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Abstract

We performed multi-scale molecular dynamics (MD) simulations of bottlebrush

polymers with fluorinated side chains to investigate the influence of the bottlebrush

architecture on the spatial distribution of fluorinated moieties. In thin films, coarse-

grained MD simulations reveal that interfaces are characterized by backbone depletion

with side chains at the interface oriented parallel to the surface. At the molecular

level, atomistic MD simulations show that fluorine atoms in the bottlebrush are pref-

erentially located at air-film interfaces. Both simulation results indicate enrichment of

fluorinated moieties at the air-film interface. Time-of-flight secondary ion mass spec-

trometry (ToF-SIMS) confirm the enhancement of fluorinated moieties in both bottle-

brush and linear copolymer films. ToF-SIMS also shows that for long linear chains,

the difference between the concentration of fluorinated moieties in the air-film interface

and the concentration at the bulk or at the middle of the film is relatively higher than

those observed in shorter linear chains (macromonomers) or bottlebrushes. Although

there are differences on the distributions of fluorine moieties between linear chains and

bottlebrushes, simulations suggest that the effect of polymer architecture on contact

angle and surface energy is only significant at low molecular weights. Measurements

of the contact angle of films composed of different modestly high molecular weights of

linear chains and bottlebrushes do not show significant difference in the value of the

contact angle, in a way, restricting the tunability of surface energy and contact angle via

polymer architecture. With these results, our study provides insights for the effective

use of partially fluorinated bottlebrush polymer for directed self-assemblies at surfaces

in thin films. Specifically, achieving high degree of difference in surface energies for

fluorinated thin films is limited to films with low molecular weight constituents, and

the effect of molecular architecture is subtle, suggesting it is insufficient to only rely on

this strategy to further lower the surface energy of these films for applications directed

towards tuned wettability, adhesive interactions, and fouling resistance.
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1 INTRODUCTION

Bottlebrush polymers, also called polymacromonomers,1–9 are polymers consisting of the

main backbone and relatively long polymeric side chains, ideally one or more grafted chain

per repeat unit of the backbone. The architecture results in more stretched conformation of

backbone than its linear counterpart due to crowding of the densely-grafted side chains.6,10–13

The stretched backbone is responsible for unique mechanical properties of bottlebrushes such

as large entanglement molar masses14–16 and large domain spacing when self-assembled.17–19

Potential applications taking advantage of these mechanical properties include photonic crys-

tals,20,21 rheological modifiers,22–24 and supersoft elastomers.25–27 This work is most relevant

to surface engineering applications such as coatings, and is geared towards designing surfaces

with tailored wettability, adhesive interactions and fouling resistance.28–31

Understanding structures of bottlebrush polymers at interfaces is critical to applications

such as a surface property modifiers. Bottlebrush polymers with mixed side chains in thin

films have been shown to act effectively as a polymer brush layer grafted on a substrate.28

More recently, well-defined bottlebrush polymers with partially fluorinated polymer side

chains have been synthesized for potential low-surface energy materials.29 These designs

bring up interesting questions about conformation of side chains at a free interface as well

as the existence of preferred orientation of backbones resulting from spatial confinement in

thin film geometry. While structures of bottlebrush films have been extensively studied in

the context of the self-assembly of bottlebrush diblock copolymers,5,18,32 structural details

of bottlebrush polymers in thin films without microphase separation remain less explored.33

Earlier pioneering studies have focused on bottlebrush conformation when adsorbed to a
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substrate forming mono- or multi-layers.34,35 This has motivated the former part of our

investigation on the conformation and spatial distribution of bottlebrush constituents in

thin films at interfaces using coarse-grained molecular dynamics simulation.

Bottlebrush polymer films display altered surface properties compared to films composed

of its macromonomer (side chains only) by a mechanism that requires further investiga-

tion. Higher water contact angles of bottlebrush films compared to their macromonomer

films have been reported for poly(ethylene oxide) (PEO), polystyrene (PS), and poly(2,2,2-

trifluoroethyl methacrylate) (PTFEMA).28,29 While these results hint of the effect of archi-

tecture on surface properties, it is necessary to consider the large difference in molar masses

of bottlebrush polymers from its macromonomers and other effects (i.e., end group and back-

bone chemistry). Increasing surface tension of a linear polymer melt with increasing molar

mass has been well-documented in literature including fluorinated polymers.36–38 However,

comparing the measured water contact angles of bottlebrush films28,29 to surface tension

of the corresponding polymer melt is not straightforward due to the qualitative nature of

water contact angle measurements. In addition to the fact that water contact angle does not

measure the dispersion component of surface energy, hence, water contact angle is largely

affected by the quality of the film surface such as film roughness. In addition, surface energy

(or properties) of a polymer film is influenced by not only the intrinsic material properties

such as molar mass, composition, density,38 and dispersity of polymers,39 but also molecular

packing at the free interface.40 Detailed investigation of molecular packing and composition

of bottlebrush polymers at a film surface is required to distinguish the effect of bottlebrush

architecture from the other effects, which has motivated the latter parts of the current study.

In this article, we attempt to understand the conformation and distribution of bottlebrush

polymers at the air interface in thin films using simulations and experiments. The article

progresses in the following order; (i) we describe the general topology and composition of

bottlebrush backbones and side chains in thin films using coarse-grained MD simulation,

(ii) we determine the composition at the interface in a model system composed of partially
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fluorinated bottlebrush polymers using atomistic MD simulation and evaluate the films’ wet-

tability, and (iii) we present experimental results on surface composition and properties of a

similar model system. In the first part, coarse-grained MD simulation shows that interfaces

are characterized by backbone depletion with side chains ordered parallel to surface. While

the first part is general and do not asses the wettability of the film, we have chosen a specific

chemistry for the second and third parts, namely PTFEMA, based on our previous observa-

tions on its surface properties.29 Atomistic MD simulations of a set of miniature bottlebrush

and linear PTFEMA molecules distinguishes the effect of architecture from that of molar

mass and chemical composition on the distribution of fluorine atoms at the surface. Lastly,

we compare surface compositions of PTFEMA based linear and bottlebrush polymer films

using depth profiling combined with mass spectroscopy. Furthermore, surface properties of

these films are re-examined using static contact angle measurements, in contrast to a prior

report, we do not see significant differences in the contact angle among the films.

2 METHODS

2.1 Coarse-grained MD Simulations

A typical thin film simulation box of a coarse-grained MD simulation system performed in

this manuscript is presented in Figure 1a. The film has a thickness h and is composed

of bottlebrush molecules shown in the inset. The bottlebrush molecules are made up of

Lennard-Jones (LJ) beads that are connected to have the desired number of beads for back-

bone (N) and side chains (M). A representative bottlebrush molecule composed of 20 beads

along the backbone with each backbone bead connected to a 10-bead side chain (N = 20

and M = 10) is selected to match one of the bottlebrush designs in our previous study.29

Additional simulation results with N = 10, 20, 40, and 80 are presented in the Supporting

Information. Three different thicknesses, h=10, 20, and 40 σ, (where σ is the size of a bead

and is approximately 1 nm), are simulated to study the effect of confinement strength. Fur-
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ther details on how the coarse-grained MD simulations were performed can be found in the

Supporting Information.

Slab of Fluorinated Oligomers Film of Bead-Spring Bottlebrush Polymers (a) (b)

Figure 1: Representative snapshots of the systems simulated in the study. (a) Coarse-grained
simulation box of a supported thin film composed of bead-spring bottlebrush polymers and
discrete substrate. Blue-colored and red-colored beads represent backbone and side chain
monomers, respectively. (b) The atomistic simulation box of a slab composed of partially
fluorinated (PTFEMA) molecules.

Simulations are performed for 3 different scenarios to account for the effect of macro-

molecular architecture (Case I vs II) and interactions between monomers (Case I vs III)

(Table 1). The film labeled as Case I is composed of bottlebrushes with purely repulsive LJ

beads where the bottom wall is made up of discrete and purely repulsive LJ beads, while the

top wall is described by a one-dimensional (z or normal direction) Lennard-Jones analytical

expression that exerts a purely repulsive interaction to other beads, preventing beads from

escaping the simulation box. Case II has similar wall and bead interactions to Case I,

except that bonds between backbone and side chains are removed. In other words, a cut was

made at the grafting points resulting in a blend of long and short chains. Case III adds at-

tractive interactions between beads to Case I. Here fully compatible backbone and side chain

monomers (i.e. minimal difference in their chemical composition) are assumed as represented
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by identical non-bonded pairwise interaction parameters (ε); that is, ε11 = ε22 = ε12 = 2kBT ,

where the subscripts 1 and 2 denote backbone and side chains, respectively. Substrate beads

have weaker interactions represented by ε33 = 1, and is neutral to either components of the

bottlebrush set by ε13 = ε23 = 0.25. The strong attraction between beads in Case III

renders the top wall unnecessary and an air-to-film interface is observed. For completeness,

we also added three more cases (Cases IV, V and VI) which have different combinations

of preferences of either backbone or side chain beads to the vacuum-to-film interface and

different interaction energies between constituent beads. (See Table S1). We note that Case

III and Case V are the most representative of the experiments and is consistent with the

assumption that fluorine (side chain) moieties prefer the vacuum-to-film interface relative to

the backbone (norbornene) as seen in the atomisic MD simulations (see Figure S3).

Table 1: System attributes for different cases of coarse-grained bottlebrush thin films.

Case I Case II Case III
(Athermal bottlebrushes) (Mixture of long and short athermal chains) (Interacting bottlebrushes)
Athermal monomers Athermal monomers Interacting monomers
Repulsive top wall Repulsive top wall Removed top wall
Repulsive bottom wall Repulsive bottom wall Attractive bottom wall

Broken side chain-to-backbone bonds

2.2 Atomistic MD Simulations

Atomistic molecular dynamics (AMD) simulation of slabs composed of partially fluorinated

polymers, PTFEMA are performed as shown in figure 1b which illustrates a typical slab

with thickness of 2h′ with the inset showing a representative bottlebrush molecule, P(NB-g-

PTFEMA4)9 (DP of side chains and backbone are 4 and 9, respectively). Here, h′ represents

half the size of the thickness of the slab, and all measured variables are averaged for the two

half-slabs. The slab is periodic under x, y directions, however not in z and two vacuum-to-

polymer interfaces exist.

The generalized AMBER force field (GAFF)41 is used in the current study despite its

limitations. Although GAFF has been used in modeling fluorinated anions in ionic liquids,
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the study determined that GAFF introduced inaccuracies in the calculation of specific heat

capacities, since GAFF was not parameterized for fluorinated hydrocarbons.42 However, in

this work, we expect GAFF to describe the density distributions of fluorine with reason-

able accuracy based on the fact that a significant fraction of the molecules in our system

is hydrocarbons (∼ 12% fluorine mole fraction). We intended to incorporate force-fields

parameterized for semiflourinated hydrocarbons,43,44 but did not proceed since this would

require further force-field refinement which is beyond the scope of this work.

The simulations are run in the canonical ensemble, where particular attention is given

to the distribution of fluorine atoms across the slab. Both coarse-grained and atomistic MD

simulations are performed using the LAMMPS45,46 software package. Further simulation

details are presented in the Supporting Information.

2.3 Experimental Details

Materials and Film preparation PTFEMA bottlebrush and linear polymers synthesized

in a previous study are used in this research.29 Polymers are fractionated to achieve better dis-

persity and characterized by size-exclusion chromatography and nuclear magnetic resonance

(NMR) spectroscopy to ensure integrity of the structures. A linear polyethyl methacrylate

(PEMA) with essentially the same structure as PTFEMA but without three fluorine atoms

was purchased from Sigma-Aldrich and used as a control. Average molar mass, dispersity,

and the DP of backbone and side chains are summarized in Table 2. For film preparation, a

silicon substrate ([111] single-side polished, 500 µm thick, Silicon Quest International) was

cleaned by sonication in deionized water for 5 minutes and in methanol for another 5 min-

utes, followed by oxygen plasma cleaning for 20 minutes. Films are spin-coated at 1,500 rpm

for 30 seconds and 300 rpm for 30 seconds from a 15 mg/mL solution in ethyl acetate, which

are filtered using 0.45 µm PTFE filters prior to coating. Thermal annealing is performed

under vacuum approximately 100 mTorr at 100 oC for 0.5 hour, and films are cooled to

room temperature under vacuum. For reference, the reported glass transition temperatures,
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Tg, of these materials as determined by differential scanning calorimetry (DSC) ranged from

59◦C to 70◦C.29 The thickness of films are measured to be approximately 75 to 85 nm by

ellipsometry.

Surface species analysis Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

studies are performed on an IONTOF TOF.SIMS 5 NCS (ION-TOF, Münster, Germany)

SIMS/SPM platform equipped with a 30 keV maximum energy bismuth cluster liquid metal

ion gun (LMIG) and a 20 keV maximum energy Ar gas cluster ion source (GCIS). ToF-SIMS

data are recorded in negative ion mode with single ion beam depth profiling using 10 keV

Ar gas cluster ion beams of Ar2300+ for sputter erosion (12 pA beam current) and Ar1000+

for analysis. The analysis primary ion beam are scanned with a 256 by 256 random scan

pattern and 250 µm field of view. Mass spectra are collected with 100 µs cycle time in

negative ion mode with charge compensation disabled. The sputter beam are used to erode

a crater of 750 µm side length. Each scan cycle comprised of 5 analysis frames and 1 sputter

frame, with 1 s settle time between sputter and analysis cycles. Depth profiles are exported

as ASCII files and the data points that are collected during sputter cycles are manually

removed from the exported files. Depth calibration is based on the complete sputter erosion

of the organic thin layer as indicated by the appearance of SiOxHy fragment species (m/z

77, SiO3H for PTFEMA polymers, m/z 79, SiO3H3 for the PEMA control) that originated

from the SiO2/Si substrate.

Static contact angle measurement Static contact angles are measured using KRUSS

DSA30 instrument and ADVANCE software. 2 µl of either deionized water or diiodomethane

liquid is gently dropped on the film, and a snapshot is immediately captured for analysis.

The shape of sessile drop is fitted using Ellipse (Tangent-1) method built in the software.
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3 RESULTS AND DISCUSSIONS

3.1 Topology of backbone and side chains near interfaces

Coarse-grained (CG) MD simulation of the athermal systems (Case I and II) shows that

bottlebrush architecture results in exclusion of backbone beads from interfaces in thin films

due to entropic constraints. Athermal bottlebrush system (Case I) withN = 20 andM = 10

(M and N denoting the number of beads in the side chains and the backbone, respectively)

is compared to an equivalent athermal blend of long and short chains (Case II) to elucidate

the effect of molecular architecture. The topology of the backbone and side chains are

represented by the number density (ρ) of corresponding beads normalized by their volume

fractions (f) (20/220 and 200/220 for backbone and side chains, respectively, for N = 20

and M = 10 system), and are plotted as a function of normalized z-location in films (z/h)

with z = 0 located at the film substrate as presented in Figure 2. While the total bead

density profiles display large oscillations near interfaces due to packing near the hard wall

in both cases (Figure 2a and 2b), Case I clearly shows decreased density of the backbone

beads at interfaces. The backbone beads of the bottlebrushes are less likely to occupy the

interfacial regions, and as a result, the probability of finding the backbone monomers just

beneath the top interface and above the substrate is higher. The thickness of the interfacial

layers with backbone depletion is approximately 1 σ (σ denoting the diameter of a bead and

is approximately 1 nm) regardless of film thickness, which is an order of magnitude smaller

than the size of the simulated bottlebrush molecules. Exclusion of bottlebrush backbone

monomers at interfaces can be rationalized considering crowding; backbone monomers need

to overcome surrounding side chains to make contact with interfaces. The thickness of such

separation (1 σ) limits conformation of side chains at interfaces, which is further explored in

a later section.

Backbone depletion is more clearly visible at the smooth, vacuum-to-film interface of

the interacting bottlebrush system (Case III) (Figure 2c). Case III films display a re-
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Figure 2: Topology of bottlebrush components is shown for a bottlebrush molecule with the
number of beads in its backbone (N) and side chains (M), 20 and 10, respectively (longer
backbones are presented in SI). Number density (ρ) of either backbone or side chain beads is
normalized by its volume fraction (f) and plotted as a function of normalized height (z/h) for
(a) athermal bottlebrushes (Case I), (b) a mixture of long and short athermal chains (Case
II), and (c) interacting bottlebrushes (Case III). The total density of beads is overlaid as a
thick grey line (normalized by f = 1), which closely follows the normalized side chain density
distribution. Note that the maximum values of h/z of Case III is less than one because h
is the thickness of the simulation box (not the actual film thickness) and the film contracts
due to attractive bead-bead interactions in the system.
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duced thickness as well as free interface, as opposed to the top surface of athermal systems

supported by a wall, due to attractive interactions between beads. The Flory-Huggins inter-

action parameter (χ) parameters calculated from the chosen values of pairwise interaction

potentials (details in Methods) for backbone-side chains, backbone-substrate, and side chain-

substrate are 0, 1.25, and 1.25, respectively. In other words, this system represents fully

compatible backbone and beads with non-preferential interfaces. The relative distribution

of backbone and side chains is similar to that of the athermal bottlebrush system (Case I)

displaying backbone-depleted interfacial layers with thickness of approximately 1 σ as well

as enrichment in the adjacent regions.

The detailed topology of backbone and side chains at free interface of Case III films is

further analyzed by tracking beads at different positions. The density distributions of the

beads positioned at the grafting point, in the middle of the side chains (the 6th to be precise),

or at the chain ends are plotted with the backbone distribution (Figure 3). Distribution of

beads at the grafting point coincides that of the backbone beads as expected, while the

end-beads are enriched at interfaces.

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.05

0.10

0.15

z/h

ρ
[σ

−
3
]

Backbone

Side chain beads at the grafting point (#1)

Side chain beads in the middle (#6)

Side chain beads at the end (#10)

Figure 3: Number density of beads at different positions, ρ, as a function of normal-
ized height, z/h for interacting bottlebrushes (Case III) with N = 20 and film thickness,
h = 20 σ.

Bottlebrush systems with different backbone length show similar topology at interfaces.

12



Bottlebrushes with different backbone lengths (from N = 10 to 80) with the same side chain

length (M = 10) for film thickness h = 20σ are compared for both Case I and III (Figure

S1). The side chain distribution is minimally impacted by the length of the bottlebrushes.

The degree of backbone depletion at interfaces, represented by the reduction of the backbone

density at both interfaces as well as the increase in the adjacent regions, is stronger for

bottlebrushes with longer backbones. Furthermore, the location of the enrichment peak

shifts farther from the interfaces as backbone length increases. These changes seem to be

related to the increased confinement of longer bottlebrushes when film thickness is fixed,

which is explained further in a later section.

3.2 Orientation of side chains

Orientation of bottlebrush side chains at interface is examined by analyzing its order param-

eter. An order parameter of side chains, P2(θz), is defined as

P2(θz) =
1

2

(
3
〈
cos2(θz)

〉
− 1

)
(1)

where θz is the angle between the z-axis (normal to the interface) and the end-to-end unit

vector of a side chain, usc, thus cos(θz) = usc · ẑ. The ensemble 〈cos(θz)〉 is averaged in

time and in the z-coordinate position of the bead that is anchored to the backbone. A value

of 1 or −1
2
in P2(θz) denotes that the set of usc vectors is either parallel or normal to ẑ,

respectively.

Side chains of bottlebrushes are found to be oriented parallel to the surface near interfaces

in thin films. P2(θz) of all three cases exhibits near-zero values for the most part of the films

except for interfaces, indicating random orientation of side chains inside films (Figure 4,

green solid lines). The order parameter decreases significantly near athermal hard walls

such as the top and bottom surfaces of Case I and II films. The negative values of P2(θz)

indicate side chains in Case I, or the shorter linear chains in Case II, adopt relatively
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Figure 4: Orientational order parameter, P2(θz), for a bottlebrush with N = 20 and M = 20
in thin films with thickness h = 20σ is shown for (a) athermal bottlebrushes (Case I),
(b) mixture of long and short athermal chains (Case II), (c) and interacting bottlebrushes
(Case III). Normalized number density for total and backbone beads (taken from Figure
2), are overlaid using the secondary y-axis to indicate the location of film interfaces and the
grafting point of side chains, respectively.

parallel orientation near the walls. The larger negative values displayed by Case I than that

by Case II suggest that bottlebrush architecture further promotes parallel ordering of side

chains at interfaces. Bottlebrush molecules have lower entropy compared to linear chains

as experimentally well-demonstrated. Thus, bottlebrush molecules are likely to undergo less

entropic penalty to orient parallel to interface. P2(θz) profile of Case III is very similar to

that of Case I despite its different interfaces, that is, a bottom attractive hard wall and a top

free surface. Interestingly, the parallel alignment of side chains occurs within 1 σ thickness

from the interfaces, which is commensurate with the length scale of backbone depletion.

This suggests that interfacial regions exhibiting backbone depletion are primarily composed

of side chains lying-down, where the bond vectors of these side chains are parallel to the

interface, in order for the side chain beads to maximize contact with the film. A snapshot of

a Case III bottlebrush film for N = 80 shows representative conformations of side chains of

a bottlebrush molecule partly exposed at the free interface (Figure 5). The distribution of

P2(θz) in Case I and III systems are marginally affected by the change in backbone length,

N (Figure S2).
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Figure 5: Snapshots of a bottlebrush film (N = 80) for Case III highlighting one brush
molecule partly exposed at the free interface. (a) Top-down view of the molecule with each
side chain exposed on the surface is colored differently while white beads represent the rest
of the film. The backbone is represented by black beads, two of which are visible from the
top in this snapshot. (b) The same molecule viewed from the side with the rest of the films
removed for visual clarity. Here, side chains not in contact with the surface are denoted by
cyan-colored beads. Gray beads represent the substrate. (c) Cartoon representation of (b)
showing the backbone (black) located inside the film while side chains are curved and beads
near the interface (dotted-gray line) are oriented parallel to the interfacial plane.

3.3 Atomistic details of surface structures of linear and bottlebrush

molecules

Partially fluorinated PTFEMA bottlebrushes are selected for further investigation using

atomistic MD simulations motivated by the potential application as a surface modifier.29

While CG MD simulations have established that the free interface is covered with mostly

side chains lying-down, understanding surface properties of bottlebrush films requires de-

tailed information about packing of chemical species at the free interface. The generalized

AMBER force field (GAFF)41 is used in these simulations. Further details of the atomistic

MD simulations as well as the system sizes (see Table S2) are presented in the Supporting

Information.

A set of linear and bottlebrush molecules is designed for atomistic MD simulation to

decouple the effect of molecular architecture from that of molar mass and composition.

The molecular design is inspired by the chemistry reported previously for grafting-through

synthesis of PTFEMA bottlebrushes,29 but with shorter degree-of-polymerizations to keep
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the size of molecules relatively small for simulation. A series of linear PTFEMA molecules

with m = 4, 12, 24, 36 and 48 (Figure 6a) is designed to investigate the effect of increasing

molar mass as well as increasing mole fraction of fluorine atoms (fF ) at the same time;

fF increases from 0.12 to 0.16 as m increases from 4 to 48 due to the reduced fraction of

norbornene end group in longer chains. A series of small bottlebrushes is designed to have the

same total number of repeat units as its linear counterpart to reveal the effect of architecture

and not of molar mass. n = 3, 6, and 9 norbornene backbone repeat units with m = 4 side

chain length are to match the total number of repeat units of linear chains with m = 12, 24,

and 36, respectively (Figure 6b). fF is fixed at 0.12 in molecular brushes regardless of n.

Figure 6: Chemical structures of PTFEMA-based (a) linear and (b) bottlebrush molecules
used in the atomistic MD simulations, and later in the experiments. m denotes the degree
of polymerization of linear molecules or bottlebrush side chains, and n denotes degree of
polymerization of bottlebrush backbone.

The free interface becomes more enriched by fluorine atoms as the total number of side

chain repeat units increases (thus molar mass increases) for both linear and bottlebrush

molecules. The ratio of the number density of fluorine atoms to that of all atoms, ρF/ρtotal,

is plotted as a function of a specific position in the slab, h′ − z in Figure 7 (note that 2h′

represents the thickness of the slab with its z center-of-mass located at z = 0 according to

the slab configuration in Figure 1b). As m increases from 4 to 48 in linear chains, ρF/ρtotal at

surface dramatically increases from 0.1 to 1 within a 5 Å distance from the surface (Figure

7a). The higher fF values of longer chains, which are reflected in the plateau at h′−z > 10 Å,
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does not fully explain the dramatic surface enrichment. Covering the surface with lowest

surface energy species, fluorine atoms in this case, is energetically favored. However, the

arrangement of fluorine atoms at the surface limits the conformation of the corresponding

chains, thus resulting in the loss of entropy. This entropic penalty caused by fluorine atom

decoration at the surface decreases with increasing chain length. Bottlebrush molecules also

display surface enrichment by F atoms as n increases (Figure 7b), which can be explained

by the lower entropic penalty by larger brushes.
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Figure 7: Ratio of the number density of fluorine atoms to that of total atoms, ρF/ρtotal, as
a function of distance from the surface in slab, h′ − z, for (a) linear PTFEMA chains with
different m and (b) bottlebrush molecules, P(NB-g-PTFEMA4)n, with different n.

The effect of bottlebrush architecture on surface fluorine enrichment is clearly revealed

when the fluorine distribution of linear and bottlebrush molecules are compared at a fixed

total number of repeat units. To account for the slight differences in their fluorine mole

fraction (fF ), the fluorine distributions of linear and brush molecules (ρF/ρtotal) shown in

Figure 7 are normalized with fF (Figure 8). For all three the total number of repeat units

from 12 to 36, the bottlebrushes consistently show higher values of ρF/(ρtotal fF ) near the
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surface than compared to linear chains, confirming that the bottlebrush architecture indeed

has a large impact on surface fluorine enrichment. At the interface, bottlebrushes display

a value near 8 which corresponds to ∼ 1/fF , indicating a pure fluorine surface. However,

linear chains display a value less than 6 corresponding to its 1/fF , except for PTFEMA36,

which indicates that the surface is not composed of pure fluorine. Furthermore, similar to

the results of the CG MD simulations, backbone moieties represented as the carbons in the

norbornene end group are depleted at the vacuum-to-film interface are found to be embedded

within 1 nm from the vacuum-to-film interface for bottlebrushes in comparison to their linear

chain counterparts (see Figure S3). For films composed of linear chains, due to increased

anchoring of monomers at the surface by fluorinated chain ends, there is more of the repeat

units at the vicinity of the surface for longer chains as opposed to shorter chains, displac-

ing the norbornene chain ends causing those to lie deeper in the film. The enhanced fluorine

enrichment of the bottlebrush surface can be best explained by conformational entropy. Bot-

tlebrush architecture is demonstrated to significantly limit the conformation and entropy of

its constituents. Reduced entropic penalty of bottlebrush molecules likely improves fluorine

atom decoration at the interface. Note that for h′ − z > 15 Å, ρF/(ρtotal fF ) ≈ 1 indicating

that the fraction of fluorine atoms in this region is equivalent to the molecular composition.

Interestingly, the region by which ρF/(ρtotal fF ) > 1, which indicates enhancement of fluorine

molecules, extends farther away from the interface for systems with bottlebrush molecules.

3.4 Surface composition at the free interface

Films of linear and bottlebrush PTFEMA polymers were prepared for experimental inves-

tigation of their surface properties. Polymer samples used for experiments are summarized

in Table 2. Chemistry and architecture of PTFEMA polymers are identical as in Figure 6

except that polymers used for experiments are much larger in size. PTFEMA22 is a short lin-

ear polymer often called “macromonomer" due to the polymerizable norbornene end group.

Bottlebrush polymers are polymerized through the norbornene group of macromonomers,
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Figure 8: Normalized mole fraction, ρF/(ρtotal fF ), where fF is the mole fraction of fluorine
in the molecule, as a function of slab position, h′− z. Distributions of ρF/(ρtotal fF ) for bot-
tlebrush (red-dotted lines) and linear (blue-solid lines) molecular architectures are compared
for molecules having the same number of fluorine atoms.
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achieving DP of polynorbornene backbone 12 and 26 for P(NB-g-PTFEMA22)12 and P(NB-

g-PTFEMA22)26, respectively. A linear polymer, PTFEMA240 (Mn = 40 kg/mol), is syn-

thesized following the same chemistry as the macromonomer to match the molar mass of

P(NB-g-PTFEMA22)12 (Mn= 45 kg/mol) bottlebrush. The P(NB-g-PTFEMA22)26 is in-

cluded here to confirm bottlebrush behavior despite a lack of its linear counterpart. A

commercially available PEMA linear polymer is used for control.

Table 2: Polymers used in this study.

Polymer Architecture Mn (g/mol) a Ða n (DPbackbone) b m (DPsidechains) b

PTFEMA22 Linear 4,100 1.05 - 22
PTFEMA240 Linear 40,400 1.18 - 239

P(NB-g-PTFEMA22)12 Brush 45,100 1.07 12 22
P(NB-g-PTFEMA22)26 Brush 110,000 1.06 30 22

PEMA Linear Linear 155,300 1.66 - 1360
a Average molar mass and dispersity are determined from in-line RI and LS measurements and based on
the measured dn/dc of PTFEMA of 0.037 in ethyl acetate and reported dn/dc of PEMA of 0.084 in

THF.47 b n and m are defined in the polymer structures shown in Figure 6.

A detailed surface composition of films is analyzed using ToF-SIMS. Surface sensitivity of

TOF-SIMS combined with depth resolution enables us to monitor how fluorinated species are

distributed along the depth of the films. The negative polarity SIMS spectra of PTFEMA

polymer films show four intense peaks at m/z 19.00, 69.00, 85.03, and 99.01 (Figure S4)

that can tentatively be assigned to the fragments F−, CF3
−, C4H5O2

−, and C2H2F3O−,

respectively (Figure S5). The CF3
− fragment (m/z 69.00) and C2H2F3O− fragment (m/z

99.01) are specific for the fluorinated polymers and not present in the spectra of the PEMA

linear control sample. While the depth profiles of the F− (m/z 19.00), CF3
− (m/z 69.00)

and C2H2F3O− fragment (m/z 99.01) ions have very similar appearances, the m/z 69.00

and m/z 99.01 are used for discussion due to its higher intensity. The C4H5O2
− fragment

(m/z 85.03) originates from the methacrylate backbone structure, thus is present in all 5

polymer samples used here. Note that ToF-SIMS is unable to detect a norbornene signal

likely due to its poor ionization in negative mode and the halogen end group (Br) due to

low intensity, hence we were not able to measure the distributions of the backbone and the

chain-ends. Also, the use of ToF-SIMS is unlike that of the recent report by Mah et al.,48
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where ToF-SIMS was used to determine the composition of deuterated bottlebrush in a thin

film made of a blend of linear and bottlebrush polymer chains by tracking the secondary H2
+

counts, and ion intensities were calibrated to known standards to quantify compositions in

polymer blends. Figure 9 illustrates the fragments that we monitor in ToF-SIMS and their

spatial locations relative to the molecular architecture of the polymer in the thin film.

Figure 9: Schematic representation of the fluorinated polymers in different thin films. The
C4H5O2

− fragment (m/z 85.03) is represented as orange diamonds (a), while the CF3
− frag-

ment (m/z 69.00) and C2H2F3O− fragment (m/z 99.01) are represented as yellow chevrons
(b). Norbornene is represented as blue circles and is an end-chain for the linear polymers
(c) or connected as backbone chains in bottlebrush copolymers (d).

The depth profiles for the anions are shown in Figure S6 where z=0 is the air-film

interface and the thickness of the films are approximately ∼75-85 nm. Note that the C2H5O−

fragment (m/z 45.03) in PEMA is analogous to the C2H2F3O− fragment (m/z 99.01) in

fluorinated films. The intensities of the depth profiles plateau at around z > 40 nm, hence

we designated Im as the intensity of the anion at the middle of the film and serves as a

proxy to the unperturbed (bulk) concentration of the anion inside the film. Although we
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are limited to looking at uncalibrated ion intensities, we can compare the intensities at the

surface against the intensities inside the film. In this manner, by normalizing I(z) by Im (See

Figure 10), it is possible to quantify the enhancement of the anion at the air-film interface

relative to the bulk concentration. In Figure 10(a) and (b), the normalized depth profiles

for the flourinated anions, m/z 69.03 and m/z 99.01, are similar and are statistically within

error bars for m/z 69.03, but slightly higher for 40K linear (PTFEMA240) in m/z 99.01

indicating that fluorine has a significant influence on the depth profile of these moieties as

the intensities of m/z 45.03 for PEMA near the air-film interfaces is not as perturbed in

comparison to the fluorinated films. However, higher normalized intensity and deeper profile

for m/z 85.03 (non-fluorinated moiety) for 40K linear (PTFEMA240) is observed (see Figure

10c) because of the absence of a connected backbone, hence longer chains but less number of

chain ends. The 4K linear (PTFEMA22) and the bottlebrushes have almost the same profile

(within error bars or flucations of the intensity at the bulk region) since they have the same

(side chain) length and concentration of norbornene backbone. The normalized depth profile

for m/z 85.03 highlights the effect of architecture of the constituent macromolecules in the

film, which is not reflected in the contact angle measurements (as discussed later), since the

surface tension is dominated by the enthalphic effects of fluorinated moieties. It also shows

that the longer linear chains are more perturbed at the air-film interface than the shorter side

chained bottlebrushes or the macaromonomer of the same molecular weight (PTFEMA22 vs.

P(NB-g-PTFEMA22)12), and at a first approximation, consistent with the reflected random

walk picture.49 Note that these results cannot be directly compared with the results of the

atomistic simulations since the atomistic simulations only show an idealized depth profile

and the difference in concentration between bottlebrush and linear films manifests only at

around 1 nm in depth, while the difference in depth profiles in the ToF-SIMS are in the

order of 10 nm and the resolution of the SIMS results in the 1 nm depth region is not

sufficient to discriminate among the different films. Furthermore, the roughness of the films

is approximately 1 nm as reported by Xu et al.,29
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Figure 10: Normalized SIMS depth profiles for anions (a) CF3
− (m/z 69.00), (b) C2H2F3O−

(m/z 99.01) and (c) C4H5O2
− (m/z 85.03). The fragments measured are highlighted in blue.

The panels in the right column are zoomed images of the data in the left column.
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Static contact angle measurements of the films do not show significant differences. We

have originally hypothesized that the enrichment of fluorine atoms at free interface as pre-

dicted by atomistic simulation will result in lower surface energy manifested by higher contact

angles. However, the difference in the water contact angles appears minimal as shown in Table

3. All films display water contact angle of around 98 to 99 degrees after repeated film prepa-

ration and measurements. Our contact angle results contradict a few previous reports on

similar polymer systems.29,50 As briefly mentioned in the Introduction, water contact angles

depend on many factors such as film quality and surface roughness aside from the surface

energy of a solid. We note that no significant variation in surface roughness is observed

among the films used in this study. The surface roughness, along with the film thickness, is

determined from fitting to ellipsometry data, where roughness is found to range from 0 to

2.7 nm without systematic variation. We suspect that a significant micro-scale imperfection

is present in the macromonomer film in the work by Xu et al.29, which might have resulted

in a lower water contact angle than its true value.

Considering water contact angle does not truly represent surface energy, we seek to com-

pare surface free energy of the polymer films. We have chosen to estimate surface energy

(γtotal) based on the harmonic mean of the dispersion and the polar components (γd and

γp, respectively),51 which require static contact angles measured with at least two different

liquids. The pair of water and diiodomethane (CH2I2) is selected as their γd and γp values are

well-established, and their contact angles reportedly produce a relatively accurate estimate

when combined.52 γd, γp, and γtotal are calculated based on the reported analytical solution52

and listed in Table 3. Contact angles of CH2I2 are measured to be consistently between 74

and 75 degrees, resulting in a minimal difference in the surface energies as well.

The contact angle results lead us to computationally investigate the effect of molecular

weight on the surface tension of the free-standing films modeled in the atomistic simulations.

This was done by converting the simulation box from a slab into a 3D periodic box, then

we calculated the surface tension, γsim, from the expression γsim = Lz

2

(
〈Pzz〉 − 〈Pxx〉+〈Pyy〉

2

)
,
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Table 3: Static contact angle measurements using water and diiodomethane (CH2I2) on
polymer films and their surface energies. Average and standard deviation from three separate
films are reported.

Water CH2I2 γd γp γtotal

Polymer (deg) (deg) (dynes/cm) (dynes/cm) (dynes/cm)
PTFEMA22 97.9 ± 0.4 75.2 ± 1.6 2.0 19.2 21.1
PTFEMA240 99.0 ± 0.3 74.9 ± 0.4 2.2 18.1 20.3

P(NB-g-PTFEMA22)12 97.7 ± 0.8 74.2 ± 1.4 2.3 18.8 21.0
P(NB-g-PTFEMA22)26 98.7 ± 0.1 74.4 ± 1.2 2.3 18.2 20.5

which uses the principal components of the pressure tensor obtained in the simulations

and the expression measures their asymmetry.53 Furthermore, we also added a modified

version of TIP3P54 water on the simulated film, equilibrated the system by running NPT

ensemble simulations, and performed the same calculation to obtain γsim. The results of these

simulations (see Figure 11) show that there is negligible effect of molecular weight on γsim

for the film in vacuum, while for the film in contact with water, only the smallest molecule

(PTFEMA4 in Figure 6, with MW = 931 g/mol) have a significantly higher γsim value.

Thus, these results indicate the dominance of enthalpic contributions, brought about by the

presence of flourinated moieties, to the interfacial tension. This is in agreement with our

experimental contact angle results and the coarse-grained molecular dynamics simulations

results by Jacobs et.al.55 Although there is higher γsim values for bottlebrushes than linear

chains, we can extrapolate from Figure 11 that at higher molecular weights similar to those

in the experiments, the difference in γsim between bottlebrush and linear chains will be

negligible. In fact it is estimated for linear perfluoroalkanes that γtotal will differ by less than

1 dyne/cm if Mn is greater than about 3000 g/mol,37 thus the molecular-weight dependence

is significant only in the low-molecular-weight (oligomeric) range and is in the lower-end of

the simulations and significantly lower than the polymers considered in the experiments.
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Figure 11: Dependence of surface tension on molecular weight of film of linear chains (cir-
cles) or bottlebrush (squares) in vacuum (blue) and in water (red) based on atomistic MD
simulations.

4 CONCLUSIONS

The combined computational and experimental results presented in this manuscript provide

insights into the molecular structure and surface properties of partially fluorinated bottle-

brush films. Structure of bottlebrush polymers in a relatively thin film (film thickness ∼ Rg)

is analyzed using coarse-grained MD and atomistic MD simulations. Coarse-grained MD

simulations show that the thin film surface is covered with side chains with backbone buried

deeper in the film, and the side chains are oriented normal to the surface near the free inter-

face but are lying down at the interface. Atomistic MD simulation reveals a detailed atomic

composition at the surface. The fluorine atoms are found to be enriched at the surface with

increasing molar mass of both linear and bottlebrush polymers. However, the degree of

enrichment is much greater when a polymer has a bottlebrush architecture with the same

number of repeat units. Static contact angle experiments and surface energy calculations

from atomistic MD simulations show negligible difference in films prepared with linear and

bottlebrush constituents at different molecular weights suggesting surface energy for the films

in experiments do not depend strongly on molecular architecture and molecular weight, and

the difference in surface energy is only evident for low molecular weight (oligomeric) systems
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in the atomistic MD simulations, suggesting the dominance of enthalpic contribution over

molecular architecture. However, significant difference is observed in the distribution of side

chain moieties (m/z 85.03) in ToF-SIMS for chains having linear vs. bottlebrush architecture

having the same molecular weights. This difference is attributed to the difference in number

of chain-ends and size (Rg) of the linear chain vs. the bottlebrush side chain for film con-

stituents having the same molecular weight. Furthermore, coarse-grained MD simulations

find minimal change in the distribution of the side chains as a function of degree-of-poly-

merization of the backbone when the side chain length remains constant. This is confirmed

in ToF-SIMS as seen in Figure 10. However, for longer linear chains or bottlebrushes with

longer side chains, we expect a deeper range of gradient in the distribution of center-of-mass

of chains (or side chains) into the film as seen in the normalized intensity of C4H5O−2 (m/z

85.03) in ToF-SIMS. (See Figure 10(c).) And for linear chains, at a first approximation,

their behavior is consistent with the reflected random-walk statistics of polymers near an

interface. To conclude, these results provide useful insight on the structure of fluorinated

bottlebrush in thin films. This work also clarifies the results reported on similar systems29

and suggests that relying on the molecular structure of the constituents of the thin film is not

enough to tailor the surface properties of weakly fluorinated thin films for surface engineering

applications such as hydrophobic coatings.

Supporting Information Available

Details and additional results of the coarse-grained and atomistic molecular dynamics sim-

ulations. ToF-SIMS profiles.
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