificial
recognition sights for hormones and pharmaceuticals.””**
Overall, we find that the inhomogeneity of energetic
parameters on the level of individual blocks or monomers
within a polymer chain allows for the generation of more finely
tuned configurations upon interaction with the nanocylinder
surface. Expanding this inhomogeneity to bending rigidity (as
would be necessary to treat block copolymers with both rigid
and more flexible blocks*”) to torsional rigidity or by
introducing varying intrinsic torsion (as would be the case
for a polymer with varying chirality along the backbone”) will
be able to expand the scope the presented model to a breadth
of polymer chemical and physical architectures.

B CONCLUSIONS

To conclude, in this work, we construct a Hamiltonian
describing the adsorption of a single linear polymer to the
surface of a cylindrical nanorod or nanotube in the limit of
strong binding such that it can predict the resultant corona
phase configuration—a longstanding challenge in nano-
technology. The resulting integral equation involving the
energetic contributions corresponding to polymer bending,
confinement, solvation, and electrostatics can be solved
analytically or through numerical solution of the Euler—
Lagrange formulation. The presented approach produces a
range of energy-minimizing configurations of various hydro-
philic and hydrophobic homo- and heteropolymers that match
experimental and computational results in the literature to
date. This corona phase Hamiltonian can describe the pitch
and surface area of observed helical corona phases in the
literature from the surface binding energy and persistence
length. It also predicts and quantitatively describes recently
observed ionic strength-mediated phase transitions of charged
polymer corona at carbon nanotube surfaces. This Hamil-
tonian and its solution provide a much needed link between
polymer mechanical and chemical properties and the resulting
adsorbed phase configuration at the nanoparticle surface and
therefore should find widespread utility in nanotechnology.

B DATA AVAILABILITY

The data that support the findings of this study are available
within the article and in its Supporting Information.
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