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Abstract

In this chapter, we discuss applying X-ray reflectivity to study
the structure and dynamics of dense and ultrathin polymer films
upon exposure to solvent vapors. These vapor swelling studies
permit the measurement of thermodynamic parameters using
established mean-field models such as Flory-Huggins, Flory-
Rehner, and Painter-Shenoy to understand the elastic
contributions to swelling, as well as the polymer solvent
interaction parameter of these confined films. This chapter
describes the various experimental approaches to leverage
mean-field theories towards describing and understanding
swelling behavior of thin film networks and brushes, the
applications, and their limitations.
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Introduction

Polymer thin films over the last several decades have advanced beyond
conventional, passive coatings and filters to active semi-permeable membranes
that have a delicate interplay between analytes, the solvent or gas environment,
the thin film support surface, and neighboring polymer chains. Thin film
membranes have developed a broad application space, from acting as
environmental absorbents or biological scaffolds, to controlling fouling or
separating large and small molecules in the liquid or gas phase.r®> Development
of these advanced polymer thin film membranes have been largely empirical as
material optimization is generally tailored to improving performance, such as
selectivity of one analyte over a small list of competing species, for practical and
commercial uses. Fundamental metrology of membrane molecular structure,
chain morphology, thermodynamics and (ultimately) correlation to performance
of these materials have also been limited, especially for in situ measurements, as
films are often sub-100 nm in thickness, which limit the tools available to measure
these parameters. The design of next-generation films requires accurate
structure/property relationships and a fundamental understanding of critical
structural and thermodynamic parameters that affect performance such as analyte
diffusivity, solubility, pore size, pore size distributions, stability, and service life.

Using two case studies — polymer membranes for water purification and
grafted polymer brushes for tailored surface chromatography separation methods
— we demonstrate major advances in metrology designed to support basic
research into characterization of ultra-thin polymer networks.6® This chapter
covers recent advances in the synergistic approach to understanding swelling
behavior in these films by combining synthetic design of controlled,
homogeneous model thin films, with X-ray reflectivity measurements to measure
changes in film thickness, roughness, and material density when exposed to
solvent vapor. These changes upon swelling can be applied to mean field
thermodynamic models to understand when the enthalpic and entropic
contributions to swelling agree with established theoretical models or when new
models need to be developed to account for additional parameters that may not be
incorporated into existing theories.



X-ray Reflectivity to Study Thin Film Structure

Overview

Swelling is a classic approach used to interrogate the structure of a
crosslinked polymer network. This approach measures the amount of solvent
uptake as a function of solvent activity and then applies the appropriate equation-
of-state to determine the thermodynamic parameters of the polymer network.
Swelling measurements are straightforward for macroscopic specimens since it
simply relates swelling to solvent activity by measuring the change in specimen
mass or specimen dimensions. Measuring the swelling behavior is non-trivial for
ultrathin films because of the diminishingly small changes in mass and volume
due to solvent uptake, as well as adsorption that can occur at the interface between
the ultrathin film and its supporting layer.>!

This chapter describes the application of specular X-ray reflectivity (XR) to
measure the dimensional change of polymer thin film networks due to vapor
swelling. XR is a high-resolution measurement technique for studying the
interfaces of materials possessing different electron densities with resolution of
approximately 0.1 nm.'213 XR has been widely used to study soft materials such
as photoresists,** polymer glasses,’>” nanoimprinted polymers,*3® polymer
bilayers,? polymer brushes,?* gel layers?>?3, polyelectrolyte multilayers?*?> and
membrane layers?® over the past two decades. XR is particularly suited for
conducting polymer thin films thermodynamic studies, as repeated measurements
of a specimen area can be conducted, limiting uncertainty due to batch to batch
variation of thin film samples.

Vapor Swelling of Polymer Thin Films

A typical XR measurement of a polymer thin film is illustrated in Figure la.
An X-ray beam is directed onto the polymer film that is supported by a substrate
in a vacuum or air environment. Typically, the incident X-ray is directed at a
glancing angle from ~0.1° to 1° and then the scattered beam is measured at the
specular condition, i.e. where the incident angle equals the reflected angle. Several
properties of the substrate-supported polymer film can be quantified with an X-
ray reflectivity measurement. These properties include the thickness (h), the
roughness (), and the electron density (Qc?). For more complex films such as
polymer multilayers, XR can also quantify the thickness, roughness and density
for each layer if there is sufficient electron contrast between layers and they are
sufficiently smooth. The reflectivity curve is typically presented as a plot of
reflectivity (R(Q)) versus the incident angle (6) or the scattering vector (Q). Below



the critical angle or the critical scattering vector (Qc), R(Q) remains constant at
the maximum value, as the incident irradiation is completely reflected. Above Qc,
when the incident radiation penetrates into the film thus resulting in scattering at
the various interfaces, oscillations or interference fringes occur. As a result, R(Q)
drops abruptly and decays with increasing Q. Film thickness is determined by
successive minima or maxima (AQ) of the fringes, which is equivalent to 2z/h.
Real material interfaces are not infinitely sharp and display a gradient in density
from the surface into the bulk of the material. We will not go into detail about the
effects of roughness on reflectivity as many others have already discussed this
topic.1327
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Figure 1. Studying the swelling behavior of commercial PA NF membrane
selective layer via XR. a) Sample geometry of XR. b) Reflectivity versus
scattering vector curves as a function of relative humidity illustrating the PA
layer expansion. The solid black curves are the best fits of the reflectivity data.
c) Electron density change as a function of relative humidity. d) Thickness
swelling ratio as a function of water activity measured using 3 separate PA
samples. The curve is a fit to the data as defined by the Flory-Rehner theory for
one-dimensional swelling. 28 The inset figure shows the linear relationship
between thickness change and mass change, thus indicating that the selective
layer swells only along the thickness direction. Reproduced with permission
from reference 28. Copyright 2013 John Wiley & Sons.



All XR measurements described in this chapter were performed using a
Phillips X’PERT X-ray diffractometer with a Cu K, source (4=0.154 nm. The X-
ray beam was 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:
__4msiné

Q=— (1)

where 6 is the incident angle and A is the wavelength of the X-ray beam. Specular
reflectivity curves were collected from 0.1° up to a maximum angle of 1.5° for
each film, depending on the largest angle where additional fringes were not
discernable due to surface roughness.

Vapor swelling experiments were performed at 25 °C using an aluminum
chamber sealed over the target substrate with X-ray transparent beryllium
windows. A dual mass flow controller system to control vapor mixing and thus
vary the partial pressure of solvent was assembled according to literature
procedures.® All films were allowed to equilibrate at each activity until
reflectivity curves were identical between successive scans. This protocol was
used to ensure the chamber was temperature equilibrated at each vapor
concentration before measurement. Calibration of the actual activity within the
chamber relative to the mass flow controller settings was performed by using
either a humidity sensor for water vapor, or by flowing the vapor through a quartz
cell in a UV-vis spectrometer and using the integrated absorption area of the
solvent peak normalized to the area measuring from the saturated vapor attained
using a solvent reservoir, in the case of organic vapors. For the highest solvent
activities measured (as > 0.95), an open reservoir of solvent was allowed to
equilibrate in the closed chamber until vapor saturation was reached.

Data reduction for each reflectivity curve was performed using a MATLAB
routine that consisted of footprint correction and conversion of the scattering
angle into scattering vector. Theoretical reflectivity curves were modeled using
NIST Reflfit software,® 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 coefficient;
the quality of fit was indicated by Pearson’s chi-squared test. Initial predictions
of Q¢? for each solvent, polymer thin film, and bulk silicon were calculated from
the NIST NCNR website.3

Determination of Thin Film Swelling Ratios and Dimensionality

The thickness information about each layer obtained from the reflectivity
curves at each solvent activity (as) can be used to determine the thickness swelling



ratio, a, The thickness swelling ratio at each activity was calculated using equation
2:
a== 0
hq
where hg and hs are the film thickness in the dry and swollen state. Evaluating the
thickness increase alone is insufficient in understanding the complete swelling
behavior of the layer since lateral expansion of the layer cannot be determined.
The volumetric swelling of the selective layer is determined by comparing the
change in the measured Q.2 at a given as (Qc%) with known or measured Q.2 in the
dry film (Qc2ry) and the solvent (Qc%owent). Since the electron density is directly
related to the mass density, this parameter can be used to estimate the volume
fraction of the polymer (¢p) relative to the solvent volume fraction (¢s) in the
swollen layer by:
¢p — QCZx_Qgsolvent (3)

B diry_chsolvent
¢s=1-— ¢p (4)

The polymer volume fraction was then converted to a volume fraction swelling
ratio (S) and compared with the thickness swelling ratio,

1 1
S—¢—p, ¢p—ﬁ,log5—nloga (5a, 5b, 5¢)

Swelling dimensionality (n) is needed to derive proper theromdynamic models
based on whether the chains swell isotropically (n=3) or unidirectionally (n=1).
All experiments in this chapter have displayed 1D swelling based on
dimensionality calculations. It is important to note that while the polymer volume
fraction can be used to calculate the volumetric swelling of the PA, the uncertainty
of Qc? is significantly greater than h, meaning that o should be used over ¢
whenever swelling dimensionality is consistent across all measured activities.
Another issue is that calculating the polymer volume fraction requires a density
difference between the polymer and the solvent, which is not always possible.

Thermodynamic Models

Once swelling ratios and the corresponding dimensionality of the swollen
polymer thin film have been established, mean field models can be applied to
characterize swelling thermodynamic parameters in the polymer thin film
networks. Solvent uptake with systematic change of the chemical potential are
described by equations 6 and 7, beginning with conventional Flory-Huggins®?
theory ((8AG/dns)e = 0) as well as adaptations for entropic, elastic contributions
to the chemical potential change in the networks ((8AG/8ns)e) via Flory-Rehner?



and Painter-Shenoy®* models. The Flory-Rehner and Painter-Shenoy models
share two fundamental assumptions about the thermodynamics of the system, 1)
that the free energy of swelling can be separated into distinct contributions from
mixing and elastic energies (equation 6) and 2) that the mixing contribution to the
energy (and therefore chemical potential) change upon swelling of the network
follows Flory-Huggins theory of mixing.

] a
Aps = a_nSAGtotal = an, (AGpix + AG,;) (6)
OAGmix _ _ 2
Somix = RTIn(a) = RT [in (1-9,) +9, +28,7]

Flory-Rehner and Painter-Shenoy models differ in their final assumption of
the system. Flory Rehner makes the assumption that swelling is affine, which
implies that the solvent distribution within the network is homogeneous.?3:35:3
The elastic contribution to the free energy change for 1D swelling for the Flory-
Rehner model has been derived® and is shown in equation 8, where N is the
number of monomer units between crosslinks. Substituting equation 8 into
equation 2 yields the full chemical potential change of the swollen network and is
shown in the full Flory-Rehner equation (equation 9).

)5t =v+G-9 ®)

Bus =RT [In(1-9,)+¢, +x9,2+ -+ (5-2)] ©)

Since the chemical potential was derived in terms of the change in the number
of solvent molecules, N must be in terms of the solvent molar volume equilvent,
which is denoted as Ns.

In the Painter-Shenoy model, the swelling of the network is not affine and
consists of polymer chain expansion with topological rearrangement of the
network junctions, which results in heterogeneous solvent distribution where
there are solvent-rich regions devoid of polymer chains. The degree of cross-
linking can affect the y parameter as well,*" as different mechanisms to make a
cross-linked thin film can result in different molecular masses between crosslinks
that can interact with different amounts of absorbing solvent, yielding different
solvated properties.® The elastic contribution to the free energy change for
Painter-Shenoy 1D swelling has been derived and is shown in equation 10, where
f is the functionality of the network junctions, or the number of chains tethered at
a single crosslink location in the network. The full Painter-Shenoy expression for
the chemical potential change is shown in equation 11.
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Apg = RT [m (1 - ¢p) +¢, +xd,?+ stl% x G - j%) (‘z—’s")] (11)
One must take great care in choosing a thermodynamic model with which to
analyze the reflectivity data. It is important that the model has a physical basis
and that the scattering model is consistent with a real-space image obtained from
microscopy. While scattering techniques have been used for the last two decades
to study these materials, there remain many challenges and opportunities to
develop comprehensive models and techniques to elucidate the structure-
property-performance relationships in these functional materials.

Model Polyamide Networks for Water Desalination

XR has been used to understand the structure of water desalination
membranes. Water desalination, based on pressure-driven membrane separations
such as reverse osmosis (RO) or nanofiltration (NF), is currently the most widely
used commercial technology for providing clean and sustainable water supplies,*
as they are considered the most energy efficient and high-throughput technologies
over methods such as distillation and forward osmosis.

An ideal desalination membrane is one that has 1) the highest selectivity
between water molecules and salt ions, and 2) the highest water permeability. To
date, such an ideal membrane does not exist. Current water desalination
membranes either have high selectivity or high water permeability but not both,
which is an empirical observation commonly referred to as a performance
tradeoff.*> Over the past several decades, the search for an ideal desalination
membrane has been largely empirically driven via development of new polymer
selective layers with modified or entirely new chemistries. To efficiently develop
an ideal membrane requires an understanding of the intimate relationships
between polymer chemistry, resultant structure and membrane performance.
Addressing this challenge necessitates measurements that enable the development
of the structure-property relationships relevant to transport.

The state-of-the-art membrane material used in RO and NF is a polyamide
(PA) thin film composite (TFC). It is a multi-component polymeric laminate
consisting of three different classes of polymers: the semi-permeable layer that
separates salt from water is a PA ultrathin film with a thickness =100 nm. It is a
highly crosslinked polymer network with a mesh size <1 nm in dimensions that
enables relatively higher permeation of water compared to salt ions. Directly
beneath this selective layer is a porous intermediate support made of polysulfone
(PSf), followed by a non-woven polyester (PET) fabric to provide mechanical
support with minimal hydraulic resistance to the selective PA layer.



Desalination occurs at the dense PA selective layer according to the
commonly accepted mechanism of solution-diffusion, which separates water
molecules and salt ions based on permeability differences.*! It is the product of
the solubility and diffusivity that defines permeability and an intrinsic property
between the particular permeating species and the membrane material. The
polymer chemistry defines the membrane structure and dynamics. These two
materials properties determine how permeable the selective layer is to a particular
permeate, which in the case of water desalination is either water molecules or salt
ions within the PA selective layer.

There are only two reported works on using reflectivity to study the swelling
behavior of commercial water desalination membranes, as most water
desalination membranes are not ideally suited for reflectivity measurements. High
surface and interfacial roughness of the membranes will be mostly captured in the
reflectivity measurements and provide little to no information pertaining to the
film thickness and density of the selective PA layer.

Work by Chan and coworkers used XR to study the swelling of commercial
PA selective layers.?® In their study, the swelling behavior of an NF selective layer
(Dow Filmtec NF270) was measured using XR as a function of relative humidity.
To study the water absorption of the selective layer alone, the layer was separated
from the PET and PSf using a delamination-dissolution procedure to adhere the
PA layer onto a silicon substrate, is then measured using XR.#

Figure 1 summarizes the characterization of the water vapor swelling
behavior of the NF270 selective layer using XR. The NF270 selective layer was
mounted inside the humidity- and temperature-controlled chamber Figure la.
Water vapor swelling measurements were performed by measuring the film
thickness at different relative humidity levels ranging from 0 % RH to 95 % RH.

Figure 1b shows the XR versus scattering vector (Q) curves for the NF270
selective layer exposed to several relative humidity levels. Several key features
are observed from this figure. First, the shift in the interference fringes to tighter
spacing indicates that the selective layer increases in thickness with humidity.
Specifically, the selective layer with an initial film thickness, /= 17.3 nm swelled
to 25.8 nm at 95 % RH. Second, the critical scattering vector shifts to slightly
lower Q, thus suggesting that the selective layer is absorbing water because the
electron density of the selective layer is greater than that of water.

Once the swelling ratio (o) versus water activity (as) of the PA selective is
determined, the thermodynamic parameters of the swollen polymer network can
be extrapolated using the appropriate thermodynamic model. The Flory
interaction parameter (y) and the number of monomers between network junctions
(N) can be extrapolated from the results shown in Figure 1d. The Flory-Rehner
theory 44 was used to describe the swelling ratio of the polymer network with
water activity. The Flory-Rehner theory describes the swelling behavior of highly
swollen polymer networks with ideal network junction functionality (f=4). This
model is not appropriate for networks with low swelling ratio (a<2) and non-ideal



functionality such as the PA networks of interest (f=3), which helps to explain the
large N (monomers between network junctions) value obtained for the NF270 PA
network. XR is limited to thin films with low roughness, which means that the
measurement is best suited to desalination membranes that are relatively smooth.
It is difficult to define a specific RMS roughness value below which the thin film
is ideally suited for reflectivity measurements because both interfacial roughness
and layer thickness affects the reflectivity data. Empirical evidence suggests that
commercial NF selective layers, with RMS roughness =6 nm,* can be resolved
by reflectivity whereas commercial RO selective layers, with RMS roughness
=130 nm,* cannot be resolved by reflectivity due to the disappearance of the
interference fringes.

To better characterize the thermodynamic parameters of these PA networks,
Chan and co-workers employed a different polymer network swelling model to
describe the swelling behavior of “model” PA networks synthesized via molecular
layer-by-layer (mLbL) assembly.*é The four “model” PA networks, which include
poly(diethylenediamine trisamide) (P(DDTA)), poly(m-phenylene trisamide)
(P(mPDTA)), poly(o-phenylene trisamide) (P(oPDTA)), and poly(p-phenylene
trisamide) (P(pPDTA)), are analogs to commercial desalination membranes and
consist of the same triacid chloride monomer but different diamine monomer.
Thin films of the four networks were synthesized using mLbL*"“8 on Si substrates
and their swelling ratios versus water vapor activity were quantified using XR in
a similar procedure to their previous work.?® (Figure 2a). The key finding is that
the maximum swelling ratio, when as=1, is strongly dependent on the network
chemistry. The maximum swelling ratio of P(DDTA) is significantly greater than
P(mPDTA), S =1.50 versus S =1.04. This result suggests that P(DDTA) should
have a higher water flux compared with P(mPDTA) because the water flux is a
function of the water concentration within the PA membrane.***® Since P(DDTA)
and P(mPDTA) are analogs to commercial NF and RO membranes, respectively,
the difference in swelling ratios is consistent with the empirical findings that show
that the water flux for commercial NF membranes is significantly greater than RO
membranes.*

Another interesting finding of this work was that the swelling behavior of
these PA networks can be better described by the Painter-Shenoy theory3* as
opposed to the classic Flory-Rehner. The difference between the two models is
that the Flory-Rehner model assumes a uniform water distribution throughout the
film whereas the Painter-Shenoy assumes that due to non-affine swelling, there is
heterogeneous water distribution throughout the film where there are water-rich
regions devoid of polymer chains (Figure 2b). The researchers showed that the
Painter-Shenoy model better described the swelling behavior of the PA networks
as demonstrated by the more accurate values of N, which were confirmed using
atomic composition analysis by X-ray photoelectron spectroscopy. This work
suggests that characterizing the swelling behavior via XR is a useful approach to
determine the PA network parameters. More importantly, these measurements



enable indirect characterization of the structure of these membranes, which help
improve our understanding of the relationship between polymer network structure
and membrane performance.
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Figure 2. Studying the swelling behavior of mLbL PA desalination
membrane selective layers via XR. a) Swelling ratio versus water activity for 4
mLbL PA networks. The curves are fits to the data based on Painter-Shenoy
theory developed for one-dimensional swelling.*® b) The two possible polymer
network models that describe the swelling behavior of these PA networks.
Reproduced with permission from reference 46. Copyright 2013 John Wiley &
Sons.

Since quantifying the transport properties of a polymer film requires
measurement of both the rate of swelling and absolute swelling at long times, an
alternative measurement called quartz crystal microbalance with dissipation
monitoring (QCM-D) can potentially provide this complete picture for ultrathin
membranes. This is a gravimetric-based approach that has been used to measure



the swelling ratio of the PA selective layer as a function of water activity with
high sensitivity.>® Unlike XR, which is a slow measurement and thus cannot
quantify kinetics of the swelling process, QCM-D can potentially measure the
solvent uptake rate for these ultrathin films.?%% Commercial NF membranes were
attached onto QCM-D sensors to measure the dependence of apparent diffusion
coefficient and equilibrium swelling as a function of water vapor activity. The
results revealed that these commercial membranes also follow the Painter-Shenoy
swelling thermodynamics discussed here.’® Due to the complexity of the
commercial NF film structure, a number of mathematical approximations must
be made for diffusion coefficient and solubility of the polyamide layer, as
significant contributions from the hydrophilic polysulfone support layer occur,
but cannot be separated from the selective PA layer in these commercial
membranes.

Tailored Interfaces with High Grafting Density Polymer
Brushes

Although semi-permeable membranes are currently used in numerous
purification applications, they are fairly constrained in the number of tunable
parameters in their design, mainly the chemistry of the membrane and the average
pore size, making analyte selectivity limited to the ability to synthesize
crosslinked networks with a high degree of control. On the other hand, end-grafted
polymer chains, or polymer brushes, have the potential to generate tunable ultra-
thin films, as chain conformation and grafting density are additional handles to
control the responsiveness of the layer to small changes in the local environment,
and ultimately, layer selectivity.5*°5 Polymer brushes have been previously used
in synergistic combination with conventional membranes to selectively filter and
separate biological species®°6 as well as to prevent biofouling on the surface of
ultrafiltration membranes without affecting desired selectivity.>® Brushes grown
inside nanopores have been demonstrated to control selectivity in gas
separations.5” A recent review article summarizes many applications of polymer
brushes as membrane platforms in areas such as reverse 0smosis, gas
permeability, pervaporation, and protein absorption.>® The authors hypothesize
that the chemistry and morphology of polymer brushes will contribute
significantly to the separation of species as these parameters will affect the
selectivity of an analyte in the layer. Rigid and glassy polymers will more likely
favor diffusivity of small molecules, while flexible, rubbery polymers would
promote permeability of larger, more soluble species.%® Extended chains in high
grafting density brushes are predicted to enhance separation more profoundly than
non-extended chains as the elongated conformation results in larger number of
contacts between solvent and monomer, improving solubility.



Under limited applications, brushes have also been used to modify stationary
phases and capillaries for chromatographic separations.>®%! These studies have
utilized grafted chains to modify the size and surface chemistry of stationary
phase pores, changing enthalpy and entropy of small molecule interaction with
the surface-bound chains.®’ Similarly to commercial RO and NF membranes,
quantitative measurements of the thermodynamic parameters of polymer brush-
based stationary phases is challenging on heterogeneous, rough supports,
especially for systematic, in situ measurements of the brush response to solvent
and other external stimuli.

Controlled polymer brushes grafted from a flat surface, therefore, are
attractive as model materials to study solvation thermodynamics of polymer
chains at a surface, with applications in developing better separation methods.
High grafting density brushes can serve as model stationary phase surface with
tunable interaction energy, provided that the contributions to solvation
thermodynamics, such as the high local concentration of chains, limited chain
entropy, grafting density, the film thickness, and the extended chain orientation
can be deconvoluted. Brushes at low grafting density can also serve as proxies to
individual “free” chains absorbing to a stationary phase, as has been demonstrated
in the measurement and modeling of the polymer-surface interaction parameter
via the swelling/collapsing of individual chains,®? but will not be covered in this
chapter.

Previous studies examining the solvation thermodynamics of polymer
brushes have proved challenging as the experimentally reported polymer-solvent
interaction parameter was much larger than corresponding solution values®-6°
attributed to a concentration- dependent y parameter, where solvent quality is
dependent on solvent concentration within the film.?86-68 Several theoretical
thermodynamic models have been used to describe equilibrium swelling within
polymer brushes specifically, such as scaling models®°, self-consistent field
models™, and mean field theory.”>" In each approach, the polymer-solvent
interaction parameter () is treated as a constant, which is measured at the
maximum swollen thickness. These studies do not, however, attempt to discern
whether the concentration dependence is the result of the extended chain
conformation, overall film thickness, or because the polymer volume fraction for
these swollen films is very high (¢, > 0.5), resulting in a highly concentrated
polymer layer, where higher order interactions become significant.

In order to deconvolute the impact of chain conformation versus chain
concentration on solvent quality within the films, photo cross-linked polymer thin
films with known molar mass between network junctions were swollen in solvent
vapor and results were compared to polymer brushes of comparable thicknesses
swollen under identical conditions. The reasoning for this comparative study is
threefold. First, crosslinked films are highly confined at the surface with high
polymer volume fractions similar to the brushes, differing only in their lack of
chain orientation. Second, thermodynamic models to determine y for cross-linked



gels have been successfully tested by utilizing the chemical potential change
within a film through vapor-phase swelling.?84¢  Finally, thermodynamics of
polymer brush solvation can be probed in the vapor phase, as the scaling
relationship of a swollen polymer brush (h* &« No® , where h” is the normalized
equilibrium film thickness) derived by Alexander,”® de Gennes,®® and self-
consistent field”™ brush models are consistent between vapor and liquid phase
swelling of a polymer brush — solvent pair.”

XR was used to measure and compare the equilibrium swelling behavior of
poly(methyl methacrylate) (PMMA) crosslinked gels and brushes in solvent
vapor of increasing concentration. Two poly(methyl methacrylate) (PMMA)
brushes with the same high grafting density (¢ = 0.67 + 0.02 chains/nm?) but
different dry thicknesses of (nominally) 50 nm and 100 nm were studied. These
layers have brush chains with number average molar masses (M) of 55,000 g/mol
and 105,000 g/mol, respectively (obtained by direct measurement of chains
cleaved from the surface™’). The PMMA brushes were synthesized using
surface-initiated atom transfer radical polymerization (ATRP) similar to previous
reported proceedures.® These brushes are in the high grafting density regime, and
the normalized thickness scales with c", where o is grafting density (chains/nm?)
and n is a scaling exponent with a value greater or equal to 0.6.7® Cross-linked
thin films were synthesized with a PMMA standard (M, = 100 kg/mol) and a
photo cross-linker at comparable thicknesses to the brushes.” This permits
measurement of the volume fraction of solvent within the films as a function of
the activity and comparison of swelling between statistically cross-linked films
and surface-initiated brushes with constant grafting density. 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 y(¢).
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Figure 3. Log reflectivity curves for studied PMMA films upon swelling. All
plots are offset by a decade for clarity. (a) 50 nm cross-linked film (b) 100 nm
cross-linked film (c) 50 nm brush film (d) 100 nm brush film. Error bars
represent estimated standard deviation of the total reflectivity counts at every
measured g after correcting for geometrical factors (footprint correction).

The XR curves and curve fits for the polymer crosslinked and brush layers
are shown in Figure 3. There is high reproducibility in the dry measurements,
indicating that solvent was completely removed from the films during vacuum
annealing before the next solvent was added and that degradation of the film was
not observed.® All thin films were exposed to acetone vapor with 0.23 < as < 1;
representative X-ray reflectivity curves for (nominally) 50 nm and 100 nm thick
dry layer for cross-linked and brush films in the dry and swollen states are shown
in Figure 3. In all samples, a decrease in the critical angle was observed with
increasing solvent activity and thickness increased, as evidenced by the shift in
fringes to lower scattering vector values. All data was fit to a single layer model
shown as the solid line over the scattering data (open symbols).

Thickness and volumetric swelling ratios were determined from h and Q.?
values based on equations 2-4. The initial solvent volume fraction (¢) calculated



for all measured films for activites between 0.23 and 0.60 were less than zero
(data not shown). Initial evaluation of ¢ may appear as if the film is contracting,
as contracting films can have an apparent ‘negative’ solvent fraction at low
activities, as has been observed® and simulated®? in swelling of grafted DNA
chains in a low humidity environment. However, the film thicknesses (h)
measured here always increase relative to the dry state with increasing solvent
activity, which indicate that the brushes and cross-linked networks do not
contract. These ‘contradictory’ observations, where film thicknesses increases,
but the electron density of the film also increases (resulting in negative ¢) can be
attributed to how polymer volume fraction is defined in equation 3 relative to the
electron density of the dry polymer (Qcay). Initial polymer volume fraction, in
the dry state, is defined as unity in equation 3, and cannot account for pores or
small, localized heterogeneities in the film which interact with solvent non-ideally
until they dissipate as the film begins to swell. The heterogeneities are likely due
to either non-initiated sites (and resulting polymeriztion defects), or localized
chain plasticization, that may allow trace amounts of solvent to penetrate the film,
but do not substanially affect the film thickness overall. Defects in polymer
brushes have been previously observed in surface-initiated brushes resulting in
voids or nanoinclusions within the dry layer.8-8> While these observations have
only a small effect on determining the initial electron density in the films, accurate
quantification is critical to determine the actual solvent content within the film
and measure the thermodynamic changes within the layer.

X-ray porosimetry measurements have been previously used to quantify
porosity in organic thin films as they swell.”48  Determination of the volume
fraction of defects in the film, or film porosity (P) based on reflectivity
measurements in the dry and fully swollen state (denoted by the subscript sat, for
saturated), are shown in equations 12 and 13, repectively. Equations 12 and 13
are solved simultaneously by the rule of mixtures for two unknowns, P and QcZpoly.
QN2 is the scattering length density of nitrogen atmosphere, which should occupy
any pores in the initial (dry) state.

2 — 2 2
QCdry - (1 - P)Qcpoly + PQCN2 (12)
p= Qﬂzsatgsat_QCZdrythY _ hsat=hary (13)
Q¢ sowenthdry hary

Once P and Qc?poly, Were determined, the corrected value of Qc2ply replaces
QdZary in equation 3 to determine the actual values of ¢, and as a result, ¢. A
summary of the resulting SLD, mass density, and P values for each film are shown
in Table 1 and the plots of corrected ¢s and a as a function of activity (as), as are
shown in Figure 4.



Table 1. Summary of Porosity within PMMA Thin Films*

2 Dry 2
Qe dry Thickness, Qc poly Pmpoty
Sample (x 105 A?) ho (nm) (x105A2)  (glcm’) P
50 nm cross-linked ~ 1.06+56x10°  57.3+05 1.095 +0.1 1.20 0.029
100 nm cross-linked  1.07 +3.8 x 1073 106.3+ 2.1 1.138 +£0.02 1.24 0.057
50 nm brush 1.10 £1.2x 102 495+2.6 1.156x+0.02 1.26 0.051
100 nm brush 1.08 +49x 103 1009 +3.8 1.150£0.002 1.26 0.064
Theoretical (bulk) 1.08 1.18 0
* + value represents one standard deviation of the data among all trials
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Figure 4. Solvent uptake in thin films as a function of activity: corrected volume
fraction of acetone (¢s) & thickness swelling ratio () for 50 nm cross-linked
films (a) 100 nm cross-linked films (b) 50 nm brush films (c), and 100 nm brush
films (d). The error bars represent one standard deviation among all trials.



The resulting mass density, calculated from Q¢?, of all cross-linked and brush
films are significantly greater than expected theoretical values for PMMA, with
the greatest increase in material density for the polymer brushes. While the 50 nm
cross-linked films have a slightly smaller volume fraction due to pores in the dry
state, the remaining films have pores that comprise approximately 5-6% of the
total film volume.

Swelling results were first fit to the Flory-Huggins model to determine if y(¢)
can be adequately fit without inclusion of an elastic correction and as a baseline
of comparison to the values when elastic corrections are applied. To determine
x(#p) for the 50 nm and 100 nm crosslinked films and brushes as versus ¢, was
plotted to determine the terms for yo, %1, and x, (Figure 5). Prior work on
characterizing the y of linear PMMA at high polymer content (0.72 < ¢, <0.95)
demonstrated a linear concentration dependent term in y(¢y) for PMMA.®
Previous studies have indicated that within highly concentrated thin films, there
may be a concentration dependence to %" which may be represented by a
polynomial function.?88 Using only two terms to fit y(¢p) did not result in in a
good fit of the experimental data, so an additional term, 2, was added to the fit
parameters.

— 2
x(6p) = xo + 119p + X2(¢) (14)
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Figure 5. Polymer volume fraction versus activity plots comparing crosslinked

films (a) to polymer brushes (b). The equations on the graph represent the fit of

the concentration-dependent y parameter for each 50 nm and 100 nm film. The
error bars represent one standard deviation among all trials.
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Figure 6. Concentration-dependent Flory-Huggins interaction parameter as a
function of polymer volume fraction for cross-linked and brush films.

The resulting fits of the Flory-Huggins equation (equations 6 and 7) with
concentration dependent swelling (equation 14) are shown as the solid and dashed
lines in Figure 5a and 5b. The resulting x(¢p) values from the fits are shown in
Figure 6. As the PMMA films swell and ¢, decreases, x(#p) increases and plateaus
at a value of approximately 1, which is greater than the literature value for PMMA
in acetone of 0.46.%° There is not a significant difference between y(¢,) for the
brushes and cross-linked films of comparable thicknesses. Comparison of the
50 nm and 100 nm films, however, indicates that the 50 nm films have larger
initial () relative to the comparative 100 nm films, where the x(¢,) converge at
maximum film swelling (as =1). The trend in y(¢p) for both cross-linked and brush
films does not follow what is observed in unattached PMMA at high polymer
concentrations,®” where y(¢,) decreases with decreasing #,. The films in this study
resist the addition of more solvent the more they swell. This indicates that there
is likely an elastic contribution to the chemical potential change that resists
swelling, suggesting that a thermodynamic model such as Flory Rehner or Painter
Shenoy may be appropriate to describe brush swelling and compare to thin film
gels arising from the similarities these two systems share. Both crosslinked and
brush films are highly confined and contain high polymer concentrations.
Additional solvent in the brushes relative to the cross-linked films of comparable



thickness was not observed as was predicted. Therefore, a comparative study
between the two was intended to elucidate any effects of the conformation of
chains on solvent quality in these systems; random orientation and crosslinks for
the network and elongating chains for the brush that are extended away from the
substrate surface. In essence, we are treating the polymer brush as a gel, with
crosslinks at the surface boundary, and the untethered chain ends as ‘dangling
ends,” free to swell, encumbered by only excluded volume restrictions to chain
extensions and any chain entanglements present in the brush.

To determine y(gp) for the 50 nm and 100 nm crosslinked films and brushes
using the Flory Rehner model, In(as) vs ¢, was fit to the Flory-Rehner equation
(equation 9). The molar mass between crosslinks, N, used in the Flory-Rehner
equation, was determined from known crosslinking density in the networks and
the degree of polymerization of the brushes, which was measured by gel
permeation chromatography of the recovered chains cleaved from the surface and
calibrated against narrow dispersity PMMA molar mass standards. y(¢p) values
obtained from Flory-Rehner modeling were statistically insignificant to those
obtained from Flory-Huggins theory, as the results only differ by less than 2% for
all measured swelling.

The initial presence of pores in the film can potentially result in solvent-rich
regions in the networks and brushes, so the Painter-Shenoy model (equations 10
and 11) was fit to the data to determine if the elastic contribution to swelling is
not affine and the resultant impact on the y parameter. Network functionality was
trifunctional for the benzophenone-based crosslinks in the gel (f=3) and
difunctional for the polymer brushes (f=2). x(#p) determined based on the Painter-
Shenoy thermodynamic model did not yield a statistically significant different
value than that from conventional Flory-Huggins, with all x(¢,) values agreeing
within 3%.

Comparison of crosslinked and brush film swelling shows a larger
dependence on thickness than on chain orientation (random crosslinks or brush),
indicating solvation is not significantly affected by how the chains in these
systems are immobilized. The Painter Shenoy and Flory-Rehner mean field
models for the elastic contribution to the chemical potential change do not
demonstrate a significant difference from conventional Flory-Huggins theory.
This result is unexpected, as the films only swell to approximately 1.5 times their
dry thickness, and the swelling films resist the addition of more solvent, as
observed by the plateau of x(¢p) at approximately a value of 1. Attempts to fit
experimental data to a Gaussian chain extension model’ for end-grafted brushes
yielded similar x(¢p) results as well.

A potential explanation of these observations could be due to different glassy
dynamics of these ultra-thin (< 100 nm) PMMA films. Glass transition
temperatures for PMMA have been previously demonstrated to increase with
decreasing film thickness.?® Solvent-induced glass transitions have been
previously reported in grafted polymer thin films®:% and has been previously



observed with vapor sorption in cross-linked rubbery films® and polymer films
below their glass transition temperature,® where films display a dual-mode type
absorption near the glass transition. Below the glass transition, the films display
a Langmuir-type adsorption and after enough solvent in the film induces the
swelling to follow conventional Flory-Huggins mixing.®® A recent study of
polystyrene brushes mapped across grafting density and degree of polymerization
regimes demonstrate a substantial increase in Tq at ultra-high grafting densities
and low degrees of polymerization.’ The breadth of these previous studies
highlight the need to evalute dynamics of dry and solvated thin films going
forward, focusing on smaller, incremental chemical potential changes and using
complementary reflectivity techniques such as XR and NR to provide improved
contrast.

Conclusions and Outlook

Gaining a comprehensive understanding of the structure-property-
performance relationships of advanced polymer thin film networks and brushes
requires application of multiple measurement methods to determine how the
chemistry and molecular architecture of these materials influence the solvent
interaction, selectivity, and diffusivity. In this chapter, X-ray reflectivity
measurements of thin films are applied to studying the structure and dynamics of
dense and ultrathin polymer layers used as model materials for water desalination
and advanced chromatography applications. XR provides clear, reproducible
measurements of solvent uptake in these films as a function of activity, allowing
swelling experiments to be compared to established mean-field thermodynamic
models.

Other scattering methods such as small-angle neutron scattering (SANS) and
x-ray scattering (SAXS), ultra-high resolution SANS (USANS), or phase analysis
light scattering (PALS) can be used to study longer size scale interactions in
polymer thin films, although currently these have been employed on a limited
basis. These techniques are not limited to the low angles of X-ray and neutron
reflectivity (NR). However, the main limitation for these types of measurements
is that a larger thickness of sample is usually required to obtain good scattering
statistics. We have discussed the application of XR for measuring the swelling
behavior of thin film polymer networks and brushes. XR and NR are great
techniques for thin films but they infer the polymer network structure based on
the extrapolated thermodynamic parameters, and do not directly measure any
specific polymer length-scales such as the polymer mesh size. This limitation
emphasizes the need to select appropriate models to interpret measurements,
based on known chemistry and architecture of the films, previous experiments,
and theoretical simulations.



The design and use of tunable, controlled, well-defined experimental model
systems can be a useful bridge when trying to deconvolute multiple contributions
to thin film thermodynamics, especially when commercial systems are 1)
unavailable or 2) highly variable between samples. However, advancing thin film
measurements from a fundamental research laboratory to a useful tool for
designing better commercial materials requires measurements that are able to
measure industrial prototypes and perform routine test measurements as well.
Experimental model systems can help develop and evaluate new measurements
and theoretical models, but ultimately, enhanced detection limits as well as new,
high-throughput measurements for ultra-thin polymer films will be the key to
making tunable coatings commercially viable in the future.
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