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a b s t r a c t

The stimuli-responsive behavior of densely grafted polymer brushes makes them attractive for designing
tunable coatings and thin film sensors, provided physical properties and thermodynamics of the brush
are well characterized. This work investigates the swelling of highly extended poly(methyl methacrylate)
polymer brushes in solvent vapors. All brushes have identical grafting density, but differing degrees of
polymerization. Brushes were equilibrated in various saturated vapors, then characterized by X-ray
reflectivity to measure thickness and scattering length density. One dimensional swelling normal to the
surface is observed for all brushesolvent pairs; brushes swollen in good solvents generally exhibit
decreasing polymer density along the thickness direction of the brush, while poor solvents swell the
brush with minimal changes in the bulk brush density profiles relative to the dry state. Comparison of
changes in brush height and film density upon swelling to existing mean-field models indicate that vapor
solvation thermodynamics of polymer brush thin films is not explained by existing theory.

Published by Elsevier Ltd.
1. Introduction

Polymer brushes exhibit fundamentally different physical
properties relative to their thin film analogs resulting from the
highly extended, non-overlapping chain configuration within
brushes, where the distance between end-tethered brush anchor
points is much less than twice the radius of gyration of the free
polymer (d << 2Rg) [1e4]. The morphology of polymer brushes
generates thin film interfaces that are highly sensitive to small
changes in environment. The presence of solvent, as a liquid or
vapor, can affect thin film properties such as electrical conductivity
[5], glass transition [6], or compression hysteresis [7], making
polymer brushes potentially useful as advanced stimuli-responsive
coatings [8e12]. However, implementing brushes as tunable thin
films requires a deep understanding of the physics that control
brush response.
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The distinctive physical properties of polymer brushes are
attributed to three interdependent thermodynamic parameters,
which are the grafting density of chains (s), the brush molecular
mass, and the solvent quality. A scaling relationship, based on the
Flory approximation, relates brush thickness (h) to degree of
polymerization (N) and grafting density (s) [8,13] which has been
supported through several experimental and theoretical studies:
[1,14e17]

hfNsn (1)

s ¼ hdrNA=Mn (2)

The power law exponent, n, varies depending on the grafting
density and the solvation quality of the brush chains [1,18].
Generally n ¼ 0 for low grafting density “brushes” formed via the
grafting-to technique [14]. The brush regime is characterized by
n z 0.33, but experiments have demonstrated higher power ex-
ponents for highly extended brushes [19,20]. To use equation (1), or
its underlying physical model [17,21], as a quantitative structur-
eeproperty relationship requires accurate determination of s.
Grafting density is calculated based on Equation (2), where hd is dry
brush thickness, Mn is the number average molecular mass of the
polymer, NA is Avogadro's number and r is the bulk density of the
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polymer. Equation (2) facilitates a practical way to calculate grafting
density based on the bulk density of the polymer and molecular
mass [22], provided that Mn can be accurately determined. Still, this
remains a challenge, since the model assumptions in equation (1)
do not fully address behavior in the crossover regimes, where sig-
nificant chain interactions may occur, but scaling is not well
understood.

Measurement of polymer brush Mn becomes more challenging
as grafting density increases because chains in the strong stretching
regime often require polymer synthesis directly from the surface,
where precise brush molecular mass is unknown. A soluble, small
molecule initiator is often added to polymer brush syntheses,
forming solution polymer that can be recovered and characterized
to approximate brush Mn. Prior experiments have compared dif-
ferences in solution and brush Mn, obtained by cleaving polymer
from large surface area supports and comparing to sacrificial-
initiated polymer [23e27]. These studies did not yield consistent
results among each other, causing ambiguity in the molecular mass
characterization of strongly stretched brushes.

Furthermore, recent Monte Carlo simulations have been used to
investigate how surface confinement of the initiator affects
monomer diffusivity to active chain ends of polymer brushes
compared to equivalent bulk polymerizations [28,29]. Simulated
reaction kinetics indicated that brush molecular mass decreased
relative to bulk polymerization as grafting density of the brush
chains increased [29]. These results suggest the molecular mass
equivalency assumption may not be accurate.

An alternative approach to determining the structural compo-
nents of the polymer brush, e.g., Mn and s, utilizes direct swelling of
the polymer brush instead of relying on solution polymer or poly-
mer from cleaved substrates. This method has been previously used
to stimulate and measure changes in mechanical properties
[30e33] and detect zwitterionic complexes [34] within polymer
brushes. In these systems, the introduction of solvent induces
conformational changes of the chains and brush surface energy as
the solvent content of the brush increases [12]. The swelling
response of polymer brushes relies on the interdependent param-
eters of grafting density, molecular mass and solvent quality;
therefore, measuring the brush after systematically changing one of
these parameters, such as solvent quality, will elucidate what
thermodynamic changes are occurring within the brush when the
other two (s and Mn) remain constant. Repeating these experi-
ments while varying molecular weight, then grafting density will
generate a phase map of the brush swelling response where the
contributions of each parameter to overall brush thermodynamics
are quantified. This approach then enables the measurement of one
unknown parameter, such as s, based on the degree of brush
swelling. Such a technique would have broad applicability to
various brush chemistries and architectures.

In the present study, we use X-ray reflectivity (XRR) to study the
equilibrium swelling behavior of polymer brushes in solvent vapors
of different solvent quality. Two poly(methyl methacrylate)
(PMMA) brushes with the same surface initiator concentration but
different thicknesses (due to different degrees of polymerization)
are synthesized using atom transfer radical polymerization (ATRP).
XRR is used to measure the changes in the PMMA brush thickness
and polymer volume fraction at equilibrium with different solvent
vapors, while grafting density of chains is constant. The density and
thickness changes of the brushes are compared to determine the
dimensionality of brush swelling, and experimental data are
compared to a mean-field theory to attain grafting density from
swelling results. Challenges in determining solvent quality and
grafting density will be discussed as well as the limitations of
polymer brush thermodynamics as it applies to vapor phase
swelling.
2. Experimental

2.1. Materials

Silicon wafers (N-type (100) polished) were purchased from
University Wafer. Toluene was purchased from Sigma Aldrich and
distilled over calcium hydride prior to use. Methyl methyacrylate
(MMA) was stirred over calcium hydride for 24 h and distilled to
remove inhibitor. All other reagents were purchased from Sigma
Aldrich and used as received. Certain commercial equipment, in-
struments, or materials are identified in this paper in order to
specify the experimental procedure adequately. Such identification
is not intended to imply recommendation or endorsement by the
National Institute of Standards and Technology, nor is it intended to
imply that thematerials or equipment identified are necessarily the
best available for the purpose.

2.2. Formation of ATRP initiator monolayers

Siliconwafers (2.5 cm� 2.5 cm)were sonicated for 10mineach in
acetone, ethanol, and 18.2 MU nanopore deionized water in a glass
staining jar, dried under a stream of nitrogen, and subjected to ul-
traviolet oxygen (UVO) cleaning (JelightUVO-CleanerModel 342) for
10 min to generate a hydrophilic surface (static contact angle < 10�).
The ATRP initiator, 11-(chlorodimethylsilyl)undecyl 2-bromo-2-
methylpropanoate, was synthesized according to literature pro-
cedures [35,36] and immediately used for the monolayer reaction. A
0.01mol/L solution of the silane in dry toluene (25mL)was added to
the staining jar wells containing the silicon wafers. Triethylamine
(10 mL)was added as a catalyst and acid scavenger. The jarwas sealed
with Teflon tape and left overnight. After 16 h, the substrates were
removed, rinsed with toluene, dichloromethane, and acetone, and
dried under nitrogen. The initiator layers were 1.9 nm ± 0.1 nm as
measured by ellipsometry. An atomic forcemicroscope (AFM) height
image of a representative monolayer is shown in Fig. 1. The initiator
had a root means square (RMS) roughness of 0.78 nm.

2.3. Surface initiated atom transfer radical polymerization
(SI-ATRP) of methyl methacrylate for thin polymer brushes

SI-ATRPof the thinpolymer brusheswasbased onaprocedure by
Ruh€e and coworkers [37]. A 50 mL septum-sealed glass reactor was
set up in a 30 �C oil bath with the initiator wafer suspended on glass
support above a stir bar. Methyl methacrylate (18.5 g, 184.7 mmol)
and anhydrous anisole (20 mL), and ethyl a-bromoisobutyrate
(26 mL, 0.18mmol) was added to the reactor and bubbledwith argon
gas 60 min to remove oxygen. Simultaneously, 2 mL of acetone and
N,N0,N00,N000-pentamethylenediethylenetriamine (PMDETA, 40 mL,
0.0.19mmol)wasdeoxygenated separately, aswas a solutionof CuBr
(26 mg, 0.18 mmol) in 1 mL of anisole. PMDETA and CuBr were
combined to form the solubilized coppereligand complex and that
solution was cannula transferred into the reactor. The reaction was
stirred at 35 rad/s for 20 h. The reaction was quenched by opening
the reactor to atmosphere and the wafer was rinsed with toluene,
dichloromethane, and sonicated in dichloromethane (30 mL for
15 min) until the dry thickness measurement was consistent. The
brushwas annealed under vacuum at 160 �C (2.6� 103 Pa) for 5 h to
ensure all solventwas removed. A schemeof the reaction is available
in Scheme S1 of the supporting information.

2.4. Surface initiated atom transfer radical polymerization
(SI-ATRP) of methyl methacrylate for thick polymer brushes

SI-ATRP of the thick polymer brushes proceeded based on a
modified procedure by Gorman et al. [38] A 50 mL septa-sealed



Fig. 1. AFM Height Images of ATRP initiator (a, Rq ¼ 0.78 nm) and dry polymer brushes for the thin (b, Rq ¼ 0.4 nm) and thick (c, Rq ¼ 2.0 nm) films.
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glass reactor was set up in a 30 �C oil bath with the initiator wafer
suspended on glass support above a stir bar. CuCl (0.32 g, 3.2 mmol)
and CuCl2 (5.5 mg, 0.04 mmol) were added and the reactor was put
under vacuum and backfilled with argon several times to remove
oxygen. The flask remained under positive pressurewith argon. In a
separate flask, methyl methacrylate (17.4 g, 174.2 mmol) and 2,2’-
bipyridine (1.03 g, 6.6 mmol) were dissolved in a methanol/water
mixture (85:15 volume fraction) and bubbled with argon 1 h. A
stock solution of ethyl a-bromoisobutyrate (100 mL, 0.68 mmol) in
1 mL of methanol was deoxygenated separately. The monomer
solution was cannula transferred into the reactor and 0.1 mL of the
ethyl a-bromoisobutyrate solution was added to the reactor via
syringe. The reaction stirred at 35 rad/s for 16 h. The reaction was
quenched by opening the reactor to atmosphere and the wafer was
rinsed with toluene, dichloromethane, and sonicated in dichloro-
methane (30 mL for 15 min) until the dry thickness measurement
was consistent. The brush was annealed under vacuum at 160 �C
(2.6 � 103 Pa) for 5 h to ensure all solvent was removed. A scheme
of the reaction is available in Scheme S1 of the supporting
information.

2.5. Characterization of PMMA brush thicknesses and homogeneity

Film thickness of the initiator substrates and subsequent PMMA
thin films was measured by ellipsometry using a J.A. Woolam
spectroscopic ellipsometer M2000 with variable wavelength scans
from 200 nm to 1000 nm at angles of 65�, 70�, and 75�. All ellip-
sometric thickness measurements were performed in a
1.5 cm � 1.5 cm grid, consisting of 80 measurement points to
determine the macroscopic thickness variability of the brush sub-
strates. The ellipsometric thicknesses were determined from the
average of all grid points with the error representing one standard
deviation of the data. Surface morphology and RMS roughness was
determined using a Bruker Dimension Icon atomic force micro-
scope (AFM) using ScanAsyst-Air probes with a nominal spring
constant of 0.4 N/m. For each film, AFM measurements were per-
formed on at least separate three locations and the error reported
with all measurements represents one standard deviation. Thick-
ness characterization of the dry films was conducted using both
ellipsometry and XRR in order to investigate the macroscopic
heterogeneity of the films, ensuring that the XRR measurements
thickness and roughness measurements were representative of the
microscopic structure of the film.

2.6. XRR of dry and swollen brushes

All XRR measurements were performed using a Phillips X’PERT
X-ray diffractometer with a Cu Ka source (1.5412 Å, wavelength
divergence of 3 � 10�3 Å, angular divergence of 3 � 10�5 rad). The
X-rays were focused using a curved mirror into a quadruple bounce
Ge [220] crystal monochromator. The specular condition was
obtained for the reflected beam using a triple bounce Ge [220]
crystal monochromator. The scattering vector was calculated from:

Q ¼ 4p sin q

l
(3)

where q is the incident angle and l is the wavelength of the X-ray
beam. Specular reflectionwas collectedwith incident angle starting
from 0.1� to 1.5� for the thin film and 0.1�e0.8� for the thick film as
additional fringes were not discernable due to surface roughness
for the thicker film at higher angles of incidence.

Vapor swelling experiments were performed at 25 �C using an
aluminum chamber sealed over the sample platform with X-ray
transparent berylliumwindows. A solvent reservoir (5 mL) was left
at the base of the chamber and the solvent vapor was permitted to
saturate the chamber for 16 h prior to measurement. This protocol
was used to ensure the chamber was saturated with vapor before
measurement regardless of the vapor pressure of the solvent at
atmospheric pressure and temperature; periodic rapid scans were
taken to verify that the brush reached maximum swelling at the
16 h limit. XRR scans were performed at 0.003� steps with a 10 s
scan time at each step. After measurement, the wafer was vacuum
annealed in a vacuum oven at 160 �C for 5 h to ensure the brushwas
free of solvent prior to next scan. Both poor solvents (methanol,
hexane, cyclohexane) and good solvents (acetone, ethyl acetate,
tetrahydrofuran, and toluene) were used to swell both films. These
solvents were chosen due to the large change in solvent quality
(0.43 � c � 1.8) for PMMA and sufficiently high vapor pressure to
saturate the chamber.

Data reduction for each reflectivity curve was done using a
MATLAB routine that consisted of footprint correction, conversion
of the scattering angle into scattering vector and normalization of
the scattering intensity. Theoretical reflectivity curves were
modeled using NIST Reflfit software [39], which uses Parratt's
formalism for given layer thickness and scattering length densities.
Fitting the model to experimental data yielded film thickness,
scattering length density, roughness, and linear absorption coeffi-
cient, the quality of fit was indicated by Pearson's chi-squared test.
Initial predictions of scattering length density (SLD) for PMMA,
solvents, bulk silicon were calculated from the NIST NCNR website
[40] and SLD values of native SiO2 films on commercially-available
wafers were obtained from the literature and compare well to XRR
curves of cleaned silicon wafers in the laboratory [41]. Values for
SLDs are provided in Table S1 of the supporting information. The
thickness and scattering length density (SLD) of the dry brushes
were measured prior to each swelling experiment. The XRR
reflectivity curves andmodel curve fits for the polymer brush layers
are shown in Fig. S1a and S1b of the supporting information and the
SLD and thickness values are summarized in Table S2 in supporting
information. The high reproducibility of the reflectivity curves for
the dry measurements for both the thick and thin brush indicates
that solvent was completely removed from the films during
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vacuum annealing before the next solvent was added and that
degradation of the film was not observed [42]. Fig. S2 of the
supporting information contains SLD profiles indicating the con-
sistency of the instrument (Fig. S2a) and the experimental (Fig. S2b)
measurement.
3. Results and discussion

3.1. Characterization of the dry PMMA brushes

PMMAbrushes were synthesized from the initiator substrates to
create two comparable polymer brush regimes: a thin polymer
brush (ho ¼ 12.6 nm ± 0.5 nm), and a thicker one
(ho¼ 71.4 nm ± 1.0 nm) in order to compare this method of grafting
density measurement on two length scales. Brush homogeneity is
critical to accurate brush measurements in XRR, as the measured
thickness and scattering length densities are an average of the area
of the film in the X-ray beam path. Therefore, AFM height images of
the brushes (Fig. 1b and c) were taken to demonstrate that surface
coverage of the brushes were homogeneous, and well-controlled
on the microscale.

The thick and thin films had RMS roughnesses (Rq) of 0.4 nm and
2.0 nm, respectively, after thermal annealing. The macroscopic
homogeneity of the films was measured using ellipsometric map-
ping (Fig. S3 of the supporting information) and average thick-
nesses agrees well with dry thicknesses measured by XRR with a
standard deviation of less than 1 nm for both thin and thick
brushes.

As an initial estimate of grafting density, solution polymer
resulting from sacrificial initiator was recovered for both brushes
and characterized by gel permeation chromatography. The number
average molecular mass (Mn) values were used in equation (2) to
calculate grafting density using the bulk density of PMMA, as the
measured SLD of the brushes is within 2% of theoretical SLD of bulk
PMMA. The Mn and s results are shown in Table 1. The estimated
grafting densities are 0.225 chains/nm2 and 0.311 chains/nm2 for
the thin and thick brushes, respectively. Since both brushes were
synthesized from identical initiator substrates, we expected s for
both brushes to be approximately equal. The 32% disparity indicates
that using solution polymer to estimate Mn in equation (2) will
result in an inaccurate calculation of grafting density.
3.2. Swelling behavior of PMMA brushes

The XRR curves of the thin and thick PMMA brushes are pre-
sented in Fig. 2a and b respectively. Thickness and SLD measure-
ments of the dry state of the PMMA brushes are shown in Table S3
of the supporting information. After equilibration in saturated
solvent vapor, XRR curves for the swollen brushes were collected
and modeled as a single layer with a uniform density. This single
layer model yielded poor fits to the XRR curves, especially at Q
values above 0.05 Å�1. Specifically, treating the brushes as a single
Table 1
Summary of Polymer Brushmolecular mass and grafting density approximated from
sacrificial initiator PMMA.

PMMA brush Mn from solution
PMMA (g/mol)

bMw/Mn
as (chains/nm2)

Thin 38,100 1.2 0.225 ± 0.008
Thick 151,000 1.6 0.311 ± 0.002

a Grafting density calculated using equation (2), where Mn is of free polymer in
solution.

b Mw/Mn is the polydispersity index, calculated from the weight average molec-
ular mass (Mw) and Mn.
layer caused a premature decay of the oscillation in the fit curve at
larger scan angles, when distinct fringes were present in the raw
data. To improve the fits, we modified the reflectivity model by
treating the film as a multi-layered film where each layer has a
unique scattering length density. No discernable improvement in
the fit was observed with additional layers beyond three layers. An
example of this multi-layer procedure for fitting of the swollen
brush is shown in Fig. S4 of the supporting information, using the
thick brush swollen in toluene as a representative depiction of the
resulting fit. Fig. 2a and b are the reflectivity curves of the thin and
thick brush swollen the various solvents, respectively. Also
included in the figures are fits to the reflectivity curves using the
three-layer model. For both brushes, a decrease in the critical angle
is observed as solvent quality increases, indicating a decrease in
polymer concentration of the brush. Solvent quality is categorized
by the solventepolymer interaction parameter, c, between the
particular solvent and the PMMA brush. The solvent is considered a
good solvent when c � 0.5, whereas the solvent is indicative of a
poor solvent when c � 0.5. Both non-polar and polar solvents were
used for good and poor solvents to see if polarity differences had an
impact on swelling trends. A shift in the fringes to lower Q values is
also observed, as highlighted by the dashed line in Fig. 2a and b.
This change denotes that the brush thicknesses increase as ex-
pected with quality of solvent as the chains extend away from the
surface.

The SLD profiles for the PMMA brushes in each solvent are
shown in Fig. S5b through S5h of the supporting information and a
visualization of the PMMA brush swelling in good versus poor
solvents is depicted in Scheme 1. Regardless of whether the PMMA
is swollen in a good or bad solvent, we represent the brush density
with a three-layer model. In each case, layers 1, 2 and 3 represent
the polymer chain ends tethered to the substrate, the middle
portion of the chain, and the chain ends exposed to the environ-
ment, respectively.

For good solvents, the SLD of the film decreases as thickness
increases for the thin brushes, where the SLD of all 3 layers is less
than that of the dry brush. This is another indication of swelling,
consistent with the thickness measurement, as solvent SLDs in this
experiment are always less than they dry polymer SLD. For the poor
solvent systems, the layer 2 shows an SLD as high as, or slightly
higher than, dry PMMA, indicative of collapsed chains. We find that
the SLD is much lower near the surface than dry film SLD (layer 1 in
Scheme 1), which would indicate the presence of a thin solvent-
rich layer. Additionally, we note that the trends in SLD profiles for
each poor solvent are consistent between the thin and thick poly-
mer brushes.

Solvent-rich “depletion” layers near the substrate of a polymer
thin film have been predicted in simulations [43,44] and observed
experimentally [34,45,46] A larger depletion layer is observed for
methanol swelling and we speculate that methanol is diffusing
through the film and preferentially adsorbing to the exposed SiO2
surface, as observed previously [47]. There is a smaller depletion
layer for hexane and cyclohexane, and it is most likely a result of
swelling of the eleven-carbon initiator with the hydrophobic sol-
vents. Layer 3 describes the chain ends of the polymer brush that is
farthest away from the substrate. This region can be affected by
chain length distributions, macroscopic roughness, such as defects
at the surface, or buried chain ends, which would not be easily
observed in the middle layer, but would show as a lower density of
chains near the end of the brush.

3.3. Determination of 1D swelling of polymer brushes

The dimensionality of swelling can be determined from the
brush swelling results by comparing the total thickness swelling



Fig. 2. XRR data (points) with model fits (solid lines) for PMMA brushes swollenwith various solvent vapors: (a) 12 nm brush (thin) and (b) 68 nm brush (thick). Each curve is offset
by one (b) or two (a) decades for clarity. The dashed line is meant to guide the eye.
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ratio to the volumetric swelling ratio. This assessment has been
previously demonstrated in the vapor swelling of crosslinked
polyamide films using XRR [48] and ellipsometry measurements
[49]. The comparison between thickness and volumetric swelling
allows for a preliminary qualitative determination of the grafting
density regime of the brush. If the grafted chains are in the low
grafting density regime (reduced tethering density, S z 5, where
S ¼ spRg

2) [34], there will be more lateral swelling, relative to
thickness swelling. Brushes in the moderate to high grafting den-
sity regimes (S � 12) swell only normal to the grafted surface. The
thickness swelling ratio, a, is defined:

a ¼ hs
hd

(4)

where hs is the thickness of the swollen brush, and hd is the
thickness of the dry, annealed brush. The change in SLD can be
correlated to polymer volume fraction, f, using: [50]

f ¼ Q2
c � Q2

c;s

Q2
c;0 � Q2

c;s
(5)

where Qc
2, Qc,0

2 , and Qc,s
2 are the scattering length densities of the

swollen brush, the dry brush, and the solvent, respectively. To
determine the overall f of the brushes based on the three-layer
reflectivity model, a weighted average was used:
Scheme 1. Depiction of brush swelling in poor (methanol, hexane, and cyclohexane) and goo
regimes depict substrate effects (1), bulk swelling of the brush (2) and decreased polymer
regions is defined by the best fit location of the layer interfaces in the XRR model; the loca
f≡fp;avg ¼ h1fp;1 þ h2fp;2 þ h3fp;3

htot
(6)
where hx is the thickness of the sub-layer (x ¼ 1, 2, or 3) of the total
thickness (htot).

The volumetric swelling ratio (S) is the inverse of the polymer
brush volume fraction, and the relationship between S and a is:
[48]

S ¼ 1
f

(7)

f ¼ 1
an

(8)

where n is the dimensionality of swelling; n ¼ 1 for swelling along
the thickness direction and n ¼ 3 for isotropic swelling. The
swelling ratio is depicted in Fig. 3, with the slopes and quality of fits
(R2) summarized in Table 2. For the thick brush, the slope of the line
is n¼ 0.9 regardless of if a one- or three-layer model is used. For the
thin brush, however, the films have poor correlation with volu-
metric swelling when using a one-layer model. When accounting
for SLD changes throughout the film using the three-layer model,
the thin films demonstrate one dimensional swelling as well. Since
both films swell only along the thickness direction, their behavior
in identical solvents can be used to compare thermodynamics
within the brushes.
d (ethyl acetate, acetone, tetrahydrofuran, and toluene) quality solvent vapor. The three
density due to chain ends (3) for both poor and good solvents. The position of the 3
tions shown here qualitatively approximate the typical case for each solvent group.



Fig. 3. Volumetric (S) versus linear swelling ratio (a) for a both thin (blue) and thick
(red) PMMA brushes fit with a one-layer model (open symbols) and a three-layer
(closed symbol) model. The dashed line (n ¼ 1) is the S ¼ a line representing ideal
one-dimensional swelling. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3.4. Thermodynamics of polymer brush swelling

Using a modified FloryeHuggins theory, the free energy of the
brush upon swelling can be separated into energy contributions for
the mixing (DFmix) and elastic (DFel) components,

DF ¼ DFmix þ DFel (9)

Differentiating the free energy with respect to moles of solvent
yields a change in chemical potential of the brush (ms) described by
Birshtein et al. [51]

Dms
RT

¼ lnðasÞ ¼ lnð1� fÞ þ fþ cf2 þ 3s2a4

f
¼ 0 (10)

The first three terms in equation (10) are derived from Flor-
yeHuggins free energy of mixing, while the last term is the elastic
energy due to Gaussian stretching of the chains, assuming the chain
segments are uniformly distributed in the thickness direction.
Assuming a solvent activity z1 for saturated vapor, equation (10)
reduces to an expression that can be used to solve for grafting
density (s) provided that the polymer volume fraction (f) and
polymer solvent interaction parameter (c) are known. Theoretical
derivations of brush grafting density often describe grafting density
as a dimensionless quantity, normalized by the area of a monomer
unit. For clarity, all equations are reported in dimensional grafting
density and the area of a monomer unit was estimated
at a2 ¼ 0.57 nm2, based on the dry film density of PMMA
brushes measured in XRR, derived in the supporting information
(equation S(1)).
Table 2
Swelling dimension determinations for 1 layer and 3 layer models of brushes from
Fig. 3. R2 is the coefficient of determination, indicating the quality of the linear fit.

PMMA brush Model n R2

Thin 1 layer 0.22 0.453
3 layer 1.00 0.976

Thick 1 layer 0.87 0.982
3 layer 0.90 0.992
In our experiments, the aim was to avoid any anomalies at low
activities, such as excess solvent uptake [6], by measuring different
solvents at maximum brush swelling for a given solvent. A plot of a
versus c for the thick and thin brushes (Fig. 4, values listed in
Table S3 of the supporting information) was fit to equation (10),
using equations (7) and (8) to convert a to f, in order to determine
the grafting density of the thick and thin PMMA brushes. The data
in Fig. 4 appears to be grouped by overall solvent quality. The poor
solvents for both brushes are tightly grouped at low swelling ratios
and large c parameters, while there is a large change in swelling
ratios for the good solvents, all with literature c values z0.45 [52].
The fit of equation (10) to the data yield grafting densities for the
thin and thick brushes of sthin ¼ 0.24 chains/nm2 and sthick ¼ 0.35
chains/nm2, respectively. While the values of s are comparable to
the estimation of s from equation (2), the overall fit in both brushes
is poor and the grafting density between the thin and thick brushes
are inconsistent. These results indicate that the Birshtein model in
its current form does not accurately describe this swelling
experiment.

The Birshtein model makes two fundamental assumptions: 1)
the grafting density is not too high (sa << N2/3), and 2) the sol-
venteinteraction parameter is known. We can rearrange equation
(10) to calculate c as a function of f and s (equation S2 in
supporting information), using the estimated s values from
Table 1. The values of c calculated in this fashion are provided in
Table 3, along with c values reported in the literature [52]. The
calculated c for thin brush swollen in methanol and hexane are
higher than the literature values, and c for the thick brush is higher
still. The differences in c between acetone, ethyl acetate, tetrahy-
drofuran, and toluene are very small in the literature (Dc � 0.03),
but are much larger in both the thin and thick PMMA brushes. The
polymer solvent interaction parameter for each solvent is also
inconsistent between thick and thin brushes; with the exception of
acetone, the literature c for a given good solvent has no discernible
trend in the relationship to the calculated c. A portion of this
inconsistency could be due to the intrinsic error from our
assumption in Table 1 that free and tethered chains have the same
molecular weight distribution. However, the lack of fit is inde-
pendent of the precise value of s, so this source of error cannot
account for the entire difference in trend between literature and
calculated c values.
Fig. 4. Modeling grafting density using literature chi values.



Table 3
Comparison of polymeresolvent interaction parameter values calculated from
estimated grafting density.

Solvent Literature c (solution) Calculated c (vapor)

Thin brush Thick brush

Methanol 1.2 1.38 1.77
Hexane 1.8 1.81 2.54
Acetone 0.48 0.76 0.76
Ethyl acetate 0.48 0.64 0.50
Tetrahydrofuran 0.47 0.39 0.49
Toluene 0.45 0.32 0.20
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This result indicates that there are additional interactions
affecting brush solvation beyond concentration or thickness
dependence, as the differences in c between thin and thick brushes
would be proportional if c were dependent on f. We could, in
principle, approach these deviations in terms of binary and ternary
interactions using derivations for the free energy of mixing in
earlier work by Zhulina and Birshtein including expressions for the
second and third virial coefficients [17]. Unfortunately, the mea-
surements of virial coefficients in brushes and thin films are non-
trivial and beyond the scope of this work. These challenges in
accurately quantifying cwithin polymer brushes presently prevent
us from concluding if the mean field theory of Birshtein in polymer
brush swelling is an accurate description of experimental swelling.

The c parameter in polymer brushes is unknown due to con-
tributions of concentration, confinement, and conformation on
solvent quality. There are several ways to determine the quality of
bulk polymer/solvent interactions using membrane osmometry,
vapor sorption measurements, or inverse gas chromatography
(iGC), for different concentration regimes, listed here from least to
most concentrated, where iGC works for polymer volume fractions
(f) approaching 1 [53]. These methods can yield very different
polymeresolvent interaction parameters due to the influence of
concentration on that interaction parameter, and the existence of
higher order interactions (such as third virial coefficients) where
polymer chains self-interact, whether due to inter-chain or intra-
chain interaction. Vapor swelling has been used to determine c
for the polymeresolvent and polymerepolymer interactions
recently in conjugated [54] and crosslinked [55] polymer thin films,
where overall chain solubility is poor. Recent experiments by
Wagman et al. evaluate swelling in monolayers of bio-
macromolecules in water vapor, modifying existing Flory theory to
include ternary interactions between polymer, water, and vacant
sites [56]. In swelling a brush with vapor, special consideration
must also be paid to the polymeresolventegas interface not only
along the extended chains, but at the chain ends as well [57]. Vapor
phase swelling, even in good solvents yields step-like density
profiles rather than the parabolic profiles observed in solution
swelling in the strong stretching regime [34], as was also observed
in this study. Swelling between saturated vapor and liquid should
be identical from a thermodynamic perspective, as the chemical
potential in both systems are equal. A similar observation has been
discussed in the membrane and elastomer community, known as
Schroeder's paradox [58]; swelling of membranes in liquid yields
larger mass uptake than swelling in saturated vapor even after
equilibration for long periods of time. This observation must be
further explored for brushes to quantify the differences between
vapor and liquid solvation of the polymer brush.

The effects of confinement in very thin polymer films, less than
100 nm in dry thickness, exhibit thickness-dependent swelling, as
surface interactions and reduced mobility affect the solventepol-
ymer interaction [59,60]. Determination of c through gravimetric
methods on thin films is generally conducted on films several
hundred nanometers thick to determine the bulk polymer solvent
interaction deconvoluted from substrate and surface effects [61].
While attractive and repulsive surface interactions in brushes have
been studied [45], the impact of surface effects cannot be decou-
pled from brush grafting density as the overlap and extension of
chains at higher grafting density can mitigate an attractive surface.

Finally, the effect of extended conformation of polymer brush
chains must be considered in the solventepolymer interaction
parameter. Molecular structure simulations conducted by Baulin
and Halperin indicatemonomer concentration dependence on c for
thermoresponsive polymer brushes due to decreasing polymer
volume fraction as the chains stretch away from the substrate [62].
Brush swelling experiments combined with surface stress mea-
surements by Gutmann and coworkers indicate that free surface
energy resulting from interfacial tension between solvent and
brush significantly adds to the enthalpic and entropic energy con-
tributions to c yielding more favorable mixing between elongated
polymer brush chains and solvents than solution c values would
predict [33]. This is contradictory to vapor sorption studies in
polymer brushes [34] and polymer films [63], where the domi-
nance on the entropic contribution to c makes its value much
higher than predicted Hildebrand solubility parameters. There are
several theoretical studies on the impact of molecular structure,
entropic considerations, and ternary interactions that can impact
the FloryeHuggins interaction parameter [64e66]; however, these
theories must be tested using experimental results to determine
limits of theory and develop better measurements to quantify
brush thermodynamics.
4. Conclusions

A measurement to quantify swelling of polymer brushes using
saturated solvent vapor has been established as a preliminary study
of solventepolymer brush thermodynamics. Grafting density cal-
culations from experimental changes in polymer volume fraction
are currently unreliable because the c parameter for a particular
solventepolymer brush system is unknown due to changes in the
concentration, confinement, and conformation with solvent qual-
ity. This manuscript is a preliminary effort towards accurately
quantifying chain grafting density. Further studies to expand un-
derstanding of thermodynamics of polymer brushes should include
a systematic comparison of polymer solvation within a thin film,
including incorporation of higher order virial coefficients as a more
absolute way to describe solvent quality, comparison of solvation
between liquid and vapor swollen systems, and contributions from
monomer structure on the thermodynamics of the chains. Expan-
sion of mean field and self-consistent field calculations should also
be made to model the differences between vapor and solvent
swelling. In addition to establishing better measures of grafting
density in the brush regime, quantifying thermodynamics of graf-
ted polymer layers will expand the understanding of polymer thin
films across several grafting density regimes, towards a universal
expressionwhere contributions of solvent, grafting density, surface
energetics, and molecular mass can be enumerated. As more
knowledge on thermodynamics and kinetics of polymer brushes
becomes known, the potential of polymer brushes as a tool to
develop controllable membranes, chromatographic stationary
phases, and tunable sensors will continue to expand.
Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.polymer.2015.05.030.
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