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The Topology of Polymer Brushes Determines Their

Nanoscale Hydration

Apostolos Vagias,* Andrew Nelson, Peixi Wang, Julija Reitenbach, Christina Geiger,
Lucas Philipp Kreuzer, Thomas Saerbeck, Robert Cubitt, Edmondo Maria Benetti,*

and Peter Miiller-Buschbaum

Time-of-flight neutron reflectometry (ToF-NR) performed under different
relative humidity conditions demonstrates that polymer brushes constituted
by hydrophilic, cyclic macromolecules exhibit a more compact conformation
with lower roughness as compared to linear brush analogues, due to the
absence of dangling chain ends extending at the polymer—vapor interface. In
addition, cyclic brushes feature a larger swelling ratio and an increased
solvent uptake with respect to their linear counterparts as a consequence of
the increased interchain steric repulsions. It is proposed that differences in
swelling ratios between linear and cyclic brushes come from differences in
osmotic pressure experienced by each brush topology. These differences stem
from entropic constraints. The findings suggest that to correlate the
equilibrium swelling ratios at different relative humidity for different
topologies a new form of the Flory-like expression for equilibrium thicknesses

of grafted brushes is needed.

1. Introduction

Polymer topology effects by cyclic macromolecules have been in-
vestigated for decades, especially focusing on how a shift in poly-
mer topology from linear to cyclic influences the properties of
bulk polymers, melts, and solutions.['"1*] The absence of chain
ends in cyclic polymers markedly influences their structural and
dynamic characteristics within crowded environments.'>-'7] For

instance, the diffusion coefficient of cyclic
macromolecules in melts was found to be
twice as large compared to that of lin-
ear chains with the same molar mass and
composition. In addition, the squared ra-
tio of gyration radius (R,) between lin-
ear and cyclic polymers in solutions under
theta solvent conditions was predicted to be
about two, with (R,) showing a Flory scal-
ing exponent (v) of 0.4, in between the val-
ues for Gaussian conformation (v = 0.5)
and poor solvent (v = 0.3) state.[!5181]

Within solutions, ring polymers fea-
ture enhanced effective interchain repul-
sions due to stronger excluded volume
interactions with respect to their linear
counterparts of comparable molar mass,
whereas polymer segment-solvent interac-
tions are more favored.®2°2)] In addition,
the cloud points in aqueous solutions for
amphiphilic, cyclic polymers are signifi-
cantly higher compared to those recorded
for their linear homologues. Hence, al-
though cyclic macromolecules are intrin-
sically more compact, they are also ex-
pected to solvate more favorably when com-
pared to compositionally identical linear
polymers.[20-24]
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Interestingly, the presence of a confining substrate can am-
plify these and other topology effects.[% Due to their reduced
molecular dimensions, cyclic polymers can generate significantly
denser polymer brushes when grafted on macroscopic surfaces
and nanoparticles (NPs). Especially on NPs, this phenomenon
provides increased colloidal stability and augmented hindrance
toward unspecific interaction with serum proteins.[2*311

Alternatively, cyclic polymer brushes on macroscopic surfaces
showed extreme lubricity when sheared against identical brush
counter surfaces, due to the absence of dangling chain ends
that typically favor interpenetration between the opposing linear
brush layers.[*?]

These initial results demonstrated that, for a given polymer
composition and molar mass, several technologically relevant in-
terfacial properties of polymer brushes can be strongly altered
by changing chain topology. However, topology-dependent in-
teractions with the surrounding medium have been barely ex-
plored; in particularly, the influence of grafted chain-topology on
solvent—polymer brush interactions. Varying brush hydration de-
termines an array of different interfacial properties, including
lubrication, 3334 steric stabilization of the surface,® and resis-
tance toward unspecific protein adsorption.[3¢37] It has so far not
been explored how differences in brush topology, from linear
to cyclic, may manifest in swelling and how interactions may
reflect on swelling. In particular, since many sensor platforms
operate with brushes that can harvest vapor or sense humidity
alterations, [3*#1 the elucidation of water vapor distribution in
brushes can be insightful.

In this work, we exploit time-of-flight neutron reflectometry
(ToF-NR) to investigate the hydration behavior of linear and cyclic
poly(2-ethyl-2-oxazoline) brushes (L-PEOXA and C-PEOXA, re-
spectively) for three swelling/drying cycles when subjected to wa-
ter vapor exposure, especially focusing on how the chain topology
determines the tendency of polymer brushes to associate water
molecules. Neutrons enable achieving a high scattering contrast
when deuterated water (D,0) is adsorbed by a protonated poly-
mer brush grafted on a macroscopic surface.[*>*3] Through ToF-
NR, the brush thickness response to a variation of relative humid-
ity (RH) is evaluated with precise spatiotemporal resolution.!*]
The additional and unique advantage of ToF-NR is that the scat-
tering length density (SLD) profile normal to the substrate can be
obtained and used to resolve the distribution of polymer and sol-
vent density across the sample plane independently from brush
thickness. In a subsequent work, we will address the effects of
kinetics in those topologies.

2. L-PEOXA and C-PEOXA Brush Assemblies

L-PEOXA and C-PEOXA brushes were grafted on TiO, substrates
through an assembly of poly-L-lysine-g-PEOXA (PLL-g-PEOXA)
copolymers,3?l which included a positively charged PLL back-
bone (M, = 20 kDa) and PEOXA side chains presenting ei-
ther linear (number-averaged molecular weight M, = 11.5 kDa,
polydispersity index D = 1.1) or cyclic topology (M, = 9.2 kDa,
D = 1.2). According to the brush structure obtained through
graft copolymer adsorption,!*’] PLL segments interact preferen-
tially with the negatively charged TiO, substrate, while PEOXA
chains stretch out away from the substrate. Radii of gyration
for L-PEOXA (R,; ~ 5.34 nm) and C-PEOXA (R, ~ 3.78 nm)
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Table 1. Values of grafting density (¢), dimensionless degree of grafted
chain overlap ({ = Y/2R;) and reduced dimensionless grafting density

(Z) for C-PEOXA and L-PEOXA.

Topology o [chains nm™2] ¢=Y/2R, )
C-PEOXA 0.25 0.28 0.10
L-PEOXA 0.3 0.18 0.12

have been calculated by the experimentally determined weight-
averaged molecular weights (M,,)1*?] and the intrinsic viscosity.
The dimensional grafting density (o) corresponded to o; =
0.30 and o = 0.25 chains nm= for L-PEOXA and C-PEOXA
respectively. The distance (Y) between grafted PEOXA chains
was calculated, as Y| & 1.95 nm and Y. = 2.15 nm, by using

Y = (ﬁ)m. As last, the dimensionless ratio { = Y//2R, was cal-

culated as 0.18 (L-PEOXA) and 0.28 (C-PEOXA), using the re-
spective values (R,;, Y) or (R, Y¢).I**l The values of reduced
dimensionless grafting density (£ = ob?), using b = 0.63 nm as
an effective monomer sizel*®! (X = 6b?), were £ = 0.10 and = =
0.12, for cyclic and linear brushes, respectively. These parameters
are shown in Table 1.

The degree of polymerization for both L-PEOXA and C-
PEOXAP? (N ~ 100) is smaller than the cut-off N,, where knots
could form for C-PEOXA (N < N, = 300),[*’l hence the C-PEOXA
rings are unknotted. The surface overlap concentration!?”! of the
grafted brushes ¢*, was determined to be 67 = 6 X 10~ and
o =1.2x107? chains nm™. Since ¢ > o™ for both topologies, the
surface-grafted polymers adopt a brush-like conformation where

interchain interactions are present.

3. Swelling of L-PEOXA and C-PEOXA Brushes

L- and C-PEOXA brushes were subsequently analyzed by ToF-NR
after subjected to different relative humidity (RH) values.[*8#] In-
teraction with water vapor and conformation of L- and C-PEOXA
brushes were specifically investigated under “dry” and “swollen”
conditions, which corresponded to RH = 3% and RH = 95%, re-
spectively (Scheme 1).

ToF-NR measurements were performed at the D17
reflectometer* at the Institute Laue Langevin (ILL), which
is equipped with a polychromatic divergent beam in the out-
of-reflection-plane that ensures maximum neutron flux for
performing measurements while varying RH.>"! A broad wave-
length (4) band of A = 2-27 A with a spectral resolution (A4/1)
of 10% was applied during the measurements. Static ToF-NR
experiments were carried out at two incident angles (a;) of
a; = 0.5° and a; = 2.5°, allowing to cover a broad g,-range and
thus to probe with finer detail the SLD profiles and thicknesses
in the dry and fully swollen states. Here, g, denotes the momen-
tum transfer vertical to the sample surface.

Following a coherent summation method for data
reduction,! reflectivity (R) curves for a g,-range between
g, =0 A" and g, = 0.23 A~! are reported in Figure 1a,b, for
C-PEOXA and L-PEOXA, respectively. Using refnx software
for model-fitting,[>?! the best fits to the ToF-NR curves for both
brush types were obtained by applying a slab-multilayer model
that sequentially included silicon (Si) (backing layer), a single

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Scheme 1. Schematic representation and chemical composition of C-PEOXA and L-PEOXA brushes obtained from the assembly of the corresponding

graft copolymers on TiO, substrates.
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Figure 1. Static ToF-NR curves recorded on a) C-PEOXA brushes at high (= 95%) and low (= 3%) values of RH (circles and triangles, respectively) and
b) L-PEOXA brushes at high and low RH (circles and triangles, respectively). The error bars for the reflectivity are within the size of the experimental
dataset symbol. The black lines are the model fits. Vertical dashed black lines correspond to the critical edge of the brushes. The reflectivity curves have

been multiplied by an arbitrary vertical shifting factor for clarity.

amorphous silicon oxide (SiO,) layer, a single TiO, layer and
different numbers of PLL-g-PEOXA layers. This description of
polymer brushes swollen by water vapor agreed well with the
modeling recently proposed by van Eck et al. for vapor-swollen
brushes.[3] A detailed summary of calculations can be found in
Tables S1-S4 and Figure S1 (Supporting Information, including
alternative model-fits®¥]). An increase in the frequency of the
Kiessig fringes could be clearly recorded while switching from
the dry to the swollen state.

The model SLD profiles for linear and cyclic brushes under
“dry” and “swollen” states (low and high values of RH) are shown
in Figure 2a,b for C- and L-PEOXA, respectively.

Interestingly, at relatively low RH ( = 3%) values, a slight but
non-negligible increase in SLD for z values between the TiO,

Macromol. Rapid Commun. 2023, 44,2300035 2300035 (3 of 7)

layer (region 3, at z = 0 A) and the polymer brush layer (re-
gion 4, atz =12 A) suggests an apparent D,0 enrichment at the
substrate/brush interface. The fits were not possible without the
presence of this weak upturn in SLD. The apparently large values
of SLD next to the TiO, layer (SLDy,y regions & 2.5 (X 107 A%)>
SLDgyy proxa = 0.985 (x107° A~2)) in the dry state (RH = 3%)
might imply the fast adsorption of D,0 molecules probably
from ambient atmosphere -even before exposure to D,0 vapor-
near the grafting surface, which presumably took place at much
shorter timescales compared to the time required for acquiring
the individual datasets. Alternatively, this phenomenon might be
due to the strong interaction between D,0 and partially charged
PLL backbones, which preferentially interact with (and lay down
on) the TiO, surface and were more hygroscopic than the PEOXA

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 2. SLD profiles along the sample’s normal direction (z) for a) C-PEOXA and b) L-PEOXA brushes under dry and swollen states obtained by
model-fitting ToF-NR curves. Along each SLD profile, the different layers constituting the samples are identified as: Si (region 1), SiO, (region 2), TiO,
layer (region 3) and the different polymeric slab layers at z > 0 A (region 4). Vertical dashed and dashed-dotted lines highlight the boundaries between

the different polymeric slab layers (4;, 4;;..
TiO, substrate to show the changes in SLD occurring in the polymer film.

grafts.l’] It is also known that the amide groups can be sub-
ject to H/D exchange, as reported for PNIPAM-based films and
microgels.[*5°! FTIR studies on amide-containing thin polymer
films suggest that H/D exchange on amide bonds can take place
over few minutes.””] Such effects become substantial due to
the small thickness of the examined brush layers. Considering
the small brush thickness, it is not unlikely that residual D,0
molecules from the surrounding atmosphere next to the sample
diffuse and contribute to the H/D exchange at timescales much
faster than a full swelling/drying cycle (=2 h acquisition by ToF-
NR) of these brushes.

The comparison of the overall thicknesses derived from the
SLD profiles reported in Figure 2 (also Figure S1 for full SLD pro-
files with substrate contribution, Supporting Information) (espe-
cially considering swollen regions (4;) and (4;;)) suggests that
C-PEOXA brushes adopt a more compact conformation with re-
spect to L-PEOXA analogues, both in dry and swollen states.
One could alternatively extract the density profiles from the SLD
profiles,®® considering that the SLD profiles can also be de-
scribed as linear combination of nominal SLD values and that
mass conservation requires that the sum of the volume fractions

(Zil ¢,) in the polymer region is equal to 1 (Zil ¢, =1):

SLD(z) = (SLDyyy proxa) - Prroxa(2) + (SLDpyo) - Ppyo(2) (2a)

DPpgoxa (2) + Ppyo (2) + @y (2) = 1 (2b)

Due to the challenge into an in-depth interpretation of the SLD
profiles in the dry state for either sample, it is nontrivial to de-
couple the contributions of air, PEOXA and D,0O. Hence, we re-
frain from making further assumptions and present SLD pro-
files everywhere in the manuscript. Since more complex models
using parabolic density profiles are ruled out (Supporting Infor-
mation), the density profiles for L-PEOXA and C-PEOXA could
very likely be described by a step function. Interestingly, the SLD
profile of L-PEOXA brushes in the region (4;;) decays more grad-
ually with increasing z, i.e., moving from the grafting surface to-
ward the air-brush interface, when compared to the C-PEOXA
brush. This suggests a larger roughness at the polymer-air in-
terface for L-PEOXA. These findings agree well with previously

Macromol. Rapid Commun. 2023, 44,2300035 2300035 (4 of 7)

.). Vertical solid (colored) lines refer to the substrate-brush interface. The profiles are aligned (z = 0) at the

reported computational studies,!?”*’! which suggested that cyclic
brushes exhibit a more uniform and compact monomer density
profile, which is characterized by a sharper brush interface with
respect to their linear counterparts. Based on the differences in
the SLD profiles at the polymer-—air interface reported in Figure 2,
we propose a non-uniform distribution of dangling chain ends to
be present on L-PEOXA brushes along z, whereas for C-PEOXA
analogues the sharper decay of the SLD profile points to a uni-
form monomer distribution.

Morgese et al. previously reported that the presence of chain
ends for L-PEOXA and their uneven distribution across the brush
thickness favors interpenetration between two L-PEOXA coated
counter-surfaces slid against each other under relatively high
normal pressures, a phenomenon that typically leads to an in-
crease in friction between linear brush surfaces.®®! In contrast,
interpenetration is not favored between opposing cyclic-brush
surfaces,!® leading to efficient hampering of dissipative forces
and a much higher lubricity.*?!

Swelling experiments were repeated three times, subjecting L-
and C-PEOXA brushes to a progressive increase in RH from 3%
to 95%, each of them followed by a decrease of RH from 95%
to 3%. Based on the ToF-NR results, we also examine the repro-
ducibility in water vapor uptake and release for both systems,
in terms of swelling ratios (SR), expressed as thickness ratios
(SR = hyyoen/hary), ratio (A') of areas (A) under the SLD profile

A= %) and root mean square roughness (R ). The thick-
dry

ness (Mgyoliens OF Hgry) Was determined as a sum of thicknesses
from the individual layers used in model fits. As reported in Ta-
ble 2, C-PEOXA exhibited significantly higher SR and A’ values
compared to L-PEOXA (SRC static > SRL static> A/C, static > A/L, static)'
The same holds for the volumetric amount of D,0 (Q'¢ e >
Q'L staiic)> the values of which have been calculated as:

S LDmeasured,sonen - SLDdry,PEOXA
SLDpyo — SLDgyy proxa

Q/ = Qéwollen - Q(ery = [

_ SLDmeasured,dry - SLDdry,PEOXA (3)
SLDDZO - SLDdry,PEOXA

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Table 2. Swelling ratios (SR), volumetric amount of solvent (Q’), areas
under the SLD profile (A") and root mean squared roughness (R,) at the
polymer-air interface from the modeling of static ToF-NR curves in the
swollen state for each topology and for each cycle number.

Cycle number SR, SR. Q| [vol%] Q,C [vol%] A’ Ac Ry [nm] Ryc[nm]
1 22 32 28 33 24 26 97+22 29+638
2 1.7 33 26 29 23 26 100+1.1 26+4.1
3 16 35 25 27 22 26 99+09 44x19

We obtained Q. ., =029+ 0.03, while Q] .. . =026+
0.01. For the calculation of Q', the SLD, ., eq 0t the layer with
the largest SLD (layer 4;,) was used. Both A’ and Q'are reported,
as being similar quantities and both proportional to the amount
of water uptake. We note again that the C-PEOXA presents un-
knotted and non-concatenated cyclic brushes.

Under these conditions, the topological constraints take some
form of entropic penalties between monomers in the free energy
expression of polymer conformation. Such constraints have been
reported for free energy expressions of concentrated solutions of
cyclic polymers.[®1¢2] When proximity to a planar substrate comes
into play, dissipative particle dynamics (DPD) simulations per-
formed by Jehser and co-workers predicted a larger solvent up-
take on cyclic brushes than for linear brushes of comparable mo-
lar mass, due to the steric constraints intrinsic to the cyclic topol-
ogy, manifested by stronger excluded volume interactions.??! The
increased water association by cyclic brushes agreed well with
molecular dynamics simulations previously reported by Hossain
etal. in the case of cyclic polystyrene (PS) in a good solvent, where
the expansion factor for cyclic PS was found to be significantly
larger than that characteristic of its linear analogue. This was due
to stronger excluded volume interactions, which lead to stronger
repulsions between monomer segments within cyclic polymers
compared to those characteristics of their linear counterparts.[??]

We expect that enhanced interchain steric repulsions exist be-
tween C-PEOXA brushes along the sample surface. These repul-
sions facilitate water uptake as a way to bypass the lateral con-
straints. This interpretation also agrees with the recent simula-
tions by Wan and co-workers, where smaller stretching energies
were calculated for cyclic brushes than linear ones, due to in-
crease in excluded volume interactions because of the topology
constraints in cyclic ones.[?’]

The more compact character of the conformation of C-PEOXA
brushes upon hydration also influences their surface roughness.
By comparing the decay in the SLD profiles (especially the re-
gions of 4;; in Figure 2) at the polymer-air interface and the val-
ues of R, for L- and C-PEOXA brushes (R;; > 2 - R, ) (Table 2),
the hydrated polymer—air surface of C-PEOXA brushes appears
significantly smoother compared to that of L-PEOXA.

These experimental observations can be rationalized with ther-
modynamic arguments. We use a mean-field Flory-like expres-
sion from regular solution theory for thin films to compare
the topology-dependent differences in swelling. De Beer and co-
workers!(>}] proposed a modified version of the regular solution
theory for thin polymer brush layers exposed to vapor. Following
Galvin and co-workers, %] we define a solvent effective volume

Bgwolien—h
—wellen 749 from the measured

fraction ¢, 1, as the ratio @, = "

‘swollen
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total thicknesses in the swollen (k) and dry (hg,,) state. The
quantity @, . is bound between 0 and 1. The free energy expres-
sion considers as input parameters the RH, the ¢, ,,, and—in
addition to previous expressions used for chains in the form of
physically cross-linked polymer network—the dimensionless pa-
rameter X. The chemical potential of the solvent inside the brush
matches the one in the solvent vapor surrounding the brush. The
chemical potential outside the brush relates to the partial vapor
pressure.l%l On the basis of the regular solution theory and by
considering that the chains are grafted, we can write :

P
In ( P ) = (1 - (Ps,Dzo) +In(@g pyo) + Xeg - (1 - (Ps,Dzo)2
sat
3.3%2
= (4)
(1 - (Ps,Dzo)

P
P,

Considering that — = RH = 95% and by inserting the partic-
ular values for (psymosat((psymoy 11 = 0.54; @, ny0,c1 = 0.68) and X
(Table 1) in Equation (4), we obtain y .z & 0.82, while y .4/, ~
—0.02. However, this calculation disagrees with our ToF-NR re-
sults presented in Table 2, where the two topologies are found to
reach different SR (and hence ¢, 1,,,). Hence, this apparent out-
come (¥ogc1 > Xegr1) Cannot explain the larger solvent uptake
for C-PEOXA. Additional contributions, as, e.g., from topologi-
cal constraints for the case of C-PEOXA grafted brushes must be
taken into account. Cates and Deutsch!'®! and later Sakauel6162:65]
presented two entropic terms in the free energy expression for
polymer rings in dense solutions. One term to account for the
non-concatenation between rings and another one for squeezing
the ring while maintaining a constant unknotting constraint. It
is for the moment unclear whether the enhanced solvent vapor
uptake for C-PEOXA stems exclusively from enhanced excluded
volume interactions, but this seems to be at least one possible
reason behind the swelling differences.

Starting from an entanglement molecular weight (M, = 1800 g
mol ™) for the melt state (¢ py0 = 0; @ppoxa = 1) of L-PEOXA,
under the assumption that this is similar to the one of lin-
ear PEO,] we calculated the effective entanglement molecular

weight (M, .¢) in our swollen brushes, at their respective @pgoxa
(=1-@p20):
M, - ®)
eff =
“ PrEOXA
We obtained Mg _ppoxa = 4000 g mol™' and
M, c—proxa = 5800 g mol™', from which the effective
number of entanglements (N,.g = Aﬁdw ) was calculated:
. eeff
Neerr—peoxa = 2.88 and N, g c_ppoxa = 1.59. The osmotic

pressure contribution (I,.,) in dense polymer solutions can be
described as:(®®]

3
H . Prroxa (6)
osm Neeff

We assume that this expression also holds in our dense
grafted brush systems. We then calculate TT ., _pgoxa( =
0.0316) > Iy ¢ _proxa ( = 0.0187). This outcome would sug-
gest larger SR values for L-PEOXA and would thus contradict

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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our experimental findings (Table 2). The larger water uptake by
C-PEOXA is a robust experimental finding. Hence, I, ¢ _ proxa
> T, proxa- For cyclic brushes, it is not trivial to identify the
exact length of topological constraints, in contrast to dense linear
polymer networks in bulk. However, we can estimate an upper
value for the cut-off size for the topological length over which con-
straints are set in for C-PEOXA. If we assume (in)equality in os-
motic pressure contributions (I, ¢ _ proxa = Mogmt - proxa) and
use as input values the experimentally obtained @poy,, We can
back-calculate a minimum value for a new effective number of
entanglements, N'. ¢ ¢ _ppoxa & 0.94. Using a Kuhn length ([,)
of | pgoxa = 1.4 nm, we obtain a maximum cut-off size for the av-
erage distance (a,,,, = 1.35 nm) between topological constraints
for C-PEOXA, following the equation for the tube diameter by
Doi and Edwards:(¢’]

@y = Ik, PEOXA - N1V2 7)

Note that a,,, < Y (& 2.15 nm). Hence, our analysis sug-
gests that Y is most likely an overestimated input for a reason-
able N, calculation in the case of swelling for cyclic brushes. This
suggests that the actual grafting density is a necessary but not
adequate condition for describing the mismatch in water vapor
uptake between the two topologies. Since ¢ > ¢ holds for these
brushes and by comparing to simulations from Jehser et al.,[?]
it is not unlikely that an anisotropic expansion of the cyclic poly-
mer brush takes place with much more enhanced swelling across
the brush thickness rather than along the substrate. Due to the
increased repulsive interchain interactions, we also believe that
the cyclic geometry offers less spatial restrictions for solvent
molecules to fill the free space between polymer regions and
hence renders solvation less challenging.

4. Conclusions

Correlations between topology of brushes and solvent vapor
uptake—so far elusive—are experimentally explored for the first
time. Our study reveals coupling between geometrical charac-
teristics of the brush nanostructure and solvent distribution in
brush-forming graft copolymer with linear versus cyclic side
chains. The data obtained from ToF-NR suggest a more compact
conformation, higher water uptake and smoother polymer—vapor
interface for cyclic PEOXA brushes, when compared to their lin-
ear counterparts of comparable molar mass. The existing Flory—
Huggins expressions for grafted brushes break down in the case
of cyclic brush conformation. Hence, alternative reasons, includ-
ing contributions from topological constraints for the cyclic con-
formation, are needed to rationalize differences in solvent va-
por uptake. A new free energy expression would enable an in-
dependent theoretical support for the differences manifested in
the ToF-NR experimental findings. We hope that our results will
drive additional explorations by combined simulations and exper-
iments.
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