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and Computer Engineering, University of Houston, Houston TX.

ABSTRACT

The swelling responses of thin polymer networks were examined as a function of primary
polymer architecture. Thin films of linear or bottlebrush polystyrene were cast on
polystyrene-grafted substrates, and surface-attached networks were prepared with a
radiation crosslinking reaction. The dry and equilibrated swollen thicknesses were both
determined with spectroscopic ellipsometry. The dry thickness, which reflects the
insoluble fraction of the film after crosslinking, depends on the primary polymer size and
radiation dose but is largely independent of primary polymer architecture. When
networks are synthesized with a high radiation dose, producing a high density of
crosslinks, the extent of swelling is similar for all primary polymer architectures and
molecular weights. However, when networks are synthesized with a low radiation dose,

the extent of swelling is reduced as the primary polymer becomes larger or increasingly
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branched. These trends are consistent with a simple Flory model for equilibrium swelling
that describes the effects of branch junctions and radiation crosslinks on network

elasticity.

INTRODUCTION

Polymer networks can be synthesized by linking primary polymers into a larger system.
Their unique sorption, responsive and mechanical properties are frequently leveraged for
biomedical applications,1 sensing,z’3 actuation,’ and flexible substrates.*” Hydrogels are a
common example of polymer networks, and are synthesized by crosslinking (or end-
linking) a system of hydrated polymers. Hydrogels can hold large amounts of water, and
their open structure in a swollen state can be used to immobilize enzymes and
encapsulate cells." Furthermore, by selecting a primary polymer that responds to an
external stimulus, one can engineer a hydrogel that reversibly changes its volume for
sensing and actuation.” Another known example of polymer networks is elastomers,
which can be formed by crosslinking of rubbery primary polymers. The mechanical
properties of elastomers are tunable through crosslink density, which makes them useful
as flexible substrates for soft lithography® and stretchable electronics,” among other

applications.

The swelling thermodynamics of polymer networks is a well-studied
problem, as measurements of equilibrium swelling are used to quantify effective
crosslink density, average length of network chains, and junction functionality in all

types of polymer networks.” The models of Flory and Rehner,*'® which calculate the free



Soft Matter

energy of swelling by assuming that mixing processes and elastic deformations are
separable, can successfully describe the behaviors of many crosslinked systems. Many
studies have used these models to characterize the structure of bulk networks based on
linear primary polymers. However, polymer architecture is an important variable in
materials design, as it controls surface/interface interactions, processability, and
mechanics.'' Networks prepared from branched primary polymers, such as stars and

12-14
F

combs, can exhibit different swelling responses than their linear analogues. or

example, swelling of star polymer networks can decline as arm length is reduced, because
arm length sets an upper limit on the molecular weight between crosslinks.'*'*
Furthermore, in networks based on comb primary architectures, the kinetics of swelling

1316 Therefore, to leverage the

and deswelling are enhanced by the mobile side-chains.
unique properties of branched polymers in networks, it is important to characterize both

the network topology and swelling responses.

The objective of this work is to examine the structure and swelling responses of
bottlebrush polystyrene networks. Bottlebrushes are a highly branched structure with one
side chain (i.e., branch) per backbone monomer.'”'® Steric repulsion between side chains
will induce backbone extension, leading to rod-like or worm-like conformations. These
unusual conformations will prevent chain entanglements, producing an unusually soft and
processable material.'” ' Furthermore, the brush-like structure can introduce new surface
and interface functions,”? much like those encountered in surface-attached polymer
brushes.” Polystyrenes are not viable as elastomers or hydrogels, but this chemistry is

very useful for fundamental studies of polymer networks: both linear and bottlebrush

Page 4 of 29
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architectures are easy to synthesize, and the interactions between polystyrene and

different organic solvents are well characterized.

We prepared thin, surface-attached networks using a one-step radiation
crosslinking reaction. Thin film confinement will restrict the swelling to one-dimension,
which produces a large and rapid response (thickness change) that is easily detected with
ellipsometry.** The swelling behaviors of the bottlebrush-based networks are compared
with networks derived from linear analogues, and experimental data are interpreted using
a form of the Flory-Rehner model that accounts for both pre-formed junctions (i.e., the
bottlebrush backbone) and radiation crosslinks.*'* We find that swelling is reduced by
increasing the number of branches in the primary polymer, which is attributed to two
effects: 1) shorter elastic strands, M,., connecting network junctions; and 2) a greater
concentration of elastic chains, c,, within the network. Finally, we show that the swelling
ratio of all networks with moderate to high crosslink densities will scale as c; %3, which

is consistent with the theoretical prediction of ¢, 13,

MATERIALS AND METHODS

Materials. Unless specified, all reagents and solvents were purchased from commercially
available sources and used as received. Styrene was passed through an aluminum oxide
column to remove inhibitors. 2,2’-Azobis(2-methylpropionitrile) (AIBN) was purified by
recrystallizing in methanol. Bicyclo[2.2.1]hept-5-en-2-ylmethyl 2-
(((dodecylsulfanyl)(thioxo)methyl)sulfanyl)-2-methylpropanoate (NB-CTA)* and the
modified 2™ generation Grubbs ((H2IMes)(-pyr)2(C1)2RuCHPh) (:a‘[alyst26 were

synthesized according to published methods.

4
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Linear Polystyrene (PS) Homopolymers. PS standards were purchased from Scientific

Polymers, Inc. Specifications are summarized in Table 1.

Table 1: Specifications of PS standards. My, is weight-average molecular weight and D is
dispersity.

Polymer | M,, kg/mol | D

L 60 61.8 1.07
L 214 |[213.6 1.01

Norbornene Functionalized Polystyrene (PS) (NB-PS-CTA) Macromonomer. Linear
polystyrene macromonomers were prepared using reversible addition-fragmentation
(RAFT) polymerization. NB-CTA, AIBN and toluene were added into a 10mL round
bottom flask. The mol ratios of reagents are reported in Table 2. The solution was purged
with nitrogen for 30 minutes and the polymerization was initiated by placing the flask in
an oil bath at 70°C. After 17 hours, the flask was removed and quenched by immersing in
an ice bath. The polymer was then obtained by precipitating in methanol at 4°C and dried
under vacuum. NMR for a representative NB-PS-CTA macromonomer is reported in
Figure Sla. SEC data for all NB-PS-CTA macromonomers are reported as dotted black

lines in Figure S2.

Table 2: Mol ratios of reagents added for synthesis of PS macromonomers.

Target M,, ) NB-CTA: )
(ke/mol) NB-CTA: S AIBN Toluene:S
3 1:80 10:1 1:1
8.2 1:300 10:1 1:1
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Bottlebrush Polystyrene (P(NB-PS-CTA)). Bottlebrush polymers with polystyrene side
chains were synthesized through ring-opening metathesis polymerization (ROMP)
method using the modified ond generation Grubbs ((H2IMes) (-pyr)2(Cl),RuCHPh)
catalyst (Scheme 1). All ROMP reactions were performed in a glove box. In a 20 mL
vial, a stock solution of the modified 2™ generation Grubbs catalyst was prepared with
anhydrous DCM (3.49mg, 0.0048mmol, 0.95mL). Second, NB-PS-CTA (79.13mg,
0.0252mmol) was added into another 20 mL vial containing a stir bar, and anhydrous
DCM was added to generate a final solution concentration of 0.05 M (0.5 mL). Next, 0.1
mL (0.0003 mmol) of the catalyst solution was added into the prepared macromonomer
solution to initiate the reaction and stirred at room temperature for at least 1 hr. The
reaction was quenched with 0.1 mL of butyl vinyl ether and the product was recovered
through precipitation in methanol at 4°C and dried under vacuum at room temperature.
This procedure is a generalized description of the ROMP reaction. Based on the GPC
results, all bottlebrush PS-CTA synthesized were found to have a macromonomer

conversion of >92%.



Soft Matter Page 8 of 29

NB-CTA

\ (i) RAFT
o
A i s S
o 5 Y \/(/\)1}
s
NB-PS-CTA
c (il) ROMP
O/% Y \/(/\)\
P(NB-PS-CTA)
(iii) Aminolysis
E
o]
SH
o a
P(NB-PS-SH)

Scheme 1: Synthetic pathway of PS bottlebrush polymers. * Reagents and conditions: (i) AIBN,
styrene, 70°C (ii) CH,Cl,, (H2IMes) (pyr)(Cl),RuCHPh (iii) 1,4-dioxane, hexylamine,
tributylphosphine.

Thiol-Terminated Bottlebrush Polystyrene (P(NB-PS-SH)). Bottlebrush PS-SH was
prepared by removing the chain transfer agent (CTA) end-group via an aminolysis
reaction (Scheme 1). This reaction was performed in the glove box. Bottlebrush PS-CTA
was dissolved with 1,4-dioxane and stirred for 12 h at room temperature in the presence

of hexylamine and tributylphosphine. The hexylamine added was at least 10 times the

7
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amount of CTA groups present and the tributylphosphine was added to prevent the

formation of disulfide bonds>”?

. The transition of a yellow to clear, colorless solution
indicates that the reaction is complete. This is confirmed through the UV/Vis spectra
obtained from the GPC which showed the disappearance of an absorbance peak at 300-
310nm?” in the bottlebrush product. The product was recovered through precipitation in
methanol at 4 °C and dried under vacuum at room temperature. Table 3 summarizes the
properties of bottlebrush PS-SH used in this study. Where backbone weight-average
molecular weight is M,,, backbone degree of polymerization is Ny, and backbone

dispersity is By. Weight-average molecular weight of side chains is My, i and dispersity

in side chains is Ps.. Number average molecular weight of side chains is M,

Table 3: Properties of bottlebrush PS-SH additives from SEC MALLS.

Polymer (kgﬁ/rllquol) No'| Py | Pse (ké‘//lriqcol)
BB 60 59.7 | 19 | 1.30 | -- 3.2°
BB 200 | 2009 |65 |1.73| - 2.8°
BB 65 65.4 8 | 1.41]1.11 7.0

Ny is calculated from M. b Calculated from '"H NMR.

Nuclear Magnetic Resonance Spectroscopy (NMR). Using a 400 MHz Bruker
multinuclear spectrometer, the hydrogen NMR ("H NMR) spectra was obtained in CDCl;
with tetramethylsilane as an internal standard. Samples with a concentration of 10 mg/mL

were placed in Smm o.d. tubes. Data are reported in Figure S1.

Gel Permeation Chromatography (GPC). Molecular weights and dispersities of

bottlebrushes and macromonomers were obtained using an Agilent 1200 module with
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three PSS SDV columns in series (100, 1000 and 10000 A pore sizes), an Agilent
variable wavelength UV/vis detector, a Wyatt Technology HELEOS II multiangle laser
light scattering (MALLS) detector (A = 658 nm), and a Wyatt Technology Optilab rEX
RI detector. This system enables size exclusion chromatography (SEC) with
simultaneous refractive index (SEC-RI), UV/vis (SEC-UV/vis) and MALLS detection.
THF was used as the mobile phase with a flow rate of ImL/min at 40°C. The conversion
of the bottlebrush polymers was determined by comparing the peak areas of the PS
bottlebrushes and unreacted PS macromonomers. The refractive index (dn/dc) of the PS
bottlebrushes were calculated with the assumption of 100% mass recovery and corrected
by using the actual injected mass of PS bot in the solution. This correction accounts for
the unreacted PS macromonomers during the ROMP reaction. Data are reported in Figure

S2.

Spectroscopic Ellipsometry. The thicknesses of the polymer films were measured using
a J.A. Woollam M-2000 spectroscopic ellipsometer. The ellipsometry parameters A and
v were modeled by describing the polymer’s optical properties with the Cauchy
dispersion relation, n() = A + B/A%, where A is the incident wavelength (nm) where 4, B
and film thickness are adjustable parameters for regression analysis. All thickness

measurements reported in this study are an average value of 2-5 measurements.

Atom Beam Proximity Lithography. Samples were irradiated by a broad beam of
helium atoms generated by a saddle-field source similar to the design reported by Hogg.”
With a constant flow of helium feed gas, the source generates a mixed beam of ions and
atoms, the latter of which are formed through charge-exchange collisions of ions with the

background helium gas. The beam drifted through 1.3 m long beamline to an exposure
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station, evacuated by a turbo-molecular pump backed by a rotary pump, that housed an x-
y stage for moving the sample underneath a stencil. A set of deflector plates, placed at the
approximate center of the beamline, swept aside the ions to form a beam of only atoms.
The energy of each atom, E,, was approximately 1.3 x 10™° J for a 10kV supply setting,
since the mean energy of the atom beam is ~70-85% of the power supply potential®®>".
To estimate the atom flux, the secondary electron current, /., was measured from an

aluminum electrode placed behind a grounded plate with an aperture diameter, d, using a

picoammeter (Keithley Instruments, Cleveland, OH). The atom flux was calculated as

4, 1
wd? yq'’

a =

(1)

where ¢ is the elementary charge and vy is the secondary electron yield, previously

measured to be 1.5°2. The exposure dose is

Dyg = JaEqte. (2)

For this study, the irradiation doses ranged from 1.0 to 25 mJ cm™ and each exposure
series was accompanied by a set of calibration exposures in PMMA. The calibration
sample was used to correct for any drift in the secondary electron yield and ensure that
the dose was consistent. Irradiated PS films were developed in toluene for 12 minutes and
were dried with nitrogen gas immediately after development. More details of the ABL

: 32,33
system are described elsewhere ™.

Substrate Preparation. Substrates used for all studies were (100)-oriented p-type silicon
wafers. Each substrate was rinsed in deionized water to remove dust particles from the

surface and dried under a nitrogen stream. Organic contamination was removed with an

10
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ultraviolet-ozone cleaner, and a clean oxidized surface was confirmed with measurements
of water contact angle (< 5°). A hydroxyl-terminated polystyrene was grafted to the
oxidized silicon surface®®. The hydroxy terminated PS was purchased from Scientific
Polymers, Inc., and has an M, = 5.0 kg/mol and & = 1.1. The brush was prepared and
characterized following the protocol described elsewhere™. The measured water contact

angle of the brush layer ranges from 88-90°, and the brush thickness was 4 nm

Polystyrene Thin Films. Polystyrene solutions of 3 wt % were prepared in toluene and
the solution was filtered with two 0.2 um Teflon mesh filters. The solution was spin-
casted on the brushed silicon wafers at 2500-3500 rpm for 60 s. Film thicknesses were
measured with a J.A. Woollam M-2000 spectroscopic ellipsometer. The ellipsometry
parameters A and y were modeled by describing the polymer’s optical properties with the
Cauchy dispersion relation, n(A) = A4 + B/A, where A is the incident wavelength. The
optical properties of silicon and native oxide are part of a built-in database. 4, B, and film
thickness are adjustable parameters for regression analysis. Typical values for 4 and B

are 1.5 and 0.01, respectively. As-cast film thicknesses were in the range of 80 to 92 nm.

Swelling Measurements. The swollen thicknesses of crosslinked linear and bottlebrush
polystyrenes were determined using ellipsometry. These measurements were conducted
in a home-built liquid cell with incident and exit quartz windows at a 75° angle (relative
to the sample normal). The optical constants of toluene and tetrahydrofuran (THF) were
determined by placing a silicon wafer with 200 nm of thermal oxide in the cell, filling
with liquid, and then measuring the ellipsometry parameters A and W. The data were
modeled with the Cauchy dispersion relation over wavelengths of 350 to 1690 nm. The

outcomes for toluene and THF are n(1) = 1.47 + 0.0064A72 and n(1) = 1.39 +

11

Page 12 of 29



Page 13 of 29

Soft Matter

0.004172 , respectively, where A has units of um. To monitor the equilibrium swelling of
polymer networks: Films were placed in the empty liquid cell and the dry thickness was
measured. The cell was then filled with the liquid, and data were acquired every 20 s until
the swelling had stabilized for at least 30 min. Data were modeled by constraining the
optical constants of the solvent and optimizing the Cauchy parameters and thickness for
the swollen film. Additional details can be found elsewhere.*” After removal from the
solvent, the films are immediately dried in nitrogen. The de-swelled films are re-
measured to confirm the dry thickness; when crosslinked with low doses, this “after
swelling” value is up to 10% lower than the initial measurement, which demonstrates that
some unattached polymers are extracted during the prolonged swelling. We therefore use

the “after swelling” value for dry thickness in all calculations.

RESULTS AND DISCUSSION

The objective of this work is to engineer the swelling responses of surface-
attached polymer networks by varying the architecture of the polymer precursors. To
interrogate these behaviors, we use a simple approach based on radiation crosslinking of
surface-attached polystyrene films. The polystyrene architecture is systematically varied
from linear to highly branched (star-like and bottlebrush), but the overall molecular
weight is approximately constant in each series of materials. The networks are swollen in
a liquid solvent, and the extent of swelling is analyzed with a Flory free energy model

that accounts for the primary polymer architecture.

The experimental procedures include a detailed description of sample preparation

and measurement protocols. The key points are as follows: A polystyrene brush is grafted

12
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to a silicon substrate, and then polystyrene films are spin-casted on top of the brush. Each
film/brush sample is exposed to atom beam radiation, which creates radicals through
ionization (hydrogen abstraction) at the tertiary carbon of polystyrene.’® Some of these
radicals will combine and generate intermolecular crosslinks throughout the film
thickness and at the film/brush interface. The result of this process is a surface-attached
polystyrene network,” where the crosslink density and network topology are controlled
by the radiation dose. After radiation crosslinking, the films are soaked in toluene or THF
to remove the free polymers. The networks are then re-immersed in toluene or THF, and
the swollen thicknesses are measured as a function of time with spectroscopic
ellipsometry. The films swell to at least 90% of their equilibrium swollen thicknesses
within 1 min, and there is no noticeable difference in the response times for linear and
bottlebrush architectures. The swelling process stabilizes after 120 min for exposure
doses of 1.8-3.1mJ/cm?, and after 60 min for exposure doses of 3.7-11.1mJ/cm”. The
equilibrium thickness of the swollen polymer film is calculated by modeling the
ellipsometry data. The surface-attached films do not delaminate during the prolonged
swelling measurement, and the initial film thickness is recovered after the samples are
removed from solvent and deswelled. Optical microscopy images for these films before
and after swelling measurements are reported in Figures S3 and S4. The following plots
report data for soaking and swelling in toluene, and Figures S5 to S8 include a
comparison with THF. We note that the extent of swelling in THF is different from the
response in toluene, which reflects the distinct polymer-solvent interactions in each

system, but the parameters extracted from analysis of both data sets are highly consistent.

13
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As a first step towards characterizing the crosslinked films, we measure the
normalized residual thickness as a function of radiation dose. Normalized residual
thickness is defined as

h+ (Ryes — ho)

NRT =
ho + (Rres — ho)

(3)

where h is the film thickness after removing the unattached material, h is the initial film
thickness (before crosslinking and soaking), and h,..; = 100 nm is a reference thickness

that accounts for sample-to-sample variations in hy.”> When NRT — 1, the irradiated film
resists dissolution in the good solvent, which means it is attached to the surface through a
network of crosslinks. Therefore, a plot of NRT versus dose will highlight differences in

dissolution behavior that are attributable to the underlying network topologies.

Figure 1a reports the outcomes for three primary polystyrenes with overall
molecular weights of M, =® 60 kg/mol: a linear architecture, a bottlebrush with f, = 8
branches, and a bottlebrush with f, = 19 branches. Figure 1b reports the outcomes for
two polystyrenes with overall molecular weights of M, = 200 kg/mol: a linear
architecture and a bottlebrush with f, = 65 branches. At a fixed radiation dose, the
amount of film dissolved is largely determined by the overall size of the polymer: All
three architectures with molecular weights near 60 kg/mol are collapsed onto a single
curve, and a high dose is required to make those films fully insoluble in toluene. The two
architectures with an overall molecular weight near ~200 kg/mol are insoluble at much
lower doses than the ~ 60 kg/mol series, which is expected due to their larger size.
However, the networks based on ~200 kg/mol linear primary polymers are less soluble

than the bottlebrush-based analogue at low to moderate doses. This discrepancy is

14
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attributable to the effects of entanglements: the entanglement molecular weight of linear
polystyrene is in the range of M, ~ 13 to 19 kg/mol,>’ >’ which means a ~200 kg/mol
linear architecture has approximately 12 entanglements per chain, and the dissolution
behavior is presumably controlled by a combination of radiation crosslinks and trapped

19,20

entanglements. Bottlebrush polymers do not entangle, so their solubility is solely

controlled by the crosslinking process.

1.0 T T T T T T T T I A
0.8 P ‘ 8
- 06 — . z ]
% o
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Figure 1. Normalized residual thickness (NRT) of surface-attached polystyrene networks
as a function of radiation dose. Overall molecular weights of a) M, = 60 kg/mol; and b)
M, = 200 kg/mol.

We next examine the swelling behaviors as a function of polymer architecture.
Figures 2a and 2b report the swelling ratio h,/h as a function of radiation dose for

polystyrenes with M,, = 60 kg/mol and 200 kg/mol, respectively, where the parameter

15
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h, is the equilibrium swollen thickness. These data demonstrate that swelling behaviors
are “universal” as crosslink density is increased (high doses), approaching a limit of
h./h = 3 to 4 at the highest doses considered. However, when the crosslink density is
reduced (low dose), the swelling behavior is controlled by polymer architecture and
molecular weight: For a fixed molecular weight, increased branching will reduce the
extent of swelling. This effect is particularly striking in the ~60 kg/mol series, where the
highly branched architecture (f, = 19) experiences half the swelling of a linear
architecture. For a fixed architecture, increased molecular weight will likewise reduce the
extent of swelling, as observed through two comparisons: First, in the linear architecture,
polymer L 214 (~200 kg/mol) swells less than polymer L_60 (~60 kg/mol) at low doses.
Second, in the branched architecture, when the side-chain length is fixed but the number
of branches is increased (BB_60 versus BB 200), the larger polymer (BB _200) will

swell to a lesser extent.

16
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Figure 2. Swelling ratio of surface-attached polystyrene networks as a function of
radiation dose. Overall molecular weights of a) M,, = 60 kg/mol; and b) M,, = 200
kg/mol. The horizontal line at h, /h is a guide to the eye.

To better understand the architectural effects that drive these swelling behaviors,
we interpret experimental data with simple models for the equilibrium swelling of
surface-attached polymer films. The models are developed following the original reports
by Flory®” for affine deformation of Gaussian chains, and include corrections for
branching,'* surface-attachment® (swelling constrained to one dimension), and dangling
chain ends.®® The radiation crosslinks are described as tetra-functional junctions (f; =
4), while the bottlebrush backbone is treated a pre-formed junction with functionality
f2 = Ny,. A step-by-step development of the free energy model is included in the

Supporting Information. The objectives of this analysis are to determine the length of the

17
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network chains that connect two junctions, M,., as well as the concentration of network
crosslinks that connect elastically effective chains, c,. We note that the assumptions in
these types of models can lead to inaccuracies in the calculated values of M, and c,, as
noted in numerous literature studies.’®*' However, these inaccuracies will not impact the
trends in these data, and the trends are sufficient to understand the roles of architecture on

swelling responses.

The equilibrium swelling of a surface-attached linear polymer network is

described by Eq. 4:

2M, ]

|2
X¢%+1n(1_¢2)+¢2:MLp[1_ M %_sz_l] (4)

The volume fraction of polymer in the swollen film is ¢, = hy/h,. The extent of
swelling is controlled by the Flory interaction parameter (), the solvent molar volume
(V;, cm’/mol), the polymer density (p = 1.05 g/em’),”’ the number-average molecular
weight of the original chains (M, g/mol), and the average molecular weight between
crosslinks (M,., g/mol). The equilibrium swelling of a surface-attached bottlebrush
polymer network is described by Eqn. 5, and depends on two additional parameters: the
average number of side-chains on each bottlebrush (f,), and the number-average

molecular weight of the bottlebrush side chains (Mg,):

A = +3 92071 ®
il |\ 7, (M=) 2

v
X3 +In(1 = ;) + b = 70| 1 -

As f, increases, the swelling behavior of a bottlebrush architecture is increasingly

dominated by the tetra-functional radiation junctions. Furthermore, when the density of

18
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crosslinks is high (M, is low), Egs. 4 and 5 predict the same extent of swelling in linear

and branched networks, which is consistent with the trends at high dose in Figure 2.

We use Eqns. 4 and 5 to determine M, as a function of radiation dose. All other
parameters are known: ¢, is measured from ellipsometry; V;, p and y are documented in
the literature; and M, M., and f, are measured properties of the polymers. Table 4
reports the values selected for V/; and y. We note that literature values of y for each
polystyrene-solvent pair are highly variable: y for PS/THF ranges from 0.16 to 0.7, 77454
and y for PS/toluene ranges from 0.16 to 0.48 and is often dependent on polymer

concentration.’”®

Therefore, we select an average value from the literature for each
system, and we do not expect measurements in different solvents to yield the exact same
values of M,. We verified that a concentration-dependent y parameter® with the

formy = —0.27 + 0.69¢, does not change the trends in M, as a function of dose,

architecture or molecular weight.

Table 4: Solvent molar volume V; and Flory interaction parameter y for PS-solvent at
25°C.

Solvent | V; (cm®/mol) X

Toluene 106.7 0.37°7%

THF 81.1 0.41%

The values of M, determined by analysis of each data point (¢),) with Eq. 4 or Eq.
5 are summarized in Table 5 as a function of radiation dose. These values have different
implications for linear and bottlebrush architectures. Long linear polymers can entangle,

so the value of M, may reflect an effective strand length that is controlled by a
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combination of trapped entanglements and radiation crosslinks. Bottlebrush polymer
backbones and side-chains do not entangle, so M, will reflect the molecular weight

between radiation crosslinks along the PS side chains.

Table 5: Molecular weight between crosslinks M, (kg/mol) for each primary polymer,
from swelling in toluene (or *THF). L = linear, BB = bottlebrush, and the associated
number designates the overall molecular weight.

Dose L 60 L 214 BB_65 BB_60 BB 200
(mJ cm?) (f2=8) (fz=19) | (fz=65)
1.8 228%9,& 94.0 6.96 ;fﬁa 2.79
3.1 22;'64.& 72.4 6.91 3%6156a 2.69
3.7 227?48a 59.6 6.81 33.6192a 2.62
5.4 225‘25,& 46.9 6.42 2%3988a 2.54
7.7 2109"993 31.1 6.09 2%88923 2.43
11.1 115% 'lga 19.6 5.64 2%66913 2.29

In networks formed from linear architectures, M, increases with the primary
molecular weight. This result seems counterintuitive, as the networks formed from the
larger precursor exhibit less swelling. However, the extent of swelling is controlled by
the number of elastically effective chains within the network, which is less than the total
number of sub-chains in the system. The principal cause of this discrepancy is “dangling”
chain ends that do not contribute to network elasticity.9 Therefore, to examine the
relationship between swelling behaviors and primary polymer architecture, we use M, to

calculate the concentration of elastically effective chains, c,. (The crosslink density is
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ce./2 , as each chain connects two network junctions.) For the linear polystyrenes, c, is

calculated by Eq. 6, '°

For the bottlebrush polystyrenes, this concentration is calculated by Eq. 7,”'**’

p Mx]
= |1- 7
Ce Mx[ m.) 7

The calculated values of ¢, are reported in Figure 3 as a function of radiation dose for all
architectures and molecular weights. When doses are high, c, is larger for highly-
branched primary polymers than linear or lightly-branched, but there is no trend with
molecular weight. However, when doses are low, ¢, depends on the architecture and
molecular weight of the primary polymer. For the linear architecture, ¢, increases with
the primary molecular weight. There are two trends in the bottlebrush architectures: 1)
For a fixed overall molecular weight, c, increases with the number of side-chains. Note
that as the number of side-chains increases, their lengths are decreased to maintain a
constant overall molecular weight, so we could equivalently state that c, increases as side
chain length decreases. 2) For a fixed side-chain length, c, increases with the number of
side-chains/overall molecular weight. Finally, when comparing different primary
architectures of the same molecular weight, c, is higher for bottlebrush polymers
compared with the linear polymer. These data suggest that radiation crosslinking will
produce a larger concentration of elastically effective chains when the primary polymers

are large and/or highly branched.
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Figure 3. Calculated concentration of elastically effective chains (c,) as a function of
radiation dose.

All data are collapsed on a single master curve when the measured swelling ratio
he/h is plotted as a function of the calculated elastic chain concentration c,, as
demonstrated in Figure 4. The scaling is approximately h,/h ~ ¢;°3 for ¢, > 2 mol/m’,
and is consistent with the expected behavior for Eq. 4 and Eq. 5 in the limit of high
crosslink density (small M,):

he [/1 117 1
7“[(5—)()‘71] ce ' (8)

The agreement among all data sets offers validation for the trends determined by these

simple models.
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Figure 4. Measured swelling ratio (h./h) as a function of calculated concentration of
elastically effective chains (c,). Grey line marks the scaling h,/h ~ c;°3.
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CONCLUSIONS

We examined the swelling response of surface-attached polymer networks as a
function of primary polymer architecture and molecular weight. All networks were
synthesized with a radiation crosslinking reaction, and radiation dose was varied to
produce a range of crosslink densities. First, we measured the normalized residual
thickness (NRT) as a function of radiation dose for all networks. The residual thickness is
the amount of material that is attached to the substrate through network crosslinks, so
NRT is a measure of the insoluble fraction of the film. These data demonstrate that
network formation depends on the overall size of the primary polymer, but it is largely
independent of architecture. Second, we measured the extent of swelling as a function of
radiation dose for all networks. We find that swelling declines as the primary polymer
becomes increasingly branched, or as the primary polymer increases in size. This effect
vanishes in the limit of high crosslink densities. Finally, we interpret the swelling data
using a modified form of the Flory-Rehner theory. This analysis demonstrates that
swelling is reduced with increased branching of the primary polymer because 1) the
lengths of elastic chains are limited by the length of the branches; and 2) the

concentration of elastic chains is increasing with the number of branches.

Surface-attached bottlebrush polymer networks could have applications in coatings,
sensors and biomaterials: The brushy architecture is useful to create surfaces that resist
fouling or respond to environmental cues.”**® The crosslinking process provides stability
in harsh solvent environments, preventing delamination and other mechanical failures.
The rapid swelling kinetics and tunable response (thickness change) are valuable for the

detection of chemical or biological species, and the large number of end-functional side
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chains can be used to bind analytes or nanoparticles.**°

Finally, networks synthesized by
random crosslinking of bottlebrush polymers are more resistant to swelling than their

linear analogues, which is valuable from a processing perspective: fewer crosslinks are

needed, which lowers the dose for a radiation-activated reaction.
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The swelling of surface-attached polymer networks (h,/h) is reduced with increased branching of the
primary polymer.



